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 It is evident that optimal management of thoracic malignancies requires a multidis-
ciplinary team approach through an understanding of functional outcomes with 
minimal morbidities from the dedicated modalities. 

 The idea behind the  Principles and Practice of Radiotherapy Techniques in 
Thoracic Malignancies  is the challenging atmosphere of multidisciplinary care 
where the radiation oncologists should be closely interacting with the medical 
oncologists and the surgeons in different degrees based on the type and stage of the 
malignancies. Therefore, our intent was to provide a summarized, illustrated, and 
structured method underlying all components of site-specifi c treatments, from sur-
gical, radiation oncological, and medical oncological perspectives, in order to lead 
into an evidence-based management pathway equipped with adequate and up-to-
date information. 

 Radiotherapy chapters are arranged with the required illustrated target volume 
delineations and treatment techniques, including intensity-modulated radiotherapy 
treatment, stereotactic ablative body radiotherapy, and stereotactic radiosurgery. As 
detailed surgical techniques are not a part of our oncology residency programs, the 
specialists who are mainly interested in thoracic malignancies should be equipped 
with an adequate level of oncological surgery options including the basic knowl-
edge of what goes on under the scar. Therefore, we have included chapters of con-
cise surgical point of views and surgical techniques, as well as clinical chapters with 
medical oncology perspectives to help in the decision making for the radiation 
oncology practitioners. Overall, our book covers the general multidisciplinary man-
agement including valuable inputs of surgery, radiation, and medical oncology. 

 We hope “Principles and Practice of Radiotherapy Techniques in Thoracic 
Malignancies” will meet the need for a practical and up-to-date radiation oncology 
review of thoracic tumors for residents, fellows, and clinicians of radiation, medical 
and thoracic oncology, as well as for medical students, physicians, and medical 
physicists interested in thoracic malignancies. 

 Ankara, Turkey Gokhan Ozyigit 
 Istanbul, Turkey Ugur Selek 
 Adana, Turkey Erkan Topkan  
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  1      Selection Criteria for Definitive 
Treatment Approach in Thoracic 
Malignancies: Radiation Oncology 
Perspective                     

       Duygu     Sezen      ,     Yasemin     Bolukbasi      ,     Erkan     Topkan      , 
and     Ugur     Selek     

         Introduction 

 Data depicting regional dose–responses exist from ventilation/perfusions SPECT or 
tissue density CT series, besides reports of pneumonitis occurring at different con-
straints and doses/volumes [ 1 – 4 ]. As radiotherapy should have a balance between 
local control and  organ at risk  , such as lung and injury risk, the goal in general is 
ensuring the highest adequate dose possible with acceptable risks to avoid excessive 
toxicity. So assessment before radiotherapy for radiotherapy-induced injury risk 
should be a combination of baseline preexisting functional status and evidence-
driven knowledge in radiotherapy planning process to design treatment in order to 
conclude whether the patient could be treated as desired or be treated with modifi ca-
tions in intent with acceptable sacrifi ce or not be treated at all. 

 While facing a patient referred for radiotherapy, evaluation to decide the intent of 
the treatment, such as curative or palliative, is directly related with not only the 
stage of the thoracic malignancy but also with the general performance status, 
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comorbidities, and pulmonary functional reserves. As the preoperative decision 
process is more clear based on the assessment of estimated perioperative and post-
operative lung functions, pre-radiotherapy decision process is more vague at physi-
cian disposal, and its borders need to be outlined to become more objective which 
requires radiotherapy planning process to be included for eligibility [ 5 ]. 

 Radiotherapy could be required in many clinical scenarios for lung cancer 
patients from early to locally advanced and terminal stages of the disease based on 
the conclusion related with symptoms, pathology, and relevance.  Stereotactic body 
radiation therapy   (SBRT) or so-called  stereotactic ablative body radiotherapy      
(SABR) has gained popularity, in mainly medically inoperable early-stage lung 
cancer cases as well as patients with lung metastases, which delivers very high per 
day doses to dedicated small areas, besides postoperative, defi nitive, consolidative, 
or palliative radiotherapy come into play for more advanced curative intent cases 
with larger fi elds necessarily effecting pulmonary volume. Along with lung cancer, 
other thoracic malignancies like mesothelioma, esophageal cancer, and thymoma 
management also require pulmonary and cardiac function assessments prior to 
radiotherapy considering the post-radiotherapy management such as surgery. 

 Toxicity in normal lung tissue that may occur due to radiotherapy is essentially 
associated with radiation dose, treatment area, and remaining preserved paren-
chyma. While high doses are acceptable for small volumes in the lung, low-dose 
bath to very large parenchyma increases the risk of radiation-induced toxicity. In 
this context, techniques that are aimed to decrease dose and volume of normal lung 
tissue that is exposed to radiotherapy are of great importance. Toxicity in lung that 
may occur due to radiotherapy is described as radiation pneumonitis and it typically 
arises 2–6 months after radiotherapy. It can be detected as clinically insignifi cant 
radiological form without symptoms or as clinically signifi cant with symptoms like 
persistent nonproductive cough, dyspnea, and fever. In some cases, the risk of radia-
tion pneumonitis can cause diffi culty for tumor control by limiting radiotherapy 
dose that will be prescribed. Patient referred for radiation therapy should be fi rst 
questioned in terms of underlying pulmonary, cardiac, and autoimmune diseases in 
order to defi ne whether subclinical damage related to radiation related with the 
planned treatment might constitute a ground for potential cardiopulmonary prob-
lems in the future or might worsen the existing reserves. Similarly, in the presence 
of interstitial lung disease, acute exacerbation may be observed following the treat-
ment course, and it may lead to a mortal course [ 6 ,  7 ]. In initial assessment severe, 
active comorbidity could be defi ned as follows [ 8 ]: unstable angina and/or conges-
tive heart failure defi ned by New York Heart Association class III or IV requiring 
hospitalization within the last 6 months, transmural myocardial infarction within 
the last 6 months, acute infection (bacterial or fungal) requiring intravenous antibi-
otics, exacerbation of chronic obstructive pulmonary disease requiring hospitaliza-
tion, severe hepatic disease (Child-Pugh Class B/C hepatic disease), HIV positivity 
with CD4 count <200 cells/μl, and end-stage renal disease on dialysis. On the other 
hand, justifi cation for considering a patient medically inoperable needs to be based 
on pulmonary functions for surgical resection of NSCLC including any of the fol-
lowing [ 9 ]: baseline hypoxemia and/or hypercapnia; baseline FEV1 <40 % 
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predicted; baseline exercise oxygen consumption <50 % predicted; severely reduced 
baseline diffusion capacity; postoperative FEV1 <30 % predicted; severe pulmo-
nary hypertension; diabetes mellitus with severe damage in end organs; severe car-
diac, peripheral, or cerebral vascular disease; and severe chronic heart disease. 

 There is no defi nitive algorithm regarding functional tests to be implemented 
before radiotherapy for patients with lung tumors in dedicated intent such as post-
operative, defi nitive radiotherapy alone or chemoradiotherapy, stereotactic radio-
therapy, etc. However, literature provides many studies including these patient 
groups’ prescribed different treatments to present their posttreatment functional 
status in comparison to baseline. 

 Unfortunately, cancer has an increasing pace and this increase in cancer inci-
dence is driven by cancer diagnosed in mainly older adults, such as a 67 % increase 
in cancer incidence is anticipated for older adults up to 2030 in comparison to an 
11 % increase for younger adults in the United States [ 10 ]. This means that more 
elder cancer patients, who would mostly be medically compromised, will require 
radiotherapy in coming years. As known, long-term survival in untreated even 
stage I NSCLC is uncommon with only 6 % overall 5-year survival based on 1,432 
patients who did not undergo surgical resection or receive treatment with chemo-
therapy or radiation in the California Cancer Center registry analysis between 1989 
and 2003 [ 11 ]. Therefore, radiotherapy should be a role player in even the func-
tionally compromised group of patients to ensure a decline in the proportion of 
untreated elderly cases with absolute increase in RT use with SBRT introduction 
(16 % increase) which was converted to an improvement in OS in Amsterdam 
Cancer Registry cohort [ 12 ]. Brunelli et al underlined that most of the patients 
referred for radiotherapy within this aim, are bearing comorbidities and pulmonary 
functional problems [ 5 ]. In a study, in which Kim et al. examined prognostic effects 
of pulmonary function reserves before postoperative radiotherapy, the median 
forced expiratory volume in 1 s (FEV 1 ) prior to radiotherapy in their cohort of 115 
NSCLC patients was 1.68 L and was used to group according to over and below to 
this value and this value was as a cut off point to stratify patients [ 13 ]. Overall 
survival at 5 years was found to be signifi cantly shorter in cases with low FEV 1  
value (35.4 % versus 56.9 %,  p  = 0.002). Five-year OS of the low FEV1 group was 
signifi cantly lower than that of the high FEV1 group (35.4 % versus 56.9 %, 
 p  = 0.002), which continued to be signifi cant in multivariate analysis (HR = 2.04, 
CI, 1.18–3.55,  p  = 0.011), without any signifi cant differences in locoregional 
relapse-free and distant metastasis-free survival and in lung toxicity [ 13 ].  

    Evaluation of Dosimetric Values in Planning 

 In determining probable radiation-induced lung toxicity, apart from lung function 
tests, dose–volume values detected during radiotherapy planning are important to 
consider. The median lung dose (MLD), volume of lung receiving at least 20 Gy 
(V20), volume of lung receiving at least 10 Gy (V10), and volume of lung receiving 
at least 5 Gy (V5) are the most signifi cant values, and their lung toxicity-safe limits 
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are known [ 14 ]. It is important to use the defi nitions correctly to calculate dosimet-
ric parameters for risk of radiation pneumonitis such as the volume of normal lung 
receiving 20 Gy (V20) and the mean lung dose (MLD). Kabolizadeh et al. in the 
University of Pittsburgh Cancer Institute investigated the dosimetric differences of 
analysis based on excluding planning target volume [PTV] versus gross tumor vol-
ume [GTV] from the total bilateral lung volume [ 15 ]. The MLD, V5, V10, V20, and 
V30 were all slightly but signifi cantly higher with total bilateral lung minus GTV in 
comparison to minus PTV ( P  < 0.001); average MLD was 16.7 Gy and 14.8 Gy; 
mean V5, V10, V20, and V30 were 51.3 %, 40 %, 28 %, and 21.5 % versus 49.8 %, 
38 %, 25 %, and 18.8 %, respectively, while the V20 of four patients with clinical 
pneumonitis were >27 % versus >23 % when excluding the GTV versus PTV from 
total bilateral lung volume [ 15 ]. This signifi cant difference delineates the necessity 
to use common defi nitions of dosimetric information properly to be able to compare 
or optimize treatment plans to avoid pneumonitis.  

    Baseline Pulmonary Function 

 In 2000, Robnett et al. commented on predictors of severe radiation pneumonitis 
and noted that none of their patients with a good baseline pulmonary function of 
pretreatment FEV1 ≥2.0 L suffered severe radiation pneumonitis following treat-
ment with conventional radiation fi elds and doses [ 16 ]. Wang et al. studied whether 
poor baseline pulmonary function might increase the risk of symptomatic radiation-
induced lung toxicity (SRILT, grade 2 and higher radiation pneumonitis and fi bro-
sis) or not in their 260 stage 1–3 NSCLC patients treated with conformal radiation 
therapy based on lung function tests such as FEV 1,  forced vital capacity (FVC), 
carbon monoxide diffusion capacity (DLCO), mean lung dose (MLD), presence of 
chronic obstructive pulmonary disease (COPD), age, performance status, concur-
rent chemotherapy, etc. in analysis [ 17 ]. SRILT occurred in overall 58 (22.3 %) 
patients and was mainly signifi cantly correlated with advanced age (>65 years old) 
and MLD, but not with poor pretreatment pulmonary function values which there-
fore do not constitute a contraindication. Enache et al. demonstrated small reduction 
of lung function within 7.5 months after 3DCRT which was correlated weakly with 
dose–volume histogram (DVH) parameters in a similar study in which 11 NSCLC 
patients (17 %) developed grade 2–3 SRILT [ 18 ]; besides, no signifi cant difference 
was observed before and after radiotherapy spirometer and DLCO values in cases 
with impaired lung function at setup. Although ongoing randomized RTOG trials 
such as phase 2 1106/ACRIN 6697 study requested a baseline FEV1 ≥1.2 l or ≥50 % 
predicted without bronchodilator to be suitable for defi nitive radiotherapy, there is 
not a defi ned consensus everyone accepts (Table  1.1 ).

   As basal pulmonary  functions   were also evaluated by Takeda et al. in 128 patients 
treated with 50 Gy (10 Gy/fraction) stereotactic body radiotherapy (SBRT) for their 
solitary pulmonary metastases or primary lung tumors [ 19 ], multivariate analysis 
revealed high FEV1, female gender, and high V15 as signifi cant independent factors 
to differentiate between grade –1 and grade 2 RP. Also  all grades of radiation 
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penumonitis was found to be dose -volume dependent, while grade 2 pneumonitis 
rate increased for the group with FEV1 >1.81 and females. Even in the presence of 
chronic obstructive pulmonary disease (COPD), SBRT might not negatively affect 
the FEV 1 and DLCO values and can be considered for treatment [ 20 ,  21 ]. Palma 
et al. studied outcomes after SBRT with severe COPD based on Global Initiative for 
Chronic Obstructive Lung Disease (GOLD) criteria in their single-institution cohort 
of 176 stage I NSCLC patients with COPD GOLD III-IV or a predicted postopera-
tive FEV1 of </=40 % [ 20 ]. Although COPD severity correlated with overall sur-
vival ( p  = 0.01), and despite the poorer pulmonary functioning patients selected for 
SBRT, mean 30-day mortality was 0 % in SBRT and 10 % in surgery patients with 
comparable OS [ 20 ]. The only clear criteria for patient assessment before radio-
therapy to decide whether the treatment would be tolerable or not are dose–volume 
limitations in the radiotherapy plan which need to be individualized according to 
clinical features. Therefore, a model to combine known clinical risk factors and 
dose parameters is expected to give more predictive estimation for SRILT [ 14 ,  22 , 
 23 ]. In QUANTEC study, the MLD to keep the risk of radiation pneumonitis below 
20 % was identifi ed as 19.8 Gy without any personal factors taken into account; the 
generated model identifi ed the presence of comorbidities, middle or lower lobe 
tumors, and advanced age as negative factors, while surprisingly tobacco usage at 
the time of diagnosis reduced the risk of radiation pneumonitis [ 22 ,  24 ]. Thus, for 
the young patient with tumor in upper lobe, without pulmonary disease, who had 
not taken chemotherapy, and is smoking, the MLD value to keep the radiation 

   Table 1.1    Lung function guided radiotherapy selection is given below   

 Class 0  Class I  Class II  Class III  Class IV 

 FEV1 ≥80 % 
predicted 

 FEV1 
≥65–79 % 
predicted 

 FEV1 
≥55–64 % 
predicted 

 FEV1 
≥45–54 % 
predicted 

 FEV1 <45 % 
predicted 

 DLCO ≥75 % 
predicted 

 DLCO 
≥65–74 % 
predicted 

 DLCO 
≥55–64 % 
predicted 

 DLCO 
45–54 % 
predicted 

 DLCO <45 % 
predicted 

 VO 2  max 
>25 mL/kg/min 

 VO 2  max 
22–25 mL/kg/
min 

 VO 2  max 
18–21 mL/kg/
min 

 VO 2  max 
15–17 mL/kg/
min 

 VO 2  max <15 mL/
kg/min 

 Able to tolerate even 
pneumonectomy 

 Average risk for 
any surgical 
intervention 

 Average risk for 
any surgical 
intervention 

 Very high risk /
medically 
inoperable 

 If LVEF  < 50 %, more vulnerable 

 Defi nitive RT or 
SABR based on 
clinical 
requirement 

 Assessment of regional lung parenchymal function 

 Predicted post-RT FEV1 >30 % 
and DLCO >35 % 

 Predicted post-RT FEV1 <30 % and 
DLCO <35 % 

 Palliative RT or SABR 

 Defi nitive RT or SABR  Strongly consider mean lung dose 
<8 Gy and and V20 <10 % 

   SABR  Stereotactic ablative body radiotherapy,  RT  radiotherapy  
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pneumonitis risk under 20 % increases to 27.8 Gy. But in the presence of negative 
criteria, same risk is identifi ed as 7 Gy. This study is important for contributing 
pretreatment clinical evaluation and personalizing critical dose limits for radiother-
apy. On the other hand, MLD doesn’t take into account high-dose areas although it 
is the most common criteria for determining the risk of radiation pneumonitis. 
Lyman-Kutcher-Burman (LKB)  normal tissue complication probability (NTCP) 
modeling   has emerged as a dosimetric alternative to the MLD. In this model, high 
dose in small volume seems worse than low dose in large volume. LKB modeling 
( n  = 0.41) is important especially for comparing different treatment techniques [ 25 ]. 

 Not now, but eventually in the near future, a personal genetic profi le detailing the 
most relevant genes would guide to individualize their radiotherapy based on pre-
dictive factors [ 26 ].  

    Three-Dimensional Conformal Radiotherapy (3DCRT) 
and Intensity-Modulated Radiotherapy (IMRT) 

  IMRT   should be strictly quality assured and all required dose parameters should be 
implemented in planning. Yom et al. documented the retrospective evaluation of 
treatment-related pneumonitis in MD Anderson Cancer Center cohort of 151 
advanced NSCLC patients treated with concurrent chemotherapy and IMRT 
between 2002 and 2005 and compared rates of pneumonitis for 68 eligible IMRT 
(median 63 Gy, median GTV 194 mL) patients (after excluding early-stage, major 
lung resection, prior chest radiotherapy, low dose of <50 Gy, combined IMRT with 
3DCRT, without concurrent chemotherapy) with 222 similar 3DCRT (median 
63 Gy, median GTV 142 mL) patients [ 27 ]. They have revealed the signifi cantly 
lower rate of ≥grade 3 pneumonitis at 12 months with IMRT despite larger median 
GTV (8 % versus 32 %,  p  = 0.002) which both delineates the ability of IMRT to 
decrease symptomatic pneumonitis and the importance of strictly quality assured 
and standardized systems to gain the IMRT benefi t. A recent study of Khalil et al. at 
Aarhus University Hospital pointed out the importance of knowledge-based dose 
constraints in IMRT planning and investigated three different planning constraints 
in three phases in their IMRT plans delivered using four to eight beam arrangements 
[ 28 ]; only one dose constraint of V20 <40 % in phase I, a second additional dose 
constraint of MLD ≤20 Gy in phase II, and a third constraint of V5 ≤60 % in phase 
III were used. IMRT was associated with a 41 % increase of RP in phases I and II 
with grade 5 RP in 6 of 37 (16 %), while introducing V5 led to a signifi cant reduc-
tion in the lethal pneumonitis to 4 % (2 of 50 patients,  p  = 0.05) but did not decrease 
the incidence of severe (grade ≥3) RP [ 28 ]. Chen et al. has recently documented 
their investigation of the association between absolute volumes of lung spared from 
low radiotherapy dose and radiation-induced lung injury in 83 patients with lung 
cancer treated with IMRT at Fujian Medical University [ 29 ]. They have studied the 
bilateral and ipsilateral lung fi ndings for grade ≥2 lung injury including normal lung 
relative volumes receiving greater than 5, 10, 20, and 30 Gy (V5-30), mean lung 
dose (MLD), and absolute volumes not receiving more than 5, 10, 20, and 30 Gy 
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(AVS5-30). With the median follow-up of 12.3 months, lung injury was observed as 
grade 2 in 18 (21.7 %), grade 3 in 7 (8.4 %), and grade 4 in 2 (2.4 %) cases, where 
multivariate analysis documented ipsilateral lung AVS5 as prognostic for grade ≥2 
lung injury ( P  = 0.010, OR = 0.272, 95 % CI: 0.102–0.729), and the incidence of 
grade ≥2 lung injury was shown to be signifi cantly lower with AVS5 of the ipsilat-
eral lung ≥564.9 cm 3  than with AVS5 <564.9 cm 3  ( P  = 0.008) (e.g., a functional 
spared volume with minimum diameter of 10 cm if accepted as a sphere) [ 29 ]. 
Therefore, IMRT can be considered a powerful tool to spare functional parenchy-
mal volume, helping to ensure eligibility for defi nitive treatments for more patients. 
Potential effects of advanced radiotherapy techniques on pulmonary function will 
continue to be a subject of research. Lopez et al. examined the change in pulmonary 
functions in 250 NSCLC patients who were prescribed 3DCRT, or IMRT or proton 
therapy [ 30 ]. In each one of the three groups, DLCO decreased after the radiother-
apy. Although more pronounced decrease in the DLCO was documented when ini-
tial DLCO was  < 50 % and gross tumor volume was  > 100 cm 3 , no signifi cant 
difference was found between the three radiotherapy techniques. The effect of tho-
racic radiotherapy on FEV 1  and FVC was not clarifi ed, but its relationship with 
DLCO has been apparent. Although DLCO prior to RT was not predictive,  DLCO   
change difference between before and after the treatment was found to be related 
with the risk and severity of radiation pneumonitis [ 31 ]. Recently, along with 
DLCO, change of nitrogen monoxide (NO) diffusion capacity during radiotherapy 
is being investigated. The results of these studies might contribute to the evaluation 
of the patient prior to radiotherapy [ 32 ]  

    Chemotherapy 

 Chemotherapy agents sequential or concurrent with radiotherapy are known to trig-
ger lung damage. As the concurrent chemoradiotherapy in locoregionally advanced 
NSCLC is more effective in comparison to sequential chemotherapy and radiother-
apy [ 33 ,  34 ], the concurrent combination also increases the toxicity. Assessing 
patients prior to chemoradiotherapy, especially patients over the age of 65, it is 
important to consider concurrent chemotherapy with radiation as a potential risk 
factor for radiation pneumonitis due to an individual patient data meta-analysis 
identifying carboplatin and paclitaxel (CP) as a major risk factor (odds ratio of 5.52) 
in comparison to cisplatin and etoposide (EP) [ 35 ].  

    Cardiopulmonary Relationship 

 A study in patients with inoperable NSCLC and chemoradiotherapy candidates by 
Semrau et al. supports the pre-radiotherapy individualized assessment to be a whole 
considering all comorbidities; impairments in cardiopulmonary functions, mainly 
decreased left ventricular ejection fraction (LVEF  < 50 %), were shown to diminish 
the overall survival signifi cantly [ 36 ], in addition to pulmonary factors as decreased 
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inspiratory VC <60 %, decreased FEV1 <80 % or  < 1,5 l and impairment in DLCO 
<60 %, although no relationship between basal cardiopulmonary values and toxicity 
was identifi ed.  

    Functional Imaging, Assessment, and Prediction 

 Along with functional assessments, additional parameters that may predict  radiation 
pneumonitis   prior to radiotherapy are also investigated. Some studies claim that 
pretreatment high pulmonary [18F]-2-fl uoro-2-deoxyglucose (FDG) uptake (stan-
dard uptake value 95-SUV95) can indicate the cases with high risk of radiation 
pneumonitis. For individuals with average age and the same V30Gy value, in condi-
tion of SUV95 = 1.5 when compared to ones with SUV95 = 0.5 risk of grade 2 radia-
tion pneumonitis is increasing 6.9 times [ 37 ]. 

 In recent years, for thoracic radiotherapy, studies that aim defi ning and maintain-
ing the functional lung space have been accelerated. In routine, when planning radia-
tion therapy, keeping total lung dose at minimal levels is aimed. This approach 
doesn’t take into account that lung tissue may be heterogeneous in terms of function-
ality. However, patients, especially those who smoke, may have different pulmonary 
ventilation characteristics. In the past, many research showed that determining func-
tional lung areas with the methods such as single-photon emission computed tomog-
raphy (SPECT), high-resolution computed tomography (CT), and hyperpolarized 
 helium magnetic resonance imaging   ( 3 He MRI) can be used in radiotherapy planning 
[ 38 – 41 ]. In the mentioned studies, healthy lung tissue dose was reduced by adding 
related techniques that have been reported. But there is no clear data about clinical 
refl ection of these developments. FLAIR study which is planned in cases with stage 
3 NSCLC diagnosis who will receive chemoradiotherapy is remarkable in this 
respect. In this trial, addition to routine radiotherapy plan, by preserving functional 
lung sections using hyperpolarized  3 He MRI cases divided into two arms. The study 
will be prepared as double-blind randomized, and toxicity evaluation will be done in 
both groups. This study which will be supported with pretreatment and posttreatment 
pulmonary function tests and life quality assessment is signifi cant for the functional 
imaging examinations to become routine [ 42 ]. 

 Recent fi ndings encouraged functional parameters to be implemented more into 
planning and optimization process to reduce the risk of radiation-induced toxicity. 
Farr et al. in Aarhus University Hospital analyzed their patients whether perfusion 
single-photon emission computed tomography (SPECT) could predict the risk of RP 
compared to standard CT-based dose-volume parameters and revealed functional 
parameters in multivariate analysis to produce superior risk estimates, being all stan-
dard CT parameters, except V30, not related to the risk of radiation pneumonitis [ 4 ]. 

 Yamamoto et al. tried to avoid highly functional lung regions based on quantify-
ing the pulmonary ventilation in four-dimensional computed tomography (4D-CT) 
and performing functional treatment planning in their cohort of 15 patients [ 43 ]. 
They gained an average reduction of 1.8 Gy for IMRT ( p  < 0.001) and 2.0 Gy for 
VMAT ( p  < 0.001) in the mean dose of high-functional lung and pointed out the 
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potential of functional planning in functional avoidance, especially for critical PTV 
adjacent to high-functional lung volume.  

    Immune Parameters 

 Pretreatment  immune parameters   have recently been shown in the setting of SBRT 
to predict for overall survival and toxicity in early-stage NSCLC patients [ 44 ], i.e., 
an elevated pretreatment neutrophil-to-lymphocyte ratio (NLR), platelet-to- 
lymphocyte ratio (PLR), and neutrophil count and the presence of lymphocytopenia 
independently predicted for poor OS, while baseline higher NLRs and lower serum 
albumin levels were shown leading to less treatment-related symptomatic (grade 
≥2) radiation pneumonitis.  

    Conclusion 
 Severity of clinical symptoms caused by untreated tumor progression would prob-
ably be complicating the pulmonary functions worse than a carefully assessed, 
planned, and individually delivered radiotherapy despite poor basal lung functions; 
therefore the general effort should not only be making the decision to treat or not 
but also generating a radiotherapy environment to gain the highest effect with the 
least toxicity [ 45 ]. An algorithm for radiotherapy sounds to work leading the way 
for how to and by which technique to treat but not defi ning the ones not to be 
treated. In this context, proposals to basal evaluation and risk assessment were 
discussed among different groups [ 46 ]. Besides, it sounds reasonable to evaluate 
the expected loss and remaining functional volume to decide the extent we can 
treat, such as in mesothelioma patients treated following an extrapleural pneumo-
nectomy or pleurectomy/decortication surgery [ 47 ]. Eligibility for defi nitive radio-
therapy could be robust based on the predicted post-radiotherapy FEV1 >30 % and 
DLCO >35 %, to be on the safe side, generated on estimation following patients 
undergoing a pneumonectomy and can be calculated with following equation “pre-
dicted post- resection/radiotherapy FEV1 = current FEV1 × % perfused in unin-
volved (≈unirradiated) lung determined by quantitative ventilation/perfusion scan.” 
If the patient is not eligible for a defi nitive radiotherapy based on lung functions, 
palliative approach with very limited fi elds such as stereotactic ablative radiother-
apy can be a life a saver.     
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  2      Modern Radiotherapy Techniques 
in Lung Cancer                     

       Yasemin     Bolukbasi      ,     Duygu     Sezen      ,     Erkan     Topkan      , 
and     Ugur     Selek     

         Introduction 

 Radiotherapy is a well-established local treatment for locally advanced or medically 
inoperable early-stage lung cancer. In the last decade, we have an evidence-based 
understanding of the value of local control and its infl uence on survival in patients 
with non-small cell lung cancer (NSCLC), supported by a meta-analysis demonstrat-
ing the translation of locoregional control into an absolute 5-year survival benefi t of 
4.5 % with concurrent chemoradiotherapy [ 1 ]. Modern radiotherapy techniques inte-
grating four-dimensional computerized  tomograph  y (4D-CT), intensity-modulated 
radiotherapy (IMRT), and  image-guided radiotherapy   (IGRT) have allowed incorpo-
ration of tumor respiratory motion besides more accurate target defi nition and 
improved target conformality with more precise application of high-dose radiation 
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along with enhanced knowledge of organs at risk to avoid as much potential side 
effects as possible [ 2 ,  3 ]. Proton beam therapy has been under investigation and gain-
ing ground in both locally advanced and early-stage NSCLC [ 4 – 6 ]. 

 In clinical routine, there is no 100 % standardization and consensus to answer the 
best way to immobilize patients, manage respiratory motion, and integrate IGRT 
into routine practice, aside from many common departmental justifi cations and 
applications. This chapter will focus on the extent of modern radiotherapy tech-
niques for early and local advanced lung cancer treatments where organ motion is 
dominant and technical options are scarce.  

    Radiation Treatment Planning 

 Historically, treatment fi eld design has been based on the correlation of soft tissue 
and bony landmarks in the two-dimensional (2D) planning era where only clues 
were anatomic structures visible fl uoroscopically. Despite 2D radiotherapy, three- 
dimensional conformal radiation therapy (3D CRT) providing a 3D model of the 
patient’s anatomy allows accurate tumor and organs at risk delineation. More 
sophisticated planning, delivery, and on-board imaging systems in the last two 
decades such as intensity-modulated radiotherapy (IMRT) and image-guided radio-
therapy (IGRT) have allowed more targeted delivery of radiotherapy [ 7 ]. 

 In order to have an improved dose distribution, the fi rst step is to describe the 
moving target appropriately with all microscopic extension encompassed in addi-
tion to overcome the large interobserver variability [ 8 ]. Transition from 2D to 3D 
and beyond has been studied in dosimetric and clinical studies covering 4D-CT or 
PET-CT integrated simulation, adequate immobilization, advanced planning, on-
board imaging, and precise delivery including stereotactic radiosurgery (SRS), 
IMRT, or  volumetric arc therapy   (VMAT). 

     Positron Emission Tomography (PET-CT) Simulation   

  PET/CT   is an effective imaging modality for the diagnosis, staging, and restaging 
of cancer patients which combines the complementary information of functional 
PET images and anatomical CT images in one modality. FDG-PET imaging is 
achieved through the detection of a pair of γ rays (511 keV each) produced in posi-
tron annihilation, which are emitted in 180° to each other [ 9 ,  10 ]. FDG-PET has 
superior sensitivity and specifi city almost 83–91 % for tumor detection compared to 
computer tomography alone [ 11 ]. In terms of radiation treatment planning, the 
accuracy of tumor targeting can be improved by integrating information from the 
PET scan into the planning process and this may lead to signifi cant modifi cations of 
the treatment strategy and the radiotherapy planning in lung cancer patients [ 12 , 
 13 ]. The radiation therapy has evolved toward omitting nonmetastatic lymph node 
treatment and escalation of curative treatment doses to improve local control as the 
importance of accurate delineation of tumor volume and decreasing the percentages 
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of interobserver variability has become more important and raised the possibility of 
incorporation of PET/CT information into target delineation. 

 Initial attempt in PET-CT trials intended investigating to better defi ne the tumor 
borders by using a subjective threshold uptake value within the FDG-avid area, such 
as 40 %, 42 %, or 50 % [ 12 – 14 ]. The heterogeneity of the methods described in the 
literature makes diffi cult to establish a universal consensus threshold to optimally 
use the PET metabolic uptake information in contouring the gross tumor volume 
(GTV). Caldwell et al. implied the poor representation of the moving tumor based 
on time-averaged position and shape in a fast CT, asked the possibility of PET imag-
ing to provide a more accurate representation of the 3D volume encompassing 
patient-specifi c motion for an individualized integrated tumor volume (ITV), and 
noted a threshold as low as 15 % of the maximum value, instead of using a set point 
as 40 % intensity level, could help to estimate true extension of lung cancer [ 15 ]. 
However, Duan et al. recently pointed out that none of the PET-based contours had 
both close spatial and volumetric approximation to the generated gross target vol-
ume (iGTV) of the primary tumor contoured on the ten phases images of 4D-CT 
and concluded as 3D-PET/CT should not be used for iGTV generation [ 12 ]. 

 Aside from inability to generate individualized ITV, PET/CT guidance provided 
a signifi cant impact on the radiotherapy plans with a range of 30–60 % [ 10 ,  16 ], 
especially in delineation of GTV in cases with atelectasis and of CT-insignifi cant 
nodal areas. Vanuytsel et al. documented in their dosimetric study that PET pro-
vided a reduction in GTV with a corresponding reduction on planning target volume 
(PTV) by 29 ± 18 %, leading to a reduction in the volume of lung receiving at least 
20 Gy by 27 ± 18 % [ 17 ]. 

 Hanna et al. have assessed the effect of using an additional planning PET-CT 
scan for GTV defi nition in their cohort of 28 PET-CT staged NSCLC patients [ 18 ] 
and expressed the improvement of the confi dence intervals between observers in 
defi ning the GTV using the PET-CT images while the median of the mean percent-
age of volume change from CT-guided GTV to fusion-guided GTV was found to 
be −5.21 % for the induction chemotherapy group and 18.88 % for the RT-alone 
group [ 18 ]. Superiority of software registration of PET and simulation CT images 
in comparison to visual fusion has been pronounced in promoting interobserver 
consistency in tumor volume delineation [ 19 ,  20 ]; Ashamalla et al. found an 
increased concordance between the GTVs of two independent observers when co-
registered PET data were provided (84 % vs. 37 % had a ≤10 % difference in vol-
ume from mean of GTVs with the use of PET/CT) [ 20 ]. Therefore, target volume 
delineation with registered PET/CT could be encouraged to reduce interobserver 
variability [ 19 – 21 ]. 

 The reduction in volume delineated by PET-CT has also found place in investigat-
ing dose escalation [ 22 ]; De Ruysscher et al. studied on 21 locally advanced non-small 
cell lung cancer patient’s data of CT and PET-CT-guided delineated volumes and con-
cluded that combined dedicated PET-CT-simulator guidance in delineation could 
reduce radiation doses of the esophagus and lung in order to allow the possibility for 
radiation dose escalation while keeping all organs at risk constraints; 55.2 ± 2.0 Gy with 
CT planning to 68.9 ± 3.3 Gy with the use of PET-CT was feasible [ 22 ].  
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     Motion Management   

 Radiotherapy precision requires reproducibility and reduction of uncertainties in 
planning and delivery [ 3 ,  7 ]. The optimal defi nition of the size, shape, and location 
of gross tumor volume is one of the most important steps in the planning of radia-
tion therapy. Respiratory motion management which is directly related with repro-
ducibility is the major consideration for thoracic tumors [ 23 ]. The International 
Commission on Radiation Units and Measurements (ICRU) report 62 introduced 
the concept of an internal target volume (ITV) which includes geometric uncertain-
ties due to internal variations in tumor position, size, and shape [ 24 ]; the ITV plus 
setup margin is used to generate the PTV. The AAPM Task Group 76 guidelines 
[ 25 ] listed the methods to take into account and compensate motion by different 
approaches as encompassing motion with slow CT scanning or combining inhale 
and exhale breath-hold CT or 4D-CT/respiration-correlated CT, gating respiratory 
movement with internal or external markers, stabilizing at a phase with breath-hold 
by self or device control, fi xing the diaphragm with abdominal compression for 
decreasing movement as shallow breathing, and fi nally real-time tracking. AAPM 
task group 76 recommended to consider motion management for tumors with more 
than 5 mm motion, whereas Korreman and Guckenberger advised that gating should 
be spared for tumors moving more than 13 and 15 mm, respectively [ 25 – 27 ]. Motion 
quantifi cation, immobilization techniques, and strategies to overcome can vary 
from institute to institute. Patient selection is important to gain benefi t for reducing 
normal tissue in fi eld and more conformal gross tumor volume coverage. The 
American Association of Physicist in Medicine Task Group reports and the UK 
SABR consortium could be used to generate institutional guidelines in regard to 
motion management preferences [ 25 ,  28 ].  

    Four-Dimensional CT  Simulation   (4D-CT) 

 Currently, four-dimensional CT (4D-CT) is widely used for the simulation of lung 
cancer as a reliable and effective tool for assessing tumor and organ motion through 
the entire breathing cycle [ 10 ]. Enhanced accuracy in tumor localization could 
improve tumor control probability as “geometric miss” of the tumor target has been 
diminished. Several 4D imaging techniques can be used to create an ITV and to 
determine an approach for motion management. During 4D-CT scanning, respira-
tion wave form is synchronously recorded. One of the common approaches involves 
recording respiratory signals using infrared-refl ecting markers placed on the upper 
abdomen of the patient during quite free breathing. The markers are illuminated by 
infrared-emitting diodes surrounding the camera which captures the motion of these 
markers. The commercial version of this system is produced by Varian Medical 
Systems under the name real-time position monitoring (RPM) device (Palo Alto, 
CA). Additional methods to measure abdominal displacement in respiration employ 
either a strain gauge 41 or a pneumatic bellows system. There are two other meth-
ods that use the air inhaled and exhaled by the patient during respiration to produce 
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a respiratory surrogate. Spirometer measures the rate of airfl ow into and out of the 
patient’s mouth during respiration to obtain a breathing surrogate [ 29 ]. Alternatively, 
a thermocouple has been used to measure the temperature of the air in the patient’s 
mouth to obtain a respiratory surrogate curve [ 23 ]. The principle behind the thermo-
couple method is that air exhaled will be increasingly warmer while the air inhaled 
is increasingly cooler. These last two methods assume that the 3D motion of the 
lung is directly correlated to the fl ow of air in and out of the lung [ 23 ]. It has been 
shown that spirometer does correlate to the internal air content of the CT images, 
which can be used as a surrogate for internal motion, better than the amplitude of an 
external marker [ 25 ]. 

 Ten respiration phases correlated 3D datasets are commonly derived from a sin-
gle 4D dataset, and each represents the patient’s anatomy during single respiratory 
phase. Delineation options to generate ITVs from 4DCT scans include: (a) contour-
ing GTV in all phases of 4DCT, (b) contouring GTV in only the extreme phases of 
respiration, and (c) using maximum intensity projection (MIP) of all phases of the 
4D-CT. Maximum MIP is the fastest form of delineation. This set is commonly used 
to generate ITV for planning purposes [ 23 ]; however it is noted to be less accurate 
than the ten-phase overlap approach for CT [ 30 ,  31 ]. 

 A large analysis of respiration-induced tumor motion in mainly stage III NSCLC 
patient’s reports that principal component of motion was in the superior inferior (SI) 
direction with 10.8 % of tumors moving greater than 1 cm [ 32 ], and motion greater 
than 5 mm during normal breathing was 39.2 % for SI, 1.8 % laterally and 5.4 % 
anteroposteriorly [ 32 ]. Despite general trends, three-dimensional motions detected 
in individual patients and groups of patients could be in a range of spectrum [ 33 –
 35 ]. In the study of Seppenwoolde et al., gold markers implanted in or near the 
tumor were tracked with fl uoroscopy over multiple 10 breathing cycles in their 
cohort of 21 patients. and the average amplitude of motion was found to be greatest 
in the cranio-caudal direction (12 ± 2 mm) in the lower lobes and much smaller in 
lateral and anteroposterior directions (2 ± 1 mm for both upper and lower lobes) 
[ 36 ]. The most interesting fi nding of this study was a hysteresis effect between the 
inhalation and exhalation motion trajectories of the gold markers in 10 of the 21 
patients, ranging from 1 to 5 mm [ 36 ]. Besides, Seppenwoolde et al. also noted that 
cardiac beat caused a measurable motion in the range 1–4 mm for 7 of 21 tumors, 
greatest in the lateral direction, mostly in tumors located near the heart or attached 
to the aortic arch [ 36 ]. Overall, the motion of lung tumor was shown to be extremely 
complex, patient dependent, and mainly cranio-caudal. Yu et al. studied tumor 
motion tracking after defi ning volumes and gross tumor volume delineated by phy-
sicians in the end of expiration phase in their cohort of 191 (94 early stage, 97 
locally advanced) non-small cell lung tumors using 4D-CT [ 37 ]; and the displace-
ment was found to be not volume correlated but was signifi cantly related to the 
stage and the location of the tumor, such as early-stage lower lobe tumors display-
ing the largest motion (median 9.2 mm) and upper/mid-lobe tumors exhibiting 
fairly small motion (median 3.3 mm). Interestingly, motion was mainly in right–left 
in early stage and cranio-caudally in advanced stage [ 37 ]. Underberg et al. studied 
31 consecutive patients with stage I lung cancer undergoing 4D-CT scan. They have 
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generated 3 PTV volumes as PTV10bins (a combination of 10 phases), PTV gating 
(consists 3 consecutive phases that movement was observed plus 3mm) and 
PTV10 mm (includes 3 consecutive phases that movement was observed plus 
10 mm) [ 38 ]. PTV 10 mm has the largest PTV volume and PTV gating was even 
smaller than the others which are 70.5 % of the latter two volumes. This turned into 
the reduction of the volume encompassing 80 % isodose lines [ 38 ]. Lin et al. con-
fi rmed in their dosimetric evaluation that PTV free-breathing is larger than PTV 
gating (387.23 cm 3  vs. 314.41 cm 3 ) for stage I–III NSCLC patients plan based on 
respiratory gating [ 39 ]. Although gating has proven to reduce margins and facilitate 
sparing of organs at risk, treatment times can be comparatively longer [ 30 ]. 

 Schmidt et al. investigated prospectively how the intrafractional respiratory 
motion, the interfractional baseline shifts, and the anatomical changes impacted the 
dose distribution for a group of lung cancer patients and pointed out that anatomical 
changes were found to have a more important impact on the target dose distribution 
in comparison to internal target motion (Respiratory tumor motion mainly cranio-
caudally, 0-13.1 mm; whiletumour baseline shifts, 24 mm in left-right and anterior 
posterior direction, 18 mm in craniocaudal direction) [ 40 ]. Spoelstra et al. have 
investigated a motion management strategy which uses internal anatomical surro-
gates such as carina and diaphragm to predict the 3D position of lung tumors [ 41 ] 
and concluded on signifi cant prediction errors with both using carina and dia-
phragm, depending on tumor position, baseline tumor motion, and respiratory phase 
that were observed. No appropriate surrogate has been shown to date in literature 
which is more convenient than using 4D-CT data [ 41 ]. 

 Liao et al. documented MD Anderson experience on outcome of the clinical use 
of conventional CT simulated and 3D conformally treated patients in years com-
pared with 4D-CT-simulated and intensity-modulated treated cases, revealing a sig-
nifi cant decrease in treatment-related toxicity and improvement in survival with the 
latter [ 42 ]. As more accurate targeting and margin reduction sound to result in sig-
nifi cant dose reduction to lung and heart leading to improved quality of life, 4D-CT 
seemed to be the key component of dose escalation in lung cancer radiotherapy 
[ 42 ]. 

 In clinical practice, 4D-CT is superior to 3D-CT, with passive FB approach for 
PTV delineation and treatment planning. 4D-CT recommendations for lung cancer 
patient’s delineation can be summarized as using a combination of MIP with visual 
validation, ensuring coverage in early-stage I NSCLC but checking the target vol-
ume MIP-based ITV on each of the ten phases in advanced stage II and III due to 
possibility of irregular breathing patterns causing deviations [ 30 ].  

    Breathing Control:  Breath-Hold Technique   

 Patient-performed “deep inspiration breath hold” can be voluntary or assisted by 
using a spirometer which can be connected to either a screen or video glasses for 
patient cooperation, which should be reproducible in both simulation and treatment. 
Its signifi cance in NSCLC has not been established yet aside from case reports [ 23 , 
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 43 ], while it is a very well-known practice in left breast cancer patients for avoiding 
doses to heart and coronary arteries [ 44 – 46 ]. Josipovic et al. has presented in their 
three patients that not all cases could benefi t from breath-hold techniques [ 43 ]. 
Berson et al. expressed the advantages of breath hold over free-breathing as 
decreased requirement for fl uoroscopy, decreased motion of internal organs, less 
time for CT acquisition, and improved patient compliance [ 47 ].  

     Active Breathing Control   

 Active breathing control has been largely investigated for lung cancer. In University 
of Florida experience, SBRT on 20 patients were performed with ABC device [ 48 ]. 
The volumes acquired with the ABC device were signifi cantly smaller than the free- 
breathing volumes (23 % reduction of planning tumor volume), and ABC allowed a 
reduction of all dosimetric parameters [2.28 % reduction of percentage volume of 
lung treated to a dose of ≥20 Gy (V20); 10 % reduction of mean lung dose] [ 48 ]. 
Signifi cant differences were found both in SRT and in 3D-CRT, in peripheral and 
apical lesions [ 48 ]. In published dosimetric studies, ABC has the potential to reduce 
lung toxicity which can result in dose intensifi cation while maintaining the same 
risk of lung toxicity [ 49 – 51 ].  

     Gating   

 Respiratory gating is also a form of breathing control which radiation has been deliv-
ered within a predefi ned phase of respiratory cycle based on 4D-CT scanning [ 52 ]. 
Same external respiratory signal coordinators or internal markers could be used to 
guide for gating during simulation and treatment. Gating has the similar gains of 
decreasing target to be treated like the other systems described above [ 23 ]. Lin et al. 
compared 4D-CT-based respiratory-gated (50–75 % and 100 % ex phases) IMRT plan 
and 3D-CT-based IMRT plans in 17 patients with non-small cell lung cancer [ 39 ] and 
mentioned that the GTV volumes were smaller using 4D-CT gating with lower V10, 
V20, V30, and V40 lung and mean heart doses without compromising homogeneity 
and coverage of PTV compared to IMRT plans based on 3D-CT [ 39 ]. 

 Summary of Motion Management 
 The most important disadvantage of breathing control systems was the exten-
sion of treatment time when IMRT over 3D-conformal techniques is preferred 
treatment approach [ 25 ,  53 ]. Breath hold needs a vital patient cooperation and 
is usually combined with the delivery of 3D-CRT or step- and- shoot IMRT due 
to the short duration of breath holding less than 30 s. In case, the patients having 
respiratory problems related with the primary disease could complicate the 
required compliance of these patients. Individualization and patient selection 
for a dedicated technique sound to be a rationale approach. 
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      Abdominal Compression 

  Abdominal compression   was the most common immobilization system in stereotac-
tic body radiosurgery before 4DCT era. The aim of the system is to minimize respi-
ratory motion with forced shallow breathing by applying abdominal pressure – pushing 
down the upper abdomen with a manual or sensorized pressure device during pre-
treatment imaging and treatment delivery [ 54 – 56 ]. Different immobilization devices 
are available in the market for clinical use. 

 Bouilhol et al. analyzed their 4D-CT data of 27 patients with and without abdom-
inal compression to measure three-dimensional tumor motion amplitude [ 57 ]. The 
mean reduction of tumor motion amplitude was 3.5 mm for lower lobe tumors and 
0.8 mm for upper/middle lobe locations, which led to a 3.6 cm3 mean reduction of 
ITV volumes for lower lobe and 0.2 cm3 for upper/middle lobe tumors [ 57 ]. Negoro 
et al. documented signifi cant reduction of the tumor movement with abdominal 
press from a range of 8–20 mm to a range of 2–11 mm ( p  = 0.0002) [ 58 ], while 
acceptable daily setup errors within 5 mm in 90 %, 100 %, and 93 % of all verifi ca-
tions in left–right, anteroposterior, and cranio-caudal directions. 

 Even the benefi t of using AC has been widespread reported previously; recent 
literature provided confl icting results claiming that AC could cause increased varia-
tion in tumor motion [ 54 ,  58 ,  59 ]. Mampuya et al. has detected larger interfractional 
variations in tumor motion amplitude in AC group which triggered the risk of under 
dosing target or overdosing organ at risk [ 60 ] and reported lower local control rates 
with AC in their SBRT series using a bony-structure-based setup (22 patients, 
82.5 % without vs. 25 patients, 65.4 % with AC). In current advanced technological 
environment of image guidance, clinic guidelines include usually a combination of 
imaging and immobilization system in terms of delivering high dose with high pre-
cision rates in contrast to previous series using only a bony-structure- based setup 
without volumetric imaging [ 25 ].

  Types of abdominal compression: 
   (a)    Manual   
   (b)    Pressure   
   (c)    Thermoplastic mask system   
   (d)    Elekta BodyFIX™    

        Image Guidance Technology   

 External radiotherapy implanted various image guidance strategies in clinic such as 
kV images, CT on rails, CBCT, etc. [ 61 ]. On-board imaging simultaneously acquir-
ing more than one slice became available and these volumetric imaging techniques 
such as Kv or MV CBCT at treatment setup have provided important anatomic 
information related to the position and relation of tumor and adjacent organs at risk. 
kV cone beam has the superiority to provide soft tissue information compared to 
MV cone beam CT [ 62 ]. First aim to use CBCT is to reduce geometric uncertainties 
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with more reliable tumor localization and smaller setup errors [ 63 ]. Imaging of 
regions having high-density materials such as implants could produce artifacts, 
where MV CBCT could be the preferred CBCT method [ 62 ]. The survey evaluating 
the quality of curative intent radiotherapy for NSCLC in UK revealed 50 % use of 
CBCT in 2011 which increased to 67 % in 2015 showing required technology to 
become increasingly accessible nowadays [ 64 ]. 

 Schmith et al. measured the daily CBCT scans and documented that the inter-
fraction baseline shifts averaged 5.8–7.8 mm in three directions and some patients 
showed shifts up to 24 mm [ 40 ]. Other series showed varying tumor positions up to 
5–10 mm in any directions [ 65 ,  66 ]. Daily image guidance helps to reduce margins 
to 0.3 cm and was shown to decrease more than 5 mm setup errors from 20–43 % to 
6 % when compared to less than daily guidance [ 67 ,  68 ]. Royal Marsden and Odense 
Universities compared the effect of using different immobilization techniques in 
thoracic cancer patients with same pattern of image guidance [ 69 ], s CBCT at initial 
three fractions, at 10th, 20th and 30th, fractions. Royal Marsden used standard wing 
board while Odense University preferred custom vacuum cushions, VacFix™ and a 
full thermoplastic mask, and the setup uncertainties were found to be similar by 
using the same CBCT imaging protocol despite the different setup systems [ 69 ]. 

 CT on rails is anon on board diagnostic CT located in treatment room and has 
already been used clinically for quite a few years by mobilizing the table top with 
patient setup on it from CT on rails to linear accelerator (Linac) [ 70 ]. The advan-
tages of CT on rails are obtaining anatomic and volumetric imaging in treatment 
room, providing CT for dose calculation (planning or treatment evaluation), and 
good image quality. The in-room CT image can then be fused with the reference CT 
acquired for planning purposes before the start of the treatment based on soft tissue 
and bony contrast. Also, in-room CT images can be used to reconstruct dose distri-
butions and may allow image-guided adaptive radiotherapy by adjusting treatment 
parameters according to variations in the patient’s anatomy during external 
radiotherapy. 

     Real-Time Tracking   

 Real-time tracking is also a form of image guidance with the main goal of minimiz-
ing the effect of target motion not only between treatments but also during a treat-
ment fraction [ 25 ]. Real-time tracking usually needs the shortest time delay between 
the detection of change of the target and the implementation of the correction [ 25 ]. 
Surrogate markers such as fi ducial markers or a subset of target positional informa-
tion related to anatomic structures are warranted. The Novalis Body System™ 
(BrainLAB AG, Heimstetten, Germany) and TrueBeam STx are linear accelerators 
that the IGRT system for target localization implemented, in order to perform setup 
correction, to monitor the movement of infrared-refl ecting markers placed on the 
patient’s skin, and to align internal target based on either bony landmarks or implanted 
fi ducial markers. Treatment interventions can be performed in either adaptive gating 
of the treatment beam or real-time correction of target offset by using a robotic 
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couch. The CyberKnife system™ (Accuracy Inc., Sunnyvale, CA,) has an X-ray 
stereoscopic guidance system mounted in the treatment room and it is designed pri-
marily for radiosurgery applications. The CyberKnife system is principally a robotic 
application of a small X-band linear accelerator. Stereoscopic X-ray imaging system 
serves for patient setup before treatment and for tracking of target movement during 
radiation delivery [ 71 ]. The robotic arm can move several centimeters per second, so 
it can easily keep track with tumor motion [ 71 ].   

    Treatment Delivery 

    Intensity-Modulated  Radiotherapy   (IMRT) 

 Chemotherapy and radiotherapy are accepted as standard of care for many locally 
advanced non-small cell lung cancer (NSCLC) patients. Standard radiation prescrip-
tion doses have remained 60–66 Gy for more than 30 years except at a couple of 
comprehensive cancer institutions [ 2 ,  10 ,  72 ]. Despite the benefi ts of radiotherapy, 
local control rates remained poor with standard doses, leading to dose escalation to 
decrease local failure of disease and to eliminate the primary source for distant 
metastases [ 73 ,  74 ]. Analysis of seven different Radiation Therapy Oncology Group 
(RTOG) trials of chemoradiotherapy for locally advanced NSCLC revealed improved 
survival and locoregional control with dose escalation [ 74 ]. The innovations in the 
radiation therapy of NSCLC such as IMRT and VMAT, compared with previous 
3DCRT methods, can deliver higher doses more conformally and precisely to the 
tumor while minimizing doses to organs at risk. These factors could possibly lead to 
decreased morbidity and increased local control. However, the preliminary fi ndings 
of RTOG-0617 comparing standard-dose (60 Gy) versus high- dose (74 Gy) confor-
mal radiotherapy with concurrent chemotherapy for stage IIIA/IIIB non-small cell 
lung cancer showed no survival benefi t of dose escalation with 3D-CRT or IMRT 
based on enrolling departments awaiting the technical analysis [ 75 ]. Although poor 
prognostic patients were mainly treated with IMRT in RTOG 0617, IMRT exhibited 
signifi cantly lower pneumonitis which was directly related with lung V 20  and lower 
heart V 40  which was correlated with survival and less toxicity to ensure IMRT patients 
are more likely to receive full doses of consolidative chemotherapy [ 76 ]. 

 In daily clinical practice, 3D-CRT and IMRT could be used in the treatment of 
early and locally advanced lung cancer. 3D-CRT techniques consist of unmodulated 
fi elds directly covering the target, whereas computer-chosen optimized modulated 
fi elds were used to generate IMRT [ 7 ]. IMRT plans have physical and biological 
conformality with the help of dose escalation for lung cancer, and studies have 
shown improvements over 3D-CRT planning with respect to tumor dose escalation 
and doses to organs at risk (OARs) [ 73 ]. Grills et al. performed a planning study for 
18 patients with stage I–IIIB. Their aim is to prescribe 70 Gy in IMRT, 3D-CRT, 
limited 3D-CRT (two to three beams only), and a traditional radiotherapy fi eld con-
sisting elective nodal irradiation [ 77 ]. IMRT has a 15 % gain in lung V 20  and 40 % 
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in esophageal V 50 , especially in node-positive patients with the benefi t of dose esca-
lation apart from the results in node-negative patients [ 77 ]. 

 Although no randomized trial compared conformal therapy and IMRT, a few ret-
rospective studies reported the late outcomes of IMRT. Another retrospective dose-
escalating clinical study coming from the Memorial Sloan Kettering underlined 
favorable local control and survival rates (2-year survival: 58 %) without increasing 
toxicity (radiation pneumonitis rate: 11 %) in a series of 55 lung cancer patients [ 78 ]. 
A recent clinical analysis from the Netherlands Cancer Institute revealed a 2-year 
survival of 52 % along with grade 3 or higher toxicity of 35 % [ 79 ]. Apart from the 
studies above, MD Anderson analyzed their stage III patients treated with IMRT and 
compared them with the historical group; the results revealed signifi cant decrement 
in pneumonitis and esophagitis but no overall survival benefi t [ 80 ,  81 ]. When recur-
rence patterns were analyzed per fi eld, importantly, no marginal missed were noted 
[ 81 ]. IMRT is the most promising treatment method for dose escalation where local 
control in lung tumors was shown to be dose dependent [ 73 ]. In RTOG- 0617, even 
radiation treatment modality was not randomized; almost half of the patients received 
IMRT depending on the physician’s disposal. The patient quality of life results from 
randomized dose escalation study, RTOG 0617, showed that patient-reported quality 
of life is better after IMRT compared to 3D-CRT. This is the fi rst prospective data 
that indicates that IMRT can lessen the toxicity and improve the quality of life of the 
patients [ 82 ]. The only ongoing randomized trial compares 66 Gy 3D-CRT vs. IMRT 
for unresected locoregionally advanced non-small cell lung cancer without evidence 
of hematogenous metastases in recruited 168 patients. The fi nal data collection date 
for primary outcome measure will be on August 2016 (NCT00520702). 

 At present, IMRT should be regarded as a promising technique in locally 
advanced NSCLC. Major concerns regarding IMRT are internal tumor motions con-
sisting of interfraction shifts of the tumor position and interfraction motion due to 
respiration and cardiac motion. All these changes introduce the difference between 
the tumor position and the MLC position which is also called the “interplay effect” 
in the IMRT delivery and may compromise the optimal target coverage. This trig-
gers the question of safe delivery of radiotherapy with developing technology in the 
era of intensity-modulated radiotherapy (IMRT) and volumetric arc radiotherapy 
(VMAT). Solutions for motion management were described above in this chapter. 
To establish a well-working IMRT program for lung cancer patients, 4D-CT or 
motion management systems have to be used, quality assurance for the clinical 
workfl ow is essential, and image guidance is the primary checkpoint for the quality 
during the delivery. Quality assurance is the other key point for the success of latest 
techniques of radiation delivery which is a title of another chapter.  

     Volumetric Arc Therapy   

 VMAT is a relatively new treatment option which is an arc-based IMRT technique 
with a full 360° of beam directions available for optimization which helps to reduce 
monitor units (MUs) and beam-on treatment time. However, increased volumes of 
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low-dose compared to step-and-shoot IMRT (ssIMRT) are a limitation (REF). 
Preliminary results for treatment plans generated with VMAT optimization have dis-
played equivalent or superior dose distributions to static gantry IMRT plans [ 83 ]. 
Zhang et al. compared the effi cacy of IMRT and volumetric-modulated arc therapy 
(VMAT) in the treatment of 125 NSCLC patients. The mean total lung, V5 and 
V10 in the VMAT group were markedly higher than those in the IMRT group; nev-
ertheless the high dose levels V 20 , V 30 , and V 40  in the VMAT group were signifi cantly 
lower. The lower heart dose volume of VMAT was the only benefi t compared to 
IMRT in contrast to spine and esophagus at-risk volume [ 61 ]. Clinical studies sug-
gested that both IMRT and VMAT had signifi cant advantages in the treatment of 
NSCLC [ 61 ,  84 ]. Dosimetric planning studies suggested that both IMRT and VMAT 
presented similar results in V20 and V30, representing that they could equally mini-
mize the dose volume to decrease risk of pneumonitis [ 61 ,  84 ]. Holt et al. analyzed 
coplanar VMAT for stereotactic body radiotherapy (SBRT) with IMRT and provide 
comparable or better plan quality and dose levels to the skin than IMRT in early-
stage lung cancer treatment [ 85 ]. Jiang et al. retrospectively analyzed, based on the 
dose-volume histograms (DVH) of the IMRT, single arc/partial arc VMAT plans 
respectively [ 83 ]. Independent from the arc technique, VMAT plans had higher 
V5/10 and lower V20/30 and MLD in the total and contralateral lungs compared to 
IMRT plans [ 83 ]. In another dosimetric study, Dickey et al. found that VMAT has the 
better plan compared to multiple static fi elds and conformal arcs [ 86 ]. Similar results 
were documented previously by William Beaumont Hospital dosimetric study defi n-
ing single arc VMAT planning to be highly conformal with signifi cant reduction in 
lung dose-volume parameters in addition to satisfactory organ at risk doses [ 87 ]. 
Despite the encouraging results, VMAT still has the uncertainties in lung treatment 
without accounting for breathing (4D cone beam computed tomography, tumor 
tracking) or preventing excessive tumor motion (abdominal compression, active 
breathing control, and gating). A combination of traditional conformal radiotherapy 
and double-arc VMAT called the hybrid RapidArc technique 6 was evaluated by 
Chan et al. to overcome the lung low-dose bath [ 84 ]. Superior dosimetric results 
were demonstrated when compared with conformal radiotherapy and VMAT alone, 
while a hybrid IMRT (static plus IMRT beams treated concurrently) technique was 
noted to demonstrate advantages for reduction of low dose to the lung [ 88 ]. Helical 
tomotherapy, another arc-based IMRT approach, in small series, has also been 
reported to show equal dosimetric parameters with IMRT-based approach [ 89 ]; how-
ever low-dose bath and V 5  for normal lung has to be cautiously evaluated as treat-
ment-related deaths due to pneumonitis and acute esophagitis were reported in 
helical tomotherapy experience [ 89 ]. In their series of 37 patients with 56 % overall 
survival at 2 years, they pointed out the volume of contralateral lung receiving 5 Gy 
or more to be very prognostic in pneumonitis as rates of pneumonitis were almost 
35 % if V5 >60 % and none if less than 60 % [ 89 ]. Another data to be taken into 
consideration for correlation of lower lung doses with pneumonia was by Shi et al. 
documenting their IMRT experience which revealed rates of pneumonitis to be 29 % 
if V10 <50 % versus 6 % if below this level [ 90 ]. New clinical results have to be 
waited to evolve with longer follow-up period. 
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 New concept for personalized therapy, which is also named “isotoxic” treatment, 
is linear dose escalation until the maximum dose constraints for normal tissue such 
as the esophagus, heart, and normal lung are reached. This approach provides per-
sonalized radiotherapy dose [ 24 ]. In a prospective study including 166 patients with 
medically inoperable stage I–III NSCLC treated with a median prescribed TTD 
64.8 Gy, Radiotherapy doses were individualized based on normal tissue dose con-
straints (mean lung dose, 19 Gy; maximal spinal cord dose, 54 Gy) up to a maximal 
TTD of 79.2 Gy in 1.8 Gy fractions twice daily. Considering that all included stage 
III patients who received sequential chemoradiotherapy or radiotherapy alone, OS 
was 21.0 months and also associated with acute and late radiation toxicity [ 91 ]. The 
potential of their approach has been tested in three different randomized trials in the 
UK (ClinicalTrials.gov Identifi er: NCT01836692- Clinical Trial Identifi er: 
ISRCTN12155469- isotoxic, hypofractionated radiotherapy) (ClinicalTrials.gov 
Identifi er: NCT0153799: dose escalation of CHART) (Clinical Trial Identifi er: 
ISRCTN45918260).  

    Image-Guided Adaptive Radiation  Therapy   

 During external radiotherapy, tumor size, shape, and normal tissue relationships can 
change due to atelectasis, pleural effusion, and pneumonitis or tumor shrinkage. Those 
changes suggest that lung cancer treatment could have been improved by renewed con-
touring and replanning on resimulation or IGRT images such as cone beam CT. 

 Online plan re-optimization is performing new IMRT plans using daily cone 
beam images. This process is a compound of segment aperture morphing and seg-
ment weight optimization to correct target deformation and monitor unit recalcula-
tion respectively [ 8 ]. Tvilum et al. compared 52 patients treated with adaptive 
radiotherapy approach (ART) with non-ART IMRT external treatment [ 92 ]; in ART 
group, patients were tracked by a cone beam, and if the patient will benefi t from 
replanning, they will undergo 4D-CT and new CTV was created with 5 mm margin. 
At 12 months follow-up, the recurrence rates were 53 % and 35 % in the no ART 
and ART group respectively [ 92 ]. An ongoing prospective, randomized multi-insti-
tutional clinical trial, RTOG 1106/ACRIN 6697, is questioning the value and addi-
tional benefi t of PET/CT adapted boost for patients with large lung tumors with 
dose escalation aim [ 93 ]. This area has just opened a new horizon to be investigated 
in more clinical studies.  

     Proton Therapy   

 Proton is a positively charged hydrogen ion produced by stripping a hydrogen atom 
off its electron. Electrons were accelerated to a typical energy of 70–250 mega elec-
tron volts (MeV) by a synchrotron or cyclotron. 

 Proton therapy has been investigated in lung cancer treatment in latest years as 
low entrance dose and depositing maximum energy at Bragg peak with little exit 
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dose. The maximum energy of the protons determines the distal range of Bragg 
peak. In clinical practice, the combination of various energies of the protons can be 
superpositioned to cover a specifi c tumor volume. 

 Therapy was administered by either “passively scattering” or “beam-scanning 
technique.” Passive scattering proton therapy irradiates the tumor volume as a 
whole, using collimators and compensators for dose conformality [ 94 ]. Beam- 
scanning technique irradiates the target volume by scanning spot-by-spot with a 
proton beam, permitting intensity-modulated proton therapy (IMPT) [ 95 ]. Until 
gaining a more robust IMPT and planning upgrade, most institutions treating 
NSCLC with protons continue to use the passive technique because it is the most 
widely accessible and less sensitive to breathing motion than beam-scanning tech-
nique [ 94 ]. 

 In proton therapy, the beams are molded laterally using either apertures or by 
magnetically scanning a proton beam across the patient in the case of pencil beam 
scanning [ 96 ]. Different from external beam photon radiation, the dose deposition 
is not uniform in all directions [ 95 ]. Protons are sensitive to the electron density of 
the material through which they pass and cause an uncertainty. In lung cancer, 
where the difference in electron density between the soft tissue of the chest and 
mediastinum and the lung is signifi cant, uncertainties in the electron density are a 
key consideration [ 96 ]. Several dosimetric studies have compared proton and pho-
ton dose distributions for lung cancer treatment especially for reducing lung oesoph-
agus, brachial plexus, chest wall and heart doses [ 97 – 100 ]. This has been taken as a 
promising potential to dose intensifi cation and escalation. Despite the most impor-
tant dosimetric advantage of proton therapy, respiratory tumor motion and size vari-
ability during radiotherapy are the main concern for geographical miss. Techniques 
to overcome tumor motion and interpretation of it for the planning are similar to 
what is used in proton treatment such as using 4D-CT, respiratory gating systems, 
body immobilization systems, and internal fi ducials. The “smearing technique” can 
correct planning uncertainties [ 101 ]. To perform this technique, compensators are 
modifi ed to maintain the coverage of target at the expense of some conformity. 
Beam confi gurations and margin expansions have to be designed in each beam 
directions. Also protons have less conformal dose distribution in treating irregular 
tumor shape compared to photons [ 102 ]. The interchange between the intrafrac-
tional tumor motion and the scanned proton beam has negative effects on the dose 
distribution as “interplay effect,” which can cause severe under or overdose spot 
[ 103 – 105 ]. Therefore this effect cannot be compensated by simply adding a sur-
rounding margin in IMPT. This is essential especially for IMPT, in contrast to the 
single fi eld uniform dose (SFUD) technique, and could lead to completely inhomo-
geneous dose distributions per fi eld if not planned properly [ 104 ,  106 ,  107 ]. As 
PSPT is considered a relatively robust technique [ 108 ], robust optimization in IMPT 
by using the worst- case scenario method sounds to be necessary to take setup and 
range uncertainties as well as anatomical changes into account during plan optimi-
zation [ 6 ]. Although repeated imaging and adaptive planning as required are obvi-
ously recommended for IMPT, robust optimization in IMPT can reduce the dose 
variations during treatment compared with PTV-based planning [ 6 ]. 
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 For SBRT, Loma Linda University has the largest series where respiratory gating 
and kV imaging was used with 3–5 mm PTV margins [ 109 ]; survival rates at 5 years 
were 18 %, 32 %, and 51 % for 51 Gy, 60 Gy, and 70 Gy in ten fractions, respec-
tively, as well as no pneumonitis reported [ 109 ]. In a retrospective clinical study by 
Nakayama et al., PBT for local advanced lung cancer treatment with median dose 
of 78.3 Gy provided local progression-free survival of 93.3 % at 1 year and 65.9 % 
at 2 years with no grade 3 or more toxicity in stage II–III patients [ 101 ]. Dose- 
escalating phase II studies of 74 Gy reported 79.5 % local control and no grade 4–5 
toxicity [ 110 ]. These promising results were supported by Oshiro et al. [ 111 ]. Using 
concomitant platinum-based chemotherapy with curative intent, Sejpal et al. found 
that higher doses of proton radiation than 3D-CRT or IMRT could be delivered with 
a lower risk of esophagitis and pneumonitis [ 112 ]. 

 In a randomized phase III trial (RTOG 1308), photon versus proton chemoradio-
therapy will be compared for their impact to improve overall survival. A total of 560 
inoperable stage II–IIIB NSCLC patients are being planned to be enrolled with 
70 Gy using either modality, besides the option to decrease to as low as 60 Gy if the 
dose constraints to the organs at risk cannot be met [ 113 ].  

     Stereotactic Body Radiotherapy   

 The principles and practice of stereotactic body radiotherapy (SBRT) or stereotactic 
ablative body radiotherapy (SABR) have been generated from the knowledge and 
experience from cranial stereotactic radiosurgery. The defi nitions of SBRT provided 
by the American Association of Physicists in Medicine (AAPM) task group 101, the 
American Society for Radiation Oncology and the American College of Radiology 
(ASTRO and ACR), Canadian Association of Radiation Oncology-Stereotactic 
Body Radiotherapy (CARO-SBRT), and the National Radiotherapy Implementation 
Group of the UK all agree that SBRT is a method of external beam radiotherapy 
(EBRT) that accurately delivers a high dose of irradiation in one or few treatment 
fractions to an extracranial target [ 114 – 117 ]. They have published historical back-
ground, simulation, immobilization, clinical requirements, treatment delivery 
details, and quality assurance details in task 101 to guide new starting institutes and 
set the standards of SBRT approach [ 114 ]. 

 SBRT can be performed with traditional linear accelerators equipped with suit-
able image-guidance technology, accelerators specifi cally adapted for SBRT, or 
dedicated delivery systems with either photon or particle therapy. The most impor-
tant part is to ensure more sophisticated QA procedures compared to conventional 
radiotherapy including system-specifi c end-to-end tests for both static and moving 
targets, in addition to the verifi cation of the alignment of imaging and treatment 
isocenters on a daily basis. Heterogeneity correction is the most important part of 
treatment planning system. The AAPM report no.  85   on “Tissue Inhomogeneity 
Corrections for Megavoltage (MV) Beams” reports that 5 % change in dose may 
result in a 10–20 % change in tumor control probability. Low-density lung tissue 
surrounding tumor in the chest has effects on the accuracy of the dose distributions 
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which can result in underdosage of the tumor [ 118 ,  119 ]. Therefore, the RTOG has 
implemented the obligation that algorithms using heterogeneity corrections be used 
for treatment planning in lung cancer [ 120 ]. 

 Retrospective and prospective studies published since mid-1990 have established 
the feasibility, safety, and effi cacy of SBRT in early-stage inoperable, refused sur-
gery or medically inoperable patients using multiple different sets of dose regimens 
and technologies. Lung SBRT results demonstrate excellent, around 90 %, local 
control with little acute toxicity compared to historical controls of fractionated 
radiotherapy local control [ 120 – 122 ]. Onishi et al. analyzed 87 patients with stage I 
NSCLC who were medically operable but refused surgery. The SBRT total dose 
was 45–72.5 Gy at the isocenter which had been administered in three to ten frac-
tions. During follow-up (median, 55 months), cumulative local control rates for T1 
and T2 tumors at 5 years after SBRT were 92 % and 73 %, respectively, with 1.1 % 
grade 2 and above pulmonary complications [ 123 ]. 

 The Fox Chase Cancer Center phase I dose escalation trial of SBRT for lung 
tumors has escalated total doses by 8 Gy (i.e., 2 Gy per fraction) increments from 
40 to 56 Gy [ 124 ,  125 ] with the highest dose level biologically equivalent to 114 Gy. 
With a mean follow-up of 17 months, the 1-year local control rate was 97 % and 
18 month local control rate was 93 % and no late pulmonary complications have 
been observed. No patient had a decrease in FEV1 or DLCO by 1 month after treat-
ment [ 124 ,  125 ]. Literature showed an SBRT dose–response relationship for lung 
cancer. To achieve maximum control rates, SBRT doses are recommended to be a 
biologically equivalent dose of at least equivalent to 100 Gy10 which was depicted 
by Onishi et al. in their series of retrospectively analyzed 275 patients of early 
stage-lung cancer [ 56 ]. Mediastinal or hilar nodal failures appear to be ranging from 
0 % to 10 % besides distant failure at the rate of 15–30 % which remains the pre-
dominant pattern of failure [ 126 ]. The Radiation Therapy Oncology Group (RTOG) 
phase I/II trial (RTOG 0236) in medically inoperable peripherally located early-
stage NSCLC using a regimen of 60 Gy (54 Gy with heterogeneity correction) in 
three fractions with a rigid immobilization frame and abdominal pressure was 
promising for a 3-year primary tumor control rate of 97.6 % and a locoregional 
control rate of 87.2 %[ 127 ,  128 ]. Grade 3 or higher rates were reported to be less 
than 4 %, and the incidence of symptomatic radiation pneumonitis is very low, rang-
ing from 0 % to 5 % in reported series [ 120 ]. Chest wall symptoms such as chest 
wall pain or rib fracture were reported in 5–15 % of patients with peripheral lesions 
infl uenced by primarily treatment dose, fractionation, and beam arrangement [ 129 , 
 130 ]. Although there initially was a great anxiety to treat central tumors with SABR 
due to previous fatal complications with RTOG 0236 regimen of 60 Gy (54 Gy with 
heterogeneity correction) in three fractions [ 131 ], normal tissue dose- volume con-
straints for central and peripheral lesions are generally in common consensus to 
those treated with SABR [ 132 ,  133 ]. 

 Although ongoing prospective trials are exploring dose and fractionation sched-
ules in the inoperable population and are starting to explore the role of SBRT for the 
operable patient, SABR has already been reported to be feasible with no toxicity 
above grade 3 in a community cancer center setting [ 134 ,  135 ]. A recent important 
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data regarding operable stage I NSCLC is the pooled analysis of two randomized, 
phase 3 trials of SABR (STARS and ROSEL) which were closed early due to slow 
accrual [ 135 ]. Estimated 3-year survival rates were 79 % in the surgery group and 
95 % in the SABR group, while recurrence-free survival rates at 3 years were 80 % 
and 86 %, respectively [ 135 ]. None of the patients treated with SABR had high-
grade toxicity. Most criticized part of this promising result is small sample size and 
limited follow-up time [ 135 ]. Two new randomized studies are expected to be 
opened: VALOR (veterans affairs lung cancer surgery or stereotactic radiotherapy 
trial), in the USA, and, in the UK, SABRtooth, a multicenter pilot study of SABR 
versus surgery in patients with peripheral stage I NSCLC considered at higher risk 
of complications from surgical resection. 

 As there is not a 100 % standardized SABR planning and delivery, each depart-
ment should customize their approach with available guidelines. Along being an 
MD Anderson facility, our recommendation is to routinely use 4D-CT and ITV 
approach with heterogeneity correction-able software planning to deliver SABR 
with daily volumetric image guidance.   

    Conclusion 
 During the last decade, technology has provided remarkable improvements and 
accessibility to cutting-edge techniques in many departments. The major goal is 
set to improve quality of life and toxicity profi les of mediastinal treatments with-
out compromising the local control and overall survival. Moving from 2D to 3D 
and 4D simulation has exposed the secrets of moving targets to individualize 
margins on specifi ed targets and organs at risk, in addition to ensuring precision 
to minimize the interobserver variability in target delineation via incorporation 
of FDG-PET fusion in customization. Image-guided radiotherapy with either 
planar or volumetric imaging increased accurate and appropriate daily localiza-
tion, promoting comfort to encourage dose escalation or respiratory phase-spe-
cifi c treatment strategies along with motion management in thoracic 
malignancies. 

 As randomized trials are lacking for many new technologies, knowledge-
based tailoring and implementation of any site- and stage-specifi c requirement 
per patient have been a common practice in the recent years, such as SBRT, 
IMRT, VMAT, or protons.     
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         Introduction 

 The lungs are located bilaterally in the mediastinum. The apex of the lungs lies 
2–3 cm above the clavicle and the base is situated on the diaphragm. The lungs 
have two surfaces; the costal surface lies along the chest wall, whereas the medi-
astinal surface covers other mediastinal structures such as the heart, trachea, and 
great vessels. The lungs are covered with a serous membrane called visceral 
pleura and the chest cavity is covered with parietal pleura. The pleural space 
between visceral and parietal pleurae is fi lled with fl uid and has an important role 
in respiration. 

 The right lung has three lobes. The major fi ssure in the right lung divides the 
upper and lower lobes and lies between the level of the fi fth thoracic vertebra and 
the diaphragm. The minor fi ssure divides the right lung into the upper and middle 
lobes. The left lung is divided into two lobes (i.e., upper and lower lobes) by an 
oblique fi ssure. The  lingula   which is located in the left upper lobe is homologous to 
the right middle lobe. 

 The trachea connects the larynx to the main bronchi. It is approximately 
12 cm long in adults, and it starts from the level of the sixth cervical vertebra 
and ends at the level of the fourth to sixth thoracic vertebra. The posterior wall 
of the trachea is purely membranous, whereas other walls also contain muscular 
elements and a cartilaginous structure that is half ring shaped. The trachea is 
covered with ciliary epithelium which has a role in removing the foreign bodies 
in the air. 
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 The trachea bifurcates at the level of the carina and divides into right and left main 
bronchi. The right main bronchus is shorter and thicker than the left main bronchus 
and lies vertically, whereas the left main bronchus lies horizontally. Main bronchus 
in each lung is divided into lobar bronchi that supply each lobe of the lungs, and each 
lobar bronchus divides into smaller bronchi that end up at the bronchopulmonary 
segments which are the functional units of the lungs. The bronchi and arteries enter 
these segments from the central, whereas the veins and lymphatics leave from the 
peripheral. The structure that is the port to the vessels, nerves, and bronchi is called 
“the hilum.” The lymphatic vessels eventually drain into the mediastinum. The bron-
chopulmonary segments divide further to form segmental bronchi, bronchioles, and 
fi nally alveoli in which the blood-gas exchange occurs. The proximal airways, 
including the trachea, comprise the non-respiratory unit of the lungs, whereas the 
terminal bronchioles that consist of respiratory bronchioles and alveolar ducts along 
with the alveolar sacs and alveoli constitute the respiratory unit. The anatomy of the 
respiratory track and lungs is shown in Fig.  3.1 .

   The basal membrane of the alveolar epithelium is covered with type I and  type II 
cells  .  Type I cells   do not contain organelles; however, they have cytoplasmic exten-
sions that are responsible for the gas exchange. Type I cells do not have the ability 
to regenerate and they are replaced by type II cells in case of injury. Besides their 
differentiation potential to type I cells and regeneration, type II cells also secrete 
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  Fig. 3.1    Anatomy of the respiratory track and the lungs (With permission from Beyzadeoglu et al. [ 68 ])       
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surfactant that reduces the surface tension and prevents atelectasis. They also have 
a role in conserving fl uid balance in the alveolar space via sodium transportation.  

     Target Volume Delineation   

 Several studies have recommended that the treatment of lung cancers by RT should 
be individualized as the movement of the lesion during respiration is unique in 
every patient [ 1 – 3 ]. Based on these data, individualized computerized tomography 
(CT)-based treatment planning is being used as a standard for the delineation of 
target volumes and organs at risk (OAR) in patients with lung cancer. Locoregional 
treatment with three-dimensional conformal radiation therapy (3D CRT) and inten-
sity-modulated radiation therapy (IMRT) requires accurate target and normal tissue 
delineation. For the CT simulation, most patients are immobilized using a wing 
board with a T- or U-grip handle in supine position. Patient positioning is shown in 
Fig.  3.2 .

   The patient undergoes CT simulation, and contrast injection is not necessary 
unless the tumor is adjacent to the mediastinum or hilum. To defi ne the isocenter, 
three radiopaque pellet markers are placed at the anterior midline and at right and 
left lateral points on the skin. The CT scan is acquired in ≤5 mm slices from the 
level of the cricoid cartilage to the level of the second lumbar vertebra and should 
include both lungs [ 4 ]. If stereotactic ablative radiotherapy (SABR) is planned, slice 
thickness of 1–3 mm is recommended based on the American Association of 
Physicists in Medicine (AAPM) Group Report No. 101 [ 5 ]. The gross tumor vol-
ume (GTV), clinical target volume (CTV), internal target volume (ITV), and plan-
ning target volume (PTV) as well as OARs should be delineated separately in each 
slice based on the recommendations in International Commission on Radiation 
Units and Measurements (ICRU) reports 50 and 62 [ 6 ,  7 ].  

  Fig. 3.2    Patient positioning during computed tomography simulation and radiotherapy treatment       
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     Tracking Tumor Mobility   

 Assessment of respiratory motion is crucial for the treatment planning in order to 
prevent the distortion of CT scans and to delineate the tumor adequately [ 8 ]. In case 
of a tumor motion exceeding 5 mm, the AAPM Task Group Report No. 76 recom-
mends considering motion assessment [ 8 ]. It was shown that in tumors located close 
to the diaphragm, the mean superior-inferior movement is 15 mm, and the move-
ment can be as high as 52 mm [ 9 ,  10 ]. On the other hand, for the tumors located 
more superiorly, the superior-inferior movement is approximately 4 mm and the 
anterior-posterior movement is 2 mm. Respiratory motion tracking, therefore, is 
necessary particularly in the treatment of lower lobe tumors. 

  Fluoroscopy   has been proposed to be used for motion assessment; however, it is not 
suitable for simultaneous use with CT simulation and can negatively affect the tumor 
visualization [ 1 ,  11 ]. The four-dimensional (4D) CT simulation is the optimal choice 
for detecting internal motion. This technique is performed by recording the respiratory 
waves simultaneously with CT scans and multiple slices are acquired for at least one 
full respiratory cycle. However, this technique is not suitable for lower lobe tumors 
which are highly mobile as it involves too much radiation to healthy tissue [ 12 ]. 

 If 4D simulation is not available, a slow (i.e., 4 s per slice) helical CT scan or the 
fusion of CT images at maximal inspiration and expiration can be performed [ 2 ,  13 , 
 14 ]. In the slow CT scan technique, centrally located target volumes are fused with 
target volumes from the CT scans performed during quiet respiration. The GTV is 
then formed with a 5 mm margin in order to take into account the factors that may 
change tumor mobility [ 15 ]. The fused image technique of inspiratory- and expira-
tory-phase CT scans results in decreased toxicity in OARs; however, it can overes-
timate the actual tumor volume owing to deep inspiration and expiration and its 
reproducibility is limited [ 16 – 18 ]. 

  Respiratory gating   is one of the frequently used techniques for assessing tumor 
motion. For this technique, both the CT and the linear accelerator should be equipped 
with the gating system. Prospective gating in which CT scans are respiration triggered 
is highly time consuming as one slice is acquired per one respiratory cycle and pre-scan 
preparation is needed to detect the correct time for scanning [ 19 ]. It can also lead to 
increased patient motion because of long scanning time. The disadvantages of this 
technique can be cleared by adapting 4D CT scans into “retrospective gating” [ 20 ]. 

 Real-time tumor tracking can also be used to follow tumor motion during lung 
RT. In this technique radio-opaque markers are inserted inside or adjacent to the 
tumor prior to the treatment planning. At least four markers should be inserted in 
order to detect the variations in tumor location accurately; however, this is not pos-
sible in many patients [ 21 ]. The radiation beam turns on only when the location of 
the markers detected by fl uoroscopy is in the correct position. The two major limita-
tions in this technique are (1) the fi ducial markers cannot always be accurately 
inserted in the tumor and (2) markers can only be inserted in peripheral lesions 
because of the early displacement problem in central tumors [ 22 ,  23 ]. 

 There are several other techniques that can be used to spare normal lung volume. 
Deep-inspiration breath hold is performed by assisting the patient to hold breath at the 

G. Ozyigit et al.



43

end of inspiration in order to decrease tumor mobility [ 24 ,  25 ]. However, problems with 
patient coordination and tolerance limit the usage of this technique [ 24 ,  26 ,  27 ]. The 
active breathing control technique helps to obtain reproducible target volumes but does 
not generally lead to a decrease in PTVs owing to residual tumor mobility [ 28 ,  29 ]. In 
another technique called “self-breath-holding system,” the patient controls own breath-
ing according to the radiation beam-on and beam-off positions [ 30 ]. However, this tech-
nique requires at least three CT scans in order to obtain reproducible target volumes.  

    Gross Tumor Volume (GTV) 

 The GTV is the clinically macroscopic disease together with specular extensions 
detected by CT scan with contrast and/or [18F]-fl uoro-deoxy-glucose (FDG) posi-
tron emission tomography/CT (PET/CT). The windowing of the CT has a great 
effect on the size of GTV. It was reported that the pulmonary nodules are best visu-
alized with windowing width of 850 Hounsfi eld unit (HU) and windowing length of 
−750 HU [ 31 ]. This is called the “lung windowing” and should be used for the 
delineation of the primary lung tumor (Fig.  3.3 ).

a

b

  Fig. 3.3    ( a ) Primary lung tumor on a planning computed tomography (CT) image in “mediastinal 
windowing.” ( b ) Same CT image of the primary lung tumor in “lung windowing.” It can clearly be 
seen that the gross tumor volume (GTV) is enlarged by the addition of the specular extensions       
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   The most important role of PET/CT is distinguishing atelectasis from tumor; 
however, there is no threshold for the exact determination of the margins of the 
primary tumor [ 32 ,  33 ] (Fig.  3.4 ). The sensitivity and specifi city of FDG-PET/CT 
are higher than conventional CT in lung cancer and were reported to be 83 % and 
91 %, respectively [ 34 ]. It should also be kept in mind that FDG uptake can increase 
in cases of infection, infl ammation, and granulomatous disease, whereas it can 
decrease in necrotic or hypoxic tumor regions [ 35 ,  36 ]. It was shown that PET/
CT-based delineation of GTV resulted in larger volumes compared to conventional 
CT-based delineations because of possible respiratory motion tracking [ 37 ]. 
However, there are also studies reporting that PET/CT-based delineation 

a

b

c

  Fig. 3.4    The planning computed tomography (CT) images of a 62-year-old male with T4N2M0 
squamous cell lung carcinoma. ( a ) Show the superior, ( b ) show the middle, and ( c ) show the 
inferior parts of the primary tumor. Prominent atelectasis is observed in the left lower lobe around 
the primary lung lesion. ( a – c ) Images on planning CT and the corresponding fusion images of 
planning CT and positron emission tomography (PET)/CT). Although the distinction between the 
primary tumor and atelectasia cannot be made on the prior fi gures, the tumor can be clearly 
identifi ed from the atelectatic regions on the latter fi gures       
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signifi cantly decreases the target volume resulting in a decrease in toxicity [ 38 ,  39 ]. 
Several methods have been used for the delineation of the primary tumor using 
PET/CT; direct visualization of the tumor is the simplest method, threshold of stan-
dard uptake value (SUV) max  of 2.5 can be used to delineate GTV, or a threshold of 
35–50 % of SUV max  can be used to delineate ITV [ 40 – 43 ]. Although automatic 
contouring based on PET/CT resulted in reduced variations in the delineation of 
GTV between clinicians, it is not recommended to be used routinely, and the coop-
eration of the radiation oncologist with the nuclear medicine physicist should be 
preferred for the most accurate delineation of the primary tumor [ 44 ,  45 ].

   The  Radiation Therapy Oncology Group (RTOG) 1106 study   has proposed a 
consensus guideline for the delineation of primary lung tumors in non-small-cell 
lung cancer (NSCLC) by the help of PET/CT [ 46 ]. The authors recommend delin-
eating the primary tumor under a standard lung window level in CT slices, and in 
case that the tumor margins were not defi ned accurately, the radiation oncologist 
would decide for the fi nal target volume. They defi ned PET-metabolic tumor vol-
ume (MTV) that is constituted by contouring a 1.2 cm diameter structure in the 
center of ascending aorta and transferring this structure to PET/CT image for the 
accurate fusion of the CT and PET/CT. The target is then checked using 1.5 times 
intensity of the mean aorta activity. The OARs are subsequently defi ned in related 
slices and the parts of OARs that are in the target volume are manually removed. 

 In patients with limited stage small-cell lung cancer (SCLC) induction chemo-
therapy can be administered in the presence of bulky disease at diagnosis. However, 
there are concerns whether pre- or post-chemotherapy volume should be delineated. 
In the study of South Western Oncology Group (SWOG), no difference in local recur-
rence was found between patients who received RT to the pre- and post-chemotherapy 
volume [ 47 ]. Several studies, mostly retrospective, also reported that most locore-
gional recurrences (LRRs) occurred in the post-chemotherapy volume [ 48 – 51 ]. On 
the other hand, Mira and Livingston stated that most of the recurrences in their patients 
occurred out of fi eld [ 52 ]. Jenkins et al. reported that following induction chemo-
therapy, the GTV and PTV decreased by 37 % and 26 %, respectively [ 53 ]. When they 
delineated the post-chemotherapy volume, they detected a signifi cant decrease in the 
irradiated lung volume receiving ≥20 Gy; however they also stated that irradiating 
post-chemotherapy tumor volume can result in increased marginal recurrence rate. 
Based on these fi ndings, delineation of the post-chemotherapy volume of the primary 
tumor can be adequate for defi nitive treatment. However, in patients who responded 
less than partially to induction chemotherapy, particularly with small tumors, pre-
chemotherapy volume can also be irradiated. No signifi cant difference in toxicity was 
reported between pre- and post-chemotherapy volume treatment [ 47 ]. 

 Postoperative RT to the primary tumor bed is indicated in patients with NSCLC 
in case of positive or close (≤5 mm) surgical margins after complete excision in 
order to increase survival and decrease LRR rate [ 54 ]. In this case, GTV is not appli-
cable and there is no consensus guideline for the delineation of the tumor bed. 
However, as the peribronchial tumor extension has poorer prognosis, the bronchus 
stump is recommended to be delineated in patients with positive or close bronchial 
surgical margin, and concurrent chemotherapy is added in order to increase overall 
and disease-free survival rates [ 55 – 59 ]. 
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 For patients diagnosed with stage I (T1-2 N0 M0) or peripherally located stage 
II (T3 N0 M0) NSCLC who refuse surgery or are medically inoperable, SABR is 
the treatment of choice as the local control rates are signifi cantly higher than con-
ventional treatments [ 60 ]. As the margins for CTV and PTV are smaller in treatment 
with SABR, the tumor extension should be delineated accurately on imaging 
modalities.  

    Clinical Target Volume (CTV) 

 The CTV is the volume in which there is a high possibility of microscopic disease. 
It was reported that a 9 mm margin around the gross tumor is adequate to encom-
pass the microscopic disease in 90 % of adenocarcinomas [ 61 ]. For NSCLC, Giraud 
et al. showed that the microscopic tumor extended 2.69 mm and 1.48 mm further 
from the gross tumor in adenocarcinoma and squamous cell carcinoma (SCC), 
respectively [ 62 ]. Based on this fi nding, the CTV for 3D CRT and IMRT is consti-
tuted by adding 6 and 8 mm margin to the GTV for SCC and adenocarcinoma, 
respectively, in order to encompass 95 % of the microscopic disease. For other his-
tological types, they recommend a 5 mm margin. However, for tumors with unspec-
ifi ed histology, 8 mm margin is recommended to stay on the safe side. 

 In SCLC, there is no defi ned standard CTV margin. The ongoing Cancer and 
Leukemia Group B (CALGB) 30610/Radiation Therapy Oncology Group (RTOG) 
0538 study recommends 0.5–1 cm margins for SCLC which will also be including 
the ipsilateral hilum. 

 The CTV should be restricted with anatomical structures such as the chest wall, 
vertebrae, and vessels.  

     Internal Target Volume (ITV)   

 The ITV is the volume that is enlarged in order to encompass the tumor with respect 
to physiologic movements, which here is respiration. According to the ICRU report 
62, the ITV is recommended to be used if it positively affects the treatment planning 
and is not routinely contoured in every cancer treatment planning [ 7 ,  63 ]. The term 
“IGTV” represents the GTV together with the respiration effect and should be taken 
into account during the delineation of lung tumors [ 20 ]. After the respiratory motion 
is detected, the CTV is formed by adding adequate margins to the IGTV.  

    Planning Target Volume (PTV) 

 The PTV is constituted by adding a certain margin to the CTV by taking setup vari-
ability into account. The PTV margins vary based on the simulation technique; the 
prior 13 mm margin was reduced to 9 mm in patients immobilized with a stereotac-
tic body frame and to 1–2 mm in patients positioned with cone beam CT [ 64 ]. If the 
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respiratory motion is assessed either by 4D CT or cone beam CT, a 5–10 mm margin 
is adequate, whereas if both techniques are used, the margin can be decreased to 
3 mm. A margin of 5 mm is adequate in patients who undergo 4D CT planning with 
daily kilo-voltage (kV) imaging during treatment. However, if the respiratory 
motion cannot be assessed, 10–15 mm margin should be added to the CTV to con-
stitute the PTV [ 13 ]. For SABR and other image guided techniques, smaller mar-
gins of 3–6 mm are recommended [ 65 – 67 ].  

    Conclusion 
 Patient-based treatment planning has been the standard in lung cancer in recent 
years. 3D CRT and particularly IMRT offer better target coverage and decreased 
toxicity rates compared to conventional RT. Recommended simulation and delin-
eation techniques are summarized in this chapter. If these recommendations are 
applied in clinical practice, the variations in the treatment techniques between 
institutions can be minimized.     
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  4      Guidelines for the Delineation 
of Lymphatic Target Volumes in Lung 
Cancer                     

       Gokhan     Ozyigit      ,     Melis     Gultekin      ,     Sezin     Yuce     Sari      , 
    Gozde     Yazici      , and     Pervin     Hurmuz     

         Introduction 

  Regional lymph node   (LN) involvement is an important prognostic factor for locore-
gional recurrence (LRR), distant metastasis (DM), and overall survival (OS) in 
patients with lung cancer [ 1 ,  2 ]. According to the most recent Surveillance, 
Epidemiology, and End Results (SEER) data, 22 % of all patients with lung cancer 
have LN metastasis at the time of diagnosis [ 3 ]. The incidence of LN metastasis 
depends on the primary tumor size and tumor histology [ 4 ]. The most common LNs 
involved in patients with lung cancer are hilar and mediastinal LNs. 

 In 1929,  Rouvière   described the LNs that each lobe of the lungs drains into and 
acknowledged that predicting the route of lymphatic drainage was possible based on 
tumor location [ 5 ]. Patterns of lymphatic drainage in lung cancer were also investi-
gated by other researchers later in the 1950s and 1960s [ 6 – 8 ]. These studies clearly 
revealed that tumors in the right upper lobe primarily drain into the right paratracheal 
region and tumors in the left upper lobe drain into the periaortic and subaortic 
regions, whereas tumors in the middle and lower lobes drain into the subcarinal and 
right paratracheal regions [ 9 ]. However, skip metastasis was shown in 7–26 % of 
lung cancer patients, particularly in the upper lobe tumors and adenocarcinoma his-
tology [ 8 ,  10 ,  11 ]. The hilar LNs can be skipped, and the drainage can be directly into 
the mediastinal LNs in tumors located in the upper lobes. 

 Subsequently  Cahan   described the method of hilar and mediastinal LN dissec-
tion [ 12 ,  13 ]. Japanese surgeons started to perform this surgical method, and in 1967 
the fi rst mediastinal LN map was developed by  Naruke   in Japan. The map was 
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started to be used in Japan, North America, and Europe [ 14 ]. Consequently, the 
American Thoracic Society (ATS) and the American Joint Committee of Cancer 
(AJCC) adapted new maps based on the Naruke map. In 1996, the modifi ed 
Mountain- Dressler ATS (MD-ATS) map was introduced as a unifi ed map which 
was mainly accepted across North America; however, Japanese clinicians continued 
to use the  Naruke map   [ 15 ]. The main difference between these two maps was the 
defi nition of level 7 LN. In the Naruke map, level 7 included the hilar and subcarinal 
LNs. This led to signifi cant difference in the diagnosis of N stage. Furthermore, 
level 1 LNs in the Naruke map corresponded to levels 1 and 2 in the MD-ATS map; 
and levels 2, 3, 4R, and 4L corresponded to levels 4R and 4L. To overcome this 
issue and with suggestions for further revisions by the European clinicians, the 
International Association for the Study of Lung Cancer (IASLC)    proposed a revised 
map in 2009 [ 9 ]. This map clears the controversies in the anatomical descriptions, 
the boundary between right and left level 2 and 4 LNs and defi ned level 1 LNs 
which were not accepted as distinct LNs in previous maps. 

 The recently proposed LN delineation guideline by IASLC is composed of 14 
LN levels. Levels 10–14 are called “hilar,” and levels 1–9 are called “mediastinal” 
LNs. According to the consensus of IASLC and AJCC, at least six LNs (i.e., three 
from the mediastinum and three from the hilum) should be evaluated for the accu-
rate staging of LN involvement [ 16 ]. However, the patient is accepted as pN0; even 
fewer LNs are evaluated in case all are negative [ 17 ]. There are ongoing studies to 
improve the correlation between staging and survival rates of patients more accu-
rately, and these studies focus on grouping the LNs as “zones.”  

    Treatment Strategies in Non-small Cell Lung Cancer 

 Surgery is the treatment of choice in patients with stage I–II and selected patents 
with stage III non-small cell lung cancer (NSCLC). However, LRR rates after sur-
gery can be as high as 20 % in stage I disease and approximately 50 % in stage III 
disease [ 18 ,  19 ]. The surgical stump and mediastinal LNs are the most common 
regions of recurrence. Postoperative radiotherapy (RT) was shown to decrease local 
recurrence (LR) rates, particularly in stage II and IIIA disease [ 20 ]. A SEER analy-
sis on patients with stage II–III NSCLC undergoing surgery reported that postopera-
tive RT increased 5-year OS in patients with pN2 disease; however, OS rates in 
patients with pN0 and pN1 disease were signifi cantly decreased [ 21 ]. The Adjuvant 
Navelbine International Trialist Association (ANITA) trial compared the results of 
adjuvant chemotherapy (CHT) to surgery alone [ 22 ]. Some centers in this trial also 
added RT (45–60 Gy) to the adjuvant treatment. Patients with pN1 disease benefi ted 
from postoperative RT alone; however, survival was lower after postoperative 
RT+CHT. On the other hand, survival was increased in patients with pN2 disease 
with both adjuvant CHT and RT+CHT. Based on these trials, postoperative RT is 
indicated in case of pN2 disease. The recent standard approach of adjuvant treat-
ment is to start with CHT in patients with pN2 disease or extracapsular extension 
(ECE) and continue with mediastinal irradiation. 
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 In patients with inoperable NSCLC, defi nitive CRT is the treatment of choice in 
order to decrease LRR and increase survival rates [ 1 ,  23 ]. In the two-dimensional 
(2D) treatment era, elective nodal irradiation was widely performed for advanced 
stage NSCLC. By the time that three-dimensional (3D) RT was introduced, 
involved-fi eld RT (IFRT) gained popularity in order to increase RT dose to decrease 
toxicity rates. However, postsurgical data have shown that occult LN metastasis can 
be present in 10–35 % of patients with cN0 disease [ 24 ]. Nevertheless, the 2-year 
nodal control rates with IFRT were reported 88–92.4 % [ 25 ,  26 ]. These high rates 
of local control (LC) could be the result of an incidental dose received by the elec-
tive nodal areas [ 26 ]. In the only prospective trial comparing IFRT to elective nodal 
irradiation, there was a signifi cant increase in LC and OS rates in the IFRT arm [ 27 ]. 
However, this study has limitations; RT dose was higher in the IFRT arm (68–74 Gy 
vs 60–64 Gy), and the lung volume that received at least 20 Gy (V 20 ) was lower. 
Fernandes et al. reported similar results with IFRT compared to extended-fi eld RT 
with lower toxicity rates [ 28 ]. These data show that IFRT provides satisfying sur-
vival and disease control rates with lower toxicity in patients with NSCLC.  

    Treatment Strategies in Small Cell Lung Cancer 

 Surgery can be a potential treatment of choice in patients with T1-2N0M0 small cell 
lung cancer (SCLC). However, the most common type of failure after surgery in 
SCLC is DM [ 29 ]. Due to increased LC and OS rates, concurrent CRT is the treat-
ment of choice for patients with limited stage SCLC (other than T1-2N0 disease) 
[ 30 ,  31 ]. Unfortunately, patients with SCLC frequently present with advanced dis-
ease and CHT is used to increase disease control. In selected cases with good 
response to CHT, consolidative RT can be administered [ 32 ]. Adjuvant and defi ni-
tive RT indications in SCLC are similar to the ones for NSCLC.  

    Target Volume Delineation 

 The simulation process and techniques for tracking respiratory motion are discussed 
deeply in Chap.   1    . Unless there is a contraindication, intravenous contrast is admin-
istered during simulation to better visualize the nodal disease. Lymph nodes with 
≥1-cm diameter in the short axis on computerized tomography (CT) are generally 
considered positive [ 33 ]. The size of nonmetastatic LNs varies according to the LN 
level. Lower paratracheal and subcarinal LNs’ diameter can physiologically be 
11 mm; upper paratracheal LNs are generally smaller in size and are usually around 
7 mm. Right hilar, left hilar, and paraesophageal LNs can be 10 mm, 7 mm, and 
7–10 mm in size, respectively. Comparison studies to evaluate for new or enlarging 
LNs (even if they are <1 cm) are helpful in defi ning the metastatic LNs. [ 18 F]-fl uoro-
deoxy-glucose (FDG) positron emission tomography (PET)/CT can give more 
accurate information about LN involvement as its sensitivity and specifi city are 
higher than CT alone, which are 81 % and 90 % for PET/CT and 59 % and 79 % for 
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CT, respectively [ 34 – 36 ]. However, pathological evaluation of the mediastinal LNs 
is highly recommended as the false negativity of PET/CT in detecting mediastinal 
LNs <1 cm is approximately 25 % [ 37 ]. 

     Level 1 (Low Cervical/Supraclavicular LNs  ) 

 Level 1 LNs are divided into 1R (right) and 1L (left) by the midline of the trachea 
which also constitutes the medial border of 1R and 1L LNs. It starts from the infe-
rior border of the cricoid cartilage (approximately at the inferior border of the fourth 
cervical vertebra) superiorly and ends at the level of the thoracic inlet. The LNs in 
level 1 can be sampled by endobronchial ultrasound (EBUS), endoscopic ultra-
sound (EUS), and percutaneous fi ne-needle aspiration. If ipsilateral level 1 LN is 
positive, the patient is staged as N2, and if contralateral or bilateral level 1 LNs are 
positive, the patient is staged as N3.  

     Level 2 (Upper Paratracheal LNs)   

 Level 2 LNs are divided into 2R and 2L by the left lateral border of the trachea. 
The superior border is the level of the thoracic inlet. The inferior border of 2R is 
the intersection of the inferior border of the left innominate vein with the trachea. 
The inferior border of 2L is the superior border of the aortic arch. Level 2R can be 
sampled by cervical mediastinoscopy, electromagnetic navigation bronchoscopy 
(EMNB), EBUS, extended mediastinoscopy, transcervical extended mediastinal 
lymphadenectomy (TEMLA), video-assisted mediastinoscopic lymphadenec-
tomy (VAMLA), and right video-assisted thoracoscopic surgery (VATS). Level 
2L can be sampled by all techniques mentioned for 2R except VATS, and it can 
additionally be sampled by EUS. If ipsilateral level 2 LN is positive, the patient 
is staged as N2, and if contralateral or bilateral level 2 LNs are positive, the 
patient is staged as N3.  

     Level 3A (Prevascular LNs)   

 Level 3A is not divided into two by IASLC; however, it would be easier to evaluate 
the N stage if it is separated into 3AR and 3AL by the midline of the trachea. The 
superior border is the thoracic inlet and the inferior border is the level of the carina. 
These LNs, together with level 6 LNs, are called the “anterior mediastinal LNs” and 
initially drain into the right and left bronchomediastinal trunks and then into the 
right lymphatic duct, into the thoracic duct, or independently into the jugulo- 
subclavian venous confl uence. Level 3A LNs can be sampled by TEMLA, VATS, 
and transthoracic needle aspiration (TTNA). If it is positive unilaterally, the lym-
phatic stage is N2, and if it is positive bilaterally or contralaterally, the lymphatic 
stage is N3.  
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     Level 3P (Retrotracheal LNs)   

 Level 3P starts from the thoracic inlet and ends at the level of the carina. The ante-
rior border is the posterior aspect of the trachea. It can be sampled by EMNB, 
EBUS, EUS, TEMLA, and right VATS. If it is positive in a patient with right lung 
cancer, the stage is N2; however, if it is positive in left lung cancer, the stage 
becomes N3.  

     Level 4 (Lower Paratracheal LNs)   

 Level 4 is divided into 4R and 4L by the left lateral border of the trachea. Level 4R starts 
from the intersection of the inferior border of the left innominate vein with the trachea 
and ends at the level of the right tracheobronchial angle. The superior border of 4L is the 
superior border of the aortic arch, and the inferior border is the superior border of the left 
main pulmonary artery. Level 4R can be sampled by cervical mediastinoscopy, EBUS, 
EMNB, extended mediastinoscopy, right VATS, TEMLA, and VAMLA. Level 4L can 
be sampled by all techniques mentioned for 4R except right VATS; it can be sampled by 
left VATS and additionally by EUS. If it is positive unilaterally, the lymphatic stage is 
N2, and if it is positive bilaterally or contralaterally, the stage becomes N3.  

     Level 5 (Subaortic/AP Window LNs)   

 Level 5 is located lateral to the ligamentum arteriosum. The superior border is the 
inferior border of the aortic arch, and the inferior border is the superior border of the 
left main pulmonary artery. Level 5 LNs can be sampled by Chamberlain procedure, 
extended mediastinoscopy, TEMLA, TTNA, and left VATS. The N stage is N2 if 
positive in left-sided disease and N3 if positive in right lung cancer.  

     Level 6 (Para-aortic LNs)   

 Level 6 includes the LNs anterior and lateral to the ascending aorta and the aortic arch. 
It starts superiorly from an imaginary line tangential to the superior border of the aortic 
arch and ends at the inferior border of the same structure. It can be sampled by 
Chamberlain procedure, extended mediastinoscopy, TEMLA, TTNA, and left VATS. In 
case of a positive level 6 LN, the patient is diagnosed with N2 disease if the primary 
disease is in the left lung and with N3 disease if the primary disease is in the right lung.  

     Level 7 (Subcarinal LNs)   

 Level 7 starts from the level of the carina and ends at the inferior border of the inter-
mediate bronchus on the right side and the superior border of the left lower lobe 
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bronchus on the left side. It can be sampled by cervical mediastinoscopy (only LNs 
in the anterior location), EMNB, EBUS, EUS, extended mediastinoscopy, TEMLA, 
VAMLA, and left or right VATS. If it is positive, the patient is staged as N2 whether 
it is a right or left lung cancer.  

     Level 8 (Paraesophageal LNs)   

 The IASLC does not divide level 8 into two; however, distinguishing 8R from 8L by 
the midline of the esophagus makes the diagnosis of N stage easier. Level 8 is con-
stituted by the LNs lying adjacent to the wall of the esophagus (excluding subcari-
nal LNs). It starts from the inferior border of the intermediate bronchus on the right 
side and the superior border of the left lower lobe on the left side. Level 8 and 9 LNs 
are called “posterior mediastinal LNs” together and drain into the tracheobronchial 
group, mainly subcarinal, the thoracic duct, and subdiaphragmatic para-aortic/
celiac nodes. Level 8 LNs can be sampled by EUS, TEMLA, VAMLA, and left or 
right VATS. If it is unilaterally positive, the stage is N2, and if bilaterally or contra-
laterally positive, the stage becomes N3.  

     Level 9 (Pulmonary Ligament LNs)   

 Level 9 is divided into 9R and 9L. Level 9R LNs lie within the right pulmonary 
artery. They start from the level of the right inferior pulmonary vein and ends at the 
diaphragm. They can be sampled by EUS, TEMLA, and right VATS. N2 and N3 
disease is diagnosed if it is positive in right and left lung cancer, respectively. Level 
9L LNs lie within the left pulmonary artery. Level 9L starts from the level of the left 
pulmonary vein and ends at the diaphragm. It can be sampled by EUS, TEMLA, and 
left VATS. N2 and N3 disease is diagnosed if it is positive in the left and right lung, 
respectively.  

    Level 10–14  LNs   

 Levels 10, 11, 12, 13, and 14 include hilar and perihilar, interlobar, lobar, segmental, 
and subsegmental LNs, respectively. They are all subdivided into right and left 
parts. Level 11 LNs are also divided into 11 s (LNs between the upper lobe bron-
chus and bronchus intermedius on the right) and 11i (LNs between the middle and 
lower lobe bronchi on the right). Although level 10–14 LNs are named separately, 
they are delineated together starting from the level of the right and left tracheobron-
chial angles to the level that bilateral main bronchi divide. Lobar LNs initially drain 
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into interlobar and hilar LNs and then into subcarinal LNs or directly into level 4 
LNs. They can be sampled by EMNB, EBUS, and right and left VATS. Level 10 can 
also be sampled by cervical mediastinoscopy and TEMLA. If levels 10–14 are posi-
tive ipsilaterally, the stage is N1, and if positive contralaterally or bilaterally, the 
stage becomes N3. 

 Boundaries for all the LN levels mentioned above are shown in Table  4.1 . A 
detailed atlas for the delineation of all mediastinal lymph nodes are depicted in 
Fig.  4.1 .

    Certain anatomical structures can be contoured as LN regions by mistake. 
 Pericardial recesses   and sinuses are often mistaken for LNs; superior aortic recess 
is often confused with paratracheal, para-aortic, prevascular, or subaortic LNs. The 
 oblique sinus   is often mistaken for subcarinal LNs, and the  pulmonary venous 
recesses   are often confused with pulmonary LNs. 

 The right upper lobe drains into the ipsilateral mediastinum (levels 10, 11–14, 
4, and 3), the left upper lobe drains into the ipsilateral and contralateral medias-
tinum (levels 10, 11–14, 5, and 6), and the right lower lobe drains into the sub-
carinal region and into the right upper and lower mediastinum (levels 10, 11–14, 
7, and 4), whereas the left lower lobe drains into the subcarinal region and then 
into the right or left upper and lower mediastinum (levels 10, 11–14, 7, 5, and 
6). Left lower lobe tumors are the most common site for contralateral mediasti-
nal LN metastasis. Feng et al. reported that the most common site of LN failure 
is 2R, followed by 10R, 4R, and 7 in right-sided disease, and 4R, followed by 7, 
4L, 6, 10L, and 5 in left lung cancers (10). Based on these anatomical and clini-
cal data, for tumors located in the right lung levels 2R, 4R, 7, 8, and 9 and for 
tumors in the left lung levels 4L, 5, 6, 7, 8, and 9 should be sampled 
during surgery for accurate LN staging (11). Sampling adequate number of LNs 
is extremely important as IFRT is now preferred over elective nodal 
irradiation.   

    Clinical Target Volume and Planning Target Volume 

 The involved LNs constitute the gross tumor volume (GTV). It was reported that in 
LNs smaller than 2 cm, a 3-mm margin around LN-GTV will encompass 95 % of 
the microscopic nodal disease [ 38 ]. For larger LNs, although there is no consensus, 
larger margins should be preferred. It was reported that an 8-mm margin would be 
more adequate to cover the 95 % of the microscopic nodal disease for LNs with a 
diameter of ≥2 cm [ 38 ]. The details about the internal target volume (ITV) and plan-
ning target volume (PTV) can be found in Chap.   3    .  
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  Fig. 4.1    Atlas for the delineation of lymph nodes for lung cancers               
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Fig. 4.1 (continued)
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Fig. 4.1 (continued)
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Fig. 4.1 (continued)
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Fig. 4.1 (continued)
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    Conclusion 
 Elective nodal irradiation is the standard treatment of care in patients with lung 
cancer who undergo RT. The recommended delineation guidelines of the medi-
astinal and hilar LNs are summarized in this chapter. The variations in contour-
ing the LNs between the institutions can be minimized if these recommendations 
are applied in clinical practice.     
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  5      Stereotactic Ablative Radiotherapy 
for Lung Cancers                     

       Gokhan     Ozyigit      ,     Sezin     Yuce     Sari      ,     Gozde     Yazici      , 
    Pervin     Hurmuz      , and     Melis     Gultekin     

         Introduction 

 The standard treatment for early-stage non-small cell lung cancer (NSCLC) is sur-
gery, and the preferred surgical technique is lobectomy with mediastinal lymph 
node (LN) dissection. The reported 5-year survival rates for early-stage lung cancer 
patients treated with surgery range between 60 % and 80 % [ 1 ]. The American 
College of Chest Physicians (ACCP) recommends that all patients should undergo 
preoperative evaluation for pulmonary reserve [ 2 ]. If the predicted forced expiratory 
volume in 1 s (FEV1) or diffusion capacity for carbon monoxide (DLCO) is <40 %, 
the risk of postoperative complications increases.  Lobectomy   is contraindicated in 
patients with  FEV1   <30 %, and sublobar resection is an option for this group. On 
the other hand, radiotherapy (RT) is a remarkable alternative for patients who are 
medically inoperable or who refuse surgery [ 3 ]. 

