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Abstract

Introduction: It was hypothesized that use of proton beam therapy (PBT) in patients

with locally advanced non–small cell lung cancer treated with concurrent chemo-

radiation and consolidative immune checkpoint inhibition is associated with fewer

unplanned hospitalizations compared with intensity‐modulated radiotherapy (IMRT).

Methods: Patients with locally advanced non–small cell lung cancer treated be-

tween October 2017 and December 2021 with concurrent chemoradiation with

either IMRT or PBT � consolidative immune checkpoint inhibition were retro-

spectively identified. Logistic regression was used to assess the association of ra-

diation therapy technique with 90‐day hospitalization and grade 3 (G3þ)

lymphopenia. Competing risk regression was used to compare G3þ pneumonitis,

G3þ esophagitis, and G3þ cardiac events. Kaplan–Meier method was used for

progression‐free survival and overall survival. Inverse probability treatment

weighting was applied to adjust for differences in PBT and IMRT groups.

Results: Of 316 patients, 117 (37%) received PBT and 199 (63%) received IMRT.

The PBT group was older (p < .001) and had higher Charlson Comorbidity Index

scores (p = .02). The PBT group received a lower mean heart dose (p < .0001), left

anterior descending artery V15 Gy (p = .001), mean lung dose (p = .008), and

effective dose to immune circulating cells (p < .001). On inverse probability treat-

ment weighting analysis, PBT was associated with fewer unplanned hospitalizations

(adjusted odds ratio, 0.55; 95% CI, 0.38–0.81; p = .002) and less G3þ lymphopenia

(adjusted odds ratio, 0.55; 95% CI, 0.37–0.81; p = .003). There was no difference in

other G3þ toxicities, progression‐free survival, or overall survival.

Conclusions: PBT is associated with fewer unplanned hospitalizations, lower

effective dose to immune circulating cells and less G3þ lymphopenia compared with
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IMRT. Minimizing dose to lymphocytes may be warranted, but prospective data are

needed.

K E YWORD S

carcinoma, hospitalization, intensity‐modulated, lung neoplasms, lymphopenia, non‐small cell
lung, proton therapy, radiotherapy

INTRODUCTION

The addition of consolidative immune checkpoint inhibition (ICI) to

concurrent chemoradiation (cCRT) for unresectable locally advanced

non–small cell lung cancer (LA‐NSCLC) in the PACIFIC trial demon-

strated a significant improvement in both progression‐free and

overall survival (OS).1 Treatment‐related toxicities, however, remain

a concern because patients may be precluded from receipt of ICI

consolidation and, as a result, experience poorer cancer outcomes.

Intensity‐modulated radiation therapy (IMRT) was previously shown

to decrease heart dose and rates of radiation pneumonitis compared

with three‐dimensional conformal radiotherapy, but the ability to

deliver high‐dose radiotherapy (RT) to the tumor is often limited by

the tolerances of surrounding organs at risk.2

Proton beam therapy (PBT) has the potential to improve the

therapeutic ratio and minimize toxicity given its ability to limit RT

dose beyond the target. Early, randomized data comparing first‐
generation proton therapy PBT to IMRT in LA‐NSCLC did not show

a difference in toxicity or cancer outcomes, but only grade 3 (G3þ)

pneumonitis and local failure were evaluated as primary end points.3

Studies using more conformal proton techniques, such as pencil beam

scanning, suggest modern PBT may reduce toxicity with comparable

tumor control and survival outcomes.4–6 Moreover, treatment‐
related toxicity may manifest in other ways. For instance, our insti-

tution previously reported lower 90‐day unplanned hospitalizations

in patients treated with PBT compared with IMRT with concurrent

chemotherapy across several solid tumor types.7

Thus, we performed a retrospective analysis to determine the

association of PBT with unplanned hospitalizations in a modern

cohort of patients with LA‐NSCLC who received cCRT in the era of

ICI consolidation. We hypothesized that PBT would reduce un-

planned treatment‐related hospitalizations compared with IMRT.

Secondary objectives evaluated the association of PBT with G3þ

pneumonitis, G3þ esophagitis, G3þ cardiac events, G3þ lymphope-

nia, progression‐free survival (PFS), and OS.

