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Abstract

Introduction: In thoracic radiotherapy (RT), heart sparing is very essential, as the high cardiac
dose is associated with poor survival in patients with locally advanced non-small-cell lung
cancer (NSCLC). The study aims to determine the doses exposed to heart substructures and
coronary arteries by different RT techniques in central tumor irradiation in lung cancer.
Methods: Twenty patients with NSCLC, irradiated between January 2018 and December 2020 in
our department, were included in this study. Patients whose primary tumor was centrally
located in the left lung were selected. The heart substructures [left atrium, right atrium
(RA), left ventricle, and right ventricle] and coronary arteries (left main, left anterior descend-
ing, circumflex, and right coronary arteries) were delineated by the same physician. The doses of
60 Gy external RT were prescribed in 30 fractions using three-dimensional conformal radio-
therapy (3D-CRT), static intensity-modulated radiotherapy (s-IMRT), and dynamic intensity-
modulated radiotherapy (d-IMRT) techniques in all patients. The obtaining plans using three
different techniques were compared.

Results: The d-IMRT plans were statistically the best optimal plan for planning target volume
(PTV) [Dmean (p = 004), Doy (p < 00001), Vs (p < 00001), V;o7 (p < 00001), CI (p < 00001)
and HI (p < 0 0001)]. The s-IMRT plans were significantly superior to 3D-CRT plans for PTV.
RA D,y and V5 were not different between the three techniques [Dyyax (p =0 148) and V5
(p=0 12)]. The d-IMRT technique was significantly better in other heart substructures and
coronary arteries.

Conclusions: Compared to 3D-CRT and s-IMRT techniques, the d-IMRT technique provided
the best protection in all heart substructures except for a few parameters (RA D, and Vs
doses).

Introduction

In thoracic radiotherapy (RT), heart sparing is very essential, as the high cardiac dose is asso-
ciated with poor survival in patients with locally advanced non-small cell lung cancer (NSCLC).
One of the lead studies, the RTOG 0617 study, reported worse survival in the high-dose (74 Gy)
randomised arm than the standard 60 Gy arm (median survival 20 versus 28 months). This
outcome was defined as associated with elevated heart V5 and V30.! In addition to this study,
many studies have investigated the effect of cardiac doses on survival or the incidence of cardiac
events after thoracic RT.>® In a study of 112 patients with NCSLC who underwent RT, mean
heart dose was found to be independently associated with cardiac events. When the mean heart
dose was <10 Gy, between 10-20 Gy and >20 Gy, cardiac event rates were 4%, 7% and 21%,
respectively.’

In the era of positive results of immunotherapy and targeted therapies, the fate of locally
advanced lung cancer has changed and treatment outcomes considerably have improved.
While disease-related outcomes improve as a result of treatment, cardiac mortality is more cru-
cial.>~® However, analyses in the literature are limited in identifying dose-related toxicity, espe-
cially of heart substructures, and toxicity-limiting dosimetric information is lacking.
Cardiotoxicity can negatively affect survival outcomes, especially when mediastinal irradiation
is required. While simulation with four-dimensional computed tomography (CT) is necessary
for the minimum margin due to organ movement in lung cancer patients, this opportunity is not
available in some clinics in more rural areas like ours, and three-dimensional conformal treat-
ments are performed in some lung cancer patients due to the above-mentioned lack of simu-
lation and absence of image-guided radiotherapy. For this reason, in this study, we compared
conformal and static intensity-modulated radiotherapy (s-IMRT) and dynamic intensity-
modulated radiotherapy (d-IMRT) plans. In this dosimetric study, we aimed to determine
the doses exposed to heart substructures and coronary arteries by different RT techniques in
patients with lung cancer when mediastinal irradiation is performed or not.
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Figure 1. Delineation of heart substructures-coronary arteries and their relationship with PTV in a sample case. Left atrium: brown, right atrium: blue, left ventricle: cyan, whole
heart: green, left anterior descending (LAD): yellow, circumflex artery (CX): pink, planning target volume (PTV): red.

Material and methods

Twenty patients with NSCLC, irradiated between January 2018
and December 2020 in the Radiation Oncology clinic of Tokat
Gaziosmanpasa University, were included in this study. Patients
whose primary tumour was centrally located in the left lung were
selected. The central tumour was defined as follows: the proximal
tracheobronchial tree (PTA) was determined according to the
RTOG guideline and it was expressed as the tumour in the area
formed by expanding a 3-cm margin to PTA. Patients with any
T or any N located centrally in the left lung were included, whereas
patients with peripheral and right-sided tumours were excluded
from the study.