 The reported overall survival (OS) rates with conventionally fractionated RT 
alone are not satisfactory (6–45 %), and the primary reason for decreased survival 
is local failure (LF) [ 3 – 5 ]. In patients who were medically inoperable and were 
treated with conventionally fractionated RT to a median dose of 66 Gy, the local 
control (LC) rates were signifi cantly inferior to surgical series, and 85 % of the 
patients died of lung cancer in 5 years [ 4 – 6 ]. Although dose-escalation studies 
resulted in increased LC and OS with conventionally fractionated doses of ≥70 Gy, 
LC rates were 60 % at most with 5-year OS rates of 6–32 % even with a total dose 
of 80 Gy [ 7 – 9 ]. On the other hand, the Radiation Therapy Oncology Group (RTOG) 
9311 trial showed no further improvement in LC rates with doses higher than 77 Gy 
[ 10 ]. Increased toxicity with increased total doses and accelerated repopulation due 
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to prolonged treatment time are the major limitations of conventionally fractionated 
RT [ 11 ]. For every extra day of RT after 6 weeks of treatment, the LC decreases by 
1.6 % due to the repopulation of tumor cells [ 12 ]. The only way to overcome these 
issues is the administration of stereotactic ablative RT (SABR) which gives a higher 
and more homogeneous dose to the target while decreasing the dose to normal tis-
sues by highly developed techniques of immobilization and tumor tracking.  

    SABR in Inoperable Early-Stage Non-small Cell Lung Cancer 

 The fi rst method of  SABR   for extracranial targets was described by Lax and 
Blomgren [ 13 ]. They administered 30 Gy in three fractions with 2–3 days between 
fractions. After a phase I trial revealed satisfactory results with 60–66 Gy in three 
fractions in early-stage NSCLC, several prospective studies emerged reporting 
79–97 % LC rates [ 14 – 19 ] (Table  5.1 ). In the RTOG 0236 trial, where a scheme of 
54 Gy in three fractions was used in 59 patients with peripheral tumors smaller than 
5 cm, the 3-year OS and disease-free survival (DFS) rates were 56 % and 48 %, 
respectively [ 20 ]. In this study only one patient had LF; the main reason for treat-
ment failure was distant metastasis (DM). Timmerman et al. stated that in order to 
achieve an LC rate of 85 %, the biologically equivalent dose (BED) should be ≥100 
(with α/β = 10) for lung tumors [ 21 ]. They also reported that BED 10  should be 
<210 Gy in order to reduce the treatment-related mortality rate by 75 %. In a meta-
analysis by Koshy et al., it was suggested that BED 10  should be >150 Gy for T2 
lesions in order to increase OS [ 22 ]. Kong et al. proposed a new model in a review 

   Table 5.1    Prospective studies of SABR in early-stage NSCLC   

 Trial 
 N of 
patients 

 Tumor 
location, 
size 

 Dose 
(Gy)/N of 
fractions 

 Median 
follow-up 
(months) 

 3-year OS 
(%)/CSS 
(%) 

 3-year 
DFS 
(%)/PFS 
(%) 

 3-year 
LC 
(%) 

 Grade 
>2 
toxicity 
(%) 

 McGarry 
et al. [ 14 ] 

 47  ?, ≤7 cm  24–72/3  27.4 (T1)  –/–  –/–  79  ? 

 19.1 (T2) 

 Nagata 
et al. [ 15 ] 

 45  ?, ≤4 cm  48/4  30  92 (IA), 
82 (IB)/– 

 83 (IA), 
72 (IB)/– 

 98  4 

 Xia et al. 
[ 16 ] 

 43  P and C, 
≤7 cm 

 50/5  54  78/–  –/–  95  8.9 

 Lagerwaard 
et al. [ 17 ] 

 206  P and C, 
≤6 cm 

 60/3-5- 
8 

 ?  2y 64/–  2y 68/–  97  3 

 Baumann 
et al. [ 18 ] 

 57  P, ≤5 cm  45/3  35  60/88  –/52  92  28 

 Fakiris 
et al. [ 19 ] 

 70  P and C, 
≤7 cm 

 60–66/3  50.2  42.7/81.7  –/–  88.1  37.7 

   SABR  stereotactic ablative radiotherapy,  NSCLC  non-small cell lung cancer,  N  number,  3y  3-year, 
 2y  2-year,  OS  overall survival,  CSS  cause-specifi c survival,  DFS  disease-free survival,  PFS  
progression-free survival,  LC  local control,  P  peripheral,  C  central  
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and claimed that total dose (D) x fraction dose (d) yields better prediction of LC 
compared to BED 10 ; however, this method has not been accepted widely [ 23 ].

   In a study on the data from Surveillance, Epidemiology, and End Results (SEER), 
367 patients ≥67 years old with stage I NSCLC that received SABR were compared 
to 711 patients who underwent surgery [ 24 ]. It was observed that although acute 
toxicity rate was higher in the surgery arm, toxicity rates were similar in both arms 
at 2 years. On the other hand, the mortality rate was signifi cantly lower in the SABR 
arm at 3 months, but 2-year mortality rate was signifi cantly lower in the surgery 
arm. There was no difference in mortality rates between the two arms in patients 
with short (<5 years) life expectancies; however, surgery yielded better results in 
patients with long life expectancies, and the authors concluded that surgery should 
be preferred over SABR in these particular patients. 

 Reported LC rates in NSCLC for different fractionation schemes of SABR are 
between 80 % and 94 % [ 21 ,  25 ,  26 ] (Table  5.2 ). In medically inoperable stage IA 
and IB (tumor <4 cm) NSCLC patients, the OS rates were 87 % and 80 %, respec-
tively, with a scheme of 48 Gy in four fractions (BED 10  of 88 Gy) in 2 weeks [ 27 ]. 
In a retrospective analysis of 241 patients from 13 Japanese institutions, the LF and 
3-year OS rates were 20 % and 42 %, respectively, when BED10 was <100 Gy [ 28 ]. 
In patients treated with a dose of BED10 >100 Gy, the LF rate was 6.5 % and OS 
rate was 46 %.

   Onishi et al. published their multi-institutional results in 245 patients with stage IA 
and IB NSCLC and stated that inoperable patients had signifi cantly lower survival 
rates [ 29 ]. The 5-year survival rate of patients irradiated with BED 10  ≥100 Gy and 
<100 Gy was 90 % and 84 %, respectively, which are comparable to surgery results. 
Wulf et al. reported their results in 92 lung tumors (36 primary, 56 metastatic) which 
were treated with different SABR regimens [ 30 ]. The reported 2-year LC rates were 
100 % for 1 × 26 Gy, 92 % for 3 × 12.5 Gy, and 71 % for 3 × 10 Gy, respectively, and 
the only signifi cant predictor for LC in multivariate analysis was the BED at the plan-
ning target volume (PTV) margin. McGarry et al. reported that doses >16 Gy/fraction 
resulted in better LC in stage IA and IB NSCLC patients treated in three fractions, and 
the maximum tolerated dose for tumors >5 cm was 72 Gy [ 14 ]. Grills et al. found a 

   Table 5.2    Results of different fractionation schemes of SABR for early-stage NSCLC   

 Trial 
 N of 
patients 

 Tumor 
location, 
size 

 Dose 
(Gy)/N of 
fractions 

 Median 
follow-up 
(months) 

 3-year 
OS (%)/
CSS (%) 

 3-year 
DFS (%)/
PFS (%) 

 3-year 
LC 
(%) 

 Grade 
>2 
toxicity 

 Timmerman 
et al. [ 21 ] 

 37  P and C, 
≤7 cm 

 24–42/3  15.2  64/–  50/–  87  5.4 

 Nakagawa 
et al. [ 25 ] 

 10  ?, ≤5 cm  19–26/1  14.9  2y 64/–  –/–  80  0 

 Uematsu 
et al. [ 26 ] 

 50  P and C, 
≤ cm 

 50–60/
5–10 

 36  66/88  –/–  94  0 

   SABR  stereotactic ablative radiotherapy,  NSCLC  non-small cell lung cancer,  N  number,  3y  3-year, 
 2y  2-year,  OS  overall survival,  CSS  cause-specifi c survival,  DFS  disease-free survival,  PFS  
progression-free survival,  LC  local control,  P  peripheral,  C  central  
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2-year LF rate of 4 % for BED 10  ≥105 Gy, whereas it was 15 % for BED 10  <105 in 
T1-3 tumors [ 31 ]. Le et al. reported that 1-year LC rate was 91 % and 54 % in NSCLC 
patients treated with a single fraction of >20 Gy and <20 Gy, respectively [ 32 ]. 
Nuyttens et al. reported 85 % of a 2-year LC rate in patients with central lung tumors 
treated to a dose of 60 Gy in fi ve fractions (BED 10  >100 Gy) and 60 % for 45–50 Gy 
in fi ve fractions (BED 10  ≤100 Gy) [ 33 ]. van der Voort van Zyp et al. reported that the 
LC rate was 95 % for 60 Gy in three fractions and 78 % for 45 Gy in three fractions 
in patients with stage I tumor [ 34 ]. In RTOG 0236, 60 Gy in three fractions (BED10 
= 180 Gy) was administered to 55 patients with peripheral stage IA (80 % of patients) 
and IB NSCLC. They reported 3-year primary tumor LC, in-lobe LC, regional (LN) 
control, distant control, and OS rates as 97.6 %, 90.6 %, 87.2 %, 77.9 %, and 55.8 %, 
respectively. Seventeen percent of the patients had grade ≥3 pulmonary toxicity; how-
ever, the majority of them already had chronic obstructive pulmonary disease prior to 
treatment. The very high LC rate in this study caused a discussion whether the dose 
was redundantly high [ 35 ]. The RTOG 0915 trial, comparing 34 Gy in a single frac-
tion to 48 Gy in four fractions in peripheral tumors, is closed to accrual and the fi nal 
results are awaited. The preliminary results revealed 1-year OS, LC, and toxicity rates 
of 85.4 %, 97.1 %, and 9.8 % for 34 Gy and 91.1 %, 97.6 %, and 13.3 % for 48 Gy, 
respectively. Kelley et al. treated 67 patients with peripheral NSCLC with a median 
dose of 48 Gy in four fractions (median BED10 = 105.6 Gy) and reported 1-year LC 
and OS rates of 81.8 % and 86.2 %, respectively. They also concluded that none of the 
patients with LF survived 1 year [ 36 ]. 

 The ideal fractionation scheme in inoperable early-stage NSCLC patients is not 
available yet. The fi nal results of RTOG trials 0813 for central and 0915 for periph-
eral tumors are awaited [ 17 ,  37 ]. The superior arm in 0915 will be compared to 
54 Gy in three fractions which was the dose in RTOG 0236 [ 38 ].  

    Patient Preparation, Simulation, and Treatment 
for  CyberKnife  ™ 

 A more detailed preparation before the treatment is required in order to achieve 
accurate target recognition by SBRT devices. Immobilization is extremely impor-
tant for patients treated with SBRT. Besides, extra caution is necessary when treat-
ing tumors in the thorax or abdomen due to respiratory motion. Not only 
immobilization but also tracking the tumor in accordance with the respiration is 
required when treating lung tumors. To accurately track the tumor, at least three 
fi ducial markers, usually made of gold, which have a diameter of 0.7–1.2 mm and a 
length of 3–6 mm are inserted into the tumor by interventional techniques before the 
simulation process (Fig.  5.1 ). To minimize the errors, the ideal number of the fi du-
cials to be inserted is four to six. The distance and angle between each  fi ducial   
should be at least 15 mm and 15 0 , respectively, and the maximum distance between 
the fi ducial and the tumor should not be further than 50–60 mm. In order to restrict 
the motion of the fi ducials, the planning CT should be delayed for approximately 
1 week to allow the development of fi brosis around the fi ducials.
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   The patient undergoes CT simulation without contrast injection wearing a  syn-
chrony vest  , and the arms are parallel to the body in contrast to 3D simulation 
(Fig.  5.2 ). The CT scan is acquired in 1–3 mm slices from the level of the cricoid 
cartilage to the level of the second lumbar vertebra and includes both lungs. The 
gross tumor volume (GTV), clinical target volume (CTV), internal target volume 
(ITV), planning target volume (PTV), and OARs should be delineated separately in 
each slice (Fig.  5.3 ).

    During the treatment, the respiratory motion is tracked by three light-emitting 
diodes (LED) and a camera with the help of the infrared LEDs on the synchrony 
vest (Fig.  5.4 ). These devices acquire the information of tumor location during the 
whole respiratory cycle, and the robotic head corrects the target deviations due to 
respiratory or patient’s motion during the treatment (Fig.  5.5 ).

    If the tumor is in close proximity to the spine and is >15 mm on all dimensions, 
 X-sight tracking   by the help of bony structures of the vertebrae can be used for 
tracking. Tracking is made by the help of contrast difference between the tumor and 
the lung. This technique only calculates the planar movement but not rotations. 

 The fi nal CyberKnife plan approved by physician is usually delivered in three to 
four fractions in consecutive days (Fig.  5.6 ).

       Treatment According to Tumor Localization 

 The localization of the tumor is important for SABR treatment as the toxicity rates 
and the organs at risk (OAR) differ with different tumor locations. Centrally located 
lung tumors are reported to have an increased risk for toxicity. Timmerman et al. 
found that the 2-year grade ≥3 toxicity rate was 46 % in patients with central tumors 
treated to a total dose of 60–66 Gy in three fractions, whereas the toxicity rate was 

  Fig. 5.1     Gold  fi ducials seen prior to set-up for CyberKnife™ (Courtesy of Hacettepe University)       
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only 17 % for peripheral tumors [ 20 ]. In RTOG 0236, Timmerman et al. described 
the tumors as central if they were located inside the fi rst 2 cm of the trachea and 
proximal bronchial tree (“no-fl y zone”) [ 38 ]. On the other hand, in the RTOG 0813 
trial, tumors with a PTV in intersection with mediastinal structures are also regarded 
as central [ 17 ]. 

 The RTOG 0813 trial is a dose-escalation study for central lung tumors where a 
total dose of 50–60 Gy is given in fi ve fractions [ 17 ]. This study is closed for accrual 
and the fi nal results are awaited. It is important to remind that a tumor with a PTV 
in contact with mediastinal or pericardial pleura is also considered central in this 
trial. For centrally located tumors, more protracted regimens can be safer [ 16 ,  39 ]. 
The treatment of endobronchial tumors is extremely risky due to increased rate of 
grade 5 toxicity such as fi stula formation and bronchial stricture [ 40 ,  41 ]. Nishimura 
et al. reported fatal hemoptysis in 2 patients out of 133 with central tumors treated 

  Fig. 5.2    Patient undergoes CT simulation without contrast injection wearing a synchrony vest, 
and the arms are parallel to the body in contrast to 3D simulation for CyberKnife™ (Courtesy of 
Hacettepe University)       
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with 40–60 Gy in fi ve fractions [ 42 ]. On the other hand, Robertson et al. found no 
statistically signifi cant difference in grade ≥2 pulmonary or cardiovascular toxicity 
in 17-month follow-up between 110 central and 119 peripheral NSCLC lesions 
treated with 48–60 Gy in four to fi ve fractions [ 43 ]. Chang et al. reported the results 
of 100 patients with T1-2 central tumors treated with 50 Gy in four fractions [ 44 ]. 
They switched the scheme to 70 Gy in ten fractions (BED 10  = 119 Gy) in patients 
whose target dose requirements were not met and found no difference in OS, LC, or 
toxicity rates between the two treatment arms.  

    Treatment of  Larger Tumors   with SABR 

 In a retrospective study of 138 patients, Baumann et al. found that LF after SABR 
was signifi cantly higher in T2 tumors compared to T1 tumors [ 45 ]. Onishi et al. 
reported higher LF rates in stage IB tumors compared to IA in patients who received 
doses with BED 10  <100 Gy [ 29 ]. Similarly, Chi et al. observed lower LC rates in 
tumors >5 cm with BED 10  <120 Gy [ 46 ]. Davis et al. reported that the LC rate was 

  Fig. 5.3    CT scan is acquired in 1–3 mm slices from the level of the cricoid cartilage to the level 
of the second lumbar vertebra. The gross tumor volume (GTV), clinical target volume (CTV), 
internal target volume (ITV), planning target volume (PTV), and OARs should be delineated 
separately in each slice for CyberKnife™ (Courtesy of Hacettepe University)       
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95 % with BED 10  ≥105 Gy and was signifi cantly higher compared to 43 % with 
BED 10  <105 Gy in T2 tumors in 17 months of follow-up [ 47 ]. On the contrary, 
Allibhai et al. found no correlation between the tumor size and LF, OS, and DM 
rates after SABR in 185 patients [ 48 ]. 

 It was reported that grade 3–5 toxicity increases in tumors with >10 mL volume 
when treated with SABR [ 14 ]. The RTOG trials exclude tumors >5 cm out of SABR 
studies. However, treatment of tumors >5 cm is claimed to be safe if strict con-
straints are followed [ 49 ]. If this is not possible, more protracted regimens can be 
administered [ 50 ].  

  Fig. 5.4    During the treatment the respiratory motion is tracked by three light-emitting diodes 
(LED) and a camera with the help of the infrared LEDs on the synchrony vest       
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  Fig. 5.5    Synchrony™ acquires the information of tumor location during the whole respiratory 
cycle, and the robotic head corrects the target deviations due to respiratory or patient’s motion 
during the treatment by a specifi c model       

  Fig. 5.6    A CyberKnife plan in a patient with T1N0M0 non-small cell lung cancer for a peripheral 
lesion. The usual dosing schedule is 60 Gy in three fractions. However, 50 Gy in four fractions was 
delivered due to the close proximity to the chest wall and ribs       
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    SABR in Operable Lung Cancer Patients 

 Despite all innovations in the fi eld of RT and satisfactory results with SABR, sur-
gery is still the treatment of choice in stage I–II NSCLC patients. The National 
Comprehensive Cancer Network guidelines recommend surgery for every operable 
lung cancer patient. 

 Onishi et al. reported 5-year LC and OS rates of 92 % and 72 % for T1 and 73 % 
and 62 % for T2 tumors, respectively, in 87 operable patients with stage I NSCLC 
who were treated with SABR [ 51 ]. Lagerwaard et al. reported 3-year LC and OS 
rates of 93 % and 85 % with SABR in patients who were suitable for surgery [ 52 ]. 
The  RTOG 0618 trial   in which 60 Gy in three fractions of SABR was administered 
to patients with operable T1 and T2 peripheral tumors is closed to accrual. Initial 
results revealed 2-year LC, OS, and progression-free survival (PFS) rates of 92.3 %, 
65.4 %, and 84.4 %, respectively, with a conclusion that surgery is not essential in 
patients with early-stage peripheral lung cancer. However, this is yet an early con-
clusion for the suffi ciency of SABR as the number of patients and the duration of 
follow-up are limited in studies. Surgery also yields the chance for the evaluation of 
mediastinal and hilar LNs. Although positron emission tomography/computed 
tomography (PET/CT) has high sensitivity and specifi city for LN involvement, false 
negativity rate for mediastinal LNs smaller than 1 cm is approximately 25 % [ 53 ]. 
Besides, it was shown that the rate of pathological N2 disease was 3 % in patients 
with clinical N0 disease. Interestingly, patients treated with SABR had only 4–10 % 
failure rates in LNs even they are only staged with PET/CT [ 54 ]. Based on these 
data, it is appropriate to rely on PET/CT in patients who will be treated with SABR. 

 A Dutch study recommended SABR in patients whose surgical mortality rate is 
expected to be over 4 % [ 55 ]. Three phase 3 studies comparing sublobar resection 
to SABR in patients with high surgical risk (ROSEL trial, STARS trial, and 
American College of Surgeons Oncology Group [ACOSOG]/RTOG 0870/Cancer 
and Leukemia Group B [CALGB] 140503 trial) were closed early due to poor 
accrual. In a meta-analysis which compared the results of SABR (4,850 patients) 
and surgery (7,071 patients) in stage I NSCLC patients, OS and DFS rates were 
lower but LC rates higher in the SABR arm [ 56 ]. However, when only operable 
patients in the SABR arm were evaluated, OS was not different between the two 
arms. Until there is more evidence, SABR is the treatment of choice for patients 
with early-stage NSCLC who are not suitable for or who refuse surgery [ 52 ,  57 ].  

    Is There Any  Contraindication for Lung SABR  ? 

 All patients with early-stage lung cancer can be safely treated with SABR. There is 
no contraindication owing to age, prior treatment, or comorbidities. It was shown 
that older age can increase toxicity; however, no grade ≥3 toxicity was observed in 
elderly patients except the ones who already had lung disease [ 58 ,  59 ]. Patients with 
prior surgery can undergo SABR without additional risk of toxicity. Pulmonary 
function test results should not affect the decision of SABR because it does not 
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predict survival or toxicity [ 60 ,  61 ]. Patients with active interstitial lung disease 
(ILD) should be evaluated more carefully prior to SABR as increased rates of fatal 
radiation pneumonitis were reported [ 62 ]. As the rates were not higher than the ones 
reported with other treatment modalities such as surgery or chemotherapy, SABR is 
a safe modality also in patients with ILD [ 63 ,  64 ].  

    Following  Tumor Response After Lung SABR   

 Treatment with SABR generally leads to lung injury (i.e., pneumonitis and fi brosis) 
which is observed as increased density and opacity on CT and an increased uptake 
on PET/CT [ 65 ]. As the PTV, radiation dose, and duration from the end of the treat-
ment increase, these changes are more commonly encountered [ 66 ]. However, the 
majority of patients stay asymptomatic. It was reported that SABR-related lung 
injury can be observed in CT images up to 2 years and in PET/CT up to 1 year in 
approximately 90 % of the patients [ 66 ,  67 ]. The lung injury related to conventional 
RT is observed at the edges of treatment portals; however, after SABR the changes 
are observed as a mass-like image on CT and can easily be misdiagnosed with 
recurrence [ 68 ]. 

 There is controversy about the threshold maximum standardized uptake value 
(SUVmax) in PET/CT for the distinction of recurrence from lung injury. It was 
reported that lung injury following SABR can lead to SUVmax as high as 7; on the 
other hand, SUVmax above 5 was stated as the marker for recurrence in a system-
atic review [ 69 ,  70 ]. Enlargement after 12 months or in subsequent CT studies, 
particularly in craniocaudal axis, growing opacity, disappearance of linear margin 
or bulging margin, and loss of air bronchogram are high risk factors for recurrence, 
and diagnostic confi rmation is required [ 71 ].  

    Conclusion 
 Surgery is the treatment of choice in patients with early-stage NSCLC. In patients 
who are medically inoperable or who refuse surgery, SABR is the alternative 
treatment with comparable LC rates. However, OS rates are inferior to surgery 
which probably is the result of poor performance status or pulmonary function in 
inoperable patients. Different regimens of SABR lead to similar disease control 
rates; however, it is crucial to administer a dose with BED 10  ≥100 Gy in order to 
achieve satisfactory results.     
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         Introduction 

 Worldwide, accounting for more than 1.4 million deaths per year, lung cancer (LC) 
is the leading cause of cancer-related mortality [ 1 ]. LC has customarily been classi-
fi ed into two main histological types: small-cell LC (SCLC) and non-small- cell LC 
(NSCLC). Previously called oat cell carcinoma, SCLC accounts for approximately 
15 % all LC, while the more common NSCLC constitutes the remaining 85 % of 
which 40 % are adenocarcinoma (AC), 25–30 % are squamous cell carcinoma 
(SCC), and 10–15 % are large cell carcinomas [ 2 ,  3 ]. 

 The most important behavioral risk factor is tobacco abuse which directly relates 
with more than 85 % of all cases of LC [ 2 ,  4 ]. The casual relationship between smok-
ing and LC is well established without any doubt since the middle of the twentieth 
century [ 5 ,  6 ]. An extensive number of studies have demonstrated that smokers have 
a relative 15- to 30-fold increased risk for LC compared with nonsmokers [ 6 ]. 
Despite the positive trend of a reduction in smoking habits in the general population 
as a result of smoking cessation programs, it is estimated that LC will keep on being 
a major health problem for the next 40–50 years [ 2 ]. There is likewise satisfactory 
confi rmation to reason that exposure to “passive smoking” can cause LC. Supporting 
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this, the number of never-smoker LC cases has increased lately which might either 
be an aftereffect of passive smoking, exposure to other air pollutants, or both or 
unidentifi ed carcinogenic agents [ 4 ]. Regardless of the exact causative, it is clear that 
any increment in cessation of smoking habits in general community will undoubt-
edly translate into reduced rates of LC in passive smokers as well.  

     Lung Cancer Screening   

 Screening for breast, colon, stomach, and prostate cancers has a long history, while 
LC screening has only recently been implemented into the radiologic and clinical 
practice of most health-care centers with the advent of low-dose computed tomog-
raphy (LDCT). The expanded enthusiasm for performing LC screening with LDCT 
is in large part based on the outcomes of the National Lung Screening Trial (NLST), 
which exhibited reduced mortality from LC in high-risk patients screened with 
serial LDCT examinations [ 7 ]. As a consequence, the National Comprehensive 
Cancer Network (NCCN), the American Lung Association, the American College 
of Chest Physicians with the American Society for Clinical Oncology, and the 
American Association for Thoracic Surgery have all published recommendations 
regarding the screening of high-risk individuals. These societies recommend that 
screening with LDCT be considered for the individuals meeting the following crite-
ria: (a) 55–74 years of age and (b) current and former smokers with a smoking his-
tory of 30 pack-years. The NCCN guidelines suggest that screening should also be 
considered for individuals who are 50 years of age with a 20-pack-year smoking 
history and at least one additional risk factor including the chronic obstructive pul-
monary disease, pulmonary fi brosis, radon or occupational exposure, personal his-
tory of cancer, or family history of LC. The American Association for Thoracic 
Surgery has recommended screening for all LC survivors as well. 

 As a result of LC screening with LDCT, it is rational to anticipate that the per-
centage of early-stage LC will increase likewise the stage migration experienced in 
prostate cancer patients with the routine use of prostate-specifi c antigen. This may 
also translate into a relative increase in LC survivors and willingly reduced 
LC-related mortality rates in the near future.  

     Biology of Lung Cancer   

 Albeit any comprehensive discussion of biologic changes in LC cells is beyond the 
scope of this manuscript, a short introductory summary will be presented owing to its 
strong impact on oncological practice. The application of advanced molecular biology 
techniques to LC research has led to the recognition of LC as a molecularly diverse set 
of tumor types [ 8 ,  9 ]. The unique commonality of these tumors is their origination in 
the lung. Classifi cation of LC is signifi cantly more complex than the shortsighted 
gathering into SCLC and NSCLC variants that was once thought to speak to a homo-
geneous tumor population with an equivalent outcome when treated in a comparative 
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manner [ 10 ]. Although the light microscopy-based subdivision of LC may distinguish 
the biologic behavior of a clinically indolent pure-type bronchoalveolar carcinoma 
from the highly invasive and rapidly progressing AC or an exceedingly aggressive and 
dedifferentiated sarcomatoid variant of NSCLC with high accuracy, yet the light 
microscopy uses only one of numerous phenotypic manifestations of the underlying 
genetic changes. Like other cancers, LC development is a consequential result of a 
multistep malignant transformation of normal respiratory epithelium either on account 
of genetic susceptibility or following exposure to carcinogens, such as tobacco smoke, 
or both. In this regard, the Noguchi classifi cation of lung AC represents an honorable 
effort by relating the tumor histology with radiologic and clinical characteristics [ 10 ], 
which resulted in identifi cation of atypical adenomatous hyperplasia and AC in situ as 
preinvasive neoplastic lung lesions that serve as precursors to invasive AC (A, B, and 
C types) with excellent survival outcomes at the one end of the malignant transforma-
tion spectrum and highly aggressive solid type AC (D, E, and F types) with a well- 
recognized poor prognosis at the other end. 

    Staging of NSCLC 

 The updated American Joint Committee on Cancer seventh edition [ 11 ] tumor- node- 
metastasis (TNM) staging manual for NSCLC was published in early 2010 and rec-
ommended for clinical use (Table  6.1 ). The new staging system incorporates major 
changes that allows for an improved stratifi cation capacity in prognostic gathering of 
NSCLC patients. The “T” status of tumors has been categorized into less than 2 cm 
(T1a), 2–3 cm (T1b), 3–5 cm (T2a), 5–7 cm (T2b), and greater than 7 cm (T3), while 
no change in the “N” descriptors has been made in the new staging system. Based on 
the absence (M1a) or presence (M1b) of extrathoracic disease, the “M” status has 
been redefi ned by dividing into two descriptors. Because of its poorer prognosis 
compared with the rest of the T4 descriptors, the presence of malignant pleural effu-
sion has been upstaged to M1a. Another major change is the redefi nition of addi-
tional nodules in the same lobe (T3) and other ipsilateral lobes (T4).

   Recent advances in procedures like computerized tomography (CT), 
18 F-fl uorodeoxyglucose positron emission tomography-CT (FDG-PET/CT), mag-
netic resonance imaging (MRI), endobronchial ultrasound-guided fi ne-needle aspi-
ration, and mediastinoscopy have increased the accuracy of clinical staging of 
NSCLC. Although the accuracy of staging is vital in deciding appropriate treat-
ment, it is problematic that the execution of diverse imaging tools varies signifi -
cantly. Typically, CT is used to assess the anatomic extent of the primary tumor and 
lymph nodes and defi ne borders of the critical organs, while FDG-PET improves the 
detection of nodal and extrathoracic metastatic disease and discrimination between 
collapsed lung segments from the solid tumor component which may alter treatment 
decisions or radiation fi elds. Similarly, MRI imaging can demonstrate valuably in 
assessing the tumor extension into the chest wall, vertebral bodies, spinal canal, 
brachial plexus, esophagus, and heart and in detecting brain metastasis [ 12 ]. Albeit 
every imaging methodology has its pros and cons, use of appropriately selected 
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   Table 6.1    Staging of non-small-cell lung carcinoma according to AJCC 7th edition [ 11 ]   

 Primary tumor (T) 

 TX  Primary tumor cannot be assessed or tumor proven by the presence of 
malignant cells in sputum or bronchial washings but not visualized by imaging 
or bronchoscopy 

 T0  No evidence of primary tumor 

 Tis  Carcinoma in situ 

 T1  Tumor 3 cm or less in greatest dimension, surrounded by the lung or visceral 
pleura, without bronchoscopic evidence of invasion more proximal than the 
lobar bronchus (e.g., not in the main bronchus) a  

 T1a  Tumor 2 cm or less in greatest dimension 

 T1b  Tumor more than 2 cm but 3 cm or less in greatest dimension 

 T2  Tumor more than 3 cm but 7 cm or less or tumor with any of the following 
features (T2 tumors with these features are classifi ed T2a if 5 cm or less): 
involves main bronchus, 2 cm or more distal to the carina; invades visceral 
pleura (PL1 or PL2); associated with atelectasis or obstructive pneumonitis 
that extends to the hilar region but does not involve the entire lung 

 T2a  Tumor more than 3 cm but 5 cm or less in greatest dimension 

 T2b  Tumor more than 5 cm but 7 cm or less in greatest dimension 

 T3  Tumor more than 7 cm or one that directly invades any of the following: 
parietal pleural (PL3), chest wall (including superior sulcus tumors), 
diaphragm, phrenic nerve, mediastinal pleura, parietal pericardium; or tumor in 
the main bronchus less than 2 cm distal to the carina1 but without involvement 
of the carina; or associated atelectasis or obstructive pneumonitis of the entire 
lung or separate tumor nodule(s) in the same lobe 

 T4  Tumor of any size that invades any of the following: the mediastinum, heart, 
great vessels, trachea, recurrent laryngeal nerve, esophagus, vertebral body, 
carina, separate tumor nodule(s) in a different ipsilateral lobe 

 Regional lymph nodes (N) 

 NX  Regional lymph nodes cannot be assessed 

 N0  No regional lymph node metastases 

 N1  Metastasis in ipsilateral peribronchial and/or ipsilateral hilar lymph nodes and 
intrapulmonary nodes, including involvement by direct extension 

 N2  Metastasis in ipsilateral mediastinal and/or subcarinal lymph node(s) 

 N3  Metastasis in contralateral mediastinal, contralateral hilar, ipsilateral or 
contralateral scalene, or supraclavicular lymph node(s) 

 Distant metastasis (M) 

 M0  No distant metastasis 

 M1  Distant metastasis 

 M1a  Separate tumor nodule(s) in a contralateral lobe, tumor with pleural nodules or 
malignant pleural (or pericardial) effusion b  

 M1b  Distant metastasis in extrathoracic organs 

 Anatomic stage/prognostic groups 

 Occult 
carcinoma 

 TX N0 M0 

 Stage 0  Tis N0 M0 
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multiple imaging modalities in conjunction with minimally invasive procedures 
may prove benefi cial in minimizing the inherent inferiorities of each modality and 
may allow better staging of the disease.   

     Prognostic Factors   

 A prognostic factor (PF) is defi ned as a variable independent of the treatment that 
will be assessed before any treatment and correlated to an evaluation end point that 
is valuable in estimating the patient’s future. The role of therapeutic variables may 

Table 6.1 (continued)

 Stage IA  T1a N0 M0 

 T1b N0 M0 

 Stage IB  T2a N0 M0 

 Stage IIA  T2b N0M0 

 T1a N1 M0 

 T1b N1 M0 

 T2a N1 M0 

 Stage IIB  T2b N1 M0 

 T3 N0 M0 

 Stage IIIA  T1a N2 M0 

 T1b N2 M0 

 T2a N2 M0 

 T2b N2 M0 

 T3 N1 M0 

 T3 N2 M0 

 T4 N0 M0 

 T4 N1 M0 

 Stage IIIB  T1a N3 M0 

 T1b N3 M0 

 T2a N3 M0 

 T2b N3 M0 

 T3 N3 M0 

 T4 N2 M0 

 T4 N3 M0 

 Stage IV  Any T any N M1a 

 Any T any N M1b 

   a The uncommon superfi cial spreading tumor of any size with its invasive component limited to the 
bronchial wall, which may extend proximally to the main bronchus, is also classifi ed as T1a 
  b Most pleural (and pericardial) effusions with lung cancer are due to tumor. In a few patients, 
however, multiple cytopathologic examinations of pleural (pericardial) fl uid are negative for 
tumor, and the fl uid is nonbloody and is not an exudate. Where these elements and clinical judg-
ment dictate that the effusion is not related to the tumor, the effusion should be excluded as a stag-
ing element and the patient should be classifi ed as M0  
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also be analyzed by extension [ 13 ]. Disease stage, with its prognostic and opera-
tional values, is of now the strongest PF in patients with NSCLC for the defi nitive 
objective of survival. Other commonly reported PFs include gender, age, perfor-
mance status, weight loss prior to or during treatment, histology, hemoglobin level, 
some primary tumor characteristics such as tumor size and local extension, hilar or 
mediastinal neoplastic infi ltration, and number and bulk of involved lymph nodes 
[ 13 ,  14 ]. Some other variables have also been suggested less frequently as PFs in 
NSCLC but their true value are still debated as reported outcomes vary between 
studies. Clearly confi rmed and limitedly suggested but not proven yet PFs of 
NSCLC can be systematically assigned to four separate groups as summarized in 
Table  6.2 .

   Locally advanced NSCLC (stage IIIA/B) is diagnosed in a highly heterogeneous 
group of patients for which multimodality treatment approach is usually recom-
mended as the standard treatment. However, there are extensive inconsistencies in 
the therapeutics that can be proposed, while some patients are receiving surgery as 
a part of the treatment others are treated with induction protocols or defi nitive con-
current chemoradiotherapy (C-CRT), and a few receiving either only palliative TRT 

   Table 6.2    Prognostic factors for non-small-cell lung carcinomas   

 Biologic variables 
 Patient’s 
characteristics 

 Tumor 
characteristics  Treatment parameters 

 Calcium levels  Weight loss  Histological grade  Adjuvant chemotherapy to 
surgery 

 Lactate dehydrogenase 
alkaline phosphatase 
leukocytosis 

 Comorbidity  Metastasis status  Type of chemotherapy 

 Neutrophil count  Smoking status  Number of 
metastatic sites 

 Concurrent 
chemoradiotherapy 

 Hemoglobin level  Body mass 
index 

 Cancer-related 
symptoms 

 Overall treatment interval 
for radiotherapy 

 Ethnicity  Vascular or local 
invasion, 
malignant pleural 
effusion 

 Objective response to 
treatment 

 Primary tumor site  Expertise of the medical 
team  Tumor size 

 Lymph node status 

 Laterality of 
involved nodes 

 Bulk of involved 
nodes 

 Number of 
involved nodal 
stations 

 Number of 
involved nodes 
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or chemotherapy or both. There is strong enthusiasm for discovering strong PFs in 
LA-NSCLC in order to accumulate patients into more homogeneous gatherings of 
individuals with similar outcomes, permitting a fi tting comparison among studies 
and eventually selecting those patients at higher risk and in need of more intensive 
therapy. 

 In a recent literature review by Berghmans et al. [ 13 ], prognostic worthiness of 
conventional, metabolic, and biologic variables in stage III patients was assessed. 
The authors reviewed the literature on this topic and separated the available infor-
mation into three groups: conventional PFs, metabolic criteria (standardized uptake 
value [SUV] measured on 18F-FDG-PET), and new biomarkers. Outcomes of this 
review demonstrated that the subgroup of stage (IIIA vs. B), high performance sta-
tus, young age, female gender, and absence of weight loss appeared to be the most 
prominent determinants on survival outcomes in patients treated with any treatment 
modality, while in surgical series, patients presenting with a TN or a mediastinal 
downstaging, an objective response after induction chemotherapy (ICT), or a com-
plete tumoral resection had an improved survival with a specifi c emphasis on clini-
cal or pathological positive N2 status being associated with poorer prognosis. 
Overall among all evaluated conventional PFs, the disease substage and perfor-
mance status were reported to be the principal factors associated with survival. 
Metabolically, although higher average SUV (SUVavg) and SUVmax values were 
reported to be associated with poorer survival outcomes, considering the availability 
of only limited number of studies particularly addressing the impact of PET-based 
measurements in LA-NSCLC patients, the authors impacted the need for further 
confi rmatory evidence. Regarding the novel biologic markers, the authors suggested 
a potential prognostic value for p53, Bcl-2, the apoptotic index, hMSH2, cyclin D1, 
and DR5 receptor of the rhTRAIL [ 13 ]. 

 Although no specifi c emphasis was made in the abovementioned review, another 
strong PF is the anaplastic lymphoma kinase (ALK) gene rearrangements. First 
discovered by Soda et al. in 2007 [ 15 ], ALK rearrangements are either inversions or 
translocations of the ALK-tyrosine kinase (-TK) receptor gene with other fusion 
partners, whose product invariably consists of a constitutively activated receptor TK 
with pro-oncogenic effects [ 16 ]. As a consequence, tumors with ALK rearrange-
ments are addicted to ALK signaling, thus being effectively inhibited by small mol-
ecules ALK-TK inhibitors [ 17 ]. Approximately 4–5 % of all NSCLC cases are 
ALK- rearranged (ALK+) and this is, apart from rare exceptions, mutually exclusive 
with other oncogenic drivers (e.g., EGFR and KRAS mutations) [ 18 ]. 

 In addition, although the incidence of ALK+ NSCLC is much higher in patients 
with certain clinicopathologic characteristics such as never/light smoking history, 
young age (median age of onset 52 years), and AC histology (commonly showing 
distinct solid or acinar growth patterns with or without signet-ring cell histology), it 
is not possible to rule out the possibility of an ALK rearrangement solely on the 
basis of the aforementioned features [ 18 ,  19 ]. Therefore, it can be expected that also 
SCCs could be considered for ALK testing, as recently acknowledged by NCCN 
guidelines, particularly in patients with a never/light smoking history, small biopsy 
specimens or mixed histology. 
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 In retrospective clinical studies, the ALK inhibitor crizotinib has been reported 
to be effective in advanced NSCLC patients. However its effi cacy compared with 
the standard chemotherapy as fi rst-line treatment for advanced ALK+ NSCLC was 
not known until recently. The PROFILE 1014 study was an open-label phase 3 trial 
comparing fi rst-line platinum/pemetrexed chemotherapy versus crizotinib in 343 
patients with ALK+ advanced non-SCC NSCLC and showed that crizotinib signifi -
cantly improved progression-free survival (PFS) and overall response rate (ORR) 
with an acceptable safety profi le, thus establishing crizotinib as standard of care for 
patients with previously untreated ALK+ disease [ 20 ].  

    Treatment of LA-NSCLC 

 Since stage III disease represents more than 35 % of all newly diagnosed cases of 
NSCLC, improving outcomes for these patients has been an area of active research. 
Despite the fact that gains have been made in the workup, staging, and treatment, 
yet, critical clinical diffi culties still remain to be solved. Development of a “class 
solution” for all stage III patients is virtually impossible because of signifi cant het-
erogeneities within stage and patients groups which signifi cantly contribute to clini-
cal outcomes, such as the baseline pulmonary function status, the extent of nodal 
involvement (single vs. multistation disease), invasion of vital organs, and coexist-
ing comorbidities. 

 A signifi cant proportion of NSCLC is diagnosed confi ned to the thorax and not 
amenable to potentially curative resection because of invasion of adjacent structures 
and/or LN metastases. By defi nition of AJCC (7th ed.) staging system, these patients 
have stage III disease and the optimal management of this large and heterogeneous 
population remains controversial. Another ongoing controversy is associated with 
the 15 % of all stage III NSCLC patients who are initially considered as suitable 
candidates for surgery. For patients with stage IIIA (N2) tumors, Detterbeck reported 
that a substantial proportion of patients judged to be resectable end up undergoing 
an R1,2 resection, which calls into question both the accuracy and exact defi nition 
of the term “resectable” [ 21 ]. This data also underscores the vitality of accurate 
preoperative staging of mediastinal LNs in patients with potentially resectable 
NSCLC for prevention of unnecessary surgery and related potential complications. 

    Radiotherapy Alone 

 Due to its favorable characteristics such as relative well tolerance and ability to offer 
satisfactory symptom palliation, thoracic radiotherapy (TRT) has been utilized for 
decades in management of LA-NSCLC patients. In 1968, the Veterans’ Affairs 
group reported the outcomes of their study comparing TRT with best supportive 
care in LA-NSCLC, in which TRT was demonstrated to improve median OS time 
[ 22 ]. Similarly, another randomized study by Reinfuss et al. [ 23 ] confi rmed that the 
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2-year OS was superior with immediate 50 Gy TRT than with observation and late 
palliative TRT when severe local symptoms developed (18 % vs. 0 %). Based on 
these results, TRT gained wide acceptance as the mainstay of LA-NSCLC treatment 
during this time period. 

 In the benchmark RTOG 73-01 trial, continuous course of 50 or 60 Gy TRT was 
compared with either 40 Gy split-course or continuous-course TRT and its results 
demonstrated that continuous-course 60 Gy TRT arm had the lowest 3-year thoracic 
recurrence rates compared to 50 Gy or 40 Gy split-/continuous-course TRT (33 % 
vs. 42 % vs. 52 %/44 %;  p  = 0.02) [ 24 ]. After the publication of these results, con-
tinuous-course 60 Gy TRT has then been adopted as the standard RT schedule all 
over the world. However, despite of this improvement in outcomes, yet the reported 
respective median and 5-year OS rates were unacceptably low being only 
9–10 months and 3–6 % in prospective randomized trials TRT [ 24 – 26 ]. Additionally, 
the unacceptable high rates of locoregional and distant failures led to conduction of 
further studies to enhance thoracic and distant control rates with different TRT strat-
egies and addition of systemic chemotherapy [ 24 – 26 ]. Considering the TRT, vari-
ous altered fractionation regimens have been implemented to improve thoracic 
control rates [ 27 – 29 ]. The RTOG 83-11 trial has investigated the impact of hyper-
fractionated RT (HFRT; 1.2 Gy b.i.d.) and reported that the survival of a subgroup 
of patients with favorable PFs who received HFRT ≥69.6 Gy was superior than 
those treated with conventionally fractionated 60 Gy [ 29 ]. Later, continuous hyper-
fractionated accelerated RT (CHART) was tested against standard fractionation in 
LA-NSCLC patients and showed better outcomes with this novel approach [ 30 ]. 
Because this treatment design was extremely complicated for daily clinical practice, 
several studies attempted to modify this regimen either by omitting weekend days 
or by adding neoadjuvant chemotherapy to original regime. However, considering 
that the underlying radiobiologic principle of CHART was acceleration of TRT to 
combat with accelerated tumor repopulation, such efforts clearly destructed this 
principle. Resultantly, it was not surprising that the CHART weekend-less 
(CHARTWEL) trial which compared 66 Gy in 33 daily fractions with 60 Gy in 40 
fractions in 18 treatment days (t.i.d.) was not able to demonstrate a survival advan-
tage favoring CHARTWEL [ 31 ]. 

 Evidence coming from altered fractionated TRT alone studies reconfi rmed that 
both the locoregional and distant control rates were far lower than the acceptable 
limits and stressed the need for implementation of chemotherapy into the treatment 
protocols in order to enhance both locoregional control and combat possible distant 
(microscopic) spread which is not addressed by the TRT. The outcomes of initial 
investigations designed with that goal were frustrating as they were not different 
than those obtained with TRT alone. However, chemotherapy was usually adminis-
trated adjuvantly when RT-induced fi brotic changes in lungs prevented successful 
blood/drug perfusion and consisted of less effective non-platinum-based drugs in 
these fi rst trials [ 32 ,  33 ]. As a consequential result of such unsuccessful attempts, 
paradigm changed in favor of platinum-based chemotherapies either neoadjuvant to 
or concurrent with TRT.  
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    Induction (Neoadjuvant) Chemotherapy Followed by TRT 

 ICT strategies mainly aims (1) to decrease tumor burden to permit reduced volume 
TRT, (2) to eradicate distant micrometastatic disease which may probably be pres-
ent before initiation of intended treatment, (3) to increase drug delivery to the tumor 
delivery before the settlement of fi brotic lung changes, and (4) to achieve this latter 
aim with lessened rates of severe toxicities, particularly the pneumonitis and esoph-
agitis. Because of these theoretic advantages and unacceptably higher rates of 
locoregional and/or distant failures with TRT alone, several RCTs of ICT followed 
by TRT versus TRT alone were conducted and demonstrated a survival benefi t 
favoring ICT regimens over TRT alone. 

 The Cancer and Leukemia Group B 8433 trial was the landmark RCT which 
compared ICT and TRT combination versus TRT alone in 155 LA-NSCLC 
patients with good performance status and minimal weight loss [ 34 ]. ICT con-
sisted two cycles of cisplatin and vinblastine combination. TRT to a total dose of 
60 Gy (2 Gy/day) was received by the both arms and began on day 50 in the ICT 
plus TRT arm. Although the addition of chemotherapy did not impair the ability 
to deliver TRT and there were no toxic deaths on either arm, the addition of ICT 
increased the number of hospital admissions for vomiting (5 % vs. 0 %) and 
infection (7 % vs. 3 %). The CALGB authors reported signifi cantly improved 
median (13.8 vs. 9.7 months,  p  = 0.0066) and 3-year (23 % vs. 11 %) OS rates 
with ICT in the initial report [ 34 ], which was later confi rmed with the updated 
7-year outcomes [ 35 ]. 

 The RTOG/ECOG intergroup trial randomized 458 LA-NSCLC patients with 
favorable prognosis (Karnofsky performance status of ≥70 and weight loss less than 
5 %) to one of (1) standard 60 Gy TRT (2 Gy day), (2) two cycles of ICT followed 
by standard 60 Gy TRT (2 Gy day), and (3) twice-daily 69.6 Gy TRT (1.2 Gy, b.i.d.) 
arms. The median OS was statistically superior in the ICT plus TRT arm than both 
the standard 60 Gy TRT and twice-daily 69.6 Gy TRT arms (13.8 vs. 11.4 vs. 
12.3 months;  p  = 0.03), respectively [ 36 ]. But, long-term OS rate was unfortunately 
less than 10 % at an update report [ 37 ]. 

 In a French phase III trial, Le Chevalier et al. [ 38 ] reported the comparative 
results of 353 LA-NSCLC enrolled on to TRT alone (65 Gy in 2.5 Gy/day) or 
3-monthly cycles of cisplatin-based chemotherapy followed by the same TRT and 
followed again by the same chemotherapy. The distant metastasis rate was signifi -
cantly lower in the ICT group ( p  < 0.001) with signifi cantly increased median (12 
vs. 10 months;  P  = 0.02) and 2-year OS (21 % vs. 14 %) rates. But unfortunately, 
long-term results demonstrated that the local control rate was only 8 % at 5 years 
with only 6 % (ICT plus TRT) and 3 % (TRT alone) survivors [ 39 ], pointing out the 
vital importance of successful locoregional control in achievement of prolonged 
survival. A later randomized phase III study by Medical Research Council enrolling 
447 LA-NSCLC patients also confi rmed the superiority of cisplatin-based ICT fol-
lowed by TRT over TRT alone (13.0 vs. 9.9 months,  p  = 0.056) strategy [ 40 ], despite 
of the fact that the TRT dose was minimal (50 Gy) compared to the currently prac-
ticed range: 60–74 Gy. 
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 A new method of ICT for stage LA-NSCLC, constituting intratumoral chemo-
therapy with paclitaxel liposome combined with systemic chemotherapy combina-
tion of carboplatin and gemcitabine, was just recently reported by Lu et al. [ 41 ]. In 
this study, paclitaxel liposome was injected at 1–3 mg/ml concentration into the 
tumor lesion and proven involved lymph nodes of 48 patients by CT-guided percu-
taneous fi ne-needle intratumoral injection on days 1 and 8. Patients were also given 
three cycles of systemic carboplatin and gemcitabine. The overall objective response 
rate was 81 % with 36 (75 %) partial and 2 (4.2 %) complete responders. However, 
the observed 16.5 and 23.2 months of median PFS and OS times were not superior 
than the range recently reported with C-CRT. 

 Superiority of ICT followed by TRT over TRT alone is also supported by the 
evidence provided three large meta-analyses. The authors of Non-small Cell Lung 
Cancer Collaborative Group meta-analysis [ 42 ] reported a 13 % reduction in overall 
mortality with implementation of ICT to TRT which translated into 4 % absolute 
survival benefi t at 2 years. In another meta-analysis by Marino et al. [ 43 ], a 30 % 
reduction in 2-year mortality rates (HR: 0.70) was reported for ICT. Similarly, in 
meta-analysis of Pritchard and Anthony [ 44 ], ICT reduced overall mortality by 
13 % (HR 0.87).  

    Concurrent Chemoradiotherapy 

 As detailed in the above sections, several phase III trials and meta-analyses have 
demonstrated a survival benefi t for ICT and preferably induction C-CRT. However 
these strategies are also associated with potential disadvantages including (1) exces-
sive chemotherapy-induced toxicity preventing or delaying the delivery of full TRT 
dose; (2) prolonged overall treatment time; (3) chemotherapy-induced tumor cell 
resistance which may potentially result in reduced TRT effi cacy; (4) accelerated 
tumor cell repopulation, expected also to occur during the chemotherapy phase of 
the combined treatment; (5) potential for technically more diffi cult and complicated 
surgery; and (6) potentially less effective TRT due to the time gap between two 
courses of irradiation, namely, split-course TRT, if R0 resection cannot be achieved. 

 Although induction strategies proved benefi cial compared to TRT alone, reports 
of locoregional failure rates up to 85 % were unacceptable. Therefore, this has 
raised the question as to whether delivering full-dose TRT and chemotherapy con-
currently and in a defi nitive manner without surgical attempts could improve out-
comes by reducing both local and distal failures. In this respect two benchmark 
RCTs have compared defi nitive C-CRT with induction protocols in LA-NSCLC 
patients [ 45 ,  46 ]. 

 In RTOG-9410 trial, a total of 610 patients were randomly assigned to two con-
current regimens and one sequential chemotherapy and TRT regimen in a three- arm 
phase III trial [ 45 ]. The induction arm included cisplatin at 100 mg/m 2  on days 1 and 
29 and vinblastine at 5 mg/m 2  per week for 5 weeks with 63 Gy TRT delivered as 
once-daily fractions beginning on day 50. Arm 2 used the same chemotherapy regi-
men as arm 1 with 63 Gy TRT delivered as once-daily fractions beginning on day 1. 
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Arm 3 used cisplatin at 50 mg/m 2  on days 1, 8, 29, and 36 with oral etoposide at 
50 mg twice daily for 10 weeks on days 1, 2, 5, and 6 with 69.6 Gy delivered as 
1.2 Gy twice-daily fractions beginning on day 1. The OS outcome was signifi cantly 
improved in the concurrent arm with once-daily radiation to 60 Gy when compared 
with the induction arm with regard to median survival time (17.0 vs. 14.6 months; 
 p  = 0.046), 4-year survival (17 % vs. 12 %), and local control (65.6 % vs. 59.2 %) 
rates. Although late toxicity was similar in all groups at median 6 years, this clinical 
advantage was achieved at cost of increased rates of acute grade ≥3 toxicities: 30 % 
in the induction, 48 % in the daily C-CRT, and 62 % in the hyperfractionated C-CRT 
arms, respectively. 

 West Japan Lung Cancer Group (WJLCG) performed a phase III study to deter-
mine whether concurrent or sequential treatment improves survival in 320 unresect-
able stage III NSCLC patients [ 46 ]. Patients were enrolled on one of the two 
treatment arms: In the concurrent arm, chemotherapy consisted of cisplatin (80 mg/
m 2  on days 1 and 29), vindesine (3 mg/m 2  on days 1, 8, 29, and 36), and mitomycin 
(8 mg/m 2  on days 1 and 29). TRT began on day 2 at a dose of 28 Gy (2 Gy per frac-
tion) followed by a rest period of 10 days, and then the same schedule was repeated. 
In the induction arm, the same chemotherapy was given, but TRT was initiated after 
completing chemotherapy and consisted of 56 Gy (2 Gy per fraction). The overall 
objective response rate (84.0 % vs. 66 %;  p  = 0.0002) and the median OS duration 
(16.5 vs. 13.3 months;  p  = 0.03998) were signifi cantly better in the C-CRT arm. 
Confi rming the long-term superiority of the C-CRT over the induction protocol, at 
5 years the percentage of survivors were comparatively almost doubled in the 
C-CRT arm (15.8 % vs. 8.9 %) which was possibly associated with improved 
locoregional thoracic disease control (50 % vs. 35 %). However, this survival advan-
tage was achieved again at the cost of increased rates of acute toxicity. 

 Recently, Yamamoto et al. [ 47 ] presented the data from a phase III trial of C-CRT 
(WJTOG0105) which was conducted to compare third- with second-generation 
chemotherapy in patients with unresectable stage III NSCLC. Eligible patients 
received the following treatments: (A) (control) four cycles of mitomycin (8 mg/m 2  
on day 1)/vindesine (3 mg/m 2  on days 1, 8)/cisplatin (80 mg/m 2  on day 1) plus TRT 
60 Gy (1-week treatment break); (B) weekly irinotecan (20 mg/m 2 )/carboplatin 
(AUC = 2) for 6 weeks plus TRT 60 Gy, followed by two courses of irinotecan 
(50 mg/m 2  on days 1, 8)/carboplatin (AUC = 5 on day 1); and (C) weekly paclitaxel 
(40 mg/m 2 )/carboplatin (AUC = 2) for 6 weeks plus TRT 60 Gy, followed by two 
courses of paclitaxel (200 mg/m 2  on day 1)/carboplatin (AUC = 5 on day 1). The 
median OS time and 5-year survival rates were 20.5, 19.8, and 22.0 months and 
17.5, 17.8, and 19.8 % in arms A–C, respectively. While no signifi cant differences 
in OS times were apparent among the treatment arms, noninferiority of the experi-
mental arms was not achieved. This study confi rmed effectiveness of third- 
generation chemotherapy and concurrent TRT in the setting of unresectable stage 
III NSCLC. 

 Segawa et al. [ 48 ] in a similar study reported on a phase III trial comparing 
docetaxel and cisplatin combination with mitomycin, vindesine, and cisplatin com-
bination chemotherapy with C-CRT in LA-NSCLC. Patients ( n  = 200) were 
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randomly assigned to two arms consisting of docetaxel 40 mg/m 2  and cisplatin 40 
mg/m 2  on days 1, 8, 29, and 36 or mitomycin, vindesine, and cisplatin chemother-
apy with concurrent TRT. The 2-year OS (60.3 % vs. 48.1 %) was favorable in the 
docetaxel and cisplatin arm ( p  = 0.059) with strong trend approaching statistical sig-
nifi cance. Moreover, grade 3 febrile neutropenia (22 % vs.39 %;  p  = 0.012) occurred 
less often in the docetaxel and cisplatin arm in cost of a nonsignifi cant trend for 
higher grade 3–4 radiation-induced esophagitis incidence (14 %vs. 6 %;  p  = 0.056). 
Therefore, docetaxel and cisplatin combination appears to be a good alternative for 
mitomycin, vindesine, and cisplatin combination. 

 In the meta-analysis by O’Rourke et al. [ 49 ], the authors identifi ed 19 random-
ized studies including 2,728 patients enrolled on C-CRT versus TRT alone and 
reported that C-CRT signifi cantly reduced overall risk of death by 29 % (HR: 0.71) 
and improved PFS by 31 % (HR: 0.69). C-CRT improved OS by 26 % compared to 
induction chemotherapy followed by TRT which corresponds to a 10 % absolute 
survival benefi t at 2 years. However, there was increased severe esophagitis with 
C-CRT (RR: 4.96). 

 In another meta-analysis, Liang et al. [ 50 ] systematically reviewed 11 trials 
( N  = 2,043 patients; C-CRT = 1,019, ICT = 1,024) that compared C-CRT with ICT 
followed by TRT. Results confi rmed that C-CRT was associated with statistically 
signifi cant increase in median OS (16.3 vs.13.9 months; OR: 1.17), response rate 
(64.0 % vs. 56.3 %; OR: 1.38), and tumor-relapse control (OR: 0.82), Again these 
gains were attained at the expense of increased hematologic (neutropenia and 
thrombocytopenia) and non-hematologic toxicities (nausea, vomiting, stomatitis, 
and esophagitis). 

 The fi nal meta-analysis on this issue was reported by Aupérin et al. [ 51 ] utilizing 
updated individual patient data. Combined results of the included trials were 
obtained using the stratifi ed log-rank test in order to calculate pooled HRs. Of seven 
eligible trials, data from six trials including 1,205 patients were received which cor-
responds to 92 % of all randomly assigned patients to date. Similar to previous 
meta-analyses, the results favored the C-CRT over the induction strategies in terms 
of OS (HR: 0.84;  p  = 0.004), with an absolute 5.7 % increment at 3 years (23.8 % vs. 
18.1 %) and 4.5 % at 5 years. There was a strong trend favoring C-CRT for PFS 
(HR: 0.90;  p  = 0.07). C-CRT reduced locoregional progression (HR: 0.77;  p  = 0.01) 
with no benefi cial impact on distant failures (HR = 1.04;  p  = 0.69).C-CRT again 
increased acute grade 3–4 esophageal toxicity (18 % vs. 4 %; RR: 4.9;  p  < 0.001), 
but no signifi cant difference regarding acute pulmonary toxicity was observed. The 
results of this meta-analysis clearly demonstrated that compared to ICT plus TRT 
the C-CRT improved survival of LA-NSCLC patients, mainly because of a superior 
locoregional control in absence of any benefi t at distant sites, underlining the need 
for more effi cacious systemic therapeutics. 

 Although many concerns remain to be investigated, such as the determination of 
best drug combination, optimal fractionation of TRT, utility of targeted agents during 
the C-CRT course, conjugation of novel immunotherapies, etc., available evidence 
from landmark phase III RCTs and their combined analyses in large meta- analyses 
clearly set the C-CRT as the current best treatment option for patients with 
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unresectable stage IIIA-B NSCLC. However, because all enrolled patients had to be 
medically well conditioned according to the predefi ned eligibility criteria, these 
results also suggest that intensifi ed therapies remain suitable for select fi t patients, 
rather than being a common strategy for all LA-NSCLC patients regardless of their 
overall health status. Therefore, choosing the best regimen for patients with a less 
favorable health profi le remains an open question. In this respect, the results of a 
South West Oncology Group phase II trial investigating comparing concurrent 
administration of carboplatin and etoposide during TRT in performance scores 0–1 
versus 2 LA-NSCLC patients demonstrated equivalent toxicity and survival out-
comes between two groups, suggesting that medically frail patients may be treated 
with acceptable success rates similar their well-conditioned counterparts [ 52 ]. 

 In conclusion, based on the results of two benchmark phase III RCTs and three 
meta-analyses, C-CRT with administration of full-dose chemotherapy and 60–66 Gy 
TRT is the current standard form of therapy for medically fi t inoperable LA-NSCLC 
patients. Therefore ICT protocols or less intense C-CRT regimes should be reserved 
only for medically frail patients and those patients with heavy primary and/or medi-
astinal tumor load not permitting standard C-CRT because of excess severe toxicity 
risk.  

     Preoperative Chemoradiotherapy for Stage IIIA-N2 Patients   

 There is no consensus on the optimal treatment strategy of stage IIIA-N2 NSCLC 
and the outcomes are quite poor with surgery or TRT alone [ 53 ,  54 ]. Because the 
5-year OS rates are essentially under 10 % with either modality, pre- and postop-
erative chemotherapy and TRT have been incorporated to enhance poor rates. 
Induction therapies prior to surgery have the potential theoretical benefi ts such as 
(1) in vivo assessment of tumor responsiveness to classical chemotherapeutics and 
targeted agents, (2) higher likelihood of patients to tolerate intended chemotherapy 
and TRT doses, (3) improved resectability chance due to potential to downsizing or 
downstaging of the tumor, (4) improved chance for R0 resection due to early inter-
vention against occult microscopic tumor aggregates at the periphery of the pri-
mary tumor, (5) increased potential to achieve pN0, and (6) early intervention 
against occult systemic dissemination, if systemic chemotherapy and/or targeted 
therapy utilized. Conversely, disadvantages include (1) delayed surgery in nonre-
sponders of selected induction strategy, (2) possibility of lesser benefi t for patients 
with bulkier disease, (3) risk for disease progression and loss of resectability 
chance, and (4) potential for increased rates of morbidity and mortality if surgical 
resection requires pneumonectomy, including empyema, fi stula, neutropenia, 
esophagitis, tracheal stump leakage, wound infection, delayed wound recovery, 
and death. 

 Several small phase III trials randomized stage IIIA NSCLC patients either to 
surgery or three cycles of preoperative ICT and demonstrated improved clinical 
response, median, and overall survival rates with ICT and TRT of postoperative 
50 Gy [ 55 ,  56 ]. In a large multicenter European trial constituting 355 resectable 
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stage I (except T1N0), II, and IIIA NSCLC, patients evaluated whether preopera-
tive ICT could improve survival. Patients were randomized to receive either of 
surgery alone or two cycles pre- and postoperative mitomycin-C, ifosfamide, and 
cisplatin [ 54 ]. In both arms, patients with pT3 or pN2 disease received 50 Gy 
TRT. Overall response to ICT was 64 %. There were two preoperative toxic deaths. 
Postoperative mortality was 6.7 % in the ICT arm and 4.5 % in the non-ICT arm 
( p  = 0.38). A nonstatistically signifi cant increase in median OS (37 vs. 26 months; 
 p  = 0.15) and a statistically signifi cant improvement in DFS (26.7 vs. 12.9; 
 p  = 0.033 months) favored the ICT arm. A quantitative interaction between N status 
and treatment was observed, with benefi t confi ned to N0–1 patients (RR: 0.68; 
 p  = 0.027) with a statistically nonsignifi cant excess risk of death in stage IIIA 
patients. The more recent phase III randomized intergroup trial (Southwest 
Oncology Group Trial S9900) also compared the surgery alone with three cycles of 
induction carboplatin and paclitaxel followed by surgery [ 57 ]. The trial was closed 
early with 354 patients after reports of a survival benefi t for postoperative chemo-
therapy in other studies. The median PFS (33 vs. 20 months;  p  = 0.10) and OS (62 
vs. 41 months;  p  = 0.11) were numerically superior in ICT arm than the surgery-
alone arm but this superiority could not reach statistically signifi cance. Therefore, 
unfortunately again no demonstrable signifi cant survival advantage was achieved 
with addition of ICT to surgery. 

 Feasibility of induction C-CRT for stage IIIA disease has also been investigated. 
Southwest Oncology Group Trial 8805 included 126 patients with stage IIIA 
BNSCLC [ 58 ]. Patients were treated with two cycles of induction cisplatin and 
etoposide concurrent with TRT of 45 Gy before surgery. Surgery was attempted in 
patients with any objective response or stable disease. A C-CRT boost was given if 
either unresectable disease or positive margins or nodes was found. Although toxic-
ity was relatively low, and a majority of patients were able to undergo surgery, there 
was no signifi cant difference in survival between the IIIA and IIIB patients, and the 
3-year OS rate was 26 % which is not better than the currently reported rates with 
defi nitive C-CRT. Importantly, the strongest predictor of long-term survival after 
thoracotomy was absence of tumor in the mediastinal nodes at surgery (median OS 
= 30 vs. 10 months;  p  = 0.0005 and 3-year OS = 44 % vs. 18 %). 

 Interestingly, because the 3-year survival rate of 26 % after trimodality treatment 
was found to be encouraging by the investigators a subsequent phase III trial was 
conducted by the RTOG team to further test this protocol in a randomized manner 
[ 59 ]. In this trial induction, C-CRT followed by surgery was compared with imme-
diate defi nitive C-CRT in 202 patients with IIIA NSCLC. Patients were randomly 
assigned in a 1:1 ratio either to concurrent ICT (two cycles of cisplatin and etopo-
side) administered concurrent with 45 Gy TRT followed by surgery if no progres-
sion reported or defi nitive 61 Gy C-CRT groups, respectively. The primary end 
point was OS. Although the PFS was signifi cantly improved for patients who under-
went surgery (12.8 vs. 10.5 months;  p  = 0.017), there were no signifi cant differences 
in median- (23.6 vs. 22.2 months;  p  = 0.24) and 5-year OS rates (27 % vs. 20 %; 
 p  = 0.10). Treatment-related deaths were more common in the induction C-CRT 
(8 % vs. 2 %) than in defi nitive C-CRT group. Moreover, perioperative mortality 
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(30 days of postoperative period) rate for patients who underwent a pneumonec-
tomy (26 %) and particularly a right pneumonectomy (38 %) was unacceptably 
high. Respiratory and cardiac causes including acute respiratory distress syndrome 
appeared as the major causes of the higher than expected rates of postoperative 
mortality among pneumonectomy patients in an exploratory subgroup analysis. 
Matched patients analysis according to age, sex, performance status, and clinical 
T-stage suggested that patients undergoing pneumonectomy fared poorly when 
compared with the matched cohort of defi nitive C-CRT patients and patients who 
underwent a lobectomy fared better than those treated with defi nitive 
C-CRT. However the results of this unplanned and post hoc analysis should only be 
viewed as purely hypothesis generating rather than a treatment shaping recommen-
dation. Therefore, the main conclusion of this study should be perceived in the way 
that that trimodality therapy has no superiority over defi nitive C-CRT in unselected 
stage IIIA patients. 

 The EORTC conducted a trial in which selected patients with histologically or 
cytologically proven stage IIIA-N2 NSCLC were given three cycles of platinum- 
based ICT. Responding patients were subsequently randomly assigned to surgical 
resection or 60 Gy of TRT [ 60 ]. A total of 167 patients were allocated to resection 
and 165 to TRT. Postoperative TRT was administered to 62 (40 %) patients in the 
surgery arm. There was no difference in median OS (16.4 vs. 17.5 months; HR: 
1.06) or PFS (9 vs. 11.3 months; HR: 1.06) between the TRT and surgery arms, 
respectively. In view of its lower morbidity and mortality, TRT was recommended 
as the preferred locoregional treatment for these patients by the authors. 

 In a recent meta-analysis of six trials (four ICT and four induction CRT) consist-
ing 868 patients with N2 disease, McElnay et al. [ 61 ] reported that the patients 
randomized to surgery after induction CRT (HR = 0.87) had better OS rates than 
those patients randomized to surgery after ICT (HR: 1.01).This fi nding suggests the 
use of C-CRT rather than chemotherapy as an induction measure, if insisted on 
induction methods as a treatment strategy. 

 Considering the fact that NSCLC cells are relatively resistant to conventional 
45–50 Gy even in the microscopic setting, Bharadwaj et al. [ 62 ] reviewed their 
experience in clinical stage IIIA (N2) NSCLC patients ( N  = 52) treated with trimo-
dality therapy involving two radiation strategies to determine the response rates, 
operative results, recurrence patterns, and long-term survival. Eighteen patients 
were treated to doses of ≥60 Gy and 34 to lower doses (45, 50, or 54 Gy). There 
were signifi cantly more postoperative complications in the high-dose group 
( p  < 0.001). Pathological complete response (50 % vs. 15 %,  p  = 0.016) and medias-
tinal nodal clearance (75 % vs. 42 %,  p  = 0.254) rates were also higher in the high-
dose group. That did not, however, translate into better DFS and OS rates. 
Importantly, long-term noncancer mortality was signifi cantly higher after higher 
dose preoperative TRT. 

 In summary, based on the results of two benchmark phase III RCTs, there appears 
no survival benefi t of surgery in the management of unselected N2 patients [ 59 ,  60 ]. 
However, if surgery is considered in a subset with the hope of benefi t from resec-
tion, then lobectomy should be the procedure of choice.  
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     Management of Elderly LA-NSCLC Patients   

 In the last decade, the incidence and mortality rates of NSCLC have decreased 
among individuals younger than 50 years, but have increased in those older than 
≥70 [ 63 ]. Surveillance, Epidemiology and End Results registry (SEER) data exhib-
ited that the median age at diagnosis in NSCLC was 69 years [ 64 ], clearly demon-
strating that 47 % of all NSCLC patients are ≥70 years at initial diagnosis [ 63 ,  64 ]. 
Moreover, this trend together with population aging suggests that the increase in 
relative percentage and absolute numbers of geriatric NSCLC will continue. 

 As mentioned before, two landmark studies have clearly shown that C-CRT 
improves survival in medically fi t patients with LA-NSCLC [ 45 ,  46 ]. However, in 
these and other studies on C-CRT, the mean ages of the patients ranged from 54 to 
63 years [ 65 ,  66 ]. Thus, these studies on C-CRT may have excluded or underrepre-
sented elderly patients [ 67 ]. This may refl ect under-treatment of these patients 
because of a general hesitation in performing radical C-CRT on senior patients. 
Although this hesitation may relate partly to the presence of comorbidities, signifi -
cant weight loss, or low performance status (PS) in some patients, it may also refl ect 
the unsubstantiated belief that elderly patients are inherently more vulnerable to 
C-CRT-associated toxicities even if they are medically fi t. 

 To date the feasibility of C-CRT with full-dose multi-agent chemotherapy in 
medically fi t patients with LA-NSCLC has never been investigated in a prospective 
single-arm study or RCT. Several studies on C-CRT in elderly patients with 
LA-NSCLC have yielded confl icting outcomes [ 68 – 70 ], while elderly patients were 
poorly represented in large benchmark trials on C-CRT in LA-NSCLC [ 71 – 73 ]. 
Although a phase III randomized trial by the Japan Clinical Oncology Group 
(JCOG-0301) in >70-year-old patients with stage III NSCLC revealed that C-CRT 
signifi cantly improved survival compared to RT alone (22.4 vs. 16.9 months; 
 p  = 0.0179) [ 74 ], low-dose carboplatin was used rather than the full-dose cisplatin 
doublet. 

 The unique study addressing the toxicity and effi cacy of full-dose C-RCT in 
elderly patients has been reported by Topkan et al. [ 75 ]. This retrospective analysis 
included 89 medically fi t, stage IIIB NSCLC septuagenarians. TRT to a total dose 
of 66 Gy in 2 Gy fractions was delivered concurrently with one to two cycles of 
full-dose cisplatin-based doublet chemotherapy. Overall the treatment was rela-
tively well tolerated with no grade 4/5 acute toxicities. Acute grade 3 hematologic 
and non-hematologic toxicity rates were reported to be 55.1 % and 39.3 %, respec-
tively. Only 3 of the 89 patients (3.4 %) experienced grade 3 late toxicities: esopha-
gitis ( n  = 2) and peripheral neuropathy ( n  = 1). At median 21.7 months of follow-up, 
median OS, local-regional-PFS, and PFS were 17.7, 10.5, and 7.8 months, respec-
tively. On multivariate analyses the number of chemotherapy cycles received con-
currently with TRT ( p  < 0.001) and absence of weight loss during the course of 
C-CRT ( p  < 0.001) were identifi ed as the independent factors to signifi cantly associ-
ate with longer survival times. Considering the relatively acceptable toxicity profi le 
of the protocol and promising median OS duration of 17.7 months, the authors 
recommended C-CRT for highly selected medically fi t septuagenarians with 
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LA-NSCLC in order to improve survival outcomes. The results of this study are also 
supported by the age-based subgroup analyses of 4 benchmark studies [ 45 ,  71 – 73 ] 
and a meta-analysis [ 76 ] of C-RCT that failed to identify age as a negative 
prognosticator. 

 A major concern of C-CRT, particularly in elderly patients with LA-NSCLC, is the 
dose-limiting acute and late toxicity. However, tolerability analyses have yielded incon-
sistent results: two reported excessive toxicity and lack of survival benefi t [ 77 ,  78 ], one 
found that C-CRT was both feasible and effective [ 71 ], and still another reported 
increased toxicity but survival rates that were equivalent to those of younger individuals 
[ 72 ]. The C-CRT trials [ 71 – 73 ] consistently reported that although patients with 
LA-NSCLC who were aged >70 and ≤70 years had equivalent survival rates, albeit 
older patients had experienced higher rates of grade ≥3 acute toxicities. However, the 
two groups did not differ markedly in late toxicity. Interestingly, the acute ≥grade 3 
toxicity rates of the elderly subgroups of these benchmark studies were much higher 
(ranging from 81 % to 92 %) than the rates of elderly specifi c and retrospective age-
based comparison studies [ 68 ,  69 ,  75 ]. One of these, a phase II study [ 68 ] of hyperfrac-
tionated C-CRT with carboplatin/etoposide in septuagenarians, did not detect any grade 
4–5 toxicity and reported excellent grade 3 esophageal and pulmonary toxicity rates of 
7 % and 4 %, respectively. Moreover, another retrospective analysis [ 69 ] reported that 
the median survival of ≥75-year- old patients with an ECOG PS of 0–1 rose from 
7.8 months with another treatment protocol to 19.9 months with C-CRT and that this 
was not associated with a signifi cant rise in toxicity rates. These observations point out 
that C-CRT in carefully selected elderly patients with LA-NSCLC could yield outcomes 
similar to C-CRT in their younger counterparts without adding toxicity. 

 Although randomized phase III evidence is needed before concluding in a solid 
manner on optimal treatment of elderly LA-NSCLC patients, available data sug-
gests that chronological age should not shape the treatment options of carefully 
selected elderly patients with LA-NSCLC who have a good performance status, 
minor/no weight loss, and no comorbidity; instead, like younger patients, they 
should be offered radical C-CRT as the standard of care.   

    Radiotherapy Techniques in NSCLCs 

 The main objective of sophisticated RT practice is to deliver the prescribed thera-
peutic dose to the target (TV) volume in a precise and accurate manner and simul-
taneously minimize dose to surrounding normal tissues and organs at risk (OARs) 
in order to increase the therapeutic ratio. As expected, this vital and multistep objec-
tive became achievable by the aid of rapid and signifi cant advances in anatomic and 
metabolic defi nition of local and regional tumor burden and neighboring critical 
structures and the technology of RT planning (RTP) and delivery including the veri-
fi cation methods over the past 30 years. During this time period, the RT technology 
improved step by step from two-dimensional RT (2D- RT) to three-dimensional con-
formal RT (3D-CRT) and lastly to intensity-modulated radiation therapy (IMRT) 
together with daily image guidance and four-dimensional (4D) image-based motion 
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management (4D-IGRT). Additionally, the old but highly conformal techniques 
such as proton therapy and carbon-ion therapy regained interest in the last decade 
because of technologic advances in hadron therapy planning and delivery 
methods. 

    Radiotherapy Planning (RTP) 

    Three-Dimensional Conformal Radiotherapy (3D-CRT) 
 RT planning is simply the process of arrangement of beams to irradiate a defi ned tar-
get volume to the prescribed dose. According to this simple defi nition, there is a pre-
determined TV that is to be encompassed with appropriately designed radiation 
beams. Considering the 2D-RT, this defi nition is satisfactory as the unique aim is the 
coverage of empirically determined (by experience) TV by the prescribed dose with 
little or no respect to the neighboring tissues in absence of image-based TV delinea-
tion. Such a treatment plan may theoretically cover the TV adequately with the pre-
scribed dose but is usually handicapped by various factors such as the following: (1) 
TV may be larger than the original one and may carry excessive risk of unnecessary 
but potentially debilitating acute or late toxicity; (2) TV may be larger than the deter-
mined one and may carry risk of undercoverage of the real TV and therefore decreased 
chance for cure or palliation; (3) because usually opposing fi elds or bony landmark-
based box/diamond fi elds are used, large fi elds receive high doses unnecessarily 
which increases the risk of radiation-induced second cancers as the possibility of sto-
chastic effects of radiation increases with doses in the therapeutic range, even not 
toxic in clinical terms. Because of these disadvantages and improvements in accurate 
TV and OAR defi nitions with the implementation of computerized image-based RTP 
and resultant patient-specifi c 3D calculations in 1980s, the 2D-RT has almost been 
abandoned in LA-NSCLC alike with the other tumor sites. Therefore, since then the 
3D-CRT became the minimum standard of care in this patient group. 

 Treatment planning of LA-NSCLC is complicated by the number of dose- 
limiting OARs such as the spinal cord, uninvolved lung(s), esophagus, heart, large 
vessels, and brachial plexus. In this respect, 3D-CRTproves benefi cial in reducing 
the volumes of unavoidably irradiated normal tissues on the way of radiation beams 
via designing fi eld shapes with the guidance of beam’s eye view (BEV) and use of 
multiple noncoplanar beam arrangements [ 79 ]. Moreover, 3D-CRT RTP allows 
volumetric evaluation of the dose distributions throughout the tumor, OARs, and 
even the entire patient by use of dose-volume histograms (DVH) and therefore facil-
itates the chance for achieving intended optimal plan by appropriate rearrangements 
of the beam angles and weights whenever necessitated. 

 The vital steps of a typical 3D-CRT of LA-NSCLC are as follows: 

   Immobilization 
 For an optimal 3D-CRT plan, the imaging data set should be obtained with the 
patient set in the simulation/treatment position. During the imaging procedure, the 
patient should lay on a support table in the position that mimics the treatment setup 
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after being immobilized with commercially available custom devices such as com-
monly used foam cradles. In effort to prevent passage of radiation beams through 
the arms and likewise not to restrict the liberty of beam angle selection, the arms 
should optimally be positioned above their head with use of available accessory 
devices, like T-bars (Fig.  6.1 ).

      Imaging 
 Imaging is the fi rst crucial step of target and OAR volume defi nition which will 
guide the whole remaining RT, simulation, treatment, and quality assurance proce-
dures. Although additional MRI data may prove benefi cial in particular cases, CT 
and PET-CT are the commonly used imaging tools, with CT being commonest one. 
CT and PET-CT are both useful for tumor volume defi nitions, while CT is the pre-
ferred imaging method for accurate defi nition of the exact borders of the OARs 
because of metabolic PET’s limited anatomic resolution capacity.  

   Target Volume Definition 
 In order to promote the use of universal terminology and systematic TV defi nitions 
through the whole radiation oncology community, the International Commission on 
Radiation Units and Measurements (ICRU) has published nomenclature and guide-
lines in 1993 and 1999. For TV delineation procedure, three interconnected vol-
umes have been defi ned: in case of lung cancers, (a) gross tumor volume (GTV) 
represents for the visible extent of tumor mass on imaging studies, including any 
involved nodes, (b) clinical target volume (CTV) is defi ned as the volume con-
structed by addition of a margin around the GTV to account for invisible but poten-
tially involved microscopic or subclinical tumor extensions at the periphery of 
primary tumor or regional nodes, and (c) planning target volume (PTV) is the 
expansion around the CTV that accounts for the uncertainties of the geographic 
position of the CTV between fractions, intrafraction tumor motion, organ move-
ments, and setup uncertainties. Although the GTV and CTV are constructed for 
biologic considerations and therefore represent for biologic volumes, PTV is con-
structed for nonbiologic but mostly mechanical considerations such as physiologic 
organ motions and setup problems (Figs.  6.2  and  6.3 ).

       GTV Delineation 
 The parenchymal and the hilar/mediastinal extent of NSCLC should be delineated 
using pulmonary and mediastinal window, respectively (Fig.  6.2 ). The best 

  Fig. 6.1    Patient 
immobilization and 
positioning during imaging 
procedure with use of 
alpha cradle and T-bar 
accessories       
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concordance between the CT image and the actual dimensions of the parenchymal 
tumor has been established at the window width 1,600 and level −600. For lymph 
nodes and centrally located parenchymal lesions, it is useful to use mediastinal win-
dow setting with recommended window width of 400 and level of 20 [ 80 ]. Of note, 
as calibration of CT may differ between centers, “in-house” measurements of 
appropriate window settings are strongly recommended for each department. The 
contrast-enhanced CT may be useful in tumors localized in the hilar region for the 
purpose of distinguishing of vessels in this area. The bronchoscopy fi ndings should 
be considered for central locations of tumor with endobronchial component, because 
even high-resolution CT does not visualize this component and the estimated sensi-
tivity and specifi city of FDG-PET are 73 % and 85 %, respectively [ 81 ]. If RTP is 
based on the CT only data, then the usual policy would be to consider all hilar and 
mediastinal lymph nodes with a diameter at short axis of higher than 10 mm as 
tumor positive and include in the GTV, because the risk is >15 % for tumor cell 
positivity. However, if RTP utilizes co-registered FDG-PET-CT data, it is well 
known that for FDG-PET-negative lymph nodes of 10–15 mm, the probability of 
metastatic involvement is <5 %; therefore these metabolically uninvolved lymph 
nodes should safely be ignored. This is mainly based on the fact that PET-CT 
improves the mediastinal staging in comparison with CT alone, although it is far 
from being perfect. Supporting this, an overview done by Silvestri et al. [ 82 ] dem-
onstrated that the sensitivity of PET scanning was signifi cantly superior than the CT 
scanning (74 % vs. 51 %) in mediastinal staging of NSCLC patients. FDG- PET- CT 
has a particular importance for RTP of stage III patients as it may prove benefi cial 
in discriminating tumor tissue from the benign but collapsed parenchyme and in 
categorization of suspected hilar/mediastinal enlarge lymph nodes. Because the 
probability of metastatic involvement is 21 % for any FDG-PET-negative lymph 
nodes measuring >15 mm in short axis, such lymph nodes should be included in the 
GTV or should undergo pathologic confi rmation if granulomatous diseases are sus-
pected [ 83 ]. Although various algorithms are used to defi ne involved primary and 
nodal GTVs (e.g., SUVmax >2.5), RTOG-11-06 protocol recommends the use of 
the PET intensity of a 1 cm 3  volume contoured in the aortic arch. According to this 
protocol defi nition, any primary or nodal disease on PET with an intensity ≥1.5 
times the mean of the aortic arch intensity should be included in the GTV. 

 In cases initially treated with ICT and demonstrated tumor regression, it is 
 questionable whether the GTV should be created according to the pre- or 

  Fig. 6.2    Gross tumor volume (GTV) contouring: ( a ) parenchymal GTV contoured by setting the 
window width 1,600 and level −600; ( b ) regional nodal GTV contoured by setting the window 
width 400 and level of 20; ( c ) total GTV = parenchymal GTV + nodal GTV       
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  Fig. 6.3    ( a – i ) Target volume and organs at risk contouring:  GTV  gross tumor volume,  CTV  
 clinical target volume,  PTV  planning target volume,  1  esophagus;  2  heart;  3  spinal cord       
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post- chemotherapy tumor volumes. Although there is no strict recommendation and 
the clinical practice varies widely among centers and even between the clinicians of 
the same institution, pre-chemotherapy volumes have almost exclusively been uti-
lized for GTV defi nition in all aforementioned phase III RCTs. Therefore, except 
for the patients in whom pre-chemotherapy volumes may lead to an unacceptable 
risk of radiation-induced pulmonary toxicity, it may be more appropriate to con-
struct GTVs according to the pre-chemotherapy volumes. Such an approach may 
potentially be more toxic but is oncologically safer considering the fact that the 
radiologic negativity may not mean microscopic negativity in every patients demon-
strating objective response after ICT.  

   CTV Delineation 
 CTV margin represents the effort to cover microscopic disease spread in the absence 
of imaging studies capable of detecting it. Therefore, CTV margins are created 
mainly on the basis of the correlation of imaging with pathologic data. For TRT of 
NSCLC, there are three distinct types of CTV margins which are sources of separate 
problems. These are (a) margin for pulmonary parenchyma, (b) margin for endo-
bronchial spread, and (c) margin for extracapsular extension in mediastinal and/or 
hilar lymph nodes. 

 In the seminal work by Giraud et al. [ 84 ], the authors investigated the extent of 
microscopic disease spread of NSCLC within the pulmonary parenchyma by correlat-
ing the pathologic fi ndings with preoperative CT images. The authors reported that a 
margin of 8 and 6 mm around pulmonary GTV was needed to encompass 95 % of 
microscopic disease for AC and SCC, respectively. Furthermore, the authors reported 
that although the empirical 5 mm margin was able to satisfactorily cover 91 % of 
SCC, but this rate decreased to 80 % in AC histology. Another seminal work evaluat-
ing the margins for adequate coverage of microscopic spread in 35 AC patients dem-
onstrated that 9 mm was required for covering 90 % of cases if appropriate pulmonary 
window was used for GTV defi nition [ 85 ]. The authors also noted that compared to its 
high-grade counterpart, low-grade AC was found to be associated with signifi cantly 
larger microscopic disease extension which may be related with the presence of rela-
tively increased frequency of bronchioalveolar histology in low-grade AC. 

 Microscopic tumor spread along the bronchi may be mucosal, submucosal, intra-
parietal, or mix type. The endobronchial tumor spread has been extensively 
addressed in surgical and brachytherapy series, but interestingly, although data of 
central tumors demonstrated that the proximal microscopic tumor extension occurs 
in 30 % of all NSCLC with a mean dimension of about 10 mm [ 86 ], yet there is no 
clear recommendation for this issue in the external-beam RT literature. Surgical 
specimen studies suggest 15–20 mm as the appropriate and safe proximal margin 
from the visible tumor on the bronchial level [ 87 ]. Therefore, in the absence of 
exclusive RT data, it is reasonable to recommend 15–20 mm safety margin along the 
bronchotracheal tract for of CTV creation in tumors extending to or residing within 
the bronchial tract. 

 The extent of CTV margin around involved lymph nodes has been limitedly stud-
ied compared to the margin around the primary parenchymal tumor mass. Although 
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Yuan et al. [ 88 ] determined the adequate margin at 3 mm for lymph nodes of size up 
to 20 mm, the authors also reported that the extracapsular microscopic extension 
might reach 12 mm in lymph nodes between 21 and 30 mm, with no specifi c com-
ment on lymph nodes >30 mm. In the absence of evidence-based recommendations, 
different measures are taken to overcome this problem such as inclusion of the 
whole lymph node station that contains the involved lymph node (s) in the CTV [ 80 , 
 89 ]. However, this approach is questionable in the era of “omission of elective irra-
diation of uninvolved lymph nodes.” Therefore, the current common practice is to 
expand the involved lymph nodes with a margin similar to the primary parenchymal 
tumor that is 8 and 6 mm for AC and SCC histologies, respectively. 

 Of note, it is clear that the expansions around the primary tumor and involved 
lymph nodes should not necessarily be applied uniformly along all axes and should 
always be individualized respecting their locations and the neighboring OARs. As 
rule of thumb, the CTV of the primary tumor should not extend into the mediasti-
num in the absence of radiographic proof of invasion. Likewise, in the absence of 
evidence of CT- and/or MRI-confi rmed invasion, CTV expansions of involved 
lymph nodes should not extend into the lungs, major airways, chest wall, esopha-
gus, heart, or vertebral bodies.  

   PTV Delineation 
 PTV is the margin around the CTV that accounts for the interfraction setup inaccura-
cies and intrafraction physiologic organ motions. Setup uncertainties should be deter-
mined on the institutional premise as it may vary widely depending on the technique 
being used and expertise of the team on NSCLC treatment. However, if immobilized 
appropriately by use of commercially available Vac-Lok bag and T-bar and if weekly 
port fi lm is used, then an empirical 7 mm along all axes of the CTV will usually be 
satisfactory to overcome setup errors in more than 95 % cases. This margin may 
securely be reduced to 5 mm or even to as low as 3 mm if daily kV image or on board 
image check with utilization of cone-beam CT or CT on rails, respectively. 
Additionally, as the tumor motion due to physiologic movements of the lung may 
cause signifi cant alterations in exact location of the tumor during the irradiation pro-
cedure, considerations for compensatory margins may be commanded. The magni-
tude of the tumor motion may vary signifi cantly relying upon its location and size, 
which mandates the addition of “tumor movement margin” to the CTV expansion and 
setup uncertainties [ 90 ]. Division of each lung into four quadrants may serve benefi -
cial for determination of adequate margins. A 6 mm margin may be satisfactory for 
upper lobe lesions regardless of the tumor size and middle-lobe lesions <50 mm. A 
tumor movement margin of 13 mm may be adequate in most cases with tumors 
<50 mm in size and located in the middle two quadrants of the involved lung or lowest 
quadrant tumors of 50–80 mm. For lowest quadrant tumors <50 mm, an 18 mm mar-
gin will usually be adequate to compensate tumor movement problems. Although 
most tumors move superior/inferior direction impacting the need for specifi c care at 
this direction, yet the best solution to overcome movement problems is its individual-
ized measurement at all dimensions and determination of appropriate margins for 
each case with use of specifi c imaging tools such as regular X-ray fl uoroscopy.  
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   Internal Target Volume (ITV) Delineation 
 An internal margin (IM) must be added to the CTV to adjust for physiologic 
varieties in size, shape, and position of the CTV during treatment in connection 
to a predetermined reference point and the related coordinate system. The com-
monly asymmetric IM around the CTV compensates for movements and varia-
tions in site, size, and shape of the tissues which contain or are neighboring to 
the CTV, coming about because of respiration and heart beats in an account of 
lung cancers. To address this issue, the ICRU-62 Report proposed the notion of 
ITV which is the volume encompassing the CTV by taking into account the fact 
that the CTV varies in position, shape, and size. The ITV is defi ned by the indi-
vidually measured IM, as described above, and is referred to the patient coordi-
nate system. 

 The importance of tumor movement and need for ITV have been investigated by 
various authors. In one of the notable studies, Liu et al. [ 90 ] analyzed the 
3D-respiration-induced tumor motion and related ITV in 166 tumors from 152 lung 
cancer patients. All patients underwent 4D-CT during normal breathing TRT. The 
expiratory phase of 4D-CT images was used as the reference set to GTVs. The GTV 
on other respiratory phases and resulting ITVs were determined using rigid-body 
registration of 4D-CT images. Analysis demonstrated that the proportions of tumors 
that moved >5 mm along the superior-inferior (SI), lateral, and anterior-posterior 
(AP) axes during normal breathing were 39.2 %, 1.8 %, and 5.4 %, respectively. The 
magnitude of motion was less than 13.4 mm, 4 mm, and 5.9 mm along the SI, lat-
eral, and AP directions for 95 % of the tumors. The principal component of tumor 
motion was in the SI direction, with only 10.8 % of tumors moving >10 mm. The 
tumor movement was discovered to be connected with diaphragm motion, the SI 
tumor location in the lung, size of the GTV, and disease T-stage. On the grounds of 
these outcomes, the authors concluded that the tumor movement was principally 
determined by diaphragm motion, and the motion of lung tumors was unlikely to 
surpass 10 mm during quiet normal breathing except for small lesions located in the 
lower half of the lung. 

 It is presently conceivable to image patients as they breathe in real time and to 
evaluate organ motion utilizing 4D-CT with the advent of multislice detectors and 
faster image reconstruction methods. Although 4D-CT-based ITV methodology 
may serve helpful in any patients with lung cancer, contingent upon the accessibility 
of essential supplies, assisted breath-hold or respiratory gating or tumor tracking 
techniques might likewise be utilized as alternative options to minimize tumor 
movements during TRT.  

   Delineation of OAR Volumes 
 The major critical organs include the lungs, heart, esophagus, spinal cord, and bra-
chial plexus (Fig.  6.3 ).Contouring of the lungs, spinal cord, esophagus, heart and 
pericardium, and brachial plexus should be performed by utilizing the published 
atlas on OAR that is available on the RTOG website,   http://www.rtog.org/CoreLab/
ContouringAtlases.aspx    . The following recommendations should be considered 
during OAR contouring:
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    Lungs : Both lungs should be contoured using pulmonary windows. The right and 
left lungs can be contoured separately, but they should be considered as one 
structure for lung dosimetry. All infl ated and collapsed, fi brotic, and emphysematic 
lungs should be contoured; small vessels extending beyond the hilar regions 
should be included; however, hilars and trachea/main bronchus should not be 
included in this structure. Total lung volume should be calculated for metric 
measurements with the formula below:

  
Total lung volume Right lung volume left lung volume GTV= +( )    

     Heart : The heart will be contoured along with the pericardial sac. The superior 
aspect (or base) will begin at the level of the inferior aspect of the pulmonary 
artery passing the midline and extend inferiorly to the apex of the heart.  

   Esophagus : The esophagus should be contoured from the beginning at the level just 
below the cricoid to its entrance to the stomach at GE junction. The esophagus 
will be contoured using mediastinal window/level on CT to correspond to the 
mucosal, submucosa, and all muscular layers out to the fatty adventitia.  

   Spinal cord : The spinal cord will be contoured based on the bony limits of the spinal 
canal. The spinal cord should be contoured starting at the level just below cricoid 
(base of skull for apex tumors) and continuing on every CT slice to the bottom of 
L2. Neural foramens should not be included.  

   Brachial plexus : The contouring of brachial plexus is only required for patients with 
tumors of upper lobes. Only the ipsilateral brachial plexus is required. This will 
include the spinal nerves exiting the neuroforamens from top of C5 to top of T2. 
In contrast to prior RTOG lung studies of contouring the major trunks of the 
brachial plexus with inclusion of subclavian and axillary vessels, this trial 
requests contouring the nerves according to the CT anatomy on every other CT 
slice. The structure should extend at least 3 cm above the PTV.  

   Pericardium : The structure of pericardium includes pericardial fatty tissue, part of 
great vessels, normal recesses, pericardial effusion (if applicable), and heart 
chambers. Pericardium starts at one slice above the top of the aortic arch and ends 
at the last slice of the heart apex at the diaphragm. Pericardium includes the heart.        

     Role of Elective Nodal Irradiation   

 Terminologically elective nodal irradiation (ENI) represents for inclusion of any of 
the uninvolved areas of the hilum, mediastinum, and occasionally supraclavicular 
region(s) in CTV and therefore its extension PTV. For decades, the standard TRT 
for LA-NSCLC patients was delivered in two steps. In the fi rst step, conventionally 
fractionated 40–50 Gy was traditionally delivered to the primary parenchymal 
lesion and the regional lymph nodes including the ipsi- and contralateral hilar, 
mediastinal, and supraclavicular (in certain cases) with no evidence of tumoral 
involvement. In the second step, a conventionally fractionated boost dose of 20 Gy 
was delivered to the primary tumor region in the form of reduced fi elds designed to 
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spare the spinal cord. ENI protocols are based on the rationale that adequate cover-
age of the elective nodes may result in eradication of probable regional micrometas-
tases which may translate into superior disease control and therefore survival 
outcomes. For several decades, the RTOG 73-01 trial has been accepted as the proof 
of ENI as the authors reported statistically insignifi cant ( p  = 0.35) but numerically 
superior survival rates in patients with no protocol variations and adequate hilar and 
mediastinal coverage [ 91 ]. However, it is obvious that the ENI volume could appear 
as a barrier against achieving clinically effi cient TRT doses to eradicate both micro-
scopic and gross tumor foci because of the potential for increased toxicity rates and 
protocol compliance problems. 

 The opponents of ENI argue that the large fi eld irradiation is irrational consider-
ing the high rates of local disease recurrences within the previous radiation portal, 
high risk of distant relapses, and volume-associated increase in toxicity rates. 
Additionally, if the gross locoregional tumor cannot be controlled, it is not logical 
to enlarge radiation ports for a theoretically increased chance of controlling micro-
scopic disease foci at the cost of increased rates of toxic events. This argument is 
justifi ed by the retrospective series reporting 5–9 % risk of isolated nodal failures 
[ 80 ] and the planning studies [ 85 ] suggesting reductions in rates of severe pulmo-
nary and esophageal toxicities as a benefi t of omission of ENI. Additional support 
for omission of ENI comes from the randomized study by Yuan et al. [ 92 ], in which 
the patients receiving involved fi eld C-CRT had signifi cantly less radiation-induced 
pneumonitis (17 % vs. 29 %;  p  = 0.04) than patients treated with ENI. Similar trends 
appeared in the radiation-induced esophagitis and pericarditis between the ENI and 
involved fi eld arms. In a retrospective comparative analysis of 108 NSCLC patients, 
Fernandes et al. [ 93 ] demonstrated that esophageal toxicity was signifi cantly 
reduced with use of involved fi eld TRT (OR: 0.31;  p  = 0.036). 

 The impact of omission of ENI on regional tumor control rates and survival out-
comes are strongly debated as to date only one RCT addressed this issue in the lit-
erature. In general retrospective analyses report similar tumor control and survival 
rates for ENI and involved fi eld TRT. In the study of Fernandes et al. [ 93 ], the 2-year 
local control (39.2 % vs. 59.6 %), elective nodal control (84.3 % vs. 84.3 %), distant 
control (47.7 % vs. 52.7 %), and OS (40.1 % vs. 43.7 %) rates were reported to be 
statistically similar. In a larger analysis of 524 NSCLC patients from Memorial 
Sloan-Kettering Cancer Center, Rosenzweig et al. [ 94 ] reported only 6.1 % isolated 
elective nodal failure rate with a 92.4 % primary tumor control rate utilizing esca-
lated doses of TRT. Therefore, the authors recommended involved fi eld TRT as an 
acceptable treatment method that allows for dose escalation while minimizing 
toxicity. 

 In the unique RCT specifi cally addressing this issue by Yuan et al. [ 92 ], a total of 
200 eligible patients with inoperable stage III NSCLC were treated with C-CRT and 
randomized into either an involved fi eld or ENI arm. A total of four to six cycles of 
cisplatin-based chemotherapy were delivered, and concurrent TRT was started after 
the second cycle of chemotherapy. 3D-CRT was delivered in once-daily fractions of 
1.8–2 Gy to 68–74 Gy for involved fi eld or 60–64 Gy for ENI arms. Patients in the 
involved fi eld arm achieved better overall response rate (90 % vs. 79 %,  p  = 0.032) 
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and better 5-year local control rate (51 % vs. 36 %,  p  = 0.032) than those in the ENI 
arm. The 1-, 2-, and 5-year survival rates were 60.4 %, 25.6 %, and 18.3 % for the 
ENI and 69.9 %, 39.4 %, and 25.1 % for the involved fi eld arms, respectively. 
However, only the 2-year survival rates favored involved fi eld TRT arm in a statisti-
cally signifi cant manner ( p  = 0.048). 

 Use of co-registered PET-CT improved the accuracy of both the staging and 
determination of target volumes of LA-NSCLC patients. A study of 118 NSCLC 
patients staged with FDG-PET by Sulman et al. [ 95 ] demonstrated that total and 
isolated nodal failures in the unirradiated elective nodal regions were only 4.3 % 
and 1.7 %, respectively. Therefore, for patients with LA-NSCLC, it is critical to 
deliver adequate doses of TRT to gross primary and apparently involved nodal areas 
rather than the theoretically positive elective nodal regions. In summary, based on 
the available literature, ENI appears to be unnecessary and toxic particularly in 
patients staged with modern sophisticated imaging methods which are also utilized 
in delineation of TVs.  

    Thoracic Radiotherapy Doses 

 The initial landmark study that investigated the optimal dose of TRT with standard 
fractionation was the RTOG 73-01 [ 53 ]. In this study LA-NSCLC patients were 
randomly assigned to one of four treatment arms. Three of these arms involved 
standard fractionation (2 Gy/day given 5 days/week) to total doses of 40 Gy, 50 Gy, 
and 60, while the fourth arm involved split-course hypofractionation given to a total 
dose of 40 Gy in 5 weeks (4 Gy/day, 20 Gy, followed by a 3-week rest and a second 
course of 4 Gy/day, 20 Gy). The authors of RTOG reported that the conventionally 
fractionated 60 Gy dose arm had the best survival rates, which was achieved at the 
cost of a relative increase in toxicity rates. After the publication of this RCT conven-
tionally fractionated continuous course, 60 Gy has then been adopted as the stan-
dard TRT regimen all over the world. However, locoregional and distant failures 
were quite high with 60 Gy which led to search for more effective regimens in the 
forms of dose escalation, C-CRT, or both. 

 Escalated doses of TRT, in the absence or presence of concurrent chemotherapy, 
have been extensively studied in an effort to enhance locoregional control rates of 
LA-NSCLC patients. In 1990 the results of the randomized phase I/II RTOG 8311 
trial which tested multiple total dose targets using a 1.2 Gy twice-daily regimen with 
4–8 h between fractions in 848 patients were published by Cox et al. [ 96 ]. In this 
study total doses of 60, 64.8, 69.6, 74.5, and 79.2 Gy were tested. No signifi cant dif-
ferences in survival among the three highest doses were reported, but survival with in 
the 69.6 Gy group was signifi cantly better than the 60 and 64.8 Gy groups. Following 
this study and the introduction of 3D-CRT to routine clinical practice in the 1990s, 
further early-phase trials assessed the tolerability of dose escalation in NSCLC. 

 The randomized phase II CALGB 30105 trial randomized stage IIIA/B NSCLC 
patients into ICT with either carboplatin (AUC = 6; days 1 and 22) with paclitaxel 
(225 mg/m 2 ; days 1 and 22; arm A) or carboplatin (AUC = 5; days 1 and 22) with 
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gemcitabine (1,000 mg/m 2 ; days 1, 8, 22, and 29; arm B). On day 43, arm A received 
weekly carboplatin (AUC = 2) and paclitaxel (45 mg/m 2 ) while arm B received 
biweekly gemcitabine (35 mg/m 2 ) both delivered concurrently with 74 Gy of TRT 
utilizing 3D-RTP. The primary end point was OS at 18 months. Arm B was closed 
prematurely due to a high rate of grade 4–5 pulmonary toxicity attributed to the 
radiosensitizing effect of gemcitabine. However the carboplatin/paclitaxel arm 
demonstrated 66.6 % overall response rate with a median survival of 24 months and 
a 12 % rate of grade 3 or higher pulmonary toxicity [ 97 ,  98 ]. This compared favor-
ably to the historical standard C-CRT doses of 60–66 Gy and formed the basis for 
the experimental arm in the recently reported phase III RTOG 0617 trial [ 99 ]. In this 
2 × 2 factorial design trial, patients with stage III NSCLC were treated with weekly 
carboplatin–paclitaxel chemotherapy and concurrent TRT. Patients were random-
ized to receive 60 Gy or 74 Gy (2 Gy per fraction for each) TRT with or without 
cetuximab. After TRT, all patients received additional two cycles of chemotherapy, 
with/without cetuximab. High-dose TRT arm was closed prematurely when a 
planned interim analysis after 85 documented events demonstrated a non- superior 
median OS and indicated a low likelihood of achieving a survival benefi t with high-
dose TRT [ 99 ]. Sadly, the median OS was signifi cantly longer in the standard dose 
than the high-dose TRT (28.7 vs. 20.3 months;  p  = 0.004). Subsequent updated anal-
ysis after 207 events demonstrated that, although the numerically higher treatment-
related deaths in the high-dose arms (10 vs. 2) could not reach statistical signifi cance, 
37 % (HR = 1.37;  p  = 0.0319) and 56 % (HR = 1.56;  p  = 0.0007) increased risks of 
local failures and deaths in the high-dose arms were signifi cant. 

 The assumption that radiotherapy dose escalation using conventional dose frac-
tionation regimens with concurrent chemotherapy will improve outcome in stage III 
NSCLC has been challenged because of the poorer outcomes observed in high-dose 
arms of the RTOG 0617 trial. Although the exact causatives of poorer survival in the 
high-dose arms are not clarifi ed yet, hypothetically these poor results can be attrib-
uted to the effect of accelerated repopulation due to longer overall treatment times, 
increased reported protocol deviations in the high-dose arms, underreporting of 
lung and cardiac treatment-related death inpatients who received excessive radia-
tion dose to the heart and lung, and a possible negative interaction between cetux-
imab and high-dose TRT.  

     Altered Fractionation   and Isotoxic TRT 

 As underlined above dose escalation with conventional fractionation which results 
in a longer overall treatment time may be one possible explanation for the poor 
outcomes observed in the high-dose arms of the RTOG 0617 [ 99 ]. In the absence of 
compensatory measures for longer overall treatment times, the potential advantage 
of a higher overall treatment dose might disappear and may further negate the out-
comes, considering the well-recognized accelerated repopulation of tumor cells as 
a consequence of prolonged treatments [ 100 ]. In this manner CHART or similarly 
designed shorter TRT regimens may overcome the accelerated repopulation effect 
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and, as has been demonstrated previously, may result in a signifi cant survival benefi t 
compared to conventional regimens [ 101 ]. An individual patient data meta-analysis 
of ten randomized trials with enrolled 2,000 patients has confi rmed that hyperfrac-
tionated and/or accelerated TRT increased 5-year OS rates by 3 % compared to 
conventional fractionation (HR = 0.88;  p  = 0.0009) [ 102 ]. 

 Dose escalation TRT approach is limited by the dose received by the OARs. The 
majority of available dose escalation trials, such as the RTOG 0617, have employed 
a fi xed treatment dose while mandating dose constraints for OAR, and as a conse-
quence, only selected patients were eligible to higher TRT doses. In contrast, iso-
toxic dose escalation defi nes the treatment dose by the maximum dose by accounting 
for the highest possible BED achievable with keeping dose to OARs within pre-
defi ned safe limits. INDAR (individualized accelerated radiotherapy) is such strategy 
which aims to reduce the impact of accelerated repopulation. In a recent phase II 
trial, van Baardwijk et al. [ 103 ] treated 137 stage IIINSCLC patients fi t for C-CRT 
with INDAR. An individualized prescribed TRT dose based on normal tissue dose 
constraints was applied: mean lung dose (MLD) 19 Gy, spinal cord 54 Gy, brachial 
plexus 66 Gy, and central structures 74 Gy. A total dose between 51 and 69 Gy was 
delivered in 1.5 Gy b.i.d. up to 45 Gy, followed by 2 Gy QD. TRT was started at the 
second or third course of chemotherapy. Primary end point was OS. The median dose 
was 65.0 ± 6.0 Gy delivered in 35 ± 5.7 days. With a median follow-up of 30.9 months, 
the median and 2-year OS were 25.0 months and 52.4 %, respectively. Grade ≥3 
acute toxicity was reported in 35.8 % patients, mainly in the form of grade 3 dyspha-
gia during TRT (25.5 %). Grade ≥3 late toxicity was observed in ten patients (7.3 %). 

 In summary, although efforts are ongoing to improve outcomes, available litera-
ture suggests the conventionally fractionated 60–66 Gy as the currently recom-
mended TRT dose for LA-NSCLC patients treated with C-CRT. In this respect 
carefully planned hyperfractionated regimes may also be benefi cial on the basis of 
reported 3 % survival benefi t at 5 years [ 102 ]. However, it is vital to complete over-
all C-CRT course in the shortest possible time to enhance the tumor control and 
survival outcomes by mitigating the negative impact of long-treatment course-
related accelerated tumor repopulation.  

    IMRT in LA-NSCLC 

 3D-CRT typically utilizes 3–4 unmodulated fi elds, while IMRT utilizes optimized 
6–12 modulated fi elds or arc rotations such as volumetric-modulated arc therapy 
(VMAT) designed to deliver dose directly to the targets (Fig.  6.1 ). RTPs generated 
with IMRT technique can deliver prescribed high doses to the targets and spare 
OARs more effi ciently than that can be achieved with 3D-CRT. This is possible with 
IMRT, because of the capability of the technique to optimize the shapes and intensi-
ties of each fi eld by means of computer algorithms to conform the dose to the targets 
and spare the neighboring OARs. VMAT delivers the intended dose by rotating the 
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gantry through one or more arcs, whereas the radiation beam remains on while 
changing rotation speed, shape of the treatment aperture, and delivery dose rate 
(Fig.  6.1 ). By this way VMAT can deliver highly conformal dose distributions and 
improve treatment effi ciency by reducing the delivery time by up to 50 %. 
Additionally, IMRT and VMAT can improve the physical and biologic dose confor-
mity and allow integrated dose escalation and dose “painting” within the PTV that 
collectively lead to the delivery of higher doses to high-risk areas of the tumor such 
as GTV, hypoxic areas, or areas showing high SUV on PET-CT with no increments 
in the number of treatment fractions and while minimizing dose exposure to OARs. 

 No prospective RCT results have been published comparing the effi cacy and 
toxicity of 3D-CRT versus IMRT for lung tumors. However, retrospective clinical 
reviews from MD Anderson demonstrated the capability of IMRT in reducing the 
incidence and severity of pneumonitis and esophagitis in LA-NSCLC patients 
undergoing C-CRT [ 104 ,  105 ]. Additionally, IMRT was suggested to potentially 
improve the survival in LA-NSCLC patients [ 106 ]. A comparison of outcomes for 
patients treated before and after the implementation of IMRT showed no differences 
in out-of-fi eld, elective nodal, or in-fi eld recurrences [ 24 ]. Indeed, even with pro-
pensity score-matched analyses, no signifi cant differences were found in local- 
regional relapse, distant metastasis, DFS, or OS between treatment groups. Patients 
treated with IMRT tend to experience fewer severe acute esophagitis requiring a 
feeding tube. Sura et al. [ 107 ] retrospectively analyzed clinical outcomes of NSCLC 
patients after IMRT with escalated doses up to. Even though IMRT tended to be 
used for larger tumors and tumors close to critical organs, IMRT produced favorable 
local control and survival rates without increasing toxicity. Together, these fi ndings 
suggest that the theoretical concerns regarding the use of IMRT for lung cancer do 
not affect clinical outcomes, provided that strict quality assurance and compensa-
tion for respiratory motion are rigorously applied. 

 Another form of comparison comes from the results of aforementioned RTOG 
0617 trial in which about half of all patients received IMRT and the other half 
received 3D-CRT. The two groups were well balanced in terms of patient character-
istics except that the IMRT group tended to have larger tumors. Representing the 
fi rst prospective fi ndings to support the idea that IMRT can reduce treatment toxic-
ity and improve quality of life measures, preliminary analysis of patient-reported 
quality of life from that RTOG 0617 suggested that the quality of life was better 
after IMRT than after 3D-CRT. 

 Other important concerns about the IMRT use in LA-NSCLC include the 
increased risk for pulmonary toxicity by exposing large amounts of lung to 
“low- dose baths,” increased regional lymph node recurrences because of 
reduced incidental doses, or reduced overall locoregional control because of 
lower dose rates. However, no data has been reported to support these negative 
concerns in any of the clinical studies published to date. Based on the available 
RTP and clinical outcome data, the benefits of IMRT/IGRT can be summarized 
as follows [ 108 ]:
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•    With appropriate motion management and plan optimization, IMRT and VMAT 
can provide more conformal thoracic radiotherapy and can spare more critical 
structures than can 3DCRT. IMRT or VMAT does not increase lung low-dose 
exposure of the lung relative to 3DCRT when lung sparing has been taken into 
consideration  

•   Motion management techniques and fractionated regimens can be used to 
minimize the interplay effects of IMRT and VMAT.  

•   IGRT and adaptive replanning may minimize target miss and the risk of 
overdosing OARs in selected cases in which tumor motion or size or patient 
anatomy changes substantially over the treatment course.  

•   Locoregional control is not compromised with IMRT if the PTV doses are kept 
in similar to those used in 3D-CRT.  

•   Minimization of treatment-related toxicities with IMRT appears to improve 
quality of life of NSCLC patients.  

•   Further dose escalation with integrated boost techniques may be possible by use 
of IMRT/VMAT/IGRT within the PTV based on anatomic, biologic, and 
molecular information without prolonging treatment time.     

    Treatment Plan Evaluation 

    Radiotherapy Dose, Target Volume Coverage, and Organ 
at Risk Dose Limits 

 Based on the aforementioned literature, the currently recommended TRT dose is 
conventionally fractionated (1.8–2 Gy daily fractions) total dose of 60–66 Gy 
administered concurrently with platinum-based chemotherapy. Hyperfractionated 
schemes can be utilized with a moderate but signifi cant survival gain at cost of 
increased toxicity rates, particularly the esophagitis. Based on the unfavorable out-
comes of RTOG 617 trial, despite of hypothetic radiobiological advantage, esca-
lated doses are currently not recommended outside the clinical trial settings until the 
emergence of novel supportive evidence. 

 For 3D-CRT (Figs.  6.4  and  6.5 ), basically the prescribed dose should encompass 
the defi ned PTV with isodose lines not ‘cooler’ than 95 % and not ‘hotter’ than 
107 % with respecting the OAR limits depicted in Table  6.3 . For a typical IMRT 
plan (Figs.  6.6  and  6.7 ), Table  6.3  can be utilized for target volume coverage, like-
wise respecting the OAR limits given in Table  6.4 .

