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ABSTRACT

Background and purpose: Major adverse cardiac events(MACE) are prevalent in patients with locally advanced-non-small cell lung cancer(LA-NSCLC) following
radiotherapy(RT). The CHyLL model, incorporating coronary heart disease(CHD),Hypertension(HTN),Logarithmic LADV15 was developed and internally-validated
to predict MACE among LA-NSCLC patients. We sought to externally validate CHyLL to predict MACE in an independent LA-NSCLC cohort.

Patients and methods: Patients with LA-NSCLC treated with RT were included. CHyLL score was calculated:5.51CHD + 1.28HTN + 1.48In(LADV15 + 1)-1.36CHD*In
(LADV15 + 1). CHyLL performance in predicting MACE was assessed and compared to mean heart dose(MHD) using Cox-proportional hazard(PH) analyses and
Harrel’s concordance(C)-indices. MACE and overall survival(OS) among low-vs high-risk groups(CHyLL < 5 vs > 5) were compared.

Results: In the external validation cohort(N = 102), the median age was 71 years and 55% were females. Most(n = 74,73%), had clinical Stage III disease and 35(34%)
underwent surgery. CHyLL demonstrated good MACE prediction with C-index of 0.73(95% Confidence Interval(CI):0.58-0.89), while MHD did not (C-index = 0.46
(95% CI:0.30-0.62)). Per CHyLL, 32(31%) and 70(69%) patients were considered low-and high-risk for MACE, respectively. CHyLL consistently identified lower
MACE rates in the low-vs high-risk group(log-rank p = 0.108):0 vs 8%(12 months),5 vs 16%(24 months),5 vs 16%(36 months),and 5 vs 19%(48 months) post-RT. In
the pooled internal and external validation cohort(N = 303), MACE rates in low-vs high-risk groups were statistically significantly different(log-rank p = 0.01):1 vs
6%(12 months),3 vs 12%(24 months),6 vs 19%(36 months),and 6 vs 21%(48 months).

Conclusions: CHyLL was externally validated and superior to MHD in predicting MACE. CHyLL has the potential to identify high-risk patients who may benefit from
cardio-oncology optimization and to estimate personalized LADV15 constraints based on cardiac risk factors and acceptable MACE thresholds.

Introduction

Patients with lung cancer are at high risk of major adverse cardiac
events (MACE) which are associated with cardiac radiation dose and
baseline cardiovascular risk [1-3]. Cardiac radiation dose has been
identified to be predictive of survival in patients with locally advanced
non-small cell lung cancer (LA-NSCLC) after thoracic radiotherapy (RT)
[4]. Nonetheless, avoiding dose to the whole heart while maintaining
target coverage is often challenging due to the extent and/or location of
disease and proximity to other important organs at risk, such as the

* Corresponding author.
E-mail address: katelyn.atkins@cshs.org (K.M. Atkins).
1 Equal contributions.

https://doi.org/10.1016/j.ctro.2023.100660
Received 14 June 2023; Accepted 20 July 2023
Available online 24 July 2023

lungs or esophagus [5]. Therefore, establishment of dose constraints for
crucial cardiac substructures such as the coronary vessels is important to
reduce MACE while optimizing oncologic outcomes [6,7].

MACE (including myocardial infarction, unstable angina, heart fail-
ure hospitalization or urgent visit, coronary revascularization, and/or
cardiac death) are prevalent among patients with NSCLC and are asso-
ciated with morbidity and mortality [1]. Given the high baseline car-
diovascular risk in this population, with more than 40% harboring
baseline cardiovascular disease [8], there is a need for a validated MACE
prediction tool in patients with lung cancer receiving RT that

2405-6308/© 2023 The Authors. Published by Elsevier B.V. on behalf of European Society for Radiotherapy and Oncology. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:katelyn.atkins@cshs.org
www.sciencedirect.com/science/journal/24056308
https://www.sciencedirect.com/journal/clinical-and-translational-radiation-oncology
https://doi.org/10.1016/j.ctro.2023.100660
https://doi.org/10.1016/j.ctro.2023.100660
https://doi.org/10.1016/j.ctro.2023.100660
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ctro.2023.100660&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

M.C. Tjong et al.

