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Simple Summary

Radioligand therapy (RLT) with ['”7Lu]Lu-DOTA-TATE, alone or in combination with [*Y]Y-DOTA-
TATE, is an established treatment option for patients with neuroendocrine tumors (NETs). Although
highly effective, concerns remain regarding its potential impact on cardiac injury, particularly in
subgroups with increased susceptibility to such injury. This study evaluated potential cardiotoxicity
by measuring serum concentrations of troponin I, CK-MB, and NT-proBNP before and after RLT. A
total of 60 patients undergoing 228 treatment courses were included, representing the largest cohort
analyzed to date. No significant increases in cardiac biomarkers were observed, either in the overall
population or in high-risk subgroups such as those with heart failure, carcinoid heart disease, or prior
chemotherapy. These findings provide the first evidence from a large patient population that RLT is
not associated with cardiotoxicity or cardiac dysfunction. Our results therefore support the cardiac
safety of RLT in NET patients, including those at increased risk of cardiotoxicity.

Abstract

Background: Cardiotoxicity remains a concern across cancer therapies. To date, there is a lack of
extensive studies evaluating the potential impact of radioligand therapy (RLT) on myocardial injury
in patients with neuroendocrine tumors (NETs), particularly in subgroups with increased
susceptibility to such injury. This study aimed to assess the potential cardiotoxic effects and
myocardial dysfunction associated with RLT using both ["7Lu]Lu-DOTA-TATE and tandem therapy
with ["7Lu]Lu-DOTA-TATE/[*Y]Y-DOTA-TATE in patients with NETs, including specific high-risk
subgroups such as patients with pre-existing heart failure, carcinoid heart disease or those previously
treated with chemotherapy, by monitoring serum concentration of troponin I, CK-MB, and NT-
proBNP before and after RLT. Methods: We retrospectively analyzed 60 consecutive NET patients
who underwent 228 RLT courses. A comprehensive cardiac assessment, including detailed medical
history, was performed. Additionally, serum troponin I, CKMB and NT-proBNP concentrations were
measured prior to treatment and 48 hours post-therapy. 52 patients received [7Lu]Lu-DOTA-TATE
monotherapy, while 8 patients were treated with tandem therapy. Results: No increase in
cardiotoxicity markers was observed in the overall study population following RLT administration
(ATroponin -0.2[-1.4-0.3]ng/L, p=0,007; ACKMB 0.0[-4.0-3.0]U/l, p=0,90; ANT-proBNP 4.0[-45.6-
33.6]pg/mL) as well as in the subgroup receiving tandem therapy (ATroponin 0.7[-1.7-013]ng/L,
p=0,68, ACKMB -0,5[-10.7-3.0]U/1, p=0,21; ANT-proBNP -21.6[-44.1-16.7]pg/mL). Furthermore, none
of the predefined patient subgroups exhibited signs of cardiotoxicity or evidence of myocardial
dysfunction. Conclusions: RLT is a safe anticancer treatment option for patients with NETs in terms
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of cardiotoxicity and cardiac dysfunction, including those at higher risk of cardiovascular
complications.

Keywords: neuroendocrine neoplasms; neuroendocrine tumors; NEN; RLT; PRRT; 177-Lu; 90-Y;
complications; adverse events; cardiotoxicity; peptide receptor radionuclide therapy

1. Introduction

Radioligand therapy (RLT), a form of targeted radionuclide therapy, is widely employed in the
treatment of neuroendocrine tumors (NETs). Radiolabelled somatostatin analogs —most commonly
conjugated with lutetium-177 (*7Lu) — emit medium-energy beta particles, which induce DNA
damage and subsequent apoptosis or necrosis of target cells. While RLT effectively targets
somatostatin receptor—expressing NET cells, large, randomized trials have demonstrated that it may
also cause direct off-target toxicity — particularly to the hematopoietic system and the kidneys, with
reported complication rates of up to 10-20% [1-3]. However, to date, there is a lack of systematic data
addressing the potential cardiotoxic effects of RLT.

For approximately a decade, national and international cardiology societies have been regularly
publishing cardio-oncology guidelines addressing the principles of patient qualification, potential
cardiotoxic effects, and recommendations for monitoring cardiovascular (CV) complications
associated with various forms of cancer therapy [4-6]. These include conventional chemotherapies
(CHT) (e.g., anthracyclines), targeted therapies (e.g., tyrosine kinase inhibitors (TKI)),
immunotherapies, and external beam radiotherapy. However, RLT has not yet been included in any
of the currently published cardio-oncology guidelines, primarily due to the limited number of studies
assessing its CV effects. In clinical practice and in selected literature reviews, cardiac monitoring
during RLT is recommended in NET patients, particularly those with carcinoid syndrome (CS) or
pre-existing cardiac conditions; however, these are considered expert-based suggestions rather than
formal guideline recommendations [7].

Among the various forms of cardiotoxicity defined in the 2022 International Cardio-Oncology
Society (IC-OS) consensus statement, particular attention is given to the issue of cardiac dysfunction.
[8] According to this definition, cardiac dysfunction can be classified into symptomatic heart failure
(HF) and asymptomatic cardiac dysfunction. Besides clinical symptoms and assessment of left
ventricle ejection fraction (LVEF) by echocardiography, more sensitive methods to detect and confirm
cardiac dysfunction should be considered, including global longitudinal strain (GLS) and/or cardiac
biomarkers (e.g., troponins and natriuretic peptides). Troponin elevation above the 99th percentile
cut-off for the specific assay used can serve as a supportive biomarker indicating cardiac injury, while
an increase in natriuretic peptide levels compared to baseline prior to therapy may confirm the onset
of new or worsening pre-existing HF. Isolated elevations of these biomarkers without corresponding
clinical and imaging changes may be considered biochemical evidence of cardiotoxicity [8].

The potential cardiotoxic effects of RLT in NET patients may include both direct and indirect
mechanisms. Direct injury can result from radiation-induced damage to myocardial and vascular
cells. Indirect effects may involve fluid overload of the circulatory system during treatment, as more
than 3000 mL of intravenous fluids are typically administered over a 2-day period during RLT for
NET. Additional potential negative effects may include arrhythmias and blood pressure
dysregulation related to the administration of somatostatin analogs conjugated with radionuclides,
as well as hemodynamic instability caused by the release of bioactive substances (e.g., hormones such
as serotonin, bradykinins, and cytokines) from injured NET cells.

The potential of ionizing radiation to adversely affect the CV system has been unequivocally
demonstrated [9,10]; however, there is still uncertainty regarding the effects of ionizing radiation
exposure resulting from radiopharmaceutical therapies.

In patients with thyroid cancer treated with radioiodine —due to the large patient population,
generally favorable prognosis, and the frequent absence of concomitant cardiotoxic therapies—it has
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been potentially easier to evaluate the short and long-term CV consequences of radioisotope therapy.
Unfortunately, early cardiotoxicity of radioiodine therapy in patients with thyroid cancer has not
been systematically evaluated to date. Although the results of long-term observational studies also
remain inconclusive, there is growing evidence to support the association between radioiodine
treatment and an increased incidence of long-term CV complications [11-14]. As suggested by Kao
et al, both CV morbidity and mortality among patients treated with radioiodine appear to be
associated with the cumulative administered activity [13].

It is particularly important to emphasize that, in contrast to radioiodine therapy for thyroid
cancer —where in most patients the primary accumulation of radioactivity occurs in the remnants of
thyroid tissue within the postoperative bed — RLT in NETs typically involves disseminated disease.
As a result, there is a significantly higher number of radiotracer uptake sites throughout the body,
which may lead to increased exposure of non-target tissues to the potentially damaging effects of
ionizing radiation.

According to dosimetric data, the estimated absorbed dose to the cardiac wall during RLT with
['"7Lu]Lu-DOTA-TATE is comparable to that received by the bone marrow [15]. This observation —
especially considering the well-documented myelotoxic effects of RLT —raises a legitimate concern
regarding the potential cardiotoxicity of this form of “internal radiotherapy”.

