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Purpose: Mean heart dose (MHD) over 10 Gy and left anterior descending (LAD) coronary artery volume (V) receiving
15 Gy (V15Gy) greater than 10% can significantly increase the risk of major adverse cardiac events (MACE) in patients
with non-small cell lung cancer (NSCLC). We sought to characterize the discordance between MHD and LAD dose and the
association of this classification on the risk of MACE after radiation therapy.

Methods and Materials: The coefficient of determination for MHD and LAD V15Gy was calculated in this retrospective analysis
of 701 patients with locally advanced NSCLC treated with radiation therapy. Four groups were defined on the basis of high or low
MHD (>10 Gy vs <10 Gy) and LAD V15Gy (>10% vs <10%). MACE (unstable angina, heart failure, myocardial infarction, cor-
onary revascularization, and cardiac death) cumulative incidence was estimated, and Fine and Gray regressions were performed.
Results: The proportion of variance in LAD V15Gy predictable from MHD was only 54.5% (R* = 0.545). There was discor-
dance (where MHD was high [>10 Gy] and LAD low [V15Gy < 10%], or vice versa) in 23.1% of patients (n= 162). Two-
year MACE estimates were 4.2% (MHD"&"/LAD'Y), 7.6% (MHD"&"/LAD"2") 1.8% (MHD"““/LAD""), and 13.0%

Corresponding author: Raymond Mak, MD; E-mail: rmak @partners.org and consulting fees from Takeda Oncology. R.H.M. serves on a scientific
Disclosures: D.B. reports consulting fees from Agios Pharmaceuticals. advisory board for AstraZeneca, reports honoraria from NewRT and a
C.W. reports research grants (via his institution) from Varian Medical Sys- research grant from and ViewRay, and serves on a medical advisory board
tems. H.A. reports consulting fees from Sphera and Genospace. U.H. for ViewRay.
reports research grants (via his institution) from Medimmune, Kowa, and Research data are not available at this time.

HeartFlow. A.N. reports a research grant from Amgen (via her institution)

Int J Radiation Oncol Biol Phys, Vol. 110, No. 5, pp. 1473—1479, 2021

0360-3016/$ - see front matter © 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

https://doi.org/10.1016/j.ijrobp.2021.03.005


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijrobp.2021.03.005&domain=pdf
mailto:rmak@partners.org
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ijrobp.2021.03.005
http://www.redjournal.org

1474 Atkins et al.

International Journal of Radiation Oncology ® Biology ® Physics

(MHD'"*“/LAD"€") Adjusting for pre-existing coronary heart disease and other prognostic factors, MHD"£"/LAD'" (subdis-
tribution hazard ratio [SHR], 0.34; 95% CI, 0.13-0.93; P =.036) and MHD'"*Y/LAD'"" (SHR, 0.24; 95% CI, 0.10-0.53; P <

.001) were associated with a significantly reduced risk of MACE.

Conclusions: MHD is insufficient to predict LAD V15Gy with confidence. When MHD and LAD V15Gy dose exposure is
discordant, isolated low LAD V15Gy significantly reduces the risk of MACE in patients with locally advanced NSCLC after
radiation therapy, suggesting that the validity of whole heart metrics for optimally predicting cardiac events should be reas-
sessed. © 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

Radiation therapy (RT) in patients with locally advanced
non-small cell lung cancer (LA-NSCLC) is associated
with increased risk of major adverse cardiac events
(MACE).'” However, the majority of NSCLC cardiac tox-
icity studies analyzed radiation exposure to the whole
heart, using dosimetric variables such as mean heart dose
(MHD). Despite the significant association between MHD
and increased risk of MACE in patients with LA-NSCLC,?
MHD is a poor surrogate for coronary artery dose,”’
thereby limiting precise correlation of cardiac substruc-
ture injury with pathophysiologically relevant toxicity
(eg, coronary injury with ischemic events).

In a recent report using comprehensive sensitivity and cut-
point analyses and accounting for baseline cardiac risk, we
observed that left anterior descending (LAD) coronary artery
volume receiving 15 Gy (V15Gy) is most predictive of
MACE compared with whole heart and other cardiac substruc-
ture dose variables and is an independent predictor of MACE
in patients with LA-NSCLC.® Given that MHD remains the
most commonly used dose metric in national RT guidelines,
yet is a poor surrogate for LAD dose, we sought to characterize
the discordance between MHD and LAD dose and the associa-
tion of this classification with the risk of MACE after RT.