MATERIALS AND METHODS

Patient population and treatment

We performed a retrospective review of consecutive patients with

unresectable, LA‐NSCLC treated with definitive cCRT from October

2017 (the start of the consolidation ICI era) to December 2021 in the

University of Pennsylvania Health System, including six network

sites. Patients were divided into a PBT cohort and IMRT cohort based

on RT modality received. Mixed modality radiation plans were

included in the PBT cohort if at least 50% of the plan included pro-

tons. Proton plans that used both double scattering and pencil beam

scanning techniques were included. Patients who received less than

60 Gy, neoadjuvant/adjuvant RT without concurrent chemotherapy

or thoracic reirradiation were excluded from the analysis.

Patients were treated per standardized institutional protocol

using the same treatment planning system. Radiation to 60 to 70 Gy

was delivered in 1.8‐ to 2.0‐Gy fractions concurrently with platinum‐
based chemotherapy per physician preference. Patients underwent

four‐dimensional computed tomography simulation, and a pretreat-

ment positron emission tomography and computed tomography scan

was fused. The primary tumor and involved lymph node stations were

included in the gross tumor volume (GTV). The GTV was expanded to

an internal GTV to account for respiratory motion. The internal GTV

was expanded (5−8 mm) to an internal target volume to account for

microscopic disease. A planning target volume (PTV) was created

based on a 5‐mm isotropic expansion of the internal target volume.

For proton therapy planning, proximal and distal margins (3.5% of the

water‐equivalent path) were added in addition to lateral margins to

account for range uncertainties along the beam direction. Single field

optimization planning was used. All proton doses included a generic

factor for a mean relative biological effectiveness of 1.1. Adaptive

replanning was not standard for either photon or proton therapy.

Dose constraints included mean lung dose (MLD) < 20 Gy, lung

V20 Gy < 35%, lung V5 Gy < 75%, mean heart dose (MHD) < 20 Gy,

heart V50 < 25%, mean esophagus dose <34 Gy, and esophagus

V60 Gy < 17%. Radiation plans underwent peer review weekly at the

main clinical site. Candidacy for consolidative ICI was determined per

physician preference starting 4 to 6 weeks after completion of cCRT.

Institutional review board approval was obtained before patient

medical record review and data extraction.

Variables and end points

Demographic, clinical, treatment, and dosimetric variables were

extracted from the electronic medical record, ARIA radiation

oncology information and treatment planning systems (Varian Med-

ical Systems, Palo Alto, CA). The University of Pennsylvania’s

oncology research and quality improvement datamart was used to

automatically extract variables. The effective radiation dose to
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immune cells (EDIC), a model of the incidental radiation dose to the

immune system as a function of the MHD, MLD, integral total dose

volume, and number of treatment fractions, was calculated.8 All

variables underwent physician review and were corrected as needed.

Medical charts were manually reviewed by two physicians indepen-

dently to determine if an unplanned inpatient hospital admission

occurred within 90 days from the date of the first RT fraction. The

frequency of hospitalizations within 90 days of treatment based on

radiation modality for solid tumors was previously described.7

Reasons for inpatient admission were documented and grouped

into the following categories based on physician review: (1) disease

progression (as determined by documentation from the treating

physician, radiographic findings, and/or pathologic confirmation), (2)

toxicity definitely or probably related to chemoradiation (clinical

sequelae including pneumonitis, esophagitis, neutropenia, nausea,

vomiting, dehydration, failure to thrive, or new cardiac complication),

(3) toxicity possibly related to chemoradiation (including infection in

the absence of neutropenia, chronic obstructive pulmonary disease

[COPD] exacerbation, or interstitial lung disease flare), or (4)

comorbidities unrelated or unlikely related to cCRT. If there were

multiple reasons for inpatient admission or if there were multiple

admissions within 90 days of first RT fraction, episodes definitely,

probably, or possibly related to cCRT were prioritized.

Baseline absolute lymphocyte count (ALC) was measured as the

average of all available ALC data from 30 days before the start of RT

to 1 week after RT start. The ALC nadir was chosen as the lowest

recorded value from RT start to 1 month after the last RT fraction.

