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Abstract: Radiotherapy plays an important role in the treatment of localized primary malignancies
involving the chest wall or intrathoracic malignancies. Secondary effects of radiotherapy on the lung
result in radiation-induced lung disease. The phases of lung injury from radiation range from acute
pneumonitis to chronic pulmonary fibrosis. Radiation pneumonitis is a clinical diagnosis based on
the history of radiation, imaging findings, and the presence of classic symptoms after exclusion of
infection, pulmonary embolism, heart failure, drug-induced pneumonitis, and progression of the
primary tumor. Computed tomography (CT) is the preferred imaging modality as it provides a
better picture of parenchymal changes. Lung biopsy is rarely required for the diagnosis. Treatment
is necessary only for symptomatic patients. Mild symptoms can be treated with inhaled steroids
while subacute to moderate symptoms with impaired lung function require oral corticosteroids.
Patients who do not tolerate or are refractory to steroids can be considered for treatment with
immunosuppressive agents such as azathioprine and cyclosporine. Improvements in radiation
technique, as well as early diagnosis and appropriate treatment with high-dose steroids, will lead to
lower rates of pneumonitis and an overall good prognosis.
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1. Introduction

Inflammation of lung tissue is generally referred to as pneumonitis. When incited by
an infectious agent, the resulting acute lung inflammation is categorized as pneumonia.
The term pneumonitis is frequently used with non-infectious pathological conditions
involving chronic hypersensitivity, radiation, aspiration, and drug-induced inflammation
of the lung [1].

Radiation-mediated lung injury was recognized after the discovery of X-rays in the
early 1900 [2]. Lung, breast, esophagus, thymus, and hematologic malignancies are com-
monly treated with radiation of the thorax. Ionizing radiations damage the DNA and
subsequently, through various mechanisms, results in the death of the exposed cell [3].
Ionizing radiation is toxic to both normal and tumor cells. Factors which determine the
extent of toxicity are based on radiation beam characteristics, fractionation, the volume of
normal tissues irradiated, radiosensitizers, and underlying preexisting connective tissue
disorders [4]. The sensitivity of the lungs to radiation is the common denominator in
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determining the dose that can be delivered [4]. We aim to briefly describe the epidemiology,
pathophysiology, risk factors, imaging characteristics of radiation induced lung injury
(RILI) and review the evidence regarding management of RILI.

2. Epidemiology

The incidence of radiation injury and the subsequent pneumonitis directly correlates
with the amount of radiation exposure. The radiation dose varies with organ and type
of tumor. The incidence of radiation-mediated lung damage with lung tumors is high
compared with breast or chest lymph node neoplasms [5,6].

Dose-volume analysis of pneumonitis incidence is found to be around 9.4% in non-
small cell lung cancer (NSCLC) patients treated with stereotactic body radiation therapy [7].
Other tumors treated with radiation to the chest but not involving the lung parenchyma
may have a lower propensity for radiation pneumonitis considering the lower amount of
radiation received for those neoplasms [8]. Interestingly, the incidence increased from 1.1
to 14% when paclitaxel was used as a combination with radiotherapy for breast cancer.
Moreover, sequential exposure increased the risk further [9].

3. Pathophysiology

Radiation breaks chemical bonds at the atomic level on the exposed tissues. Tissue
damage is attributed to free radicals which are generated in tissue water. The generated
free radicals damage the DNA of the cells, making it difficult for the normal cells and
tumor cells to regenerate. The tumor cells do not possess the reparability of normal cells
and are destined to die. Fractionated doses allow the normal cells to recuperate during the
breaks. Fractionation is widely used to minimize damage to normal tissue. The common
mechanisms of cell death involve mitotic cell death, apoptosis, autophagy, and necrotic cell
death [5,10].

Genetic susceptibility is also responsible for increasing the risk of radiation pneu-
monitis in NSCLC patients treated with radiotherapy [11]. Post irradiation dysregulation
of cytokine signal transduction results in elevated levels of IL-1, IL-6, TGF-beta, Platelet-
derived growth factor (PDGF), proangiogenic hypoxia-inducible factor-1 alpha, vascular
endothelial growth factor, and Interferon-gamma. The TGF-Beta level elevation was previ-
ously assumed to predict the risk of pneumonitis, whereas a recent meta-analysis identifies
the evidence to be inadequate [12]. Type 1 pneumocytes are terminally differentiated and
are often not affected by irradiation. In a rat model exposed to different doses of X-rays,
within a few hours of irradiation the lungs became hyperpermeable due to damage to
type I pneumocytes and developed increased surfactant production visible on electron
microscopy, which would predispose to the risk of pneumonitis [13].

4. Predisposing Factors of Lung Injury

Many factors determine the degree of development of radiation-induced pneumonitis.
We can divide them into treatment-related risk factors and patient-related risk factors.
Table 1 summarizes the various predisposing risk factor for radiation-induced lung injury.
Treatment-related risk factors include radiation total dose, fractionation, and dose rate,
the volume of irradiated lung and portals, beam arrangement, and concurrent chemother-

apy [8].

4.1. Treatment-Related Risk Factors
4.1.1. Total Radiation Dose

The correlation between radiation pneumonitis and total radiation dose is not linear;
instead, it increases significantly after a threshold dose is reached [14]. Lung damage is
rarely seen with total doses less than 20 Gray (Gy); commonly seen with doses of 30 Gy to
40 Gy, and nearly always seen with a dose greater than 40 Gy [2,15].
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4.1.2. Fractionation and Dose Rate

By dividing the radiation doses, the biological impact of radiation is reduced. The
daily dose fractions number and size have a direct impact on the risk of radiation pneu-
monitis [14]. A recent study showed that a daily dose fraction of more than 2.67 Gy had
the most significant risk with the development of radiation of pneumonitis [16].

4.1.3. The Volume of Irradiated Lung

The risk of radiation pneumonitis is proportional to the volume of lung irradiated.
The usual total dose used for most cancers exceeds 50 Gy, which is far greater than the
critical value. Hence the volume of the lung becomes the most important risk factor for
radiation-induced pneumonitis [17]. The greater the lung volume irradiated higher the risk;
with >50% volume irradiation, there is a greater prevalence of radiation pneumonitis [14].

4.1.4. Technique of Irradiation

Different types of portals and beam angles are used for thoracic cancers. Radiation
pneumonitis conforms to portals and beam arrangement. Conformal radiation therapy
(CRT) aims to deliver high radiation to the shape of the target volume in three dimensions
and minimize the dose delivery to normal tissue. More specialized CRT includes intensity-
modulated radiation therapy (IMRT) and stereotactic body radiation therapy (SBRT).
According to current published literature, newer techniques IMRT, SBRT, and proton
beam therapy have reduced the incidence of clinically significant radiation pneumonitis as
compared to conventional radiation therapy [18-21]. Several recent advances to minimize
radiation dose to adjacent organs at risk have been developed and studied, for example,
using 4D CT for functional avoidance planning, pre-treatment with FDG (imaging-based
biomarkers), and normal tissue complication probability (NTCP) models for pre-treatment
planning and selection of treatment technique. Studies have shown there is marked
functional heterogeneity throughout the lung volume that may be exacerbated in the
presence of underlying lung disease. Using 4D CT ventilation imaging to identify areas
of high functioning lung tissue with an intent to avoid them in radiation planning has
generated interest [22].

To predict the risk of radiation pneumonitis, pre-treatment with FDG is studied. The
concept behind this is thought to be increased susceptibility of pre-treatment inflammation
in the lung to radiation injury that would likely manifest as increased FDG uptake, thus
allowing for quantitative assessment of radiation pneumonitis. Quantitative Analysis of
Normal Tissue Effects in the Clinic (QUANTEC) initiative is one of the NTCP models which
has been used as a predictor. It demonstrated a relationship between the mean dose to the
lungs (MLD) and the risk of RP for NSCLC patients and provided a quantitative estimate
of the dose-response relationship. NTCP model-based approach to predict toxicities can
be advantageous in deciding which patients stand to benefit from a particular treatment
modality [22,23].

4.1.5. Chemotherapy

Several chemotherapeutic agents, used for induction or concurrently, such as dox-
orubicin, taxanes, dactinomycin, bleomycin, cyclophosphamide, vincristine, mitomycin,
gemcitabine, recombinant interferon-alpha, and bevacizumab can increase the risk of devel-
oping radiation pneumonitis [24-26]. Also, some agents are known to cause lung toxicity
but also predispose lungs to pneumonitis from radiation.

4.1.6. Immunotherapy

Major advances have been made in cancer therapy by the development and use of
immune checkpoint inhibitors (ICI). ICI-associated pneumonitis is now a well-known com-
plication with rates as high as 19% in patients with non-small cell lung cancer (NSCLC) [27].
The exact pathophysiology is unclear, but preclinical evidence suggests that radiation
could increase the effectiveness of ICI therapy through its immune-stimulating effects on
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the lung tissue. This may increase the effectiveness of ICI but also potentially increase
toxicity and development of pneumonitis with ICI therapy [28,29]. The evidence for this
is conflicting and limited to observational studies and case reports. The secondary anal-
ysis of the KEYNOTE-001 trial showed a higher risk of pulmonary toxicity in patients
receiving pembrolizumab and prior radiotherapy when compared to those without prior
radiotherapy (63% vs. 40%) [30]. Although, the PACIFIC study did not find an increased
risk of grade 3—4 pneumonitis in patients treated with durvalumab versus placebo (3.4% vs.
2.6%) [31]. These studies did not assess the effects of concurrent radiotherapy as patients
were treated sequentially with radiotherapy and ICI. Louvel et al., described two cases
of patients treated with concurrent ICI, anti-PD 1 and anti-PDL1, along with SBRT, who
developed RILI at five months and three months respectively from the time of receiving
radiotherapy [32].

4.2. Patient-Related Risk Factors

e Age and sex: Radiation-induced lung injury can occur in patients of all ages without
gender preference. Older patients have more co-morbidities, lower functional status,
lower cardiopulmonary reserve than younger patients, which may increase the risk of
RILI with age [33,34].

e Interstitial lung disease: The presence of baseline ILD is a significant risk factor for
grade 4 and 5 radiation pneumonitis [35]. ILD itself causes parenchymal inflammation,
which can predispose to radiation-induced lung injury (RILI). In a recent single-center
experience, the rate of radiation pneumonitis after receiving SBRT was higher in
patients with pre-existing ILD (20% versus 6%) [36]. Pre-existing ILD also increases
the risk of mortality in patients with RILI [37].

e  Smoking and COPD: Data are conflicting with retrospective studies indicating less
symptomatic radiation pneumonitis in these patient populations than with normal
lungs [38—41]. In fact, smoking may have a protective impact on the development of
RILI when compared to non-smokers [42,43]. However, other retrospective studies
indicate an increased risk of radiation-induced lung injury in patients with COPD,
specifically pulmonary emphysema [33,44]. Patients with lung cancer have an in-
creased prevalence of COPD, and further prospective research is needed to understand
the impact of COPD in RILL

e  Tumor-related factors: Higher rates of organizing pneumonia have been observed
in women with breast cancer treated with concurrent radiation and endocrine ther-
apy [45]. Similarly, concurrent use of tamoxifen in women with breast cancer increases
the frequency of pulmonary fibrosis [46]. Breast cancer and lung cancer involving
the mid-lower lung zones are more associated with RILI [12,47]. Patients with higher
tumor volume have a higher percentage of irradiated lung and, therefore, a higher
risk of RILI [48,49].

Table 1. Predisposing risk factors for radiation-induced lung injury.

