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Abstract

Purpose: Electrocardiogram-gated computed tomography with coronary angiography

can be used for cardiac substructure sparing (CSS) optimization, which identifies and

improves avoidance of cardiac substructures when treating with intensity modulated

radiotherapy (IMRT). We investigated whether intensity modulated proton therapy

(IMPT) would further reduce dose to cardiac substructures for patients with mediastinal

lymphoma.

Patients and Methods: Twenty-one patients with mediastinal lymphoma were enrolled

and underwent electrocardiogram-gated computed tomography angiography during or

shortly after simulation for radiotherapy planning. Thirteen patients with delineated

cardiac substructures underwent comparative planning with both IMPT and IMRT. Plans

were normalized for equivalent (95%) target volume coverage for treatment comparison.

Results: Thirteen patients met criteria for this study. The median size of the mediastinal

lymphadenopathy was 7.9 cm at the greatest diameter. Compared with IMRT-CSS,

IMPT-CSS significantly reduced mean dose to all cardiac substructures, including 3

coronary arteries and 4 cardiac valves. Use of IMPT significantly reduced average

whole-heart dose from 9.6 to 4.9 Gy (P , .0001), and average mean lung dose was 9.7

vs 5.8 Gy (P , .0001). Prospectively defined clinically meaningful improvement was

observed in at least 1 coronary artery in 9 patients (69%), at least 1 cardiac valve in 10

patients (77%), and whole heart in all 13 patients.

Conclusions: For patients with mediastinal lymphoma, IMPT-CSS treatment planning

significantly reduced radiation dose to cardiac substructures. The significant improve-

ments outlined in this study for proton therapy suggest possible clinical improvement in

alignment with previous analyses of CSS optimization.

Keywords: cardiac substructure sparing; mediastinal lymphoma; protons; cardio-oncology;

IMPT
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Introduction
Early-stage lymphoma has .90% cure rates with chemoradiation therapy [1]. Radiation therapy (RT) serves as the single

most effective modality for local disease control [2–4]. However, conventional RT has been associated with long-term cardiac

toxicities and secondary malignancies [5–11]. Cardiac radiation is associated with a sixfold increased risk of heart failure,

myocardial infarction, and valvular heart disease compared with nonirradiated survivors [10, 12–15]. Heart failure risk is RT

dose dependent with significant risk occurring with .20 Gy dose to the heart [16]. This may explain observed oncologist

biases toward RT omission in Hodgkin lymphoma (HL) treatment [17–19]. This is alarming considering that RT omission

comes at the cost of reduced outcomes [2–4]. Therefore, advancements in RT delivery are imperative to reduce long-term

cardiac valvular disease, morbidity, and mortality, while also maintaining survival outcomes.

Mean heart dose (MHD) and left ventricular dose have been traditionally used to study the relationship between mediastinal

radiation and late cardiac disease effects [5, 20–22], with a linear increased risk of a major coronary event with MHD and

relative risk increase of 7% per gray [22]. Recent data suggest that cardiac substructure dose predicts cardiovascular disease

risk [23–25]. Risk of coronary artery stenosis was found to increase by 4.9% per gray to the coronary artery segment. These

studies demonstrated a lack of correlation between mean coronary artery dose and MHD, suggesting that MHD is not an

optimal surrogate for coronary artery dose exposure.

Conventional RT treatment planning includes computed tomography (CT) scanning for tumor localization [26]. However,

dynamic movement through the cardiac and respiratory cycles presents challenges [27]. Recent work highlighted the feasibility

and benefit of electrocardiogram (ECG)–gated CT angiography to generate an intensity-modulated radiotherapy (IMRT) with

cardiac substructure sparing (CSS) optimization (IMRT-CSS) treatment plan [28, 29]. This technique resulted in modest

reduction of dose to cardiac substructures compared with IMRT alone.

Use of IMRT may deposit x-rays into normal tissues, which may increase the risk of developing heart disease [10]. Intensity-

modulated proton therapy (IMPT) offers superior targeting with normal tissue sparing [30, 31]. Pencil beam scanning proton

therapy provides excellent coverage and local control while reducing dose to organs at risk (OARs) for patients with

mediastinal HL [32]. Given the promising data with CSS optimization and the opening of our institution’s proton therapy center

in June 2015, we began to enroll patients that we intended to treat with IMPT. Our goal was to investigate the benefit of ECG-

gated CT angiography with proton treatment planning. Here we outline our experiences comparing CSS optimization with both

x-rays and protons for mediastinal lymphoma.

Materials and Methods

Patients Enrollment

Criteria for patient eligibility has been previously described [28]. Patients with biopsy proven mediastinal disease (HL or

non-HL) were prospectively enrolled in an institutional review board–approved study. Exclusion criteria included pregnancy

and/or severe renal insufficiency ,defined as a serum creatinine .1.9 mg/dL. Informed consent or assent was obtained

from all patients or guardians. Clinical staging was based on Lugano modified Ann Arbor staging [33]. All patients

underwent initial staging with fludeoxyglucose-18 positron emission tomography–CT. The decision to treat patients with

proton versus x-rays was left to the discretion of the treating physician, but ultimately influenced by the patient’s insurance

coverage.