Pneumonitis, cardiac events, esophagitis, and lymphopenia were

graded using the Common Terminology Criteria for Adverse Events

v5.0.9

Statistical analysis

Baseline characteristics between the PBT and IMRT groups were

compared using the Chi‐square test and two‐sample t test. Logistic

regression was used to assess associations with unplanned 90‐day

hospitalization and G3þ lymphopenia. The following variables were

included in the analysis: age, sex, Eastern Cooperative Oncology

Group performance status, Charlson Comorbidity Index (CCI), coro-

nary artery disease, congestive heart failure, peripheral vascular

disease, cerebrovascular accident, coronary heart disease (a Boolean

of coronary artery disease, congestive heart failure, peripheral

vascular disease, and cerebrovascular accident), atrial fibrillation/

flutter, COPD, diabetes, hypertension, hyperlipidemia, smoking pack‐
years, T stage, N stage, clinical stage, tumor histology, tumor location,

concurrent chemotherapy agent received, RT modality, GTV, and

PTV. CCI excluded LA‐NSCLC diagnosis. Factors significantly asso-

ciated with hospitalization or G3þ lymphopenia (p < .05) on uni-

variable analysis or those felt to be clinically relevant were included

on multivariable analysis.

A propensity score matched analysis was used in an effort to

control for confounding and reduce bias. Propensity scores were

computed using logistic regression to account for PBT and IMRT

treatment selection. Baseline covariates used in this model included

age, race, CCI, COPD, Eastern Cooperative Oncology Group perfor-

mance status, smoking pack‐years, T stage, N stage, GTV, concurrent

chemotherapy agent, and tumor histology. Standard mean differ-

ences between the PBT and IMRT groups were evaluated to assess

balance in covariates after propensity weighting (Figure S1). Stabi-

lized weights were created using the inverse probability of treatment

weighting (IPTW) method. The weights were then used in a multi-

variable regression as an estimation of the average treatment effect.

This method is a doubly robust approach that requires the correct

specification of either the propensity or outcome model, but not

both.10

The cumulative incidence method was used to estimate G3þ

pneumonitis, G3þ esophagitis, and G3þ cardiac events with death as

a competing risk. Groups were compared using the Gray's test. The

Kaplan–Meier method was used to estimate PFS and OS. Time to

event data were calculated from the date of first RT fraction. The log‐
rank test was used to compare PFS and OS between groups. For all

statistical tests, a two‐sided p < .05 was considered significant. All

analyses were conducted in SAS (SAS Institute, Cary, NC) and STATA

(StataCorp, College Station, TX).

RESULTS

A total of 316 consecutive patients were included in the analysis

(Figure S2): 117 (37%) received PBT and 199 (63%) received IMRT

(Table 1). Patient selection for PBT was determined primarily by in-

surance status. Of the PBT group, 74 (63.2%) patients were treated

with pencil beam scanning. The median age was 68.5 years (inter-

quartile range, 62.8–74.3). The PBT group was older (median 71.1 vs

67.2 years, p < .001), had higher CCI (median 4 vs 3, p = .02), and

were more likely to have a programmed death‐ligand 1 tumor pro-

portion score >1% (55.6 vs 43.2% patients, p = .03). Of the entire

cohort, 67.7% of patients received ICI consolidation. There were no

significant differences in other baseline, tumor characteristics, con-

solidative ICI receipt, or length of ICI receipt among patient cohorts.

The median RT dose delivered was 66.6 Gy (interquartile range,

65.9–70.0). The PBT group received a slightly higher total dose

(median 66.7 vs 66.0 Gy, p = .003) but lower MHD (5.9 vs 10.8 Gy,

p < .0001), mean dose to the left ventricle (0.3 vs 3.2 Gy, p = .003),

left anterior descending artery V15 (0 vs 6.1% p = .001), MLD (14.7

vs 15.7 Gy, p = .008), lung V5 Gy (35.9 vs 57.9%, p < .0001), mean

dose to ascending aorta (21.5 vs 34.0 Gy, p < .0001), mean dose to

descending aorta (14.8 vs 19.0 Gy, p = .043) and EDIC (median 3.8 vs

5.0 Gy, p < .0001). The PBT group, however, had a higher esophagus

V50 Gy (24.0% vs 15.4% p = .002) without a difference in mean

esophagus dose (20.9 vs 20.5 Gy, p = .93).

