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ABSTRACT

Background. Patients with non-small cell lung cancer may
develop pneumonitis after thoracic radiotherapy (RT) and
immune checkpoint inhibitors (ICIs). We hypothesized that
distinct morphologic features are associated with different
pneumonitis etiologies.
Materials and Methods. We systematically compared com-
puted tomography (CT) features of RT- versus ICI-pneumo-
nitis. Clinical and imaging features were tested for
association with pneumonitis severity. Lastly, we con-
structed an exploratory radiomics-based machine learning
(ML) model to discern pneumonitis etiology.
Results. Between 2009 and 2019, 82 patients developed
pneumonitis: 29 after thoracic RT, 23 after ICI, and 30 after
RT + ICI. Fifty patients had grade 2 pneumonitis, 22 grade
3, and 7 grade 4. ICI-pneumonitis was more likely bilateral
(65% vs. 28%; p = .01) and involved more lobes (66%
vs. 45% involving at least three lobes) and was less likely to
have sharp border (17% vs. 59%; p = .004) compared with

RT-pneumonitis. Pneumonitis morphology after RT + ICI
was heterogeneous, with 47% bilateral, 37% involving at
least three lobes, and 40% sharp borders. Among all
patients, risk factors for severe pneumonitis included poor
performance status, smoking history, worse lung function,
and bilateral and multifocal involvement on CT. An ML
model based on seven radiomic features alone could distin-
guish ICI- from RT-pneumonitis with an area under the
receiver-operating curve of 0.76 and identified the predom-
inant etiology after RT + ICI concordant with multi-
disciplinary consensus.
Conclusion. RT- and ICI-pneumonitis exhibit distinct spatial
features on CT. Bilateral and multifocal lung involvement
is associated with severe pneumonitis. Integrating these
morphologic features in the clinical management of
patients who develop pneumonitis after RT and ICIs may
improve treatment decision-making. The Oncologist
2021;26:e1822–e1832

Implications for Practice: Patients with non-small cell lung cancer often receive thoracic radiation and immune checkpoint
inhibitors (ICIs), both of which can cause pneumonitis. This study identified similarities and differences in pneumonitis mor-
phology on computed tomography (CT) scans among pneumonitis due to radiotherapy (RT) alone, ICI alone, and the combi-
nation of both. Patients who have bilateral CT changes involving at least three lobes are more likely to have ICI-
pneumonitis, whereas those with unilateral CT changes with sharp borders are more likely to have radiation pneumonitis.
After RT and/or ICI, severe pneumonitis is associated with bilateral and multifocal CT changes. These results can help guide
clinicians in triaging patients who develop pneumonitis after radiation and during ICI treatment.
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INTRODUCTION

Pneumonitis can cause significant morbidity or even mortal-
ity in patients with non-small cell lung cancer (NSCLC) after
thoracic radiotherapy (RT) or immune checkpoint inhibitors
(ICIs) [1, 2]. Computed tomography (CT) scans of the chest
are critical in the diagnosis and management of patients
with pneumonitis. Both RT- and ICI-pneumonitis can often
manifest as ground-glass opacities (GGOs) and consolida-
tions on CT, and both frequently assume a pattern of cryp-
togenic organizing pneumonia (COP) or acute interstitial
pneumonia/acute respiratory distress syndrome (AIP/ARDS)
[3–5]. However, it is unclear whether RT- and ICI-
pneumonitis exhibit distinct radiographic patterns that
would allow distinction of these two etiologies in patients
with NSCLC. Moreover, CT morphology of pneumonitis after
combined thoracic RT and ICI has not been systematically
characterized.

The number of patients with NSCLC who may benefit
from both thoracic RT and ICI is increasing [1, 6, 7]. As
the indications for RT and ICI expand, more patients are
at risk of developing pneumonitis after RT + ICI. Both RT
and ICI may act synergistically to promote inflammation
of the lung parenchyma, and several studies have
suggested that prior thoracic RT is a potential risk factor
for pneumonitis after ICI in a dose-dependent manner [8,
9]. However, studies of ICI-pneumonitis to date have
mostly included heterogeneous patient populations with
variable prior RT exposure [3, 4, 10, 11]. Furthermore,
there are no universally accepted criteria to define the
components of pneumonitis caused mainly by RT and
that caused mainly by ICI [12]. Therefore, the respective
roles of RT and ICI in pneumonitis pathogenesis among
patients receiving RT + ICI remain unclear. This distinc-
tion is clinically relevant as treatment algorithms for RT-
versus ICI-pneumonitis differ in that ICI-pneumonitis
requires higher dose of steroids and occasionally immu-
nosuppressive agents and may necessitate prolonged or
indefinite discontinuation of ICI, which may have a nega-
tive impact on tumor control [2, 13–15]. We hypothesize
that pneumonitis after RT + ICI may exhibit unique radio-
graphic features compared with pneumonitis caused by
either treatment alone. In this study, we compare CT
characteristics of pneumonitis in patients with NSCLC
after RT alone, ICI alone, or RT + ICI, using the frame-
work proposed by Nishino et al. [3].