Clinical and Translational Radiation Oncology 42 (2023) 100660

12 months 24 months

>
—
= o
O <
©
O o4
o =
= o
o o
LL o]
= ¢ 1 3 3 4 o 41 2 3 4 5
© 36 months 48 months
O]
>
—
o
7))
o

o 1 5 5 4 5 0o 1 2 3 4 5

Predicted MACE

probability

Fig. 1. Calibration plots of MACE prediction model performances among the external independent validation cohort in 12 months-intervals up to 48 months. Perfect
prediction line: red straight line; model prediction line: dark blue with 95% confidence interval (light blue area).

incorporates the interaction between baseline cardiac risk factors and
comorbidities with cardiac radiation dose exposure [1,9,10]. Impor-
tantly, prior cardiac substructure dose volume studies identified the left
anterior descending (LAD) coronary artery percent volume receiving >
15 Gy (V15Gy) to be the strongest independent MACE predictor even
when compared to whole heart metrics such as mean heart dose (MHD),
which are widely used in established guidelines such as Quantitative
Analysis of Normal Tissue Effects in the Clinic (QUANTEC) and the
National Comprehensive Cancer Network (NCCN) [9,11]. Furthermore,
prior work has identified MHD as an inadequate surrogate of LAD
V15Gy, with significant discordance between whole heart and LAD dose
exposure, underscoring the importance of specific LAD dose monitoring
[12].

To address this need, our group recently developed a MACE risk
prediction tool modeled from 500 LA-NSCLC patients treated with RT
[10]: CHyLL score, incorporating baseline Coronary heart disease
(CHD), Hypertension, and Logarithmic LAD artery V15 Gy (LADV15)
[10]. The model incorporates both prior history of CHD, cardiac risk
factors (hypertension), and radiation dose exposure to a critical cardiac
sub-structure that is pathophysiologically related to specific cardiac
endpoints, and the interaction between radiation dose and prior CHD
[1,9,10]. While CHyLL was internally validated using 201 additional
patients treated in the same institution as the development patients, the
tool has not been externally validated. Therefore, this study investigated
the performance of CHyLL in predicting MACE using a LA-NSCLC cohort
from an independent institution.

Patients and methods

This was a multi-institutional retrospective study of consecutive lung
cancer patients treated with thoracic RT: The external validation cohort
consisted of 102 patients treated between August 2005 to August 2021
at Cedars-Sinai Medical Center in Los Angeles, California. The CHyLL
score was developed and internally validated in a set of 701 patients
treated between December 2003 and January 2014 at Brigham and
Women’s Hospital and Dana-Farber Cancer Institute in Boston, Massa-
chusetts, as described [10].

In the external validation cohort, RT was planned (Varian Eclipse,
Varian Medical Systems Inc) using 3D-conformal RT (3D-CRT) or
intensity-modulated RT (IMRT) techniques in 1.8-2.0 Gy fractions. The
heart and LAD were manually delineated per published atlas guidelines
[13] and dose-volume histogram data extracted. Baseline medical his-
tory, cardiovascular risk factors, cardiac events, and cause of death were
assessed by in-depth manual medical record review as previously
described [9,14]—specifically including review of clinical notes, reports
(e.g., diagnostic imaging, procedure, electrocardiogram), and labora-
tory data. Pre-RT coronary artery disease, congestive heart failure, or a
CHD risk-equivalent (peripheral vascular disease, stroke, or extensive
coronary artery calcifications) were considered to be pre-existing coro-
nary heart disease (CHD) [1]. MACE was assessed post-RT for non-
surgical patients, and 30 days or more postoperatively for patients
who underwent surgery, until death or last follow-up. MACE included
unstable angina, heart failure hospitalization or urgent visit, myocardial
infarction, coronary revascularization, and/or cardiac death [1,10]
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Table 1
Baseline, disease, and treatment characteristics of lung cancer patients in
development and external validation cohorts.