Risk Factors

Type Remarks

Treatment-related
risk factors

Total radtion dose Commonly seen with doses greater than 40 Gy. Higher the mean lung dose,

Fractionation and

greater the risk and severity of RILI [50].
Higher dose fraction, Volume of lung receiving at least 20 Gy > 10%

dose rate (Va0 > 10%) and mean lung dose > 6 Gy are associated with higher grade

Irriated lung volume RILI [51].

Irradiation technique

Newer radiation delivery techniques IMRT, SBRT, and proton beam therapy
have reduced the incidence of clinically significant RILI.

Chemothreapy Induction and concurrent chemotherapy increases the risk of RILI

Immunotherapy

Immune checkpoint inhibitor (ICI) therapy, concurrently or sequentialy
increases the risk of RILL
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Table 1. Cont.

Risk Factors

Type Remarks

Patient-related risk
factors

RILI should be considered in patients of all ages and sex. Higher the age is
Age and sex likely associated with greater risk of RILI In one retrospective review grade II
or higher RILI was significantly increased in patients >70 years of age [52].

Smoking status Smoking may have protective impact in development of RILI.

Pre-existing lung disease

Data regarding impact of COPD is conflicting, some reports indicating
increased risk of RILI. ILD is a significant risk factor for development of RILI

like COPD, ILD and is associated with increased mortality.
Tumor type, location Concurrent endocrine therapy in women with breast cancer have increased
and size risk of RILI. Higher tumor volume and mid-lower lung zone location.

5. Phases of Lung Injury
e  Acute Phase

This phase occurs within the first few days of irradiation where pulmonary changes
manifest in the background even though the patient is asymptomatic. This phase is charac-
terized by acute inflammatory changes resulting in vascular congestion, accumulation of
inflammatory cells, and apoptosis of type 1 pneumocytes and intrapulmonary edema [53].
Cytokines like Tumor Necrosing Factor-alpha (TNF-«), Interleukin 6 (IL-6), Interleukin-1
(IL-1), Basic fibroblastic growth factor (bFGF), Platelet-derived growth factor 3 (PDGF f3)
are released within two weeks after radiotherapy. Accelerated oxidative DNA damage,
hypoxia, reduced lung perfusion, and expression of Transforming Growth Factor beta 1
(TGEp-1) is seen 68 weeks post radiotherapy [54].

e Latent Phase

This phase is characterized by goblet cell recruitment and ciliary dysfunction. Tena-
cious secretions from the goblet cells may induce further inflammation around these tissues.
Epithelial and endothelial degeneration is also seen in this phase [55].

e Exudative Phase

This phase begins 3-12 weeks after radiation exposure lasts until 12-16 weeks of
irradiation. At this stage, the patients develop symptoms due to degenerative changes
from the clogged mucinous glands and the destruction of the minor blood vessels. Alveolar
collapse occurs from the detachment of epithelium and endothelium, which is followed by
pulmonary capillary narrowing and microvascular thrombosis. The hyaline membrane
is formed from the desquamated pneumocytes, and fibrin-rich exudate secreted from the
alveoli [54,55].

e Intermediate Phase

This phase is characterized by the destruction of hyaline membranes and healing
by primary and secondary intention. The fibroblast and cell signaling pathways work to
restore tissue integrity. Fibroblasts migrate and proliferate in the alveolar walls, which
convert to myofibroblasts which leads to fibrosis. Fibrosis causes hypoxia which in turn
leads to the release of pro-angiogenic and pro-fibrogenic factors resulting in chronic lung
disease [8,56].

e Resolution Phase

This phase is characterized by the resolution of symptoms as the body’s innate immune
mechanism clears the destroyed hyaline membranes and promotes healing by primary
and secondary intention. The fibroblast and cell signaling pathways work to restore tissue
integrity [5].

e  Fibrosis
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The healing process triggers fibroblast activation resulting in fibrosis. The trigger
mechanism for fibrosis is largely unknown. This phase starts with 6-8 months of irradiation
and continues to progress for many years. Some patients may experience dyspnea with
right heart failure without any symptoms of radiation pneumonitis [5,6,8,17].

6. Diagnosis of Radiation Pneumonitis
6.1. Examination Findings

The symptoms of malaise, non-productive cough, low-grade fever, dyspnea, and
chest pain can occur with varying grades. Most symptoms are commonly noticed in the
first 3-12 weeks after treatment, even though symptoms may occur within the first year
of irradiation. Since symptoms are not specific, the other causes of infection, including
cardiogenic causes, pulmonary embolus, and drug-related toxicity, etc., must be ruled out.
Crackles on auscultation and other instances of normal vesicular breath sound frequently
confound the physical examination. Hyperpigmentation/skin erythema are nonspecific
and do not predict the risk of pneumonitis [6,57,58].

6.2. Laboratory Findings

Type 2 pneumocytes synthesize higher levels of Serum Krebs von den Lungen-6 (KL-6)
and serum Surfactant protein-D (SP-D) after irradiation. Their levels were elevated in
interstitial pneumonitis and irradiation. Routine laboratory examination to rule out other
causes is still necessary [35,59,60].

Clinical grading of pneumonitis has not been established, but a toxicity criterion for
adverse events is devised by the National Cancer Institute, as illustrated in Table 2.

Table 2. Common Terminology Criteria for Adverse Events version 5.0 for pneumonitis [61-63].

Grade Incidence Clinical Radiologic
1 20-24, Asymptomatic to ground glass opacities, less than 25% of
’ minimally symptomatic lung involvement
symptomatic requiring extensive ground glass opacities extending
o treatment, limitation of beyond therapy field with signs of no to
2 18-22% . e
ADLs, but no oxygen minimal focal consolidation, involvement of
requirement 25 to 50% of lung
svmpbtoms with oxveen clear evidence of focal consolidation with or
3 8-16% ymp . Y& without evidence of fibrosis, more than 50%
requirement .
involvement
seV(Z‘lfeSiss};:;}zt;)?s ;ﬁh dense consolidations, atelectasis, traction
4 2-4% P % bronchiectasis with significant pulmonary

requirement or assisted

o volume loss
ventilation

6.3. Complications

Radiation-induced lung injury follows an indolent course. Any acute decompensation
should prompt a workup for infection, heart failure, and thromboembolic diseases. Few
case reports of spontaneous pneumothorax following thoracic radiation for non-small
cell lung cancer and lymphoma have been reported [64]. Radiation-induced organizing
pneumonia has been reported after breast irradiation. Characteristic imaging features are
infiltrates often migratory outside the radiation field, halo sign, persistent cough with
or without shortness of breath [65]. Pulmonary necrosis causing cavitation, although
exceedingly rare, has been reported in the late acute phase [66,67]. The infectious cause
should be considered in the presence of a cavitary lesion in patients with prior thoracic
radiotherapy [68].
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6.4. Imaging
6.4.1. X-rays

Even though X-ray is non-specific to pneumonitis, it is usually the first investigation
performed. During the early phases, the most common finding on chest radiograph
is perivascular haziness which frequently progresses to alveolar opacities [39]. Chest
radiographs can show ground-glass opacity and/or consolidation in the radiation port.
Consolidation usually has a nodular appearance but can be more confluent/lobar along
with the irradiated port. Findings can be seen outside the radiation port as well. Some
uncommon findings are ipsilateral pleural effusion with or without adjacent atelectasis [66].
Chest radiograph can also show bilateral interstitial infiltrates mimicking heart failure
or acute respiratory distress syndrome (ARDS) [69,70]. All irradiated patients usually
have some degree of abnormalities in the X-rays. Some fail to show any radiographic
evidence of lung injury with pneumonitis. Early features exhibiting mild opacification of
vascular markings are common, with later stages showing dense opacities. A radiographic
straight-line effect may indicate the direction of the radiation port along the lines of
pneumonitis [39,71] (Figure 1).

Figure 1. Chest X-ray showing radiation pneumonitis Image 1—Frontal chest X-ray showing left upper lobe mass (arrow),

the patient also had a right internal jugular port placed. Image 2—Post radiation treatment frontal chest X-ray showing

increasing alveolar and interstitial opacities in the left upper lobe and in the left lower lobe in a patient suspected of

radiation pneumonitis.

6.4.2. Chest CT-Scan

In the event of worsening symptoms after empirical antibiotics, Chest CT may provide
more insights. Interestingly, the opacification lines in both X-ray and CT conform to
radiation port rather than anatomical lines of lung structure, which could be diagnostic.
Identified progression outside the lung field might suggest immune-mediated lymphocytic
alveolitis [72]. Various stages of presentation provide different imaging outlooks (Table 3).

During the acute exudative stage, features of ground-glass attenuation or homoge-
neous consolidation may be noticed. A patchy consolidation that confirms the irradiation
portal is also suggestive of the early phase. A discrete consolidation that conforms to the
shape of the irradiation portal is proliferative changes of irradiation [71].

A chronic fibrosis stage with features of parenchymal distortion, traction bronchiecta-
sis, and pleural thickening resulting in volume loss and irreversible changes are noticed.
Refer to Table 2.
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Table 3. Computed Tomography (CT) chest illustrating post-radiation therapy changes in the lungs.

CT chest axial (image A) and coronal (image B)
showing well-defined 2 cm nodular lesion in the
Right Middle Lobe (RML) denoted by an arrow.

Post radiation therapy axial CT chest (image C),
1.5 months later showing ground-glass opacity and
patchy airspace consolidation in RML conforming
to the area of radiation field denoted by an arrow.

Same patient post-radiation therapy coronal CT
chest (image D), 1.5 months later showing
ground-glass opacity and patchy airspace

consolidation in RML conforming to the area of

radiation field denoted by an arrow.

Axial CT chest (image E) showing irregular 5.5 cm
mass lesion with spiculated margins in the Right
Lower Lobe (RLL) with the background of
emphysematous lungs denoted by an arrow.
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Table 3. Cont.

Axial CT chest (image F) showing predominantly
ground-glass opacity and patchy focal
consolidation in the RLL conforming to the area of
radiation field denoted by an arrow.

Axial CT chest (image G) showing dense fibrosis
and bronchiectasis in the right upper lobe (RUL)
post radiotherapy denoted by an arrow.

6.4.3. Differential Diagnosis

Radiation-induced lung injury shares a magnitude of radiographic findings with other
diseases affecting the lungs. In the current era of the coronavirus disease 2019 pandemic,
it is crucial to distinguish from SARS-CoV-2 interstitial pneumonia as many clinical and
imaging features overlap [73]. The most common difference would be an infection like
viral pneumonitis, bacterial pneumonia (atypical or mycobacterial), or fungal pneumonia.
This group of patients is at a higher risk of infections given their immunosuppressed status
due to concurrent or sequential chemotherapy and immunotherapy. Other differences
include organizing pneumonia, drug-induced pneumonitis (immune checkpoint inhibitor
pneumonitis), e-cigarette or vaping-use associated lung injury (EVALI), thromboembolic
disease (SARS-CoV-2 infection also increases the risk of venous thromboembolism), in-
terstitial lung disease, heart failure, lymphangitic carcinomatosis, and progression of
malignancy [66,74-80].