In the entire cohort, 98 patients (31%) had an unplanned hos-

pitalization within 90 days of RT start, of which 29 (29.6%) were in

the PBT group and 69 (70.4%) in the IMRT group. The unplanned

hospitalization rate was higher in the IMRT cohort: 69/199 (34.7%)
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TAB L E 1 Baseline characteristics.

Characteristic

All patients
(n = 316)

PBT
(n = 117)

IMRT
(n = 199)

pNo. (%) No. (%) No. (%)

Age, years (median, IQR) 68.5 (62.8–74.3) 71.1 (65.9–75.0) 67.2 (61.0–73.1) <.001

Sex .30

Male 147 (46.5) 50 (42.7) 97 (48.7)

Female 169 (53.5) 67 (57.3) 102 (51.3)

Race .32

Caucasian 236 (74.7) 93 (79.5) 143 (71.9)

Black/African American 60 (19.0) 18 (15.4) 42 (21.1)

Other/unknown 20 (6.3) 6 (5.1) 14 (7.0)

CCI (median, IQR) 3.0 (2.0–5.0) 4.0 (3.0–5.0) 3.0 (2.0–5.0) .02

BMI (median, IQR) 27.2 (24.0–31.0) 27.5 (24.4–31.3) 26.9 (23.8–30.9) .48

HTN 205 (64.9) 77 (65.8) 128 (64.3) .79

HLD 154 (48.7) 59 (50.4) 95 (47.7) .64

Diabetes 65 (20.6) 28 (23.9) 37 (18.6) .26

COPD 134 (42.4) 42 (35.9) 92 (46.2) .07

CVA 30 (9.5) 12 (10.3) 18 (9.0) .72

CAD 93 (29.4) 35 (29.9) 58 (29.1) .88

Atrial fibrillation/flutter 49 (15.5) 19 (16.2) 30 (15.1) .78

CHF 32 (10.1) 15 (12.8) 17 (8.5) .22

CHDa 130 (41.1) 51 (43.6) 79 (39.7) .50

PVD 67 (21.2) 29 (24.8) 38 (19.1) .23

ECOG PS .83

0 108 (34.2) 42 (35.9) 66 (33.2)

1 175 (55.4) 64 (54.7) 111 (55.8)

2 33 (10.4) 11 (9.4) 22 (11.1)

Smoking status .18

Former 239 (75.6) 92 (78.6) 147 (73.9)

Current 47 (14.9) 12 (10.3) 35 (17.6)

Never 30 (9.5) 13 (11.1) 17 (8.5)

Smoking pack‐years (median IQR) 37.3 (17.0–50.0) 30 (15.0–50.0) 40 (17.5–53.0) .21

Histology .13

Adenocarcinoma 161 (50.9) 60 (51.3) 101 (50.8)

Squamous 129 (40.8) 52 (44.4) 77 (38.7)

Other 26 (8.2) 5 (4.3) 21 (10.6)

Primary site .79

Upper lobe 195 (61.7) 68 (58.1) 127 (63.8)

Middle lobe 18 (5.7) 7 (6.0) 11 (5.5)

Lower lobe 89 (28.2) 36 (30.8) 53 (26.6)

Mediastinum 14 (4.4) 6 (5.1) 8 (4.0)

Left sided 109 (34.5) 41 (35.0) 68 (34.2) .87

4 - HOSPITALIZATIONS IN LUNG CANCER
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T A B L E 1 (Continued)

Characteristic

All patients

(n = 316)

PBT

(n = 117)

IMRT

(n = 199)

pNo. (%) No. (%) No. (%)

T stage .31

T1 104 (32.9) 41 (35.0) 63 (31.7)

T2 57 (18.0) 26 (22.2) 31 (15.6)

T3 63 (19.9) 20 (17.1) 43 (21.6)

T4 92 (29.1) 30 (25.6) 62 (31.2)

N stage .09

N1 54 (17.1) 15 (12.8) 39 (19.6)

N2 189 (59.8) 79 (67.5) 110 (55.3)

N3 73 (23.1) 23 (19.7) 50 (25.1)

Clinical stage (AJCC 8th) .29

II 18 (5.7) 5 (4.3) 13 (6.5)

IIIA 145 (45.9) 59 (50.4) 86 (43.2)

IIIB 121 (38.3) 44 (37.6) 77 (38.7)