Compared with qualitative radiographic exam, CT
radiomics may be able to discern subtle texture features
not readily identified by human readers [16, 17]. In
patients with NSCLC who receive RT or ICI, radiomic anal-
ysis of CT images combined with machine learning
(ML) has shown promise in predicting future pneumonitis
risk [18–21]. However, no study to date has evaluated the
difference in radiomic signatures between RT- and ICI-
pneumonitis. As a proof of concept, we aim to test the
utility of CT radiomics (in place of morphologic evalua-
tion) in discerning pneumonitis etiology by developing an
unbiased, radiomics-based ML model and applying this
model in patients who developed pneumonitis after
receipt of RT and ICI.

MATERIALS AND METHODS

Patients
This study was approved by the institutional review board
(IRB00218259). Patients with NSCLC treated at a single ter-
tiary academic institution between 2009 and 2019 were ret-
rospectively reviewed. Patients were included if they
received curative-intent thoracic radiotherapy (≥45 Gy in
1.8–2.5 Gy per fraction) or ICI for any duration of time
and developed pneumonitis. Patients who received ICI
following thoracic RT after any interval were also
included and classified as RT + ICI. Patients received reg-
ular follow-up with clinical and CT exams every 2 to
4 months for the first 2 years after treatment and every
3 to 6 months thereafter.

Baseline patient characteristics and treatment parame-
ters were extracted from electronic medical records. Col-
lected clinical variables included the age of initial
diagnosis, gender, performance status, relevant com-
orbidities (smoking history, prior autoimmune disease,
and chronic obstructive pulmonary disease [COPD]),
baseline pulmonary function assessment (forced expira-
tory volume in 1 second [FEV1], forced vital capacity
[FVC], and diffusion capacity of carbon monoxide), histol-
ogy and stage of NSCLC at the time of initial diagnosis
(American Joint Committee on Cancer, 7th edition), RT
prescription dose, volume of lung receiving 20 Gy or
higher (V20), mean lung dose (MLD), the type of ICIs, and
additional treatments received (including RT to
nonthoracic sites, chemotherapy, and prior surgery).

Pneumonitis Classification
Pneumonitis was diagnosed clinically by the treating phy-
sicians and defined as clinical and radiologic evidence of
lung inflammation after RT or ICIs, not attributed to other
confirmed causes such as active infection or progressive
NSCLC [8]. Pneumonitis diagnosis in patients who
received ICIs with or without prior RT was confirmed by a
multidisciplinary group of physicians, including a medical
oncologist, a radiation oncologist, a pulmonologist, and a
radiologist in select cases. Time to pneumonitis was cal-
culated from the date of RT completion in patients
treated with RT alone, or from the date of ICI initiation in
patients treated with ICIs alone or RT followed by ICIs.
Grading of pneumonitis followed the Common Terminol-
ogy Criteria for Adverse Events version 5.0.

CT Morphologic Evaluation
Diagnostic CTs before treatment initiation (pretreatment)
and at the time of pneumonitis diagnosis (post-treatment)
were obtained. Scanning parameters were listed in supple-
mental online Table 1. For patients who had multiple post-
treatment CTs, the time point that showed maximal
imaging changes was selected. Qualitative radiologic fea-
tures as described by Nishino et al. were scored by a board-
certified thoracic radiologist (C.T.L.) blinded to the patient’s
past treatment course and pneumonitis etiology [3]. These
included number of involved lobes, extent of radiographic
changes (<5%, 5%–25%, 25%–50%, and > 50%), distribution
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of pneumonitis changes (focal vs. multifocal), specific CT
findings (GGO, consolidation, or centrilobular nodularity),
and radiographic patterns (COP, hypersensitivity pneumoni-
tis, fibrosis, or AIP/ARDS). Sharp border, or the presence of
a sharply demarcated linear edge between areas of pneu-
monitis and normal lung, is common among RT-
pneumonitis [22, 23]. Therefore, the presence or absence
of sharp border was also scored as an additional morpho-
logic feature.

Statistical Analysis
Baseline patient and treatment characteristics were pres-
ented as number (percent) for categorical variables or
median (range) for continuous variables. Comparisons
between different treatment groups or pneumonitis sever-
ities were made by Fisher’s exact test (categorical variables)
or Wilcoxon rank sum test (continuous variables). CT mor-
phologic features of RT- versus ICI-pneumonitis were com-
pared using Fisher’s exact tests. Statistical significance was
defined as p < .05.

Radiomics and Machine Learning
We explored the feasibility of classifying pneumonitis etiol-
ogy using radiomic features by training and validating a pre-
liminary ML model. The bilateral whole lungs were
automatically segmented using Velocity AI software (ver-
sion 3.1, Varian, Palo Alto, CA) and shrunk by 3 mm iso-
tropically to avoid partial volume effect at air-soft tissue
interface. Ninety-three radiomic features (supplemental
online Table 2) were extracted for each of the ipsilateral
(relative to the primary tumor), contralateral and combined
lungs from the pretreatment and post-treatment (at the
time of pneumonitis) CT scans using PyRadiomics software
(version 3.0 https://pyradiomics.readthedocs.io/) [24]. Fea-
ture selection was performed in a two-step process: first,
t tests were used to compare RT- and ICI-pneumonitis, and
the radiomic features with p < .05 were entered into the
next step. Second, an iterative least absolute shrinkage and
selection operator process with one feature left out in each
iteration was used to select the final features (retained in
more than one third of all iterations) [25]. Random forest
algorithm was used for model training in patients who
received RT (n = 29) or ICI (n = 23) alone. Hyper-
parameters were optimized via grid search, including the
number of features used for splitting at each node (sea-
rch grid: 1 to 10 with a step size of 1) and the number of
trees (search grid: 200, 500, 1,000, 2,000, 5,000, 10,000).

