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ABSTRACT

Introduction: The RTOG 0617 trial presented a worse
survival for patients with lung cancer treated in the high-
dose (74 Gy) arm. In multivariable models, radiation level
and whole-heart volumetric dose parameters were associ-
ated with survival. In this work, we consider heart sub-
regions to explain the observed survival difference between
radiation levels.

Methods: Voxel-based analysis identified anatomical re-
gions where the dose was associated with survival. Boot-
strapping clinical and dosimetric variables into an elastic
net model selected variables associated with survival.
Multivariable Cox regression survival models assessed the
significance of dose to the heart subregion, compared with
whole heart v5 and v30. Finally, the trial outcome was
assessed after propensity score matching of patients on
lung dose, heart subregion dose, and tumor volume.

Results: A total of 458 patients were eligible for voxel-
based analysis. A region of significance (p < 0.001) was
identified in the base of the heart. Bootstrapping selected
mean lung dose, radiation level, log tumor volume, and
heart region dose. The multivariable Cox model exhibited
dose to the heart region (p ¼ 0.02), and tumor volume (p ¼
0.03) were significantly associated with survival, and radi-
ation level was not significant (p ¼ 0.07). The models
exhibited that whole heart v5 and v30 were not associated
with survival, with radiation level being significant (p <

0.05). In the matched cohort, no significant survival differ-
ence was seen between radiation levels.

Conclusions: Dose to the base of the heart is associated
with overall survival, partly removing the radiation level
effect, and explaining that worse survival in the high-dose
arm is owing, in part, to the heart subregion dose. By
defining a heart avoidance region, future dose escalation
trials may be feasible.
� 2023 International Association for the Study of Lung
Cancer. Published by Elsevier Inc. This is an open access
article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).
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Introduction
Radiotherapy alone or in combination with systemic

anticancer therapies plays a major role in the curative-
intent management of lung cancer. RTOG 0617 was an
open-label randomized, two-by-two factorial phase 3
study for patients with unresectable, stage 3 NSCLC.
Patients were randomized to 60 Gy (standard dose arm)
versus 74 Gy (high-dose arm), delivered in two Gy
fractions with concurrent cetuximab, with or without the
addition of cetuximab. The analysis found the median
survival time in the standard-dose arm was 28.7 months
versus 20.3 months in the high-dose arm. The survival
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difference was statistically significant, with a hazard
ratio (HR) of 1.38 (95% confidence interval [CI]: 1.09–
1.76, p ¼ 0.004), with patients in the high-dose arm
exhibiting worse survival.1

The study protocol recommended dose-volume
limits for the heart but they were not mandatory. In
analyzing the reported patient dosimetry, the heart
dose was found to be significantly higher in the high-
dose group (p ¼ 0.004). In addition, the dose to the
whole heart was found to be significantly associated
with overall survival (OS) in multivariable analysis
(RTOG 0617, Appendix 6). The whole heart v5 and
v30 (volume of heart receiving at least 5 Gy and 30
Gy) exhibited similar predictive power, with an HR of
1.007 (95% CI: 1.002–1.011, p ¼ 0.004). The multi-
variable model also found the radiotherapy dose arm
(high-dose versus low dose) and maximum related
esophageal or dysphagia grade to be significantly
associated with OS (p ¼ 0.02 and p ¼ 0.01, respec-
tively). In summary, RTOG 0617 revealed that the
higher dose arm was no better than the standard dose
arm and may, in fact, be harmful. More importantly, the
findings relating to the significance of heart dose led to
the recommendations that stricter limits for heart dose
should be implemented for patients with lung cancer.

The results from RTOG 0617 resulted in the devel-
opment of numerous studies investigating the impact of
heart dose in patients with lung cancer.2–14 The impor-
tance of dose to the whole heart and substructures
within the heart has been found for both survival and
cardiac events across many different patient pop-
ulations.14 One study reanalyzed the OS in the RTOG
0617 data set using an autosegmentation model for the
heart. The authors found that autosegmentation pro-
duced more consistent heart delineations, which pro-
vided significantly higher heart doses.15 However, no
further studies have reanalyzed the RTOG 0617 data set
to better understand the heart dose effect or investigate
when dose-sensitive heart subregions can explain the
observed results. In this work, we apply voxel-based
analysis (VBA) techniques to define the most dose-
sensitive anatomical region(s) and reanalyzed the trial
data using bootstrapping for variable selection and
multivariable models to demystify the radiation level
effect in RTOG 0617.
Materials and Methods
A total of 490 patients enrolled in RTOG 061716 (with

radiotherapy planning data available) were downloaded
from the National Clinical Trials Network (NCTN)/Na-
tional Cancer Institute’s (NCI) Community Oncology
Research Program data archive of the NCI’s NCTN17

(archive request identification – 1224). Radiotherapy
planning data—computed tomography (CT) structure
set and planned dose—were available with linked pa-
tient demographics, clinical variables, and survival data.