             Treatment for  Intrathoracic Recurrences   

 Locoregional failures local and/or regional recurrences in or at the margins of the 
previous RT fi eld are reported in 31–48 % of all LA-NSCLC patients [ 45 ,  46 ,  109 , 
 110 ] and remain to be a medical challenge regarding its negative impacts on patients’ 
survival outcomes and quality of life measures. As recurrences may appear either in 
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  Fig. 6.4    Typical 3D conformal radiation therapy plans: ( a ) axial; ( b ) coronal; ( c ) sagittal view       
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  Fig. 6.5    Dose-volume histogram and related evaluation metrics table for a typical 3D conformal 
radiation therapy plan       
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    Table 6.3    Typical IMRT plan assessment specifi cations   

 PTV  No variation  Minor variation 

 PTV 66   95 % of any PTV 66  is at or above 66 Gy  95 % of PTV 66  is at or above 66 Gy 

 99 % of PTV 66  is at or above 61.4 Gy  97 % of PTV 66  is at or above 61.4 Gy 

 No more than 20 % of PTV 66  is at or 
above 72.6 Gy 

 No more than 40 % of PTV 66  is at or 
above 72.6 Gy 

 No more than 5 % of PTV 66  is at or 
above 76 Gy 

 No more than 20 % of PTV 66  is at or 
above 76 Gy 

 Mean dose ≤70 Gy  Mean dose ≤72 Gy 

   IMRT  intensity-modulated radiation therapy,  PTV  planning target volume (subscript denotes for 
prescribed dose)  

  Fig. 6.6    Typical seven-fi eld intensity-modulated radiation therapy plans: ( a ) axial; ( b ) coronal; 
( b ) sagittal view; and related dose-volume histogram       
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  Fig. 6.7    Dose-volume histogram and related evaluation metrics table for a typical seven-fi eld 
intensity-modulated radiation therapy plan       
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   Table 6.4    Recommended critical organ dose limits for concurrent chemoradiotherapy   

 Critical organ  Description  Metric 
 Per 
protocol 

 Variation 
acceptable 

 Variation 
unacceptable 

 Lungs a   Lungs minus 
GTV 

 Max dose 
(0.03 cc) 

 ≤110 % 
PD 

 >110 % but 
≤113 % PD 

 >113 % PD 

 Mean dose  ≤20 Gy  >20 Gy but 
≤21 Gy 

 >21 Gy 

 Vol >10 Gy  ≤45 %  >45 Gy but 
≤50 Gy 

 >50 Gy 

 Vol >20 Gy  ≤35 %  >35 % but 
≤36 % 

 >36 % 

 Vol >5 Gy  ≤65 %  >65 % but 
≤75 % 

 >75 % 

 Heart  Heart/pericardium  Max dose 
(0.03 cc) 

 ≤70 Gy  >70 Gy but 
≤75 Gy 

 >75 % 

 Mean dose  ≤30 Gy  >30 Gy but 
≤31 Gy 

 >31 Gy 

 Vol >30 Gy  ≤50 %  >50 % but 
≤55 % 

 >55 % 

 Vol >40 Gy  ≤35 %  >35 % but 
≤40 % 

 >40 % 

 Esophagus  Esophagus  Max dose 
(0.03 cc) 

 ≤74 Gy  >74 Gy but 
≤76 Gy 

 >76 Gy 

 Mean dose  ≤34 Gy  >34 Gy but 
≤35 Gy 

 >35 Gy 

 Vol >70 Gy  ≤20 %  >20 % but 
≤25 % 

 >25 % 

 Vol >50 Gy  ≤40 %  >40 % but 
≤45 % 

 >50 % 

 Spinal canal  Spinal cord  Max dose 
(0.03 cc) 

 ≤50 Gy  >50 Gy but 
≤52 Gy 

 >52 Gy 

 Brachial 
plexus 

 Brachial plexus  Max dose 
(0.03 cc) 

 ≤63 Gy  >63 Gy but 
≤65 Gy 

 >65 Gy 

 Midline 
structures 

 Non-PTV  Max hotspot 
(1 cc) 

 ≤105 % 
PD 

 >105 % but 
≤110 % PD 

 >110 % PD 

   GTV  gross tumor volume,  Max  maximum,  PD  prescribed dose 
  a For patients who undergo pneumonectomy before TRT or C-CRT, the recommended doses are 

mean lung dose = 8 Gy, V20 >10 %, and V5 <60 %  

lymph node regions or ipsi-/contralateral lung parenchyma alone or both, it is vital 
to discriminate the metachronous second primary NSCLC from true recurrences as 
their treatment options may differ signifi cantly. According to Martini and Melamed 
[ 111 ], a metachronous second primary NSCLC can be defi ned as a tumor that 
appears after the initial treatment of the primary NSCLC and shares the following 
criteria: (I) with different histology or (II) with the same histology as NSCLC but if 
(a) at least 2 years of free interval between the presentations of two tumors, (b) 
second cancer originating on the carcinoma in situ ground, or (c) second cancer 
located in a lobe different than the fi rst cancer or contralateral lung with neither 
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cancer in lymphatics common to both cancers nor extrapulmonary metastases pres-
ent at diagnosis. 

 Reports on the reirradiation of thoracic recurrences exist in the literature, but the 
actual proportion of patients undergoing reirradiation following local/regional 
recurrences is unknown. However, considering the in-fi eld failure incidences of 
31–48 % in published reports of C-CRT [ 14 ,  45 ,  46 ,  109 ], the reirradiation rate of 
only 1.5–6.4 % [ 110 ,  112 ] is quite low and refl ects the strong hesitation of clinicians 
to perform reirradiation in this setting because of a partially mistaken belief that the 
lung has lower tolerance to reirradiation rather than an evidence-based approach. 
This is particularly true in the era of sophisticated 3D-CRT, IMRT, and stereotactic 
radiosurgery era. The feasibility and effi cacy of reirradiation were clearly docu-
mented in several early reports on treatment of recurrent lung cancer [ 113 – 115 ]. 
These studies were retrospective and included a heterogeneous group of patients 
with postsurgical relapses, postoperatively irradiated patients, and those with metas-
tasis and second primary NSCLC. TRT dose ranges were 25–80 Gy for initial and 
6–70 Gy for reirradiation with a cumulative dose range of 43–150 Gy. 

 Recent studies utilizing modern RT techniques proved the safety and effi cacy of 
thoracic reirradiation. In a study by [ 116 ], the authors retreated 34 patients with 
local recurrences by utilizing external-beam TRT. Reirradiation was performed 
radically in 18 and palliatively in other 16 patients, respectively, with a median 
interval of 23 months between the two TRT courses. The initial, reirradiation, and 
cumulative doses were in the ranges of 30–80 Gy (median: 60 Gy; 1.5–2.0-Gy per 
fraction), 10–70 Gy (median: 50 Gy; 1.8–3.0-Gy per fraction), and 56.5–150 Gy 
(median: 110 Gy). An objective response was observed in 14 out of 18 radically 
reirradiated patients (77.8 %). The median OS after radical reirradiation was 
15 months with six survivors living beyond 20 months. In the absence of radiation- 
induced myelopathy, 19 and 6 patients were reported to experience symptomatic 
radiation-induced pneumonitis and esophagitis, respectively. 

 Griffoen et al. [ 117 ] retrospectively investigated the effi cacy of high-dose con-
ventional thoracic reirradiation in NSCLC patients with locoregional recurrences 
and new primary tumors. Of 24 patients, 54 % had a locoregional recurrence and 
46 % a new primary tumor. The 63 % had stage III NSCLC at both initial and sec-
ond treatments; median intervals between treatments and follow-up after reirradia-
tion were 51 months and 19.3 months, respectively. Median OS after reirradiation 
was 13.5 months, with 1-year survival 51 %. Except for three deaths due to possible 
grade 5 bleeding, the treatment protocol was reported to be well tolerated. Notably 
PTV at reirradiation was found to be the most important prognostic factor; PTV 
<300 versus ≥300 cm 3  was signifi cantly associated with median OS (17.4 vs. 
8.2 months,  p  = 0.03). 

 In a relatively larger study including 102 patients from the University of Texas 
MD Anderson Cancer Center, McAvoy et al. [ 118 ] reported their thoracic reirradia-
tion experience using IMRT and proton beam therapy, focusing on patterns of fail-
ure, criteria for patient selection, and predictors of toxicity. All doses were 
recalculated to an equivalent dose in 2-Gy fractions (EQD2). All patients had 
received TRT for NSCLC (median initial dose: 70 EQD2 Gy), with median interval 
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to reirradiation of 17 months and median reirradiation dose of 60.48 EQD2 Gy. 
Ninety-nine patients (97 %) completed reirradiation with a median follow-up time 
of 6.5 months. Median local failure-free survival and OS times were 11.4 and 
14.7 months, respectively. Toxicity was acceptable, with respective grade 3 esopha-
geal and pulmonary toxicity rates of 7 % and 10 %. Of the patients who developed 
local failure after reirradiation, 88 % had failure in either the original or the reirra-
diation fi eld. Poor local control was associated with T4 disease, squamous histol-
ogy, and ECOG PS >1. Higher T status, Eastern Cooperative Oncology Group 
performance status >1, squamous histology, and larger reirradiation target volumes 
were found to be associated with worse OS, while receipt of concurrent chemo-
therapy and higher EQD2 were associated with improved OS. 

 In summary, although further confi rmatory studies are needed to establish both the 
effi cacy and tolerability of thoracic reirradiation, available results suggest that 
external- beam reirradiation can achieve satisfactory tumor control and survival rates 
for local recurrence of NSCLC provided that attention is paid to the possible hazards. 
In this respect IMRT and proton beam therapy appear to be encouraging treatment 
techniques. However, rates of locoregional recurrence and distant metastasis are still 
high, and patients should be selected carefully to maximize the benefi t of additional 
aggressive local therapy while minimizing the risk of adverse side effects.  

    Recommended Treatment Algorithm for LA-NSCLC 

 An algorithm for treatment of LA-NSCLC is as presented in Fig.  6.8 .

Diagnosis of NSCLC

Stage IIIA

Surgical candidate

YES

ICT or C-CRT followed
by surgery

or
Surgery with adjuvant
radiotherapy/C-CRT

ACTIVE
FOLLOW-UP

NO C-CRT

Stage IIIB

  Fig. 6.8    Our institutional treatment algorithm for LA-NSCLC patients;  C-CRT  concurrent 
chemoradiotherapy,  ICT  induction chemotherapy,  NSCLC  non-small-cell lung cancer       

 

6 Radiochemotherapy and Fractionation



120

       Conclusion 
 Based on the results of two landmark phase III randomized controlled trials 
(RCT), the standard of care for unresectable LA- NSCLC is defi nitive C-CRT 
with utilizing platinum-based doublets in order to offer these patients the highest 
chance for prolonged DFS and overall survival (OS) [ 45 ,  46 ]. Hyperfractionated 
radiotherapy may provide a further 3 % survival gain at long term, but in cost of 
increased acute toxicity rates. However, even with such an aggressive approach, 
the outcome of these patients still remains poor with median OS of only 15.3–
21.7 months, impacting the need for novel treatment strategies. 

 Although randomized phase III evidence is needed before concluding in a 
solid manner on optimal management of elderly LA-NSCLC patients, available 
data suggests that chronological age should not shape the treatment options of 
carefully selected elderly patients with LA-NSCLC who have a good perfor-
mance status, minor/no weight loss, and no comorbidity; instead, like younger 
patients, they should be offered radical C-CRT as the standard of care. 

 Likewise, although further confi rmatory studies are needed to establish both 
the effi cacy and tolerability of thoracic reirradiation, available results suggest 
that external-beam reirradiation can achieve satisfactory tumor control and sur-
vival rates for local recurrence of NSCLC provided that attention is paid to the 
possible hazards. In this respect novel TRT technologies such as IMRT may 
serve benefi cial by permitting dose escalation with no excess risk of toxicity.     
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  7      Stereotactic Cranial Radiosurgery 
for Metastatic Non-small-cell Lung 
Carcinoma                     

       Erkan     Topkan      ,     Yurday     Ozdemir    , and     Ugur     Selek     

         Introduction 

 Non-small-cell lung cancer (NSCLC) accounts for 85 % of all lung cancers (LC), 
which is the current leading cause of cancer-related deaths worldwide [ 1 ,  2 ]. Brain 
metastasis (BM), one of the most common and dismal complications of NSCLC, is 
either present at the initial presentation or emerges somewhere during the treatment 
course in up to 64 % patients [ 3 ,  4 ]. Moreover, as a result of improved survival 
times, this incidence rate tends to further increase in near future. 

 Although almost half of all NSCLC BM manifest as single metastasis at presen-
tation, yet NSCLC is the most common type of cancer with the highest propensity 
to develop BM at multiple intracranial sites, excluding the malignant melanoma 
[ 5 ,  6 ]. Approximately 80 % of all BM of NSCL Care diagnosed in the cerebral 
hemispheres that are followed by cerebellum (15 %) and brainstem (5 %), respec-
tively [ 7 ]. The presenting symptoms may vary in a wide range depending on the 
localization, number, and volume of BM as well as the presence of accompanying 
edema, intratumoral hemorrhage, or both [ 6 ]. Nevertheless, headache, nausea, 
 vomiting, seizures, motor weakness, confusion, ataxia, visual defects, and cranial 
nerve palsies constitute the most common symptom types. 
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 Prognosis of patients with BM is extremely poor with expected median survival 
times between 1 and 2 months without any intervention or steroid administration 
[ 8 ]. Diagnosis and treatment of BM have evolved to a signifi cant extent in the last 
decades, but starkly contrasting with this evolution, prognosis of such patients 
remained unacceptably poor with only a limited enhancement in the median sur-
vival times that is currently in the range of 4–7 months with addition of whole brain 
radiation therapy (WBRT) [ 9 ]. 

 The standard treatment method and the priority of the available methods are 
not clear for NSCLC patients with BM. In general such patients are managed 
with either one of the neurosurgery, WBRT, stereotactic radiosurgery (SRS), or 
any combinations of them. The priority of the single- or combination-treatment 
modality is usually decided in view of the information about the patient’s perfor-
mance status, extracranial disease status, number, size, total volume, and local-
ization of the BM.  

     Biology of Brain Metastasis   

 Tumor metastasis is a complicated multistep procedure which simply begins 
with detachment of individual tumor cells from the primary tumor and ends up 
with settlement of the metastatic cells at distant tissues and their adaptation to 
this new microenvironment [ 10 ]. Under normal conditions healthy epithelial 
cells are connected to each other tightly by adhesion proteins which provide the 
structural integrity and stabilization of the tissue. In contrast, it has been dem-
onstrated that these adhesion proteins are downregulated in malignant tumors 
with resultant loss of intercellular tight connections and overtly increased ten-
dency of metastasis to distant organs including the brain [ 11 ]. In malignant tis-
sues the basal membrane is invaded and broken down by tumor cells and their 
secretions, namely, the proteolytic enzymes [ 12 ]. After the destruction of this 
critical barrier, tumor cells reach to systemic circulation through blood or lym-
phatic vessels. Although many other factors may have further roles, the proven 
presence of relatively higher direct connections between the primary LC cells 
and the arterial circulation may be one explanation for the relatively higher 
incidence of BM in LC than most of other tumor types. Additionally, the usual 
localization of the capillary beds at the intersection between the gray and white 
matters of brain may explain the higher propensity of BM to emerge particularly 
emerge at this zone [ 13 ]. The vascular migration of tumor cells may either be in 
the form of single cell body, cellular emboli, or cellular clots which are accom-
panied with aggregates of platelets and/or neutrophils. Withholding of tumor 
cells in brain vasculature may lead to development of tumor emboli, while 
tumor-induced proteolysis of the vascular wall creates the passage for tumor 
cell into the brain parenchyma, where the single tumor cell will proliferate and 
produce colonies of various sizes visible on imaging studies [ 11 ].  
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    Prognostic Factors 

 Prognosis of NSCLC patients presenting with BM is extremely poor with an 
expected median survival of 4–7 months from the time of BM diagnosis [ 14 ]. 
Although most patients die because of widespread systemic disease, yet the life 
quality of such patients may be improved by radiotherapeutic interventions which 
effectively mitigate neurocognitive complications of BM [ 15 ]. There is also a sub-
group of BM patients who may survive considerably longer than the usual expecta-
tions. These patients are potential candidates for more aggressive and potentially 
less neurotoxic treatment strategies like neurosurgery, SRS, or longer courses of 
standard radiotherapy schedules with lower per fraction but higher total doses [ 16 ]. 

 A prognostic factor (PF) is defi ned as a variable independent of the treatment that 
will be assessed before any treatment and correlated to an evaluation end point that 
is valuable in estimating the patient’s future [ 17 ]. Based on this defi nition, accurate 
defi nition of PFs in NSCLC patients with BM is of paramount importance not for 
only the determination of optimal management that fi ts best for the individual 
patient but also for stratifi cation of patients for avoidance of unnecessary and futile 
treatments. 

 As presented in Table  7.1 , to date various patient and tumor-related factors have 
been identifi ed as PFs including the performance status, age at presentation, the 
status of primary tumor, the presence/absence of extracranial metastases, and the 
number and size of BM [ 18 – 21 ]. Different scoring systems aiming to accurately 
anticipate survival outcomes have been proposed by various investigators for 
patients with BM treated with WBRT [ 22 ]. In 1997, utilizing the  recursive partition-
ing analysis (RPA)   methodology and the data of 1,200 patients enrolled on previ-
ously reported three RTOG studies [ 23 – 25 ] who were treated by WBRT for BM, 
Gaspar et al. [ 26 ] published the most frequently referred scoring system which iden-
tifi ed the KPS, age, primary tumor control status, and the status of extracranial 
metastases among a total of 21 analyzable factors (Table  7.2 ). According to this 
classifi cation, patients with KPS ≥70, age <65 years, controlled primary, and no 

  Table 7.1    Prognostic factors 
in patients with brain 
metastases  

 Performance status 

 RPA 

 Age and sex 

 Number of brain metastases 

 Size and tumor volume 

 Period from primary diagnosis 

 to diagnosis of BM 

 Tumor location (especially effects to treatment modality and 
dose of SRS) 

 Neurologic defi cits 

 Extracranial disease status 

 Tumor histology 

   RPA  recursive partitioning analysis,  SRS  stereotactic radiosurgery  
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extracranial systemic metastasis were included in RPA class I and had the best prog-
nosis (median: 7.1 months). All patients with KPS <70 were classifi ed as class III 
with worst survival (median: 2.3 months) and all remaining patients were classifi ed 
as RPA II with intermediate survival rates (median: 4.2 months). Despite of its uni-
versal usage, RPA classifi cation has certain limitations like the settlement of lower 
bound of KPS at 70, large variations between the trials in terms of WBRT doses, 
and exclusion of the number of BM from analysis [ 22 ]. Moreover, accumulation of 
majority of patients in the RPA class II, with a so-called intermediate survival out-
come, may create inconveniences regarding the feasibility of RPA grouping in rou-
tine clinical practice [ 27 ]. Similarly, although the disease characteristics and 
outcomes of such patients may vary widely, all patients with KPS <70 were included 
in RPA class III irrespective of the other potential factors which may alter survival 
times in a signifi cant manner. Supporting these adverse comments by analyzing the 
outcomes of 113 patients, Nieder et al. [ 28 ] reported that there was no survival dif-
ference between patients in classes II and III (3.6 vs. 4.2 months) after 30 Gy WBRT.

    Another prognostic scoring system,  score index for radiosurgery (SIR)  , includes 
the number of BM, volume of the largest BM, location of BM, and post radiosur-
gery WBRT in addition to the variables of RPA (Table  7.3 ) [ 21 ]. The SIR was sug-
gested by the authors to be more reliable than RPA in predicting survival after SRS, 
which was later validated with further studies in patients subjected to surgery, 
WBRT with/without. Of note, SIR may potentially be less representative for the 
majority of BM patients as it was generated by depending on the data of only 65 

  Table 7.2    Recursive 
partitioning analysis (RPA) 
grouping of the Radiation 
Therapy Oncology Group for 
patients with brain metastases  

 RPA class  Characteristics 

 RPA class 1  Patients <65 years old 

 Karnofsky performance score ≥70 

 Controlled primary disease 

 No extracranial metastases 

 RPA class 2  Patients between classes 1 and 2 

 RPA class 3  Patients >65 years old 

 Karnofsky performance score <70 

 Active primary disease 

   Table 7.3    Score index for stereotactic radiosurgery (SIR) for brain metastases   

 Parameters  Score 0  Score 1  Score 2 

 Age  ≥60  51–59  ≤50 

 KPS  ≤50  60–70  80–100 

 Systemic disease  Uncontrolled  Controlled  CR or NED 

 Lesions (n)  ≥3  2  1 

 Target volume (cm 3 )  13  5–13  <5 

   KPS  Karnofsky performance status,  CR  complete response,  NED  nonevidence of disease,  n  number  
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patients who underwent SRS [ 29 ]. Currently the SIR is limitedly used in clinics 
because of the need for detailed workup for assessment of the systemic disease.

   In 2004, Lorenzoni et al. [ 30 ] proposed a new scoring system,  Basic Score for 
Brain Metastases (BSBM)  , that compared RPA with SIR (Table  7.4 ). This novel 
scoring system included only three factors: KPS, control of primary tumor, and the 
presence of extracranial disease, in order to keep the scoring simple. The analysis of 
110 BM patients treated with SRS revealed a good correlation between the BSBM 
and SIR inaccurate prognostic stratifi cation of patients. Further evaluation of BSBM 
in patients receiving WBRT plus surgery and WBRT with/without SRS landed con-
fi rmatory outcomes for Lorenzoni’s fi ndings [ 19 ,  31 ]. Therefore, BSBM was advo-
cated as a reliable and easy to use prognostic index that has same defi nition of 
extracranial disease as the RPA. However, this scoring system is also limited by the 
fact that evidence is based on only 110 patients, which may be problematic because 
of large confi dence intervals when it is applied to smaller cohorts [ 29 ].

   The number of BM was demonstrated to be a signifi cant prognosticator by RTOG 
9508 investigators, in which patients with one to three BM were randomized to 
WBRT with or without SRS boost arms [ 32 ]. However, the number of BM was not 
included in the prognostic score by the previously reported RPA, BSBM, and 
Rotterdam scores [ 22 ]. Therefore, in 2007, another prognostic index called “ Graded 
Prognostic Assessment (GPA)  (Table  7.5 )” was proposed which incorporated age, 
KPS, extracranial metastases (ECM), and number of BM in the scoring system by 
analyzing the outcomes of 1960 patients treated with WBRT alone, WBRT plus 
radiosensitizers, or WBRT plus SRS in the fi ve RTOG trials (RTOG 7916, 8528, 
8905, 9104, and 9508) [ 33 ]. Each factor was given a score of 0, 0.5, or 1.0 and GPA 
was calculated a sum score of all four factors with resultant four groups (Table  7.5 ). 
According to this novel prognostic index, patients with the best prognosis had GPA 
4. Median survival was 2.6 months in GPA 0–1, 3.8 months in GPA 1.5–2.5, 
6.9 months in GPA 3, and 11 months in GPA 3.5–4 score. The authors concluded 
that the GPA was least subjective, most quantitative, and easiest to use of the four 
indices (RPA, SIR, BSBM, and GPA) analyzed. Following this publication, various 
studies have confi rmed the validity of the GPA [ 34 – 36 ], and therefore, GPA has 

  Table 7.4    Basic score for 
brain metastases (BSBM)  

 Parameters  Score 0  Score 1 

 Karnofsky performance status  50–70  >70 

 Extracranial metastases  Yes  No 

 Primary disease control  No  Yes 

    Table 7.5    Graded prognostic assessment (GPA)   

 Characteristics  Score 0  Score 1  Score 2 

 Karnofsky performance status  <70  70–80  >80 

 Extracranial metastases  Present  –  None 

 Number of lesions  >3  2–3  1 

 Age  >60  50–59  <50 
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become one of the most commonly used prognostic indices for prognostic stratifi ca-
tion of patients with BM.

   As mentioned above and summarized in Table  7.6 , all the indices invariably 
include KPS and ECM and differ by other factors such as age, number and volume 
of BM, control of primary tumor, and response to steroids. One important limitation 
of almost all prognostic systems is inclusion of relatively more favorable patients 
which makes it diffi cult to decide the best fi t treatment for patients with comparably 
unfavorable prognostic features. Another common limitation is that all factors are 
derived to anticipate survival and there is no score that addresses end points other 
than survival. Therefore, future investigations should aim to develop novel prognos-
tic models that can provide estimates of time to neurologic progression or decline, 
rather than uniquely focusing on survival outcomes. Additionally, such indices 
should be developed with the capability to discriminate deaths directly related with 
BM-associated neurologic decline from those emerging as a consequence of sys-
temic disease progression.

       Treatment 

 Simply the BM management strategies can be divided into two: symptomatic and 
therapeutic. Symptomatic treatment usually aims to reduce the intracranial pressure 
produced by the peritumoral edema and to prevent recurrent seizures. Steroids are 
effective for the former aim while anticonvulsants are used for seizure control. In 
addition, there is increasing data to suggest that medications such as methylpheni-
date and donepezil may be benefi cial in improvement of neurocognitive functions, 
mood, and quality of life (QOL) measures in this patient group [ 37 ,  38 ]. 

 Therapeutic strategies include chemotherapy, surgery, WBRT, SRS, or different 
combinations of them. The management decisions take into account PFs such as 

   Table 7.6    Comparison of commonly used prognostic indices for brain metastases   

 Parameters  RPA  GPA  SIR  ds-GPA  Rotterdam score  BSBM 

 Patients (n)  1,200  1,960  65  4,259  1,292  110 

 Performance status  KPS  KPS  KPS  KPS  ECOG  KPS 

 Primary control  +  –  +  –  –  + 

 Age  +  +  +  +  –  – 

 ECM  +  +  +  +  +  + 

 Volume of lesion  –  –  +  –  –  – 

 Number of lesion  –  +  +  +  –  – 

 Steroid response  –  –  –  –  +  – 

 Number of parameters  3  4  3  4  3  4 

   RPA  recursive partitioning analysis,  GPA  graded prognostic assessment,  SIR  score index for 
radiosurgery,  ds-GPA  disease-specifi c graded prognostic assessment,  BSBM  basic score for brain 
metastases,  KPS  Karnofsky performance status,  ECOG  eastern cooperative oncology group,  ECM  
extracranial metastases, ( + ) included, ( − ) not included  
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patient age, functional status, primary tumor histology, intracranial extent of BM, 
size and location of BM, total volume of BM, symptomatic status of patient, resect-
ability of BM, status of the primary tumor site, number of extracranial tumor sites, 
prior therapies, comorbid conditions, and technical opportunities and qualifi cations 
of the cancer center. Because the chemotherapy, WBRT, and neurosurgery are 
beyond the scope of this chapter, from there on the remainder of the chapter will 
specifi cally focus on the outcomes of SRS only applications, its combinations with 
other treatment modalities, and SRS techniques. 

    Stereotactic Radiosurgery 

     Radiobiology of SRS   
 The term “SRS” was fi rst suggested by Lars Leksellin 1951 with the purpose of 
treating of benign intracranial lesions with a noninvasive ablative method [ 39 ]. 
Contrasting with the conformal RT techniques which aim to irradiate target tumor 
volumes to a specifi ed prescription dose while sparing neighboring healthy tissues, 
the unique aim of the SRS is to destruct all the tissues residing in the target volume 
irrespective of their malignancy or health status. 

 The major differences between the conventional RT and SRS are the size of 
treated volume and the dose applied during the treatment. In SRS the target volume 
(TV) is usually smaller than the volumes treated by conventional or even more 
sophisticated radiotherapy techniques such as IMRT, and the dose is in general a 
single fraction high dose while other radiotherapy techniques utilize smaller doses 
per fraction (1.5–4 Gy) and multi-fractionated regimes (5–40 fractions). Tumor vol-
ume is crucial in SRS applications, because the primary goal for the best radiobio-
logical effect is to target the TV precisely by one shot of ionizing radiation with the 
neurosurgeon’s ingenuity in excising tumor volumes with his knife. Fractionated RT 
is effective in management of relatively large targets with a better complication pro-
fi le; however this advantage comes at the cost of decreased chance for escalating the 
RT doses up to tumoricidal levels which may be particularly essential in some certain 
relatively radioresistant tumor types. In this setting, SRS with its abrupt dose fall-off 
properties beyond the TV allows the radiation oncologist to achieve ultrahigh doses 
and to a large extent resolves the radioresistance problem [ 40 ]. 

 Classical radiobiology evidence clearly states the hypoxic regions in the tumor 
volume as one source of radioresistance, which usually reside at the center of the 
mass. One important benefi t of fractionated RT is its ability to overcome this 
hypoxia problem by destructing the surrounding normally oxygenated tissue around 
these regions which brings the hypoxic cells closer to more oxygenated regions. As 
a consequence of this process, hypoxic cells turn to be radiosensitive favoring multi- 
fractionated RT regimes over single fractionation. This basic radiobiologic advan-
tage, namely, reoxygenation, disappears with single-fraction SRS. Another 
radiobiological basic issue that fails in SRS is the redistribution of cells in different 
phases of the cell cycle. Tumor cells demonstrate different radiosensitiveness 
through the phases of cell cycle with mitosis (M) phase being the most 
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radiosensitive phase which is followed by gap-2 (G 2 ) phase. In this sense, redistribu-
tion of tumor cells into more radiosensitive phases by use of multi-fractionated RT 
may provide a therapeutic advantage over single-fraction regimes. 

 The aforementioned radiobiological disadvantages cause diffi culties in explana-
tion of the tumor ablation provided by SRS. However, this issue has been excel-
lently reviewed previously by Brown et al. [ 41 ]. According to this review, the 
potential mechanisms underlying the lethal effects of SRS on tumor tissues and its 
advantages over multi-fractionated RT protocols are as follows:

•    The benefi t of reoxygenation may become negligible or even totally disappear 
because many tumors may not be hypoxic.  

•   In addition to loss of reproductive ability caused by double-strand DNA breaks, 
there are further antitumoral effects of single-fraction high-dose regimes which 
are not predicted by classic radiobiology, such as endothelial injury and enhanced 
antitumor immunity.  

•   The linear-quadratic model may be insuffi cient or even inaccurate for predicting 
cell killing in the SRS dose range. Assumedly this model may overpredict cell 
killing at high doses, and therefore, the damage to the late-responding tissues 
may be less than the calculated values, which may allow use of higher doses with 
a potential increase in chance of better tumor control rates.  

•   Advanced image guidance technologies enable application of larger doses with 
smaller safety margins by reducing the dosimetric uncertainties which increases 
the tumor control rates in the absence of excess toxicity.     

    Comparative Clinical Outcomes of SRS 
 SRS is a high-precision conformal RT administering a large-dose RT in a single 
session as a noninvasive alternative to neurosurgery for single BM. SRS has been 
used either as an adjunct to neurosurgery in the form of tumor bed SRS or WBRT 
or as the sole treatment option with various outcomes. 

 Multiple potential benefi ts are associated with the use of neurosurgery for 
BM. Neurosurgery is of value when the diagnosis is unknown or unclear which is of 
particular importance when a patient has no known primary tumor or has a primary 
cancer histology that is unlikely to metastasize to the brain or a brain lesion that 
appears several years after the initial primary tumor. It ought to be remembered that, 
even in patients with a known primary, a newly diagnosed brain mass can end up 
being a primary brain tumor or other nonmetastatic disease in about 9 % of cases [ 42 ]. 
Additionally, removal of a BM can lead to immediate elimination of life- threatening 
or symptom-generating mass effect and elimination of the source of perifocal edema, 
as well as reducing the requirement for and duration of steroid therapy. 

 Neurosurgery can also provide a survival and disease control benefi t, as evi-
denced by two prospective phase III studies. In these studies, OS in patients with 
single BM undergoing neurosurgery and WBRT was improved from 4 to 6 months 
to 10 months when compared with WBRT alone [ 42 ,  43 ]. 

 Limited comparative studies suggest similar outcomes for patients with a single 
BM undergoing surgery or SRS. The only randomized trial comparing the SRS 
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against neurosurgery was closed early due to poor accrual [ 44 ]. In this study, patients 
with single BM that is <3 cm in diameter, KPS ≥70, and controlled primary were 
randomized to surgery plus WBRT versus Gamma Knife SRS alone. The outcomes 
of eligible 64 patients demonstrated no difference between two modalities with 
regard to OS ( p  = 0.8), neurologic deaths ( p  = 0.3), and local recurrence-free survival 
( p  = 0.06). The patients in SRS arm had more distant brain recurrences ( p  = 0.04); 
but after the salvage SRS applications, this signifi cance disappeared ( p  = 0.4). SRS 
was reported to relate with shorter steroid usage, less hospitalization duration, and 
less grade 1–2 complications ( p  = 0.001). The neurocognitive function tests assess-
ing quality of life at 6 weeks were improved better with SRS ( p  < 0.05) but which 
disappeared at 6 months. The strongest evidence suggesting similar clinical out-
comes with neurosurgery and SRS comes from the recently published systemic 
review by Qin et al. [ 45 ]. In this study 713 patients enrolled on 18 trials were 
included. The authors reported that there was no signifi cant difference between the 
neurosurgery and SRS in median (12.7 vs. 14.85 months) or 1-year (59 % vs. 62 %), 
2-year (33 % vs. 33 %), and 5-year OS (19 % vs. 14 %) times. 

 Considering that the SRS and neurosurgery are almost clinically equal in terms 
of disease control and survival rates, noninvasive SRS appears to be the choice of 
treatment as it is additionally more cost-effective than neurosurgery [ 46 ,  47 ]. 
However, if the patient is neurologically symptomatic because of the mass effect of 
a larger BM (>8–10 cm 3 ), the tumor should be removed with a neurosurgical inter-
vention for achieving immediate symptom control in the absence of further contra-
indications; otherwise WBRT should be the choice of treatment for such patients. 

 For decades, WBRT has been the standard treatment option for BM in most cen-
ters. However, SRS alone has gained signifi cant popularity because of the concerns 
regarding the adverse effects of WBRT on QOL and neurocognitive functions [ 48 ]. 
Additionally, neither of the available RCTs could demonstrate a survival benefi t 
favoring addition of WBRT to SRS in patients with up to four BM. Considering the 
negative impacts of WBRT on neurocognitive functions, it should be recognized 
that some patients might have already been affected before initiation of 
WBRT. Supporting this, the outcomes of a prospective trial reported that 90.5 % of 
the patients had failure in one or more neurologic function tests at baseline, and 
moreover, 42.5 % of them failed in four or more tests [ 49 ]. On the other hand, also 
the omission of WBRT does not mean that all risks for neurocognitive impairments 
were discarded at all. In this respect the outcomes of a small study of 36 BM patients 
who were treated by SRS alone at Kentucky are demonstrative [ 50 ]. Of the 36 
patients, 17 (47 %) experienced recurrences in the brain, and 12 (70.6 %) and 10 
(58.8 %) of them were symptomatic recurrences and with neurologic defi cits, 
respectively. This study is a good representative for demonstration of aggravated 
neurologic functional abnormalities in recurrent cases even when the WBRT is 
totally omitted from the treatment schedule. 

 Various studies have been conducted to perform comparisons between SRS 
alone and WBRT plus SRS combination. In the trial by Aoyama et al. [ 51 ], 132 
patients with one to four BM were randomly assigned to WBRT plus SRS or SRS 
alone. Only the patients with KPS >60 and BM not exceeding 3 cm were included. 
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The dose of WBRT was 3 Gy/30 Gy and the doses of SRS were 22–25 and 18–20 Gy 
for tumors ≤2 cm and 2.1–3 cm, respectively. Patients in SRS group were more 
likely to be in good KPS (90–100; 66 % vs. 52 %). There was no signifi cant median 
OS difference (8 vs. 7.5 months;  p  = 0.42) and neurologic cause death (19.3 % vs. 
22.3 %,  p  = 0.64) for SRS alone and WBRT plus SRS arms, respectively. One-year 
survival was quantitatively 36 % superior in the combined modality arm although 
this difference did not reach statistical signifi cance. For this trial, Patchell reported 
that it was underpowered to statistically discriminate the OS outcomes of two 
groups [ 52 ]. WBRT increased the actuarial overall control rate at 1 year (53.2 % vs. 
23.6 %;  p  < 0.001). The patients in SRS arm needed more salvage treatments (43 % 
vs. 15 %;  p  < 0.001). Distant brain recurrences were higher in the SRS arm (64 % vs. 
42 %;  p  = 0.003). Serious late complications were not signifi cantly different between 
the arms. 

 In EORTC 22952-26001 trial [ 15 ], 359 patients with one to three BM and con-
trolled primary disease were treated with surgery or SRS and randomly assigned to 
WBRT or observation arms. Although OS was not different (10.9 vs. 10.7 months, 
 p  = 0.89), neurologic deaths were more common in observation arm (44 % vs. 28 %, 
 p  = 0.002). The 2-year relapse rates at both the initial sites (surgery: 59–27 %; 
 p  < 0.001; SRS: 31–19 %;  p  = 0.040) and at new sites (surgery: 42 % vs. 23 %, 
 p  = 0.008; SRS: 48 % vs. 33 %,  p  = 0.023) were reduced by WBRT. Additionally, the 
need for salvage therapies was more common in the single-modality treatments than 
their combinations with WBRT. Similarly, in a recent retrospective review from 
Columbia University, patients with either single or multiple BM were treated with 
GK-SRS alone, GK-SRS plus WBRT, GK-SRS plus surgery, or GK-SRS plus 
WBRT plus surgery. Irrespective of the number of BM, the results signifi cantly 
favored the multimodality treatments over GK-SRS alone in terms of OS [ 53 ]. 

 In summary, enlightened with the available literature on the subject, it is clear 
that SRS alone is satisfactorily effective in irradiated tumor volumes but the distant 
BM recurrences are comparatively higher than the SRS plus WBRT strategies. 
Probably because of the aggressive nature of the tumors at extracranial destinations, 
this better in-brain control rates with the addition of WBRT did not translate into 
any survival benefi t, suggesting that WBRT may safely be omitted in certain 
patients. However, acknowledging the fact that the brain is a sanctuary site for the 
vast majority of the accessible chemotherapeutics, it is critical to call attention to 
that WBRT may recapture extraordinary interest when more viable systemic che-
motherapy agents get to be accessible in the future.  

    SRS for Multiple BM 
 In spite of the fact that the proof for more than three BM is not suffi ciently adequate 
to achieve a dependable conclusion, various authors reported that even more than 30 
BM can be viably and generally securely treated in a single session with GK-SRS 
and four to fi ve BM with LINAC-based SRS [ 54 ]. In most of such patients, the 
lesions are usually small and asymptomatic. Thusly, in these patients instead of the 
quantity of BM, the aggregate tumor volume gains pivotal importance on prognosis, 
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which has been expressed among other inclusion criteria for SRS qualifi cations by 
the National Health Service commissioning criteria, as depicted in Table  7.7  [ 55 ,  56 ].

   In the joined series of Serizawa and Yamamoto, 1,508 patients treated by 
GK-SRS were evaluated with no notable survival distinction between the patients 
with two to four and fi ve to ten BM, respectively [ 57 ]. In another study from Yonsei 
University College of Medicine, Seoul, 323 BM patients were treated by GK-SRS 
and categorized into four groups per the number of BM: respective median OS 
times for patients with 1–5, 6–10, 11–15, and >15 BM were 10, 13, 10, and 8 months 
( p  > 0.05) [ 58 ]. 

 The MD Anderson Cancer Center GK-SRS alone series including 251 patients 
exhibited that the number of BM was not predictive of distant brain failure, local 
control, and OS [ 59 ]. Likewise, in the Stanford University School of Medicine ret-
rospective post-WBRT GK-SRS series ( n  = 310), following exclusion of the patients 
with single BM, the investigators was not able to show any association between the 
number of BM and OS outcomes [ 60 ]. 

 Available data suggests almost equal effectiveness of SRS in ≤3 versus >3 BM 
situations. Therefore, in lack of any documented evidence suggesting ineffi cacy of 
SRS in patients with >3 BM, in the absence of a more effective treatment option, it 
is reasonable to offer SRS for suitable patients in order to not miss the chance for a 
better tumor control, even if it may contradict with the traditional practice.  

    SRS for Large BM 
 The current standard treatment for patients presenting with large BM and mass- 
related signifi cant neurologic symptoms is neurosurgery which is based on the 
results of RCTs demonstrating superior OS times and functional stability with 
neurosurgery than long-course fractionated WBRT [ 42 ,  61 ]. Alike with WBRT, 
SRS is also usually not recommended for BM of >3–4 cm because of higher 
likelihood of irradiation-induced edema progression. But, in some particular 
cases, tumor size may surpass these typically expressed cutoff points because of 
cyst formation. For such BM, although upfront SRS may be risky in terms of 
acute and particularly late toxicities, yet pre-SRS cyst aspiration may allow rela-
tively safer utilization of SRS. In literature, LC represents the most common 

   Table 7.7    National Health Service commissioning criteria for stereotactic radiosurgery and ste-
reotactic radiotherapy for brain metastases [ 89 ]   

 Criteria  Recommendation 

 Patient selection  Patients should be selected by local multidisciplinary team with 
understanding of the systemic and neurologic disease processes and 
neurosurgical options, as well as discussion by the specialist 
stereotactic radiosurgery multidisciplinary team 

 Performance status  Karnofsky performance score ≥70 

 Cancer diagnosis  Established 

 Primary disease  Absent or controllable 

 Life expectancy  ≥6 months from extracranial disease 

 Total tumor volume  ≤20 cm 3  
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cancer type that presents with cystic BM and compression-related serious neuro-
logic defi cits [ 62 ]. In addition to the higher risk for SRS-related complications, 
the reported local control rates of BM with a cystic component larger than 10 ml 
are less favorable with SRS alone. Therefore, aspiration of the cystic regions 
before SRS should be an invariable component of such patients’ management 
algorithm in order to both increase the tumor control probability and reduce 
radionecrosis risk [ 63 ,  64 ]. 

 In RTOG 90-05, patients with BM <4 cm (regardless of the cystic component) 
were enrolled on the study and 15 Gy was determined to be the maximum tolerated 
dose of SRS for lesions sized 3.1–4 cm [ 65 ]. In this group severe neurologic com-
plications were 16 times higher than the patients with BM <2 cm with the same dose 
of 15 Gy. The authors of this benchmark trial subsequently suggested the hypofrac-
tionated multifraction dose schedules as a potentially effective and safe treatment 
method [ 65 ]. Affi rming proof for this suggestion has recently been reported by 
Murai et al. [ 66 ]. In this study 61 large BM (≥2.5 cm in maximum diameter) of a 
total of 102 in 54 patients were treated with fractionated stereotactic RT (FSRT) as 
a fi rst-line therapy. Neurologic symptoms were observed in 47 of the 54 patients 
before FSRT. Three fractions were applied to tumors with a maximum diameter 
≥2.5 cm and <4 cm, and fi ve fractions were used for BM ≥4 cm. With the highest 
dose levels of 27–30 Gy/three fractions and 31–35 Gy/fi ve fractions, local tumor 
control rates of the 61 large BM were 77 % and 69 % at 6 and 12 months, respec-
tively, with no report of ≥ grade 3 toxicities.  

    SRS for Tumor Bed 
 SRS as a sole modality provides excellent local control rates in small BM [ 15 ,  67 ], 
but in certain cases neurosurgery is advantageous. Neurosurgery can provide histo-
pathologic information, more rapid symptomatic relief, emergency decompression, 
and better local control in larger lesions [ 68 ]. Nonetheless, the rate of local failure 
following neurosurgery alone is 46–59 %, prompting the routine use of adjuvant 
WBRT following neurosurgery [ 15 ] Considerations for WBRT toxicity led to 
increased interest in combining the reduced complication and increased local con-
trol profi le of SRS in patients who have undergone a resection for BM, namely, 
tumor bed SRS for (TB-SRS) [ 69 – 71 ]. 

 TB-SRS is a relatively new treatment approach with no randomized data pub-
lished to date, and only limited prospective data are available. Therefore, the major-
ity of published data comes from single-institutional retrospective analyses. 
Currently, various ways of TB-SRS are now under investigation including adjuvant 
to neurosurgery, postsurgical boost to WBRT, and neoadjuvant SRS to the lesion 
that is planned to resection and as salvage SRS for patients who have recurred after 
previous resection and WBRT [ 68 ]. 

 Roberge et al. investigated TB-SRS with WBRT in 27patients and later 44 
patients with high performance status and good RPA classifi cations [ 70 ]. Most 
patients received 30 Gy (3 Gy per day) and 10 Gy of TB-SRS boost. Treatment was 
well tolerated with 1-year actuarial local control and crude rates of BM were 90 % 
and 13 %, respectively. TB-SRS may also be utilized as a salvage strategy after 
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WBRT failure. Kim et al. [ 72 ] reported the outcomes of 79 patients treated with 
resection and SRS following previous WBRT failure. The median GK-SRS dose, 
median OS, crude local recurrence, and radionecrosis requiring surgical interven-
tion rates were 18 Gy, 17 months, 5.1 %, and 3.8 %, respectively. 

 TB-SRS to a resection cavity without WBRT is the most reported approach of 
tumor bed-directed SRS as a sole adjuvant to neurosurgery. Brennan et al. recently 
reported one of the limitedly available results of TB-SRS experience in this setting 
[ 73 ]. In this phase II trial, the role of TB-SRS for resected BM was investigated. 
Forty-nine patients with RPA class I (24 %) or II (76 %) and had one to two BM that 
were treated. Actuarial local failure and regional failure rates at 12 months were 
22 % and 42 %, respectively. Tumors >3 cm with superfi cial dura or pial involve-
ment had the highest risk of local failure with a local control rate of <50 %, while 
no failures were observed in patients with deeply located and sized <3 cm tumors. 
Despite the fact that the rate of pathologically confi rmed radionecrosis was high 
(17.5 %), no noteworthy clinical or dosimetric factors were identifi able which may 
have potentially conceivably added to this rate. 

 A rarely applied but new and promising concept is performing SRS before BM 
as opposed to as TB-SRS. It has been suggested by some authors that such a neoad-
juvant strategy allows for a vascular-mediated effect with resultant potential for 
enhanced clinical outcomes. Furthermore, conveying the SRS before resection takes 
into consideration a clearer delineation of the target and a hypothetically decreased 
risk of intraoperative tumor spread. In a recently reported study, Asher et al. [ 74 ] 
shared their institutional experience with neoadjuvant SRS followed by surgical 
resection in consecutively treated 47 patients with one to three BM and controlled 
systemic disease. The median dose was 14 Gy (range 11.6–18 Gy) and the planning 
target volume (PTV) was defi ned as the grossly visible tumor volume on imaging 
studies. Outcomes were encouraging with actuarial 6-, 12- and 24-month local con-
trol rates of 97.8 %, 85.6 %, and 71.8 %, respectively. However, despite of the 
potential advantages, SRS before BM also suffers from potential problems. First, 
Patchell et al. reported a rate of 11 % nonmetastatic histology for such patients [ 75 ]; 
therefore, this strategy is threatened with a signifi cant risk of unnecessary irradia-
tion of patients who have either primary brain neoplasms or nonmalignant pathol-
ogy in the absence of pathologic confi rmation. Second, the surgical resection may 
be complicated by an SRS-induced transient increase in tumor size and associated 
additional mass effect. And third, delivery of additional radiotherapy may turn to be 
diffi cult after a sub-total resection, which may alter tumor control rates in a negative 
manner. 

 In summary, the concept of tumor bed SRS is new and the evidence is gradually 
growing. Although the available data on use of TB-SRS is encouraging, yet much is 
still unknown about SRS when no true tumor is available: including the optimal 
doses, treatment modalities, and margins. Appropriately designed future studies, 
like the ongoing trials from Maria Sklodowska-Curie Memorial Cancer Center 
(NCT01535209), the MD Anderson Cancer Center (NCT00950001), and the 
Intergroup N107C trial, will most likely provide level 1 evidence in clearing some 
uncertainties and setting the optimal treatment decisions.  

7 Stereotactic Cranial Radiosurgery for Metastatic Non-small-cell Lung Carcinoma



140

    SRS for Recurrent Lesions 
 Local or distant in-brain recurrences of BM occur in a signifi cant percentage of 
patients treated with either WBRT, surgery, or combined. Furthermore, these failures 
appear to be the cause of death in as high as 31–49 % instances despite the favorable 
control rates of WBRT or the combined multimodality treatments such as SRS or 
surgery following WBRT [ 76 ,  77 ]. Reirradiation with WBRT is usually ineffective 
and inacceptable because of insignifi cant local control rates as well as higher risk for 
radiation-induced neurotoxicities [ 78 ,  79 ]. These inconveniences render SRS as the 
most suitable or even the sole treatment alternative for such patients [ 79 ]. 

 In a retrospective analysis by Kurtz et al. [ 80 ], 279 recurrent BM of WBRT in 
106 patients were treated with GK-SRS. Utilizing a median dose of 21 Gy (range, 
12–24), the authors reported 82.8 %, 60.1 %, and 46.8 % local control rates at 
6 months, 1 year, and 3 years, respectively. Median OS was 11.7 months from sal-
vage SRS. Young age, control of extracranial disease, and the interval between the 
initial RT and salvage SRS of at least 265 days were found to be signifi cant associ-
ates of longer OS. 

 They were treated with salvage SRS [ 81 ]. Median interval between the end of 
WBRT and SRS was 9 months (range: 2–70 median interval between the end of 
WBRT and SRS was 9 months (range: 2–70). At a median follow-up of 9 months 
(1–57 months), BM recurrences were reported in 5 (5.2 %) individuals with a 
median GK-SRS dose of 16.2 Gy (11.8–23 Gy). One- and 2-year control rates were 
91.3 % and 84 % for locally treated lesions 65 % and 57 % for the whole brain, 
respectively, with 1- and 2-year OS rates of 31 % and 28 %. Side effects were mini-
mal with only two cases of grade 2 alopecia. On multivariate analysis, RPA was an 
independent variable of OS and brain free-disease survival, while the longer interval 
(14 months) between WBRT and SRS was associated with longer brain free-disease 
survival. Salvage SRS for limited brain recurrences ends up with 1- and 2-year local 
control rates of 70–90 % and 60–84 %, respectively, but reirradiation with SRS is 
roughly connected with 50 % radionecrosis risk [ 4 ]. Therefore, even for this sophis-
ticated salvage technique, it is mandatory to carefully select suitable candidates in 
order to minimize the risk of severe and usually irreversible complications. 
Additionally, a certain group of patients with WBRT failure may present with poor 
performance status and uncontrolled primary and/or distant sites. As the normal 
survival length anticipation is restricted to just a couple of weeks to months, salvage 
SRS may be unnecessary for such patients, leaving the re-WBRT or best supportive 
care as appropriate palliative alternatives.    

     Complications of SRS   

    Acute Complications 

 Early complications occur within the fi rst 3 months of SRS and usually include 
headache, nausea, vomiting, seizures, transient neurologic symptom deterioration, 
vertigo, regional alopecia, and fatigue. Although the majority of such complications 
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are temporary and self-limiting, seizures may be problematic with an incidence 
range of 2–6 % which tends to further increase in patients undergoing SRS for corti-
cal lesions [ 8 ,  82 ]. Peritumoral edema is usually associated with SRS of larger 
lesions or excessive doses beyond the target volume. Although corticosteroids may 
effectively manage edema in most cases, careful patient selection and tighter cover-
age of target volumes may further minimize the symptomatic edema development 
risk. Limiting the dose received by area postrema and antiemetic usage are the 
effective maneuvers for prevention and treatment of SRS-induced nausea and vom-
iting [ 83 ].  

    Late Complications 

 Radiation necrosis (RN) is the most frustrating chronic toxicity, and its incidence 
increases with higher radiation doses, prior RT history, and irradiation of larger and/
or multiple tumor volumes. Despite the fact that it may exhibit from months to 
years, the incidence peak more or less lies between 12 and 15 months of the treat-
ment. Patients’ neurologic status may be signifi cantly deteriorated by RN which 
may be diffi cult to discriminate from tumor recurrences even with the currently 
available imaging techniques and may mandate surgery [ 8 ]. The most commonly 
accused and also easily manageable two parameters for RN occurrence are the pre-
scribed dose lesion size. Accordingly, appropriate selection of prescription doses 
and avoidance of large volume SRS may minimize the occurrence of this severe 
complication, if not obviate all. 

 RTOG-9005 was the fi rst benchmark SRS trial which determined the maximum 
tolerated doses (MTD) of single-fraction SRS in patients with previously irradiated 
recurrent primary brain tumors or as an adjunct to WBRT for BM [ 65 ]. Patients 
were randomized to one of the three arms according to the size of lesion: ≤20 mm, 
21–30 mm, and 31–40 mm. The initial SRS dose was determined as 18 Gy, 15 Gy, 
and 12 Gy, respectively. Then the dose was gradually escalated in 3 Gy increments 
by paying attention to the severe acute side effects. The MTD were determined as 
24 Gy, 18 Gy, and 15 Gy for tumors ≤20 mm, 21–30 mm, and 31–40 mm, respec-
tively. The actual rates of RN were 5 %, 8 %, 9 %, and 11 % at 6, 12, 18, and 
24 months after SRS, respectively, and were found to be more prevalent in patients 
with larger tumors. 

 In another study Valery et al. [ 84 ] aimed to determine if the risk of RN after 
SRS was related to the normal tissue included in the prescription volume. The 
authors included 377 patients with 760 lesions. Median tumor volume was 4.9 cm 3  
and the median peripheral dose (70 %) was 15.6 Gy. In multivariate analysis KPS, 
disease control and number of lesions were found to be the only parameters sig-
nifi cantly infl uencing survival (median 8.6 months), while disease-free survival 
was correlated with the number of isocenters. The only reported parameter infl u-
encing the risk of RN was the conformity index ( p  = 0.001), emphasizing the 
importance of reducing falsely irradiated normal tissue during SRS as a measure 
for prevention of RN.   
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    Quality of Life 

 WBRT has been shown to improve intracranial disease control, but this is of 
uncertain clinical value in the absence of any enhancement on survival out-
comes and may unnecessarily affect patients’ QOL measures in a negative man-
ner [ 15 ,  51 ,  85 ,  86 ]. WBRT negatively alters health-related QOL scales 
particularly due to fatigue and hair loss and causes cognitive dysfunction imme-
diately after the beginning of radiotherapy, and subacute radiation effects on 
verbal memory function are observed both after therapeutic and prophylactic 
cranial irradiation which is more pronounced in patients with better baseline 
performance [ 87 ,  88 ]. 

 High-quality comparative data on neurocognitive functions are lacking, and 
available results are confl icting. Outcomes of a phase III trial by Aoyama et al. 
suggested a neurocognitive benefi t from the addition of WBRT to SRS using the 
mini-mental state examination [ 89 ]. But the results of this study should be inter-
preted with caution as mini-mental state examination has a poor discriminatory 
power in assessment of such patients. QUARTZ was a randomized, noninferior-
ity, phase III trial comparing optimal supportive care (OSC) plus WBRT against 
OSC in patients with inoperable BMs from NSCLC. The primary end point was 
quality-adjusted life years (QALY). Interim outcomes of this study indicated no 
signifi cant differences between two groups in terms of QOL, OS, or QALY for 
patients allocated to OSC alone [ 90 ]. On the other hand, a small randomized 
trial noted higher risk of a decline in learning and memory functions by 4 months 
with addition of WBRT to SRS using more sensitive measures, although differ-
ences in OS between the arms may confound this interpretation [ 48 ]. The results 
of this study were interpreted as level I evidence to support the use of SRS 
alone. The recently published larger ( n  = 359) prospective randomized EORTC 
phase III trial by Soffi etti et al. demonstrated that WBRT after neurosurgery or 
SRS of BM negatively impacted the health-related QOL [ 86 ]. 

 Late signifi cant nervous system toxicity as late as 6 years following fraction-
ated cranial radiotherapy is a well-demonstrated phenomenon [ 91 ]. In a small 
prospective study after Gamma Knife treatment for BM, Dibiaase et al. reported 
that QOL parameters remained either unchanged or improved in patients who 
had no evidence of intracranial or extracranial tumor progression [ 92 ]. In RTOG 
95-08, statistically signifi cant improvements in performance status and lessened 
steroid need at 6-month time point were demonstrated in the SRS boost group 
compared to fractionated radiation [ 32 ]. Based on the available literature, it 
appears to be quite diffi cult to reach conclusive recommendations regarding the 
comparative neurocognitive toxicity profi les of WBRT, SRS, and WBRT plus 
SRS, but present evidence suggests better early and late neurologic functions 
with SRS alone compared to WBRT alone or combined with SRS, which may 
be of paramount importance in patients with longer survival expectations.  
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    SRS Techniques 

 As defi ned by Larsson, the term SRS communicates any way of execution of ion-
izing radiation with the end goal of destruction of an objective volume absolutely 
and totally without evident toxicities to nearby typical tissues [ 4 ]. This ionizing 
radiation can be achieved either from the radioisotope sources or from X-ray- 
generating machines such as cobalt-60 or linear accelerators (LINAC), respectively. 
Ionizing radiation can be accomplished either from the radioisotope sources or from 
X-ray-generating machines, for example, cobalt-60 or linear accelerators (LINAC). 
Positively charged protons are likewise utilized for SRS which can be acquired from 
particle accelerators, such as cyclotrons and synchrotrons [ 93 ]. 

 A modern GK unit incorporates 201 radioisotopes of  60 Co in a hemispherical 
array that converges and focuses on the target volume at a source to target distance 
of about 40 cm. The intended therapeutic dose is achieved by focusing many beam-
lines simultaneously on the target volume, while the dose derived from each source 
is clinically insignifi cant. Use of multiple sources with individual insignifi cant dosi-
metric value brings the benefi t of satisfactory sparing of surrounding normal tissues 
[ 94 ]. The novel GK Perfexion uses multiple isocenters, created by numerous colli-
mated beams of different sizes, coming from 192 individual  60 Co sources converg-
ing to a single point, called the isocenter. 

 In LINAC-based SRS, the radiation beam is shaped by a bunch of leaves defi ned as 
multi-leaf collimator which is usually made of a tungsten alloy. Although various 
LINAC systems are capable of performing SRS, they in common use isocentric, fi xed 
intensity, and modulated or dynamically shaped arc beams to deliver intensity- modulated 
radiotherapy (DMLC IMRT). In these systems the dose is conformed to target volume 
by the computer-aided movements of each leaf. The robot-controlled CyberKnife is a 
variant of 6-MV LINAC which is mounted on a robotic arm with non-isocentric cone 
beams. Simply the CyberKnife utilizes the same principles of SRS alike with other 
LINACS. CyberKnife allows more choices in selection of the beam angles because of 
the continuous image guidance and its frameless usage, yet the long treatment time is 
one of the drawbacks of CyberKnife compared to GK and isocentric LINAC systems. 

 Although various systems are commercially available for SRS applications, they 
all utilize the same fundamentals regardless of the treatment device. 

 The fundamentals of SRS procedure are mentioned below regardless of the treat-
ment device [ 8 ]:

•    Stereotactic brain imaging using an MRI, a CT scan, and/or an angiogram  
•   Quality assurance of images  
•   Defi nition of target volumes  
•   Conformal SRS dose planning  
•   Quality assurance of treatment plans  
•   Periodic quality assurance of the devices    
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 Most of the SRS planning techniques take their roots from the so-called “sphere 
packing” method initially described by Lars Leksell. This technique aims to direct 
a set of beams to a focus that resides at a pre-specifi ed point in space, namely, the 
isocenter. The selected beams reach the isocenter through unique paths, giving 
both a geometric conformity and a high-dose gradient. Therefore, the capabilities 
of SRS devices are specifi ed by their accuracy in conveying the beams to this par-
ticular point. Regardless of the device in use, the fi nal dose distribution should 
emulate the shape of the target volume in order to represent a feasible treatment 
plan [ 8 ]. 

    Patient Immobilization and Setup 

 The primary objective of SRS is to shape high-dose conformity and steep-dose gradi-
ents around the target volume that reduces the dose to surrounding healthy tissues by 
utilizing multiple and non-coplanar beams [ 54 ]. One of the essential strides in accom-
plishing this accuracy and precision on the target is immobilization of the patient. The 
likelihood of intra- and interfraction patient movements can be restricted with fi xed-
type invasive neurosurgical frames [ 95 ] or with a less precise mask-based immobiliza-
tion that is consolidated with on-treatment imaging. In invasive immobilization 
techniques, the head is fi xed by a frame attached to the patient’s skull with four metal 
screws (Fig.  7.1 ). A fi ducial reference box is likewise mounted during the imaging 
procedure for determination of the stereotactic coordinates of the target volume.

   There are also noninvasive methods for immobilization, including the use of 
thermoplastic mask systems, bite blocks, and image guidance like orthogonal X-ray 
techniques and cone beam computed tomography (CT) [ 4 ]. Inter- and intrafraction 
motion constitutes the two imperative components of patient movement. The 
intrafraction errors have been exhibited to range between 1.6 and 3.9 mm with use 

  Fig. 7.1    Patient immobilization and positioning for SRS: ( a ) LINAC, ( b ) Gamma Knife based       
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of thermoplastic masks systems. Guckenberger reported the image guidance as the 
best method in minimizing the interfraction motion errors which was reduced from 
3.9 to 0.9 mm [ 96 ,  97 ] where a residual deviation of 0.9 mm was caused by the 
intrafractional motion. 

 According to the report by Ramakrishna et al. [ 98 ], there were no noteworthy 
differences in either of inter- and intrafraction motion between frame-based and 
frameless image-guided SRS strategies. Thusly, if frameless SRS is arranged, a 
highly accurate treatment delivery can only be achieved with the image guidance; 
otherwise frame-based techniques should be preferred. 

 As a result, SRS can be performed with high accuracy only if image guidance is 
utilized combined with a frameless mask.  

    Imaging 

 Following the patient immobilization, the next fundamental step of SRS is imaging. 
The precision of this stride is just a key for each remaining strides of the SRS plan-
ning and treatment conveyance, including the delineation of the target volume and 
critical organs, guidance in simulation, setup, treatment, and quality assurance pro-
cedures. In this respect thin-sliced (≤2 mm) MRI is an excellent tool for imaging the 
tumor, soft tissues, and the entire intracranial structures. Fusion of MRI with CT 
may be valuable in discrimination of bony involvements and minimizing of the dose 
heterogeneities during the dose calculation process.  

    Delineation of Target Volume 

 The axial fusion images of CT and MRI are used for the delineation of the gross 
total volume (GTV) or organs at risk (OAR) (Fig.  7.2 ). The MRI should include 
T1- and T2-weighted and fl uid-attenuated inversion recovery (FLAIR) sequences. 
Axial, sagittal, and coronal axis views should be available in order to increase the 
accuracy of three-dimensional volumetric delineation of the target volumes and 
OAR. The slice thickness of CT and MRI should not exceed 3 mm. Delineation 
process should start following a through revision of the CT and MRI fusion preci-
sion. GTV should include only the visible contrast-enhanced tumor volume on 
MRI without encompassing the surrounding edema. If neurosurgical frame-based 
SRS techniques are preferred, additional margins are not necessary for the cre-
ation of clinical target volume (CTV) or planning target volume (PTV). In this 
manner, GTV is equivalent to CTV and PTV in the frame-based SRS applications, 
yet a margin of 1–2 mm could possibly be added to GTV for defi nition of PTV if 
frameless SRS is arranged. For TB-SRS a 2 mm margin encompassing the surgi-
cal cavity at all dimensions should be considered for minimizing the marginal 
misses. In this appreciation, Choi et al. reported that such a margin was signifi -
cantly effective in reducing the local recurrences without any augmentation in 
toxicity rates [ 99 ].
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       Delineation of OAR Volumes 

 For a typical SRS of BM, the OARs include the brain, brainstem, optic chiasm, 
optic nerves, and cochlea. The following recommendations should be considered 
during OAR contouring:

    Brain : Brain represents for the entire structures those that reside in the bony skull 
from the vertex to the lower border of foramen magnum or alternatively the 
upper border of the fi rst cervical vertebrae.  

  Fig. 7.2    ( a – i ) Target volume and organs at risk contouring:  GTV  gross tumor volume,  PTV  
 planning target volume, ( 1 ) globes, ( 2 ) optic nerves, ( 3 ) optic chiasm, ( 4 ) brainstem       
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   Brainstem : Craniocaudally the brainstem is composed of the midbrain, pons, and 
medulla oblongata. Anatomically the brainstem starts from the level of superior 
border of the posterior clinoids and reclines down to the inferior border of the 
foramen magnum which corresponds to the superior border of the fi rst cervical 
vertebrae. The midbrain is inferior to the third ventricle and is about 20 mm in 
length. Mammillary bodies comprise the anterior limit of the midbrain. The pons 
is the thickest portion of the brainstem that bulges anteriorly between the 
midbrain and medulla and is approximately 25–30 mm in length. The pons is 
separated from the midbrain and medulla by the superior and inferior pontine 
sulci, respectively, and is covered by the cerebellum posteriorly. The medulla 
oblongata is the lowest part of the brainstem and continues caudally with the 
spinal cord at the level of inferior border of the foramen magnum or the uppermost 
border of the fi rst cervical vertebrae [ 100 ]. Simultaneous use of the axial and 
sagittal plane MRI images may be helpful in accurate delineation of the 
brainstem.  

   Optic chiasm : The optic chiasm is an X-shaped space, located in the forebrain, 
directly in front of the hypothalamus. Crucial to vision, the left and right optic 
nerves intersect at the chiasm, thus creating the hallmark X-shape. The optic 
chiasm has a transverse diameter of 10–20 mm, an anteroposterior width of 
4–13 mm, and thickness of 3–5 mm. The optic chiasm is in direct contact with 
cerebrospinal fl uid anteriorly within the subarachnoid space and posteriorly 
within the third ventricle. Inferiorly, the optic chiasm lies over the body of the 
sphenoid bone, typically above the diaphragma sellae and (paradoxically) only 
rarely within the sulcus chiasmatis. During the delineation procedure, it is critical 
to be aware of the fact that the relative position of the chiasm over the sella 
turcica is variable. The chiasm is (a) above the tuberculum sellae in 12 %, (b) 
above the diaphragm sellae in 79 %, and (c) above the dorsum sellae in 4 % of 
cases [ 101 ].  

   Optic Nerves : The optic nerves are mainly comprised of four segments: (a) 
intraocular segment lies within the posterior retina and emerges through a scleral 
opening (lamina cribrosa), (b) intraorbital segment passes posteriorly and 
centrally within the orbit, (c) intracanalicular segment constitutes the portion 
where the optic nerves exit through the tendinous ring and optic canal (optic 
foramen) inferior to the ophthalmic artery, and (d) intracranial or cisternal 
segment enters the middle cranial fossa and passes within the suprasellar cistern 
with the anterior cerebral artery at its superolateral aspect to join the contralateral 
optic nerve at the optic chiasm. The intracranial portion of the optic nerve is 
approximately 17 ± 2.4 mm in length [ 102 ].  

   Cochlea : The cochlea is a shell-shaped spiral that turns between two-and-a-half and 
two-and-three-quarters times around the modiolus (a central column of bone). 
The cochlea resides in a bony cavity in the petrous portion of the temporal bone. 
Its base lies against the lateral end of the internal acoustic meatus, its basal coil 
forms the promontory of the middle ear, and its apex is directed anterolaterally. 
A bony core, the modiolus, transmits the cochlear nerve and contains the spiral 
ganglion, the sensory ganglion for this nerve. The external diameter of the 
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cochlea varies from approximately 9 mm at its base to approximately 5 mm at its 
apex. Although the cochlea is not directly visible on CT scan due to its small size 
and its deep location in the temporal bone, its volume can be defi ned on CT 
images as the bone cavity where it lies [ 101 ,  103 ].     

    Target Dose Selection 

 Principally the SRS dose is determined according to the size and location of BM 
and the neighboring normal tissues. The widely accepted MTD for BM were deter-
mined by the RTOG 90-05 dose escalation trial. According to this trial’s outcomes, 
24, 18, and 15 Gy were settled as the standard dose recommendations for lesions 
sized ≤20, 21–30, and 31–40, respectively [ 65 ]. However, a subsequent retrospec-
tive analysis by Shehata et al. evaluating the optimal SRS dose in patients with 468 
BM sized ≤20 mm demonstrated that increasing the SRS dose beyond 20 Gy was 
connected with a trend of a higher rate of grade 3–4 neurotoxicity (5.9 % vs. 1.9 %, 
 p  = 0.078) with no positive impact on tumor control rates [ 104 ]. Accordingly, at 
present a prescription dose of 20 Gy seems, by all accounts, to be satisfactory and 
more rational than 24 Gy in context of the severe toxicities. 

 FSRT is an option for larger BM or those in eloquent locations like brainstem or 
thalamus. Prospective and retrospective series reported similar outcomes for SRS 
and FSRT utilizing doses in the range of 24–30 Gy in three fractions, 30–35 Gy in 
four to fi ve fractions, and 35–40 Gy in seven to ten fractions [ 54 ]. 

 Another controversial issue is the adjuvant treatment of tumor bed as abovemen-
tioned. Although there is no standard of care in the management of BM following 
surgical excision, the conventional treatment is WBRT but some investigators has 
interested to search the outcomes of treating only the tumor bed with SRS. In the 
application of the SRS treatment, the optimal dose for cavity is unknown as well as 
the margin that is required. In a study, 37 patients with BM were performed three 
8 Gy fractions of SRS with 2–3 mm margins around the cavity following resection 
and the local control rate was reported as 80 % [ 100 ]. The results of 101 patients 
with single BM were reported in a study of Minniti and colleagues in which the 
patients received three 9 Gy fractions of SRS for the cavities larger than 3 cm with 
a 2 mm margin. Local control was 93 % at 1 year and 84 % at 2 years [ 105 ]. 
Therefore, appreciating the available literature, it is reasonable to recommend 
24–27 Gy in three fractions for patients undergoing TB-SRS that is prescribed to a 
volume encompassing the resection cavity by 2–3 mm.  

    Defining the Dose Prescription Isodose Lines 

 The dosimetric characteristics of the treatment plans are different according to each 
SRS device. Utilizing multiple isocenters for the treatments with Gamma Knife and 
LINAC-based SRS means that multiple spherical isodose distributions accumulate 
in the target. Inevitable coincidence of such high-dose spheres cause to occur high 
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non-uniform dose in the target [ 8 ]. In the current era, mono-isocentric plans are also 
available and more commonly used in modern LINAC-based SRS applications. In 
general, for LINAC-based SRS, the dose is prescribed to 70–80 % (may be higher) 
isodose line encompassing the target volume implying that the peripheral dose is 
70–80 % of the maximum dose in the target. In GK-SRS, the dose is usually pre-
scribed to the 50–80 % isodose line which explains the cause of greater dose inho-
mogeneity in the target volume and an immediate initial dose fall-off outside the 
prescription isodose. The conventional limitations on dose uniformity are not appli-
cable for SRS as the cardinal aim of the treatment plan is to spare the OAR satisfac-
torily rather than creating maximum dose uniformity [ 8 ].  

    The Assessment of Treatment Plan 

 The most commonly used and imperative tool for assessing the treatment plan is dose-
volume histogram (DVH) which provides necessary metric data in analyzing the plots 
of the volume covered by each dose level (Figs.  7.3 ,  7.4 ,  7.5 , and  7.6 ). The uniformity 
of the plan, coverage levels of the target volume(s), and doses received by the particu-
lar volumes of interested organs at risk (OAR) can be easily and objectively surveyed 
by DVH analysis. The comparison of different plans is also possible by evaluation of 
the related DVHs on the same plot. In spite of the fact that the DVH quantitatively 
allow detection of the hot or cold spots in a treatment plan, they do not give any hint 
about the exact three-dimensional localization of these points. However, this paucity 
can easily be overcome by slice by slice evaluation of the dosimetric plan [ 8 ].

      In addition to this basic evaluation method, there are also more complicated tools 
for assessing the quality of treatment plan such as conformity index, Paddick con-
formity index, homogeneity index, selectivity, and gradient index (Table  7.8 ) [ 4 ].

       RTOG Indices   
 The RTOG proposed three widely used metrics that can be employed to describe the 
quality of SRS plans [ 106 ]. 

 The fi rst metric is the  conformity index  , CIRTOG, which was defi ned as the 
volume of prescription isodose line divided by the target volume [ 8 ,  106 ]. This 

  Fig. 7.3    A typical LINAC-based SRS plan: ( a ) axial, ( b ) coronal, ( c ) sagittal view       
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simple parameter is a distinct measure of how well the prescribed dose conforms 
and covers the target volume [ 107 ] and however sadly does not give any information 
about the distinctive levels of dose received by the surrounding healthy tissue vol-
umes. The ideal CI value is 1, meaning that the prescription isodose line matches 
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PTV 15.33 18.68 18.01

CTV 16.81 18.68 18.28

Brainstem 0.47 1.55 0.93

Brain 0.21 18.68 1.91

Optic Chiasm 0.79 1.12 0.99

Right Optic Nerve 0.22 0.49 0.28

Right Lens 0.14 0.16 0.15

Left Optic Nerve 0.23 0.33 0.27

Left Lens 0.12 0.16 0.14

  Fig. 7.4    Dose-volume histogram and related evaluation metrics for LINAC-based SRS       

  Fig. 7.5    A typical Gamma Knife SRS plan: ( a ) axial, ( b ) coronal, ( c ) sagittal view       
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exactly with the target volume with no spread-out prescription dose beyond the 
target volume. Therefore, CI values above 1 refer to over-coverage of the target 
volume with unnecessary high-dose regions beyond the intended target. Similarly, a 
CI value <1 indicates inadequate coverage of the target by the isodose which is 
undoubtedly unacceptable. The RTOG defi nes three categories of CI protocol com-
pliance. Plans with a CI value between 1.0 and 2.0 are classifi ed as not deviating 
from RTOG protocol; plans with a CI value between 2.0 and 2.5 or between 0.9 and 
1.0 are classifi ed as having minor deviations; plans with a CI value >2.5 or <0.9 are 
classifi ed as having major deviations. 

 The second metric developed by the RTOG to evaluate SRS plans is  quality of 
coverage, Q  . This value is found by the calculation of the ratio of minimum dose in 
the target volume and the prescription isodose [ 108 ]. Plans where the 90 % isodose 
covers the target volume do not deviate from protocol, plans where the 80 % isodose 
covers the target volume are classifi ed as having a minor deviation, and plans where 
the 80 % isodose line does not fully cover the target are classifi ed as having a major 
deviation and therefore unacceptable. 

 The third metric proposed by the RTOG to evaluate SRS plan quality is the  homo-
geneity index, HI   [ 108 ]. This index is calculated by dividing the maximum point 
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  Fig. 7.6    Dose-volume histogram and related evaluation metrics for a typical Gamma Knife SRS 
plan       

   Table 7.8    Commonly used indices in evaluation of SRS   

 Dose plan indices  Formula  Acceptable value 

 Conformity index (CI)  PIV/TV  1–2 (0.9–3.5) 

 Paddick conformity index (PCI)  TV PIV  2 /TVxPIV  1 

 Selectivity index (SI)  TV PIV /PIV  1 

 Gradient index (GI)  PIV X% /PIV (X/2)%   <3 

 Homogeneity index (HI)  D max /PD  1 (1.1–2.5) 

 Coverage (Q)  D min /PD  0.9–1 

 CI Lomax   TV PIV /TV  0–1 

   TV  target volume,  PIV  volume of prescription isodose,  TV   PIV   volume of prescription isodose in 
the target,  D   max   maximum dose point in the treatment volume,  PD  prescription dose,  X  isodose 
which carries the prescription isodose,  X/2  isodose which carries half of the prescription isodose, 
 D   min   minimum dose point in the treatment volume  
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dose in the target volume to the prescription isodose line. Plans with a HI less than or 
equal to 2 are said to not deviate from protocol. Minor deviations result when the HI 
is between 2 and 2.5, and major deviations result when the value is >2.5.  

     Alternative Conformity Indices   
 In 2000 Paddick [ 109 ] proposed an alternative CI with the goal of providing an 
objective method for comparing plan quality and eliminating “false scores” pro-
vided by the CIRTOG. The proposed index builds on the criticism of the  CIRTOG 
index   that the overlap of the volume receiving the prescription isodose and the target 
volume is not accounted for. This new CI, Paddick CI is calculated as CI Paddick  = 
TV 2  PIV /(TV 2  x V PD ), where TV is the target volume, TV PIV  is the target volume cov-
ered by the prescription isodose, and V PD  is the total volume covered by the pre-
scription isodose. This index has an ideal value of 1 and plan quality decreases with 
decreasing index value. The Paddick CI and CIRTOG are inversely related indices 
which can be defi ned as CI Paddick  = 0.933/CI RTOG . 

 Another alternative CI to the CIRTOG was proposed by Lomax and Scheib 
[ 110 ]. This index is a modifi cation of the stereotactic plan quality criterion initially 
proposed by the Saint-Anne, Lariboisiere, Tenon (SALT) group for arteriovenous 
malformations.  Lomax and Scheib’s modifi ed index, CI Lomax    is calculated as CI Lomax  
= TV PIV /TV where TV PIV  is the target volume covered by the prescription isodose 
and TV is the target volume. This novel index, in effect, shows the proportion of the 
target volume that receives at minimum the prescription dose. This CI can range 
from 0 to an optimum value of 1 when the target volume in its entirety receives at 
least the prescribed dose. This index is the square root of the geometric overlap ratio 
that is used in the Paddick CI. 

 The sharpness of the dose fall-off outside the target volume is defi ned with  gradi-
ent index (GI)   which is calculated by dividing the volume receiving half of the 
prescribed dose to the volume of prescribed isodose line. Considering the GI, any 
plan with an excellent CI does not always indicate that it is likewise astounding for 
the neighboring tissues or OARs, if these structures receive unnecessary excessive 
doses. Hence, an optimal dose fall-off is likewise essential for minimizing the com-
plication risks notwithstanding to the optimal conformity. In this sense, GI can be 
thought as an indicator of ideal prescription isodose, so that the steepest conceivable 
dose fall-off for any given isocenter arrangement is accomplished [ 107 ]. 

 Another important index for evaluation of SRS plans is the  selectivity index (SI)  , 
or just selectivity. CI refers to the fact that the selected isodose conforms to the 
three-dimensional target volume and the target dose is high. However, selectivity is 
an equally important aspect of effective SRS and refers to the fact that the integral 
dose received by the surrounding tissues is low. Plan selectivity is calculated by: SI 
= V PD  n TV/ V PD , where V PD  is the total volume receiving prescribed dose and TV is 
the target volume. An ideal SRS plan should have SI of 1 while any value >1 and <1 
refers to overtreatment and undertreatment, respectively (Fig.  7.7 ).

   Recommended parameters and their limits for a typical SRS plan evaluation in 
regard to the target volume coverage and OAR at risk limits are presented in 
Tables  7.9  and  7.10 .
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VT

VPD

VT

VPD

Prescription isodose

Prescription isodose

Selectivity poor but target
coverage excellent

Selectivity excellent but target
coverage poor

  Fig. 7.7    Demonstration of the relationship between target coverage and selectivity:  V   T   tumor 
volume,  V   PD   prescription dose volume       

   Table 7.9    Typical SRS plan assessment specifi cations   

 Parameter  No variation 
 Minor variation 
(acceptable) 

 Major deviation 
(unacceptable) 

 Target coverage  The 90 % isodose line (90 % 
of the PD, not TD) 
completely encompasses 
target 

 80 % isodose 
line covers the 
target 

 80 % isodose line 
does not cover the 
target 

 Dose QA (lesion 
size, PD) 

 2.0 cm: 20 Gy  –  – 

 2.1–3.0 cm: 18 Gy  –  – 

 3.1–4.0 cm: 15 Gy  –  – 

 Dose homogeneity 
(MD/PD) 

 ≤2  2–2.5  >2.5 

 Dose conformity 
(PIV/TV) 

 1.0–2.0  0.9–1.0 or 
2.0–3.5 

 <0.9 or >3.5 

   PD  prescription dose,  TD  total dose,  QA  quality assurance,  MD  maximum dose,  PIV  volume of 
prescription isodose line,  TV  target volume  
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         Recommended Treatment Algorithms for SRS 

 Treatment algorithms for SRS of patients with single and multiple BM are as pre-
sented in Figs.  7.8  and  7.9 .

         Conclusion 
 Signifi cant advancement has been made over the past three decades for patients 
with single BM and well-controlled systemic disease. Clear survival advantage 
has been shown for patients with single BM and favorable prognostic features 
who underwent neurosurgery or SRS and WBRT versus WBRT alone. On the 
other hand, for these patients with multiple BM, treatment strategies that prolong 
survival remain lacking. For this population intracranial disease control, time to 

   Table 7.10    Dose tolerance limits for SRS and FSRT   

 Organs 
 Fractions 
(n) 

 Volume 
(cc) 

 Volume 
(%) 

 Volume 
limit (Gy) 

 Max. 
dose 
limit 
(Gy)  Reference 

 Brainstem  1  1  10  15  [ 111 ] 

 1  1  18  8  [ 111 ] 

 1  23  Tradition 

 3  31  [ 111 ] 

 3  [ 111 ] 

 5  [ 111 ] 

 Chiasma (also for 
optic nerve) 

 1  0.2  100  15  15 a   [ 112 ] 

 1  0.2  20  13  [ 113 ] 

 1  20  12  [ 113 ] 

 1  11  [ 113 ] 

 1  10 a   [ 111 ] 

 3  19.5  [ 111 ] 

 3  25  [ 111 ] 

 5  [ 111 ] 

 5  [ 111 ] 

 5  [ 113 ] 

 Cochlea  1  12  [ 111 ] 

 3  20  [ 111 ] 

 5  27.5  [ 111 ] 

 Brain  5  100  20  [ 113 ] 

 Lens  1  3  [ 113 ] 

 2  6  [ 113 ] 

 3  7  [ 113 ] 

 5  7  [ 113 ] 

   Max  maximum,  FSRT  fractionated stereotactic radiotherapy,  SRS  stereotactic radiosurgery 
  a 77 % probability of optic neuritis if D max  >15 Gy; no risk of optic neuritis if D max  <10 Gy  
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Multiple brain metastases

KPS ≥ 70
Expected survival > 3 mo

KPS < 70
Expected survival > 3 mo

Best supportive care

Active Follow Up

≤ 3-4 cm

WBRT
SRS
alone

SRS +
WBRT

+ + +

No mass effect

No mass effect

Progressive

Mass effect

Surgery +
WBRT

WBRT

WBRT

> 3-4 cm

Systemic disease

Controlled

2-3 lesions >4 lesions

Size

  Fig. 7.9    Recommended treatment algorithm for patients with multiple brain metastases.  WBRT  
whole brain radiation therapy       

Single brain metastases

KPS ≥ 70
Expected survival > 3 mo

Systemic disease

Controlled

No mass effect

Size

≤ 3-4 cm

Surgery
+

WBRT
SRS
alone

SRS +
WBRT Unresectable

WBRT

F-SRT

Active follow-up

∗

>3-4 cm

Mass effect Resectable

Resectable

+

+++

Surgery +
WBRT

Surgery +
TB-SRS

Surgery +
TB-SRS
WBRT

Progressive

WBRT Best supportive care

KPS < 70
Expected survival > 3 mo

  Fig. 7.8    Recommended treatment algorithm for patients with single-brain metastases.  WBRT  
whole brain radiation therapy,  TB-SRS  tumor bed stereotactic radiosurgery, ( + ) level I evidence, 
( * ) level 3 evidence,  FSRT  fractionated radiotherapy       
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neurologic progression, neurologic function, and QOL may be more relevant end 
points because of the competing risk for death from systemic disease. WBRT 
remains the standard of care in patients presenting with multiple BM, particu-
larly those with >3 BM. However, addition of SRS may increase the local tumor 
control rates and may potentially further mitigate tumor-related symptoms. 

 TB-SRS is a relatively new treatment approach with no randomized data pub-
lished to date, and only limited prospective data are available. Although the 
accessible data is encouraging, yet much is still unknown about SRS including 
the required doses and optimal target volume delineation issues, such as defi ni-
tion of the appropriate margins around the resection cavity. Appropriately 
designed future TB-SRS studies will most likely provide level 1 proof in clearing 
some uncertainties and setting the optimal treatment decisions on this particular 
issue of interest. 

 Lastly, patients with single or multiple BM will certainly benefi t from a mul-
tidisciplinary approach focused on the integration of surgical, radiation, and che-
motherapeutic options with the goal of preserving neurologic and neurocognitive 
function and QOL.     
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  8      Modern Radiotherapy in Limited 
and Extensive Stage Small-Cell 
Lung Cancer                     

       Erkan     Topkan      ,     Berna Akkus     Yildirim    , and     Ugur     Selek     

         Introduction 

 Small-cell lung cancer (SCLC), previously called  oat-cell carcinoma  , accounts for 
approximately 10–15 % all lung cancers with more than 95 % being associated with 
tobacco smoking [ 1 ]. First recognized in 1926 by Barnard, SCLC is a unique patho-
logical and clinical entity within the range of lung cancers [ 2 ]. As later described in 
detail by Watson and Berg in 1962, SCLC has distinct clinical features, namely, 
predominance of central location on radiographs, early dissemination tendency, 
high initial remarkable but temporary chemo- and radiosensitivity, and high propen-
sity for fatal local and/or distant relapses. This fi rst defi nition still preserves its 
validity with almost no notable changes since past fi ve decades [ 3 ]. Albeit there is 
no signifi cant difference in outcome by histologic subtype, the World Health 
Organization classifi cation subdivides SCLC into three cell types: pure or classic, 
variant cell, and mixed [ 4 ]. 

 Typically, SCLC presents in senior patients (>70 years) with a substantial smok-
ing history. The patients usually apply with symptomatic bulky and centrally located 
masses and accompanying hilar and/or mediastinal enlarged lymph nodes. Albeit 
numerous local or systemic symptoms may be present at the fi rst admission, the 
commonest ones are cough (50 %) and weight loss (50 %) trailed by dyspnea (40 %) 
and generalized weakness (40 %) (Table  8.1 ). Of note, 15 % of patients present with 
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endocrine or neurologic paraneoplastic disorders which may lead to severe morbid-
ity or even fatality, if not intervened timely and appropriately [ 5 ]. Disease spread 
beyond the thorax is diagnosed in up to 75–80 % of cases at initial evaluations, and 
approximately 20 % of patients present with brain metastases (BM) of which half 
are symptomatic, while remaining half are detected by radiologic imaging. BM 
incidence is directly associated with the disease stage, meaning that the risk is 
higher for patients with  extensive stage (ES-SCLC)   than the  limited stage SCLC   
(LS-SCLC) that ascends to 69 % at 2-years of diagnosis [ 6 ,  7 ].

       Staging 

 Accurate staging is the initial vital step in the management of SCLC. Although a 
tumor-lymph node-metastasis (TNM) classifi cation has been proposed for staging, 
because SCLC rarely presents with suffi ciently localized disease that is suitable for 
surgical resection, this staging system has never gained universal acceptance by the 
oncologic community and thus is for the most part not utilized. Instead, historic 
 Veteran’s Administration Lung Study Group   (VALG) staging criteria which simply 
divides patients into two stages has turned into the preferred staging system in 
oncology clinics: LS-SCLC and ES-SCLC [ 8 ]. LS-SCLC is defi ned as the disease 
confi ned to the ipsilateral hemithorax which can be securely encompassed within a 
tolerable single radiation port. Involvement of ipsilateral supraclavicular lymph 
node(s) is also included in LS-SCLC. In contrast, patients with ES-SCLC have dis-
ease that is past the ipsilateral hemithorax. In addition to the hematogenous spread, 
involvement of contralateral supraclavicular lymph node(s) and/or presence of 
malignant pleural and/or pericardial effusion is also included in 
ES-SCLC. Unfortunately, only less than one third of SCLC patients present with LS 
disease, while remaining two thirds have ES disease. 

 The revised American Joint Committee on Cancer (AJCC) staging system, 
which was originally implemented the TNM staging for NSCLC, recommended its 
use for SCLC patients as well in its sixth and seventh editions [ 9 ,  10 ]. Considering 
the survival outcomes, Vallieres et al. [ 11 ] in their recent study on 349 resected 

  Table 8.1    Symptom 
frequencies at presentation in 
SCLC patients  

 Symptom  Incidence (%) 

 Cough  50 

 Weight loss  50 

 Dyspnea  40 

 Weakness  40 

 Chest pain  35 

 Anorexia  30 

 Hemoptysis  20 

 Paraneoplastic syndromes  15 

 Fever of unknown origin  10 

 Hoarseness  10 
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SCLC patients confi rmed the utility of TNM-based pathologic staging. However, on 
the grounds that only 5 % of all SCLC patients present with an operable disease, it 
seems diffi cult to adopt TNM-based staging system in routine staging of SCLC 
patients even in the near future. 

 Positron emission tomography-computerized tomography (PET-CT) may prove 
benefi cial in detection of CT-occult metastases and/or may alter treatment decisions 
and/or radiotherapy (RT) port [ 12 ]. Therefore, besides the standard staging tools, 
including the plain chest X-ray, thoracic CT, abdominal CT or ultrasonography, and 
brain magnetic resonance imaging, the current guidelines of the US National 
Comprehensive Cancer Network recommend the use of positron emission tomogra-
phy (PET) or fused PET-CT scanning for the staging of SCLC.  

    Histologic and Immunohistochemical Markers 

 Several histologic and immunohistochemical markers have been assessed for their 
diagnostic, prognostic, and/or predictive roles in SCLC patients, including  tran-
scription thyroid factor-1 (TTF-1)  ,  cytokeratin 7  , chromosome 3 deletions, Leu- 7, 
chromogranin A, synaptophysin, myc amplifi cation, p53 mutations,  fragile histi-
dine triad (FHIT)  , RAS effector homologue (RASSF1), retinoblastoma-1 (RB1), 
and retinoic acid receptor-beta [ 13 ]. Mutations that are often present in NSCLC, 
such as epidermal growth factor receptor (EGFR) mutations and  anaplastic lym-
phoma kinase (ALK)  , are rare in SCLC. To our best information, no biomarkers to 
date have been approved for diagnostic, prognostic, or predictive purposes in SCLC 
patients.  

    Prognostic Factors 

 Regardless of fundamental improvements in imaging and treatment modalities, 
prognosis of patients with SCLC is still unsatisfactorily poor with median survival 
ranges of only 15–20 months for LS-SCLC and 8–13 months for ES-SCLC [ 5 ]. 
Moreover, underlining the futility of the condition, 5-year survivors are accounted 
for to be only in the respective ranges of 10–13 % and 1–2 % [ 14 ,  15 ]. Various vari-
ables have been allotted to convey prognostic signifi cance for patients with SCLC; 
however, the most essential tumor-related variable is the VALG stage (LS- versus 
ES-SCLC). In LS-SCLC, early stage disease that corresponds to TNM stage 1 car-
ries the best prognosis particularly without raised  serum lactate dehydrogenase lev-
els   [ 14 ,  16 ]. Like other tumor locales, pretreatment weight loss and poor performance 
status are signifi cant indicators of unfavorable outcomes [ 17 ]. Likewise, men fare 
poorer than women [ 5 ]. In ES-SCLC, the number of organ sites and site of involve-
ment are also strongly associated with prognosis [ 18 ]. Compared to other sites, 
involvement of the bone marrow, liver, or central nervous system signifi es unfavor-
able disease course. SCLC is frequently associated with  paraneoplastic syndromes   
either via antibody-mediated tissue destruction or via ectopic hormone production 
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[ 5 ]. Albeit debated by some, unlike antibody-mediated paraneoplastic syndromes, 
ectopic hormone production is generally accepted as a predictor of poor outcome. 
Better prognosis in patients with antibody-mediated paraneoplastic syndromes may 
be related with presence of a fully competent immune system, indicating the need 
for exploration of immunotherapy adjunct to standard treatment approaches in this 
patients group. In summary, as depicted in Table  8.2 , although many other factors 
have been proposed to be useful in stratifi cation of patients with different prognosis, 
the established factors include: good performance status, limited stage disease, 
female sex, normal serum lactate dehydrogenase, use of combination chemother-
apy, early chemoradiotherapy (CRT), prophylactic cranial irradiation (PCI), absence 
of weight loss, and few metastatic sites.

       Treatment of LS-SCLC 

    Surgery 

 Unless diagnosed quite early, which constitutes only less than 5 % of all SCLC 
patients, surgery currently has little role in the standard management of 
SCLC. More than four decades ago, The British Medical Research Council study 
clearly demonstrated the superiority of thoracic radiotherapy (TRT) over surgery 
by expanding median OS from 6.5 months with surgery to 9.9 months with TRT 
[ 19 ,  20 ]. Since that time, TRT has become the standard treatment for patients with 
LS-SCLC. 

  Table 8.2    Factors associated 
with better prognosis in 
SCLC patients  

 Good performance status 

 Limited stage disease 

 Female sex 

 Normal serum lactate dehydrogenase 

 Combination chemotherapy 

 Early chemoradiotherapy 

 Prophylactic cranial irradiation 

 Absence of weight loss 

 Few sites of metastatic disease 

 Absence of pleural effusion 

 Absence of brain metastases 

 Absence of liver metastases 

 Age <40 years 

 Normal serum sodium concentration 

 Normal liver function tests 

 Presence of antibody-mediated paraneoplastic syndromes 

 Lower pretreatment SUVmax value 

 Low whole-body metabolic tumor volume 
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 Radical surgery appears to be predominantly benefi cial in LS-SCLC patients 
with TNM stage I disease [ 21 ,  22 ]. Even such patients should undergo a through 
radiological and mediastinal staging procedure and assessed for satisfactory pulmo-
nary residual capacity after surgery in order to select appropriate candidates. 
Currently, surgery is recommended for only medically fi t stage I SCLC patients 
with peripherally located lesions and no hilar/mediastinal nodal involvement. 
However, adjuvant combination chemotherapy is still strongly recommended for 
this group of patients. Postoperative CRT should be considered for patients treated 
with non-anatomic surgery or positive margins or incidentally detected hilar/medi-
astinal nodal involvement.  

    Chemotherapy 

 Although the detailed systemic management of SCLC is beyond the scope of this 
chapter, the advancements in chemotherapy will shortly be outlined in the following 
paragraphs. In 1970s, chemotherapy trials of LS-NSCLC demonstrated that the sur-
vival was improved from few weeks without to several months with chemotherapy. 
Several studies conducted past four decades have shown the clear superiority of the 
combination chemotherapy regimens over single-agent regimens. Response rates of 
70–85 %, with complete response of 20–30 %, are encouraging, but virtually almost 
every patient relapses [ 5 ]. Outcomes of randomized controlled trials (RCTs) and 
meta-analysis in search of the most active regimen indicated the superiority of eto-
poside plus cisplatin (EP) combination over the other investigated combinations 
[ 23 – 27 ]. Thusly, the EP combination has turn into the standard chemotherapy com-
bination in United States and Europe since 1980s. In spite of the fact that the cispla-
tin is the backbone of chemotherapy, carboplatin may be substituted for cisplatin in 
senior patients or in those with renal insuffi ciency without an apparent effi cacy loss 
[ 28 ]. Combinations constituting a variety of newer agents, like irinotecan, have 
been tested for enhancing the available outcomes in LS-SCLC. Nevertheless, these 
agents could not prove to be more active than the older ones. Irinotecan, which was 
the most promising of them, has been tested in three randomized phase 3 trials 
[ 29 – 31 ]. The fi rst trial by Noda et al. showed the superiority of cisplatin plus irino-
tecan (IP) over the standard EP combination in a Japanese Clinical Oncology Group 
(JCOG) trial [ 29 ]. However, two subsequent trials launched in United States could 
not confi rm these results [ 30 ,  31 ]. In both trials response and survival rates in inves-
tigational IP arms were found to be equivalent to standard EP. The potential benefi t 
of adding a third agent to standard EP has also been extensively investigated. Higher 
response rates at a cost of signifi cantly increased toxicity were achieved, with no 
notable improvement in median survival duration over EP alone [ 32 – 34 ]. In view of 
these results, four to six cycles o EP combination have been acknowledged to be the 
present current standard fi rst-line chemotherapy regimen of these patients, and fur-
ther treatment with either maintenance therapy or four cycles of topotecan follow-
ing standard EP regimen has not been proved to improve outcomes [ 35 ,  36 ]. 
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 Intensifi cation of cytotoxic regimens by either increasing the individual dose 
size or decreasing dose intervals are promising strategies for improving initial 
complete response (CR) rates and improving OS durations. In this manner, safe 
delivery of dose-intensifi ed chemotherapy became possible by utilization of hema-
topoietic progenitors. The safety and effi cacy of intensifi ed chemotherapy with 
hematopoietic progenitors (ICHP) have been addressed in a single meta-analysis 
of 5 studies including a total of 641 patients. Unfortunately, although the ICHP 
receiving patients had higher-grade 3–4 hematologic toxicity (OR:3.71 for hemo-
globin;  p  < 0.001 and OR:4.9 for platelet;  p  < 0.001), no enhancement in either 
overall response rates (OR:1.29;  p  = 0.206) or overall survival (OS) durations 
(HR:0.94;  p  = 0.432) was achieved [ 37 ]. Therefore, based on the results of this 
unique meta- analysis, currently the use of ICHP is not recommended in SCLC 
patients. 

 Drug-dose intensifi cation may likewise be conceivable by prophylactic use 
of granulocyte- (G-CSF) or granulocyte-macrophage colony-stimulating factors 
(GM-CSF). However, two individual meta-analyses with respective 3 ( n  = 391) 
and 12 RCTs ( n  = 2,107) failed to demonstrate any notable survival enhance-
ment with either G-CSF or GM-CSF [ 38 ,  39 ], overall suggesting no role for the 
routine prophylactic use of these agents in the current management of SCLC 
patients. 

 Another suggested strategy to improve outcomes of SCLC patients is the use 
of maintenance or consolidation chemotherapy. Since the results of individual 
studies are controversial, two meta-analyses have been performed to address its 
role in this group of patients. In the fi rst meta-analysis by Bozcuk et al. [ 40 ], 
maintenance chemotherapy was shown to improve 1- and 2-year OS from 30 % to 
39 % (OR:0.67;  p  = 0.001) and from 10 % to 14 % (OR:0.67;  p  = 0.001) and 1- 
(OR:0.49) and 2-year (OR:0.64) progression-free survival (PFS), respectively. 
However, the authors reported that this survival advantage was at expense of 
increased toxicity rates. In the second meta-analysis by Rossi et al. [ 41 ], in an 
effort to produce a thorough picture of effi cacy related to different pharmacologi-
cal strategies, the authors evaluated all the investigated maintenance therapy 
approaches to date. A total of 3,688 LS- and ES-SCLC patients enrolled on 21 
trials were included: 11 chemotherapy, 6 interferons, and 4 other biological 
agents, respectively. Although statistically different effects among the four types 
of therapy were detected for OS ( p  = 0.04) but not for PFS ( p  > 0.05 for each), 
overall, no notable advantage for OS (HR:0.93;  p  = 0.05) or PFS (HR:0.98; 
 p  = 0.63) was shown for maintenance or consolidation therapy. Mortality was sig-
nifi cantly reduced in chemotherapy (HR:0.89;  p  = 0.02) and interferon-alpha stud-
ies (HR = 0.78;  p  = 0.02). Considering the increased toxicity rates and associated 
patient compliance problems, the positive results in OS reported particularly by 
maintenance chemotherapy and interferon- alpha ought to be interpreted with cau-
tion. However, despite the fact that the maintenance treatment cannot be consid-
ered for routine use in SCLC patients, such information may demonstrate valuable 
by proposing value to proceed on exploration of the most potent and safe mainte-
nance or consolidation strategies, if exist.  
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    Thoracic Radiotherapy (TRT) 

 TRT was the pillar of the oncologic management of LS-SCLC patients before the 
implementation of chemotherapy in the 1970s [ 42 ]. At fi rst, the enthusiasm for TRT 
was diminished because of aftereffects of chemotherapy success in these patients. 
Nevertheless, on the grounds that the locoregional relapse rates were unacceptably 
high with chemotherapy alone, the enthusiasm on TRT was renewed, and the con-
current chemoradiotherapy (C-CRT) became the standard care of SCLC patients, 
from there on. 

 Regarding the TRT, current investigations are mainly focused on the relative tim-
ing of TRT and chemotherapy, total dose and fractionation, and treatment volumes. 
These issues will be discussed in detail in the following sections of this chapter. 
Prophylactic cranial irradiation (PCI) is another essential advancement in manage-
ment of SCLC with a well-established role in both LS- and ES-SCLC patients 
which will be discussed in Chap.   10    .  

     Early Versus Delayed Thoracic Radiotherapy   

 The role of combination of TRT and chemotherapy in LS-SCLC patients is well 
supported by two meta-analyses [ 43 ,  44 ]. The meta-analysis reported by Pignon 
et al. [ 39 ] reviewed 2,140 patients from 13 trials and demonstrated a 5.4 % improve-
ment in 3-year OS rate with CRT than chemotherapy alone (14.3 % vs. 8.9 %). In 
the other meta-analysis, Warde and Payne [ 44 ] consolidated data from 11 random-
ized trials with or without CRT and found that the receipt of CRT prompted to better 
2-year intrathoracic tumor control rates than did chemotherapy alone (34.1 % vs 
16.5 %). The 2-year OS rates were likewise 5.4 % higher in the patients treated with 
CRT ( P  < 0.05). Thusly, the CRT approach has been settled as the standard of care 
for ES-SCLC patients. 

 Based on organization timing, TRT and chemotherapy combination is defi ned as 
concurrent or sequential. In the C-CRT the TRT and chemotherapy are utilized 
simultaneously, while in sequential approach, chemotherapy is given either before 
the initiation of TRT or after the fulfi llment of TRT or both. While some of the 
introductory studies indicated promising results for alternating TRT and chemo-
therapy, this type of combined approach is mostly surrendered today. 

 Considering the optimal timing of TRT and chemotherapy, several large studies 
have shown that the C-CRT produces better disease control than sequential regimes 
[ 45 – 47 ]. In largest of these studies including 308 patients, Murray et al. [ 45 ] treated 
patients with cyclophosphamide, doxorubicin, and vincristine combination, alter-
nating with EP, and beginning TRT either on week 3 or on week 15. Patients who 
achieved a complete response also received PCI. Patients who received TRT early 
during chemotherapy had signifi cantly better median PFS ( p  = 0.036), OS ( p  = 0.008) 
and freedom from brain metastases ( p  = 0.006) times. Likewise, in the phase 3 trial 
by the Japanese Clinical Oncology Group (JCOG 9104), Takada et al. [ 46 ] com-
pared C-CRT with sequential chemotherapy and TRT in 228 LS-SCLC patients. 
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Although the clinically apparent differences remained only as a trend approaching 
statistical signifi cance ( P  = 0.097), patients on C-CRT arm demonstrated superior 
median (24 vs. 18 months), 2- (54.4 vs 35.1 %), 3- (29.8 vs 20.2 %), and 5-year 
(23.7 vs. 18.3 %) OS rates than did those on sequential treatment arm. These results 
were also later confi rmed by De Ruysscher et al. [ 47 ]. Although it was a retrospec-
tive analysis, in the most recent study, Scotti et al. [ 48 ] reported the 10-year out-
comes of 124 LS-SCLC patients treated with various strategies. In this study, 53 
(42.8 %) and 71 patients (57.2 %) received mainly EP-based C-CRT or sequential 
treatment, respectively. PCI was utilized only in patients with histologically proven 
complete response to primary treatment. At a mean follow-up of 2.2 years, the 
authors found that the 10-year OS was signifi cantly longer in who underwent early 
or late TRT than the sequentially treated counterparts with respective OS rates of 
10.0 %, 12.9 %, and 5.6 % ( p  = 0.007). 

 Although results of available studies, in general, support the early utilization of 
TRT during the chemotherapy course of LS-SCLC patients, confl icting outcomes 
have also been reported. Therefore, the impact of timing of TRT relative to chemo-
therapy has also been addressed by various meta-analyses. The fi rst meta- analysis by 
Fried et al. assessed the RCTs published after 1985 [ 49 ]. In this meta- analysis, TRT 
was considered early when it was begun before 9 weeks and before the third cycle of 
chemotherapy. For all studies, OS at 2 years was signifi cantly superior in the early 
than the late TRT patients (HR = 1.17;  P  = 0.03), with a similar trend at 3 years. In a 
subset analysis of hyperfractionated TRT, studies revealed superior OS with early 
TRT at 2 (HR:1.44;  p  = 0.001) and 3 years (HR:1.39;  p  = 0.04) than late 
TRT. Interestingly, in subset analysis with only the studies using once- daily fraction-
ation, this signifi cant OS advantage favoring early over late TRT disappeared. In 
summary, the absolute benefi t of early vs. late TRT was 5 % for all patients, 10 % for 
patients who had received cisplatin-based chemotherapy, and 17 % for patients who 
had received cisplatin-based chemotherapy and twice-daily TRT. 

 In the meta-analysis by Huncharek and McGarry, data of 8 RCTs enrolling over 
1,500 LS-SCLC patients were analyzed and demonstrated that early integration of 
TRT with systemic chemotherapy was associated with 34–216 % longer OS times, 
depending on the endpoint of interest [ 50 ]. Pooling the 2- and 3-year survival data 
indicated 60 % and 49 % respective better OS rates with early than late TRT. 

 In another meta-analysis, De Ruysscher and colleagues analyzed RCTs combin-
ing TRT and platinum-based chemotherapy and concluded that the most important 
predictor of 5-year survival was the interim between the initiations of any treatment 
and the end of RT (SER). The authors reported that shorter SERs (<30 days) were 
associated with the highest 5-year OS rates, namely, >20 % [ 47 ]. A subsequent 
meta-analysis, Pijls-Johannesma and colleagues evaluated the impact of timing of 
TRT by comparing early versus late TRT, by defi ning early TRT as within 30 days 
of chemotherapy onset. In presence of platinum-based chemotherapy, the 2- and 
5-year survival rates were favoring early TRT, and this difference was signifi cant 
only if the TRT was administered in a treatment period of less than 30 days. In this 
study, patient compliance was found to be of paramount importance, indicating the 
importance of patient selection in clinical trials [ 51 ]. These data are in good concor-
dance with the landmark phase 3 ECOG/RTOG trial (INT-096) reported by Turissi 
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et al. [ 52 ], which demonstrated that the shortening of total TRT period from 5 to 
3 weeks was associated with an absolute 10 % (16 % versus 26 %) increase in 
5-year survival rate. 

 Results of the available studies and meta-analyses suggest a strong interaction 
between TRT and systemic chemotherapy. Moreover, it has been hypothesized that 
the accelerated tumor cell repopulation is triggered by the fi rst dose of any active 
cytotoxic chemotherapy [ 47 ] which mandates to kill the last tumor cell before the 
end of TRT in order to not miss the highest chance for locoregional control [ 13 ]. 
Hence, long-term survival decreases with increased intervals between the initiation 
of any oncologic treatment and the completion of TRT. In this respect, the novel 
parameter SER, which takes into account accelerated proliferation of tumor cells 
during both TRT and chemotherapy, may facilitate a more rational design of com-
bined-modality treatment in rapidly proliferating SCLC.  

    Dose and Fractionation 

 As aforementioned in previous sections, TRT was the mainstay of treatment for 
LS-SCLC before the introduction of chemotherapy in the 1970s [ 13 ,  42 ]. However, 
despite the great interest in chemotherapy, subsequent studies demonstrated that 
chemotherapy alone resulted in from 75 % to 90 % intrathoracic failures, which is 
far beyond acceptable limits [ 53 ]. With an end goal to lessening this rates, TRT was 
added to chemotherapy in a concurrent manner, which decreased the failure rates to 
as low as 30–60 % [ 54 ]. Later, the clinical impressions of such a reduction in intra-
thoracic failures have been broadly surveyed by two meta-analyses [ 44 ,  55 ]. In the 
fi rst, Warde and Payne [ 44 ] analyzed 1,911 patients enrolled on 11 randomized 
studies and reported a signifi cantly longer OS favoring the TRT and chemotherapy 
combination over chemotherapy alone, with an absolute 5.4 % OS benefi t at 2-year 
( p  < 0.001). In the other meta-analysis, Pignon et al. [ 55 ] incorporated 13 trials com-
prising of 2,103 LS-SCLC patients. Combination of TRT and chemotherapy again 
brought an absolute 5.4 % survival advantage at 3 years compared to chemotherapy 
alone ( p  = 0.001). Based on the results of these two meta-analyses, combination of 
TRT and chemotherapy turned into the built up standard of consideration in 
LS-SCLC, at least for those who are fi t enough to tolerate the therapy. 

 Information on the optimum TRT dose and fractionation schedules basically 
come from retrospective and phase 2 prospective studies. The results of nonrandom-
ized studies indicated a notable increment in local control rates by escalating the 
TRT dose just from 35 to 40 Gy, and a further slight increase was accomplished at 
50 Gy dose level. Preclinical cell line investigations have suggested that regular 
SCLC cells have radiation survival curves with little shoulders indicating that accel-
erated fractionation schemes would, in this way, be benefi cial [ 13 ]. As depicted in 
Table  8.3 , in 1999, two different cooperative groups randomized patients to once-a-
day versus twice-a-day TRT with concurrent chemotherapy [ 52 ,  56 ]. In the study of 
the North Central Cancer Treatment Group (NCCTG) reported by Bonner et al., 
there was no signifi cant distinction in survival outcomes between the hyperfraction-
ated and conventional TRT arms [ 56 ]. However, this study has been criticized 
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because of using split-course TRT schedule which is currently an established factor 
to increase the chance for accelerated repopulation and, therefore, infl uence treat-
ment outcomes unfavorably. In the benchmark INT-0096 study by Turissi et al. [ 52 ], 
authors reported the long-term outcomes of 358 LS-SCLC patients enrolled onto 
the cooperative group study of Eastern Cooperative Oncology Group/Radiation 
Therapy Oncology Group (ECOG/RTOG). Results of this study exhibited that 
twice-daily 45 Gy (1.5 Gy b.i.d) and concurrent CRT was signifi cantly superior over 
conventionally fractionated TRT scheme [ 52 ]. Based on the results of this latter 
study, the current standard of care for medically fi t LS-SCLC became the 45 Gy 
(1.5 Gy b.i.d) TRT and concurrent EP. Nonetheless, because of the higher frequency 
of dose-limiting ≥grade 3 esophagitis in twice-daily TRT scheme, 54 Gy (1.8 Gy 
per fraction) in 30 days and concurrent EP are also commonly practiced treatment 
schemes.

   The fi nding that local tumor control rates remain less than optimal at 40–70 % 
suggested that increasing the radiation dose, either by escalation, hyperfraction-
ation, or a combination of the two, may enhance outcomes. Consequently, several 
studies assessed the effi cacy of higher-dose radiation for LS-SCLC [ 57 – 59 ]. In this 
respect, Carcinoma and Leukemia Group B (CALGB) conducted two phase 2 trials 
to research the potential advantage of a higher dosage of 70 Gy given in 35 fractions 
within 7 weeks [ 57 ,  58 ]. In the fi rst study, median OS time, 2-year OS, and ≥grade 
3 esophagitis rates were 22 months, 48 %, and 21 %, respectively [ 57 ], while respec-
tive rates were 20 months, 35 %, and 30 % in the second study [ 58 ]. The maximal 
tolerated dose (MTD) was reported to be 70 Gy administered in 35 fractions within 
7 weeks in a phase 1 study conducted by Choi et al. [ 59 ]. 

   Table 8.3    Outcomes of benchmark NCCTG [ 56 ] and ECOG/RTOG [ 52 ] randomized trials of 
limited stage small-cell lung cancer comparing daily versus twice-daily TRT   

 NCCTG  p-value 
 ECOG/RTOG (INT 
0096)  p-value 

 Study arms  Ctx + 
TRT 

 Ctx + TRT 
(b.i.d) 

 Ctx + 
RT 

 Ctx + TRT 
(b.i.d) 

 Patients (N)  176  182  133  130 

 Total Ctx cycles (N)  4  4  6  6 

 Concurrent Ctx 
cycles (N) 

 2  2  2  2 

 Median OS (months)  18.6  20.3  0.04  21  21  0.49 

 2-year OS (%)  42  44  47  45 

 3-year OS (%)  –  –  34  29 

 5-year OS (%)  16  26  –  – 

 ≥Grade 3 
pneumonitis (%) 

 4  5  0.97  4.5  6.2  >0.05 

 ≥Grade 3 esophagitis 
(%) 

 16  32  <0.001  5.3  12.3  0.05 

   Ctx  chemotherapy,  ECOG  Eastern Cooperative Oncology Group,  N  number,  NCCTG  North 
Central Cancer Treatment Group,  OS  overall survival,  RTOG  Radiation Therapy Oncology Group, 
 TRT  thoracic radiotherapy  
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 In a phase 1 RTOG 97-12 dose escalation study, 36 Gy was delivered in 20 frac-
tions within 4 weeks, followed by a boost of twice-daily RT (1.8 Gy/fraction) to the 
predetermined total dose levels of 50.4, 54.0, 57.6, 61.2, or 64.8 Gy, respectively [ 60 ]. 
The MTD was determined as the dose that produced grades 3–4 esophagitis and pneu-
monitis in more than 50 % of patients. The MTD with this approach was 61.2 Gy 
within 5 weeks. Fifty-four (87 %) of the 62 evaluable patients achieved a complete 
(68 %) or partial (19 %) tumor response. The 18-month survival was 25 % for patients 
receiving 50.4 Gy and 82 % for those receiving 61.2 Gy. In a subsequent phase 2 
study, RTOG 0239, patients with LS-SCLC and good performance status were given 
TRT to 61.2 Gy over 5 weeks (daily 1.8-Gy fractions on days 1–22, then twice-daily 
1.8-Gy fractions on days 23–33). Cisplatin (60 mg/m 2 ) was given on day 1 and etopo-
side (120 mg/m 2  ) on days 1–3 and days 22–24, followed by two cycles of EP alone 
[ 61 ]. Of eligible 71 patients, 13 (18 %) experienced severe acute esophagitis, and 2 
(3 %) of treatment-related deaths were reported. Complete and partial response rates 
were 41 % and 39 %, respectively. Median and 2-year OS 2-year local control rates 
were 73 % and 19 months and 36.6, respectively. This treatment strategy is now one 
of three arms of the ongoing randomized phase 3 trial: RTOG-0538/CALGB 30610 
protocol. Based on the promising outcomes of these studies, two ongoing randomized 
phase 3 trials were conducted to compare standard Turissi protocol (INT-096) with 
escalated doses of conventionally fractionated TRT. These two landmark trials, 
namely, intergroup study RTOG-0538/CALGB 30610 and CONVERT (Concurrent 
Once-daily versus Twice-daily Radiotherapy) will address the answers for the ques-
tion whether the higher doses conveyed by once-daily scheme in 7 weeks could com-
pensate for the longer interval between the initiation of treatment and the end of TRT 
in the expense of increased risk for accelerated tumor cell repopulation (Table  8.4 ).

