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Simple Summary: Stereotactic body radiation therapy (SBRT) is widely applied for treatment of
early stage lung cancer and pulmonary metastases. Modern immune checkpoint blockade (ICB) is
progressively used in cancer treatment. Pneumonitis is a relevant side effect of both thoracic SBRT and
ICB. Currently, it remains unclear whether we can presume the same radiation dose–volume–effect
correlations and dose constraints for safe application of SBRT + ICB. We present a dose–volume–effect
correlation analysis method using pneumonitis contours and dose–volume histograms (DVH). We
showed dosimetric differences for pneumonitis volumes between SBRT + ICB and SBRT alone. We
found a large extent of pneumonitis, even bilateral and apart from the radiation field for combined
SBRT + ICB. We noticed a shift in pneumonitis DVHs towards lower doses and a trend towards
decreased areas under the curve (AUC) for SBRT + ICB. This provides a direction for re-evaluation
and potential adaptation of lung dose constraints for combined SBRT and ICB.

Abstract: Thoracic stereotactic body radiation therapy (SBRT) is extensively used in combination
with immune checkpoint blockade (ICB). While current evidence suggests that the occurrence of
pneumonitis as a side effect of both treatments is not enhanced for the combination, the dose–volume
correlation remains unclear. We investigate dose–volume–effect correlations for pneumonitis after
combined SBRT + ICB. We analyzed patient clinical characteristics and dosimetric data for 42 data
sets for thoracic SBRT with ICB treatment (13) and without (29). Dose volumes were converted into
2 Gy equivalent doses (EQD2), allowing for dosimetric comparison of different fractionation regimes.
Pneumonitis volumes were delineated and corresponding DVHs were analyzed. We noticed a shift
towards lower doses for combined SBRT + ICB treatment, supported by a trend of smaller areas
under the curve (AUC) for SBRT+ ICB (median AUC 1337.37 vs. 5799.10, p = 0.317). We present
a DVH-based dose–volume–effect correlation method and observed large pneumonitis volumes,
even with bilateral extent in the SBRT + ICB group. We conclude that further studies using this
method with enhanced statistical power are needed to clarify whether adjustments of the radiation
dose constraints are required to better estimate risks of pneumonitis after the combination of SBRT
and ICB.
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1. Introduction

In the 21 century, immunotherapy with checkpoint inhibitors has revolutionized the
treatment of lung cancer and metastatic disease for numerous cancers with improved
clinical outcome [1,2]. Even better results are expected by combination of radiation therapy
with immunotherapy by synergistic enhancement of immunological mechanisms [3]. While
radiation is cytotoxic, it also impacts the tumor itself, e.g., by upregulation of Programmed
Cell Death-Ligand 1 (PD-L1) and Programmed Cell Death-1 (PD-1) [4], and its microenvi-
ronment by increased anti-tumor response mechanisms [5–7]. Thus, evidence for combined
RIT, especially with ICBs, for clinical application for primary lung tumors and pulmonary
metastases is growing, with a variety of ongoing studies [8] showing improved clinical
outcome [9–13]. However, to date it is still debated which radiotherapy (RT) regimens (e.g.,
dose per fraction) are optimal to stimulate synergies with ICB [7]. SBRT is an elegant treat-
ment alternative for early stage lung cancer for medically inoperable patients or those who
refuse surgery as well as for pulmonary metastases with excellent local control rates [14–20].
Furthermore, the combination of SBRT and ICB treatment has been investigated with bene-
ficial clinical outcome [21–23] and a multitude of clinical trials is currently ongoing [8,24,25].
In current clinical guidelines, for early stage lung cancer, usually adjuvant chemotherapy
is administered for stage II and III [26]; ICB can be considered for adjuvant treatment in
stage IIA, IIB and IIIA, and is recommended for node-positive lung cancer after definitive
chemoradiation [15]. Secondary lung cancer can also be treated with surgery, systemic
agents and radiotherapy, usually depending on the primary tumor and the number and
spread of metastases [27].

Pneumonitis is a relevant and dose-limiting adverse event for RT with a wide range of
occurrence rates, between 9% to 28%, depending on the dose, irradiated volume and prior
interstitial lung disease [28]. For monotherapy with ICBs of Non-Small Cell Lung Cancer
(NSCLC), pneumonitis occurs in less than 5% [29,30] and in about 10% for combination
ICB therapy [30]. The phase III PACIFIC trial investigating durvalumab (anti-PD-L1)
after fractionated radiochemotherapy for NSCLC showed enhanced all-grade pneumonitis
rates in up to 34% in the durvalumab group compared to 25% in the placebo arm. In
the KEYNOTE trial, analyzing subsequent immunotherapy after RT, all-grade pulmonary
toxicity was significantly higher in the RT + ICB group (13% vs. 1%, p = 0.046) [12].
Furthermore, a large database analysis revealed numerically increased rates of pulmonary
adverse events in patients who received ICB within 90 days prior to RT. However, details
of the RT regimens were not part of the study [31]. When it comes to SBRT, the majority
of studies on combination of SBRT and ICB suggest increased total rates of pulmonary
toxicity after combination of SBRT and ICB; however, combination therapy was not found
to enhance high-grade side effects [23,32–36]. The current evidence is based on studies
with a multitude of dose regimes ranging from 30 Gy to 50 Gy in 3 to 5 fractions. Thus,
to date, the optimal dose fractionation and treatment sequence to reduce pulmonary side
effects remain unclear.

Since pneumonitis can originate from multifactorial mechanisms under combined RIT,
there is reason to re-consider established and well-known dose–volume–effect correlations
for SBRT combined with ICB treatment. While the majority of current studies focus on the
clinical outcome, including toxicity rates, there are currently very limited data investigating
the potentially required adaptation of dose constraints. However, for clinical application of
RIT, these data is of major relevance.

In this study, we investigate dosimetric parameters from pneumonitis DVHs. We aim
to find out whether immunotherapy in combination with SBRT affects the development and
extension of treatment-related pneumonitis. We approach this by revealing the potential
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correlation between radiation dose and the corresponding extension of pneumonitis for
combined thoracic SBRT and ICB treatment compared to SBRT alone.

2. Materials and Methods
2.1. Clinical Patient Data

We collected 42 data sets from patients who received thoracic SBRT at our institute.
Thirteen patients received additional immunotherapy with ICB including either PD-1 or
PD-L1 inhibitors within a time frame of 50 days around RT for primary lung cancer (7)
or pulmonary metastases (6). One patient received a combination of PD-1 and cytotoxic
T-lymphocyte-associated Protein 4 (CTLA-4) antibody. A total of 29 patients received SBRT
alone, out of which 11 were treated for secondary cancer. All patients in the SBRT + ICB
group had peripherally located tumors and three patients in the SBRT group had centrally
located tumors.