Simulation and Imaging Protocol

Details of patient simulation were outlined previously [28, 29, 34]. Briefly, all patients were imaged (Siemens Definition AS64,

Siemens, Malvern, Pennsylvania) using a deep inspiration breath-hold (DIBH) and ECG-gated CT angiography in the

treatment position. During simulation, 2 breath-hold scans were acquired with a slice thickness of 1.5 mm. A single slice was

acquired 2 mm below the carina. This image was used to set a region of interest (ROI) in the ascending aorta. Next, 65 mL of

iodinated contrast at 5 mL/s followed by 40 mL of saline at 5 mL/s was administered. After a 7-second scan delay, single

images were acquired in 1-second intervals at the level of the ROI. The CT scanner monitors the average Hounsfield unit (HU)

within the ROI and above 140 HU (a user-set threshold); the angiogram images were automatically acquired using a rotation

time of 0.3 seconds. The Varian Real-time Position Management (RPM; Varian Medical Systems, Palo Alto, California)

respiratory gating system and DIBH were used to immobilize the lungs and chest. While the cardiac data are initially broken

up into 20 bins, only the best systolic and best diastolic phases are reconstructed based on automated Siemens software that
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uses the phase that best aligns with the tail end of the T wave from the patient’s ECG data. Thus, only the best systolic and

diastolic phases were reconstructed at 1.5-mm slice thickness, which Siemens automatically selects. Immediately after the

angiogram, while contrast is still circulating, a breath-hold image set was acquired. Immobilization was fabricated and

customized during simulation.

Target and OAR Delineation

All contouring was completed on the standard, noncontrast CT scan from simulation. Target volumes were defined using

standard involved-site radiotherapy principles [4, 35). Standard OARs, including the heart as a singular structure, were also

defined. Eight total cardiac substructures were captured—3 coronary arteries (left anterior descending [LAD], left circumflex

[LCX], right coronary [RCA] arteries), 4 cardiac valves (aortic [AV], pulmonic [PV], mitral [MV], and tricuspid [TV] valves), and

left ventricle (LV)—while whole heart and lungs were contoured separately. Each structure was contoured in systole and

diastole, reviewed throughout the cardiac cycle, and combined to form a single OAR planning organ at risk volume (PRV) to

account for cardiac motion. All subsequent structure dose reporting is in reference to the 4-dimensional OAR PRV.

Treatment Planning

Three plans (IMRT, IMRT-CSS, and IMPT-CSS) were generated using Eclipse planning software (Varian Inc, Palo Alto,

California) [28, 29]. Our previous work compared IMRT with and without CSS optimization. In that report we confirmed the

feasibility of this technique and found that CSS-optimized IMRT plans resulted in superior OAR sparing without

compromising target coverage. As it was expected that, similar to our previous findings with IMRT, IMPT with CSS sparing

would similarly result in superior OAR sparing without compromising target coverage, IMPT plans without CSS sparing were

not generated. Briefly, the cardiac substructure sparing plans (IMRT-CSS and IMPT-CSS) used ECG-gated CT angiography

images. The IMRT alone plans were optimized with the same target coverage normalization. Our primary treatment planning

objectives were to (1) keep the mean dose per structure less than 15 Gy and (2) ensure that 100% of the prescription dose

was covering at least 95% of the target volume. Secondary objectives were to keep maximum doses and least dose the

hottest 0.03 cm3 receives less than 15 Gy. Clinically meaningful improvement benchmarks were prospectively defined

based on current literature that identified radiation dose ranges associated with increased cardiac valvular disease and

coronary artery disease [10, 15, 16, 23–25): percent of volume of coronary arteries receiving 15–25 Gy improvement .10%

and/or percent of volume of coronary arteries receiving at least 30 Gy (V30Gy) improvement .5%; volume of cardiac valves

receiving at least 20-30 Gy (V20-30) improvement of .10%; and MHD improvement �1 Gy. All plans were reviewed and

ultimately selected solely at the discretion of the treating physician. The radiation treatment itself was not gated and

occurred throughout the cardiac cycle.

Statistical Analyses

Statistical analysis was performed using GraphPad Prism v8.0 (GraphPad Software, Palo Alto, California). All dose

parameters for each of the 10 structures of interest from IMRT-CSS and IMPT-CSS were compared by nonparametric 2-tailed

paired t-test for statistical significance (P , .05), with the alternative hypothesis being that there is a nonzero difference. Due

to expected dose differences based on adenopathy site, each vessel was analyzed independently.