IIIC 32 (10.1) 9 (7.7) 23 (11.6)

PDL1 .03

<1% 109 (34.5) 39 (33.3) 70 (35.2)

>1% 151 (47.8) 65 (55.6) 86 (43.2)

Unknown 56 (17.7) 13 (11.1) 43 (21.6)

Radiation dose, Gy (median, IQR) 66.6 (65.9–70.0) 66.7 (66.0–70.0) 66.0 (63.0–70.0) .003

Concurrent chemotherapy .06

Carboplatin/etoposide 3 (0.9) 1 (0.9) 2 (1.0)

Carboplatin/paclitaxel 235 (74.4) 98 (83.8) 137 (68.8)

Carboplatin/pemetrexed 25 (7.9) 8 (6.8) 17 (8.5)

Cisplatin 2 (0.6) 0 (0.0) 2 (1.0)

Cisplatin/etoposide 35 (11.1) 8 (6.8) 27 (13.6)

Cisplatin/pemetrexed 16 (5.1) 2 (1.7) 14 (7.0)

Consolidation ICI receipt 214 (67.7) 78 (66.7) 136 (68.3) .76

Consolidation ICI, weeks (median, IQR) 35.0 (12.0–50.0) 32 (14.0–48.0) 38 (12.0–50.0) .96

GTV, mL (median, IQR) 111 (52.2–218.2) 98.1 (49.4–219.7) 121.3 (55.5–210.2) .51

Mean lung dose, Gy (median, IQR) 15.4 (12.3–17.9) 14.7 (12.1–17.0) 15.7 (12.5–18.1) .008

Lung V5, % (median, IQR) 46.3 (36.0–60.9) 35.9 (28.3–40.8) 57.9 (46.3–66.9) <.0001

Lung V20, % (median, IQR) 26.8 (21.4–31.4) 26.5 (20.4–30.9) 27.2 (21.6–31.8) .23

Mean heart dose, Gy (median, IQR) 8.7 (4.8–14.1) 5.9 (3.4–9.5) 10.8 (6.1–17.0) <.0001

LAD V15, % (median, IQR) 2.0 (0.0–22.1) 0.0 (0.0–13.1) 6.1 (0.0–27.4) .001

Mean left ventricle dose, Gy (median, IQR) 2.3 (0.5–6.5) 0.3 (0.0–3.2) 3.2 (1.7–7.1) .003

Mean ascending aorta dose, Gy (median, IQR) 30.8 (20.1–39.5) 21.5 (11.4–31.0) 34.0 (26.4–43.2) <.0001

Mean descending aorta dose, Gy (median, IQR) 17.8 (8.6–28.0) 14.8 (4.6–27.9) 19.0 (10.2–28.8) .043

(Continues)
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versus 29/117 (24.8%) in the PBT cohort. Reasons for hospitalization

in the PBT and IMRT groups included disease progression (1.7% vs

1.5%), definitely or probably related to cCRT (12.0% vs 18.6%),

toxicity possibly related to cCRT (7.7% vs 12.6%), or toxicity unre-

lated or likely unrelated to cCRT (3.4% vs 2.0%), respectively

(Figure 1). IPTW‐adjusted multivariable analysis showed proton

therapy was associated with fewer 90‐day unplanned hospitaliza-

tions compared with photon therapy (adjusted odds ratio [aOR], 0.55;

95% CI, 0.38–0.81; p = .002) (Table 2). Other variables associated

with a higher likelihood of 90‐day hospitalization included increased

smoking rates in pack‐years (aOR, 1.01; 95% CI, 1.00–1.02; p < .01),

higher CCI (aOR, 1.29; 95% CI, 1.14–1.47; p < .0001) and larger GTV

per 10 mL (aOR, 1.00; 95% CI, 1.00–1.01; p < .0001). Details

regarding each hospitalization are shown in Table S1.

