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Abstract

:

Radiation therapy using conventional or newer high-precision dose techniques, including three-dimensional conformal radiotherapy, intensity-modulated radiation therapy, stereotactic body radiation therapy, four-dimensional conformational radiotherapy, and proton therapy, is an important component of treating patients with lung cancer. Knowledge of the radiation technique used and the expected temporal evolution of radiation-induced lung injury, as well as patient-specific parameters such as previous radiotherapy, concurrent chemoradiotherapy, or immunotherapy, is important in image interpretation. This review discusses factors that affect the development and severity of radiation-induced lung injury and its radiological manifestations, as well as the differences between conventional and high-precision dose radiotherapy techniques.
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1. Introduction


Lung cancer, particularly non-small cell lung cancer (NSCLC), poses a formidable challenge to both patients and healthcare providers. Despite being the second-most-prevalent form of cancer in both men and women, it remains the deadliest. In the United States alone, there are about 200,000 new cases of lung cancer annually [1]. Late-stage diagnosis and poor prognosis are common due to the elusive nature of symptoms. Fortunately, in the United States, the number of new cases has been steadily declining, primarily due to reduced rates of smoking—the leading risk factor for lung cancer. Unfortunately, this positive trend is not mirrored in countries where smoking remains a common practice [2]. Moreover, the delayed development of lung cancer following tobacco exposure ensures that the global burden of lung cancer will persist for many years [3].



Treatment options for NSCLC include surgery, chemotherapy, immunotherapy, and radiation therapy (RT). While treatment regimens are tailored to individual cases, for early-stage NSCLC, surgery remains the gold standard, including newer minimally invasive techniques such as video-assisted thoracic surgery (VATS) and robot-assisted thoracic surgery (RATS) [4]. Surgical treatment can even be performed in patients with some degree of chronic pulmonary disease [5]. However, for patients who are medically inoperable (such as those with more advanced chronic pulmonary disease) or who decline surgical treatment, RT has emerged as a highly effective alternative for the treatment of early-stage NSCLC [1,6,7]. Additionally, in advanced-stage inoperable disease, RT may be administered in conjunction with chemotherapy or immunotherapy, as well as for palliation [8].



The landscape of RT in NSCLC has evolved significantly over the last several decades. Modern techniques of radiation therapy delivery offer enhanced precision and decreased damage to adjacent normal tissues compared with conventional radiotherapy. This review explores the gamut of newer RT modalities, including 3D conformational radiotherapy (3D-CRT), intensity-modulated radiotherapy (IMRT), stereotactic body radiotherapy (SBRT), 4D conformational radiotherapy (4D-CRT), and proton therapy. These recent advances in RT delivery offer new hope to patients for improved quality of life.




2. Types of Radiotherapy


2.1. Conventional Radiotherapy


Conventional radiotherapy, also known as 2D radiotherapy, was once the primary form of radiotherapy available for patients with NSCLC. However, it is now predominantly reserved for cases of palliation [9,10]. Conventional radiation therapy employs two parallel opposed fields that form a rectangular field of radiation [11]. Due to the large radiation field, a considerable volume of adjacent normal tissue receives radiation along with the tumor (Figure 1). Thus, when the radiation dose is being determined, the benefits of irradiating the tumor must be weighed against the risk of harm to the surrounding tissues.




2.2. Three-Dimensional Conformal Radiotherapy


Three-dimensional conformal radiotherapy, or 3D-CRT, was the first of the high-precision modalities of radiotherapy to emerge. By using more beams in multiple directions, 3D-CRT allows for the radiation to conform to the shape of the tumor more closely than conventional radiotherapy [9,12]. This allows for a higher radiation dosage to the targeted tumor, as well as minimizing damage to the surrounding healthy tissue (Figure 2). Although 3D-CRT is superior to conventional radiotherapy in terms of tumor targeting and reduction in healthy tissue toxicity, further advances in RT delivery now offer even greater conformity. Thus, 3D-CRT is primarily used to treat tumors that are locally advanced and inoperable, along with postoperative radiation therapy [9].




2.3. Intensity-Modulated Radiotherapy


Intensity-modulated radiotherapy (IMRT) uses multiple beams of radiation, each with dynamic multileaf collimators, to conform more closely to the tumor compared to 2D radiotherapy or even 3D-CRT (Figure 3). This flexibility allows for better conformity to the tumor, and the dose to adjacent organs is reduced compared with 3D-CRT [9,13,14]. IMRT is commonly used in similar scenarios as 3D-CRT, but with enhanced results and less toxicity [9,12].




2.4. Stereotactic Body Radiotherapy


Stereotactic body radiotherapy (SBRT) is currently the predominant modality of high-precision radiation therapy utilized for early-stage NSCLC patients who are not surgical candidates or who refuse surgical therapy [15,16] (Figure 4). SBRT utilizes ablative techniques to target tumors, delivering a higher radiation dose per fraction over a shorter treatment duration compared with conventional RT (SBRT 1–2 weeks vs. conventional 4–6 weeks) [9,10]. SBRT must be used with caution when targeting central tumors, due to the potential for toxicity. An early trial reported toxicities and mortality for central tumors treated with SBRT, which led to a recommendation of a 2 cm “no fly” zone surrounding the central bronchial tree [17]. SBRT can be used for central lung cancers by lowering the dose per fraction. SBRT offers decreased toxicity when compared with other forms of RT.




2.5. Four-Dimensional Conformal Radiotherapy


Four-dimensional conformal radiotherapy (4D-CRT) is a novel approach to delivering radiation to the chest, in that it incorporates time and patient chest movements into the treatment planning of lung tumors, which are mobile targets. Often used concurrently with 3D-CRT, IMRT, and proton therapy, 4D-CRT integrates the volumetric images of the tumor in each phase of the patient’s breathing cycle, generated by 4D-CT data acquisition. Approaches to 4D-CRT include respiratory-synchronized techniques (i.e., gating or tracking) and tumor-margin-based techniques (i.e., internal target volume or mid-position strategy). These approaches accommodate the patient’s chest movements during respiration, thereby reducing the irradiation of uninvolved tissue even more [12,13]. Further research is needed to evaluate the benefits of these techniques.




2.6. Proton Therapy


Proton therapy is unique compared to the other high-precision radiation techniques, in that it is particle-based rather than photon-based [9]. Consequently, it provides a very low entrance dose of radiation, which steadily increases until it reaches its peak at the targeted tumor (Bragg peak), with an abrupt drop-off in the dose distal to the tumor [9] (Figure 5). This dosage curve accounts for proton therapy’s optimal dose conformation to the tumor, with the least toxicity to the surrounding normal tissue among the high-precision radiation therapy techniques available [18,19] (Figure 6). Compared to SBRT, proton therapy is useful when targeting tumors close to critical organs such as the heart, great vessels, trachea, esophagus, and spinal cord [9,12]. Unfortunately, however, this technology is costly and only available at limited centers.





