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1. Introduction 

With an estimated 1.8 million deaths worldwide in 2020, lung cancer 
has the highest cancer-related mortality [1]. Stereotactic body radio
therapy (SBRT) is the treatment of choice for patients with inoperable 
early stage non-small cell lung cancer (NSCLC), operable stage I-II 
NSCLC - if surgery is refused by the patient - and oligometastatic (OMD) 
pulmonary disease [2–7]. In the case of ultra-central lung tumors 
(UCLT), defined as tumor overlapping with the proximal bronchial tree, 
trachea or esophagus, previous studies reported favorable efficacy at the 
cost of an increased risk of grade ≥ 3 toxicity and treatment-related 
mortality [8–10]. As survival continues to improve with more effec
tive systemic therapy, there is a growing concern about long-term 
radiotherapy (RT)-related toxicity [11,12]. 

Recent studies demonstrated that thoracic RT may be associated with 
an increased risk of cardiotoxicity and non-cancer deaths [13–17]. The 
landmark clinical trial RTOG 0617, which compared standard thoracic 
RT (60 Gy/30 fractions) to a higher dose (74 Gy/37 fractions), identified 
V30 and V5 of the heart as prognostic factors for survival [18]. A post- 
hoc analysis demonstrated that the dose delivered to the base of the 
heart is an independent prognostic factor for all-cause mortality [19]. In 
a systematic review by Tohidinezhad et al., which analyzed 28 prediction 

models for radiotherapy-induced cardiac toxicity in patients with 
NSCLC, the authors identified the mean heart dose (MHD) and a history 
of cardiovascular diseases as factors significantly associated with car
diac toxicity after (chemo-)radiotherapy [20]. 

However, data on cardiac toxicity is mostly based on patients treated 
with conventionally fractionated radiotherapy, where usually large 
volumes of heart are exposed to rather low radiation doses [21,22]. Data 
on cardiac toxicity following small-volume high-dose per fraction SBRT 
remains scarce, especially for UCLT patients, where high dose exposure 
of small heart subvolumes is expected [23–25]. In the absence of uni
form delineation of cardiac sub-structures in existing literature, recent 
studies have demonstrated the potential of machine learning methods to 
automatically and accurately delineate cardiac substructures, thereby 
providing increased standardization, improved comparability and wider 
clinical use [26]. 

Therefore, this study aims to report the doses to the different sub
structures of the heart using a novel open source deep learning (DL)- 
based model to automatically segment the heart and 17 cardiac sub- 
structures and to report the cardiac toxicity in regard to the dose to 
cardiac sub-structures associated with SBRT treatment in patients with 
UCLT. 
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2. Material and methods 

2.1. Patient selection 

All UCLT patients treated with SBRT between 2014 and 2021 were 
included in this study. Ultra-central location was defined as the PTV 
overlapping or abutting the PBT, trachea or esophagus (Fig. 1A). The 
patients presented either with primary inoperable NSCLC, loco- 
regionally recurrent NSCLC or (oligo-) metastases. This study was 
approved by the Swiss Cantonal Ethics Committee before study initia
tion (BASEC# 2018–01794). 

2.2. Treatment planning and delivery 

All patients were treated according to our institutional radiotherapy 
(RT) protocol. Three-dimensional (3D) and four-dimensional (4D) 
computer tomography (CT) simulation was conducted to assess 
breathing motion using a Siemens SOMATOM Definition AS Open 
(Siemens AG, Germany). Thoracic organs at risk (OAR) were delineated 
according to RTOG 0236/ROSEL[27], dose volume constraints were 
applied according to the institutional protocol. The GTV was delineated 
by registering FDG-PET/CT and the planning CT using the lung window 
in ARIA® (Varian Medical Systems, Palo Alto, CA). The GTV was con
toured on the end-expiration phase and the end-inspiration phase, the 
internal target volume (ITV) was defined as the fusion of these two 
contours. The ITV-to-PTV margin was 5 mm. The RTOG’s conformity 
index (CI) was defined as the 100% isodose volume divided by the PTV 
volume. A detailed description of prescribed doses is shown in Table 2. 
The treatment was delivered using a TrueBeamTM linear accelerator 
with daily cone-beam CT based image-guided set-up. All treatments 
were performed with Volumetric modulated arc therapy (VMAT, or 
RapidArc in Varian terminology). Multiple arcs were used, either with 
two full gantry rotations or multiple partial rotations summing up to a 
total of 720◦ covered by the VMAT arcs. Jaw tracking was activated in 

all cases. 