Patient baseline characteristics and comorbidities

Development  Internal p- External p-
Validation value Validation value
N = 500 N =201 N =102
Age at 65.0 66.0 0.02 70.5 <0.01
diagnosis (57.0-72.5) (59.0-74.0) (64.0-77.0)
Female 253 (50.6%) 103 0.88 56 (54.9%) 0.43
gender (51.2%)
Smoking 0.24 <0.01
status
Non-smoker 45 (9.0%) 11 (5.5%) 24 (23.5%)
Current 193 (38.6%) 86 (42.8%) 11 (10.8%)
Former 262 (52.4%) 104 67 (65.7%)
(51.7%)
Diabetes 69 (13.8%) 28 (13.9%) 0.96 30 (29.4%) <0.01
Hypertension 254 (50.8%) 108 0.48 66 (64.7%) 0.01
(53.7%)
Dyslipidemia 239 (47.8%) 102 0.48 56 (54.9%) 0.19
(50.7%)
Congestive 38 (7.6%) 20 (10.0%) 0.31  8(7.8%) 0.93
heart
failure
Coronary 181 (36.2%) 71 (35.3%) 0.83  32(31.4%) 0.35
heart
disease
Stroke 6 (2.1%) 7 (5.1%) 0.09 7 (6.9%) 0.02
Lung cancer disease and treatment characteristics
Clinical Stage 0.14 <0.01
(AJCC 7th)
I 0 (0.0%) 0 (0.0%) 9 (8.8%)
I 62 (12.4%) 17 (8.5%) 10 (9.8%)
III 438 (87.6%) 184 74 (72.5%)
(91.5%)
v 0 (0.0%) 0 (0.0%) 8 (7.8%)
Unknown 0 (0.0%) 0 (0.0%) 1 (1.0%)
Nodal Stage 0.40 0.42
NO 62 (12.4%) 19 (9.5%) 17 (16.7%)
N1 72 (14.4%) 27 (13.4%) 10 (9.8%)
N2 254 (50.8%) 104 53 (52.0%)
(51.7%)
N3 112 (22.4%) 50 (24.9%) 20 (19.6%)
NX 0 (0.0%) 1 (0.5%) 2 (2.0%)
RT total dose 63.0 60.0 0.03  60.0 <0.01
(Gy) (54.0-66.0) (54.0-66.0) (55.8-60.0)
RT total 33.0 30.0 0.01  30.0 0.34
fractions (27.0-33.0) (27.0-33.0) (30.0-33.0)
IMRT/VMAT 81 (16.2%) 81 (40.3%) <0.01 82 (80.4%) <0.01
Surgery 203 (40.6%) 74 (36.8%) 0.35  35(34.3%) 0.24
Chemotherapy
Induction 105 (21.0%) 28 (13.9%) 0.03 26 (25.5%) 0.32
Concurrent 413 (82.6%) 181 0.01 75 (73.5%) 0.03
(90.0%)
Adjuvant 160 (32.0%) 78 (38.8%) 0.09  3(2.9%) <0.01
Organs at risk RT dose
Mean heart 11.6 13.4 0.01 121 0.23
dose (Gy) (5.4-18.8) (8.1-20.1) (7.2-19.1)
LADV15 (%) 9.6 22.8 0.01 306 <0.01
(0.0-42.3) (0.4-41.8) (0.0-52.1)
Mean lung 14.5 16.0 <0.01 15.4 0.11
dose (Gy) (10.9-17.0) (12.7-18.0) (11.6-17.9)
Lung V5Gy 41.4 47.1 <0.01  60.8 <0.01
(%) (31.3-50.3) (36.1-54.8) (44.9-73.5)
Lung V20Gy 24.7 26.5 0.01 275 <0.01
(%) (18.4-29.2) (22.7-30.0) (19.5-33.0)

Categorical variables are reported as frequencies and percentages, while
continuous variables as median and interquartile ranges (IQR). IMRT: intensity
modulated radiation therapy. VMAT: volumetric-modulated arc therapy.
LADV15: Left anterior descending artery V15 Gy (%). P-values were from
comparisons of development vs internal or external validation cohorts.
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Cardiac-specific death referred to fatalities from sudden cardiac events,
acute myocardial infarction, heart failure, cardiovascular procedures,
cardiovascular hemorrhages, or other cardiac causes [14].

Statistical Analysis

All analyses were done in STATA version 15.1. Medians and inter-
quartile ranges (IQR) were reported for continuous variables, and fre-
quencies and percentages were reported for categorical and ordinal
variables.

External validation of CHyLL in MACE prediction

CHyLL model and MACE survival functions were generated using the
development cohort (N = 500) with methods as described by Tjong et al
[10]. The CHyLL score was calculated for the external validation cohort
(N = 102) using the following formula [10]:

CHyLL = 5.51CHD + 1.28HTN + 1.48In(LADV15 + 1) — 1.36CHD
x In(LADV15 + 1)

CHyLL performance in predicting MACE was assessed using Cox-
proportional hazard (PH) methods as in the original publication
[10,15]. The discriminative ability of CHyLL to predict MACE was
evaluated with bootstrapped Harrel’s concordance index (C-index),
using predicted risk values established from the development Cox-PH
model. External validation cohort patients were randomly selected
with replacement from the same pool to create 1000 cohorts of same
sample size, generating the C-index estimates with 95% confidence in-
tervals (CI). Results were compared to the ability of using MHD alone to
predict MACE, which was also assessed using bootstrapped C-index. The
C-index ranges from 0.5 (no discriminative ability) to 1.0 (perfect
discrimination), with C-index of 0.7 considered to be good discrimina-
tion [16].