Methods and Materials

This retrospective analysis includes 701 consecutive patients
with LA-NSCLC treated with thoracic RT at Brigham and
Women’s Hospital/Dana-Farber Cancer Institute between
December 2003 and January 2014.*° Eligible patients
included those with 2010 American Joint Commission on
Cancer clinical stage II (medically inoperable or unresectable)
or stage III disease treated with thoracic RT using 3-dimen-
sional or intensity modulated RT techniques. The analysis
excluded patients with metastatic disease at presentation and
those who underwent stereotactic body RT. Patients received
definitive concurrent chemoradiation therapy, neoadjuvant RT
or chemoradiation therapy, or adjuvant RT or chemoradiation
therapy. This study was approved by the Dana-Farber/Harvard
Cancer Center Institutional Review Board.

Cardiac substructures were segmented manually’ (8-mm
brush size for coronary arteries) in MIM (MIM Software
Inc, Cleveland, OH), as described previously.® Four groups

were defined on the basis of recent work, specifically high
and low MHD (>10 Gy vs <10 Gy)’ and LAD V15Gy
(>10% vs <10%).° Discordance was defined as occurring
when MHD was high and LAD V15Gy was low (or vice
versa). MACE data (cardiac death, unstable angina, myocar-
dial infarction, heart failure hospitalization or urgent visit,
coronary revascularization, cardiac death)8 were collected
via in-depth manual medical record review.”°

The correlation between MHD and LAD VI15Gy was
assessed using the Pearson correlation coefficient, whereas the
coefficient of determination (R?) was calculated to assess the
proportion of variance in LAD V15Gy predictable from MHD
(R* > 0.70 was considered sufficient for prediction). The cumu-
lative incidence of MACE was estimated, and Fine and Gray
regressions were performed,” adjusting for noncardiac death as
a competing risk.'’ A 2-sided P < 0.05 was considered statisti-
cally significant. Stata (version 15.1; StataCorp LLC, College
Station, TX) statistical software was used for all analyses.

Results

Characteristics of the 701-patient cohort have been reported
previously.” By dosimetric group, patients with MHD"&"/
LAD"&" and MHD'*"/LAD"" were more likely to be male
(57.6% and 58.7%, respectively) and have pre-existing coro-
nary artery disease (32.4% and 36.5%, respectively) versus
those with MHD""/LAD'" and MHD'*/LAD"" (41.4%
and 43.5% male, respectively, P=.001; 29.3% and 21.7%
coronary artery disease, respectively, P=.03; Table 1).
Patients with MHD"2"/LAD™" had the highest frequency of
stage IIIB disease (39.2%; P =.02). Patients with low LAD
dose (MHD"€"/LLAD'" or MHD'**/LAD'*") had significantly
higher rates of right-sided tumors (86.9% and 67.4%, respec-
tively) than those with high LAD dose (MHD"&"/LAD"" or
MHD"*/LAD"€";, 43.7% and 25.4%, respectively; P < .001).

There was a positive correlation between MHD and LAD
VI15Gy (r=0.74; P < .0001); however, the proportion of var-
iance in LAD V15Gy explained by MHD was only 54.5%,
which is insufficient for prediction (R* = 0.545; Fig. 1). There
was discordance between MHD and LAD (where MHD was
high and LAD low, or vice versa) in 23.1% of patients
(n=162), including 14.1% (n=99) with MHD"&"/LAD""
and 9.0% (n = 63) with MHD"**/LAD"",

The overall median follow-up was 20.4 months (inter-
quartile range [IQR], 8.2-44.6 months) and 47.8 months in
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Table 1  Patient and treatment characteristics by dosimetric group

MHD/LAD Concordant MHD/LAD Discordant
MHD"€LAD"&"  MHD"“/LAD'Y MHD™&/LAD'Y MHD""/LAD"&"
(n=309) (n=230) (n=99) (n=63) P value
Median age (IQR), y 64.0 (57.0—-72.0) 67.0 (57.0-74.0) 64.0 (57.0-71.0) 62.0 (53.0-72.0) .18
Sex, n (%)

Female 131 (42.4) 130 (56.5) 58 (58.6) 26 (41.3)

Male 178 (57.6) 100 (43.5) 41 (41.4) 37 (58.7) .001
ECOG performance, n (%)

0-1 278 (90.0) 193 (83.9) 92 (92.3) 53 (84.1)

2 23 (7.4) 31 (13.5) 5(5.1) 8 (12.7)

3-4 8 (2.6) 6(2.6) 2 (2.0) 2(3.2) 17
Weight loss, (%) 106 (34.3) 76 (33.0) 25 (25.3) 17 (26.9) .30
Tobacco use, n (%)

Never 22 (7.1) 19 (8.3) 10 (10.1) 5(7.9)