   In summary, until the emergence of better results from ongoing progressing 
phase 3 RCTs, current evidence recommends the early administration of 45 Gy 
(1.5 Gy, b.i.d) for medically fi t LS-SCLC patients.   

   Table 8.4    Ongoing landmark trials of chemoradiotherapy for limited stage small-cell lung 
carcinoma   

 Trial  Chemotherapy 
 Standard TRT 
arm 

 Experimental 
TRT arm 

 Primary 
endpoint 

 Expected 
enrollment 

 CALGB 30610/
RTOG 0538 

 4 cycles EP  45 Gy/30 fx, 
3 week, b..i.d, 
starting at fi rst 
or second 
course 

 A: 70 Gy/35 
fx, 7 week, 
once-daily B: 
61.2 Gy/34 fx, 
5 week, BID, 
starting at fi rst 
course 

 Overall 
survival 

 712 

 CONVERT  4 cycles EP  45 Gy/30 fx, 
3 week, b..i.d, 
starting at 
second course 

 66 Gy/33 fx, 
6.6 week, 
once-daily, 
starting at 
second course 

 Overall 
survival 

 532 

   CALGB  Carcinoma and Leukemia Group B,  CONVERT  Concurrent Once-daily versus Twice- 
daily Radiotherapy,  EP  etoposide-cisplatin,  RTOG  Radiation Therapy Oncology Group,  TRT  
thoracic radiotherapy  
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     Extensive Stage SCLC   

 Approximately 70 % of all SCLC patients have disease either spread beyond the 
thoracic borders or confi ned to thorax but too large to be encompassed with a toler-
able radiation port, namely, ES-SCLC. For quite a long time, combination chemo-
therapy has been considered to be the standard treatment option for these patients, 
and TRT has traditionally been reserved for patients who required local palliation. 
However, prognosis of ES-SCLC patients treated exclusively with chemotherapy 
remained poor, and almost no striking change has been noted in late decades. An 
analysis reported by Govindan et al. in 2006 exhibited that the 2-year OS rate was 
only 5 %, and the median PFS and OS were only in the ranges of 4–6 and 
7–11 months, respectively [ 62 ]. To overcome poor prognosis with chemotherapy 
alone, various chemotherapy intensifi cation approaches were investigated; however 
sadly, neither maintenance chemotherapy beyond initial four to six cycles [ 35 ,  63 , 
 64 ] nor higher chemotherapy dosages [ 65 ,  66 ] proved gainful in this disease 
setting. 

 Intrathoracic disease control is a major oncologic challenge to overcome in a 
signifi cant proportion of ES-SCLC patients, because although almost 90 % of all 
SCLC patients respond to initial chemotherapy, ≥70 % of them eventually experi-
ence intrathoracic recurrences which is almost inevitably fatal. As an excellent 
example, in the Slotman’s benchmark PCI trial 75 % of all study eligible patients 
had persisting thoracic disease following initial chemotherapy, and roughly 90 % 
experienced thoracic disease progression within the fi rst year [ 67 ]. However, despite 
this fact, assumedly because of its systemic nature and of inevitable rapid extratho-
racic progressions, TRT for such patients did not gain interest for long times. Mainly 
because of this reason the role of consolidative TRT has been limitedly addressed. 
In the fi rst commendable trial, Jeremic et al. [ 68 ] randomized patients with ES-SCLC 
to consolidation TRT versus observation arms after three cycles of systemic chemo-
therapy who responded completely at extrathoracic sites and at least partially at 
thorax. In experimental arm, accelerated hyperfractionated TRT of 54 Gy (1.5 Gy 
b.i.d) was given concurrent with EP. The median, 3- and 5-year OS in the TRT, and 
the chemotherapy-only arms were 17 versus 11 months ( p  = 0.041), 22 % and 9 %, 
and 9.1 % versus 3.7 %, respectively. In a recent retrospective review of 215 patients 
with ES-SCLC, 19 patients received consolidative TRT [ 69 ]. In this favorable sub-
set of patients with one or two metastatic sites, locoregional failure was reported in 
26 % at 1 year and 39 % at 2 years. Similarly, Zhu et al. in another retrospective 
study including 119 patients did a multivariate analysis and reported an improved 
median OS for patients receiving TRT [ 70 ]. These data is supported by the prospec-
tive nonrandomized phase 2 study of 32 ES-SCLC patients treated with four cycles 
of platinum-based chemotherapy and subsequent consolidative 40 Gy TRT (15 
daily fractions). Treatment was well tolerated with report of only 15.6 % symptom-
atic chest recurrences [ 71 ]. 

 Effi cacy of consolidation TRT has been confi rmed by Ou et al. [ 72 ] who retro-
spectively analyzed the data from the Cancer Surveillance programs of Orange, San 
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Diego, and Imperial countries in southern California. SCLC patients diagnosed 
between 1991 and 2005 who had complete follow-up data were included in the 
study. ES-SCLC was defi ned according to surveillance, epidemiology, and end 
results summary staging. Of 3,428 such patients, TRT was given to 1,204 (35.1 %) 
cases. A number of clinicopathological characteristics were analyzed upon their 
infl uence on the results. The 1-year, 2-year, and median OS of ES-SCLC patients 
who received TRT were 27.8, 9.3 %, and 8 months and were signifi cantly better 
than those who did not receive TRT (16.2, 3.8 %, and 4 months, respectively; 
 p  < 0.0001). Furthermore, multivariate analysis of potential prognosticators con-
fi rmed the independent positive infl uence of TRT on patient outcomes (HR: 0721; 
 p  < 0.001). 

 In the recently reported phase 3 randomized controlled trial, Chest Radiotherapy 
in Extensive Disease Small-Cell Lung Cancer Trial (CREST), 498 ES-SCLC 
patients from 42 hospitals who responded to primary chemotherapy were randomly 
assigned to receive either TRT of 30 Gy in 3 Gy daily fractions or no TRT [ 73 ]. 
Irrespective of TRT status, all patients underwent PCI. The primary endpoint was 
OS at 1 year. At median 24 months of follow-up, although a strong trend favored 
TRT arm over no TRT regarding 1-year OS (33 % vs. 28 %, HR:0·84;  p  = 0.066), 
this difference remained marginally insignifi cant. However, in a secondary analysis, 
2-year OS of 13 % in TRT arm was signifi cantly superior than the 3 % ( p  = 0.004) 
in no-TRT arm. Thoracic disease progression was less likely in the TRT than in the 
no-TRT group (HR:0·73;  p  = 0.001). Additionally, 6 months, PFS was signifi cantly 
better in the TRT arm (24 % vs. 7 %;  p  = 0.001). Based on the results of this study, 
the authors recommended the addition of TRT to PCI for all ES-SCLC patients who 
enjoy any objective response after primary chemotherapy. 

 Although TRT and PCI may reduce thoracic and in-brain failures, many patients 
present with additional disease progression outside these sites. Therefore, rationally 
the addition of RT to extrathoracic disease sites might also merit investigation. Such 
an approach is currently investigated by the phase 2 RTOG 0937 protocol 
(ClinicalTrials.gov number NCT01055197). In this study, PCI and TRT are com-
bined with TRT to up to four extrathoracic involved sites. The chosen 45 Gy b.i.d or 
40 Gy in ten fractions is biologically more effective than the 30 Gy (ten daily frac-
tions) utilized in CREST trial. Results of this interesting study which may poten-
tially redefi ne the standards of ES-SCLC management are eagerly awaited.  

    Radiotherapy Techniques 

 Radiation therapy of SCLC is a complex procedure likewise its non-small-cell 
counterpart. Regardless of the technique, the main objective of sophisticated RT 
practice is to deliver the prescribed therapeutic dose to the target (TV) volume in a 
precise and accurate manner and simultaneously minimize dose to surrounding nor-
mal tissues and organs at risk (OARs) in order to increase the therapeutic ratio. As 
expected, this vital and multistep objective became achievable by the aid of rapid 
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and signifi cant advances in anatomic and metabolic defi nition of local and regional 
tumor burden and neighboring critical structures and the technology of RT planning 
(RTP) and delivery including the verifi cation methods over the past 30 years. During 
this time period, the RT technology improved step by step from two-dimensional 
RT (2D-RT) to three-dimensional conformal RT (3D-CRT) and lastly to intensity- 
modulated radiation therapy (IMRT) together with daily image guidance and four- 
dimensional (4D) image-based motion management (4D-IGRT). Additionally, the 
old but highly conformal techniques such as proton therapy and carbon-ion therapy 
regained interest in the last decade because of technologic advances in hadron ther-
apy planning and delivery methods. 

 Although some priorities may vary based on the patient’s anatomic variations, 
tumor location, and the available RTP technique, it is imperative to consider several 
common issues for in order to ensure a safe and effective TRT plan. These are: 

  The ultimate goal of an optimal TRT plan is to deliver the prescribed dose 
homogenously to the planning target volume (PTV), such as not cooler than 95 % 
and not hotter than 107 % (in case of a typical 3D-CRT), and keep the dose to unin-
volved normal tissues as minimum as possible respecting their tissue architecture 
(serial versus parallel) and their radiation tolerance limits. In this setting, with the 
aid of imaging with anatomic computerized tomography (CT), functional 
18-F-fl uorodeoxyglucose positron emission tomography (PET), preferably fusion 
of both (PET-CT), and the use of 3D-CRT, and novel IMRT or 4D-IGRT, it is easier 
than before to achieve these goals. Additionally, the dose-volume histograms (DVH) 
created for each patient make it possible to anticipate the potential early and late 
toxicity risks based on the organ of interest measures and, therefore, modify the 
treatment plans as necessitated. 

•    Appropriate patient positioning and target volume imaging  
•   Accurate image registration  
•   Accurate target volume delineation  
•   Proximity of dose-limiting normal structures like ipsi- and contralateral 

lung, spinal cord, esophagus, heart, brachial plexus, and liver  
•   Anatomic slope of the chest surface  
•   Inhomogeneities resulting from the presence of nonuniform tissues on the 

way of radiation  
•   Frequent need for irregular fi eld dose calculations  
•   Respiratory motion of the targeted tumor and normal tissues such as the 

ipsi- and contralateral lung, esophagus, heart, and liver, depending on the 
location of the primary tumor and involved lymphatic region(s).  

•   Appropriate energy selection if IMRT is not used  
•   Appropriate treatment machine and accessories selection with the 

capability to serve for intended treatment, such as IMRT and IGRT   
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    3D-Conformal Radiotherapy (3D-CRT)/ 

 RTP is simply the process of arrangement of beams to irradiate a defi ned TV to the 
prescribed dose. Accordingly the unique aim is to adequately encompass a predeter-
mined TV with appropriately designed radiation beams. Considering the 2D-RT, 
this defi nition is satisfactory as the unique aim is the coverage of empirically deter-
mined (by experience) TV by the prescribed dose with little or no respect to the 
neighboring tissues in absence of image-based TV delineation. Such a treatment 
plan may theoretically cover the TV adequately with the prescribed dose but is usu-
ally handicapped by various factors such as: [ 1 ] TV may be larger than the original 
one and may carry excessive risk of unnecessary but potentially debilitating acute or 
late toxicity [ 2 ], and TV may be larger than the determined one and may carry risk 
of undercoverage of the real TV and therefore decreased chance for cure or pallia-
tion [ 3 ], because usually opposing fi elds or bony landmark-based box/diamond 
fi elds are used and large fi elds receive high doses unnecessarily which increases the 
risk of radiation-induced second cancers as the possibility for emergence of sto-
chastic effects of radiation increases with doses in the therapeutic range, even not 
toxic in clinical terms. Because of these disadvantages and improvements in accu-
rate TV and OAR defi nitions with the implementation of computerized image-based 
RTP and resultant patient-specifi c 3D calculations in 1980s the 2D-RT has almost 
been abandoned in lung cancers. Therefore, since then the 3D-CRT became the 
minimum standard of care in this patients group. 

 Treatment planning of LA-NSCLC is complicated by the number of dose- 
limiting OARs such as the spinal cord, uninvolved lung(s), esophagus, heart, large 
vessels, and brachial plexus. In this respect, 3D-CRT proves benefi cial in reducing 
the volumes of unavoidably irradiated normal tissues on the way of radiation beams 
via designing fi eld shapes with the guidance of beam’s eye view (BEV) and use of 
multiple noncoplanar beam arrangements [ 74 ]. Moreover, 3D-CRT RTP allows 
volumetric evaluation of the dose distributions throughout the tumor, OARs, and 
even the entire patient by use of dose-volume histograms (DVH) and therefore facil-
itates the chance for achieving intended optimal plan by appropriate rearrangements 
of the beam angles and weights whenever necessitated. 

 The vital steps of a typical 3D-CRT of LA-NSCLC are as follows.  

    Immobilization 

 For an optimal 3D-CRT plan, the imaging data set should be obtained with the 
patient set in the simulation and treatment position, if not contraindicated for medi-
cal reasons. During the imaging procedure, the patient should lay on a support table 
in the position that mimics the treatment setup after being immobilized with com-
mercially available custom devices such as commonly used foam cradles. In an 
effort to prevent passage of radiation beams through the arms and likewise not to 
restrict the liberty of beam angle selection, the arms should optimally be positioned 
above their head with the use of available accessory devices, like T-bars (Fig.  8.1 ).
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       Target Volume Definition 

 In order to promote the use of universal terminology and systematic TV defi nitions 
through the whole radiation oncology community, the International Commission on 
Radiation Units and Measurements (ICRU) has published nomenclature and guide-
lines in 1993 and 1999. For TV delineation procedure, three interconnected vol-
umes have been defi ned: in case of lung cancers, (a) gross tumor volume (GTV) 
represents for the visible extent of tumor mass on imaging studies, including any 
involved nodes; (b) clinical target volume (CTV) is defi ned as the volume con-
structed by addition of a margin around the GTV to account for invisible but poten-
tially involved microscopic or subclinical tumor extensions at the periphery of 
primary tumor or regional nodes; and (c) planning target volume (PTV) is the 
expansion around the CTV that accounts for the uncertainties of the geographic 
position of the CTV between fractions, intrafraction tumor motion, organ move-
ments, and setup uncertainties. Although the GTV and CTV are constructed for 
biologic considerations and therefore represents for biologic volumes, PTV is con-
structed for nonbiologic but mostly mechanical considerations such as physiologic 
organ motions and setup problems. 

    GTV Delineation 
 The parenchymal and the hilar/mediastinal extent of SCLC should be delineated 
using pulmonary and mediastinal window, respectively (Figs.  8.2  and  8.3 ). The best 
concordance between the CT image and the actual dimensions of the parenchymal 
tumor has been established at the window width 1,600 and level −600. For lymph 
nodes and centrally located parenchymal lesions, it is useful to use mediastinal win-
dow setting with recommended window width of 400 and level of 20 (Fig.  8.2 ) [ 75 ]. 
Of note, as calibration of CT may differ between centers, “in-house” measurements 
of appropriate window settings are strongly recommended for each department. The 
contrast-enhanced CT may be useful in tumors localized in the hilar region for the 
purpose of distinguishing of vessels in this area. The bronchoscopy fi ndings should 
be considered for central locations of tumor with endobronchial component, because 

  Fig. 8.1    Patient immobilization and positioning during imaging procedure with the use of alpha 
cradle and T-bar accessories       
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even high-resolution CT does not visualize this component and the estimated sensi-
tivity and specifi city of FDG-PET are 73 % and 85 %, respectively [ 76 ]. If RTP is 
based on the CT only data, then the usual policy would be to consider all hilar and 
mediastinal lymph nodes with a diameter at short axis of higher than 10 mm as 
tumor positive and include in the GTV as the risk is >15 % for tumor cell positivity. 
Although various algorithms are recommended to defi ne involved primary and 
nodal GTVs with coregistered PET-CT (e.g., SUV max  >2.5), RTOG-11- 06 protocol 
recommends the use of the PET intensity of a 1 cc volume contoured in the aortic 
arch for NSCLC which is also applicable to SCLC. According to this protocol 

  Fig. 8.2    Gross tumor volume (GTV) contouring; ( a ) parenchymal GTV contoured by setting the 
window width 1,600 and level −600; ( b ) regional nodal GTV contoured by setting the window 
width 400 and level of 20; ( c ) Total GTV = Parenchymal GTV + Nodal GTV       

  Fig. 8.3    ( a – i ) Target volume and organs at risk contouring:  GTV  gross tumor volume;  CTV  
 clinical target volume,  PTV  planning target volume;  1  esophagus;  2  heart;  3  spinal cord       
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defi nition, any primary or nodal disease on PET with an intensity ≥1.5 times the 
mean of the aortic arch intensity should be included in the GTV.

        CTV Delineation 
 CTV margin represents the effort to cover microscopic disease spread in absence of 
imaging studies capable of detecting it (Fig.  8.3 ). Therefore, CTV margins are cre-
ated mainly on the basis of the correlation of imaging with pathologic data. The 
CTV has SCLC been investigated relatively in a rarer fashion than the CTV of 
NSCLC. As it is common also for NSCLC, there are three distinct types of CTV 
margins for SCLC, which are sources of separate problems. These are: (a) margin 
for pulmonary primary, (b) margin for endobronchial spread, and (c) margin for 
extracapsular extension in mediastinal and/or hilar lymph nodes. In absence of 
SCLC specifi c data, to be at the safe site, we recommend to defi ne the CTV margins 
of SCLC patients alike with their adenocarcinoma (AC) counterparts. 

 Giraud et al. [ 77 ] investigated the extent of microscopic disease spread of 
NSCLC within the pulmonary parenchyma by correlating the pathologic fi ndings 
with preoperative CT images. For AC histology, the authors reported that a margin 
of 8 mm around pulmonary GTV was needed to encompass 95 % of microscopic 
disease. Furthermore, the authors reported that the empirical 5 mm margin was 
unsatisfactory to adequately cover AC histology in about 20 % cases. Another semi-
nal work evaluating the margins for adequate coverage of microscopic spread in 
35 AC patients demonstrated that 9 mm was required for covering 90 % of cases if 
appropriate pulmonary window was used for GTV defi nition [ 78 ]. Based on our 
institutional experience, for CTV creation, we recommend 8 mm margins at all 
directions around the pulmonary GTV. 

 Microscopic tumor spread along the bronchi may be mucosal, submucosal, intra-
parietal, or mix type. The endobronchial tumor spread has been extensively addressed 
in surgical and brachytherapy series, but interestingly, although data of central tumors 
demonstrated that the proximal microscopic tumor extension is commonly detected 
with a mean dimension of about 10 mm [ 79 ], yet there is no clear recommendation for 
this issue in the external beam RT literature. Surgical specimen studies suggest 
15–20 mm as the appropriate and safe proximal margin from the visible tumor on the 
bronchial level [ 80 ]. Therefore, in the absence of exclusive SCLC RT data, it is rea-
sonable to recommend 15–20 mm safety margin along the bronchotracheal tract for 
CTV creation in tumors extending to or residing within the bronchial tract. 

 For both SCLC and NSCLC, the extent of CTV margin around involved lymph 
nodes has been limitedly studied compared to the margin around the primary paren-
chymal tumor mass, and the data mainly comes from NSCLC studies. Although 
Yuan et al. [ 81 ] determined the adequate margin at 3 mm for lymph nodes of size up 
to 20 mm, the authors also reported that the extracapsular microscopic extension 
might reach 12 mm in lymph nodes between 21 and 30 mm, with no specifi c com-
ment on lymph nodes >30 mm. In the absence of evidence-based recommendations, 
different measures are taken to overcome this problem such as inclusion of the 
whole lymph node station that contains the involved lymph node(s) in the CTV [ 82 ]. 
However, this approach is questionable in the era of “omission of elective 
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irradiation of uninvolved lymph nodes.” Therefore, the current common practice is 
to expand the involved lymph nodes with a margin similar to the primary parenchy-
mal tumor that is 8 mm for AC and SCLC histologies, respectively. 

 Of note, it is clear that the expansions around the primary tumor and involved 
lymph nodes should not necessarily be applied uniformly along all axes and should 
always be individualized respecting their locations and the neighboring OARs. As 
rule of thumb, the CTV of the primary tumor should not extend into the mediasti-
num in the absence of radiographic proof of invasion. Likewise, in absence of evi-
dence of CT and/or MRI confi rmed invasion, CTV expansions of involved lymph 
nodes should not extend into the lungs, major airways, chest wall, esophagus, heart, 
or vertebral bodies.  

    PTV Delineation 
 PTV is the margin around the CTV that accounts for the interfraction setup inac-
curacies and intrafraction physiologic organ motion (Fig.  8.3 ). Setup uncertainties 
should be determined on the institutional premise as it may vary widely depending 
on the technique being used and expertise of the team on NSCLC treatment. 
However, if immobilized appropriately by use of commercially available Vac-Loc 
bag and T-bar and if weekly port fi lm is used, then an empirical 7 mm along the all 
axes of the CTV will usually be satisfactory to overcome setup errors in more than 
95 % cases. This margin may securely be reduced to 5 mm or even to as low as 
3 mm if daily kV image or on board image check with utilization of cone beam CT 
or CT-on-rails, respectively. Additionally, as the tumor motion due to physiologic 
movements of the lung may cause signifi cant alterations in exact location of the 
tumor during the irradiation procedure, considerations for compensatory margins 
may be commanded. The magnitude of the tumor motion may vary signifi cantly 
relying upon its location and size, which mandates the addition of “tumor move-
ment margin” to the CTV expansion and setup uncertainties [ 83 ]. For determination 
of adequate margins, division of each lung into four quadrants may serve benefi cial. 
A 6 mm margin may be satisfactory for upper lobe lesions regardless of the tumor 
size and middle lobe lesions <50 mm. A tumor movement margin of 13 mm may be 
adequate in most cases with tumors <50 mm in size and located in the middle two 
quadrants of the involved lung or lowest quadrant tumors of 50–80 mm. For lowest 
quadrant tumors, <50 mm an 18 mm margin will usually be adequate to compensate 
tumor movement problems. Although most tumors move superior/inferior direction 
impacting the need for specifi c care at this direction, yet the best solution to over-
come movement problems is its individualized measurement at all dimensions and 
determination of appropriate margins for each case with the use of specifi c imaging 
tools such as regular X-ray fl uoroscopy.  

    Internal Target Volume (ITV) Delineation 
 An internal margin (IM) must be added to the CTV to adjust for physiological vari-
eties in size, shape, and position of the CTV during treatment in connection to a 
predetermined reference point and the related coordinate system. The commonly 
asymmetric IM around the CTV compensates for movements and variations in site, 

8 Modern Radiotherapy in Limited and Extensive Stage Small-Cell Lung Cancer



182

size, and shape of the tissues which contain or are neighboring to the CTV, coming 
about because of respiration and heart beats in on account of lung cancers. To 
address this issue, the ICRU-62 Report proposed the notion of ITV which is the 
volume encompassing the CTV by taking into account the fact that the CTV varies 
in position, shape, and size. The ITV is defi ned by the individually measured IM, as 
described above, and is referred to the patient coordinate system. 

 The importance of tumor movement and need for ITV has been investigated by 
various authors. In one of the notable studies, Liu et al. [ 83 ] analyzed the 
3D-respiration-induced tumor motion and related ITV in 166 tumors from 152 lung 
cancer patients. All patients underwent 4D-CT during normal breathing TRT. The 
expiratory phase of 4D-CT images was used as the reference set to GTVs. The GTV 
on other respiratory phases and resulting ITVs were determined using rigid-body 
registration of 4D-CT images. Analysis demonstrated that the proportions of tumors 
that moved >5 mm along the superior-inferior (SI), lateral, and anterior-posterior 
(AP) axes during normal breathing were 39.2 %, 1.8 %, and 5.4 %, respectively. The 
magnitude of motion was less than 13.4 mm, 4 mm, and 5.9 mm along the SI, lat-
eral, and AP directions for 95 % of the tumors. The principal component of tumor 
motion was in the SI direction, with only 10.8 % of tumors moving >10 mm. The 
tumor movement was discovered to be connected with diaphragm motion, the SI 
tumor location in the lung, size of the GTV, and disease T stage. On the grounds of 
these outcomes, the authors concluded that the tumor movement was principally 
determined by diaphragm motion and the motion of lung tumors was unlikely to 
surpass 10 mm during quiet normal breathing except for small lesions located in the 
lower half of the lung. 

 It is presently conceivable to image patients as they breathe in real time and to 
evaluate organ motion utilizing 4D-CT with the advent of multislice detectors and 
faster image reconstruction methods. Although 4D-CT-based ITV methodology 
may serve helpful in any patients with lung cancer, contingent upon the accessibility 
of essential supplies, assisted breath-hold or respiratory gating or tumor tracking 
techniques might likewise be utilized as alternative options to minimize tumor 
movements during TRT.  

    Delineation of OAR Volumes 
 The major critical organs include the lungs, heart, esophagus, spinal cord, and bra-
chial plexus (Fig.  8.3 ). Contouring of the lungs, spinal cord, esophagus, heart and 
pericardium, and brachial plexus should be performed by utilizing based the pub-
lished atlas on OAR that is available on the RTOG website,   http://www.rtog.org/
CoreLab/ContouringAtlases.aspx    . The following recommendations should be con-
sidered during OAR contouring:

    Lungs : Both lungs should be contoured using pulmonary windows. The right and 
left lungs can be contoured separately, but they should be considered as one 
structure for lung dosimetry. All infl ated and collapsed, fi brotic, and emphysematic 
lungs should be contoured; small vessels extending beyond the hilar regions 
should be included; however, hilars and trachea/main bronchus should not be 
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included in this structure. Total lung volume should be calculated for metric 
measurements with the formula below:

  
Total lung volume Right lung volume Left Lung Volume GTV= +( ) -    

     Heart : The heart will be contoured along with the pericardial sac. The superior 
aspect (or base) will begin at the level of the inferior aspect of the pulmonary 
artery passing the midline and extend inferiorly to the apex of the heart.  

   Esophagus : The esophagus should be contoured from the beginning at the level just 
below the cricoid to its entrance to the stomach at GE junction. The esophagus 
will be contoured using mediastinal window/level on CT to correspond to the 
mucosal, submucosal, and all muscular layers out to the fatty adventitia.  

   Spinal cord : The spinal cord will be contoured based on the bony limits of the spinal 
canal. The spinal cord should be contoured starting at the level just below cricoid 
(base of skull for apex tumors) and continuing on every CT slice to the bottom of 
L2. Neural foramens should not be included.  

   Brachial plexus : This is only required for patients with tumors of upper lobes. Only 
the ipsilateral brachial plexus is required. This will include the spinal nerves 
exiting the neuroforamens from top of C5 to top of T2. In contrast to prior RTOG 
lung studies of contouring the major trunks of the brachial plexus with inclusion 
of subclavian and axillary vessels, this trial requests contouring the nerves 
according to the CT anatomy on every other CT slice. The structure should 
extend at least 3 cm above the PTV.  

   Pericardium : The structure of pericardium includes pericardial fatty tissue, part of 
great vessels, normal recesses, pericardial effusion (if applicable), and heart 
chambers. Pericardium starts at one slice above the top of aortic arch and ends at 
the last slice of heart apex at diaphragm. Pericardium includes the heart.     

    TRT Portal Size Without  Elective Nodal Irradiation in SCLC   
 There is extensive debate on the size of the  TRT portals of SCLC   (Figs.  8.4  and  8.5 ). 
Traditionally, the primary tumor, the mediastinum, the hilar, and the supraclavicular 
regions were included in the treatment volume with generous margins regardless of 
their clinical and/or radiologic evidence for tumor involvement. This so-called elec-
tive nodal irradiation (ENI) approach assumes that all the regional lymph nodes, 
regardless of the possibility that clinically uninvolved, ought to be irradiated keep-
ing in mind the end goal to treat any potential microscopic spreading. This conven-
tional large volumes were usually irradiated with opposing anterior-posterior and 
posterior-anterior fi elds, followed by a boost to the primary tumor and apparently 
involved nodes by utilizing oblique fi elds sparing the spinal cord. Albeit such large- 
fi eld arrangements may ensure the irradiation of target volumes, they are likewise 
associated with increased acute and late toxicity rates and unplanned treatment 
delays, which might contrarily affect both quality of life measures and local/regional 
control rates and associated survival outcomes.

    In NSCLC, ENI of hilar and/or mediastinal lymphatic regions has gradually been 
replaced by treatment limited to nodes recognized by CT or FDG-PET as being 
involved. However, for SCLC, evidence is too limited to either affi rm or negate this 
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approach. In a prospective study by De Ruysscher et al. [ 84 ], authors limited the RT 
fi elds to only CT-positive mediastinal lymph nodes in a cohort of 27 patients with 
LS-SCLC with a reported isolated regional recurrence rate of 11 %, which was 
higher than similar studies using elective mediastinal irradiation. However, no 

  Fig. 8.4    Typical 3D-conformal radiation therapy plans for post-induction chemotherapy target 
volumes: ( a ) axial; ( b ) coronal; ( c ) sagittal view       
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  Fig. 8.5    Dose-volume histogram and related evaluation metrics table for a typical 3D-conformal 
radiation therapy plan created for post-induction chemotherapy target volumes       
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authoritative conclusions can be drawn from this study because of small sample 
size. In a larger phase 2 study including 60 LS-SCLC patients, van Loon et al. [ 85 ] 
irradiated only the involved lymph nodes based on FDG-PET and reported an iso-
lated nodal failure rate of 3 %. In a more recent study by Shirvani et al. [ 86 ] from 
University of Texas M.D. Anderson Cancer Center, 60 patients with LS-SCLC were 
treated with IMRT technique, and ENI was intentionally omitted from the PTV 
(median dose: 45 Gy in 30 fractions; range, 40.5 Gy in 27 fractions to 63.8 Gy in 35 
fractions). Eighteen patients (30 %) underwent induction chemotherapy, and 58 
patients (97 %) underwent concurrent chemotherapy, usually with a platinum agent 
and topoisomerase inhibitor. In this study there was only 1 (1.7 %) isolated elective 
nodal failure. Based on these outcomes, acknowledging the requirement for addi-
tional confi rmation in bigger study accomplices, accessible data suggest that the 
omission of ENI in SCLC may be appropriate with lower toxicity rates with no 
negative effect on either regional failure rates or survival results. 

 Considering the designation of TRT volumes further benefi t can be gained by the 
use of PET imaging data as the TRT volume defi ned by CT may alter following PET 
imaging. Kamel et al. assessed this prospectively in 24 patients with SCLC using 
PET or PET-CT and found that in 5/15 (33 %) patients with LS disease, the irradi-
ated volume changed due to CT-occult nodal disease in 4 patients and to a CT-occult 
ipsilateral lung metastasis in another patient, respectively [ 87 ]. Likewise, Bradley 
et al. reported that in 7/24 (29 %) patients with LS-SCLC, the planned TRT volume 
changed due to CT-occult additional nodal disease ( n  = 6) or to a CT-occult ipsilat-
eral lung metastasis in patient, respectively [ 88 ]. These fi ndings are in line with the 
excellent literature review published by Thomson et al. [ 89 ] in which the addition 
of PET to conventional imaging ( n  = 12 studies) was reported to result in stage 
migrations in a median of 13 % of patients, 9 % (range: 0–33 %) upstaged from LS 
to ES, and 4 % (range: 0–17 %) downstaged from ES to LS disease. Additionally, 
in a retrospective planning study, van Loon et al. [ 90 ] compared CT and PET-CT- 
based conformal RTP in 21 patients with LS-SCLC and reported that GTV was 
altered in 24 % cases and PET-CT-defi ned GTV was smaller in 3/21 cases and larger 
in 2/21 cases. On the basis of this planning study, 60 patients with LS-SCLC from 
the same institution were treated with C-CRT ( n  = 55) or sequential chemotherapy 
followed by TRT ( n  = 5) with irradiation of primary tumor and involved mediastinal 
lymph nodes defi ned by pretreatment PET-CT imaging [ 85 ]. Mediastinal staging 
differed between CT and PET-CT imaging in 30 % of patients. At median 
18.5 months of follow-up 65 % of patients developed recurrence. In 2/60 (3 %) 
patients, this was an isolated regional lymph node failure outside the CTV, in the 
absence of in-fi eld failure. Therefore, accurate defi nition of involved sites and accu-
rate designation of TRT portals may potentially enhance the treatment outcomes 
even with smaller TRT ports. 

 In the most recent study on subject, Han et al. [ 91 ] published the outcomes of 
an interesting retrospective analysis from Seoul National University College of 
Medicine. The authors aimed to assess the usefulness of involved-fi eld irradiation 
and the impact of PET-CT-based staging on treatment outcomes in LS-SCLC 
patients. Eighty SCLC patients who received defi nitive chemoradiotherapy were 
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included of whom 50 (62.5 %) were treated with involved-fi eld TRT, while the 
other 30 (37.5 %) with larger TRT portal which covered the uninvolved mediasti-
nal and/or supraclavicular lymph nodes electively. At a median follow-up of 
27 months, no signifi cant differences were observed in 3-year OS (44.6 vs. 54.1 %; 
 p  = 0.22) and 3-year PFS (24.4 vs. 42.8 %;  p  = 0.13) between the two groups, 
respectively. For patients who did not undergo PET-CT scans, 3-year OS (29.3 vs. 
56.3 %;  p  = 0.02) and 3-year PFS (11.0 vs. 50.0 %,  p  = 0.04) were signifi cantly 
longer in the elective nodal irradiation group. Crude incidences of isolated nodal 
failure were 6.0 % in the involved-fi eld irradiation group and 0 % in the elective 
nodal irradiation group, respectively. All isolated nodal failures were reported in 
group of patients who had not undergone PET-CT scans in their initial workups. 
This study has specifi c signifi cance by demonstrating the importance of PET-CT-
based staging in SCLC patients in regard to the way that all elective recurrences 
detected in the involved- fi eld group were fi t in to those patients group who did not 
undergo PET-CT staging. 

 In summary, available studies suggest that ENI can be omitted, as failures seem 
to occur within the treated volume, and that encompassing only the residual tumor 
volume after induction chemotherapy may be suffi cient. However, it should be 
underlined that most patients treated in these old studies had no CT scan-based RTP 
and PET-CT staging. At our institution we recommend the omission of ENI for all 
SCLC patients undergoing PET-CT staging prior to initiation of TRT.  

    TRT Portal Size After Induction Chemotherapy 
 The defi nition of TRT portal size in SCLC patients at fi rst treated with induction 
chemotherapy (ICT), namely, whether to cover pre- versus post-chemotherapy vol-
umes, is another ongoing issue of confl ict (Figs.  8.6  and  8.7 ). Although some 
authors advocate generous portals encompassing the pre-chemotherapy volumes, 
others argue that only limited portals encompassing the post-chemotherapy primary 
tumor and high-risk nodal areas with adequate margins, such as 1-cm, are satisfac-
torily enough. This latter argument is principally based on the anticipation of the 
hypothetical possibility of effective chemotherapy to cope with subclinical or 
microscopic disease which eliminates the requirement for large portals. This 
approach has the extra potential for diminished treatment-related toxicity, espe-
cially in patients undergoing C-CRT. The unique randomized trial that addressed 
this issue is the one conducted by the South West Oncology Group (SWOG). In this 
study, patients achieving a partial response or a stable disease after chemotherapy 
were randomized to pre- versus post-chemotherapy-reduced volume TRT arms. 
Results of this landmark trial did not demonstrate any superiority for pre- 
chemotherapy volume irradiation arm over post-chemotherapy irradiation partner in 
terms of neither local/regional control (32 % for pre- vs. 28 % for post-chemother-
apy volumes;  p  > 0.05) nor survival rates [ 92 ]. In a consequent retrospective analysis 
of 67 SCLC patients, Liengswangwong and colleagues, with about 30 % local 
recurrence rates in both groups and no isolated thoracic failure located outside the 
TRT fi eld, were unable to demonstrate an advantage in favor of pre-chemotherapy 
large-fi eld TRT [ 93 ].
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    Although further RCTs addressing the volume of TRT in SCLC patients treated 
initially with ICT strategies may prove benefi cial, yet based on a single RCT and a 
number of non-RCTs, current evidence suggests that irradiation of post- chemotherapy 

  Fig. 8.6    Typical 3D-conformal radiation therapy plans for pre-chemotherapy target volumes: ( a ) 
axial; ( b ) coronal; ( c ) sagittal view       
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volumes with adequate margin may provide satisfactory locoregional control rates 
with a potential for reductions in treatment-related toxicity rates.    

    Management of Poor Performance Status and Elderly SCLC 
Patients 

 The C-CRT, specifi cally EP chemotherapy with early concurrent twice-daily TRT, 
is now regarded as the standard treatment for LS-SCLC. However, many clinical 
trials of potential new treatments for LS-SCLC have excluded elderly patients for 
various reasons, such as the presence of concomitant chronic illness, a decline in 
organ function that may interfere with drug clearance, and possible decreased bone 
marrow tolerance to myelosuppressive agents [ 94 ]. Therefore, the optimal manage-
ment of medically fi t, but elderly (>70 years) LS-SCLC patients remained debated 
in the absence RCTs specifi cally addressing this issue. 

 In a small cohort analysis of 25 elderly LS-SCLC patients who had been treated 
with EP chemotherapy with early concurrent twice-daily TRT were reviewed retro-
spectively in terms of tolerability and clinical outcomes endpoints [ 95 ]. Only 12 
(48 %) individuals could receive EP chemotherapy with early concurrent twice- 
daily TRT. The main toxicities of this treatment regimen were hematologic, with 
neutropenia of grade 4 being observed in all patients and febrile neutropenia of 
grade 3 in eight patients during the fi rst cycle of chemoradiotherapy. No treatment- 
related deaths were observed. The median PFS and OS times were 14.2 months and 
24.1 months, respectively. Although the survival outcomes were satisfactory, the 
protocol was found excessively toxic regarding the 100 % grade 4 myelosuppres-
sion rate. In contrast, a recent phase 3 trial specifi cally designed for elderly or poor-
risk patients with ES-SCLC found that split doses of cisplatin plus etoposide 
(cisplatin at 25 mg/m 2  and etoposide at 80 mg/m 2  on days 1–3) could be safely 
administered and were effective [ 96 ]. Therefore, although further evidence is war-
ranted to determine the optimal treatment of medically fi t elderly patients, in 
absence of conclusive evidence, we suggest treating such patients similar with their 
younger counterparts by paying great attention on treatment-related toxicities and 
their timely management. 

 Treatment of LS-SCLC patients with poor performance status is another debated 
issue. Initially, single-agent chemotherapy, particularly etoposide, was proposed to 
provide a more tolerable treatment option for such patients [ 97 ]. However, contrast-
ing with this proposal, investigations comparing combination chemotherapy regi-
mens with single-agent oral etoposide demonstrated that patients treated with 
combination regimens enjoyed signifi cantly longer survival times with no addi-
tional toxicities [ 98 ,  99 ]. Accordingly, combination chemotherapy remains the cur-
rent standard treatment option in this setting. Chemotherapy dose reduction and 
substitution of carboplatin for cisplatin should be considered if standard dose etopo-
side and cisplatin is not tolerated. 
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 The issue of radical C-CRT is debated in patients with poor performance status. 
In a recent study by Manapov et al. [ 100 ], the outcomes of a total of 125 patients 
with initial poor performance score (ECOG 2–3) who successfully completed 
C-CRT were retrospectively reviewed. Patients received TRT of 54 Gy (1.5 Gy 
b.i.d) or 45 Gy (1.5 Gy b.i.d) in an ENI fashion either concurrent with chemotherapy 
or sequentially after chemotherapy. Median PFS and OS were reported to be 11.6 
and 14.9 months, which encourages the use of C-CRT in carefully selected SCLC 
patients with poor performance status at the time of presentation. Therefore, we 
believe that the palliative chemotherapy and/or RT should be reserved for patients 
only who are judged to be not suitable for such aggressive procedures or with evi-
dent symptomatic evident metastasis.  

    Plan Evaluation 

 Although various escalated doses up to 70 Gy have been tested with relatively 
increased locoregional control rates, all are associated with increased rates of severe 
toxicities and small but signifi cant increase in mortality rates. Therefore, until the 
emergence of further evidence supporting usage of a different schedule, the 45 Gy 
b.i.d (1.5 Gy per fraction) utilized in Turissi protocol (INT0096) is the currently 
recommended treatment dose schedule which has repeatedly been confi rmed to be 
effective and relatively safer [ 52 ]. 

 In patients treated with 3D-CRT, basically the prescribed dose should encompass 
the defi ned PTV with isodose lines not “cooler” than 95 % and not “hotter” than 
107 % with respecting the OAR limits depicted in Table  8.5 . Intensity-modulated 
radiotherapy is a novel sophisticated radiotherapy option for treatment SCLC 
patients, which may serve benefi cial by reducing the OAR doses and by permitting 
use of escalated doses. If IMRT is utilized (Figs.  8.8  and  8.9 ), then the plan should 
be evaluated utilizing the data provided in Tables  8.5  and  8.6 .

      Although with the classic 45 Gy b.i.d (1.5 Gy per fraction), most OAR limits are 
usually not surpassed, typical dose limitations of OARs are presented in Table  8.5  
for use in patients treated with higher TRT doses.  

     Table 8.5    Typical IMRT plan assessment specifi cations   

 PTV  No variation  Minor variation 

 PTV 45   95 % of any PTV 45  is at or above 45 Gy  95 % of PTV 45  is at or above 45 Gy 

 99 % of PTV 45  is at or above 41.9 Gy  97 % of PTV 45  is at or above 41.9 Gy 

 No more than 20 % of PTV 66  is at or 
above 49.5 Gy 

 No more than 40 % of PTV 66  is at or 
above 49.5 Gy 

 No more than 5 % of PTV 66  is at or 
above 52 Gy 

 No more than 20 % of PTV 66  is at or 
above 52 Gy 

 Mean dose ≤47.3 Gy  Mean dose -49.1 Gy 

   IMRT  intensity-modulated radiotherapy,  PTV  planning target volume,  PD  prescription dose  
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  Fig. 8.8    Typical 7-fi eld intensity-modulated radiation therapy plans: ( a ) axial; ( b ) coronal; ( c ) 
sagittal view; and related dose-volume histogram       
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     Prophylactic Cranial Irradiation   

 The PCI in LS- and ES-SCLC is discussed in detail in Chap.   9    . In summary, strong 
evidence coming from RCTs and or meta-analyses which demonstrated prolonga-
tion of OS times with addition of PCI to C-CRT in LS-SCLC and ES-SCLC patients 
who have experienced any degree of favorable response to primary therapy set the 
PCI as the standard of care for all medically fi t SCLC patients irrespective of their 
initial disease stage [ 67 ,  101 ].  

    Recommended Treatment Algorithm for SCLC 

 A summarized algorithm that is utilized in our institution for management of LS- 
and ES-SCLC patients is as depicted in Fig.  8.10 .

   Table 8.6    Recommended critical organ dose limits for concurrent chemoradiotherapy   

 Critical 
organ  Description  Metric 

 Per 
protocol  Variation acceptable 

 Variation 
unacceptable 

 Lungs  Lungs minus 
GTV 

 Max dose 
(0.03 cc) 

 ≤110 % 
PD 

 >110 % but ≤113 % 
PD 

 >113 % PD 

 Mean dose  ≤20 Gy  >20 Gy but ≤21 Gy  >21 Gy 

 Vol >10 Gy  ≤45 %  >45 Gy but ≤50 Gy  >50 Gy 

 Vol >20 Gy  ≤35 %  >35 % but ≤36 %  >36 % 

 Vol >5 Gy  ≤65 %  >65 % but ≤75 %  >75 % 

 Heart  Heart/
pericardium 

 Max dose 
(0.03 cc) 

 ≤70 Gy  >70 Gy but ≤75 Gy  >75 % 

 Mean dose  ≤30 Gy  >30 Gy but ≤31 Gy  >31 Gy 

 Vol >30 Gy  ≤50 %  >50 % but ≤55 %  >55 % 

 Vol >40 Gy  ≤35 %  >35 % but ≤40 %  >40 % 

 Esophagus  Esophagus  Max dose 
(0.03 cc) 

 ≤74 Gy  >74 Gy but ≤76 Gy  >76 Gy 

 Mean dose  ≤34 Gy  >34 Gy but ≤35 Gy  >35 Gy 

 Vol >70 Gy  ≤20 %  >20 % but ≤25 %  >25 % 

 Vol >50 Gy  ≤40 %  >40 % but ≤45 %  >50 % 

 Spinal 
canal 

 Spinal cord  Max dose 
(0.03 cc) 

 ≤50 Gy  >50 Gy but ≤52 Gy  >52 Gy 

 Brachial 
plexus 

 Brachial 
plexus 

 Max dose 
(0.03 cc) 

 ≤63 Gy  >63 Gy but ≤65 Gy  >65 Gy 

 Midline 
structures 

 Non-PTV  Max hotspot 
(1 cc) 

 ≤105 % 
PD 

 >105 % but ≤110 % 
PD 

 >110 % PD 

   Max  maximum,  GTV  gross tumor volume,  PD  prescription dose  
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       Conclusion 
 A summarized algorithm that is utilized in our institution for management of 
LS- and ES-SCLC patients is as depicted in Fig.   10    . In absence of further 
advancements beyond EP combination chemotherapy, the most progress in 
the outcome of SCLC in the past decades has come from an improved integra-
tion of TRT and PCI in either of LS- and ES-SCLC. Based on the multiple 
RCTs and/or meta-analyses, the optimal treatment of LS-SCLC appears to be 
C-CRT (45 Gy b.i.d TRT + concurrent EP combination) followed by PCI 
(25 Gy in 10 fractions), while EP combination chemotherapy followed by 
TRT and PCI in patients with any objective response is the current recommen-
dation for ES-SCLC patients. Of note, to achieve the best results, the TRT and 
chemotherapy should be integrated as soon as possible (preferably at fi rst 
course of chemotherapy), and the overall interval between the start of chemo-
therapy and the completion of TRT should be kept as short as possible, namely, 
<30 days.     

Pathologically diagnosed
SCLC

Staging

LS-SCLC

4-6 cycles of EP
+

Concurrent TRT (45 Gy b.id, or
54Gy in 27-30 fractions) with

first 2 cycles of EP

4-6 cycles of EP
+

TRT (30-45 GY) ± RT to distant
sites

PCI
25 Gy in 10 fractions

TRT (30-45 Gy) ± RT
to distant sites

ACTIVE FOLLOW-UP

PCI
25 Gy in 10 fractions

Any ResponseAny Response

ES-SCLC

  Fig. 8.10    Our institutional treatment algorithm for SCLC patients;  C-CRT  concurrent 
chemoradiotherapy  ICT  induction chemotherapy,  SCLC  small-cell lung cancer       

 

E. Topkan et al.

http://dx.doi.org/10.1007/978-3-319-28761-4_10


193

   References 

     1.    Rosenzweig KE, Chen CP, Yom SS, Krug LM. Tumors of the lung, pleura, and mediastinum. 
In: Hoppe RT, Phillips TL, Roach III M, editors. Leibel and Phillips textbook of radiation 
oncology. Philadelphia: Saunders; 2010. p. 737–71. ISBN 978-1-4160-5897-7.  

     2.    Barnard W. The nature of the ‘oat-celled sarcoma’ of the mediastinum. J Pathol. 
1926;29:241–4.  

     3.    Watson WL, Berg JW. Oat cell lung cancer. Cancer. 1962;15:759–68.  
    4.    Brambilla E, Travis WD, Colby TV, Corrin B, Shimosato Y. The new World Health Organization 

classifi cation of lung tumours. Eur Respir J. 2001;18(6):1059–68.  
        5.    Lally BE, Urbanic JJ, Blackstock AW, Miller AA, Perry MC. Small cell lung cancer: have we 

made any progress over the last 25 years? Oncologist. 2007;12(9):1096–104.  
    6.    van Oosterhout AG, van de Pol M, ten Velde GP, Twijnstra A. Neurologic disorders in 203 

consecutive patients with small cell lung cancer. Results of a longitudinal study. Cancer. 
1996;77(8):1434–41.  

    7.    Yang GY, Matthews RH. Prophylactic cranial irradiation in small-cell lung cancer. Oncologist. 
2000;5(4):293–8.  

    8.    Zelen M. Keynote address on biostatistics and data retrieval. Cancer Chemother Rep. 
1973;4(2):31–42.  

    9.    Greene FL, Page DL, Fleeming ID, et al. AJCC cancer staging manual. 6th ed. New York: 
Springer; 2002. ISBN 0387952713.  

    10.    Edge SB, Byrd DR, Compton CC, Fritz AG, Greene FL, Trotti A. AJCC cancer staging man-
ual. 7th ed. New York: Springer; 2010. ISBN 0387884408.  

    11.    Vallières E, Shepherd FA, Crowley J, et al. The IASLC Lung Cancer Staging Project: proposals 
regarding the relevance of TNM in the pathologic staging of small cell lung cancer in the forth-
coming (seventh) edition of the TNM classifi cation for lung cancer. J Thorac Oncol. 
2009;4(9):1049–59.  

    12.    Fischer BM, Mortensen J, Langer SW, et al. A prospective study of PET/CT in initial staging 
of small-cell lung cancer: comparison with CT, bone scintigraphy and bone marrow analysis. 
Ann Oncol. 2007;18(2):338–45.  

       13.    van Meerbeeck JP, Fennell DA, De Ruysscher DK. Small-cell lung cancer. Lancet. 
2011;378(9804):1741–55.  

     14.    Lassen U, Osterlind K, Hansen M, et al. Long-term survival in small-cell lung cancer: post-
treatment characteristics in patients surviving 5 to 18+ years – an analysis of 1,714 consecutive 
patients. J Clin Oncol. 1995;13(5):1215–20.  

    15.    Tai P, Tonita J, Yu E, Skarsgard D. Twenty-year follow-up study of long-term survival of lim-
ited-stage small-cell lung cancer and overview of prognostic and treatment factors. Int J Radiat 
Oncol Biol Phys. 2003;56(3):626–33.  

    16.    Byhardt RW, Hartz A, Libnoch JA, Hansen R, Cox JD. Prognostic infl uence of TNM staging 
and LDH levels in small cell carcinoma of the lung (SCCL). Int J Radiat Oncol Biol Phys. 
1986;12(5):771–7.  

    17.    Paesmans M, Sculier JP, Lecomte J, et al. Prognostic factors for patients with small cell lung 
carcinoma: analysis of a series of 763 patients included in 4 consecutive prospective trials with 
a minimum follow-up of 5 years. Cancer. 2000;89(3):523–33.  

    18.    Albain KS, Crowley JJ, Livingston RB. Long-term survival and toxicity in small cell lung 
cancer. Expanded Southwest Oncology Group experience. Chest. 1991;99(6):1425–32.  

    19.    Fox W, Scadding JG. Medical Research Council comparative trial of surgery and radiotherapy 
for primary treatment of small-celled or oat-celled carcinoma of bronchus. Ten-year follow-up. 
Lancet. 1973;2:63–5.  

8 Modern Radiotherapy in Limited and Extensive Stage Small-Cell Lung Cancer



194

    20.    Miller AB, Fox W, Tall R. Five-year follow-up of the Medical Research Council comparative 
trial of surgery and radiotherapy for the primary treatment of small-celled or oat-celled 
carcinoma of the bronchus. Lancet. 1969;2:501–5.  

    21.    Schreiber D, Rineer J, Weedon J, et al. Survival outcomes with the use of surgery in limited- 
stage small cell lung cancer: should its role be re-evaluated? Cancer. 2010;116(5):1350–7.  

    22.    Lim E, Belcher E, Yap YK, Nicholson AG, Goldstraw P. The role of surgery in the treatment 
of limited disease small cell lung cancer: time to reevaluate. J Thorac Oncol. 
2008;3(11):1267–71.  

    23.    Fukuoka M, Furuse K, Saijo N, et al. Randomized trial of cyclophosphamide, doxorubicin, 
and vincristine versus cisplatin and etoposide versus alternation of these regimens in small- 
cell lung cancer. J Natl Cancer Inst. 1991;83(12):855–61.  

   24.    Amarasena IU, Walters JA, Wood-Baker R, Fong K. Platinum versus non-platinum 
chemotherapy regimens for small cell lung cancer. Cochrane Database Syst Rev. 2008;4, 
CD006849.  

   25.    Roth BJ, Johnson DH, Einhorn LH, Randolph JA, Goodlow JL, Broun GO, et al. Randomized 
study of cyclophosphamide, doxorubicin, and vincristine versus etoposide and cisplatin 
versus alternation of these two regimens in extensive small-cell lung cancer: a phase III trial 
of the Southeastern Cancer Study Group. J Clin Oncol. 1992;10(2):282–91.  

   26.    Sundstrom S, Bremnes RM, Kaasa S, et al. Cisplatin and etoposide regimen is superior to 
cyclophosphamide, epirubicin, and vincristine regimen in small-cell lung cancer: results from 
a randomized phase III trial with 5 years’ follow-up. J Clin Oncol. 2002;20(24):4665–72.  

    27.    Sgambato A, Casaluce F, Maione P. Medical treatment of small cell lung cancer: state of the 
art and new development. Expert Opin Pharmacother. 2013;14(15):2019–31.  

    28.   Okamoto H, Watanabe K, Kunikane H, et al. Randomized phase III trial of carboplatin(C) 
plus etoposide (E) vs. split doses of cisplatin (P) plus etoposide (E) in elderly or poorrisk 
patients with extensive disease small cell lung cancer (ED-SCLC): JCOG9702. J Clin Oncol. 
2005;23(Suppl.16):Abstract 7010.  

     29.    Noda K, Nishiwaki Y, Kawahara M, et al. Irinotecan plus cisplatin compared with etoposide 
plus cisplatin for extensive small-cell lung cancer. N Engl J Med. 2002;346(2):85–91.  

    30.    Lara PN, Natale R, Crowley J, et al. Phase III trial of irinotecan/cisplatin compared with 
etoposide/cisplatin in extensive-stage small cell lung cancer: clinical and pharmacogenomic 
results from SWOG S0124. J Clin Oncol. 2009;27(15):2530–5.  

     31.    Hanna N, Bunn PA, Langer C, et al. Randomized phase III trial comparing irinotecan/cispla-
tin with etoposide/cisplatin in patients with previously untreated extensive-stage disease 
small-cell lung cancer. J Clin Oncol. 2006;24(13):2038–43.  

    32.    Loehrer PJ, Ansari R, Gonin R, et al. Cisplatin plus etoposide with and without ifosfamide in 
extensive small-cell lung cancer: a Hoosier Oncology Group study. J Clin Oncol. 
1995;13(10):2594–9.  

   33.    Mavroudis D, Papadakis E, Veslemes M, et al. A multicenter randomized clinical trial 
comparing paclitaxel-cisplatin-etoposide versus cisplatin-etoposide as fi rst-line treatment in 
patients with small-cell lung cancer. Ann Oncol. 2001;12(4):463–70.  

    34.    Niell HB, Herndon JE, Miller AA, et al. Randomized phase III intergroup trial of etoposide 
and cisplatin with or without paclitaxel and granulocyte colony-stimulating factor in patients 
with extensive-stage small-cell lung cancer: Cancer and Leukemia Group B Trial 9732. 
J Clin Oncol. 2005;23(16):3752–9.  

     35.    Schiller JH, Adak S, Cella D, DeVore RF, Johnson DH. Topotecan versus observation after 
cisplatin plus etoposide in extensive-stage small-cell lung cancer: E7593 – a phase III trial of 
the Eastern Cooperative Oncology Group. J Clin Oncol. 2001;19(8):2114–22.  

    36.    Sculier JP, Berghmans T, Castaigne C, et al. Maintenance chemotherapy for small cell lung 
cancer: a critical review of the literature. Lung Cancer. 1998;19(2):141–51.  

    37.    Jiang J, Shi HZ, Deng JM, et al. Effi cacy of intensifi ed chemotherapy with hematopoietic 
progenitors in small-cell lung cancer: a meta-analysis of the published literature. Lung 
Cancer. 2009;65(2):214–8.  

E. Topkan et al.



195

    38.    Messori A, Trippoli S, Tendi E. G-CSF for the prophylaxis of neutropenic fever in patients 
with small cell lung cancer receiving myelosuppressive antineoplastic chemotherapy: meta- 
analysis and pharmacoeconomic evaluation. J Clin Pharm Ther. 1996;21(2):57–63.  

     39.    Berghmans T, Paesmans M, Lafi tte JJ, et al. Role of granulocyte and granulocyte-macro-
phage colony-stimulating factors in the treatment of small-cell lung cancer: a systematic 
review of the literature with methodological assessment and meta-analysis. Lung Cancer. 
2002;37(2):115–23.  

    40.    Bozcuk H, Artac M, Ozdogan M, Savas B. Does maintenance/consolidation chemotherapy 
have a role in the management of small cell lung cancer (SCLC)? A meta-analysis of the 
published controlled trials. Cancer. 2005;104(12):2650–7.  

    41.    Rossi A, Garassino MC, Cinquini M, et al. Maintenance or consolidation therapy in small- 
cell lung cancer: a systematic review and meta-analysis. Lung Cancer. 2010;70(2):119–28.  

     42.    Slotman BJ, Senan S. Radiotherapy in small-cell lung cancer: lessons learned and future 
directions. Int J Radiat Oncol Biol Phys. 2011;79(4):998–1003.  

    43.    Pignon JP, Arriagada R. Role of thoracic radiotherapy in limited stage small-cell lung cancer: 
quantitative review based on the literature versus meta-analysis based on individual data. 
J Clin Oncol. 1992;10:1819–20.  

       44.    Warde P, Payne D. Does thoracic irradiation improve survival and local control in limited- 
stage small-cell carcinoma of the lung? A meta-analysis. J Clin Oncol. 1992;10:890–5.  

     45.    Murray N, Coy P, Pater JL, et al. Importance of timing for thoracic irradiation in the com-
bined modality treatment of limited-stage small-cell lung cancer. The National Cancer 
Institute of Canada Clinical Trials Group. J Clin Oncol. 1993;11:336–44.  

    46.    Takada M, Fukuoka M, Kawahara M, et al. Phase III study of concurrent versus sequential 
thoracic radiotherapy in combination with cisplatin and etoposide for limited-stage small-cell 
lung cancer: results of the Japan Clinical Oncology Group Study 9104. J Clin Oncol. 
2002;20:3054–60.  

       47.    De Ruysscher D, Pijls-Johannesma M, Bentzen SM, et al. Time between the fi rst day of che-
motherapy and the last day of chest radiation is the most important predictor of survival in 
limited-disease small-cell lung cancer. J Clin Oncol. 2006;24:1057–63.  

    48.    Scotti V, Meattini I, Franzese C, et al. Radiotherapy timing in the treatment of limited-stage 
small cell lung cancer: the impact of thoracic and brain irradiation on survival. Tumori. 
2014;100(3):289–95.  

    49.    Fried DB, Morris DE, Poole C, et al. Systematic review evaluating the timing of thoracic 
radiation therapy in combined modality therapy for limited-stage small-cell lung cancer. 
J Clin Oncol. 2004;22:4837–45.  

    50.    Huncharek M, McGarry R. A meta-analysis of the timing of chest irradiation in the combined 
modality treatment of limited-stage small cell lung cancer. Oncologist. 2004;9(6):665–72.  

    51.    Pijls-Johannesma M, De Ruysscher D, Vansteenkiste J, et al. Timing of chest radiotherapy in 
patients with limited stage small cell lung cancer: a systematic review and meta-analysis of 
randomised controlled trials. Cancer Treat Rev. 2007;33(5):461–73.  

         52.    Turrisi AT, Kim K, Blum R, et al. Twice-daily compared with once-daily thoracic radiother-
apy in limited small-cell lung cancer treated concurrently with cisplatin and etoposide. N 
Engl J Med. 1999;340(4):265–71.  

    53.    Faivre-Finn C, Lorigan P, West C, Thatcher N. Thoracic radiation therapy for limited-stage 
small-cell lung cancer: unanswered questions. Clin Lung Cancer. 2005;7(1):23–9.  

    54.   Topkan E, Parlak C. Radiation therapy in management of small-cell lung cancer. In: 
Elvisegran EM, editor. Lung diseases – selected state of the art reviews. ISBN: 978-953-51- 
0180-2, InTech. 2012. doi:10.5772/26433.  

     55.    Pignon JP, Arriagada R, Ihde DC, et al. A meta-analysis of thoracic radiotherapy for small- 
cell lung cancer. N Engl J Med. 1992;327(23):1618–24.  

      56.    Bonner JA, Sloan JA, Shanahan TG, et al. Phase III comparison of twice-daily split-course 
irradiation versus once daily irradiation for patients with limited stage small-cell lung 
carcinoma. J Clin Oncol. 1999;17(9):2681–91.  

8 Modern Radiotherapy in Limited and Extensive Stage Small-Cell Lung Cancer



196

      57.    Bogart JA, Herndon 2nd JE, Lyss AP, et al. 70 Gy thoracic radiotherapy is feasible concurrent 
with chemotherapy for limited-stage small-cell lung cancer: analysis of Cancer and Leukemia 
Group B study 39808. Int J Radiat Oncol Biol Phys. 2004;59:460–8.  

     58.    Miller AA, Wang XF, Bogart JA, et al. Phase II trial of paclitaxel-topotecan-etoposide fol-
lowed by consolidation chemoradiotherapy for limited-stage small cell lung cancer: CALGB 
30002. J Thorac Oncol. 2007;2(7):645–51.  

     59.    Choi NC, Herndon 2nd JE, Rosenman J, et al. Phase I study to determine the maximum- 
tolerated dose of radiation in standard Daily and hyperfractionated-accelerated twice-daily 
radiation schedules with concurrent chemotherapy for limited-stage small-cell lung cancer. 
J Clin Oncol. 1998;16:3528–36.  

    60.    Komaki R, Swann RS, Ettinger DS, et al. Phase I study of thoracic radiation dose escalation 
with concurrent chemotherapy for patients with limited small-cell lung cancer: report of 
Radiation Therapy Oncology Group (RTOG) protocol 97–12. Int J Radiat Oncol Biol Phys. 
2005;62:342–50.  

    61.    Komaki R, Paulus R, Ettinger DS, et al. Phase II study of accelerated high-dose radiation 
therapy with concurrent chemotherapy for patients with limited small-cell lung cancer: 
RTOG 0239. Int J Radiat Oncol Biol Phys. 2012;83(4):e531–6.  

    62.    Govindan R, Page N, Morgensztern D, et al. Changing epidemiology of small-cell lung can-
cer in the United States over the last 30 years: analysis of the surveillance, epidemiologic, and 
end results database. J Clin Oncol. 2006;24(28):4539–44.  

    63.    Splinter TAW. Chemotherapy of small cell lung cancer (SCLC): duration of treatment. Lung 
Cancer. 1989;5:186–96.  

    64.    Bunn Jr PA, Cohen MH, Ihde DC, et al. Advances in small cell bronchogenic carcinoma: a 
commentary. Cancer Treat Rep. 1977;61:333–42.  

    65.    Ihde DC, Mulshine JL, Kramer BS, et al. Prospective randomized comparison of high-dose 
and standard-dose etoposide and cisplatin chemotherapy in patients with extensive-stage 
small cell lung cancer. J Clin Oncol. 1994;12:2022–34.  

    66.    Leyvraz S, Pampallona S, Martinelli G, et al. Solid tumors working party of the European 
group for blood and marrow transplantation. A threefold dose intensity treatment with 
ifosfamide, carboplatin, and etoposide for patients with small cell lung cancer: a randomized 
trial. J Natl Cancer Inst. 2008;100:533–41.  

     67.    Slotman B, Faivre-Finn C, Kramer G, et al. Prophylactic cranial irradiation in extensive 
small-cell lung cancer. N Engl J Med. 2007;357(7):664–72.  

    68.    Jeremic B, Shibamoto Y, Nikolic N, et al. The role of radiation therapy in the combined 
modality treatment of patients with extensive disease small-cell lung cancer (ED SCLC): a 
randomized study. J Clin Oncol. 1999;17:2092–9.  

    69.    Giuliani ME, Atallah S, Sun A, et al. Clinical outcomes of extensive stage small cell lung 
carcinoma patients treated with consolidative thoracic radiotherapy. Clin Lung Cancer. 
2011;12(6):375–9.  

    70.    Zhu H, Zhou Z, Wang Y, et al. Thoracic radiation therapy improves the overall survival of 
patients with extensive-stage small cell lung cancer with distant metastasis. Cancer. 
2011;117(23):5423–31.  

    71.    Yee D, Butts C, Reiman A, et al. Clinical trial of post-chemotherapy consolidation thoracic 
radiotherapy for extensive-stage small cell lung cancer. Radiother Oncol. 
2012;102(2):234–8.  

    72.    Ou SH, Ziogas A, Zell JA. Prognostic factors for survival in extensive stage small cell lung 
cancer (ED-SCLC): the importance of smoking history, socioeconomic and marital statuses, 
and ethnicity. J Thorac Oncol. 2009;4(1):37–43.  

    73.    Slotman BJ, van Tinteren H, Praag JO, et al. Use of thoracic radiotherapy for extensive stage 
small-cell lung cancer: a phase 3 randomised controlled trial. Lancet. 2015;385(9962):36–42.  

    74.    McShan DL, Fraass BA, Lichter AS. Full integration of the beam’s eye view concept into 
computerized treatment planning. Int J Radiat Oncol Biol Phys. 1990;18(6):1485–94.  

    75.    Spoelstra FO, Senan S, Le Péchoux C, et al. Variations in target volume defi nition for post-
operative radiotherapy in stage III non-small-cell lung cancer: analysis of an international 
contouring study. Int J Radiat Oncol Biol Phys. 2010;76(4):1106–13.  

E. Topkan et al.



197

    76.    Pasic A, Brokx HA, Comans EF, et al. Detection and staging of preinvasive lesions and occult 
lung cancer in the central airways with 18F-fl uorodeoxyglucose positron emission 
tomography: a pilot study. Clin Cancer Res. 2005;11(17):6186–9.  

    77.    Giraud P, Antoine M, Larrouy A, et al. Evaluation of microscopic tumor extension in non- 
small- cell lung cancer for three-dimensional conformal radiotherapy planning. Int J Radiat 
Oncol Biol Phys. 2000;48:1015–24.  

    78.    Grills IS, Fitch DL, Goldstein NS, et al. Clinicopathologic analysis of microscopic extension 
in lung adenocarcinoma: defi ning clinical target volume for radiotherapy. Int J Radiat Oncol 
Biol Phys. 2007;69:334–41.  

    79.    Kara M, Dizbay Sak S, Orhan D, Kavukcu S. Proximal bronchial extension with special reference 
to tumor localization in non-small cell lung cancer. Eur J Cardiothorac Surg. 2001;20:350–5.  

    80.    Kara M, Dizbay Sak S, Orhan D, Yavuzer S. Changing patterns of lung cancer; (3/4 in.) 1.9 
cm; still a safe length for bronchial resection margin? Lung Cancer. 2000;30:161–8.  

    81.   Yuan S, Meng X, Yu J, et al. Determining optimal clinical target volume margins on the basis 
of microscopic extracapsular extension of metastatic nodes in patients with non-small-cell 
lung cancer. Int J Radiat Oncol Biol Phys. 2007;67:727–34.  

    82.    Kepka L, Tatro D, Moran JM, et al. Designing targets for elective nodal irradiation in lung 
cancer radiotherapy: a planning study. Int J Radiat Oncol Biol Phys. 2009;73:1397–403.  

     83.    Liu HH, Balter P, Tutt T, et al. Assessing respiration induced tumor motion and internal target 
volume using four-dimensional computed tomography for radiotherapy of lung cancer. Int 
J Radiat Oncol Biol Phys. 2007;68:531–40.  

    84.    De Ruysscher D, Bremer RH, Koppe F, et al. Omission of elective node irradiation on basis 
of CT-scans in patients with limited disease small cell lung cancer: a phase II trial. Radiother 
Oncol. 2006;80(3):307–12.  

     85.    van Loon J, De Ruysscher D, Wanders R, et al. Selective nodal irradiation on basis of (18)
FDG-PET scans in limited-disease small-cell lung cancer: a prospective study. Int J Radiat 
Oncol Biol Phys. 2010;77(2):329–36.  

    86.    Shirvani SM, Komaki R, Heymach JV, Fossella FV, Chang JY. Positron emission tomogra-
phy/computed tomography-guided intensity-modulated radiotherapy for limited-stage small-
cell lung cancer. Int J Radiat Oncol Biol Phys. 2012;82(1):91–7.  

    87.    Kamel EM, Zwahlen D, Wyss MT, et al. Whole-body (18)F-FDG PET improves the manage-
ment of patients with small cell lung cancer. J Nucl Med. 2003;44:1911–7.  

    88.    Bradley JD, Dehdashti F, Mintun MA, et al. Positron emission tomography in limited-stage 
small-cell lung cancer: a prospective study. J Clin Oncol. 2004;22:3248–54.  

    89.    Thomson D, Hulse P, Lorigan P, Faivre-Finn C. The role of positron emission tomography in 
management of small cell lung cancer. Lung Cancer. 2011;73(2):121–6.  

    90.    van Loon J, Offermann C, Bosmans G, et al. 18FDG-PET based radiation planning of medi-
astinal lymph nodes in limited disease small cell lung cancer changes radiotherapy fi elds: a 
planning study. Radiother Oncol. 2008;87:49–54.  

    91.    Han TJ, Kim HJ, Wu HG, et al. Comparison of treatment outcomes between involved-fi eld 
and elective nodal irradiation in limited-stage small cell lung cancer. Jpn J Clin Oncol. 
2012;42(10):948–54.  

    92.    Kies MS, Mira JG, Crowley JJ, et al. Multimodal therapy for limited small-cell lung cancer: 
a randomized study of induction combination chemotherapy with or without thoracic 
radiation in complete responders; and with wide-fi eld versus reduced-fi eld radiation in partial 
responders: a Southwest Oncology Group Study. J Clin Oncol. 1987;5(4):592–600.  

    93.    Liengswangwong V, Bonner JA, Shaw EG, et al. Limited-stage small-cell lung cancer: pat-
terns of intrathoracic recurrence and the implications for thoracic radiotherapy. J Clin Oncol. 
1994;12(3):496–502.  

    94.    Talarico L, Chen G, Pazdur R. Enrollment of elderly patients in clinical trials for cancer drug 
registration: a 7-year experience by the US Food and Drug Administration. J Clin Oncol. 
2004;22:4626–31.  

    95.    Okamoto K, Okamoto I, Takezawa K, et al. Cisplatin and etoposide chemotherapy combined 
with early concurrent twice-daily thoracic radiotherapy for limited-disease small cell lung 
cancer in elderly patients. Jpn J Clin Oncol. 2010;40(1):54–9.  

8 Modern Radiotherapy in Limited and Extensive Stage Small-Cell Lung Cancer



198

    96.    Okamoto H, Watanabe K, Kunikane H, et al. Randomised phase III trial of carboplatin plus 
etoposide vs split doses of cisplatin plus etoposide in elderly or poor-risk patients with exten-
sive disease small-cell lung cancer: JCOG 9702. Br J Cancer. 2007;97:162–9.  

    97.    Bork E, Ersbøll J, Dombernowsky P, et al. Teniposide and etoposide in previously untreated 
small-cell lung cancer: a randomized study. J Clin Oncol. 1991;9(9):1627–31.  

    98.    Souhami RL, Spiro SG, Rudd RM, et al. Five-day oral etoposide treatment for advanced 
small-cell lung cancer: randomized comparison with intravenous chemotherapy. J Natl 
Cancer Inst. 1997;89(8):577–80.  

    99.    Girling DJ. Comparison of oral etoposide and standard intravenous multidrug chemotherapy 
for small-cell lung cancer: a stopped multicentre randomised trial. Medical Research Council 
Lung Cancer Working Party. Lancet. 1996;348(9027):563–6.  

    100.    Manapov F, Klöcking S, Niyazi M, et al. Chemoradiotherapy duration correlates with overall 
survival in limited disease SCLC patients with poor initial performance status who success-
fully completed multimodality treatment. Strahlenther Onkol. 2012;188(1):29–34.  

    101.    Auperin A, Arriagada R, Pignon JP, et al. Prophylactic cranial irradiation for patients with 
small-cell lung cancer in complete remission. Prophylactic Cranial Irradiation Overview 
Collaborative Group. N Engl J Med. 1999;341:476–84.    

E. Topkan et al.



199© Springer International Publishing Switzerland 2016
G. Ozyigit et al. (eds.), Principles and Practice of Radiotherapy Techniques 
in Thoracic Malignancies, DOI 10.1007/978-3-319-28761-4_9

        E.   Topkan ,  MD      (*) 
  Department of Radiation Oncology ,  Baskent University ,   Adana ,  Turkey   
 e-mail: docdretopkan@gmail.com   

    U.   Selek ,  MD    
  Department of Radiation Oncology, Faculty of Medicine ,  Koc University ,   Istanbul ,  Turkey    

  Department of Radiation Oncology ,  The University of Texas, MD Anderson Cancer Center , 
  Houston ,  TX ,  USA    

  9      Prophylactic Cranial Irradiation in Small- 
and Non-small-Cell Lung Carcinoma                     

       Erkan     Topkan       and     Ugur     Selek    

          PCI in Small-Cell Lung Carcinoma   

 At initial presentation, approximately 10–14 % of small-cell lung carcinoma 
(SCLC) patients manifest with radiologically evident brain metastases (BM), and 
BM incidence is straightforwardly associated with the disease stage [ 1 ,  2 ]. Therefore, 
patients with extensive-stage SCLC (ES-SCLC) at presentation are more likely than 
those with limited-stage SCLC (LS-SCLC) to develop BM at 2 years (47 % versus 
69 %), and in 20–30 % of those patients, the brain is the only apparent site of relapse 
[ 3 ,  4 ]. In postmortem examinations, the BM incidence rates are reported to be even 
far beyond these rates [ 5 ]. 

 For patients, the impact of BM on quality of life is essentially more regrettable 
than the impact of disappointment at other metastatic destinations. Such patients are 
often obliged to spend signifi cant time hospitalized and endure loss of autonomy 
which psychosocially affects the patients and their care providers in an adverse 
manner [ 6 ]. Combining this evidence with the limited effi cacy of palliative cranial 
irradiation and/or chemotherapy in clinically settled BM and an overall survival 
(OS) expectation of only 4–6 months, such data strongly emphasizes the need for 
earlier interventions targeting the microscopic BM in such patients [ 7 ,  8 ]. 

 Regarding its counteractive actions on BM emergence, the potential benefi cial 
effects of prophylactic cranial irradiation (PCI) in patients with LS-SCLC have been 
addressed with several randomized trials. Assumably, in patients with controlled 
extracranial disease, PCI may eradicate the intracranial microscopic tumor cell 
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deposits with relatively lower and safe radiation doses and, in this way, may poten-
tially lengthen the survival times. Supporting this logical assumption, although nei-
ther could reach statistical noteworthiness, the outcomes of two randomized 
controlled trials (RCT) from France (PCI85) and United Kingdom (UK02) exhibited 
a trend for better survival with PCI [ 9 ,  10 ]. But unfortunately up till now, no indi-
vidual RCT has decisively demonstrated a survival advantage for PCI in the LS-SCLC 
setting, which may be related with their inadequacy in procurement of suffi cient 
statistical power to discriminate moderate differences in survival. 

 With an end goal to overcome the statistical problems related with the relatively 
small population sizes and to direct a meta-analysis of trials utilizing PCI and to 
make proposals for clinical practice, the PCI Overview Collaborative Group was 
established. The benchmark meta-analysis from this group reported by Auperin 
et al. in 1999 included individual data from patients enrolled on seven prospective 
randomized PCI trials [ 11 ]. Trials qualifi ed in the meta-analysis were restricted to 
those, in which patients had been treated with systemic chemotherapy with/without 
thoracic radiotherapy (TRT) to a complete clinical response and no known BM. PCI 
doses were for the most part between 24 and 40 Gy given in 2–3 Gy daily fractions. 
Outcomes of this meta-analysis, for the fi rst time, demonstrated a statistically mean-
ingful survival advantage favoring PCI over non-PCI arms. The relative risk for 
death in the treated patients, as compared to controls, was 0.84 ( p  = 0.01), which 
corresponds to an absolute 5.4 % higher rate of survival at 3 years (20.7 % versus 
15.3 %) which was further preserved over time. As a percent gain over control, this 
speaks to a 35 % expansion in the extent of surviving patients. There was likewise 
an absolute 8.8 % increase in disease-free survival at 3 years (22.1 % vs. 13.3 %; 
 p  < 0.0001). PCI was furthermore connected with a 25.3 % absolute decrease in the 
cumulative incidence of BM at 3 years (33.3 % vs. 58.6 %;  p  < 0.0001) [ 11 ]. 
Following publication of this landmark meta-analysis, PCI turned into the standard 
of consideration in patients with LS-SCLC demonstrating complete response fol-
lowing systemic chemotherapy and TRT. Consequences of this thorough meta- 
analysis which changed the treatment standards of LS-SCLC have later been 
affi rmed by the audit of information from Surveillance Epidemiology and End 
Results (SEER) database reported by Patel et al. [ 12 ]. Of 7,995 LS-SCLC patients 
included, 670 received PCI. Better overall and cause-specifi c survival were observed 
in patients treated with PCI, and corresponding 2- and 5-year survival rates were 
23 % and 11 % without PCI and 42.5 % and 19 % with PCI. 

 Despite the fact that the useful impacts of PCI on prevention of BM occurrence 
and on augmentation of overall and disease-free survival have been well established 
in LS-SCLC, this issue had remained to be answered in ES-SCLC until the publica-
tion of the results of the EORTC trial by Slotman et al. [ 13 ]. In this benchmark 
study, patients with ES-SCLC who had a response to chemotherapy were random-
ized to PCI versus observation arms. The cumulative risk of symptomatic BM and 
rate of OS at 1 year were 14.6 % vs. 40.4 % ( p  < 0.001) and 27.1 % vs. 13.3 % 
( p  = 0.003), both favoring the PCI arm excluding those experiencing disease pro-
gression during the chemotherapy PCI turned into the standard of consideration for 
ES-SCLC patients after the publication of this RCT, likewise the LS-SCLC. 
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 The results of the landmark study by Slotman et al. [ 13 ], which represents the 
fi rst randomized trial to demonstrate survival advantage with PCI, were recently 
confi rmed by two large meta-analyses [ 4 ,  14 ]. In the fi rst meta-analysis by Zhang 
et al. [ 14 ], 1,601 LS- and ES-SCLC patients enrolled on fi ve randomized controlled 
trials between 1997 and 2012 were identifi ed to compare BM incidence and OS 
between PCI and non-PCI arms (Table  9.1 ). In two trials reporting the 1-year inci-
dence of BM, PCI was reported to reduce the BM incidence in 1 year with a pooled 
relative risk of 0.45 ( p  < 0.00001). The 1-year OS rate was noted in four trials which 
demonstrated a signifi cant OS benefi t favoring the PCI over the non-PCI group with 
a pooled relative risk of 0.87 ( p  = 0.01). The 3- and 5-year OS rates were reported in 
respective three and four trials, which cumulatively revealed a signifi cant OS advan-
tage in the PCI group with pooled relative risks of 0.87 ( p  < 0.00001) and 0.92 
( p  < 0.00001), respectively.

   In the second meta-analysis by Viani et al. [ 4 ], 16 randomized clinical trials, col-
lectively involving 1,983 patients, were analyzed. Of those patients, 1,021 received 
PCI, while 962 did not. Overall, compared to non-PCI group, the PCI utilization 

   Table 9.1    Characteristics of the trials included in the meta-analysis by Zhang et al. [ 14 ] and Viani 
et al. [ 4 ]   

 Author  Year 
 Patients 
(N) 

 Total dose (dose per 
fraction, Gy)  Disease stage 

 Zhang et al. [ 14 ]  2014  1,601  8–36 (1.8–8)  Limited/extensive 

 Gregor et al. [ 10 ]  1997  314  8–36 (1–18)  Limited/extensive 

 Laplanche et al.  1998  211  24 (3)  Limited/extensive 

 Cao et al.  2005  51  25.2–30.6 (1.8–1.9)  Limited 

 Slotman et al. [ 13 ]  2007  286  20–30 (5–12)  Extensive 

 Schild et al.  2012  739  25–30 (2–2.5)  Limited/extensive 

 Viani et al.  2014  1,983  8–40 (1.8–8)  Limited/extensive 

 Aisner et al.  1982  29  30 (3)  Limited/extensive 

 Arriagada et al. [ 9 ]  1995  300  24 (3)  Limited/extensive 

 Beiler et al.  1979  54  24 (3)  Limited/extensive 

 Cao et al.  2005  51  25.2–30.6 (1.8–1.9)  Limited 

 Kristjansen et al.  1993  55  24 (3)  Limited/extensive 

 Eagan et al.  1981  30  36 (1.8)  Limited 

 Gregor et al. [ 10 ]  1997  314  8–36 (1–18)  Limited/extensive 

 Hansen et al.  1980  109  40 (2)  Limited 

 Jackson et al.  1977  29  30 (3)  Limited/extensive 

 Laplanche et al.  1998  211  24 (3)  Limited/extensive 

 Maurer et al.  1980  153  30 (3)  Limited/extensive 

 Niiranen et al.  1989  51  40 (2)  Limited 

 Ohonoshi et al.  1993  46  40 (2)  Limited/extensive 

 Seydel et al.  1985  217  30 (3)  Limited 

 Slotman et al.  2007  286  20–30 (5–12)  Extensive 

 Wagner et al.  1996  32  24 (3)  Limited/extensive 
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revealed 4.4 % absolute reduction in rates of mortality (OR = 0.73;  p  = 0.01), espe-
cially among the patients enjoying a complete response after chemotherapy 
(OR = 0.68;  p  = 0.02) and in those submitted to PCI after that treatment (OR = 0.68; 
 p  = 0.03). This survival advantage was further found to be independent of the dis-
ease stage: LS-SCLC (OR = 0.73;  p  = 0.03) and ES-SCLC (OR = 0.48;  p  = 0.02). 

 Although the aforementioned strong data supports the standard use of PCI in 
patients with any SCLC enjoying at least disease stabilization following the intended 
locoregional and/or systemic treatment, an existing vital worry about the utilization of 
PCI is the requirement for determination of a built non-harmful yet compelling frac-
tionation scheme and total dose. Accessible information has demonstrated that lower 
dosages of PCI may be less effective in avoiding CNS failures [ 10 ,  11 ]. As of late, Le 
Pechoux et al. [ 15 ] published the results of benchmark international PCI trial assess-
ing the radiation dose for PCI in LS-SCLC. The study randomized 720 patients with 
LS-SCLC from 157 centers to one of two PCI arms: Arm 1 included patients receiv-
ing standard-dose PCI to 25 Gy in 2.5 Gy per fraction, and Arm 2 included patients 
receiving higher-dose PCI to 36 Gy in 2 Gy once-daily or 1.5 Gy twice-daily frac-
tions. No signifi cant difference of BM incidence was reported between two study 
arms, yet there was a signifi cantly higher rate of cancer-related mortality in the higher-
dose arm as a consequence of unexplained fi nding of more deaths from extracranial 
disease progression [ 15 ]. Based on the results of this study, 25 Gy delivered at 2.5 Gy 
per fraction per day remains the standard of care for PCI in LS-SCLC patients.  

     PCI for Geriatric SCLC   Patients 

 Lung cancer is mainly a disease of elderly patients with a median age of 67 years. 
Unfortunately, in spite of the proven survival benefi t, many eligible senior patients 
with SCLC do not receive PCI mainly due physicians and to a lesser degree to 
patients concerns on an increased risk of radiation-induced neurotoxicity. As a 
result, in most PCI trials, patients with advanced age were excluded from protocols 
and, therefore, did not receive this potentially life-prolonging treatment option. 

 In clinical practice, although the dilemma of whether to administer PCI in older 
individuals remains controversial, available literature supports its use in elderly 
patients just similar to their younger counterparts [ 12 ,  16 ]. In the aforementioned 
SEER analysis [ 12 ], multiple age groups were analyzed (age <60, 60–66, 67–72, 
and ≥73) and PCI was reported to be benefi cial in all age groups. The 5-year OS for 
the 67–72- and ≥73-year cohorts were 16 % vs. 10 % ( p  = 0.0005) and 10 % vs. 5 % 
( p  < 0.0001), both favoring the PCI group. In the second analysis of patients with 
LS-SCLC >70 years (median age, 75 years), PCI was demonstrated to strongly 
associate with improved survival rates (33 % vs. 23 %;  p  = 0.028). Additionally, PCI 
was reported to be an independent predictor of longer OS (HR = 0.72;  p  = 0.032) in 
those patients >75 years of age [ 16 ]. 

 In the recently published pooled analysis of North Central Cancer Treatment 
Group experience [ 17 ], the outcomes of 155 patients with ≥70 years of age and 
LS-SCLC or ES-SCLC who participated in four phase II or III trials were 
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retrospectively analyzed according to their PCI status. Of those, 91 patients received 
PCI (30 Gy/15 or 25 Gy/10 fractions), while 64 patients did not, and served as con-
trols. Survival analysis included the patients with any objective response (stable 
disease or better) to prescribed primary locoregional and/or systemic therapy. 
Results of this analysis proved that compared to non-PCI, the survival outcomes 
were signifi cantly better in PCI group, namely, median OS (12.0 vs. 7.6 months; 
 p  = 0.001) and 3-year OS (13.2 % vs. 3.1 %;  p  = 0.001). The only factor that remained 
signifi cant for longer survival was stage (LS-SCLC vs. ES-SCLC;  p  = 0.0072) on 
multivariate analysis of the entire cohort, while same analysis limited to ES-SCLC 
demonstrated the PCI utilization as the sole predictor to associate with longer sur-
vival times (HR = 0.47;  p  = 0.03). 

 In summary, enlightened with the strong evidence which supports the use of PCI 
as a life-prolonging treatment option for both LS-SCLC and ES-SCLC, we believe 
that chronologic age should not solely be considered as a contraindication for 
PCI. Therefore, alike with their younger counterparts, we recommend the use of 
PCI for all medically fi t elderly SCLC patients who have experienced any degree of 
favorable response to primary therapy irrespective of their initial disease stage.  

    PCI in Locally Advanced Non-small-Cell Lung  Carcinoma   

 Non-small-cell lung carcinoma (NSCLC), with its particular histologies, namely, 
adenocarcinoma (AC), squamous cell carcinoma (SCC), and large cell carcinoma 
(LCC), accounts for more than 85 % of all lung cancers. Based on the outcomes of 
two phase III randomized studies, the current standard treatment approach for the 
locally advanced NSCLC (LA-NSCLC) is defi nitive concurrent chemoradiotherapy 
(C-CRT), while surgery and stereotactic radiosurgery are appropriate treatment 
options for early stage disease [ 18 ,  19 ]. Although aggressive C-CRT has been shown 
to result in particular superb results with ≥50 % locoregional control rates and 
approximately 2-year median survival times in LA-NSCLC [ 18 – 22 ], yet starkly 
contrasting with the tumor control and survival advantages gained, this approach 
has proved no noteworthy viability in lessening of overall brain failure (21–54 %) 
or brain as the fi rst site of relapse (15–30 %) rates [ 23 ,  24 ], stressing the prerequisite 
for earlier interventions targeting the microscopic BM. 

    Patients at Higher Risk of BM Development 

 Disease stage (IIIA/B vs. I–II) is the strongest factor predicting the incidence of BM 
development at some point during the course of treatment where the risk is <10 % 
for stage I–II and >50 % for stage III patients, respectively. In stage IIIA/B NSCLC 
patients who have the highest risk for brain fi rst and overall brain failures after 
aggressive combination therapies, several factors associate with an increased risk of 
BM including the histology (non-SCC vs. SCC), gender (female vs. male), age at 
presentation (<60 years vs. older), nodal status (N2-3 vs. N0-1), performance score 

9 Prophylactic Cranial Irradiation in Small- and Non-small-Cell Lung Carcinoma



204

(Zubrod <70 vs. ≥70), lymph node bulk (bulky vs. non-bulky), duration of survival 
(longer vs. short), lactate dehydrogenase (LDH) levels (high vs. normal), chemo-
therapy regimen (taxane–platinum vs. other platinum-based combinations), and 
usage of targeted therapies [ 23 ,  25 – 35 ]. Age <60 or 70 years was shown to be asso-
ciated with an increased risk of BM in various studies [ 30 ,  33 ,  35 ]. In the subgroup 
analysis of the study by Keith et al. [ 36 ], female gender and elevated LDH levels 
were found to be the factors to relate with a higher risk of BM. Primary tumor stage 
of T4 was associated with increased risk of BM in a multivariate analysis of 305 
patients with localized NSCLC [ 35 ], and the N2 status was found to be predictive of 
BM by Jacobs et al. [ 37 ] and Tang et al. [ 38 ]. In the study by Jacobs et al. [ 38 ], the 
risk of BM was signifi cantly higher in the presence of hilar (N1) and ipsilateral 
mediastinal (N2) lymph nodes than in the N0 patients. Similarly, in the Italian mul-
tivariate analysis, there was a trend toward a higher risk of BM in the presence of 
bulky (6.2 cm) mediastinal lymph nodes [ 30 ]. Although the Italian study failed to 
report a relationship between tumor histology and BM development [ 30 ], in view of 
the results of the other studies demonstrating higher BM rates in AC than SCC, with 
its reported BM incidence range of 24–35.7 % [ 23 ,  37 ,  38 ], the AC histology has 
gained general acceptance for being associated with higher BM development than 
SCC [ 25 ,  26 ,  28 ,  39 – 41 ]. 

 In a recent retrospective report by Ji et al., risk factors for BM in LA-NSCLC 
patients treated with defi nitive chest irradiation have been investigated [ 42 ]. Stage 
III 346 patients treated between 2008 and 2010 were included with a median fol-
low-up of 48.3 months for the surviving patients. Seventy-four (21.4 %) patients 
were reported to experience BM with a median time from the treatment to BM 
diagnosis of 9 months and respective BM incidence rates of 15 % and 28.1 % at 1- 
and 3-year time points. In univariate analysis, female sex, age 60 years, non-SCC, 
T3-4, N3, >3 areas of lymph node metastasis, and high LDH and serum levels of 
tumor markers (CEA, NSE, CA125) before treatment were found as signifi cant 
associates of BM ( p  < 0.05). In multivariate analysis, age <60 years ( p  = 0.004; 
HR = 0.491), non-SCC histology ( p  = 0.0001; HR = 3.726), NSE >18 ng/mL 
( p  ≤ 0.008; HR = 1.968), and CA125 ≥35 U/mL ( p  = 0.002, HR = 2.129) were found 
as the independent risk factors for BM. Stratifi cation of patients according to these 
factors revealed that patients with no or lesser risk factors had signifi cantly reduced 
BM rates at 3 years, 7.3 % for 0, 18.9 % for 1, 35.8 % for 2, and 70.3 % for 3–4 risk 
factors, respectively ( p  < 0.001).  

     Rationale of PCI in NSCLC   

 Platinum-based combination chemotherapy, which enhanced survival rates by 
reducing the locoregional and distant failures, is the current standard systemic 
regime for LA-NSCLC patients [ 25 ,  43 ,  44 ]; in any case, chemotherapy seems to 
have little or no effect on brain failure rates [ 25 ]. The lack of further signifi cant 
improvements in survival may relate with the increased incidence of isolated BM 
and the absence of cure promising therapies for this almost exclusively fatal disease 
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state [ 26 ,  28 ,  29 ,  31 ,  45 ]. It is critical to point out that preoperative induction che-
motherapy has been exhibited to decrease the risk of visceral metastases in many 
series but could not attain the same impact on BM and, in certain cases, was even 
suggested to associate with isolated raised BM rates, such as in the series of Andre 
et al. [ 26 ]. In this report compared to upfront surgery, preoperative induction che-
motherapy was associated with doubled rates of isolated BM (22 % vs. 11 %) and 
(39 % vs. 20 %) in that of Robnett et al. [ 28 ]. Because micrometastasis in brain 
parenchyma was not successfully treated with induction chemotherapy, PCI was 
suggested as a possible solution. Stuschke et al. [ 46 ] introduced PCI to eradicate 
potential disease in a phase II trial on trimodality treatment of locally advanced 
NSCLC, achieving a reduced incidence of BM as the fi rst site of relapse and a 
reduced rate of overall brain relapse. The recent series of the Adjuvant Navelbine 
International Trialist Association (ANITA) investing adjuvant chemotherapy under-
scored that adjuvant chemotherapies seem to be ineffective in preventing BM, even 
in operable NSCLC [ 47 ] which was followed by a similar conclusion of the 
International Adjuvant Lung Cancer Trial Collaborative Group [ 48 ].  ANITA trial   
demonstrated that distant metastases were more frequent in patients receiving post-
operative radiotherapy (PORT) for both the observation and the chemotherapy 
groups; this seemed to be more pronounced for patients with pN2 disease in the 
observation group [ 47 ]. Furthermore, although PORT reduced the local relapse rate 
in both groups, more patients receiving PORT presented with BM (16.4 % vs. 
9.5 %), which might probably be related to increased referral to PORT in cases of 
more advanced disease. 

 The failure of available chemotherapeutic agents to prevent brain failures may be 
associated with their poor ability to cross the blood – brain barrier (BBB) and relative 
poor response rates at this sanctuary site. Cisplatin has been proven to cross the 
BBB, but the response rate in BM from primary NSCLC was shown to be only 
15–30 % in patients treated with cisplatin-based combination regimens [ 49 ]. 
Although the temozolomide may achieve high concentrations in the central nervous 
system, its activity in BM of NSCLC is only less than 10 % [ 50 ]. Topotecan appears 
to be a promising agent in this setting [ 51 ]. The BBB permeability modulation is 
currently under research which may potentially alter the response to present chemo-
therapeutics in a positive manner with the hope of increase of PCI effectiveness 
when concurrently administered [ 52 ]. 

 The failure of chemotherapy to reduce the BM incidence provides a rationale for 
the possible use of PCI in stage III NSCLC patients. Furthermore, the emergence of 
almost half of all BM at posttreatment 4 and more than 80 % at 12 months supports 
the need for urgent preventive interventions, such as PCI, against BM in such 
patients. For example, in a recent retrospective review of the Southwest Oncology 
Group (SWOG) database reported by Gaspar et al. [ 31 ], of 422 patients with stage 
IIIA/IIIB NSCLC who were treated with concurrent cisplatin–etoposide and tho-
racic RT (TRT), 268 (64 %) experienced disease progression; 54 (20 %) of these 
affected the brain only and 17 (6.5 %) the brain and other sites simultaneously. In 
these 71 patients, time from treatment to disease progression in the brain was 
reported as follows: during treatment, 16 relapses (22.5 %); 0–16 weeks after 
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treatment, 17 relapses (24 %); 16 weeks to 6 months after treatment, 10 relapses 
(14 %); 6–12 months after treatment, 16 relapses (22.5 %); and more than 12 months 
after treatment, 12 relapses (17 %). Thus, it seems that 46.5 % and 83 % of all brain 
relapses develop within 16 weeks and 12 months after the completion of treatment, 
respectively.  

    Efficacy of PCI in High-Risk NSCLC Patients 

 Several nonrandomized and randomized studies have addressed the effi cacy of PCI 
in delaying or reducing the incidence of BM in high-risk NSCLC patients. 

    Nonrandomized Studies 
 As summarized in Table  9.2 , several nonrandomized multimodality studies have 
suggested a potential benefi cial role for PCI in patients with LA-NSCLC [ 24 ,  26 , 
 46 ,  53 ,  54 ]. In one of the most notable studies by Stuschke et al. [ 46 ], 75 LA-NSCLC 
patients were treated with trimodality therapy consisting of induction chemother-
apy, preoperative CRT, and surgery. PCI of 30 Gy (2 Gy/day) was introduced after 
the fi rst half of the study because of a high incidence of BM and reduced the rate of 
BM as the fi rst site of relapse from 30 % to 8 % at 4 years ( p  = 0.005) and the rate of 
overall brain relapse from 54 % to 13 % ( p  = 0.0004).

   In a recently reported SEER database analysis by Park et al. [ 55 ], a total of 
17,852 NSCLC patients were included, among whom 326 (1.8 %) received PCI. The 
authors reported that patients <60 years of age and those with AC were signifi cantly 

   Table 9.2    Outcomes of nonrandomized trials on prophylactic cranial irradiation of locally 
advanced non-small-cell lung carcinoma   

 Reference 
 Patients 
(N)  Histology  Primary tx 

 PCI dose 
(Gy) 

 BM 
PCI- 
(%) 

 BM 
PCI+ 
(%)  P-value 

 Strauss 
et al. [ 24 ] 

 54  Non-SCC  Trimodality  30 (2 Gy/fx)  12  0  0.32 

 Albain 
et al. [ 22 ] 

 126  Any 
NSCLC 

 Trimodality  36 (2 Gy/fx)  16  8  0.36 

 Skarin 
et al. [ 54 ] 

 41  Any 
NSCLC 

 Trimodality  NS  27  14  – 

 Stuschke 
et al. [ 46 ] 

 75  Any 
NSCLC 

 Trimodality  30 (2 Gy/fx)  54  13  0.0004 

 Rusch 
et al. [ 53 ] 

 75  NS  Ctx + RT  36 (2 Gy/fx)  –  0  – 

 30 (2 Gy/fx) 

 Topkan 
et al. [ 57 ] 

 134  AC + 
SCC 

 ICT + C-CRT  30 (2 Gy/fx)  –  13.8  0.03 

 C-CRT  30 (2 Gy/fx)  –  3.9 

   AC  adenocarcinoma,  BM  brain metastasis,  C-CRT  concurrent chemoradiotherapy,  Ctx  
chemotherapy,  fx  fraction,  ICT  induction chemotherapy,  NS  not specifi ed,  NSCLC  non-small-cell 
lung carcinoma,  PCI  prophylactic cranial irradiation,  RT  radiotherapy,  SCC  squamous cell 
carcinoma,  tx  treatment  
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more likely to receive PCI. Median OS for the entire population was 8 months with 
no statistically signifi cant survival difference between PCI and non-PCI patients (9 
vs. 8 months; HR, 1.04;  p  = 0.646). Similar results were found in all subgroup analy-
ses of high-risk patients for BM, including the age <60 years (10 months vs. 
11 months;  p  = 0.124), AC histology (9 vs. 8 months;  p  = 0.304), and those with 
stage IIIB (8 months vs. 6 months;  p  = 0.075) patients. However, the results of this 
analysis should be interpreted with great caution, because the reported median OS 
of only 8 months for the whole study population is almost only one-third of those 
achieved with modern C-CRT. Although it was not given in the original manuscript, 
this may potentially be related with inclusion of patients with poor performance 
status and with signifi cant weight loss who are the strong candidates for poorest 
prognosis after any oncological intervention. 

 In another systemic review and meta-analysis of 12 trials (6 randomized and 6 
nonrandomized) published by Xie et al. [ 56 ] with a total of 1,718 NSCLC patients, 
PCI was noted to signifi cantly reduce BM incidence (HR, 0.30;  p  < 0.00001). 
However, interestingly in the same analysis, the use of PCI in NSCLC patients was 
reported to be associated with worse OS than non-PCI patients (OR, 1.19;  p  = 0.004). 

 In an interesting recent study from Turkey, Topkan et al. [ 57 ] analyzed the 
outcomes of 134 stage IIIB NSCLC patients. All patients were Group 1 according 
to the recursive partitioning analysis grouping system and were treated with PCI 
(30 Gy at 2 Gy/fx) following one of two CRT regimes. Patients in Regime 1 
( n  = 58) and 2 ( n  = 76) received three cycles of induction chemotherapy followed 
by C-CRT or immediate defi nitive C-CRT, respectively. At a median follow-up of 
27.6 months, 65 patients were alive. Median OS, progression-free survival, and 
brain metastasis- free survival (BMFS) times for the whole study cohort were 
23.4, 15.4, and 23.0 months, respectively. Median survival time and the 3-year 
survival rate for regimes 1 and 2 were 19.3 vs. 26.1 months ( p  = 0.001) and 14.4 % 
vs. 34.4 % ( p  < 0.001), respectively. Median time from the initiation of primary 
treatment to PCI was 123.2 (range, 97–161) and 63.4 (range, 55–74) days for 
regimes 1 and 2, respectively ( p  < 0.001). Overall, 11 (8.2 %) patients developed 
brain metastasis (BM) during the follow-up period: 8 (13.8 %) in regime 1 and 3 
(3.9 %) in regime 2 ( p  = 0.03). Median BMFS for regimes 1 and 2 were 17.4 ver-
sus 26.0 months, respectively ( p  < 0.001). The results of this study suggested that 
immediate C-CRT rather than induction-fi rst regime was associated with lower 
BM incidence and longer survival rates in stage IIIB NSCLC patients treated with 
PCI. This study is important by addressing the timing of PCI in LA-NSCLC 
patients and by indicating maximum benefi t of PCI with its earlier use without 
delay caused by induction strategies, which is quite similar with the well- 
established superiority of immediate defi nitive C-CRT over induction-fi rst proto-
cols for thoracic primaries. 

 In general, the use of PCI reduced the rates of BM compared with non-PCI 
groups. In any case, albeit such nonrandomized data might be utilized as a base 
for larger randomized trials, results ought to be interpreted with caution because 
of potential biasing impacts; for instance, it is quite surprising to observe a 0 % 
BM rate in one of the treatment groups, as reported by Strauss et al. [ 24 ], or a 
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large difference in one relatively small study, such as that reported by Stuschke 
et al. [ 46 ].  

    Randomized Studies 
 Outcomes of reported randomized trials of PCI in patients with LA-NSCLC are as 
summarized in Table  9.3  [ 27 ,  58 – 63 ]. The fi rst study conducted by the Veterans 
Administration Lung Group (VALG) also included small-cell lung carcinoma 
(SCLC) patients [ 60 ], and patients were randomized to receive PCI (20 Gy in ten 
fractions) or no PCI and to receive one of two regimens of TRT. In the NSCLC 
group, PCI decreased the incidence of BM from 13 % to 6 % ( p  = 0.038) in all 
NSCLC and from 29 % to 0 % in adenocarcinomas ( p  = 0.04).

   In a series of 97 LA-NSCLC patients, Umsawasdi et al. [ 59 ] administered com-
bined CRT and randomized patients to PCI (30 Gy in ten fractions) or non-PCI 
arms. PCI increased the BMFS and signifi cantly reduced the incidence of BM from 
27 % to 4 % ( p  = 0.002). In a SWOG randomized study, Mira et al. [ 61 ] randomized 
232 localized NSCLC patients to compare TRT with TRT plus chemotherapy, with 
or without PCI arms. Patients in the PCI arm received 30 or 37.5 Gy (2 Gy or 2.5 Gy 
in 15 fractions, respectively). PCI signifi cantly reduced the brain relapse rate from 
11 % to 0 % ( p  = 0.001). 

   Table 9.3    Outcomes of randomized controlled trials on prophylactic cranial irradiation of locally 
advanced non-small-cell lung carcinoma   

 Reference 
 Patients 
(N)  Histology  Primary tx 

 PCI dose 
(Gy) 

 BM 
PCI- 
(%) 

 BM 
PCI+ 
(%)  P-value 

 Unsawasdi 
et al. 

 97  Any NSCLC  Trimodality  30 (3 Gy/fx)  27  4  0.002 

 Ctx + RT 

 Cox et al.  281  Any NSCLC  RT  20 (2 Gy/fx)  13  6  0.038 

 Mira et al.  111  Any NSCLC  Ctx + RT  30 (2 Gy/fx)  11  0  0.0001 

 37.5 (2.5 Gy/
fx) 

 Russell 
et al. 

 187  Non- SCC  RT  30 (3 Gy/fx)  19  9  0.06 

 Pöttgen 
et al. 

 112  Any NSCLC 
(all stage 
IIIA) 

 Ctx + RT  30 (2 Gy/fx)  34.7 
(FSF) 

 7.8 
(FSF) 

 0.02 

 27.2  9.1  0.04 

 Gore et al.  340  AC + SCC  Any 
combination 

 30 (2 Gy/fx)  18.0  7.7  0.004 

 Li [ 63 ]  156  Any NSCLC 
(all stage 
IIIA) 

 Sx + Ctx  30 (3 Gy/fx)  49.9 (5 
years) 

 20.3 (5 
years) 

 <0.001 

   AC  adenocarcinoma,  BM  brain metastasis,  C-CRT  concurrent chemoradiotherapy,  Ctx  
chemotherapy,  FSF  fi rst site of failure,  fx  fraction,  ICT  induction chemotherapy,  NS  not specifi ed, 
 NSCLC  non-small-cell lung carcinoma,  PCI  prophylactic cranial irradiation,  RT  radiotherapy,  SCC  
squamous cell carcinoma,  Sx  surgery,  tx  treatment  
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 Russell et al. [ 58 ] in a RTOG prospective randomized study randomized 187 
NSCLC patients into groups receiving TRT alone or TRT plus PCI (30 Gy in ten 
fractions). This study included patients with inoperable or unresectable T1-4 
N1-3M0 and resected T1-3 N2-3M0 non-epidermoid NSCLC. Manifestation of 
symptomatic BM was delayed in the PCI group, but the overall incidence of BM 
was not signifi cantly decreased. Subgroup analysis revealed that in a small sub-
group of patients with prior complete surgical resection, PCI reduced the incidence 
of BM from 25 % to 0 % ( p  = 0.06). However, the results of this study should be 
considered with caution for the following reasons: fi rst, the study population was 
highly heterogeneous regarding the T and N stage; second, systemic therapy was 
not used and locoregional therapy was ineffective compared with current standards; 
third, the median survival in this study was only 8 months due to ineffective therapy 
and relatively poor prognostic factors which may have prevented these patients 
from living long enough to develop BM; and fi nally, the ineffectiveness of locore-
gional therapy and lack of systemic therapy might have resulted in an increased 
incidence of locoregional and distant failures that served as sources of secondary 
seeding of the brain after delivery of PCI. 

 In the German multicenter randomized trial, Pöttgen et al. [ 27 ] enrolled 112 
operable stage IIIA NSCLC patients to receive either primary resection followed by 
adjuvant TRT or preoperative chemotherapy followed by C-CRT and defi nitive sur-
gery. Patients in the second group were also scheduled to receive PCI (30 Gy in 15 
fractions). At the 5-year follow-up, PCI signifi cantly reduced the incidence of BM 
as the fi rst site of failure from 34.7 % to 7.8 % ( p  = 0.02) and the overall brain 
relapse rate from 27.2 % to 9.1 % ( p  = 0.04). 

 In general, the promising results of these randomized studies suggest a benefi cial 
role for PCI in prevention of BM in NSCLC patients, especially those treated with 
multimodality aggressive treatment protocols. However, the vital question of whether 
the reduction in the rate of BM is associated with improved OS rates has not been 
answered yet. The RTOG-0214 phase III trial was built to address this question in 
stage IIIA/B NSCLC patients [ 62 ]. This study did not only investigate the effect of 
PCI on survival rates but also intended to focus on determining the impact of PCI on 
the incidence of BM, quality of life (QOL), and neurocognitive functions in more 
than 1,058 patients. However, the trial was closed earlier because of poor accrual 
with only 356 patients included, of which 340 were eligible for analysis. The survival 
times with and without PCI arms, namely, 1-year OS (75.6 % vs.76.9 %;  p  = 0.86) 
and DFS (56.4 % vs. 51.2 %;  p  = 0.11), were not different. The 1-year rates of BM 
were signifi cantly different favoring the PCI arm over the non- PCI (7.7 % vs. 18.0 %; 
 p  = 0.004). Patients in the observation arm were 2.52 times more likely to develop 
BM than those in the PCI arm (unadjusted OR = 2.52). Therefore, the authors con-
cluded the PCI in patients with stage III NSCLC without disease progression after 
therapy reduced the rates of BM but did not improve OS or DFS. Nevertheless, con-
sidering the fact that eligible 340 patients accounted only for 32 % of the targeted 
accrual, results of this benchmark study should be interpreted with caution and 
should not be perceived as decisive as it lacks the intended statistical power to dem-
onstrate potentially present modest survival advantage with PCI. 
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 The most recent randomized study of PCI in LA-NSCLC was reported by Li 
et al. [ 63 ]. The authors compared PCI against observation in resected stage IIIA 
NSCLC patients ( n  = 156) and high risk of BM after adjuvant chemotherapy. Similar 
with the RTOG 0214, this study was also terminated earlier due to slow accrual. 
Patients in the PCI ( n  = 81) arm received 30 Gy in ten fractions. The primary end 
point was DFS. The secondary end points included the incidence of BM, OS, toxic-
ity, and QOL measures. The patients in the PCI group had signifi cantly longer 
median DFS compared with the observation group (28.5 vs. 21.2 months; HR = 0.67; 
 p  = 0.037). The median 31.2 months of OS in the PCI arm was numerically superior 
than the 27.4 months in the observation arm but could not reach statistical signifi -
cance (HR = 0.81;  p  = 0.31), respectively. PCI was associated with an actuarial 
5-year decrease in the risk of BM (20.3 % vs. 49.9 %; HR = 0.28;  p  < 0.001).    

    Treatment Techniques 

     Standard PCI Technique and Doses   

 Several techniques can be utilized to irradiate whole brain content for the purpose 
of PCI. Regardless of the teletherapy machine and energy in use, patients are typi-
cally fi rst fi xed by the use of commercially available thermoplastic head masks to 
avoid unintentional motion and related target coverage or critical organ overdosage 
problems (Fig.  9.1 ). If tomographic check on-treatment opportunities are not avail-
able below, suggested steps should be followed, while simulation step may be 
avoided if such opportunities are readily available:

•     Each patient must undergo simulation procedure prior to the start of PCI for 
accurate defi nition of the target borders and to avoid critical structures.  

•   Patients should lay supine with radiopaque markers placed at the lateral orbital 
canthi to assist in blocking the lenses from the therapy portal (Fig.  9.2a ).

•      The clinical target volume (CTV) must include the entire intracranial contents 
(Fig.  9.2b ).  

  Fig. 9.1    Patient 
immobilization and 
positioning during imaging 
procedure with the use of 
commercially available 
head mask       
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•   At least 1 cm margin at all directions around the bony skull, namely, superiorly, 
inferiorly, anteriorly, and posteriorly, should be given to delineate planning target 
volume (PTV) which is the target to receive the whole prescribed dose. The 
inferior border at the cervical vertebral bodies should be at the C1–C2 interspace 
(Fig.  9.2c ).  

•   A small lead block or multileaf collimator is carefully placed to shield globes 
while still allowing adequate coverage of the anterior–inferior extents of the 
cranial contents (Fig.  9.2d ).  

•   In contrast with tumors with high risk of cerebrospinal fl uid seeding such as 
leukemias, lymphomas, and primitive neuroectodermal tumors, the signifi cance 

  Fig. 9.2    ( a – i ) Contouring of target volumes and organs at risk and target volume shaping for a 
standard prophylactic cranial irradiation procedure:  CTV  clinical target volume,  PTV  planning 
target volume       

 

9 Prophylactic Cranial Irradiation in Small- and Non-small-Cell Lung Carcinoma



212

of involving the cribriform plate in the PTV is questionable, but the traditional 
approach recommends its adequate coverage inferiorly (Fig.  9.2e ).  

•   Individually shaped ports with tailor-made lead blocks or multileaf collimators 
must be utilized to assist in defi ning the irradiation target volume (Fig.  9.2f ).  

•   To avoid both the over- and underdosage of the particular parts of the intracranial 
contents, appropriate energy should have carefully been selected. A 6 MV photon 
energy will usually be satisfactory to overcome such problems in most cases.  

•   Wedge blocks must be used to achieve a homogenous dose distribution where 
necessitated. For this purpose, fi eld-in-fi eld (FIF) technique may also be utilized 
separately or in conjunction with wedge blocks.  

•   The PTV should be covered by no less than 95 % and no more than 107 % of the 
prescribed dose, and the dose to lens and globe should be kept as low as possible 
(Figs.  9.3  and  9.4 ).

•       Either of 30 Gy in 2 Gy (15 days) or 25 Gy in 2.5 Gy (10 days) may be chosen 
for PCI of LS-SCLC, ES-SCLC, and LA-NSCLC patients. However, higher 
doses beyond these should be avoided because of the related increased risk of 
neurotoxicity in the absence of further reductions in BM emergence rates and 
even handicapped survival outcomes.     