3. Post-Radiation Changes


Advancements in radiation therapy delivery techniques have significantly improved the prognosis and quality of life for lung cancer patients in recent years. Despite the benefits of these various forms of radiotherapy, all are associated with a spectrum of damage to healthy adjacent tissue. Post-radiation lung changes are commonly seen following both conventional and high-precision radiotherapy techniques.



Radiation-induced lung injury (RILI) is a well-recognized consequence of radiotherapy. The extent of damage depends on various factors, including patient-specific risk factors, radiation dosage, fractionation schedules, and the type of radiotherapy received. For all types of RT, post-radiation changes are divided into two distinct stages: the acute exudative phase (also called radiation pneumonitis) in the first 6 months after the completion of RT, and the chronic fibrotic phase thereafter.



Patient-related risk factors contributing to RILI include smoking history, pre-existing pulmonary conditions such as interstitial lung disease, and previous radiotherapy to the chest. Risk is also dependent on the volume of lung tissue exposed to radiation, the radiation dose and fractionation schedule, and the concurrent use of chemotherapy [9,20,21,22,23]. This intricate interplay between clinical and treatment-related variables underscores the need for personalized approaches to synergize treatment potency, as well as to mitigate adverse effects.



Emerging research has shed light on the impact of radiation dosage and fractionation schedules on RILI. Studies comparing the use of hyperfractionation (i.e., dispensing lower doses of radiotherapy more-than-once-daily) and hypofractionation (i.e., dispensing higher doses of radiotherapy over a shorter period of time) have highlighted the importance of optimizing the balance between tumor control and toxicity to adjacent healthy tissue [24,25]. A lower radiation dose delivered over a longer period of time reduces the biological effects of the radiation, which leads to decreased toxicity to healthy tissues but may compromise the antitumor effect. Further research is needed to establish the optimal strategy to achieve therapeutic goals while minimizing adverse events.



Pathophysiologically, the acute exudative phase of RILI is defined by capillary injury, vascular congestion, and inflammatory cell infiltration, subsequently resulting in collagen fibril deposition [20,26] (Figure 7). Imaging manifestations of this phase predominantly include ground-glass and consolidative opacities. Other less common but well-documented imaging findings include the “crazy paving” and “reversed halo” signs. Crazy paving describes the finding of interstitial septal thickening with associated ground-glass opacities, while a reverse halo describes a crescent-shaped or peripheral rim of consolidation that surrounds a ground-glass opacity. An array of pharmaceuticals have been evaluated to mitigate lung injury related to radiotherapy. For patients experiencing symptomatic radiation lung injury, inhaled, oral, or even intravenous corticosteroids are commonly administered to provide relief from acute symptoms and potentially prevent progressive fibrotic changes [20,21,27].



The transition of RILI to the chronic fibrotic phase is marked by extensive fibroblastic proliferation with subsequent fibrous tissue deposition, vascular sclerosis, and ultimate collapse/obliteration of alveolar spaces, leading to tissue fibrosis in the irradiated lung [20,26]. Imaging findings during this phase reveal evolving areas of consolidation with air bronchograms and traction bronchiectasis [9,27].



A spectrum of imaging findings has been observed in the lungs following conventional and high-precision radiotherapy. Due to the more precise nature of radiation delivery, high-precision radiotherapy displays post-radiation changes that conform more closely to the original tumor site compared to conventional radiotherapy. Furthermore, the temporal evolution of these changes differs. For conventional radiotherapy, acute exudative changes are observed as early as 4 weeks and are usually present by 3 months. Chronic changes will peak around 6–12 months, with the changes stabilized by 12–24 months. In contrast, after high-precision radiotherapy, early findings do not typically present until 3 months post-treatment, with only about 50% of RILI patients demonstrating imaging findings at 6 months. Furthermore, many post-radiation changes after high-precision therapy continue to evolve after 2 years [1,9,23]. These long-term changes, particularly when they involve growth after 2 years, can raise concern for a recurrent tumor.




4. Specific Imaging Patterns in RILI


There are a few specific imaging patterns of radiation-induced lung injury that are more commonly encountered following high-precision radiotherapy as opposed to conventional radiotherapy. These include the modified conventional pattern, the mass-like pattern, the scar-like pattern, and organizing pneumonia [9,12,13]. The first three refer to patterns described with SBRT but can also be seen with other high-precision dose techniques and occur 6 months after the RT’s completion or later.



4.1. Modified Conventional Pattern


The modified conventional pattern is the most commonly encountered pattern of fibrosis identified after high-precision dose radiotherapy. It is identified in 46–71% of patients. The modified conventional pattern manifests as a focal area of consolidation, volume loss, and bronchiectasis, similar in appearance to conventional radiation changes, but is less extensive, owing to the closer conformation of radiation therapy to the tumor with the high-precision dose techniques [28]. Compared with conventional radiotherapy, air bronchograms may be less extensive and less frequent [12] (Figure 8).




4.2. Mass-like Pattern


The mass-like pattern is encountered in 7–20% of patients after the completion of high-precision dose radiation therapy. On CT, this pattern presents as a focal area of fibrosis that is compact or mass-like, sometimes larger than the originally treated tumor [28] (Figure 9). As the name suggests, this pattern often closely resembles a true mass and must be distinguished from tumor recurrence. The imaging findings of the mass-like pattern are believed to be a result of the multidirectional beams for high-precision radiotherapy delivery, resulting in a more three-dimensional radiation treatment field [12,29]. Typically, this pattern lacks features like air bronchograms and straight margins [30]. Temporal evolution of shape and location (towards or away from the hilum) has been observed due to lung retraction during the first year after the completion of radiotherapy [12].




4.3. Scar-like Pattern


The scar-like pattern of fibrosis occurs in 11–22% of patients after the completion of high-precision dose radiation therapy. On CT, a thin linear opacity at the tumor site, usually less than 1 cm in diameter, is associated with volume loss [23,28] (Figure 10).




4.4. Organizing Pneumonia


Radiation-induced lung injury can present with an organizing pneumonia pattern of injury. This pattern is believed to be immunologically mediated and generally occurs between six weeks and ten months after the completion of radiotherapy [31]. Organizing pneumonia after radiation therapy has the appearance of patchy areas of ground-glass and consolidative opacities that can be migratory, with a waxing and waning course, often presenting outside of the radiation treatment area [32].