2.3. Data collection and outcome measurement 

All patients of this study were identified via the institutional SBRT 
database. Patient information, baseline cardiovascular risk profile and 
treatment characteristics were extracted from the institutional hospital 
information system KISIMTM and our treatment planning system 
External Beam Planning® (Varian, A Siemens Healthineers Company). 
Toxicity assessment after treatment was conducted according to Com
mon Terminology Criteria for Adverse Events (CTCAE) Version 5. All 
grade ≥ 3 toxicities were documented in detail with date of occurrence 
and therapeutic management. The present study included all previously 
known cardiovascular disease and cardiovascular risk factors known, 
such as smoking history, hypertension, diabetes mellitus and dyslipi
demia, if this information was available based on previous medical re
ports. Occurrence of cardiovascular events (CVE) and non-cancer death 
was documented during follow-up, which was conducted six weeks after 
completion of treatment and afterwards every three months. Freedom 
from local progression (FFLP), progression-free survival (PFS) and 
freedom from distant progression (FFDP) were assessed using regular 
follow-up Fluorodeoxyglucose (18F)-Positron emission tomogra
phy–computed tomography (FDG-PET/CT), prostate-specific membrane 
antigen (PSMA)-PET/CT or CT, which were conducted every three 
months during follow-up. 

2.4. Automated segmentation of the heart and 17 cardiac sub-structures 

To increase spatial resolution of dose delivered to the heart and 
standardize delineation, we conducted fully-automated hybrid cardiac 
substructure segmentation of the heart and 17 cardiac sub-segments 
using the novel and open-source model by Finnegan et al. (Fig. 1B-C) 
[26]. Structures were defined per the atlas described by Feng et al. [16]. 
The segmentation model entails a hybrid algorithm using a deep 

Fig. 1. (A-D): (A) auto-segmentation of the heart and 17 heart substructures on planning CT, (B) 3D visualization of the auto-segmented heart substructures 
(anterior), (C) posterior view of 3D visualization of the auto-segmented heart substructures, (D) cardiac dose distribution (D0.1 cc in EQD2_3), showing large vessels 
highlighted (blue), cardiac chambers (red), coronary arteries (yellow), pacemaker regions (purple) and heart valves (green). 
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learning model (nnU-Net)[28] to segment the whole heart, followed by a 
multi-atlas based mapping of the cardiac substructure and in the final 
step geometric modeling of smaller cardiac structures. Each structure 
(whole heart, cardiac chambers, great vessels, heart valves, coronary 
arteries, and conduction nodes) was manually reviewed by a senior ra
diation oncology resident and edited if necessary. Eclipse (Varian 
Medical Systems, Palo Alto, CA, USA) was used for the generation and 
evaluation of radiation treatment plans. 

2.5. Statistical analysis 

Overall survival (OS) was measured from the time of completion of 
treatment until death or last follow-up. PFS was measured from the time 
point of completion of SBRT until locoregional relapse, distant disease 
progression, death, or the last follow-up. FFLP and FFDP were measured 
from the time of treatment completion until local/distant disease pro
gression or last follow-up. OS, FFLP and PFS curves were estimated by 
using Kaplan-Meier method and compared by log-rank test. Further
more, univariate and multivariate analysis were performed using the 
Cox proportional hazard model. Dose volume histograms (DVHs) were 
extracted from the treatment planning system for dosimetric analysis. 
EQD2 sum plans were calculated for all courses of thoracic radiotherapy 
using the software solutions Eclipse and R-Studio statistical software 
using the following formula: EQD2 = D*(D/n_fx + alpha/beta)/(2 +
alpha/beta). All statistical analysis were conducted in in R-Studio sta
tistical software (Version 2022.12.0 + 353, R-packages “survival” and 
“dvhmetrics”) and MedCalc statistical software (Version 20.305, Med
Calc Software Ltd). Statistical significance was set at p < 0.05. Correc
tion for multiple testing was conducted using Benjamini-Hochberg 
procedure. 