In the context of RLT, available data regarding cardiotoxicity and the impact of treatment on CV
complications remain exceptionally limited. Only isolated cases of cardiotoxic effects have been
reported to date. For instance, Hendifar et al. described a case of persistent cardiomyopathy following
just two courses of [177Lu]Lu-DOTA-TATE therapy [16]. In the currently available literature, the direct
effect of RLT on myocardial injury in patients with NETSs, assessed by measuring cardiac troponin I
concentration — a sensitive biomarker of myocardial injury —has been evaluated in only one study
conducted on a very small cohort of 13 patients, which did not demonstrate an increase in troponin I
levels following treatment [17]. A definitive assessment of the potential cardiotoxicity in specific
patient subgroups, such as those with coexisting HF, prior CHT, or diagnosed carcinoid heart disease
(CHD), has never been performed.

When considering the cardiotoxicity of applied treatments, it is important to remember that
patients with NETs often receive multiple lines of therapy besides RLT, including CHT, TKI,
mammalian Target of Rapamycin — inhibitors (mTOR), and potentially other novel therapies such as
immune checkpoint inhibitors (ICIs) at various stages of treatment. Given the known cardiotoxic
potential of some of these therapies—such as sunitinib, everolimus, or CHT regimens based on
capecitabine/temozolomide (CAPTEM) — understanding the safety profile of RLT regarding
cardiotoxicity may prove crucial in therapeutic decision-making [18-21].

This study aimed to collect data on the potential early cardiotoxicity of RLT using ['”7Lu] and
[*Y]-labeled somatostatin analogs in patients with NETs, based on sensitive biomarkers of
cardiomyocyte injury such as troponin I and additionally Creatine Kinase — MB isoenzyme (CK-MB).
Additionally, the study evaluated the potential for cardiac dysfunction secondary to hemodynamic
overload associated with RLT, resulting from the substantial volume of intravenous fluid
administered during therapy (as assessed by changes in N-terminal pro-B-type Natriuretic Peptide
(NT-proBNP levels)).

A detailed subgroup analysis was also performed, considering subpopulations potentially at
higher risk for myocardial injury and exacerbation or new onset of cardiac dysfunction.

2. Materials and Methods

Patients with progressive NETs (n = 60) who received RLT at the Department of Endocrinology
and Radioisotope Therapy, Military Institute of Medicine—National Research Institute, Warsaw,
Poland, between May 2023 and May 2025, were included in the study. Written informed consent for
RLT was obtained from all patients in accordance with institutional protocols and ethical guidelines.

In accordance with institutional standards, prior to treatment each patient underwent a
comprehensive cardiologic assessment. This included a medical history focused on the diagnosis of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0770.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 September 2025 d0i:10.20944/preprints202509.0770.v1

4 of 24

CS, the presence of established CV diseases (with particular attention to HF and CHD), and current
symptoms of HF (assessed according to the New York Heart Association (NYHA) classification).
Additionally, CV risk factors were recorded, including age, hypertension, angina, diabetes,
hyperlipidemia, smoking, obesity, and current medications. For each patient, the results of an
echocardiographic examination performed within the preceding 6 months were assessed. In clinically
indicated cases — such as the presence of symptoms suggestive of previously undiagnosed cardiac
disease or worsening of symptoms since the last echocardiographic evaluation—a repeat
echocardiogram was performed at the treating center prior to the initiation of RLT.

All patients underwent treatment with lutetium-based RLT, either as monotherapy (7400 MBq
['7Lu]Lu-DOTA-TATE) (52 patients) or as tandem therapy with lutetium and yttrium ['”7Lu]Lu-
DOTA-TATE/[*Y]Y-DOTA-TATE (administered in variable doses based on individual dosimetric
data) (8 patients). Therapy was preceded by [#*Ga]Ga-DOTA-TATE PET/CT or [*mTc]Tc-HYNIC-
TOC scintigraphy in which high somatostatin receptor expression was confirmed in all tumor lesions
in each patient. RLT courses were administered every 8 to 10 weeks. Between treatment courses,
somatostatin analogs were administered every 4 weeks—either lanreotide at a dose of 120 mg or
octreotide at a dose of 30 mg—with a mandatory 4-week discontinuation of long-acting somatostatin
analogs prior to each RLT course.

During hospitalization, patients received a standardized intravenous nephroprotective regimen
consisting of amino acid (AA) infusions. The AA solution, at a concentration of 100 g/L, was
administered in three doses: 500 mL immediately before the RLT procedure, another 500 mL
concurrently during the RLT infusion via a separate venous access, and a final 500 mL dose on the
day following radioisotope administration. Moreover, patients were given 1000 mL of a balanced
electrolyte solution on the day of RLT and 500 mL of the same solution on the subsequent day. On
the days when AA were administered, patients also received intravenous antiemetic medication
(ondansetron). Following each treatment course, posttherapeutic scintigraphy evaluation with
SPECT/CT was performed.

2.1. Laboratory Tests

Blood samples were collected using BD Vacutainer® tubes at the Department of Endocrinology
and Radioisotope Therapy and processed at the Department of Medical Diagnostics, Military
Institute of Medicine — National Research Institute, Warsaw, Poland.

All laboratory tests, including serum concentrations of high-sensitivity troponin I (troponin),
CK-MB, and NTproBNP, were performed in the morning one day prior to RLT (troponinl, CK-MB1,
NT-proBNP1) administration and again 48 hours following the RLT procedure (troponin2, CK-MB2,
NT-proBNP2). Based on the obtained results, the differences in troponin levels, CK-MB and NT-
proBNP concentrations, were calculated between samples collected one day prior to RLT
administration and 48 hours post-treatment (ATroponin, ANT-proBNP, ACK-MB, respectively).

Troponin and CK-MB concentrations were measured using electrochemiluminescence
immunoassays (ECLIA) on the Cobas e411 analyzer (Roche Diagnostics, Mannheim, Germany). NT-
proBNP concentrations were assessed using the Elecsys® proBNP II assay (Roche Diagnostics,
Mannheim, Germany), also run on the Cobas e411 platform. Serum creatinine concentrations were
determined using enzymatic assays provided by Roche Diagnostics on the COBAS c503 PRO
automated analyser (Hitachi High-Tech, Tokyo, Japan). Estimated glomerular filtration rate (eGFR)
was calculated based on the CKD-EPI equation, incorporating age, sex, body weight, and serum
creatinine concentration. Chromogranin A (CgA) concentrations were measured using enzyme-
linked immunosorbent assays (ELISA) supplied by Labor Diagnostika Nord (LDN, Nordhorn,
Germany), with a minimum detection limit of 1.4 pg/L. Complete blood counts were performed using
a Sysmex XN-1000 automated hematology analyzer (Sysmex Corporation, Tokyo, Japan).

The reference ranges for the laboratory tests discussed in the paper are presented in
Supplementary Table Al.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0770.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 September 2025 d0i:10.20944/preprints202509.0770.v1

5 of 24

2.2. Echocardiography and Blood Pressure Measurement

Echocardiographic evaluations were performed using either the Vivid S70N or Vivid E95
systems (GE Healthcare, Chicago, IL, USA), by certified cardiologists in accordance with current
echocardiography guidelines. Standard transthoracic echocardiography included quantitative and
qualitative assessment of LVEF, left ventricular diastolic function (assessed by mitral inflow pattern,
tissue Doppler imaging of mitral annulus velocity, and left atrial volume) right ventricular systolic
function, including tricuspid annular plane systolic excursion (TAPSE), estimated right ventricular
systolic pressure (RVSP), based on tricuspid regurgitant jet velocity and estimated right atrial
pressure. All measurements were obtained and interpreted according to recommendations from the
American Society of Echocardiography and the European Association of Cardiovascular Imaging.

Blood pressure was measured using a calibrated automated oscillometric sphygmomanometer
((Omron M3 Comfort, Omron Healthcare, Kyoto, Japan), in a seated position after at least five
minutes of rest, following ESC guidelines.