CHyLL calibration

Calibration of CHyLL score-predicted MACE rates in the external
validation cohort was assessed using methods described by Royston
etal. [17] To obtain individual predictions, the baseline survival hazard
was extracted from development model and applied within the external
validation cohort. The predicted and observed MACE probabilities at 12,
24, 36, and 48 months were then compared, and the predicted event
probability graphed against observed event probability alongside the
95% CI areas using the stcoxcal command (Fig. 1) [17]. As we consider
patients with approximately 20% actuarial MACE at 48 months to be
high-risk patients, we consider calibration within 0-30% MACE risk
interval in 48 months as most relevant [10].

CHyLL groups performance

Patients were then grouped according to CHyLL as low-risk (CHyLL
< 5) or high-risk (CHyLL > 5) for MACE [10]. Actuarial MACE events
between CHyLL groups in external validation cohort were graphed and
analyzed using Kaplan-Meier (KM) methods. OS between CHyLL groups
were also compared using KM methods. Log-rank analyses were per-
formed to compare MACE and OS between groups. Lastly, we explored
the MACE rates according to CHyLL groups in the pooled external and
internal test cohorts and reported the estimated MACE risk at 12, 24, 36,
and 48 months.

Results
Patient characteristics from the external validation cohort and in-

ternal development and test cohorts are described in Table 1. The me-
dian follow-up in the external validation cohort was 23.5 (interquartile
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Table 2
CHyLL Score and MHD Performances in Predicting MACE in the Internal (N =
201) and External validation Cohort (N = 102).

Model Validation Hazard Ratio P- Harrel’s C-Index
Cohort (95% CI) value (95% CI)
CHyLL Internal (N = 1.80(1.12—2.88) 0.015 0.76 (0.64-0.87)

Score 201)

External (N = 1.93 (0.92-4.05) 0.083 0.73 (0.58-0.89)

102)

MHD Internal (N = 1.03 (0.98—1.07)  0.257 0.55 (0.43-0.68)
201)
External (N = 1.00 (0.94-1.07) 0.896 0.46 (0.30-0.62)
102)

CHyLL: Cardiac disease, Hypertension, and Logarithmic Left anterior descend-
ing artery V15Gy; MHD: mean heart dose in Gy; MACE: major adverse cardiac
events; CI: confidence interval; C-Index: concordance-index.

Table 3
MACE Rates Based on CHyLL Groups in Internal (N = 201) and External (N =
102) Test Cohorts.

Internal External
Validation (N Validation (N
= 201) =102)
CHyLL Low-risk (n =65  High-risk Low-risk (n =32  High-risk
Group [32%]) (n =136 [31%]) (n=70
[68%]) [69%1)
Crude 2 (3%) 17 (13%) 1 (3%) 10 (14%)
MACE
(%)
MACE at 12 2% 6% 0% 8%
months
(%)
MACE at 24 2% 10% 5% 16%
months
(%)
MACEat36 7% 24% 5% 19%
months
(%)
MACE at 48 7% 24% 5% 19%
months

(%)

MACE: major adverse cardiac events; CHyLL: Cardiac disease, Hypertension,
and Logarithmic Left anterior descending artery V15Gy; Low-risk: CHyLL < 5;
High-risk: CHyLL > 5.

range IQR: 15.3-53.2) months. Compared to the internal development
cohort, the external validation cohort had older median age (70.5 vs
65.0 years; p < 0.01), more non-smokers (23.5 vs 9.0%; p < 0.01), more
patients with diabetes mellitus (29.4 vs 13.8%; p < 0.01) and hyper-
tension (64.7 vs 50.8%; p < 0.01), but similar baseline CHD (31.4 vs
36.2%; p = 0.35). While all patients were Stage II-III in the development
cohort, there were patients with clinical Stage I (8.8%) and oligometa-
static Stage IV (7.8%) disease (p < 0.01) in the external validation set.
IMRT/VMAT use was higher in the external cohort (80.4 vs 16.2%; p <
0.01), with lower median prescribed RT dose (60.0 vs 63.0 Gy; p <
0.01), but higher LADV15, lung V5Gy, and lung V20Gy (p-values <
0.01).

The median calculated CHyLL score in the external cohort was 6.3
(range: 0-8.1). Table 2 shows CHyLL score and MHD performance in
predicting MACE among internal and external validation cohorts.
CHyLL score was positively, but non-significantly associated with MACE
(Hazard Ratio [HR] for a one-unit increase in CHyLL: 1.93 (95% CI:
0.92-4.05); p = 0.083). The model had good discrimination with C-
index of 0.73 (95% CI: 0.58-0.89) (Table 2). MHD was not associated
with MACE, and this model had poor concordance (HR: 1.00 (95% CI:
0.94-1.07)); p = 0.896; C-index = 0.46 (95% CI: 0.30-0.62)) (Table 2).
The predicted vs observed MACE probability curve were highly
concordant with perfect prediction curve with narrow 95% CI up to
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Fig. 2. A. Cumulative MACE observed incidence curves among external vali-
dation cohort (N=102) stratified according to low (CHyLL<5.00, blue) and
high (CHyLL>5.00, red) risk groups (Log-rank p= 0.108). Solid black line
depicted CHyLL-predicted cumulative MACE curves B. Overall survival strati-
fied according to low (CHyLL<5.00, blue) and high (CHyLL>5.00, red) risk
groups (Log-rank p=0.692).

around 10-20% at 12 and 24 months, and up to 30% at 36 and 48
months indicating good CHyLL calibration in this cohort (Fig. 1).