Table 1 
Patient and treatment characteristics.  

Parameter Results (%) 

Total number of patients 
Age at primary diagnosis in years, median (range) 

60 (100) 
67.7 (33–83) 

Male gender, n (%) 
Median follow-up time in years (range) 
ECOG, median (range) 

45 (75.0) 
2.2 (0.6–9.3) 
1 (0–2) 

Primary tumor histology and disease stage, n (%)  
NSCLC 

Primary, non-metastatic NSCLC 
Adenocarcinoma 
Squamous-cell carcinoma 
Loco-regionally recurrent NSCLC 
Adenocarcinoma 
Squamous-cell carcinoma 
Large-cell carcinoma 
Oligometastatic disease 
NSCLC 
Colorectal adenocarcinoma 
Head-and-Neck cancer 
Melanoma 
Sarcoma 
Other1 

Polymetastatic disease 
NSCLC 

27 (45.0) 
12 (20.0) 
5 (8.3) 
7 (11.7) 
15 (25.0) 
10 (16.7) 
4 (6.7) 
1 (1.7)  

30 (50.0) 
10 (17.5) 
4 (6.7) 
4 (6.7) 
3 (5.0) 
3 (5.0) 
6 (10)  

3 (5.0) 
3 (5.0) 

COPD 
Gold 1 
Gold 2 
Gold 3 
Gold 4 

21 (35.0) 
3 (5.0) 
8 (13.3) 
7 (11.7) 
3 (5.0) 

OMD status (all patients) 
De-novo 
Repeat 
Induced 

30 (50.0) 
8 (13.3) 
13 (21.7) 
9 (15.0) 

Alive at time of analysis, n (%) 
Radiotherapy of primary tumor, n (%) 
Radiotherapy of pulmonary metastasis, n (%)  

Prior treatment 
Surgery 
Radiotherapy 
Type-I re-irradiation 
Chemotherapy 
Immunotherapy 
Targeted therapy 
Cardiotoxic systemic therapy*  

Systemic therapy < 6 months before index radiotherapy 

21 (35.0) 
27 (45.0) 
33 (55.0)  

47 (78.3) 
29 (48.3) 
22 (36.7) 
13 (21.7) 
25 (41.7) 
14 (23.3) 
5 (8.3) 
17 (28.3)  

19 (31.7) 

Cardiovascular comorbidities at baseline, n (%) 
Coronary artery disease 
Ischemic heart disease 
Prior myocardial infarction 
Non-coronary atherosclerosisNon-ischemic heart disease  
(congestive heart failure)Peripheral Arterial Disease  
(PAD)2 

Pulmonary hypertension 
Valvulopathy 
Prior stroke / TIA 
Atrial fibrillation 
Other arrhythmias3 

Hypertension 
Dyslipidemia 
Diabetes mellitus 
Smoking history 

44 (73.3) 
13 (21.7) 
1 (1.7) 
3 (5.0) 
10 (16.7) 
8 (13.3) 
11 (18.3) 
1 (1.7) 
9 (15.0) 
4 (6.7) 
9 (15.0) 
10 (16.7) 
30 (50.0) 
11 (18.3) 
10 (16.7) 
48 (80.0) 

Treatment volume characteristics 
Longest tumor diameter in cm, (range) 
<3 cm 
3–7 cm 
>7 cm  

PTV location 
Overlap with PBT   

16 (26.7) 
40 (66.7) 
4 (6.7)   

60 (100.0)  

Table 1 (continued ) 

Parameter Results (%) 

Overlap with trachea 
Overlap with heart 
Overlap with esophagus 
Overlap with Aorta 
Overlap with pulmonary artery  

PTV to heart distance in cm, median (range) 
Distance < 1 cm, n (%) 

14 (23.3) 
15 (25.0) 
11 (18.3) 
16 (26.7) 
44 (73.3)  

1.2 (0–6.3) 
24 (40.0) 

Treatment characteristics 
Single dose in Gy, median (range) 
Number of fractions, median (range) 
Total dose in Gray, median (range) 
EQD2_10 dose in Gray, median (range) 
Prescription Isodose, mode (%, range) 
V100% of PTV in %, median (range) 
D0.1 cc of PTV in EQD2_10 in Gy, median (range) 
GTV size in cm3, median (range) 
PTV size in cm3, median (range)   