Current 121 (39.2) 98 (42.6) 37 (37.4) 23 (36.5)

Former 166 (53.7) 113 (49.1) 52 (52.5) 35 (55.6) .88

Median pack-years (IQR) 45.0 (30.0-60.0) 40.0 (29.3—60.0)  40.0 (30.0—55.0) 50.0 (30.0—88.0) .06
Medical history, n (%)

Hypertension 164 (53.1) 116 (50.4) 49 (49.5) 33 (52.4) .90

Hyperlipidemia 156 (50.5) 98 (42.6) 57 (57.9) 30 (47.6) .07

Diabetes mellitus 52 (16.8) 25 (10.9) 10 (10.1) 10 (15.9) 15

DVT/PE 13 (4.2) 12 (5.2) 2 (2.0) 3(4.8) .62

Arrhythmia 43 (13.9) 33 (14.4) 15 (15.2) 8 (12.7) .98

Valvulopathy 17 (5.5) 13 (5.7) 8 (8.1) 3(4.8) 7

PVD 24 (7.8) 21 (9.1) 6 (6.1) 4(6.4) .76

Stroke 1(0.3) 6(2.6) 3(3.0) 3 (4.8) .04

CAD 100 (32.4) 50 (21.7) 29 (29.3) 23 (36.5) .03

Myocardial infarction 40 (12.9) 21 (9.1) 11 (11.1) 10 (15.9) .39

CHF 21 (6.8) 21 (9.1) 7(7.1) 9(14.3) 23
Framingham risk, N* 191 127 66 29

Median (IQR), % 16.6 (9.9-30.5) 13.5 (7.9-25.5) 14.5 (9.1-27.8) 12.7 (6.8—22.6) 17

Low (<10%), n (%) 44 (23.0) 46 (29.3) 19 (28.8) 12 (34.3)

Moderate (10%-20%), n (%) 51 (26.7) 37 (23.6) 16 (24.2) 7 (20.0)

High-risk (>20%), n (%) 96 (50.3) 74 (47.1) 31 (47.0) 16 (45.7) .79
NSCLC clinical stage, n (%)

II 26 (8.4) 34 (14.8) 8 (8.1) 10 (15.9)

IIIA 162 (52.4) 130 (56.5) 60 (60.6) 38 (60.3)

111B 121 (39.2) 66 (28.7) 31 (31.3) 15 (23.8) .02
NSCLC clinical nodal stage, n (%)

0-1 69 (22.3) 69 (30.0) 25 (25.3) 16 (25.4)

2 152 (49.2) 114 (49.6) 56 (56.7) 37 (58.7)

3 87 (28.2) 47 (20.4) 18 (18.2) 10 (15.9) .002
Tumor laterality, n (%)

Right 135 (43.7) 155 (67.4) 86 (86.9) 16 (25.4)

Left 155 (50.2) 56 (24.4) 7(7.1) 45 (71.4) <.001
Chemotherapy type, n (%)

Induction 55 (17.8) 41 (17.8) 21 (21.2) 16 (25.4) 48

Concurrent 265 (85.8) 189 (82.2) 88 (88.9) 52 (82.5) 40

Adjuvant 120 (38.8) 62 (27.0) 34 (34.3) 22 (34.9) .04
Treatment sequence, n (%)

Definitive chemoRT 193 (62.5) 120 (52.2) 61 (61.6) 31 (49.2)

Neoadjuvant chemoRT 53 (17.2) 62 (27.0) 24 (24.2) 15 (23.8)

Adjuvant RT/chemoRT 42 (13.6) 23 (10.0) 8 (8.1) 13 (20.6)

RT alone 21 (6.8) 25 (10.9) 6(6.1) 4(6.4) .02
RT technique, n (%)

3D-CRT 232 (75.1) 178 (77.4) 74 (74.8) 55 (87.3)

IMRT 77 (24.9) 52 (22.6) 25 (25.3) 8 (12.7) .20

(Continued)
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Table 1 (Continued)

MHD/LLAD Concordant MHD/LLAD Discordant
MHD"/LADMe"  MHD'"Y/LAD'Y MHD"&LAD°Y MHD"*/LAD"e"
(n=309) (n=230) (n=99) (n=63) P value
Median prescribed RT dose (IQR), Gy  66.0 (60.0—66.0) 66.0 (54.0-66.0)  60.0 (54.0-66.0)  61.2 (54.0—66.0) .09
Median dose
Heart mean (IQR), Gy 19.1 (15.4—26.4) 4.6 (2.2—6.5) 13.4(11.8—18.3) 7.8 (5.9-9.1) <.001
LAD V15 Gy, % (IQR) 43.7 (27.2—60.1) 0.0 (0.0—0.0) 2.2 (0.0-5.6) 28.0 (19.0-37.1) <.001

Abbreviations: 3D-CRT = 3-dimensional conformal radiation therapy; CAD = coronary artery disease; CHD = coronary heart disease; chemoRT = che-
moradiation therapy; CHF = congestive heart failure; DVT = deep venous thrombosis; ECOG = Eastern Cooperative Oncology Group; IMRT = intensity
modulated radiation therapy; IQR = interquartile range; NSCLC = non-small cell lung cancer; PE = pulmonary embolism; PVD = peripheral vascular dis-

ease; RT =radiation therapy.