6.4.4. Newer Imaging Techniques

Artificial intelligence or machine-based learning algorithms have been evaluated
recently for lung nodule and coronary artery calcium detection [81,82]. Giordano et al.
studied the performance of a machine-based learning algorithm in distinguishing radiation
pneumonitis from COVID-19 pneumonia. The algorithm was able to distinguish radia-
tion pneumonitis from COVID-19 pneumonia with a sensitivity of 76% and specificity of
63% when COVID-19 risk probability was set at 30% [73]. Although, in another study by
Mallio et al., a similar deep learning algorithm was unable to distinguish COVID-19 pneu-
monia and ICI treatment-related pneumonitis [83]. Recent studies have evaluated the role
of pre-treatment 18F-2-fluoro-2-deoxyglucose positron emission tomography (FDG-PET)
on predicting the risk of radiation-induced lung injury. These scans are often performed in
patients with malignancy and can be incorporated in predicting the risk of RILI without
additional testing burden on the patient. The 95th percentile of the standard uptake value
(SUVgs) was found to be predictive of RILI in on retrospective study (p = 0.016) [22,84].

6.4.5. Pulmonary Function Tests

Even though PFTs do not directly diagnose radiation pneumonitis, a pre-existing
obstructive lung condition with significant decreased pulmonary function test pre/post-
irradiation can help differentiate exacerbation from Pneumonitis [85].
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As the lungs are impaired post-irradiation, the diffusion capacity of the Carbon
monoxide reveals a reduced DLCO. Higher reductions in DLCO before and after irradiation
might predict the development of Pneumonitis [86].

6.4.6. Bronchoscopy

The lymphocyte count is generally elevated with inflammatory conditions; an irradi-
ated lung shows elevated activated neutrophils, eosinophils, and macrophages. It is not
necessarily performed to diagnose RP but to rule out other causes like infection, bleeding,
or local spread of the tumor cells [13].

7. Management of Radiation Pneumonitis
7.1. Treatment Strategies
7.1.1. Minimally Symptomatic Patients

Some minimally symptomatic patients are spontaneously relieved of their symptoms.
Intervention is warranted in minimally symptomatic patients if there is a loss of function
of over 10% on PFT. Follow-up with the assessment of symptoms, chest radiographs, and
pulmonary function tests are necessary. A short course of 14 days Budesonide inhaler 800
micrograms twice a day has been proved beneficial [87,88]. Most of the patients with mild
symptoms require inhaled steroids for several months.

7.1.2. Symptomatic Patients with Subacute Radiation Pneumonitis

Dyspnea that interferes with activities of daily living and impaired respiratory function
would benefit from oral corticosteroids. Prednisone (up to 60 mg/day) is administered
for 2-4 weeks and tapered over 3-12 weeks gradually [89-94]. A relapse of the symptoms
during the taper would require stepping up the dose. When prednisone is continued for
over a month, pneumocystis pneumonia prophylaxis is warranted [90]. Some patients are
resistant to steroids exhibiting elevated KL-6 protein levels. Such patients can benefit from
Azathioprine or Cyclosporine A [91].

7.1.3. Organizing Pneumonia

Cryptogenic organizing pneumonia protocols may be generally followed in patients
with minimal symptoms. Periodic assessment for worsening symptoms would suffice.
In patients with evidence of respiratory impairment, oral glucocorticoid therapy (up to
1 mg/kilogram body weight) can be administered for 4-8 weeks. Tapered dose reduction
can be continued until all the symptoms are relieved [95].

7.1.4. Pulmonary Fibrosis

A high dose of fractionated radiation may result in fibrosis. Lung fibrosis usually does
not respond to glucocorticoids and avoiding them at this stage could prevent glucocorticoid-
related side effects. Appropriate supportive therapy can help in symptomatic patients [3].

7.2. Treatment Options
7.2.1. Steroids

One of the original studies investigating the use of steroids in radiation-induced lung
disease dates back to 1953 [59]. In 1993, an animal model study explored histopathological
changes in radiation-induced pneumonitis in mice and alterations in the same with the
administration of steroids. The researchers found that steroids were beneficial in limiting
the initial interstitial edema, protein leak, and alveolitis due to radiation injury. However,
they did not see any change in the natural progression of the disease to fibrosis [93].

In 2006, the first retrospective analysis was which looked at the use of corticosteroids
in radiation-induced lung injury was published. The selected population was exposed to 50
to 70 Gy of thoracic radiotherapy. Interestingly, in the study, about 80% of the patients who
developed radiation pneumonitis showed no progression of the disease despite not using
steroids. The radiographic progression of the disease appeared to be faster in the group
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receiving steroids. Out of the patients who received steroids, the symptomatic benefit was
seen in about 90%; however, it did not appear to be sustained. The study used a dose of 30
to 40 mg of prednisone. Since it was a retrospective study, it appears based on the results
that patients exposed to steroid use were more likely to have severe disease and would be
difficult to interpret the benefit of steroid use in this setting [94].

A 2013 study compared spirometry values in radiation pneumonitis groups stratified
based on steroid use and found no evidence to suggest steroids improve the pulmonary
function test profile among radiation pneumonitis patients [96]. In 2016, a small single-
center study involving 24 patients with grade 2 pneumonitis showed some symptomatic
benefit with the use of budesonide 800 ug twice a day use in the inhaled form. Since then, it
has become the mainstay of treatment for clinically symptomatic grade 2 pneumonitis [87].
Besides this study, there have been few sporadic case reports regarding clinical benefit from
inhaled corticosteroids in the setting of early radiation pneumonitis, but strong conclusive
data has been lacking due to the absence of large, randomized trials [88,97].

Overall, current evidence demonstrating significant long-term benefit with steroid
use in radiation pneumonitis is lacking as there are no placebo controlled human trials
showing alteration of the natural progression of the disease. Further studies in this aspect
would be particularly beneficial since steroids seemingly remain the mainstay of therapy
in established disease with a progressive course [8].

7.2.2. ACE Inhibitor

The beneficial effect of ace inhibitors in mitigating radiation pneumonitis was first
reported in a study conducted in the late 20th century by Ward and colleagues, which has
been redemonstrated in numerous animal model-based studies. In this experimental study,
rats were exposed to radiation and subsequently monitored for four indices of pulmonary
endothelial dysfunction, including ACE. They found a dose dependent correlation in the
reduction of ACE activity with radiation. Subsequently, in the study, they found that
radiation-induced suppression of ACE activity is mitigated by captopril [98-100].

Subsequently, in 2000, a study was published which included 200 patients who were
looked at retrospectively. In this study, patients were stratified based on ACE inhibitor use,
and although only 26% percent of the patients were using the ACE inhibitor, it showed
no difference in the incidence of pneumonitis among both the groups, thus question-
ing the benefit of ACE inhibitors in mitigating radiation-induced lung injury in human
subjects [101].

In 2009, Ghosh and colleagues conducted a study on rats in which they looked at
breathing rates as a marker of lung damage due to radiation and compared the same
in groups of rats on losartan and captopril. They found that radiation-induced damage
was mitigated in rats even if the drug was started a week after the radiation. They also
concluded that survival was improved with captopril and found a statistically significant
reduction in breathing rate among rats on captopril [102].

In 2011 a retrospective analysis was conducted on over 150 patients for more than
a decade who underwent high dose radiation for non-small cell lung cancer. This study
redemonstrated the beneficial effect of ACE inhibitors in radiation pneumonitis. The
study found that there was an inverse correlation between ACE inhibitor used for other
conditions and radiologic evidence of radiation-induced lung damage, which remained
significant despite multivariate analysis. The study also found a non-statistically significant
reduction in survival from 18 to 15 months [103,104]. In the early 2000s, a retrospective
study was conducted among non-stage 4 lung cancer patients. Among 160 patients that
were included in the study, close to 40 percent of the patients were on the ACE inhibitor.
This study found a statistically significant reduced incidence of grade 2 or higher RP from
11% to 2% among patients on ACE inhibitors vs. those not on it [52].

In 2012, an experimental study looked at the use of ACE inhibitors from a different
perspective. Researchers found histological evidence of a reduction in lung fibrosis among
rats who were on ace inhibitors redemonstrating the possibility of the role of ACE in



Clin. Pract. 2021, 11

421

hydroxyproline synthesis. In this study, rats were exposed to thoracic radiation and then
were studied to look for long term effects of radiation in the form of lung collagen synthesis.
The rats that survived initial radiation pneumonitis after the first six weeks subsequently
showed increased collagen in the lung compared to control rats not exposed to radiation,
hinting towards the possibility of increased collagen synthesis and subsequent fibrosis as
a separate entity rather than a progression of initial pneumonitis. They also found that
this increase in collagen synthesis was not present in rats exposed to ace inhibitors [105].
This mitigation of lung collagen with ace inhibitor was redemonstrated by another study
later [106].

Subsequently, over the last decade, several retrospective studies demonstrated a
decreased incidence of radiation pneumonitis among patients receiving SBRT on ace
inhibitors. However, there has been no definitive evidence to show its benefit in terms of
long-term outcomes [107-109].

A pilot, double-blind, placebo-controlled, randomized trial was conducted with Lisino-
pril 20 mg among patients receiving curative radiotherapy. The study was limited by a low
accrual rate but among the 23 patients who were randomized, patients receiving lisinopril
had less cough, less shortness of breath, fewer symptoms from lung cancer, less dyspnea
with both walking and climbing stairs, and better overall quality of life demonstrating the
benefit of ace inhibitors in reducing symptoms of radiation-induced lung injury [110].

Overall, we conclude that there is evidence of benefit with ace inhibitors among
patients undergoing exposure to radiation in terms of mitigation of radiation-induced
suppression in ACE activity. It appears this benefit correlates clinically in patients with
reduced incidence of symptomatic radiation pneumonitis. There seems to be some interest
regarding the potential of ACE inhibitors to limit lung fibrosis; however, this is not conclu-
sive. Again, there is a lack of strong evidence to conclude the effects of ACE inhibitors on
long term outcomes and mortality among patients who develop radiation pneumonitis
and is a potential area for new studies [111,112].

7.2.3. Amifostine

Amifostine, an organic thiophosphate, has been studied in lung cancer for its cyto-
protective effects against anti-tumor therapies. One of the studies looking at amifostine
was conducted in rat models receiving radiation therapy for lung cancer. In this study
conducted in 2009, amifostine showed a benefit in reducing TGF-beta levels and signif-
icantly reducing the respiratory rate in rats receiving radiation therapy, postulating the
possibility of the potential benefit of amifostine in mitigating cytokine mediated toxicity
from radiation [113].

A randomized trial conducted in Greece in 2001 showed a statistically significant
reduction in the incidence of grade 2 pneumonitis in amifostine plus radiotherapy arm
compared to radiotherapy alone arm paving the way for a clinically protective benefit with
amifostine against radiation pneumonitis [114]. Similar results were redemonstrated in a
2002 study in non-operable NSCLC with a statistically significant reduction in the incidence
of pneumonitis with amifostine, however, the use of amifostine was not associated with
any significant survival benefit [115].

Amifostine is not only showing promising results in reducing incidence but is also
ameliorating the effect of radiation pneumonitis on PFTs [116].

In 2006, a 14 randomized controlled trial based metanalysis consisting of 1400 patients
consolidated evidence to demonstrate a significant benefit with the use of amifostine for
radiation-induced injury not only to the lungs but also for radiation-induced xerostomia
and esophagitis [117].