Results

Characteristics of Patients, Lymphomas, and Treatments

Patient, disease, and treatment characteristics are outlined in Table 1. Thirteen patients with biopsy-proven lymphoma and

planned mediastinal RT who were prospectively enrolled in our imaging trial underwent retrospective comparison of IMRT-

CSS and IMPT-CSS treatment planning. Patient age range at time of diagnosis was 14–53 years. Patient disease was staged

between IIA and IVB and classified as HL (n ¼ 11) or diffuse large B cell lymphoma (n ¼ 2). Over two-thirds (69%) of the

patients had �9 cm mediastinal adenopathy. Median prescription dose and fractionation were 30 Gy (range, 21–30 Gy) in 15

fractions (range, 14–15 fractions). All of the patients ultimately used the CSS optimization plan. The use of proton versus x-ray

therapy was left to the discretion of the treating physician but was generally influenced by individual patient insurance

coverage.
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Table 1. Patient, lymphoma type, and treatment characteristics.

Characteristic No. of patients (%) (n ¼ 13)

Patient

Median follow-up (range) 2.4 (0.4–3.9)

Age at diagnosis (y)

,18 5 (38)

18–25 4 (31)

.18 4 (31)

Sex

Female 6 (46)

Male 7 (54)

ECOG

0 10 (77)

1 3 (23)

Primary disease

Lymphoma type

Hodgkin 11 (85)

Non-Hodgkin (DLBCL) 2 (15)

Ann Arbor Stage

IIA 4 (31)

IIB 6 (46)

IVA 1 (8)

IVB 2 (15)

Staging tests

PET/CT 13 (100)

Bone marrow biopsy 12 (92)

Mediastinal mass

,5 cm 2 (15)

5–10 cm 5 (38)

.10 6 (46)

No. of sites

2 2 (15)

3 3 (23)

4 or more 8 (62)

Extranodal disease sites

0 10 (77)

1 1 (8)

2 2 (15)

Prognosis

Favorable 3 (23)

Unfavorable 3 (23)

Advanced 7 (54)

Treatment

Initial therapy

ABVD (2–4 cycles) 4 (31)

ABVD (6 cycles) 4 (31)

ABVE-PC (4 cycles) 2 (15)

BEACOPP 2 (15)

R-CHOP 1 (8)

Deauville

1 6 (46)

2 4 (31)

3 1 (8)

Not scored 2 (15)
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General Doses Delivered for Treatments

Representative images of color-wash dose distributions for each of the 3 treatment plans (IMRT, IMRT-CSS, and IMPT-CSS)

are displayed in Figure 1. Both coronary arteries and cardiac valves revealed trends toward sparing radiation dose with the

use of IMPT treatment planning with CSS optimization. Threshold was set at a minimum of 15 Gy and a maximum of 32 Gy

(shown on colorimetric scale). Figure 2 summarizes the average radiation dose to volume histograms (DVHs) for each of the

10 structures of interest. Tables 2, 3, and 4 show the specific DVH parameters assessed for standard OAR, coronary arteries,

and cardiac valves, respectively.

IMRT-CSS Versus IMPT-CSS Radiation Exposure to Standard OARs

Table 2 and Supplemental Figure S1 show the comparison of DVH parameters for the whole heart, LV, and total lung

between IMRT-CSS and IMPT-CSS treatment plans. Nearly all whole-heart and LV DVH parameters assessed showed an

improvement with IMPT-CSS. Overall, the mean dose to the whole heart, LV, and total lung was significantly lower with IMPT

for all DVH parameters assessed. IMPT-CSS reduced MHD (median, 4.9 vs 9.6 Gy), mean LV dose (median, 1.1 vs 6.6 Gy),

and mean total lung dose (median, 5.8 vs 9.7 Gy) compared with IMRT-CSS. The IMPT-CSS treatment plan had a significantly

improved volume of whole heart receiving at least 15 Gy, 20 Gy, and 25 Gy (V15Gy, V20Gy, and V25Gy). Similarly, the MPT-

CSS treatment plan showed significantly improved volume of LV receiving at least 15 and 20 Gy (V15Gy and V20Gy)

compared with IMRT-CSS. Clinically meaningful improvement with use of IMPT-CSS for MHD was achieved in 100% of

patients, shown in Supplemental Figure S2.

Figure 1. IMRT, IMRT-CSS, and IMPT-CSS treatment plans for

patients with HL. IMPT-CSS treatment planning reduces volume of

cardiac substructures receiving 15 Gy (V15Gy) exposure to both

coronary arteries (eg, left anterior descending artery) and cardiac

valves (eg, aortic valve) compared with IMRT-CSS treatment

planning in representative patients with HL. Color-wash dose

distribution scale shows doses 15–32 Gy. All structures are PRVs

based on 4-dimensional ECT-gated CT cardiac anatomy to account

for motion of the structures. Abbreviations: CSS, cardiac substructure

sparing; CT, computed tomography; ECG, electrocardiogram; HL,

Hodgkin lymphoma; IMPT, intensity-modulated proton therapy;

IMRT, intensity-modulated radiation therapy; PRV, planning organ at

risk volume.