Most frequent fractionation schemesEight fractions  
(8fx) 
8 × 6 Gy@65% 
8 × 5 Gy@65% 
Ten fractions  
(10fx) 
10 × 5 Gy@80% 
10 × 4.5 Gy@80%  

5 (3–7.5) 
8 (5–12) 
45 (30–60) 
55.2 (33.0 – 88.0) 
65 (65–80) 
96.0 (9.5–99.4) 
86.5 (43.1–120.6) 
12.5 (0.6–114.9) 
30.0 (6.0–199.0)    

30 (50.0) 
13 (21.7) 
13 (21.7)  

25 (41.7) 
9 (15.0) 
7 (11.7)  

1 Includes small-cell lung cancer (SCLC), prostate cancer, mesothelioma, 
pancreatic cancer and urothelial cancer. 

2 Includes ectasia and aneurysm. 
3 Includes AV-block, left/right bundle branch block and bifascicular block. 

*Cardiotoxic agents included: Taxanes (Docetaxel, Paclitaxel), Antimetoblites 
(5-Fluoruracil), MEK inhibitors (Dabrafenib), Anthracyclines (Epirubicin), 
EGFR-TKI (Osimertinib) and other TKIs (Pralsetinib, Dabrafenib, Crizotinib). 
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3. Results 

3.1. Patient cohort and cardiovascular baseline characteristics 

A total of 60 UCLT patients were included in this study. The median 
age was 67.7 (range: 33–83) years. The most common primary tumor 
was primary non-metastatic and loco-regionally recurrent NSCLC (n =
27, 45%), followed by oligometastatic NSCLC (n = 10, 17.5%). A total of 
33 (55%) irradiated targets were pulmonary metastases and 27 targets 
(45%) were primary lung tumors. Seventeen patients (28.3%) had 
received cardiotoxic systemic therapy (induction, concurrent or adju
vant). A total of 44 patients (73.3%) presented with cardiovascular 
comorbidities, most commonly in the form of hypertension in 30 cases 
(50%) and dyslipidemia in 11 cases (18.3%). A detailed description of 
patient characteristics is shown in Table 1. 

3.2. Treatment parameters 

The median PTV size was 30.0 (range: 6.0–199.0) cm3, the median 
distance from PTV to the heart was 1.2 (range: 0–6.3) cm, in 24 cases 
(40.0%) the PTV-to-heart distance was < 1 cm. In 14 cases (23.3%) the 
PTV overlapped with the heart. The most commonly used fractionations 
were 8 × 6 Gy@65% (22.8%), 8 × 5 Gy@65% (22.8%), 10 × 5 Gy@80% 
(14.0%) and 10 × 4.5 Gy @80% (10.5%). A detailed description of the 
treatment characteristics is shown in Table 1. 

3.3. Detailed dosimetric analysis of the heart and 17 cardiac sub-regions 

The MHD (stated in EQD2_3 as for all structures) was 0.8 (range: 
0.04–9.9) Gy, while the median D0.1cc of the heart was 21.6 (range: 
0.01–133.0) Gy (Fig. 1D). Within the heart chambers, the left atrium 
showed the highest median D0.1cc of 13.9 (range: 0.11–133.0) Gy, while 
the median D0.1cc of the left ventricle was 1.7 (0.01–88.0) Gy. The me
dian D01.cc to the right atrium and right ventricle were 3.1 (range: 
0.1–105.6) Gy and 2.5 (0.06–40.6) Gy, respectively. Furthermore, the 
median D0.1cc to the left coronary artery, right coronary artery and left 
circumflex artery were 1.1 (range: 0.08–34.8) Gy, 1.4 (range: 0.01–32.3) 
Gy and 1.9 (range: 0.08–62.5) Gy, respectively. The highest dose 
observed (median D0.1cc) to any cardiac sub-structure was observed for 
the pulmonary artery with 41.2 (range: 0.06–164.2) Gy. The laterality of 
the tumor (right side: 27/60, left side: 21/60 and central/tracheal: 12/ 
60) had no impact on the dose delivered to the heart (p = 0.45). A 
detailed overview of dose distribution to the heart and 17 cardiac sub- 
structures are shown in Table 3 and Fig. 1D. 