IPTW‐adjusted multivariable analysis also showed that proton

therapy (aOR, 0.55; 95% CI, 0.37–0.81; p = .003) was associated with

less G3þ lymphopenia, whereas higher nodal stage (aOR, 2.43; 95%

CI, 1.34–4.41; p = .004) and larger GTV per 10 mL (aOR, 1.00; 95%

CI, 1.00–1.01; p = .0001) were associated with G3þ lymphopenia

(Table 3). There was no difference between PBT or IMRT cohorts in

the 1‐year incidence of G3þ pneumonitis (1‐year 6.0% vs 9.1%,

p = .49), G3þ esophagitis (1‐year 6.0% vs 6.5%, p = .71), G3þ cardiac

events (1‐year 15.4% vs 15.1%, p = .71), PFS (median 14.4 vs

15.1 months, p = .69), or OS (median 34.2 vs 29.4 months, p = .31)

(Figures 2 and 3).

DISCUSSION

Among a contemporary cohort of 316 patients with LA‐NSCLC who

received cCRT with or without consolidative ICI, we demonstrated

that use of PBT was associated with fewer 90‐day unplanned hos-

pitalizations compared with IMRT. Additionally, treatment with PBT

was associated with lower EDIC and less G3þ lymphopenia. There

were no significant differences in G3þ pneumonitis, G3þ esophagitis,

G3þ cardiac events, PFS, or OS. These findings are consistent with

prior work from our group showing an association of PBT with lower

EDIC and less G3þ lymphopenia, but not G3þ cardiac events, in a

modern cohort of patients.11,12

Our main finding is consistent with previous institutional series

that showed a reduction in unplanned hospitalizations among pa-

tients with solid tumors treated with PBT and concurrent chemo-

therapy. Similar to our study, 90‐day hospitalizations were lower in

the PBT cohort, despite this group having an older median age and

higher CCI.7 Our results demonstrated, however, that a higher per-

centage of PBT patients had an unplanned hospitalization compared

with Baumann et al. (29.6% vs 11.5%, respectively), which may be

indicative of greater treatment‐induced morbidity in LA‐NSCLC

compared with other cancer types. To our knowledge, this study is

the first to show PBT is associated with fewer unplanned treatment

hospitalizations specifically among patients with LA‐NSCLC treated

with cCRT in the era of ICI consolidation.

The current evidence supporting the use of PBT in LA‐NSCLC

remains inconclusive. A randomized phase 2 trial demonstrated

lower heart dose, but no difference in G3þ radiation pneumonitis or

local control between IMRT and PBT using a double scattering

technique. The trial, however, randomized patients only if the IMRT

and PBT plans met the same prespecified organ at risk constraints,

T A B L E 1 (Continued)

Characteristic

All patients

(n = 316)

PBT

(n = 117)

IMRT

(n = 199)

pNo. (%) No. (%) No. (%)

Mean esophagus dose, Gy (median, IQR) 20.6 (13.4–27.0) 20.9 (12.5–28.1) 20.5 (13.9–25.9) .93

Esophagus V50, % (median, IQR) 17.2 (5.5–30.8) 24.0 (8.4–35.0) 15.4 (3.9–26.1) .002

EDIC (median, IQR) 4.5 (3.5–5.6) 3.8 (3.0–4.5) 5.0 (4.0–6.1) <.0001

Abbreviations: AJCC, American Joint Committee on Cancer; BMI, body mass index; CAD, coronary artery disease; CCI, Charlson Comorbidity Index;

CHD, coronary heart disease; CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CVA, cerebrovascular accident; ECOG PS,

Eastern Cooperative Group Performance Status; EDIC, effective dose to immune circulating cells; GTV, gross tumor volume; HLD, hyperlipidemia; HTN,

hypertension; ICI, immune checkpoint inhibitor; IMRT, intensity‐modulated radiotherapy; IQR, interquartile range; LAD, left anterior descending artery;

PBT, proton beam therapy; PDL1, programmed death‐ligand 1; PVD, peripheral vascular disease; Vx, volume of organ receiving > X Gy.
aCHD is a Boolean of CAD, CHF, PVD, and CVA.

F I GUR E 1 Bar chart representing the percentage of patients
hospitalized in proton and IMRT cohorts based on hospitalization
reason. Percentages were calculated based on the number of
patients hospitalized for a given reason divided by the total number

of patients in the specific RT modality cohort. IMRT indicates
intensity‐modulate radiation therapy; RT, radiotherapy.
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which may bias to the null.3 Retrospective studies using modern

techniques showed that PBT was associated with a reduction in both

G3þ cardiopulmonary toxicity and severe lymphopenia, suggesting

that mitigation of integral dose could still be of benefit in this patient

population.4,5,13 Although our study did not show a difference in G3þ

cardiopulmonary toxicity or G3þ esophagitis between patient co-

horts, PBT was significantly associated with a reduction in G3þ

lymphopenia.