Table 1. Continued.

Characteristic No. of patients (%) (n ¼ 13)

Radiation modality

IMRT 4 (31)

IMPT 9 (69)

Deep inspiratory breath hold

Completed 11 (84)

Unable to complete 1 (8)

Missing information 1 (8)

Dose and fractionation

Median (Gy)/fractions 30/15

Range (Gy) 21–30

Plan used for treatment

Cardiac substructure sparing 13 (100)

Abbreviations: ABVD, adriamycin, bleomycin, vinblastine, and dacarbazine; ABVE-PC, doxorubicin, bleomycin, vincristine,

etoposide, prednisone, and cyclophosphamide. BEACOPP, bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine,

procarbazine, prednisone; DLBCL, diffuse large B-cell lymphoma; ECOG, Eastern Cooperative Oncology Group; PET/CT,

positron emission tomography/computed tomography; IMPT, intensity modulated proton therapy; IMRT, intensity modulated

radiation therapy; R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone.
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IMRT-CSS Versus IMPT-CSS Radiation Exposure to Coronary Arteries

Table 3 and Supplemental Figure S3 show the comparison of radiation exposure to 3 coronary arteries (LAD, LCX, and

RCA) between IMRT-CSS versus IMPT-CSS treatment plans. Overall, the mean dose to all 3 coronary arteries was

significantly lower with IMPT for all DVH parameters assessed. Compared with IMRT-CSS, IMPT-CSS had an average mean

dose improvement for LAD, LCX, and RCA of 4.7 Gy, 4.0 Gy, and 4.0 Gy, respectively. The average improvement with IMPT-

CSS for LAD, LCX, and RCA receiving at least 15 Gy (V15Gy) was 12.8%, 7.0%, and 10.3%, respectively. The number of

patients who achieved clinically meaningful improvement for LAD, LCX, and RCA were 6 (46%), 5 (38%), and 6 (46%),

respectively, as shown in Supplemental Figure S2. Nine patients (69%) had .10% improvement in at least 1 coronary artery

for the V15-30Gy DVH parameters. Four patients had an LAD V15Gy improvement with IMPT-CSS .10% (range, 10.7%–

66.0%). Only t2 patients showed an increased dose of more than 1% to a single coronary artery with IMPT-CSS relative to

IMRT-CSS (2.9% to the LCX and 1.2% to the LAD).

IMRT-CSS Versus IMPT-CSS Radiation Exposure to Cardiac Valves

Table 4 and Supplemental Figure S4 show the comparison of radiation exposure to the 4 cardiac valves (TV, PV, MV, and

AV) using IMRT-CSS versus IMPT-CSS treatment plans. Overall, the mean dose to all 4 cardiac valves was significantly lower

with IMPT for all DVH parameters assessed. The average mean dose improvement of IMPT-CSS compared with IMRT-CSS

for AV, MV, PV, and TV were 7.3 Gy, 6.6 Gy, 5.2 Gy, and 5.8 Gy, respectively. The average improvement with IMPT-CSS over

IMRT-CSS for the volume of AV, MV, PV, and TV receiving at least 20 Gy (V20Gy) was 16.3%, 7.4%, 14.5%, and 15.1%,

respectively. The number of patients who achieved clinically meaningful improvement for AV, MV, PV, and TV were 9 (69%), 6

(46%), 9 (69%), and 3 (23%), respectively as shown in Supplemental Figure S2. Aortic and pulmonary valves had significant

improvement with IMPT-CSS at the V20Gy and V25Gy DVH parameters. Ten patients (77%) had .10% of V20Gy with IMPT-

CSS in at least 1 valve, half of which had .10% improvements in 3 of 4 valves. One patient did have an increase in the aortic

valve V30Gy by 10.6% with IMPT, and no significant benefit for the other valves with IMPT.

Discussion
The present study demonstrates the utility of combining our ECG-gated CT angiography derived CSS optimization with proton

therapy (IMPT-CSS) to reduce dose to heart and cardiac substructures. Our CSS optimization addresses the challenge of

Figure 2. Mean DVHs for 10

structures for 3 types of

treatment plans. Overall DVH

curves for percent structure

volume per given dose 0–30

Gy (V0-30Gy) of IMRT, IMRT-

CSS, and IMPT-CSS. All

structures are PRVs based on

4-dimrnsional ECT-gated CT

cardiac anatomy to account for

motion of the structures.

Abbreviations: CSS, cardiac

substructure sparing; CT,

computed tomography; DVH,

dose-volume histogram; ECG,

electrocardiogram; IMPT,

intensity-modulated proton

therapy; IMRT, intensity-

modulated radiation therapy;

PRV, planning organ at risk

volume.
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accounting for dynamic cardiac and respiratory cycle motion. Use of IMPT-CSS provides further dosimetric benefit across the

entire dose-volume histogram, as depicted in Figure 1. Our IMRT-CSS treatment plan provided slight benefit compared with

standard IMRT, particularly for V15Gy-V20Gy.