Overall, there is growing data for benefits with amifostine in radiation pneumonitis,
which can be consolidated in the years to come for consideration of the standard of practice
(Table 4).
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Table 4. Important studies evaluating various therapeutic options for radiation-induced lung injury.
zz;h;; ](;{:ifgr)’ Total (Il’\la)tlents Methods Results Remarks
24 patients with NSCLC received 18 patients showed
radiation therapy and develoPed 51gn1f1.cant ‘ 16/18 responders to
grade II RILI were treated with symptomatic patients ICS did not have
Henkenberens et al. high dose inhaled corticosteroid after ICS treatment. 6 underlving COPD and
(2016), 24 (Budesonide 800 mcg twice daily) patients who did not wergtr ega ted for a
corticosteroids [87] for 14 days followed by oral respond to ICS, had .
. o e median of 7.7 months
prednisolone (0.5 mg/kg significant clinical with ICS
bodyweight, at least 50 mg/day). improvement with oral
Median follow up 18 months. prednisolone.
Retrospective study, 162 patients ~ 64% patients had grade
Kharofa et al. TNth NSCLC treated. with . IH. d.lsease. ACE 38% patients were ACE
. . radiation therapy were included. inhibitor users had R
(2012), angiotensin- . . e inhibitor users.
. 162 The use of ACE inhibitors, significantly lower o
converting enzyme . . Voo < 37% and mean
(ACE) inhibitor [52] steroids, statins were assessed for rates of grade II or lune dose < 20 G
relationship with grade II RILI or higher RILI (2% vs. & - ¥
higher. 11%, p = 0.032).
Double-blinded, placebo 12 .pfaltlent.s received
. lisinopril and 11
. controlled randomized controlled .
Sio et al. (2019), . . . received placebo.

. . trial (RCT) of patients receiving . . Accrual was less than
angiotensin- diati h . d to 20 Patients in the d. Al .
converting enzyme 23 radiation therapy assigned to treatment arm had less & Pectec: patients

o mg lisinopril daily or the placebo received concurrent
(ACE) inhibitor . . cough, shortness of
group. Multiple patient related . chemotherapy.
[110] breath on exertion and
outcome surveys used to evaluate P p
the primary endpoint ewer symptoms o
) lung cancer (p < 0.05)
. Lower odds of acute . A.H} ifostine also
Meta-analysis of 15 RCT e significantly reduced
Sasse et al. (2006) comparing the use of amifostine pneumonitis in the the risk of developing
! 1451 amifostine group (OR,

Amifostine [117]

plus radiotherapy with
radiotherapy alone.

0.15; CI, 0.07-0.31;
p < 0.00001)

mucositis, esophagitis,
xerostomia and
dysphagia.

8. Radiation Pneumonitis and Mortality and Outcomes

The data for survival and outcome in patients with radiation pneumonitis is influenced

by concurrent malignancy. A retrospective study published in 2001 evaluated records of
about 250 patients who underwent radiotherapy and found that about half of the patients
developed radiation pneumonitis.

RP was mild in 69 (36%) and severe in 25 (13%) patients. The 3-year survival rates
of the patients who experienced no, mild, and severe RP were 33.4%, 38.2%, and 0%,
respectively. Interestingly, the survival rate of the patients who experienced severe RP
was significantly poorer than the patients in the other group suggesting poor outcomes
with severe radiation pneumonitis. They also found no survival difference with steroid
use [118].

In 2002, a small study was conducted in patients with severe radiation pneumonitis
who were treated with radiotherapy for non-small cell lung cancer. In this study, the
mortality rate was about 50 percent among patients within two months of the onset of
radiation pneumonitis. Subsequently, on multivariate analysis, the extent of radiation-
induced lung injury correlated with poor outcomes [119].

Another large Sweden based retrospective study looked at adverse effects of radi-
ation among patient’s lung cancer and found no difference in the Kaplan Meier curve
among patients who developed radiation pneumonitis [120]. Another study identified
roughly 1700 patients who underwent curative radiotherapy and screened for patients who
developed fatal radiation pneumonitis. The median survival time following pneumonia
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symptom appearance was 53 days. The 6- and 12-month overall survival rates were 34.8%
and 13.0%, respectively [121].

A multivariate analysis on 100 patients with NSCLC who underwent radiotherapy
found that the development of radiation pneumonitis was associated with reduced survival
among patients from 29 months to 8 months [122].

Opverall, it appears that survival is dependent on the severity of radiation pneumonitis
and malignancy characteristics. Meanwhile, there was some evidence that radiation
pneumonitis does affect the quality of life based on patient-reported scores [123].

9. Conclusions

Radiation-induced lung injury is a well-known complication of radiotherapy. With the
increasing use of radiotherapy for thoracic cancers, there is an increasing risk of RILL. With
the advent and increasing use of immune checkpoint inhibitors, it is becoming difficult
to distinguish pneumonitis induced by ICI from radiation pneumonitis. Therefore, it is
now more important than ever to maintain a high index of suspicion for this complication.
Predisposing risk factors should be evaluated before initiating radiotherapy. CT chest
remains the most readily available imaging modality, but recent advances in machine-
based learning and PET-CT scans might change this in the future. In the current era,
SARS-CoV-2 infection and e-cigarette or vaping-use associated lung injury (EVALI) should
be included in the differential diagnosis. More common differentials like infection, throm-
boembolic disease, and heart failure should be excluded. Multidisciplinary discussions
involving pulmonologists, radiation oncologists, and thoracic radiologists might be helpful
in reaching a consensus diagnosis. Evidence on management is limited to inhaled and
systemic corticosteroids at this time. Further research is needed to address this evolving
clinical condition.

Author Contributions: Conceptualization, K.G., and P.P.; methodology, K.G. and M.S.R.; writing—
original draft preparation, K.G., PP, J.P, G.P, S.A,, S.N. and G.PJ.; writing—review and editing, K.G.,
R.S. and PP; visualization and supervision, K.G. and R.S.; project administration M.S.R., K.G. and
R.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to analysis involving only de-identified data.

Informed Consent Statement: Patient consent was waived due to due to analysis involving only
de-identified data.

Acknowledgments: Authors would like to thank Karen Hutchinson, Chief of Graduate Medical
Education, for continued support in scholarly activities and Todd Allen Lane, MAT, MLS, Chief of
Library Services at Yale-New Haven Health Bridgeport Hospital, for his help with language editing.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

RILI Radiotherapy induced lung injury
RP Radiation pneumonitis

RF Radiation fibrosis

RT Radiotherapy

SBRT Stereotactic body radiation therapy
ICI Immune checkpoint inhibitor

NSCLC  Non small cell lung cancer



Clin. Pract. 2021, 11 424

References

1. Kolilekas, L.; Costabel, U.; Tzouvelekis, A.; Tzilas, V.; Bouros, D. Idiopathic interstitial pneumonia or idiopathic interstitial
pneumonitis: What’s in a name? Eur. Respir. . 2019, 53. [CrossRef]

2. Libshitz, H.I; Southard, M.E. Complications of radiation therapy: The thorax. Semin. Roentgenol. 1974, 9, 41-49. [CrossRef]

3. Slezak, J.; Kura, B.; Ravingerova, T.; Tribulova, N.; Okruhlicova, L.; Barancik, M. Mechanisms of cardiac radiation injury and
potential preventive approaches. Can. J. Physiol. Pharmacol. 2015, 93, 737-753. [CrossRef] [PubMed]

4. Kelsey, C.R.; Rosenstein, B.S.; Marks, L.B. Predicting toxicity from radiation therapy-it's genetic, right? Cancer 2012, 118,
3450-3454. [CrossRef]

5. Késmann, L.; Dietrich, A.; Staab-Weijnitz, C.A.; Manapov, F; Behr, J.; Rimner, A.; Jeremic, B.; Senan, S.; De Ruysscher, D.; Lauber,
K.; et al. Radiation-induced lung toxicity—Cellular and molecular mechanisms of pathogenesis, management, and literature
review. Radiat. Oncol. 2020, 15, 214. [CrossRef]

6. Hanania, A.N.; Mainwaring, W.; Ghebre, Y.T.; Hanania, N.A.; Ludwig, M. Radiation-Induced Lung Injury: Assessment and
Management. Chest 2019, 156, 150-162. [CrossRef] [PubMed]

7. Barriger, R.B.; Forquer, ].A.; Brabham, J.G.; Andolino, D.L.; Shapiro, R.H.; Henderson, M.A.; Johnstone, P.A.; Fakiris, A.J. A
dose-volume analysis of radiation pneumonitis in non-small cell lung cancer patients treated with stereotactic body radiation
therapy. Int. . Radiat. Oncol. Biol. Phys. 2012, 82, 457-462. [CrossRef] [PubMed]

8.  Arroyo-Hernandez, M.; Maldonado, F.; Lozano-Ruiz, F; Mufioz-Montafio, W.; Nufiez-Baez, M.; Arrieta, O. Radiation-induced
lung injury: Current evidence. BMC Pulm. Med. 2021, 21, 9. [CrossRef]

9. Taghian, A.G.; Assaad, S.I.; Niemierko, A.; Kuter, I.; Younger, J.; Schoenthaler, R.; Roche, M.; Powell, S.N. Risk of pneumonitis in
breast cancer patients treated with radiation therapy and combination chemotherapy with paclitaxel. J. Natl. Cancer Inst. 2001, 93,
1806-1811. [CrossRef]

10. Giridhar, P.; Mallick, S.; Rath, G.K,; Julka, PK. Radiation induced lung injury: Prediction, assessment and management. Asian Pac.
J. Cancer Prev. 2015, 16, 2613-2617. [CrossRef]

11. Wen, J.; Liu, H;; Wang, Q.; Liu, Z; Li, Y.; Xiong, H.; Xu, T.; Li, P.; Wang, L.E.; Gomez, D.R ; et al. Genetic variants of the LIN28B
gene predict severe radiation pneumonitis in patients with non-small cell lung cancer treated with definitive radiation therapy.
Eur. J. Cancer 2014, 50, 1706-1716. [CrossRef] [PubMed]

12.  Zhang, XJ.; Sun, J.G,; Sun, J.; Ming, H.; Wang, X.X.; Wu, L.; Chen, Z.T. Prediction of radiation pneumonitis in lung cancer patients:
A systematic review. J. Cancer Res. Clin. Oncol. 2012, 138, 2103-2116. [CrossRef]

13. Gurley, L.R,; London, ].E; Tietjen, G.L.; van der Kogel, A ].; Dethloff, L.A.; Lehnert, B.E. Lung hyperpermeability and changes in
biochemical constituents in bronchoalveolar lavage fluids following X irradiation of the thorax. Radiat. Res. 1993, 134, 151-159.
[CrossRef] [PubMed]

14. Movsas, B.; Raffin, T.A.; Epstein, A.H.; Link, C.J. Pulmonary radiation injury. Chest 1997, 111, 1061-1076. [CrossRef]

15. Jennings, FL.; Arden, A. Development of radiation pneumonitis. Time and dose factors. Arch. Pathol. 1962, 74, 351-360.