3.4. Control rates, overall survival and progression-free survival 

After a median follow-up time of 2.2 (range: 0.6–9.3) years, 39 pa
tients (65%) were dead, non-cancer deaths accounted for six cases 
(10%), one of them being fatal heart failure, one fatal sepsis, two fatal 
COPD exacerbation, one fatal septic atrial fibrillation and one fatal 
aspiration. The median OS was 2.9 (0.6–9.3) years. The two-year sur
vival was 65.9%, while the one-year and two-year FFLP rates were 
84.4% and 76.8%, respectively (Fig. 2A-C), the median PFS was 0.9 
(range: 0.2–5.7) years (Fig. 2D). Chemotherapy, immunotherapy and 
targeted therapy were administered after index RT in 20 (33.3%), 15 
(25%) and 7 (11.7%) cases, respectively. A summary of treatment 
received after index RT is shown in Table 2. 

In the univariate Cox regression analysis, only tumor size (HR: 1.4, p 
= 0.0049) was associated with worse OS. In multivariate Cox regression 
analysis tumor size (HR: 1.37, p = 0.00457), age (HR: 1.04, p = 0.047) 
and polymetastatic disease (HR: 6.17, p = 0.01178) were significantly 
associated with shorter OS. The heart dose and dose delivered to any 
cardiac sub-structure were not predictive of OS, as shown in Table 4. 

However concerning non-cancer death, in the univariate analysis the 
Dmean of the superior vena cava (HR: 1.01, CI: 1–1.1, p = 0.04) and 
pulmonary artery (HR: 1.2, CI: 1.1–1.4, p = 0.0026) were significantly 
associated with non-cancer death (Table 4). Due to the insufficient 
number of non-cancer death events for multivariate analysis, we have 
compared the median (Dmean) dose to the pulmonary artery and superior 
vena cava between patients experiencing non-cancer death and all other 
patients. With a median Dmean of 11.3 (2.0–23.0) Gy vs. 4.6 
(0.02–21.3) Gy for the pulmonary artery (p = 0.00072) and 10.7 
(1.5–68.0) Gy vs. 4.1 (0.01–21.3) Gy to the superior vena cava (p =
0.021) patients experiencing non-cancer death showed significantly 
higher Dmean doses to the aforementioned structures. 

3.5. General and cardiovascular RT-associated toxicity 

Only two patients (3.3%) developed RT-associated pulmonary 
toxicity in the form of late grade 3 and grade 4 radiation pneumonitis 
(Table 2) during follow-up. 

A total of 12 patients (20.0%) developed a CVE after index RT with a 
median of 1.8 (range: 0.2–6.1) years between disease onset and RT. 
Among the patients which developed new CVE, valvulopathy (n = 6, 
10%) after a median onset time of 1.8 years and atrial fibrillation (n = 5, 
8.3%) after 0.4 years, were the most common manifestations. A detailed 
overview of cardiovascular outcome after SBRT is shown in Table 3. 
Univariate Cox regression analysis could not detect any dosimetric or 
clinical variable associated with onset of new CVE (p=>0.05, data not 
shown). 

Table 2 
Oncological outcome and toxicity after index radiotherapy.  

Parameter All patients (n ¼
60) 

Median survival from time of radiotherapy years, (range) 
2-year survival  
(%) 

2.9 (0.6–9.3) 
65.9 

Median local control in years, (range)1-year local control 
rate  
(%)2-year local control rate  
(%) 

Not reached 
84.4 
76.8 

Median distant control in years, (range)1-year distant 
control rate  
(%)2-year distant control rate  
(%) 

1.4 (0.2–5.7) 
58.0 
45.0 

Median PFS in years, (range) 0.9 (0.2–5.7) 

All deaths 
Non-cancer deaths, n (%) 

39 (65.0) 
6 (10.0) 

Treatment after index radiotherapy 
Surgery 
Radiotherapy 
Chemotherapy 
Immunotherapy 
Targeted therapy 

36 (60.0) 
5 (8.3) 
22 (36.7) 
20 (33.3) 
15 (25.0) 
7 (11.7) 

Systemic therapy < 6 months after index radiotherapy 24 (40.0) 