In this study, we focused on the higher dose range DVH parameters (V15Gy-V30Gy) due to the conventional understanding

of cardiac toxicity and radiation dose [7, 10, 15, 36]. Doses .20 Gy to the heart have been associated with an increased risk of

heart failure [16]. Among the majority of structures analyzed, the average reduction at the V15Gy with IMPT-CSS compared

with IMRT-CSS was significant but modest. However, even small dosimetric improvements are clinically relevant: a recent

predictive model for ischemic cardiac events highlighted LAD V5Gy, LCX V20Gy, and age as a model that outcompeted more

traditional models using whole-heart dose and age [37]. Further work suggested that MHD is not a proper surrogate for

predicting cardiac toxicity compared with coronary arteries [23].

In our study, average MHD was reduced from 9.6 to 4.9 Gy using IMRT-CSS and IMPT-CSS, respectively. Cardiac

substructure dose was generally reduced with CSS optimization. The LAD showed a median V5Gy of 62.9% and 20.5% for

IMRT-CSS and IMPT-CSS, respectively. Given steep dose gradients across the heart with protons, CSS optimization may

reduce high doses to cardiac substructures that may not be accounted for by the MHD parameter alone. Thus, even seemingly

small improvements in RT dose may potentially have a greater impact on reducing cardiac risk than previously appreciated.

Regarding dosimetric improvement to cardiac valves, our IMPT-CSS treatment plan outperformed the IMRT-CSS treatment

plan for nearly every dosimetric parameter, including mean structure PRV dose. Aortic and mitral valves are most commonly

reported to have involvement with long-term cardiac valvular disease [36]. Significant improvements were reported for mitral

Table 2. Radiation dose of thoracic contents with IMRT-CSS versus IMPT-CSS.