In addition to the target volume and critical organs, the heart
chambers [left atrium (LA), right atrium (RA), left ventricle
(LV) and right ventricle (RV)] and coronary arteries [left main
(LMCA), left anterior descending (LAD), circumflex (CX) and
right coronary arteries (RCAs)] were delineated according to con-
touring atlas by the Danish Multidisciplinary Cancer Groups'® by
the same physician (Figure 1). RT was planned with three different
techniques for each patient using Clinac DHX linear accelerator
units (the Eclipse 15.1 version treatment planning system) devel-
oped by Varian Medical System (Palo Alto, CA, USA). The doses of
60 Gy external RT were prescribed in 30 fractions using three-
dimensional conformal radiotherapy (3D-CRT), s-IMRT and d-
IMRT techniques in all patients (Figure 2).

The 3D-CRT plans were made using 15 MV photon energy with
fields given from four different angles. In the s-IMRT (field-in-
field) plans, 6-15 MV photon energy and fixed multi-leaf collima-
tors (MLCs) were used in four or six fields. In the d-IMRT plans,
6 MV photon energy and mobile MLCs were employed in five or
six fields. Since the target volumes were located in the left lung in all
plans, the fields were created from the left side.

The following parameters were evaluated in RT plans with three
different techniques: Dypcan (mean dose), D,y (maximum dose),
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V30 (the percentage of volume receiving 30 Gy),V 45 (the percentage
of volume receiving 45 Gy) for the whole heart, LA-RA and ven-
tricles; Dieans Dmax for LMCA, LAD, CX and RCA; and D,ean,
Dinaxs Vos (the percentage of volume receiving 95% of the pre-
scribed dose),V o7 (the percentage of volume receiving 107% of
the prescribed dose), conformity index (CI) and homogeneity
index (HI) for planning target volume (PTV). For HI [zero is ideal;
(D2%-D98%)/D50%] and for CI (1-0 is ideal; volume of PTV
covered by the 95% isodose curve/volume of PTV) formulas were
used.!! Patients were divided into subgroups as N (node) positive
(n=11) and N negative (n=9). The dose-volume differences of
the heart substructures in three different techniques were exam-
ined according to whether or not mediastinal irradiation was
performed.

Statistical analysis

The SPSS version 20 was used for statistical analysis. The doses of
the heart substructures in 60 plans performed on 20 patients with 3
techniques were initially evaluated by Friedman test. Post hoc
analyses were performed with the Wilcoxon test insignificant ones,
and Bonferroni correction was used. Statistical significance was
accepted as less than 0-05.

Results
For the whole heart

While the d-IMRT plans were statistically the best optimal plan,
there was no difference between s-IMRT and 3D-CRT plans for
Diax [65 Gy (3D-CRT)-64 6 Gy (s-IMRT)- 62 6 Gy (d-IMRT),
p <0 0001], Dmean [17,5 Gy (3D-CRT)- 16 7 Gy (s-IMRT)- 13
5 Gy (d-IMRT), p <0 0001] and V45 [10-4% (3D-conf)- 9 3%
(s-IMRT)- 4 3% (d-IMRT), p <0 0001]. For whole heart V30,
the best optimal plans were d-IMRT, whereas s-IMRT was
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Figure 2. The plans, isodose curves and dose-volume histograms (DVH) of the sample patient with three radiotherapy techniques. From top to bottom, first column: isodose 50%
(volume absorbed by 50% of dose), second column: isodose 95% (volume absorbed by 95% of dose), last column: dose-volume histograms - from left to right in order, dynamic-

IMRT, static-IMRT and finally 3D conformal RT plans.

statistically superior to the 3D-CRT plans [27% (3D-conf)- 22%
(s-IMRT)- 15% (d-IMRT), p =0 009] (Table 1).

For PTV

The d-IMRT plans were statistically the best optimal plan for
Dineans Dmax Vos» Vio7, CI and HI, while all these parameters were
found to be statistically significantly superior to 3D-CRT plans in
the s-IMRT plans. Dy;ean [62 4 Gy (3D-CRT)- 62 1 Gy (s-IMRT)-
61 Gy (d-IMRT), p=0 04], Doy [66 7 Gy (3D-CRT)- 65 6 Gy
(s-IMRT)- 63 3 Gy (d-IMRT), p<0 0001], Vo5 [98 7% (3D-
CRT)- 99% (s-IMRT)- 99 9% (d-IMRT), p <0 0001] ve V4, [21
7% (3D-CRT)- 11% (s-IMRT)- 0% (d-IMRT), p <0 0001] and
CI [1 2 (3D-CRT)- 1 13 (s-IMRT)- 0 94 (d-IMRT), p <0 0001]
ve HI [0 14 (3D-CRT)- 0 11 (s-IMRT)- 0 05 (d-IMRT), p < 0 0001].