The final model was tested in the group of patients
receiving RT + ICI. The model yielded the likelihood of
ICI being the predominant etiology (on a continuous
scale of 0, least likely, to 1, most likely) in each case. As
no gold standard exists to definitively distinguish pneu-
monitis etiology in this patient population, we com-
pared the results from the model with the consensus
attribution by a multidisciplinary group of physicians
consisting of both radiation oncologists and medical
oncologists with access to all the clinical and imaging
records. All predictive modeling was performed using R
software.

RESULTS

Patient Characteristics
Baseline patient characteristics are summarized in Table 1.
Eighty-two patients were included in this study, with a
median follow-up of 15.4 months (range, 0.7–129.6). The
median patient age was 68 years (range, 45–84), and 50%
were male. Thirteen patients (16%) were current smokers
and 57 (70%) were former smokers, with a median of
35 pack-year smoking history (range, 1–110). Thirty-eight
patients (46%) had prior diagnosis of COPD. Two patients
had a history of interstitial lung disease (ILD): one had sta-
ble subpleural fibrosis on CT consistent with ILD prior to ini-
tiating ICI, and the other had an episode of bronchiolitis
obliterans organizing pneumonia 7 years prior to diagnosis
and received RT and ICI after lung cancer diagnosis. Neither
patient was taking corticosteroids at the time of initiating
lung cancer treatment.

Baseline characteristics, including age, gender, perfor-
mance status, smoking history, pre-existing COPD diagnosis,
pretreatment lung function, and tumor T and N stages were
similar among patients who received RT alone, ICI alone
and RT + ICI. Patients in the ICI alone group compared with
the RT alone or RT + ICI alone group had lower median
pack-year smoking history (25 vs. 40 for RT alone and 38 for
RT + ICI; p = .02), higher proportion of adenocarcinoma
histology (83% vs. 55% for RT alone and 43% for RT + ICI;
p = .04), and higher proportion of metastatic disease at the
time of initial diagnosis (83% vs. 7% for RT alone and 20%
for RT + ICI; p < .001). The majority of patients in the RT
alone (86%) and RT + ICI (63%) groups had stage III disease,
whereas the majority of patients in the ICI alone group
were stage IV (83%).

Treatment Characteristics
RT and ICI treatment characteristics are summarized in
Table 2. All thoracic RT treatments were delivered using
intensity-modulated radiotherapy to a median dose of
62 Gy (range, 45–72). The median lung V20 was 25% (range,
14%–41%), and the median MLD was 15.0 Gy (range, 8.6–
21.7 Gy). RT doses to the normal lungs were lower in the
RT + ICI group compared with the RT alone group (Table 1;
median lung V20, 24% vs. 28%; p = .03; MLD: 13.5 vs. 16.1
Gy; p = .02). This may be related to improvement in treat-
ment planning, as the majority of patients who received RT
alone (59%) completed RT in or before the year 2014,
whereas the majority in the RT + ICI group completed RT
after 2014 (70%).

Patients who received ICI were treated with a variety of
agents, including nivolumab (55%), durvalumab (21%),
pembrolizumab (11%), or a combination of ipilimumab and
nivolumab (13%). All patients in the RT + ICI group initiated
ICI after completion of RT. The median time from RT com-
pletion to ICI initiation was 4.5 months (range, 0.4–48.1).
Among patients who received ICI alone, 83% were treated
with an anti–programmed death 1 (PD-1; nivolumab or
pembrolizumab) and 17% received combined anti–cytotoxic
T-lymphocyte antigen 4 (CTLA-4)/PD-1 antibodies. In con-
trast, 53% of patients in the RT + ICI group received an
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Table 1. Baseline patient characteristics

Characteristics RT alone ICI alone RT + ICI p value

Number of patients 29 23 30

Age, yra 67 (45–84) 65 (50–81) 69 (49–82) .57

Male, n (%) 12 (41) 11 (48) 18 (60) .35

ECOG performance status (%) .38

0 6 (21) 3 (13) 5 (17)

1 23 (79) 17 (74) 22 (73)

2 0 3 (13) 3 (10)

Smoking history, n (%) .26

Current smoker 2 (7) 3 (13) 8 (27)

Former smoker 23 (79) 15 (65) 19 (63)

Never smoker 4 (14) 5 (22) 3 (10)

Pack-year smokeda 40 (0–90) 25 (0–90) 38 (0–110) .02

COPD (%) 16 (55) 8 (35) 14 (47) .34

Autoimmune disease (%) .91

ILD 0 1 (4) 1 (3)

Crohn’s disease 1 (3) 0 0

Rheumatoid arthritis 1 (3) 0 0

Myasthenia gravis 0 0 1 (3)