Treatment-related toxicity 
Type of toxicity  

Radiation pneumonitis 
Grade 3 
Grade 4 
Grade 5 
Bronchial stenosis 
Grade 3–5 
Bronchopulmonary hemorrhage 
Grade 3–5 
Fistula formation 
Grade 3–5 
Esophagitis 
Grade 3–5     

1 (1.7) 
1 (1.7) 
0  

0  

0  

0  

0  
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4. Discussion 

In this study, UCLT patients treated with SBRT showed a median OS 
of 2.9 (range:0.6–9.3) years, with a LC rate of 76.8% - in line with results 
reported in the literature. No severe ≥ grade 3 pulmonary toxicity 
classically associated with SBRT in UCLT, such as hemorrhage, fistula 
and stenosis was observed. While the majority of patients (n = 44; 
73.3%) had any cardiovascular comorbidities at baseline, a total of 12 
patients (20%) showed a CVE during follow-up. The median MHD dose 
of the present study was 0.8 Gy, in line with previously reported doses 
for the heart in early-stage lung cancer, yet the median D0.1cc to the heart 
with 21.6 Gy vs. 13.1 Gy was higher than reported for central and pe
ripheral tumor locations [29]. 

As reported for SBRT for central locations, the highest dose delivered 
to any cardiac sub-structure was observed for pulmonary arteries with a 
median D0.1cc of 41.2 Gy [30]. While tumor size was significantly 
associated with decreased OS in univariate Cox regression analysis, 
cardiac sub-structure dosimetric parameters were not associated with 
decreased survival or occurrence of new cardiovascular disease. How
ever, higher DMEAN doses to the superior vena cava (HR: 1.25; p = 0.007) 
and pulmonary artery (HR: 1.06; p = 0.0205) were significantly asso
ciated with non-cancer death in univariate Cox regression analysis. This 
observation must be interpreted with caution due to the limited number 
of non-cancer deaths (n = 6), nevertheless all patients experiencing non- 
cancer death showed significantly higher doses delivered to the afore
mentioned cardiac sub-structures. 

Results of our study, which could not establish a causal relationship 
due to the limited number of events, seem to be supported by findings in 
the literature, Stam et al., who investigated the association of dose to the 
whole heart and cardiac sub-structures in 803 early stage NSCLC after 
SBRT, reported that higher doses to the left atrium and the superior vena 
cava were significantly associated with non-cancer death [17]. Addi
tionally, the authors identified the upper region of the heart (atria and 
vessels) to be significantly associated with non-cancer death. In a recent 
study by Farrugia et al., which analyzed the clinical consequences of dose 
delivered to the cardiac substructures during SBRT in early stage 
(NSCLC) central lung tumors, the authors reported that higher doses to 
the right atrium were associated with increased non-cancer deaths [30]. 
As the right atrium is anatomically in close proximity to the pulmonary 
artery and superior vena cava, the study by Farrugia et al [30], also 
reinforced the vulnerable role of the superior region of the heart, as the 
present study. Furthermore, Wong et al. demonstrated that higher 
biventricular doses were associated with poorer survival in central lung 
tumor patients after SBRT [31]. 

Several studies using conventionally fractionated RT seem to support 

Table 3 
Cardiovascular outcome after index radiotherapy and dosimetric analysis of the 
heart and 17 heart sub-segments of all patients in EQD2_3.  

Symptoms assessed at last 
clinical visit  

Dyspnea NYHA class, n (%) 
I 
II 
III 
IV  

Orthopnea, n (%) 
Lower extremity edema, n (%) 
Palpitation, n (%) 
Syncope, n (%)    

5 (8.3) 
9 (15.0) 
6 (10.0) 
8 (13.3)  

3 (5.0) 
4 (6.7) 
0 (0.0) 
1 (1.7)  

Cardiovascular event after 
RT, n (%) 
Any new onset of 
cardiovascular event 
CVD-related death, n (%) 
Non-fatal myocardial infarct, 
n (%) 
Non-fatal stroke, n (%) 
Coronary artery disease, n (%) 
Congestive heart failure, n 
(%) 
Valvulopathy, n (%) 
Pericardial disease, n (%) 
Atrial fibrillation, n (%) 
Other arrhythmic disease, n 
(%) 
Pulmonary embolism, n (%) 
Peripheral thrombo-embolic 
event, n (%)  