From 102 external validation patients, 32 patients were classified as
low-risk (CHyLL < 5) and 70 as high-risk (CHyLL > 5). There were 11
patients (10.8%) with MACE post-RT in the external validation cohort, 1
(3%) in low-risk, and 10 (14%) in high-risk patients (Table 3).
Comparing low vs high-risk groups, MACE rates at 12 months were: 0 vs
8%, at 24 months were: 5 vs 16%, at 36 months were: 5 vs 16%, and at
48 months were: 5 vs 19% (Log-rank p = 0.108; Fig. 2A; Table 3). In the
same order, OS rates at 12 months were: 81 vs 84%, at 24 months were:
63 vs 63%, at 36 months were: 49 vs 57%, and at 48 months were: 49 vs
51% (Log-rank p = 0.692; Fig. 2B). From 54 deaths reported, 4 (9%)
were directly MACE-related. In the pooled internal and external vali-
dation cohort patients (N = 303), MACE rates in low vs high-risk groups
were statistically significantly different (log-rank p = 0.010): 1 vs 6%
(12 months), 3 vs 12% (24 months), 6 vs 19% (36 months), and 6 vs 21%
(48 months) (Fig. 3).

Discussion

CHyLL score, incorporating pre-existing cardiac risk factors (CHD
and Hypertension) and cardiac radiation dose (Logarithmic Left anterior
descending [LAD] artery V15 Gy [LADV15]) performed well in pre-
dicting MACE after thoracic RT in patients with NSCLC treated in an
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Fig. 3. Pooled internal and external validation cohort (N=303) MACE incidence curves stratified according to low (CHyLL<5.00, blue) and high (CHyLL>5.00, red)

risk groups (Log-rank p= 0.010).

independent, external validation cohort with a high c-index of 0.73. The
high model concordance persisted despite differences between the
external validation cohort compared to development cohort, indicating
a robust model (Table 1). Conversely, the commonly employed and
current guidelines-based MHD was a poor predictor of MACE with a c-
index of 0.46. These results are consistent with the previously published
internal validation cohort with CHyLL score and MHD c-indices of 0.76
and 0.55 respectively (Table 2) [10]. In sum, our studies demonstrate
that whole heart radiation dosimetric factors such as MHD are not
adequate for identifying patients at high risk for MACE [12], and a
model like CHyLL that incorporates dosimetry to a critical cardiac
substructure such as the LAD with a pathophysiologically relevant car-
diac endpoint of MACE is promising.

While there was a non-significant positive association between
CHyLL score and CHyLL-stratified risk groups with MACE (Fig. 2A), the
pooled external and internal validation analyses showed high MACE
rates at all time points post RT (Fig. 3) and the CHyLL model categorized
the majority of patients in both cohorts as high-risk (Table 2). Notably,
the inability to find a statistically significant relationship (defined as p <
0.05) in the external validation cohort alone is likely due to the limited
sample size with only 102 patients. Nonetheless, CHyLL performances
were highly consistent between external and internal test cohorts
(Table 2 and 3), with similar hazard ratios for CHyLL score, as well as
similar crude and actuarial MACE rates at 12, 24, 36, and 48 months
between low (CHyLL < 5) vs high-risk (CHyLL > 5) groups. Further-
more, the observed MACE rates between CHyLL groups were highly
concordant with the CHyLL-predicted rates, indicating good model
calibration in this external validation cohort (Fig. 1). Together, these
findings support the validity and clinical utility of CHyLL predicting
MACE in this population. Furthermore, the relationship between base-
line cardiac risk, LAD dose exposure, and MACE highlights a major
survivorship issue that has likely been under-appreciated in this popu-
lation and underscores the clinical need for involvement of cardio-
oncology and implementation of guideline-directed cardiac risk opti-
mization such as statin use and hypertension control [18-22].