5. Imaging Modalities and Radiomics


Different imaging modalities are available for post-therapy follow-up. These include radiography, computed tomography, positron emission tomography/computed tomography, and magnetic resonance imaging.



5.1. Radiography


Chest radiography, being readily accessible and cost-effective, often serves as the initial imaging modality when patients present with respiratory symptoms following radiation therapy for lung cancer. Chest radiographs can typically detect RILI by the fourth week following the completion of radiotherapy [9]. It should be noted that radiography will usually not detect post-radiation changes unless the lung tissue received a radiation dose greater than 40 Gy [33]. During the acute phase of RILI, radiography may manifest heterogeneous opacities confined to the radiation field, while chronic fibrosis changes appear as lung consolidations confined to the radiation treatment area, with associated volume loss in the lung and traction bronchiectasis [27]. Radiography is tempered by low specificity, often necessitating cross-sectional imaging modalities for comprehensive post-radiotherapy assessment.




5.2. Computed Tomography


Computed tomography (CT) is more sensitive, surpassing radiography in the early detection of post-radiation changes [1,6]. CT can detect ground-glass opacities, crazy paving, and reverse halo patterns during the acute exudative phase of radiation pneumonitis [9]. When increased soft tissue is seen within an area of radiation fibrosis, CT is limited in differentiating tumor recurrence versus infection or inflammation versus the mass-like pattern of radiation fibrosis.




5.3. Positron Emission Tomography/Computed Tomography


FDG (18F-2-deoxy-D-glucose) positron emission tomography/computed tomography (PET/CT) is a valuable adjunct to evaluate high-risk CT features of tumor recurrence following radiotherapy. FDG, a glucose analog, serves as a useful radiotracer due to its rapid uptake into tissues exhibiting high metabolic activity, such as malignant cells [34,35]. Therefore, PET/CT can be used to evaluate increased soft tissue within areas of radiation fibrosis to help differentiate between the mass-like pattern and tumor recurrence [7,36].



It is important to be aware of the limitations of PET/CT. FDG uptake is also noted in areas of infection or inflammation; therefore, increased FDG uptake is expected during the first few months following RT, due to radiation pneumonitis [1,16]. FDG-PET/CT is therefore typically deferred until at least 6 months following the completion of radiotherapy, or until after the onset of the chronic fibrotic phase of lung injury [1,16].



Future directions of research include the role of FDG PET/CT in the detection and quantification of radiation-induced lung injury, with volumetric PET parameters serving as potential biomarkers for assessing lung inflammation after RT. Global lung FDG uptake after RT for patients with locally advanced NSCLC can be quantified by subtracting the tumor uptake from the total lung FDG uptake using volume-based quantitative FDG PET/CT parameters such as global lung glycolysis, total lesion glycolysis, and lung parenchyma mean standardized uptake value [37].




5.4. Magnetic Resonance Imaging


Magnetic resonance imaging (MRI) employs strong magnetic fields instead of X-rays to generate images, offering a promising alternative for patients who cannot tolerate iodinated contrast or who wish to minimize their radiation dose. MRI is not currently commonly used in the assessment of post-radiation changes [38]. MRI is sometimes used following lung radiotherapy in the evaluation of cardiac toxicity [39]. Recent animal studies suggest that using MRI following the administration of hyperpolarized noble gases may prove beneficial in assessing alveolar and metabolic damage in lung tissue [40].




5.5. Radiomics


Radiomics is a quantitative approach to medical imaging that uses advanced mathematical analysis to enhance current imaging data. Through this form of artificial intelligence, radiomics can quantify textural information on various imaging modalities [41]. This technique has been applied to help predict radiation-induced injury in a limited number of tumors, which may provide options for the identification and quantification of radiation-induced lung injury in the future [42].





6. Clinical Applications and Differential Diagnoses


Clinicians and radiologists grapple with the task of distinguishing between benign and malignant conditions, particularly in the context of imaging following radiation therapy. Knowledge of the spectrum of expected radiation-induced changes, timelines, and patterns observed with conventional and high-precision radiotherapy is important to avoid misinterpretation as infection or tumor recurrence.



6.1. Distinguishing Infection from the Acute Exudative Phase of RILI


Discerning acute post-radiation changes from infection often represents a diagnostic conundrum, as both conditions may present with ground-glass opacities or consolidations. However, the temporal evolution of these changes following either conventional or high-precision radiotherapy can serve as a valuable discriminant. Ground-glass or consolidative opacities that emerge prior to the completion of radiotherapy suggest infection, rather than radiation-induced changes. The acute phase of RILI generally demonstrates gradual onset of ground-glass or consolidative opacities that are confined within the radiation treatment area, although they may breach anatomic boundaries like pleural fissures. In distinction, infectious processes, which can also present with ground-glass or consolidative opacities, develop more rapidly, are usually located outside the radiation treatment area, and typically respect anatomical borders [9,12].



Tree-in-bud is a pattern of centrilobular bronchial dilatation seen on thin-section chest CT, and the bronchiolar luminal filling by mucus, pus, fluid, or tumor resembles a budding tree. Tree-in-bud opacities are classically described in the setting of infectious processes (notably, typical and atypical mycobacterial disease) and aspiration [12,43]. In the post-therapy setting, tree-in-bud opacities are usually due to infection or inflammation, and less commonly due to central obstructing tumors and tumor emboli.



Cavitation can pose a diagnostic dilemma in the post-therapy setting. Cavitary lesions can be seen with typical and atypical infectious processes—primary malignancy, as well as metastasis [12,44]. It is worth noting, however, that radiation therapy, chemotherapy, targeted therapy, and immunotherapy can result in cavitation, which can be difficult to delineate from infection or tumor [23] (Figure 11). PET/CT, unfortunately, is of limited benefit, as the finding can be FDG-avid in tumors and infection/inflammation.




6.2. Distinguishing Tumor Recurrence from the Chronic Mass-like Pattern of RILI


The interpretation of imaging studies in patients treated with high-precision dose RT is challenging in the context of response assessment. Historically, the Response Evaluation Criteria in Solid Tumors (RECIST) were the primary framework for assessing tumor responses to therapy. First published in 2000, and subsequently revised in 2009 (now referred to as RECIST 1.1), these criteria define the evaluation of tumors following therapy, with definitions of stable disease, partial response, complete response, and progressive disease [45,46]. In RECIST 1.1., lung tumors are measured by the long-axis diameter, and progressive disease is defined as an increase in tumor size/burden of greater than or equal to 20%. On CT, the mass-like pattern of radiation fibrosis can evolve and show an increase in size beyond 2 years after RT completion. This increase in size raises suspicion for tumor recurrence and can meet the criteria for progressive disease [29,47,48].