In the SBRT + ICB group, seven patients received pembrolizumab and six patients
received nivolumab. Nine patients received ICB within a time interval of less than 20 days
around RT. Five patients received ICB prior and after RT, two patients received simultane-
ous ICB, in four cases ICB was administered only prior to RT, and two patients received
ICB after RT. Twenty-one patients received chemotherapy prior, after or simultaneously
to RT. Agents covered a wide range according to the treatment indication; however, from
those 21 patient cases, in only four cases chemotherapy was administered within a window
of less than 50 days around RT. The administered drugs comprised two platinum-based
agents, pemetrexed and dacarbazine.

The radiotherapy fractionation schemes widely varied individually from single doses
of 4 Gy to 15 Gy and total doses of 21 Gy up to 60 Gy. In the SBRT + ICB group, two
patients received 50 Gy in 5 Gy single fractions, three patients received 37.5 Gy in 12.5 Gy
single fractions, three patients 60 Gy in 7.5 Gy single fractions, four patients 45 Gy in 15 Gy
single fractions and one patient received 30 Gy in 5 Gy single fractions. Three tumors
in the SBRT group were centrally located. One of them was a metastasis treated with
40 Gy in 8 Gy fractions and two of them were primary lung tumors treated with a dose of
60 Gy in 7.5 Gy fractions. In the ICB + SBRT group, seven patients received a biologically
effective dose with α/β = 10 depicted as BED10 ≥ 100 Gy and 11 in the SBRT group. SBRT
was administered as intensity-modulated radiotherapy and in the majority of cases it was
delivered as a volumetric rotational therapy. In fifteen cases, patients received additional
prior thoracic RT; seven in the SBRT + ICB group and two of them at the ipsilateral side as
the investigated location, which were given 364 and 628 days prior to the investigated RT
treatment course. Eight patient cases of the SBRT-only group received prior thoracic RT
and five of them were located at the same side as the investigated case. The shortest time
between prior ipsilateral RT and the investigated RT treatment course was 292 days, and
the majority happened several years before the studied therapy.

Clinical patient characteristics, including occurrences of pneumonitis, were extracted
from patient records and are depicted in Table 1. Pneumonitis was evaluated according
to the Common Terminology Criteria for Adverse Events (CTCAE) v5.0 [37]. Descriptive
statistical analysis was performed using IBM SPSS Statistics 25. Univariate analysis and
analysis of significance was performed using chi-squared tests or Mann–Withney U tests,
with a significance level of 0.05.

2.2. Dosimetric Data

Based on the data from the clinical patient files regarding the occurrence of pneu-
monitis, we identified the corresponding follow-up computed tomography (CT) scans,
showing the radiological features of pneumonitis for the first time. Since pneumonitis
can originate from RT as well as ICB treatment, radiographic findings are various. Most
commonly described features include cryptogenic organizing pneumonia (COP), with
ground-glass or consolidative opacities; and nonspecific interstitial pneumonia (NSIP),
with ground-glass opacities and reticular opacities [30,38–40]. Based on these findings, the
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pneumonitis-comprising volume was delineated for each patient using the treatment plan-
ning software Eclipse 15.6 and 16.0 (Varian Medical Systems, Palo Alto, CA, USA), checked
by a specialist in nuclear medicine with experience in radiological diagnostic imaging. The
contours were transformed to the RT planning CT using rigid and subsequent deformable
image registration with a modified “demons” algorithm [41]. Additional contours, required
for further processing, such as the gross tumor volume (GTV) and the lung were also delin-
eated. The contour as well as dose data were extracted from the treatment-planning system.
A MATLAB-based (MATLAB R2019b, The MathWorks Inc., Natick, MA, USA) software
tool was used to convert the clinically applied doses to 2 Gy fractions equivalent doses
(EQD2) on a voxel basis in order to compare various fractionation schemes using a linear
quadratic model (LQM) [42]. We assumed an α/β ratio of three and ten for normal lung
tissue and the lung tumor volume, respectively [43]. Dosimetric analysis was performed
using the open-source platform 3D Slicer [44] and the RT toolkit [45]. In case of multiple
thoracic radiation within a time interval of six months, we used sum doses. We report
the relevant dose and volume parameters as the mean with standard deviation (SD) and
median with range. We performed univariate analysis and analysis of significance was
performed using chi-squared tests and Fisher’s exact tests for categorial variables. For
numeric data, due to the small sample size and partially missing normal distribution, we
applied Mann–Whitney U tests, with a significance level of 0.05.

Table 1. Patient characteristics and dosimetric data. Doses are reported in 2 Gy fractions equivalent
doses (EQD2).

Patient Characteristics

SBRT+ICB SBRT+ICB (%) SBRT SBRT (%) p-Value

No. of patients 13 100.0 29 100.0
No. of females 7 53.8 15 51.7 0.582
No. of males 6 46.2 14 48.3

Median age (a) 69 74 0.282
Pulmonary co-morbidity 1 7.7 15 51.7 0.006
Active or former smokers 8 61.5 17 58.6 0.595

No. of patients with lung metastases 6 46.2 11 37.9 0.369
No. of patients with primary lung tumors 7 53.8 14 48.3 0.369

No. of peripheral tumors 13 100.00 26 86.21 0.229
No. of central tumors 0 0.00 3 13.79 0.229

Sequential CTx 1 10 76.9 11 37.9 0.019
Prior thoracic RT 2 7 53.8 8 27.6 0.101

Median time between ICB and RT (d) 8.5
No. of pneumonitis 5 38.5 9 31.0 0.729

No. of pneumonitis grade 3 0 0.0 2 6.9 0.255
Median time until occurrence after RT (d) 71 47 0.174

Dosimetric results

Pneumonitis V (cm3) Mean 177.64 120.42 0.641
SD 3 242.99 80.54

Median 68.82 99.43
Min 4 18.42 59.32
Max 4 603.04 313.59

PTV 5 (cm3) Mean 38.54 51.98 0.317
SD 36.21 32.09

Median 26.30 46.70
Min 9.00 11.00
Max 146.00 323.00
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Table 1. Cont.