For the heart substructures

There were no differences between the three RT techniques for RA
Dinax [36 6 Gy (3D-CRT)- 33 4 Gy (s-IMRT)- 30 7 Gy (d-IMRT),
p=0148] and V45 [% 0 in all plans, p = 0 12], whereas the d-IMRT
technique was significantly better for all other heart substructures
(Dmaxs Dmean> V30> Vs for LA, LV and RV) (the details are shown
in Table 1).
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For the coronary arteries

Of the coronary arteries, LMCA, LAD, CX, RCA all the D,,,, and
D max Values were significantly superior in the d-IMRT plans, while
there were no differences between the s-IMRT and the 3D-CRT
plans (Table 1).

In the subgroup analysis, the patients were divided into two
groups as node-positive (n =11) and node-negative (n=9) and
reanalysed.

Subgroup analysis for the heart substructures

LA Dp.x was not different between the three techniques in the
node-positive group, whilst it was significantly superior in the
d-IMRT plan in the node-negative group and no difference
between s-IMRT and 3D-CRT techniques (the details are shown
in Table 2). There were no differences between the three techniques
for RA and LV Dyean, RV V5 values in the node-negative group,
whereas in the node-positive group the d-IMRT technique was sta-
tistically superior to the s-IMRT and the 3D-CRT techniques (no
difference in the s-IMRT and the 3D-CRT plans) (Table 2). In the
remaining parameters, there were no statistical differences between
the node-positive and negative groups.
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Table 1. Dose parameters to PTV and organs at risk for all 20 patients with 3D-CRT, static-IMRT and dynamic-IMRT plans. Dosimetric parameters are presented as
mean values + standard deviation (SD)

Structure Parameters 3D-CRT Static-IMRT Dynamic-IMRT p-Value
PTV Drmean (GY) 62-4+0-4 62-1+0-4 61+0-6 <0-0001
Dmax (GY) 671 65-5+0-6 63-:3+09 <0-0001
Vgs (%) 98-4+1 99 +0-5 99-7+0-3 <0-0001
Vior (%) 21.7+11-1 12:3+8-7 0-3+1:5 <0-0001
HI 0-13£0-02 0-10 £0-01 0-05+0-02 <0-0001
cl 142+0-64 1-20+£0-23 0-94 +0-07 <0-0001
Whole heart Dimean (GY) 21-8+9:5 20-2+10 15-8+7-5 <0-0001
Drmax (Gy) 64-9+2:3 642416 62+2 <0-0001
V3 (%) 39+24.9 29-5+£22.7 18-3+13-5 <0-0001
Vas (%) 14-1+10-6 126 £10-4 5.7+4.8 <0-0001
Left atrium Dimean (GY) 31-2+125 31.9+119 26-4+10-1 <0-0001
Dimax (GY) 62:3+4-1 62:5+4-3 6:9+3.9 0-011
V3 (%) 51+31.7 49-1+281 30-4+23-8 <0-0001
Vs (%) 32+21-1 30-8+22:4 18+17 <0-0001
Left ventricle Dmean (GY) 181+12-6 181+12:4 14.5+9.9 <0-0001
Dimax (GY) 59-7+12-4 59-1+12.9 54-3+14-2 <0-0001
V3o (%) 33.6£30-4 65-1+1789 17-4+18-4 <0-0001
Vs (%) 11+129 10-3+11.7 3.8+41 <0-0001
Right atrium Drmean (GY) 15+11-2 13:6+9 9.9+4.9 0-01
Dimax (GY) 38-5+18 36-2+154 31.2+125 0-148
V30 (%) 23-5+34-6 135 +24-9 32+84 <0-0001
Vas (%) 3.4+8.9 1.5+4-2 02+11 0-054
Right ventricle Drmean (GY) 18-6 +10-8 16:1+8:9 11-3+6-2 <0-0001
Drmax (GY) 50-1+11-2 45.2+10-8 38-5+11 <0-0001
V3o (%) 38-2+£29:5 19-1+24 46+6-8 <0-0001
Vs (%) 51+93 51+10 0-3£11 0-002