Previous research has shown that radiation‐induced lymphope-

nia is associated with inferior cancer outcomes in both LA‐NSCLC

and other solid tumors.14–19 In a secondary analysis of RTOG 0617,

when the EDIC in circulating blood was modeled as a function of

MHD, MLD, integral body dose, and number of fractions, it was found

to be an independent risk factor for worse cancer outcomes.8 These

findings suggest that increasing RT dose may impair the antitumor

activity of the immune system given the high radiosensitivity of

circulating immune cells. Retrospective studies have since demon-

strated that EDIC is associated with severe lymphopenia in other

cancer types.20–22 Our study demonstrates that proton therapy is

associated with both lower EDIC and less G3þ lymphopenia

compared with IMRT, thus providing a possible mechanism by which

proton therapy reduces unplanned acute hospitalizations. This may

TAB L E 2 Inverse probability of treatment weighting‐adjusted logistic regression for 90‐day unplanned hospitalizations.

Variable

Univariable Multivariable

aOR (95% CI) p aOR (95% CI) p

Protons 0.58 (0.41–0.83) .003 0.55 (0.38–0.81) .002

Age 1.04 (1.02–1.06) <.001 1.01 (0.99–1.04) .39

Male 1.25 (0.88–1.76) .21

CCI 1.30 (1.19–1.43) <.0001 1.29 (1.14–1.47) <.0001

BMI 0.99 (0.96–1.02) .38

HTN 1.08 (0.75–1.55) .68

HLD 1.23 (0.87–1.74) .24

Diabetesa 2.05 (1.36–3.08) <.001

COPDa 1.88 (1.33–2.67) <.001

CVA 1.02 (0.58–1.80) .95

CAD 1.36 (0.94–1.99) .11

Atrial fibrillation/flutter 1.36 (0.86–‐2.17) .19

CHF 1.50 (0.90–2.50) .12

CHDb 1.25 (0.88–1.76) .22

PVD 1.47 (0.98–2.22) .06

ECOG PS (vs 0)

1 1.63 (1.10–2.42) .02 0.97 (0.62–1.52) .90

2 1.90 (1.05–3.42) .03 0.72 (0.34–1.52) .39

Smoking pack‐years 1.01 (1.01–1.02) <.0001 1.01 (1.00–1.02) <.01

Squamous histology 1.16 (0.81–1.67) .41

Left‐sided tumor 1.11 (0.77–1.58) .58

T stage 1.25 (0.87–1.82) .23 0.85 (0.54–1.35) .49

N stage 0.94 (0.62–1.43) .78

Carboplatin/paclitaxel (vs other) 1.51 (0.99–2.30) .05

Clinical stage 1.11 (0.78–1.56) .57

GTV (per 10 mL) 1.00 (1.00) <.0001 1.00 (1.00–1.01) <.0001

Abbreviations: aOR, adjusted odds ratio; BMI, body mass index; CAD, coronary artery disease; CCI, Charlson Comorbidity Index; CHD, coronary heart

disease; CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CVA, cerebrovascular accident; ECOG PS, Eastern Cooperative

Group performance status; GTV, gross tumor volume; HLD, hyperlipidemia; HTN, hypertension; PVD, peripheral vascular disease.
aDiabetes and COPD were not included in the multivariable model because these variables are included in the CCI and are colinear.
bCHD is a Boolean of CAD, CHF, PVD, and CVA.
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be more clinically meaningful in ICI era; if protons can better spare

the immune system before initiation of consolidation ICI, perhaps

outcomes can be further improved by allowing for a better response

to and/or synergy with ICI.