V20EQD2 (cm3) Mean 29.62 75.21 0.039
SD 28.21 45.18

Median 33.85 68.22
Min 4.23 10.63
Max 68.32 163.24

EQD2Pneumonitis (Gy) Mean 37.50 62.72 0.317
SD 45.23 28.60

Median 13.32 57.97
Min 0.27 10.29
Max 101.22 107.17

Vpneumonitis EQD2 ≥
20 Gy (%) Mean 44.52 63.58 0.549

SD 46.89 21.52
Median 22.26 71.14

Min 0.70 17.92
Max 99.28 91.78

Vpneumonitis EQD2 <
10 Gy (%) Mean 39.02 26.99 0.841

SD 45.54 20.24
Median 19.39 20.68

Min 0.00 1.94
Max 98.96 68.11

AUCPneumonitis
6 Mean 4012.69 6272.33 0.317

SD 4284.33 2859.67
Median 1337.37 5799.10

Min 358.45 1028.48
Max 10,122.09 10,717.34

MLDtotal lung EQD2 (Gy) Mean 6.43 7.33 0.641
SD 4.28 3.22

Median 5.31 7.13
Min 2.03 1.34
Max 12.68 11.83

V20total lung EQD2 (%) Mean 8.73 8.41 0.641
SD 8.31 4.48

Median 5.86 7.07
Min 1.40 0.98
Max 22.50 15.09

1 CTx means chemotherapy; 2 RT means radiotherapy; 3 SD means standard deviation; 4 Min and Max abbreviates
minimum and maximum values; 5 PTV abbreviates planning target volume; 6 AUC stands for area under the
curve of the dose volume histogram (DVH) of the pneumonitis volume.

3. Results

Our results indicate a trend towards altered correlation between dose and the extension
of pneumonitis for combined SBRT and ICB treatment compared to SBRT alone.

We exploratory investigated 13 and 29 patient cases with SBRT + ICB treatment and
SBRT alone, respectively. Comparing extensions and doses of the pneumonitis volumes,
we found numerically increased mean pneumonitis volumes (177.64 cm3 vs. 120.40 cm3).
However, a trend of smaller, even not significant, median values (68.82 cm3 vs. 99.43 cm3,
p = 0.641) was noticeable. Median planning target volumes (PTV) were numerically smaller
for SBRT + ICB (26.30 cm3 vs. 46.70 cm3, p = 0.317). At the same time, we found a trend
to smaller median EQD2 (13.32 Gy vs. 57.97 Gy, p = 0.317) and noticed smaller median
pneumonitis volumes receiving at least 20 Gy (V20) (33.85 cm3 vs. 68.22 cm3, p = 0.039)
for the SBRT + ICB group compared to SBRT alone. There was a trend of delayed onset of
pneumonitis for the SBRT + ICB group (71 days vs. 47 days after RT, p = 0.174). Details are
listed in Table 1.

For three patients, pneumonitis even extended bilaterally despite a low median of the
mean lung dose (MLD) of 5.31 Gy for the SBRT + ICB group, which was higher in the SBRT
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group (7.13 Gy) (see Table 1). Only one patient in the solely SBRT group showed bilateral
extent, which can be attributed to bilateral SBRT.

Looking at the dosimetric results in more detail, we observed a trend towards a
decreased fraction of the pneumonitis volume receiving a high dose of EQD2 > 20 Gy SBRT
+ ICB (22.26% vs. 71.14%, p = 0.549), whereas the mean low dose fraction with EQD2 < 10 Gy
was numerically larger (39.02% vs. 26.99%). Figure 1 shows the pneumonitis extensions
and EQD isodoses for two exemplary cases from both groups. For the depicted SBRT + ICB
case, the pneumonitis affects both lungs with a rather small single-sided GTV distant from
the resulting radiological changes. For another patient, who received SBRT with 45 Gy in
3 fractions to a small left-sided tumor, we also found bilateral extent of pneumonitis, as
shown in Figure 2. This patient received additional SBRT for liver metastasis at the same
time with the same dose fractionation regime; however, the extent of pneumonitis does
not correlate with the dose distribution. For dosimetric analysis, we used sum doses to
prevent overestimation of the effect attributed to the lung SBRT. A third patient also showed
the bilateral extent of pneumonitis. This patient received hypofractionated, contralateral
mediastinal RT with 45 Gy in 15 fractions a month prior to SBRT. Since the extent of the
pneumonitis volume in the contralateral right lung is more likely caused by the irradiation
of the right side, we considered only the pneumonitis contour from the left SBRT side for
analysis. However, to not overestimate the dosimetric effect of SBRT alone, we used the
sum EQD2, as shown in Figure 3a, for dosimetric evaluation as well.

Analyzing the DVHs, we noticed a trend towards lower doses for combined SBRT + ICB
treatment, as can be seen in Figure 4. This trend was supported by a numerical difference in
the area under the curve (AUC), which was smaller for SBRT + ICB compared to SBRT alone
(median AUC 1337.37 vs. 5799.10, p = 0.317), even though the data were not significant.

Figure 1. Transversal radiotherapy (RT) planning CT slices showing the EQD2 isodoses and pneu-
monitis contours (magenta) and GTV contours (light red) for a SBRT + ICB case (a) and for a SBRT
case (b). Exemplary transversal slices from the follow up CT showing the pneumonitis and its
contours (magenta) for the SBRT + ICB case (c) and the SBRT case (d).
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Figure 2. Transversal radiotherapy (RT) planning CT slices showing the sum EQD2 isodoses and
pneumonitis contours (magenta) and GTV contours (light red) for a SBRT+ ICB case (a). This patient
received simultaneous liver metastasis SBRT. The isodoses of the original treatment plan show a
negligible lung dose (b). Figure (c) shows an exemplary sagittal slice from the follow-up CT showing
the bilateral pneumonitis and its contours (magenta).

Figure 3. Sagittal radiotherapy (RT) planning CT slices showing the sum EQD2 isodoses and
pneumonitis contours (magenta) for a SBRT+ ICB case (a). The same patient received simultaneous
contralateral hypofractionated mediastinal RT with original isodoses revealing a relevant lung dose
(b). Exemplary sagittal slice from the follow-up CT showing the bilateral pneumonitis and its contours
(magenta) (c).
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Figure 4. Dose–volume histograms (DVHs) for pneumonitis volume for SBRT + ICB (pink) and SBRT
(blue). Doses are indicated in 2 Gy equivalent doses (EQD2). SBRT pneumonitis DVHs are shifted
towards higher doses.

Patient characteristics are depicted in Table 1. All but two parameters did not sig-
nificantly differ between the groups. However, the number of patients suffering from
additional pulmonary diseases was smaller for the combined SBRT+ ICB cohort (1 (7.7%)
vs. 15 (51.7%), p = 0.006). In total, three patients with pneumonitis had known lung disease
(chronic obstructive pulmonary disease (COPD) or emphysema), from whom none received
ICB treatment. The number of active or former smokers was comparable in both groups
(8 (61.5%) vs. 17 (58.6%), p = 0.595).

The fractionation schemes varied widely. However, in all of the different RT groups,
one or even two patients developed pneumonitis, except for the last indicated fractionation
scheme with a total dose of 30 Gy in 5 Gy fractions. One patient received a combination of
PD-1 and CTLA-4 antibody and developed pneumonitis 145 days after RT.