To address this dilemma, Huang et al. introduced the concept of high-risk features (HRFs) delineating specific CT imaging features associated with a higher likelihood of tumor recurrence [10,15] (Table 1). Patient management is based on risk stratification: low-risk patients with no HRFs can be imaged every 3–6 months for 1 year, after which an imaging interval of 6–12 months can be considered; intermediate-risk patients with the presence of 1–2 HRFs can benefit from an FDG PET/CT (if available) and close follow-up; patients at high risk of recurrence with the presence of more than three HRFs can undergo biopsy or can proceed directly to salvage treatment (Table 2). The most sensitive and specific imaging findings suggesting tumor recurrence include enlargement more than 12 months after the completion of radiotherapy and cephalocaudal growth of more than 5 mm and/or 20% [10]. Other CT findings that are suggestive of tumor recurrence include loss of air bronchogram, the obliteration of bronchi that were previously aerated, and a bulging margin or lobulated contour of radiation changes [10,16,27,49,50] (Figure 12).





7. Complications of Lung Radiotherapy


In addition to tumor recurrence, two other complications of radiation therapy for lung cancer include in situ pulmonary artery thrombosis and radiation recall pneumonitis.



7.1. In Situ Pulmonary Artery Thrombosis


Pulmonary emboli, commonly dislodged from the peripheral venous system, are the predominant cause of pulmonary artery obstruction. It has been noted, however, that a variety of alternative processes can promote de novo thrombosis in the pulmonary arteries, i.e., in situ pulmonary artery thrombosis [51,52]. Some of these entities include abnormal pulmonary structures (such as a stump thrombus after pneumonectomy or lobectomy), sickle-cell disease, infection, or trauma [53].



Ahuja et al. reported that in situ pulmonary artery thrombosis can also be seen as a complication of radiation therapy utilized for the treatment of lung cancer and malignant pleural mesothelioma. In a cohort of 27 patients, radiation-induced in situ pulmonary artery thrombosis was commonly solitary (93%), formed an obtuse angle with the vessel wall (89%), and was non-occlusive (96%). Additionally, all examples were eccentric and involved pulmonary arteries included in the area of radiation treatment and supplying the lung with visualized radiation changes [54] (Figure 13). It should be noted that there was no evidence of pulmonary embolus in any of the patients during follow-up, even in patients who were not treated with anticoagulation therapy. The time to the diagnosis of in situ pulmonary thrombosis from the completion of radiation therapy ranged between 53 and 2522 days, with a mean of 675 days [54].




7.2. Radiation Recall Pneumonitis


Radiation recall refers to an inflammatory reaction that occurs in a previously irradiated field after exposure to a systemic agent that can occur weeks, months, or even years after the completion of radiation therapy [55]. While most cases in the literature are cutaneous, radiation recall pneumonitis has also been reported [56]. Specifically, radiation recall pneumonitis is an acute inflammatory process in the lungs (confined to the previous radiation treatment field) that occurs after the exposure to a systemic agent, such as chemotherapy, immunotherapy, targeted therapy, or even vaccinations [55,56,57] (Figure 14).





8. Follow-Up Recommendations


For radiologists tasked with accurately interpreting post-radiation therapy imaging, thorough knowledge of the patient’s radiation therapy type, treatment dates, and administered dosages—particularly doses exceeding 20 Gy—is paramount [9]. Radiologists should also be cognizant of the rising prevalence of high-precision radiation techniques to treat patients with lung cancer and the spectrum of findings of radiation-induced lung injury from the acute phase of pneumonitis to the chronic phase of fibrosis [58].



In alignment with the current recommendations, post-radiotherapy follow-up imaging should include CT scans every 3–6 months following the completion of therapy for the first year, every 6–12 months for years 1–3, and annually thereafter [10,15]. Suspicious CT findings can be evaluated with PET/CT imaging, with tissue biopsy of suspicious or persistent abnormalities [7,23,29,59]. These recommendations underscore the importance of a multidisciplinary approach to post-radiotherapy imaging, ensuring the timely and accurate identification of potential complications and facilitating patient-centric decision-making.




9. Conclusions


Radiation therapy is important in the treatment of patients with lung cancer. High-precision dose techniques such as three-dimensional conformal radiotherapy, intensity-modulated radiation therapy, stereotactic body radiation therapy, four-dimensional conformational radiotherapy, and proton therapy allow for the optimal radiation dose to be delivered to the tumor, improve local disease control, and reduce toxicity to adjacent tissues. Knowledge of the radiation technique used, radiation treatment plan, and expected temporal evolution of radiation-induced lung injury, along with patient-specific parameters such as previous radiation therapy, concurrent chemoradiotherapy, or immunotherapy, is important to correctly identify the expected radiological manifestations of radiation-induced lung injury and differentiate them from tumor recurrence or infection.







Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors wish to thank Kelly M. Kage, Medical Illustrator in the Division of Diagnostic Imaging at the University of Texas M.D. Anderson Cancer Center, for her skillful expertise in creating the diagrams, and Danielle D. Tezeno, Senior Administrative Assistant in the Department of Thoracic Imaging, for her invaluable help with the manuscript’s preparation.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



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. [Google Scholar] [CrossRef] [PubMed]

	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [Google Scholar] [CrossRef]

	



Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [Google Scholar] [CrossRef] [PubMed]

	



Sihoe, A.D.L. Video-assisted thoracoscopic surgery as the gold standard for lung cancer surgery. Respirology 2020, 25 (Suppl. 2), 49–60. [Google Scholar] [CrossRef] [PubMed]

	



Wei, S.; Chen, F.; Liu, R.; Fu, D.; Wang, Y.; Zhang, B.; Ren, D.; Ren, F.; Song, Z.; Chen, J.; et al. Outcomes of lobectomy on pulmonary function for early stage non-small cell lung cancer (NSCLC) patients with chronic obstructive pulmonary disease (COPD). Thorac. Cancer 2020, 11, 1784–1789. [Google Scholar] [CrossRef] [PubMed]

	



Arroyo-Hernandez, M.; Maldonado, F.; Lozano-Ruiz, F.; Munoz-Montano, W.; Nunez-Baez, M.; Arrieta, O. Radiation-induced lung injury: Current evidence. BMC Pulm. Med. 2021, 21, 9. [Google Scholar] [CrossRef]

	