    Novel Cranial Irradiation Techniques to Avoid Neurocognitive 
and Scalp Toxicity 

     Hippocampal Avoidance PCI   
 Long-term serious and permanent toxic effects of cranial irradiation, including cog-
nitive deterioration and cerebellar dysfunction, have been described [ 64 ]. As many 
as 11 % of long-term (112 months) BM survivors treated with whole brain RT 
(WBRT) were suggested to develop dementia, especially with the use of higher- 
dose/fraction regimens [ 65 ]. Hippocampal dysfunction seems to be an important 
component of cognitive disturbances which are the hallmark of diffuse encepha-
lopathy syndrome. Supporting this suggestion, recent studies have demonstrated 
that the functions of learning, memory, and spatial information processing are infl u-
enced by irradiation of the hippocampus. Abayomi [ 66 ] noted emergence of pro-
gressive severe defi cits in hippocampal-dependent functions after WBRT. The 
mechanisms of chronic radiation damage involve the changes in exquisitely radio-
sensitive stem cells residing within the subgranular zone of the hippocampus. 
Changes in the microenvironment induced by radiation injury in combination with 
metabolic derangements, glial reactions, and infl ammatory response force the 
remaining neuronal progenitor cells to adopt glial rather than neuronal fates. 
Irradiation of this area causes depletion of cells necessary for neurogenesis, espe-
cially for the memory domains [ 67 ]. Therefore, rationally, avoidance of the hippo-
campus during WBRT has been hypothesized to potentially delay and/or reduce the 
incidence and severity of neurocognitive defi cits in survivors by selectively sparing 
the stem cells responsible for post-WBRT neurogenesis. 
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  Fig. 9.3    Typical 3D conformal radiation therapy plan: ( a ) axial, ( b ) coronal, ( c ) sagittal view       
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  Fig. 9.4    Dose–volume histogram and related evaluation metrics table for a typical 3D conformal 
radiation therapy plan       
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 Combination of advancements in preclinical and clinical evidence impacting the 
neurocognitive importance of hippocampi, the accurate anatomic defi nition and 
therefore delineation of hippocampi by the use of modern imaging techniques, and 
irradiation technology lead to rapid conduction of hippocampal avoidance studies in 
PCI or metastatic brain tumors. In the fi rst study by Gutierrez et al. [ 68 ], the feasi-
bility of composite tomotherapy to achieve homogenous whole brain dose distribu-
tion equivalent to conventional WBRT with conformal hippocampal avoidance was 
demonstrated, which was followed by others [ 69 – 73 ]. In one of the earliest studies, 
Gondi et al. demonstrated that the mean doses to the hippocampus could be reduced 
by 81–87 % to doses of 0.49–0.73 Gy with preserved target volume coverage and 
homogeneity by utilizing IMRT technique for PCI [ 69 ]. 

 Comparison of the outcomes of two recently reported landmark WBRT studies 
may prove benefi cial regarding the impact of hippocampal avoidance on neurocog-
nitive functions and QOL measures [ 71 ,  74 ]. In the phase III RTOG 0214 study 
(discussed in detail in this chapter) where hippocampal sparing was not intended, 
the investigators focused on the impact of PCI on neurocognitive function (NCF) 
and QOL measures [ 74 ]. NCF was assessed with mini-mental status examination 
(MMSE), activities of daily living scale (ADLS), and Hopkins Verbal Learning Test 
(HVLT). QOL was assessed with the European Organisation for Research and 
Treatment of Cancer (EORTC) core tool (QOL Questionnaire- QLQC30) and brain 
module (QLQBN20). Although a trend for greater decline in patient-reported cog-
nitive functioning with PCI was noted, no statistically signifi cant differences were 
detected between the PCI and non-PCI arms at 1 year in any component of the 
EORTC-QLQC30 or QLQBN20 ( p  > 0.05). Additionally, there were no signifi cant 
differences in MMSE ( p  = 0.60) or ADLS ( p  = 0.88). Nevertheless, for HVLT, there 
was greater decline in immediate recall ( p  = 0.03) and delayed recall ( p  = 0.008) in 
the PCI arm at 1-year follow-up. 

 The RTOG 0933, reported by Gondi et al., was a single-arm phase II study of hip-
pocampal avoidance WBRT for brain metastases with prespecifi ed comparison with a 
historical control of patients treated with WBRT without hippocampal avoidance [ 71 ]. 
Eligible adult patients with established BM received hippocampal avoidance WBRT to 
30 Gy in ten fractions. Standardized NCF and QOL assessments were performed at 
baseline and 2, 4, and 6 months. The primary end point was the Hopkins Verbal Learning 
Test–Revised Delayed Recall (HVLT-R DR) at 4 months. Of 113 patients accrued, 42 
were analyzable at 4 months. Mean relative decline in HVLT-R DR from baseline to 
4 months was 7.0 % which was signifi cantly lower than the historical control of 30 % 
( p  < 0.001). No decline in QOL scores and grade 4–5 toxicities was reported in this study 
with a median OS of 6.8 months. Considering the only 4.5 % progression report in the 
hippocampal region with relatively excellent NCF preservation, compared to the his-
toric controls and indirectly to RTOG 0214 patients, these outcomes strongly support 
the relatively safer use of HA-WBRT in the PCI or TCI settings. 

 Considering the fact that the contouring of hippocampus is problematic because of 
its diffi cult to demonstrate curved shape on 2D projections, we strongly recommend to 
use available atlases for accurate delineation of hippocampi, such as “Hippocampal 
Contouring: A Contouring Atlas for RTOG 0933” which can be accessed online via 
  https://www.rtog.org/CoreLab/ContouringAtlases/HippocampalSparing.aspx     and the 
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“A Radiation Oncologist’s Guide to Contouring the Hippocampus” published by 
Chera et al. [ 75 ]. Typical contouring of hippocampi, related treatment plan with 
hippocampal avoidance PCI, and dose–volume histogram are as presented in 
Figs.  9.5 ,  9.6 , and  9.7 , respectively. In summary, to achieve the best plan, hippocam-
pal avoidance regions must be generated by three-dimensionally expanding the hip-
pocampal contours by 5 mm with ≤2-mm deviation per protocol, and the maximum 
dose to hippocampi must be kept ≤16 Gy with D100 % ≤9 Gy (Table  9.4 ).

  Fig. 9.5    ( a – i ) Contouring of hippocampi and its three-dimensional view       
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          Scalp-Sparing  PCI   
 Novel irradiation techniques may also better spare the scalp without any detriment 
on tumor control or prophylactic actions of therapeutic WBRT or PCI, respectively. 
Such a maneuver may prevent permanent hair loss, which signifi cantly decreases 
QOL of both female and male cancer patients. Roberge et al. demonstrated the pos-
sibility to reduce scalp doses with IMRT. The authors validated their scalp- sparing 
WBRT plans with thermoluminescent dosimetry and showed that the median dose 
to the scalp can be reduced by nearly 40 % without affecting target volume doses 
[ 76 ]. These results were later confi rmed by Kao et al. [ 77 ]. The author reported that, 
compared to conventional WBRT, IMRT WBRT reduced the mean scalp dose from 
26.2 to 16.4 Gy ( p  < 0.001). Using Olsen hair loss score criteria, 4 of 15 (26.7 %) 
assessable patients preserved at least 50 % of hair coverage at 1–3 months after 
treatment, while 6 (40 %) patients preserved between 25 % and 50 % hair coverage. 
These results suggest that although scalp-sparing WBRT may not effectively pre-
vent transient alopecia in most of the treated patients, it may be of benefi t for those 
with a priori risk factors for increased alopecia, such as previous or concomitant 
chemotherapy. 

  Fig. 9.6    Typical tomotherapy plan for hippocampal avoidance prophylactic cranial irradiation: 
( a ) axial, ( b ) coronal, and ( c ) sagittal view       

For scalp-sparing PCI, the CTV must be defi ned and delineated as the con-
tents of the cranium bordered by the internal table of the skull. The hair- 
bearing skin volume should be defi ned as a 5-mm outer rind of soft tissue 
within the confi nes of the marked hairline and contoured accordingly [ 76 ]. 
Alternatively, as demonstrated in Fig.  9.8 , the scalp contour can be defi ned as 
the skin + 3-mm depth from the level of the canthi to the vertex [ 77 ]. For a 
typical PCI plan, the eyes and lens must be contoured as critical structures. 
PTV should be created by adding a 2-mm generous margin around the CTV 
at all directions (Fig.  9.8 ). For an acceptable scalp-sparing PCI plan, the dose 
to the scalp must be kept <18 Gy, while the maximum eye and lens doses must 
be limited at 7 Gy and 5 Gy, respectively (Figs.  9.9  and  9.10 ).   
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  Fig. 9.7    Dose–volume histogram and related evaluation metrics table for a typical tomotherapy 
plan for hippocampal avoidance prophylactic cranial irradiation       

   Table 9.4    Hippocampal avoidance PCI plan compliance criteria   

 Protocol compliance 
 Hippocampal 
contouring  Hippocampal dose  PTV 

 Best protocol fi t  ≤2-mm deviation  D100 % ≤9 Gy  D2 % ≤31 Gy 

 Maximum dose ≤16 Gy  D98 % ≥21 Gy 

 Variation acceptable  2–7-mm deviation  D100 %: 9–10 Gy  D2 % >31 but ≤33 Gy 

 Maximum dose 
16–17 Gy 

 D98 % <21 Gy 

 Deviation 
unacceptable 

 >7-mm deviation  D100 % >10 Gy  V 25  <90 % 

 Maximum dose >17 Gy  D2 % >33 Gy 

   DX%  dose received by the X% volume,  V   25   volume receiving 25 Gy,  PCI  prophylactic cranial 
irradiation,  PTV  planning target volume  
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        Key Points on  PCI-Related Toxicity   Assessment 

 The incidence of PCI-related toxicities is likely dependent on certain risk factors 
already present before onset of PCI, including the patient’s age, preceding or 
concomitant chemotherapy, and other putative risk factors that are to date not 
exactly defi ned such as smoking, diabetes mellitus, radiation hypersensitivity 
syndromes, hypothalamo–hypophyseal abnormalities, and/or atherosclerosis. 
Because many of the classical PCI toxicity data are derived from SCLC patients 
those primarily treated with chemotherapy which is followed by PCI, caution is 
advised when diagnosing PCI toxicity. The infl uence of chemotherapy on cogni-
tive functions of many cancer patients remained underestimated for a long time 
[ 78 ]. The phenomenon has been termed “chemo-fog” or “chemo brain” to refl ect 

  Fig. 9.8    ( a – i ) Contouring scalp and other organs at risk for a typical scalp-sparing prophylactic 
cranial irradiation procedure       
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  Fig. 9.9    Typical tomotherapy plan for scalp-sparing prophylactic cranial irradiation: ( a ) axial, ( b ) 
coronal, and ( c ) sagittal view       
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the fact that the symptoms of the cognitive dysfunction are usually mild to mod-
erate and generally not global, i.e., specifi c domains of cognition are affected, 
such as attention, concentration, speed of information processing, verbal and 
visual memory, multitasking, and ability to organize information [ 78 – 81 ]. 
However, these defi cits undoubtedly have negative impacts on the patients’ QOL 
[ 82 ]. Therefore, as the side effects evoked by cranial irradiation are largely simi-
lar, it is not surprising that the effects were rather attributed to the radiation than 
to chemotherapy. However, already more than a decade ago, it has been noted 
that patients receiving standard- dose adjuvant chemotherapy for breast cancer 
exhibit decreased cognitive memory and language functions as compared to 
matched control groups [ 83 ]. This data is of paramount importance for radiation 
oncologists considering the fact that almost all toxicities following therapeutic 
WBRT or PCI are almost invariably attributed to cranial irradiation by the other 
oncologic disciplines. 

 In a key notifying prospective study by Komaki et al., SCLC patients who fi n-
ished combination chemotherapy and TRT were asked to perform neuropsychologi-
cal tests just before inception and completion of PCI [ 84 ]. The authors noticed that 
roughly half of patients had neurocognitive shortages before PCI and observed a 
somewhat noteworthy decay in executive function and language after 1 year which 
turned inconsequential in later assessments. This study underlines the importance of 
implementation of neurocognitive function tests prior to WBRT in order to refl ect 
the actual impact of therapeutic WBRT or PCI following treatment. To further 
underline the fact, it is important to remind that currently chemotherapy alone is 
accepted to induce white matter changes particularly in the frontal, parietal, and 
occipital lobes, which is consistent with the notion of chemotherapy-related axonal 
degeneration and demyelination. Additionally, it has been confi rmed that chemo-
therapy-related intellectual shortfalls endure for over 10 years, which can overlay 
most (if not all) PCI-incited toxicities.  

    Conclusion 

 PCI should be recommended for all medically fi t LS- and ES-SCLC patients 
with any objective response to primary therapy, including the disease stabiliza-
tion, in order to reduce BM incidence rates and to prolong OS times. Although it 
is diffi cult to conclude in a solid manner regarding the available data which sug-
gests signifi cant reductions in BM incidence rates with PCI but with no estab-
lished survival benefi t, it appears that there is insuffi cient evidence to support 
routine use of PCI in LA-NSCLC patients. However, considering the fact that 
results of retrospective analyses and necropsies have revealed that roughly 50 % 
of non-SCC patients will experience BM, it appears mandatory to identify the 
subgroup of patients with higher BM risk who may potentially benefi t from 
PCI. On the way to fi nd a subgroup, it is important to mention that tumor size and 
lymph node status are the key determinants for assessing the risk of BM in 
NSCLC. In this regard, a recent analysis by Ding et al. revealed that nearly 60 % 
of patients with NSCLC stage IIIA-N2 developed BM within 5 years if more 
than 30 % of all excised lymph nodes were involved, which decreased to 30 % if 
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less than 30 % were affected [ 85 ]. Therefore, studies involving high-risk patients 
are needed in order to reliably comment on the issue of PCI in LA-NSCLC 
patients.     
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  10      Systemic Therapy for Lung Cancer                     

       Nil     Molinas Mandel     

         Non-small Cell Lung Cancer (NSCLC) 

    Early Stage Non-small Cell Lung Cancer 

    Adjuvant Therapy for Resected NSCLC 
 Lung cancer is one of the leading causes of cancer-related mortality in industrial-
ized countries. In appropriate patients, surgery is the primary treatment modality for 
early stage (stage IA–IIB) NSCLC. However, only 20–25 % of patients with NSCLC 
are candidates for surgery at initial presentation. Stereotactic radiotherapy, if espe-
cially the lesion(s) is (are) small, is a treatment option to those patients who have 
contraindications (e.g., medical comorbidities) for a curative surgery. Unfortunately, 
more than half of the patients treated with local therapies recur within the fi rst two 
years, either as a local relapse or systemic metastases. Five-year survival for stage I, 
II, and IIIA diseases is 60–70 %, 40–50 %, and 15–30 %, respectively (Table  10.1 ). 
Meaning that even more than one-third of patients with stage I disease are lost 
within 5 years due to systemic recurrence [ 1 – 4 ]. Despite the improvements of sur-
vival with therapies directed for a relapsed disease, in most cases, eradication of 
relapsed NSCLC is impossible. Therefore an adjuvant systemic chemotherapy is 
recommended to curatively resected NSCLC patients with certain characteristics 
hoping to eradicate the microscopic metastases present initially.

   Chemotherapy, so-called adjuvant, has become the standard of care after curative 
resection of early stage breast or colon cancers. This treatment has a goal to prolong 
the disease free as well as the overall survival of the patients. The absolute benefi t 
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of adjuvant chemotherapy is 5 % within 10 years, which seems a small but a statisti-
cally signifi cant effect. Adjuvant chemotherapy strategy is also applicable for colon, 
gastric, and ovarian cancers. 

 The fi rst meta-analysis regarding the effect of adjuvant chemotherapy in lung 
cancer was published in 1995, which examined the data of 52 randomized clinical 
trials [ 5 ]. In this meta-analysis, eight randomized trials that assessed the effect of 
cisplatin-based combination therapies showed a 5 % increase in survival and 13 % 
reduction in mortality which was not statistically signifi cant ( p  = 0.08). Adjuvant 
platinum-based therapy resulted a 6 % decrease in mortality when compared with 
adjuvant radiotherapy only ( p  = 0.46). No benefi t was shown when alkylating agents 
are used as adjuvant therapy. Although the benefi t of adjuvant platinum-based thera-
pies were not statistically signifi cant, experts who believe otherwise try to explain 
this with the use of old generation drugs, small patient populations, staging errors, 
and heterogeneity of surgical techniques in these trials. 

 Since 2004, three key randomized clinical trials have been published showing the 
effi cacy of cisplatin-based combination therapy in resected lung cancer: the IALT 
( International Adjuvant Lung Cancer Trial  ), ANITA ( Adjuvant Navelbine International 
Trialist Association  ), and NCIC-CTG JBR 10 studies [ 6 – 8 ]. While the JBR 10 study 
included only stage I and II patients, the ANITA and IALT studies included stage IIIA 
patients, also. In these last two studies, adjuvant therapy especially had a benefi cial 
effect in those patients who had N2 disease detected at surgery. 

 In the ANITA trial (Adjuvant Navelbine International Trialist Association), 367 
patients were treated with adjuvant vinorelbine plus cisplatin and 431 patients were 
followed without adjuvant therapy [ 8 ]. Percentages of stage IB, II, and IIIA patients 
were, 24 %, 26 %, and 39 %, respectively. N2 positivity rate was 29 % in stage IIIA 
patients. Frequency of neutropenia and febrile neutropenia were 92 % and 9 %, 
respectively, and 2 % toxic deaths were reported due to adjuvant chemotherapy. 
After a median follow-up of 76 months, overall survival rates were 65.7 versus 
43.7 months in chemo and no chemo arms, respectively. Despite the presence of 
treatment-related side effects and toxic deaths, adjuvant chemotherapy with cispla-
tin and vinorelbine decreased the risk of death (hazard ratio 0.80) and increased the 
fi ve-year survival rates by 8.6 %. 

 The CALGB 9633 (Cancer and Leukemia Group B) trial was also designed to 
address the effi cacy of adjuvant treatment in resected lung cancer [ 9 ]. Three hundred 
and forty four patients randomized either to postsurgical four cycles of paclitaxel plus 

  Table 10.1    Five-year 
survival of NSCLC according 
to pathological stage  

 Pathological stage  Five-year survival (%) 

 IA  73 

 IB  58 

 IIA  46 

 IIB  36 

 IIIA  24 

 IIIB  9 
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carboplatin or follow-up. After median 74 months of follow-up, preliminary results 
showed no difference in overall survival between the study arms. But subgroup analy-
ses depicted that adjuvant chemo was statistically benefi cial in tumors ≥4 cm. 
According to the results, there was no place for adjuvant chemo in stage IA patients 
( p  = 0.43). The effi cacy of adjuvant treatment in stage IB lung cancer is debatable; 
neither the LACE meta-analyses nor most of other studies recommend adjuvant 
chemo for this stage of disease [ 10 ]. According to the newer staging classifi cation, 
tumors ≥4 cm are reclassifi ed as stage IIB, which benefi ts from adjuvant therapy [ 11 ]. 

 Postoperative adjuvant chemotherapy is recommended for curatively resected 
stage II and III NSCLC. The benefi cial effects of cisplatin-based combination 
chemo were showed in ANITA, IALT, and NCIC-CTG JBR 10 studies [ 6 – 8 ]. 
Despite the fact that JBR 10 study included only stage IB and II patients, the ratio 
of N2 patients was 29 % and 25 % in ANITA and IALT studies, respectively. 
Adjuvant chemo was shown to be effi cacious (HR 0.89) in these trials ( p  = 0.005). 
Since staging was done with computerized tomography in older trials, this might 
have had an effect on results in general [ 12 ]. 

 A retrospective study done by researchers from Birmingham Alabama University 
addressed the staging and incidental N2 positivity [ 13 ]. This trial included 148 
patients who were staged with the same modalities and were N2 negative. All 
patients were staged with integrated positron emission tomography (PET) and com-
puterized tomography (CT) and undergone wide mediastinal dissection plus R0 
resection. Ninety-three percent of patients with incidental N2 disease received adju-
vant chemotherapy, whereas 13 % received both chemo and radiotherapy. Two- and 
fi ve-year survivals were 58 % and 35 %, respectively, and fi ve-year median surviv-
als were 40 % in single N2 node-positive and 25 % in multiple N2 node- positive 
patients ( p  = 0.028). The number of metastatic lymph nodes was found to be an 
independent prognostic factor for overall survival ( p  = 0.032). 

 Although research had been undertaken to fi nd predictive biomarkers of adjuvant 
chemotherapy effi cacy, no single biomarker could be defi ned so far. Studies that 
assessed the importance of K-RAS, p53, and p27 mutations were futile [ 14 ]. The 
level of ERCC1 (a DNA repair gene) expression was questioned as a predictive 
biomarker [ 15 ]. A high level of ERCC1 expression was linked with poor survival 
rates, whereas patients whose tumors showed low ERCC1 expression and treated 
with cisplatin experienced longer survival. 

 When we look into details of the randomized trials, some patients benefi t from 
adjuvant therapies while surgery might achieve a cure for the others. Unfortunately, 
no further conclusive results could be generated from the ERCC1 studies, which 
might enable us to defi ne the right patient population for the adjuvant chemo. With 
adding vinorelbine to cisplatin in ANITA and JBR 10 studies, paclitaxel in CALGB 
9633, and vinorelbine, vinblastine, vindesine, or etoposide in IALT study, adjuvant 
chemo resulted to a 5 % increase in 5 years survival [ 6 – 9 ]. 

  Class-III beta-tubulin   (TUBB3) expression was also studied as a predictive bio-
marker of antitubulin drugs in lung cancer [ 16 ]. Studies conducted in advanced 
NSCLC showed overexpression of TUBB3 decreased the effi cacy of treatments and 
therefore had detrimental effects on overall survival. 
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 Postoperative adjuvant chemotherapy provided 12 % and 15 % benefi t in disease- 
free survival (DFS) and overall survival (OS) of patients in JBR 10 study. The treat-
ment regimen was cisplatin plus vinorelbine in this trial. Tumor tissues of 265 
patients out of 482 were analyzed for TUBB3 expression. Patients with high TUBB3 
expression had lower DFS and OS rates but also benefi ted more from the adjuvant 
chemotherapy. 

 Some other studies revealed that overexpression of TUBB3 caused taxane and 
vinorelbine resistance and therefore resulted in worse prognosis. Researchers from 
the LACE-Bio group analyzed tumor tissues of 1,149 patients from ANITA, 
CALGB 9633, IALT, and JBR 10 studies in terms of TUBB3 expression with 
immunohistochemistry [ 17 ]. The importance of low and high TUBB3 expression 
was questioned for DFS and OS. Findings suggest that high TUBB3 expression was 
prognostic but did not have a predictive value for paclitaxel or vinorelbine 
effi cacy. 

 Besides the cisplatin studies, a meta-analysis of six adjuvant chemo studies with 
UFT (tegafur/uracil) from Japan was reported [ 21 ]. In these trials, 1–2-year adju-
vant postoperative UFT 400–600 mg/day was compared with surgery only and UFT 
showed superior survival rates. Over 2,000 patients randomized in these trials and 
HR was 0.74 with UFT ( p  = 0.001). Since European and North American experts 
needed confi rmatory studies, currently fl uoropyrimidines are not in use for adjuvant 
treatment in resected NSCLC. The results of the adjuvant studies are summarized in 
Table  10.2 . Adjuvant treatment with platinum-pemetrexed combination gives posi-
tive results in nonsquamous subtype of NSCLC [ 22 ].

   Recently, researchers have been trying to develop a molecular risk-scoring model 
to defi ne the best population that will benefi t from the adjuvant chemotherapy [ 22 , 
 23 ]. Tang et al. conducted a prospective randomized trial in resected lung adenocar-
cinoma in this manner. The predictive value of a 12 gene set for chemotherapy was 
assessed in 442 patients with resected stage I–III NSCLC. According to the JBR 10 
study results, high-risk patients were treated with chemo and an increase in survival 
was reported ( p  = 0.017). On the other side, the group which was expected to not 
benefi t from chemo, no survival advantage was noted (p = 0.70). Hazard ratios were 
0.36 and 0.80, respectively. 

   Table 10.2     Adjuvant chemotherapy studies in resected NSCLC     

 Study  n (number of patients)  Hazard ratio (95 % CI) 

 BMJ meta [ 5 ]  1,394  0.70 (0.52–0.92) 

 IALT [ 6 ]  1,867  0.62 (0.41–0.95) 

 ANITA [ 7 ]  1,840  0.79 (0.66–0.95) 

 NCIC-CTG JBR 10 [ 8 ]  482  0.74 (0.61–0.88) 

 CALGB 9633 [ 9 ]  330  0.62 (0.41–0.95) 

 ALPI [ 18 ]  1,209  0.80 (0.60–1.07) 

 E3590 [ 19 ,  20 ]  488  0.79 (0.66–0.95) 

 UFT meta [ 21 ]  2,003  0.74 (0.61–0.88) 
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 In conclusion, there is no well-defi ned predictive biomarker to show the effi cacy 
of adjuvant chemotherapy. For patients with curatively resected stage IB disease, 
tumors ≥4 cm, and stage II and III NSCLC, adjuvant chemotherapy with a platinum 
combination is recommended [ 24 ,  25 ]. 

 Targeted therapies showed success in certain subgroups of advanced 
NSCLC. Especially studies with tyrosine kinase inhibitors (TKI) for epidermal 
growth factor receptor (EGFR) and anaplastic lymphoma kinase (ALK) caused dra-
matic benefi ts [ 26 ,  27 ]. Despite these, there is no role for targeted therapies in the 
adjuvant or locally advanced setting unless this practice is in a clinical trial [ 28 ].  

    Neoadjuvant Chemotherapy 
 Neoadjuvant chemotherapy is a preoperative treatment model for preoperative 
patients or stage III patients. Stage III disease is approximately one-third of all lung 
cancers and is a highly heterogeneous disease. For stage IIIA, chemotherapy alone 
is the chosen way of treatment; however for some selected cases, chemoradiother-
apy is performed. The main purpose is to decrease the size of the tumor, so the 
patient would have a safer and restricted surgery. The prognosis of lung cancer is 
not satisfactory even after a good surgery; therefore, many clinical trials have been 
performed regarding adjuvant and neoadjuvant treatments. Taking precautions 
toward systemic micrometastatic disease, seeing the biology as well as the response 
to treatment of the tumor, and the fact that drugs are tolerated better during the pre-
operative stage are a few measures where neoadjuvant treatment is superior to adju-
vant treatment. The situation where it is contrary is that staging is only clinical 
rather than pathological; the chance of surgery may be missed when there is no 
response to neoadjuvant treatment and the possible increase of morbidity and mor-
tality of surgery after the treatment. 

 With the seventh classifi cation made by IASLC, the TNM system of local pro-
gressive disease is redefi ned. According to the new version; T4 N0-1 M0 and T3 N1 
M0 diseases are considered as stage IIIA. When defi ned as T4 tumor, it states that 
the tumor has invaded the mediastina, heart and major vessels, trachea, recurrent 
nerve, esophagus, or vertebra or the tumor is present on the same side of the lung 
however at different lobes. T4 N2-3 M0 tumors are now defi ned as stage IIIB [ 29 ]. 

 The fi rst neoadjuvant chemotherapy trials, randomized with surgery, were started 
during the 1990s and were done solely with chemotherapy, without any radiother-
apy. Of these trials, the one conducted by Roth et al. consisted of 60 patients who 
either had surgery or preoperative cisplatin, etoposide, and cyclophosphamide neo-
adjuvant chemotherapy and then surgery [ 30 ]. The patients, who had a positive 
response, continued three more cycles of chemotherapy after the surgery. The 
median survival for patients who only had surgery was 11 months, while the median 
survival for patients who had neoadjuvant treatment was found to be 64 months 
( p  < 0.008). This trial was highly criticized due to the low number of patients. It is 
notable that with the follow-ups, it was seen that the median survival for only sur-
gery patients was 14 months, while it was down to 21 months for patients who had 
neoadjuvant treatment ( p  = 0.056) [ 31 ]. 
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 There are many trials where the benefi ts of postoperative and preoperative treat-
ments in lung cancer are researched. Most of these studies looked into the effective-
ness of postoperative chemotherapy, while others questioned the preoperative 
treatment. The meta-analysis conducted by Lim et al. evaluated 32 randomized 
studies including more than 10,000 cases. Of these, 22 were postoperative and 10 
were preoperative chemotherapy cases. After the evaluation of all these cases, it is 
stated that whether it is preoperative or postoperative, the overall survival and dis-
ease-free survival increase [ 32 ]. The decrease of risks for postoperative and preop-
erative chemotherapy is 0.80 ( p  < 0.001) and 0.81 ( p  = 0.024), respectively. 

 The study conducted by Scagliotti and friends looks into surgery alone and pre-
operative chemotherapy. Stage IB–IIIA cases were randomized into surgery 
branches after either surgery alone or after three cycles of cisplatin and gemcitabine- 
combined therapy. Preoperative chemotherapy proved to be superior at both pro-
gression-free survival and overall survival, and this effect is higher specifi cally at 
stages IIB/IIIA [ 33 ]. While the study was proceeding, there were publications stat-
ing the superiority of adjuvant treatment; therefore, the continuation of the only 
surgery arm of the study was found to be ethically inappropriate and it was 
discontinued. 

 Neoadjuvant or Adjuvant Taxol/Carbo Hope (NATCH) study is a study where 
624 non-small cell lung cancer patients at stages IA/IIIA are treated randomly [ 34 ]. 
There are three arms to this randomized study: patients either had just surgery or 
preoperative- or postoperative chemotherapy (paclitaxel/carboplatin). This study 
shows no signifi cant superiority between induction chemotherapy and adjuvant 
treatment for early stage lung cancer. Patients who received induction chemother-
apy had a slight increase at overall survival, which was found to be statistically 
insignifi cant, compared to those who had surgery alone (HR 0.88; 95 % CI, 0.69–
1.12;  P  = 0.31). 

 Recently published French intergroup study investigates the timing of chemo-
therapy [ 35 ]. In this study, 528 patients were randomized to receiving preoperative 
or perioperative chemotherapy. The patients were administered either cisplatin and 
gemcitabine or paclitaxel and carboplatin for a total of four cycles. The preoperative 
group received the entire treatment prior to surgery, while the perioperative group 
received two cycles before the surgery and two cycles after the surgery. There were 
no differences in the effi cacy of the treatments. Even though there were different 
toxicities, the timing difference of the treatment had no effect on the overall sur-
vival. Moreover, the response rate did not change whether the patient received two 
or four cycles of treatment. The increase of surgical morbidity was not reported for 
preoperative chemotherapy group. 

 In the light of these results, whether the chemotherapy was administered as adju-
vant or neoadjuvant showed no difference in overall survival for early stage non-
small cell lung cancer. Chemotherapy, if given as neoadjuvant, is tolerated well, and 
the dose intensity of the planned treatment is close to 100 %. While planning an 
adjuvant treatment, it is of most importance to consider the comorbidities and choose 
the patient accordingly. It is the same for the elderly; age is not a contraindication for 
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chemotherapy. For platinum, doublet combinations must be preferred. For adjuvant 
treatment, cisplatin dose should be at least 300 mg/m 2 . Neoadjuvant chemotherapy is 
an appropriate choice in order to decrease the tumor volume [ 36 ].   

    Advanced Stage Non-Small Cell Lung Cancer 

 Lung cancer is the most frequent cause of cancer-related mortality in the world. 
Lung adenocarcinoma is the most diagnosed histological subtype of non-small cell 
lung cancer (NSCLC) accounting almost 85 % of all lung cancers, followed by 
squamous cell carcinoma. For stage I, II, and III non-small cell lung cancer, the aim 
of therapy is to cure the cancer. The curative intent treatment requires usually sur-
gery, chemotherapy, radiation therapy, and sometimes combination of different 
treatment modalities. But metastatic-advanced lung cancers are not curable by sur-
gery or radiotherapy. Disseminated NSCLC patients are treated with systemic che-
motherapy, targeted therapies, or biologic therapy. The goal of treatment for 
metastatic lung cancer is to prolong survival and improve quality of life and symp-
tom control while minimizing the side effects related with the treatment. All stage 
IV lung cancer patients should have early palliative supportive care to prolong sur-
vival and to improve the well-being. 

 For  oligometastatic disease   (solitary adrenal gland or cranial metastasis), metas-
tasectomy or defi nitive radiotherapy with stereotactic body radiation therapy 
(SBRT) may be the options. Systemic chemotherapy or biologic therapy and/or 
surgical resection of metastatic lesion are also used for patients who have recurrent 
disease following prior defi nitive treatment. 

 During the past 20 years, remarkable progress has been made in the treatment of 
the non-small cell lung cancer. Advances in the use of chemotherapy, targeted 
agents, and immunotherapies have offered to the new options of multiple therapies 
to control symptoms and prolong survival in patients with advanced 
NSCLC. Treatment selection and sequencing of modalities of therapies and the spe-
cifi c approach to different patients groups will be reviewed here. 

    Initial Systemic Treatment for Advanced NSCLC 
 Until 1995, there was no consensus regarding the benefi t of systemic chemotherapy 
for advanced stage NSCLC. The standard of care was to give supportive care to 
those patients. Platinum-containing regimens showed better but modest improve-
ments in survival. According to a large meta-analysis in 1995, conducted by Non-
small Cell Lung Cancer Collaborative Group, chemotherapy plus best supportive 
care showed 10 % increase in one-year survival rate. Response rates were 30 % for 
fi rst-line and 10 % for second-line treatments. Platinum-containing regimens are 
better than nonplatinum combination regimens [ 5 ]. 

 Meta-analyses have shown higher response rates for cisplatin combinations com-
pared to those including carboplatin. In the subgroup of nonsquamous tumors, the 
overall survival was higher for cisplatin. However, carboplatin can be tolerated 
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better when compared to cisplatin, making it a better option for palliative care, even 
though it has a hematologic toxicity risk. The cisplatin-based combinations can 
cause nausea and vomiting, neurotoxicity, ototoxicity, and nephrotoxicity. 

 Although the response rate is higher with three drug regimens, there is no differ-
ence in overall survival when compared to doublets regimens. 

 The combination of platinum compounds with either etoposide or second- 
generation cytotoxic drugs (docetaxel, gemcitabine, vinorelbine, and paclitaxel) 
is considered as the standard treatment. For nonsquamous NSCLC treatment, 
pemetrexed is another option. It is an antimetabolite, antifolate, and anticancer 
drug. It can either be used as a fi rst-line or a second-line treatment or maintenance 
therapy. It is solely used in patients who have nonsquamous cell subtype of 
NSCLC [ 37 ].  

    Maintenance Therapy 
 The cytotoxic chemotherapy is administered in order to stabilize the tumor or reduce 
it in metastatic NSCLC. However due to its cumulative toxicity or increase in drug 
resistance, the administration is limited to four to six cycles. Maintenance therapy 
can delay the progression of the tumor while prolonging the survival and increasing 
the quality of life. 

 The maintenance therapy done with gemcitabine and docetaxel showed an 
increase in toxicity; however, no survival benefi ts were seen [ 37 ]. The results of a 
phase III, double-blind study showed that there is a signifi cant increase of progres-
sion-free survival (PFS) if the maintenance chemotherapy is with pemetrexed. 
Pemetrexed showed signifi cantly prolonged OS (13.4 vs 10.6 months  P  = 0.012), 
better PFS ( P  < 0.00001), and response ( P  < 0.001). Such improvements were seen 
mostly in patients with nonsquamous subtype NSCLC (PFS HR = 0.47 and OS HR 
= 0.70). The effect of treatment by histology interaction for OS was signifi cant 
( P  = 0.038) [ 38 ]. 

 “Sequential Tarceva in Unresectable NSCLC (SATURN; BO18192) study”, 
another phase III, placebo-controlled trial, showed that using erlotinib as mainte-
nance therapy following a fi rst-line platinum-doublet chemotherapy can prolong 
progression-free survival when compared to placebo. There was a small difference 
in the erlotinib group; PFS was longer in this group of patients. PFS was 12·3 weeks 
for those in the erlotinib group versus 11·1 weeks for patients in the placebo group 
(HR 0·71, 95 % CI 0·62–0·82;  p  < 0·0001). OS was signifi cantly prolonged with 
erlotinib maintenance in the stable disease group only (HR = 0.72;  P  = 0.0019) 
median OS 11.9 versus 9.6 months, respectively [ 39 ].  

    Second-Line Treatment 
 The second-line therapies for NSCLC contain docetaxel, erlotinib, and pemetrexed. 
When compared to best supportive care, docetaxel had improved overall survival. 
When compared to placebo, erlotinib had improved overall survival [ 40 ,  41 ]. 
Pemetrexed had no difference from docetaxel in an effi cacy standpoint, and it 
approved in nonsquamous NSCLC. The objective response rates however are less 
than 10 %, median progression-free survival is less than 4 months, and the median 
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overall survival is 7–9 months [ 37 ]. The addition of a cytotoxic or targeted agent in 
a previously treated patient showed no improvement in overall survival [ 42 ].  

     Targeted Therapies   
 The cell subtype and genetic mutations as well as the patients’ functional status play 
a critical role in making a treatment decision. 

 The most common histological subtype of NSCLC is adenocarcinoma, followed 
by squamous cell carcinoma. The Cancer Genome Atlas (TCGA), the International 
Cancer Genome Consortium (ICGC), and some other groups have identifi ed many 
novel driver mutations and potentially targetable genes [ 43 ]. 

 Driver mutations, which are the genetic changes in lung cancer patients, have 
been identifi ed in some subsets of NSCLC. Such genetic alterations are of great 
importance for targeted therapies. Patients with advanced NSCLC should be advised 
to have their tumor assessed for certain driver mutations  epidermal growth factor 
receptor (EGFR)  ,  anaplastic lymphoma kinase (ALK)  , oncogene, and ROS1. The 
presence of such mutations changes the treatment plan completely [ 44 ]. The 
American Society of Clinical Oncology (ASCO) Guidelines recommend analysis of 
either the primary tumor or of the metastatic lesions for all patients whose tumor 
contains adenocarcinoma components (pure lung adenocarcinoma or mixed adeno-
carcinoma-containing component) before deciding the treatment protocol [ 45 ]. 

 EGFR mutation points toward the activity of tyrosine kinase inhibitors (TKI). 
Patients with advanced EGFR-mutated NSCLC show higher response rates of 
56–74 % and a median progression-free survival of 10–14 months when treated 
with EGFR TKIs such as gefi tinib, erlotinib, and afatinib [ 46 ,  47 ]. 

 Although the response rates are higher when compared to doublet platinum- 
containing regimens, the progressive disease can reoccur in 1–2 years. The develop-
ment of an additional EGFR mutation (EGFR T790M) is the source of such outcome 
[ 48 ]. This second mutation decreases the ability of ATP-competitive reversible 
EGFR TKIs to bind to the tyrosine kinase domain of EGFR [ 47 ]. In a trial with 
advanced or metastatic NSCLC patients with positive EGFR mutations, gefi tinib or 
carboplatin and paclitaxel was administered. It showed that when compared to stan-
dard chemotherapy, gefi tinib improved progression-free survival, while having an 
acceptable toxicity [ 49 ]. 

 The phase III EURTAC trial was a fi rst-line treatment with advanced EGFR- 
mutation- positive NSCLC. Patients with EGFR-mutated nonsquamous cell NSCLC 
(with exon 19 deletion or L858R mutation in exon 21) were randomized for erlo-
tinib 150 mg/day or standard fi rst-line chemotherapy with platinum-containing dou-
blets. The median PFS was 9·7 months in the erlotinib group and 5·2 months in the 
standard platinum-containing chemotherapy group. There was 63 % risk reduction 
with fi rst-line erlotinib ( p  < 0·0001) [ 50 ]. 

 First-line treatment with a TKI (erlotinib, gefi tinib, or afatinib) is the preferred 
treatment for patients with tumors bearing an activating (sensitizing) EGFR muta-
tion. If the EGFR tyrosine kinase inhibitor treatments fail, there are limited options 
left such as cytotoxic chemotherapy or supportive care. A newly developed TKI, 
AZD9291, is shown to be highly active in patients with lung cancer who have 
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positive EGFR T790M mutation. This molecule is effective if the treatment failed 
with prior TKI treatment [ 44 ,  51 ]. 

 In adenocarcinomas, testing for ALK fusion gene mutations is a standard of care. 
Such oncogenic drivers are mostly present in younger patients, never smokers, and 
adenocarcinoma subtypes. Crizotinib is an ALK TKI, targeting the activity of ALK 
[ 27 ,  51 ].  

     Antiangiogenic Therapies   
 Inhibition of angiogenesis is one of the main targets of cancer treatment. The 
regulation of angiogenesis in normal and cancer patients is related with vascular 
endothelial growth factor (VEGF). In most of the tumors, including NSCLC, 
 VEGF expression   is increased, and it is related with tumor growth and progres-
sion. High levels of VEGF are related with increased risks of recurrence, metas-
tasis, and death. A humanized variant of VEGF antibody bevacizumab showed 
clinical activity in cancer and increases survival when combined to standard che-
motherapy in metastatic lung cancer. When added to platinum-based chemother-
apy regimen, bevacizumab not only increases the response rates, but also prolongs 
PFS and OS [ 52 ]. 

 OS was signifi cantly longer in patients receiving bevacizumab and carboplatin- 
paclitaxel than in those receiving chemotherapy alone (median OS, 12.3 versus 
10.3 months;  p  = 0.013). With the increase of response rates, the side effects become 
more common in bevacizumab-receiving patients. When bevacizumab is added to 
the regimen, side effects such as hypertension, proteinuria, bleeding, neutropenia, 
febrile neutropenia, thrombocytopenia, hyponatremia, rash, and headache were 
more obvious and frequent. 

 There are two meta-analyses showing the improvement of RR, PFS, and OS once 
the  bevacizumab   is added to a platinum-containing doublet regimen for nonsqua-
mous NSCLC [ 52 ]. Due to the increased risk of bleeding, the addition of bevaci-
zumab is not recommended for squamous subtype [ 53 ]. 

 Ramucirumab, another angiogenesis inhibitor, is a human IgG1 monoclonal anti-
body. The main target of this antibody is the extracellular domain of VEGFR-2 and 
thus inhibits the formation, proliferation, and migration of new blood vessels [ 54 ]. 

 The randomized trial  REVEL   applied docetaxel plus placebo or docetaxel plus 
ramucirumab as second line of treatment to patients who progressed after platinum- 
based chemotherapy. Ramucirumab plus docetaxel group had higher survival with 
stage IV NSCLC. Both nonsquamous and squamous subgroups had the same 
response rate. Since there are no driver mutations in patients with squamous tumor 
histology, ramucirumab plus docetaxel combination became an option [ 55 ].  

     Immunotherapy for Non-small Cell Lung Cancer   Progressing 
After Platinum-Based Chemotherapy 
 The standard of care for patients with advanced NSCLC without a driver mutation 
is platinum-based chemotherapy. If the progression continues during or after the 
platinum-based chemotherapy, immunotherapy becomes an option. For that, 
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anti-PD-1 antibodies (nivolumab) of anti-PDL-1 antibodies ( pembrolizumab  ) can 
be recommended [ 56 ,  57 ]. 

 For advanced or metastatic squamous cell lung cancer patients, a phase III trial 
(CheckMate-017) pointed out that nivolumab is superior to docetaxel, median overall 
survival is 12.2 months and 9.4 months, objective response rates were 19 % vs 12 %, 
and the duration of response were 17.2 months vs 5.8 months, respectively [ 57 ]. 
Nivolumab proves to be more effective in PDL-1 positive patients, presenting as a new 
therapeutic possibility for those who are resistant to platinum treatments [ 57 ]. 

  CheckMate-057 trial  , another phase III trial, compared nivolumab and docetaxel 
in second-line treatment for nonsquamous NSCLC, showing that nivolumab reduces 
the risk of death by 27 % vs docetaxel. For those who have higher levels of PD-L1 
expression, the risk of death reduction rate was about 60 % [ 58 ,  59 ]. 

 Increased PD-L1 expression (more than 50 % of all tumor cells) improves the 
effi cacy of pembrolizumab and increases the overall survival rate [ 60 ].    

     Systemic Treatment for Small Cell Lung Cancer   (SCLC) 

    Limited Disease 

 15–20 % of primary lung carcinomas present as small cell lung cancers (SCLC). 
Rapid doubling time, early metastatic presentation, and sensitivity to chemotherapy 
and radiotherapy are some of the characteristics of SCLC. Development of drug 
resistance is highly common and frequent [ 61 ]. 

 The standard approach for the treatment of SCLC is platinum-based chemother-
apy. For a certain group of patients who are unable to tolerate platinum-containing 
regimens, nonplatinum regimens can be offered. However, even if the patient appears 
to tolerate platinum-based chemotherapy, due to its high toxicity risk, a maximum 
number of four to six cycles of fi rst-line treatment are recommended [ 62 ]. 

 Even though there are many randomized studies and researches, there is no 
consensus among the caregivers regarding a standard approach. The studies var-
ied from the most effective treatment strategy to best agents or treatment duration, 
etc. However, these trials mostly showed contrasting results. Cisplatin and irino-
tecan combination did not show superiority to standard cisplatin and etoposide 
combination [ 63 ]. 

 According to two meta-analyses, the thoracic radiotherapy should be initiated as 
early as possible, either at the beginning with the fi rst or second cycle of platinum- 
based chemotherapy regimen [ 64 ,  65 ]. For localized disease, even though there is 
higher toxicity, thoracic radiotherapy, if given early and in combination with che-
motherapy, improves long-term results [ 66 ].  
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    Extensive Disease 

 According to the received results of meta-analyses, platinum-based chemotherapy 
should be the standard of care in the treatment of SCLC. Cisplatin and carboplatin 
have shown similar effi cacy, and the choice of the platinum compound for the treat-
ment of patients with extensive stage SCLC should consider the expected toxicity 
profi le, organ function, performance status, and comorbidities [ 66 ,  67 ]. 

 The palliative treatment of stage IV SCLC shows high response rates (60–70 %); 
however, because of the rapid and frequent relapses and limited activity of second- 
line treatment, the overall survival (OS) remains poor. Three-drug regimens and 
increased dose intensity showed no improvement in OS. Moreover, such cases are 
mostly associated with high toxicity in this group of patient population [ 68 ]. These 
regimens are not recommended as fi rst-line treatment. 

 Prophylactic cranial irradiation after induction treatment is standard of care for 
patients who have limited disease or patients who show good partial response and 
have extensive disease [ 68 ]. Maintenance treatment, intensifi ed chemotherapy, or 
the usage of growth factors showed no signifi cant effi cacy [ 69 ].  

    Second-Line Treatment 

 If the relapse occurs 3–6 months after the treatment is completed, the patient may 
benefi t from reintroduction of the fi rst-line regimen. If the relapse occurs prior to 
3 months, topotecan or CAV (cyclophosphamide-doxorubicin-vincristine) can be 
used. However, the clinical benefi t of such regimen for patients relapsed after fi rst- 
line treatment is very limited. And if the relapse occurs within 6 weeks after com-
pleting the fi rst-line treatment, chemotherapy is not recommended [ 70 ].      
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         Case Presentation 

    Case 1 

 A 70-year-old female patient, who did not have any symptoms, was admitted to 
the hospital for routine health checkup. She had no signifi cant past medical his-
tory other than a 40 pack-year history of smoking. Systematic physical examina-
tion was normal. Chest X-ray revealed a suspected opacity in the left upper zone. 
Thoracic computerized tomography showed peripheral solitary pulmonary nod-
ule in the left lung upper lobe. FDG PET/CT demonstrated high FDG uptake in 
the left upper lobe nodule with maximal standard uptake value (SUVmax) 7,4 
(Fig.  11.1 ). There was no FDG uptake in the other systems. Cranial MRI did not 
reveal any metastatic lesion. The patient was clinically staged as cT1aN0M0. 
Minimally invasive surgery was recommended to patient for diagnosis and 
treatment.

   Robot-assisted thoracic surgical left upper lobe wedge resection was per-
formed. Intraoperative frozen-section analysis of the nodule confi rmed the diag-
nosis of adenocarcinoma; thus, robot-assisted thoracic surgical left upper 
lobectomy with mediastinal lymph dissection was performed. Postoperative 
period was uneventful. She was discharged on postoperative day 3. Pathologic 
stage was T1aN0M0.  
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mailto:stanju@ku.edu.tr
mailto:serus@kuh.ku.edu.tr


244

    Case 2 

 A 54-year-old female patient presented with solitary pulmonary nodule in the right 
lung lower lobe. FDG PET/CT revealed right lower lobe nodule with high FDG 
uptake (SUV max:4,5). The patient was clinically staged as cT1bN0M0.  Video-
assisted thoracoscopic surgery (VATS)   was performed for diagnosis and treatment. 
Wedge resection of the nodule was analyzed with frozen section, and the diagnosis 
was confi rmed as non-small cell lung carcinoma. VATS lower lobectomy and medi-
astinal lymph node dissection (Figs.  11.2a, b  and  11.3a, b ) was performed. The 
patient was discharged on postoperative day 3. Pathologic stage was T1bN0M0.

         Evidence-Based Surgical Approaches 

  Lung resection   with mediastinal lymph node dissection or systematic sampling is 
widely accepted as gold therapeutic standard for patients with early stage non-small 
cell lung cancer. Although there is a growing trend toward a minimally invasive 
surgical approach in early stage, thoracoscopic lung resection is performed only in 
23–30 % of patients undergoing surgical treatment for lung cancer [ 1 ,  2 ], so vast 
majority of patients with operable lung cancer still have open surgery. However, 
many studies and reviews published over the past decade demonstrated the feasibil-
ity and benefi ts of minimally invasive surgical techniques including VATS and 
 robot- assisted thoracoscopic surgery (RATS)   in lung cancer. 

 A propensity-matched analysis of outcome of VATS versus open lobectomy for 
primary non-small cell lung cancer from the European Society of Thoracic Surgeon’s 
database published in this year included two matched groups of 2,721 patients 
among 28,771 cases. The study confi rmed that VATS lobectomy was associated 
with a signifi cantly lower morbidity than open lobectomy (29.1 % vs 31.7 %, 
 p  = 0.0357), and length of stay was shorter by a mean of 2 days for patients who had 
VATS  lobectomy   (mean: 7.8 days vs 9.8 days,  P  = 0.0003). Mortality at hospital 

  Fig. 11.1    FDG PET/CT 
revealed high FDG uptake 
in the  left  upper lobe 
nodule       
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discharge was signifi cantly lower in the VATS lobectomy group (27 patients (1.0 %) 
vs 50 patients (1.9 %),  P  = 0.002). VATS lobectomy group had also favorable results 
with signifi cantly less complications (32.8 vs 38.5 %,  P  < 0.0001), reduced mortal-
ity at hospital discharge by one-third (1.9 vs 2.9 %,  P  = 0.0011), and shorter length 
of stay by a median of 1 day (median: 7 days vs 8 days,  P  < 0.0001) in patients older 
than 70 years [ 1 ]. 

 Numerous studies (Table  11.1 ) showed the benefi ts of VATS; however, there is 
lack of randomized studies. In 1995, Kirby et al. [ 3 ] randomized 61 stage I lung 
cancer patients into either VATS (n:30) or muscle-sparing thoracotomy (MST, n:31) 
for lung resection. In VATS group, operative time (175 ± 93 min vs 161 ± 61 min), 
average duration of chest tube drainage (6.5 ± 4.8 days vs 4 .6 ± 3.3 days), and aver-
age duration of hospital stay (8.3 ± 5.7 days vs 7.1 ± 5.5 days) are less than MST 
group; however, there were no signifi cant differences ( p  > 0.05). Postoperative com-
plication rate was found to be signifi cantly high in MST group (n:6 vs n:16,  p  < 0.05) 
especially in terms of prolonged air leak. 

 Sugi et al. [ 4 ] randomized 100 consecutive patients with early stage lung cancer 
into VATS group (n:48) and conventional lobectomy by thoracotomy (n:52) in 
2000. There were no signifi cant differences in terms of tumor size (22.6 ± 1.2 mm vs 

  Fig. 11.2    ( a ,  b ) Intraoperative view of right paratracheal lymph node dissection       

  Fig. 11.3    ( a ,  b ) Intraoperative view of subcarinal lymph node dissection       
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20.2 ± 1.8 mm,  p  = 0.30), tumor histology, and the number of dissected lymph nodes 
(hilar – 8.4 ± 1.0 vs 8.2 ± 1.5,  p  = 0.88; mediastinal – 13.4 ± 1.7 vs 13.0 ± 2.5,  p  = 0.88) 
between the open group and the VATS group. Seven patients (13 %) from the open 
group developed distant recurrences, whereas three patients (6 %) developed local 
or regional recurrences. In the VATS group, two patients (4 %) developed distant 
recurrences, and three patients (6 %) developed locoregional recurrences. There 
were no signifi cant differences in the incidence of the recurrences between the two 
groups. The overall survival rates 3 and 5 years after surgery were 93 % and 85 % 
in the open group and 90 % and 90 % in the VATS group, respectively. There were 
no signifi cant differences in the survival rates between the two groups ( p  = 0.91). 

 The other prospective study published by Yim APC [ 5 ] in 2000 demonstrated that 
 VATS lobectomy   is associated with reduced postoperative release of both proinfl amma-
tory and antiinfl ammatory cytokines compared with the open lobectomy. In 2014, Erus 
et al. [ 6 ] also showed that postoperative C-reactive protein levels were signifi cantly 
lower for the VATS group compared with axillary thoracotomy for lung resection in 
patients with lung cancer. These fi ndings were similar with the study by Yim et al.

   RATS has become increasingly popular all over the world since the development 
of robotic surgical system (RSS) (Fig.  11.4a–c ) more than 10 years ago. RSS has 
several advantageous when compared with conventional endoscopic surgical sys-
tems used in VATS. During the last 10 years, robotic systems are still developing that 
provide the thoracic surgeon with 7° of freedom of the instrumentation which allow 
to replicate the human wrist without tremor. This greater instrument maneuverability 
cannot be achieved with VATS procedure. RSS also provides three-dimensional view 
of the surgical site. As the RSS is a high-tech surgical tool, it is crucial to have dedi-
cated team include experienced thoracic surgeons and nurses as well.

   In 2002, preliminary results of RATS were published by Melfi  FMA et al. [ 16 ]. 
Following these results, analysis of robotic lung resections were done in many 
studies (Table  11.2 ). Meyer et al. [ 17 ] in 2012, reported on robotic lobectomy 
performed in 185 consecutive patients. The mean operative time was 211 ± 60 min 
within the range 102–454 min. The rate of conversion to thoracotomy was 1.6 % 
due to bleeding from proximal pulmonary artery. Complications were seen in 31 
patients (16.8 %). Mortality rate was 1.6 %. Two patients died of respiratory 
insuffi ciency and one patient died of cardiac arrest. Duration of hospital stay 
ranged from 2 to 21 days with a median of 4 days. In this study, authors concluded 
that operative time, mortality, and surgeon comfort were found to be key param-
eters for the learning curve of robotic lobectomy. The overall learning curve was 
18 ± 3 cases. 

 Dylewski et al. [ 18 ] presented 200 consecutive patients who had robotic lung 
resection in between 2006 and 2010. Three patient required conversion to open 
procedure (1.5 %). Median operative time, median operating room time, and median 
docking time were 90 min (30–279), 175 min (82–370), and 12 min [ 6 – 20 ], respec-
tively. The complication rate of this cohort was 26 % with 60-day mortality of 
1.5 %. Median length of stay was 3 days (1–44). This study showed that robotic 
lung resection is technically feasible and able to be done with low morbidity and 
mortality.
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   Comparative studies between robotic approach and conventional thoracoscopic 
procedures or open techniques have been published in recent years. Cerfolio et al. 
[ 23 ], in 2011, presented a propensity matched analysis of 106 patients who under-
went completely portal robotic lobectomy with 317 patients who had rib- and nerve-
sparing thoracotomy for lobectomy. This study showed that there was no statistically 
difference in median number of mediastinal and hilar lymph nodes removed. In the 
robotic group, there were less blood loss (35 mL vs 90 mL;  P  = 0.03), shorter chest 

a

b c

  Fig. 11.4    ( a – c ) RSS setup and positions of ports for right-sided resections       
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tube duration (1.5 vs 3.0 days;  P  < 0.001), and shorter hospital stay (2 days vs 4 days). 
In 2014, Lee et al. [ 24 ] reported the results of a total of 69 (35 robotic-34 VATS) 
patients who underwent minimally invasive lobectomy. When comparing two mini-
mally invasive technique, there was no difference in the median operative time for 
lower lobectomies (140 vs 123 min); however, operative time for upper lobectomies 
in robotic group was signifi cantly longer (172 vs 134 min,  p  = 0.001). 

 The other most important concern about robotic lung resections is long-term onco-
logic outcome in patients with primary lung cancer. One of the largest experiences 
about long-term outcome after robotic lobectomy was published in 2012 by Park et al. 
[ 20 ]. In this retrospective multi-institutional review, a total of 325 consecutive patients 
who had robotic lobectomy for non-small cell lung cancer were analyzed. Overall 
morbidity rate was 25.2 %, and major complication rate was 3.7 % (12/325) with 
5 days of median length of stay. In this cohort, pathologic stage distribution was 54 % 
(176) IA, 22 % (72) IB, 13 % (41) IIA, 5 % [ 15 ] IIB, and 6 % [ 21 ] IIIA. Median fol-
low-up was 27 months. Overall 5-year survival was 80 %. According to the pathologic 
stages IA, IB, and II, 5-year survival was 91 %, 88 %, and 49 %, respectively. The 
authors of this study concluded that lobectomy with robotic approach is a feasible and 
oncologically sound surgical treatment option for non-small cell lung cancer.  

     Surgical Staging   

 Adequate surgical mediastinal and hilar lymph node (Figs.  11.2  and  11.3 ) assess-
ment is crucial to obtain accurate stage in patient who had surgical treatment for 
non-small cell lung cancer (Fig.  11.5 ).  Mediastinoscopy   (Fig.  11.6 ) is one of the 
conventional surgical staging method used for obtaining mediastinal lymph node 
biopsies mainly include 2R, 2L, 4R, 4L, and 7. For the assessment of sub- and para-
aortic nodes (number 5 and 6),  extended mediastinoscopy   is a surgical method of 
choice (Fig.  11.7 ). There are also two extensive techniques, video-assisted medias-
tinoscopic lymphadenectomy (VAMLA) –  transcervical extended mediastinal 
lymphadenectomy (TEMLA)   also referred as “supermediastinoscopies” [ 25 ] 

   Table 11.2    Outcome of robotic lung resection   

 Author  Year 
 Patients 
(n) 

 Lob./seg. 
(n) 

 OT 
(min) 

 Conversion 
rate (%) 

 LHS 
(days) 

 Complication 
rate (%) 

 Mortality 
rate (%) 

 Nasir et al. 
[ 19 ] 

 2014  394  282/71  107  10 %  2  27  0.25 

 Park et al. 
[ 20 ] 

 2012  325  325  206  8 %  5  25  0.3 

 Toker 
et al. [ 21 ] 

 2015  100  54/46  104  4 %  5  24  2 

 Veronesi 
et al. [ 22 ] 

 2010  54  54/−  –  13 %  4.5  20  0 

   Lob  lobectomy,  seg  segmentectomy,  OT  operation time,  LHS  length of hospital stay  
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(Fig.  11.8 ). Hürtgen developed VAMLA and published initial results in 2002 [ 26 ]. 
This technique is defi ned as the complete dissection of the whole fatty and lym-
phatic tissue of both paratracheal and the subcarinal area with bimanually dissection 
through advance mediastinoscope with spreadable blades. In this prospective study, 
46 patients underwent VAMLA for non-small cell lung carcinoma. The mean total 
number of lymph nodes resected using VAMLA was 20.7 (SD 11.1, minimum 5, 
maximum 60). In one patient, a left- sided recurrent nerve palsy occurred.

      Kim et al. [ 27 ] presented 649 consecutive patients who underwent VATS pulmo-
nary resection for lung cancer in 2015. Among the group, 225 patients had VAMLA 
combined with VATS, and the other group (n:424) underwent VATS pulmonary 
resection only. There was signifi cantly shorter operative time (116.8 ± 39.8 vs 
159.8 ± 44.0 min;  P  < 0.001), and more extensive lymph node dissection (total num-
ber of removed lymph nodes, 29.7 ± 10.8 vs 23.0 ± 8.6;  P  < 0.001) in patients under-
went VATS + VAMLA when compared with VATS group. Also, the patients in the 
VATS + VAMLA group tended to have higher rates of being upstaged with medias-
tinal involvement (8.0 vs 5.7 %;  P  = 0.31). 

 Perioperative accurate staging is another critical aspect of treatment in non-
small cell lung carcinoma. It is still under debate which of the resection guideline 
has to be followed for better survival. Guidelines from the American College of 
Surgeons Oncology Group (ACOSOG), the National Comprehensive Cancer 
Network (NCCN), and the International Association for the Study of Lung Cancer 

  Fig. 11.5    Mediastinal- 
hilar lymph node map       
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  Fig. 11.6    Insertion of 
mediastinoscope through 
cervical incision       

  Fig. 11.7    Lymph node 
stations that can be 
reached with 
conventional 
mediastinoscopy ( 1 ) 
and extended 
mediastinoscopy ( 2 )       
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(IASLC) vary depending on the degree of lymph node sampling and resection 
[ 28 – 30 ]. 

 Yue et al. [ 31 ], in 2014, reported on 2,711 patients who underwent surgical 
resection for non-small cell lung carcinoma. Univariate analysis and log-rank test 
showed that surgical resection following the guidelines proposed by the IASLC, 
NCCN, and ACOSOG trials was associated with higher cumulative overall sur-
vival rates (OS). Multivariate analysis revealed that there was a signifi cant improve-
ment in OS only when IASLC resection guidelines (complete resection) were 
followed ( p  = 0.032).     
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       Jonathan     E.     Schoenhals    ,     Eric     D.     Brooks    ,     Maria     A.     Cortez    , 
    Steven     N.     Seyedin    ,     Sharareh     Niknam    ,     Xiaohong     Wang    , 
    Alexandra     P.     Cadena    ,     Xuan     Shirley     Li    ,     Daniel     R.     Gomez    , 
    Zhongxing     Liao     , and     James     W.     Welsh     

         Overview:  Targeted Therapy for Lung Cancer   

 Lung cancer is a disease process often initiated by carcinogens from tobacco smoke. 
Chronic exposure to carcinogens over time is thought to prompt genetic changes in 
DNA that facilitate progression from a precancerous state to cancer formation and 
spread. Although tobacco smoke is by far the most common cause of lung cancer, 
lung cancer can also arise in individuals who have never smoked, and these cancers 
often involve aberrant driving mutations in the epidermal growth factor receptor 
(EGFR) [ 12 ]. 
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 EGFR is a transmembrane kinase receptor that becomes activated through interac-
tion with its ligands EGF or  transforming growth factor-alpha (TGFα)  . Activation of 
EGFR leads to downstream signaling via the PI3K/mTOR pathways, which in turn 
leads to transcription of genes that result in proliferation and malignant transformation. 
EGFR mutations are implicated in about 30 % of epithelial cancers and in about 15 % 
of non-small cell lung cancer (NSCLC). Information on drivers of carcinogenesis has 
prompted the development of targeted therapeutics such as small molecules or antibod-
ies intended to target or halt signaling in these aberrant pathways.  Erlotinib   (Tarceva) 
has been approved by the US FDA for the treatment of NSCLC in three specifi c condi-
tions: for patients with NSCLC, regardless of mutation status, that has been previously 
treated [ 189 ]; as maintenance therapy for patients with nonprogressing disease that had 
previously been treated with platinum- based chemotherapy [ 24 ]; and as upfront ther-
apy for patients whose tumors have either an  EGFR  exon 19 deletion or an exon 21 
L858R-activating mutation [ 84 ]. Mutations associated with the development of resis-
tance to EGFR-targeted therapy have been studied extensively, and the overwhelming 
majority seem to be a  T790M gatekeeper mutation   in  EGFR . Fortunately second- and 
third-generation EGFR- targeted therapies have been developed such as  afatinib   that 
seem to be effective against some of these resistance mutations [ 90 ]. 

 The benefi ts of blocking kinase signaling pathways such as EGFR can also be 
enhanced by the use of other antitumor agents, particularly radiation. EGFR block-
ade has been shown to be an effective radiation sensitizer in several types of cancer, 
including that of the head and neck and lung (see “Clinical Relevance” below). 

 Another important driver of malignant transformation in lung cancer is ALK trans-
location. ALK is a kinase gene that is activated in about 3–5 % of lung cancers through 
fusion of   EML4    and  ALK . This translocation is most common in lung adenocarcinoma 
and seems to be mutually exclusive of other mutations such as  EGFR  and  KRAS . 
 Crizotinib  , a small-molecule  ALK inhibitor   that also targets ROS-1 and c-Met, was 
approved for second-line treatment of ALK-positive NSCLC based on results from a 
phase III trial demonstrating a 7.7-month benefi t in progression-free survival from 
crizotinib versus a 3-month benefi t from chemotherapy alone [ 154 ]. Although the 
response rate to crizotinib was high at 65 %, no difference in survival was seen 
between treatment groups. As is true of other kinase-targeted therapies, resistance to 
crizotinib often develops after 12–18 months of treatment, and second-generation 
ALK inhibitors are being tested in clinical trials for crizotinib-refractory disease. 

 Mutations in   KRAS    are present in about 15–30 % of patients with lung cancer and 
confer a poor prognosis. Historically few therapeutic strategies have been effective 
against  KRAS -mutated lung cancer, but two new classes of therapeutic targets are 
showing some promise: cyclin-dependent kinase (CDK)-4 or CDK-6 inhibitors and 
MEK inhibitors. CDKs have key roles in regulating cell cycle progression. 
Acquisition of  KRAS  mutations leads to constitutive activation of the RAS-RAF-
MEK-ERK pathway, leading to increased expression of CDK-4 and cyclin D1 [ 4 ]. 
The rationale is that CDK-4/CDK-6 inhibitors could produce a synthetic lethal inter-
action between  KRAS  oncogenes and CDK-4 [ 138 ]. Another way to exploit depen-
dence on  mitogen-activated protein kinase (MAPK) signaling   would be to directly 
block the downstream substrate MEK. Small-molecule inhibitors of MEK (such as 
trametinib) are showing some clinical activity against  KRAS -mutated tumors. As is 
true for other genes, mutation- specifi c variants can have signifi cantly different 

J.E. Schoenhals et al.



257

responses to pathway inhibition [ 71 ]. Cancer with  KRAS  mutation G12C seems to 
respond better to MEK inhibitors and is biologically unique among variants [ 75 ]. 

 More recently, tumor characterization has expanded beyond histologic analysis of 
tumor tissues for mutations in single pathways. Genomic profi ling analysis, for exam-
ple, can test hundreds of genes and millions of variants of potential functional signifi -
cance. Given the diffi culty of sorting through millions of potential variants, while 
keeping up with advances in treatment options for patients with multiple mutations, 
several services have arisen to offer patients and their oncologists the opportunity to 
match an individual’s cancer with relevant therapeutic options. One such service, 
FoundationOne (  www.foundationone.com    ), is a website sponsored by Foundation 
Medicine to help patients and their physicians identify the molecular growth drivers 
of the patient’s cancer by analyzing large genomic panels. Other services make use of 
artifi cial intelligence decision support systems to help physicians make sense of the 
massive amounts of data needed to effi ciently match patients to appropriate therapeu-
tic options; MolecularMatch is another such tool, providing free access to databases 
of clinical trials and a service to match patients with appropriate trials. 

 Another advance that can greatly facilitate analysis of mutations as well as iden-
tify biomarkers to aid in diagnosis and choice of treatment is the ability to analyze 
 circulating tumor DNA (ctDNA)   in blood or urine samples. Although these panels 
were initially limited in terms of the numbers of mutations that could be analyzed, 
they are rapidly expanding to offer in-depth analyses that more closely match the 
characteristics of the tumor tissue itself. Although the sensitivity and specifi city of 
many of these analyses have yet to be established, these so-called liquid tumor biop-
sies offer many advantages over the more invasive option of sampling lung tumor 
tissues, as described further in the paragraphs that follow. 

    Alternatives to Tumor Sampling: “ Liquid Tumor Biopsies  ” 

 Sampling of bodily fl uids for genetic testing has several advantages over solid tissue 
biopsies. Blood and urine are easier to access, abundant, conducive to serial sam-
pling over time, and likely to contain metastatic clones from heterogeneous solid 
tumors [ 115 ]. Isolation and analysis of normal leukocytes also allows genetic pro-
fi les of tumors to be compared directly with normal genetic profi les, which enables 
fi ltering of patient-specifi c germline mutations [ 79 ]. Blood-based diagnostic tests 
targeting 68 genes are currently offered by Guardant Health in their Guardant360 
test and by Personal Genome Diagnostics (PGDx) PlasmaSelect [ 7 ,  96 ]. PGDx also 
offers LungSelect, which is more sensitive (<0.2 %) but is limited to nine genes. 

 Another alternative to tumor sampling has been the characterization of  circulat-
ing tumor cells (CTCs)  , an area of active research over the past decade. Unfortunately 
the rarity of CTCs has limited the broader application of this approach [ 19 ]. Several 
currently available diagnostic tests are based on isolating ctDNA, with analyses 
based on exomes and even platelets now in development [ 82 ]. In the United States, 
certifi cation by the Clinical Laboratory Improvement Amendments is suffi cient for 
laboratory-derived tests to be offered commercially, which has led to a crowded 
fi eld of technologies and vendors. Before ctDNA isolation, blood cells and other 
components that may contribute to degradation or contamination of the ctDNA 
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must be removed. The ctDNA can then be purifi ed, amplifi ed, and sequenced [ 150 ]. 
High-throughput methods of dilution or physically separating individual DNA mol-
ecules through beads (BEAMing) before amplifi cation have signifi cantly reduced 
signal-to-noise and error rates. At this time, technologies differ mainly in whether 
the amplifi cation step is based on polymerase chain reaction (PCR) techniques 
(e.g., amplifi cation refractory mutation system [ARMS], digital PCR) or integrated 
with the sequencing (e.g., CAPP-Seq Roche and TAm-Seq) [ 57 ,  123 ]. 

 These advances have accelerated the development and adoption of blood- or 
urine-based diagnostic tests for monitoring mutations indicative of resistance to 
tyrosine kinase inhibitors like EGFR T790M or ALK L1196M [ 124 ,  134 ]. 
Concordance between the initial biopsy fi ndings and ctDNA is an area of ongoing 
research because of tumor heterogeneity, but most studies have suggested that liquid 
biopsies may be more sensitive [ 141 ,  165 ]. Because liquid biopsies are designed to 
detect metastatic subclones, defi nitive concordance studies may need to be single-
cell comparisons. 

 With regard to immunotherapy, liquid biopsies could be used to monitor treat-
ment effi cacy or disease progression by deep sequencing of the T-cell receptor 
(TCR) repertoire at the CDR3 locus [ 148 ]. For example, preliminary studies indi-
cate that CTLA4 inhibition increases TCR diversity, whereas PD1 blockade stimu-
lates TCR post-antigen engagement [ 31 ,  128 ].   

    Biomarkers of Toxicity: Single Nucleotide Polymorphisms 
and Radiation  Pneumonitis   

 NSCLC is the most common type of lung cancer and is often diagnosed at advanced 
stages. The current standard of care for locally advanced NSCLC, for those who can 
tolerate it, is concurrent chemoradiation therapy. However, only 15–20 % of patients 
are rendered cancer-free by this treatment, in part because radiation doses must be 
limited to avoid causing radiation pneumonitis (RP), a severe, sometimes fatal 
infl ammatory reaction of normal lung tissue. Because the radiation dose distribution 
to normal (undiseased) lung tissue in NSCLC treatment is known to affect the risk 
of RP, currently the risk of RP is minimized by keeping the mean dose to normal 
lung (MLD) and the normal lung volume exposed to at least 20 Gy (V 20 ) below 
certain limits [ 109 ]. Unfortunately, achieving these dosimetric limits forces reduc-
tions in the radiation dose to the tumor, eroding the probability of cure. 

 Individuals differ in their intrinsic sensitivity to radiation [ 11 ]; clinically, only a 
subset of patients with NSCLC treated with similar radiation dose distributions 
experience severe RP. Genetic variations in cellular signaling pathways may affect 
radiosensitivity and thereby risk of toxicity [ 39 ,  200 ]. The Genetic Predictors of 
Adverse Radiotherapy Effects (Gene-PARE) project reported positive associations 
between radiosensitivity and functional polymorphisms in genes involved in infl am-
mation (e.g.,  TGFβ1 ) and in DNA double-strand break and base-excision repair 
(e.g.,  XRCC1 ,  XRCC3 ) [ 71 ]. In clinical practice, standardized radiation doses are 
necessarily determined by the most sensitive patients because of the need to avoid 
lethal or disabling toxicity and because no way has yet been found to identify, 
before treatment, who will be at high risk of toxicity. 
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 Yuan et al. discovered that patients with different genotypes of rs1982073:T869C 
in   TGFβ1    are at lower risk of RP after radiation therapy for NSCLC [ 197 ]. This 
association was independent of dosimetric factors such as V 20  and MLD. Patients 
with the CT or CC genotype in  TGFβ1  rs1982073:T869C had a signifi cantly lower 
incidence of severe RP than did those with the TT genotype, especially patients who 
had received an MLD <20 Gy or a V 20  <30 %; indeed, this single nucleotide poly-
morphism (SNP) in  TGFβ1  was able to separate patients into different risk groups 
even after correction for MLD. These authors further found that the tumor necrosis 
factor-alpha ( TNFα ) 0629:308 G>A AA genotype was associated with severe RP, 
although the number of patients in that study was small [ 172 ]. Among four patients 
with the AA genotype, three (75 %) experienced severe RP versus 21 of 92 patients 
(23 %) with the AG/GG genotype. This difference was not accounted for by differ-
ences in MLD. 

 Other investigations have shown that functional polymorphisms of the base- excision 
repair genes   XRCC1    and   APEX1    and genetic variants of the nonhomologous end join-
ing gene   LIG4    also predict the risk of RP, not only in whites but also in Han Chinese 
patients [ 102 ,  195 ,  196 ]. Our group further found that polymorphisms in vascular 
endothelial growth factor (VEGF) may modulate the risk of RP and that the CC geno-
type of  HSPB1  rs2868371 was associated with higher risk of severe RP [ 65 ,  129 ]. 
Subsequent analyses of patients treated with chemoradiation showed that XRCC1 
Q399R=WW (versus PP or PW), VEGF4032 CT/TT, and TNF0629=AA all conferred 
higher risk of severe RP. Another gene,  ATM , is a master regulator mediating DNA 
damage detection and repair. Patients carrying the  ATM  rs189037 variant AA genotype 
were at high risk of developing severe RP, particularly those receiving an MLD of 
≥19.0 Gy [ 193 ]. Other SNPs associated with RP include oxidative stress genes includ-
ing  MTHFR  (methylenetetrahydrofolate reductase; rs1801131, rs1801133, AA versus 
AC/CC) (hazard ratio [HR] for grade ≥2 RP = 0.37, 95 % confi dence interval [CI] 
0.18–0.76,  P  = 0.006, corrected  P  = 0.018 and HR for grade ≥3 RP = 0.21, 95 % CI 
0.06–0.70,  P  = 0.01, corrected  P  = 0.03) [ 107 ]. Ethnic differences have also been noted 
in genotypes within the same gene and risk of RP [ 184 ,  193 ,  198 ]. 

 Incorporating SNPs into predictive models such as the Lyman model has been 
shown to improve the model’s ability to predict the likelihood of RP [ 172 ]. In one 
study, 16 potentially functional SNPs in genes related to DNA repair, cell cycling, 
TGF-β, TNF and TNFR, folic acid metabolism, and angiogenesis were genotyped 
from 143 patients. Five SNPs were selected for inclusion in a multivariate normal 
tissue complication probability model based on MLD alone. SNPs associated with 
an increased risk of severe RP were found in  TGFβ ,  VEGF ,  TNFα ,  XRCC1 , and 
 APEX1 . When smoking status was included in the multivariate model, the SNPs 
associated with increased risk of RP were found in  TGFβ ,  VEGF , and  XRCC3 . The 
SNP that most signifi cantly improved the fi t of the Lyman model based on MLD 
alone was XRCC_NCI. Patients with XRCC_NCI=WW had an increased risk of RP, 
with a TD 50  of 21.5 Gy versus 30.6 Gy for patients with the PP or PW genotype 
( P  = 0.013). Inclusion of the VEGF4039 SNP further improved the model ( P  = 0.035), 
with the CT/TT genotypes conferring increased risk of RP. Patients with both 
XRCC_NCI=WW and VEGF4039=CT/TT had a TD 50  of only 16.7 Gy, half that for 
patients with XRCC_NCI=PP/PW and VEGF4039=CC (33.8 Gy). Further improve-
ment was noted with inclusion of TNF0629=AA as a risk factor ( P  = 0.048), but only 
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four patients had this genotype. The SNP previously identifi ed by our group as being 
associated with increased risk of RP, TGFB073=TT, was marginally signifi cant when 
included in the model containing XRCC_NCI and VEGF4039 ( P  = 0.064) or XRCC_
NCI, VEGF4039, and TNF0629 ( P  = 0.071) [ 172 ]. These fi ndings provide evidence 
that SNPs can signifi cantly improve the predictive ability of the Lyman MLD model. 
Even with a small number of SNPs, it was possible to distinguish cohorts with >50 % 
risk versus <10 % risk of RP when they were exposed to high MLDs [ 172 ]. 

 Next, to provide proof of principle, a virtual clinical study was done using the 
SNPs from the study reported by Tucker et al. [ 178 ]. The prescribed radiation dose for 
each patient was scaled according to normal tissue constraints. The conventional 
dose-volume constraints for the spinal cord, esophagus, and heart and a personalized 
iso-complication MLD limit from a mathematical prediction model were used. The 
difference between the model-determined prescribed dose and the dose originally pre-
scribed for 32 patients was then compared. The original dose-volume values for the 
spinal cord, esophagus, and heart exceeded the dose-volume limits imposed for the 
study (before the model-determined MLD limit being applied), because at the time of 
treatment the clinician chose to exceed the dose-volume constraints in the hopes of 
better tumor control. This simulation study was performed both with and without 
patients who had exceeded dose-volume constraints (before the MLD being applied), 
because including the 32 patients provides a clinically realistic scenario, whereas 
excluding them helped to isolate the effect of the personalized MLD limit. The origi-
nal prescribed tumor dose was then scaled (with no change in beam orientation) based 
on the model-determined MLD limit and other treatment planning parameters. If all 
dose-volume parameters were below the applied limits, the dose could be escalated; 
conversely, if one of the parameters exceeded the limits, the dose needed to be low-
ered. The model predicted that, for most of the patients who developed RP, the pre-
scribed doses needed to be reduced using the model based on SNPs, and the difference 
in prescribed dose exceeded the clinically signifi cant value of 5 Gy [ 178 ]. 

 If these SNP fi ndings can be verifi ed with independent patient groups, the 
changes to prescribed doses illustrated in this study would be expected to reduce 
toxicity in some patients and help to push the prescribed dose to the maximum toler-
able value. However, independent validation of these fi ndings has been challenging, 
because of differences in endpoints, patient populations, and toxicity scoring crite-
ria [ 180 ,  184 ]. For this reason, the National Cancer Institute National Human 
Genome Research Institute Working Group on Replication in Association Studies 
has published a comprehensive set of guidelines that include important points to 
consider in reporting (and evaluating) initial genotype-phenotype fi ndings and in 
designing positive replication studies [ 35 ]. 

 In summary, SNPs can be used as genetic markers to screen for known (and 
unknown) genetic variants in a given region of a specifi c gene. These preliminary 
reports of using SNPs as predictive biomarkers for the risk of radiation-induced 
normal tissue toxicity suggest that this approach has the potential to guide clinical 
decisions. “Big data” with objective and consistent measurements of endpoints and 
tightly controlled variables are needed to validate these fi ndings and to prospec-
tively test the models developed in clinical settings.  
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    Biomarkers of Response to Therapy:  MicroRNAs   

 Another emerging method for detecting response to therapy is the detection of 
microRNAs. In 1993, Victor Ambros [ 98 ] and Gary Ruvkun [ 190 ] discovered dur-
ing a study of  C. elegans  development that LIN-14 protein abundance was regulated 
by a small RNA product encoded by the  lin - 4  gene. It was not until 2000, when 
another small RNA,  let - 7 , was identifi ed and found to be conserved in many species 
[ 131 ,  144 ] that a new layer of complexity in the regulation of gene expression was 
unveiled. The discovery of the posttranscriptional silencing of target messenger 
RNAs [ 55 ] by these small RNAs was a revolutionary step in the understanding of 
genetic information control. Further studies provided evidence that these small 
RNAs are members of a large class of tiny noncoding RNAs of approximately 22 
nucleotides known as microRNAs (miRNAs), which regulate most of the genes in 
the human genome [ 101 ]. miRNAs are strongly conserved among vertebrates, 
invertebrates, and plants [ 6 ], and most are transcribed from individual miRNA 
genes, introns or exons of protein-coding genes, or the polycistronic transcripts that 
encode miRNAs involved in interconnected molecular pathways [ 99 ]. Biogenesis of 
miRNA involves maturation of miRNA precursors, assembly of the mature miRNA 
into microprocessor complexes, and regulating the expression of protein- coding 
genes by degrading or blocking translation of messenger RNA targets [ 13 ]. Because 
a single  miRNA   can target hundreds of mRNAs and because miRNAs are involved 
in virtually all biologic processes, aberrant miRNA expression is involved in the 
initiation of many diseases, including cancer. Genome-wide miRNA expression 
profi ling studies using high-throughput techniques have shown that almost all types 
of cancer present a specifi c profi le of upregulated and downregulated miRNAs and 
a global reduction in miRNA expression [ 106 ]. Exosomes containing miRNAs have 
been found not only in blood [ 160 ] but in other types of body fl uids such as saliva 
[ 111 ]. Exosomes represent a newly discovered mechanism by which donor cells can 
communicate and infl uence the gene expression of recipient cells. Growing evi-
dence indicates that  exosomal miRNA packaging occurs nonrandomly based on dif-
ferential expression of exosomal miRNA compared with that of donor cells  [ 174 ]. 
Indeed, recent studies have demonstrated that nearly 30 % of miRNAs released 
in vitro and in vivo do not refl ect the expression profi le found in donor cells, sug-
gesting that specifi c miRNAs are selected to be intracellularly retained or released 
by exosomes [ 81 ]. The secretion of oncogenic miRNAs by tumor cells is associated 
with their ability to infl uence the local and distant environment to facilitate tumor 
progression, metastasis [ 133 ], and tumor immunity [ 147 ]. Tumor- secreted miRNA 
targeting of immune cells and the immune system have been shown in several stud-
ies to represent an active pathway for tumor immune evasion. 

 These fi ndings have led to exploration of the use of miRNAs and exosomes as 
biomarkers of response to therapy or as a therapeutic approach themselves. Clinical 
studies suggest that miRNAs can be used to predict sensitivity to radiation therapy 
and anticancer agents [ 119 ]. For example, the loss of heterozygosity in miR-128b, an 
EGFR regulator, was found to correlate with response to the EGFR inhibitor gefi tinib 
in patients with relapsed NSCLC [ 186 ]. Recently, various strategies for restoring 
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miRNA function have yielded the fi rst miRNA replacement therapeutic in the clini-
cal pipeline: MRX34, an intravenously injected liposome-formulated miR- 34 mimic 
with a diameter of ~120 nm, which is now in clinical trials for patients with advanced 
or metastatic liver cancer. Preclinical studies have shown that tail- vein injection of 
MRX34 reduced tumor growth and enhanced survival, with a favorable safety pro-
fi le, in orthotopic mouse models of hepatocellular carcinoma [ 53 ,  85 ,  86 ,  117 ]. We 
showed that therapeutic delivery of MRX34 downregulated tumor PDL1 expression. 
Moreover, giving MRX34 in combination with radiation increased CD8+ cell num-
bers ”while reducing PD1 expression on these T-cells” and delivery of miR-34a has 
been shown to reduce the numbers of radiation-induced macrophages and T-regulatory 
cells (Tregs) ( J Natl Cancer Inst  2015, PMID 26577528, doi   10.1093/jnci/dv303    ). 
Collectively, these fi ndings suggest that combining immunoregulatory miRNAs with 
immunotherapy could be a powerful therapeutic approach. However, larger prospec-
tive clinical trials are needed to validate the previous results, since most published 
studies had relatively small sample sizes and lack information on long-term out-
comes. Further studies are also needed to establish a well- characterized panel of 
exosomal miRNAs specifi c to each type of tumor, disease stage (early or advanced), 
response to treatment, outcomes, and recurrence.  

     Immunotherapy for Lung Cancer   

    How Tumors Evade the Immune System 

 Traditional methods for treating lung cancer are resection, targeted radiation ther-
apy, or chemotherapy. However, recent fi ndings have illuminated the potential 
power of immunotherapy, which we believe will help to move healthcare toward 
personalized medicine. Other exciting approaches involve combining radiation 
therapy with therapies targeted to specifi c immune pathways used by many lung 
tumors to escape the patient’s immune system, particularly the antitumor T-cells. 

 Precancerous cells are likely produced on a regular basis; fortunately, most are 
rapidly detected and destroyed by the host’s immune system. This raises the ques-
tion, why do we get cancer at all? For a cancerous cell to survive and expand, it must 
gain several unique properties, such as unchecked proliferation and the ability to 
resist and overcome hypoxia through stimulation of angiogenesis. Tumor cells must 
also learn how to evade host immunity so that they can proliferate and expand. 
Moreover, the fact that cancer cells are derived from and share signifi cant overlap 
with normal cells further complicates the ability of the immune system to identify 
and destroy malignant cells. Cancer cells develop several unique mechanisms under 
selective pressure to facilitate immune evasion. One such mechanism is for a tumor 
cell to modify itself, for example, by  overexpressing PDL1  , which can blunt to 
T-cell responses. Tumor cells can also evade immune detection by downregulating 
the major histocompatibility complex (MHC) receptors required for antigen presen-
tation and by suppressing the penetration of T-cells into the tumor. Cytokines 
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produced by tumors can also profoundly infl uence the negative regulatory cell pop-
ulations in the tumor and stroma, which can affect the ratio of M1/M2 myeloid cells 
and increase the proportions of inhibitory  myeloid-derived suppressor cells 
(MDSCs)   and regulatory T-cells (Tregs). Finally, as tumors grow, they tend to 
develop a hypoxic center, which itself has unique ways of blunting immune 
responses. The secretion of factors such as VEGF by hypoxic tumors can also con-
tribute to blunting an immune response. 

 Ironically, many of the kinase-driven signaling pathways mentioned above (e.g., 
EGFR and ALK) can serve as unique tumor antigens for distinguishing tumor from 
self, which is needed to mount an effective immune response. Many of these kinase 
mutations can contribute to immune escape. For example, some tumor cell lines that 
are resistant to EGFR-targeting drugs like erlotinib have unregulated PD1 expres-
sion [ 37 ]. Resistance to other kinases such as c-Met has also implicated PD1 in 
other pathways of resistance. Our laboratory recently discovered a mechanism by 
which P53 mutations lead to overexpression of PD1 as mediated through loss of 
microRNA34a (JNCI PMID 26577528).  

     Targeting PD1/PDL1   

 One signaling pathway currently under intense investigation is PD1/PDL1. PD1/
PDL1 is an immune checkpoint that is normally involved in cell-mediated immu-
nity via T-cells; upregulation of PD1/PDL1 by tumors can create an immunosup-
pressive environment in which cancer cells can thrive. PD1 (programmed cell 
death-1) in particular has crucial roles in the immune system; it is found on virtually 
all types of immune cells, including B cells, NK-cells, T-cells, dendritic cells, and 
macrophages [ 169 ]. The two ligands related to PD1, PDL1 and PDL2, are expressed 
by different cell types, including tumor cells [ 169 ]. 

 Early studies of the PD1/PDL1 pathway focused on treatments for autoimmune 
diseases such as rheumatoid arthritis. The premise was that the negative signal trans-
mitted by PD1, which ultimately blocks the production of T-cells, could be exploited 
in conditions in which overproduction of T-cells was detrimental to patients’ health. 
Now this pathway is being exploited in a different way for the treatment of cancer. 

 Tumors interact with the immune system “and evade its effects” in a variety of 
ways. Tumor antigens on the surface of tumor cells trigger the recruitment of anti-
gen-presenting cells (APCs), which ultimately prime T-cells to attack the tumor. 
Unfortunately, tumors can make use of feedback systems, such as the PD1/PDL1 
checkpoint, to evade such attacks [ 116 ]. Consequently, the abundance of PD1 and 
PDL1 typically suppresses the production of tumor-infi ltrating lymphocytes and 
generally confers a poor prognosis. In addition to facilitating tumor immune escape, 
the PD1/PDL1 pathway also participates in the differentiation of Tregs so as to 
promote their immune-suppressive function [ 116 ]. Induction of PD1 expression can 
also suppress B-cell activation and interleukin-8 (IL-8) production, which in turn 
blocks NK-cell function. The race to fi nd therapies that specifi cally target PD1/
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PDL1 is intense because PDL1 expression can be activated by various oncogenic 
signaling pathways (e.g., interferon [IFN], Stat3, MYD88) and thus serves as a 
gateway for potential immunotherapies [ 116 ].  

    Targeting TGFβ 

 TGFβ is a member of a cytokine superfamily that includes activins, inhibins, nodals, 
bone morphogenetic proteins (BMPs), anti-Müllerian hormone or Müllerian- 
inhibiting factor, and a variety of growth and differentiation factors [ 130 ]. A multi-
functional polypeptide, TGFβ, regulates a broad variety of processes including 
immune function, proliferation, differentiation, adhesion, migration, and the 
 epithelial-mesenchymal transition (Fig.  12.1 ). Each of the four known isotypes 
(e.g., TGFβ1, TGFβ2, TGFβ3, and TGFβ5) has different functions.

  Fig. 12.1     TGFβ signaling . As shown to the right, TGFβ signaling begins when TGFβ binds to its 
receptors TGFβRI or TGFβRII; phosphorylation of TGFβRI regulates SMAD2/SMAD3, which in 
turn binds to SMAD4, causing the translocation of SMAD2/SMAD3 and other transcription fac-
tors from the cytoplasm to the nucleus. Inhibitory SMADs (SMAD6/SMAD7) inhibit SMAD2/
SMAD3 and other transcription factors. Regulation of miRNAs also directly affects SMAD2/
SMAD3 and regulates posttranscriptional factors for TGFβ response       
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      TGFβ and the Immune System 
 TGFβ suppresses T-cell proliferation, induces B-cell apoptosis, and hinders B-cell 
proliferation and IgA secretion. TGFβ further inhibits the function of NK-cells by 
suppressing NK-cell-mediated production of IFNγ, which is necessary for NK-cell 
tumor-killing activity through transcriptional effects of SMAD3 on the IFNγ pro-
moter. In general, the immunosuppressive effects of TGFβ result from its weaken-
ing the antitumor functions of CD8+ T-cells, CD4+ T-cells, and dendritic cells and 
can affect immune cell differentiation by blocking key “cytotoxic program” pro-
teins such as perforin, granzymes, and cytotoxins. TGFβ further blocks the devel-
opment of type I macrophages and neutrophils, but upholds type II macrophages 
and neutrophils, which have reduced effector functions but produce large amounts 
of anti-infl ammatory molecules such as IL-6, IL-11, and TGFβ [ 3 ].  

    TGFβ, Lung Cancer, and Radiation Therapy 
 TGFβ has complex dual functions in that it acts as a tumor suppressor in early 
stages of tumor progression but in later stages is associated with metastatic 
invasion and immune evasion. As a result, TGFβ controls various critical factors 
in tumor progression like proliferation, apoptosis, and equilibrium [ 118 ]. 
Although most lung cancer cells secrete TGFβ, malignant transformation often 
results in loss of its tumor-suppressive effects, which has been linked with tumor 
development and progression in several types of cancer. In lung cancer, overex-
pression of TGFβ has been linked with better 5-year survival rates [ 78 ]; how-
ever, others have found TGFB1 protein levels to be negatively correlated with 
prognosis in NSCLC [ 46 ,  175 ]. Radiation activates TGFβ via the induction of 
reactive oxygen species (ROS), which is thought to enhance tumor cell radiore-
sistance. Radiation has been shown to increase serum TGFβ1 levels, and, as 
noted previously, SNPs in  TGFβ1  have been associated with risk of RP after 
radiation therapy for NSCLC.    

    Immunotherapy and the  Abscopal Effect   

 In 1953, RH Mole fi rst reported the occurrence of an unexpected, systemic regres-
sion of tumor metastases when localized radiation was given to a primary tumor 
[ 114 ]. Mole termed the “abscopal” effect, derived from the Latin prefi x  ab  (“posi-
tion away from”) and the Greek suffi x  scopos  (“the target”). During the decades 
since that time, a few isolated reports of systemic responses to localized radiation 
have appeared, but only in the past 10 years has this phenomenon begun to be 
explored in clinical trials. Abscopal effects occurring after radiation therapy are 
now thought to be mediated by the immune system; because such effects can be 
greatly enhanced by immunotherapy agents, this offers a powerful new treatment 
option for a variety of cancers, including NSCLC. 
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    Evading  Immune Surveillance   

 As noted previously, the surveillance functions of the innate and adaptive immune 
systems normally recognize and eradicate tumor cells that arise from unavoidable 
and naturally occurring DNA damage throughout an individual’s lifetime [ 25 ,  26 , 
 191 ]. However, during neoplastic progression, tumor cells can evade detection 
and destruction by the adaptive immune system in several ways. One is by down-
regulating MHC1 receptors, which make the tumor invisible to antitumor CD8+ 
lymphocytes [ 36 ,  59 ,  170 ]. Another is through attracting immunosuppressive 
MDSCs, tumor- associated macrophages, and Tregs to the tumor microenviron-
ment, which then release factors that conceal the tumor from the immune system 
and suppress immune function (e.g., IL-6, CSF1, TGF-β, Fig.  12.2 ) [ 43 ,  58 ,  132 , 
 149 ,  158 ,  167 ]. A third method is for the tumor to express cytotoxic cell death 
receptors on the tumor cell surface (e.g., PD1/PDL1) that kill antitumor cytotoxic 
T lymphocytes when they come in contact with the tumor [ 50 ,  199 ]. When these 
and other evasive tumor changes occur, tumor cells are, under certain circum-
stances, able to elude the immune system to the point that the tumor advances to 
signifi cant disease [ 51 ,  52 ,  151 ].

        Radiation and the Immune System   

 Radiation affects the ability of tumor cells to evade immune destruction by act-
ing as a sort of tumor-specifi c, in vivo “vaccine” that allows re-recognition of 
the hidden tumor mass and penetration of immune cells into the tumor cell 
environment, thereby prompting resurrection of the necessary antitumor 
response [ 47 ]. Radiation also has been found to prompt expression of MHC1 
receptors and calreticulin on the tumor cell surface, which make the tumor cells 
visible to  dendritic cells   and macrophages that can then consume them and pres-
ent tumor cell antigens to CD8+ lymphocytes to mount an attack (Fig.  12.2 ) 
[ 125 ,  145 ]. Radiation improves the immune system’s ability to recognize the 
tumor by releasing previously hidden tumor-associated antigens (TAAs) and 
kills tumor cells in a way that releases compounds from within tumor cells that 
activate the immune system (Fig.  12.2 ) (e.g., ATP, HMGB1, uric acid, heat 
shock proteins) and lead to maturation of dendritic cells for T-cell activation 
[ 9 ,  60 ,  156 ,  163 ]. Finally, radiation allows activated immune cells back into the 
tumor environment by (1) altering the vascular endothelium of tumor blood ves-
sels so as to increase expression of intercellular cellular adhesion molecules and 
(2) causing the release of chemokines that attract and allow extravasation of 
immune cells into the tumor bed (Fig.  12.2 ) [ 67 ]. Ultimately, radiation-induced 
changes in tumors, including release of TAAs and immune-stimulatory signals, 
cause a local tumor immune response that would not be possible without the 
radiation. This response and invasion of a locally irradiated tumor site leads to 
a system-wide antitumor response as TAAs released at the primary site are 
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recognized at areas of distant disease. Therefore, immune activation at the 
locally irradiated site can lead to regression and resolution of distant, nonirradi-
ated masses as well as locally treated tumor masses.  

    Enhancing the Abscopal Effect by Combining Radiation 
with Immunotherapy 

 Despite its effects on unveiling and TAA release, radiation therapy alone is only 
weakly immunogenic and only rarely produces an abscopal effect. The abscopal 
effect was originally reported in patients with leukemia or lymphoma after splenic 

  Fig. 12.2    Radiation has multiple effects on the tumor microenvironment.  1  PDL1 increases on 
tumor-associated macrophages (TAMs), and OX40 expression on various immune cell subsets 
increases (our unpublished data).  2  MHC I is upregulated via the type I IFN pathway.  3  Lymphocyte 
priming is increased and there is increased activation at the tumor site.  4  Higher Treg percentages 
are seen, possibly due to Treg radioresistance.  5  MDSC’s are recruited to the tumor site through 
CSF1 and TGF-β secretion by the tumor. Additionally, IL-6 and TGF-β are important for MDSC 
survival once at the irradiated site.  6  TAMs are polarized to M2 phenotype after radiation due to 
CSF1 and SDF1 secretion by the tumor. HIF1a expression also causes this repolarization.  7  HIF1a 
is upregulated after radiation, even though there is increased oxygenation to the tumor site.  8  
Various immunosuppressive factors are increased at and around the tumor site after radiation. This 
includes COX2 and TGF-β, which can lead to enhanced EMT. However, there is increased tumor- 
associated antigen spread, T-cell traffi cking, and Fas expression       
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or visceral irradiation [ 8 ,  74 ,  142 ]. However, during the past few decades, reports of 
this rare phenomenon have increased, with abscopal effects reported in solid tumors 
such as melanoma [ 127 ,  137 ], breast cancer [ 112 ], adenocarcinoma [ 143 ], hepato-
cellular carcinoma [ 121 ,  126 ], Merkel cell carcinoma [ 40 ], renal cell cancer [ 77 ], 
cervical cancer [ 166 ], and NSCLC. Reasons for this increased frequency and for the 
growing interest in reports of abscopal effects lie in part in the advent and wider 
implementation of novel immunotherapy checkpoint inhibitors in the treatment of 
solid tumors. 

    Three Phases of Immune Activation for an Abscopal Effect 
 Preclinical and clinical studies have shown that inducing a successful  abscopal 
response   requires at least three phases of clinical immune activation. First, the 
release of previously hidden tumor antigens is required for the immune system to 
initially detect the tumor to be targeted. Environmental changes within the tumor 
itself are also required so that the antigens that are released can be taken up by APCs 
and presented to CD8+ effector lymphocytes to stimulate an initial activating 
response. As discussed above, these initial steps are accomplished through radiation- 
induced changes to the tumor microenvironment and the release of TAAs (i.e., the 
“battering ram” and “release” phenomena). 

 Second, the population of activated CD8+ cytotoxic T-cells directed against the 
various released TAAs must expand suffi ciently to mount a body-wide response to 
distant areas of disease sharing the same antigenic signature. This is now being 
accomplished through one or more immune-stimulatory agents administered around 
the time of radiation (e.g., Toll-like receptor [TLR] agonists, dendritic cell injec-
tions, granulocyte-macrophage colony-stimulating factor [GM-CSF], or checkpoint 
inhibitors). Two of the most commonly reported agents used for this purpose are the 
checkpoint inhibitors anti-CTLA4 and anti-PD1 antibodies. Briefl y, CTLA4, a 
potent inhibitory receptor on the surface of T-cells that interacts with CD80 on the 
surface of APCs to prevent co-stimulation or activation, functions to naturally pre-
vent a permanent immune response once immune activation has begun [ 183 ]. 
However, inhibiting CTLA4 leads to fervent activation of the immune system and 
clinically signifi cant destruction of tumor burden. Theoretically, antibodies to these 
inhibitory proteins (CTLA4 and PD1/PDL1) would lead to increased immune acti-
vation, and their use for patients receiving radiation has led to numerous abscopal 
responses, as the cytotoxic T lymphocyte populations directed against the TAAs 
after radiation are expanded via increased activation after administration of these 
two potent immunostimulatory therapies (i.e., “army expansion”). 

 Third, preserving a pool of cytotoxic T-cells after activation is probably neces-
sary to achieve a sustained, long-term, and successful attack on distant tumor sites 
that would lead to resolution of disease. Essentially, the argument is that radiation 
plus a single immunotherapeutic agent is not suffi cient because tumor cells continue 
to express immune-inhibitory signals or adapt to express new ones that can blunt or 
abort an initiated abscopal response [ 44 ,  69 ,  173 ]. Thus after the initial delivery of 
radiation and a single immunotherapy agent, a second agent (e.g., anti-PD1) should 
be incorporated to sustain the immune response at distant sites so as to complete the 
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abscopal effect (i.e., “keeping troops deployed”). This process is called immune 
“reinvigoration,” and it is only now being studied in relation to the induction and 
sustainment of an abscopal effect. An important aspect of this third step, however, 
is that dual checkpoint immunotherapy may be necessary to achieve abscopal 
response on a grand scale in clinical practice, and to this end numerous phase III 
studies of radiation plus dual checkpoint therapy are currently underway. Questions 
also remain as to the optimal timing of radiation with immunotherapy (whether the 
sequence should be concurrent, preceding, or successive), appropriate radiation 
fractionation and dose, and the location and number of sites that require irradiation 
to optimize response. So far, preclinical and case study fi ndings suggest that hypo-
fractionated radiation to visceral lesions may provide the best outcomes [ 49 ].   

     Abscopal Effects in NSCLC   

 New evidence suggests that NSCLC is more immunogenic than was previously 
thought, and two case reports have been published describing abscopal effects in 
NSCLC. The fi rst involved a 78-year-old woman who received stereotactic abla-
tive radiation therapy (SABR) for NSCLC in a right lower-lobe primary and 
60 Gy in 30 fractions to a left upper-lobe primary. At 70 days after treatment of 
the right-lobe lesion, the disease had progressed to involve the bone and adrenal 
glands. At 12 months, however, testing showed a complete metabolic response 
(resolution) in all sites of previously abnormal uptake of fl uorodeoxyglucose 
(FDG), a result attributed to a delayed abscopal response to the SABR [ 159 ]. The 
second case was a 64-year-old man with stage IV NSCLC that continued to prog-
ress despite initial treatment with six cycles of pemetrexed/carboplatin and subse-
quent radiation to 59.4 Gy to the lymph nodes, hilum, and mediastinum. The 
cancer spread to the liver and bones and continued to progress after additional 
rounds of chemotherapy. At that point, a palliative radiation dose (30 Gy to the 
most metabolically active liver metastasis) with concurrent immunotherapy (ipili-
mumab) produced drastic regression of disease burden. The patient was without 
evidence of disease (per RECIST criteria) at 1 year after the concurrent radiation 
and immunotherapy [ 63 ]. 

 In addition to these two case reports, a recent proof-of-principle study evaluating 
abscopal effects in solid tumors demonstrated that 4 of 18 patients with NSCLC 
(22 %) experienced a partial or a complete abscopal response after receiving 
GM-CSF and concurrent radiation, with a partial abscopal effect defi ned as a 
decrease of at least 30 % in the longest diameter of the best-responding lesion [ 62 ]. 
These promising preliminary fi ndings have led to several ongoing trials to evaluate 
abscopal effects in NSCLC. 

 Although abscopal effects are rare, interest is growing in determining how to 
increase their frequency. Clinical studies are currently underway to assess and opti-
mize the use of combined radiation and new-age immunobiologics. The abscopal 
effect offers the exciting possibility of transforming radiation therapy—once con-
sidered strictly local therapy—into an effective systemic treatment.   
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    Radiation Therapy and the  Tumor Microenvironment   

 The advent of immunotherapy has underscored the importance of clarifying the posi-
tive and negative effects of radiation and the immune system on the tumor microen-
vironment. As noted previously, radiation has many positive effects, aside from 
direct cell killing, on the tumor microenvironment and the immune system: radiation 
increases antigen presentation, T-cell priming, T-cell activation, and T-cell traffi ck-
ing (Fig.  12.2 ). However, radiation can also infl uence pathways that impair immune 
responses via recruitment of Tregs, MDSCs, or tumor-associated macrophages; 
polarization of M2 macrophages; and upregulation of hypoxia- inducible factors 
(HIFs). Various methods must be considered to target and overcome these problems 
without interfering with the antitumor immune response. 

     Regulatory T-Cell Radioresistance   

 Tregs have been well studied with regard to their role in immune suppression. This 
subset of CD4+ T-helper cells express the transcription factor Foxp3 and are heavily 
involved in immune regulation at various sites throughout the body. Although radia-
tion effectively kills tumor cells, it also kills immune cell populations present at the 
tumor site. The relative radioresistance of Tregs cause higher proportions of Tregs 
at tumor sites after radiation [ 22 ,  80 ,  93 ]. However, the numbers of Tregs still 
decline in response to radiation, even though their relative percentage among the 
lymphocyte population increases [ 140 ]. Some studies have shown increased num-
bers of circulating Tregs after radiation and that those Tregs are highly immunosup-
pressive [ 15 ,  139 ,  152 ]. The magnitude of the effect that these Tregs have at the 
tumor site after radiation remains unclear; however, two preclinical studies thus far 
have shown synergy between radiation and Treg depletion” (Bos et al 2013 
“Transient regulatory T-cell ablation deters oncogene-driven breast cancer and 
enhances radiotherapy”, and Son et al 2015 “Combination effect of regulatory T-cell 
depletion and ionizing radiation in mouse models of lung and colon cancer.  

    Recruitment of MDSCs After Radiation Therapy 

 MDSCs are immature myeloid cells that are highly immunosuppressive. 
“Recruitment of MDSCs to the tumor” was recently shown to vary was recently 
shown to vary depending on fractionation, with the suggestion that stereotactic 
doses may be better for controlling the infl ux of MDSCs to the tumor [ 54 ]. However, 
this probably depends on the type of cancer, as another group showed an infl ux of 
myeloid cells after 20 Gy in the FaDu xenograft nasopharyngeal cancer model [ 2 ]. 
The mechanism by which this recruitment/infl ux is thought to occur is through 
increased levels of colony-stimulating factor 1 (CSF1), which is upregulated after 
radiation and acts as a chemokine for MDSCs, encouraging them to travel to the 
tumor site [ 194 ].  
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    Recruitment of Tumor-Associated Macrophages and M2 
 Polarization of Macrophages After Radiation Therapy   

 Macrophages are an important part of the innate immune system and help to clear 
cellular debris, respond to extracellular stimuli, and dictate the direction of an 
immune response. Macrophages are polarized into general types, M1 or M2. M1 
macrophages promote anti-tumor immune responses and M2 macrophages promote 
tumor growth and protection [ 176 ]. Like MDSCs, tumor-associated macrophages 
are recruited to tumor sites after radiation via CSF1 secretion or by HIF-1a-
dependent secretion of stromal cell-derived factor 1 (SDF1), which binds to CXCR4 
[ 30 ]. Both of these mechanisms are involved in migration of macrophages to the 
tumor site. However, because tumor-associated macrophages are already present at 
the tumor site and are typically M2 polarized, radiation tends to push even more 
macrophages toward the M2 phenotype.  

     Upregulation of Hypoxia-Inducing Factors 
After Radiation Therapy   

 HIFs can respond quickly to decreases in oxygen concentration. Under normoxic 
conditions, they are quickly degraded in proteasomes. However, as oxygen levels 
drop, these factors are stabilized and relocate to the nucleus, where they become 
transcriptionally active. HIFs lead to enhanced angiogenesis, proliferation, and 
invasion of the tumor [ 83 ]. Traditionally, larger, hypoxic tumors require higher 
doses of radiation to produce antitumor effects. Hypoxia confers resistance to radia-
tion because less oxygen is available for the creation of ROS. Also, radiation leads 
to upregulation of HIF1a by the tumor despite enhanced oxygenation, which can 
exert pro-tumorigenic effects [ 113 ]. 

 As discussed in the previous sections and illustrated graphically in Fig.  12.2 , 
radiation activates the immune system in several ways. By using combination thera-
pies to target negative side effects, we expect to tip the scale in favor of complete 
tumor rejection and immune memory thereafter, with the ultimate goal of producing 
complete cures.   

    Clinical Relevance: Non-Small Cell Lung Cancer 

    Targeted Therapies 

 Two general categories of clinical trials were ongoing when this chapter was writ-
ten: those that are genetically based and those that focus on reactivation of the 
immune system. Future trials are likely to involve combinations of these two 
approaches. Given that the local or regional therapeutic options for thoracic tumors 
have been around for quite some time, many trials now are focusing on resistance to 
kinase inhibitors and evaluating second- and third-generation kinase inhibitors that 
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may be susceptible to some mechanisms of resistance but may also be less toxic. 
Interestingly, mechanisms of resistance to kinase pathways such as EGFR may not 
overlap with mechanisms of resistance to immune checkpoint inhibitors, and as 
such therapeutic combinations of kinase inhibitors and checkpoint inhibitors are 
being pursued with great interest. 

     EGFR Inhibitors   
 EGFR inhibitors such as  gefi tinib   (Iressa) and erlotinib (Tarceva) were the fi rst 
personalized therapeutics to be approved for the treatment of lung cancer, and as 
such they have been the most thoroughly studied. Although initial responses to 
these agents can be quite dramatic in some patients, most will develop progression 
because of the development of resistance within a few months and in many cases 
that resistance arises from a T790M mutation in  EGFR . Second- or third-genera-
tion tyrosine kinase inhibitors are being developed in the hopes of overcoming this 
resistance. At this time, 28 experimental EGFR therapeutic agents are being evalu-
ated, some of which are AZD-9291 and CO-1686. Clinical trials addressing EGFR 
resistance include Clovis Oncology’s “TIGER” trials, such as TIGER-3 
(NCT02322281) and TIGER-2 (NCT02147990). Tiger 3 is a phase III trial com-
paring rociletinib (CO-1686) monotherapy versus single-agent chemotherapy for 
patients with mutant-EGFR NSCLC that has not responded to at least one EGFR-
directed tyrosine kinase inhibitor. These EGFR-targeting agents are also effective 
radiation sensitizers for thoracic tumors; indeed, our group did a trial with erlotinib 
plus whole-brain radiation therapy.  This combination was found to enhance tumor 
control in patients with brain metastases as well as median survival time, espe-
cially in patients with mutated  EGFR  [ 187 ]. The RTOG 0320 trial took a different 
approach, combining erlotinib with stereotactic radiosurgery and whole-brain radi-
ation therapy; the fi ndings for this trial were negative, and outcomes were not cat-
egorized according to an  EGFR  mutation status [ 162 ]. Nevertheless, these fi ndings 
suggest that radiosensitizers like erlotinib may be best used when high radiation 
doses cannot be used, as high-dose stereotactic approaches already achieve high 
rates of local control. These and other trial results suggest that a high proportion of 
patients with brain metastases from lung cancer have  EGFR  mutations, raising the 
possibility that  EGFR -mutated tumors may have a higher proclivity to produce 
brain metastases. Another important phase II trial exploring the value of combin-
ing tyrosine kinase inhibitors with radiation showed that adding erlotinib to chemo-
radiation for patients with stage III NSCLC extended the median survival time to 
36.5 months, a signifi cant improvement over the historical precedent of 17 months 
set by RTOG 9410 [ 92 ]. Finally, although adding erlotinib to radiation for brain or 
chest lesions has shown a reasonable safety profi le with no increases in neurotoxic-
ity or pneumonitis, defi nitive information on potential benefi ts from this approach 
is still lacking.  

     ALK Translocations   
 The story for ALK translocations is similar to that for  EGFR ; two therapeutics have 
been approved by the US FDA for NSCLC, ceritinib and crizotinib. Shortly after 
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these agents were approved, resistance pathways were identifi ed, and the search 
began for second-generation inhibitors for patients whose disease progressed on 
ceritinib or crizotinib. Seven experimental agents are currently being tested for 
resistance to fi rst-generation ALK inhibitors, among which alectinib is the most 
prominent. A Genentech-sponsored trial (NCT02271139) is evaluating rates of 
response to alectinib among patients with NSCLC and ALK rearrangement who 
cannot tolerate or experience progression on prior ALK tyrosine kinase inhibitor 
therapy. Like the EGFR inhibitors, some evidence is emerging that ALK inhibitors 
can cause radiosensitization. Preclinical studies have shown that crizotinib can sen-
sitize NSCLC cell lines in vitro and in vivo [ 164 ]. Clinically, the NRG trial group is 
now running a trial (RTOG 1306) in which crizotinib is given to patients with ALK 
translocations before chemoradiation, with the goal of shrinking the tumor. Because 
this drug is not being used concurrently with radiation, no evaluation of its potential 
for radiosensitization is possible in this trial.  

     KRAS Mutations   
 Although  KRAS  is one of the most common mutations in lung cancer, until recently 
few therapeutic options were available. For  KRAS , it has become clear that the 
unique variants such as G12C have quite distinct effects, and thus the development 
of therapeutics will need to account for this specifi city [ 75 ]. At present, no drugs 
have been approved for KRAS-mutated lung cancer, but trametinib was recently 
approved for metastatic melanoma with BRAF mutations and is gaining attention in 
lung cancer. When this chapter was written, 41 trials were underway for  KRAS - 
mutated lung cancer. 

 Given the challenges of fi nding and enrolling ever-smaller subsets of patients 
with specifi c mutations, many investigators have turned to “basket trials” that 
include an array of targeted therapies in a single trial, so that patients can get the 
best therapeutics for them based on their tumor biology. Such trials, like the  NCI- 
Molecular Analysis for Therapy Choice (NCI-MATCH) trial  , are important for 
bringing precision medicine to larger numbers of patients, while simultaneously 
making it easier for patients to fi nd an appropriate genomically based trial. As noted 
previously in this chapter, companies like MolecularMatch.com aggregate all of the 
currently approved target therapies and clinical trials in one place and provide free 
access to this information so that both patients and physicians can fi nd targeted 
therapies and trials on the basis of information on genomic variants.   