12 (20.0) 
1 (1.7) 
0 (0.0) 
1 (1.7) 
1 (1.7) 
2 (3.3) 
6 (10.0) 
1 (1.7) 
5 (8.3) 
0 (0.0) 
3 (5.0) 
0 (0.0) 

Median time between onset 
and RT in years 
1.8 (0.2–6.1) 
2.3 
- 
0.2 
2.1 
2.5 
1.8 
1.2 
0.4 
- 
1.1 
-  

Dosimetric analysis   
Structure Parameter All patients 

in Gy (EQD2_3), median (range) 
Heart D1cc 

D0.5cc 

D0.1cc 

Dmean 

Dmax 

(pointdose) 

16.6 (0.01–107.6) 
18.5 (0.01–122.2) 
21.6 (0.01–133.0) 
0.8 (0.04–9.9) 
25.1 (0.12–138.2) 

Heart Chambers   
Left ventricle D0.1cc 

Dmean 

1.7 (0.01–88.0) 
0.20 (0.02–7.1) 

Right ventricle D0.1cc 

Dmean 

2.5 (0.06–40.6) 
0.16 (0.03–5.5) 

Left atrium D0.1cc 

Dmean 

13.9 (0.11–133.0) 
1.0 (0.04–21.7) 

Right atrium D0.1cc 

Dmean 

3.1 (0.10–105.6) 
0.3 (0.03–17.7) 

Coronary Arteries   
Left coronary artery D0.1cc 

Dmean 

1.1 (0.08–34.8) 
0.7 (0.02–15.0) 

Right coronary artery D0.1cc 

Dmean 

1.4 (0.01–31.3) 
0.4 (0.04–11.6) 

LAD D0.1cc 

Dmean 

1.6 (0.02–28.8) 
0.4 (0.03–5.0) 

Circumflex artery D0.1cc 

Dmean 

1.9 (0.08–62.5) 
0.8 (0.04–30.0) 

Large Vessels   
Ascending aorta D0.1cc 

Dmean 

12.7 (0.06–78.0) 
3.0 (0.02–34.1) 

Pulmonary artery D0.1cc 

Dmean 

41.2 (0.06–164.2) 
5.1 (0.01–23.0) 

Superior vena cava D0.1cc 

Dmean 

13.2 (0.18–121.7) 
4.1 (0.01–68.0) 

Conduction nodes   
Atrioventricular node D0.1cc 

Dmean 

0.3 (0.04–30.7) 
0.20 (0.03–16.1) 

Sinoatrial node D0.1cc 

Dmean 

3.7 (0.06–67.5) 
2.6 (0.02–49.2) 

Heart Valves    

Table 3 (continued ) 

Symptoms assessed at last 
clinical visit  

Dyspnea NYHA class, n (%) 
I 
II 
III 
IV  

Orthopnea, n (%) 
Lower extremity edema, n (%) 
Palpitation, n (%) 
Syncope, n (%)    

5 (8.3) 
9 (15.0) 
6 (10.0) 
8 (13.3)  

3 (5.0) 
4 (6.7) 
0 (0.0) 
1 (1.7)  

Aortic valve D0.1cc 

Dmean 

2.17 (0.07–97.9) 
0.4 (0.02–23.8) 

Pulmonary valve D0.1cc 

Dmean 

2.1 (0.1–24.6) 
1.4 (0.03–16.0) 

Mitral valve D0.1cc 

Dmean 

0.6 (0.05–37.5) 
0.3 (0.03–15.4) 

Tricuspid valve D0.1cc 

Dmean 

0.2 (0.04–32.4) 
0.2 (0.03–8.7)  
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our observation [21], Ma et al. reported that higher doses (V40-55) to 
the pulmonary artery were associated with impaired OS in patients with 
medically inoperable or unresectable NSCLC treated with definitive 
radiotherapy or chemoradiotherapy [32]. Yet, this finding must be 
treated with caution, as the pulmonary artery is the most commonly 
tumor-involved thoracic great vessel and tumor invasion of pulmonary 
artery is an independent factor associated with worse outcome [32–35]. 
Therefore invasion of pulmonary artery, which deteriorates cardiac 
function, can be a confounding factor and a possible relationship be
tween higher doses to pulmonary artery and tumor invasion of pulmo
nary artery can not be ruled out. 