Pretreatment lung functiona

FEV1, L 1.46 (1.10–1.99) 1.93 (1.40–2.69) 1.87 (1.50–2.25) .29

% FEV1 predicted 74 (39–84) 76 (64–90) 74 (56–84) .47

FVC, L 2.41 (1.72–3.06) 2.68 (2.29–3.69) 2.88 (2.24–3.75) .56

% FVC predicted 80 (56–102) 87 (78–100) 94 (66–99) .64

DLCO (%) 54 (51–66) 85 (60–96) 80 (62–97) .05

Histology (%) .04

Adenocarcinoma 16 (55) 19 (83) 13 (43)

Squamous cell carcinoma 8 (28) 3 (13) 13 (43)

Otherb 5 (17) 1 (4) 4 (13)

T stage (%) .78

1 5 (17) 4 (17) 5 (17)

2 10 (34) 9 (39) 8 (27)

3 6 (21) 3 (13) 10 (33)

4 8 (28) 7 (30) 7 (23)

N stage, n (%) .52

0 4 (14) 3 (13) 7 (23)

1 2 (7) 2 (9) 6 (20)

2 19 (66) 13 (56) 14 (47)

3 4 (14) 5 (22) 3 (10)

Metastatic disease (%) 2 (7) 19 (83) 6 (20) <.001

Overall stage at diagnosis (%) <.001

I 0 2 (9) 1 (3)

II 2 (7) 1 (4) 4 (13)

III 25 (86) 1 (4) 19 (63)

IV 2 (7) 19 (83) 6 (20)
aContinuous variables are presented as median (range).
bOther histologies included adenosquamous (n = 1), carcinoid (n = 1), large cell (n = 2), and poorly differentiated non-small cell lung can-
cer (n = 6).
Abbreviations: COPD, chronic obstructive pulmonary disease; DLCO, diffusing capacity for carbon monoxide; ECOG, Eastern Cooperative Oncol-
ogy Group; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; ICI, immune checkpoint inhibitor; ILD, interstitial lung disease;
RT, radiotherapy.
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anti–PD-1 antibody, 37% received anti–programmed death
ligand 1 antibody (durvalumab), and 10% received com-
bined anti–CTLA-4/PD-1 (Table 2).

Clinical Features of Pneumonitis
The median time to pneumonitis onset was 2.6 months
(range, 0.1–34.3) in the entire cohort. There was a trend
toward more rapid onset of pneumonitis in patients receiv-
ing RT + ICI (median time of onset 1.2 months, range 0.1–
34.3), compared with patients who received RT (median
onset 3.1 months, range 0.4–12.0) or ICI alone (median onset
2.7 months, range 0.1–17.5; p = .12). The majority of pneu-
monitis were grade 2 (61%) or grade 3 (27%). There was no
significant difference in pneumonitis grades among the three
groups (Table 2).

Morphologic Features of RT- Versus ICI-Pneumonitis
Figure 1 demonstrates representative CT images of RT- and
ICI-pneumonitis. RT-pneumonitis often centered on the
lung ipsilateral to the primary tumor and had sharp border
(arrowheads) after RT alone (Fig. 1A). In contrast, ICI-
pneumonitis was often bilateral, involving multiple lobes,
and without sharp border in patients treated with ICIs alone
(Fig. 1B). Among patients who received both RT and ICIs,
some (Fig. 1C) were confined to the ipsilateral lung with
sharp borders similar to RT-pneumonitis, while others
(Fig. 1D) resembled the bilateral distribution of typical ICI-
pneumonitis.

Table 3 summarizes the seven morphologic features of
RT- and ICI-pneumonitis. In patients who developed ICI-

pneumonitis after ICIs alone compared with patients who
developed RT-pneumonitis after RT alone, ICI-pneumonitis
was more likely bilateral (65 vs. 28%; p = .01), involved
more lobes of the lung (66% vs. 45% involving three or
more lobes; p = .02), and was less likely to have sharp bor-
der (17% vs. 59%; p = .004). There was a trend of ICI-pneu-
monitis involving greater volume of the lung (52% ICI
vs. 45% RT involving ≥25% lung volume; p = .25). Specific
CT elements (most commonly GGOs and/or consolidations)
and radiographic patterns (most commonly AIP/ARDS or
COP) were not significantly different between RT- and ICI-
pneumonitis.

In aggregate, pneumonitis CT morphology in the
RT + ICI group had features of both RT-pneumonitis and
ICI-pneumonitis. Forty-seven percent of pneumonitis in the
RT + ICI group was bilateral, 37% involved three or more
lobes of the lung, 34% involved ≥25% lung volume, and
40% had sharp borders. Similar to RT-pneumonitis, pneu-
monitis after RT + ICI involved fewer lobes than ICI-pneu-
monitis (p = .01) and trended toward lower likelihood of
bilateral involvement (p = .06), involving lower volume of
the lung (p = .07) and higher likelihood of having sharp bor-
ders (p = .13) than pneumonitis from ICI alone.