16. Roach, M.; Gandara, D.R.; Yuo, H.S.; Swift, P.S.; Kroll, S.; Shrieve, D.C.; Wara, W.M.; Margolis, L.; Phillips, T.L. Radiation
pneumonitis following combined modality therapy for lung cancer: Analysis of prognostic factors. J. Clin. Oncol. 1995, 13,
2606-2612. [CrossRef]

17. Davis, S.D.; Yankelevitz, D.F; Henschke, C.I. Radiation effects on the lung: Clinical features, pathology, and imaging findings.
AJR Am. J. Roentgenol. 1992, 159, 1157-1164. [CrossRef]

18. Chun, S.G.; Hu, C.; Choy, H.; Komaki, R.U.; Timmerman, R.D.; Schild, S.E.; Bogart, ].A.; Dobelbower, M.C.; Bosch, W.; Galvin,
J.M.; et al. Impact of Intensity-Modulated Radiation Therapy Technique for Locally Advanced Non-Small-Cell Lung Cancer: A
Secondary Analysis of the NRG Oncology RTOG 0617 Randomized Clinical Trial. J. Clin. Oncol. 2017, 35, 56-62. [CrossRef]

19. Pang, Q.; Wei, Q.; Xu, T.; Yuan, X; Lopez Guerra, J.L.; Levy, L.B.; Liu, Z.; Gomez, D.R.; Zhuang, Y.; Wang, L.E.; et al. Functional
promoter variant rs2868371 of HSPBL is associated with risk of radiation pneumonitis after chemoradiation for non-small cell
lung cancer. Int. J. Radiat. Oncol. Biol. Phys. 2013, 85, 1332-1339. [CrossRef] [PubMed]

20. Verma, V,; Shostrom, V.K.; Zhen, W.; Zhang, M.; Braunstein, S.E.; Holland, J.; Hallemeier, C.L.; Harkenrider, M.M.; Iskhanian,
A.; Jabbour, S.K.; et al. Influence of Fractionation Scheme and Tumor Location on Toxicities After Stereotactic Body Radiation
Therapy for Large (>5 cm) Non-Small Cell Lung Cancer: A Multi-institutional Analysis. Int. ]. Radiat. Oncol. Biol. Phys. 2017, 97,
778-785. [CrossRef] [PubMed]

21. Verma, V.; Simone, C.B.; Allen, PK.; Gajjar, S.R.; Shah, C.; Zhen, W.; Harkenrider, M.M.; Hallemeier, C.L.; Jabbour, S.K.; Matthiesen,
C.L.; et al. Multi-Institutional Experience of Stereotactic Ablative Radiation Therapy for Stage I Small Cell Lung Cancer. Int. |.
Radiat. Oncol. Biol. Phys. 2017, 97, 362-371. [CrossRef] [PubMed]

22. Jain, V.,; Berman, A.T. Radiation Pneumonitis: Old Problem, New Tricks. Cancers 2018, 10, 222. [CrossRef]

23. Marks, L.B.; Bentzen, S.M.; Deasy, ].O.; Kong, EM.; Bradley, ].D.; Vogelius, I.S.; El Naqa, I.; Hubbs, J.L.; Lebesque, ].V.; Timmerman,
R.D.; et al. Radiation dose-volume effects in the lung. Int. ]. Radiat. Oncol. Biol. Phys. 2010, 76, S70-S76. [CrossRef]

24. Hensley, M.L.; Hagerty, K.L.; Kewalramani, T.; Green, D.M.; Meropol, N.J.; Wasserman, T.H.; Cohen, G.I; Emami, B.; Gradishar,

W.J.; Mitchell, R.B.; et al. American Society of Clinical Oncology 2008 clinical practice guideline update: Use of chemotherapy
and radiation therapy protectants. J. Clin. Oncol. 2009, 27, 127-145. [CrossRef] [PubMed]


http://doi.org/10.1183/13993003.00994-2018
http://doi.org/10.1016/0037-198X(74)90008-X
http://doi.org/10.1139/cjpp-2015-0006
http://www.ncbi.nlm.nih.gov/pubmed/26030720
http://doi.org/10.1002/cncr.26670
http://doi.org/10.1186/s13014-020-01654-9
http://doi.org/10.1016/j.chest.2019.03.033
http://www.ncbi.nlm.nih.gov/pubmed/30998908
http://doi.org/10.1016/j.ijrobp.2010.08.056
http://www.ncbi.nlm.nih.gov/pubmed/21035956
http://doi.org/10.1186/s12890-020-01376-4
http://doi.org/10.1093/jnci/93.23.1806
http://doi.org/10.7314/APJCP.2015.16.7.2613
http://doi.org/10.1016/j.ejca.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/24780874
http://doi.org/10.1007/s00432-012-1284-1
http://doi.org/10.2307/3578454
http://www.ncbi.nlm.nih.gov/pubmed/8488250
http://doi.org/10.1378/chest.111.4.1061
http://doi.org/10.1200/JCO.1995.13.10.2606
http://doi.org/10.2214/ajr.159.6.1442375
http://doi.org/10.1200/JCO.2016.69.1378
http://doi.org/10.1016/j.ijrobp.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23374503
http://doi.org/10.1016/j.ijrobp.2016.11.049
http://www.ncbi.nlm.nih.gov/pubmed/28244414
http://doi.org/10.1016/j.ijrobp.2016.10.041
http://www.ncbi.nlm.nih.gov/pubmed/28011047
http://doi.org/10.3390/cancers10070222
http://doi.org/10.1016/j.ijrobp.2009.06.091
http://doi.org/10.1200/JCO.2008.17.2627
http://www.ncbi.nlm.nih.gov/pubmed/19018081

Clin. Pract. 2021, 11 425

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Wang, S.; Liao, Z.; Wei, X.; Liu, H.H.; Tucker, S.L.; Hu, C.; Ajani, ].A.; Phan, A.; Swisher, 5.G.; Mohan, R.; et al. Association
between systemic chemotherapy before chemoradiation and increased risk of treatment-related pneumonitis in esophageal cancer
patients treated with definitive chemoradiotherapy. J. Thorac. Oncol. 2008, 3, 277-282. [CrossRef]

Arrieta, O.; Gallardo-Rincén, D.; Villarreal-Garza, C.; Michel, R.M.; Astorga-Ramos, A.M.; Martinez-Barrera, L.; de la Garza, J.
High frequency of radiation pneumonitis in patients with locally advanced non-small cell lung cancer treated with concurrent
radiotherapy and gemcitabine after induction with gemcitabine and carboplatin. J. Thorac. Oncol. 2009, 4, 845-852. [CrossRef]
[PubMed]

Suresh, K.; Voong, K.R.; Shankar, B.; Forde, PM.; Ettinger, D.S.; Marrone, K.A.; Kelly, R.J.; Hann, C.L.; Levy, B.; Feliciano, J.L.; et al.
Pneumonitis in Non-Small Cell Lung Cancer Patients Receiving Immune Checkpoint Immunotherapy: Incidence and Risk
Factors. J. Thorac. Oncol. 2018, 13, 1930-1939. [CrossRef] [PubMed]

Twyman-Saint Victor, C.; Rech, A.J.; Maity, A.; Rengan, R.; Pauken, K.E.; Stelekati, E.; Benci, J.L.; Xu, B.; Dada, H.; Odorizzi,
PM,; et al. Radiation and dual checkpoint blockade activate non-redundant immune mechanisms in cancer. Nature 2015, 520,
373-377. [CrossRef] [PubMed]

Schoenfeld, J.D.; Nishino, M.; Severgnini, M.; Manos, M.; Mak, R.H.; Hodi, ES. Pneumonitis resulting from radiation and immune
checkpoint blockade illustrates characteristic clinical, radiologic and circulating biomarker features. J. Immunother. Cancer 2019, 7,
112. [CrossRef]

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]

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 IIIl Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2017, 377, 1919-1929. [CrossRef]
Louvel, G.; Bahleda, R.; Ammari, S.; Le Péchoux, C.; Levy, A.; Massard, C.; Le Pavec, ].; Champiat, S.; Deutsch, E. Immunotherapy
and pulmonary toxicities: Can concomitant immune-checkpoint inhibitors with radiotherapy increase the risk of radiation
pneumonitis? Eur. Respir. ]. 2018, 51. [CrossRef]

Kimura, T.; Togami, T.; Takashima, H.; Nishiyama, Y.; Ohkawa, M.; Nagata, Y. Radiation pneumonitis in patients with lung and
mediastinal tumours: A retrospective study of risk factors focused on pulmonary emphysema. Br. J. Radiol. 2012, 85, 135-141.
[CrossRef]

Jin, H.; Tucker, S.L.; Liu, HH.; Wei, X,; Yom, S.S.; Wang, S.; Komaki, R.; Chen, Y.; Martel, M.K.; Mohan, R.; et al. Dose-volume
thresholds and smoking status for the risk of treatment-related pneumonitis in inoperable non-small cell lung cancer treated with
definitive radiotherapy. Radiother. Oncol. 2009, 91, 427-432. [CrossRef] [PubMed]

Ueki, N.; Matsuo, Y.; Togashi, Y.; Kubo, T.; Shibuya, K ; lizuka, Y.; Mizowaki, T.; Togashi, K.; Mishima, M.; Hiraoka, M. Impact of
pretreatment interstitial lung disease on radiation pneumonitis and survival after stereotactic body radiation therapy for lung
cancer. . Thorac. Oncol. 2015, 10, 116-125. [CrossRef]

Glick, D; Lyen, S.; Kandel, S.; Shapera, S.; Le, L.W,; Lindsay, P.; Wong, O.; Bezjak, A.; Brade, A.; Cho, B.C.J.; et al. Impact of
Pretreatment Interstitial Lung Disease on Radiation Pneumonitis and Survival in Patients Treated With Lung Stereotactic Body
Radiation Therapy (SBRT). Clin. Lung Cancer 2018, 19, e219-e226. [CrossRef] [PubMed]

Onishi, H.; Yamashita, H.; Shioyama, Y.; Matsumoto, Y.; Takayama, K.; Matsuo, Y.; Miyakawa, A.; Matsushita, H.; Aoki, M.; Nihei,
K.; et al. Stereotactic Body Radiation Therapy for Patients with Pulmonary Interstitial Change: High Incidence of Fatal Radiation
Pneumonitis in a Retrospective Multi-Institutional Study. Cancers 2018, 10, 257. [CrossRef]

Robnett, T.J.; Machtay, M.; Vines, E.F.; McKenna, M.G.; Algazy, KM.; McKenna, W.G. Factors predicting severe radiation
pneumonitis in patients receiving definitive chemoradiation for lung cancer. Int. J. Radiat. Oncol. Biol. Phys. 2000, 48, 89-94.
[CrossRef]

Monson, ].M.; Stark, P; Reilly, ].].; Sugarbaker, D.J.; Strauss, G.M.; Swanson, S.J.; Decamp, M.M.; Mentzer, S.J.; Baldini, E.H.
Clinical radiation pneumonitis and radiographic changes after thoracic radiation therapy for lung carcinoma. Cancer 1998, 82,
842-850. [CrossRef]

Takeda, A.; Kunieda, E.; Ohashi, T.; Aoki, Y.; Oku, Y.; Enomoto, T.; Nomura, K.; Sugiura, M. Severe COPD is correlated with mild
radiation pneumonitis following stereotactic body radiotherapy. Chest 2012, 141, 858-866. [CrossRef] [PubMed]

Yirmibesoglu, E.; Higginson, D.S.; Fayda, M.; Rivera, M.P,; Halle, J.; Rosenman, J.; Xie, L.; Marks, L.B. Challenges scoring radiation
pneumonitis in patients irradiated for lung cancer. Lung Cancer 2012, 76, 350-353. [CrossRef]

Mehta, V. Radiation pneumonitis and pulmonary fibrosis in non-small-cell lung cancer: Pulmonary function, prediction, and
prevention. Int. J. Radiat. Oncol. Biol. Phys. 2005, 63, 5-24. [CrossRef]

Gokula, K; Earnest, A.; Wong, L.C. Meta-analysis of incidence of early lung toxicity in 3-dimensional conformal irradiation of
breast carcinomas. Radiat. Oncol. 2013, 8, 268. [CrossRef]

Rancati, T.; Ceresoli, G.L.; Gagliardi, G.; Schipani, S.; Cattaneo, G.M. Factors predicting radiation pneumonitis in lung cancer
patients: A retrospective study. Radiother. Oncol. 2003, 67, 275-283. [CrossRef]