2.3. Statistical Analysis

Statistical analyses were conducted using IBM SPSS (version 23) and R software (version 4.3.1,
R Core Team, 2023). The Shapiro-Wilk test was applied to assess the normality of data distribution.
Variables demonstrating normal distribution were reported as means (M) with standard deviations
(SD), whereas non-normally distributed data were expressed as medians (Med.) along with
interquartile ranges (IQR). Group comparisons were performed using appropriate statistical tests,
including Student’s t-test and the Mann—-Whitney U test; prior to t-tests, Levene’s test was utilized to
evaluate homogeneity of variances. A p-value less than 0.05 was considered statistically significant.
Only complete patient datasets were included in the analyses.

3. Results
3.1. Patients Baseline Characteristics

A total of 60 patients (33 men and 27 women) with histologically confirmed metastatic,
inoperable NET eligible for RLT were enrolled in the study. The median age was 66.5 years [IQR:
56.7-73.0]. The most common primary tumor locations were the pancreas (24 patients) and midgut
(21 patients). Other sites included the lungs (10 patients), colon (2 patients), unknown primary origin
(UPO) (2 patients), and stomach (1 patient). All patients in the study were receiving long-acting
somatostatin analogs (octreotide or lanreotide). Nine patients had previously undergone RLT
(median: 3 courses, range: 2—4). Sixteen patients had a history of CHT for NET, and four had been
treated with sunitinib prior to the current therapy phase. Based on medical history, CS was diagnosed
in 22 patients (36.7%), and CHD was documented in 4 patients (6.7%). One patient (1.7%) was found
to have cardiac metastasis on pre-therapeutic [$Ga]Ga-DOTA-TATE PET/CT imaging. Chronic HF
was diagnosed in 10 patients (16.7%): five were classified as NYHA class I and five as class II. The
mean LVEF was 61% (range: 34-67%), while in the subgroup with HF, the mean LVEF was 48%
(range: 34-55%). Other CV diseases included chronic coronary syndrome (CCS) (9 patients), atrial
fibrillation (AF) (4 patients), chronic aortic aneurysm (2 patients), and a history of pulmonary
embolism (PE) (1 patient). Baseline characteristics of the patients included in the study are presented
in Table 1 and Figure 1.

Table 1. Baseline patients’ characteristics.

Parameter Patients’ characteristics
Age, years median (IQR) 66.5 (56.7-73.0)
Sex:
Male, n (%) 33 (55.0)
Female, n (%) 27 (45.0)
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Primary localisation of NET:
Panceras, n (%)
Mitgut, n (%)

Large intestine, n (%)
Lung, n (%)

UPO, n (%)

Other, n (%)

Grade:

G1, n (%)

G2, n (%)

G3, n (%)

Ki-67, median (IQR)
Prior RLT, n (%)

Prior CHT, n (%)

Prior treatment with TKI, n (%)
BM]I, kg/m2 , median (IQR)
Obesity (BMI 230), n (%)

Hypertension, n (%)
Diabetes mellitus, n (%)
hyperlipidemia, n (%)
Smoking, n (%)
Carcinoid syndrome, n (%)
Carcinoid heart disease, n (%)
Cardiac metastases, n (%)

EF % (IQR)

Heart failure, n (%):
NYHA 1, n (%)

NYHA 2, n (%)

Other CVD, n (%):
Chronic coronary syndrome, n (%)
Atrial fibrillation, n (%)
Chronic aortic aneurysm, n (%)
History of pulmonary embolism, n (%)

24 (40)
21 (35)
2 (3.3)
10 (16.7)
2 (3.3)
1(1.7)

18 (30.0)
40 (66.7)
2 (3.3)
5 (2-10)
9 (15.0)

16 (26.7)
4(6.7)
25.1 (22.6-27.2)
8 (13.3)

32 (53.3)
19 31.7)
14 (23.3)
10 (16.7)
22 (36.7)
4(67)
1(1.7)
61 (56-65)
10 (16.7)
5 (8.3)
5(8.3)
14 (23.3)
9 (15.0)
4(67)
2 (3.3)
1(1.7)

BMI - body mass index, CHT - chemotherapy, CVD- cardiovascular diseases, IQR - interquartile ranges, NET —

neuroendocrine tumor, NYHA — New York Heart Association, RLT- radioligand therapy, TKI - tyrosine kinase

inhibitor, UPO - unknown primary origin.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202509.0770.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 September 2025 d0i:10.20944/preprints202509.0770.v1

7 of 24

Primary tumor location

M Pancreas

B Mitgut

M Large interstine
Lung

m UPO

H Other

Figure 1. Primary localisation of NET. UPO - unknown primary origin.

Baseline echocardiographic data of the patients are presented in Supplementary Table A2.

The median baseline serum troponinl concentration in the entire study population prior to the
initiation of RLT was low and within the normal reference range, as was the median troponinl
concentration prior to all individual treatment courses combined. A slight elevation in the combined
median troponinl concentration prior to all RLT courses was observed in patients with CHD. The
baseline median NT-proBNP1 level was elevated in patients with CHD, HF, and CCS, although a
slight elevation from baseline values was also observed in the entire study group. Detailed values of
serum troponinl and NT-proBNP1 concentrations are presented in Supplementary Table A3.

In the analysed cohort of 60 patients, the mean number of RLT courses administered was 3.6

(range: 2—4), with a total of 228 infusions performed. RLT was discontinued in 9 patients due to
disease progression or other reasons unrelated to cardiological complications. In 4 patients with a
history of prior RLT, the treatment plan initially included only 2 courses. A total of 52 patients
received [77Lu]Lu-DOTA-TATE monotherapy, while 8 patients were treated with tandem therapy
combining ['7Lu]Lu-DOTA-TATE and [*Y]Y-DOTA-TATE.
The mean cumulative activity of ['77Lu]Lu-DOTA-TATE administered was 6899.0 + 1462.6 MBq.
Among those treated with [77Lu]Lu-DOTA-TATE monotherapy, the mean activity was 7402.9 +
259.7MBq, whereas in the tandem therapy group, the mean activity of ['7Lu]Lu-DOTA-TATE was
3019.5 + 1020.8 MBgq, and the mean activity of [**Y]Y-DOTA-TATE was 2263.8 + 3885.6 MBq.

3.2. Clinical Tolerability of RLT

None of the patients reported new CV symptoms within the month preceding RLT initiation.
All RLT administrations were well tolerated from a CV standpoint, with the exception of two cases:
one patient experienced an ST-elevation myocardial infarction (STEMI) after 24 hours of RLT
administration, and one female patient with pre-existing chronic HF, CS, and CHD developed a
clinical exacerbation of HF symptoms. Both cases are described in detail below.

In none of the patients, apart from the two aforementioned cases, were any modifications made
to chronic CV medications, including no increase in the dose or frequency of diuretic therapy.

The mean systolic blood pressure (SBP) prior to each RLT cycle was 133.0 mmHg (+8.0), while
the mean diastolic blood pressure (DBP) was 80.0 mmHg (+7.0). Blood pressure measurements
performed on the second day following RLT administration revealed a slight, non-significant
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decrease in mean SBP 131.0 mm Hg (+7.0); p = 0.36, along with a minor, clinically insignificant
increase in mean DBP 82.0 mmHg (+6.0); p = 0.49.

3.3. Therapy-Related Renal, Hepatic, and Bone Marrow Toxicities

In the studied cohort, early statistically significant reductions in leukocyte, platelet, and
neutrophil counts were observed in laboratory assessments performed 48 hours after each course of
RLT. Furthermore, when comparing complete blood count parameters obtained prior to the 1st and
the 4th treatment course, a statistically significant decrease in leukocyte count —including both
neutrophils and lymphocytes — as well as erythrocyte count, was also noted (Table 2. and
Supplementary Table A4.).

Table 2. Comparison of hematologic parameters, serum creatinine concentration, and aspartate

aminotransferase (AST) activity before and after each course of RLT.