Factors Associated with Higher-Grade Pneumonitis
To explore the clinical and morphologic features associated
with pneumonitis severity, we performed univariable ana-
lyses by dichotomizing pneumonitis severity into lower
grade (grade 1–2) and higher grade (grade 3–4, Table 4). In
the entire cohort, patients with grade 3–4 pneumonitis had

Table 2. Treatment characteristics and clinical features of pneumonitis

Characteristics RT alone ICI alone RT + ICI p value

Number of patients 29 23 30

Thoracic RTa

Prescription dose (Gy) 61.2 (45–72) NA 63 (52.5–66.6) .57

Lung V20 (% total lung) 28 (17–41) NA 24 (14–37) .03

Mean lung dose (Gy) 16.1 (9.6–21.7) NA 13.5 (8.6–18.9) .02

ICI type (%) NA .01

Nivolumab NA 16 (70) 13 (43)

Pembrolizumab NA 3 (13) 3 (10)

Ipilimumab-Nivolumab NA 4 (17) 3 (10)

Durvalumab NA 0 11 (37)

Interval between RT and ICI, mo NA NA 4.5 (0.4–48.1) NA

Other treatments, n (%)

Chemotherapy 15 (65) 28 (97) 29 (97) .001

Thoracic surgery 4 (17) 8 (28) 6 (20) .67

Time to pneumonitis onset, moa 3.1 (0.4–12.0) 2.7 (0.1–17.5) 1.2 (0.1–34.3) .12

Pneumonitis grade (%) .59

1 0 2 (9) 1 (3)

2 19 (66) 12 (52) 19 (63)

3 9 (31) 6 (26) 7 (23)

4 1 (3) 3 (13) 3 (10)
aContinuous variables are presented as median (range).
Abbreviations: ICI, immune checkpoint inhibitor; RT, radiotherapy; V20, volume of the lung receiving 20 Gy or higher.
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worse baseline Eastern Cooperative Oncology Group perfor-
mance score (p = .01), higher likelihood of being current or
former smokers (100% vs. 77%; p = .007), higher pack-year
smoking history (median 40 vs. 30 pack-years; p = .03), and
lower FEV1 (median 1.48 vs. 1.94 L; p = .03; median 67%
vs. 79% predicted; p = .01) and FVC (median 2.41 vs. 2.73
L; p = .04; median 79% vs. 91% predicted; p = .03) when
compared with patients with grade 1–2 pneumonitis. In
evaluating morphologic features among all patients,
patients with grade 3–4 pneumonitis were more likely to
have bilateral changes (62% vs. 24%; p = .002), multifocal
involvement (97% vs. 60%; p < .001), involvement of three
or more lobes (69% vs. 36%; p = .006), involvement of 25%
or greater volume of the lung (69% vs. 28%; p < .001), dem-
onstrating GGO component (76% vs. 45%; p = .01), and
having an AIP/ARDS pattern (55% vs. 28%; p = .01) when
compared with patients with grade 1–2 pneumonitis.
Among the subset of patients who received both thoracic
RT and ICIs, patients with grade 3–4 pneumonitis trended
toward having more extensive smoking history (100%
vs. 85% being current or former smokers; p = .10; median
50 vs. 32 pack-years smoked; p = .14), and were more likely

to have bilateral (60% vs. 20%; p = .04) and multifocal
(100% vs. 60%; p = .03) CT changes compared with patients
with grade 1–2 pneumonitis. Grade 3–4 pneumonitis was
not associated with age, histology, stage, lung V20, MLD, or
the type of ICI in either the overall cohort or the RT + ICI
group.

Radiomics and Machine Learning
We developed an exploratory ML model to classify pneu-
monitis etiology based on quantitative radiomic features
alone, without the input of CT morphologic features, prior
RT field, or the timing of onset. Supplemental online
Table 3 lists the seven radiomic features selected for the
model. Similar to morphologic exams, pneumonitis after
RT + ICI exhibited intermediate radiomic features com-
pared with the RT alone and ICI alone groups. Two radiomic
features were similar between pure RT-pneumonitis and
pneumonitis after receipt of RT + ICI, which were signifi-
cantly or near significantly different from ICI-pneumonitis.
Conversely, four radiomic features were similar between
pure ICI-pneumonitis and pneumonitis after receipt of RT +
ICI, which were significantly or near significantly different

Figure 1. Representative computed tomography (CT) images of RT-pneumonitis (A), ICI-pneumonitis (B), and pneumonitis after
RT + ICI (C, D). (A): A 66-year-old patient with stage IIIA adenocarcinoma of the left upper lobe (LUL) developed RT-pneumonitis
1.4 months after completing thoracic RT. CT changes included focal consolidation with a sharp border (arrowheads) in the lung ipsi-
lateral to the primary tumor. (B): A 68-year-old patient with a stage IV adenocarcinoma of the right lower lobe developed ICI-
pneumonitis 3.7 months after initiating nivolumab. CT changes included bilateral, multifocal ground-glass opacities (GGOs) without
sharp border. (C): A 68-year-old patient with stage IIIA adenocarcinoma of the right upper lobe developed RT-pneumonitis
2.6 months after completing RT and initiating durvalumab. CT changes included focal GGOs and consolidation with a sharp border
(arrowheads) in the ipsilateral lung, resembling RT-pneumonitis. (D): A 62-year-old patient with stage IIIA squamous cell carcinoma
of the LUL developed ICI-pneumonitis 0.8 months after completing RT and initiating durvalumab. CT changes included bilateral,
multifocal GGOs without sharp border, resembling ICI-pneumonitis.
Abbreviations: ICI, immune checkpoint inhibitor; RT, radiotherapy.
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from RT-pneumonitis. Supplemental online Figure 1A–D
demonstrates the differences in contralateral neighboring
gray tone difference matrix (NGTDM) contrast in the same
patients as Figure 1A–D. NGTDM contrast measures differ-
ences in CT density between each voxel and its surrounding
voxels, and higher values suggest greater tissue heterogene-
ity and pathology [26, 27]. ICI-pneumonitis (supplemental
online Fig. 1B) had higher NGTDM contrast values than
RT-pneumonitis (supplemental online Fig. 1A), which was
recapitulated by the difference between two patients
with pneumonitis after RT + ICI (supplemental online
Fig. 1D vs. 1C).