Structure PRV, parameter

IMRT-CSS IMPT-CSS
Median

difference

Mean

difference

Paired

t-test (P)Median (IQR) SD Median (IQR) SD

Heart

Mean (Gy) 9.6 (6.4–16.3) 5.5 4.9 (2.4–8.9) 3.9 –5.1 –4.8 ,.0001

Maximum (Gy) 32.7 (26.0–33.0) 4.8 32.6 (29.4–33.5) 4.1 0.3 1.1 .1492

V5Gy (%) 73.4 (32.6–85.1) 29.6 25.3 (13.6–40.9) 14.9 –32.2 –32.6 .0002

V10Gy (%) 36.4 (19.9–61.3) 21.5 19.7 (9.4–33.4) 13.9 –18.3 –17.9 .0002

V15Gy (%) 20.4 (10.8–44.3) 19.0 14.3 (6.7–28.0) 13.3 –10.0 –9.2 .0007

V20Gy (%) 12.6 (4.8–36.2) 17.7 10.3 (3.2–23.2) 12.7 –2.5 –5.8 .0108

V25Gy (%) 9.9 (0.1–29.4) 16.5 7.3 (0.3–18.8) 12.0 –1.2 –4.4 .0431

V30Gy (%) 5.3 (0.0–20.6) 13.1 4.0 (0.0–12.5) 9.6 –0.0 –2.8 .2024

Left ventricle

Mean (Gy) 6.6 (2.4–10.2) 4.6 1.1 (0.1–3.7) 2.7 –5.6 –4.4 ,.0001

Maximum (Gy) 22.0 (10.4.0–31.7) 10.7 18.9 (10.9–28.1) 10.9 –0.1 –2.4 .0851

V5Gy (%) 53.2 (7.6–78.0) 36.0 7.8 (0.3–22.0) 12.8 –34.3 –33.0 .0022

V10Gy (%) 15.1 (0.2–34.4) 18.0 1.5 (0.0–12.9) 10.2 –15.1 –12.5 .0013

V15Gy (%) 4.2 (0.0–17.6) 14.5 0.2 (0.0–8.5) 8.5 –3.7 –5.4 .0098

V20Gy (%) 0.1 (0.0–11.2) 11.9 0.0 (0.0–5.7) 6.9 0.0 –3.1 .0468

V25Gy (%) 0.0 (0.0–7.8) 9.1 0.0 (0.0–3.4) 5.3 0.0 –2.2 .0611

V30Gy (%) 0.0 (0.0–4.6) 5.6 0.0 (0.0–1.1) 3.2 0.0 –1.4 .0795

Lung

Mean (Gy) 9.7 (7.6–11.8) 2.6 5.8 (4.6–6.7) 2.5 –3.4 –3.6 .0001

Maximum (Gy) 32.7 (26.0–33.0) 4.3 33.0 (30.1–33.6) 3.9 0.5 1.2 .0942

V5Gy (%) 65.2 (51.7–77.4) 15.3 36.0 (25.2–42.2) 10.9 –26.4 –30.9 ,.0001

V10Gy (%) 41.1 (29.5–50.2) 12.2 24.0 (18.6–27.4) 9.2 –12.7 –15.1 .0003

V15Gy (%) 25.2 (15.8–28.1) 9.6 16.8 (12.3–18.9) 8.6 –2.1 –5.4 .0896

V20Gy (%) 12.2 (6.3–18.5) 8.1 10.9 (7.2–13.3) 8.4 0.0 –0.6 .7992

V25Gy (%) 8.7 (0.3–12.0) 5.9 6.4 (1.3–9.2) 7.7 0.0 0.4 .8353

V30Gy (%) 3.2 (0.0–5.1) 2.8 1.9 (0.0–3.7) 4.0 0.0 0.0 .9842

Abbreviations: CSS, cardiac substructure sparing; IMPT, intensity modulated proton therapy; IMRT, intensity modulated radiation therapy; IQR, interquartile range; PRV, planning

organ at risk volume; SD, standard deviation; VxGy , volume of coronary arteries receiving at least X Gy.
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and tricuspid valves, but not aortic or pulmonic valves [38]. In our study, mean radiation doses to all 4 valves were significantly

reduced with IMPT-CSS.

Our findings are particularly relevant given a recent report outlining changing attitudes regarding RT in the setting of HL

treatment over the past 2 decades [17]. A large analysis using the National Cancer Institute’s Surveillance, Epidemiology, and

End Results (SEER) database found an increase in RT omission for patients with HL over the most recent decades. Omission

of RT was independently associated with increased patient mortality among adolescents and young adults with HL without any

reduction of secondary malignancies. Omission of RT was due in part to cardiotoxicity. Therefore, our work, if confirmed by

others, has the possibility to decrease concerns regarding RT’s role in HL therapy by addressing cardiac toxicity outcomes of

HL survivors.

Limitations of this study include lack of comparison with IMPT performed without CSS sparing. Based on our prior work both

clinically (patients treated clinically who were not enrolled on the protocol) as well as our prior work comparing CSS-sparing

with IMRT, we felt it exceedingly unlikely that IMPT without intentional CSS-sparing would show similar or improved OAR

sparing, but there may be cases in which target volume is minimally proximal to OARs, and CSS-sparing provides little

additional benefit. In addition, although treatment was delivered with respiratory motion management, treatment was not

cardiac-gated. The PRVs for all CSSs were generated based on the 4D ECT-gated treatment planning CT to account for

cardiac motion, which resulted in a larger OAR avoidance area than if treatment were possible with cardiac gating. Despite the

large PRVs, CSS-IMPT still resulted in meaningful reductions in OAR PRV dose without compromising coverage for most

Table 3. Radiation dose to coronary arteries with IMRT-CSS versus IMPT-CSS.