     Clinical Studies of Immunotherapy   

 Clinically, the impact of immunotherapy on thoracic tumors has been both rapid 
and profound, and thus we expect to see a proliferation of new immunological 
agents being tested alone and in combination with other therapies such as biolog-
ics, chemotherapy, and radiation. Clinical immunotherapy was largely pioneered in 
melanoma, in which the importance of a tumor being able to evade immune detec-
tion to survive and progress is clear. The fi rst FDA-approved checkpoint inhibitor, 
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ipilimumab (anti-CTLA4), was approved for melanoma, which was followed by 
the fi rst approval of the PD1 inhibitors nivolumab and pembrolizumab. After these 
approvals for melanoma, attention turned to tumors such as prostate cancer, lym-
phoma, and lung cancer. Interest in checkpoint inhibitors for lung cancer is consid-
erable because of the prevalence, morbidity, and global impact of lung cancer; 
however, the importance of checkpoint inhibitors for lung cancer was initially 
unclear. Although studies undertaken within the past two decades have focused 
largely on genomics and the personalization of lung cancer treatments through the 
identifi cation of unique driver mutations such as  EGFR  and/or ALK translocations, 
we are now seeing a rapid shift to the importance of immunotherapy for thoracic 
diseases. In fact, the fi rst PD1 inhibitor to be approved for indications other than 
melanoma was nivolumab for NSCLC. This approval was based on a pivotal phase 
III trial in which 272 patients with metastatic squamous cell lung cancer that had 
progressed on chemotherapy were randomly assigned to nivolumab or docetaxel. 
Nivolumab produced a median survival time of 9.2 months versus 6 months for 
docetaxel [ 23 ]. Nivolumab was also superior in terms of toxicity, with only 7 % of 
patients experiencing any grade 3 or 4 toxicity compared with 55 % among patients 
given docetaxel. Studies of nivolumab are also undergoing for patients with adeno-
carcinoma NSCLC; pembrolizumab was recently approved for this purpose as 
well, with a companion fi nding that tumors that expressed PDL1 in more than 
50 % of cells were more likely to respond to pembrolizumab [ 61 ]. Agents such as 
these are already being tested for other thoracic tumors such as small cell lung 
cancer and mesothelioma, both of which have shown signs of responding to check-
point inhibition. This is a particularly revolutionary fi nding, because these two 
histologic tumor types have shown little benefi t from personalized genomics dur-
ing the past decade. 

 Despite the excitement surrounding immunotherapy for thoracic disease, the cur-
rent reality remains that most patients do not benefi t from checkpoint inhibitors 
used as monotherapy. As such, attention needs to turn to combination therapies 
targeting other mechanisms of immune escape and rational combinations of immu-
notherapy, chemotherapy, radiation therapy, and targeted therapies. During the brief 
time these agents have been studied in the clinic, much has been revealed about 
toxicity. Much of the known information about toxicity has come from melanoma 
trials, where it became apparent that pneumonitis was a toxic effect of checkpoint 
inhibitors that could be quite serious and, in some cases, even fatal. The risk of 
pneumonitis is of particular concern as these agents are being tested in patients with 
thoracic cancer, who often have a history of tobacco smoking and worsening lung 
function. Although early experience with using PD1 inhibition as monotherapy 
seemed to be relatively safe, the combination of CTLA4 and PD1 inhibitors has 
proven to have substantially greater toxicity. As immunotherapy expands, with 
increasing numbers of combinations of therapies with multiple agents, toxicity will 
become more apparent and may ultimately prove to be one of the greatest chal-
lenges for implementing immunotherapy for thoracic tumors. 

 Considerable attention is now being focused on expanding the use of immuno-
therapy for NSCLC at all stages, as outlined briefl y in the sections that follow. 
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    Stage I NSCLC 
 Patients with early-stage disease are typically treated with surgical resection or with 
SABR, with the latter technique being considerably less invasive but achieving very 
high rates of local control. A recent randomized trial showed that outcomes after 
surgery versus SABR were comparable for patients with early-stage disease [ 34 ]. 
Yet despite high rates of local control, these patients remain at risk of regional and 
distant failure, although one could imagine using SABR in combination with immu-
notherapy to essentially turn the tumor into an in situ vaccine that could induce 
T-cell responses that would address distant metastatic disease. This approach is 
likely to be reasonably safe, given the tight fi elds used in SABR and the minimal 
volumes of lung tissue treated. 

 Another trial that is attempting to quantify T-cell induction in these two tech-
niques is NCT02488850, which is evaluating 40 patients with T1-2aN0M0 NSCLC 
to study the effect of surgery and SABR on immunostimulatory functions, with the 
primary endpoint being CD8+ cytotoxic T-cells.  

    Stage II NSCLC 
 Stage II NSCLC is typically treated with surgery up front followed by adjuvant che-
motherapy, although induction therapy is occasionally used to shrink larger tumors 
before surgery. This would be an interesting setting for which to consider immuno-
therapy becuase such patients are at risk of local, regional, and distant failure, all of 
which could potentially be improved by immunotherapy. Induction therapy with 
checkpoint inhibitors before surgery could be used to prime the T-cell response 
before the tumor is removed. This approach could be taken one step further through 
the use of induction immunotherapy and radiation, with the radiation used not to 
shrink or downstage a tumor but rather to induce the production of neoantigens. The 
added risk would need to be considered carefully, because conventional treatment in 
some cases could be curative, and thus additional treatment that could delay or make 
surgery more complicated would be challenging to justify. Adjuvant immunotherapy 
after surgery may be a safer approach; however, because the tumor is removed, the 
primary source of antigens would not be present and immunotherapy thus may be 
less effective. 

 An ongoing phase III trial of adjuvant immunotherapy for completely resected 
NSCLC, NCT02273375, is a double-blind randomized trial in which MEDI4736 is 
given after surgical resection by the National Cancer Institute of Canada Clinical 
Trials Group. This approach may also be attractive for other types of thoracic tumors 
such as small cell lung cancer, mesothelioma, or esophageal cancer.  

    Stage III NSCLC 
 The standard of care for stage III (locally advanced) NSCLC, for patients who can 
tolerate it, is chemoradiation, which produces a median survival time of about 
17 months. Given the high prevalence of both local and distant failure, combination 
approaches are warranted. The challenge for combining immunotherapy with radia-
tion is that the radiation fi elds needed to encompass all gross disease are suffi ciently 
large as to greatly increase the risk of RP, which could be enhanced by the potential 
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pneumonitis caused by many checkpoint inhibitors. Thus combining chemoradiation 
with checkpoint inhibitors (which can further increase pneumonitis) raises consider-
able concern for safety. As described for treating stage II disease, adjuvant immuno-
therapy trials may be a safer alternative for getting immunotherapy to patients with 
stage III NSCLC; this strategy is currently being discussed in US cooperative groups 
such as the NRG. The same concerns as for stage II disease apply here: because 
radiation stimulates antigen production, giving a checkpoint inhibitor days to weeks 
after T-cell priming has already occurred may not be particularly effective. 

 Another approach, combining anti-PD1 therapy concurrently with chemoradia-
tion, is being tested in a phase I/II clinical trial at The University of Texas MD 
Anderson Cancer Center. This Genentech-sponsored trial combines the PDL1 
inhibitor atezolizumab with chemoradiation for stage III lung cancer to evaluate the 
safety and effi cacy of this combination. It will be interesting to see how the safety 
profi le of this anti-PDL1 agent differs from previously approved PD1 inhibitors. 
Certainly stage III disease is one of the riskiest stages for combining radiation with 
immunotherapy because of the often-large tumor burden within the radiation fi eld.  

    Stage IV NSCLC 
 Perhaps the greatest amount of interest has been expressed in testing combinations 
of radiation and immunotherapy for metastatic (stage IV) NSCLC, given the inabil-
ity of current targeted therapy to provide durable long-term tumor control. This 
stands in contrast to fi ndings in patients with melanoma, for whom immunotherapy 
such as ipilimumab has provided durable control for years in some cases. With this 
realization, we must also question some of our current practices such as frequent 
use of steroids, which blunt immune responses but nevertheless are often given with 
chemotherapy, if immunotherapy is to be given as well. 

 The landscape has changed rapidly for squamous cell NSCLC, for which the 
FDA-approved nivolumab (Opdivo) in December 2014 [ 23 ]. More recently, pem-
brolizumab (Keytruda) was approved for both squamous and adenocarcinomatous 
NSCLC, where objective response rates have reached 19.4 %. This was also the fi rst 
immunotherapeutic agent approved for lung cancer that included a companion diag-
nostic, in that tumors that express PDL1 in more than 50 % of cells are more likely 
to respond to pembrolizumab [ 61 ]. 

 After FDA approval of nivolumab and pembrolizumab, attention shifted to using 
one or more of these agents in combination with other forms of therapy, because in 
about 75 % of cases, stage IV NSCLC does not respond to PD1 inhibition alone. 
One of the fi rst combination immunotherapy strategies to be extensively tested in 
such patients is that of blocking both CLTA4 and PD1, a combination that has 
proven highly effective for melanoma but has been associated with greatly increased 
toxicity relative to the use of single checkpoint inhibitors. This strategy is being 
pursued by Bristol-Myers-Squibb, which now has several ongoing trials testing 
optimal doses and sequences to combine  CTLA4 inhibition   ( ipilimumab  ) with  PD1 
inhibition   ( nivolumab  ). 

 Many other combinations are now entering clinical trials, with drugs targeting the 
CD28 homolog inducible costimulatory molecule (ICOS), OX40, TIM-3, GITR, IDO, 
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and STAT3 being tested alone or in combination with PD1. Combinations of anti-PD1 
with targeted therapies are also underway, as are novel immunotherapy approaches 
such as dendritic cell vaccines, the use of adoptive T-cells, or chimeric antigen receptor 
(CAR) T-cell therapy (described further under section “ Future Directions ”). 

 Another aspect to be considered in integrating immunotherapy into future thera-
peutic strategies is the prevalence of brain metastasis from NSCLC. Traditionally, 
radiation has been the treatment of choice in such cases because chemoradiation and 
most biologics cannot penetrate the blood-brain barrier. However, several case 
reports have shown that aspects of the immunologic response can penetrate from the 
body into the brain and vice versa; indeed, many immunotherapy trials allow patients 
with asymptomatic brain metastasis to participate. A clinical challenge today is what 
to do with a patient on immunotherapy with disease that progressed or spread to the 
brain: can whole-brain radiation therapy or stereotactic radiosurgery be offered 
safely while the immunotherapy continues? Or could these agents further worsen 
mental status or even contribute to radionecrosis? These and other related questions 
are being addressed in a phase I/II trial at MD Anderson in which patients with 
NSCLC and brain metastasis will be treated with a combination of whole-brain radi-
ation therapy, stereotactic radiosurgery, anti-PD1, and anti-PD1 plus anti-CTLA4.    

    Clinical Relevance: Small Cell Lung Cancer 

 The benefi cial effects of checkpoint inhibitors in small cell lung cancer came as a 
surprise to many. Yet some of the fi rst clinical fi ndings that small cell tumors 
could respond to checkpoint inhibitors were reported at the 2015 meeting of the 
American Society of Clinical Oncology [ 161 ]. Perhaps in retrospect this should 
not have been so surprising because the experience with melanoma showed that 
mutational burden can correlate with response to immunotherapy; these mutations 
can serve as tumor antigens. Interestingly, small cell lung cancer is one of the 
most heavily mutated tumors, having mutation rates in some series that are higher 
than in melanoma. 

 This work is now being taken one step further in trials involving immunotherapy 
for both limited-stage and extensive-stage small cell lung cancers. Trials at MD 
Anderson are evaluating both the safety and effi cacy of anti-PD1 therapy in combi-
nation with chemoradiation for patients with limited-stage disease; patients with 
extensive-stage disease receive induction chemotherapy fi rst, followed by concur-
rent consolidative radiation therapy and anti-PD1 therapy to induce systemic 
response and enhance progression-free survival.  

    Clinical Relevance: Mesothelioma 

 Increasing preclinical evidence has suggested that immune checkpoint blockade 
can be effective in malignant pleural mesothelioma. In one study involving a sub-
cutaneous murine mesothelioma model, a CTLA4 blocking antibody was given 
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after each cycle of chemotherapy, and the antitumor effect was compared with 
that in control mice. The anti-CTLA4 monoclonal antibody inhibited growth at an 
early stage of tumor development, attenuated cell repopulation, and increased 
CD4+ and CD8+ infi ltration and expression of IL-2, IFN-ɣ, and granzyme B 
[ 192 ]. In another study using a non-immunogenic murine model of mesothelioma, 
mice that had initially shown tumor resolution after anti-CTLA4, singly or with 
other agents, were then rechallenged with a mesothelioma cell line; those mice 
demonstrated protective antitumor immunological memory and expressed mem-
ory T-cells [ 100 ]. 

 Prior clinical and translational studies have demonstrated important paradigms 
that can serve as the foundation of future studies. About 20–70 % of tumors 
express increased PDL1, which is typically associated with worse outcomes 
[ 29 ,  41 ,  108 ]. A phase II single-arm clinical study of the CTLA-4 inhibitor 
tremelimumab was given at 15 mg/kg intravenously every 90 days to 29 patients 
with chemotherapy- resistant mesothelioma until disease progression or severe 
toxicity. Two patients in that trial had a durable partial response, with a median 
progression-free survival time of 6.2 months and a median overall survival time 
of 10.7 months [ 27 ]. The same investigators then studied the effi cacy of a differ-
ent regimen of tremelimumab, 10 mg/kg once every 4 weeks × 6 doses, then 
every 12 weeks until disease progression, for patients with mesothelioma. At a 
median follow-up time of 21.3 months, four RECIST partial responses were 
attributed to immunotherapy, and 52 % of patients experienced disease control. 
The median interval for disease control was 10.9 months [ 28 ]. The toxicity pro-
fi le in these studies was similar to those observed in studies of other malignan-
cies. For instance, in the initial phase II trial, almost all patients experienced 
low-grade toxicity (primarily skin reactions or colitis/diarrhea); 4 of 29 patients 
had a grade ≥3 event (two gastrointestinal, one neurological, two hepatic, and 
one pancreatic) [ 27 ,  28 ]. 

 Results from the  KEYNOTE-028 trial   of  pembrolizumab   for malignant pleural 
mesothelioma were reported recently in abstract form. In that phase I study, 25 
patients with mesothelioma and at least 1 % PDL1 expression in tumors were 
treated with pembrolizumab, 10 mg/kg every 2 weeks for up to 2 years or until con-
fi rmed disease progression or toxicity. Almost 90 % of patients had received at least 
1 prior therapy (80 % had platinum and pemetrexed). The overall response rate was 
24 %, 52 % of patients had stable disease (disease control rate 76 %), and 64 % of 
patients remained on treatment at the time of the report. Toxicity was considered 
acceptable, with the most common side effects being nausea (40 %), fatigue (32 %), 
and reduced appetite (28 %). Three patients (12 %) had grade ≥3 drug-related toxic-
ity. The authors concluded that pembrolizumab is “generally well tolerated and pro-
vides robust antitumor activity in patients with advanced PDL1-positive 
mesothelioma” [ 5 ]. 

 Several phase I and II clinical trials have emerged based on this evidence and via 
extrapolation from other types of tumor; trials specifi c to mesothelioma are listed in 
Table  12.1 .
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        Future Directions 

     Chimeric Antigen Receptor T-Cell Therapy   

 With the importance of the immune system in battling cancer now recognized, novel 
immunotherapeutic approaches are being investigated involving T-cells with engi-
neered chimeric antigen receptors (CARs). CAR T-cells contain genetically custom-
izable monoclonal antibodies that serve as receptors for various TAAs. Their 
specifi city comes from the single-chain antibody variable fragment (scFv); the 
resulting antigen receptor activation does not require MHC binding and is advanta-
geous because tumors can decrease MHC-1 expression to evade immune- mediated 
killing by endogenous T-cells [ 146 ]. However, MHC signaling also enhances T-cell 
activation, and thus costimulatory domains have been added to the intracellular 
domain of CARs, resulting in second- and third-generation CAR T-cells [ 87 ]. 

 One of the fi rst case reports on the effects of CAR T-cells involved a patient with 
stage I chronic lymphocytic leukemia [ 136 ]. Diagnosed in 1996, this patient’s leu-
kemia relapsed after several types of chemotherapy, including rituximab and fl uda-
rabine. The patient was given CAR T-cells targeting CD19 (an antigen expressed by 

   Table 12.1    Upcoming or active mesothelioma-specifi c trials with immunotherapy   

 Test agent  Target  Institution  Phase 
 Clinical trial ID 
number  Details 

 Pembrolizumab  PD1  University of 
Chicago 

 II  NCT02399371  Examines agent in 
both unselected 
patients and those 
with PDL1 
positivity 

 Pembrolizumab  PD1  MD Anderson 
Cancer Center 

 I  TBD  Examines safety 
and effi cacy in 
patients who cannot 
undergo 
pneumonectomy 
and who will 
receive radiation 

 Tremelimumab  CTLA4  Azienda 
Ospedaliera 
Universitaria 
Senese 

 II  NCT01655888  For patients who 
have received one 
prior platinum-
based regimen for 
mesothelioma 

 Tremelimumab  CTLA4  Azienda 
Ospedaliera 
Universitaria 
Senese 

 II  NCT01843374  Randomized 
comparison of 
tremelimumab 
versus placebo for 
unresectable 
pleural or 
peritoneal 
mesothelioma 

12 Translational Research and Immunotherapy in Lung Cancer



280

malignant B cells), which led to resolution of adenopathy within 31 days and a 
remission that was sustained for 10 months. Since that time, CAR T-cells have been 
expanded to target TAAs of a variety of solid malignancies, including renal cell 
carcinoma (CAIX), ovarian (αFR), and some sarcomas (HER2+) [ 1 ,  88 ,  95 ]. 
However, only a few patients in those trials have experienced clinical response. 
Used as adjunct therapy, radiation could increase the clinical effi cacy of CAR 
T-cells by promoting TAA expression by tumors. 

 The ability of radiation to enhance the expression of various TAAs on tumor cells 
has been verifi ed in several preclinical studies. c-Met, a receptor tyrosine kinase, is 
overexpressed in several types of cancer, including colorectal, lung, and glioma 
[ 20 ], with some studies linking worse clinical outcomes with higher c-Met expres-
sion levels in NSCLC [ 110 ,  120 ]. In one preclinical study, radiation was found to 
increase c-Met production in low-expressing NSCLC cell lines [ 21 ]. The cell sur-
face receptor mesothelin has been found to be upregulated in mesothelioma, ovarian 
cancer, and pancreatic cancer. Like c-Met, transfection of epidermoid carcinoma 
cell lines with mesothelin increased their mesothelin production upon irradiation 
[ 70 ]. These results suggest that radiation can be used to selectively raise TAA 
expression, which could promote CAR T-cell-mediated tumor destruction. However, 
several questions remain to be answered, such as whether multiple fractions of low-
dose radiation or a single high-dose fraction would promote the optimal amounts of 
TAA production and CAR T-cell tumor penetration. The sequence and timing of 
CAR T-cell therapy in relation to radiation to achieve tumor regression also requires 
further elucidation. Clinical trials in which radiation is combined with CAR T-cell 
therapy can shed light on these questions.  

    NK-Cell  Therapy   

 Although CD8+ T-cells are critical for antitumor immunity, NK-cells have recently 
gained attention as a potential contributor to antitumor immunity as well. Part of the 
innate immune system, NK-cells are large granular lymphocytes that use cytotoxic 
mediators to induce destruction of foreign cells, including virus-infected and malig-
nant cells. NK-cells express a variety of cell surface receptors, among them  killer 
immunoglobulin-like receptors (KIRs)  , which can promote either quiescence or acti-
vation of NK-cells when they bind to ligands. This balance of stimulatory and inhibi-
tory signals determines whether or not NK-cells eliminate cells that they encounter 
[ 179 ]. Healthy cells avoid NK-cell-mediated death by expressing MHC- I, which binds to 
inhibitory KIRs (e.g., KIRS2DL1, KIRS2DL2, or KIRS2DL3) [ 17 ]. When MHC-I is 
not present, NK-cells are activated and promote cell lysis, resulting in a process 
known as “missing self” recognition. A cancer cell’s ability to suppress expression of 
MHC-I molecules to avoid T-cell-mediated death makes use of NK-cells an appealing 
option for therapy. Analyses of tumor samples from patients with breast, colorectal, or 
head and neck cancer showed that NK-cells not only participate in antitumor activity 
but also communicate with other T-cells to augment tumor cell death [ 14 ,  135 ,  153 ]. 
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 Donor NK-cells can be delivered in one of two common approaches, one 
involving haploidentical (i.e., MHC matched) hematopoietic stem cell transplan-
tation and the other direct NK-cell infusion. The fi rst approach involves a condi-
tioning regimen of chemoradiation followed by transplantation of donated stem 
cells. The latter approach entails isolating NK-cells from a donor (or patient), 
expanding them, and reinfusing them into the patient. In either case, the donated 
NK-cells do not recognize the MHC-I expressed by tumor cells, resulting in their 
activation. Clinical trials of NK-cell therapy for solid tumors have produced vari-
able outcomes. One group administered NK-cells that had been expanded in vitro 
to 16 patients with locally advanced lung cancer that had not responded to fi rst- 
and second-line chemotherapy; only two patients had a clinical response, and 
seven had disease progression [ 76 ]. Similar trials for patients with other types of 
cancer such as renal cell carcinoma and melanoma have produced similar results 
[ 10 ,  168 ]. 

 The effects of radiation on NK-cells are not well known. One study found no 
difference in the numbers of NK-cells before and after chemoradiation for advanced 
(T3–T4) rectal cancer [ 104 ], possibly because radiation also increases tumor expres-
sion of MHC-I [ 56 ], which induces NK-cell inactivation. A recent phase II clinical 
trial investigating the use of targeted NK-cell therapy after chemoradiation for inop-
erable stage III lung cancer (NCT02118415) could provide further insight. A pos-
sible solution may be to block the interaction of MHC-I with KIRs by using the 
monoclonal antibody IPH2101. One phase I trial found that IPH2101 promoted 
NK-cell activation ex vivo but did not result in objective clinical response in patients 
with multiple myeloma [ 18 ]. Another phase I trial of IPH2101 for acute myeloid 
leukemia noted an improvement in overall survival relative to patients with similar 
disease who did not receive IPH2101 [ 177 ]. The question of whether anti-KIR 
monoclonal antibodies enhance radiation therapy is becoming crucial because those 
antibodies are being incorporated with other immunotherapies already known to 
have synergistic effects with radiation [ 48 ]. One such trial, a phase I trial combining 
lirilumab, a second-generation anti-KIR antibody, and nivolumab for advanced 
solid malignancies, is currently underway (NCT01714739). Further preclinical 
experiments are needed to clarify the effects of anti-KIR antibodies and radiation on 
tumor microenvironment.  

     Tumor Vaccines   and Other Immune Agents 

 Recent years have seen increased interest in the unique roles of radiation in induc-
ing immunogenic tumor cell death, infl ammatory responses, and cross-priming of 
tumor-specifi c T-cells, with numerous preclinical and clinical studies of various 
combinations of radiotherapy with different immunomodulatory agents. Successful 
combinations could achieve robust systemic antitumor responses, which would not 
only control local disease but also eliminate metastatic disease and provide long-
term immune protection against cancer. 

12 Translational Research and Immunotherapy in Lung Cancer



282

     Cancer Vaccines   
 Both preclinical and clinical evidence support the idea that radiation can be a pow-
erful adjunct to active therapeutic cancer vaccines, including vaccines based on den-
dritic cells (e.g., Sipuleucel-T) [ 38 ,  89 ,  157 ,  185 ], whole-tumor cell vaccines (e.g., 
GVAX) [ 122 ], viral vaccines (e.g., a recombinant avipoxvirus expressing CEA and 
three T-cell costimulatory molecules) [ 32 ,  65 ,  72 ,  97 ], peptide or protein vaccines 
(HLA-A2-restricted glioma antigen peptides) [ 188 ], DNA vaccines [ 33 ,  171 ], and 
live attenuated vaccines based on  Listeria monocytogenes  [ 68 ]. 

 In addition to enhancing the therapeutic value of current cancer vaccines, another 
potential benefi t is that radiation may help in the development of new cancer vaccines, 
which remains a major challenge because little is known as to which tumor antigens 
are the best to target. One approach to increasing this knowledge is the creation of an 
antigen discovery platform that combines data from mass spectrometry, genomics, 
biochemistry, and immunology with the goal of generating valid candidate tumor-
associated peptides. One such platform XPRESIDENT (Immatics) was used to create 
the multipeptide vaccine IMA901, which in phase III trials with immunotherapy for 
renal cell carcinoma is showing signifi cant clinical benefi t [ 91 ,  182 ]. Because radia-
tion can generate mutations and increase the number and diversity of the peptide pool 
[ 145 ], localized radiotherapy presumably would increase the diversity of novel tumor-
associated peptides, especially for tumors with little or no immunogenicity.  

    Immune Agents Targeting the TNF Receptor Superfamily 
 In addition to CTLA4 and PD1, several TNF receptors, including OX40, 4-1BB, 
GITR, and CD27, are important in controlling T-cell activation and function. The 
theory is that binding of these glycoproteins with agonist antibodies conveys acti-
vating signals to lymphocytes, which have produced antitumor effects in mouse 
models. Antibodies targeting OX40, 4-1BB, GITR, and CD27 have recently entered 
clinical trials. Preclinical studies suggest that the greatest potential of these agents 
will likely be achieved in combined treatment strategies. 

 Previous research [ 94 ,  103 ] and our own unpublished data indicate that radiation 
increases OX40L/OX40 expression on tumor-infi ltrating T-cells and peripheral blood 
cells (Fig.  12.2 ). Costimulatory signals from OX40 to a conventional T-cell promote 
division and survival, augmenting the clonal expansion of antigen-specifi c effector and 
memory populations [ 42 ]. Conversely, stimulating OX40 on Tregs is thought to inacti-
vate Treg function [ 181 ]. One anti-OX40 agonist antibody was shown to increase local 
control and to reduce systemic metastasis after radiation therapy in a preclinical mouse 
model [ 64 ]. Early clinical trial fi ndings suggest that this agent has an acceptable toxic-
ity profi le and has prompted regression of at least one metastatic lesion in 12 of 30 
patients [ 45 ]. Because radiation can increase OX40 expression, future combinations of 
radiation with anti-OX40 could signifi cantly increase the abscopal effects of radiation 
in treating advanced disease. Combinations of radiation and antibodies targeting 4-1BB 
have also shown promising antitumor outcomes in preclinical models [ 16 ,  105 ,  155 ], 
warranting future trials to test the ability of these agents to induce abscopal effects.       
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  13      Esophageal Cancer                     

       Ugur     Selek      ,     Yasemin     Bolukbasi      ,     Erkan     Topkan      , 
and     Zhongxing     Liao     

         Epidemiology 

 For squamous cell carcinoma (SCC), lifestyle risk predisposing factors include 
dose-dependent smoking and alcohol consumption; alcohol consumption could be 
synergistic with smoking. Dietary risk factors include low intake of vegetables, 
fruits, fi sh, poultry, and vitamins but high in take of red meat and processed foods. 
 Tylosis   and  Plummer-Vinson syndromes   are predisposing genetic factors for SCC 
of the esophagus.  Gastroesophageal refl ux disease   and  Barrett’s esophagitis   are 
known risk factors for dysplasia leading to invasive adenocarcinoma, mainly at the 
distal esophagus or gastroesophageal junction (GEJ). Human papillomavirus is an 
infectious contributing factor;  Helicobacter pylori  is a risk factor for gastric cancer, 
but not for esophageal cancer. Injury from lye ingestion, achalasia, and esophageal 
diverticuli are other possible risk factors.  
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    Pathological and Biological Features 

 SCC and adenocarcinoma are the two major types  of esophageal cancer. Over the 
past 3 decades, the proportions have shifted from about 90 % being SCC to about  
50 % being adenocarcinoma [ 2 ]. Adenocarcinoma arises mostly at the distal esoph-
agus or GEJ, and SCC arises mostly at the mid-esophagus or above.  

    Staging 

 The esophagus has an endoscopic length of approximately 40 cm from the upper 
incisor teeth and the cricoid cartilage at the level of vertebra C7 and extending past 
the diaphragm to join with the stomach (generally at the lower border of vertebra 
T11). Workup for the initial evaluation and disease staging is summarized in 
Table  13.1 . The tumor location affects classifi cation, lymphatic drainage, and 
options for management [ 3 ,  4 ]: general sections are the cervical esophagus (from 
the level of the cricopharyngeus muscle to the level of the sternal notch), the upper 
thoracic esophagus (to the azygos arch inferiorly), the middle thoracic esophagus 
(to the level of the inferior pulmonary vein), and the lower thoracic esophagus (to 
the lower esophageal sphincter at the esophagogastric junction). According to the 
seventh edition of the AJCC staging system (Table  13.2 ), the tumor position is 
determined by the upper edge of the tumor in the esophagus, not where the tumor 
volume is largest. Tumors at the esophagogastric junction are staged as esophageal 
cancer when the tumor’s epicenter is within the lower thoracic esophagus, at the 
esophagogastric junction, or within the proximal 5 cm of the stomach with exten-
sion into the esophagus [ 4 ,  5 ].

    The length of the primary tumor, although critical for target delineation, is 
not included in the current staging system. The seventh edition has the same 
T1–T3 classifi cations, but the T4 classifi cation has been changed to either 
resectable T4a (invasion of the pleura, pericardium, or diaphragm) or unresect-
able T4b (invasion of the aorta, carotid vessels, azygos vein, left main bronchus, 
vertebral body, or trachea) [ 4 ]. The revised manual defi nes regional lymph 
nodes to include any paraesophageal lymph nodes, from cervical to celiac, 
owing to the longitudinal nature of lymphatic drainage. The N classifi cation is 
also based on the number of involved nodes (N1, one or two; N2, three to six; 
N3, seven or more). Besides the communication of the caval and the portal 
venous systems within the submucosa of the esophagus [ 6 ], a rich network links 
the lymphatics in the lamina propria and submucosa and the lymphatics in the 
muscularis propria and adventitia. Therefore, extensive intramucosal and sub-
mucosal spread beyond a grossly visible tumor is not surprising and should be 
an important consideration in defi ning the clinical target volume (CTV) in 
esophageal cancer. Generally all three groups of upper, middle, and lower lym-
phatic trunks drain into the paraesophageal lymph nodes adjacent to the esopha-
gus; the cervical nodes drain into the internal jugular and upper tracheal nodes; 
the thoracic nodes into the superior, middle, and lower mediastinal nodes; and 
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the abdominal nodes into the superior gastric artery, celiac axis, common hepatic 
artery, and splenic artery nodes. 

 The revised seventh edition manual also defi ned separate stage groupings based 
on the histology of the tumor (Table  13.3 ) [ 4 ,  5 ].

       Evidence-Based Treatment Approaches 

 The tumor histology (squamous or adenocarcinoma) currently does not infl u-
ence the choice of therapy, but it does infl uence the location of the tumor. 
Epidemiological evidence suggests that adenocarcinoma tends to arise from 
Barrett’s dysplasia in the lower esophagus or GEJ, whereas most SCC arises in 
the upper esophagus. 

   Table 13.1    Workup at initial evaluation   

 Workup 

 History  Screen for family history 

 Physical examination 

 Complete blood count and 
comprehensive blood 
chemistry 

 Upper GI endoscopy  Biopsy 

 Chest/abdominal CT with 
oral and IV contrast 

 If M0  If M1 

 Positron emission tomography-
computed tomography (PET-CT) 

 Biopsy of metastatic 
focus 

 HER2–neu testing if 
adenocarcinoma 

 Endoscopic ultrasound (EUS) 

 Endoscopic resection (ER) if early 
stage 

 Bronchoscopy for tumors at or above 
the carina 

 Assign Siewert category 
for esophagogastric 
junction (EGJ) 
adenocarcinomas 

 Type I: distal esophageal tumor 
centered within 1–5 cm above the 
anatomic EGJ 

 Type II: cardia tumor centered within 
1 cm above and 2 cm below the EGJ 

 Type III: subcardial carcinoma 
centered between 2 and 5 cm below 
the EGJ, infi ltrating the EGJ and the 
distal esophagus from below 

 Smoking cessation  Advice, counseling, pharmacotherapy 

 Nutritional assessment and 
counseling 

 Consider nutritional support with 
nasogastric or J-tube but not 
percutaneous endoscopic gastrostomy 
(PEG) 
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 Standard treatment options in clude esophagectomy for surgically resectable 
tumors or concurrent chemoradiotherapy for surgically unresectable tumors. 
However, the rates of local-regional failure after surgery (37–59 %), radiotherapy 
(68 %), preoperative chemotherapy and surgery (27–58 %), chemoradiotherapy (46–
58 %), and preoperative chemoradiotherapy and surgery (23 %) all remain high, as 
does the rate of distant metastasis; indeed, the 5-year overall survival (OS) rates are 
low at 20–27 % [ 7 ,  8 ]. 

 Because radiotherapy is a vital part of the overall management strategy, clinicians 
must understand the natural course of tumor dissemination to accurately delineate 
the treatment target for precise delivery of the dose so as to eradicate the tumor and 
yet spare the surrounding organs at risk. Radiotherapy has evolved greatly over time, 
from two-dimensional external beam radiotherapy, which had major uncertainties in 
dose distribution and lack of normal tissue sparing, to three-dimensional conformal 
radiotherapy and on to intensity-modulated radiotherapy, which has much more 
desirable dose conformality, which minimizes irradiation of critical normal struc-
tures and reduces toxicity. This form of radiotherapy has shown promise for improv-
ing treatment effi cacy by providing better tumor coverage and reducing toxic effects 
on normal tissue, possibly allowing escalation of the radiation dose. 

 The major goal of treatment is to provide the longest possible OS and disease-
free survival (DFS), by R0 resection if surgery is used and by complete pathological 
response if nonsurgical methods such as chemoradiotherapy are used. Summarized 

   Table 13.2    Comparison of changes in sixth and seventh editions of AJCC   

 Comparison of TNM staging system 

 Sixth edition  Seventh edition 

 Tumor  Tis: carcinoma in situ  Tis: high-grade dysplasia 

 T1: invasion of lamina propria, 
muscularis mucosae, or submucosa 

 T1a: tumor invades lamina 
propria or muscularis mucosae 

 T1b: tumor invades submucosa 

 T2: invasion of muscularis propria  Same 

 T3: invasion of adventitia  Same 

 T4: invasion of adjacent structures  T4a: resectable (pleura, 
pericardium, or diaphragm) 

 T4b: unresectable (aorta, 
vertebral body, or trachea) 

 Node  N0: absent  Same 

 N1: present  N1: 1–2 regional LNs 

 N2: 3–6 regional LNs 

 N3: ≥7 regional LNs 

 M0: absent  Same 

 Metastasis  M1a: cervical LN (in upper esophageal 
cancer) or celiac LN (in lower 
esophageal cancer) 

 M1: present 

 M1b: all other distant metastases 

 LN: lymph node 
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below is current evidence supporting the choice of treatment according to the type 
and extent of the tumor. 

    Superficial Tumors 

 The advent of routine endoscopic surveillance for patients with Barrett’s esophagus 
has led to an increase in the global incidence of superfi cial (T1) esophageal cancer. 
The two major treatment options for early esophageal cancer, balancing the risk of 
nodal metastases and procedural risk based on the depth of tumor invasion into the 
esophageal wall are surgical esophagectomy and endoscopic resection. Submucosa 
invasion or muscularis mucosa invasion with lymphovascular invasion increases 
nodal metastasis risk which precludes pure eligibility for endoscopic therapy alone 
[ 9 ,  10 ]. For fi t patients with submucosal (T1b) cancer, esophagectomy will maxi-
mize the chance for cure. Evidence on the use of radio therapy or chemoradiother-
apy as defi nitive treatment for superfi cial esophageal cancer is very limited, and 

   Table 13.3    Stage groupings for squamous cell carcinoma and adenocarcinoma   

  Stage groupings for squamous cell carcinoma  

 TM category  N0  N1  N2  N3 

 G1  G2–G3 

 T1M0  IA  IB  IIB  IIIA  IIIC 

 T2M0  IIB  IIIA  IIIC 

 LE  IB  IIA 

 UME  IIA  IIB 

  T3M0    IIIA    IIIB    IIIC  

 LE  IB  IIA 

 UME  IIA  IIB 

  T4M0    IIIC  

 T4a  IIIA 

 T4b  IIIC 

 IIIC 

 Any T, M1  IV 

  G  histologic grade,  LE  lower esophagus,  UME  upper and middle esophagus 

  Stage groupings for adenocarcinoma  

 TM category  N0  N1  N2  N3 

 G1–G2  G3 

 T1M0  IA  IB  IIB  IIIA  IIIC 

 T2M0  IB  IIA  IIB  IIIA  IIIC 

 T3M0  IIB  IIIA  IIIB  IIIC 

 T4M0  IIIC 

 T4a  IIIA 

 T4b  IIIC 

 Any T, M1  IV 
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therefore such treatment should be reserved for patients with medical contraindica-
tions for surgery or patients who are ineligible for endoscopic therapy because of 
varices, previous perforation, or severe cervical spine disease.  

    Locoregional Cancer (Stages I–III) 

 All patients with potentially resectable localized thoracic esophageal cancer (>5 cm 
from the cricopharyngeus) and intra-abdominal esophageal or EGJ cancer should be 
evaluated in a multidisciplinary setting for to consider esophagectomy. Esophagectomy 
should be done by experienced surgeons, and nodal dissection must be adequate (at 
least 15 lymph nodes, ≥30 if possible) for a signifi cant reduction in mortality [ 11 ,  12 ]. 

 Only an R0 resection provides substantial long-term survival for patients treated 
surgically for localized esophageal cancer because of the risk of microscopically 
positive margins, which confer a disappointing prognos is, even when preoperative 
chemotherapy is used (Table  13.4 ) [ 13 ]. The Radiation Therapy Oncology Group 
trial 8911 (Intergroup 113) compared chemotherapy plus surgery (216 patients) ver-
sus surgery alone (227 patients) for localized esophageal cancer. The rates of R0 

   Table 13.4    Perioperative chemotherapy trials   

 Preoperative chemotherapy plus surgery versus surgery trials 

 Trials and References 

 Median  1 year  2 year  3 year  5 year 

 Survival 
(months) 

 OS Rate 
(%) 

 OS Rate 
(%) 

 OS Rate 
(%) 

 OS Rate 
(%) 

 Kelsen et al.; RTOG 
8911 (INT-0113) [ 7 ] 

 Surgery alone  14.9 m  60  37  R0 32  
vs R1 5  

 Preoperative 
chemotherapy 

 Cisplatin and 
fl uorouracil ×3 
pre- and ×2 
post-op 

 16.1 m  59  35 

 MRC trial [ 14 ]  Surgery alone  13.3  34 

 Preoperative 
chemotherapy 

 Cisplatin 80 mg/
m 2  + fl uorouracil 
1,000 mg/m 2  ×2 
cycles 

 16.8  43 

 Cunningham et al.; 
MAGIC [ 8 ] 

 Surgery alone  23 

 Preoperative 
chemotherapy 

 Epirubicin, 
cisplatin, and 
infused 
fl uorouracil 

 36 

 Ando et al.; JCOG 
9907 [ 15 ] 

 Surgery alone 

 Preoperative 
chemotherapy 

 Two courses of 
cisplatin plus 
fl uorouracil 

 55 

 Postoperative 
chemotherapy 

 43 

U. Selek et al.



303

resection were 59 % for the surgery-only group and 63 % for the neoadjuvant che-
motherapy group ( P  = 0.5137); 32 % of patients with R0 resections were alive and 
free of disease at 5 years in comparison with only 5 % of those with an R1 resection 
[ 13 ]. Thus RTOG 8911 showed that postoperative chemoradiotherapy could offer 
the possibility of long- term disease-free survival to a small percentage of patients, 
even after an R1 resection.

   For cervical or cervicothoracic tumors less than 5 cm from the cricopharyngeus, 
the recommended treatment is defi nitive chemoradiation. Preoperative chemoradio-
therapy is recommended (41.4–50.4 Gy + concurrent chemotherapy) for non-cervi-
cal T1b, N+ and T2–T4a, N0–N+ esophageal cases [ 16 – 21 ], and defi nitive 
chemoradiotherapy is the recommended treatment for cervical esophageal cancer 
and T4b cases, and is an option for patients with non-cervical esophageal cancer 
who decline surgery (50–50.4 Gy + concurrent chemotherapy) [ 22 ,  23 ]. Radiotherapy 
alone produces inferior results for both SCC and adenocarcinoma histology relative 
to chemoradiotherapy according to RTOG 85-01, a randomized trial of chemoradio-
therapy (four cycles of fl uorouracil and cisplatin given concurrently with 50 Gy in 
2 Gy/fraction/day) versus radiotherapy alone (64 Gy in 2 Gy/fraction/day), each 
without resection [ 24 ,  25 ]. Median survival times were 14 vs 9 months; 5-year OS 
rates were 27 % (projected 8- and 10-year OS rates of 22 % and 20 %) vs 0%. Local 
failure as the fi rst site of failure was also higher in the radiotherapy-only group  
(47 % vs 65 %). The subsequent INT 0123 (RTOG 94-05) trial assessed radiother-
apy dose escalation with the same concurrent cisplatin-fl uorouracil regimen 
(64.8 Gy vs 50.4 Gy) and reported no signifi cant difference between the high-dose 
or standard-dose groups in median survival times (13 vs 18 months), in 2-year OS 
rates (31 % vs 40 %), and in rates of locoregional persistence or failure (56 % vs 
52 %) [ 26 ]. The value and effi cacy of defi nitive chemoradiotherapy for locally 
advanced esophageal cancer have been confi rmed in subsequent trials [ 27 – 29 ], in 
which overall response rates were higher to docetaxel and cisplatin for SCC (71 % 
complete response) [ 27 ] and favorable but not signifi cantly different for FOLFOX4 
(fl uorouracil, leucovorin, and oxaliplatin) compared with CF [ 29 ]. 

 Although preoperative chemoradiotherapy followed by surgery is generally 
agreed to be the most appropriate treatment for resectable esophageal cancer 
(Table  13.5 ), debate is continuing in light of the challenging results of the phase III 
CROSS and FFCD 9901 trials [ 19 ,  30 ]. CROSS, the largest trial of esophageal can-
cer (368 patients with T2–3, N0–1, M0 esophageal or EGJ cancer in which the length 
and width of the primary tumor ≤8 cm; 75 % adenocarcinoma and 23 % SCC), 
revealed that preoperative chemoradiotherapy with concurrent carboplatin and pacli-
taxel produced signifi cantly improved OS (median survival times 49 vs 24 months; 
1-, 2-, 3-, and 5-year OS rates 82 %, 67 %, 58 %, and 47 % vs 70 %, 50 %, 44 %, and 
34 %) and DFS versus surgery alone, in addition to higher R0 resection rates (92 % 
vs 69 %), higher pathologic complete response rates in SCC than in adenocarcinoma 
(49 % vs 23 %;  P  = 0.008), and lower rates of locoregional recurrence (14 % vs 34 %; 
 P  = <0.001) [ 19 ,  20 ]. On the other hand, FFCD 9901 showed higher rates of postop-
erative mortality (11.1 % vs 4 %;  P  = 0.049) from  preoperative chemoradiotherapy 
with concurrent cisplatin-fl uorouracil versus surgery alone, and no improvement in 
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OS rates (3 years, 47.5 % vs 53 %;  P  = 0.94) or R0 resection rates (93.8 % vs 92.1 %), 
for patients with localized stage I-II esophageal cancer [ 30 ,  31 ]. The prospective 
randomized trial CALGB 9781 enrolled only 56 patients, but also concluded from an 
intent-to-treat analysis that trimodality therapy (chemoradiotherapy with cisplatin-
fl uorouracil) versus surgery alone for stage I–III esophageal cancer showed a signifi -
cant survival advantage favoring trimodality therapy (median 4.5 vs 1.8 years; 39 % 
vs 16 % at 5 years) [ 21 ]. Recent meta-analyses confi rmed that preoperative 

   Table 13.5    Preoperative chemoradiotherapy trials   

 Trial and Reference 

 Median  1 year  2 year  3 year  5 year 

 Survival 
(months) 

 OS 
(%) 

 OS 
(%) 

 OS 
(%) 

 OS 
(%) 

 Urba et al. [ 62 ]  17.6  58  16 

 Surgery alone 

 Preoperative chemoradiotherapy schedule: 
cisplatin 20 mg/m 2 /day on days 1 through 5 and 
17 through 21, fl uorouracil 300 mg/m 2 /day on 
days 1 through 21, and vinblastine 1 mg/m 2 /day 
on days 1 through 4 and 17 through 20; 
concurrent with 45 Gy as 1.5 Gy/fraction twice 
daily in 15 weekdays 

 16.9  72  30 

 Walsh et al.[ 63 ]  11  42  26  6 

 Surgery alone 

 Preoperative chemoradiotherapy schedule: two 
courses of chemotherapy in weeks 1 and 6 
(fl uorouracil 15 mg/kg/day for 5 days, and 
cisplatin 75 mg/m 2  on day 7); concurrent with 
40 Gy, as 2.66 Gy/fraction in 15 weekdays 

 16  57  37  32 

 Tepper J; CALGB 9781 [ 21 ]  1.79  16 

 Surgery alone 

 Preoperative chemoradiotherapy schedule: 
cisplatin 100 mg/m 2  and fl uorouracil 1,000 mg/
m 2 /d for 4 days on weeks 1 and 5; concurrent 
with 50.4 Gy as 1.8 Gy/fraction in 28 weekdays 

 4.48  39 

 Mariette et al.; FFCD 9901 [ 30 ]  47.5 

 Surgery alone 

 Preoperative chemoradiotherapy schedule: two 
courses of fl uorouracil 800 mg/m 2  and cisplatin 
75 mg/m 2 ; concurrent with 45 Gy as 1.8 Gy/
fraction in 25 weekdays 

 53 

 Van Hagen et al.; Dutch CROSS [ 19 ]  24  70  50  44  34 

 Surgery alone 

 Preoperative chemoradiotherapy schedule: 
weekly carboplatin (area under curve of 2 mg/
ml/min) and paclitaxel (50 mg/m 2 ) for 5 weeks; 
concurrent with 41.4 Gy as 1.8 Gy/fraction in 
23 weekdays 

 49.4  82  67  58  47 
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chemoradiotherapy plus surgery led to signifi cant reductions in mortality and locore-
gional recurrence at 3 years [ 16 ,  17 ]; the hazard ratio (HR) for all-cause mortality for 
neoadjuvant chemoradiotherapy versus surgery alone was found to be 0.78 (95 % 
confi dence interval [CI] 0.70–0.88;  P  < 0.0001), 0.80 ( P  = 0.004) for SCC and 0.75 
( P  = 0.02) for adenocarcinoma, whereas the HR for neoadjuvant chemotherapy was 
0.87 (0.79–0.96;  P  = 0.005), 0.92 ( P  = 0.18) for SCC and 0.83 ( P  = 0.01) for adeno-
carcinoma [ 18 ]. The poorly accruing POET has been the only phase III trial to com-
pare neoadjuvant chemotherapy with chemoradiotherapy. This trial enrolled only 
126 patients with Siewert I or II/III adenocarcinoma of the GEJ [ 32 ]; preoperative 
chemoradiotherapy was found to produce higher complete response rates (15.6 % vs 
2.0 %), lower local recurrence rates (59.0 % vs 76.5 %;  P  = 0.06), and longer absolute 
survival rates (3-year OS, 47.7 % vs 27.7 %) but none of these apparent differences 
reached statistical signifi cance.

    Esophagectomy   is the preferred next step after preoperative chemoradiotherapy, 
but close surveillance is appropriate for selected cases with no evidence of residual 
disease [ 33 ]. Salvage esophagectomy is recommended for disease that persists after 
defi nitive chemoradiotherapy [ 33 ,  34 ]. Preoperative chemotherapy is another option 
[ 7 ,  8 ,  14 ,  15 ]. Esophagectomy for patients with non-cervical esophageal cancer 
without preoperative treatment may be an option for low-risk, well-differentiated 
lesions smaller than 2 cm [ 35 ]. For patients who underwent esophagectomy without 
preoperative treatment, fl uoropyrimidine-based chemotherapy is recommended for 
R1 or R2 resection, or no adjuvant treatment for R0 resection [ 35 ]. For patients who 
undergo preoperative chemotherapy followed by esophagectomy, fl uoropyrimidine-
based is also recommended for R1 or R2 resection, or surveillance for an R0 resec-
tion [ 7 ,  8 ,  14 ,  15 ,  35 ]. 

 Postoperative chemoradiotherapy for node-positive or T3–T4 resectable adeno-
carcinoma of the stomach or EGJ (20 % of 556 stage IB–IV, M0 patients, 1988 
AJCC) was investigated in the SWOG 9008/INT-0116 trial [ 36 ]. Compared with 
surgery alone, postoperative chemoradiotherapy with fl uorouracil and lecovorin led 
to  signifi cantly improved OS (median survival times, 36 vs 27 months,  P  = 0.005; 
and OS rates 50 % vs 41 % at 3 years) and relapse-free survival rates (48 % vs 31 % 
at 3 years) without any increase in late toxicity [ 37 ]. Postoperative CRT was also 
shown retrospectively to be associated with survival benefi t for patients with node-
positive locoregional esophageal cancer [ 38 ,  39 ]. A DFS benefi t was also found 
(37 % vs 24 % at 3 years for patients with node-positive EGJ adenocarcinoma who 
did not receive neoadjuvant chemotherapy) [ 40 ]. 

 The potential effect of postoperative radiotherapy after radical surgery for 
esophageal carcinoma was investigated by Xiao et al. in their pre-PET-CT staging 
era cohort of 495 patients with SCC (200 got postoperative radiotherapy and 275 
got surgery alone) [ 41 ]. The postoperative radiotherapy covered the entire medias-
tinum and bilateral supraclavicular areas (midplane dose 50–60 Gy, 25–30 frac-
tions, 5–6 weeks) and led to a nonsignifi cant benefi t in OS at 5 years (31.7 % for 
surgery alone vs 41.3 % for postoperative radiotherapy,  P  = 0.4474) at with a highly 
signifi cant survival benefi t for stage III patients (13.1 % vs 35.1 %,  P  = 0.0027) 
[ 41 ]. This group also retrospectively analyzed the role of postoperative 
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radiotherapy for 549 patients (274 got postoperative radiotherapy and 275 got sur-
gery alone) based on nodal positivity (269 with N0 159 with 1–2 positive nodes 
and 121 with ≥3 positive nodes) [ 42 ]. Both nodal positivity and receipt of postop-
erative radiotherapy signifi cantly affected OS [ 42 ]; postoperative RT reduced the 
incidence of intrathoracic recurrence and supraclavicular lymph node metastasis in 
all patients. For patients with T3 tumors, the 5-year survival rates were 50.6 % for 
those with N0 disease, 29.3 % for those with 1–2 positive nodes, and 11.7 % for 
those with 3 or more positive nodes ( P  = 0.0000); OS rates for node-positive 
patients were 17.6 % for 1–2 nodes and 34.1 % for 3 or more nodes ( P  = 0.0378) 
[ 42 ]. Schreiber et al. used the Surveillance, Epidemiology, and End Results data-
base to analyze the effect of adjuvant radiotherapy on 1,046 patients (683 with 
surgery alone and 363 with postoperative radiotherapy) [ 43 ]. For patients with 
stage III disease, postoperative radiotherapy conferred signifi cant improvement in 
median OS time and 3-year OS rates ( P  < 0.001) and disease-specifi c survival rates 
regardless of tumor histology ( P  < 0.001). On the other hand, other series have 
found no survival benefi t from postoperative radiotherapy, one in 221 patients (102 
surgery only, 119 surgery with  postoperative radiotherapy) with SCC of the mid-
dle to lower third of the esophagus [ 44 ], and the other with 30 surgery and 30 sur-
gery and postoperative radiotherapy [ 45 ]. 

 For patients who are medically unfi t for surgery but can tolerate chemotherapy or 
chemoradiation, defi nitive chemoradiotherapy is the preferred option (50–50.4 Gy + 
fl uoropyrimidine-based chemotherapy) [ 46 – 49 ], but single-modality chemotherapy 
or radiotherapy could be used for patients with poor performance status [ 50 – 53 ]. 
Palliative radiotherapy and best supportive care are viable options for patients who 
are medically unfi t for surgery and cannot tolerate chemotherapy or chemoradiation 
[ 50 ,  54 – 56 ]. 

 For inoperable locally advanced or recurrent or metastatic adenocarcinoma of the 
esophagus or EGJ, adding trastuzumab therapy in addition to chemotherapy is being 
considered for patients with HER2-neu overexpression in the ToGA trial [ 57 ].  

    Should Every Patient Undergo Esophagectomy? Selecting 
Patients Best Suited for Chemoradiotherapy Alone 

 Two randomized trials, both almost exclusively with patients with SCC, have been 
done to evaluate the necessity of surgery after defi nitive chemoradiotherapy [ 58 ,  59 ]; 
neither found any survival advantage from adding surgery after defi nitive chemora-
diotherapy. One trial tested trimodality therapy consisting of  induction chemother-
apy (3 cycles of fl uorouracil, leucovorin, etoposide, and cisplatin), followed by 
chemoradiotherapy (40 Gy with cisplatin and etoposide), followed by surgery and 
compared that with the same induction chemotherapy, followed by chemoradiother-
apy with dose escalation to at least 65 Gy without surgery [ 58 ]. Adding surgery to 
chemoradiotherapy improved local tumor control (2-year progression-free survival 
rates were 64.3 % for trimodality with surgery vs 40.7 % for chemoradiotherapy, 
HR] 2.1,  P  = 0.003) but not survival. Treatment-related mortality rates were 
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signifi cantly higher for the surgery group (12.8 % vs 3.5 %),   P  = 0.03), and response 
to induction chemotherapy was a favorable prognostic factor for both groups of high-
risk patients (HR 0.30, 95 % CI, 0.19–0.47;  P  < 0.0001). The other trial,  FFCD 9102 
(89 % SCC) randomized 259 of 444 eligible patients with T3N0-1M0 thoracic 
esophageal cancer to receive surgery or continuation of chemoradiation (three cycles 
of fl uorouracil/cisplatin with either conventional [20 Gy] or split-course [15 Gy] 
radiotherapy) if the patients responded to neoadjuvant chemoradiotherapy of (two 
cycles of fl uorouracil/cisplatin on days 1–5 and 22–26 with concomitant conven-
tional radiotherapy (46 Gy in 4.5 weeks) or split-course radiotherapy (15 Gy, days 
1–5 and 22–26) [ 59 ]. Adding surgery to chemoradiotherapy improved local tumor 
control rates at 2 years (66.4 % for trimodality with surgery vs, 57 % for chemora-
diotherapy, HR 2.1,  P  = 0.003) and reduced the needs for stents (5 % for trimodality 
with surgery vs 32 % chemoradiotherapy,  P  < 0.001) but did not improve survival 
(2-year survival rates 34 % for trimodality with surgery vs 40 % for chemoradio-
therapy,  P  = 0.44). Moreover, treatment-related mortality at 3 months was signifi -
cantly higher in the surgery group (9.3 % vs 0.8 %,   P  = 0.002). 

 SCOPE1, a multicenter UK phase II–III trial of 258 patients (65 adenocarcinoma, 
188 SCC, and 5 undifferentiated pathology), tested intensifi cation of treatment without 
surgery, as defi nitive chemoradiotherapy with 50 Gy in 25 fractions plus four cycles of 
cisplatin/capecitabine, with or without the epidermal growth factor receptor antagonist 
cetuximab [ 60 ]. No benefi t was found from adding cetuximab to chemoradiotherapy, 
with more treatment failures at 24 weeks and shorter median survival (22.1 months vs 
25.4 months,  P    = 0.035). Chemoradiotherapy alone, with careful follow-up and sal-
vage surgery, seems to be a sound approach for patients with SCC who achieve a patho-
logic complete response, but the lack of data on patients with adenocarcinoma suggests 
that nonsurgical approaches be avoided in such patients [ 61 ].  

    Surveillance Salvage 

 Surveillance, with salvage treatment as needed, is less common among patients under-
going trimodality therapy than among those treated with bimodality therapy [ 34 ]. In 
one analysis of 518 patients who received trimodality therapy (chemoradiotherapy fol-
lowed by surgery), 27 patients (5 %) had local-only failure, but 188 (36 %) had distant 
failure, with or without local failure. Salvage therapy was ultimately benefi cial to only 
2 % of the 518 patients. On the other hand, salvage strategies were more effective for 
patients treated with defi nitive chemoradiotherapy without surgery [ 33 ]. In that analy-
sis of 276 patients who did not have surgery within 6 months of chemoradiotherapy 
had local recurrence rates of 91 % within 2 years and 98 % within 3 years. First relapses 
were local only in 64 patients (23.2 %), distant (with or without local) in 120 patients 
(43.5 %), and 92 patients (33.3 %) had no relapses.  Final relapse rates were 33.3 % 
none, 14.5 % local only, 15.9 % distant only, and 36.2 % distant and local. Among the 
64 patients with local-only relapse, disease in 36 % could be salvaged with surgery (8 
% of all patients), with corresponding  median OS times of 58.6 months versus 
9.5 months for those who did not have surgical salvage.   
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    Recommended Algorithm for Treatment of Esophageal Cancer 

 The recommended treatment algorithm for esophageal cancer is summarized in 
Table  13.6 .

       Target Volume Determination and Delineation Guidelines 

 The normal anatomy of the esophagus, with its submucosal network and longitudi-
nal direction of lymph drainage, tends to promote “skip” metastases. Which pres-
ents an ongoing challenge in defi ning the CTV, particularly in light of ongoing 

   Table 13.6    Recommended algorithm for treatment of esophageal cancer   

 Tis or T1a  ER ± ablation 

 Esophagectomy if 
extensive or 
nodular disease 

 T1bN0  Medically fi t for 
surgery 

 Esophagectomy 

 Medically unfi t for 
surgery 

 ER ± ablation 

 ER ± ablation 

 Cervical 
esophagus 

 First choice: defi nitive CRT 

 First choice: 

 Medically fi t for 
surgery 

 preop CRT + esophagectomy 

 T1b, N+  Non-cervical 
esophagus 

 Defi nitive CRT if declines 
surgery 

 Or  Preoperative C + 
esophagectomy (if 
adenocancer) 

 T2–T4a, N0–N+  Medically unfi t for 
surgery 

 Esophagectomy if low-risk 
well-differentiated <2 cm 
tumors 

 First choice: 
defi nitive CRT 

 Chemotherapy 

 RT 

 Palliative/best 
supportive care 

 First choice: 
defi nitive CRT 

 Chemotherapy 
alone if invasion of 
trachea, great 
vessels, heart 

 T4b  Palliative/best 
supportive care  Unresectable 

   ER  endoscopic resection,  CRT  concurrent chemoradiotherapy,  C  chemotherapy  
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efforts to standardize contouring [ 64 ]. Our current recommendation is to create 
planning target volume that extend 5 cm proximally and distally, with a, 2-cm radial 
margin around the gross tumor (Table  13.7 ).

   Radial invasion in esophageal cancer is common owing to the lack of serosa, 
which typically serves as a barrier of local extension. Local invasion of the adjacent 
organs and structures such as the pericardium, heart, great vessels, trachea, and 
vertebral bodies should be evaluated carefully. 

 Nodal spread mainly depends on tumor location; the paraesophageal nodes are 
the fi rst- echelon nodal drainage stop. Regional nodes are the supraclavicular and 
cervical nodes for tumors of the cervical esophagus, mediastinal paratracheal and 
subcarinal nodes for tumors of the thoracic esophagus, and left gastric and celiac 
axis nodes for tumors of the distal esophagus. 

    Simulation 

 Simulation and treatment should be done while the patient’s stomach is empty (i.e., nil 
per os for at least 3 h). The simulation procedure for esophageal cancer is similar to that 
for lung cancer, including the use of comfortable but strict immobilization for supine 
patients with their arms over their head (moving arms away from any possible beam 

   Table 13.7    Summary of site- and technique-specifi c coverage and treatment planning details   

 Tumor 
location 

 iGTV/GTV to 
CTV margin 

 ITV/CTV to 
PTV margin 

 Elective nodal 
coverage 

 Neoadjuvant 
dose 

 Defi nitive 
dose 

 Upper 
esophagus, 
above the 
carina 

 3 cm 
craniocaudally, 
8 mm 
circumferentially 

 No 4DCT/
motion 
management 
and daily 
IGRT: 
1–1.5 cm 

 Supraclavicular 
and 
periesophageal 

 41.4–50.4 Gy 
in 23–28 
fractions 

 50.4–66/70 
(at the 
cervical 
esophagus) 
Gy in 
1.8–2.0 Gy 
per 
fraction 

 4DCT/motion 
management 
or daily IGRT: 
0.5–1 cm 

 Both 4DCT/
motion 
management 
and daily 
IGRT: 0.5 cm 

 Distal 
esophagus 
and GEJ, 
below the 
carina 

 Same  Same  Periesophageal 
and celiac ± 
perigastric, 
splenic hilum, 
left gastric, 
porta hepatis, 
SMA due to 
extension into 
the stomach 

 41.4–50.4 Gy 
in 23–28 
fractions 

   IGRT  image-guided radiotherapy,  GEJ  gastroesophageal junction,  SMA  superior mesenteric artery  
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angles), holding a T-bar if possible, and with the neck slightly extended and supported 
by a custom-made cushion for stability. The simulation computed tomography (CT) 
images should preferably be in ≤3-mm slices. Intravenous and oral contrast is recom-
mended. Four-dimensional CT (4D-CT) is preferred for simulation [ 65 ,  66 ]. Because 
distal esophageal tumors have signifi cantly greater superior-inferior and anteroposterior 
motion than do proximal or mid- esophageal tumors, procedures to estimate the internal 
motion of intrathoracic structures and total extent of motion of the target and critical 
structures are crucial (Fig.  13.1 ), particularly if 4D-CT is not available. Alternatives 
include maximal inspiration and expiration CT scans or slow helical CT scans [ 67 ].

    Gross Tumor Volume     The GTV should include the gross disease at the primary 
disease site including any extension through the wall, any part of the esophagus wall 
that is thicker than 0.5 cm, and any grossly involved lymph nodes (nodes that are 
>1 cm in diameter or have a necrotic center or are positive on PET), which should 
be delineated on CT, MRI, or PET-CT scans (highly recommended; see Fig.  13.2 ), 
as well as fi ndings from clinical examinations, endoscopic ultrasonography, barium 
swallow, and endoscopy.

     Internal Target Volume or Internal GTV     Contouring for the GTV should be 
based on 4D-CT data (respiratory data sets are “binned” by phase: 0–100 % at 
10 % interval) in addition to all previously gathered information, and the iGTV 
is contoured by using the maximum intensity projection (MIP) settings, with 
modifi cations based on visual verifi cation of contours in individual respiratory 
phases (Fig.  13.3 ) [ 65 ].

    The GTV can be subdivided into the primary [tumor] site (GTV-P) and the 
grossly involved lymph nodes (GTV-N). Thorough contouring of the GTV-P is 
required based on the exact pattern of spread:

  Fig. 13.1    4D-CT estimates internal motion in all extents, especially for the superior-inferior and 
anteroposterior motion of a distal esophageal tumor.  Blue  contours, conventional CT;  yellow  con-
tours, PET-CT fusion;  red  contours, 4D-CT MIP-based delineation       
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  Radial and Local 
•   Is there pericardium invasion (T4a)?  
•   Is there pleural invasion (T4a)?  
•   Is there diaphragm invasion (T4a)?  
•   Is there tracheal invasion (T4b)?  
•   Is there lung invasion (T4b)?  

  Fig. 13.2    Registering a PET-CT scan to a simulation CT scan can help with GTV delineation       

  Fig. 13.3    iGTV contouring based on 4D-CT including respiratory data sets “binned” by phase 
(0–100 % at 10 % intervals); phase delineation at maximum intensity projection (MIP) also gener-
ally covers all movement in all phases       
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•   Is there great vessel/heart invasion (T4b)?  
•   Is there liver/pancreas/spleen invasion (T4b)?    

   Nodal 
•   What is the highest-echelon nodal disease?  
•   Is nodal disease regional or non-regional?  
•   Cervical esophagus: lower cervical and supraclavicular nodes  
•   Proximal third: paraesophageal and supraclavicular nodes  
•   Middle third: paraesophageal nodes  
•   Distal third: paraesophageal, perigastric lesser curvature and celiac axis nodes    

  Clinical Target Volume     Because esophageal cancer can be multicentric or include 
submucosal “skip” metastases at considerable distances from the primary tumor 
[ 68 ], delineation of the CTV requires generous proximal and distal margins as well 
as confi dence in knowing the extent of disease. Following the recommendations at 
the time to treat the entire esophagus because of the risk of marginal failure [ 25 ,  69 , 
 70 ], RTOG 85-01 required that the entire esophagus be included in the radiotherapy 
portals, which led to severe toxicity when radiotherapy was given with concurrent 
chemotherapy [ 24 ]. The subsequent, RTOG 94-05 trial thus recommended 5-cm 
proximal and distal margins and a 2-cm lateral margin from the lateral border of the 
GTV [ 71 ], based on pathological evidence suggesting that microscopic spread 
within the esophagus was <3 cm about 94 % of cases except for distal microscopic 
spread in GEJ adenocarcinoma, which was generally <5 cm [ 72 ]. In current prac-
tice, most CTVs include an expansion of at least 3-cm following the esophageal 
mucosa. CTV margins should be modifi ed to avoid irradiating nearby critical nor-
mal structures (Fig.  13.4 ). Whether the radiotherapy is to given before surgery or as 

  Fig. 13.4    The CTV is 
generated with an 8-mm 
expansion radially along 
the esophagus, which 
should be modifi ed of 
“shaved off” to avoid 
irradiating critical normal 
structures       

 

U. Selek et al.



313

defi nitive treatment, the CTV should include the primary tumor and involved nodes, 
plus elective primary and nodal regions at risk:
•          Cervical esophageal tumors   : The CTV should encompass the lower cervical, 

supraclavicular, and superior mediastinal nodes, which generally extend from 
the laryngopharynx to the upper two-thirds of the esophagus, to cover submuco-
sal spread longitudinally with a 3-cm expansion on the GTV craniocaudally and 
an 8-mm expansion radially along the esophagus.  

•    Mid- and upper thoracic esophageal    tumors   : The CTV should encompass the 
periesophageal and mediastinal lymph nodes plus any submucosal spread longi-
tudinally, with a 3-cm expansion of the GTV craniocaudally and an 8-mm expan-
sion radially along the esophagus. Supraclavicular lymph nodes should be 
included in the CTV for tumors above the carina.  

•     Distal esophageal and GEJ tumors   : The CTV should include the periesophageal 
and the celiac lymph nodes plus the submucosal spread longitudinally, with a 
3-cm expansion of the GTV craniocaudally at the distal esophagus, a 3-cm expan-
sion cranially, and a 5-cm expansion caudally  at the GEJ, and an 8-mm expansion 
radially. Regardless of the location of the primary tumor, the CTV expansion must 
not be a simple geometric expansion from the GTV; rather, it should follow the 
shape and course of the esophageal mucosa.    

  Planning Target Volume     The PTV includes an extra margin around the CTV 
to compensate for variability and uncertainties in treatment setup (internal organ 
motion is handled with 4D-CT or alternatives). It is especially important to 
account for respiratory motion for tumors involving the distal esophagus or 
GEJ. Margins over the CTV are established in accordance with the techniques 
used for simulation (encompassing internal motion or not), and use of daily 
imaging (KV, cone beam CT, etc.). Using advanced modalities could allow 
some margins to be reduced. If the treating institution has not defi ned the appro-
priate magnitude of the PTV, a minimum of 5 mm in all directions should be 
used for each PTV. Acceptable margins for CTV to PTV are as follows:  

•     −1.5 cm if without 4D-CT or alternative simulation and without daily imaging  
•   0.5–1.0 cm if with 4D-CT or alternative simulation and without daily imaging  
•   0.5 cm if both with 4D-CT or alternative simulation and daily imaging     

    Contouring: A Case Example 

 Delineation of an iGTV and a CTV on a conventional CT scan for a patient with a 
T3N0M0 distal esophageal SCC is presented in Fig.  13.5 .

      Treatment Planning 
 Delineation guidelines for organs at risk have  been standardized and are available 
in  RTOG atlases; one exception is the larynx, which also needs to be delineated 
[ 73 ]. Normal tissue constraints can be based on the Quantitative Analysis of Normal 
Tissue Effects in the Clinic (QUANTEC) guidelines with normal tissue complica-
tion probability (NTCP) models (Figs.  13.6  and  13.7 ) (Table  13.8 ) [ 74 ].
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  Fig. 13.5    Target delineation for a T3N0M0 SCC of the distal esophagus with coverage of the 
periesophageal nodes and elective coverage of the celiac nodes ( red , iGTV;  blue , CTV)           
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Fig. 13.5 (continued)

13 Esophageal Cancer



316

ee

Fig. 13.5 (continued)

         Treatment Planning Assessment 
 Our institutional standard is to deliver 100 % of the prescribed dose to the GTV and 
95 % of the prescribed dose to the PTV:

•     Step 1 : Check whether the targets are adequately covered: All plans should be 
normalized to cover at least 95 % of the volume of the PTV by the prescribed 
isodose surface, and 99 % of the PTV needs to be at or above 93 % of prescribed 
dose.  

•    Step 2 : Check for the presence of large hot spots: No more than 20 % of the PTV 
is to be at or above 107 % of prescribed dose, and no more than 5 % of PTV is to 
be at or above 114 % of the prescribed dose.  

•    Step 3 : Check whether the normal tissue constraints are met.  
•    Step 4 : Check the placement of any hot/cold spots (slide by slide by looking at 

isodose distribution): hot spots need to be located in the GTV.       

    Recommended Algorithm for Follow-Up Surveillance 
of Esophageal Cancer 

 The recommended algorithm for surveillance of esophageal cancer after treatment 
is summarized in Fig.  13.8  [ 20 ,  33 ,  34 ,  77 ].
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  Fig. 13.6    A simultaneous integrated intensity-modulate radiotherapy plan for a distal esophageal 
tumor. The  prescribed dose was 50 Gy (2 Gy/fraction/day) to the iGTV and 45 Gy (1.8 Gy/frac-
tion/day) to the PTV; ( a ) coronal, ( b ) sagittal, and ( c ) axial images       
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  Fig. 13.7    A simultaneous integrated volumetric modulated arc therapy plan for an esophagogas-
tric tumor with situs inversus totalis; the prescribed dose was 50 Gy (2 Gy/fraction/day) to the 
iGTV and 45 Gy (1.8 Gy/fraction/day) to the PTV; ( a ) coronal, ( b ) sagittal, and ( c ) axial images       

   Table 13.8    Guidelines for normal tissue constraints   

 Organ  Constraints [ 74 ] 

 Larynx  Mean dose <44 Gy 

 D max  <66 Gy 

 V 50  <27 %[ 75 ] 

 Spinal 
cord 

 D max  <45 Gy 

 D max  <40 Gy if 3 Gy/fraction 

 Even the tumor too close, D max  should be <60 Gy 

 Lung  Mean dose <20 Gy 

 Mean dose <8 Gy if post-pneumonectomy 

 RT alone  RT with concurrent 
chemotherapy 

 Neoadjuvant treatment before 
surgery [ 76 ] 

 V 20  ≤40 %  V 20  ≤35 %  V 20  ≤30 % 

 V 10  ≤45 %  V 10  ≤40 % 

 V 5  ≤65 %  V 5  ≤55 % 

 V20 <10 % and V5 <60 % if post-pneumonectomy 
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 Organ  Constraints [ 74 ] 

 Heart  Mean dose <26 Gy 

 V 30  ≤45 % 

 Esophagus  Mean dose <34 Gy 

 D max  ≤80 Gy 

 V 70  <20 % 

 V 50  <50 % 

 Kidney  20 Gy <32 % of bilateral kidney 

 Liver  Mean dose <30 Gy 

 V30 <40 % 

   Dmax  maximal dose,  GTV  gross tumor volume,  RT  radiotherapy  

Table 13.8 (continued)

Surveillance

Endoscopic resection for Tis disease:
Upper gastrointestinal endoscopy (EGD): every 6 months

for 2 years, then annually for 3 more years. Continue
surveillance if Barrett’s esophagus (BE) in present.

Imaging not recommended.

Esophagectomy:
EGD if needed based on symptoms or if incomplete resection

of BE for 3 months for the first year; every 4-6 months for 
the second year, then anually.

PET-CT (preferred) or CT in addition to EGD

ER ablation or Bimodality therapy (chemoradiotherapy)
EGD: every 3-4 months for the first 2 years, every 6 months

for years 3-5, then annually
PET-CT (preferred) or CT in addition to EGD every 6 months for 3

years

Trimodality therapy (chemoradiotherapy+surgery):
PET-CT (preferred) or CT chest/abdomen: every 4-6 months

for the first year, every 6 months for next 2 years, then annually
EGD not recommended

  Fig. 13.8     Recommended algorithm for follow-up       
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         Introduction 

 The National Comprehensive Cancer Network (NCCN) provides guidelines for the 
treatment of esophageal cancer [ 1 – 3 ]. Treatment options include local mucosal 
resection or ablation therapies, esophagectomy, chemotherapy, and radiation ther-
apy. Treatment is primarily dictated by stage, tumor location, and patients’ medical 
fi tness for receiving a particular therapeutic modality. However, we lack defi nitive 
data from randomized trials for many clinical situations. Outcomes also generally 
are relatively poor, so establishing optimal treatment for different clinical situations 
remains an area of active research [ 4 ]. The NCCN guidelines often display a spec-
trum of potential treatments for many clinical situations, refl ecting the lack of clear-
cut level 1 evidence. Given both the generally poor overall prognosis and the 
potential morbidity associated with therapy, multidisciplinary evaluation by sur-
gery, medical oncology, and radiation oncology should be considered for all patients 
before a treatment strategy is initiated. Treatment that does not follow guidelines 
should probably only be used in the context of clinical trials. 

 Patients can be categorized even more simply when considering treatment. When 
considering treatment for esophageal cancer patients, the approach is initially dic-
tated by whether the patients have been determined to have early-stage superfi cial 
cancers, cancers that are locally advanced with locoregional disease but no distant 
metastases, and cancers with distant disease. Systemic therapy plays a palliative 
role in the management of metastatic cancer. It remains adjunctive to radiation and 
surgery in the management of locally advanced operable and inoperable esophageal 
cancers [ 5 ]. 
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 Approximately 50 % of patients have evidence of distant metastatic disease at 
the time of diagnosis [ 6 ,  7 ]. Palliative therapy is recommended for these patients 
and can include chemotherapy, clinical trial enrollment if available, or best support-
ive care. Best supportive care is often the most appropriate treatment option. 
Patients’ performance status should determine whether chemotherapy is added to 
best supportive care [ 8 ].  

    Chemotherapy in  Metastatic Esophageal Cancer   

 Chemotherapy for esophageal cancer was initially used in the setting of recurrent 
and metastatic disease. The common patient with esophageal cancer is aged 60 or 
older, with major tumor-related symptoms and additional comorbidities. They are 
thus poor candidates for clinical trials. In addition, the majority of patients present 
with advanced disease, poor performance status, weight loss, and complications 
which limit patient’s tolerance for toxic chemotherapy. Response to chemother-
apy is around 50–60 % in locally advanced disease but decreases to 30 % in meta-
static esophageal cancer. The activity of single agents is listed in Table  14.1 . 
Responses are generally short lived, lasting 2–4 months, and are usually associ-
ated with little palliative and no survival benefi t. Cisplatin and taxanes are the 
most active agents, and carboplatin has been disappointing in both SCC and ade-
nocarcinomas [ 9 ,  10 ]. Docetaxel 100 mg/m 2  every 3 weeks has been active in 
second line [ 11 ].

   Newer agents have also been tested in esophagogastric cancer, the most promis-
ing have been capecitabine, as well as premetrexate, taxanes, and irinotecan [ 29 ]. 
Response rates and mechanisms of action have been listed in Table  14.2 .

   Table 14.1    Single-agent effi cacy of chemotherapy in esophageal cancer   

 Agent  Histology  Pts  RR%  95 % CI  Reference 

 Cisplatin  SCC  152  28  20–35  [ 12 – 15 ] 

 AC  12  8  0–26  [ 16 ] 

 Bleomycin  SCC  80  15  7–23  [ 17 – 19 ] 

 Mitomycin  SCC  58  26  15–37  [ 20 ,  21 ] 

 5-FU  SCC  26  15  1–26  [ 22 ] 

 Etoposide  SCC  26  19  7–41  [ 23 ] 

 Vindesine  SCC  86  22  3–32  [ 24 ] 

 Vinorelbine  SCC  30  20  8–39  [ 25 ] 

 Paclitaxel  SCC  18  28  8–48  [ 26 ] 

 AC  32  34  15–51 

 Docetaxel  SCC  27  30  NA  [ 27 ] 

 SCC+AC  38  23  NA  [ 11 ] 

 Irinotecan  AC  21  14  3–36  [ 28 ] 

  Modifi ed from Enzinger et al. [ 139 ] 
  AC  adenocancer,  CI  confi dence interval,  NA  not available,  5-FU  fl uorouracil  
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   Combination chemotherapy is generally cisplatin based in esophageal cancer. 
The fi rst regimens combined cisplatin with bleomycin or methotrexate in two to 
three or four drug regimens. The regimen of cisplatin-bleomycin and vindesine was 
introduced by Kelsen and Ilson in patients with unresectable or metastatic SCC 
esophageal cancer [ 30 ]. Response rates of 30–35 % showed a durability for 
5–6 months; median survival was 6–8 months. Despite the toxicity, initial combina-
tions did not prove better than single agents in terms of survival. The common regi-
men of cisplatin-infusional fl uorouracil (5-FU) was introduced in the late 1980s 
(Table  14.3 ). Cisplatin was given as 100 mg/m 2  on day 1 or in divided doses for 
5 days. 5-FU was given 1 g/m 2 /day for 5 days in a continuous infusion. Response 
rates climbed to 47–64 % in locoregional or locally advanced disease.

   The combination of cisplatin-5-FU was tested in unresectable/metastatic SCC in 
a randomized phase II EORTC trial against single-agent cisplatin [ 32 ]. The RR of 
the combination was 35 %, signifi cantly higher than 19 % for single-agent cisplatin; 

   Table 14.2    New agents in esophagogastric cancer [ 29 ]   

 Class  Agent  Mechanism of action  RR% 

 Antimetabolite  Capecitabine  Reduces thymidine production  30 

 Premetrexate  Inhibits TS  21 

 S-1  TS and CDHP inhibition  26 

 Heavy metal  Oxaliplatin  Intrastrand and interstrand platinum 
DNA cross-links 

 na 

 Taxane  Paclitaxel  Microtubule inhibition  13 

 Docetaxel  21 

 Topoisomerase inhibitor  Irinotecan  Inhibits topoisomerase I  21 

   Table 14.3    Cisplatin-5-FU-based combinations in locally advanced or metastatic esophageal 
cancer   

 Tx  Dose  Histology  Stage  Pts  RR%  Med OS (mo)  Reference 

 CDDP/FU  100  SCC  M1  37  43  NA  [ 31 ] 

 1,000 × 5 

 CDDP/FU  100  SCC  LAD+M1  34  35  8  [ 32 ] 

 1,000 × 5 

 CDDP/FU  70  SCC  LAD+M1  36  36  NA  [ 33 ] 

 700 × 5 

 CDDP/  100  SCC  LAD+M1  17  23  6+  [ 34 ] 

 FU/  370 × 5 

 FA  200 × 5 

 CDDP/  20 × 5  SCC  LAD+M1  31  58  11  [ 35 ] 

 FU/  600 × 5 

 FA  200 × 5 

  Modifi ed from Stahl [ 140 ] 
  CDDP  cisplatin,  FA  folinic acid,  IFN  interferon alpha,  LAD  locally advanced disease,  M1  
 metastatic disease  
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this did not translate into a survival benefi t (8 months for the combination vs. 
7 months for cisplatin only, 1-year survival 34 % vs. 27 %, 2-year survival 18 % vs. 
9 %). The lack of survival benefi t was interpreted as due to the higher level of 
treatment-related deaths in the combination arm. The results of this study cast doubt 
on the use of combination therapy in advanced disease. 

 The addition of paclitaxel to cisplatin or cisplatin+5-FU produced superior 
response rates but no signifi cant survival benefi t. In a randomized phase II study, 
paclitaxel 175 mg/m 2  over 3 h was added to cisplatin 20 mg/m 2  × 5 days and 5-FU 
750 mg/m 2  ci (continuous infusion) × 5 days, in recurrent or metastatic esophageal 
cancer [ 36 ]. Major responses were seen in 48 %, with complete response in 7 out of 
60 patients evaluable. The median duration of response was 5.7 months, and the 
median survival 10.8 months. Toxicity was severe, but manageable; the prominence 
of sensory neuropathy was of special interest. Irinotecan was combined with cispla-
tin in a phase II study of 35 patients with metastatic esophageal cancer [ 37 ]. The 
response rate was 57 % with a complete response rate of 6 %, and similar response 
rates were seen for both squamous and adenocancer. 

 Oxaliplatin-based therapy has modest reported activity in the metastatic setting 
[ 38 ], although it is considered equivalent to cisplatin, given the equivalence in the 
locally advanced treatment setting [ 39 ]. In the phase II trial of oxaliplatin, 5-FU, 
and leucovorin (FOLFOX) in metastatic disease, the overall response rate was 
23.2 % with a disease control rate of 67.9 %. The median progression-free survival 
(PFS) was 4.4 months, and the median overall survival (OS) was 7.7 months; these 
results were not very impressive [ 38 ]. The FOLFOX regimen proved equal to cispl-
atin-5-FU in the  PRODIGE5/ACCORD17 trial  , where defi nitive chemoradiother-
apy with FOLFOX versus fl uorouracil and cisplatin was compared in patients with 
localized or locally advanced esophageal cancer [ 39 ]. Median progression-free sur-
vival was 9.7 months (95 % CI 8.1–14.5) in the FOLFOX group and 9.4 months 
(8.1–10.6) in the fl uorouracil and cisplatin group (HR 0.93, 95 % CI 0.70–1.24; 
 p  = 0.64). Toxicity was similar in both treatment arms. 

 Pure chemotherapy trials of metastatic esophageal cancer are few; most of the 
chemotherapy data is either from or combined with locally advanced disease. The 
combination of cisplatin and infusional fl uorouracil is still the accepted treatment 
standard for metastatic SCC of the esophagus, although taxanes, oxaliplatin, and iri-
notecan are also felt to be active [ 40 ]. Given the fact that combination therapy does not 
improve survival signifi cantly in the metastatic setting, palliative treatment of the 
common, poor performance status, malnourished esophageal cancer patient should be 
single-agent chemotherapy, while combination regimens should be reserved for the 
occasional young patient with good performance status and low metastatic burden.  

     Second-Line Chemotherapy in Esophageal Cancer   

 Patients with esophageal cancer often have signifi cant comorbidities, including obe-
sity, heart disease, and emphysema, which, when coupled with progressive dyspha-
gia and malnutrition, often limit therapeutic opportunities after fi rst-line therapy. 
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Performance status generally worsens signifi cantly following chemotherapy, ren-
dering second-line chemotherapy inaccessible to many patients. 

 Thallinger et al. have reported a critical analysis of second-line chemotherapy in 
esophageal SCC and AC [ 41 ]. Computerized (MEDLINE) and manual searches 
were performed to identify articles published on this topic between 1996 and 2011. 
Twenty-fi ve published trials and four abstracts presented at scientifi c meetings were 
identifi ed. A total of 10 trials included only patients with squamous cell carcinomas 
(SCCs), 4 focused exclusively on adenocarcinoma (AC); the remaining 15 studies 
included both SCC and AC. The majority of trials (17 of 29) used docetaxel in com-
bination with platinum analogs, 8 used single-agent cytotoxic chemotherapy, and 6 
evaluated targeted therapies. 

 Response rates are generally low in these small studies, ranging between 0 % and 
39 %. Response duration is also short; time to progression ranges from 1.4 to 
6.2 months, and the overall survival is 4.0–11.4 months. Only 30–40 % of patients 
are able to move from fi rst- to second-line treatment. Single-agent vinorelbine, iri-
notecan, and taxanes have all proved weak in the second-line setting, and standard 
use of single agents is not justifi ed by these small-scale studies. 

 Combination regimens have a different range of activity in second-line systemic 
treatment. The combination of docetaxel and capecitabine [ 42 ] and several different 
regimens of docetaxel and irinotecan [ 43 ,  44 ] have shown low response rates, unim-
pressive survival rates at the expense of signifi cant toxicity. A phase II trial of cis-
platin 75 mg/m 2  and docetaxel 70 mg/m 2  every 3 weeks in 35 patients who have 
previously received cisplatin/infusional fl uorouracil resulted in a 34.2 % response 
rate with 2.6 % complete response (CR) [ 45 ]. Progression-free and overall survival 
were disappointing at 4.5 and 7.4 months, respectively, and grade 3–4 toxicities 
were seen in half of the patients. Another platinum compound, nedaplatin, was com-
bined with docetaxel or vindesine in a number of studies. All of these were confi ned 
to Asian patients only, and response rates ranged between 11 % and 39 % [ 46 – 51 ]. 
The combination of docetaxel, nedaplatin, and fl uorouracil resulted in a RR of 63 % 
in a small pilot study. All nedaplatin regimens were well tolerated; however, PFS 
was modest in the range of 1.8–6.5 months. 

 Another combination is the DCF (docetaxel, cisplatin, infusional fl uorouracil) regi-
men, also proven active in other cancers. A phase II trial of patients pretreated with cis-
platin received DCF (docetaxel 60 mg/m 2  day 1, cisplatin 10 mg/m 2  and 5-FU 500 mg/
m 2  days 1–5 every 21 days) [ 52 ]. Overall response rate was 35 %, with one CR and six 
PRs; time to progression was 4 months and overall survival was 8 months. Another trial 
using a similar regimen in patients previously treated with nedaplatin or cisplatin 
resulted in a response rate of 50 % [ 53 ]. Both studies showed quite severe neutropenia, 
making the use of this regimen diffi cult in the advanced palliative setting. 

 The combination of mitomycin 6 mg/m 2 , ifosfamide 3 g/m 2 , and cisplatin 50 mg/
m 2  every 3 weeks was tested in patients with SCC and prior platinum/5-FU chemo-
therapy [ 54 ]. Response rate was 12.5 %, and SD rate was 37.5 %. WHO grades 3–4 
neutropenia was observed in 21 % of patients. Progression-free survival was 
2.0 months (95 % CI, 1.4–2.5 months), and overall survival was 5.2 months (95 % 
CI, 3.3–7.0 months).  
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     Chemotherapy in Localized/Locally Advanced 
Esophageal Cancer   

 In locoregionally advanced esophageal cancer, combination chemotherapy has 
been investigated in combination with radiation or surgery to try to reduce the 
high rate of systemic relapse noted when surgery or radiotherapy alone is used. 
Trials of neoadjuvant/adjuvant chemotherapy, defi nitive chemoradiotherapy, 
and preoperative chemoradiation have been extensively discussed in the previ-
ous chapter. Chemotherapy has been used both preoperatively and postopera-
tively, usually with cisplatin-based multi-agent regimens. Randomized trials of 
preoperative chemotherapy usually consist of two or three cycles followed by 
resection; some studies have also added postoperative chemotherapy. The safety 
of preoperative chemotherapy is demonstrated by the lack of increase in periop-
erative morbidity if surgery is performed in experienced hands. All of the pre-
operative chemotherapy regimens are cisplatin based, the majority of which are 
cisplatin and infusional 5-FU. Preoperative chemotherapy provides no consis-
tent survival benefi t, compared with resection alone except in one recent study 
which enrolled over 800 patients [ 55 ]. The lack of survival advantage in neoad-
juvant chemotherapy trials may be due in part to the small number of patients 
enrolled or alternatively to the poor locoregional control obtained with standard 
esophageal resection. In the large randomized trial by the MRC (Medical 
Research Council) Esophageal Cancer Study Group, median survival increased 
from 13 months in the surgery arm to 17 months in the preoperative chemo-
therapy arm ( p  < 0.05) [ 55 ]; the chemotherapy regimen was cisplatin and infu-
sional 5-FU. 

 Postoperative chemotherapy has not proven to be of any benefi t after surgery and 
has been shown to increase postoperative complications [ 56 ]. 

 Chemoradiation has also been used in the treatment of esophageal cancer. The 
concurrent use of chemotherapy and radiotherapy is theoretically appealing 
because, in addition to the systemic effects of chemotherapy, certain agents 
behave as radiosensitizers. Trials of chemoradiation vs. radiation alone generally 
include either cisplatin/5-FU or mitomycin/5-FU regimens [ 56 – 59 ]. Defi nitive 
chemoradiation with occasional salvage surgery is a feasible approach in squa-
mous cell esophageal cancer. Chemoradiation is also used pre- or postoperatively 
[ 60 – 63 ]. Preoperative chemoradiation has not been consistently proven to 
increase survival, but trails are short on power due to insuffi ciently small patient 
numbers. A survival benefi t for combined therapy is evident in patients who are 
found to have a complete pathologic response in the surgical specimen. Since 
surgery or radiation therapy alone has poor outcomes, defi nitive chemoradio-
therapy alone or preoperative chemoradiation and surgery is usually prescribed 
for non-metastatic, locoregionally advanced esophageal cancer. The treatment 
regimen of choice for chemoradiation remains cisplatin/5-FU. One recent trial of 
defi nitive chemoradiation (PRODIGE5/ACCORD17) has shown the FOLFOX 
regimen to be equal to cisplatin/5-FU, but more convenient in terms of serious 
adverse events [ 39 ].  
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     Chemotherapy for Esophageal Adenocarcinoma   

 Several drug therapy classes, including platinum, fl uoropyrimidines, topoisomer-
ase inhibitors, taxanes, and anthracyclines, are active in both gastric and gastro-
esophageal junction adenocarcinomas. Chemotherapy combinations seem to be 
equally active in both cancers (Table  14.4 ) [ 64 ]. It is clear that some disease sub-
types may need more specifi c types of treatment as we enter the era of targeted 
therapy.

   Chemotherapy vs. best supportive care trials show a survival advantaging met-
astatic GE adenocancer in both the fi rst- [ 65 – 67 ] and second-line settings [ 68 –
 70 ]. A meta-analysis of fi rst-line chemotherapy studies reported a hazard ratio 
(HR) of 0.39 (95 % CI, 0.28–0.52;  P  < 0.001) for overall survival (OS) in favor of 
chemotherapy, translating to a benefi t in weighted median average survival of 
approximately 6 months [ 71 ]. The standard chemotherapy regimen in the fi rst line 
is either cisplatin-infusional 5-FU or a three-drug combination. Oxaliplatin and 
capecitabine have been found as noninferior to cisplatin and fl uorouracil, respec-
tively, with perhaps a more manageable toxicity profi le, and both of these agents 
are now established in combination chemotherapy regimens for metastatic disease 
[ 74 ,  76 ,  77 ]. The so-called DCF regimen defi nitely shows a signifi cant survival 
advantage when compared to cisplatin-FU [ 72 ]; however, this comes at the price 
of signifi cant toxicity, mainly myelosuppression and mucositis [ 78 ]. Further stud-
ies aimed at decreasing the toxicity of this regimen by weekly, biweekly adminis-
trations [ 79 – 81 ]. In general, response rates of chemotherapy in advanced gastric/
gastroesophageal cancer exceed 40 %, but most patients still have a median sur-
vival <1 year, and survival >2 years is rare. This unimpressive survival is an indi-
cation for looking at targeted therapies to increase success in the treatment of this 
disease.  

   Table 14.4    Larger randomized trials of combination chemotherapy in esophageal adenocarcinoma   

 Trial  Year  Treatment  Patients  RR%  1 year OS  Reference 

 Van Cutsem 
et al. 

 2006  CF  224  25  32  [ 72 ] 

 DCF  221  37  40 

 Gimbaud et al.  2014  FOLFOXIRI  207  39.2  11.2  [ 73 ] 

 ECX  209  37.8  10.7 

 Cunningham 
et al. 

 2008  ECF  263  40.7  37.7  [ 74 ] 

 ECX  250  46.4  40.8 

 EOF  245  42.4  40.4 

 EOX  244  47.9  46.8 

 Ajani et al.  2010  CS  527  29.1  NR  [ 75 ] 

 CF  526  31.9  NR 

   CF  cisplatin-FU,  DCF  docetaxel-cisplatin-FU,  FOLFOXIRI  FU-oxaliplatin-folinic acid- 
irinotecan,  ECX  epirubicin-cisplatin-capecitabine,  ECF  epirubicin-cisplatin-FU,  EOF  epirubicin- 
oxaliplatin- FU.  EOX  epirubicin-oxaliplatin-capecitabin,  CS  cisplatin-S1,  RR  response rate,  OS  
overall survival  
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    Second-Line Chemotherapy 

 Following the fi rst-line failure with clinical progression, performance status unfor-
tunately declines considerably. Patients with esophageal cancer frequently face 
malnutrition and dietary problems, resulting in major weight loss. Especially in 
case of peritoneal carcinomatosis, with insuffi cient bowel function, signifi cant GI 
symptoms deteriorate functional status and limit treatment options [ 82 ]. 
Nevertheless, second-line therapy has been a standard care approach in selected 
patients, based on three randomized trials demonstrating a signifi cant survival ben-
efi t with chemotherapy over the best supportive care alone [ 68 – 70 ]. Moreover, a 
subsequent meta-analysis of them concluded on a survival HR of 0.73 (95 % CI, 
0.58–0.96), where the second-line setting improved the survival with the HR of 
0.57 (95 % CI, 0.36–0.91) in highly functioning patients with performance status 
of 0–1 [ 83 ].  

     Molecular Biology of Esophageal SCC   and Adenocarcinoma 

 Chromosomal aberrations have been documented in esophageal cancer resulting in 
gene dysregulation, such as the  C - MYC  and  ERBB2  ( HER - 2 ) oncogenes related 
with amplifi cations on 8q and 17q [ 84 ,  85 ]. 

 EGFR overexpression in association with poor prognosis in esophageal or GEJ 
cancer has encouraged many studies of relevant EGFR-targeting agents, such as 
tyrosine kinase inhibitors (TKIs) and monoclonal antibodies (mAbs). However, 
EGFR TKIs in esophageal cancer unfortunately caused relatively high toxicity 
besides lower activity due to the low incidence of activating mutations of 
EGFR. On the other hand,  HER - 2  targeting has been the current standard option 
in  HER -2 amplifi cation confi rmed stage IV gastroesophageal cancer [ 86 ]. The 
pathogenesis of  MYC  in esophageal cancer has not been decrypted yet. Loss of 
TP53 heterozygosity is present in more than half of the cases which is a viable 
predictor of poor prognosis and disease progression [ 87 – 89 ]. Goh et al. analyzed 
an array comparative genomic hybridization matching the gene expression profi l-
ing in order to fi nd possible original genes for signifi cant prognosis in esophageal 
adenocarcinomas [ 90 ]. The authors revealed 17 common regions of gain and 11 
common regions of losses with unique 2 deletions (p16/ CDKN2 ,  MBNL1 ) and 4 
gains (EGFR,  WT1 ,  NEIL2 ,  MTMR9 ) which had individual and collective prog-
nostic signifi cance. 

 Inactivating mutations of  NOTCH1  were demonstrated in 21 % of squamous 
cell esophageal carcinomas while none in adenocarcinomas [ 91 ]. Another 
study used high-density genomic profiling arrays. Amplified genes including 
 ERBB2 ,  FGFR1 ,  FGFR2 ,  EGFR , and  MET  were defined in 37 % of tumors, 
more prevalent in gastric cancers, in 296 esophageal and gastric cancer 
patients [ 92 ].  
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    Targeted Therapies in Esophageal SCC and Adenocarcinoma 

 Trastuzumab and ramucirumab have been approved in the last 5 years both in the 
fi rst- and second-line settings of the treatment of advanced or metastatic gastro-
esophageal adenocarcinoma [ 93 ]. Randomized clinical trials to evaluate novel treat-
ments will expectantly improve outcomes in the natural course of esophageal 
cancer. 

     EGFR   

 EGFR overexpression by immunohistochemistry indicating poor prognosis is pres-
ent in 32–65 % of esophageal or GEJ tumors [ 94 – 97 ], whereas EGFR mutations are 
uncommon with rates of 0 % in European studies to 12–14 % in Asian studies [ 98 ]. 
Therefore, both tyrosine kinase inhibitors (TKIs) and monoclonal antibodies 
(mAbs) in esophageal or GEJ cancer were not successful due to just overexpression 
of EGFR without activating mutations. 

 Two phase II trials in advanced esophageal cancer with single-agent gefi tinib 
documented infrequent partial responses of 2.8 % and 11.1 %, respectively, with 
poor median PFS [ 99 ,  100 ]. The combination of gefi tinib with CF for the neoadju-
vant treatment did not signifi cantly improve 3-year OS (40 % vs. 28 %,  p  0.06) 
in locally advanced esophageal cancer [ 101 ]. Phase II Southwest Oncology Group 
(SWOG) study with erlotinib also showed only objective response rate of 9 % in 44 
advanced GEJ patients [ 102 ]. 

 Cetuximab has been the mostly studied monoclonal antibody targeting EGFR in 
esophageal cancer; however, the fi nal phase II and III studies were disappointing 
despite early good results (Table  14.5 ). Cetuximab in second line as a single agent 
in advanced esophageal cancer has no role [ 108 ]. There is no improved survival 
data for cetuximab in the palliative use in esophageal cancer [ 107 ]. There are con-
fl icting results in phase II trials of cetuximab for locally advanced esophageal can-
cer in addition to chemoradiotherapy. For example, SWOG 0414 was closed early 
due to poor accrual which combined cisplatin/irinotecan/cetuximab and radiation 
[ 109 ]. Phase III RTOG study randomizing patients to preoperative cisplatin/pacli-
taxel/radiation with or without cetuximab has recently closed the adenocarcinoma 
arm because of futility, while it has been continuing for squamous histology. Phase 
II studies of FOLFOX-cetuximab-radiotherapy and cisplatin-paclitaxel-cetuximab- 
radiotherapy have documented very promising median PFS and OS in addition to 
favorable RR of 77.2 and 97.7 %, respectively [ 104 ,  105 ]. However, English phase 
II/III study has demonstrated increased toxicity and poorer survival with cetux-
imab for patients unfi t for surgery in addition to concurrent radiotherapy with cis-
platin and capecitabine [ 106 ]. A biological agent might display a great range from 
poor to perfect response and low to fatal toxicity in different and complex clinical 
scenarios.
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   Phase II ACOSOG study showed promising pCR and near pCR rates with pani-
tumumab (fully human mAb against EGFR); on the other hand, phase III REAL-3 
trial could not demonstrate effi cacy which blurred its use in esophageal cancer 
[ 110 ]. Overall, both cetuximab and panitumumab studies in the treatment of esoph-
ageal cancer failed to give hope for EGFR mAbs at current setup.  

     HER-2   

 Besides the HER1 (human epidermal growth factor receptor 1), HER2 is also 
expressed in gastroesophageal cancers, involved in critical steps for malignancy. 
Since trastuzumab (humanized monoclonal antibody blocking HER2 activation) in 
landmark ToGA (Trastuzumab in Combination with Chemotherapy Versus 
Chemotherapy Alone for Treatment of HER2-Positive Advanced Gastric or Gastro- 
oesophageal Junction Cancer) trial was used in combination with capecitabine and 
cisplatin [ 86 ], and signifi cantly improved median OS (13.5 vs. 11.1 months; HR, 
0.74;  P  = 0.0048) with greater benefi t in HER2-overexpressed subpopulation (OS, 
16.1 vs. 11.8 months;  P  = 0.0046), combination of trastuzumab with chemotherapy 
for HER2-positive gastric and gastroesophageal junction adenocarcinomas is the 
current standard. Whether a high tumor burden requires a higher maintenance, 
trastuzumab dosing is being tested in the HELOISE trial (Herceptin in Combination 
with Cisplatin/Capecitabine Chemotherapy in Patients with HER2-Positive 
Metastatic Gastric or Gastro-esophageal Junction Cancer). HER2 is signifi cantly 
more prevalently positive in proximal gastric and esophageal tumors [ 111 ,  112 ]. 

 Trastuzumab emtansine (T-DM1) is the combination of the antibody with a cyto-
toxic anti-microtubule macrolide, binding HER2 and disrupting of the PI3K/AKT 
pathway [ 113 ]. Comparison of T-DM1 with single-agent taxane is ongoing in previ-
ously treated metastatic gastric cancer in GATSBY study. Pertuzumab blocks HER2 
dimerization by targeting the extracellular dimerization domain and acts indepen-
dently of trastuzumab [ 114 ], and both pertuzumab to trastuzumab are combined 
with cisplatin plus capecitabine in the fi rst-line setting in HER2-positive gastric 
cancer in JACOB study. Lapatinib has been examined in fi rst-line LOGIC trial [ 115 ] 
and second-line TyTAN trial [ 116 ], but have not improved survival.  

     Targeting Angiogenesis   

 VEGF (vascular endothelial growth factor) family of VEGF-A to VEGF-E and pla-
cental growth factors 1 and 2 besides their receptor tyrosine kinases are important 
in cancer angiogenesis [ 117 ]. Ramucirumab (fully human immunoglobulin G1 
monoclonal antibody) targets VEGFR-2 and improved survival as monotherapy in 
REGARD study in previously treated advanced gastric and GEJ adenocarcinoma 
[ 118 ]. Ramucirumab was combined with paclitaxel versus placebo and paclitaxel as 
second-line treatment in RAINBOW study [ 119 ]. Ramucirumab signifi cantly 
improved survival, with an HR of 0.78 ( P  = 0.047) in double-blind, 
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placebo- controlled REGARD trial. A larger study, RAINBOW, randomly assigned 
paclitaxel with or without ramucirumab, and addition of ramucirumab demonstrated 
an improved median survival of 9.6 months versus 7.4 months with paclitaxel alone 
(HR of 0.81,  P  = 0.017) and progression-free survival of (HR of 0.635,  P  < 0.001) 
4.4 months versus 2.9 months with paclitaxel alone [ 119 ]. However, ramucirumab 
could not improve the outcome in the fi rst-line setting of advanced gastroesopha-
geal adenocarcinoma [ 120 ]. 

 AVAGAST randomized phase III trial of fi rst-line chemotherapy with or without 
bevacizumab, in advanced gastric cancer, was negative for survival (HR, 0.87; 
 P  = 0.1, median survival, 12.1 versus 10.1 months) but positive for PFS (HR, 0.80; 
 P  = 0.0032, 6.7 vs. 5.3 months) [ 121 ], while improved survival was noted in patients 
with plasma VEGF-A levels > the median (HR, 0.72) or neuropilin 1 expression < 
the median (HR, 0.75) [ 122 ]. 

 Apatinib, VEGFR-2 inhibitor, demonstrated an improvement in OS in a phase III 
study of apatinib versus placebo in the third-line setting of 270 patients (HR, 0.71; 
 P  < 0.016) [ 123 ]. 

 Anti-VEGFR trials failed in esophageal cancer. A phase II study of sunitinib 
combined with chemoradiotherapy prior for resectable cases and adjuvant sunitinib 
was in progress [ 124 ]. In a recent phase II trial, sorafenib had inadequate activity as 
a single agent for metastatic esophageal and GEJ tumors, with a median PFS of 
3.7 months and OS of 8.9 months [ 125 ].  

     Immune Checkpoint Inhibition   

 Immunosurveillance is demonstrated to signifi cantly alter in esophageal cancers 
[ 126 – 128 ]. PD-L1 is the fi rst identifi ed for the prevention of autoimmunity [ 129 ]. 
Engagement of PD-L1 on dendritic cells with the programmed death 1 (PD-1) 
receptor on T cells sends an inhibitory signal that activates T-cell anergy or apopto-
sis [ 130 ]. In esophageal cancer, expression of PD-L1 and PD-L2 is correlated with 
poor survival in esophageal cancers [ 126 ,  127 ]. It is noteworthy that 43 % of esoph-
ageal SCCs and 70 % of esophageal adenocarcinomas express PD-L1 [ 127 ], and its 
expression is independently correlated with poor survival [ 126 ]. 

 Pembrolizumab successfully blocks the negative regulatory signaling of the PD-1 
receptor expressed on T cell. It has been reported that pembrolizumab have substan-
tial activity in patients with advanced gastric cancer expressing PD-L1 [ 131 ].  

     MET and Hepatocyte Growth Factor   

 Activation of the MET pathway causes a stimulation of cell detachment, migration, 
and invasion [ 132 ]. MET interacts with EGFR family receptor tyrosine kinases 
[ 133 ].  MET  is amplifi ed in nearly 2–10 % of GEJ adenocarcinomas [ 6 ]. 

 In a recent trial, survival for EGFR-amplifi ed tumors was 11.2 months; for 
HER- 2- amplifi ed tumors, survival was 16.9 months; for without amplifi cation of 
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MET/EGFR/HER-2, survival was 16.9 months [ 134 ]. Tivantinib is a selective inhibi-
tor of the receptor TK, c-Met. Tivantinib has preliminary activity in phase I trials 
with GEJ and gastric tumors [ 135 ]. Ongoing trials are combining tivantinib with 
5-FU/leucovorin/oxaliplatin for advanced esophageal and GEJ or gastric tumors.  

     Fibroblast Growth Factor Receptor   

 Fibroblast growth factor receptor (FGFR)-2 is amplifi ed in nearly 4 % of esopha-
geal cancers and was correlated with higher grade, advanced stage, and poor prog-
nosis [ 104 ,  136 – 138 ]. Cediranib is a potent inhibitor of FGFR-2, of multiple VEGF 
receptors, and of c-Kit. Cediranib in esophageal or gastric cancer requires further 
studies [ 104 ]. AZD4547 is a potent, selective inhibitor of FGFR1, FGFR2, and 
FGFR3 and is currently being studied in second-line systemic therapy for FGFR- 
amplifi ed advanced esophageal cancers in a randomized phase II study [ 104 ].   

    Conclusion 

 Targeted therapy has potential to cure more patients when used in combination 
with multimodality treatment of esophageal SCC and adenocancer. Conducting 
large, randomized trials with multi-institutional efforts, where patients have been 
molecularly selected for treatment, will hopefully improve our understanding of 
therapy and clinical outcome.     
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  15      Advanced Surgical Approaches 
for the Management of Esophageal 
Carcinoma                     

       Boris     Sepesi       and     Wayne     Hofstetter    

         One Hundred Years of  Esophagectomy   

 Surgery has been used to manage various disease processes for hundreds of years. 
Advanced body cavity operations, however, did not become possible until the begin-
ning of the twentieth century, when the discovery of ether anesthesia enabled sur-
geons to perform prolonged operations, organ extirpations, and reconstructive 
surgeries. Some of the major accomplishments of the early twentieth century 
included Billroth’s pioneering of surgical techniques and strategies for the manage-
ment of gastric cancer and Halsted’s use of radical mastectomy with extensive 
lymph node dissection for breast cancer [ 1 ]. 

 Early advances in esophageal and thoracic surgery trailed behind those in 
abdominal and breast surgery. Intrathoracic esophageal carcinoma was diffi cult to 
manage at that time. Single-lung ventilation did not exist, which complicated the 
management of pneumothorax during operation. Sauerbruch, an eminent surgeon of 
the time, considered carcinoma of the esophagus to be inoperable and advised 
against surgically removing the involved thoracic esophagus [ 2 ]. 

 Despite Sauerbruch’s recommendation, Torek, using chloroform and ether anes-
thesia, performed the fi rst successful esophagectomy via right thoracotomy for an 
esophageal squamous cell carcinoma (SCC) in Germany in 1913. The patient’s 
intrathoracic lung adhesions prevented the lung from collapsing during the opera-
tion, and Torek used an extracorporeal esophagogastrostomy to reconstruct enteral 
continuity. The patient survived for 12 years and ultimately died of pneumonia 
rather than cancer. Encouraged by this result, Torek continued to perform resections 
of the esophagus for cancer. He reported his esophagectomy series in 1929, citing a 
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postoperative mortality rate that would be considered prohibitively high by today’s 
standards. However, through his experience, Torek recognized that surgery offered 
a potential cure for localized esophageal cancer. Anticipating improvements in 
overall perioperative care, he continued to advocate for surgical therapy for the 
disease [ 2 ]. 

 With further progress in anesthesia and critical care, the surgical treatment of 
esophageal cancer evolved over the remainder of the twentieth century. Although 
perioperative morbidity and mortality improved, they still remained quite high rela-
tive to other surgical procedures. The major complications recognized as contribut-
ing to the high morbidity and mortality of esophagectomy were cardiopulmonary 
complications related to thoracotomy incisions and intrathoracic anastomotic leaks 
that caused mediastinitis. To avoid thoracotomy-associated complications, surgeons 
began resecting the esophagus via abdominal and left neck incisions and utilizing 
transhiatal dissection of the esophagus [ 3 ]. In addition, esophagus–stomach anasto-
moses were placed increasingly in the neck, which simplifi ed the management of 
anastomotic leaks; rather than having to reoperate for mediastinitis due to thoracic 
anastomotic dehiscence, surgeons could simply reopen the initial incision to address 
the issue [ 4 ]. 

 As esophagectomy itself became safer and perioperative outcomes continued to 
improve, some surgeons began performing more extensive lymphatic nodal dissec-
tions and wider local excisions. Similar to Halsted’s radical mastectomy, more 
aggressive en bloc resection techniques with extensive lymphadenectomies in the 
abdomen, chest, and sometimes neck became favored in the hope that the disease 
would be extirpated in its entirety, resulting in a cure. This approach was a logical 
conclusion to the high rates of local regional failures experienced as a result of 
operating on more advanced disease. In time, it was discovered that although this 
approach might benefi t a select group of patients, more extensive dissection does 
not universally equal better oncologic outcomes [ 5 ]. 

 In the past several decades, surgical techniques have evolved rapidly. Nowadays, 
depending on the surgery center and the surgeon’s expertise, esophageal cancer may 
be resected via minimally invasive techniques (including abdominal laparoscopy 
and video-assisted thoracoscopy) [ 6 ], robot-assisted techniques [ 7 ], or traditional 
open techniques [ 8 ]. A number of esophagectomy types, including vagal-sparing 
esophagectomy [ 9 ], inversion esophagectomy [ 10 ], abdominal esophagectomy 
[ 11 ], transthoracic (Ivor Lewis) esophagectomy [ 8 ], three-fi eld (McKeown) esopha-
gectomy [ 12 ], and left thoracoabdominal esophagectomy [ 13 ], have been devel-
oped. Depending on the tumor location and type of esophageal resection, 
anastomoses can be performed high in the abdomen, in the chest, or in the neck. The 
indications for a given type of esophagectomy depend on the circumstances. 
Arguments about the superiority of one approach over another are likely unjustifi ed. 
Surgeons should choose the approach they are most comfortable with to achieve 
complete R0 resections with adequate lymph node dissection to maximize the onco-
logic benefi t of surgery. In addition, patient selection, meticulous operation, and 
judicious postoperative care are all important to achieving excellent perioperative 
outcomes. 
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 Since the fi rst successful esophagectomy over 100 years ago, much has been 
learned about the surgical aspects of esophageal resections and reconstructions. 
Esophagectomy results have improved signifi cantly, with perioperative mortality 
rates declining from nearly 90 % in the early 1900s to less than 5 % today [ 14 ]. 
Advancements in surgical and anesthesia techniques, along with improvements in 
patient selection and preparation for these extensive procedures, have played major 
roles in this signifi cant improvement. In addition, an improved understanding of 
cancer biology has revealed that surgery alone benefi ts only a select group of 
patients who have early esophageal cancer.  

     Multimodality Therapy for Esophageal Cancer   

 The best oncologic outcomes in esophageal cancer patients, especially those with 
locally or regionally advanced disease, seem to be achieved with multimodality 
therapy consisting of chemotherapy, radiation therapy, and surgery [ 15 ]. 

 Following the discovery of radium and its antitumor effects in the early twentieth 
century, radiation therapy became a frequently used modality for many diseases. 
Radiation therapy for esophageal cancer initially consisted primarily of treatment 
with radium bougies until the emergence of external beam radiation. Both tech-
niques caused tumor regression and elicited the occasional complete tumor response. 

 Considering the high rates of local recurrence after surgical resection, preopera-
tive radiation was added to surgery to decrease the local recurrence rate and improve 
survival. Most randomized trials tested this approach in esophageal SCC and uti-
lized radiation doses of 20–40 Gy. This was not a biologically adequate dose, how-
ever, since none of the trials, including a meta-analysis of 1147 patients [ 16 ], 
showed that the regimen had a signifi cant survival benefi t [ 16 ]. Later trials, this time 
investigating radiation therapy in the postoperative setting to avoid worsening peri-
operative complications, used higher doses of 40–60 Gy. This approach showed 
benefi t in some trials, but the overall data were too confl icting to support clear con-
clusions about its absolute value in prolonging patients’ lives [ 17 ]. The data did 
indicate that the combination of surgery and radiation improved locoregional dis-
ease control, however. 

 Despite improvements in locoregional disease control, most esophageal cancer 
patients continued to die of metastatic disease. Thus, the administration of systemic 
chemotherapy prior to surgery became an appealing option in esophageal cancer 
patients: Chemotherapy would be given preoperatively to eliminate potential micro-
metastases and downstage the primary tumor, thus allowing for more frequent com-
plete surgical resection. Administering chemotherapy preoperatively would also 
provide the opportunity to measure the treatment response radiographically and 
quantify the biologic response in pathologic specimens by assessing the viability of 
tumor cells. Biologic response has since been shown to correlate with overall patient 
outcome [ 18 ]. 