Other studies reported conflicting results regarding cardiac toxicity 
after SBRT for UCLT, making general conclusions problematic. This 
might be explained by the different timescale of manifestation of cardiac 
toxicity, radiation to coronary arteries result in atherosclerosis and its 
clinical manifestations are mainly important in long-term survivors, 
such as in breast cancer patients [29,31,36]. Against the background of 
the limited survival of a median of 2.9 years in the present study, it 
might explain why no association between radiation to coronary arteries 
and non-cancer deaths was observed. 

Among the studies reporting conflicting results [37,38]; Reshko et al. 
[29] conducted a similar dosimetric analysis of the heart in 75 early 
stage NSCLC and SCLC patients after SBRT and could not detect any 
dosimetric parameters of cardiac sub-structures associated with survival 
or non-cancer deaths, but showed that pre-existing cardiac disease was 
associated with increased number of cardiac events. A possible expla
nation for these contradicting results could be in addition to the rela
tively small patient number, pre-existing cardiac comorbidities, 
systemic cardiotoxic therapy and different techniques of cardiac sub- 
structure delineation. Standardized automated segmentation, as used 
in the present study, might reduce variability in segmentation and 
thereby lead to a better comparability. Furthermore, the time of onset 
and the pathophysiology of radiation-induced heart disease (RIHD), 
which involves changes of myocardial tissue and infiltration of immune 
cells after RT, remains poorly understood [39–41]. 

Some limitations apply to the present study, which are mainly 
associated with its retrospective character. As the present study has a 
relatively small sample size of 60 patients of a heterogeneous population 
with few events, conclusions must be drawn cautiously, especially 
concerning the causality between dose to cardiac sub-structures and 
non-cancer deaths and cardiovascular events. Detailed analysis of spe
cific functional impact of dose delivered to the cardiac sub-structures 
may be limited, as ECGs, echocardiograms and assessment of coronary 
perfusion were not conducted routinely during follow-up. As such ex
aminations are not part of clinical routine, clinical studies in ULCT may 
consider including additional cardiac examination before and after 
SBRT routinely. Furthermore, systemic cardiotoxic therapies in patient 
history and cardiac comorbidities at baseline might complicate to 
determine cardiac-specific mortality. Additionally, some limitations also 
apply to the dosimetric analysis of cardiac sub-structures and might 
explain why other relevant structures associated with non-cancer death 
in the literature, such as the left atrium or left ventricle, were not 
associated with CVE or non-cancer deaths. Furthermore, the accuracy of 
sub-structure delineation, especially for very small areas such as D0.1cc, 
has a large impact on the observed dose. Small discrepancies might lead 
to large observed dose differences, as in SBRT relatively small areas of 
the heart receive high doses of radiation. The anatomical proximity and 
the resulting dosimetric cross-correlation of the cardiac sub-structures 
make identification of relevant areas of the heart and the direct assess
ment of their impact on the clinical events problematic. Last but not 
least, the existence of competing risks should not be forgotten, as the 
patients in the present cohort had a limited survival in general, which 
could obscure potential long-time effects of dose to some of the sub- 
structures. 

However, the present study included a rigorous follow-up including 
imaging every three months and frequent cardiological examination, if 
patients reported symptoms. Furthermore, the utilization of standard
ized deep-learning based auto-segmentation of the whole heart and 
cardiac sub-segments provides higher validity of the analyses and an 
excellent opportunity for improved comparability. 

Fig. 2. (A-D): (A) overall survival for all patients, (B) freedom from local progression for all patients, (C) freedom from distant progression for all patients and (D) 
progression-free survival for all patients. 
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In conclusion, the present study cautiously indicates a possible as
sociation between dose delivered to the pulmonary artery and superior 
vena cava in the upper heart region and non-cancer-related death. The 
risk for RIHD and non-cancer deaths may be decreased by dose reduc
tion and sparing to the aforementioned cardiac sub-structures. Further 
studies are required to determine dose limits for SBRT in UCLT, which is 
already associated with high rates of relevant toxicity to reduce the 
probability of cardiotoxicity. 
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