Structure PRV, parameter

IMRT-CSS IMPT-CSS
Median

difference

Mean

difference

Paired

t-test (P)Median (IQR) SD Median (IQR) SD

LAD

Mean (Gy) 9.6 (7.0–16.8) 7.6 2.7 (1.8–11.6) 8.3 –3.7 –4.7 .0003

Maximum (Gy) 22.2 (14.2–31.3) 9.3 15.8 (12.5–31.6) 11.0 –1.0 –2.4 .031

V5Gy (%) 62.9 (52.4–90.2) 32.2 20.5 (11.7–50.7) 28.4 –21.5 –31.8 .0046

V10Gy (%) 43.2 (20.1–57.1) 31.0 10.0 (2.6–44.0) 29.1 –9.3 –18.8 .0245

V15Gy (%) 31.5 (0.0–53.1) 31.7 0.6 (0.0–38.3) 29.3 0.0 –12.8 .0505

V20Gy (%) 4.8 (0.0–44.7) 29.6 0.0 (0.0–33.1) 28.1 –0.4 –4.6 .0176

V25Gy (%) 0.0 (0.0–40.5) 29.6 0.0 (0.0–26.1) 26.4 0.0 –3.3 .0563

V30Gy (%) 0.0 (0.0–29.9) 26.4 0.0 (0.0–6.2) 23.8 0.0 –4.8 .0788

LCX

Mean (Gy) 11.0 (6.4–15.30) 8.2 5.8 (1.8–11.1) 8.8 –3.3 –4.0 ,.0001

Maximum (Gy) 22.1 (17.2–31.3) 8.7 22.1 (12.6–31.2) 10.3 –0.6 –2.4 .0505

V5Gy (%) 68.9 (51.8–100.0) 31.8 40.2 (12.2–64.5) 32.8 –17.8 –28.4 .004

V10Gy (%) 51.8 (11.4–81.3) 34.6 20.7 (2.9–54.5) 32.4 –9.4 –17.2 .0282

V15Gy (%) 14.8 (2.2–46.0) 32.7 6.6 (0.0–39.6) 32.3 –0.1 –7.0 .0853

V20Gy (%) 2.9 (0.0–30.4) 32.7 2.3 (0.0–23.0) 31.7 –0.2 –3.1 .0842

V25Gy (%) 0.0 (0.0–25.3) 32.3 0.0 (0.0–14.5) 30.2 –0.0 –2.9 .0614

V30Gy (%) 0.0 (0.0–16.0) 27.6 0.0 (0.0–9.8) 16.2 –0.0 –4.8 .2047

RCA

Mean (Gy) 11.5 (2.5–14.6) 8.4 3.4 (0.5–9.4) 8.0 –3.5 –4.0 .001

Maximum (Gy) 21.6 (13.2–31.7) 10.2 19.4 (8.6–31.6) 11.6 –1.0 –2.3 .0401

V5Gy (%) 57.8 (13.3–92.8) 37.8 24.8 (2.6–55.4) 32.0 –15.8 –22.1 .0089

V10Gy (%) 30.3 (6.9–77.1) 35.6 7.4 (0.4–36.3) 31.6 –6.2 –15.9 .0253

V15Gy (%) 28.4 (0.0–46.4) 34.3 0.7 (0.0–29.3) 30.3 –3.5 –10.3 .0458

V20Gy (%) 2.3 (0.0–35.4) 31.7 0.0 (0.0–23.5) 25.0 –1.9 –7.8 .0477

V25Gy (%) 0.0 (0.0–24.3) 23.9 0.0 (0.0–18.2) 22.0 0.0 –3.6 .0691

V30Gy (%) 0.0 (0.0–13.4) 17.8 0.0 (0.0–8.8) 18.3 0.0 –0.9 .2553

Abbreviations: CSS, cardiac substructure sparing; IMPT, intensity modulated proton therapy; IMRT, intensity modulated radiation therapy; IQR, interquartile range; LAD, left

anterior descending artery; LCX, left circumflex artery; PRV, planning organ at risk volume; RCA, right coronary artery; SD, standard deviation; VxGy , volume of coronary arteries

receiving at least X Gy.
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patients. Although further reductions in CSS dose may be possible with cardiac-gated treatment, current technology limitations

of prolonged beam time and patient fatigue during multiple breath-holds may make further gating impractical for most patients.

Additional limitations include the small sample size and the lack of long-term cardiac health data. The wide anatomic

variation of the heart and coronary vessels may not be accounted for in this current study given the sample size. Despite this,

our patients underwent weekly verification scans to allow for adaptive radiotherapy during each patient’s treatment to

compensate for any anatomic or tumor evolution on treatment. Furthermore, validation on an external cohort will be necessary

before definitive conclusions can be drawn regarding the efficacy of IMPT in reducing cardiac toxicity. Follow-up in larger

patient cohorts will be necessary to evaluate the actual clinical impact on long-term coronary artery disease, valvular heart

disease, and overall cardiac morbidity.

Table 4. Radiation dose to cardiac valves with IMRT-CSS versus IMPT-CSS.