* Total reflects patients without CHD.The distributions of categorical covariates were compared using the x> test, whereas continuous variables were

compared using Kruskal—Wallis test.

patients alive (IQR, 31.6-75.4 months). The 2-year cumula-
tive incidence of MACE was 5.7% (95% confidence inter-
val [CI], 4.1%-7.5%) overall and by MHD/LAD subgroup:
4.2% for MHD"E/LAD"Y (95% CI, 1.4%-9.5%), 7.6% for
MHD"#"/LAD"" (95% CI, 4.9%-10.9%), 1.8% for
MHD"Y/LAD"Y (95% CI, 0.6%-4.2%), and 13.0% for
MHD'*Y/LAD"" (95% CI, 6.1%-22.6%; Fig. 2).

Adjusting for age, history of hypertension, diabetes, pre-
existing coronary heart disease, and intensity modulated
RT use, only the dosimetric groups with low LAD dose
were associated with significantly reduced risk of major
adverse cardiac events, specifically MHD"£"/LAD'" (sub-
distribution hazard ratio, 0.34; 95% CI, 0.13-0.93; P =.036)
and MHD'®"/LAD™Y (subdistribution hazard ratio, 0.24;
95% CI, 0.10-0.53; P <.001; Table 2).

Discussion

We observed that MHD is insufficient to predict LAD
V15Gy with confidence and that isolated low LAD V15Gy

Ch y = 7.2886 + .27553x

50

20

Mean Heart Dose (MHD), Gy
30

MHD-high / LAD-low
MHD-high / LAD-high
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MACE Cumulative Incidence
1

L’_'H—'_'_'—'_r
0 -
0 1 2 3 4
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Fig. 2. Cumulative incidence of MACE by dosimetric

group: MHDME/LAD'™ (P=.009), MHD"e"/LAD""
(P=.14), MHD'"*/LAD"" (P < .001), and MHD'"**/LAD-
high (p = NA, reference). Abbreviations: LAD = left anterior
descending coronary artery; MACE = major adverse cardiac
event; MHD = mean heart dose.

R?=54.5%

n=701 RMSE = 6.71107

50 60 70 80 90 100

Left Anterior Descending (LAD) V15 Gy, %

Fig. 1.
RMSE = root mean square error.

Relationship between mean heart dose and left anterior descending coronary artery dose (V15Gy). Abbreviation:
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Table 2 Competing risks regression analysis for major adverse cardiac events
Univariable Multivariable

Covariable No. of patients No. of MACE HR (95% CI) P value SHR (95% CI) P value
Age 701 70 1.03 (1.01—1.05) .014 1.01 (0.98—1.03) .56
Sex

Female 345 33 1.0 (Reference) — —

Male 356 37 1.11 (0.70—1.77) .67
ECOG PS

0-1 616 62 1.0 (Reference)

2-4 85 8 0.93 (0.44—1.94) .84
Smoking

Never 56 4 1.0 (Reference)

Current 279 22 1.11 (0.38—3.23) .85

Former 366 44 1.73 (0.62—4.85) .30
Overall stage

II 78 11 1.0 (Reference)

11T 623 59 0.67 (0.36—1.27) 22
Nodal stage

0-1 179 20 1.0 (Reference)

>2 521 50 0.83 (0.50—1.39) 48
Tumor laterality

Right 179 35 1.0 (Reference)

Left 521 30 1.35 (0.83—2.19) 23
Hypertension 362 55 3.61 (2.05—6.36) <.001 2.65 (1.49—4.74) .001
Hyperlipidemia 341 37 1.19 (0.75—1.90) 46 — —
Diabetes 97 17 2.09 (1.21-3.59) .008 1.12 (0.62—2.02) 72
CHD 252 46 3.68 (2.26—6.02) <.001 2.46 (1.43—4.23) .001
RT/chemoRT

Definitive 461 47 1.0 (Reference)

Neoadj./ad]. 240 23 0.95 (0.58—1.55) .83
Chemotherapy 659 66 1.01 (0.37—2.78) .98
RT technique