Li, Q.; Liu, Y.; Su, B.; Zhao, H.; Lin, Q.; Zhu, Y.; Zhang, L.; Weng, D.; Gong, X.; Sun, X.; et al. The CT appearance pattern of radiation-induced lung injury and tumor recurrence after stereotactic body radiation therapy in early stage non-small cell lung cancer. Transl. Lung Cancer Res. 2020, 9, 713–721. [Google Scholar] [CrossRef]

	



Casal-Mouriño, A.; Ruano-Ravina, A.; Lorenzo-González, M.; Rodríguez-Martínez, Á.; Giraldo-Osorio, A.; Varela-Lema, L.; Pereiro-Brea, T.; Barros-Dios, J.M.; Valdés-Cuadrado, L.; Pérez-Ríos, M. Epidemiology of stage III lung cancer: Frequency, diagnostic characteristics, and survival. Transl. Lung Cancer Res. 2021, 10, 506–518. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Huang, K.; Palma, D.A. Follow-Up of Patients after Stereotactic Radiation for Lung Cancer: A Primer for the Nonradiation Oncologist. J. Thorac. Oncol. 2015, 10, 412–419. [Google Scholar] [CrossRef]

	



Brown, S.; Banfill, K.; Aznar, M.C.; Whitehurst, P.; Faivre Finn, C. The evolving role of radiotherapy in non-small cell lung cancer. Br. J. Radiol. 2019, 92, 20190524. [Google Scholar] [CrossRef] [PubMed]

	



Ghaye, B.; Wanet, M.; El Hajjam, M. Imaging after radiation therapy of thoracic tumors. Diagn. Interv. Imaging 2016, 97, 1037–1052. [Google Scholar] [CrossRef] [PubMed]

	



Benveniste, M.F.; Gomez, D.; Viswanathan, C.; Shroff, G.S.; Betancourt Cuellar, S.L.; Carter, B.W.; Marom, E.M. Lung Cancer. J. Thorac. Imaging 2017, 32, 288–299. [Google Scholar] [CrossRef] [PubMed]

	



Guillemin, F.; Berger, L.; Lapeyre, M.; Belliere-Calandry, A. [Dosimetric and toxicity comparison of IMRT and 3D-CRT of non-small cell lung cancer]. Cancer Radiother. 2021, 25, 747–754. [Google Scholar] [CrossRef]

	



Huang, K.; Dahele, M.; Senan, S.; Guckenberger, M.; Rodrigues, G.B.; Ward, A.; Boldt, R.G.; Palma, D.A. Radiographic changes after lung stereotactic ablative radiotherapy (SABR)—Can we distinguish recurrence from fibrosis? A systematic review of the literature. Radiother. Oncol. 2012, 102, 335–342. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, D.J.; Mayoral, M.; Larici, A.R.; Ginsberg, M.S.; Cicchetti, G.; Fintelmann, F.J.; Marom, E.M.; Truong, M.T.; Gill, R.R. Imaging Follow-Up of Nonsurgical Therapies for Lung Cancer: AJR Expert Panel Narrative Review. Am. J. Roentgenol. 2023, 221, 409–424. [Google Scholar] [CrossRef]

	



Thompson, M.; Rosenzweig, K.E. The evolving toxicity profile of SBRT for lung cancer. Transl. Lung Cancer Res. 2019, 8, 48–57. [Google Scholar] [CrossRef]

	



Baumann, K.S.; Flatten, V.; Weber, U.; Lautenschlager, S.; Eberle, F.; Zink, K.; Engenhart-Cabillic, R. Effects of the Bragg peak degradation due to lung tissue in proton therapy of lung cancer patients. Radiat. Oncol. 2019, 14, 183. [Google Scholar] [CrossRef]

	



Brooks, E.D.; Ning, M.S.; Verma, V.; Zhu, X.R.; Chang, J.Y. Proton therapy for non-small cell lung cancer: The road ahead. Transl. Lung Cancer Res. 2019, 8 (Suppl. 2), S202–S212. [Google Scholar] [CrossRef]

	



Giuranno, L.; Ient, J.; De Ruysscher, D.; Vooijs, M.A. Radiation-Induced Lung Injury (RILI). Front. Oncol. 2019, 9, 877. [Google Scholar] [CrossRef]

	



Konkol, M.; Sniatala, P.; Milecki, P. Radiation-induced lung injury—What do we know in the era of modern radiotherapy? Rep. Pr. Oncol. Radiother. 2022, 27, 552–565. [Google Scholar] [CrossRef] [PubMed]

	



Rahi, M.S.; Parekh, J.; Pednekar, P.; Parmar, G.; Abraham, S.; Nasir, S.; Subramaniyam, R.; Jeyashanmugaraja, G.P.; Gunasekaran, K. Radiation-Induced Lung Injury-Current Perspectives and Management. Clin. Pr. 2021, 11, 410–429. [Google Scholar] [CrossRef] [PubMed]

	



Strange, C.D.; Shroff, G.S.; Truong, M.T.; Nguyen, Q.N.; Vlahos, I.; Erasmus, J.J. Imaging of the post-radiation chest in lung cancer. Clin. Radiol. 2022, 77, 19–30. [Google Scholar] [CrossRef]

	



Brada, M.; Forbes, H.; Ashley, S.; Fenwick, J. Improving Outcomes in NSCLC: Optimum Dose Fractionation in Radical Radiotherapy Matters. J. Thorac. Oncol. 2022, 17, 532–543. [Google Scholar] [CrossRef] [PubMed]

	



Iyengar, P.; Zhang-Velten, E.; Court, L.; Westover, K.; Yan, Y.; Lin, M.-H.; Xiong, Z.; Patel, M.; Rivera, D.; Chang, J.; et al. Accelerated Hypofractionated Image-Guided vs Conventional Radiotherapy for Patients With Stage II/III Non-Small Cell Lung Cancer and Poor Performance Status: A Randomized Clinical Trial. JAMA Oncol. 2021, 7, 1497–1505. [Google Scholar] [CrossRef]

	



Zhang, Z.; Zhou, J.; Verma, V.; Liu, X.; Wu, M.; Yu, J.; Chen, D. Crossed Pathways for Radiation-Induced and Immunotherapy-Related Lung Injury. Front. Immunol. 2021, 12, 774807. [Google Scholar] [CrossRef]

	



Benveniste, M.F.K.; Welsh, J.; Godoy, M.C.B.; Betancourt, S.L.; Mawlawi, O.R.; Munden, R.F. New era of radiotherapy: An update in radiation-induced lung disease. Clin. Radiol. 2013, 68, e275–e290. [Google Scholar] [CrossRef]