Katayama, N.; Sato, S.; Katsui, K.; Takemoto, M.; Tsuda, T.; Yoshida, A.; Morito, T.; Nakagawa, T.; Mizuta, A.; Waki, T.; et al.
Analysis of factors associated with radiation-induced bronchiolitis obliterans organizing pneumonia syndrome after breast-
conserving therapy. Int. ]. Radiat. Oncol. Biol. Phys. 2009, 73, 1049-1054. [CrossRef] [PubMed]


http://doi.org/10.1097/JTO.0b013e3181653ca6
http://doi.org/10.1097/JTO.0b013e3181a97e17
http://www.ncbi.nlm.nih.gov/pubmed/19487963
http://doi.org/10.1016/j.jtho.2018.08.2035
http://www.ncbi.nlm.nih.gov/pubmed/30267842
http://doi.org/10.1038/nature14292
http://www.ncbi.nlm.nih.gov/pubmed/25754329
http://doi.org/10.1186/s40425-019-0583-3
http://doi.org/10.1016/S1470-2045(17)30380-7
http://doi.org/10.1056/NEJMoa1709937
http://doi.org/10.1183/13993003.01737-2017
http://doi.org/10.1259/bjr/32629867
http://doi.org/10.1016/j.radonc.2008.09.009
http://www.ncbi.nlm.nih.gov/pubmed/18937989
http://doi.org/10.1097/JTO.0000000000000359
http://doi.org/10.1016/j.cllc.2017.06.021
http://www.ncbi.nlm.nih.gov/pubmed/29066051
http://doi.org/10.3390/cancers10080257
http://doi.org/10.1016/S0360-3016(00)00648-9
http://doi.org/10.1002/(SICI)1097-0142(19980301)82:5&lt;842::AID-CNCR7&gt;3.0.CO;2-L
http://doi.org/10.1378/chest.11-1193
http://www.ncbi.nlm.nih.gov/pubmed/21885726
http://doi.org/10.1016/j.lungcan.2011.11.025
http://doi.org/10.1016/j.ijrobp.2005.03.047
http://doi.org/10.1186/1748-717X-8-268
http://doi.org/10.1016/S0167-8140(03)00119-1
http://doi.org/10.1016/j.ijrobp.2008.05.050
http://www.ncbi.nlm.nih.gov/pubmed/18755559

Clin. Pract. 2021, 11 426

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Varga, Z.; Cserhati, A.; Kelemen, G.; Boda, K.; Thurzo, L.; Kahan, Z. Role of systemic therapy in the development of lung sequelae
after conformal radiotherapy in breast cancer patients. Int. J. Radiat. Oncol. Biol. Phys. 2011, 80, 1109-1116. [CrossRef] [PubMed]
Kong, FM.; Wang, S. Nondosimetric risk factors for radiation-induced lung toxicity. Semin. Radiat. Oncol. 2015, 25, 100-109.
[CrossRef]

Leprieur, E.G.; Fernandez, D.; Chatellier, G.; Klotz, S.; Giraud, P.; Durdux, C. Acute radiation pneumonitis after conformational
radiotherapy for nonsmall cell lung cancer: Clinical, dosimetric, and associated-treatment risk factors. J. Cancer Res. Ther. 2013, 9,
447-451. [CrossRef]

Ren, C,;Ji, T; Liu, T.; Dang, J.; Li, G. The risk and predictors for severe radiation pneumonitis in lung cancer patients treated with
thoracic reirradiation. Radiat. Oncol. 2018, 13, 69. [CrossRef]

Harder, E.M.; Park, H.S.; Chen, Z.].; Decker, R.H. Pulmonary dose-volume predictors of radiation pneumonitis following
stereotactic body radiation therapy. Pract. Radiat. Oncol. 2016, 6, e353—e359. [CrossRef]

Torre-Bouscoulet, L.; Mufioz-Montafio, W.R.; Martinez-Brisefio, D.; Lozano-Ruiz, EJ.; Ferndndez-Plata, R.; Beck-Magaria, J.A.;
Garcia-Sancho, C.; Guzman-Barragan, 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]

Kharofa, J.; Cohen, E.P,; Tomic, R.; Xiang, Q.; Gore, E. Decreased risk of radiation pneumonitis with incidental concurrent use
of angiotensin-converting enzyme inhibitors and thoracic radiation therapy. Int. ]. Radiat. Oncol. Biol. Phys. 2012, 84, 238-243.
[CrossRef] [PubMed]

Martin, T.R.; Hagimoto, N.; Nakamura, M.; Matute-Bello, G. Apoptosis and epithelial injury in the lungs. Proc. Am. Thorac. Soc.
2005, 2, 214-220. [CrossRef] [PubMed]

Giuranno, L.; Ient, J.; De Ruysscher, D.; Vooijs, M.A. Radiation-Induced Lung Injury (RILI). Front. Oncol. 2019, 9, 877. [CrossRef]
Lierova, A.; Jelicova, M.; Nemcova, M.; Proksova, M.; Pejchal, J.; Zarybnicka, L.; Sinkorova, Z. Cytokines and radiation-induced
pulmonary injuries. J. Radiat. Res. 2018, 59, 709-753. [CrossRef]

Small, W., Jr.; Woloschak, G. Radiation toxicity: A practical guide. Introduction. Cancer Treat. Res. 2006, 128, 3-5.

Watanabe, H.; Suga, A.; Tsuchihashi, Y.; Hori, A.; Kawakami, K.; Masaki, H.; Akiyama, M.; Ohishi, K.; Takahashi, A.; Nagatake,
T.; et al. Clinical study of radiation pneumonitis over 10 years. Nihon Kyobu Shikkan Gakkai Zasshi 1995, 33, 384-388.

Wall, R].; Schnapp, L.M. Radiation pneumonitis. Respir. Care 2006, 51, 1255-1260.

Osterreicher, J.; Pejchal, J.; Skopek, J.; Mokry, J.; Vilasova, Z.; Psutka, J.; Vavrova, J.; Mazurova, Y. Role of type Il pneumocytes
in pathogenesis of radiation pneumonitis: Dose response of radiation-induced lung changes in the transient high vascular
permeability period. Exp. Toxicol. Pathol. 2004, 56, 181-187. [CrossRef]

Zhong, D.; Wu, C.; Bai, J.; Hu, C.; Xu, D.; Wang, Q.; Zeng, X. Comparative diagnostic efficacy of serum Krebs von den Lungen-6
and surfactant D for connective tissue disease-associated interstitial lung diseases: A meta-analysis. Medicine 2020, 99, e19695.
[CrossRef]

Kim, M.; Lee, J.; Ha, B.; Lee, R.; Lee, K.J.; Suh, H.S. Factors predicting radiation pneumonitis in locally advanced non-small cell
lung cancer. Radiat. Oncol. J. 2011, 29, 181-190. [CrossRef]

Kouloulias, V.; Zygogianni, A.; Efstathopoulos, E.; Victoria, O.; Christos, A.; Pantelis, K.; Koutoulidis, V.; Kouvaris, J.; Sandilos,
P,; Varela, M.; et al. Suggestion for a new grading scale for radiation induced pneumonitis based on radiological findings of
computerized tomography: Correlation with clinical and radiotherapeutic parameters in lung cancer patients. Asian Pac. ]. Cancer
Prev. 2013, 14, 2717-2722. [CrossRef] [PubMed]

Bradley, J.; Graham, M.V.; Winter, K.; Purdy, ].A.; Komaki, R.; Roa, W.H.; Ryu, ] K.; Bosch, W.; Emami, B. Toxicity and outcome
results of RTOG 9311: A phase I-II dose-escalation study using three-dimensional conformal radiotherapy in patients with
inoperable non-small-cell lung carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 2005, 61, 318-328. [CrossRef] [PubMed]

Bhardwaj, H.; Bhardwaj, B.; Youness, H.A. A case of spontaneous pneumothorax following radiation therapy for non-small cell
lung cancer. Lung India 2013, 30, 360-362. [CrossRef]

Otani, K,; Seo, Y.; Ogawa, K. Radiation-Induced Organizing Pneumonia: A Characteristic Disease that Requires Symptom-
Oriented Management. Int. ]. Mol. Sci. 2017, 18, 281. [CrossRef]

Choi, YW,; Munden, R.E; Erasmus, J.J.; Park, K.J.; Chung, WK_; Jeon, S.C.; Park, C.K. Effects of radiation therapy on the lung:
Radiologic appearances and differential diagnosis. Radiographics 2004, 24, 985-997. [CrossRef] [PubMed]

Benveniste, M.F.; Gomez, D.; Carter, B.W.; Betancourt Cuellar, S.L.; Shroff, G.S.; Benveniste, A.P.A.; Odisio, E.G.; Marom, E.M.
Recognizing Radiation Therapy-related Complications in the Chest. Radiographics 2019, 39, 344-366. [CrossRef] [PubMed]
Larici, A.R.; del Ciello, A.; Maggi, F.; Santoro, S.I.; Meduri, B.; Valentini, V.; Giordano, A.; Bonomo, L. Lung abnormalities at
multimodality imaging after radiation therapy for non-small cell lung cancer. Radiographics 2011, 31, 771-789. [CrossRef]

Ta, V.; Aronowitz, P. Radiation pneumonitis. J. Gen. Intern. Med. 2011, 26, 1213-1214. [CrossRef]

Bledsoe, T.J.; Nath, S.K.; Decker, R.H. Radiation Pneumonitis. Clin. Chest Med. 2017, 38, 201-208. [CrossRef]

Park, K.J.; Chung, ].Y.; Chun, M.S,; Suh, J.H. Radiation-induced lung disease and the impact of radiation methods on imaging
features. Radiographics 2000, 20, 83-98. [CrossRef]

Arbetter, K.R.; Prakash, U.B.; Tazelaar, H.D.; Douglas, W.W. Radiation-induced pneumonitis in the “nonirradiated” lung. Mayo
Clin. Proc. 1999, 74, 27-36. [CrossRef]


http://doi.org/10.1016/j.ijrobp.2010.03.044
http://www.ncbi.nlm.nih.gov/pubmed/21549513
http://doi.org/10.1016/j.semradonc.2014.12.003
http://doi.org/10.4103/0973-1482.119339
http://doi.org/10.1186/s13014-018-1016-z
http://doi.org/10.1016/j.prro.2016.01.015
http://doi.org/10.1186/s12931-018-0775-2
http://www.ncbi.nlm.nih.gov/pubmed/29690880
http://doi.org/10.1016/j.ijrobp.2011.11.013
http://www.ncbi.nlm.nih.gov/pubmed/22300564
http://doi.org/10.1513/pats.200504-031AC
http://www.ncbi.nlm.nih.gov/pubmed/16222040
http://doi.org/10.3389/fonc.2019.00877
http://doi.org/10.1093/jrr/rry067
http://doi.org/10.1016/j.etp.2004.08.003
http://doi.org/10.1097/MD.0000000000019695
http://doi.org/10.3857/roj.2011.29.3.181
http://doi.org/10.7314/APJCP.2013.14.5.2717
http://www.ncbi.nlm.nih.gov/pubmed/23803021
http://doi.org/10.1016/j.ijrobp.2004.06.260
http://www.ncbi.nlm.nih.gov/pubmed/15667949
http://doi.org/10.4103/0970-2113.120624
http://doi.org/10.3390/ijms18020281
http://doi.org/10.1148/rg.244035160
http://www.ncbi.nlm.nih.gov/pubmed/15256622
http://doi.org/10.1148/rg.2019180061
http://www.ncbi.nlm.nih.gov/pubmed/30844346
http://doi.org/10.1148/rg.313105096
http://doi.org/10.1007/s11606-011-1687-8
http://doi.org/10.1016/j.ccm.2016.12.004
http://doi.org/10.1148/radiographics.20.1.g00ja0483
http://doi.org/10.4065/74.1.27