Figure 2A demonstrates the receiver-operating charac-
teristics of the final ML model in the RT or ICI alone groups,
with an area under the curve of 0.76 (95% confidence inter-
val, 0.63–0.90). To test whether this model could identify
the predominant etiology of pneumonitis after RT + ICI, we
applied the ML model to the RT + ICI group of patients and

compared the model prediction in each case to the attribu-
tion determined by the multidisciplinary consensus. As
shown in Figure 2B, the height of each bar represents the
likelihood of ICI being the predominant etiology of pneumo-
nitis in each patient, as predicted by the ML model. The
patients for whom ICI was the most likely etiology by con-
sensus also tended to have higher likelihood predicted by
the ML model (black bars clustering toward the right side of
the graph), while those less likely to be caused by ICI (more
likely RT) by consensus also had lower likelihood predicted
by the model (gray bars clustering toward the left side of
the graph).

DISCUSSION

To our knowledge, this is the first study in which pneumoni-
tis due to different etiologies, including RT, ICI, and poten-
tially combination of the two in patients who received

Table 3. Morphologic features of RT- versus ICI-pneumonitis

Features
RT
alone

ICI
alone

p valuea

(RT
vs. ICI) RT + ICI

p valuea (RT + ICI vs. RT
alone)

p valuea (RT + ICI vs. ICI
alone)

n 29 23 30

Bilateral 8 (28) 15 (65) .01 14 (47) .57 .06

Number of lobes .02 .87 .01

1 5 (17) 5 (22) 4 (13)

2 11 (38) 3 (13) 15 (50)

3 8 (28) 3 (13) 6 (20)

4 3 (10) 2 (9) 2 (7)

5 2 (7) 10 (44) 3 (10)

Volume of lung
involved

.25 .70 .07

<5% 2 (7) 3 (13) 1 (3)

5%–25% 14 (48) 8 (35) 19 (63)

25%–50% 10 (35) 6 (26) 8 (27)

>50% 3 (10) 6 (26) 2 (7)

Multifocal 21 (72) 17 (74) .99 22 (73) 1.00 .99

Radiographic
elements

.44 .31 .34

GGO 11 (38) 9 (39) 7 (23)

Consolidation 12 (41) 10 (44) 11 (37)

GGO + cons 6 (21) 3 (13) 10 (33)

Nodules 0 1 (4) 2 (7)

Radiographic pattern .53 .50 .49

AIP/ARDS 12 (46) 11 (52) 8 (30)

COP 12 (46) 8 (38) 14 (52)

Fibrosis 2 (8) 0 2 (7)

COP + fibrosis 0 1 (5) 1 (4)

HP 0 1 (5) 2 (7)

Sharp border 17 (59) 4 (17) .004 12 (40) .20 .13

Data are presented as n (%).
ap values from Fisher’s exact tests.
Abbreviations: AIP/ARDS, acute interstitial pneumonia/acute respiratory distress syndrome; cons, consolidation; COP, cryptogenic organizing
pneumonia; GGO, ground-glass opacity; HP, hypersensitivity pneumonitis; ICI, immune checkpoint inhibitor; RT, radiotherapy.
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Table 4. Factors associated with higher-grade (grade 3–4) pneumonitis

Variables

Overall cohort RT + ICI

Grade 1–2 Grade 3–4 p value Grade 1–2 Grade 3–4 p value

n (%) 53 (65) 29 (35) 20 (67) 10 (33)

Agea 69 (45–84) 68 (48–80) .77 69 (56–82) 66 (49–77) .57

ECOG performance scoreb .01 .56

0 13 (24) 1 (3) 4 (20) 1 (10)

1 38 (72) 24 (83) 15 (75) 7 (70)

2 2 (4) 4 (14) 1 (5) 2 (20)

Smoking historyb .007 .10

Current smoker 6 (11) 7 (24) 3 (15) 5 (50)

Former smoker 35 (66) 22 (76) 14 (70) 5 (50)

Never smoker 12 (23) 0 3 (15) 0

Pack-year smokeda 30 (0–110) 40 (10–100) .03 32 (0–110) 50 (10–100) .14

History of autoimmune diseasea 2 (4) 3 (10) .37 1 (5) 1 (10) .56

Pretreatment lung functiona

FEV1, L .70

% FEV1 predicted .38

FVC, L .53

% FVC predicted .53

Histologya .84 .65

Adenocarcinoma 32 (60) 16 (55) 10 (50) 3 (30)

Squamous cell carcinoma 15 (28) 9 (31) 8 (40) 5 (50)