	



Chassagnon, G.; Martini, K.; Giraud, P.; Revel, M.P. Radiological assessment after stereotactic body radiation of lung tumours. Cancer Radiother. 2020, 24, 379–387. [Google Scholar] [CrossRef]

	



Al-Umairi, R.; Tarique, U.; Moineddin, R.; Jimenez-Juan, L.; Kha, L.C.; Cheung, P.; Oikonomou, A. CT patterns and serial CT Changes in lung Cancer patients post stereotactic body radiotherapy (SBRT). Cancer Imaging 2022, 22, 51. [Google Scholar] [CrossRef]

	



Febbo, J.A.; Gaddikeri, R.S.; Shah, P.N. Stereotactic Body Radiation Therapy for Early-Stage Non–Small Cell Lung Cancer: A Primer for Radiologists. RadioGraphics 2018, 38, 1312–1336. [Google Scholar] [CrossRef]

	



Ando, S.M.; Fonseca, E.; Frassei, J.D.S.; de Farias, L.P.G.; Neves, Y.C.S.; Chate, R.C.; Sawamura, M.V.Y. The role of the radiologist in the assessment of thoracic changes after radiotherapy. Radiol. Bras. 2021, 54, 265–269. [Google Scholar] [CrossRef] [PubMed]

	



Fanetti, G.; Bazzani, F.; Ferrari, A.; Alterio, D.; Donghi, S.M.; Pounou Kamga, F.A.; Orecchia, R.; Jereczek-Fossa, B.A. Bronchiolitis obliterans organizing pneumonia after stereotactic ablative radiation therapy for lung cancer: A case report. Cancer Radiother. 2018, 22, 57–61. [Google Scholar] [CrossRef] [PubMed]

	



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

	



DeLappe, E.; Dunphy, M. 18F-2-Deoxy-d-Glucose Positron Emission Tomography-Computed Tomography in Lung Cancer. Semin. Roentgenol. 2011, 46, 208–223. [Google Scholar] [CrossRef] [PubMed]

	



Fonti, R.; Conson, M.; Del Vecchio, S. PET/CT in radiation oncology. Semin. Oncol. 2019, 46, 202–209. [Google Scholar] [CrossRef]

	



Geets, X.; Sterpin, E.; Wanet, M.; Di Perri, D.; Lee, J. Metabolic imaging in non-small cell lung cancer radiotherapy. Cancer/RadiothÉRapie 2014, 18, 402–405. [Google Scholar] [CrossRef]

	



Dreyfuss, A.D.; Jahangiri, P.; Simone, C.B., 2nd; Alavi, A. Evolving Role of Novel Quantitative PET Techniques to Detect Radiation-Induced Complications. PET Clin. 2020, 15, 89–100. [Google Scholar] [CrossRef]

	



Sim, A.J.; Kaza, E.; Singer, L.; Rosenberg, S.A. A review of the role of MRI in diagnosis and treatment of early stage lung cancer. Clin. Transl. Radiat. Oncol. 2020, 24, 16–22. [Google Scholar] [CrossRef]

	



Omidi, A.; Weiss, E.; Trankle, C.R.; Rosu-Bubulac, M.; Wilson, J.S. Quantitative assessment of radiotherapy-induced myocardial damage using MRI: A systematic review. Cardiooncology 2023, 9, 24. [Google Scholar] [CrossRef]

	



Santyr, G.; Fox, M.; Thind, K.; Hegarty, E.; Ouriadov, A.; Jensen, M.; Scholl, T.J.; Van Dyk, J.; Wong, E. Anatomical, functional and metabolic imaging of radiation-induced lung injury using hyperpolarized MRI. NMR Biomed. 2014, 27, 1515–1524. [Google Scholar] [CrossRef]

	



van Timmeren, J.E.; Cester, D.; Tanadini-Lang, S.; Alkadhi, H.; Baessler, B. Radiomics in medical imaging-"how-to" guide and critical reflection. Insights Imaging 2020, 11, 91. [Google Scholar] [CrossRef] [PubMed]

	



Desideri, I.; Loi, M.; Francolini, G.; Becherini, C.; Livi, L.; Bonomo, P. Application of Radiomics for the Prediction of Radiation-Induced Toxicity in the IMRT Era: Current State-of-the-Art. Front. Oncol. 2020, 10, 1708. [Google Scholar] [CrossRef] [PubMed]

	



Bhalla, N.; Chang, C.F.; Lee, C. Special Considerations for Tree-in-Bud Nodules. Ann. Am. Thorac. Soc. 2019, 16, 636–638. [Google Scholar] [CrossRef] [PubMed]

	



Gafoor, K.; Patel, S.; Girvin, F.; Gupta, N.; Naidich, D.; Machnicki, S.; Brown, K.K.; Mehta, A.; Husta, B.; Ryu, J.H.; et al. Cavitary Lung Diseases: A Clinical-Radiologic Algorithmic Approach. Chest 2018, 153, 1443–1465. [Google Scholar] [CrossRef]

	



Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.; Gwyther, S.; Mooney, M.; et al. New response evaluation criteria in solid tumours: Revised RECIST guideline (version 1.1). Eur. J. Cancer 2009, 45, 228–247. [Google Scholar] [CrossRef]

	



Nishino, M.; Jagannathan, J.P.; Ramaiya, N.H.; Van den Abbeele, A.D. Revised RECIST Guideline Version 1.1: What Oncologists Want to Know and What Radiologists Need to Know. Am. J. Roentgenol. 2010, 195, 281–289. [Google Scholar] [CrossRef]

	



Nakamura, N.; Hojo, H.; Inoue, K.; Hotta, K.; Zenda, S.; Baba, H.; Onozawa, M.; Motegi, A.; Nakamura, M.; Kibe, Y.; et al. Late radiological changes after passive scattering proton beam therapy for Stage I lung cancer. J. Radiat. Res. 2018, 59, 456–461. [Google Scholar] [CrossRef]

	



Yang, Y.; Li, G.; Li, S.; Wang, Y.; Zhao, Y.; Dong, B.; Wang, J.; Zhu, R.; Chen, M. CT Appearance Pattern After Stereotactic Body Radiation Therapy Predicts Outcomes in Early-Stage Non-Small-Cell Lung Cancer. Front. Oncol. 2021, 11, 746785. [Google Scholar] [CrossRef]

	