Coronary arteries

1) Left main coronary Dmean (GY) 45.4 +14-5 43.3+13-3 33:6+£10-7 <0-0001
Drmax (GY) 51-2+12:6 49-8+12:1 41.7+11-1 0-004
2) Left anterior descending Dimean (GY) 21-2+87 20-8+6-8 17.3+6 0-019
Dimax (GY) 54.3+10 53-4+10-1 46.1+9- <0-0001
3) Left circumflex Dimean (GY) 41.2+12-8 41-4+13-2 35.8+12-7 <0-0001
Dimax (GY) 63-3+2:5 63-3+22 61-1+2:6 <0-0001
4) Right coronary Dmean (GY) 14-5+10-2 12.7+8:2 75+4.1 0-001
Dimax (GY) 3854154 3414129 23.7£9:5 <0-0001
5) Coronary sum (overall) Dmean (GY) 25:7+9 24-8+9-2 19-8+0-7 <0-0001
Dimax (GY) 63-7+2.7 34421 61-1+2:6 <0-0001

Abbreviations: PTV, planning target volume; Hl, homogeneity index; Cl, conformity index; Dpmean, mean dose; Dyax, maximum dose; Vs, the percentage of volume receiving 30 Gy; Vys, the
percentage of volume receiving 45 Gy; Vs, the percentage of volume receiving 95% of the prescribed dose; V147, the percentage of volume receiving 107% of the prescribed dose; 3D-CRT, three-
dimensional conformal radiotherapy; IMRT, intensity-modulated radiotherapy.
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Table 2. Statistically significant different parameters and mean + standard deviation (SD) values between node-positive and negative groups

Node-positive subgroup (n=11)

Node-positive subgroup (n=11)

Parameters 3D-CRT s-IMRT d-IMRT p-Value 3D-CRT s-IMRT d-IMRT p-Value
Atrium L Dpay (Gy) 60-9+5-8 61-1+6 59-4+5.4 0-045 63-3+1-4 63-6+1-8 62-1+1:5 0-178
Atrium R Dean (GY) 109+6-3 10-6 £6-7 8:5+4.1 0-121 18:3+134 16:1£10-1 11+5.4 0-003
Vent L Dpean (GY) 16:9+10-3 16:0+9-9 127+7-7 0-074 19+14-6 199 +14-3 15:9+11-6 0-006
Vent R V5 (%) 6:1+11.9 6:9+10-8 0517 0-058 4.3+71 3:6+£9:6 0:09+0-21 0-039
Coronary arteries

LMCA Dpnax (GY) 45.3+15-2 44.9+13 38-4+13.9 0-121 56-1+7-6 53-8+10-2 44.3+8 0-02
RCA Dpax (GY) 33.5+18-8 30-3+16 22+10-6 0-124 42:6 £11-2 372192 25-1+8-8 0-001
RCA Dimean (Gy) 10-2+7-9 10-8+7-1 6-5+3-2 0-074 18-1+10-8 142491 83+46 0-003

Abbreviations: L, left; R, right; LMCA, left main coronary artery; RCA, right coronary artery; Dimean, mean dose; Dy, maximum dose; Vys, the percentage of volume receiving 45 Gy; 3D-CRT, three-
dimensional conformal radiotherapy; s-IMRT, static-intensity-modulated radiotherapy; d-IMRT, dynamic-intensity-modulated radiotherapy.

Bold values indicate statistical significance (p < 0.05).

Subgroup analysis for the coronary arteries

There were no differences between the three techniques for LMCA
Dpax» RCA Dyyean and RCA Dy, values in the node-negative
groups. Nevertheless, the d-IMRT technique was significantly bet-
ter in the node-positive group for all coronary arteries (Table 2).

Discussion

In this era of immunotherapy, the survival expectancy is pro-
longed, and the dose-limit information of the heart substructures
and coronary vessels exposed to radiation is limited. In this study,
the doses of the heart substructures and coronary arteries were
investigated using different techniques during the RT of patients
with lung cancer. Especially, those with central tumours were
selected for the study. There are no other studies in the literature
in which tumour areas are defined as clearly as ours. At the same
time, the dosimetric effect of node-positive mediastinal irradiation
on cardiac substructures with different RT techniques was also
investigated. The d-IMRT plans were statistically the best optimal
plan for PTV (Deans Dmax Vos, Vi, Cl and HI). The s-IMRT
plans were significantly superior to 3D-CRT for PTV. RA D«
and V5 were not different between the three techniques. The d-
IMRT technique was significantly better in other heart substruc-
tures and coronary arteries. In the subgroup analysis, there was
no difference between the techniques in the node-negative group
[only the LA Dy, was the best in the d-IMRT technique, which
barely reached the limit of significance (p =0-045)]. The Dyean
of RA, and LV, V45 of RV and coronary of LMCA D,,,,, RCA
Dpeans and RCA Dy, were significantly better in d-IMRT tech-
nique in the node-positive group, irradiated in the mediastinum.
In the remaining parameters, there were no statistical differences
between the node-positive and negative groups.