Statistically significant more patients in the SBRT + ICB treatment group had a history
of chemotherapy (10 (76.9%) vs. 11 (37.9%), p = 0.019). Prior thoracic RT was numerically
enhanced in the SBRT + ICB group (7 (53.8%) vs. 8 (27.6%), p = 0.101), from whom six
developed pneumonitis (three with ICB and three without ICB treatment).

4. Discussion

Our results indicate altered dose–volume–effect correlations regarding the develop-
ment of pneumonitis for combined treatment with SBRT and ICB compared to SBRT alone.
We demonstrate the applicability of a method based on DVH analysis of pneumonitis
volumes. We observed a trend of numerically enlarged pneumonitis volumes develop-
ing within lower radiation dose fields. These exploratory findings might trigger further
re-evaluation of potential changes in dose prescription and dose constraints for the lung
based on extended patient cohorts.

The majority of existing data in the literature investigated the incidence of pneumonitis
after sequential or concurrent ICB treatment with RT and revealed increased all-grade lung
injury with no increased high-grade toxicity [23,46,47] an thus is regarded to be safe.
A multitude of studies analyzing SBRT and ICB therapy is currently ongoing and has
been gathered in several reviews [7,25,48]. However, limited data suggest that the risk for
pneumonitis and the resulting consequences with regard to treatment discontinuation might
be underestimated [49–51] and the dose–volume relationships regarding the development
of pneumonitis remain unclear.
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Watanabe et al. [52] used a similar approach to discover factors that predict pneumoni-
tis above grade 2 and found V5 to V50 to be significantly smaller for grade 2 pneumonitis
compared to grade 1 after chemoradiotherapy. However, to our knowledge, the study
presented here is the first that applies this method to examine dosimetric correlations be-
tween the dose and pneumonitis volumes for combined SBRT + ICI in comparison to SBRT
alone. We noticed a trend towards numerically large pneumonitis volumes for SBRT + ICB
treatment, not restricted to high dose (EQD2 > 20 Gy) radiation fields and even with extent
to the contralateral lung in three cases and a late median onset (71 days after RT). Due to
the patterns of pneumonitis, the volumetric data can potentially overestimate the extent of
the involved lung tissue. Data in the literature on the radiographic patterns and correlation
to radiation dose for the combination of RT and ICB treatment are sparse [53]. Radiation-
induced pneumonitis is commonly restricted to the radiation field [54] and appears within
three to 12 weeks after radiation [54]. For larger fraction doses, V20 > 10% and a mean lung
dose > 8 Gy are associated with an increased risk of pneumonitis ≥ grade 2 [55–58], and
high MLD even impacts survival [59]. In this study, the median MLDEQD2 over all patient
cases was below 8 Gy for both groups and even lower for the SBRT + ICB group (5.31 Gy vs.
7.13 Gy, p = 0.641). Not surprisingly, statistical significance is missing due to the sparse num-
ber of data sets. V20total lung was below 8% for both groups. Thus, solely radiation-induced
pneumonitis seems unlikely. Immune-related manifestation of pneumonitis comprises a
variety of radiographic patterns with a variable, multifocal and bilateral extent [60,61], with
a mean onset after 3 months post immunotherapy [38,61]. The incidence varies also with
agent and is considered to be 3–5% for PD-1 and PD-L1 and 1% for CTLA-4 inhibitors [60].
Two small case studies support the finding of extended pneumonitis volumes and late
onset of pneumonitis. Schoenfeld et al. [51] reported a patient case receiving fractionated
axillary RT prior to ICB treatment who developed pneumonitis five months after RT with
extension also apart from the radiation field but restricted to the ipsilateral lung despite
a low V20 of 8% of the total lung. Manapov et al. [49] reported three patient cases with
pneumonitis after thoracic RT and subsequent ICB therapy with nivolumab and found
parenchyma changes in the radiation field that received 15 to 20 Gy. However, for both
studies, low mean lung doses and late onset (5 months and 167 days after RT) assume
an interplay between radiation-induced and immunogenic origin of pneumonitis and a
probable enhancement of immune-stimulating effects by radiation.

Known potential risk factors, such as previous RT, radiation dose and volume, chemother-
apy and pulmonary comorbidity, varied among our patient cohort. Clearly, the retrospective
study character and the small sample size of the here-presented data can only provide
exploratory observations and trends without statistical significance. From the patients with
pneumonitis, three had prior known lung disease and none of them received ICB treatment,
which forms a statement against pulmonary disease as a confounder to the increased pneu-
monitis volumes in the SBRT + ICB groups. About 50% and 30% received prior thoracic
RT in the SBRT + ICB group and the SBRT group, respectively. From all fourteen patients
with pneumonitis, six patients received prior thoracic RT, equally distributed between both
study groups. Thus, a history of prior thoracic RT can contribute to the increased likelihood
of pneumonitis development for the RIT group. Furthermore, for SBRT of early stage
lung cancer, the patient often is medically inoperable or refuses surgery. Being medically
inoperable can often be associated with a compromised pulmonary function, also due to
interstitial lung disease. This could also contribute to enhance appearance of pneumonitis
in these patients. We also presented two cases in the SBRT + ICI group with simultaneous
(within less than a week) or shortly sequential contralateral thoracic RT, with a bilateral ex-
tent of the pneumonitis. In one case, we could demonstrate the spatial independency of the
resulting pneumonitis and the RT contralateral to the SBRT. For both, we evaluated the sum
doses to not overestimate the effect of the SBRT dose. Fractionation schemes also widely
varied, which, due to dose–volume–effect correlations [62], could impact inter-individual
comparability. This issue has been addressed by conversion of doses to 2 Gy fractions
equivalent doses.
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Due to the diversity of indications, also the treatment sequence was different. From the
thirteen patients receiving ICB treatment, five had ICB therapy prior to RT, two concomitant,
four prior and after RT and two only after RT. Importantly, the median time between ICB
and SBRT was 8.5 days and only patients that received ICB treatment within a maximum
of 50 days around RT were considered for this study. Due to the sample size and diversity,
we cannot draw definitive conclusions regarding the treatment sequence. However, the
optimal sequence is a crucial topic of current research [8,25]. Further studies will be
needed to address this point. While immune stimulation by radiation favors RT prior to
immunotherapy, the same effects can enhance normal tissue toxicity. Von Reibnitz et al. [63]
compared concurrent and sequential (within one month) SBRT and ICB treatment and
could not find significant toxicity differences between the two groups.

In summary, this study shows an exploratory analysis of the dose–volume–effect
correlation for the development of pneumonitis after combined SBRT and ICB treatment
compared to SBRT. We found a trend towards large extents of pneumonitis also apart from
the radiation field and despite low radiation doses and a shift of the DVHs towards lower
doses for combined SBRT + ICB.