Before each RLT

Parameter 48h after RLT course P
course

Leukocytes, x10"9/L 5.5 [4.3-6.7] 5.2 [4.0-6.8] 0,049
Erythrocytes, x1012/L 4.0 [3.7-4.3] 4.0 [3.7-4.5] 0.18

Blood platelets, x10"9/L 198.0 [162.0-258.0] 185.0 [138.5-260.0] <0.001
Neutrophils, x10"3/pL 3.4 [2.6-4.6] 3.2[2.4-4.4] 0.02
Lymphocytes, x10"3/uL 1.1[0.7-1.4] 1.0 [0.6-1.4] 0.11
Creatinine, mg/dL 0.9 [0.8-1.0] 0.9 [0.8-1.0] 0.37
GFR, mL/min/1.73m2 79.3 [60.4-105.0] 79.9 [60.4 - 107.1] 0.56
AST, U/L 29.0 [24.0-39.0] 27.0 [21.0-35.0] 0.22

Data are presented as median and interquartile range. AST - aspartate aminotransferase, GFR — glomerular

filtration rate, RLT — radioligand treatment.

Of note, no increase in median serum creatinine concentration or aspartate aminotransferase
activity was observed in the study group, either in measurements performed before and 48 hours
after each RLT administration, or when comparing these parameters between the 1st and the 4th
treatment cycles (Table 2 and Supplementary Table A4).

3.4. Investigation of the Potential Cardiotoxicity Associated with RLT

Based on the obtained results, no evidence of an adverse cardiotoxic effect of RLT on the
myocardium was observed (Table 3 and Figure 2). Interestingly, in the entire study population, a
small but statistically significant decrease in serum troponin concentration was noted 48 hours after
RLT administration. This effect was also present in the subgroup of patients treated with ['”7Lu]Lu-
DOTA-TATE. Similarly, no cardiotoxic effects were observed in any of the evaluated subgroups,
including patients with pre-existing HF, CHD, or those with a history of prior CHT or prior RLT. In
most of the studied subgroups, a slight, clinically insignificant reduction in troponin concentration
was observed, except in patients with CHD, where this pattern was not seen.

Table 3. Effect of RLT on Troponin and CK-MB concentration.

Troponinl Troponin2 ATroponin CKMB1 CKMB2 ACKMB
(ng/L) (ng/L) (ng/L) P (U/L) (U/L) wp P
20.0 19.0
8.2 8.2 0.2 0.0 [-
All Pts 0.007  [16.0- [15.0- 0.90
[5.8-13.6]  [6.0-13.6]  [-1.4-0.3] 32.7] 307] 4.0-3.0]
Ptsvt:;ited - - ol 20.0 19.0 0.0
[77Lu]Lu- [5.7-134]  [5.9-13.7]  [-1.3-0.3] 0.008 [;S'S]_ [;(5)5]_ ['33‘05]_ 0.57
DOTA-TATE : : :
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VEEEE‘Z%TH [6.11_1;;6] [6.;?i35.3] [-1._%.3] 068 [51%_ [5:9;5]_ [';1};7_ 021
Pts with €5 [5.9%133.8] [5.9%163.8] [-1.-2;%).3] 0-10 [2115 -go]_ [21138;((?]_ ['E%_ 0-59
Pts with CHD [5.;?;;.1] [5.91—22.6] [-z.giu] 0.68 [55'5‘ [555; Pi?‘ 0-33
All pts with HF [11.16?1250.7] [10.113151.7] [-2.-;);?).8] 040 [izs 'Z_ [552;5]_ [1%}(5;]_ 062
HENYHAI [10.171—?8.9] [7.91—2i88.8] [-3.6(167.65] 021 [2%.08]_ [£Z§]_ [;;E(é]_ 0.67
HENYHA T [12.196-.271.1] [10.186—.225.6] [-1.-2;?.8] 065 [527.:5]_ [555]_ ['EE]_ 0-89
Pts with CCS [11})9:52.5] [9.9131.0] [-1_.(;:1(?.8] 045 [57? 'E]_ [5552;]_ ['-3;;25]_ 0-90
o WlitLthrior [7.49_'106.0] [6.19—;55.6] [-1.-;);%.3] 0.12 [525 '§]_ [;275;5]_ [ig]_ 088
Pts with prior 5.7 45 -0.1 0.40 [115:8_ [1138_ 1.0 0.08
CHT [3.6-7.2] [3.1-8.1]  [-0.6-0.15] 16.0] 28.0] [0.0-5.2]
o wTitllglprior [4.97;19.8] [4.96;77.8] [-3._(());%.3] 0.1 %‘5‘ [21139;5]_ [EE_ 068

Data are presented as median and interquartile range. p — statistical significance between measurement “1”
(prior to RLT administration) and measurement “2” (48 hours post-RLT administration). CHD - carcinoid heart
disease, CHT — chemotherapy, CCS- chronic coronary syndrome, CS - carcinoid syndrome, HF -heart failure,
IOQR - interquartile ranges, NET — neuroendocrine tumor, NYHA — New York Heart Association, Pts — patients,
LT- radioligand therapy, TKI - tyrosine kinase inhibitor.

Troponin | and CK-MB Dynamics in Response to RLT
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Figure 2. Changes in troponin I and CK-MB concentration in the entire study group across all RLT courses

combined.

3.5. Effect of RLT on Heart Failure and Cardiac Overload

In the studied cohort, with the exception of a single case described below, RLT did not exacerbate
HF symptoms nor lead to clinical or biochemical signs of cardiac overload. No worsening of
functional status or progression in NYHA class was observed in patients with pre-existing HF.
Similarly, no new-onset symptoms suggestive of volume overload, such as dyspnea, peripheral
edema, or orthopnea, were reported.

Biomarker analysis revealed no significant increase in NT-proBNP levels following RLT
administration. In patients with CHD and those with HF as well as patients with prior CHT, NT-
proBNP concentrations remained stable, with no clinically relevant deterioration noted during the

treatment period (Table 4).

Table 4. Effect of RLT on NT-proBNP concentration.

NT-proBNP1 NT-proBNP2 ANT-
(pg/mL) (pg/mL) proBNPp
(pg/mL)
117.5 1215 4.0
AllPts [40.5-319.7] [37.9-322.2] [456-336] U2
Pts treated with ["7Lu]Lu-DOTA- 106.0 127.0 4.0 053
TATE [28.1-316.0] [33.2-350.5] [-46.0-33.6]
. 208.0 185.0 21.6
Pts treated with tandem therapy [103.0-358.5] [69.7-295.0] [-44.1-16.7] 0.08
191.1 187.0 0.5
Pts with 4
s with 5 [58.2-410.0] [55.3-359.0] [46.0-347] %
7.0
, 430.0 301.0
Pts with CHD [224.0-3644.0] [256.0-1925.0] [-290.0- 0.79
130.0]
14.8
. 531.5 659.0
All pts with HF [273.2-1166.7] [294.0-1255.0] [1d57= 0.64
142.5]
92,0
. 624.0 615.0
Pts with HE NYHA I 1166.0-1039.5] (107.2-906.5] [317.5- 0.6
111.7]
18.5
531.5 870.0
Pts with HE NYHA II -83.0— 51
ts with HEN [296.0-2026.0] [297.0-1333.0] [83.0 05
260.0]
0.0
306.5 274.0
Pts with CCS [2145- 076
[115.5-609.0] [208.0-569.0] 12051
4.4
L 207.5 283.0
Pts with prior RLT [15.8-303.7] [211.0-326.0] [-37.3— 0.33
116.7]
47.4 64.4 9.9
Pts with prior CHT 1
ts with prior C [17.8-63.3] [30.0-118.0] (36527 18
174
L 79.9 60.7
Pts with prior Other CVD [44.3-120.5] [31.7-316.7] [2—222]— 0.65

Data are presented as median and interquartile range. p — statistical significance between measurement “1”
(prior to RLT administration) and measurement “2” (48 hours post-RLT administration). CHD - carcinoid heart

disease, CHT — chemotherapy, CCS- chronic coronary syndrome, CS - carcinoid syndrome, HF -heart failure,
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IQR - interquartile ranges, NET — neuroendocrine tumor, NYHA — New York Heart Association, Pts — patients,
RLT- radioligand therapy, TKI - tyrosine kinase inhibitor.