VBA was performed as described in previous
studies.5,18,19 Briefly, patients were nonrigidly regis-
tered to a template patient anatomy using NiftyReg
(Centre for Medical Image Computing, University Col-
lege London, London, United Kingdom).20 The template
was chosen as a representative patient with lung and
heart volumes close to the median of the cohort. First,
a threshold was applied to remove the bones from the
image, this step removed the potential for the sliding
tissue interface between the lungs and ribs to impact
the registration. Next, the lung contour was used to
define a clip box around the lung and heart for the
registration, this removed the arms and shoulders
from the registration and, therefore, minimized the
impact of patient setup differences. Finally, a prematch
was performed to align and scale the lungs to match
the template patient. NiftyReg then performed the
nonrigid registration, a B-spline registration algorithm,
using recommended default parameters for lung CT.20

After nonrigidly registering the CT, the planned dose
distribution for each patient was mapped onto the
template patient for VBA. Nonrigid registration quality
was initially visually checked and gross registration
failures were excluded, in which large anatomical dif-
ferences were noted (primarily in which patients have
very different anatomy, e.g., previous surgery). To
quantify the registration uncertainty, the distribution
of the center of mass of the heart segmentation of all
patients was evaluated on the template anatomy.21

The SD of these points in each cardinal direction
defined a Gaussian function, which was subsequently
used to blur the mapped dose distribution for each
patient.19

Patients were grouped as those alive or dead at 12
months and the average dose distributions for each
group were calculated. Permutation testing was used to
identify voxels with statistically significant dose differ-
ences between each group, accounting for multiple
comparisons. The null hypothesis assumed no associa-
tion between dose and outcome and, therefore, no sig-
nificant dose differences between the dead and alive
groups. Dead or alive labels were randomly permuted,
and for each permutation the t-statistic was calculated,
defining the distribution over all permutations. The
distribution was then used to define the significance of
any dose difference in the data. The test statistic was
chosen as the maximum t-value, calculated from the
difference in mean dose in a voxel between the two
groups, divided by the SD of the dose difference between
voxels under permutation. The maximum t-value across
the whole image was selected. Next, anatomical regions
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within the thorax were defined where observed dose
differences are associated with a statistically significant
difference in patient outcomes. A total of 1000 permu-
tations were run and an anatomical region of interest
was found by segmenting the t-value image at the
ninetieth percentile of the maximum t-value. The mean
dose received to this region for each patient was
extracted for multivariable analysis.

Next, clinical and dosimetric variables were boot-
strapped 500 times into an elastic net linear regression,
predicting survival at 1 year postradiotherapy. To select
variables most strongly associated with OS the following
were assessed: (1) the magnitude of model coefficients
across all bootstraps, (variables exhibiting bootstrapped
model coefficient greater than zero), and (2) the number
of times each variable was selected into the model. The
variables most selected were included in the final
multivariable Cox model alongside established prog-
nostic factors.

Multivariable analysis was performed to assess the
association of clinical and heart dose variables with
survival. Multivariable models included all variables
used in the original RTOG 0617 analysis (radiation
dose arm: 60 Gy versus 74 Gy; maximum esophagitis
or dysphagia grade [split <3 versus �3]; performance
status; positron emission tomography staging; biolog-
ical sex; histologic diagnosis; and smoking history),
with additional variables highly selected by boot-
strapping. The correct functional form for the tumor
volume was investigated for inclusion in a Cox pro-
portional hazards model by calculating the Martingale
residuals. Tumor volume, planning target volume
(PTV), and the log transform of these variables were
tested, with the variable resulting in the lowest
Aikaike Information Criteria selected for the final
models. A separate multivariable model was defined
with the variables described, including either the heart
v5, v30, or dose to the defined heart region to eval-
uate previously applied parameters.