5. Conclusions

We present a DVH-based dose–volume–effect correlation analysis method for pneu-
monitis. We discovered a trend towards lower doses and extended pneumonitis volumes
after SBRT + ICB compared to SBRT alone. The statistical significance of these findings has
to be confirmed by studies with larger patient cohorts. The data presented here point in the
direction of a re-evaluation of the current lung dose constraints applied in combined SBRT
and ICB therapy.
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9. Reck, M.; Rodríguez-Abreu, D.; Robinson, A.G.; Hui, R.; Csőszi, T.; Fülöp, A.; Gottfried, M.; Peled, N.; Tafreshi, A.; Cuffe, S.; et al.
Pembrolizumab versus Chemotherapy for PD-L1–Positive Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2016, 375, 1823–1833.
[CrossRef]

10. Antonia, S.J.; Villegas, A.; Daniel, D.; Vicente, D.; Murakami, S.; Hui, R.; Yokoi, T.; Chiappori, A.; Lee, K.H.; de Wit, M.; et al.
Durvalumab after Chemoradiotherapy in Stage III Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2017, 377, 1919–1929. [CrossRef]

11. Rittmeyer, A.; Barlesi, F.; Waterkamp, D.; Park, K.; Ciardiello, F.; von Pawel, J.; Gadgeel, S.M.; Hida, T.; Kowalski, D.M.; Dols,
M.C.; et al. Atezolizumab versus Docetaxel in Patients with Previously Treated Non-Small-Cell Lung Cancer (OAK): A Phase 3,
Open-Label, Multicentre Randomised Controlled Trial. Lancet 2017, 389, 255–265. [CrossRef]

12. Shaverdian, N.; Lisberg, A.E.; Bornazyan, K.; Veruttipong, D.; Goldman, J.W.; Formenti, S.C.; Garon, E.B.; Lee, P. Previous
Radiotherapy and the Clinical Activity and Toxicity of Pembrolizumab in the Treatment of Non-Small-Cell Lung Cancer: A
Secondary Analysis of the KEYNOTE-001 Phase 1 Trial. Lancet Oncol. 2017, 18, 895–903. [CrossRef]

13. Hwang, W.L.; Niemierko, A.; Hwang, K.L.; Hubbeling, H.; Schapira, E.; Gainor, J.F.; Keane, F.K. Clinical Outcomes in Patients
With Metastatic Lung Cancer Treated With PD-1/PD-L1 Inhibitors and Thoracic Radiotherapy. JAMA Oncol. 2018, 4, 253–255.
[CrossRef] [PubMed]

14. Sebastian, N.T.; Xu-Welliver, M.; Williams, T.M. Stereotactic Body Radiation Therapy (SBRT) for Early Stage Non-Small Cell Lung
Cancer (NSCLC): Contemporary Insights and Advances. J. Thorac. Dis. 2018, 10, S2451–S2464. [CrossRef]

15. Ettinger, D.S.; Wood, D.E.; Aisner, D.L.; Akerley, W.; Bauman, J.R.; Bharat, A.; Bruno, D.S.; Chang, J.Y.; Chirieac, L.R.; D’Amico,
T.A.; et al. Non-Small Cell Lung Cancer, Version 3.2022, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer
Netw. 2022, 20, 497–530. [CrossRef]

16. Timmerman, R.; Paulus, R.; Galvin, J.; Michalski, J.; Straube, W.; Bradley, J.; Fakiris, A.; Bezjak, A.; Videtic, G.; Johnstone, D.; et al.
Stereotactic Body Radiation Therapy for Inoperable Early Stage Lung Cancer. JAMA 2010, 303, 1070–1076. [CrossRef]

17. Baumann, P.; Nyman, J.; Hoyer, M.; Wennberg, B.; Gagliardi, G.; Lax, I.; Drugge, N.; Ekberg, L.; Friesland, S.; Johansson, K.-A.;
et al. Outcome in a Prospective Phase II Trial of Medically Inoperable Stage I Non-Small-Cell Lung Cancer Patients Treated with
Stereotactic Body Radiotherapy. J. Clin. Oncol. 2009, 27, 3290–3296. [CrossRef]

18. Chang, J.Y.; Senan, S.; Paul, M.A.; Mehran, R.J.; Louie, A.V.; Balter, P.; Groen, H.J.M.; McRae, S.E.; Widder, J.; Feng, L.; et al.
Stereotactic Ablative Radiotherapy versus Lobectomy for Operable Stage I Non-Small-Cell Lung Cancer: A Pooled Analysis of
Two Randomised Trials. Lancet Oncol. 2015, 16, 630–637. [CrossRef]

19. Chang, J.Y.; Mehran, R.J.; Feng, L.; Verma, V.; Liao, Z.; Welsh, J.W.; Lin, S.H.; O’Reilly, M.S.; Jeter, M.D.; Balter, P.A.; et al.
Stereotactic Ablative Radiotherapy for Operable Stage I Non-Small-Cell Lung Cancer (Revised STARS): Long-Term Results of a
Single-Arm, Prospective Trial with Prespecified Comparison to Surgery. Lancet Oncol. 2021, 22, 1448–1457. [CrossRef]

20. Interdisziplinäre S3-Leitlinie: Prävention, Diagnostik, Therapie und Nachsorge des Lungenkarzinoms, 020-007. 2018. Available
online: https://www.awmf.org/leitlinien/detail/ll/020-007OL.html (accessed on 30 May 2022).

21. Tang, C.; Welsh, J.W.; de Groot, P.; Massarelli, E.; Chang, J.Y.; Hess, K.R.; Basu, S.; Curran, M.A.; Cabanillas, M.E.; Subbiah, V.;
et al. Ipilimumab with Stereotactic Ablative Radiation Therapy: Phase I Results and Immunologic Correlates from Peripheral T
Cells. Clin. Cancer Res. 2017, 23, 1388–1396. [CrossRef]

22. Welsh, J.W.; Tang, C.; de Groot, P.; Naing, A.; Raju, U.; Shaaban, S.; Chang, J.Y.; Cushman, T.; Heymach, J.; Dadu, R.; et al. Phase 2
5-Arm Trial of Ipilimumab Plus Lung or Liver Stereotactic Radiation for Patients with Advanced Malignancies. Int. J. Radiat.
Oncol. Biol. Phys. 2017, 99, 1315. [CrossRef]