Kato, S.; Nambu, A.; Onishi, H.; Saito, A.; Kuriyama, K.; Komiyama, T.; Marino, K.; Araki, T. Computed tomography appearances of local recurrence after stereotactic body radiation therapy for stage I non-small-cell lung carcinoma. Jpn. J. Radiol. 2010, 28, 259–265. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Cao, Y.; Geng, C.; Li, Y.; Zhang, Y. In situ Pulmonary Artery Thrombosis: A Previously Overlooked Disease. Front. Pharmacol. 2021, 12, 671589. [Google Scholar] [CrossRef] [PubMed]

	



Porembskaya, O.; Zinserling, V.; Tomson, V.; Toropova, Y.; Starikova, E.A.; Maslei, V.V.; Bulavinova, N.I.; Kirik, O.V.; Syrtsova, M.A.; Laberko, L.; et al. Neutrophils Mediate Pulmonary Artery Thrombosis In Situ. Int. J. Mol. Sci. 2022, 23, 5829. [Google Scholar] [CrossRef] [PubMed]

	



Baranga, L.; Khanuja, S.; Scott, J.A.; Provancha, I.; Gosselin, M.; Walsh, J.; Arancibia, R.; Bruno, M.A.; Waite, S. In Situ Pulmonary Arterial Thrombosis: Literature Review and Clinical Significance of a Distinct Entity. AJR Am. J. Roentgenol. 2023, 221, 57–68. [Google Scholar] [CrossRef] [PubMed]

	



Ahuja, J.; Shroff, G.S.; Benveniste, M.F.; Marom, E.M.; Truong, M.T.; Wu, C.C. In Situ Pulmonary Artery Thrombosis: Unrecognized Complication of Radiation Therapy. AJR Am. J. Roentgenol. 2020, 215, 1329–1334. [Google Scholar] [CrossRef]

	



Jan, P.R.; Chang, J.W.; Wu, C.E. Radiation Recall Pneumonitis: A Rare Syndrome That Should Be Recognized. Cancers 2022, 14, 4642. [Google Scholar] [CrossRef] [PubMed]

	



McGovern, K.; Ghaly, M.; Esposito, M.; Barnaby, K.; Seetharamu, N. Radiation recall pneumonitis in the setting of immunotherapy and radiation: A focused review. Future Sci. OA 2019, 5, FSO378. [Google Scholar] [CrossRef] [PubMed]

	



Teng, F.; Li, M.; Yu, J. Radiation recall pneumonitis induced by PD-1/PD-L1 blockades: Mechanisms and therapeutic implications. BMC Med. 2020, 18, 275. [Google Scholar] [CrossRef]

	



Linda, A.; Trovo, M.; Bradley, J.D. Radiation injury of the lung after stereotactic body radiation therapy (SBRT) for lung cancer: A timeline and pattern of CT changes. Eur. J. Radiol. 2011, 79, 147–154. [Google Scholar] [CrossRef]

	



Patz, E.F.; Lowe, V.J.; Hoffman, J.M.; Paine, S.S.; Harris, L.K.; Goodman, P.C. Persistent or recurrent bronchogenic carcinoma: Detection with PET and 2-[F-18]-2-deoxy-D-glucose. Radiology 1994, 191, 379–382. [Google Scholar] [CrossRef]








[image: Diagnostics 13 03283 g001] 





Figure 1. Conventional radiation treatment plan: This type of radiation therapy is easier to plan and uses an anterior posterior field that includes normal tissues in the high-dose area, resulting in increased toxicity to the adjacent normal tissues. The total dose is approximately 70 Gy, given 5 days a week for 7 weeks. 






Figure 1. Conventional radiation treatment plan: This type of radiation therapy is easier to plan and uses an anterior posterior field that includes normal tissues in the high-dose area, resulting in increased toxicity to the adjacent normal tissues. The total dose is approximately 70 Gy, given 5 days a week for 7 weeks.



[image: Diagnostics 13 03283 g001]







[image: Diagnostics 13 03283 g002] 