There is growing evidence that protons may be effective at

reducing severe radiation‐induced lymphopenia across a variety of

cancers.23–26 For instance, secondary analysis of a phase 2 ran-

domized trial showed that proton therapy was associated with a

reduction in grade 4 lymphopenia for patients with esophageal

cancer undergoing cCRT.27 In LA‐NSCLC specifically, retrospective

studies have shown that in addition to proton therapy, larger PTV,

higher thoracic vertebral body V5 Gy, aorta V5 Gy, and lung V5 Gy

were found to be important predictors of severe lymphopenia in

those undergoing definitive treatment.5,28 Our results also demon-

strated that larger GTV and higher nodal stage were associated with

G3 lymphopenia, suggesting that larger irradiated volumes could

lead to a higher degree of lymphocyte depletion. In contrast to our

results, other studies also found that severe radiation‐induced lym-

phopenia was associated with inferior survival outcomes.11 We

eagerly await the results of RTOG 1308 (NCT01993810), a ran-

domized phase 3 trial that recently completed enrollment and will

provide prospective evidence comparing proton and photon therapy

in patients with LA‐NSCLC with regard to survival outcomes and

lymphopenia.29

TAB L E 3 Inverse probability of treatment weighting‐adjusted logistic regression for grade 3 lymphopenia.

Variable

Univariable Multivariable

aOR (95% CI) p aOR (95% CI) p

Protons 0.53 (0.36–0.79) <.002 0.55 (0.37–0.81) .003

Age 1.01 (0.99–1.03) .35

Male 1.44 (0.98–2.13) .06

CCI 1.04 (0.95–1.15) .40

BMI 0.99 (0.97–1.02) .73

HTN 0.79 (0.53–1.18) .25

HLD 1.12 (0.76–1.63) .57

Diabetes 0.90 (0.56–1.43) .65

COPD 0.76 (0.52–1.12) .16

CVA 1.16 (0.61–2.22) .65

CAD 1.15 (0.74–1.76) .54

Atrial fibrillation/flutter 1.74 (0.94–3.23) .08

CHF 1.23 (0.66–2.28) .51

CHDb 1.31 (0.89–1.93) .18

PVD 1.20 (0.74–1.94) .46

ECOG PS (vs 0)

1 0.76 (0.50–1.16) .20 0.73 (0.47–1.13) .16

2 1.54 (0.70–3.39) .28 1.85 (0.80–4.28) .15

Smoking pack‐years 1.00 (0.99–1.01) .89 1.00 (1.00–1.01) .44

Squamous histology 1.33 (0.90–1.98) .16

Left‐sided tumor 0.97 (0.65–1.44) .88

T stage 1.47 (0.94–2.27) .09 1.13 (0.67–1.89) .65

N stage 2.70 (1.52–4.76) <.001 2.43 (1.34–4.41) .004

Carboplatin/paclitaxel (vs other) 1.15 (0.75–1.77) .51

Clinical stagea 2.63 (1.72–3.85) <.0001

GTV (per 10 mL) 1.00 (1.00–1.01) <.0001 1.00 (1.00–1.01) .0001

Abbreviations: aOR, adjusted odds ratio; BMI, body mass index; CAD, coronary artery disease; CCI, Charlson Comorbidity Index; CHD, coronary heart

disease; CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CVA, cerebrovascular accident; ECOG PS, Eastern Cooperative

Group performance status; GTV, gross tumor volume; HLD, hyperlipidemia; HTN, hypertension; PVD, peripheral vascular disease.
aClinical stage was not included in the multivariable model as this is likely colinear with T stage and N stage.
bCHD is a Boolean of CAD, CHF, PVD, and CVA.
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Our study has several limitations. Confounding by indication

remains a concern in this nonrandomized, retrospective comparative

cohort study. In an attempt to minimize potential bias, consecutive

patients were assessed, and IPTW was used to balance covariates

between groups, but this statistical approach may not account for all

unmeasured confounders. For example, lack of insurance approval

may have precluded some patients from receiving proton therapy;

this was not accounted for in our analysis. Additionally, the reasons

for hospitalization were identified by nonblinded, manual chart re-

view, which may be subject to observer bias. Nonetheless, our results

are consistent with prior institutional work and are supported by a

plausible biologic mechanism (i.e., lower EDIC and G3þ

lymphopenia).

In conclusion, our study suggests that PBT is associated with

fewer unplanned hospitalizations, lower EDIC, and less G3þ lym-

phopenia. Radiation planning with attention to limiting dose to

circulating lymphocytes may be warranted to improve cancer out-

comes and decrease adverse events, but randomized data are

needed.
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