 In one of the fi rst trials of chemotherapy for esophageal cancer, Roth et al. com-
pared chemotherapy followed by surgery with surgery alone [ 19 ]. The trial, which 
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revealed that patients whose disease had a major or complete response to chemo-
therapy, had a signifi cantly longer median survival duration and also provided the 
fi rst insight into the biologic heterogeneity of esophageal carcinoma. Another trial 
conducted by Kelsen et al. (USA Intergroup 113), however, did not demonstrate a 
survival benefi t of chemotherapy, perhaps owing to poor local disease control and 
inconsistencies in disease staging and response evaluation [ 20 ]. Later trials, such as 
the MRC (Medical Research Council) trial in 2002 and the MAGIC (Medical 
Research Council Adjuvant Infusion Chemotherapy) trial in 2006, showed that 
administering chemotherapy prior to surgery had a survival benefi t in esophageal 
carcinoma patients [ 21 ,  22 ]. Current chemotherapeutic regimens for the treatment 
of esophageal cancer are based on a platinum compound, either cisplatin or carbo-
platin, combined with either 5-fl uorouracil or taxanes. 

 Another common treatment combination for locally advanced esophageal cancer 
is concomitant chemotherapy and radiation therapy followed by surgical resection. 
This approach, known as trimodality therapy, is based on the observation that che-
motherapy combined with radiation therapy has a synergistic anticancer effect and 
the fact that each therapy alone at high doses can cause excessive toxicity and thus 
treatment-related morbidity. As with the early trials of chemotherapy plus surgery, 
the early trials of trimodality therapy for esophageal cancer also had inconsistent 
disease staging and dissimilar perioperative outcomes between the study arms, fac-
tors that obscured the therapy’s true potential oncologic benefi t. However, one study 
would soon set the standard for all future randomized clinical trials in esophageal 
cancer. In 2012, van Hagen et al. published the results of the CROSS 
(Chemoradiotherapy for Oesophageal Cancer Followed by Surgery Study) trial, 
which analyzed the outcomes of 366 patients with esophageal adenocarcinoma 
(75 %) or SCC (22 %) randomized to surgery alone ( N  = 188) or trimodality therapy 
( N  = 178). The trimodality regimen consisted of carboplatin plus paclitaxel with 
concurrent radiation (41.4 Gy) for 5 weeks followed by esophagectomy. In this 
randomized trial, the two study arms had similar perioperative outcomes, which 
allowed for the assessment of the effect of neoadjuvant chemoradiation on overall 
survival. This well-executed trial revealed that, compared with the surgery-alone 
arm, the trimodality therapy arm had a higher R0 resection rate and a longer overall 
median survival duration (49 months versus 24 months; hazard ratio [HR], 0.65 
[95 % CI, 0.49–0.87];  p  = 0.003). In addition, the estimated 5-year survival rate of 
the trimodality therapy group (47 %) was signifi cantly higher than that of the sur-
gery-alone group (34 %; HR, 0.65 [95 % CI, 0.49–0.87];  p  = 0.003). Interestingly, 
the trimodality strategy seemed to have benefi ted mainly patients with squamous 
cell histology and node-negative status [ 15 ]. 

 In spite of the results of the CROSS trial, debate continues as to whether chemo-
therapy combined with en bloc esophagectomy would achieve results similar to 
those achieved with chemoradiation and surgery. There are two trials comparing 
these therapies, one a randomized POET trial by Stahl et al. [ 23 ] and the other a 
phase II randomized trial by Burmeister et al. [ 24 ]. Although neither trial reached 
the targeted improvement in survival, there was a signifi cant difference in DFS and 
a trend in OS favoring the CXRT arm of the POET trial.  
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     Principles of Surgery for Esophageal Carcinoma   

     Timing of Esophagectomy   

 Esophagectomy is an extensive procedure, and appropriately timed surgery is of the 
utmost importance. Paramount to effective treatment planning is an accurate assess-
ment of the patient’s nutritional status. Most patients with esophageal cancer come 
to medical attention only after developing dysphagia, sometimes lasting weeks or 
months; weight loss often fi nally pushes them to seek help. Therefore careful assess-
ment and optimization of nutritional status is a  sine qua non  for successful therapy. 
Patient’s weight, but also serum levels of albumin and prealbumin, should be mea-
sured. Optimization of nutritional parameters via enteral route is preferred over par-
enteral route. 

 Upfront surgery for esophageal carcinoma is generally indicated only in 
patients with mucosal T1a or submucosal T1b disease. Patients with T2 cancers 
involving the muscularis propria are also candidates for upfront esophagectomy, 
as most have disease that is generally over-staged after evaluation with endo-
scopic ultrasonography. The timing of upfront surgery depends mainly on the 
patient’s  nutritional and physiologic status. If the patient has an albumin level of 
≥3.5 g/dL and optimal cardiopulmonary function, proceeding with an esophagec-
tomy is reasonable. 

 The decision of whether to use trimodality therapy for esophageal cancer should 
be made before initiating treatment. However, deciding when to perform surgery 
following neoadjuvant chemoradiation can be challenging. In general, the goal is to 
complete the surgical resection within 4–6 weeks after chemoradiation; however, 
many patients have not fully recovered from chemoradiation at that point. 
Occasionally, more time is required to prepare the patient for esophagectomy. 
Whether the timing of esophagectomy after chemoradiation infl uences outcomes 
such as complications, long-term survival, or pathologic complete response remains 
largely unclear, although at least one study’s fi ndings would seem to suggest that it 
does not. Kim et al. conducted a retrospective analysis comparing the outcomes of 
150 patients who underwent esophagectomy within 8 weeks after chemoradiation 
and 116 patients who underwent esophagectomy more than 8 weeks after chemora-
diation. The authors found that the operative time, operative blood loss amount, 
anastomotic leak rate, and other perioperative complications did not differ between 
the groups. Importantly, the groups’ pathologic complete response and overall sur-
vival rates were not signifi cantly different. Rather, the authors’ multivariable analy-
sis revealed that weight loss (HR, 1.84) was independently associated with 
complications; female gender (HR, 2.51), body mass index >25 (HR, 2.69), and 
squamous cell histology (HR, 4.87) were independently associated with pathologic 
complete response; and age (HR, 1.03), number of positive lymph nodes (HR, 1.11), 
and pathologic stage IV disease (HR, 5.10) were signifi cantly associated with sur-
vival. Thus, the study’s fi ndings suggest that surgical resection can be delayed lon-
ger than 8 weeks after chemoradiation without compromising short- or long-term 
outcomes [ 25 ].  
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     Salvage and Selective Esophagectomy   

 In the era of multimodality therapy, impeccable perioperative outcomes are neces-
sary to demonstrate the oncologic benefi t of surgery in patients with esophageal 
cancer. As mentioned previously, most randomized trials in esophageal cancer 
patients were hindered by signifi cant discordance in surgical outcomes between 
study arms, thus obscuring the actual benefi t of surgery for esophageal cancer in the 
multimodality setting. In high-risk patients or patients who require more than 
12 weeks to recover from defi nitive chemoradiation, a strategy of selective or sal-
vage esophagectomy may be applied. In this approach, surgery is performed only in 
the setting of disease persistence or recurrence after defi nitive chemoradiation. This 
treatment paradigm was the focus of the Radiation Therapy Oncology Group 0246 
phase II trial by Swisher et al. The study was designed to detect an improvement in 
the 1-year survival rate from 60 % to 77.5 % in patients who underwent defi nitive 
chemoradiation followed by selective/salvage esophagectomy. More than 70 % of 
the patients enrolled in the trial had clinical stage T3 or N1 disease. Of the 41 
patients included in the analysis, 21 (51 %) underwent salvage esophagectomy for 
residual or recurrent disease, and one patient requested resection. The overall sur-
vival rate was 53 % for patients with complete clinical response after defi nitive 
chemoradiation, 33 % for patients with clinical incomplete response, and 41 % for 
patients with clinical incomplete response salvaged by surgery. Following induction 
chemotherapy and chemoradiation, three patients died of treatment-related compli-
cations, underscoring the toxicity of this regimen, and one patient died of disease 
progression; in the surgery group, one patient died postoperatively [ 26 ]. The results 
of this study suggest that salvage esophagectomy following defi nitive chemoradia-
tion is a feasible and safe treatment strategy and provides an additional survival 
benefi t in patients with incomplete clinical response after defi nitive 
chemoradiation.  

     Esophageal Replacement Conduits   

 Following esophagectomy, the continuity of the gastrointestinal tract may be rees-
tablished with a tabularized stomach, a free segment of the jejunum, a pedicle of 
jejunum in Roux-en-Y fashion, or colon interposition. Of these options, the stom-
ach is the most reliable and most commonly used conduit for esophageal 
replacement. 

    Stomach 
 The stomach has an abundant blood supply, and after careful mobilization and a 
Kocher maneuver (i.e., mobilization of the duodenum), it easily reaches to the neck. 
For stomach mobilization, fi rst, the lesser sac is entered, and the greater omentum is 
separated from the transverse colon and mesocolon. During this process, it is imper-
ative to preserve the right gastroepiploic artery, which will provide the main blood 
supply to the created conduit, and the omental pedicle, which will be used for 
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anastomotic reinforcement. After omental mobilization (Fig.  15.1 ), the greater cur-
vature of the stomach is mobilized by dividing the short gastric arteries. On the 
medial aspect of the stomach, the pars fl accida is opened, and the lesser curvature is 
mobilized to the level of the diaphragmatic crus, which is circumferentially dis-
sected to expose the distal esophagus. If a distal esophageal tumor invades the crus 
or the diaphragm, a portion of the crus or the diaphragm can be resected en bloc 
with the esophagus and the proximal stomach to achieve negative radial margins. 
After the mobilization of the lesser and greater gastric curvatures, the left gastric 
artery is exposed and divided at its takeoff from the celiac trunk, and all nodal tissue 
along this artery is swept with the specimen. Starting at the incisura and continuing 
toward the angle of His, a linear stapler helps to create a gastric conduit approxi-
mately 4–5 cm in width which allows for optimal gastric emptying while minimiz-
ing leaks. This tubular gastric pedicle, with a blood supply based mainly on the right 
gastroepiploic artery, will serve as a neoesophagus.

       Jejunum 
 If the stomach is not available—either because of previous gastric surgery or 
because it has already been used as a conduit of choice in an operation for previous 
esophageal replacement—the jejunum is used as the replacement conduit. The rees-
tablishment of intestinal continuity with a free or pedicled jejunal graft is techni-
cally challenging and should be performed in centers experienced with this 
approach. The most critical part of this operation is selecting the blood supply to the 
long jejunal Roux limb to ensure that the pedicle will reach to the neck for the 

  Fig. 15.1    Mobilized omental pedicle to be transposed to the chest for anastomotic reinforcement       
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anastomosis and the blood supply to the remaining small intestine will not be com-
promised. Generally, this type of reconstruction requires “supercharging” the con-
duit in the neck by anastomosing the mesenteric artery and vein to either the internal 
thoracic artery and vein or to other suitable blood vessels in the neck. 

 The mobilization of the jejunal conduit begins with careful transillumination of 
the vascular arcade within the mesentery. Vascular branches coming off the superior 
mesenteric artery are then counted. The fi rst branch must be preserved in its native 
position, as it supplies the portion of the jejunum just distal to the ligament of Treitz, 
which will be anastomosed to the distal portion of the Roux limb. The second and 
third jejunal branches are then divided up to the level of the bridging mesenteric 
arcades. The fourth branch of the jejunal arteries is the main pedicle that supplies 
the conduit. Because the proximal portion of the conduit is under warm ischemia 
during its transposition to the neck and until it is anastomosed to the internal tho-
racic vessels, all dissection and preparation for both vascular and enteric anastomo-
ses should be completed prior to the division of the vascular supply (Figs.   15.2   and 
  15.3  ). Even relatively trivial inaccuracies in the conduct of the operation may result 
in major postoperative complications.

    When successfully performed, long jejunal limb interposition results in a good 
functional outcome. The dreaded complication of jejunal limb ischemia is fortu-
nately rare; however, nonobstructing mesenteric ischemia in the distal small bowel 
is a well-recognized event. Therefore, the success of this operation depends not only 
on meticulous technical performance but also judicious postoperative care, which 
includes careful attention to the fl uid balance and resuscitation.  

  Fig. 15.2    Mobilized jejunum, prepared for transposition to the neck       
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    Colon 
 The colon is the second most commonly used conduit for esophageal replacement. 
As in jejunal interposition, the success of colon interposition depends on judicious 
preoperative preparation, accurate delineation of vascular anatomy, and careful dis-
section and division of appropriate vascular structures. Unlike the jejunum, the 
colon is prone to having inherent pathologies such as colonic polyps, infl ammatory 
colitis, or cancer. Therefore, before considering the colon as an esophageal replace-
ment conduit, the surgeon must ensure that the colon is free of any inherent 
pathology. 

 Although the blood supply to the colon is generally consistent, anatomic varia-
tions, especially around the areas of hepatic and splenic fl exure arcades, may exist; 
therefore, preoperative angiography is usually obtained to defi ne the vascular anat-
omy. Computed tomography angiography with coronal and sagittal reconstructions 
is also useful in identifying atherosclerotic disease at the ostium of the inferior 
mesenteric artery, the presence of which could compromise blood fl ow to the 
colonic pedicle. 

 Right or left colon interposition is often referenced when discussing esophageal 
replacement, but actually, the transverse colon with a portion of the descending 
colon is used as a conduit most of the time. The “left colon” conduit is based on the 

  Fig. 15.3    Jejunal 
interposition to the neck 
(the length is measured 
here, and the conduit will 
ultimately lay in the 
retrosternal position)       
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ascending branch of the left colic artery, which is a branch of the inferior mesenteric 
artery and creates the arc of Riolan around the splenic fl exure. The left colic artery 
communicates with the middle colic artery through collateral circulation with the 
artery of Drummond. 

 The mobilization of the colon begins with the division of the lateral abdominal 
wall attachments at the white line of Toldt. Both the ascending and descending 
colons are mobilized in this fashion, with careful mobilization of the hepatic and 
splenic fl exures. The omentum is then detached from the transverse colon and 
mesocolon. After complete colonic mobilization, the mesocolon is transilluminated, 
and the vascular supply to the selected colonic pedicle is identifi ed, dissected free, 
and tested for ischemia by temporarily clamping the vessels to be divided. One of 
the major technical challenges of this operation is the dissection of the middle colic 
artery and vein. These structures must be divided as close to their origin as possible 
to preserve collateral blood fl ow. Although it is uncommon, the middle colic vessels 
may also be anastomosed to internal thoracic vessels in the neck, thus supercharg-
ing the colonic conduit. 

 The advantages of “left” colon interposition are its generally reliable blood sup-
ply and isoperistaltic orientation. The downside of this approach is that it requires 
esophago-colostomy, colo-colostomy, and colo-gastrostomy or colo- jejunostomy 
anastomoses. Although technically nuanced, colon interposition can be performed 
successfully in the vast majority of cases after appropriate patient selection and 
preoperative evaluation. It provides satisfactory alimentation and has acceptable 
long-term gastrointestinal side effects.   

    Anastomoses: Locations, Types, and Complications 

 Creating the anastomosis between the esophageal remnant and replacement esopha-
geal conduit is by far the most important aspect of esophagectomy. Anastomotic 
complications often determine both the short-term and long-term physiologic out-
comes of this challenging procedure. Anastomotic dehiscence or leak is a rather 
common complication of esophagectomy and is mainly due to the relative ischemia 
of the gastric conduit. When the esophagogastrostomy is made in the cervical 
region, the rate of anastomotic leak is approximately 15 % [ 27 ]. Intrathoracic anas-
tomotic leaks occur in approximately 8–10 % of patients [ 28 ]. Patients who undergo 
salvage esophagectomy have the highest anastomotic complication rate (15 %), 
likely owing to the chronic effect that radiation therapy has on esophageal tissue and 
its microvasculature [ 28 ]. 

 In general, the lower in the chest the anastomosis is performed, the higher the 
likelihood of it healing successfully because of the more robust blood supply of the 
gastric body and antrum rather than the fundus. However, to achieve adequate 
proximal surgical margins and avoid debilitating gastroesophageal refl ux, most 
surgeons elect to perform the anastomosis either at or above the level of the azygos 
arch in the chest or in the neck. The reason for performing the cervical anastomosis 
is the relative ease of the management of anastomotic complications in this region. 
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Reopening the neck incision with adequate external drainage is usually all that is 
necessary to heal the anastomosis by secondary intention. Subsequent anastomotic 
stricture is common and requires serial dilation; in some instances of recurrent 
strictures, patients are taught self-dilation [ 27 ]. 

 The leak rate of intrathoracic anastomoses is generally lower than that of cervi-
cal anastomoses. Historically, however, intrathoracic anastomotic complications 
have resulted in severe mediastinitis and high morbidity and mortality rates. This 
complication once usually required reoperation with anastomotic repair, buttress-
ing of the repaired anastomosis with either a latissimus dorsi or serratus anterior 
muscle fl ap, and wide drainage [ 29 ]. To avoid this complication, surgeons began 
using the omentum to buttress the anastomosis. The omentum, whose blood supply 
depends on the right gastroepiploic artery, is mobilized with the greater curvature 
of the stomach. In our retrospective analysis, we reviewed the outcomes of 607 
esophagectomy patients, of whom 215 (35 %) underwent anastomotic reinforce-
ment with the omentum [ 27 ]. Anastomotic leak occurred in 51 (8.4 %) patients. 
The anastomotic leak rate of patients with omental wrapping of the anastomosis 
(4.7 %; odds ratio, 0.4) was signifi cantly lower than that of patients without the 
omental wrapping (10.5 %). Patients who underwent salvage resection had the 
highest leak rate (15 %), but this rate declined to 4.6 % with the use of omental 
wrapping. Importantly, grade 3 leaks, defi ned by the necessity for reoperation, 
signifi cantly declined when the omental pedicle was used (Figs.   15.4   and   15.5  ). 
Omental  reinforcement of the intrathoracic esophagogastric anastomosis has since 
become a routine part of our clinical practice [ 27 ].

  Fig. 15.4    The omental pedicle is sutured to the gastric conduit prior to transposition to the chest       
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    Surgeons often debate whether sewing or stapling results in fewer anastomotic 
complications. Whereas hand-sewn anastomoses are usually performed end-to-end, 
stapled anastomoses may be performed in a side-to-side fashion or end-to-end with 
a circular stapler. Blackmon et al. [ 30 ] compared the outcomes of patients in whom 
intrathoracic anastomoses were performed using these different techniques and 
found that the anastomotic leak rates of patients with side-to-side stapled anastomo-
ses (8.7 %), circular “end-to-end stapled” anastomoses (4.3 %), and hand- sewn anas-
tomoses (4.3 %) did not differ signifi cantly ( p  = 0.78). However, the postoperative 
dysphagia rate of patients with hand-sewn anastomoses (50 %) was twice that of 
patients with stapled anastomosis (25 %), which may have been due to a higher rate 
of stricture in the hand-sewn anastomosis group. Nevertheless, the type of anastomo-
sis did not affect perioperative mortality or long-term oncologic outcomes [ 30 ].  

    Extent of Lymphadenectomy 

 Debate regarding the extent of lymphadenectomy in oncologic surgery has lasted 
decades and remains unsettled. How many lymph nodes draining a particular tumor 

  Fig. 15.5    The omentum 
is then enveloped around 
the anastomosis and 
gastric conduit       
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site should be removed? Does the performance of extended lymphadenectomy actu-
ally infl uence survival? Is it necessary to remove a large number of lymph nodes if 
the patient already underwent neoadjuvant chemoradiation? These questions have 
not been answered completely in many epithelial malignancies, including esopha-
geal carcinoma. 

 The idea that lymph nodes must be removed during oncologic surgery dates to 
the times of Halstead, who observed the sequential spread of breast cancer from the 
breast tissue to the axillary lymph nodes, then to the infraclavicular lymph nodes, 
then occasionally to the intramammary lymph nodes, and then throughout the body. 
This observation gave the impression that all solid tumors spread in an organized, 
consistent fashion, in which local disease progressively spreads to regional lymph 
nodes before spreading systemically. Based on this premise, sentinel lymph node 
biopsy became popularized in breast cancer surgery; if the sentinel lymph node was 
positive, complete axillary dissection was recommended in the hope of achieving 
both locoregional control and prolonged survival. However, mounting data suggest 
that this is not the case in all situations and that the risk of systemic disease is related 
much more to cancer biology rather than to local or regional disease burden, 
although the disease burden especially in the lymph nodes is a fairly consistent 
predictor for the risk of systemic disease. However, depending on its biology, even 
a small tumor may have the ability to metastasize systemically. 

 Performing lymphadenectomy for esophageal cancer is somewhat more chal-
lenging than performing it for breast or colorectal cancer, for example. This is 
mainly because the esophagus has haphazard—and extensive—lymphatic drainage; 
it spans from the neck to the abdomen and therefore drains into cervical, intratho-
racic, and abdominal lymph nodes. Thus, tumor location plays an important role in 
choosing which nodal areas should be dissected during esophagectomy. The surgi-
cal approach also infl uences which nodal stations are dissected and how many 
lymph nodes are removed. Sentinel lymph node biopsy for esophageal cancer has 
not been developed and remains an area of ongoing research. 

 For distal and gastroesophageal junction esophageal cancers, which are mostly 
adenocarcinomas, abdominal D2 lymphadenectomy and intrathoracic lymphadenec-
tomy are recommended. Abdominal D2 lymphadenectomy includes the resection of 
the perigastric lymph nodes and nodes along the branches of the celiac artery, and 
intrathoracic lymphadenectomy includes the resection of the periesophageal and 
subcarinal lymph nodes. Some surgeons advocate adding dissection of the paratra-
cheal lymph nodes and skeletonization of the recurrent laryngeal nerves and adding 
cervical lymphadenectomy, even in the setting of distal esophageal adenocarcinoma 
[ 31 ]. For mid-esophageal tumors, which initially spread to the intrathoracic lymph 
nodes but may also involve either cervical or abdominal lymph nodes, lymphadenec-
tomy is also generally restricted to thoracic and abdominal lymph nodes. (Cervical 
lymph node dissection may be indicated in select cases, however.) Cervical esopha-
geal cancers, which are most commonly SCCs, are generally treated with defi nitive 
chemoradiation and thus are not treated surgically. In rare instances of surgical resec-
tion of these cancers, which may necessitate total laryngectomy with cervical esoph-
agectomy, standard bilateral neck dissection is advocated. 
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 The optimal lymphadenectomy for esophageal cancer and the infl uence of 
lymphadenectomy on patient survival have been diffi cult to defi ne, mainly owing to 
stage migration (the “Will Rogers phenomenon”). Most data used to investigate 
these issues are from cases of esophageal resection in which surgery was the sole 
treatment modality. As a result, the appropriate extent of nodal harvest during 
esophagectomy following neoadjuvant chemoradiation has not yet been defi ned. 
Utilizing the Worldwide Esophageal Cancer Collaboration database, Rizk et al. 
studied the relationship between lymphadenectomy and survival and attempted to 
defi ne optimal lymphadenectomy. The study cohort consisted of 4627 esophageal 
cancer patients who underwent esophagectomy alone. Five-year survival appeared 
to improve as the number of resected lymph nodes increased. For each pathologic 
stage, the authors identifi ed a different target number of lymph nodes to resect: 
10–12 nodes for pathologic pT1 disease, 15–22 nodes for pT2 disease, and 31–42 
nodes for pT3/T4 disease [ 32 ]. These fi ndings are consistent with the fact that 
tumors that penetrate deeper into the esophageal wall have a higher chance of nodal 
metastasis; therefore, the resection of more than 30 lymph nodes allows for more 
accurate pathologic staging. As expected, the authors found that the extent of 
lymphadenectomy was not associated with a survival benefi t in patients with carci-
noma in situ (whose chance of nodal disease is nearly 0 %) or in patients with more 
than seven positive lymph nodes (whose risk of systemic disease is almost 100 %). 
Thus, any additional lymph node resection in either group would not impact overall 
survival [ 32 ]. 

 Lymphadenectomy is generally safe and does not add signifi cant morbidity in 
most cases. The most dreaded complication of extended lymphadenectomy is 
uncontrolled chyle leak, which can be fatal if uncontrolled but is exceedingly rare.  

    Postoperative Care and Surveillance 

 In addition to optimal patient selection and the safe performance of esophageal 
resection, excellent postoperative care has also contributed to signifi cant improve-
ments in perioperative outcomes in patients who have undergone esophagectomy. 
Relationships between hospital volume and patient outcomes and between surgeon 
volume and patient outcomes have been well established. Given the complexity of 
the perioperative and postoperative care of patients with the disease, esophageal 
cancer should be managed only in centers specializing in this disease process. The 
conduct of anesthesia, fl uid management, pain control, and early recognition and 
treatment of possible postoperative complications are all important factors that 
infl uence patients’ overall outcome. 

 Nutritional support practices continue to vary among institutions. Although most 
institutions still employ enteral nutrition via feeding jejunostomy, some institutions 
allow early feeding by mouth, and others support patients with total parenteral 
nutrition until enteral feeding is possible. These practices, none of which have been 
subjected to rigorous randomized study, represent local treatment paradigms rather 
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than the standard of care. Even if the anastomosis heals without complications, it 
generally takes a few weeks until patients are able to ingest enough calories by 
mouth to support their needs. Therefore, it is recommended that a feeding jejunos-
tomy be placed to allow enteral nutrition, as it benefi ts patients in whom anasto-
motic complications arise or patients who experience delayed gastric emptying or a 
lack of appetite. 

 When esophageal cancer patients fi nally recover from trimodality therapy, the 
question of how frequently surveillance should be performed arises. Patients often 
live in fear that the disease will reappear as either locoregional or distant metastatic 
recurrence. The purpose of periodic surveillance is to identify such recurrence early 
enough that salvage therapy can be implemented. However, no evidence-based 
algorithms guiding surveillance in these patients are available. Most providers fol-
low patients every 3–6 months with clinical examination and a variety of imaging 
and/or endoscopy studies. However, this strategy is often costly, provokes anxiety in 
patients, and may not ultimately change patient outcomes. 

 To determine the usefulness of frequent, rigorous surveillance, Sudo et al. retro-
spectively reviewed the outcomes of a surveillance strategy for patients who had 
undergone trimodality or bimodality therapy for esophageal cancer. The authors 
fi rst identifi ed 518 patients who underwent trimodality therapy for esophageal ade-
nocarcinoma [ 33 ]. Surveillance was performed every 3 months for the fi rst year, 
every 6 months for 2 more years, and then annually thereafter. Computed tomogra-
phy or positron emission tomography–computed tomography was performed at 
each follow-up visit, and endoscopy with esophageal biopsy was performed every 
6 months for the fi rst 18 months and annually thereafter. As expected, the rate of 
distal recurrence (36 %) was higher than the rate of locoregional recurrence (5 %). 
Salvage chemoradiation or surgery was used in a very select group of patients with 
local recurrence. The median overall survival duration of patients who had local 
recurrence following trimodality therapy was 17 months, and only ten of these 
patients lived more than 2 years. Overall, rigorous surveillance benefi tted only 2 % 
of the 518 patients, and the authors concluded that surveillance after trimodality 
therapy is unlikely to result in additional salvaged lives [ 33 ]. 

 Sudo et al. then reviewed the outcomes of the surveillance and salvage treat-
ment of 276 patients who underwent bimodality therapy for either esophageal 
adenocarcinoma or SCC. Contrary to the salvage therapy fi ndings in patients who 
had trimodality therapy, 36 % of the patients who had locoregional recurrence after 
bimodality therapy—approximately 8 % of all patients—benefi ted from similarly 
frequent and rigorous surveillance. The median overall survival duration of the 
patients who underwent salvage surgery was an impressive 58.6 months, substan-
tially higher than that of the patients who were unable to undergo salvage surgery 
(9.5 months). Considering the fact that the vast majority of local recurrences 
(>98 %) occurred in the fi rst 36 months, the authors recommended that esophageal 
cancer patients undergoing bimodality therapy should receive vigilant surveillance 
during this period to potentially catch recurrences early enough to render salvage 
surgery feasible [ 34 ].   
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    Conclusion 
 Much about our understanding of esophageal carcinoma has changed in the cen-
tury since Torek performed the fi rst successful esophagectomy for the disease. 
The etiology shifted from one of squamous cell histology to one of adenocarci-
noma. Surgery improved from having nearly universal perioperative mortality to 
being relatively safe and requiring only a 1-week hospital stay. Early esophageal 
carcinoma is now managed with organ-sparing techniques, and multimodality 
therapy, offering survival outcomes that are better than those achieved with sur-
gery alone, has become the standard of care for locally advanced disease. 
However, despite this exceptional progress, esophageal carcinoma continues to 
be a highly lethal malignancy. Further advancements will require novel therapies 
that target the cancer’s biology and/or microenvironment. Immunotherapy or 
novel targeted therapies may improve upon the benefi ts of surgery, chemother-
apy, and radiation in the management of advanced esophageal carcinoma. 
Surgeons who take on the challenge of treating patients with esophageal cancer 
should possess not only excellent technical operative skills but also a thorough 
knowledge of multimodality therapy and nuances in overall perioperative and 
long-term patient management.     
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  16      Radiotherapy in Thymic Tumors                     

       Ugur     Selek     ,     Yasemin     Bolukbasi    ,     Erkan     Topkan     , 
and     Ritsuko     Komaki     

         Pathological and Biological Features 

 The thymus normally has separate lobules, with a sharp distinction between the 
lymphocyte-rich cortex and the epithelial cell-rich medulla which also contains 
characteristic Hassall’s corpuscles of concentric layers of mature epithelial 
cells [ 5 ].  Thymic neoplasms   arising in the anterior mediastinum are rare, but, 
variations in migration of embryonic endodermal epithelium of the third pha-
ryngeal pouches could account for findings of gross or microscopic thymic 
tissue anywhere between the hyoid bone and the diaphragm [ 6 ]. The thymus, 
primarily involved in the processing and maturation of lymphocytes to be 
released into circulation as T lymphocytes, is very small at birth (approxi-
mately 15 g), grows to 40–45 g around puberty, and continuously involutes in 
elderly to an atrophic state.  
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    Pathology 

 The World Health Organization (WHO) histological classifi cation system for 
  thymoma   was announced in 1999 [ 7 ], and it has been shown to be reproducible for 
clinically distinct patient groups and have independent prognostic value for clini-
cal management decisions [ 8 ]. The subgroups of primary epithelial thymic tumors, 
types A, AB, B1, B2, B3, and C (thymic carcinoma), are given in Table  16.1 , 
accompanied with common terminology [ 9 ]. WHO type A and AB are generally 
encapsulated and clinically associated with stage I or II disease, whereas other 
histologies are frequently associated with invasive and disseminated disease 
(stage III or IV) [ 8 ,  10 ].

       Staging 

 A workup revealing a well-defi ned anterior mediastinal mass in the thymic bed, 
with negative tumor markers and absence of continuity with the thyroid, indicates a 
thymic tumor and mandates multidisciplinary evaluation for tissue diagnosis and 
resectability (Table  16.2 ). The most often recommended imaging modality the 

   Table 16.1    The subgroups of primary epithelial thymic tumors   

 Epithelial 
thymoma type  Terminology 

 Frequency 
(%)  Composed of 

 A  Spindle cell; 
medullary thymoma 

 9  Few lymphocytes and bland spindle 
cells 

 AB  Mixed thymoma  24  Resembling type A plus predominant 
lymphocytic infi ltrate and plump cells 

 B1  Predominantly 
cortical; organoid; 
lymphocytic; 
lymphocyte-rich 
thymoma 

 13  Predominant lymphocytic population 
and epithelial cells with vesicular and 
small nucleoli 

 B2  Cortical thymoma  24  Predominantly lymphocytic thymoma 
with scattered plump cells with 
vesicular nuclei 

 B3  Well-differentiated 
thymic carcinoma; 
epithelial; squamoid; 
atypical thymoma 

 15  Predominantly polygonal or round 
epithelial cells with mild atypia 

 C  Thymic carcinoma  15  Highly atypical cells which do not 
resemble the thymic organ and lack 
the immature T-cell lymphocytes: 
epidermoid keratinizing (squamous 
cell); epidermoid non-keratinizing; 
lymphoepithelioma-like; sarcomatoid; 
clear cell; basaloid;  mucoepidermoid ; 
papillary; undifferentiated carcinoma 
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staging workup is computerized tomography (CT) because it is the most reproduc-
ible method to measure lesions at admission and at follow-up for response assess-
ment [ 11 ]. A CT-controlled core biopsy is generally the fi rst step to highlight the 
histology and differential diagnosis, especially between lymphomas, lung cancers, 
germ cell tumors, and soft tissue sarcomas [ 4 ]. A recent meta-analysis of the use of 
 18 F-FDG-PET-CT for predicting WHO grade of malignancy in thymic epithelial 
tumors (TETs) compared maximum standardized uptake values (SUVmax) in 
patients with low-risk  thymomas   (A, AB, B1), high-risk thymomas (B2, B3), and 
thymic carcinomas (C) and demonstrated a statistically signifi cant difference that 
could appropriately predict the malignant nature of the different TETs [ 12 ]. Tumor 
size and imaging features on CT were shown to distinguish between stage I–II and 
III–IV to possibly identify candidates for surgery [ 13 ,  14 ].

   As no offi cial and scientifi cally validated stage classifi cation system has been 
established for thymic malignancies, the  Masaoka system   with the modifi cation 
proposed by Koga et al. was selected by the International Thymic Malignancy 
 Interest Group (ITMIG)   to be used until 2017;  clinical staging of thymic epithelial 
tumors   is described in Table  16.3  [ 16 – 19 ].

       Evidence-Based Treatment Approaches 

 As the extent of malignancy is generally defi ned by microscopic or macroscopic 
invasion of the tumor capsule or surrounding organs, exploration at surgery is critical 
for establishing the malignant nature of a thymoma. Surgical series emphasize the 

   Table 16.2    Workup at initial evaluation   

 Workup 

 Physical examination for adenopathy 

 Complete blood count 

 Comprehensive blood chemistry (including serum beta-human chorionic gonadotropin and 
alpha-fetoprotein to rule out germ cell tumors) 

 Chest CT with IV 
contrast detailed based on 
ITMIG-modifi ed RECIST 
criteria [ 11 ,  15 ] 

 Overall tumor burden  Five lesions (two per organ) 

 Target lesion measurement plane  Axial 

 Target lesion axis to be measured  Long axis (except pleura and 
lymph nodes) 

 Lymph node: measurement plane  Short axis 

 Lymph node: minimum size to be 
included as target lesion 

 15 mm 

 Pleura: measurement plane  Short axis 

 Pleura considered as one organ: 
number of lesions allowed 

 Unidimensional measurement 
composed of six lesions: two 
sites at three different levels 

 MRI of the chest if pericardial or great vessel invasion 

 Pulmonary function tests 

 PET-CT, optional 
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importance of en bloc and total resection of all invaded structures for signifi cant 
disease-free and overall survival benefi ts in comparison to partial resection or biopsy 
alone, and the requirement of radiotherapy if complete resection it cannot be ensured 
[ 4 ,  20 ,  21 ]. The ITMIG also underlined the importance of en bloc complete resection 

   Table 16.3    Masaoka system, proposed modifi cation of Koga, and Yamakawa-Masaoka TNM 
staging [ 10 ,  16 ,  17 ,  19 ]   

 Masaoka’s clinical staging [ 16 ] 

 Stage I: macroscopically completely encapsulated and microscopically no capsular invasion 

 Stage II: macroscopic invasion into surrounding fatty tissue or mediastinal pleura or 
microscopic invasion into capsule 

 Stage III: Macroscopic invasion into neighboring organs, i.e., pericardium, great vessels, 
or the lung 

 Stage IVa: pleural or pericardial dissemination 

 Stage IVb: lymphogenous or hematogenous metastasis 

 Proposed modifi cation of Koga’s pathologic tumor extent [ 10 ,  17 ] 

 Stage I: grossly and microscopically completely encapsulated 

 Stage II: microscopic transcapsular invasion (IIa) or macroscopic invasion into thymic or 
surrounding fatty tissue or grossly adherent to but not breaking through mediastinal pleura or 
pericardium (IIb) 

 Stage III: macroscopic invasion of neighboring organ (e.g., pericardium, great vessels, or the lung) 

 Stage IVa: pleural or pericardial dissemination 

 Stage IVb: lymphogenous or hematogenous metastasis 

 Yamakawa-Masaoka TNM classifi cation and staging [ 19 ] 

 T factor 

 T1: macroscopically completely encapsulated and microscopically no capsular invasion 

 T2: macroscopically adhesion or invasion into surrounding fatty tissue or mediastinal pleura or 
microscopic invasion into capsule 

 T3: invasion into neighboring organs, such as pericardium, great vessels, and the lung 

 T4: pleural or pericardial dissemination 

 N factor 

 N0: no lymph node metastasis 

 N1: metastasis to anterior mediastinal lymph nodes 

 N2: metastasis to intrathoracic lymph nodes except anterior mediastinal lymph nodes 

 N3: metastasis to extrathoracic lymph nodes 

 M factor 

 M0: mo hematogenous metastasis 

 M1: hematogenous metastasis 

 TNM stage 

 Stage I  T1  N0  M0 

 Stage II  T2  N0  M0 

 Stage III  T3  N0  M0 

 Stage IVa  T4  N0  M0 

 Stage IVb  Any T  N1, 2, 3  M0 

 Any T  Any N  M1 
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in both open and minimally invasive resection procedures and suggests considering 
all thymomas potentially malignant because even stage I thymomas could recur if 
not resected according to surgical oncologic principles. Resection must also include 
the surrounding thymus and fatty tissue (not shelled out) in addition to parietal and 
visceral metastases in case of invasion into the pleural space [ 22 ]. Therefore, the 
main treatment of early- stage disease is surgery, but unresectable and advanced dis-
ease requires a multimodality approach. 

 The prognosis is directly related to WHO histological classifi cation type, 
Masaoka clinical stage, and surgical resection status [ 10 ,  16 ,  21 ,  23 – 25 ]. The role of 
radiotherapy should be considered in light of these factors. 

    Stage I 

 A stage I thymoma is understood to have no transcapsular invasion [ 10 ]. Masaoka 
stage I disease with complete resection provides 100 % survival rates at 5 years, and 
radiotherapy has no role in treatment because of the low likelihood of recurrence 
[ 23 ,  26 – 28 ]. The only randomized trial of stage I disease had 29 patients and dem-
onstrated that postoperative radiotherapy (PORT) is not necessary for Masaoka 
stage I [ 28 ]; overall survival rates at 10 years were 92 % for surgery alone and 82 % 
for PORT. The Surveillance, Epidemiology, and End Results (SEER) registry data 
from 1973 to 2005 identifi ed 275 Masaoka stage I patients and revealed no benefi t 
from PORT and a possible adverse effect on 5-year cancer-specifi c survival rates 
(91 % vs. 98 %,  p  = 0.03) [ 23 ].  

    Stage II 

 A tumor with transcapsular invasion (IIa), or macroscopic invasion into thymic or sur-
rounding fatty tissue, or gross adherence to but not breaking through mediastinal 
pleura or pericardium (IIb), is designated stage II [ 10 ]. Though surgery-alone series 
with complete R0 resection noted a 98 % survival rate at 5 years, retrospective series 
have shown supportive [ 26 ,  29 – 31 ] or contrary [ 32 – 35 ] fi ndings from the use of adju-
vant radiotherapy for aggressive tumor histologies or Masaoka stage II disease. In 
cases of R0 resection with no residual disease on imaging, a multidisciplinary evalu-
ation is necessary to defi ne the risk and need for adjuvant treatment. The most impor-
tant factors for recommending postoperative adjuvant radiotherapy should be positive 
surgical margins (R1 or R2 resection) or histological B-C, with high recurrence risk 
as opposed to R0 resection or and low risk for type A or AB [ 34 ,  36 ].  

    Stage III–IV 

 Stage III disease is based on microscopic fi ndings and evidence of macroscopic 
invasion into neighboring organ, either partially or penetrating (e.g., mediastinal 

16 Radiotherapy in Thymic Tumors



368

pleura, pericardium, great vessel, or lung) [ 10 ]. Any pleural or pericardial tumor 
nodules separated from the primary tumor denote stage IVa, and involvement and 
hematogenous metastases denote stage IVb. 

 Preoperative radiological fi ndings usually predict surgical resectability of thy-
moma; incomplete resections were found to be associated with ≥50 % abutment of 
an adjacent vessel and pleural nodularity as well as lobulated tumor contour, tho-
racic lymphadenopathy, and adjacent lung changes [ 14 ]. The length of contact 
between the tumor contour and the lung has been also considered a prognostic fac-
tor for pleural recurrence after surgery alone [ 37 ]. In general, locally advanced and 
bulky disease at preoperative staging justifi es a neoadjuvant approach in an attempt 
to downstage disease before surgery, usually with cisplatin-based chemotherapy or 
less often with chemoradiotherapy [ 38 ,  39 ]. Locally invasive or unresectable thy-
moma or thymic carcinoma can be converted to resectable thymoma and thymic 
carcinoma with neoadjuvant chemotherapy consisting of cyclophosphamide, doxo-
rubicin, cisplatin, and prednisone (CAPP) ×3 cycles, which has improved outcomes 
in a phase II study [ 40 ]. Patients all underwent thymectomy followed by PORT to 
the tumor bed to 50 Gy in 25 fractions and or to 60 Gy in 30 fractions if the micro-
scopic margin was positive [ 40 ]. 

 No consensus has been reached on the role and timing of radiotherapy for locally 
advanced disease. Kondo and Monden documented outcomes of 1320 patients with 
TET treated between 1990 and 1994 at 115 institutions and suggested that adjuvant 
radiotherapy could not effectively prevent local recurrences in Japanese patients 
with totally resected stage II or III Japanese patients; also, adjuvant radiation or 
chemotherapy did not improve the prognosis for patients with totally resected stage 
III–IV thymoma or thymic carcinoma [ 34 ]. In contrast, Curran et al. emphasized the 
importance of adjuvant radiotherapy for totally resected stage II or III disease; 
revealed mediastinal recurrence as the fi rst site of failure in such cases after com-
plete resection without radiotherapy, in addition to poor salvage; and noted a 5-year 
actuarial mediastinal relapse rate of 53 % after total resection without adjuvant 
radiotherapy, 0 % with radiotherapy, and 21 % after subtotal resection/biopsy plus 
radiotherapy [ 26 ]. Urgesi et al., reporting an experience with 59 stage III patients, 
also encouraged adjuvant radiotherapy [ 30 ]. SEER data suggested signifi cant 
improvement with PORT for patients with Masaoka stage II–III disease, with at 
5-year overall survival rates (76 % with PORT vs. 66 % for surgery alone,  p  = 0.01) 
but not in cancer-specifi c survival at  5 years (91 % vs. 86 %,  p  = 0.12); also, no 
benefi t from PORT was found after  extirpative surgery (defi ned as radical or total 
thymectomy) [ 23 ]. The conclusion of that study was that PORT had a possible ben-
efi t in overall survival in patients with Masaoka stage II–III disease, especially with-
out R0 surgery. The Japanese Association for Research on the Thymus published 
their experience with 1110 Masaoka stage II or III thymoma cases and revealed no 
benefi t from PORT on relapse-free or overall survival in these patients [ 41 ]. For 
stage III disease, PORT after even an R0 resection is usually recommended as adju-
vant treatment regardless of histological type because the risk of local recurrence is 
high for this stage [ 42 ].   
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     Thymic Carcinoma   

 Thymic carcinomas, with their aggressive clinical nature and poor prognosis, are 
distinct from the rest of the TETs [ 43 ]. 

 The Japanese Association for Research on the Thymus recently emphasized 
the importance of PORT in a review of 155 stage II and III thymic carcinoma 
cases, as it improves relapse-free survival (hazard ratio, 0.48; 95 % confidence 
interval,  0.30–0.78;  p  = 0.003) but not overall survival, because patients with 
thymic carcinoma died of distant metastasis [ 41 ]. Another study of 1042 cases 
of thymic carcinoma also underlined the importance of PORT for an overall 
survival benefit [ 44 ]. The European Society of Thoracic Surgeons, reviewing 
229 thymic carcinoma cases, found that PORT significantly prolonged overall 
survival [ 45 ]. Multimodality treatment is essential for prolonging survival. 
Molecular pathology of thymic carcinoma has been well documents; abnor-
malities of oncogenes and tumor suppressor genes in thymic carcinoma have 
led to significantly higher expression of EGFR, c-Kit, BCL2, and TP53 relative 
to thymoma [ 46 ]. Based on the clinical patterns of failures and the molecular 
pathology of thymoma versus thymic carcinoma, thymic carcinoma requires 
more aggressive systemic treatment, with PORT if the tumor is operable or 
aggressive chemoradiotherapy if it is not operable.  

    Target Volume Determination and Delineation Guidelines 

 The ITMIG initiative on radiation therapy defi nitions and reporting guidelines for 
radiation therapy for thymic malignancies has had greatly benefi cial effects on doc-
umentation and global reproducibility (Table  16.4 ) [ 47 ].

      Simulation 

 The simulation procedure for thymic tumors is similar to that for lung cancer, 
including the use of comfortable but strict immobilization for supine patients 
with their arms over their head (moving arms away from any possible beam 
angles), holding a T-bar if possible, and with the neck slightly extended, sup-
ported by a custom-made cushion for stability. The simulation CT images should 
preferably be in ≤3 mm slices; intravenous contrast is favored for better anatomi-
cal differentiation. A four-dimensional (4D) CT scan is preferred, if available to 
appropriately assess breathing-related internal motion during treatment planning 
[ 47 ,  48 ]; other motion-encompassing options could be slow CT scanning cover-
ing the whole breathing cycle or obtaining CT both at inspiratory and expiratory 
phases to defi ne internal motion [ 49 ]. PET-CT can also be a good aid for tumor 
delineation. 
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    Gross Tumor Volume 
 An appropriate GTV should include the gross disease and any macroscopic invasion 
into thymic or surrounding fatty tissue or surrounding organs (mediastinal pleura, 
pericardium, great vessels, lung, etc.) plus any grossly involved lymph nodes (nodes 
that are >1 cm in diameter or have a necrotic center or are positive on PET) which 
should be delineated on determined from CT, MRI, or PET-CT scans. A joint 
ITMIG radiologist/radiation oncologist task force is working on a consensus atlas 
for delineation recommendations but this atlas has yet to be completed.  

    Internal Target Volume or Internal GTV 
 The GTV contouring is based on 4D CT data (respiratory data sets are “binned” by 
phase: 0–100 % at 10 % intervals) in addition to all previously gathered informa-
tion, and the iGTV is contoured by using the maximum intensity projection (MIP) 
settings, with modifi cations based on visual verifi cation of contours in individual 
respiratory phases. 

 The GTV can be subdivided into the primary [tumor] site (GTV-P) and involved 
gross lymph nodes (GTV-N). Thorough contouring of the GTV-P is required based 
on the exact pattern of spread:

  Radial and Local 
•   Is there mediastinal pleural invasion (T2)?  
•   Is there pericardium invasion (T3)?  
•   Is there lung invasion (T3)?  
•   Is there great vessels/heart invasion (T3)?  
•   Is there any pleural or pericardial nodule (T4)?   

  Nodal 
•   Is there nodal disease in anterior mediastinum (N1)?  
•   Is there intrathoracic nodal disease aside from anterior mediastinum (N2)?  
•   Is there extrathoracic nodal disease (N3)?     

    Clinical Target Volume (CTV) 
 CTV is delineated as any possible microscopic spread and areas at risk for micro-
scopic spread in addition to the iGTV of the primary tumor and involved nodes, plus 
the preoperative extent and operative bed if surgery has been done (Figs.  16.1  and 
 16.2 ). The previous approach was to cover the whole mediastinum, but the current 
recommendation, in the era of CT simulation, is to limit the CTV by using preopera-
tive imaging and intraoperative fi ndings and surgical clips. The margin over the 
iGTV is 0.5–1.0 cm.

        Planning Target Volume (PTV) 
 The PTV includes an extra margin around the CTV to compensate for variability 
and uncertainties in treatment setup (internal organ motion is handled with 4DCT or 
alternatives). Margins over the CTV are established in accordance with the 
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a

b

  Fig. 16.1    A 57-year-old man with a 6-cm mass in the anterior mediastinum underwent surgery, 
and the mass invading the pericardium was resected with clear margins (Masaoka stage III, R0 
resection, WHO type 2). The clinical target volume (CTV) was defi ned and 54 Gy (2 Gy/fraction/
day) was prescribed to cover the preoperative mass, operative area, and the mesh graft after peri-
cardial resection. Axial, coronal, and sagittal images are shown for delineation ( a ) and for dose 
distribution ( b )       
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techniques used for simulation (encompassing internal motion or not), and use of 
daily image guidance (kV, cone beam CT, etc.). Using advanced modalities could 
allow some margins to be reduced. If the treating institution has not defi ned the 
appropriate magnitude of the PTV, a minimum of 5 mm in all directions should be 
used for each PTV. Acceptable margins for CTV to PTV are as follows:

•    −1.5 cm if without 4D CT or alternative simulation and without daily imaging  
•   0.5–1.0 cm if with 4D CT or alternative simulation and without daily imaging  
•   0.5 cm if both with 4D CT or alternative simulation and daily imaging       

    Case Contouring: A Case Example 

 A 47-year-old woman with a 5-cm mass located in the anterior mediastinum under-
went surgery, and the mass invading the pericardium was resected with clear margins 
(Masaoka stage III disease, R0 resection, WHO type 2). The CTV was defi ned and 
54 Gy (1.8 Gy/fraction/day) was prescribed to cover the preoperative mass and opera-
tive area; axial slice-by-slice images used for CTV delineation are shown in Fig.  16.3 .

  Fig. 16.2    A 59-year-old woman with an invasive mass located in the anterior mediastinum under-
went biopsy revealing type B3 thymoma. She underwent four cycles of neoadjuvant chemotherapy 
(cisplatin, etoposide, ifosfamide) and then surgery with R2 resection. Radiation was prescribed as 
a simultaneous integrated boost with 59.4 Gy (1.8 Gy/fraction/day) covering the operative bed and 
66 Gy (2 Gy/fraction/day) covering the grossly positive surgical margin; axial, coronal, and sagit-
tal images are shown       
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      Treatment Planning 

 No randomized trial data exist to support the choice of  radiotherapy doses for thy-
moma and thymic carcinoma   but a general consensus comes from the studies shown 
in Table  16.5  [ 42 ,  47 ]. Kundel et al. reported that PORT to doses above 45 Gy 
improved disease-free and overall survival in their patients with invasive stage II 
thymoma [ 50 ]. Zhu et al. pointed out the prognostic importance of doses above 
50 Gy for 5-year overall survival for patients with unresectable disease [ 51 ], and 
Fuller et al. underlined the signifi cance of doses above 60 Gy for unresectable or 
local residual disease [ 24 ]. ITMIG guidelines outline the minimum postoperative 
adjuvant dose for patients with R0 resection for thymoma should be 40 Gy, in 

  Fig. 16.3    A 47-year-old woman with a 5-cm mass located in the anterior mediastinum underwent 
surgery, and the mass invading the pericardium was resected with clear margins (Masaoka stage 
III, R0 resection, WHO type 2). The CTV was delineated and 54 Gy (1.8 Gy/fraction/day) pre-
scribed to cover the preoperative mass and operative area. Shown are axial slice-by-slice images of 
tumor borders         
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1.8–2 Gy fractions; doses below 54 Gy are not recommended for gross residual 
disease in case of R1/R2 resection; and doses above 64 Gy are not considered 
appropriate in the postoperative setting [ 47 ]. Because patients given PORT for inva-
sive thymoma could live long enough to manifest late effects of cardiac toxicity 
such as coronary artery disease or myocardial infarcts, PORT needs to be given 
within dose volume constraints [ 47 ]. It is very important to use proton  treatment – if 
available – to reduce cardiac dose in cases in which the treatment volume is very 
large [ 48 ] (Fig.  16.4 ).

Fig. 16.3 (continued)
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a

c

e

d

b

  Fig. 16.4    A 51-year-old man with Masaoka stage IVA invasive thymoma. He underwent neoad-
juvant chemotherapy consisting of 4 cycles of cyclophosphamide, doxorubicin vincristine, and 
cisplatin with minimal response. Because the tumor still measured 23 cm, a neoadjuvant radio-
therapy approach was not possible, and he underwent second-line chemotherapy with gemcitabine, 
which he could not tolerate. ( a ) coronal and axial after chemotherapy. He then underwent a very 
extensive radical thymectomy with reconstruction of the sternum after resection of the medial por-
tion of the 1st through 10th medial ribs bilaterally in addition to removal of the phrenic nerve and 
pericardium. Because of the positive margins were still evident after surgery, PORT, was pre-
scribed with protons (60 Gy, in 30 fractions of 2 Gy/fraction/day). axial ( b ), coronal ( c ), sagittal 
( d ), and dose volume histogram ( e ) images are shown       
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    Guidelines for delineating organs at risk have been standardized in RTOG atlases 
[ 78 ]; normal tissue constraints can be based on quantitative analysis of  normal tis-
sue effects in the clinic (QUANTEC)   guidelines with  normal tissue complication 
probability models   (Table  16.6 ) [ 47 ,  79 ].

       Treatment Planning Assessment 

 Our institutional standard is to deliver 100 % prescribed dose to the GTV and 95 % 
of the prescribed dose to the PTV.

•    Step 1: Check whether the targets are adequately covered: All plans should be nor-
malized to cover at least 95 % of the volume of PTV by the prescribed isodose 
surface and 99 % of the PTV needs to be at or above 93 % of the prescribed dose.  

•   Step 2: Check whether a large hot spot: is present. No more than 20 % of the PTV 
is at or above 107 % of the prescribed dose, and no more than 5 % of the PTV is 
at or above 114 % of the prescribed dose.  

   Table 16.6    Guidelines for normal tissue constraints [ 47 ,  79 ]   

 Organ  Constraints 

 Spinal cord  D max  <45 Gy 

 D max  <40 Gy if 3 Gy/fraction 

 Even the tumor too close, D max  should be <60 Gy 

 Lung (total lung GTV; solely 
total lung for postoperative 
cases without GTV) 

 Mean dose < 20 Gy 

 Mean dose < 8 Gy if post-pneumonectomy 

 RT Alone  RT with concurrent 
chemotherapy 

 Neoadjuvant 
treatment before 
surgery 

 V 20   < 40 %  V 20   < 35 %  V 20   < 30 % 

 V 10   < 45 %  V 10   < 40 % 

 V 5   < 65 %  V 5   < 55 % 

 V20 <10 % and V5 <60 % if post-pneumonectomy 

 Heart  Mean dose <26 Gy 

 V 30  ≤45 % 

 Esophagus  Mean dose <34 Gy 

 D max  ≤80 Gy 

 V 70  <20 % 

 V 50  <50 % 

 Kidney  20 Gy <32 % of bilateral kidney 

 Liver  Mean dose <30 Gy 

 V30 <40 % 

   Dmax  maximal dose,  GTV  gross tumor volume,  RT  radiotherapy  
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•   Step 3: Check whether the normal tissue constraints are met.  
•   Step 4: Check whether the placement of the hot/cold spots is correct (slide by 

slide, by looking at isodose distribution): hot spots need to be located in the 
GTV.     

    Recommended Treatment Algorithm for Treatment of Thymoma 

 The recommended algorithm for the treatment of thymoma is summarized in 
Table  16.7 .

       Recommended Algorithm for Follow-Up 

 The recommended algorithm for follow-up is summarized in Fig.  16.5 .

   Table 16.7    Recommended treatment algorithm for treatment of thymoma   

 Masaoka I  Masaoka II  Masaoka III  Masaoka IV 

 WHO pathology  R0  R1–2  R0  R1–2  R0  R1–2  R1–2 

 A, AB, B1  Ø  RT  Ø  RT  RT  RT  CRT 

 B2, B3, TC  Ø  RT  RT  CRT  RT/CRT  CRT  CRT 

   R0  complete resection,  R1 – R2  microscopic/gross residual disease,  RT  postoperative radiotherapy, 
 CRT  concurrent or sequential chemotherapy and radiotherapy  

Follow up

First 2 years, every three months, every four to six months
for years 3-5, and then annually

Complete remission through clinical examination and
imaging studies is necessary

Distinguish viable residual or slowly regressing tumor or
post-therapy changes by MRI and PET-CT

  Fig. 16.5    Recommended algorithm for follow-up       
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         Introduction 

 Thymoma and thymic carcinoma are the most frequent anterior mediastinal neo-
plasms that originates from epithelial tissue of the thymic gland. Histologic classi-
fi cation of thymomas has been under debate for many years until the World Health 
Organization (WHO) published and updated the histologic classifi cation of thymo-
mas in 1999 and 2004, respectively [ 1 ,  2 ]. In updated version, type C thymomas 
were classifi ed in to separate type of thymic tumors as thymic carcinomas 
(Table  17.1 ). The widely used staging system,  Masaoka classifi cation   published in 
1981 and further refi ned with little modifi cations as the Masaoka-Koga staging sys-
tem in 1994 (Table  17.2 ), was proved to be a signifi cant factor for survival [ 3 ,  4 ].

         Surgery in Thymic Malignancies   

 The treatment of thymic tumors depends on clinical stage; however, it is widely 
accepted that surgical resection is the mainstay of treatment [ 5 ]. Complete surgical 
resection which is proved to be one of the most important prognostic factors should 
be the goal even in advanced stage [ 6 ]. Patients with clinical stage III thymoma may 
require extended surgery to achieve complete resection. 
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 Clinical staging of thymic masses is crucial to determine appropriate treatment. 
A retrospective study published in 2014 showed that CT imaging had some features 
that were signifi cantly correlated with the WHO classifi cation, the Masaoka-Koga 
clinical  staging   and the completeness of resection; however, authors concluded that 
CT has no defi nite role to predict the survival rate of thymoma patients. CT features 
correlated with the WHO classifi cation were tumor contours, homogeneity, degree 
of enhancement, fat plane obliteration with adjacent structures, the presence of 
mediastinal lymphadenopathy, irregular infi ltration into the lung, and tumor shape. 
Lobulated or irregular tumor contours, the presence of calcifi cations, infi ltration of 
surrounding fat, irregular infi ltration into the lung, irregular infi ltration into 

   Table 17.1    WHO classifi cation of thymic tumors   

 Thymoma  Thymic carcinoma  Neuroendocrine tumors 

 Type A, spindle cell; 
medullary 

 Squamous cell, epidermoid 
keratinizing 

 Well-differentiated 
neuroendocrine tumor/
carcinomas, including typical 
and atypical carcinoids 

 Type AB, mixed  Epidermoid nonkeratinizing  Poorly differentiated 
neuroendocrine carcinomas, 
including large and small cell 
neuroendocrine carcinoma 

 Type B1, lymphocyte-rich; 
lymphocytic; predominantly 
cortical; organoid 

 Basaloid 

 Type B2 cortical  Lymphoepithelioma-like 

 Type B3 epithelial; atypical; 
squamoid; well- 
differentiated thymic 
carcinoma 

 Mucoepidermoid carcinoma 

 Micronodular thymoma  Sarcomatoid 

 Metaplastic, sclerosing, 
microscopic thymoma 

 Clear cell 

 Lipofi broadenoma  Mucoepidermoid 

 Papillary 

 Undifferentiated 

 Combined 

   Table 17.2    The Masaoka-Koga staging system   

 Tumor stage  Description 

 I  Grossly and microscopically completely encapsulated tumor 

 II  (a) Microscopic transcapsular invasion 

 (b)  Macroscopic invasion into the thymic or surrounding fatty tissue or grossly 
adherent but not breaking through the mediastinal pleura or pericardium 

 III  Macroscopic invasion of neighboring organs (pericardium, great vessels, or 
lung) 

 IV  (a) Pleural or pericardial dissemination 

 (b) Lymphatic or hematogenous metastasis 
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vasculature, more abutment of vessels, and pulmonary changes adjacent to the 
tumor were associated with the more advanced Masaoka-Koga clinical stage [ 7 ]. 

 Thymic type A tumors are more likely to have round shapes and smooth contours 
on CT images when comparing with other types of thymic epithelial tumors. 
Besides, thymic carcinomas had a higher prevalence of irregular contours, and cal-
cifi cation was more frequently seen in type B tumors [ 8 ]. To predict incomplete 
resection in patients with thymic tumors preoperatively by CT images is a key point 
for surgeons. Hayes et al. in 2014, reported on 133 patients underwent surgical 
resection for thymoma. In this study, lobulated tumor contour ( p  = 0.016), ≥50 % 
abutment of the circumference of an adjacent vessel ( p  < 0.001), thoracic lymphade-
nopathy ( p  = 0.029), adjacent lung changes ( p  = 0.005), and pleural nodularity 
( p  = 0.001) were found to be signifi cantly correlated with incomplete resection [ 9 ]. 

 The recommended treatment option is surgery alone for stage I thymic tumors 
with a nearly 80 % 10-year survival rate [ 10 ]. Median sternotomy (MS) is widely 
used surgical incision that allows a maximal exposure of the anterior mediastinum 
to radical surgical removal of the thymoma along with the entire thymus and the 
mediastinal fat; thus, MS is a gold standard for surgical treatment of thymomas [ 6 ]. 
Moreover, minimally invasive techniques including conventional VATS and robotic- 
assisted thoracic surgery (RATS) become increasingly popular for anterior medias-
tinal procedures such as thymectomy in patients with myasthenia gravis and 
mediastinal mass resection. However, minimally approach to thymoma is still con-
troversial. The main concern is the possibility of damage at the tumor capsule which 
may increase the risk of spreading tumor cells during the minimally invasive proce-
dure. There are several studies about comparison between open and minimally inva-
sive techniques in early stage thymoma (Table  17.3 ).

   Pennathur et al. reported on a retrospective review of 40 patients who underwent 
surgical resection of early stage thymoma with open or minimally invasive thymec-
tomy. This study showed that no signifi cant differences were found in the estimated 
recurrence-free and overall 5-year survival rates (83–100 %) between the two 
groups [ 14 ]. 

 More recently,  RATS   have been a surgery of choice for mediastinal malignan-
cies. A multicenter study, aimed to evaluate the safety and feasibility of robotic 
thymectomy with analyzing the oncologic outcomes, was published in 2012. A total 
of 79 patients who underwent RATS for early stage thymoma was analyzed in terms 
of perioperative data and oncological outcome. One patient (1.3 %) required con-
version to an open approach because of a large diameter tumor interfering with a 
safe dissection. Ten patients (12.7 %) had postoperative complications. Median hos-
pital stay was 3 days (range, 2–15 days). Median diameter of the resected tumors 
was 3 cm and 5-year thymoma-related survival was 97 %. The authors concluded 
that RATS for thymoma was a technically sound and safe procedure with acceptable 
oncologic outcome [ 15 ]. 

 A comparison study of 74 patients between RATS and open approach for early 
stage thymoma, published in 2014, showed that the duration of surgery and the 
intraoperative blood loss was signifi cantly less (61.3 ± 21.8 vs. 466.1 ± 91.4) and 
the postoperative hospital stay signifi cantly shorter days in the RATS group than in 
the open approach group (3.7 ± 1.1 vs. 11.6 ± 10.4 days) ( p  < 0.01). Within the 
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postoperative follow-up period of 16.9 months (range, 1–48 months) in the RATS 
group and 18.1 months (range, 1–48 months) in the open approach group, no recur-
rence was observed [ 16 ]. 

 RATS seems to be a good alternative for minimally invasive approach in early 
stage thymoma; however, thymoma requires longer follow-up data, such as more 
than 5 years, to determine the oncologic outcome of minimally invasive approaches; 
thus, additional randomized studies with a large number of patients are essential. 

 In case of clinically locally advance disease at Masaoka stage III, en bloc resec-
tion is essential; thus, resectability with tumor-free margins should be evaluated 
with contrast-enhanced spiral computerized tomography of the chest. If the patients 
have fi ndings that suggested extensive invasion, large tumors with indistinct bor-
ders, or evidence of great vessel invasion, complete resection may not be achieved. 
In these circumstances, tru-cut biopsy followed by induction chemotherapy or 
chemoradiotherapy should be considered to increase the chance of complete resec-
tion. Along with CT, fl uorine-18-fl uorodeoxyglucose positron emission tomogra-
phy ( 18 F-FDG PET) may provide additional data to predict the WHO grade of 
malignancy [ 17 ] and Masaoka stage. 

 A phase II, multi-institutional clinical trial was conducted in 2014 to determine 
the response rate, toxicity, and rate of complete resection after induction chemora-
diotherapy for locally advanced thymic tumors. In this study, the induction therapy 
consisted of cisplatin, etoposide, and concurrent radiotherapy ≤4,500 cGy. Among 
22 patients, a total of ten patients had a partial response, and 11 had stable disease 
detected with computerized tomography. Of the 21 patients who completed induc-
tion therapy, 17 (77 %) underwent an R0 resection, three (14 %) underwent R1 
resection, and one (5 %) underwent debulking. The complication and mortality rate 
were 36 % and 9 %, respectively. No patient had a complete pathologic response, 
but fi ve specimens (24 %) had <10 % viable tumor [ 18 ]. Ruffi ni et al. [ 19 ] reported 
the results of database developed by European Society of Thoracic Surgeons in 
2014. A total of 2,030 patients including 1,798 thymomas, 191 thymic carcinoma 
(TC), and 41  neuroendocrine thymic tumor (NETT)   were analyzed. Recurrence 
occurred in 141 patients (8 %) among 1,709 patients with complete resection. 
Authors showed that risk of recurrence increased with stage (IV 40 %) and histol-
ogy (TC 30 %, NETT 37 %). The probability of an incomplete resection was higher 
in male patients and increased with tumor size, whereas decreased with the presence 
of  myasthenia gravis  . When comparing with A-AB-B1 thymoma, the probability of 
an incomplete resection is higher in B2-B3 thymoma, TC, and NETT. Five- and 
10-year OS and DFS rates were 85 % and 73 % and 84 % and 70 %, respectively. 

 The role of surgery in stage IV is still controversial; nevertheless, multimodality 
treatment including surgical resection should be considered as the treatment of 
choice in patients with stage IV thymic malignancies. There are several studies 
reported a wide range of survival rates between 0 % and 71 % at 5 years [ 20 – 22 ]. 
Hamaji reported on a population-based analysis of 282 patients with stage IV thy-
moma. Among 282 patients, 110 patients underwent surgical resection and 172 
were managed nonsurgically. The 5- and 10-year cancer-specifi c survival (CSS) 
rates were 78.8 % and 53.8 %, respectively; however, CSS rates were 51.9 % and 
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35.9 %, respectively, in patients with nonsurgical management. Even though this 
database did not include detailed data on chemoradiotherapy, multimodality treat-
ment including surgery at stage IV may improve overall survival [ 23 ].  

     Surgery in Recurrent Thymic Malignancies   

 Recurrence after surgery is another critical issue on the treatment of thymic malig-
nancies. Published guidelines recommend surgery for recurrent thymoma in case of 
a localized recurrence after apparently successful initial therapy [ 24 ,  25 ]. In one of 
the largest series published by Kondo et al., recurrence rates for stages I, II, III, and 
IV were 0.9 %, 4.1 %, 28.4 %, and 34.3 %, respectively [ 22 ]. Okumura et al. reported 
on 67 patients with recurrence after resections for thymic epithelial tumors. Among 
67 patients, 27 had re-resection for recurrence. The 10-year survival rate was 70 % 
for patients who underwent a re-resection and 35 % for those who did not. There was 
a signifi cant difference between the two groups ( p  = 0.002). In addition, study showed 
that 5-year survival rate after the re-resection was 100 % in patients with type B1 
tumors, 56 % in those with type B2 tumors, and 60 % in those with type B3 tumors. 
Authors concluded that recurrence following resection of type AB and type B1 
tumors demonstrated a greater chance of treatment by re-resection surgery [ 26 ]. 

    Case 1 

 A 37-year-old female patient presented with chest pain. Chest computed tomogra-
phy (CT) revealed anterior mediastinal mass (Fig.  17.1 ). Tru-cut biopsy of the ante-
rior mediastinal mass revealed the diagnosis as thymoma type B1. The patient 
underwent anterior mediastinal mass resection with median sternotomy. 
Histopathologic examination confi rmed the diagnosis. The patient was staged as 
Masaoka-Koga stage I. CT revealed pleuroparenchymal metastatic nodules with 

  Fig. 17.1    CT revealed 
anterior mediastinal mass       
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superior vena cava invasion at 3 years after the operation (Fig.  17.2a, b ). Superior 
vena cava resection with graft interposition and resection of pleuroparenchymal 
nodules was performed following three courses of chemotherapy (cisplatin, cyclo-
phosphamide, adriamycin) (Fig.  17.3 ). The patient underwent pleural implant resec-
tion at 1 year after the second operation. There is no recurrence detected on CT 
during the follow-up period of 1 year.

a b

  Fig. 17.2    ( a ,  b ) Pleuroparenchymal metastatic nodules with superior vena cava invasion       

  Fig. 17.3    Intraoperative view of tumor invading the superior vena cava       
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         Case 2 

 A 47-year-old male patient presented with anterior mediastinal mass and right pleu-
ral nodular implants (Fig.  17.4 ). Tru-cut biopsy of the mass showed thymoma type 
B2. After four courses of cisplatin, cyclophosphamide, and adriamycin, CT revealed 
partial response. The patient underwent mediastinal mass resection with partial 
pericardial resection and right total parietal pleurectomy (Fig.  17.5a, b ). The patient 
is in fi rst year of follow-up without recurrence.

  Fig. 17.4    Mediastinal 
mass with pleural implant       

a

  Fig. 17.5    ( a ) Intraoperative view of anterior mediastinum after resection. ( b ) Mediastinal mass 
and parietal pleura       
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         Introduction 

 There are several types of neoplasms that can originate in the thymus gland such as 
germ cell tumors, lymphomas, or neuroendocrine cancers, but here, we will be 
 discussing systemic treatment of only the most common types, thymoma (T) and 
thymic carcinoma (TC). These neoplasms are thymic epithelial tumors (TETs) and 
they form the most common histologic type of thymic neoplasms. 

 TETs are rare tumors. According to the National Cancer Institute’s Surveillance, 
Epidemiology, and End Results (SEER) data, there are approximately 13 new cases 
of thymoma every year for every ten million people. However, it is very likely that 
cases of thymoma are underreported in the SEER database. That is because, when 
there is no capsule invasion, cases of thymoma are frequently considered as “benign” 
and therefore not captured by the SEER cancer registries [ 1 ]. Thymoma incidence 
is similar in males and females, and its incidence rises with increasing age and 
peaks in the seventh decade of life. Accordingly, thymoma is very uncommon in 
children and young adults. Interestingly, thymoma incidence is higher in African 
Americans and particularly in Asians/Pacifi c Islanders. The incidence rate in 
Asian/Pacifi c Islanders is almost three times that of whites, and the reason for that 
is unknown. Thymic carcinoma represents about 5 % of TETs, and therefore it is the 
“rarest of a rare disease” with worse prognosis [ 2 ]. 
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    ITMIG 

 Until recently, the information on TETs was mostly based on small retrospective 
series, majority of them with <50 patients, when the International Thymic 
Malignancy Interest Group (ITMIG) [ 3 ] was formed in 2010 to combine forces to 
create a database of all thymic malignancies. Initially, multiple workgroups of 
experts collectively created standards for reporting on these tumors so that every-
body can speak the same “language” (  http://journals.lww.com/jto/toc/2011/07001    ) 
[ 4 – 11 ]. Afterward, a new staging proposal and clinical guidelines were formed 
(  http://journals.lww.com/jto/toc/2014/09002    ). These series of articles can both be 
accessed for free by anyone interested in the treatment of thymic malignancies, and 
they defi nitely form the starting point of the state-of-the-art treatment of TETs. They 
address a wide range of interrelated issues such as common defi nitions of mediasti-
nal compartments and radiological response to therapy, guides for clinicians and 
radiologists evaluating patients with anterior mediastinal masses, for pathologists in 
classifying thymomas, as well as reviews on genetic abnormalities, paraneoplastic 
syndromes, and immunologic disorders in thymic malignancies [ 12 – 20 ]. 

 This is a colossal undertake uniting the worldwide community involved in treat-
ing TETs with the common goal of overcoming the innate diffi culties in improving 
the treatment of a rare cancer and sets an excellent example for other rare cancers, 
too. As of 2015, the retrospective database contains more than 7,000 cases from 
over 50 institutions. This database is already giving rise to many publications, but it 
naturally has some shortcomings due to its retrospective and multinational nature 
arching over a period of many decades. A prospective database is also now collect-
ing predefi ned patient information since 2012, which will become an invaluable 
resource in the very near future.   

    Presentation and Diagnosis 

 Thymoma and thymic carcinoma are very different diseases (Table   18.1  ), yet due to 
their rarity, they are frequently reported together in clinical studies.

   There are three ways thymomas and thymic carcinomas are diagnosed.

   First, anterior mediastinal masses are discovered incidentally during imaging tests 
done for other purposes in asymptomatic patients.  

  Second, there could be signs and symptoms due to the local progression of the 
 disease or much less commonly due to distant metastasis. Mass effect and 
 invasion into surrounding tissues can cause chest pain, cough, and shortness of 
breath. Superior vena cava syndrome and signs and symptoms due to damage to 
neighboring nerves can occur. Particularly, hoarseness due to recurrent laryngeal 
nerve damage and hemidiaphragmatic palsy due to the involvement of the 
phrenic nerve can happen. Shortness of breath could also be induced by pleural 
or  pericardial effusions due to the spread of the tumor. 
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 Any patient diagnosed with these conditions should be screened for thymoma, 
and worsening of these in a previously treated patient may suggest 
recurrence. 

     Third, patients commonly have signs and symptoms of thymic malignancy-related 
paraneoplastic disorders (PND) [ 20 ]. The most frequently encountered neuro-
logical PNDs are myasthenia gravis (MG), acquired neuromyotonia (Isaacs’ syn-
drome), encephalitis, Morvan’s syndrome, and myositis. MG is by far the most 
common of the PNDs. Around 15–20 % of MG patients have a thymoma, and 
25–40 % of thymoma patients develop MG. MG is rarely seen in patients with 
thymic carcinoma. Other non-neurological common PNDs include pure red cell 
aplasia which occurs in up to 15 % of patients with thymoma and seen more 
commonly in older women and with spindle cell morphology. Surgery may not 
be curative for this PND. Finally, immunodefi ciency, particularly hypogamma-
globulinemia, occurs in less than 5 % of patients with thymoma. Conversely, up 
to 10 % of patients with acquired hypogammaglobulinemia have in fact thy-
moma, most commonly with spindle cell histology, and this is called Good 
syndrome.    
 Any patient diagnosed with these conditions should be screened for thymoma, 
and worsening of these in a previously treated patient may suggest recurrence. 

    Imaging and Differential Diagnosis 

    Compartments of the Mediastinum 
 Compartments of the mediastinum, as defi ned by ITMIG, are prevascular compart-
ment (red), visceral compartment (green), and paravertebral compartment (yellow). 

   Table 18.1    Common features of thymoma and thymic carcinoma [ 96 ]   

 Associated characteristic 
feature  Thymoma  Thymic carcinoma 

 Histologic features 
resembling normal 
thymus a  

 Almost always  Not present 

 CD5, CD70, and CD117 
expression in epithelial 
cells 

 No  Frequent (60 %) 

 Invasion  Not frequent but possible  Almost always 

 Myasthenia gravis and 
other autoimmune 
diseases 

 Common  Rare 

 Clinical correlation  Rarely metastasize. Often 
curable by surgery. Usually 
survival is long with an 
indolent clinical course 

 Usually locally advanced. 
Frequently metastatic. Survival 
is much worse than thymoma 

   a Lobular pattern, perivascular spaces, immature and TdT+/CD1a+/CD99+ T-cells  
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It is important to note that the prevascular compartment, where we encounter TETs, 
wraps around the pericardium in the visceral compartment [ 21 ] (Fig.   18.1  ).

        Differential Diagnosis of Prevascular Compartment Mass 
 The most common masses in the prevascular compartment include [ 21 ]:

•    Thymic masses (cysts, hyperplasia, TETs, and neuroendocrine tumors)  
•   Germ cell neoplasms  
•   Lymphoma  
•   Metastatic lymphadenopathy  
•   Intrathoracic goiter     

     Approach for Diagnosis 

 Once a mass in the prevascular compartment is detected, there are three essential 
components of a reliable diagnostic approach: 

It is important to note that the prevascular compartment, where we encounter 
TETs, wraps around the pericardium in the visceral compartment.

a

d

b c

  Fig. 18.1    CT images of transverse sections at three different levels ( a – c ) and sagittal section ( d ), 
depicting the prevascular ( red ), visceral ( green ), and paravertebral compartments ( yellow ). 
The  blue line  is the boundary between visceral and paravertebral compartments [ 21 ]       
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    Be Aware of Demographics 
 First, the clinician should be aware that the most common types of masses 
encountered in the prevascular area change by age (Fig.  18.2 ). In younger 
patients, lymphoma, germ cell tumors, and teratoma are much more common, 
but by advancing age, the probability of thymoma increases gradually. As a rule 
of thumb, around 50 % or more of prevascular compartment masses in women 
over the age of 40 years are thymomas. Among men, the same holds true between 
the ages of 40–69 years. A less appreciated fact is that gender also plays an 
important role. For example, in women older than 80 years of age, about half of 
all prevascular compartment masses are thymomas, forming the most common 
type, whereas among men in the same age group, thyroid-related masses are the 
most common type, and only around 20 % of prevascular compartment masses 
are thymomas. Similarly, between the ages of 20–29 years, approximately 40 % 
of masses in the prevascular compartment are lymphoma in women, but in men, 
less than 25 % of such masses will be lymphoma, and the majority will be germ 
cell tumor [ 22 ].

The differential diagnosis of a prevascular compartment mass changes by 
gender and age.
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  Fig. 18.2    Tumors of the prevascular compartment in patients over 40 years of age ( a , men; 
 b , women) and under 40 years of age ( c , men;  d , women).  HD  Hodgkin disease,  MLC-NHL  medi-
astinal large cell non-Hodgkin’s lymphoma,  LB-NHL  lymphoblastic non-Hodgkin’s lymphoma, 
 NSGCT  non-seminomatous germ cell tumor (used with permission from Detterbeck FC [ 22 ,  119 ])       
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        Communicate Clinical Information 
 Second, the clinician should communicate certain clinical information to the 
 radiologist, for example, if it is known that the patient was treated with chemother-
apy or steroids that could raise the possibility of thymic hyperplasia (Fig.  18.3 ). The 
signs and symptoms of a paraneoplastic syndrome such as myasthenia gravis make 
thymoma extremely likely, or the presence of “B” symptoms and an elevated LDH 
level suggest lymphoma. A large heterogeneous mass with the presence of lung 
metastases in a young man with a rapid onset of symptoms suggests germ cell 
tumor. Tumor markers, such as beta-HCG and AFP, should always be checked.

       Radiological Appearance 
 Third, clearly, radiological appearance itself needs to be considered [ 23 ]:

•    Lobular, homogeneous, or slightly heterogeneous mass with smooth contours 
located at the prevascular compartment suggests thymoma.  

•   Irregular contours with invasion into surrounding tissues in a heterogeneous 
mass with cystic and necrotic areas and calcifi cations inside, and surrounding 
enlarged lymph nodes, and possibly multiple pleural implants might suggest thy-
mic carcinoma.  

•   The presence of visible areas of intralesional fat within a heterogeneous mass in 
the prevascular compartment is highly suggestive of a benign teratoma.  

•   A hyperdense lesion, which highly enhances with intravenous contrast and in 
continuity with the thyroid gland, is typical for a mediastinal goiter. However, it 
should be noted that connection to the thyroid gland may not always be 
visible.    

 In summary, correct diagnosis of a prevascular compartment mass relies on the 
demographic information, clinical presentation, and radiological appearance. A 
very useful algorithm for the differential diagnosis of prevascular compartment 
masses was published by Carter et al. as part of the ITMIG clinical guides, and 
it takes into account all of these three components of decision-making [ 23 ].   

  Fig. 18.3    Patient with thymic hyperplasia, 6 months after the completion of chemotherapy. 
Unless the history of chemotherapy is given, a misdiagnosis is possible       
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    Other Imaging Studies 

    PET/CT 
 18-Fluorodeoxyglucose (FDG) positron emission tomography (PET) is  not  rou-
tinely recommended to assess thymic masses [ 24 ]. Still, the intensity of the FDG 
uptake on the initial PET scan correlates with the WHO histologic subtype [ 25 ]. 
Patients with thymic carcinoma have the highest intensity of FDG uptake, and 
that is followed by those with WHO type B3 and then low-risk thymomas with 
WHO histologic subtypes A, AB, B1, or B2, which tend not to show any increased 
FDG uptake in PET scan. Thymic hyperplasia may instead show increased 
uptake [ 26 ].  

    Radionuclide Scan 
 Scintigraphy, done with octreotide which is labeled with  111 indium-diethylenetri-
amine pentaacetic acid ( 111 In-DTPA), also known as OctreoScan®, was evaluated in 
patients with TETs. Increased uptake was seen in the majority of TETs, including 
thymic carcinomas [ 27 ,  28 ]. Tumor-to-lung (T/L) ratios were as high as 7.6-fold 
(range 1.7–7.6). Importantly, untreated tumors showed higher T/L ratios (4.34) than 
treated ones (2.68). Patients with thymic hyperplasia did not show any increased 
uptake. In a larger series of 20 patients with TETs (11 TC; fi ve with non- 
neuroendocrine TC and six with neuroendocrine TC), once again the majority of 
tumors were detected by  111 In-DTPA-octreotide SPECT, and tumor-to-background 
ratios ranged between 1.67 and 10.10 [ 29 ]. 

 The PET radiotracer,  68 Ga-DOTA-Tyr-octreotide (DOTATOC), is used for the 
PET/CT detection of the same tumor types detected by OctreoScan. Another 
 radiotracer,  68 Ga-DOTATATE, is also reported to be sensitive for TETs [ 30 ,  31 ].  

     Need for Biopsy 

 If the clinical and radiological judgment highly suggests a thymic malignancy, and 
upfront surgery is possible, then a biopsy prior to surgery is not required [ 24 ]. In all 
other situations, biopsy, preferably a core-needle biopsy without violating the pleu-
ral space, is indicated. In patients older than 40 years of age, given that a mediastinal 
goiter is excluded, a lobulated and homogeneous, or slightly heterogeneous mass in 
the prevascular compartment should be considered to be highly consistent with a 
thymoma. The presence of PNDs such as MG makes the diagnosis almost certain 
[ 23 ]. The threshold to request a biopsy should be lower in the absence of MG for 
younger patients, particularly younger than 30 years of age even if the radiological 
appearance strongly suggests thymoma. In such patients, the frequency of TETs is 
much lower, and lymphoma, teratoma, and germ cell tumors are higher.    

The threshold to request a biopsy should be lower in the absence of MG for 
younger patients, particularly younger than 30 years of age even if the radio-
logical appearance strongly suggests thymoma.
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    Pathology 

 Currently, the World Health Organization (WHO) pathological classifi cation is used 
for TETs. This classifi cation system is discussed in detail elsewhere in this book, 
but in short, it entails fi ve main subtypes (A, AB, B1, B2, and B3) for thymoma and 
thymic carcinoma, also known as type C [ 17 ,  32 ,  33 ]. Thymoma-specifi c 10-year 
survival is 100 % with WHO type A thymoma in almost all studies and slowly goes 
down to an average of 62 % (range 33–92 %, in different series) in WHO type B3 
thymoma. The largest drop in survival is with thymic carcinoma, with a 10-year 
cancer-specifi c survival of 29 %. 

 Thymic carcinomas are similar to carcinomas seen in other organs and could 
come in many different subtypes such as squamous cell, mucoepidermoid, basaloid, 
or clear cell carcinomas among the many possible.  

    Staging 

 Staging for TETs (Table   18.2  ) is discussed separately elsewhere in this book, but in 
summary, there are three distinct characteristics of staging for TETs:

•     First, staging of TETs is primarily based upon the degree of invasion of adjacent 
structures and the presence of distant metastases.  

•   Second, lymph node involvement is not a component of stepwise staging, and 
when there are lymphatic metastases, just as it is the case with hematogenous 
metastases, the disease is staged as stage IVB.  

•   Third, all TETs, whether it is thymoma or thymic carcinoma, are staged 
similarly.    

 Application of this staging system in a large retrospective study involving 
273 cases of thymoma and 20-year survival rates (as defi ned by freedom from 
tumor- related death) according to the Masaoka staging system was reported to 
be 89 % for stage I disease, 91 % for stage II disease, 49 % for stage III disease, 
and 0 % for stage IV disease [ 34 ]. Of note, multivariate analysis revealed that 
the WHO histologic classifi cation system was also a signifi cant independent 
prognostic factor. The 20-year survival rates for patients with type A, AB, B1, 
B2, and B3 tumors were 100 %, 87 %, 91 %, 59 %, and 36 %, respectively.  

    Treatment 

    The Difficulty of Interpreting Studies for the Treatment of TETs 

 One needs to be cautioned about the inherent diffi culties of interpreting and com-
paring the results of multiple small studies for the treatment of TETs. 
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 Clearly, there are no randomized trials, and there will be none in the near 
future (though this could change now, with the establishment of ITMIG). It is 
diffi cult to compare results from the previous studies that are spread over a long 
period of decades, most with a handful of patients, using different techniques of 
radiotherapy, different chemotherapy protocols, and, for the case of neoadjuvant 

   Table 18.2    Masaoka-Koga staging system with ITMIG description of details [ 6 ]   

 Stage  Defi nition 

   With ITMIG description of details 

 I  Grossly and microscopically completely encapsulated tumor 

   Includes tumors with invasion into but  not through  the capsule 

   Tumors in which  capsule is missing  but  without invasion  into surrounding tissues 

 II  a  Microscopic transcapsular invasion 

   Invasion not grossly appreciated 

 b  Macroscopic invasion into thymic or surrounding fatty tissue, or grossly adherent to, 
but not breaking through mediastinal pleura or pericardium 

   Gross visual tumor extension into normal thymus or perithymic fat surrounding 
the thymoma (microscopically confi rmed) 

    Adherence  to pleura or pericardium making removal of these structures necessary 
during resection, with microscopic confi rmation of perithymic invasion (but 
 without microscopic extension  into or through the mediastinal pleura or into the 
fi brous layer of pericardium) 

 III   Macroscopic  invasion into neighboring organ (i.e., the pericardium, great vessel, 
or lung) 

   This includes extension of the primary tumor to any of the following tissues: 

     Microscopic  involvement of mediastinal pleura (either partial or penetrating the 
elastin layer) 

     Microscopic  involvement of the pericardium (either partial in the fi brous layer 
or penetrating through to the serosal layer) 

   Microscopically confi rmed direct penetration into the outer elastin layer of the 
visceral pleura or into the lung parenchyma 

    Invasion into the phrenic or vagus nerves (microscopically confi rmed, 
adherence alone is not suffi cient) 

    Invasion into or penetration through major vascular structures (microscopically 
confi rmed) 

    Adherence (i.e., fi brous attachment) of the lung or adjacent organs  only if  there 
is mediastinal pleural or pericardial invasion (microscopically confi rmed) 

 IV  a  Pleural or pericardial metastases 

   Microscopically confi rmed nodules,  separate from the primary tumor , involving 
the visceral or parietal pleural surfaces, or the pericardial or epicardial surfaces 

 b  Lymphogenous or hematogenous metastasis 

    Any  nodal involvement (e.g., anterior mediastinal, intrathoracic, low or anterior 
cervical nodes, any other extrathoracic nodes) 

   Distant metastases (i.e., extrathoracic and outside the cervical perithymic region) 
or pulmonary parenchymal nodules ( not a pleural implant ) 
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therapy, different and, perhaps even more importantly, subjective criteria such as 
“unresectable disease” to select patients for preoperative therapy. Furthermore, 
thymoma, and even thymic carcinoma, has a relatively long survival time, and 
comparing survival times from multiple different studies to judge the effi cacy of 
a particular treatment type could be very misleading for two reasons: First, TETs 
are chemosensitive tumors and subsequent treatments can change the median 
survival time signifi cantly, whereas progression-free survival is perhaps a better 
measure of treatment effi cacy in advanced disease. The effect of treatment on 
median survival time will inevitably be diluted by further lines of different treat-
ments. Second, TETs are not only rare tumors but a heterogeneous group of 
tumors as well. The composition of the histologic subtypes among any given 
study population will dramatically alter even the natural history of the disease 
without treatment. In addition, response to various treatments will differ based 
on the WHO subtype such that, for example, a WHO histologic subtype A thy-
moma is likely to respond to treatment differently than a WHO histologic type 
B3 thymoma. Finally, when we attempt to compare the results of neoadjuvant 
therapy trials, another diffi culty we face is the surgical nature of the staging 
system. Indeed, the traditional staging of TETs is mostly based on the Masaoka 
staging system which relies upon the fi ndings at the time of the surgery and 
under the microscope of the pathologist. Therefore, at times, depending on the 
diligence of the initial evaluation and imaging, and particularly in studies of 
previous decades, preoperative staging may not be as reliable. This is  particularly 
true for Masaoka stage III patients. 

 Therefore, like most rare tumors, treatment recommendations are made by 
expert panels “inspired” by the results of the studies and pure experience 
[ 24 ,  35 – 37 ]. 

 Surgery is the most important component of treatment and should be performed 
whenever complete resection (R0 resection) is possible.  

    Upfront Resectable Disease 

 Surgery is the most important step of treatment for TETs as long as a complete 
resection can be achieved, for it is the most signifi cant prognostic factor 
determining the outcome [ 8 ,  38 ]. For this reason, any TET deemed resectable 
should undergo surgery. The decision for resectability is, on the other hand, 
a subjective one and strongly depends on the expertise of the surgeon. In 
most cases, direct invasion of the aorta, arch vessels, the main pulmonary artery, 
the myocardium, the trachea, or the esophagus is considered to be 
unresectable. 

    Importance of Lymph Nodes 
 Resection of TETs should always include nodal sampling. 

 In a series of thymoma reported by Weksler et al. [ 39 ], 442 patients who under-
went resection with pathologic evaluation of at least 1 lymph node, 13 % had lymph 
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node metastasis. Patients with positive nodes were younger and  had smaller tumors  
than node-negative patients. Median survival of the node-positive patients was 
98 months, compared with 144 months in node-negative patients ( p  = 0.013). In 
multivariate analysis, the presence of positive nodes had a signifi cant, independent, 
adverse impact on survival (hazard ratio 1.945, 95 % confi dence interval 
1.296–2.919,  P  = 0.001). 

 The same group analyzed the impact of lymph node sampling in thymic carci-
noma and thymic neuroendocrine tumors in a series of 92 patients [ 39 ]. 
A metastasis to at least one lymph node was detected in 40 % of the patients, 
which was more common in patients with thymic neuroendocrine tumors than in 
patients with thymic carcinoma (62 % vs 34 %). The presence of nodal metastases 
had signifi cant, independent, adverse impact on survival (HR 2.933, 95 % 
CI 1.903–4.521,  p  = 0.001). Median survival was 47 months in patients 
with nodal metastasis and 124 months in patients without nodal metastases 
( p  < 0.001).   

    Potentially Resectable Disease 

    Is There a Role of Surgery in Locally Advanced Thymoma? 
 Every effort should be made to achieve a complete resection even in patients with 
stage III or IVa thymoma. If complete resection is not deemed possible at the time 
of initial presentation, neoadjuvant treatment should be administered to make the 
tumor resectable. 

 In a series of 310 patients from Japan analyzing the surgical outcome of stage III 
patients with thymoma, it was possible to achieve R0 resection in 80 % of the cases. 
This was possible in the presence of involvement of the lung in 63 %, the pericar-
dium in 49 %, the great vessels in 41 %, and the phrenic nerve in 27 % of the 
patients. Only 14 % of the patients received neoadjuvant therapy, and 47 % received 
adjuvant therapies. In the event of R0 resection, only 28 % experienced recurrence, 
mostly in the pleural space. The 10-year overall and disease-free survival in R0 
resection group was 80 % and 52 %, respectively [ 40 ].  

    Is There a Role for Debulking Surgery for Thymoma or Thymic 
Carcinoma? 
 The available evidence, though confl icting, suggests that in selected patients, it may 
be considered. 

 JCOG 9606 was a phase II study of induction chemotherapy in 21 patients with 
stage III unresectable thymoma. Induction chemotherapy was followed by sur-
gery, if the tumor became resectable, and then by adjuvant radiotherapy [ 41 ]. 
After the 9-week chemotherapy with the CODE regimen, R0 resection became 
possible in 43 % of the patients, and R1 and R2 resection was done in 5 % of the 
patients, respectively. Adjuvant radiotherapy was given to 63 % of those who 
could not undergo surgery and 44 % of those with R0 resection. Interestingly, the 
progression- free survival and overall survival were quite similar for those who had 
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some sort of surgery (mostly R0) and those who could not have any surgery at all, 
which constituted almost half of the patients. The 8-year PFS and OS were 36 % 
and 26 %, and 73 % and 63 %, with or without surgery, respectively. When R0 
resection was achieved, these rates were slightly better (44 % for PFS and 78 % 
for OS). This suggests that debulking surgery (R2 resection) is most likely not 
particularly helpful. 

 However, subtotal resection may be benefi cial in selected cases of thymoma, 
particularly when it can be followed by defi nitive radiotherapy. In an analysis from 
SEER database exploring the outcomes of 282 patients with stage IV thymomas 
treated surgically and nonsurgically, the 10-year OS for surgical patients was 
35 %, while for nonsurgical patients, it was 19 %. Interestingly, the difference in 
OS or cancer-specifi c survival between patients undergoing radical and lesser 
resection was not statistically signifi cant suggesting that decreasing the tumor bur-
den with debulking surgery might help in selected patients and supports a tailored 
surgical approach [ 42 ]. A meta-analysis of debulking surgery versus surgical 
biopsy for stage IV thymoma reached similar conclusions. The pooled HR was 
0.451 (95 % confi dence interval 0.336–0.605,  P  < 0.001), in favor of debulking 
surgery [ 43 ]. 

 ESMO Clinical Practice Guidelines note that partial resection is generally not 
recommended for thymic carcinoma [ 24 ]. However, in carefully selected cases, par-
ticularly if it can be followed by other effective treatments, debulking surgery could 
still be considered. In a database analysis from Japan, R0 resection was associated 
with most improved OS; however, both R1 and R2 (≥80 % tumor resection) subto-
tal resections resulted in superior OS compared with no resection [HR (95 % confi -
dence interval) for R0, R1, and R2: 0.27 (0.15–0.48), 0.40 (0.22–0.74), and 0.38 
(0.20–0.72), respectively]. Postoperative radiotherapy was associated with improved 
RFS after R0 resection [ 44 ].  

    Is There a Role of Neoadjuvant Concurrent Chemoradiotherapy? 
 It is diffi cult to compare the results of previous studies using subjective criteria 
such as “unresectable disease” to select the patients for preoperative therapy. In 
addition, the traditional staging of TETs uses the Masaoka staging system which 
relies upon the fi ndings at the time of the surgery and under the microscope of the 
pathologist. Therefore, at times, depending on the diligence of the initial evalua-
tion, preoperative staging may not be as reliable, particularly for Masaoka stage III 
patients. 

 Keeping all these valid concerns in mind, Korst et al. [ 25 ] recently undertook 
a small multi-institutional phase II study to determine the response rate, and the 
rate of complete resection after induction chemotherapy with cisplatin and etopo-
side, and concomitant radiotherapy for locally advanced thymic tumors. They 
clearly defi ned the radiological criteria for the high-risk patients to be included in 
the study:

•    >8 cm in the greatest axial diameter  
•   5–8 cm in the greatest axial diameter with at least one of the following:
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 –    Irregular or scalloped borders  
 –   Heterogeneous appearance  
 –   Ectopic calcifi cation  
 –   Obvious great vessel and/or adjacent organ invasion or encirclement     

•   <5 cm in the greatest axial diameter with obvious great vessel and/or adjacent 
organ invasion or encirclement    

 The treatment that is used in the study mirrored the intergroup 0139 trial which 
tested neoadjuvant chemoradiotherapy in patients with locally advanced lung cancer: 

 Radiotherapy (IMRT or 3D conformal, 45 Gy) concurrent with two cycles of the 
PE chemotherapy protocol (cisplatin 50 mg/m 2  days 1, 8, 29, and 36 plus etoposide 
50 mg/m 2  days 1–5, and 29–33) followed by surgical resection. Postoperatively, 
further treatment decisions were based on histologic subtype, postoperative stage, 
and completeness of resection as follows:

•    If the resection was complete:
 –    No additional chemotherapy

   WHO types A, AB, B1, and B2  and  stage I or II   
 –    Additional chemotherapy with two cycles of chemotherapy with PE

   WHO type B3 and thymic carcinomas at any stage  
  Masaoka stage III or IV, regardless of histologic subtype           

•   If the resection was incomplete, all patients were to receive additional concurrent 
RT (boost up to 60 Gy) with two cycles of PE chemotherapy.    

 Complete resection rate was 77 %. There was no pathologic complete remission 
(pCR), and only 48 % of the patients achieved PR, though most of the patients had 
some degree of response. Interestingly, of the seven patients with thymic carcinoma, 
four of them had a near pCR. Five years after the resection, the freedom from pro-
gression and overall actuarial survival of the entire 22-patient cohort was 83 % and 
71 %, respectively. The impressive near pCRs seen in TC patients is encouraging, 
and while the patient numbers are certainly small to make a binding recommenda-
tion, in the absence of better data, one could consider multimodality treatment for 
unresectable patients with TC. 

      What Is the Role of Induction Chemotherapy Alone? 
 NCCN and ESMO guidelines recommend induction chemotherapy alone 
(Table   18.3  ), without concurrent radiotherapy for locally advanced unresectable 
thymoma and thymic carcinoma [ 24 ,  37 ]. However, as noted above, the recent 
results by Korst et al. suggests that, for thymic carcinoma, neoadjuvant concurrent 

Concurrent chemoradiotherapy may be preferred for TC when induction ther-
apy is indicated. For thymoma, only induction chemotherapy might be more 
suitable. After the resection, if the margins are positive, then radiotherapy 
could be added.

18 Systemic Therapies in Thymic Malignancies



412

chemoradiotherapy could be considered, too [ 25 ,  45 ]. Any platinum containing 
regimen could be used. PAC is commonly used for the relative ease of administra-
tion, but ADOC, PAC-P, PE, VIP, and carboplatin/paclitaxel are all acceptable alter-
natives [ 24 ,  37 ].    

    Adjuvant Therapy 

    Stage-Based Adjuvant Treatment Summary 
 It is important to note that resectable thymoma has such an excellent prognosis that 
there is little or nothing that adjuvant treatments can add as long as a complete 
resection is carried out (Table   18.4  ). In accordance with that, a retrospective series 
of 262 patients with thymoma were reported by Safi eddine et al. revealing adverse 
prognostic factors as incomplete resection, large tumor size (>7 cm), and higher 
Masaoka stage. In this series, 75 % of the patients had Masaoka stage II or more 
advanced disease. Sixty-fi ve percent of the patients received adjuvant radiotherapy. 
Overall survival was 91 % at 15 years. Distant recurrence occurred only in 3 % of 
the patients and disease-related death occurred only in four patients (1.5 %) [ 46 ].

      Chemotherapy 
 In the current guidelines for thymoma (Table   18.4  ), chemotherapy after R0 resection 
(complete resection) is  not recommended  for any histologic subgroup. The same 
holds true even after an R1 resection (microscopic residual tumor). The only situation 
where the guidelines suggest chemotherapy may be  considered  is in the event of an 
R2 resection (macroscopic residual tumor) as an addition to defi nitive radiotherapy. 

   Table 18.3    Prospective neoadjuvant chemotherapy trials in locally advanced TETs   

 Chemotherapy regimen 
 N (T/
TC) 

 RR 
(CR) 
% 

 R0 
% 

 pCR 
%  OS %  PFS 

 Cisplatin + epirubicin + 
etoposide [ 97 ] 

 7 (4/3)  100 
(29) 

 57  29  80 (2 years)  80 (2 years) 

 ADOC [ 98 ]  16 
(16/0) 

 100 
(43) 

 69  31  70 (3 years)  NA 

 PAC-P [ 99 ]  12 
(12/0) 

 93 
(25) 

 82  NA  100 
(7 years) 

 73 (7 years) 

 PAC-P (CI) [ 100 ]  22 
(22/0) 

 77 
(14) 

 73  NA  95 (5 years)  53 (10 years) 

 79 (7 years) 

 Cisplatin + docetaxel [ 101 ]  27 
(9/18) 

 63 (0)  56  NA  93 (4 years)  50 (4 years) 

   N  number of patients;  T  thymoma;  TC  thymic carcinoma;  RR  response rate (complete + partial 
response);  CR  complete response;  OS  overall survival;  PFS  progression-free survival;  P  
prospective;  D  day;  ADOC  cisplatin, doxorubicin, vincristine, cyclophosphamide;  PAC-P  cisplatin, 
doxorubicin, cyclophosphamide, prednisone;  PAC  cisplatin, doxorubicin, cyclophosphamide;  CI  
continuous infusion;  NA  not available  
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 For thymic carcinoma (Table   18.5  ), if the resection is R0, chemotherapy is only 
recommended by the ESMO guidelines and only for stage III patients. The guide-
lines suggest that, for R1 resection, chemotherapy could be  considered  even for 
stage I patients [ 37 ], but it is  recommended  for stage II and more advanced thymic 
carcinoma patients [ 24 ]. In every situation, chemotherapy is added to 
radiotherapy.

       Radiotherapy 
 The role of radiotherapy in adjuvant therapy for thymoma is discussed separately 
elsewhere in this book, but in summary, radiotherapy is not recommended for 
Masaoka stage I patients. Even if there is transcapsular invasion, radiotherapy is 
recommended only for WHO histologic subtype B3 when the invasion is  microscopic 
(Masaoka stage IIA) and, for subtypes B2 and B3, if the invasion is macroscopic 
(Masaoka stage IIB). Both ESMO and NCCN guidelines consider or recommend 
using radiotherapy starting from stage II patients (Table   18.4  ). 

 Postoperative chemotherapy may be considered (Table   18.5  ) as an option in stage 
II/III/IV thymic carcinomas, especially if not delivered as induction treatment [ 24 ].    

     Table 18.4    Thymoma – treatment recommendations after R0 surgery [ 24 ,  37 ]   

 Stage  Subtype  Treatment ESMO  NCCN 

 I  All  None  None 

 IIA  All but B3  None  Consider RT 

 B3  RT  Consider RT 

 IIB  All but B2, B3  None  Consider RT 

 B2, B3  RT  Consider RT 

 III  All  RT  Consider RT 

  R1 at any stage → RT (both ESMO and NCCN guidelines); R2 at any stage → defi nitive RT ± CT 
(NCCN guidelines) 
  CT  chemotherapy,  ESMO  European Society of Medical Oncology,  NCCN  National Comprehensive 
Cancer Network,  R0  complete resection,  R1  microscopic residual tumor,  R2  macroscopic residual 

tumor,  RT  radiotherapy  

    Table 18.5    Thymic carcinoma – treatment recommendations after surgery [ 24 ,  37 ]   

 Resection  Stage  Treatment ESMO  NCCN 

 R0  I  RT  None 

 IIA–IIB  RT  Consider RT 

 III  CT → RT  Consider RT 

 R1  St I  RT  RT ± CT 

 IIA–III  CT → RT  RT ± CT 

 R2  All stages  –  RT (defi nitive) + CT 

   CT  chemotherapy,  ESMO  European Society of Medical Oncology,  NCCN  National Comprehensive 
Cancer Network,  R0  complete resection,  R1  microscopic residual tumor,  R2  macroscopic residual 
tumor,  RT  radiotherapy  
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    Advanced Disease 

    Chemotherapy 
 Platinum-based combinations of chemotherapy are accepted as the standard fi rst- 
line treatment of TETs requiring systemic therapy (Table   18.6  ). In combination with 
platinum compounds, chemotherapy drugs such as doxorubicin, etoposide, cyclo-
phosphamide, ifosfamide, and paclitaxel are among the most commonly used drugs 

   Table 18.6    Carboplatin and paclitaxel in thymic carcinoma   

 Chemotherapy 
regimen  Drugs  Dose  Timing  Frequency 

 First line 

 ADOC [ 47 ]  Cisplatin  50 mg/m 2   D1  q4 weeks 

 Doxorubicin  40 mg/m 2   D1 

 Vincristine  0.6 mg/m 2   D3 

 Cyclophosphamide  700 mg/m 2   D4 

 PAC [ 48 ]  Cisplatin  50 mg/m 2   D1  q3 weeks 

 Doxorubicin  50 mg/m 2   D1 

 Cyclophosphamide  500 mg/m 2   D1 

 PAC-P [ 49 ]  Cisplatin  30 mg/m 2 /d  D1-3  q3 weeks 

 Doxorubicin  20 mg/m 2 /d CI  D1-3 

 Cyclophosphamide  500 mg/m 2   D1 

 Prednisone  100 mg/d  D1-5 

 PE [ 50 ]  Cisplatin  60 mg/m 2   D1  q3 weeks 

 Etoposide  120 mg/m 2 /d  D1-3 

 VIP [ 51 ]  Cisplatin  20 mg/m 2 /d  D1-4  q3 weeks 

 Etoposide  75 mg/m 2 /d  D1-4 

 Ifosfamide  1.2 g/m 2 /d  D1-4 

 CODE [ 102 ]  Cisplatin  25 mg/m 2 /w  Week 1–9  For 9 weeks 

 Vincristine  1 mg/m 2 /w  Week 1, 2, 
4, 6, 8 

 Doxorubicin  40 mg/m 2 /w  Week 1, 3, 
5, 7, 9 

 Etoposide  80 mg/m 2 /d D1-3  Week 1, 3, 
5, 7, 9 

 CbP [ 52 ,  103 , 
 104 ] 

 Carboplatin  AUC 6  D1  q3 weeks 

 Paclitaxel  200–225 mg/m 2   D1 

 CisDoc [ 101 ]  Cisplatin  75 mg/m 2   D1  q3 weeks 

 Docetaxel  75 mg/m 2   D1 

 After fi rst-line chemotherapy 

 Cap-Gem [ 58 ]  Capecitabine  650 mg/m 2  per dose 
b.i.d 

 D1–14  q3 weeks 

 Gemcitabine  1,000 mg/m 2 /d  D1, D8 

 Pemetrexed [ 55 ]  Pemetrexed  500 mg/m 2   D1  q3 weeks 
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forming regimens such as ADOC [ 47 ], PAC [ 48 ], PAC-P [ 49 ], PE [ 50 ], VIP [ 51 ], 
and CbP [ 52 ] tested as fi rst-line treatment for thymomas and thymic carcinomas 
(Tables   18.7  ,   18.8  ,   18.9  , and   18.10  ) with response rates within the range of 43–56 % 
and progression-free survival of 17–26 months.

       The ADOC regimen has been one of the earliest and most effective chemother-
apy combinations used in patients with advanced thymoma [ 47 ]. The response rate 
of fi rst-line treatment was an impressive 92 %, with 43 % of the patients achieving 
CR. This regimen has also been used for induction therapy in patients with thymic 
carcinoma in a small study with 8 patients. The response rate was slightly lower but 
still impressive: 75 % of the patients achieved PR [ 53 ]. In a retrospective analysis of 
ADOC regimen in thymic carcinoma, ORR was 50 % and DCR 88 %. Median sur-
vival was 21 months. Nearly 90 % of the patients were treatment naïve. Initial data 
suggest that carboplatin may not be interchangeable with cisplatin. Only one patient 
responded out of fi ve patients who received carboplatin in place of cisplatin. 

 The response of TETs to chemotherapy varies depending on the histologic sub-
type. Thymomas may respond better to fi rst-line platinum-based chemotherapy than 
do TCs. In addition, TCs do not respond to anthracyclines as well as thymomas [ 54 ]. 
Therefore, in the fi rst-line setting, cisplatin and doxorubicin combinations are pre-
ferred for thymoma, and carboplatin/paclitaxel combination is frequently used for 
TCs [ 55 ]. 

    Can We Replace Cisplatin with Carboplatin? 
 There is no defi nitive answer to this question, but until there is more data on this 
issue, it may be preferable not to make such a switch in regimens other than car-
boplatin and paclitaxel for now, at least in thymic carcinoma. Agatsuma et al. 
analyzed 29 patients with thymic carcinoma who received the ADOC regimen 
which consists of cisplatin, doxorubicin, vincristine, and cyclophosphamide and 5 
patients who received carboplatin AUC instead. Median survival was 23.8 months 
with the standard cisplatin-containing ADOC regimen, whereas when cisplatin 

   Table 18.7    Commonly used chemotherapy regimens   

 Chemotherapy  Type  N  Line  RR  DCR  DFS  MST 

 CbP [ 104 ]  R  11  1st  36 (0 + 36)  82 (45)  8  22.7  From Japan 

 CbP [ 59 ]  R  16  1st  38 (13 + 25)  88 (50)  9  49  From Japan 

 CbP [ 52 ] B3 
and C grouped 
together as TC! 

 P  23  1st  22 (0 + 22)  74 (52)  5  20  f/u 59 m. 44 pts, 
23 with TC 

 CbP [ 103 ]  P  39  1st  36 (3 + 33)  95 (59)  7.5  NR  OS 1 year and 
2 years: 85 and 
71 %. 
WJOG4207L 
study 

   N  number of patients,  RR  response rate,  DCR  disease control rate,  DFS  disease-free survival,  MST  
median survival time,  CbP  carboplatin/paclitaxel,  R  retrospective,  P  prospective,  OS  overall 
survival  
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50 mg/m 2  was switched with carboplatin AUC 3, median survival time was 
7.7 months [ 56 ]. Admittedly, selection bias is almost certainly contributing to 
these results since patients received carboplatin in place of cisplatin due to poor 
renal function, advanced age, or poor performance status, and therefore, replacing 
cisplatin with carboplatin is not the only factor contributing to the worse median 
survival time. 

   Table 18.8    Effi cacy of commonly used systemic treatments in advanced thymoma   

 Regimen  N 
 RR 
(CR) % 

 PFS 
(month) 

 MST 
(month)  Notes 

 First line 

 Prospective 

 ADOC [ 47 ]  37  92 (43)  12 (3–96+)  15 (5–96+)  From Padova, Italy 

 ADOC [ 98 ]  16  100 (43)  n/a  NR  3-year OS 70 %. pCR 31 % 

 PAC [ 48 ]  30  50 (10)  18.4  37.7 
(2–91.9+) 

 5-year OS 32 %. 50 % with 
prior RT. 1 patient with TC 

 PE [ 50 ]  16  56 (31)  26.4  51.6  f/u 7 years. Survival at 5 years, 
50 %; at 7 years, 42 %. Median 
duration of response among 
responders: 41 months 

 PAC → XRT 
→ PAC [ 105 ] 

 23  70 (22)  93.2  93  A multimodality treatment 
study. 2 patients with TC 

 PAC-P [ 99 ]  12  93 (25)  NR  NR  7-year PFS and OS were 73 %, 
and 100 %, respectively 

 PAC-P (CI) 
[ 100 ] 

 22  77 (14)  NR  NR  10-year PFS was 53 %. 7-year 
OS was 79 % 

 VIP [ 51 ]  28  32 (0)  11.9 
(<1–26) 

 31.6  f/u 43 m. 1-year OS and 2-year 
OS 89 % and 70 % 

 CODE [ 106 ]  27  59 (0)  9.5  73.2  PFS at 1 year 37 % and at 
2 years 15 %. OS 2 years 89 % 
and at 5 years 65 % 

 CODE + XRT 
[ 41 ] 

 21  62 (0)  PFS 4.5 
years 

 R0 39 %. PFS at 2, 5, and 
8 years 80, 43, 32 %. OS at 2, 5, 
and 8 years 100, 85, 69 %. PFS 
and OS were similar in those 
who underwent surgery and 
those who did not (5- and 8-year 
PFS 46 and 36 % and OS 91 
and 73 %) 

 Retrospective 

 PE +/− RT 
[ 107 ] 

 11  73 (9)  37.7  128.1  RT was given whenever 
possible 

 Ifosfamide 
[ 108 ] 

 13  46 (38)  66+  5 year OS 
57 % 

 1 patient received prior CT. Med 
CR duration 66+ 

   N  number of patients,  RR  response rate,  CR  complete remission,  PFS  progression free survival, 
 MST  median survival time,  OS  overall survival, see Table 18.6 for chemotherapy acronyms,  n/a  not 
available,  NR  not reached,  pCR  pathologic complete remission,  RT  radiotherapy,  TC  thymic carci-
noma,  f/u  follow up,  CI  continuous infusion,  m  month,  CT  chemotherapy  
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 In another approach to this question, Okuma et al. reported that for advanced 
thymic carcinoma, cisplatin-based chemotherapy may be superior to carboplatin- 
based chemotherapy based on an analysis of 206 patients from ten studies. Response 
rates favored cisplatin-based chemotherapy (53.6 vs. 32.8 %;  p  = 0.0029) [ 54 ]. 