Other 6 (11) 4 (14) 2 (10) 2 (20)

Initial stageb .79 .44

I 3 (6) 0 1 (5) 0

II 4 (8) 3 (10) 2 (10) 2 (20)

III 29 (55) 16 (55) 12 (60) 7 (70)

IV 17 (32) 10 (35) 5 (25) 1 (10)

Radiation dosimetrya (n = 39) (n = 20)

V20 (% total lung) 25 (17–41) 26 (14–35) 0.99 24 (17–37) 21 (14–32) .67

MLD (Gy) 15.0 (8.9–21.7) 15.7 (8.6–20.0) .56 13.2 (8.9–18.9) 15.0 (8.6–18.4) .53

Type of ICIb (n = 34) (n = 19) .74 .46

Nivolumab 17 (50) 12 (63) 9 (45) 4 (40)

Pembrolizumab 5 (15) 1 (5) 3 (15) 0

Ipilimumab-nivolumab 5 (15) 2 (11) 1 (5) 2 (20)

Durvalumab 7 (20) 4 (21) 7 (35) 4 (40)

Bilateral CT changesb 13 (24) 18 (62) .002 4 (20) 6 (60) .04

Multifocal CT changesb 32 (60) 28 (97) <.001 12 (60) 10 (100) .03

Involving three or more lobesb 19 (36) 20 (69) .006 5 (25) 6 (60) .11

Involving ≥25% lung volumeb 15 (28) 20 (69) <.001 5 (25) 5 (50) .23

GGO componentb,c 24 (45) 22 (76) .01 10 (50) 7 (70) .44

AIP/ARDS patternb 15 (28) 16 (55) .01 4 (20) 4 (40) .18

Sharp borderb 28 (53) 21 (72) .10 13 (65) 5 (50) .46
aMedian (range). p values from Wilcoxon rank sum tests.
bNumber of patients (%). p values from Fisher’s exact tests.
cIncluding cases with GGO or GGO plus consolidations.
Abbreviations: AIP/ARDS, acute interstitial pneumonia/acute respiratory distress syndrome; ECOG, Eastern Cooperative Oncology Group; FEV1,
forced expiratory volume in 1 second; FVC, forced vital capacity; GGO, ground-glass opacity; ICI, immune checkpoint inhibitor; MLD, mean lung
dose; RT, radiotherapy; V20, volume of lung receiving at least 20 Gy.
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both, are systematically compared. Our findings have
potential implications in directing the treatment for pneu-
monitis in patients with NSCLC, as well as in understanding
the pathogenesis of pneumonitis in patients who receive
both RT and ICI. First, RT- and ICI-pneumonitis share similar
CT elements (both commonly presenting as GGOs and/or
consolidations) and patterns (often AIP/ARDS or COP) but
differ in their spatial distribution in that ICI-pneumonitis
tends to be bilateral, more likely to involve more lobes of
the lung, and less likely to have sharp borders. Second, as a
group, patients who develop pneumonitis after receipt of
both RT and ICI exhibit an intermediate phenotype between
RT- and ICI-pneumonitis in both morphologic and radiomic
features, suggesting that both RT and ICI may contribute to
the development of pneumonitis in this group. However, it
should be noted that this is a heterogeneous group with
some patients more closely resembling RT-pneumonitis and
others ICI-pneumonitis (Fig. 1 and supplemental Fig. 1).
Therefore, one etiology may play a more significant role in
the development of pneumonitis than the other in a partic-
ular patient. The biologic underpinning of such differences
in pneumonitis pathogenesis remains to be determined.
Nevertheless, treatment of pneumonitis after RT + ICI may
need to be individualized to take into account of the pre-
dominant etiology.

The number of patients who develop pneumonitis after
RT and ICIs is increasing because of the expanding indica-
tions for both thoracic RT and ICIs in patients with NSCLC
[7, 14, 28]. The incidence of pneumonitis in patients with
locally advanced NSCLC after definitive chemoradiotherapy
and ICIs may be as high as 34% [29]. The treatment algo-
rithms and natural histories differ dramatically between RT-
and ICI-pneumonitis. Patients with RT-pneumonitis are
often treated with a lower dose of steroids (40–60 mg pred-
nisone per day) for a shorter duration of time, whereas
those with ICI-pneumonitis require high-dose steroids (1–2
mg prednisone per kg per day) for a prolonged period [13].

High-grade, steroid refractory ICI-pneumonitis can develop
in as many as 18% of patients and may require intravenous
immunoglobulin or other immunosuppressive agents such
as mycophenolate mofetil or infliximab [13, 30]. In addition,
patients with ICI-pneumonitis are at a higher risk of recru-
descence when rechallenged with ICIs, while ICI rechallenge
might be less problematic in patients whose pneumonitis is
mainly due to RT [31]. Therefore, identifying the predomi-
nant etiology responsible for pneumonitis development
after RT + ICI may help to triage patients toward the best
treatment pathway.