Practically, the CHyLL score is simple to calculate for clinicians from
clinical records, by abstracting the patient’s baseline CHD and HTN
status, contouring the LAD, and calculating the LADV15 [10,13,23]. The

CHyLL score can identify high-risk patients who may benefit from
cardio-oncology assessment and early intervention for risk reduction
optimization. Furthermore, CHyLL has the potential to aid lung RT
planning, by personalizing LADV15 constraints based on a patient’s
clinical history to remain low risk (CHyLL < 5). For instance, the
calculated LADV15 constraint was 28.3% for patients with no CHD or
hypertension, and 11.3% for patients with hypertension (but no CHD)
[10]. The ease of calculation from readily available clinical information
supports the ability to implement this model in the clinic.

Notably, in this external validation cohort, CHyLL score was not
shown to predict OS (Fig. 2B). While MACE was prevalent soon after RT
(Fig. 3), the majority of reported deaths (91%) were not primary cardiac
events. This finding emphasizes the importance of optimizing cardiac RT
predictive models to cardiac specific outcomes such as MACE instead of
0S, which may be primarily driven by cancer progression in lung cancer
[24,25]. Inclusion of hard cardiac endpoints such as MACE will be
important for future lung RT trials.

Lastly, there are several limitations of our study to note. The primary
limitation is the small size of the external validation cohort, although the
model still demonstrated high concordance despite notable baseline
characteristic differences, indicating a robust model. Additional limi-
tations included the retrospective study design at a single tertiary care
referral center, which may result in under-capturing cardiac events,
particularly those that occur at local hospitals, and thus the MACE rate
may be under-estimated. The study also focused on LADV15 and CHyLL
model, and we recognize that other substructures are likely clinically
relevant—particularly for non-MACE cardiac endpoints such as arryth-
mias, pericardial events, or valvulopathies [3,26,27]. Nonetheless, this
multi-institutional study demonstrated robust findings across two in-
dependent institutions, supporting the generalizability of the results.
Having access to the original CHyLL development data [10], this study
was able to directly demonstrate CHyLL calibration in our external
validation cohort bolstering the model applicability. CHyLL score
application has the potential to widen the therapeutic ratio of RT for
lung cancer patients.



M.C. Tjong et al.
Data sharing statement

Research data are stored in an institutional repository and will be
shared upon request to the corresponding author.

Funding

Dr. Atkins reports funding from the Garber Award for Cancer
Research.

Funding sources

The project described was supported in part by the Cedars-Sinai
Cancer Donna and Jesse Garber Award for Cancer Research.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
[Dr Bitterman reported personal fees from Agios Pharmaceuticals
outside the submitted work. Dr Nohria reported grants from Amgen Inc,
Bristol Myers Squibb and personal fees from AstraZeneca, Bantam
Pharmaceuticals, and Takeda Oncology outside the submitted work. Dr
Hoffmann reported consulting fees from Abbott, Duke University (Na-
tional Institutes of Health [NIH]), Recor Medical and grants on behalf of
Kowa Company, Medlmmune, HeartFlow, Duke University (Abbott),
Oregon Health & Science University (American Hospital Association
13FTF16450001), Columbia University (NIH, 5R01-HL109711), NIH/
National Heart, Lung, and Blood Institute [NHLBI] 5K24HL113128,
NIH/NHLBI 5T32HL076136, and NIH/NHLBI 5U01HL123339 outside
the submitted work. Salary and Equity Cleerly Inc. Consultant/Salary
Clinical Cardiovascular Sciences, Boston; Stanford University; Dr Mak
reported personal fees from AstraZeneca, Novartis, Sio Capital, Varian
Medical Systems, grants and personal fees from ViewRay Inc, and per-
sonal fees from NewRT outside the submitted work. All remaining au-
thors have declared no conflicts of interest. Dr Atkins reported personal
fees from OncLive outside the submitted work.

References

[1] Atkins KM, Rawal B, Chaunzwa TL, Lamba N, Bitterman DS, Williams CL, et al.
Cardiac Radiation Dose, Cardiac Disease, and Mortality in Patients With Lung
Cancer. J Am Coll Cardiol 2019;73:2976-87. https://doi.org/10.1016/j.
jacc.2019.03.500.

[2] Atkins KM, Weiss J, Zeleznik R, Bitterman DS, Chaunzwa TL, Huynh E, et al.

Elevated Coronary Artery Calcium Quantified by a Validated Deep Learning Model

From Lung Cancer Radiotherapy Planning Scans Predicts Mortality. JCO Clin

Cancer Informatics 2022;(6). https://doi.org/10.1200/cci.21.00095.

Banfill K, Giuliani M, Aznar M, Franks K, McWilliam A, Schmitt M, et al. Cardiac

Toxicity of Thoracic Radiotherapy: Existing Evidence and Future Directions.

J Thorac Oncol 2021;16(2):216-27.