Clin. Pract. 2021, 11 427

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

Giordano, EM.; Ippolito, E.; Quattrocchi, C.C.; Greco, C.; Mallio, C.A.; Santo, B.; D’Alessio, P.; Crucitti, P.; Fiore, M.; Zobel,
B.B.; et al. Radiation-Induced Pneumonitis in the Era of the COVID-19 Pandemic: Artificial Intelligence for Differential Diagnosis.
Cancers 2021, 13, 1960. [CrossRef] [PubMed]

Rahi, M.S; Jindal, V.; Reyes, S.-P.; Gunasekaran, K.; Gupta, R.; Jaiyesimi, I. Hematologic disorders associated with COVID-19: A
review. Ann. Hematol. 2021. [CrossRef]

Rahi, M.S.; Reyes, S.P,; Parekh, J.; Gunasekaran, K.; Amoah, K.; Rudolph, D. Disseminated Mycobacterium abscessus infection
and native valve endocarditis. Respir. Med. Case Rep. 2021, 32, 101331. [CrossRef] [PubMed]

Gunasekaran, K.; Baskaran, B.; Rahi, M.S.; Rudolph, D.; Parekh, J. Cavitating pulmonary metastases from a renal cell carcinoma.
Clin. Pract. 2020, 10. [CrossRef]

Gunasekaran, K.; Shukla, A.; Palanisamy, N.; Singh Rahi, M.; Wolff, A. Diffuse alveolar hemorrhage associated with ustekinumab
treatment. Am. . Health-Syst. Pharm. 2021. [CrossRef] [PubMed]

Gunasekaran, K.; Murthi, S.; Jennings, J.; Lone, N. Aripiprazole-induced hypersensitivity pneumonitis. BMJ Case Rep. 2017, 2017.
[CrossRef]

Rajasurya, V.; Gunasekaran, K.; Damarla, V.; Kolluru, A. A Fatal Case of Coronavirus Disease 2019 (COVID-19) in a Patient With
Idiopathic Pulmonary Fibrosis. Cureus 2020, 12, e8432. [CrossRef]

Rajasurya, V.; Gunasekaran, K.; Surani, S. Interstitial lung disease and diabetes. World ]. Diabetes 2020, 11, 351-357. [CrossRef]
Liu, K,; Li, Q.; Ma, ].; Zhou, Z; Sun, M.; Deng, Y.; Tu, W.; Wang, Y.; Fan, L.; Xia, C.; et al. Evaluating a Fully Automated Pulmonary
Nodule Detection Approach and Its Impact on Radiologist Performance. Radiol. Artif. Intell. 2019, 1, e180084. [CrossRef]
Chamberlin, J.; Kocher, M.R.; Waltz, J.; Snoddy, M.; Stringer, N.F.C.; Stephenson, J.; Sahbaee, P.; Sharma, P.; Rapaka, S.; Schoepf,
UJ.; et al. Automated detection of lung nodules and coronary artery calcium using artificial intelligence on low-dose CT scans for
lung cancer screening: Accuracy and prognostic value. BMIC Med. 2021, 19, 55. [CrossRef] [PubMed]

Mallio, C.A.; Napolitano, A.; Castiello, G.; Giordano, EM.; D’Alessio, P,; lozzino, M.; Sun, Y.; Angeletti, S.; Russano, M.;
Santini, D.; et al. Deep Learning Algorithm Trained with COVID-19 Pneumonia Also Identifies Inmune Checkpoint Inhibitor
Therapy-Related Pneumonitis. Cancers 2021, 13, 652. [CrossRef] [PubMed]

Petit, S.F; van Elmpt, WJ.; Oberije, CJ.; Vegt, E; Dingemans, A.M.; Lambin, P; Dekker, A.L; De Ruysscher, D.
[18F]ﬂuorodeoxyglucose uptake patterns in lung before radiotherapy identify areas more susceptible to radiation-induced lung
toxicity in non-small-cell lung cancer patients. Int. J. Radiat. Oncol. Biol. Phys. 2011, 81, 698-705. [CrossRef]

Borst, G.R.; De Jaeger, K.; Belderbos, J.S.; Burgers, S.A.; Lebesque, ].V. Pulmonary function changes after radiotherapy in
non-small-cell lung cancer patients with long-term disease-free survival. Int. J. Radiat. Oncol. Biol. Phys. 2005, 62, 639—-644.
[CrossRef] [PubMed]

Lopez Guerra, J.L.; Gomez, D.; Zhuang, Y.; Levy, L.B.; Eapen, G.; Liu, H.; Mohan, R.; Komaki, R.; Cox, ].D.; Liao, Z. Change in
diffusing capacity after radiation as an objective measure for grading radiation pneumonitis in patients treated for non-small-cell
lung cancer. Int. J. Radiat. Oncol. Biol. Phys. 2012, 83, 1573-1579. [CrossRef]

Henkenberens, C.; Janssen, S.; Lavae-Mokhtari, M.; Leni, K.; Meyer, A.; Christiansen, H.; Bremer, M.; Dickgreber, N. Inhalative
steroids as an individual treatment in symptomatic lung cancer patients with radiation pneumonitis grade II after radiotherapy—A
single-centre experience. Radiat. Oncol. 2016, 11, 12. [CrossRef] [PubMed]

Magana, E.; Crowell, R.E. Radiation pneumonitis successfully treated with inhaled corticosteroids. South. Med. ]. 2003, 96,
521-524. [CrossRef] [PubMed]

Guilhem, A.; Celton, B.; Terminet, A ; Pavio, C.; Raschilas, F.; Blain, H. [Radiation pneumonitis: A rare and potentially severe
pneumonia. Usefulness of corticosteroids]. Rev. Med. Internet 2010, 31, e10-e12. [CrossRef] [PubMed]

Fu, Z.; Yang, X.; Bi, N.; Zhai, Y.; Chen, D.; Wang, W.; Deng, L.; Zhang, T.; Zhou, Z.; Liang, J. Radiation pneumonitis complicated
by Pneumocystis carinii in patients with thoracic neoplasia: A clinical analysis of 7 cases. Cancer Commun. 2019, 39, 47. [CrossRef]
Kainthola, A.; Haritwal, T.; Tiwari, M.; Gupta, N.; Parvez, S.; Prakash, H.; Agrawala, PK. Immunological Aspect of Radiation-
Induced Pneumonitis, Current Treatment Strategies, and Future Prospects. Front. Immunol. 2017, 8, 506. [CrossRef]

Bluestein, S.G.; Roemer, J. The treatment of radiation pneumonitis with cortisone. J. Med. Soc. N. J. 1953, 50, 106-107.

Ward, H.E.; Kemsley, L.; Davies, L.; Holecek, M.; Berend, N. The effect of steroids on radiation-induced lung disease in the rat.
Radiat. Res. 1993, 136, 22-28. [CrossRef]

Sekine, I.; Sumi, M; Ito, Y.; Nokihara, H.; Yamamoto, N.; Kunitoh, H.; Ohe, Y.; Kodama, T.; Saijo, N.; Tamura, T. Retrospective
analysis of steroid therapy for radiation-induced lung injury in lung cancer patients. Radiother. Oncol. 2006, 80, 93-97. [CrossRef]
Kim, S.; Oh, L].; Park, S.Y.; Song, ].H.; Seon, H.J.; Kim, Y.H.; Yoon, S.H.; Yu, ].Y; Lee, B.R.; Kim, K.S,; et al. Corticosteroid therapy
against treatment-related pulmonary toxicities in patients with lung cancer. J. Thorac. Dis. 2014, 6, 1209-1217. [CrossRef]

Toma, C.L.; Dumitrache-Rujinski, S.; Belaconi, I; Ionita, D.L.; Nemes, R.; Croitoru, A.; Bogdan, M.A. To treat or not to treat with
corticosteroids radiation induced pneumonitis. Eur. Respir. ]. 2013, 42, P3353.

Zhang, P;; Yan, H.; Wang, S.; Kai, J.; Pi, G.; Peng, Y.; Liu, X.; Sun, J. Post-radiotherapy maintenance treatment with fluticasone
propionate and salmeterol for lung cancer patients with grade III radiation pneumonitis: A case report. Medicine 2018, 97, e10681.
[CrossRef] [PubMed]

Ward, W.E,; Molteni, A.; Ts’ao, C.H.; Kim, Y.T.; Hinz, ]. M. Radiation pneumotoxicity in rats: Modification by inhibitors of
angiotensin converting enzyme. Int. J. Radiat. Oncol. Biol. Phys. 1992, 22, 623—-625. [CrossRef]


http://doi.org/10.3390/cancers13081960
http://www.ncbi.nlm.nih.gov/pubmed/33921652
http://doi.org/10.1007/s00277-020-04366-y
http://doi.org/10.1016/j.rmcr.2020.101331
http://www.ncbi.nlm.nih.gov/pubmed/33489744
http://doi.org/10.4081/cp.2020.1234
http://doi.org/10.1093/ajhp/zxab156
http://www.ncbi.nlm.nih.gov/pubmed/33821925
http://doi.org/10.1136/bcr-2017-219929
http://doi.org/10.7759/cureus.8432
http://doi.org/10.4239/wjd.v11.i8.351
http://doi.org/10.1148/ryai.2019180084
http://doi.org/10.1186/s12916-021-01928-3
http://www.ncbi.nlm.nih.gov/pubmed/33658025
http://doi.org/10.3390/cancers13040652
http://www.ncbi.nlm.nih.gov/pubmed/33562011
http://doi.org/10.1016/j.ijrobp.2010.06.016
http://doi.org/10.1016/j.ijrobp.2004.11.029
http://www.ncbi.nlm.nih.gov/pubmed/15936539
http://doi.org/10.1016/j.ijrobp.2011.10.065
http://doi.org/10.1186/s13014-016-0580-3
http://www.ncbi.nlm.nih.gov/pubmed/26830686
http://doi.org/10.1097/01.SMJ.0000054502.81803.A3
http://www.ncbi.nlm.nih.gov/pubmed/12911197
http://doi.org/10.1016/j.revmed.2009.08.011
http://www.ncbi.nlm.nih.gov/pubmed/20413191
http://doi.org/10.1186/s40880-019-0392-6
http://doi.org/10.3389/fimmu.2017.00506
http://doi.org/10.2307/3578635
http://doi.org/10.1016/j.radonc.2006.06.007
http://doi.org/10.3978/j.issn.2072-1439.2014.07.16
http://doi.org/10.1097/MD.0000000000010681
http://www.ncbi.nlm.nih.gov/pubmed/29794744
http://doi.org/10.1016/0360-3016(92)90890-T

Clin. Pract. 2021, 11 428

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Molteni, A.; Moulder, J.E.; Cohen, E.F.; Ward, W.F,; Fish, B.L.; Taylor, ].M.; Wolfe, L.E; Brizio-Molteni, L.; Veno, P. Control of
radiation-induced pneumopathy and lung fibrosis by angiotensin-converting enzyme inhibitors and an angiotensin II type 1
receptor blocker. Int. |. Radiat. Biol. 2000, 76, 523-532. [CrossRef] [PubMed]

Robbins, M.E.; Diz, D.I. Pathogenic role of the renin-angiotensin system in modulating radiation-induced late effects. Int. |. Radiat.
Oncol. Biol. Phys. 2006, 64, 6-12. [CrossRef]