Nowadays, there is no consensus on the contouring of heart
substructures or coronary arteries inRT. Currently, in practice,
the whole heart is contoured as an organ at risk (OAR), and only
this OAR is evaluated to predict cardiotoxicity in dose-volume his-
tograms. However, there are many literatures proving the dose
relationship between cardiotoxicity and cardiac substructures,
especially concerning breast cancer. Due to the long life expectancy
in lung cancer, heart substructures and coronary vessels should be
protected with great precision. Recently, so many studies have been
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reported regarding this subject.!?"'” In a recent study, the incidence
of cardiac events related to the dose of cardiac substructures was
evaluated in 258 patients with stage 3 NSCLC who underwent che-
moradiotherapy. Especially, a LV volume receiving 60 Gy (LV
V60) to be >0 was found to be significantly associated with the
acute coronary syndrome.'> Wang et al.!* analysed 112 patients
with stage 3 NSCLC who received dose-escalated RT (50-70
Gy) with a median follow-up of 8-8 years. The doses of LV were
associated with ischemic cardiac events. The relationship between
the doses of LA and RA and pericardial events has been demon-
strated.!® In the study of Borkenhagen et al.'* conducted with 76
patients with NCSLC who underwent thoracic RT, high ventricular
volume receiving 45 Gy was found to be associated with post-RT
cardiotoxicity.'* In the study reported by Atkins et al.'®, cardiac
substructures were delineated in 701 locally advanced NCSLC
patients undergoing thoracic RT. They reported that LAD V15
Gy parameter equal to or greater than 10% increases the risk of
major adverse cardiac events and mortality. Even if, the mean dose
of the total coronary artery is 7 Gy or more in patients without car-
diac disease, the 2-year mortality rates elevated significantly."> In
another study, they have examined the relationship of whole heart
and substructures with symptomatic cardiac events, dosimetri-
cally, in an inoperable 140 NSCLC patients who received 60-66
Gy RT. They found that the 4-year cumulative incidence of symp-
tomatic cardiac events was 48-6% versus 18-5% for mean whole
heart dose > 20 Gy versus <20 Gy, respectively.!® Chan et al.!”
examined the effects of heart and substructure doses on survival
in 153 patients with early-stage NSCLC who underwent stereotac-
tic ablative RT. They reported that the most predictive parameter
for overall survival was RV V10Gy. Indeed, RV V10Gy < 4% had
significantly longer survival.'”

In the study of Ferris et al.'3, which is a dosimetric study like
ours, they compared 26 locally advanced NSCLC patients for
the preservation of cardiac substructures with regard to original
volumetric-modulated arc therapy (VMAT)-optimised VMAT
and intensity-modulated proton therapy (IMPT) techniques. As
OARs, RA-LA ventricles, all coronary arteries and heart valves
were delineated. As a result of the study, all heart substructures
were found to be significantly better in the new cardiac-optimised
VMAT plans compared to the original VMAT plans. On the other
hand, the IMPT technique has been shown to provide just a few
dosimetric improvements beyond the new cardiac-optimized
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VMAT technique, the clinical significance of which remains
unclear.!® The advanced RT techniques, such as VMAT and IMPT,
are new and high-level techniques that are difficult to reach in rural
areas in developing countries. In the oncology centres, located in
rural areas with smaller populations, more traditional RT tech-
niques are employed with more basic RT devices. The centre where
our study was carried out was also as mentioned. Therefore, we
designed a dosimetric study comparing s-IMRT (field-in-field)
and a-IMRT techniques, which are more commonly used in such
centres.

There were some limitations of our study. The simulation CT,
where the plans were rendered, was not four-dimensional (plus
respiratory controlled), that is, the target volume was determined
without respiratory monitoring. The PTV margin for organ move-
ment in the study was the same in all three techniques, because the
dose was prescribed for the same PTV to ensure similarity between
techniques. Since the MLC is mobile in the d-IMRT technique, it
would be correct to actually irradiate with the Real-time Position
Management (RPM) RT technique. As our study was dosimetric,
the risk of cardiotoxicity related to the dose of the heart substruc-
tures could not be established.

Conclusion

In lung cancer RT, when a primary central tumur or mediastinal
irradiation due to node positivity is carried out, heart substructures
receive a substantial amount of dose. With different techniques, the
doses to which these structures are exposed may vary. In our study,
compared to 3D-CRT and s-IMRT techniques, the d-IMRT tech-
nique provided the best protection in all other heart substructures
except for a few parameters (RA Dy, and Vs doses), while a
homogeneous and conformal dose was supplied at the target
volume.
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