Finally, to assess the potential impact on the trial
outcome because of the dose in the identified heart re-
gion a matched cohort analysis was undertaken. For
patients in each dose arm, propensity score matching
was performed, and on tumor volume, the mean lung
dose (lungs-PTV) and heart region dose (caliper set to
0.1) were used to define two cohorts treated with
different radiation levels. One-to-one matching was used
for the low and high radiation–level arms. Kaplan-Meier
curves were plotted to compare survival between radi-
ation levels after matching. To illustrate the impact of
heart region dose, a second propensity score matching
was performed with only tumor volume and mean lung
dose (lungs-PTV).
Results
A total of 490 patients were successfully downloaded

from the NCTN/NCI Community Oncology Research
Program data archive. Twenty-three (4%) patients failed
registration, primarily because of atelectasis in the lungs
or previous surgery. A further nine patients were not
eligible for analysis because of not having appropriate
segmentations for inclusion (eight patients had no tumor
segmentation contour; therefore, the tumor volume
could not be calculated, and one patient did not have a
lung contour available and, therefore, the mean lung-PTV
dose could not be calculated). In total, 32 (6%) patients
failed quality control, therefore, 458 patients remained
for analysis. Patient demographics for analyzed patients
are included in Table 1.

The evaluation of the registration uncertainty
revealed SD in the cardinal directions of right-left 6.2
mm, anterior-posterior 7.9 mm, and cranial-caudal 5.3
mm. Results from the VBA are included in Figure 1 for
comparing patients dead and alive 1 year after treat-
ment. Additional axial slices are included in
Supplementary Material 1 to aid the localization of this
region. Results from 18 months and 2 years identify a
similar region of the heart (results are included in
Supplementary Material 2). Permutation testing identi-
fied a significant (p < 0.001) region in the base of the
heart associated with worse patient survival after
radiotherapy. This region included the origin of the left
coronary artery and is in the anatomical region where
the sinoatrial node is located. The median dose to this
region was 9.5 Gy (high-dose arm 10.2 Gy versus low-
dose arm 9.1 Gy); Table 2 summarizes the heart dose
statistics for this identified region and the v5 and v30
whole heart parameters used in the original RTOG 0617
analysis. A Mann-Whitney test was used to look for
significant differences between dose arms—no signifi-
cant difference was found. Plots of the correlation of the
heart v5 and v30 with the dose to the heart region are
included in Supplementary Material 3; Pearson correla-
tion coefficient revealed a moderate correlation of 0.68
and 0.75, respectively, between the heart dose
parameters.

Results from bootstrapping clinical and dosimetric
variables into an elastic net model predicting survival
are included in Table 3. The mean lung dose (selected
99%), radiation level (75%), log tumor volume (76%),
and heart region dose (68%) were selected as the
most important factors associated with survival. Heart
v30 and v5 were only selected into 12% and 11% of
models, respectively, exhibiting that they are less
predictive of mortality. Full results of the boot-
strapping, including percentiles for the model co-
efficients for each variable, are included in



Table 1. Patient Demographics for the 458 Patients
Included in the Analysis After Removing Registration
Failures and Patients With Incomplete Contouring of Target
Volume or Lung Tissue

Variables Subvariables Subtotal

Age 64
(median, range) (37-83)
Biological sex Male 270

Female 188
Tumor volume (cm3)

(median, range)
93.3

(4.6-1192)
PTV volume (cm3)