When comparing troponinl, NT-proBNP1 and CK-MB1 concentration measured before the first
and before the fourth course of RLT, no statistically significant differences in median values were
observed. Similarly, no significant differences were found in the changes of troponin concentrations
(ATroponin), CK-MB concentration (ACKMB), or NT-proBNP concentrations (ANT-proBNP) between
the first and the final (fourth) treatment course (Supplementary Table A5).

NT-proBNP Dynamics in Response to RLT

160
140
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100
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40

20

NT-pro-BNP (pg/mL)

W Before RLT W 48H after RLT

Figure 2. Changes in NT-proBNP concentration in the entire study group across all RLT cycles combined.

3.5. Impact of Clinical and Biochemical Parameters on RLT-Associated Cardiotoxicity

No significant correlation was found between changes in troponin, CK-MB nor NT-proBNP
concentration and parameters such as patient age, BMI, baseline LVEF, TAPSE, or pre-treatment
serum creatinine concentration (Supplementary Table A6).

Importantly, no correlation was also observed between median baseline NT-proBNP1
concentration (before each course) and subsequent changes in troponin concentration (ATroponin) or
CK-MB concentration (ACK-MB) following RLT administration. Interestingly, a significant negative
correlation was observed between baseline troponinl concentrations (before each course) and the
change in troponin concentration following each RLT administration (ATroponin) (r=-0.24, p=0.004),
as well as between baseline NT-proBNP1 concentration (before each cycle) and the corresponding
change in NT-proBNP concentration after each treatment cycle (ANT-proBNP) (r = -0.41, p < 0.001).
All correlations are presented in Supplementary Table A6

Moreover, a statistically significant correlation was observed between the increase in serum
troponin concentration (ATroponin) and the increase in serum creatinine concentration (Acreatinine)
following each RLT, suggesting a possible link between transient myocardial toxicity and renal
impairment (r = 0.43, p <0.001) (Table 5).

Table 5. Correlations between markers of cardiotoxicity.

ATroponin ACKMB ANT-proBNP

Acreatinine r=0.43 r=0.01 r=0.02
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p <0.001 p=0.90 p=0.83
r=0.01 r=0.04 r=-0.03

AGFR
G p=095 p=0.63 p=0.73
r=-0.01 r=0.13

AT i .
roponin p =095 p=0.53
r=-0.01 r=-0.10
ACKMB -

M p=095 p=023

Acreatinine - change in serum creatinine concentration between the measurement taken prior to RLT
administration and 48 hours post-treatment; AGFR - change in GFR between the measurement taken prior to
RLT administration and 48 hours post-treatment; ACKMB - change in serum CKMB activity between the
measurement taken prior to RLT administration and 48 hours post-treatment; ANT-proBNP - change in serum
NT-proBNP concentration between the measurement taken prior to RLT administration and 48 hours post-
treatment; ATroponin - change in serum troponin concentration between the measurement taken prior to RLT

administration and 48 hours post-treatment. p —statistical significance, r —correlation coefficient

No statistically significant correlation was observed between the administered activity of
['7Lu]Lu-DOTA-TATE and changes in troponin, CK-MB or NT-proBNP concentration (p =0.18, p =
0.31, and p = 0.06, respectively). Similarly, no significant correlations were found between the
administered activity of [**Y]Y-DOTA-TATE and changes in these markers of cardiotoxicity (p = 0.88,
p =0.50, and p = 0.42, respectively).

3.6. Clinically Overt Acute Cardiac Complications During Radioligand Therapy

During RLT one patient with CCS and a history of a myocardial infarction 11 years prior to RLT
— treated with coronary angioplasty — developed an acute inferior STEMI on the second day after
the first RLT administration. Prior to treatment, the patient had no history of HF or CCS symptom:s.
The myocardial infarction was complicated by sudden cardiac arrest due to ventricular fibrillation.
Importantly, in the period preceding the event, the patient had not been taking acetylsalicylic acid,
beta-blockers, or statins chronically, despite cardiology recommendations and despite the ward's
standing prohibition, the patient smoked a cigarette immediately prior to the incident. Following
successful resuscitation, an urgent coronary angiography revealed a critical stenosis in the right
coronary artery. A successful percutaneous coronary intervention with implantation of everolimus-
eluting stents in the right coronary artery was performed. Subsequent observation revealed no
recurrence of chest pain. Follow-up transthoracic echocardiography demonstrated a decrease in
LVEF to 43%, with symptoms of HF classified as NYHA class I. RLT was continued according to the
original treatment plan, and the patient received three additional courses of RLT without further
complications. No exacerbation of clinical signs of HF symptoms or significant increases in NT-
proBNP were observed following the subsequent administrations. At the end of RLT, the
echocardiographic assessment revealed a LVEF of 53%. In the over 20-year history of the
department’s experience with RLT in patients with NET, this was the first cardiac event of this kind
ever recorded.

The second patient in whom clinically overt cardiac complications were observed was a 32-year-
old woman with an inoperable pancreatic NET G2, presenting with a large non-resectable abdominal
mass, extensive hepatic and lymphatic metastases (involving both the thoracic and abdominal lymph
nodes), CS, and cachexia (BMI 14.2, serum albumin 3.6 g/dL). The patient had a history of chronic
biventricular HF (NYHA class II, LVEF 55%, TAPSE 18 mm) and CHD with significant tricuspid and
pulmonary valve regurgitation. Following the first course of RLT, the patient experienced worsening
dyspnea, ascites, marked peripheral edema, and an increase in NT-proBNP concentration (from 4,327
to 6,542 pg/mL), requiring the intensification of diuretic therapy. During the second treatment course,
diuretics were administered from the first day of hospitalization, and only mild worsening of edema
and dyspnea was observed. The patient discontinued RLT due to a progressive deterioration in her
general condition and died within the following three months due to progression of disease.
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3.7. Patient with NET Metastasis to the Heart

A 74-year-old female patient with a grade 2 neuroendocrine tumor (NET G2) of the small
intestine and widespread metastases involving the liver, mesentery lymph nodes, skeleton, and
myocardium was referred for RLT. Approximately 1.5 years prior to therapy, cardiac involvement
was identified based on [#Ga]Ga-DOTA-TATE PET/CT, revealing metastatic lesions within the left
ventricular wall. Echocardiography did not reveal the lesion; signs consistent with CHD were
observed (moderate tricuspid insufficiency), with preserved global and segmental left ventricular
systolic function.

All treatment cycles were well tolerated, with no cardiovascular complaints reported.
Importantly, post-therapy evaluations revealed no significant increases in serum concentrations of
troponin, CK-MB, or NT-proBNP following any of the administered treatment courses
(Supplementary Table A7). Posttherapeutic scintigraphy images is presented in Figure 3.

Figure 3. Posttherapeutic ['77Lu]Lu-DOTA-TATE scintigraphy. A — ['”7Lu]Lu-DOTA-TATE planar scintigraphy,
B - ['"7Lu]Lu-DOTA-TATE SPECT/CT. The cardiac metastasis is indicated by an arrow.

4. Discussion

RLT with ["7Lu]Lu-DOTA-TATE and/or [*Y]Y-DOTA-TATE has been used for the treatment of
NETs for over 30 years. Over time, growing evidence has confirmed both its safety and effectiveness
in prolonging patient life. [22-25]. Interestingly, despite widespread use, the CV safety of RLT has
not yet been systematically assessed, unlike other oncological therapies, for which cardiotoxicity
profiles are well-established. Both theoretical considerations and clinical data regarding the
cardiotoxic effects of conventional chest radiotherapy suggest a potential for similar complications in
RLT. However, most of the currently available data on RLT-related cardiotoxicity are limited to
isolated case reports or small patient series. To date, only one published study has systematically
evaluated the potential cardiotoxic effects of ['"7Lu]Lu-DOTA-TATE in NET patients. Although large
prospective trials have not reported any deaths directly attributable to cardiac complications
following RLT rare case reports of cardiotoxicity do exist, highlighting the need for further
investigation of this potential clinical concern. [1,26-28].