Wang, L.W,; Fu, X.L.; Clough, R;; Sibley, G.; Fan, M.; Bentel, G.C.; Marks, L.B.; Anscher, M.S. Can angiotensin-converting enzyme
inhibitors protect against symptomatic radiation pneumonitis? Radiat. Res. 2000, 153, 405—410. [CrossRef]

Ghosh, S.N.; Zhang, R.; Fish, B.L.; Semenenko, V.A,; Li, X.A.; Moulder, ].E.; Jacobs, E.R.; Medhora, M. Renin-Angiotensin system
suppression mitigates experimental radiation pneumonitis. Int. J. Radiat. Oncol. Biol. Phys. 2009, 75, 1528-1536. [CrossRef]
Jenkins, P.; Watts, ]. An improved model for predicting radiation pneumonitis incorporating clinical and dosimetric variables. Int.
J. Radiat. Oncol. Biol. Phys. 2011, 80, 1023-1029. [CrossRef]

Jenkins, P.; Welsh, A. Computed tomography appearance of early radiation injury to the lung: Correlation with clinical and
dosimetric factors. Int. J. Radiat. Oncol. Biol. Phys. 2011, 81, 97-103. [CrossRef]

Kma, L.; Gao, F; Fish, B.L.; Moulder, J.E.; Jacobs, E.R.; Medhora, M. Angiotensin converting enzyme inhibitors mitigate collagen
synthesis induced by a single dose of radiation to the whole thorax. J. Radiat. Res. 2012, 53, 10-17. [CrossRef]

Gao, F; Fish, B.L.; Moulder, ].E.; Jacobs, E.R.; Medhora, M. Enalapril mitigates radiation-induced pneumonitis and pulmonary
fibrosis if started 35 days after whole-thorax irradiation. Radiat. Res. 2013, 180, 546-552. [CrossRef]

Harder, E.M.; Park, H.S.; Nath, S.K.; Mancini, B.R.; Decker, R.H. Angiotensin-converting enzyme inhibitors decrease the risk of
radiation pneumonitis after stereotactic body radiation therapy. Pract Radiat. Oncol. 2015, 5, e643-e649. [CrossRef]

Bracci, S.; Valeriani, M.; Agolli, L.; De Sanctis, V.; Maurizi Enrici, R.; Osti, M.F. Renin-Angiotensin System Inhibitors Might Help
to Reduce the Development of Symptomatic Radiation Pneumonitis After Stereotactic Body Radiotherapy for Lung Cancer. Clin.
Lung Cancer 2016, 17, 189-197. [CrossRef] [PubMed]

Alite, F.; Balasubramanian, N.; Adams, W.; Surucu, M.; Mescioglu, I.; Harkenrider, M.M. Decreased Risk of Radiation Pneumonitis
With Coincident Concurrent Use of Angiotensin-converting Enzyme Inhibitors in Patients Receiving Lung Stereotactic Body
Radiation Therapy. Am. J. Clin. Oncol. 2018, 41, 576-580. [CrossRef] [PubMed]

Sio, T.T.; Atherton, PJ.; Pederson, L.D.; Zhen, W.K.; Mutter, R.W.; Garces, Y.I.; Ma, D.J.; Leenstra, J.L.; Rwigema, J.M.; Dakhil,
S.; et al. Daily Lisinopril vs Placebo for Prevention of Chemoradiation-Induced Pulmonary Distress in Patients With Lung Cancer
(Alliance MC1221): A Pilot Double-Blind Randomized Trial. Int. |. Radiat. Oncol. Biol. Phys. 2019, 103, 686-696. [CrossRef]
[PubMed]

Wang, H.; Liao, Z.; Zhuang, Y.; Xu, T.; Nguyen, Q.N.; Levy, L.B.; O'Reilly, M.; Gold, K.A.; Gomez, D.R. Do angiotensin-converting
enzyme inhibitors reduce the risk of symptomatic radiation pneumonitis in patients with non-small cell lung cancer after
definitive radiation therapy? Analysis of a single-institution database. Inf. J. Radiat. Oncol. Biol. Phys. 2013, 87, 1071-1077.
[CrossRef] [PubMed]

Medhora, M.; Gao, E; Jacobs, E.R.; Moulder, ].E. Radiation damage to the lung: Mitigation by angiotensin-converting enzyme
(ACE) inhibitors. Respirology 2012, 17, 66-71. [CrossRef] [PubMed]

Vujaskovic, Z.; Feng, Q.F,; Rabbani, Z.N.; Samulski, T.V.; Anscher, M.S.; Brizel, D.M. Assessment of the protective effect of
amifostine on radiation-induced pulmonary toxicity. Exp. Lung Res. 2002, 28, 577-590. [CrossRef] [PubMed]

Antonadou, D.; Coliarakis, N.; Synodinou, M.; Athanassiou, H.; Kouveli, A.; Verigos, C.; Georgakopoulos, G.; Panoussaki,
K.; Karageorgis, P.; Throuvalas, N.; et al. Randomized phase III trial of radiation treatment +/- amifostine in patients with
advanced-stage lung cancer. Int. |. Radiat. Oncol. Biol. Phys. 2001, 51, 915-922. [CrossRef]

Komaki, R.; Lee, ].S.; Kaplan, B.; Allen, P; Kelly, ].F,; Liao, Z.; Stevens, C.W.; Fossella, F.V.; Zinner, R.; Papadimitrakopoulou,
V.; et al. Randomized phase III study of chemoradiation with or without amifostine for patients with favorable performance
status inoperable stage II-IIl non-small cell lung cancer: Preliminary results. Semin. Radiat. Oncol. 2002, 12, 46-49. [CrossRef]
[PubMed]

Gopal, R. Pulmonary toxicity associated with the treatment of non-small cell lung cancer and the effects of cytoprotective
strategies. Semin. Oncol. 2005, 32, S55-559. [CrossRef] [PubMed]

Sasse, A.D.; Clark, L.G; Sasse, E.C.; Clark, O.A. Amifostine reduces side effects and improves complete response rate during
radiotherapy: Results of a meta-analysis. Int. . Radiat. Oncol. Biol. Phys. 2006, 64, 784-791. [CrossRef]

Inoue, A.; Kunitoh, H.; Sekine, I.; Sumi, M.; Tokuuye, K.; Saijo, N. Radiation pneumonitis in lung cancer patients: A retrospective
study of risk factors and the long-term prognosis. Int. J. Radiat. Oncol. Biol. Phys. 2001, 49, 649-655. [CrossRef]

Wang, J.Y.; Chen, K.Y,; Wang, ].T.; Chen, J.H.; Lin, JW.; Wang, H.C.; Lee, L.N.; Yang, P.C. Outcome and prognostic factors for
patients with non-small-cell lung cancer and severe radiation pneumonitis. Int. J. Radiat. Oncol. Biol. Phys. 2002, 54, 735-741.
[CrossRef]

Holgersson, G.; Bergstrom, S.; Liv, P; Nilsson, J.; Edlund, P.; Blomberg, C.; Nyman, ].; Friesland, S.; Ekman, S.; Asklund, T.; et al.
Effect of Increased Radiotoxicity on Survival of Patients with Non-small Cell Lung Cancer Treated with Curatively Intended
Radiotherapy. Anticancer Res. 2015, 35, 5491-5497.

Onishi, H.; Marino, K.; Yamashita, H.; Terahara, A.; Onimaru, R.; Kokubo, M.; Shioyama, Y.; Kozuka, T.; Matsuo, Y.; Aruga,
T.; et al. Case Series of 23 Patients Who Developed Fatal Radiation Pneumonitis After Stereotactic Body Radiotherapy for Lung
Cancer. Technol. Cancer Res. Treat. 2018, 17. [CrossRef] [PubMed]


http://doi.org/10.1080/095530000138538
http://www.ncbi.nlm.nih.gov/pubmed/10815633
http://doi.org/10.1016/j.ijrobp.2005.08.033
http://doi.org/10.1667/0033-7587(2000)153[0405:CACEIP]2.0.CO;2
http://doi.org/10.1016/j.ijrobp.2009.07.1743
http://doi.org/10.1016/j.ijrobp.2010.03.058
http://doi.org/10.1016/j.ijrobp.2010.05.017
http://doi.org/10.1269/jrr.11035
http://doi.org/10.1667/RR13350.1
http://doi.org/10.1016/j.prro.2015.07.003
http://doi.org/10.1016/j.cllc.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26427647
http://doi.org/10.1097/COC.0000000000000324
http://www.ncbi.nlm.nih.gov/pubmed/27560156
http://doi.org/10.1016/j.ijrobp.2018.10.035
http://www.ncbi.nlm.nih.gov/pubmed/30395904
http://doi.org/10.1016/j.ijrobp.2013.08.033
http://www.ncbi.nlm.nih.gov/pubmed/24161424
http://doi.org/10.1111/j.1440-1843.2011.02092.x
http://www.ncbi.nlm.nih.gov/pubmed/22023053
http://doi.org/10.1080/01902140290096791
http://www.ncbi.nlm.nih.gov/pubmed/12396250
http://doi.org/10.1016/S0360-3016(01)01713-8
http://doi.org/10.1053/srao.2002.31363
http://www.ncbi.nlm.nih.gov/pubmed/11917284
http://doi.org/10.1053/j.seminoncol.2005.03.010
http://www.ncbi.nlm.nih.gov/pubmed/16015536
http://doi.org/10.1016/j.ijrobp.2005.06.023
http://doi.org/10.1016/S0360-3016(00)00783-5
http://doi.org/10.1016/S0360-3016(02)02994-2
http://doi.org/10.1177/1533033818801323
http://www.ncbi.nlm.nih.gov/pubmed/30286697

Clin. Pract. 2021, 11 429

122.

123.

Butof, R.; Kirchner, K.; Appold, S.; Lock, S.; Rolle, A.; Hoffken, G.; Krause, M.; Baumann, M. Potential clinical predictors of
outcome after postoperative radiotherapy of non-small cell lung cancer. Strahlenther. Onkol. 2014, 190, 263-269. [CrossRef]
[PubMed]

Farr, K.P; Khalil, A.A.; Grau, C. Patient-reported lung symptoms and quality of life before and after radiation therapy for
non-small cell lung cancer: Correlation with radiation pneumonitis and functional imaging. Acta Oncol. 2019, 58, 1523-1527.
[CrossRef] [PubMed]


http://doi.org/10.1007/s00066-013-0501-4
http://www.ncbi.nlm.nih.gov/pubmed/24413893
http://doi.org/10.1080/0284186X.2019.1634835
http://www.ncbi.nlm.nih.gov/pubmed/31315492

	Introduction 
	Epidemiology 
	Pathophysiology 
	Predisposing Factors of Lung Injury 
	Treatment-Related Risk Factors 
	Total Radiation Dose 
	Fractionation and Dose Rate 
	The Volume of Irradiated Lung 
	Technique of Irradiation 
	Chemotherapy 
	Immunotherapy 

	Patient-Related Risk Factors 

	Phases of Lung Injury 
	Diagnosis of Radiation Pneumonitis 
	Examination Findings 
	Laboratory Findings 
	Complications 
	Imaging 
	X-rays 
	Chest CT-Scan 
	Differential Diagnosis 
	Newer Imaging Techniques 
	Pulmonary Function Tests 
	Bronchoscopy 


	Management of Radiation Pneumonitis 
	Treatment Strategies 
	Minimally Symptomatic Patients 
	Symptomatic Patients with Subacute Radiation Pneumonitis 
	Organizing Pneumonia 
	Pulmonary Fibrosis 

	Treatment Options 
	Steroids 
	ACE Inhibitor 
	Amifostine 


	Radiation Pneumonitis and Mortality and Outcomes 
	Conclusions 
	References