(median, range)
461

(99 – 2232)
Radiation level Low-dose 261

High-dose 197
Cetuximab arm Yes 242

No 216
Performance status 0 270

1 188
RT technique 3D-conformal 244

IMRT 214
FDG-PET staging Yes 416

No 42
Histology Nonsquamous 262

squamous 196
Max esophagitis or

dysphagia grade
Grade � 3 93

Grade < 3 365
Smoking history None or former light 69

Former heavy or current 367
Unknown 22

FDG-PET, F-fluorodeoxyglucose; IMRT, Intensity-modulated radiation ther-
apy; PTV, planning target volume; RT, radiotherapy.
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Supplementary Material 4. Mean lung dose and age
were not included in the original RTOG 0617 analysis,
but as typically selected variables, with bootstrapped
model coefficients greater than 0, they are now
included in the multivariable models.
Figure 1. Region of the heart identified in the voxel-based analy
Coronal, axial, and sagittal planes are included (further axial pl
defined from the inner to outer lines as the ninety-fifth, ninet
value. The region identified includes the origin of the left coro
Tumor volume exhibited a strong right-sided skew
(Supplementary Material 5), with few large tumor vol-
umes. The log transform of tumor volume was found to
be the correct transform for inclusion in the multivari-
able Cox proportional hazards models (details of these
experiments are included in Supplementary Material 5).
Table 4 presented results of the multivariable model
including the dose to the identified heart region. In
Table 4, the dose to the identified heart region was found
to be significantly associated with survival (HR ¼ 1.01
Gy�1 [95% CI: 1.01–1.02], p ¼ 0.02), alongside the log
transform of tumor volume (HR ¼ 1.18 [95% CI: 1.02–
1.38], p ¼ 0.03). The radiation level was not found to be
significantly associated with survival (p ¼ 0.07). Multi-
variable models having the same variables but including
the heart v5 and v30 instead of dose to the identified
heart region are included in Supplementary Material 6.
Heart v5 (p ¼ 0.13) and v30 (p ¼ 0.12) were not found
to be associated with survival. In both the v5 and v30
models, the log of the tumor volume was significantly
associated with survival and the radiation level, with
patients in the high-dose arm exhibiting worse OS (p ¼
0.03 and p ¼ 0.05, respectively).

Figure 2 shows the Kaplan-Meier curves for pro-
pensity score-matched patients between radiation levels.
A propensity score matching schema is included in
Supplementary Material 7. After matching tumor vol-
ume, mean lung dose (lung-PTV), and heart region dose,
no significant difference in survival between radiation
levels was seen (log-rank p ¼ 0.31). The survival curve
for patients matched only on tumor volume and mean
lung dose (lungs-PTV) is included in Supplementary
Material 7. This suggests that the significant differences
between radiation levels remained, with patients in the
high-dose arm exhibiting worse survival (long rank p ¼
0.041). Therefore, including the cardiac region dose is
essential to remove the survival difference between ra-
diation levels.
sis in which a higher dose is associated with excess mortality.
anes are included in Supplementary Material 1). The region is
ieth, and eighty-fifth percentile of the maximum statistical
nary artery and the sinoatrial node.



Table 2. Summary of Statistics for the Mean Dose to the Heart Region and the v5 and v30. The dose is calculated for patients
in the high and low dose arms. Mann-Whitney test revealed no significant differences between the heart doses by radiation
level

Heart Stat Dose Arm
Median
(First - Third Quartile)

p Value
(Mann-Whitney)

v5 Low 46.5 (22–72) 0.43
High 46.0 (21–67)

V30 Low 13.8 (2–27) 0.22
High 14.0 (5–35)

Region Low 9.1 (3–22) 0.39
High 10.2 (3–30)
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Discussion
This analysis of the data from the RTOG 0617 dose

escalation trial used VBA and identified an anatomical
region in the base of the heart where a higher dose was
significantly associated with OS. When the dose to this
heart region was included in multivariable models, it
was associated with OS (p ¼ 0.02) and removed the
significance of the radiation level identified in the orig-
inal analysis. Radiation level remained significant in the
multivariable models including the heart v5 and v30,
likely because these parameters are strongly influenced
by tumor volume. When patients were matched on dose
to the identified heart region, lung dose, and tumor
volume, no survival difference was seen between the
radiation levels. When matching was only performed on
tumor volume and lung dose, then a significant differ-
ence remained between radiation levels. These results
suggest that the survival difference between radiation
levels seen in the original RTOG 0617 analysis is heavily
influenced by the radiation dose delivered to the base of
the heart. However, there will remain further factors
influencing patient survival in this complex patient
population that is not controlled for in this analysis,
including differences in rates of protocol noncompliance
between trial arms.
Table 3. Bootstrapping Clinical and Dosimetric Variables
Into an Elastic Net Model Predicting Survival Identified the
Mean Lung Dose, Tumor Volume, Radiation Level, Age, and
Heart Region Dose as Most Important

Variables
Selected
(500 Bootstraps)

Mean lung dose 494 (99%)
Tumor volume 382 (76%)
Radiation level 377 (75%)
Heart region 340 (68%)
Age 193 (39%)
Heart v30 62 (12%)
Heart v5 54 (11%)

Note: Heart v30 and v5 were selected at 12% and 11%, respectively.
The original publication of the results from the RTOG
0617 trial highlighted the importance of heart doses for
patients with lung cancer. This important finding
inspired a field of research investigating heart dose in
patients being treated with curative-intent radiotherapy
for lung cancer. Studies have investigated heart dose for
whole heart dose constraints with OS2–4; heart sub-
structures5–8; pooled analysis of trial data9,10; associa-
tion of heart dose with electrocardiogram changes11; and
association of heart dose with cardiac events.9,12,13 Many
of these studies are retrospective and single-center and
conflicting results have been presented.13,14