3D-CRT 539 63 1.0 (Reference) 1.0 (Reference)

IMRT 162 7 0.38 (0.17—0.83) .015 0.40 (0.18—0.88) .023
MHD/LAD dose group

MHD'"Y/LAD"¢" 63 13 1.0 (Reference) 1.0 (Reference)

MHD" €% AD"" 99 6 0.28 (0.10—0.73) .009 0.34 (0.13—0.93) 036

MHD"'g"/ AD"e" 309 40 0.62 (0.33—1.16) 14 0.66 (0.35—1.24) 20

MHD™*Y/LAD"" 230 11 0.21 (0.10—0.47) <.001 0.24 (0.10—0.53) <.001

Abbreviations: adj. = adjuvant; 3D-CRT = 3-dimensional conformal radiation therapy; CHD = coronary heart disease; chemoRT = chemoradiation ther-
apy; HR =hazard ratio; IMRT = intensity modulated radiation therapy; LAD = left anterior descending coronary artery; MACE = major adverse cardiac
event; neoadj. = neoadjuvant; RT = radiation therapy; SHR = subdistribution hazard ratio.

is associated with a significantly reduced risk of MACE in
patients with locally advanced NSCLC after RT. The cut-
points used for MHD and LAD are based on prior work
demonstrating that MHD >10 Gy and LAD V15Gy >10%
are independent predictors of MACE. Specifically, MHD
<10 Gy correlates with 2-year MACE estimates of 1% and
10% in patients without or with pre-existing coronary heart
disease,” whereas LAD V15Gy <10% correlates with 1-year
MACE estimates of 0% and 5%, respectively.®

Cardiac event outcomes and individual cardiac substruc-
ture segmentation are laborious to collect and have pre-
cluded consistent and large-scale reporting. Before the
previous report,® there was limited data describing cardiac
event endpoints. These studies have been hampered by
small sample sizes (<250 patients), limited numbers of

cardiac events, and inconsistent assessment of baseline car-
diac risk.”'"""? Other studies have evaluated cardiac sub-
structure dosimetry associated with survival. A recent
secondary analysis of RTOG 0617 identified atrium, peri-
cardium, and ventricle doses associated with survival'*;
however, coronary arteries were not analyzed, and there
was no assessment of baseline cardiac risk or cardiac
events. McWilliam et al used a noncontouring method
matching 1161 patients to 5 template anatomies, identifying
right atrium and right coronary artery doses associated with
survival, although this study also lacked assessment of car-
diac events or baseline cardiac risk.'” These studies illus-
trate the importance of the toxicity endpoints used, the
specificity of the cardiac structures contoured, and whether
baseline cardiac risk was assessed. The latter is essential for
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Original

Fig. 3.

Structure

LAD V15 Gy

Lungs
minus iGTV:
V5 Gy 59.1%
V20 Gy 21.2%

Mean 12.6 Gy

PTV V95% 100.0%

Structure

LAD V15 Gy

Lungs

minus iGTV:
V5 Gy
V20 Gy
Mean

PTV V95% 100.0%

Example of treatment plan optimization with dose color wash lower threshold of 15 Gy in (A) an original plan (LAD

V15Gy, 61.7%) and (B) an LAD-optimized plan with LAD V15Gy of 7.9%. Abbreviations: iGTV = internal gross tumor vol-
ume; LAD = left anterior descending coronary artery; MHD = mean heart dose; PTV = planning target volume.

estimating cardiac toxicity risk, given the high prevalence
of baseline cardiovascular disease'® and its known interac-
tion with heart dose.”

Potential limitations include the retrospective nature
of this study; therefore, captured cardiac events might
underrepresent true MACE rates. We limited our analysis
to LAD V15Gy based on recent work®: however, it is
likely that additional dosimetric predictors are also sig-
nificant. Furthermore, the extent of concordance or dis-
cordance may be inherent to the treatment techniques
used in this cohort, and intentionally limiting LAD dose
could result in a larger proportion of patients with favor-
able coronary metrics. For instance, an example patient
with an initial RT plan demonstrating LAD V15Gy of
61.7% was replanned with LAD V15Gy optimization
(reduced to 7.9%) with remaining dose-volume metrics
grossly unchanged (Fig. 3).

Conclusion

We observed that MHD is not sufficient to predict LAD
V15Gy with confidence and that isolated low LAD V15Gy
significantly reduces the risk of MACE. These findings fur-
ther question the validity of continued use of whole heart
metrics to predict cardiac toxicity and similarly question the
reliance on MHD constraints in guidelines and clinical trials.
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