The assessment of cardiac biomarkers, particularly troponin and NT-proBNP, continues to play
a pivotal role in cardio-oncology. These biomarkers are capable of detecting subclinical myocardial
injury even before the onset of clinical symptoms [29]. Numerous meta-analyses have confirmed the
prognostic value of troponin in identifying patients at increased risk of left ventricular dysfunction,
thereby reinforcing its clinical utility in the monitoring and early detection of cardiotoxicity in
oncology patients. In a meta-analysis by Michel et al., which included 61 studies and a total of 5,691
patients, elevated troponin levels were shown to be a strong predictor of left ventricular dysfunction,
with an odds ratio of 11.9 [30]. Moreover, assessment of NT-proBNP has been shown to be a useful
biomarker in cardio-oncology for early detection and monitoring of cardiac dysfunction during
cancer treatment, as supported by recent guidelines and studies [31,32]. Additionally, elevated NT-
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proBNP levels have been correlated with subclinical cardiac injury and have demonstrated predictive
value for subsequent development of cardiotoxicity in patients undergoing oncologic therapies
[33,34].

The potential of ionizing radiation to adversely affect the CV system has been highlighted in a
meta-analysis by Little et al., which examined the association between radiation exposure and CV
diseases, as well as in a more recent comprehensive review by Jahng et al. [9-10]. Together, these
studies emphasize the need for careful CV monitoring in patients undergoing radiotherapy due to
the demonstrated increased risk of radiation-induced cardiac injury.

Data regarding both the short-term and long-term effects of radiotherapy delivered by ‘internal
emitters’ remain scarce. Based on studies related to radioisotope therapy for thyroid cancer, Kolbert
et al. demonstrated that the radiation dose absorbed by the blood may serve as a useful proxy for
estimating the dose received by the CV system [11]. As demonstrated in the study by Little et al., a
significant excess relative risk per Gray (Gy) was observed even for radiation exposures below 0.5
Gy [9]. In the case of radiopharmaceutical therapies, several studies have reported absorbed doses to
the blood of at least 0.1 Gy per treatment course, with cumulative doses exceeding 0.3 Gy after
multiple administrations [35-38]. These findings suggest that radiopharmaceutical therapies may
adversely affect the CV system and increase the long-term risk of developing CV disease.

Dosimetric data regarding cardiac exposure during RLT for NETs also remain very limited.
Based on the only available dosimetric analysis in this area, derived from the phase III NETTER-1
trial, the estimated absorbed dose to the cardiac wall during RLT with ["7Lu]Lu-DOTA-TATE is
approximately 0.03mGy/MBq [15]. This value is similar to the absorbed dose to the red bone marrow,
while the absorbed dose to the kidneys averages approximately 0.65mGy/MBq. Given the similar
incidence of nephrotoxic and myelotoxic complications observed with RLT, as with external beam
radiotherapy, the toxic effects of RLT on tissues depend not only on the absorbed radiation dose but
also on the intrinsic radiosensitivity of the affected tissue. Our findings support this concept, as
despite the comparable estimated absorbed dose to the myocardium and bone marrow, clinically
relevant myelotoxicity was observed, whereas no biochemical or clinical evidence of cardiotoxicity
was detected.

Similarly to RLT in patients with NET, large studies evaluating the risk of early cardiotoxicity of
radioiodine therapy in patients with differentiated thyroid cancer have not been published. The study
by Stanciu et al. is one of the few that assess the impact of radioiodine therapy on cardiac function in
thyroid cancer patients. Their results indicate an inverse correlation between the cumulative dose of
131 and LVEF (in patients without type 2 diabetes), suggesting a potential risk of cardiotoxicity
associated with radioiodine therapy. [39]. Growing evidence also suggests that radioiodine therapy
may be linked to increased long-term CV risk, with outcomes potentially influenced by the
cumulative administered dose [13].

So far, only one study has been published documenting early cardiotoxicity of RLT in patients
with NET. In the study by Jafari et al., which included 13 NET patients undergoing 39 treatment
courses, no significant increase in troponin I levels was observed [16]. Due to the small sample size,
this study did not assess potential cardiotoxicity in subgroups of patients potentially at higher risk,
such as those with diagnosed HF or CHD.

Since patients with NETs frequently receive other potentially cardiotoxic therapies a
comprehensive evaluation of RLT's CV safety profile may hold important clinical relevance. The
CAPTEM regimen, commonly used in the treatment of NETs, appears to be generally well tolerated,
with only sporadic reports of cardiac adverse effects even following prolonged treatment durations
[40,41]. Nonetheless, capecitabine is associated with a 5-10% incidence of cardiotoxic events, ranging
from silent ischemia and arrhythmias to, less frequently, serious complications such as myocardial
infarction [42]. As such, cardiac monitoring—including electrocardiography and biomarker
evaluation —is recommended during CAPTEM therapy, particularly in patients with preexisting CV
diseases [43]. Also, sunitinib, a multi-TKI frequently used in the treatment of advanced NETs, has
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also been associated with a significant risk of cardiotoxicity, including hypertension, left ventricular
dysfunction, and, in some cases, congestive HF [44,45].

In this retrospective analysis, 60 patients with diagnosed inoperable NETs underwent a total of
228 treatment courses (an average of 3.6 course per patient). Consistent with the only previously
published study on this topic, conducted by Jafari et al., no significant early cardiotoxicity related to
RLT was observed, as assessed by serum troponin and NT-proBNP levels. There was no increase in
troponin concentration following RLT administration and in fact, a slight but statistically significant
decrease in troponin concentration was observed in our study (Atroponin -0.2 ng/L, p = 0.007). This
recurrent observation of decreased troponin levels following treatment (as seen in both the study by
Jafari et al. and ours) appears to have limited clinical relevance and is most likely attributable to the
significant intravenous hydration administered during therapy.

RLT with [*7Lu]Lu-DOTA-TATE has become a well-established treatment option for patients
with advanced NETs, owing to its favorable safety profile and efficacy. However, therapies involving
[9Y]Y-DOTA-TATE, either alone or in tandem with [77Lu]Lu-DOTA-TATE, are often considered to
be associated with a higher risk of organ toxicity. This is primarily attributed to the physical
characteristics of yttrium-90, a high-energy (3-emitter with a longer tissue penetration range (~11 mm
vs. ~2 mm for lutetium-177), which may lead to increased off-target irradiation of healthy tissues,
particularly the kidneys and bone marrow [46—48]. As such, tandem RLT (['"Lu]Lu-DOTA-
TATE/[*°Y]Y-DOTA-TATE), although explored as a strategy to enhance efficacy in patients with
bulky or aggressive disease, has raised concerns regarding an elevated risk of treatment-related
adverse effects, including hematologic and renal complications [49-52]. Surprisingly, in our cohort,
no signs of cardiotoxicity were observed following tandem therapy, even in patients with pre-existing
CV risk factors. These findings challenge the assumption that the potentially increased systemic
exposure in tandem RLT translates into higher cardiac risk and warrant further investigation.

Interestingly, in our study, no signs of cardiotoxicity were observed in key high-risk
subpopulations, including patients with CS — where RLT administration may be associated with a
sudden release of vasoactive substances — and those with CHD or pre-existing HF. Notably,
individuals with established CV comorbidities, particularly those with HF, are generally recognized
in cardio-oncology as being at significantly higher risk for treatment-related cardiotoxicity due to
limited cardiac reserve and increased vulnerability to stressors such as CHT, targeted therapy, or
radiotherapy [53-55]. Despite these theoretical risks, our cohort did not show significant elevations
in cardiac biomarkers post-RLT, even in these fragile subgroups. To our knowledge, this is the first
observation in literature to report such findings in the context of RLT in NET patients. These
observations suggest that RLT — whether with ['”7Lu]Lu-DOTA-TATE alone or in tandem protocols
— may have a more favorable cardiac safety profile than previously anticipated, even in vulnerable
populations.