One of the main advantages of VBA techniques, as used
in this analysis, is that they do not require any previous
assumptions to subregions of the anatomy associated with
an end point. Instead, they analyze the full dose distribu-
tion across all patients (mapped to common anatomy) to
discover anatomical regions associated with that end
point.19 VBA analyses have been successfully applied to
patients with lung cancer. A large, single-center, retro-
spective analysis of 1101 patients with NSCLC identified a
region in the base of the heart as associated with OS.5 VBA
was applied as a secondary analysis on the PET-Plan trial
data,22 and again identified a region in the base of the
heart associated with OS.23 The region identified in this
analysis is in close agreement with that found in the PET-
Plan analysis. The region found in the study by McWilliam
et al.5 covers a larger region at the base of the heart and
overlaps with the region presented in this study. Patients
included in McWilliam et al. included patients that are
representative of the real world, with greater than 50% of
patients included in performance statuses 2 and 3. These
patients likely had poorer baseline cardiac health and this
may explain why a larger region in the base of the heart
was found as important. Patients in this analysis and the
PET-Plan analysis had a performance status of 0 and 1
because of the trial inclusion criteria. It is believed this
difference results in the smaller, more targeted, region.
The agreement between these studies provides validation
of the VBA findings that the base of the heart is more dose
sensitive.



Table 4. Multivariable Cox Model Including All Variables From the Original RTOG 0617 Analysis Plus Highly Selected Variables
From Bootstrapping and Dose to the Identified Heart Region

Variables Hazard Ratio (95% CI) p Value

Radiation level Standard dose vs. High-dose 1.26 (0.98–1.56) 0.07
Max esophagitis or dysphagia grade Grade <3 vs. grade �3 1.31 (0.94–1.82) 0.12
Log(tumor volume) Log(cm�3) 1.18 (1.02–1.38) 0.03
Heart region Continuous (Gy�1) 1.01 (1.01–1.02) 0.02
Performance status 0 vs. 1 1.13 (0.88–1.45) 0.33
FDG-PET staging No vs. yes 0.78 (0.53–1.15) 0.22
Biological sex Male vs. female 0.86 (0.66–1.11) 0.25
Histology Nonsquamous vs. squamous 0.98 (0.76–1.27) 0.90
Smoking history None/ or ormer light vs.

former heavy or current 1.14 (0.80–1.63) 0.45
vs. unknown 1.61 (0.97–2.99) 0.12

Mean lung dose Continuous (Gy�1) 1.03 (1.00–1.06) 0.06
Age Continuous (yr�1) 1.01 (0.99–1.02) 0.21

Note: Dose to the heart region shows a significant association with OS, as does tumor volume. The radiation level is not significantly associated with survival in
this model but remains significant in identical models using heart v5 and v30 instead of the heart region dose.
CI, confidence interval; FDG-PET, F-fluorodeoxyglucose; Max, maximum; OS, overall survival.
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Successful VBA requires accurate mapping of all pa-
tients onto a template anatomy. Nonrigid registration
will not be perfect and uncertainties will remain that
need to be quantified. In this work, we first excluded a
small number of patients for which the registration had
visually failed. Next, we used the center of mass of the
heart contour available for all patients. By mapping these
center of mass coordinates to the template anatomy a
global uncertainty can quantify. By using the heart, we
are focusing on the anatomy that we are most interested
in understanding. The uncertainty in the cardinal di-
rections was then applied as a Gaussian blur to the dose
distribution of all patients. This value will capture
registration uncertainty but also interobserver or pro-
tocol differences in the heart contour. Interobserver
Figure 2. Kaplan-Meier curves after propensity matching. No
survival difference was seen between radiation levels.
differences are likely to be greater in the superior-
inferior direction because of difficulties in defining
anatomy.24 Therefore, the Gaussian blur applied in this
work to account for registration accuracy is likely to be
larger than needed. Despite this, a region of high sig-
nificance was found.