23. Luke, J.J.; Lemons, J.M.; Karrison, T.G.; Pitroda, S.P.; Melotek, J.M.; Zha, Y.; Al-Hallaq, H.A.; Arina, A.; Khodarev, N.N.; Janisch,
L.; et al. Safety and Clinical Activity of Pembrolizumab and Multisite Stereotactic Body Radiotherapy in Patients with Advanced
Solid Tumors. J. Clin. Oncol. 2018, 36, 1611–1618. [CrossRef] [PubMed]

24. Lin, A.J.; Roach, M.; Bradley, J.; Robinson, C. Combining Stereotactic Body Radiation Therapy with Immunotherapy: Current
Data and Future Directions. Transl. Lung Cancer Res. 2019, 8, 107–115. [CrossRef] [PubMed]

25. Chen, Y.; Gao, M.; Huang, Z.; Yu, J.; Meng, X. SBRT Combined with PD-1/PD-L1 Inhibitors in NSCLC Treatment: A Focus on the
Mechanisms, Advances, and Future Challenges. J. Hematol. Oncol. 2020, 13, 105. [CrossRef] [PubMed]

26. Postmus, P.E.; Kerr, K.M.; Oudkerk, M.; Senan, S.; Waller, D.A.; Vansteenkiste, J.; Escriu, C.; Peters, S. ESMO Guidelines Committee
Early and Locally Advanced Non-Small-Cell Lung Cancer (NSCLC): ESMO Clinical Practice Guidelines for Diagnosis, Treatment
and Follow-Up. Ann. Oncol. 2017, 28, iv1–iv21. [CrossRef] [PubMed]

27. Jamil, A.; Kasi, A. Lung Metastasis. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.

http://doi.org/10.21037/jtd.2018.05.73
http://www.ncbi.nlm.nih.gov/pubmed/30206494
http://doi.org/10.1016/S1470-2045(15)00007-8
http://doi.org/10.1016/S1470-2045(19)30171-8
http://doi.org/10.5306/wjco.v12.i11.983
http://doi.org/10.1056/NEJMoa1606774
http://doi.org/10.1056/NEJMoa1709937
http://doi.org/10.1016/S0140-6736(16)32517-X
http://doi.org/10.1016/S1470-2045(17)30380-7
http://doi.org/10.1001/jamaoncol.2017.3808
http://www.ncbi.nlm.nih.gov/pubmed/28973343
http://doi.org/10.21037/jtd.2018.04.52
http://doi.org/10.6004/jnccn.2022.0025
http://doi.org/10.1001/jama.2010.261
http://doi.org/10.1200/JCO.2008.21.5681
http://doi.org/10.1016/S1470-2045(15)70168-3
http://doi.org/10.1016/S1470-2045(21)00401-0
https://www.awmf.org/leitlinien/detail/ll/020-007OL.html
http://doi.org/10.1158/1078-0432.CCR-16-1432
http://doi.org/10.1016/j.ijrobp.2017.09.012
http://doi.org/10.1200/JCO.2017.76.2229
http://www.ncbi.nlm.nih.gov/pubmed/29437535
http://doi.org/10.21037/tlcr.2018.08.16
http://www.ncbi.nlm.nih.gov/pubmed/30788240
http://doi.org/10.1186/s13045-020-00940-z
http://www.ncbi.nlm.nih.gov/pubmed/32723363
http://doi.org/10.1093/annonc/mdx222
http://www.ncbi.nlm.nih.gov/pubmed/28881918


Cancers 2022, 14, 2948 12 of 13

28. Yamashita, H.; Takahashi, W.; Haga, A.; Nakagawa, K. Radiation Pneumonitis after Stereotactic Radiation Therapy for Lung
Cancer. World J. Radiol. 2014, 6, 708–715. [CrossRef]

29. Wu, J.; Hong, D.; Zhang, X.; Lu, X.; Miao, J. PD-1 Inhibitors Increase the Incidence and Risk of Pneumonitis in Cancer Patients in
a Dose-Independent Manner: A Meta-Analysis. Sci. Rep. 2017, 7, 44173. [CrossRef]

30. Chuzi, S.; Tavora, F.; Cruz, M.; Costa, R.; Chae, Y.K.; Carneiro, B.A.; Giles, F.J. Clinical Features, Diagnostic Challenges, and
Management Strategies in Checkpoint Inhibitor-Related Pneumonitis. Cancer Manag. Res. 2017, 9, 207–213. [CrossRef]

31. Anscher, M.S.; Arora, S.; Weinstock, C.; Amatya, A.; Bandaru, P.; Tang, C.; Girvin, A.T.; Fiero, M.H.; Tang, S.; Lubitz, R.; et al.
Association of Radiation Therapy With Risk of Adverse Events in Patients Receiving Immunotherapy: A Pooled Analysis of
Trials in the US Food and Drug Administration Database. JAMA Oncol. 2022, 8, 232–240. [CrossRef]

32. Theelen, W.S.M.E.; Peulen, H.M.U.; Lalezari, F.; van der Noort, V.; de Vries, J.F.; Aerts, J.G.J.V.; Dumoulin, D.W.; Bahce, I.;
Niemeijer, A.-L.N.; de Langen, A.J.; et al. Effect of Pembrolizumab After Stereotactic Body Radiotherapy vs. Pembrolizumab
Alone on Tumor Response in Patients With Advanced Non-Small Cell Lung Cancer: Results of the PEMBRO-RT Phase 2
Randomized Clinical Trial. JAMA Oncol. 2019, 5, 1276–1282. [CrossRef]

33. Theelen, W.S.M.E.; Chen, D.; Verma, V.; Hobbs, B.P.; Peulen, H.M.U.; Aerts, J.G.J.V.; Bahce, I.; Niemeijer, A.L.N.; Chang, J.Y.; de
Groot, P.M.; et al. Pembrolizumab with or without Radiotherapy for Metastatic Non-Small-Cell Lung Cancer: A Pooled Analysis
of Two Randomised Trials. Lancet Respir. Med. 2020, 9, 467–475. [CrossRef]

34. Campbell, A.M.; Cai, W.L.; Burkhardt, D.; Gettinger, S.N.; Goldberg, S.B.; Amodio, M.; Kaech, S.; Krishnaswamy, S.; Decker,
R.H. Final Results of a Phase II Prospective Trial Evaluating the Combination of Stereotactic Body Radiotherapy (SBRT) with
Concurrent Pembrolizumab in Patients with Metastatic Non-Small Cell Lung Cancer (NSCLC). Int. J. Radiat. Oncol. Biol. Phys.
2019, 105, S36–S37. [CrossRef]

35. Kelly, K.; Daly, M.E.; Mirhadi, A.; Lara, F.; Garcia, L.A.; Chen, S.; Eastham, D.; Wiegner, E.A.; Riess, J.W.; Schalper, K.A.; et al.
Atezolizumab plus Stereotactic Ablative Therapy for Medically Inoperable Patients with Early-Stage Non-Small Cell Lung Cancer.
J. Clun. Oncol. 2020, 38, 9011. [CrossRef]

36. Patel, J.D.; Bestvina, C.M.; Karrison, T.; Jelinek, M.J.; Juloori, A.; Pointer, K.; Hoffman, P.C.; Pitroda, S.P.; Vokes, E.E.; Chmura, S.J.
Randomized Phase I Trial to Evaluate Concurrent or Sequential Ipilimumab, Nivolumab, and Stereotactic Body Radiotherapy in
Patients with Stage IV Non-Small Cell Lung Cancer (COSINR Study). J. Clin. Oncol. 2020, 38, 9616. [CrossRef]

37. Common Terminology Criteria for Adverse Events (CTCAE); Protocol Development; CTEP. Available online: https://ctep.cancer.
gov/protocoldevelopment/electronic_applications/ctc.htm (accessed on 28 March 2022).