Figure 2. Three-dimensional (3D) conformal radiation treatment (3D-CRT) plan: This type of plan has less toxicity to the adjacent normal tissues compared to conventional radiation therapy; 3D-CRT is used to treat locally advanced, inoperable tumors, as well as in the postoperative setting. 
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Figure 3. Intensity-modulated radiation treatment (IMRT) plan: IMRT is a form of 3D-CRT that uses multileaf collimators and conforms better to the shape of the tumor, with a closer margin, resulting in less toxicity to the adjacent tissues compared with conventional radiation therapy and 3D-CRT. 
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Figure 4. Stereotactic body radiation treatment (SBRT) plan: SBRT targets the tumor, delivering a more compact dose with a steep drop-off in all directions, thereby limiting the dose to normal adjacent tissues. SBRT’s total dose depends on the size and site of the tumor targeted. For smaller (<5 cm) peripheral tumors, the total treatment dose is approximately 25–50 Gy over 1–2 weeks. For larger, more central tumors, the total dose is 60–70 Gy. 
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Figure 5. Differential depth–dose distribution of photons versus protons: The graph plots the relative dose with respect to the penetration depth. The orange is the radiation dose with photons. With no mass and no charge, photons can penetrate, but most of the radiation dose delivered is only in the first 3 cm from the patient’s skin. Photons gradually lose this energy until they reach the target and continue to deposit the dose as they exit the body, with potential collateral damage to adjacent critical organs. In contrast, protons, shown in blue for single beam and in green for multiple beams spread out, have a lower entrance dose. Protons are heavy charged particles that gradually slow down as they interact with bodily tissues. The absorbed dose increases gradually, with a sharp rise to a peak when the protons are stopped at the site of the tumor, where there is a large deposit of energy. This is known as the Bragg peak. The abrupt decrease in dose distal to the tumor target yields a minimal exit dose, sparing the adjacent critical organs. 
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Figure 6. Proton treatment plan: Proton beams show a lower dose at skin entry, a sharp rise to a Bragg peak where the maximum dose is deposited directly into the tumor, and an almost non-existent exit dose. The reduced volume of healthy tissue exposed to intermediate and low doses of proton therapy results in less dose to organs at risk. 
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Figure 7. The pathophysiology of radiation injury: Ionizing radiation induces free radicals and DNA damage to promote oxidative stress, vascular damage, and inflammation, which manifest as radiation pneumonitis. Persistent inflammation sustains alveolar epithelial and vascular endothelial cell damage and contributes to pathological changes, including immune cell infiltration, capillary permeability, and pulmonary edema. Prolonged alveolar and vascular damage lead to epithelial-to-mesenchymal transition (EMT) and/or endothelial-to-mesenchymal transition (EndoMT) and eventually culminate in fibrotic changes. Adapted from Hanania, AN. Chest 2019, (156): 150 [1]. 
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Figure 8. Modified conventional pattern of lung injury following IMRT (60 Gy, 15 fractions): (A) Computed dosimetric axial reconstruction obtained for an IMRT plan, showing the central left upper lobe tumor and left mediastinal lymph node receiving the maximal isodose (64 Gy). (B) CT image 6 months after completion of RT, showing consolidative opacity with air bronchograms, consistent with radiation pneumonitis. (C) CT image 7 years after RT, showing consolidative opacity, volume loss, and traction bronchiectasis, similar to but less extensive than fibrosis seen with conventional radiation therapy. 
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Figure 9. Mass-like pattern of lung injury after SBRT (70 Gy, 10 fractions): (A) CT before treatment, showing a right upper lung cancer (*). (B) Computed dosimetric axial reconstruction obtained for the SBRT plan, showing the primary lung malignancy receiving the maximal isodose (77 Gy). (C) CT image 3 months after completion of RT, showing that the malignancy has slightly decreased in size, with minimal radiation pneumonitis in the adjacent lung. (D) CT at 9 months after RT, showing retraction of the treated primary tumor anteriorly abutting the anterior pleura, surrounded by a peripheral solid rim with normal interspersed lung tissue forming a target sign. (E,F) CT images 3 and 4 years after RT, respectively, showing a triangular mass-like opacity. Note that evolution of the radiological findings >2 years after SBRT completion is common, and mass-like fibrotic changes can occur up to 4 years after and be misinterpreted as recurrence of malignancy. 
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Figure 10. Scar-like pattern of lung injury after SBRT (54 Gy, 3 fractions): (A) CT before treatment, showing a left upper nodule (*). (B) Computed dosimetric axial reconstruction obtained for the SBRT plan, showing the primary lung malignancy receiving the maximal isodose (65 Gy). (C) CT image 36 months after completion of RT, showing a linear opacity in the radiation treatment plan, consistent with a scar-like pattern of radiation injury. 
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Figure 11. Acute radiation pneumonitis in a patient treated with concurrent chemotherapy (proton therapy: 72 Gy, 30 fractions) followed by immunotherapy with durvalumab: (A) PET/CT showing the FDG-avid primary tumor in the central aspect of the right middle lobe, associated with post-obstructive pneumonia. (B) Computed dosimetric axial reconstruction obtained for the proton plan, showing the primary malignancy receiving the maximal isodose. (C) CT 3 months after proton therapy completion, showing ground-glass and cavitary consolidative opacities adjacent to the treated primary tumor. A spectrum of radiation injury findings in the acute phase is seen with both conventional RT and high-precision dose techniques such as proton therapy. When the consolidative and GG opacities are greater than 5 cm, this is considered diffuse; when they are less than or equal to 5 cm, this is considered patchy. 
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Figure 12. Local recurrence of malignancy after IMRT (52.5 Gy, 15 fractions) to the left upper lobe: (A,B) CT before treatment showing a 1.5 cm left upper nodule (arrow) in (A) and a biopsy-proven satellite 0.6 cm nodule in the left apex posteriorly (arrow) in (B); metastatic disease to the bone is not shown. (C) Computed dosimetric axial reconstruction obtained for IMRT planning, showing a malignancy in the left apex receiving the maximal isodose (56 Gy). (D) CT 1 year after RT showing a focal consolidative opacity with traction bronchiectasis, associated with volume loss and architectural distortion in a scar-like pattern of fibrosis. (E) CT 2 years after RT showing loss of visualization of the air bronchogram in the area of fibrosis suspicious for tumor recurrence. (F) PET/CT showing FDG-avid focus within the enlarging opacity at the treated site, suspicious for local tumor recurrence. Biopsy showed adenocarcinoma. Note that the loss of visualization of air bronchograms, enlarging opacity at the treated site, and enlargement after 12 months are high-risk features on CT, predictive of local recurrence. 
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Figure 13. In situ thrombus of the pulmonary artery in a patient treated with IMRT (66 Gy, 30 fractions): (A) PET/CT showing the FDG-avid primary tumor in the central aspect of the right middle lobe (arrow). (B) Computed dosimetric axial reconstruction obtained for the SBRT plan, showing the right middle lobe central tumor receiving the maximal isodose (69 Gy). (C) CT with intravenous contrast 5 years after RT completion, showing an eccentric, non-occlusive thrombus in the right pulmonary artery (arrow). (D) CT showing radiation fibrosis in the right perihilar region (arrow). Typical of in situ thrombosis, the pulmonary artery was within the radiation treatment plan and the supplied lung showed radiation fibrosis. 
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Figure 14. Radiation recall pneumonitis (RRP): Four years earlier, the patient presented with left upper lobe squamous-cell cancer with nodal metastases to the contralateral mediastinum and was treated with intensity-modulated radiation therapy (IMRT) (66 Gy, 30 fractions) to the left upper lobe and mediastinum. Two years earlier, the patient presented with a right lower lobe squamous-cell cancer and was treated with IMRT (70 Gy, 10 fractions). (A) Composite computed dosimetric axial reconstruction showing both IMRT plans. (B) CT image 1 year after completion of the second round of radiation therapy and before the start of immunotherapy with pembrolizumab, showing bilateral lower lobe radiation fibrosis posteriorly. (C) CT image when the patient presented with shortness of breath and cough 5 months after the start of immunotherapy, showing new bilateral airspace opacities that conform to the radiation treatment plan, consistent with radiation recall pneumonitis; symptoms improved after steroid therapy and temporarily withholding immunotherapy. (D) CT 2 weeks following steroid tapering, showing pulmonary findings of radiation fibrosis similar to that from before the start of immunotherapy. RRP refers to inflammation in previously irradiated lung tissue after exposure to an inciting pharmacological agent (e.g., immunotherapy). 
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Table 1. CT findings predictive of local recurrence of malignancy in the radiated lung after SBRT (adapted from Hanania, AN. Chest 2019, (156): 150) [1].
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	Enlarging Opacity at the Primary Site





	Sequential enlargement



	Enlargement 12 months after RT completion



	Bulging margins



	Linear margin disappearance



	Loss of air bronchogram



	Craniocaudal growth of ≥5 mm and ≥20%










 





Table 2. Practical management guidelines to evaluate for local recurrence of malignancy after SBRT.
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	Risk Level
	Number of High-Risk Features
	Management





	Low
	0
	CT every 3 to 6 months for 1 year, and every 6 to 12 months thereafter



	Intermediate
	1–2
	CT at 3 months or FDG PET/CT



	High
	≥3
	Biopsy or salvage therapy
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