Speirs CK, DeWees TA, Rehman S, Molotievschi A, Velez MA, Mullen D, et al. Heart

Dose Is an Independent Dosimetric Predictor of Overall Survival in Locally

Advanced Non-Small Cell Lung Cancer. J Thorac Oncol 2017;12(2):293-301.

Ming X, Feng Y, Yang C, Wang W, Wang P, Deng J. Radiation-induced heart disease

in lung cancer radiotherapy: A dosimetric update. Med (United States) 2016;95.

10.1097/MD.0000000000005051.

McWilliam A, Abravan A, Banfill K, Faivre-Finn C, van Herk M. Demystifying the

Results of RTOG 0617: Identification of Dose Sensitive Cardiac Subregions

Associated With Overall Survival. J Thorac Oncol 2023;18:599-607. https://doi.

org/10.1016/j.jth0.2023.01.085.

Craddock M, Nestle U, Koenig J, Schimek-Jasch T, Kremp S, Lenz S, et al. Cardiac

Function Modifies the Impact of Heart Base Dose on Survival: A Voxel-Wise

[3

—

[4

=

[5

—

[6

il

[7

—

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Clinical and Translational Radiation Oncology 42 (2023) 100660

Analysis of Patients With Lung Cancer From the PET-Plan Trial. J Thorac Oncol
2023;18(1):57-66.

Al-Kindi SG, Oliveira GH. Prevalence of Preexisting Cardiovascular Disease in
Patients with Different Types of Cancer the Unmet Need for Onco-Cardiology.
Mayo Clin Proc 2016;91:81-3. https://doi.org/10.1016/j.mayocp.2015.09.009.
Atkins KM, Chaunzwa TL, Lamba N, Bitterman DS, Rawal B, Bredfeldt J, et al.
Association of Left Anterior Descending Coronary Artery Radiation Dose with
Major Adverse Cardiac Events and Mortality in Patients with Non-Small Cell Lung
Cancer. JAMAOncol 2021;7(2):206.

Tjong MC, Bitterman DS, Brantley K, Nohria A, Hoffmann U, Atkins KM, et al.
Major adverse cardiac event risk prediction model incorporating baseline cardiac
disease, hypertension, and logarithmic left anterior descending coronary artery
radiation dose in lung cancer (CHyLL). Radiother Oncol 2022;169:105-13.
Gagliardi G, Constine LS, Moiseenko V, Correa C, Pierce LJ, Allen AM, et al.
Radiation Dose-Volume Effects in the Heart. Int J Radiat Oncol Biol Phys 2010;76
(3):577-85.

Atkins KM, Bitterman DS, Chaunzwa TL, Kozono DE, Baldini EH, Aerts HJWL, et al.
Mean Heart Dose Is an Inadequate Surrogate for Left Anterior Descending Coronary
Artery Dose and the Risk of Major Adverse Cardiac Events in Lung Cancer
Radiation Therapy. Int J Radiat Oncol Biol Phys 2021;110(5):1473-9.

Feng M, Moran JM, Koelling T, Chughtai A, Chan JL, Freedman L, et al.
Development and validation of a heart atlas to study cardiac exposure to radiation
following treatment for breast cancer. Int J Radiat Oncol Biol Phys 2011;79(1):
10-8.

Hicks KA, Tcheng JE, Bozkurt B, Chaitman BR, Cutlip DE, Farb A, et al. 2014 ACC/
AHA key data elements and definitions for cardiovascular endpoint events in
clinical trials: A Report of the American College of Cardiology/American Heart
Association Task Force on Clinical Data Standards (Writing Committee to Develop
Cardiovascu. J Am Coll Cardiol 2015;66:403-69. https://doi.org/10.1016/j.
jacc.2014.12.018.

Hosmer DW. Review of an Introduction to Survival Analysis Using Stata. Stata J
Promot Commun Stat Stata 2002;2:428-31. https://doi.org/10.1177/
1536867x0200200408.

Pencina MJ, D’Agostino RB. Overall C as a measure of discrimination in survival
analysis: model specific population value and confidence interval estimation. Stat
Med 2004;23:2109-23. https://doi.org/10.1002/sim.1802.

Royston P. Tools for checking calibration of a Cox model in external validation:
Approach based on individual event probabilities. Stata J 2014;14:738-55. https://
doi.org/10.1177/1536867x1401400403.

Ferris MJ, Jiang R, Behera M, Ramalingam SS, Curran WJ, Higgins KA. Radiation
Therapy Is Associated With an Increased Incidence of Cardiac Events in Patients
with Small Cell Lung Cancer. Int J Radiat Oncol Biol Phys 2018;102:383-90.
https://doi.org/10.1016/j.ijrobp.2018.05.066.