Cardiac metastases from NETs are considered rare, with an estimated prevalence of
approximately 2-4% based on modern imaging and autopsy series [56]. Although these lesions are
often clinically silent, they may pose diagnostic and therapeutic challenges. To date, only isolated
cases of patients with cardiac NET metastases experiencing complications after RLT have been
described. Hendifar et al. reported a case of persistent cardiomyopathy following two
administrations of ['”7Lu]Lu-DOTATATE in a patient with NET metastasis to the myocardium [26].
In our cohort, one patient was diagnosed with a metastatic NET to the left ventricle of the heart.
Importantly, this patient underwent one full cycle (four courses) of tandem RLT (['””Lu]Lu-DOTA-
TATE/[**Y]Y-DOTA-TATE) without experiencing clinical signs of cardiac dysfunction. Furthermore,
there was no significant elevation in cardiac biomarkers following therapy. This observation is
noteworthy, as it suggests that even in patients with direct cardiac involvement by NET, RLT may be
safe from a cardiotoxicity standpoint.

In our cohort, we encountered a patient with established CCS who experienced an STEMI of the
inferior wall 24 hours after receiving the first course of RLT. To our knowledge, this is the first
reported case of an acute coronary syndrome temporally associated with RLT. While previous
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literature has described cardiotoxic effects such as cardiomyopathy following RLT, no prior reports
have documented an acute ischemic event of this nature [26]. Given the patient's known
atherosclerotic burden, smoking history, the infarction was likely precipitated by underlying
coronary pathology rather than a direct effect of radionuclide exposure. Nonetheless, this case
highlights the importance of comprehensive CV risk assessment and monitoring during RLT —
particularly in older patients with pre-existing CV disease, who represent a growing proportion of
the NET population.

NT-proBNP is a well-established and sensitive biomarker of myocardial wall stress, widely used
in the evaluation of subclinical cardiac dysfunction in the context of oncological therapies. Current
cardio-oncology guidelines issued by both the European Society of Cardiology (ESC) and the
American Heart Association (AHA) recommend NT-proBNP assessment as part of routine
surveillance for cardiotoxicity during cancer treatment, particularly in patients at increased risk of
HF [4,54-55]. Elevated NT-proBNP concentrations may reflect either direct myocardial injury (and
myocardial overload) or hemodynamic stress related to fluid overload. Although our present study
did not reveal evidence of direct cardiotoxicity from RLT, it is important to acknowledge that RLT is
associated with the administration of substantial volumes of intravenous fluids (over 3000 mL within
48 hours), primarily due to the need for AA co-infusion and radiopharmaceutical dilution.
Accordingly, guidelines advise caution in patients with pre-existing HF when undergoing RLT [4,57].
In our cohort, RLT was not associated with a statistically significant increase in NT-proBNP levels,
either in the general population of patients with NETs or in high-risk subgroups, including those
with known HF or CHD. To date, no studies have specifically evaluated changes in NT-proBNP
following RLT in NET patients. Nevertheless, contrary to these findings, one patient in our study
with biventricular HF and CHD did experience clinical deterioration following RLT, likely due to the
relatively high-volume load in proportion to her low body mass and cachexia. This suggests that
although RLT appears to be safe in terms of HF exacerbation in the overall population, particular
caution is warranted in patients with significant pre-existing cardiac impairment.

This study has several limitations that should be acknowledged. First, it was conducted in a
single center setting with a relatively small sample size, which may limit the generalizability of our
findings to broader NETs populations. Second, while the study assessed early changes in cardiac
biomarkers within 48 hours of RLT administration, it did not include long-term follow-up to evaluate
delayed or cumulative cardiotoxic effects. Chronic or late-onset cardiotoxicity, which may be
clinically relevant in NET patients receiving multiple treatment cycles, thus remains beyond the
scope of this analysis.

Moreover, although echocardiographic evaluation was performed at baseline and clinically
indicated during follow-up, advanced imaging modalities such as cardiac MRI or speckle-tracking
echocardiography, which can detect subtle myocardial dysfunction, were not routinely employed.
Another limitation is the lack of a control group not undergoing RLT, which would have provided a
clearer comparator for assessing biomarker dynamics and clinical cardiac events.

Lastly, although efforts were made to analyse specific subgroups with increased CV risk —
including patients with HF, CHD, or prior CHT or RLT exposure—the number of patients in these
subgroups was small, limiting the statistical power to detect rare adverse events.

Despite these limitations, to the best of our knowledge, this is the first and largest study in the
literature to comprehensively assess the potential cardiotoxicity of RLT in patients with NETs. Its
findings are consistent with previously published smaller series and individual case reports,
confirming the overall cardiac safety of this treatment. Importantly, this study is also the first to
evaluate cardiac complications in predefined subgroups at increased CV risk, including patients with
pre-existing HF, prior CHT, and previous radiotherapy. By systematically addressing this clinical
issue and placing the results in the context of the available evidence, our work provides the most
complete analysis to date and significantly extends current knowledge in the field.

5. Conclusions
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Our findings suggest that RLT, including tandem treatment with [”7Lu]Lu-DOTA-TATE and
[*Y]Y-DOTA-TATE, is safe therapeutic option from a cardiotoxicity perspective in patients with
NETs, even among patients with pre-existing CV comorbidities and increased susceptibility to such
injury.

Furthermore, despite a comparable estimated absorbed dose delivered to the bone marrow and
myocardium in dosimetric studies, no evidence of RLT-related cardiotoxicity was observed. This
observation may reflect organ-specific differences in susceptibility to radiation damage, with the
myocardium demonstrating greater resistance compared to hematopoietic tissue.
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Abbreviations

The following abbreviations are used in this manuscript:

AA Amino acid

AF Atrial fibrillation

AHA American Heart Association
AST Aspartate aminotransferase

BMI Body mass index

BP Blood pressure

CAPTEM Capecitabine/temozolomide
CCS Chronic coronary syndrome
CHD Carcinoid heart disease

CHT Chemotherapy

CgA Chromogranin A

CK-MB Creatine Kinase — MB isoenzyme
CS Carcinoid syndrome

Ccv Cardiovascular

CVD Cardiovascular disease

DBP Diastolic blood pressure

ELISA Enzyme-linked immunosorbent assay
ESC European Society of Cardiology
GFR Glomerular filtration rate

GLS Global longitudinal strain

HF Heart failure

ICIs Immune checkpoint inhibitors
IC-OS International Cardio-Oncology Society
IQR Interquartile range

LVEF Left ventricle ejection fraction

M Mean
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Med Median

mTOR Mammalian Target of Rapamycin Inhibitors
NET Neuroendocrine tumor

NT-proBNP N-terminal pro-B-type Natriuretic Peptide
NYHA New York Heart Association

PE Pulmonary embolism

RLT Radioligand therapy

RVSP Right ventricular systolic pressure

SBP Systolic blood pressure

SD Standard deviations

STEMI ST-elevation myocardial infarction

TAPSE Tricuspid annular plane systolic excursion
TKI Tyrosine kinase inhibitors

Troponin Troponin I

uro Unknown primary origin

Appendix A

Supplementary Table Al. Reference Ranges for Biochemical and hematological Parameters

Parameter Unit Reference range
Troponin ng/L 0.0-14.0
CK-MB U/L 0.0-25.0
NT-proBNP pg/mL 0.0-125.0
Creatinine mg/dL 07-1.2
GFR mL/min/1.73 m? >60
AST U/L 0.0-50.0
Leukocytes x10"9/L 4.30-9.64
Erythrocytes x1012/L 4.36 - 5.78
Blood platelets x10"9/L 163 - 347
Neutrophils x10"3/uL 1.93 -5.87
Lymphocytes x10"3/ulL 1.23-3.42
Chromogranin A ng/mL <100

AST - aspartate aminotransferase, CK-MB - GFR — glomerular filtration rate.