38. Naidoo, J.; Wang, X.; Woo, K.M.; Iyriboz, T.; Halpenny, D.; Cunningham, J.; Chaft, J.E.; Segal, N.H.; Callahan, M.K.; Lesokhin,
A.M.; et al. Pneumonitis in Patients Treated With Anti-Programmed Death-1/Programmed Death Ligand 1 Therapy. J. Clin.
Oncol. 2017, 35, 709–717. [CrossRef] [PubMed]

39. Tirumani, S.H.; Ramaiya, N.H.; Keraliya, A.; Bailey, N.D.; Ott, P.A.; Hodi, F.S.; Nishino, M. Radiographic Profiling of Immune-
Related Adverse Events in Advanced Melanoma Patients Treated with Ipilimumab. Cancer Immunol. Res. 2015, 3, 1185–1192.
[CrossRef]

40. Baba, T.; Sakai, F.; Kato, T.; Kusumoto, M.; Kenmotsu, H.; Sugiura, H.; Tominaga, J.; Oikado, K.; Sata, M.; Endo, M.; et al.
Radiologic Features of Pneumonitis Associated with Nivolumab in Non-Small-Cell Lung Cancer and Malignant Melanoma.
Future Oncol. 2019, 15, 1911–1920. [CrossRef]

41. Wang, H.; Dong, L.; O’Daniel, J.; Mohan, R.; Garden, A.S.; Ang, K.K.; Kuban, D.A.; Bonnen, M.; Chang, J.Y.; Cheung, R. Validation
of an Accelerated “demons” Algorithm for Deformable Image Registration in Radiation Therapy. Phys. Med. Biol. 2005, 50,
2887–2905. [CrossRef]

42. McMahon, S.J. The Linear Quadratic Model: Usage, Interpretation and Challenges. Phys. Med. Biol. 2018, 64, 01TR01. [CrossRef]
43. Klement, R.J.; Sonke, J.-J.; Allgäuer, M.; Andratschke, N.; Appold, S.; Belderbos, J.; Belka, C.; Dieckmann, K.; Eich, H.T.; Flentje,

M.; et al. Estimation of the α/β Ratio of Non-Small Cell Lung Cancer Treated with Stereotactic Body Radiotherapy. Radiother.
Oncol. 2020, 142, 210–216. [CrossRef]

44. 3D Slicer Image Computing Platform. Available online: https://slicer.org/ (accessed on 7 October 2021).
45. Pinter, C.; Lasso, A.; Wang, A.; Jaffray, D.; Fichtinger, G. SlicerRT: Radiation Therapy Research Toolkit for 3D Slicer. Med. Phys.

2012, 39, 6332–6338. [CrossRef] [PubMed]
46. Antonia, S.J.; Villegas, A.; Daniel, D.; Vicente, D.; Murakami, S.; Hui, R.; Kurata, T.; Chiappori, A.; Lee, K.H.; de Wit, M.; et al.

Overall Survival with Durvalumab after Chemoradiotherapy in Stage III NSCLC. N. Engl. J. Med. 2018, 379, 2342–2350. [CrossRef]
[PubMed]

47. Shaverdian, N.; Beattie, J.; Thor, M.; Offin, M.; Shepherd, A.F.; Gelblum, D.Y.; Wu, A.J.; Simone, C.B.; Hellmann, M.D.; Chaft,
J.E.; et al. Safety of Thoracic Radiotherapy in Patients with Prior Immune-Related Adverse Events from Immune Checkpoint
Inhibitors. Ann. Oncol. 2020, 31, 1719–1724. [CrossRef] [PubMed]

48. Heinzerling, J.H.; Mileham, K.F.; Simone, C.B. The Utilization of Immunotherapy with Radiation Therapy in Lung Cancer: A
Narrative Review. Transl. Cancer Res. 2021, 10, 2596–2608. [CrossRef] [PubMed]

49. Manapov, F.; Roengvoraphoj, O.; Dantes, M.; Marschner, S.; Li, M.; Eze, C. Pneumonitis in Irradiated Lungs After Nivolumab: A
Brief Communication and Review of the Literature. J. Immunother. 2018, 41, 96–99. [CrossRef]

50. Wirsdörfer, F.; de Leve, S.; Jendrossek, V. Combining Radiotherapy and Immunotherapy in Lung Cancer: Can We Expect
Limitations Due to Altered Normal Tissue Toxicity? Int J. Mol. Sci. 2018, 20, 24. [CrossRef]

http://doi.org/10.4329/wjr.v6.i9.708
http://doi.org/10.1038/srep44173
http://doi.org/10.2147/CMAR.S136818
http://doi.org/10.1001/jamaoncol.2021.6439
http://doi.org/10.1001/jamaoncol.2019.1478
http://doi.org/10.1016/S2213-2600(20)30391-X
http://doi.org/10.1016/j.ijrobp.2019.06.453
http://doi.org/10.1200/JCO.2020.38.15_suppl.9011
http://doi.org/10.1200/JCO.2020.38.15_suppl.9616
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm
http://doi.org/10.1200/JCO.2016.68.2005
http://www.ncbi.nlm.nih.gov/pubmed/27646942
http://doi.org/10.1158/2326-6066.CIR-15-0102
http://doi.org/10.2217/fon-2019-0102
http://doi.org/10.1088/0031-9155/50/12/011
http://doi.org/10.1088/1361-6560/aaf26a
http://doi.org/10.1016/j.radonc.2019.07.008
https://slicer.org/
http://doi.org/10.1118/1.4754659
http://www.ncbi.nlm.nih.gov/pubmed/23039669
http://doi.org/10.1056/NEJMoa1809697
http://www.ncbi.nlm.nih.gov/pubmed/30280658
http://doi.org/10.1016/j.annonc.2020.09.016
http://www.ncbi.nlm.nih.gov/pubmed/33010460
http://doi.org/10.21037/tcr-20-2241
http://www.ncbi.nlm.nih.gov/pubmed/35116573
http://doi.org/10.1097/CJI.0000000000000198
http://doi.org/10.3390/ijms20010024