Kostakou PM, Kouris NT, Kostopoulos VS, Damaskos DS, Olympios CD. Cardio-
oncology: a new and developing sector of research and therapy in the field of
cardiology. Heart Fail Rev 2019;24:91-100. https://doi.org/10.1007/s10741-018-
9731-y.

Dent SF, Kikuchi R, Kondapalli L, Ismail-Khan R, Brezden-Masley C, Barac A, et al.
Optimizing Cardiovascular Health in Patients With Cancer: A Practical Review of
Risk Assessment, Monitoring, and Prevention of Cancer Treatment-Related
Cardiovascular Toxicity. Am Soc Clin Oncol Educ B 2020;(40):501-15.

Atkins KM, Bitterman DS, Chaunzwa TL, Williams CL, Rahman R, Kozono DE, et al.
Statin Use, Heart Radiation Dose, and Survival in Locally Advanced Lung Cancer.
Pract Radiat Oncol 2021;11(5):e459-67.

Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD, Hahn EJ, et al.
2019 ACC/AHA Guideline on the Primary Prevention of Cardiovascular Disease: A
Report of the American College of Cardiology/American Heart Association Task
Force on Clinical Practice Guidelines. vol. 140. 2019. 10.1161/
CIR.0000000000000678.

Duane F, Aznar MC, Bartlett F, Cutter DJ, Darby SC, Jagsi R, et al. A cardiac
contouring atlas for radiotherapy. Radiother Oncol 2017;122(3):416-22.

Bradley JD, Hu C, Komaki RR, Masters GA, Blumenschein GR, Schild SE, et al.
Long-term results of NRG oncology RTOG 0617: Standard-versus high-dose
chemoradiotherapy with or without cetuximab for unresectable stage III non-small-
cell lung cancer. J Clin Oncol 2020;38(7):706-14.

Spigel DR, Faivre-Finn C, Gray JE, Vicente D, Planchard D, Paz-Ares L, et al. Five-
Year Survival Outcomes From the PACIFIC Trial : Durvalumab After
Chemoradiotherapy in Stage III Non — Small-Cell Lung Cancer. J Clin Oncol 2022;
40:1301-11.

Kim KH, Oh J, Yang G, Lee J, Kim J, Gwak S-Y, et al. Association of Sinoatrial Node
Radiation Dose With Atrial Fibrillation and Mortality in Patients With Lung Cancer.
JAMAOncol 2022;8(11):1624.

Atkins KM, Nikolova A, Guthier CV, Bitterman DS, Kozono DE, Nohria A, et al.
Association of Cardiac Sub-Structure Radiation Dose with Bradyarrhythmias and
Tachyarrhythmias after Lung Cancer Radiotherapy. Int J Radiat Oncol 2022;114
(3):558-9.


https://doi.org/10.1016/j.jacc.2019.03.500
https://doi.org/10.1016/j.jacc.2019.03.500
https://doi.org/10.1200/cci.21.00095
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0015
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0015
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0015
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0020
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0020
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0020
https://doi.org/10.1016/j.jtho.2023.01.085
https://doi.org/10.1016/j.jtho.2023.01.085
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0035
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0035
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0035
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0035
https://doi.org/10.1016/j.mayocp.2015.09.009
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0045
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0045
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0045
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0045
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0050
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0050
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0050
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0050
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0055
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0055
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0055
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0060
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0060
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0060
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0060
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0065
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0065
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0065
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0065
https://doi.org/10.1016/j.jacc.2014.12.018
https://doi.org/10.1016/j.jacc.2014.12.018
https://doi.org/10.1177/1536867x0200200408
https://doi.org/10.1177/1536867x0200200408
https://doi.org/10.1002/sim.1802
https://doi.org/10.1177/1536867x1401400403
https://doi.org/10.1177/1536867x1401400403
https://doi.org/10.1016/j.ijrobp.2018.05.066
https://doi.org/10.1007/s10741-018-9731-y
https://doi.org/10.1007/s10741-018-9731-y
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0100
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0100
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0100
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0100
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0105
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0105
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0105
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0115
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0115
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0120
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0120
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0120
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0120
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0125
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0125
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0125
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0125
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0130
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0130
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0130
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0135
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0135
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0135
http://refhub.elsevier.com/S2405-6308(23)00085-X/h0135

	External validation of Cardiac disease, Hypertension, and Logarithmic Left anterior descending coronary artery radiation do ...
	Introduction
	Patients and methods
	Statistical Analysis
	External validation of CHyLL in MACE prediction
	CHyLL calibration
	CHyLL groups performance

	Results
	Discussion
	Data sharing statement
	Funding
	Funding sources
	Declaration of Competing Interest
	References