Supplementary Table A2. Echocardiographic parameters of patients qualified for the study.

Parameter Data Unit Reference range
LVEDD, median (IQR) 51.7 (46.7-55.9) mm 39-52
LVESD, median (IQR) 34.8 (28.9-39.5) mm 25-40

EF % (IQR) 61.0 (56.0-65.0) % 55-70
TAPSE, median (IQR) 21.0 (19.0-22.0) mm >16

IT, n (%) 7 (11.7) - -
IP, n (%) 3(5.0) - -

EF — egjection fraction, IQR - IP - pulmonary valve regurgitation (moderate or severe), IT - tricuspid valve
regurgitation (moderate or severe), LVEDD - left ventricle end diastolic diameter, LVESD — left ventricle end

systolic diameter, TAPSE - tricuspid annular plane systolic excursion.

Supplementary Table A3. Baseline serum concentrations of markers of cardiotoxicity.
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Troponinl CK-MB1 NT-proBNP 1
ng/L U/L pg/mL
25.5[17.2—
Before start of RLT 10.0 [5.8-16.0] 35.7] 158.0 [54.1-365.0]
20.0 [16.0—
Before each RLT administration 8.2 [5.8-13.6] 3.1 110.5 [33.6-300.5]
Pts with CS, ©before each RLT 18.0 [15.0—
8.3 [5.9-13.8] 191.0 [58.2-410.0]
administration 27.0]
Pts with CHD, before each RLT 58.0 [25.5-
15.4 [5.8-19.1] 430 [224.0-3644.0]
administration 88.2]
Pts with HEF, before each RLT 13.1[11.3- 33.0 [19.0- 580.0 [257.7—
administration 20.8] 45.0] 1228.2]
Pts with CCS, before each RLT 13.0 [11.3— 27.0 [18.0-

214.0 [90.-672.0]
administration 26.6] 45.0]

Data are presented as median and interquartile range. CHD — carcinoid heart disease, CCS — chronic coronary
syndrome, CS-carcinoid syndrome, HF -heart failure, IQR - interquartile ranges, Pts - patients, RLT - radioligand

treatment.

Supplementary Table A4. Comparison of hematologic parameters, serum creatinine levels, and aspartate

aminotransferase (AST) activity before the first and fourth RLT course.

Before first RLT cycle  Before 4th RLT cycle P
Leukocytes, x10"9/L 6.4 [5.3-7.5] 4.5[3.9-6.4] 0.004
Erythrocytes, x1012/L 4.3 [3.9-4.6] 3.9[3.5-4.1] 0.002
Blood platelets, x10"9/L 223.5 [153.7-293.0] 182.0 [146.5-254.0] 0.190
Neutrophils, x10"3/uL 4.0 [3.0-5.1] 3.0 [2.1-4.3] 0.039
Lymphocytes, x10"3/uL 1.4 [1.1-2.0] 0.8 [0.6-1.3] <0,001
Creatinine, mg/dL 0.9 [0.8-1.0] 0.90.8-1.1] 0.670
GFR, mL/min/1.73m2 84.8 [58.4-109.7] 73.7 [57.8-100.8] 0.780
AST, U/L 29.5 [20.0-48.0] 30.0 [26.8-37.0] 0.260

Data are presented as median and interquartile range. AST - aspartate aminotransferase, GFR — glomerular
filtration rate, RLT — radioligand treatment.

Supplementary Table A5. Measurements of markers of cardiotoxicity and changes in their levels before the first
and before the fourth course of RLT.

d0i:10.20944/preprints202509.0770.v1

First RLT cycle 4th RLT cycle P
Troponin, ng/L 10.0 [5.8-16.0] 7.9 [6.2-12.1] 0.140
CK-MB, U/L 25.5[17.2-35.7] 7.9 [6.2-12.1] 0.070
NT-proBNP, pg/mL 158.0 [54.1-365.0] 106.0 [35.0-316.0] 0.780
ATroponin, ng/L -0.7 [-1.8-0.2] -0.1 [-1.7-0.8] 0.810
CK-MB, U/L 0.0 [-4.7-6.7] 0.0 [-3.0-2.5] 0.600
ANT-proBNP, pg/mL -2.6 [-92.0-28.2] -27.6 [-66.8- -0.7] 0.850

Data are presented as median and interquartile range. ACKMB - change in serum CKMB activity between the
measurement taken prior to RLT administration and 48 hours post-treatment; ANT-proBNP - change in serum
NT-proBNP concentration between the measurement taken prior to RLT administration and 48 hours post-
treatment; ATroponin- change in serum troponin concentration between the measurement taken prior to RLT

administration and 48 hours post-treatment. p —statistical significance.
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Supplementary Table A6. Impact of clinical and biochemical parameters on changes in levels of markers of

cardiotoxicity assessed before and 48 hours after each course of RLT.

ATroponin ACK-MB  ANT-proBNP

Ace r=0.13 r=0.02 =-0.103
8 p=0130  p=082 p=0.230

r=-0.8 r=0.10 r=0.06

BMI
M p=037  p=022 p = 0.480
Troponinl concentration before each RLT course b z 60020%1 ;z(())(;Zg b z 60215%
r=0.02 r=0.51 r=-0.04
K-MB1 level bef h RLT

C evel before eac course =079 p <0.005 p=0.670
NT-proBNP1 concentration before each RLT course r=005 r=0.12 r=-04l
p=057  p=017 p <0.001

Creatinine concentration before each RLT course r=0.005 =009 =032
p=096  p=029 p=0.700

=-0.13 r=0.10 r=0.12

GEFR before each RLT course =013 p=026 b =0.140

=-0.10 r=051 r=0.04

AST level bef h RLT

ST level before eac course p=09 b <0.001 b =0.610
Chromogranin A concentration before each RLT r=-0.08 r=0.39 R=0.03
course p=0.33 p <0.001 p =0.760

=-0.13 r=0.004 r=0.09

LVEF before RLT
elore p=013  p=096 p =0.300
r=-0.065 r=0.06 r=0.07
TAPSE before RLT
SE before p=044  p=045 p = 0.440

ACKMB - change in serum CKMB activity between the measurement taken prior to RLT administration and 48
hours post-treatment; ANT-proBNP - change in serum NT-proBNP concentration between the measurement
taken prior to RLT administration and 48 hours post-treatment; ATroponin- change in serum troponin
concentration between the measurement taken prior to RLT administration and 48 hours post-treatment. p —
statistical significance, r —correlation coefficient. AST- aspartate aminotransferase, BMI- body mass index, LVEF

- left ventricle ejection fraction, RLT — radioligand treatment, TAPSE - tricuspid annular plane systolic excursion.

Supplementary Table A7. Markers of cardiotoxicity in the patient who experienced heart failure exacerbation

during RLT.
Troponinl Troponin2 X CK- NT- NT-
(r?g/lli)n (r?g/IIi; MB1 MB2  proBNP1 proBNP2
(UL) __ (UL)  (pg/ml) (pg/mL)
I cycle of RLT
3500/1885 MBq
[77Lu]Lu/[*Y]Y-DOTA- 18.7 26.1 29.0 19.0 364.0 293.0
TATE
II cycle of RLT
3500/400 MBq
[7Lu]Lu/[*"Y]Y-DOTA- 17.0 20.1 380 190 2730 301.0
TATE
I cycle of RLT
3500/530 MBq
[*77Lu]Lu/[*Y]Y-DOTA- 17.2 31.8 21.0 26.0 224.0 354.0
TATE
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IV cycle of RLT
3500/600 MBq
[77Lu]Lu/[*Y]Y-DOTA- 20.3 215 27.0 30.0 430.0 395.0
TATE

RLT - radioligand treatment.
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