Cancers 2022, 14, 2948 13 of 13

51. Schoenfeld, J.D.; Nishino, M.; Severgnini, M.; Manos, M.; Mak, R.H.; Hodi, F.S. Pneumonitis Resulting from Radiation and
Immune Checkpoint Blockade Illustrates Characteristic Clinical, Radiologic and Circulating Biomarker Features. J. Immunother.
Cancer 2019, 7, 112. [CrossRef]

52. Watanabe, S.; Ogino, I.; Shigenaga, D.; Hata, M. Relationship Between Radiation Pneumonitis Following Definitive Radiotherapy
for Non-Small Cell Lung Cancer and Isodose Line. In Vivo 2021, 35, 3441–3448. [CrossRef]

53. Thomas, R.; Chen, Y.-H.; Hatabu, H.; Mak, R.H.; Nishino, M. Radiographic Patterns of Symptomatic Radiation Pneumonitis in
Lung Cancer Patients: Imaging Predictors for Clinical Severity and Outcome. Lung Cancer 2020, 145, 132–139. [CrossRef]

54. Arroyo-Hernández, M.; Maldonado, F.; Lozano-Ruiz, F.; Muñoz-Montaño, W.; Nuñez-Baez, M.; Arrieta, O. Radiation-Induced
Lung Injury: Current Evidence. BMC Pulm. Med. 2021, 21, 9. [CrossRef]

55. Torre-Bouscoulet, L.; Muñoz-Montaño, W.R.; Martínez-Briseño, D.; Lozano-Ruiz, F.J.; Fernández-Plata, R.; Beck-Magaña, J.A.;
García-Sancho, C.; Guzmán-Barragán, A.; Vergara, E.; Blake-Cerda, M.; et al. Abnormal Pulmonary Function Tests Predict the
Development of Radiation-Induced Pneumonitis in Advanced Non-Small Cell Lung Cancer. Respir. Res. 2018, 19, 72. [CrossRef]
[PubMed]

56. Hanna, G.G.; Murray, L.; Patel, R.; Jain, S.; Aitken, K.L.; Franks, K.N.; van As, N.; Tree, A.; Hatfield, P.; Harrow, S.; et al. UK
Consensus on Normal Tissue Dose Constraints for Stereotactic Radiotherapy. Clin. Oncol. 2018, 30, 5–14. [CrossRef] [PubMed]

57. Ryckman, J.M.; Baine, M.; Carmicheal, J.; Osayande, F.; Sleightholm, R.; Samson, K.; Zheng, D.; Zhen, W.; Lin, C.; Zhang, C.
Correlation of Dosimetric Factors with the Development of Symptomatic Radiation Pneumonitis in Stereotactic Body Radiotherapy.
Radiat. Oncol. 2020, 15, 33. [CrossRef] [PubMed]

58. Kong, F.-M.S.; Moiseenko, V.; Zhao, J.; Milano, M.T.; Li, L.; Rimner, A.; Das, S.; Li, X.A.; Miften, M.; Liao, Z.; et al. Organs at Risk
Considerations for Thoracic Stereotactic Body Radiation Therapy: What Is Safe for Lung Parenchyma? Int. J. Radiat. Oncol. Biol.
Phys. 2021, 110, 172–187. [CrossRef] [PubMed]

59. Hörner-Rieber, J.; Dern, J.; Bernhardt, D.; König, L.; Adeberg, S.; Verma, V.; Paul, A.; Kappes, J.; Hoffmann, H.; Debus, J.;
et al. Parenchymal and Functional Lung Changes after Stereotactic Body Radiotherapy for Early-Stage Non-Small Cell Lung
Cancer-Experiences from a Single Institution. Front. Oncol. 2017, 7, 215. [CrossRef]

60. Zhong, L.; Altan, M.; Shannon, V.R.; Sheshadri, A. Immune-Related Adverse Events: Pneumonitis. In Immunotherapy; Naing, A.,
Hajjar, J., Eds.; Advances in Experimental Medicine and Biology; Springer International Publishing: Cham, Switzerland, 2020;
pp. 255–269, ISBN 978-3-030-41008-7.

61. Nishino, M.; Ramaiya, N.H.; Awad, M.M.; Sholl, L.M.; Maattala, J.A.; Taibi, M.; Hatabu, H.; Ott, P.A.; Armand, P.F.; Hodi, F.S.
PD-1 Inhibitor-Related Pneumonitis in Advanced Cancer Patients: Radiographic Patterns and Clinical Course. Clin. Cancer Res.
2016, 22, 6051–6060. [CrossRef]

62. Graham, M.V.; Purdy, J.A.; Emami, B.; Harms, W.; Bosch, W.; Lockett, M.A.; Perez, C.A. Clinical Dose-Volume Histogram Analysis
for Pneumonitis after 3D Treatment for Non-Small Cell Lung Cancer (NSCLC). Int. J. Radiat. Oncol. Biol. Phys. 1999, 45, 323–329.
[CrossRef]

63. von Reibnitz, D.; Chaft, J.E.; Wu, A.J.; Samstein, R.; Hellmann, M.D.; Plodkowski, A.J.; Zhang, Z.; Shi, W.; Dick-Godfrey, R.;
Panchoo, K.H.; et al. Safety of Combining Thoracic Radiation Therapy with Concurrent versus Sequential Immune Checkpoint
Inhibition. Adv. Radiat. Oncol. 2018, 3, 391–398. [CrossRef]

http://doi.org/10.1186/s40425-019-0583-3
http://doi.org/10.21873/invivo.12644
http://doi.org/10.1016/j.lungcan.2020.03.023
http://doi.org/10.1186/s12890-020-01376-4
http://doi.org/10.1186/s12931-018-0775-2
http://www.ncbi.nlm.nih.gov/pubmed/29690880
http://doi.org/10.1016/j.clon.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/29033164
http://doi.org/10.1186/s13014-020-1479-6
http://www.ncbi.nlm.nih.gov/pubmed/32054487
http://doi.org/10.1016/j.ijrobp.2018.11.028
http://www.ncbi.nlm.nih.gov/pubmed/30496880
http://doi.org/10.3389/fonc.2017.00215
http://doi.org/10.1158/1078-0432.CCR-16-1320
http://doi.org/10.1016/S0360-3016(99)00183-2
http://doi.org/10.1016/j.adro.2018.05.001

	Introduction 
	Materials and Methods 
	Clinical Patient Data 
	Dosimetric Data 

	Results 
	Discussion 
	Conclusions 
	References