Despite the clinical need to better define pneumonitis
etiology, there is no consensus to guide the distinction of
pneumonitis etiology after receipt of both RT and ICIs. Tra-
ditional clinical factors, such as the timing of onset and RT
dose distribution are two of the most commonly used
criteria, but it requires multidisciplinary input from all mem-
bers of the treatment team, and the results can still be
ambiguous in many cases [9, 12]. In our own cohort, initial
classification of pneumonitis etiology by two of the authors
was only concordant in 63% of cases, even with the full
medical, imaging, and treatment history available, which
may be partly due to contributions from both RT and ICIs in
pneumonitis development. The morphologic features iden-
tified in this study, namely laterality, number of lobes
involved, and sharp border, may help refine the attribution
of the predominant pneumonitis etiology in patients receiv-
ing RT + ICI, thereby facilitating treatment decision-making
in this patient population.

Radiomics and ML may play an increasingly active role
in assisting human readers and evaluating CT scans in
patients with NSCLC. Our results demonstrate the feasibility
of using unbiased radiomic features, instead of qualitative
morphologic features, to distinguish pneumonitis etiology.
Previous studies have shown promising results of radiomics
in predicting pneumonitis risk after RT or ICI [18–21]. How-
ever, these studies did not differentiate between RT- and

Figure 2. Radiomics-based machine learning model for distinguishing ICI- from RT-pneumonitis. (A): Receiver-operating characteris-
tics (ROC) of the model in patients who received RT or ICI alone. The gray areas indicate 95% confidence intervals of the ROC. (B):
Model prediction of the likelihood (least to most likely from 0 to 1) of ICI etiology in each patient (individual bars) who developed
pneumonitis after RT + ICI (n = 30). The color of each bar represents the attribution by multidisciplinary consensus (gray for RT eti-
ology, black for ICI etiology).
Abbreviations: ICI, immune checkpoint inhibitor; ML, machine learning; RT, radiotherapy.
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ICI-pneumonitis and did not include patients treated with
RT + ICI. In this study, we identified high post-treatment
NGTDM contrast in the contralateral lung as a potential bio-
marker for ICI-pneumonitis. NGTDM contrast may help dif-
ferentiate normal versus malignant tissues and predict
treatment response in NSCLC, head and neck cancer, rectal
cancer, and multiple myeloma [26, 27, 32–34]. Interestingly,
in a retrospective study of 43 patients with triple-negative
breast cancer, higher NGTDM contrast on mammography
was associated with a higher number of tumor-infiltrating
lymphocytes [27]. Lymphocytes are central to the patho-
genesis of ICI-pneumonitis. The link between NGTDM con-
trast and lymphocyte infiltration may provide a plausible
mechanism for the morphologic findings of pneumonitis
after ICIs or RT + ICI [35, 36].

This study also contributes to our understanding of the
risk factors for severe pneumonitis. Grade 3–4 pneumonitis
was associated with worse baseline performance status,
greater smoking history, and lower pretreatment lung func-
tion, in particular, FEV1 and FVC. This is consistent with pre-
vious findings that pretreatment FEV1 is associated with
severe radiation pneumonitis [5, 37]. Radiation dose to the
lung, in particular V20 and MLD, were not associated with
pneumonitis severity in our cohort of patients who received
RT or RT + ICI, possibly because of the small sample size
and heterogeneity in disease stage. Among the imaging fea-
tures, bilateral and multifocal involvement were signifi-
cantly associated with severe pneumonitis in both the
overall cohort and among patients who received RT + ICI.
Similarly, previous studies have identified bilateral involve-
ment as a risk factor for both fatal RT-pneumonitis and ste-
roid refractory ICI-pneumonitis [30, 38]. These clinical and
imaging risk factors may assist in the identification of
patients with NSCLC with pneumonitis who may be at high
risk of clinical deterioration and may require treatment
intensification for pneumonitis.

The main caveat of this study is the small cohort size.
However, the size of our study population is on par with
previous reports in this area [3, 5, 9]. As such, we were not
able to perform multivariable analysis on the risk factors for
higher-grade pneumonitis because of the small sample size.
Future prospective studies with larger patient cohorts
should be conducted to independently validate the imaging
biomarkers and risk factors identified in this study. Further
research is also needed to better characterize the temporal
evolution of the imaging findings of pneumonitis, which
may serve as early biomarkers for patients who are at risk
of clinical deterioration and may require escalation of pneu-
monitis treatments. Finally, mechanistic studies combining
imaging and serum biomarkers, such as interleukin-8 and
chemotactic cytokine ligand 2, may elucidate the underlying

etiology of pneumonitis after RT + ICI and identify novel
therapeutic targets [39–43].

CONCLUSION

In a cohort of patients with NSCLC treated with definitive
dose of thoracic RT and/or ICIs, RT-pneumonitis is more
likely to be unilateral, involve fewer lobes of the lung, and
have sharp border, whereas ICI-pneumonitis tends to be
bilateral and involve more lobes and is less likely to have
sharp border. Patients who develop pneumonitis after both
RT and ICI have heterogeneous morphologic presentations,
with features overlapping with both RT- and ICI-pneumoni-
tis. Poor performance status, greater smoking history, lower
pretreatment lung function, and bilateral and multifocal
involvement on CT are risk factors associated with severe
pneumonitis. Lastly, an exploratory radiomics-based ML
model can identify the predominant pneumonitis etiology
in patients who received RT + ICI with good concordance
with the clinical impression of a multidisciplinary group of
physicians. Future studies with larger patient cohorts are
needed to validate these findings.
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