Structure PRV, parameter

IMRT-CSS [%] IMPT-CSS [%]
Median

difference

Mean

difference

Paired

t-test (P)Median (IQR) SD Median (IQR) SD

AV

Mean (Gy) 17.1 (8.6–22.0) 7.0 7.4 (3.7–14.9) 5.7 –6.2 –7.3 ,.0001

Maximum (Gy) 29.0 (19.7–31.0) 6.1 28.2 (17.5–31.9) 8.4 –0.4 –1.8 .2041

V5Gy (%) 100.0 (76.0–100.0) 19.5 49.7 (25.8–78.0) 29.6 –34.8 –37.7 ,.0001

V10Gy (%) 95.6 (31.5–99.7) 36.9 30.5 (10.6–60.8) 26.0 –34.1 –38.7 .0001

V15Gy (%) 61.5 (9.1–81.2) 36.9 14.9 (1.8–46.3) 22.9 –24.7 –25.4 .0006

V20Gy (%) 33.0 (1.6–60.5) 31.3 7.6 (0.0–36.4) 17.5 –10.9 –16.3 .0055

V25Gy (%) 1.9 (0.0–40.2) 25.4 0.7 (0.0–25.0) 12.4 –1.9 –10.3 .025

V30Gy (%) 0.0 (0.0–10.4) 14.1 0.0 (0.0–6.9) 5.4 –0.0 –4.0 .2157

MV

Mean (Gy) 9.2 (7.3–15.2) 5.5 3.7 (0.7–7.2) 3.8 –4.8 –6.6 ,.0001

Maximum (Gy) 23.5 (14.3–31.0) 8.9 22.2 (9.7–31.0) 11.7 –0.6 –3.0 .0431

V5Gy (%) 85.7 (50.1–100.0) 34.3 25.4 (3.6–41.0) 25.6 –34.9 –45.4 .0003

V10Gy (%) 38.9 (17.7–83.7) 35.0 14.3 (0.1–29.5) 19.1 –20.4 –29.6 .0034

V15Gy (%) 19.2 (4.0–44.4) 23.1 7.2 (0.0–15.6) 11.4 –8.5 –14.9 .0071

V20Gy (%) 4.9 (0.0–18.7) 18.9 1.9 (0.0–7.5) 8.9 –0.8 –7.4 .0559

V25Gy (%) 0.0 (0.0–5.5) 16.3 0.0 (0.0–3.6) 6.2 0.0 –4.7 .1637

V30Gy (%) 0.0 (0.0–0.5) 7.8 0.0 (0.0–0.5) 3.3 0.0 –1.7 .1988

PV

Mean (Gy) 18.5 (9.8–28.3) 8.4 12.7 (6.5–22.2) 8.8 –4.9 –5.2 .0001

Maximum (Gy) 31.5 (22.9–32.5) 5.9 31.8 (26.6–32.6) 4.9 0.4 1.4 .1171

V5Gy (%) 100.0 (77.1–100.0) 18.9 65.3 (31.8–98.7) 31.7 –20.3 –23.6 .0063

V10Gy (%) 72.5 (42.8–100.0) 29.6 47.6 (24.7–93.1) 33.6 –15.0 –18.2 .0031

V15Gy (%) 59.0 (25.8–100.0) 35.8 39.2 (15.1–83.7) 33.4 –13.7 –15.0 .0042

V20Gy (%) 50.8 (12.8–93.6) 37.5 31.6 (10.4–67.7) 30.9 –10.9 –14.5 .0096

V25Gy (%) 44.9 (0.0–76.6) 36.1 17.5 (3.0–45.6) 28.2 –11.6 –13.1 .0198

V30Gy (%) 6.5 (0.0–52.9) 29.1 3.9 (0.0–21.2) 21.1 0.0 –11.1 .0511

TV

Mean (Gy) 7.1 (2.6–12.8) 8.1 0.3 (0.0–5.2) 5.8 –4.9 –5.8 ,.0001

Maximum (Gy) 14.8 (7.4–21.9) 9.8 4.4 (1.1–19.4) 12.4 –6.4 –5.6 .0036

V5Gy (%) 70.5 (10.8–100.0) 44.0 0.0 (0.0–37.3) 25.9 –51.5 –43.4 .0008

V10Gy (%) 23.8 (0.4–81.0) 41.2 0.0 (0.0–12.5) 21.4 –4.3 –27.3 .0166

V15Gy (%) 0.0 (0.0–16.1) 30.2 0.0 (0.0–5.8) 18.7 0.0 –7.1 .0667

V20Gy (%) 0.0 (0.0–3.1) 29.2 0.0 (0.0–2.4) 16.5 0.0 –5.1 .1751

V25Gy (%) 0.0 (0.0–0.2) 26.9 0.0 (0.0–0.6) 14.3 0.0 –4.8 .1999

V30Gy (%) 0.0 (0.0–0.0) 15.3 0.0 (0.0–0.0) 10.9 0.0 –2.4 .1838

Abbreviations: AV, aortic valve; CSS, cardiac substructure sparing; IMPT, intensity modulated proton therapy; IMRT, intensity modulated radiation therapy; IQR, interquartile range;

LV, left ventricle; MV, mitral valve; PRV, planning organ at risk volume; PV, pulmone valve; SD, standard deviation; TV, tricuspid valve; VxGy , volume of coronary arteries receiving at

least X Gy.
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It is possible that this methodology may be applied to other malignancies involving the mediastinal structures abutting the

heart. Proton therapy provides a potential advantage over IMRT by delivering conformal, high-dose radiation to the target with

high precision of normal tissue sparing. A reported small dose reduction in the setting of breast cancer with IMRT and DIBH

recently demonstrated a meaningful benefit to cardiac health as measured by cardiac left ventricular ejection fraction [39].

Similar dosimetric improvements to the heart were recently described in lung cancer patients treated with proton therapy [40].

Our study would suggest that the combination of CSS optimization with proton therapy might further enhance the

improvements seen in the setting of breast and lung cancer.

Overall, our study demonstrated that RT planning using ECG-gated CT angiography is feasible. In our small cohort, there

was meaningful dose reduction to critical cardiac structures without increasing overall heart and lung mean dose compared

with conventional planning. In combination with protons, our data suggest that IMPT-CSS achieved superior and potentially

clinically meaningful coronary sparing compared with IMRT-CSS and IMRT alone. The implications of these findings suggest

that the use of protons and CSS optimization for future patients with HL and other mediastinal malignancies may reduce long-

term cardiac dysfunction through reduced radiation dose exposure to coronary arteries and cardiac valves.

Conclusion
The present study has illuminated potential clinical benefits and dosimetric advantages of combining advanced cardiac

substructure sparing (CSS) optimization with proton radiotherapy.
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