RTOG 0617 analyzed the heart contours available
from the radiotherapy planning workflows from each
center. It has been reported by the RTOG0617 study
team that heart contours were variable and not always
compliant with the protocol (Bradley et al., Appendix 41).
A reanalysis of NRG Oncology RTOG 0617 with centrally
contoured heart structures was performed, revealing
that central heart contours were larger than those sub-
mitted.25 This resulted in greater overlap with PTV and
higher doses to the heart. The updated OS multivariate
analysis identified tumor location, presence of grade 3
and above esophagitis, heart V45, and PTV volume as
significant prognostic parameters. In addition, Thor
et al.15 reanalyzed the heart dose in the RTOG 0617 data
set applying a deep-learning heart autocontouring solu-
tion.26 The use of a deep learning approach will stan-
dardize the segmentations across the cohort, and they
found that the v5 and v30 were higher in their study
than reported in the RTOG 0617 analysis. When
analyzed in a Cox proportional hazards model for OS, the
deep learning segmentations were stronger predictors
than the original contours in the univariable analysis.

In this study, we used a bootstrapping technique to
aid with variable selection for the multivariable models.
The highest selected variable was mean lung dose. Lung
dose will be driven by tumor volume, with larger tumors
pushing dose across a greater volume of the lung
resulting in a higher reported dose. Lung dose is also a
known prognostic factor with established dose
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constraints.27,28 There is also the potential interplay
between lung dose and heart dose, with excess dose in
the lungs resulting in cardiac effects.29 It is, perhaps,
surprising that the original analysis of the heart dose
presented in RTOG 0617 did not include the mean lung
dose (lungs-PTV) in the multivariable models. Race was
also highly selected in the bootstrapped models but was
not included in our multivariable analysis as 87% of
participants were classed as White allowing for little
statistical power in including this variable in the anal-
ysis. This, again, highlights the need for more research
regarding ethnicity in cancer outcomes and highlights
the need to address barriers in trial recruitment.

The region identified is in the anatomical vicinity of
the origin of the left coronary artery and the sinoatrial
node. This study agrees with previous VBA experiments
and adds to an increasing body of evidence exhibiting
the heart on the outcome. An analysis of 978 patients
with NSCLC evaluated 14 heart substructures using a
template anatomy approach.30 This study identified
heart substructures in agreement with the identified
region in this work. Furthermore, a study investigating
the impact of residual setup errors during treatment
found that when these residual setup errors moved the
high radiation dose toward the heart, patients exhibited
worse survival.31,32 Residual setup errors are truly in-
dependent of patient or treatment factors and can be
considered a natural experiment. The methodology
analyzing these residual errors is independent of the
VBA literature and the agreement provides further evi-
dence for the heart dose response.

Furthermore, a study assessed radiotherapy dose to
cardiac substructures in 239 patients with SCLC and 321
patients with NSCLC. They identified that the maximum
dose to the sinoatrial node was significantly associated
with new-onset atrial fibrillation (HR ¼ 14.1, p < 0.001
in SCLC, and HR ¼ 15.7, p < 0.001 in NSCLC). The
maximum dose to the sinoatrial node was also signifi-
cantly associated with poor OS in both cohorts.33 The
region at the base of the heart identified in our study is
in proximity to the sinoatrial node. With suitable
outcome measures, a VBA analysis could be performed
for new-onset atrial fibrillation, further validating both
results, and providing evidence for a possible mecha-
nism that influences patient survival.

VBA results do not provide a mechanistic explanation
but can only identify anatomical regions of interest and
aid the generation of hypotheses for future studies. Hints
of potential mechanisms can be generated from back-
translation into preclinical studies. In one experiment,
mice were irradiated across the base, middle, or apex of
the heart.34 The base of the heart irradiation group
found significantly higher functional changes than the
mice in the middle or apex heart irradiation groups.
These observed functional changes did not correlate
with whole heart dose-volume parameters, indicating
the dose to the base of the heart is also the stronger
predictor in the preclinical setting.

Our group is currently investigating the impact of
implementing a dose limit to the base of the heart in the
routine setting for all patients treated with curative-
intent radiotherapy at our institution using a rapid
learning methodology.35 Such methodology will provide
an alternative to traditional randomized trials and allow
us to be more inclusive in terms of the patient popula-
tion that will be studied, therefore, broadening the
applicability of our results.

In conclusion, this work shows the radiation level
effect observed in RTOG 0617 is removed once the dose
to the identified region in the base of the heart is
included in the multivariable model. The radiation level
effect remains significant in models including the heart
v5 and v30 despite the inclusion of mean lung (lung-
PTV) dose, which was missing in the models published in
the original analysis. Therefore, results suggest that the
worse survival of the high-dose arm in RTOG 0617 is
strongly influenced by the dose delivered to the base of
the heart. The lack of survival difference between radi-
ation levels when dose to the base of the heart is
controlled for suggests that, with appropriate heart
avoidance regions and dose constraints, there may be
scope for future dose escalation trials.
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