      Table 18.9    Effi cacy of commonly used systemic treatments in advanced thymic carcinoma   

 Regimen  N 

 RR 
(CR) 
(%) 

 PFS 
(month) 

 MST 
(month)  Notes 

 First line 

 Prospective 

 CbP [ 103 ]  39  36 (3)  7.5  NR  Median OS not reached. OS 1 year 
and 2 years 85 and 71 % 

 Retrospective 

 ADOC [ 53 ]  8  75  –  19 

 CODE [ 109 ]  12  42 (0)  5.6  46  Estimated 1-year and 2-year OS 
80 % and 58 %. Med f/u 14 months 

 CbP [ 104 ]  11  36 (0)  7.9  22.7  From Japan 

 CbP [ 59 ]  16  38 (13)  8.6  49.4  From Japan 

 ADOC [ 56 ]  34  50 (0)  –  21.3  OS 1 year 73 % and 3 years 34 %. 
5 pts received carboplatin instead 
of cisplatin 

 Cisplatin + 
irinotecan [ 110 ] 

 9  56 (0)  7.9  33.8  1-year and 2-year OS 77.7 % and 
55.6 % 

 CODE [ 102 ]  7  71 (0)  R0 % 86. OS 5 years and 10 years 
both 80 % 

 RFS 5 years and 10 years 69 and 
54 % 

 After fi rst-line chemotherapy 

 CbP [ 111 ]  3  66 (0)  n/a  n/a  1st-line ADOC in all with SD. 
2nd-line irinotecan/cisplatin with 
SD as best response. 2nd + (33 % 
2nd, 66 % 3rd) 

 CbP [ 112 ]  3  33 (0)  6.7  >36  1st-line ADOC 

 CbP [ 113 ]  12  25  3.5  24  Previous CT: 1st-line CAP 58 %, 
VIP 25 %, EP 17 %. No. of 
previous CT 58 % 2nd, 42 % 3rd 

 Platinum + 
irinotecan [ 114 ] 

 7  29 (0)  n/a  17.5  After ADOC. 2-year survival 43 % 

 Amrubicin + 
cisplatin or 
nedaplatin [ 115 ] 

 6  33 (0)  n/a  n/a 

 Amrubicin [ 116 ]  9  44 (0)  4.9  6.4 

 Docetaxel [ 60 ]  13  31  5.5  24 

   N  number of patients,  RR  response rate,  CR  complete remission,  PFS  progression free survival,  MST  
median survival time, see Table 18.6 for chemotherapy acronyms,  OS  overall survival, med median, 
 f/u  follow up,  RFS  reccurence free survival,  n/a  not available,  SD  stable disease,  CT  chemotherapy  
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             Table 18.10    Effi cacy of commonly used systemic treatments in advanced TETs (mixed studies)   

 Regimen 

 N – 
T – 
TC 

 RR (CR) 
% – T – 
TC 

 PFS 
(month) – 
T – TC 

 MST 
(month) – 
T – TC  Notes 

 First line 

 Prospective 

 Cisplatin, 
epirubicin, 
etoposide 
[ 97 ] 

 7  100 (29)  NR  NR  OS and PFS at 2 years 
both 80 %  −4 

 −3 

 PACE [ 117 ]  14  43 (0)  n/a  14.7  14 % of patients previously received 
CT  −7  −43 (0)  – 

 −7  −43 (0)  – 

 VIP [ 51 ]  28  32 (0)  11.9  31.6  Median follow-up 43 months. 
1-year OS 89 %, 2-year OS 70 %  −20  –  –  – 

 −8  –  –  – 

 VIP [ 118 ]  16  25 (6)  13.1  NR  Follow-up 32.6 months. 
Median OS not reached. 1-year OS 
93.8, 2-year OS 78.1, and 3-year 
OS 58.6 %. Not reported separately 
for T and TC 

 −12  −25 (8)  –  – 

 −4  −25 (0)  –  – 

 CbP [ 52 ]  44  Median follow-up 59.4 months for 
thymoma and 63.8 months for 
thymic carcinoma 

 −21  −(14)  −16.7  −NR 

 −23  −22 (0)  −5  −20 

 Cis/Doc 
[ 101 ] 

 27  63 (0)  4-year 
40.6 

 NR  4-year PFS 40.6 and OS 79.4 %. 
Median follow-up 42.6 months. 
Includes 2 patients with 
neuroendocrine carcinoma 

 −9  −56 (0)  – 

 −18  −67 (0)  – 

 Belinostat + 
PAC [ 83 ] 

 25  40 (4)  9  28.5 

 −11  −64 (9)  - NR  - NR 

 −14  −21 (0)  −7.2  −21.4 

 PE + XRT 
[ 25 ] 

 21  48 (0)  NR  NR  77 % underwent R0, and 14 % R1 
resection. Median follow-up 
27 months. 5-year PFS and actuarial 
survival 83 % and 71 % 

 −14 

 −7 

 After fi rst-line chemotherapy 

 Prospective 

 Octreotide, 
lanreotide + 
prednisone 
[ 66 ] 

 16  38 (6)  14  15  Patients were CT refractory. Median 
follow-up 43 months. 3 patients had 
small cell neuroendocrine 
carcinoma (1 PR, 1 SD) 

 −10  −40 (10)  - n/a  - n/a 

 −6  −33 (0)  - n/a  - n/a 
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Table 18.10 (continued)

 Octreotide + 
prednisone 
[ 67 ] 

 38  46.3 

 −32  −38 (6)  −8.8  - NR 

 −6  −0 (0)  −4.5  −23.4 

 Long-acting 
octreotide [ 68 ] 

 12  25 (0)  8  n/a  Median duration of clinical benefi t 
was 47 months  −9  −33 (0)  - n/a 

 −3  −0 (0)  - n/a 

 Cap-Gem [ 58 ]  30  40 (10)  11  2-year 
OS 67 

 Median number of previous lines of 
CT was 3 

 −22  −41 (14)  −11  - n/a 

 −8  −38 (0)  −6  - n/a 

 Cixutumumab 
[ 82 ] 

 49  10 (0)  8.2  16.2  Median number of previous 
systemic treatment was 3  −37  −14 (0)  −9.9  −27.5 

 −12  −0 (0)  −1.7  −8.4 

 Everolimus 
[ 74 ] 

 35  11 (3)  12.1  24  Stable disease in 42 % of TC and 
70 % of T  −23  −4 (0)  - n/a  - n/a 

 −12  −25 (8)  - n/a  - n/a 

 Belinostat [ 84 ]  40  5  5.8  19.2 

 −24  −8  −11.4  - NR 

 −16  −0  −2.7  −12.4 

 Sunitinib [ 77 ]  39  18 (7)  –  –  Patients were CT refractory. 
Median follow-up 17 months. DCR 
91 % in TC and 81 % in T. OS 1 year 
for TC 78 % and for T 86 % 

 −16  −6 (0)  −8.5  −15.5 

 −23  −26 (0)  −7.2  - NR 

 Retrospective 

 Pemetrexed 
[ 55 ] 

 16  17 
(0 + 17) 

 13.8  20.1  From Stanford. 2nd + (31 % 2nd, 
69 % 3rd+) 12.5 % also received 
carboplatin  6/10  10 

(0 + 10) 
 6.5  12.7 

   N  number of patients,  T  thymoma,  TC  thymic carcinoma,  RR  response rate,  CR  complete remis-
sion,  PFS  progression free survival,  MST  median survival time, see Table 18.6 for chemotherapy 
acronyms, NR not reached,  OS  overall survival,  PFS  progression free survival,  CT  chemotherapy, 
 n/a  not availabile,  PR  partial response,  SD  stable disease,  DCR  disease control rate  

 NCCN guidelines, however, report that carboplatin/paclitaxel is recommended, 
because it has the highest response rate among thymic carcinomas in clinical trials 
[ 37 ]. The ADOC regimen is also effective, but it is more toxic than carboplatin/
paclitaxel.  
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    Previously Treated 

    Cap-Gem 
 Capecitabine plus gemcitabine (Table   18.10  ) was tested in a phase II trial from Italy. 
Initial results [ 57 ] were encouraging and revealed 40 % response rate in previously 
treated patients with TETs and half of those were CRs. The 1- and 2-year survival 
rates were 80 % and 67 %, respectively. Final results were reported after 30 patients 
(thymoma,  n  = 22; thymic carcinoma,  n  = 8). Overall response rate was again 40 % 
and median progression-free survival was 11 months [ 58 ]. This combination was 
tolerated very well in cisplatin-pretreated patients and can certainly be considered 
as a second-line treatment.  

    Paclitaxel (or Nab-Paclitaxel) and Platinum Compounds 
 In a phase II study (Table   18.10  ), carboplatin (AUC6) and paclitaxel (225 mg/
m 2 ) were tested on previously untreated advanced TETs (21 thymoma, 23 thy-
mic carcinomas). For the thymoma cohort, objective response rate was 43 % and 
a third of these were complete responses. For the thymic carcinoma group, 
overall response rate was 22 %, and there were no complete remissions. 
Progression-free survival was 17 months for thymomas and 5 months for thymic 
carcinomas [ 52 ]. 

 In a retrospective series of 16 patients from Japan with recurrent or Masaoka 
stage IVA/IVB thymic carcinoma, the combination of carboplatin (AUC6) and 
paclitaxel (200 mg/m 2 ) achieved a response rate of 37.5 %, and 33 % of 
responses were CR (Table   18.9  ). The median progression-free survival was 
8.6 months [ 59 ].  

    Docetaxel 
 In a retrospective series from Japan, 13 thymic carcinoma patients received 
docetaxel monotherapy after becoming platinum refractory (Table   18.9  ). Overall 
response rate was 31 % and disease control rate was 77 %. Overall survival after 
docetaxel monotherapy was 24 months, while progression-free survival was only 
5.5 months suggesting that these patients benefi ted from other treatments after 
failing docetaxel [ 60 ].  

    Pemetrexed 
 Single-agent pemetrexed, a multi-targeted antifolate, provided a promising PFS of 
45 weeks in an early report of 16 patients with previously treated thymoma 
(Table   18.10  ). Overall response rate was 25 % and half of them were complete 
remissions. There were no responses among the 11 patients with thymic carcinoma 
and the median time to progression among those was only 5 weeks [ 55 ,  61 ].  

    S-1 
 In a case report, S-1 as a single agent showed dramatic activity and achieved CR in 
a patient with thymic carcinoma at third line of treatment. Low level of expression 
of TS may be associated with better effi cacy of S-1 [ 62 ].   
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    What Are the Best Chemotherapy Choices for Second-Line Treatment 
of Thymic Carcinoma? 
 Thymic carcinomas are exceedingly rare cancers. Consequently, optimal  second- line 
treatment has not been established yet (Tables  18.9  and  18.10 ). 

 Carboplatin and paclitaxel could be a reasonable choice for those patients with 
thymic carcinoma previously treated with chemotherapy regimens other than carbo-
platin and paclitaxel. Based on studies reporting on small numbers of patients, even 
after failing cisplatin- and doxorubicin-based chemotherapy, patients respond to 
carboplatin and paclitaxel. 

 In addition, it should be noted that selected targeted therapies can be considered 
for second treatment as can be seen in the section below. 

 There is evidence of docetaxel, the other commonly used taxane, being effective 
as second- and third-line treatment of thymic carcinoma after failing cisplatin- 
containing chemotherapy. This raises the question of the contribution of carboplatin 
given together with paclitaxel or docetaxel after cisplatin failure. In a retrospective 
series from Japan, 13 thymic carcinoma patients received docetaxel monotherapy 
after becoming platinum refractory. Overall response rate was 31 % and disease 
control rate was 77 %. Overall survival after docetaxel monotherapy was 24 months, 
while progression-free survival was only 5.5 months suggesting that these patients 
benefi ted from other treatments after failing docetaxel [ 60 ].   

    Targeted Therapies 
 There are many different classes of agents tried in phase II trials for the treatment of 
TETs. It may be encouraging to fi nd a certain response rate and a certain duration 
of response when using targeted therapies, but unless correlative studies are done 
simultaneously to understand why the responders are responding, we will miss the 
groups that will truly benefi t from that agent, and perhaps worse, we will throw 
away a drug that will help some selected group of patients. This is particularly 
important for TETs, as they are such a heterogeneous group of tumors. 
 Currently, sunitinib is recommended among the choices for second-line  treatment 
of thymic carcinomas and everolimus and octreotide, for both thymoma and thymic 
carcinomas [ 24 ,  37 ]. 

    Somatostatin Receptor Analogs 
 Somatostatin is a naturally occurring peptide that inhibits the secretion of wide range 
of hormones [ 63 ]. The somatostatin analogs, octreotide, lanreotide, and their longer-
acting depot forms, have played an important role in the treatment of neuroendocrine 
carcinomas, a tumor type that commonly overexpress somatostatin receptors [ 64 ]. 

 A frequently overlooked fact is that somatostatin receptors are also overex-
pressed in non-neuroendocrine TETs, as well as in thymic neuroendocrine cancers 
(see the imaging section on radionuclide scintigraphy using radiolabeled octreo-
tide). As early as in 1998, thymomas and thymic carcinomas were shown to have 
increased uptake by somatostatin receptor scintigraphy utilizing octreotide [ 27 ]. 
Somatostatin analogs, employed either alone or in combination with prednisone, 
were among the fi rst targeted agents found to be active in TETs [ 65 ]. 
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    Octreotide 
 In 1997, successful treatment of a patient with thymoma and pure red cell aplasia 
with octreotide and prednisone was reported [ 65 ]. 

 In 2002, a phase II study from Italy tested (Table   18.10  ) treatment with soma-
tostatin analogs and prednisone [ 66 ]. Octreotide (1.5 mg/day SC), and in some 
patients, the long-acting somatostatin analog lanreotide (30 mg every 14 days), was 
given with a relatively high dose of oral prednisone (0.6 mg/kg/day) for 3 months, 
to be followed by 0.2 mg/kg/day during follow-up. These were patients unrespon-
sive to chemotherapy and response rate was impressive (CR 6 % and PR 31 %; only 
25 % of the patients progressed during therapy). Median survival was 15 months 
and median time to progression was 14 months. 

 It was not clear whether octreotide had any contribution to these results. This was 
tested in a large ECOG phase II trial [ 67 ] which revealed that octreotide had some 
effi cacy when used alone, but the results were better when combined with predni-
sone, though toxicity was higher as well (Table   18.10  ). In this trial, all of the 32 
patients with advanced thymoma and 6 patients with thymic carcinoma or carcinoid 
initially received octreotide alone. If, after 2 months of therapy, there was at least 
PR, octreotide was continued alone. If there was stable disease, then prednisone was 
also added. In the case of progressive disease, the patients were taken off the study. 
All patients in the study had increased uptake in radionuclide octreotide scan. More 
than 80 % of the patients previously received chemotherapy and radiotherapy. 
Overall response rate was 30.3 % (CR 5.3 % and PR 25 %) and 36.8 % of the 
patients had stable disease. The objective response rate among the patients treated 
with octreotide alone during the fi rst 2 months was 10.5 %. The median PFS for 
octreotide alone was shorter (2 months; 95 % CI, 1.8–11.0 months) than that for 
patients treated with both octreotide and prednisone (9.2 months; 95 % CI, 8.1–
13.9 months). The PFS was longer for patients with thymoma (8.8 months; 95 % CI, 
3.7–12.3 months) than thymic carcinoma (4.5 months; 95 % CI, 1.9–9.5 months). 

 Longo et al. treated 11 relapsed thymoma patients and 1 patient with thymic 
carcinoma with long-acting octreotide (Sandostatin LAR ®) after a positive 
OctreoScan. Of note, 83 % received chemotherapy and 58 % received radiotherapy 
previously. Twenty-fi ve percent of the patients achieved PR and 42 % had SD, 
which lasted a median of 41 months. The clinical benefi t rate was 67 % and the 
median duration of clinical benefi t (CR + PR + SD) was 47 months [ 68 ].  

    Radionuclide Treatment 
 Peptide receptor radioligand therapy has been used successfully against low-grade 
neuroendocrine tumors [ 69 ]. Encouraged by the fact that somatostatin receptors are 
also expressed by the majority of TETs, there are now case reports and anecdotal 
information that PRRT is effective in some patients with TETs, too [ 30 ,  70 ]. 
Somatostatin receptor subtype 3 was shown to be the predominant among the fi ve 
somatostatin subtypes [ 71 ]. 

 Pasireotide (SOM230) binds to SSRs 1, 2, 3, and 5. An ongoing phase II trial is 
currently evaluating the effect of pasireotide in a dosage of 60 mg IM every 4 weeks 
in adult patients with inoperable or metastatic T (Schalke NCT02021942).   
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    mTOR: Everolimus 
 mTOR (mammalian target of rapamycin) is a serine/threonine kinase belonging to 
the PI3K/AKT signaling pathway. Activation of mTOR leads to an increase in pro-
tein synthesis, which is required for tumor growth. It is an important regulator of 
proliferation, response to hypoxia, and angiogenesis, and therefore it is an attractive 
target for cancer treatment [ 72 ]. 

 In an exciting report from MD Anderson Cancer Center, results of ten patients 
with thymoma or thymic carcinoma treated in phase I trials with combinations con-
taining mTOR inhibitors were reported. Sixty percent of these patients achieved 
stable disease ≥12 months or a partial response. Median time to treatment failure 
was 11.6 months versus 2.3 months on last conventional regimen prior to referral 
( p  = 0.024) [ 73 ]. 

 In 2014, the initial results of the fi rst 35 patients with thymoma and thymic car-
cinoma, all pretreated, enrolled in a phase II study, were presented (Table   18.10  ). 
The disease control rate in patients with thymic carcinoma reached 67 %, with 8 % 
CR and 17 % PR. Responses were rare in thymoma (4 %), but disease stabilization 
was seen in 70 % of the patients. With a median follow-up of 10 months, median 
PFS was 12.1 months, while median OS was 24.0 months [ 74 ]. 

 Finally, investigators at Gustave Roussy collectively reported on the outcomes 
of patients with TETs enrolled in various phase I trials. Results with temsiroli-
mus, an mTOR inhibitor, appeared particularly encouraging. Among four 
patients, there were one CR, one PR, and two patients with SD [ 75 ]. These 
patients also received neratinib, an oral pan ErbB inhibitor which could be partly 
responsible from the response. However, at least one patient responded to temsi-
rolimus after removal of neratinib suggesting that mTOR inhibitors alone could 
be effective. 

 Everolimus is now listed as an option for second-line treatment of TETs [ 24 ,  37 ].  

    Multi-targeted Tyrosine Kinase Inhibitors: Sunitinib 
 Sunitinib is an oral multi-targeted tyrosine kinase inhibitor. Its targets include 
VEGFR, KIT, and PDGFR among others [ 76 ]. It is the fi rst targeted treatment that 
showed promise in the treatment of TETs, particularly thymic carcinoma [ 77 ], and 
now included among the standard second-line treatment options for thymic carci-
noma [ 24 ,  37 ]. 

 In 2010, responses to sunitinib in thymic squamous cell carcinomas were noted 
in a small number of patients [ 78 ]. In 2015, Thomas et al. reported the results of a 
phase II study with sunitinib on 39 patients (16 thymoma, 23 thymic carcinoma) 
with treatment refractory TETs (Table   18.10  ). Eighty-one percent of the thymoma 
group and 58 % of thymic carcinoma group received at least two previous chemo-
therapy regimens. Partial responses were noted in 26 % and stable disease in 65 % 
of thymic carcinoma patients, and the median duration of response was an impres-
sive 16.4 months. This was and still is an unprecedented result for treatment refrac-
tory thymic carcinoma. In contrast, only 6 % of thymoma patients achieved a partial 
response. This study established sunitinib as a standard second-line treatment for 
thymic carcinoma [ 77 ].  
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    IGF-1R: Cixutumumab 
 Insulin-like growth factor-1 receptor (IGF-1R) is a transmembrane tyrosine kinase 
receptor that plays a role in the regulation of cell metabolism, growth, and survival. 
Thymomas and thymic carcinomas commonly stain positive for IGF-1R [ 79 ,  80 ]. 
The fully human monoclonal antibody cixutumumab binds and inactivates IGF-1R 
through internalization and degradation of the receptor [ 81 ]. Rajan et al. reported the 
results of a multicenter phase II study of cixutumumab (Table   18.10  ) in previously 
treated advanced TETs (37 T, 12 TC) [ 82 ]. In these heavily pretreated patients, cixu-
tumumab was well tolerated and active in the thymoma group. With a median follow-
up of 24 months, the disease control rate was 89 %, and 14 % of patients experienced 
a partial remission with a median overall survival of 27.5 months. Tumor IFG-1R 
expression did not show a good correlation with response to treatment. A common 
side effect was autoimmune disorders. There were no responses among the thymic 
carcinoma group and the median time to progression was only 1.7 months.  

    Histone Deacetylase Inhibitor: Belinostat 
 In a phase I/II study, the histone deacetylase inhibitor belinostat was combined with 
chemotherapy containing cisplatin, doxorubicin, and cyclophosphamide, in treat-
ment-naïve patients with TETs (thymoma, 12; thymic carcinoma, 14) (Table   18.10  ). 
Objective response rates in thymoma and thymic carcinoma were 64 % and 21 %, 
respectively [ 83 ]. How do these results compare with response rates with chemo-
therapy alone? Clearly, it is never possible to reach a defi nitive conclusion by com-
paring the results of the past series, because of the differences in patient composition 
in different studies, but this is the only thing we can do at this time. The PAC che-
motherapy regimen, which contains the same agents used together with belinostat 
but in a slightly different schedule and dose, achieved 50 % response rate in 
chemotherapy- naïve thymoma patients [ 48 ]. Prednisone added to this regimen 
achieved a response rate of 77 % as an induction chemotherapy, again in chemother-
apy-naïve patients with thymoma [ 49 ]. Vincristine added to the PAC regimen, which 
makes it the ADOC regimen, achieved 92 % response rate in patients with thymoma 
[ 47 ], and 50–75 % response rate in patients with thymic carcinoma [ 53 ,  56 ]. These 
results from past series suggest that the addition of belinostat to chemotherapy 
backbone containing cisplatin, doxorubicin, and cyclophosphamide may not be par-
ticularly encouraging when all TETs are considered together. Whether there are 
groups of patients selectively benefi ting from belinostat is not known yet. Of note, 
one of the largest phase II trials on targeted agents tested single-agent belinostat in 
41 patients with advanced treatment refractory TETs ( T  = 25, TC = 16). Patients with 
thymoma had a not-so-exciting response rate of 8 %, but a promising TTP of 
11.4 months and 2-year survival of 66 % [ 83 ,  84 ].  

    c-KIT and PDGFR: Imatinib 
 Imatinib did not show encouraging results in phase II studies [ 85 – 87 ]. In these stud-
ies, none of the patients harbored c-KIT mutations, and the presence of c-KIT over-
expression did not correlate with response. No radiological response or disease 
stabilization was seen. 
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 It is important to note that there are case reports of prolonged stable disease and 
tumor response with imatinib in patients with thymic carcinoma and c-KIT muta-
tion [ 88 – 90 ]. However, c-KIT mutations are a rare fi nding in thymic carcinoma and 
even rarer in thymoma, while c-KIT expression is much more common [ 80 ].  

    Anti-PD1 Treatments 
 It was shown that programmed cell death 1 ligand (PD-L1) expression was found in 
70 % of thymic carcinomas but only in 23 % of thymomas [ 91 ]. Furthermore, 
immunoregulatory responses in blood lymphocytes of patients with thymic carci-
noma treated with sunitinib were noted to have prognostic relevance suggesting that 
immune response might play a role in the treatment of thymic carcinoma, perhaps 
even in combination with sunitinib [ 92 ]. 
 Based on this fi nding, and after encouraging results achieved with anti-PD1 treat-
ments in a wide variety of cancers including lung, colon, stomach, liver, kidney, and 
urothelial cancers, as well as melanoma, and Hodgkin lymphoma, at the time of this 
writing, a trial is currently enrolling patients with thymic carcinoma for treatment 
with pembrolizumab (  https://clinicaltrials.gov/ct2/show/NCT02364076    ).  

    EGFR and VEGF: Gefitinib, Erlotinib, and Bevacizumab 
 With gefi tinib [ 93 ], and erlotinib + bevacizumab [ 94 ], clinically meaningful 
responses were not observed, but disease stabilization was seen in some patients.  

    Src Inhibitor: Saracatinib 
 The Src family of kinases plays a role in normal thymic development as well as in 
the carcinogenesis of other epithelial tumors. A phase II study of saracatinib 
(AZD0530), an oral Src inhibitor in patients with advanced thymoma, or thymic 
carcinoma, did not produce any responses [ 95 ]. The median time to progression 
was only 5.7 and 3.6 months for thymoma and thymic carcinoma patients, 
respectively.        
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in Malignant Pleural Mesothelioma                     

       Gokhan     Ozyigit      ,     Pervin     Hurmuz      ,     Sezin     Yuce     Sari      , 
    Gozde     Yazici      , and     Melis     Gultekin     

         Introduction 

  Trimodality treatment  , i.e., surgery, chemotherapy (CXT), and radiotherapy (RT), 
should be administered to medically fi t patients with early-stage malignant pleural 
mesothelioma (MPM) in order to increase both local control and overall survival [ 1 , 
 2 ]. In the conventional RT technique, the whole ipsilateral hemithorax is irradiated 
including all drain sites. However, this large fi eld signifi cantly increases the toxicity 
rate if curative doses are considered to be given. With innovative techniques such as 
intensity-modulated RT (IMRT) and arc therapies, critical structures can be pro-
tected more easily. There is no published delineation guideline for the RT treatment 
of MPM. However, some authors have recommended target volume delineation tips 
with regard to the local recurrence pattern of MPM.  

    Patient Simulation 

 The patient is immobilized with a  wing board with T- or U-bar   handgrip and a head-
rest on the computed tomography (CT) in the supine position. The scanning should 
be performed from the middle of the neck to the anterior superior iliac spine in order 
to observe both kidneys. It is clearly known that MPM has a tendency to recur at 
previous instrumentation sites [ 3 ]. Therefore, all  drain sites   should be included in 
the planning CT scanning. In case laparoscopy or mediastinoscopy was performed 
during staging and was negative, there is no need to include the port sites in the 
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clinical target volume (CTV) and so in the CT scanning.  Radiopaque wires   can be 
used to identify the drain sites and surgical incisions more easily while  delineating 
(Fig.  19.1 ).

       Target Volume Delineation 

 Planning CT is used for all patients; however, fusion of the images with other diag-
nostic images is strongly recommended. Pehlivan et al. showed that adding positron 
emission tomography (PET)/CT-based delineation signifi cantly decreased the mean 
gross tumor volume (GTV), CTV, and planning target volume (PTV); and this 
reduction was related to target volume reductions rather than nodal disease [ 4 ]. 
Therefore, it is recommended to take PET/CT images into account while delineat-
ing the target volumes of a patient with MPM. 

 The ipsilateral hemithorax and mediastinum should be included in the CTV 
because of the high incidence of mediastinal nodal involvement even the patient has 
N0 disease [ 5 ,  6 ]. The delineation starts from the thoracic inlet at the superior and 
should include the ipsilateral diaphragm at the inferior. The level of the diaphragm 
is variable and extra caution is needed for respiratory motion (see Chap.   3     for details 
on respiratory motion tracking). It is recommended that the location of the insertion 
of the diaphragm should be marked with radiopaque clips during surgery or suturing 

  Fig. 19.1    Radiopaque wires can be used in the simulation process to identify the drain sites and 
surgical incisions       
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the “neodiaphragm” in its new position in order to guide the radiation oncologist in 
target delineation [ 7 ,  8 ]. The differentiation of the liver from pleural effusion can 
sometimes be troublesome; using radiopaque patches during the reconstruction of 
the diaphragm can facilitate making the distinction between these structures. 

 The medial border should include ipsilateral mediastinal lymph nodes (LNs) with 
the subcarinal region and trachea or should extend to the contralateral border of ver-
tebral bodies [ 7 ,  8 ]. As there was no recurrence observed in the posterior mediastinal 
structures behind the heart, they are not necessarily contoured [ 6 ]. The anteromedial 
pleural space can sometimes extend to the contralateral hemithorax, and the anatomy 
can be destroyed during surgery. As the anteromedial pleural refl ection should be 
included in the CTV because of marginal recurrences, this space should be defi ned 
with radiopaque clips in the intraoperative setting. On the other hand, the same space 
can be observed on preoperative CT scans, and its new position can be estimated on 
the planning CT scan. The identifi cation of the medial border of the diaphragm crus, 
particularly at the inferior, can also be diffi cult. This region can be more easily visu-
alized when surgical radiopaque clips are placed. In other words, the inferior border 
of the diaphragm, the anteromedial pleural refl ection, and the diaphragm crus are the 
most diffi cult regions for accurate delineation (Fig.  19.2 ).

   All sites of drains and ports should be included in the CTV. The delineation should 
be made to the skin and all regions of subcutaneous tissue disruption [ 9 ]. Generally, 
a tunnel under the subcutaneous fatty tissue develops following instrumentation, and 
this whole region should be delineated including the subscapular tissues (Fig.  19.3 ).

  Fig. 19.2    CTV of a patient with T3N0M0 disease after EPP. The patient received 50.4 Gy to the 
ipsilateral pleural area. The neodiaphragm, pleural refl ections, and diaphragm crus are included in 
the treatment fi eld       
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       Delineation of the Organs at Risk 

 There are many critical organs in the thorax, and the delineation of the heart, lungs, 
spinal cord, and esophagus can be found in Chap.   23     in detail. Extra caution should 
be made on the dose constraint of the lungs as there is only one lung in patients 
with MPM who underwent  extrapleural pneumonectomy  . It has been recom-
mended limiting the mean lung dose to <10 Gy and the volume of the lung receiv-
ing ≥20 Gy (V20) to <15 % during three-dimensional conformal RT (3D CRT) and 
 IMRT [ 10 ]. 

 In this chapter, the delineation of the liver and kidneys will be discussed 
in detail as these organs specifi cally receive high doses when treating patients 
with MPM. 

    Liver 

    Contouring 
 The liver should be delineated for the treatment of MPM when the whole right ipsi-
lateral hemithorax is included in CTV. It is generally easily detectable on CT 
images. The medial border can sometimes be indistinguishable from the stomach or 
the heart unless contrast is used [ 11 ]. The whole liver should be contoured including 
the portal vein and excluding the gall bladder and vena cava inferior. It should be 
kept in mind that the liver can move with respiratory motion. It was reported that the 
liver can move ≥2 cm at superior-inferior direction [ 11 ].  

    Dose-Volume Constraints and Toxicity 
 Once the  radiation-induced liver disease (RILD  ) develops, there is no effective treat-
ment to reverse it. Therefore, prevention is the best option. The classic RILD usually 
presents with right upper abdominal pain. Consequently, abdominal swelling occurs 
due to ascites and hepatomegaly leading to weight gain. Ascites generally develops 
2–4 months after RT and much earlier after concurrent chemoradiotherapy [ 12 ]. 

  Fig. 19.3    Incisional scars should be included in the CTV       
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In non-classic RILD, dramatic elevation of liver enzymes and signifi cant liver 
 dysfunction develop. 

 The liver parenchyma has a  parallel organization  ; therefore, the mean dose to 
a percentage of the volume is more important than the maximum dose to the 
whole organ. The majority of the data for dose constraints are obtained from liver 
irradiation. It has been clearly shown that partial irradiation causes signifi cantly 
lower rates of toxicity compared to whole organ irradiation [ 13 ]. Emami et al. 
reported the total dose with a 5 % risk of toxicity in 5 years (TD5/5) for the whole 
liver 30 Gy in conventional fraction scheme [ 14 ]. In the  Radiation Therapy 
Oncology Group (RTOG) 8405 study  , no RILD was observed in 122 patients 
treated with 27–30 Gy to the whole liver in 1.5 Gy fractions twice daily compared 
to approximately 10 % in patients treated with 33 Gy with the same fractionation 
scheme [ 15 ]. 

 It was reported that a mean liver dose of 25 Gy caused late liver toxicity in 
patients with hepatocellular carcinoma compared to none with a mean dose of 
20 Gy [ 16 ]. In the same study, the total dose with a 50 % risk of toxicity in 5 years 
(TD50/5) for the whole, two thirds and one third of the liver were reported 43 Gy, 
50 Gy, and 67 Gy; and TD5/5 were 25 Gy, 28 Gy, and 38 Gy, respectively. Kim et al. 
showed that V30 of the liver was the only signifi cant factor for the development of 
toxicity, and the rate of hepatotoxicity signifi cantly increased when the V30 
was >60 % [ 17 ]. 

 No RILD was observed when the mean liver dose was limited to <31 Gy in 
patients with unresectable liver malignancies when treated with CXT and RT [ 18 ]. 
The authors reported the TD5/5 and TD50/5 for the whole liver 31 Gy and 43 Gy, 
respectively. When RT is administered alone, the mean dose can be increased to 
≤35 Gy. 

 The tolerance dose of the liver is higher in patients with liver metastases and 
cancers other than the liver because patients with primary liver cancer mostly 
have underlying liver disease [ 12 ]. It is recommended limiting the whole liver 
dose to ≤28 for metastatic and ≤30 Gy for primary disease in 2-Gy fractions 
and ≤21 Gy in 3-Gy fractions, respectively. The dose should be <30 Gy and 
<28 Gy for metastatic and primary liver cancer in partial liver irradiation [ 11 ]. 
In gastric cancer patients, <30 Gy has been recommended to the 70 % of the 
liver [ 19 ].   

    Kidneys 

    Contouring 
 The kidneys can be easily identifi ed on CT images even without contrast. The whole 
kidney is delineated excluding the renal hilum in order to avoid the overestimation 
of the volume of the renal parenchyma [ 20 ]. It is important to delineate the function-
ing parts of the kidney, i.e., the parenchyma, rather than the collecting system [ 12 ]. 
It should be remembered that the kidneys can move up to 7 cm in the superior-
inferior direction with respiratory motion [ 21 ].  
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    Dose-Volume Constraints and Toxicity 
  Acute radiation-induced renal disease (RIRD)   occurs within 6 months after RT and 
is usually subclinical. It can be diagnosed by urinary fi ndings such as hematuria and 
proteinuria. After a latency period of 6–12 months, it can be clinical with symptoms 
of hypertension, lower extremity edema, and urinary abnormalities. Chronic RIRD 
usually develops 12–18 months after RT and presents with hypertension, anemia, 
increase in creatinine levels, and fi nally renal failure [ 22 ]. 

 It is recommended evaluating the dose to both kidneys combined and sepa-
rately [ 23 ]. The development of RIRD starts with ≥10 Gy to bilateral kidneys, 
and the risk rises to 50–80 % with a dose >20 Gy [ 24 ]. It was shown that the risk 
of renal atrophy, kidney dysfunction, and hypertension increases with >1/2 kid-
ney receiving >20–30 Gy and 1/3 >30–40 Gy [ 25 ]. Emami et al. reported the 
TD5/5 and TD50/5 for the whole kidney 23 Gy and 28 Gy, respectively [ 14 ]. 
Cassady calculated the same parameters 18 Gy and 28 Gy, respectively, and 
stated that 15 Gy to the whole kidney is the threshold dose for the development 
of RIRD [ 26 ]. Flentje et al. reported the TD5/5 and TD50/5 17.5–21.5 Gy and 
22–26 Gy, respectively [ 27 ]. Köst et al. showed that the incidence of renal dys-
function was <10 %, 40 %, and >70 % when the 10–30 %, 30–60 %, and >60 % 
of the kidney receives 20 Gy, and 35 %, >90 %, and >98 % when the same per-
centage of volumes receive 30 Gy, respectively [ 28 ]. The mean dose to at least 
70 % of one normal functioning kidney was recommended to be limited <20 Gy 
in patients with gastric cancer [ 29 ]. Cheng et al. reported the TD5/5 of the whole 
kidney was 9.8 Gy with any fractionation scheme in patients treated with total 
body irradiation [ 30 ]. 

 It can easily be foreseen that the use of concurrent or sequential CXT increases 
the risk of RIRD. Jansen et al. reported signifi cant decrease in the function of the 
left kidney with a mean dose of ≥30 Gy and V20 of ≥64 % in patients with gastric 
cancer treated with concurrent CXT [ 31 ]. 

 The functions of both kidneys should be evaluated prior to surgery in patients 
with MPM. The ipsilateral kidney is not usually considered as an organ at risk 
(OAR) as it is adjacent to and even sometimes inside the PTV [ 7 ]. The contralateral 
kidney is recommended to receive <15 Gy to 80 % of its volume [ 32 ]. It is recom-
mended limiting the mean dose <15–18 Gy in conventional schedule. If partial kid-
ney irradiation is the issue such as in the setting of MPM, maximal sparing of the 
contralateral kidney should be aimed; both kidneys should receive <18 Gy each, and 
if this is not possible the V6 of the contralateral kidney should be <30 % [ 12 ].    

    Conclusion 
 Trimodality scheme is the treatment of choice for MPM and RT constitutes a 
crucial part in it. The ipsilateral hemithorax is irradiated in patients with MPM 
either after surgery or in unresectable state. Although there are not many data on 
the delineation of the target volume in MPM, the challenging issues on contour-
ing the whole target have clearly been identifi ed. By following the recommenda-
tions on delineation of the target and OARs, a more satisfactory treatment can be 
achieved.     
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         Introduction 

  Malignant pleural mesothelioma   (MPM) arises from the mesothelial lining of the 
pleural cavity, either from the visceral or parietal pleura. The pleural cavity is lim-
ited by the chest wall and ribs at the anterior, posterior, lateral, and superior, by the 
heart and mediastinum at the medial, and by the diaphragm at the inferior. The 
pleurae extend into the intrapulmonary fi ssures and costodiaphragmatic sulci until 
the level of the L4 vertebra. It can cross the midline in the costomediastinal recess. 

 The incidence of MPM is estimated to be 1/100,000 in the United States and 
1/50,000 in Europe [ 1 ,  2 ]. The majority of the cases are associated with asbestos 
exposure [ 3 ]. The incidence of MPM increases with longer asbestos exposure; the 
median duration is 20 years, and the median age at diagnosis is approximately 
60 years [ 4 ]. Although no direct relation was shown between MPM and smoking, 
people who smoke have increased risk for MPM if they are also exposed to asbestos 
[ 5 ]. Prior thoracic radiation exposure was also reported to increase the incidence of 
MPM [ 6 ]. Genetic predisposition is also an important etiological factor. In certain 
villages of Central Anatolia, Turkey, it was found that more than 50 % of mortalities 
were due to MPM. Epidemiological studies in this region revealed that houses con-
tain a non-asbestos fi ber called erionite. This fi ber is present in the volcanic tuff 
used in the construction of houses and also found in the air of the villages [ 7 ,  8 ]. 
Intrapleural injection of erionite to animals caused MPM in in vitro studies; thus, it 
was concluded that erionite was the cause of MPM in these villages [ 9 – 11 ]. People 
living in these villages share the same house for a lifetime with many generations. 
Although all houses in this region contain a similar amount of erionite, MPM 
occurred only in the members of certain families living in the same house. 
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The analysis of pedigrees of these families showed that the disease is inherited in an 
autosomal dominant pattern [ 12 ,  13 ]. It is unknown whether genetics alone or 
together with erionite exposure is responsible for the disease, but the occurrence of 
MPM only in the affected families supports the importance of genetics in the etiol-
ogy [ 14 ]. 

 The most common symptoms of MPM are dyspnea, chest pain, cough, and 
weight loss. In more advanced disease, supraclavicular and axillary lymph nodes 
(LNs) can be enlarged, and even scoliosis may occur owing to the volume loss in the 
ipsilateral lung. As MPM has a tendency for developing along tracks of previous 
chest instrumentations, these sites should also be examined. Poor prognostic factors 
for MPM include older age, poor performance status, advanced-stage disease, the 
presence of chest pain, the presence of symptoms for shorter than 6 months, non- 
epithelioid tumor histology, the presence of LN metastasis, thrombocytosis, and 
less than complete resection [ 15 ]. 

 Irregular nodularity in the pleura, pleural effusion, and loss in the lung volume 
can be observed on the chest X-ray. On computed tomography (CT), irregular pleu-
ral masses, invasion of adjacent structures, pleural effusion, nodularity within the 
fi ssures, mediastinal or hilar lymphadenopathy, and pericardial effusion can be 
seen. Magnetic resonance imaging (MRI) gives more accurate information than CT 
for the diagnosis and staging of MPM. Positron emission tomography (PET)/CT 
scanning with 18-fl uoro-deoxy-glucose (FDG) has >90 % sensitivity and specifi city 
for the diagnosis of MPM by distinguishing it from benign pleural thickening [ 16 , 
 17 ]. The use of PET/CT is rational prior to surgery as it has been shown to upstage 
the disease and prevent unnecessary surgery in 40 % of patients [ 18 ]. The gold stan-
dard for pathologic diagnosis is an open pleural biopsy [ 19 ]. This can be performed 
by open thoracotomy or video-assisted thoracoscopic surgery (VATS)   . 

 Local recurrence (LR) is the main problem during the course of MPM [ 20 ]. The 
disease can spread to local and distant structures directly or by seeding throughout 
the pleural space and chest wall. Complete resection without an extrapleural pneu-
monectomy (EPP) can be diffi cult owing to the involvement of the visceral and 
parietal pleurae. The EPP is suitable for localized disease in medically fi t patients. 
During EPP, the parietal and visceral pleurae, the involved lung, the mediastinal 
LNs, the diaphragm, and the pericardium in the ipsilateral hemithorax are removed 
en bloc. However, complete resection is not usually possible, and the superiority of 
EPP over limited surgery is questionable [ 21 ]. For patients with MPM, pleurec-
tomy/decortication (P/D) is the limited surgery technique in which the parietal and 
visceral pleurae, the pericardium, and, when necessary, the diaphragm are removed 
but the lung is not. Surgery alone, even an aggressive one and even in early-stage 
disease, does not improve survival [ 22 ,  23 ]. Oncologic margins cannot be obtained 
by any method of surgery, particularly on the pericardium and mediastinum, so 
surgery alone is not curative for MPM. This leads to the fact that every surgery 
method is considered R1 resection [ 24 ]. 

 Local recurrence rate was reported approximately 80 % when EPP was the only 
treatment; however, with additional treatment modalities, local control (LC) 
improves signifi cantly. Rusch et al. reported the LR rate 13 % in patients who 
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underwent EPP followed by 54 Gy to the hemithorax [ 25 ]. On the other hand, 
Baldini reported 50 % LR rate after trimodality treatment [ 26 ]. The current manage-
ment of MPM is by trimodality treatment, i.e., surgery, chemotherapy (CXT), and 
radiotherapy (RT); this approach has been shown to improve both the overall sur-
vival (OS) and LC rates [ 22 ,  27 ,  28 ]. However, there is only one randomized pro-
spective phase III trial on this issue. The only randomized trial has been the MARS 
trial which compares three cycles of induction CXT, EPP, and hemithoracic RT to 
best supportive care [ 29 ]. In the interim report, a trend for increased OS rate was 
observed in the trimodality arm. However, the fi nal report in 2011 suggested that 
radical surgery in the form of EPP within trimodal therapy offers no benefi t and 
possibly harms patients. Median survival was 14.4 months for the EPP group, 
whereas it was 19.5 months in patients who did not undergo EPP. Okubo et al. 
treated 16 patients with RT and CXT following EPP and reported the 2- and 5-year 
OS rates 53.3 % and 26.7 %, respectively [ 30 ]. The survival benefi t was signifi cant 
in stage ≤III disease. Tonoli et al. treated 56 patients with three- dimensional confor-
mal RT (3D CRT), intensity-modulated RT (IMRT), or tomotherapy with 45–50 Gy 
after EPP [ 31 ]. They reported 3-year OS, disease- specifi c survival (DSS), disease-
free survival (DFS), locoregional control (LRC), and distant metastasis-free sur-
vival (DMFS) rates 60 %, 62 %, 57 %, 90 %, and 66 %, respectively. However, as 
no single treatment method is curative for MPM, patients should be evaluated care-
fully prior to surgery by physical, radiological, and histological examination, pul-
monary function test, and cardiac reserve test, not only for the suitableness for 
surgery but also for the administration of CXT and RT [ 2 ].  

     Role of Adjuvant Radiotherapy in MPM   

 Although EPP is performed, the nature of MPM puts the entire ipsilateral chest 
wall, diaphragm insertion, pericardium, mediastinum, and bronchial stump at high 
risk for LR owing to spillage during surgery. In the trimodality approach, the tech-
nique for conventional RT is the irradiation of the whole ipsilateral hemithorax. 
This RT fi eld is very large and is adjacent to critical structures such as the contralat-
eral lung, heart, esophagus, spinal cord, liver, and kidneys. The dose to the target is 
limited by these structures which decreases the outcomes for conventional RT [ 20 , 
 32 ,  33 ]. To overcome this issue, newer techniques have been developed. 

 In Baldini et al.’s study, 49 patients underwent EPP followed by four to six cycles 
CXT, and 35 patients also received postoperative RT; 30.6 Gy to the hemithorax and 
additional 19.4 Gy boost to the gross tumor [ 32 ]. They reported that 16 patients had 
LR in the chest; however, 11 patients had abdominal failures which can be accepted 
as LR because the surgery can “abdominalize” the diaphragm. The 3-year OS rate 
was 34 % with no major toxicity. 

 A study from the Memorial Sloan Kettering Cancer Center (MSKCC) reported 
the median OS 18 months in 54 patients who underwent EPP and adjuvant RT [ 34 ]. 
The irradiation site was the ipsilateral hemithorax and all drain sites, and the dose 
was 54 Gy in 30 fractions with the spinal cord shielded after 41.4 Gy. Local 
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recurrence was observed in seven patients; however, 22 patients had peritoneal or 
ipsilateral visceral recurrences. In the update of this study, they reported their rec-
ommendations on the fi eld and dose in 35 patients they treated with IMRT [ 35 ]. The 
authors recommended starting from the superior of T1 vertebra and ending the tar-
get volume at the inferior of L2 vertebra. They limited the medial border with the 
contralateral border of vertebral bodies and extended it 1.5–2 cm beyond if medias-
tinal LNs are present. However, the medial border was moved to the ipsilateral 
border of vertebrae after 41.4 Gy. They blocked the liver and ipsilateral kidney in 
right-sided tumors and limited the heart with 19.8 Gy by blocking it after this dose 
in left-sided tumors. All blocked sites received boost doses with electrons. Local 
recurrence occurred in 13 patients; however, it is not clear whether these recur-
rences occurred in-fi eld or marginally. Out of the remaining 22 patients, 17 devel-
oped regional or distant recurrence proving the need for the addition of systemic 
therapy. 

 MD Anderson Cancer Center (MDACC) reported their results of 28 patients 
treated with EPP followed by IMRT [ 36 – 38 ]. The planning target volume (PTV) 
included the hemithorax and ipsilateral mediastinum with all surgical clips and 
drain sites. The dose was 45–50 Gy to the hemithorax and 10–15 Gy boost to sites 
with close or positive surgical margins. No local failure was observed; however, two 
marginal misses were reported. The 2-year OS rate was 62 %. In the update of this 
study with 100 patients, locoregional failure rate was reported 13 % [ 39 ]. The 3-year 
OS rate was 41 % and median survival 28 months in patients with N0 disease. 

 Perrot et al. reported the results of 60 patients treated with induction CXT fol-
lowed by EPP and adjuvant ≥50 Gy RT to the hemithorax [ 40 ]. They found the 
median OS 59 months and 5-year DFS rate 53 % in patients with N0 disease. Allen 
et al. reported that 6 of the 13 patients treated with EPP followed by adjuvant CXT 
and IMRT died due to treatment-related toxicity [ 41 ]. The most common cause of 
death was radiation pneumonitis (RP). The mean lung dose (MLD), median V5 (the 
volume receiving ≥5 Gy), and V20 were 15.2 Gy, 98.6 %, and 17.6 % in patients 
who developed RP, whereas they were 12.9 Gy, 90 %, and 10.9 % in patients who 
did not, respectively. In the Duke study, 13 patients with MPM were treated with 
IMRT, and three developed symptomatic RP with one of them being grade 5 [ 42 ]. 
The MLD, V5, and V20 were 11.4 Gy, 92 %, and 6.9 % in the patient who died; 
7.9 Gy, 92 %, and 2.3 % for the two patients with RP; and 7.5 Gy, 66 %, and 0.2 % 
for others, respectively. The MDACC reported six pulmonary-related deaths out of 
63 patients with MPM who were treated with IMRT, with one being due to RP [ 43 ]. 
In this study, V20 was found to be a signifi cant risk factor for fatal RP, and the 
authors concluded that when V20 is >7 %, the risk of pulmonary death increases 
42-fold. The National Comprehensive Cancer Network (NCCN) recommends limit-
ing the MLD to 8.5 Gy and the V5 of the lung minimum. 

 The most recent Surveillance, Epidemiology, and End Results (SEER) database 
reported that pneumonectomy and RT administration are the most important predic-
tive factors for OS rate in MPM along with epithelioid histology [ 44 ]. Patients 
undergoing pneumonectomy followed by RT had signifi cantly longer median sur-
vival compared to patients treated with surgery alone (19 vs 13 months,  p  = 0.01). 
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 A study from Hacettepe University evaluated the effi cacy and the toxicity of 3D 
CRT after EPP [ 45 ]. All 14 patients received a total median dose of 50.4 Gy to the 
hemithorax, whereas 11 of them received additional adjuvant chemotherapy of 
pemetrexed and cisplatin. Radiotherapy was generally well tolerated with few grade 
I–II acute toxicities. After a median 16 months of follow-up, intrathoracic control 
was 100 %. Six patients (43 %) developed abdominal relapse and one (7 %) devel-
oped distant metastasis (DM). The authors concluded that improved LC with 3D 
CRT after EPP seems to change the relapse patterns of MPM; thus, more effective 
systemic treatment is needed to prevent the recurrence outside the thorax. 

 In summary, high-dose adjuvant RT can decrease the LR rate, particularly after 
EPP compared to more limited surgery. Radiotherapy is well tolerated without 
major toxicity. However, it is important to distinguish the exact site of recurrence, 
i.e., true in-fi eld or marginal. Adjuvant RT can change the pattern of relapse and 
CXT is required in order to decrease the rate of DM.  

     Role of Radiotherapy in Unresectable MPM   

 Radiotherapy alone is not an effective treatment method for patients with MPM. It 
was shown that mesothelioma cell lines have radiosensitivity similar to non-small 
cell lung cancer (NSCLC) cell lines and modest doses (i.e., >40 Gy) are effective for 
killing MPM cells [ 46 – 48 ]. However, this dose is still high for the critical structures 
adjacent to the target because the whole hemithorax and intrapulmonary fi ssures 
should be included for an accurate treatment with RT alone. The respiratory motion 
is the most important problem during the course of RT; the diaphragm should be 
included in the RT port, and it can move 2–3 cm superoinferiorly, 1–2 cm mediolat-
erally, and 1–1.5 cm anteroposteriorly [ 49 ]. By expanding the PTV according to 
these potential movements, the liver, heart, and bowel toxicity will increase signifi -
cantly in right- and left-sided tumors, respectively. 

 Alberts et al. reported the median survival 9.6 months in 262 patients treated 
with different combinations of RT (45–80 Gy to the whole ipsilateral hemithorax), 
pleurectomy, and CXT [ 50 ]. Ball et al. administered 50 Gy to the ipsilateral hemi-
thorax after blocking the spinal cord, and for left-sided tumors, the heart after 40 Gy, 
and found the median survival 9 months with grade 5 hepatitis in one and grade 5 
myelopathy in one patient out of 35 [ 51 ]. In the study of Maasilta, 34 patients 
received high-dose defi nitive RT to the ipsilateral hemithorax with the spinal cord 
blocked after 40 Gy and the liver after 30 Gy [ 52 ]. Various RT regimens were used 
in this study, 55 Gy/2.2 Gy (split course) to the hemithorax and 15 Gy boost to the 
gross disease, 70 Gy/1.25 Gy twice daily (split course) to the hemithorax, and 
35 Gy/1.25 twice daily to the hemithorax and 36 Gy/4 Gy boost to the gross disease. 
The authors recorded deteriorated lung functions. 

 The role of RT in patients with unresectable MPM is not yet clear. Radiotherapy 
alone is an effective choice in the palliative setting only. There is a radiation dose- 
response relationship; doses >40 Gy were shown to yield signifi cant relief of symp-
toms [ 53 ]. Pain relief was also achieved with 20 Gy in fi ve fractions and 30 Gy in 
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ten fractions in another study with no difference between the RT schemes [ 54 ]. 
Munter et al. treated 11 patients with 40–50 Gy IMRT and reported no severe 
RT-related toxicity [ 55 ]. 

 The role of IMRT and arc therapy to the pleura in patients with unresectable 
tumors has also been investigated. Rosenzweig et al. retrospectively analyzed 36 
patients; 16 had unresectable tumors and 20 underwent P/D [ 56 ]. The median OS 
was 17 months and 26 months, whereas the 1- and 2-year OS rates were 75 % and 
21 % and 80 % and 55 %, respectively. Grade ≥3 RP developed in 20 % of the 
patients. In the update of this study, the authors analyzed the patterns of failure; 
1- and 2-year in-fi eld LR rate was 56 % and 74 %, respectively [ 57 ]. The results 
were improved in patients who underwent P/D compared to the patients with more 
limited or no surgery. Marginal and distant failures were observed in 13 and 32 
patients, respectively. This study revealed that although IMRT is administered, the 
primary site of failure remains local. Minatel et al. treated 28 patients with helical 
tomotherapy (HT) (50 Gy to the hemithorax and involved mediastinal LNs and 
10 Gy boost to the hypermetabolic areas on PET/CT) after P/D or biopsy alone 
[ 58 ]. They added a 5-mm margin for PTV and restricted MLD of the contralateral 
lung with 7 Gy. They observed pulmonary toxicity in fi ve patients with no grade 
higher than 3. They concluded that V5 of the contralateral lung signifi cantly 
affected the development of RP.  

     Role of Radiotherapy for Drain Sites of MPM   

 It was shown that MPM has a tendency for recurrence along the tracks of previous 
chest wall instrumentation and also at the previous thoracoscopy port sites if not 
excised during surgery [ 59 – 61 ]. It is recommended limiting the number of port sites 
and placing them to easily excisable sites during VATS in order to reduce LR on the 
chest wall. This high recurrence rate on intervention sites emerged the idea whether 
prophylactic irradiation to these sites could reduce the recurrence rate. There are 
contradictory results on this issue. The fi rst study on intervention site irradiation 
was held in 20 patients with 38 port sites, and the authors reported no recurrences 
[ 35 – 37 ]. Consequently, Boutin et al. compared immediate RT and observation after 
chest instrumentation in a total of 40 patients, and no LR was observed in patients 
who received 21 Gy in three fractions to drain sites, whereas 40 % of unirradiated 
patients developed recurrence [ 62 ]. However, other studies found no difference 
between two groups in regard to intervention site recurrence [ 63 – 66 ]. Nevertheless, 
in the study of Bydder et al., a single fraction of low-energy electrons was used, and 
all but one was in the era of historical treatment methods without using CXT [ 66 ]. 
De Ruysscher et al. published a survey that 84 % of RT centers preferred prophylac-
tic intervention site irradiation in the Netherlands and Belgium, whereas Lee et al. 
reported that the rate was 75 % in the United Kingdom [ 67 ,  68 ]. 

 There is not a randomized trial to answer the question of whether interven-
tion site RT reduces the recurrence rate defi nitively. However, once recurrence 
occurs on the intervention site, the pain signifi cantly deteriorates patient’s 
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quality of life and is diffi cult to control; so elective irradiation is generally rec-
ommended [ 69 ]. The SMART trial has been planned comparing immediate RT 
after chest intervention (within 42 days after intervention) to delayed RT when 
intervention site metastasis occurs (within 35 days after metastasis) [ 70 ]. In 
both arms, 21 Gy in three fractions will be administered; the CTV is interven-
tion site + 3-cm and 2-cm margin in the immediate and delayed RT arms, respec-
tively. The results of this randomized study can give more satisfactory results 
than already-published work.  

     Hemithoracic Radiotherapy Techniques   

    Treatment with Three-Dimensional Conformal Radiation Therapy 

 The fi rst method of 3D CRT was from MSKCC which combined 10-MV X-rays 
with 13-MeV electrons and prescribed 42.5 Gy to the ipsilateral mediastinum in 18 
fractions with anteroposterior (AP) and posteroanterior (PA) beams [ 34 ]. The 
authors used lung and liver blocks and irradiated these regions with additional 4 Gy 
with 13-MeV electrons. They also treated gross disease sites with a  125 I permanent 
implant. Although the dose distributions were satisfying considering the techniques 
available at that time, signifi cant portions of the PTV received <50 % of the pre-
scribed dose. With this technique, it was later reported that LR was observed in 
67 % of the patients [ 32 ]. 

 Sugarbaker et al. reported their results in 183 patients treated with adjuvant CXT 
and RT after EPP [ 27 ]. Seven patients died during the operation. They prescribed 
30 Gy to the ipsilateral hemithorax, 40 Gy to the mediastinum, and 54 Gy to gross 
residual disease and positive surgical margins to the remaining 176 patients. They 
reported high LR rate in the ipsilateral hemithorax with 2- and 5-year OS rates 38 % 
and 15 %, respectively. The same authors changed their treatment policy after 2004 
and started to prescribe 54 Gy to the whole hemithorax [ 48 ]. They reported that 
high-dose RT to the hemithorax resulted in better in-fi eld LC; however, DM rate 
still remains high. 

 In the current 3D CRT technique, the hemithorax is irradiated by two fi elds, i.e., 
AP and PA [ 34 ,  35 ]. The total recommended dose is 54 Gy in 30 fractions. An 
abdominal block is used on both fi elds during the whole treatment for right-located 
tumors, and 1.53 Gy/day electrons are prescribed to this region. A kidney block is 
used during the whole treatment and the heart is blocked on the AP fi eld after 19.8 Gy 
for left-located tumors. The spinal cord is shielded after 41.4 Gy on both fi elds. It 
was reported that dose homogeneity can be achieved at target volumes by 3D CRT 
and critical organs can be spared well.

   Gupta et al. retrospectively evaluated 123 patients with MPM who were treated 
with 3D CRT in MSKCC between 1974 and 2003 [ 71 ]. The adjuvant external RT 
dose was median 42.5 Gy to the ipsilateral hemithorax, and 54 patients received 
intraoperative brachytherapy (BRT) with a matched peripheral dose of 160 Gy. 
They reported 2- and 5-year OS rates 23 % and 5 %, respectively. It was stated that 
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  Fig. 20.1    ( a ) Intensity modulated radiotherapy (IMRT) after extrapleural pneumonectomy (EPP) 
in a patient with malignant pleural mesothelioma, ( b ) coronal, sagittal, and axial view of IMRT plan         

a 
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non-epithelioid histology; left-sided tumors; the presence of extensive residual dis-
ease after surgery, receiving BRT; and RT doses <40 Gy were poor prognostic fac-
tors for OS. Any recurrence was observed in 67 % of the patients, and 1-year LC 
rate was 42 %. Two patients died of RT-related toxicity during treatment, one with 
RP and one with cardiac toxicity. Grade 3–4 toxicity developed in 28 % of the 
patients.  

    Treatment with Intensity-Modulated Radiation Therapy 

 The target volume can be covered better and more homogeneously by intensity- 
modulated radiation therapy (IMRT) compared to 3D CRT (Fig.  20.1a, b ). However, 
the planning step is more complicated, the treatment is longer, smaller volumes of 
critical structures can receive high doses, and radiation scatter to critical organs and 
the whole body is much higher owing to the higher number of treatment fi elds. Hill- 
Kayser et al. observed signifi cant dose decrease in the contralateral lung, heart, and 
kidney when electrons and 3D CRT of 54 Gy were combined compared to 45 Gy 
IMRT [ 72 ]. The abdominal, heart, and spinal cord blocks were used the same as 
they are in 3D CRT. The authors stated that the ipsilateral kidney generally receives 
a high dose; so renal functions of the contralateral kidney should be adequate. 
Furthermore, they recommended pneumococcal prophylaxis in patients with left- 
located tumors as the spleen usually receives a high dose. On the other hand, in the 

b

Fig. 20.1 (continued)
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study of Allen et al. which is the fi rst study of IMRT for MPM, severe pulmonary 
toxicity with 46 % being fatal pneumonitis was reported [ 41 ]. However, the V20 of 
the contralateral lung was 20 % and MLD 15 Gy, and the majority of the patients 
also received heated intrapleural CXT which may be the reasons for the high rate of 
toxicity. A retrospective trial has revealed that the pulmonary toxicity due to IMRT 
was related to the dose to the contralateral lung [ 42 ]. It was recommended limiting 
the MLD and V20 of both lungs to decrease pulmonary toxicity rate [ 39 ]. Buduhan 
et al. treated patients with either adjuvant 3D CRT or IMRT and showed that patients 
who received IMRT developed signifi cantly less LR with similar toxicity [ 73 ]. 

 Forster et al. administered IMRT to seven patients with MPM after EPP [ 38 ]. 
The total dose was 50 Gy to the whole ipsilateral hemithorax and adjacent abdomen 
with additional 10 Gy boost dose to the regions with close or positive surgical mar-
gins. With a minimal follow-up of 13 months, two patients died due to the disease; 
one recurred in the ipsilateral and the other in the contralateral hemithorax, respec-
tively. None of the recurrences was in-fi eld. Kristensen et al. treated 26 patients with 
50 Gy IMRT after neoadjuvant CXT and EPP and reported grade 5 RP in four 
patients whose V20 was signifi cantly higher than the patients who did not develop 
RP [ 74 ]. Ahamad et al. reported 100 % in-fi eld local control in 28 patients treated 
with IMRT after EPP after median 9 months, with two marginal misses, one in the 
anterior-medial pleural refl ection and one at the ipsilateral crus [ 36 ]. The 1-year OS, 
DSS, and DFS were 65 %, 91 %, and 88 %, respectively. Nausea- vomiting and 
dyspnea were the most common toxicities. Rice et al. treated 63 patients with 
median 45 Gy of IMRT following EPP [ 39 ]. They reported 2- and 3-year OS 32 % 
and 21 %, respectively, with no major toxicity. The locoregional and in-fi eld recur-
rence rates were 13 % and 5 %, respectively. van Sandick et al. reported 9 % LR in 
median 17 months in patients they treated with IMRT (28–34). Cho et al. treated 25 
patients with T1–3N0M0 MPM with 25 Gy IMRT to the ipsilateral hemithorax in 
fi ve fractions and 5 Gy concomitant boost to high-risk areas prior to EPP within 
1 week [ 75 ]. They administered adjuvant CXT to patients with N2 disease. Grade 
≥3 pulmonary toxicity developed in 13 and 0 patients due to surgery and IMRT, 
respectively. They reported 3-year OS 84 % and 13 % in patients with epithelial and 
biphasic tumors, respectively. 

 Gomez et al. retrospectively evaluated 86 patients they treated with hemithoracic 
IMRT after EPP [ 76 ]. They observed grade ≥3 pulmonary toxicity in 11.6 % of 
patients, and three of these were fatal RP. The 2-year OS and LC rates were 32 % 
and 55 %, respectively; LR occurred in 14 patients. Of the two patients who had LR 
only, the recurrence region was in the low-dose-receiving area while the other had 
received the full dose. Patel et al. analyzed 30 patients treated with IMRT after EPP 
[ 77 ]. With a median dose of 45 Gy to the ipsilateral hemithorax, they reported the 
2-year rates of OS, DFS, and LC 50 %, 34 %, and 47 %, respectively. They observed 
RP in four patients with one being fatal. In the review by Rosenzweig, limiting the 
V20 of the contralateral lung to <5 % and MLD <10 Gy was recommended in the 
adjuvant setting of IMRT for MPM [ 78 ]. In patients with unresectable tumors, he 
stated that MLD can be 20 Gy. With these restrictions, grade ≥3 RP rate is 12–20 %, 
and grade 5 is approximately 3–8 % in the literature. 
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 The Duke University recommends limiting the MLD of the contralateral lung 
dose to <9.5 Gy as the ipsilateral lung is absent after EPP [ 42 ]. However, a more 
conservative approach has also been recommended by the University of 
Pennsylvania; they limit the MLD of the contralateral lung to <9 Gy, the V5 <60 %, 
and the V20 <20 % [ 79 ]. Other than dose constraints, Allen et al. restricted spacing 
of the beams as they enter the body of the patient and decreased the dose to the 
contralateral lung [ 41 ,  80 ]. They treated the superior part of the PTV with three or 
four beams not passing through the contralateral lung in order to further decrease its 
dose. They also observed that using nine beams improves the target dose homoge-
neity as well as decreasing the dose to OARs. 

 It is crucial to measure the volumes of organs at risk (OARs) receiving low doses 
during IMRT. Some more recent planning systems improve the target dose homoge-
neity and decrease the OAR dose; however, they can underestimate the percentage 
of low-dose-receiving volumes due to dose scattering from the multileaf collimators 
(MLC) [ 81 ,  82 ]. Therefore, using a Monte Carlo planning algorithm- based system 
is recommended for IMRT because it can calculate dose distribution more accu-
rately, particularly in the volumes receiving low dose. If Monte Carlo cannot be 
used, stricter V5 should be set for the contralateral lung in order to overcome the 
dose underestimation while using other planning systems [ 83 ].  

    Treatment with  Arc Therapy   

 Recent advances in technology lead the way to more improved treatment devices. 
 Helical tomotherapy   is one of the devices administering image-guided IMRT 
(Fig.  20.2a, b ) [ 84 ]. This technique provides a 360 °  gantry rotation and synchronous 
couch and MLC movement during radiation delivery and uses 51 separate angles for 
each gantry rotation in order to administer a highly conformal and homogeneous 
dose to the target and better spare the OARs [ 83 ].

   It has been reported that HT provides a more homogeneous dose distribution and 
reduced OAR doses compared to linac-based IMRT in a variety of cancers [ 85 ,  86 ]. 
Sterzing et al. have shown that HT signifi cantly increased the LC rate and decreased 
the fatal pulmonary toxicity rate compared to step-and-shoot IMRT while treating 
MPM in the adjuvant setting, without prolonging the treatment time [ 87 ]. Giraud 
et al. treated 24 patients with HT after EPP [ 88 ]. They used three different CTVs; 
CTV1 was the surgical cavity receiving 50–54 Gy, CTV2 sites with positive surgi-
cal margin receiving 4–6 Gy boost, and CTV3 the mediastinal structures adjacent to 
the primary tumor receiving 46 Gy. The rate of grade ≥3 RP was 16 % with a V20 
<20 % and half of them were fatal. Three patients developed LR, whereas all other 
patients had distant failure. Sylvestre et al. treated 24 patients with median 50 Gy of 
HT after EPP [ 89 ]. Local recurrence was observed in two patients at a median fol-
low-up of 24 months; and they reported grade 3 RP in two and grade 5 in two 
patients, respectively. Helou et al. treated 29 patients with 50 Gy HT after EPP and 
reported 1- and 2-year OS rates 65 % and 36 %, respectively [ 90 ]. The MLD of the 
contralateral lung was 11 Gy, and V20, V15, V13, V10, V5, and V2 were 5 %, 
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  Fig. 20.2    ( a ) Tomotherapy plan after extrapleural pneumonectomy ( EPP ) in a patient with 
malignant pleural mesothelioma, ( b ) coronal, sagittal, and axial view of 3D CRT plan, ( c ) dose 
volume histogram (DVH) and dose statistics           

a

19 %, 36 %, 52 %, 98 %, and 100 %, respectively, leading to grade 3 RP in three and 
grade 5 two patients. The authors stated that MLD ≥10 Gy, V15 ≥15 %, and V10 
≥50 % were predictive factors for pulmonary toxicity. They also stated that three 
patients developed grade 3–4 esophageal toxicity; and MLD and V13, V10, and V5 
signifi cantly affected the rate of esophageal toxicity. 
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b

Fig. 20.2 (continued)
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 Krayenbuehl et al. treated 25 patients with MPM with 3D CRT and 14 with high 
conformal RT (11 IMRT and three volumetric arc therapies [VMAT]) after neoad-
juvant CXT and EPP and compared the results [ 91 ]. They reported that, although 
not statistically signifi cant, high conformal RT resulted in a decreased LR rate 
(27.3 % vs 72.7 %,  p  = 0.06), and longer duration to LR (16.2 ± 3.1 months vs 
10.9 ± 5.4 months,  p  = 0.06), but similar OS rate. The most important difference was 
that high conformal RT resulted in signifi cantly improved target coverage. Scorsetti 
et al. reported better target volume coverage, decreased V20 of the contralateral 
lung, and shorter treatment time with the RapidArc® which is another form of arc 
therapy, compared to linac-based IMRT [ 92 ].  

c

Fig. 20.2 (continued)
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    Treatment with Protons and Heavy Particles 

 In order to decrease the doses to the OARs, proton and neutron therapies have 
emerged. Protons are positively charged particles with a Bragg peak showing an 
immediate dose decrease to zero beyond the target [ 93 ]. Although the number of 
patients is limited in the studies, it has been shown that protons are superior to 
IMRT with photons in regard to better target dose coverage and OAR sparing while 
treating MPM after either EPP or P/D or biopsy [ 94 – 96 ]. 

 Boron neutron capture therapy (BNCT) has also been studied in patients with 
MPM. In BNCT,  10 B atoms which are not radioactive disintegrate into  4 He par-
ticles and  7 Li nuclei after they absorb low-energy (thermal) neutrons [ 97 ]. This 
combination of particles can deposit large amounts of energy during its very 
short path. The patient fi rst receives  10 B-binded agents to selectively accumulate 
in the tumor and is irradiated with thermal neutrons. If a large gradient of  10 B 
concentration between the tumor and normal tissue cells is achieved, the thermal 
neutrons can selectively kill the tumor cells only. Theoretically, this makes the 
sparing of OARs more possible without compromising the target dose [ 98 ,  99 ]. 
Suzuki et al. reported the results of two patients with pleural tumors treated with 
BNCT and concluded that the tumor was stable or regressed with no grade 
≥2 acute toxicity [ 100 ]. 

 Patel et al. retrospectively evaluated 30 patients with MPM who received neutron 
RT between 1980 and 2012 [ 101 ]. They reported the median OS time 20.3 months 
and observed LR in 15, distant recurrence in three, and local and distant recurrence 
in three patients, respectively. There are no data on the toxicity of this treatment.   

    Conclusion 

 It has clearly been shown that trimodality treatment should be administered 
while treating MPM. The extension of the surgery does not signifi cantly affect 
the LC rates, but it is obvious that all patients need adjuvant treatment even after 
EPP. Radiotherapy is essential in the treatment of MPM. With the improving 
techniques, more homogeneous dose distribution is achieved besides decreased 
critical organ doses. More advanced technology should be administered if pos-
sible; however, because of the low incidence of MPM, more phase III studies 
with higher number of patients are needed.     
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  21      Modern Surgical Techniques 
in Malignant Pleural Mesothelioma                     

       Yusuf     Kahya     ,     Erkan     Dikmen      , and     Ayten     Kayı     Cangır     

         Introduction 

 Pathologic diagnosis was based on standard histologic, histochemical, and immuno-
histochemical criteria in all cases. 

 As a positive marker of immunohistochemistry for MPM:

    1.     Calretinin     
   2.     Mesothelin     
   3.    Cytokeratin 5/6   
   4.    D2–40     

 As negative:

    1.    Thyroid transcription factor-1   
   2.    Carcinoembryonic antigen   
   3.     BerEP4       
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 Pretreatment evaluation for patients diagnosed with MPM is performed to stage 
patients and to assess whether patients are candidates for surgery. This evaluation 
includes the following:

    1.    Chest and abdominal computed tomography (CT) with contrast.   
   2.    Cranial magnetic resonance imaging (MRI)/CT.   
   3.    Positron emission tomography-CT (PET-CT) but only for patients being 

considered for surgery.   
   4.    Video-assisted thoracic surgery (VATS) or laparoscopy can be considered if 

contralateral or peritoneal disease is suspected.     

 If surgical resection is being considered, mediastinoscopy or endobronchial 
ultrasonography (EBUS) fi ne needle aspiration (FNA) of the mediastinal lymph 
nodes is recommended. The following tests may be performed if suggested by 
imaging: (1) laparoscopy to rule out transdiaphragmatic extension (e.g., 
 extension to the  peritoneum is indicative of stage IV [unresectable] disease) and 
(2) chest MRI [ 10 ]. 

 Staging is performed using the International Mesothelioma Interest Group 
(IMIG) TNM staging system. The staging system for malignant pleural mesothe-
lioma is controversial. Therefore, in collaboration with IMIG, the International 
Association for the Study of Lung Cancer (IASLC) has decided to update the 
staging system for MPM by developing a large international database. The pro-
spective MPM staging project is an international effort to study and improve the 
current staging system for MPM. The revised new staging system will be 
announced soon [ 9 ,  16 ]. 

 Most patients have advanced disease at presentation. However, it is diffi cult to 
accurately stage patients before surgery. Understaging is common with 
PET-CT. Patients with clinical stage I to III MPM can be evaluated for surgery using 
the following:

    1.    Pulmonary function tests (PFTs) including diffusing capacity of the lung for 
carbon monoxide (DLCO)   

   2.    Perfusion scanning (if forced expiratory volume in 1 s (FEV1) <80 %)   
   3.    Cardiac stress tests, transthoracic echocardiography, and cardiac MRI   
   4.    Routine blood examinations      

    Cytoreductive Surgery 

 It is essential that patients receive a careful assessment before surgery is performed. 
Surgical resection for patients with MPM can include either (1) radical pleurec-
tomy/decortication (P/D, also known as total pleurectomy, lung-sparing surgery), 
which is complete removal of the involved the visceral, parietal, and pericardial of 
pleura and mediastinal nodes; (Fig.  21.1 ) or (2) extrapleural pneumonectomy (EPP) 
is a more aggressive procedure entailing en bloc resection of the parietal and 
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visceral pleura with the enclosed lung, pericardium, ipsilateral diaphragm, and 
mediastinal nodes (Fig.  21.2 ). Extended P/D refers to the resection of the diaphragm 
and pericardium in addition to total pleurectomy. Mediastinal nodal dissection is 
recommended in patients having either P/D or EPP; at least three nodal stations 
should be obtained.

    Surgery is recommended for select patients who require a complete 
cytoreduction:

    1.    Good performance status (PS)   
   2.    No comorbidities   
   3.    Patients with stage I–III disease   
   4.    Favorable histology (i.e., epithelioid)   
   5.    No N2 disease     

a b

c

  Fig. 21.1    Right P/D, operative view ( a ) lung surface after P/D ( b ) resection specimen ( c )       
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 But surgery is not usually recommended for patients at high risk:

    1.    Unfavorable histology (e.g., sarcomatoid, mixed tumors)   
   2.    N2 disease (Data about the role of mediastinal lymph node involvement of the dif-

ferent case series are confl icting, but the results of the new IASLC/IMIG staging 
project analyzing the largest set of MPM data demonstrate that N2 disease is not a 
factor which infl uences survival signifi cantly as compared to the N1 nodes.)   

   3.    Patient with stage IV [ 4 ,  5 ,  7 ]     

 The surgical goal for MPM is  cytoreductive surgery   to achieve macroscopic 
complete resection. Neither EPP nor P/D will yield an R0 resection. The choice of 
surgery for MPM is controversial, because data from randomized controlled trials 
are not available. In patients who are medically operable, the decision about whether 

a b

c

  Fig. 21.2    Left EPP operative views, EPP involves the en bloc resection of the parietal and visceral 
pleura, lung, ipsilateral pericardium, and diaphragm with reconstruction of the latter two structures, 
in this case with polytetrafl uoroethylene (PTFE) membrane ( a ,  b ) Resection specimen,  H  hilum,  D  
diaphragm, and  P  pericardium ( c )       
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   Table 21.1    Result after EPP and multimodality therapy in selected series   

 Author  Year  Chemotherapy 
 EPP 
(n) 

 TMT/ITT 
(%) 

 30 day 
mortality 
(%) 

 Median 
survival, 
ITT (month) 

 Sugarbaker  1999  Adjuvant  183  ?  3.8  19 

 Rusch  2001  No, adj radiotherapy  62  61 %  11.3  17 

 Pagan  2006  Adjuvant  44  57 %  4.5  20 

 Weder  2007  Neoadjuvant  45  59 %  2.2  19.8 

 Edwars  2007  Adj/neoadjuvant  105  ?  6.7  14.5 

 Rice  2007  Not standard  100  <63 %  8  10.2 

 Batirel  2008  Adjuvant  16  60 %  5  17.2 

 De Perrot  2009  Neoadjuvant  45  50 %  6.7  14 

 Krug  2009  Neoadjuvant  54  52 %  3.7  16.8 

 Trousse  2009  Adj/neoadjuvant  83  ?  4.8  14.5 

 Hasani  2009  Adjuvant  18  64 %  11  20.4 

 Buduhan  2009  Neoadjuvant  46  69 %  4.3  24 

 Van Schil  2010  Neoadjuvant  42  65 %  6.5 (90d)  18.4 

 Rea  2013  Neoadjuvant  45  40 %  4.4  15.5 

   TMT/ITT  percentage of patients receiving trimodality therapy by intention to treat  

to do a P/D or an EPP may not be made until surgical exploration. The choice 
between P/D and EPP should be made based on several factors including tumor 
histology and distribution, pulmonary reserve, and surgical experience and exper-
tise, as well as availability of adjuvant and intraoperative strategies. For early dis-
ease (confi ned to the pleural envelope and no N2 lymph node involvement) with 
favorable histology (epithelioid), P/D may be safer than EPP, but it is unclear which 
operation is oncologically better. P/D may be more appropriate for patients with 
advanced MPM who cannot tolerate an EPP. EPP would often be required to remove 
all gross tumors in patients with stages II to III MPM. However, EPP is associated 

   Table 21.2    Results after P/D in selected series   

 Author  Year 
 Chemotherapy, 
radiotherapy 

 P/D 
(n) 

 TMT/
ITT (%) 

 Morbidity 
(%) 

 30 day 
mortality 
(%) 

 Median 
survival, 
ITT 
(month) 

 Hilaris  1984  Intraoperative 
brachytherapy 
adjuvant 
radiotheraphy 
45 Gy 

 41  100 %  15  0  21 

 Rusch  1994  Intraoperative 
chemotherapy 
adjuvant 
chemotherapy 

 28  64 %  3.5  17 

(continued)
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  Fig. 21.3    Application of HIPEC after cytoreductive surgery       

 Author  Year 
 Chemotherapy, 
radiotherapy 

 P/D 
(n) 

 TMT/
ITT (%) 

 Morbidity 
(%) 

 30 day 
mortality 
(%) 

 Median 
survival, 
ITT 
(month) 

 Lee  2002  Adjuvant 
chemotherapy 
intraoperative and 
adjuvant 
radiotherapy 45 Gy 

 32  37.5 %  15  6.2  18.1 

 Richards  2006  Intraoperative 
chemotherapy 

 44  72 %  41  11  9 

 Lucchi  2007  Adjuvant 
chemotherapy, 
interleukin-2 and 
radiotherapy 30 Gy 

 49  100 %  10  0  26 

 Nakas  2008  Adjuvant 
chemotherapy 
prophylactic 
radiotherapy 

 51  ?46 %  55  5.9  15.3 

 Bolukbas  2011  Adjuvant 
chemotherapy 
prophylactic 
radiotherapy 

 35  94 %  20  2.9  30 

 Lang- 
Lazdunski 

 2011  Adjuvant 
chemotherapy 
prophylactic 
radiotherapy 

 36  100 %  25  0  24 

 Friedberg  2012  Adjuvant 
photodynamic 
therapy and 
chemotherapy 

 38  100 %  2.7  31.7 

 Minatel  2013  Adjuvant 
chemotherapy and 
radiotherapy 50 Gy 

 20  95 %  0  33 

Table 21.2 (continued)
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with higher morbidity and mortality. P/D is safer than EPP (Tables  21.1  and  21.2 ) 
[ 8 ,  11 – 15 ].

    Intraoperative adjuvant therapy, such as  heated chemotherapy (HIPEC)   or 
 photodynamic therapy, is still under investigation but may be considered as part 
of a reasonable multidisciplinary approach to this locally aggressive disease 
(Fig.  21.3 ) [ 6 ].

   Management of MPM should take place in the setting of a multidisciplinary team 
with a multimodality approach. Multimodality therapy combined with  surgery (EPP 
or P/D) has seen success with 5-year survival at select group of patients [ 17 ].     
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  22      Systemic Therapies in Malignant Pleural 
Mesothelioma                     

       Ozan     Yazici     and     Sercan     Aksoy     

         Introduction 

 In patients who were not candidate for surgery and patients with  sarcomatoid 
MPM  , systemic chemotherapy is the choice of treatment option [ 10 ]. The combina-
tion of  pemetrexed   with platinum (cisplatin or carboplatin) is the standard systemic 
chemotherapy regimen for the patients with MPM. The combination of pemetrexed 
and platin is shown to prolong the overall survival of patients. Therefore this regi-
men might be applied prior or after surgery or radiotherapy [ 16 ,  35 ]. The systemic 
therapy options for the patients with unresectable MPM will be discussed below.  

    First-Line Therapies 

 In the beginning of the twentieth century, multiple single-agent chemotherapy 
agents were tested in patients with MPM [ 24 ,  28 ]. However, the overall survival 
(OS) did not exceed 6–8 months. The following years, the active single agents were 
tested in combinations (Table  22.1 ).

      Cisplatin Plus Pemetrexed 

 This combination is the most frequently preferred regimen in treatment of patients 
with MPM based on the results of a randomized phase III trial. In this single-blinded 
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EMPHACIS trial, chemotherapy-naive patients, who were not suitable for surgery, 
were randomized to receive pemetrexed 500 mg/m 2  plus cisplatin 75 mg/m 2  on day 
1, or cisplatin 75 mg/m 2  on day 1. A total of 226 patients received pemetrexed plus 
cisplatin, and 222 patients received cisplatin alone. The patients orally received folic 
acid 350–1,000 μg daily, and vitamin B12 1,000 μg was given 1–3 weeks before the 
fi rst doses and was continued during study period. Vitamin supplementation was 
given to both study arms to maintain patient blindness. The primary end of the study 
was OS. In the combination arm, the response rate was 41.3 % compared to 16.7 % 
in cisplatin-alone arm ( p  < 0.0001). In combination and control arms, median pro-
gression-free survival (PFS) was 5.7 and 3.9 months, respectively ( p  = 0.001). The 
median OS was signifi cantly increased by adding of pemetrexed to cisplatin chemo-
therapy (12.1 versus 9.3 months,  p  = 0.02). In the combination arm, grade 3/4 neu-
tropenia (27.9 %) and grade 3/4 leukopenia (17.7 %) were observed frequently 
compared to patients in cisplatin-alone arm. In both arms, nausea, vomiting, and 
fatigue were the most common toxicities. Addition of vitamin supplementation sig-
nifi cantly reduced the toxicity without adversely affecting the survival time. In this 
phase III trial, OS was signifi cantly increased in pemetrexed plus cisplatin arm com-
pared to cisplatin-alone arm in patients with chemotherapy-naive MPM [ 34 ]. 

 After the result of this trial was reported, the factors that predict the long OS 
were evaluated in multiple regression analyses. Vitamin supplementation, Karnofsky 
performance status, disease stage, histologic subtype, and white blood cell count are 
the factors effecting the OS duration [ 29 ]. Until now no standard factors are defi ned 
predicting response to pemetrexed therapy. In a retrospective study low thymidylate 
synthase levels were associated with longer PFS and OS. However, this result 
should be tested in randomized trials [ 23 ]. The combination of cisplatin plus peme-
trexed is the only accepted gold-standard regimen worldwide and approved by the 
US Food and Drug Administration.  

    Carboplatin Plus Pemetrexed 

 In a large phase II trial, the activity of carboplatin plus pemetrexed was tested. A total 
of 102 patients with unresectable MPM were included in the study population. 
Patients received pemetrexed 500 mg/m 2  and carboplatin area under the plasma con-
centration-time curve of 5 mg/mL/min, repeated every 3 weeks. The objective 
response was achieved in 19 (18.6 %) patients. Stable disease was observed in 48 
(47.0 %; 95 % CI, 37.1–57.2 %) patients. Median PFS and OS were 6.5 months and 
12.7 months, respectively. The observed grade 3–4 hematological toxicities were 
neutropenia (9.7 %) and anemia (3.5 %). Pemetrexed and carboplatin combination 
was active and a well-tolerated regimen in patients with MPM. The objective 
response and disease control rates were similar to cisplatin and pemetrexed combina-
tion. Therefore, this regimen might be an alternative to cisplatin plus pemetrexed 
combination [ 9 ].  
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    Pemetrexed-Cisplatin Plus Bevacizumab 

 In a phase III trial, patients with unresectable MPM were randomized to receive peme-
trexed 500 mg/m 2  and cisplatin 75 mg/m 2  at day 1 plus bevacizumab 15 mg/kg biweekly 
(Arm B) or pemetrexed-cisplatin combination without bevacizumab (Arm A) for six 
cycles. In arm B patients received bevacizumab maintenance until progression or intol-
erable toxicity. Primary end point of the trial was OS. A total of 445 patients were 
randomized. In arm B (chemotherapy regimen + bevacizumab) and arm A (chemo-
therapy regimen), median OS was 18.8 months and 16.1 months, respectively, and 
difference was statistically signifi cant (adjusted HR = 0.76, [95 % CI, 0.61; 0.94], 
 p  = 0.012). After median follow-up duration of 39 months, in patients receiving bevaci-
zumab combination, median PFS was 9.6 months, [95 % CI, 8.5–10.6] compared to 
7.5 months [95 %CI, 6.8–8.1] in patients receiving chemotherapy regimen alone (adj.
HR = 0.62, [95 %CI, 0.50–0.75],  p  < 0.0001). Serious proteinuria (0.0 % versus 3.1 %), 
hypertension (0.0 % versus 23 %), and arterial thrombotic events (0.0 % vs. 2.7 %) 
rates were signifi cantly higher in patients receiving bevacizumab compared to chemo-
therapy-alone arm [ 36 ]. The addition of bevacizumab to cisplatin and pemetrexed 
 combination was not approved by drug regulatory authorities in Europe and the USA.  

     Raltitrexed   Plus Cisplatin 

 In patients with chemotherapy-naive mesothelioma, raltitrexed plus cisplatin 
improved OS duration compared to cisplatin alone. This result was reported in ran-
domized phase III trial. In this trial 250 patients were randomized to receive cispla-
tin 80 mg/m 2  on day 1 alone (arm A) or combined with raltitrexed 3 mg/m 2  (arm B). 
In raltitrexed arm objective response rate was 23.6 % compared to 13.6 % in cispl-
atin-alone arm ( p  = 0.056). Median OS was 11.4 months (95 % CI, 10.1–15) in 
raltitrexed arm compared to 8.8 (95 % CI, 7.8–10.8) months in cisplatin-alone arm 
( p  = 0.48). In patients with measurable disease ( n  = 213), objective response rate was 
higher in raltitrexed plus cisplatin arm compared to cisplatin-alone arm (24 % ver-
sus 14 %,  p  = 0.06). Quality-of-life scales of patients were similar in both therapy 
arms [ 32 ]. Raltitrexed plus cisplatin prolongs the OS compared to cisplatin alone 
without effecting the quality of life. 

    Gemcitabine Plus Cisplatin 
 In a phase II trial, gemcitabine and cisplatin combination was evaluated in 32 patients 
with unresectable MPM. The results were reported for 25 patients. Gemcitabine 
1,250 mg/m 2  was administered on day 1 and day 8, and cisplatin 80 mg/m 2  was admin-
istered on day 1 in a 3-week cycle with a maximum of six cycles. Four of the 25 evalu-
able patients had partial response (PR). Median PFS and OS were 6 months (5–7 months) 
and 9.6 months (95 % CI 8–12 months), respectively [ 31 ]. In another phase II trial, 35 
chemo-naive patients received gemcitabine and cisplatin combination. Partial response, 
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stable disease, and progression were detected in 9 (26 %), 14 (41 %), and 11 (32 %) 
patients, respectively. Median PFS and OS were 13 and 8 months, respectively. Serious 
emesis and vomiting was detected in 35 % of patients. Grade 3–4 anemia, thrombocy-
topenia, and neutropenia were observed in 24 %, 52 %, and 61 % of patients, respec-
tively [ 8 ]. In 2008, gemcitabine plus cisplatin was evaluated in another phase II trial. 
Patients were randomized to receive two different chemotherapy schedules as cohort 1 
(gemcitabine 1.250 mg/m 2  on days 1 and 8, with pemetrexed 500 mg/m 2  on day 8) and 
cohort 2 (gemcitabine 1.250 mg/m 2  on days 1 and 8, with pemetrexed 500 mg/m 2  on 
day 1); cycles were repeated in every 21 days. In cohort 1 and 2, 56 and 52 patients 
were enrolled to the study population. Response rate was 26 % and 17.1 % in cohort 1 
and 2, respectively. In cohort 1 and 2, median PFS was 4.3 and 7.4 months, respec-
tively. Median OS was 8 months for cohort 1 (1-year survival rate = 31.14 %) and 
10.1 months for cohort 2 (1-year survival rate = 45.80 %) [ 11 ]. As a result gemcitabine 
and cisplatin combination had a moderate activity in patients with advanced MPM.   

    Gemcitabine-Cisplatin Plus Bevacizumab 

 In a phase II trial, bevacizumab was added to gemcitabine and cisplatin combination. A 
total of 115 patients were randomized to receive gemcitabine 1.250 mg/m 2  on days 1 
and 8, cisplatin 75 mg/m 2 , and bevacizumab 15 mg/kg or placebo every 21 days for six 
cycles and then bevacizumab or placebo maintenance until progression. In bevacizumab 
and placebo arm, median OS was 15.6 and 14.7 months, respectively ( p  = 0.91). Partial 
response rate was similar in both therapy arms (24.5 % vs 21.8 %;  p  = 0.74). The  addition 
of bevacizumab to chemotherapy regimen did not improve the PFS and OS [ 14 ].  

    Methotrexate 

 In a phase II study, 63 patients with advanced MPM were treated with four to eight 
cycles of high-dose methotrexate (3 g total dose). A total of 60 patients had evalu-
able disease. Partial/complete remission and stable and progressive disease were 
demonstrated in 37 %, 32 %, and 32 % of patients, respectively. Median OS for all 
patients was 11 months. In patients with the epithelial type ( n  = 42) and sarcomatous 
or mixed types, OS was 12 and 5 months, respectively. Adverse effects of metho-
trexate were tolerable. Five patients (8 %) terminated the therapy due to toxicity. 
One toxic death occurred. High-dose methotrexate was an active regimen with 
acceptable toxicity profi le in patients with MPM [ 26 ].  

    Raltitrexed 

 Single-agent activity of raltitrexed was tested in a phase II trial. Patients received ralti-
trexed 3 mg/m 2  in every 3 weeks as fi rst-line therapy. Eight cycles of raltitrexed were 
planned to be administered whether unacceptable toxicity or progression was observed. 
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A total of 24 patients were enrolled to the study. Partial response was observed in fi ve 
patients (20.8 %, 95 % CI 7.1–42.2 %). Mild side effects were detected (diarrhea, 
nausea, vomiting, fatigue, and neutropenia). Raltitrexed has the modest activity with 
tolerable toxicity profi le in patients with MPM as a fi rst-line therapy [ 3 ].  

    Anthracycline 

 In a phase II study, 23 MPM patients were treated with epirubicin at the dosage of 
75 mg/m 2  repeated every 3 weeks. A total of 21 patients were evaluable; responses 
to epirubicin were 1 partial, 11 stable diseases, and 9 progression. Median OS was 
7.5 months with mild adverse events. In the current dose epirubicin had mild effects 
against patients with MPM [ 17 ]. 

 Liposomal doxorubicin was evaluated in 15 patients at dose of 55 mg/m 2  every 
4 weeks. Four of 15 patients had good response to therapy. The side effects were not 
serious [ 25 ].  

    Vinca Alkaloids 

 Twenty-nine patients were treated with weekly injections of vinorelbine 30 mg/m 2 . 
Partial response was observed in 7 (24 %) patients, and 16 (55 %) patients had sta-
ble disease. On the other hand 6 (21 %) patients had progression. This phase II trial 
showed that vinorelbine had promising activity against MPM [ 27 ].   

    Second-Line Therapies 

 Single-agent chemotherapy drugs demonstrated activity in phase II trials. However, 
single-agent therapies did not improve the OS in patients with MPM. Therefore, 
these single agents were suggested to be used as a second-line chemotherapy strat-
egy in patients with advanced MPM [ 33 ]. 

    Cisplatin 

 Cisplatin was demonstrated with the most promising activity as a single agent. 
Therefore, it constitutes the backbone of all chemotherapy regimens until 2001 [ 5 ]. 
Carboplatin might be an alternative to cisplatin therapy.  

    Pemetrexed 

 Most of the trials evaluating the second-line therapies against the MPM tested either 
the single-agent pemetrexed or combinations of pemetrexed. 
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 In a phase III trial, previously treated patients with MPM were randomized to 
receive pemetrexed 500 mg/m alone ( n  = 91) or in combination with cisplatin 75 mg/
m 2  ( n  = 96) for a maximum of six cycles every 21 days. All patients were supported 
by vitamin B12, folic acid, and steroid prophylaxis. In patients receiving peme-
trexed plus cisplatin, the overall response rate was 32.5 % compared to 5.5 % for 
patients receiving pemetrexed alone. In combination and cisplatin-alone arm, the 
disease control rate (response rate 4 stable disease) was 68.7 % and 46.6 %, respec-
tively. Median OS was 7.6 months for pemetrexed plus cisplatin and 4.1 months for 
pemetrexed alone. This phase III trial showed that the previously treated patients 
with MPM might be benefi ted from pemetrexed alone or in combination with cis-
platin [ 12 ]. 

 In an another phase III trial, patients who relapsed after fi rst-line therapy were 
assigned to receive pemetrexed 500 mg/m 2  plus best supportive care (BSC) in every 
21 days or BSC alone. A total of 123 patients were randomized to pemetrexed plus 
BSC arm, and 120 were randomized to BSC-alone arm. Partial response rate was 
signifi cantly higher in patients receiving pemetrexed compared to BSC (18.7 % vs 
1.7 %,  p  < 0.0001). Disease control rate was also signifi cantly higher in pemetrexed 
arm (59.3 % vs 19.2 %,  p  < 0.0001). In pemetrexed and BSC-alone arm, median OS 
was 8.4 months and 9.7 months, respectively ( p  = 0.74). In multivariate regression 
analysis, the trend of improved OS was observed in patients responding to fi rst-line 
therapy [ 13 ].  

    Gemcitabine and Combinations 

 In a post-study analysis of the fi rst-line pemetrexed plus cisplatin versus 
cisplatin- alone phase III trial, the data of patients who received second-line ther-
apy were collected. As a second-line therapy, 189 (62 %) patients were treated 
with single- agent therapy (48 from the pemetrexed plus cisplatin arm and 70 
from cisplatin arm), while 71 patients (38 %) received combination chemother-
apy (36 from the pemetrexed plus cisplatin arm and 35 from the cisplatin arm). 
The most commonly preferred single agent was gemcitabine. The second most 
commonly preferred single agent was anthracylines like doxorubicin. On the 
other hand gemcitabine plus cisplatin or gemcitabine plus a non-platinum agent 
was the most frequently administered combination regimen. In cisplatin and 
pemetrexed arm and cisplatin- alone arm, the patients who were treated with 
second-line chemotherapy had better OS duration (15.3 months vs 9.8 months 
for cisplatin plus pemetrexed arm, 12.2 vs 6.8 arm for cisplatin-alone arm). In 
regression analysis second-line chemotherapy was signifi cantly associated with 
improved OS time ( p  < 0.001). The adjusted hazard ratio for post-study chemo-
therapy over the nonpost-study chemotherapy subgroup was 0.56 (CI 0.44–0.72). 
In this study, it was demonstrated that gemcitabine and its combinations were 
reasonable second-line therapy options after pemetrexed plus cisplatin therapy 
in fi rst line [ 18 ].  
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    Gemcitabine Plus Vinorelbine 

 In a phase II trial, 17 patients who were treated at least one prior line of pemetrexed 
plus cisplatin received gemcitabine plus vinorelbine as second-line therapy. Disease 
control (partial response + stable disease) rate was 82 %. Median PFS and OS were 
6 and 11.2 months, respectively. Grade 3–4 neutropenia (41 %) and grade 3–4 ane-
mia (29 %) were the most common hematological adverse events [ 30 ].   

    Novel Therapies 

 Novel therapies in the management of MPM are summarized in Table  22.2 .

       Vorinostat   

 Vorinostat is a novel drug inhibiting histone deacetylase. Histone deacetylase has a 
role in mitosis and deoxyribonucleic acid repair. In cancer cell lines, it was demon-
strated that vorinostat induces differentiation, cell cycle arrest, and apoptosis [ 19 ]. 
In a double-blind, randomized, placebo-controlled phase III trial, patients with 
MPM who progressed after one or two lines of chemotherapy were randomized 1:1 
to receive vorinostat or placebo. The primary end point of the study was the OS. A 
total of 661 patients were enrolled to the study; 329 of them randomized to vorino-
stat arm whereas 332 of them on placebo arm. The vorinostat did not improve OS 
compared to placebo [Median OS for vorinostat and placebo: 30.7 versus 27.1 weeks, 
respectively (HR: 0.98 %, 95 % CI 0·83–1·17,  p  = 0.86)] [ 15 ].  

   Table 22.2    Novel therapies in patients with MPM   

 Target  Agents 
 Number 
of patients  Setting  Phase 

 Overall 
Survival 
(OS) 
(Months) 

  P  
value 

 Histone 
deacetylase 

 Vorinostat vs 
placebo 

 661  Second 
or third 

 III  7.6 vs 6.8  0.86 

 Angiogenesis  Thalidomide  40  Second 
or more 

 II  7.6  – 

 Tyrosine kinase  Imatinib  25  Second 
or more 

 II  13.2  – 

 Programmed cell 
death receptor-1 

 Pembrolizumab a   25  Second 
or more 

 Ib  2–6 a   – 

 Cytotoxic 
T-lymphocyte 
antigen 4 

 Tremelimumab  29  Second  II  10.7  – 

 Mammalian target 
of rapamycin 

 Everolimus  59  Second 
or more 

 II  6.3  – 

   a Sixteen patients (64 %), including all responders, remain on treatment (duration 8+ to 24+ weeks)  
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     Thalidomide   

 It is an ancient teratogenic agent. However, in the last decades the anti-angiogenic 
effects of thalidomide were reported. In 2005, thalidomide was evaluated in a phase 
II trial in patients with mesothelioma. A total of 40 patients were enrolled to the 
study. Eleven patients (27.5 %) showed disease stabilization beyond 6 months, and 
the median OS was 230 days [ 4 ]. After the promising results of the phase II study, 
phase III maintenance therapy with thalidomide in patients with mesothelioma was 
conducted. In this phase III study, 222 patients with peritoneal or pleural mesothe-
lioma were enrolled. These patients received at least four cycles of pemetrexed with 
or without platin as a fi rst-line therapy and had not progressed on this treatment. 
Patients were assigned to receive thalidomide 200 mg/day as a maintenance ( n  = 111) 
or supportive care ( n  = 111) until progression. The primary end point of the study 
was PFS. There was no signifi cant PFS difference in between thalidomide and 
active supportive care groups (median PFS in thalidomide and active supportive 
care group was 3.6 months versus 3.5 months) (HR: 0.95 %, 95 % CI 0.73–1.20, 
 p  = 0.72). Thalidomide has no benefi cial effect on top of the fi rst-line therapy in 
patients with pleural or peritoneal mesothelioma [ 6 ].  

    Imatinib 

 Imatinib is a tyrosine kinase inhibitor that inhibits tyrosine kinase domains of c-kit 
and platelet-derived growth factor. In a phase II trial, the effi cacy of imatinib 400–
800 mg was evaluated in 25 patients with mesothelioma. No objective responses 
were detected. Three patients had stable disease beyond 6 months. The median OS 
and PFS were 398 days (range 88–840) and 63 days (range 29–275), respectively 
[ 20 ]. In a pilot study 11 patients with MPM were enrolled. These patients received 
imatinib 200 mg b.i.d. The disease stabilization was observed in four (36.3 %) 
patients, whereas seven (63.6 %) patients progressed. Median PFS was 8 weeks 
(range 7–19) [ 22 ]. Imatinib did not improve survival in patients with MPM.  

     Pembrolizumab   

 Pembrolizumab is a highly potent inhibitor of programmed cell death receptor-1 
(PD-1). By inhibiting the binding of PD-1 ligands to PD-1 receptor, T cell activation 
against tumor continued. PD-1 ligand was overexpressed in patients with 
MPM. Twenty-fi ve patients with MPM whose tumor were stained positive for PD-1 
ligands received pembrolizumab at least as second-line therapy. In 2-week cycles 
pembrolizumab was given at dose of 10 mg/kg until progression or unacceptable 
toxicity. Most of the patients (80 %) received pemetrexed and platinum combination 
prior to pembrolizumab therapy. In six (24 %) patients partial response was 
observed, whereas stable disease was detected in 13 (52 %) patients and four (16 %) 
patients progressed. In this study disease control rate was 76 %. Grade 3 adverse 
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events were observed in three (12 %) patients. In patients with MPM, pembroli-
zumab was well tolerated and has promising results (disease control rate 76 %). In 
patients with MPM pembrolizumab might be evaluated in further studies [ 1 ].  

     Tremelimumab   

 Tremelimumab is an antibody against cytotoxic T-lymphocyte antigen 4 (CTLA4). 
It has been reported to have promising antitumor activity in different tumor types. 
In an open-label, single-arm phase II study, 29 patients with mesothelioma who 
progressed after fi rst-line platinum doublet therapy were enrolled. Patients were 
given tremelimumab 15 mg/kg in every 90 days until progression or unacceptable 
toxicity. The primary end point of the study was objective response (complete or 
partial response). Three patients had partial response. Disease control rate was 
31 %. The median PFS and OS were 6.2 months (95 % CI 1.3–11.1) and 10.7 months 
(95 % CI, 0.0–21.9), respectively. The study did not reach its primary end point. 
However, tremelimumab has promising clinical activity in patients with mesotheli-
oma [ 7 ]. Tremelimumab is being evaluated in an ongoing phase III trial 
(NCT01843374).  

     m-TOR Inhibitors   

 In human mesothelioma cells overactivation of PIK3/m-TOR (phosphoinositide 3 
kinase) pathway was reported [ 2 ]. In a phase II trial, 59 patients with MPM who 
received one or two lines of platinum-based therapy were given 10 mg everolimus 
daily. Overall response rate was 2 % [95 %CI, 0–12 %]. The median PFS and OS 
were 2.8 months (95 % CI: 1.8–3.4) and 6.3 months (95 % CI: 4.0–8.0), respec-
tively. Single-agent everolimus had limited clinical activity in patients with advanced 
MPM [ 21 ].      
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         Introduction 

 The thorax encompasses numerous OARs some of which are vital, and these organs 
are affected during the course of RT for intrathoracic tumors and breast malignan-
cies. The challenging issue in the treatment of lung cancer is that the location of the 
primary lesion inside an OAR, lung. Therefore, the radiation dose limits for the 
lungs are different from other malignancies concerning the thorax. 

 The lungs are in close proximity to the heart and the spinal cord. For apical 
tumors the brachial plexus is the other critical organ, and for central tumors the 
esophagus, trachea, and  proximal bronchial tree   (PBT) are the other critical organs. 
The dose to the  chest wall   (CW) and skin should also be taken into account in 
patients who undergo stereotactic ablative body radiotherapy (SABR). Among 
these OARs the spinal cord, coronary arteries, brachial plexus, esophagus, and tra-
chea are serial organs for which the maximum point dose affects the function of the 
whole organ. On the other hand, the heart is in a parallel structure, and the mean 
dose to a specifi c volume is more important than the maximum dose. In order to 
interpret the dose-volume histograms (DVH) precisely, the accurate delineation of 
OARs is crucial [ 1 ]. 

 This chapter aims to guide the radiation oncologists in the delineation of OARs 
and to defi ne the dose-volume constraints for OARs in the treatment of lung cancer. 
Dose-volume constraints have been derived from the studies of Emami, Radiation 
Therapy Oncology Group (RTOG) protocols, and the reviews of  Quantitative 
Analyses of Normal Tissue Effects in the Clinic (QUANTEC)  .  
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    Lung 

    Contouring 

 The RTOG proposed an atlas for the delineation of OARs in thoracic RT which is 
based on the 1106 trial [ 2 ]. This atlas recommends contouring both lungs using the 
“pulmonary window” (see Chap.   3     for details). The lungs can be delineated as sepa-
rate organs as right and left; however, the evaluation of the DVH should be done 
after combining both lungs as a single organ. The emphysematic, collapsed, infl ated, 
or fi brotic regions of the lungs and the small vessels beyond the hilar regions should 
also be contoured as normal lung tissue. The atelectatic parenchyma, the fl uid, hilar 
regions, the trachea, main bronchus, and the PBT should be excluded from normal 
lung tissue delineation. The collapsed lung region can be distinguished from the 
gross tumor volume (GTV) easily by using intravenous contrast during computed 
tomography (CT) and/or positron emission tomography (PET) [ 2 ]. The target vol-
ume is subtracted from the lungs; however, different protocols subtract different 
target volumes to defi ne the normal lung tissue. The RTOG 9311 trial recommends 
subtracting the planning target volume (PTV), while RTOG 0617 recommends the 
clinical target volume (CTV) to be subtracted for the delineation of lungs as OARs. 
The RTOG 0117, 0618, 0813, 0915, and the QUANTEC recommend the GTV to be 
subtracted [ 3 – 5 ]. Kong et al. recommended using the GTV subtracted volume as 
normal lung tissue based on the data from RTOG trials [ 2 ]. They also prefer divid-
ing the lung into central and peripheral regions in SABR planning.  

    Dose-Volume Constraints and Toxicity 

 The incidence of  radiation pneumonitis   (RP) after conventional RT for lung cancer 
was reported to be 13–37 % [ 6 ]. Fortunately, RP is frequently asymptomatic and 
does not require intervention. It is restricted with radiologic fi ndings in 62 % and 
91 % of patients in the acute and late period, respectively [ 7 ]. In the acute period, a 
diffuse infi ltration restricted to the RT port can be observed on the chest X-ray. The 
infi ltration can extend outside the RT fi eld and the trachea can deviate toward the 
irradiated lung in the chronic period. 

 Computed tomography is more sensitive in detecting lung injury after RT than 
chest X-rays. The patterns of RP on CT are classifi ed as consolidative or ground- 
glass opacity changes with both subdivided into diffuse (>5 cm) or patchy (≤5 cm) 
in the acute and modifi ed conventional, mass-like, or scar-like in the late settings, 
respectively [ 8 ]. Lung contraction, deviation of the mediastinal structures toward 
the irradiated lung, tenting of the diaphragm, and pleural thickening can be seen in 
the late period. 

 Perfusion and ventilation scintigraphy is more sensitive than chest X-rays and 
CT scans, particularly for the changes in lung after low doses of RT [ 9 ]. Abnormalities 
of perfusion and ventilation can be seen in up to 95 % and 45 % of patients, respec-
tively [ 10 ,  11 ]. 
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 Acute RP develops 2–4 months after RT, and the risk is associated with total 
dose, fraction dose, irradiated lung volume, and other concurrent or sequential ther-
apies as well as patient characteristics such as age, coexisting lung disease, smok-
ing, genetic susceptibility, and poor pulmonary function test (PFT) results. In the 
presence of persistent nonproductive cough, dyspnea, or low-grade fever, high- dose 
oral corticosteroids are used for 4–8 weeks to alleviate the symptoms. Rapid 
response is common in approximately 80 % of the patients [ 12 ]. In more severe 
cases, intravenous corticosteroids with oxygen support and even hospitalization 
may be required. 

 Emami et al. reported estimations for tolerance doses based on studies with two- 
dimensional RT (2-D RT) [ 13 ]. They defi ned TD5/5 as the tolerance dose with a risk 
of 5 % complication rate at 5 years and recommended a maximum of 45 Gy for the 
1/3, 30 Gy for the 2/3, and 17.5 Gy for the 3/3 of the lung, respectively. 

 In the era of three-dimensional (3-D RT) and intensity modulated RT (IMRT), 
the dose to the percentage volume can be evaluated precisely. The  mean lung dose 
(MLD)   and the percentage of the total lung volume irradiated with a specifi c mini-
mum dose such as V5 (i.e., the lung volume that receives ≥5 Gy), V13, V20, V30, 
and V40 have been used to defi ne the tolerance limits in different trials. Although it 
was shown that MLD predicts the toxicity more accurately then Vx, it was also 
reported that V13 is more predictive when the MLD is >20 Gy or V13 is >50 % 
[ 14 ]. A study from the Memorial Sloan-Kettering Cancer Center (MSKCC) showed 
that the risk of RP is 50 % and 5 % when the MLD is ≥26 Gy and ≤12 Gy and V13 
of the ipsilateral lung >80 % and >40 %, respectively [ 15 ]. The same center also 
showed that the risk of grade ≥3 lung toxicity increases from 4 % to 38 % when the 
V25 increases from <30 % to >30 %, respectively [ 16 ]. They specifi ed the most 
important predictors for RP as MLD, V5 to V40 of the total, ipsilateral, and lower 
lung, with V5 to V20 of the ipsilateral lung being the most predictive [ 15 ,  17 ]. 

 Marks et al. reported that when the V20 is ≤30 %, the RP risk is <20 %, and the 
risk of symptomatic RP increases to 40 % from 5 % when the MLD increases to 
27 Gy from 7 Gy [ 5 ]. Graham et al. reported that symptomatic RP is 0 % when the 
V20 is <22 %; however, it increases to 36 % when the V20 is >40 % [ 18 ]. Princess 
Margaret Hospital has recommended keeping the V20 ≤30–35 % and the MLD 
≤20–23 Gy in order to minimize the risk of RP [ 19 ]. 

 Washington University reported the 2-year risk of RP 36 %, 13 %, 7 %, and 0 % 
when the  V20   is >40 %, 32–40 %, 22–31 %, and <22 %, respectively [ 18 ]. A study 
from the same center also showed that the risk is signifi cantly correlated with D30 
to D40 (the dose delivered to the 30 % and 40 % volume of the lung, respectively) 
and V5 to V15 and V70 to V75 [ 20 ]. The M.D. Anderson Cancer Center (MDACC) 
reported that the MLD and V5 to V65 were the most signifi cant predictors for the 
risk of RP; the risk of grade ≥3 RP was increased to 38 % from 3 % when the V5 is 
increased to >42 % from ≤42 % [ 21 ]. The Mayo Clinic found that the risk of RP 
was 10–20 % when the V10 is 32–43 %, V13 29–39 %, V15 27–34 %, and V20 
21–31 %, respectively, which revealed that V10 to V13 are the most signifi cant 
predictors [ 22 ]. The QUANTEC recommends the MLD <20 % and V20 <30–35 % 
in patients with non-small cell lung cancer (NSCLC) [ 5 ]. 
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 Patients receiving concurrent chemoradiotherapy (CRT) have an increased risk 
of RP. The Duke University reported the risk of grade ≥1 RP 24 % and 6 % when 
the V30 is >18 % and <18 %, respectively, in a group of patients in which 18 % 
received CRT [ 23 ]. A Japanese study also reported increased risk with increased 
MLD; 44 %, 27 %, 16 %, and 10 % when the MLD is >30 Gy, 21–30 Gy, 10–20 Gy, 
and <10 Gy, respectively, in patients who underwent CRT [ 24 ]. 

 Tumor location is also a factor for the development of RP. The MSKCC reported 
that the risk of RP was increased in tumors located in lower lobes compared to 
upper lobe lesions [ 15 ]. The Washington University also found that the location of 
the tumor was the most signifi cant predictor of RP [ 20 ]. 

 It was shown that the risk of RP is lower with IMRT treatment [ 25 – 27 ]. However, 
the dose to small volumes of the lungs should be evaluated more carefully in this 
setting. A study from the MDACC reported the risk of grade ≥3 RP 21 % and 2 % 
when the V5 is >70 % and ≤70 Gy, respectively [ 25 ]. The studies in patients with 
mesothelioma also revealed better toxicity results with IMRT. No RP was reported 
in patients whose MLD, V5, and V20 were 12.9 Gy, 90 %, and 10.9 %, respectively 
[ 28 ]. The same values for patients who did not develop RP were 7.5 Gy, 66 %, and 
0.2 %, respectively, in another study [ 29 ]. The MDACC study revealed that the risk 
of pulmonary death is increased to 42-fold when the V20 is >7 % [ 30 ]. Willner et al. 
reported that the risk of RP increases when the volume of ipsilateral lung receiving 
>40 Gy increases and <10 Gy decreases [ 17 ]. Murshed et al. reported 7 % and 10 % 
reduction with IMRT in the V10 and V20, respectively, compared to 3-D RT [ 31 ]. 
This also led to a decrease more than 2 Gy in the MLD and 10 % reduction in the 
risk of RP. However, the V5 increased, possibly due to the increase in monitor units 
(MUs) and the leakage from the multileaf collimators (MLCs). When using IMRT, 
the step-and-shoot technique can reduce MUs signifi cantly compared to the sliding 
window technique. 

 In the treatment with SABR, smaller volumes of lung are irradiated and the 
incidence of RP is lower [ 32 ]. In a meta-analysis of studies on SABR, the rate of 
grade ≥3 RP was reported 2 % [ 33 ]. However, large volumes of lung are irradiated 
to low doses because of beam numbers [ 34 ]. In the RTOG 0236 study, 8 % of the 
patients with stage I NSCLC who received SABR developed RP, and the authors 
recommended limiting the <10 % of the lung volume to 20 Gy [ 35 ]. Nyman et al. 
compared the incidence of RP in patients with T1-2 N0 NSCLC who received 
SABR (3 × 22 Gy) and conventional RT (35 × 2 Gy) and reported decreased toxicity 
rates for SABR (16 % vs 34 %) [ 36 ]. Barriger et al. reported the risk of grade ≥2 
RP 17 % and 4 % when the MLD was >4 Gy and ≤4 Gy, and 16 % and 4 % when 
the V20 was >4 % and ≤4 Gy, respectively [ 37 ]. The American Association of 
Physicists in Medicine (AAPM) Task Group 101 report recommends that the 10 
and 15 cc of bilateral lungs should receive 7.4 and 7 Gy in one fraction, 12.4 and 
11.6 Gy in three fractions, and 13.5 and 12.5 Gy in fi ve fractions at maximum, 
respectively [ 38 ]. 

 Patients with large tumors or  interstitial lung disease (ILD)   are at higher risk for 
the development of RP. It was shown that RP risk was 26 % in patients with large 
tumors (PTV >80 cc) who underwent SABR, and the risk was increased with the 
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increased volume of contralateral lung receiving low dose (≥5 Gy) [ 39 ]. Similarly, 
the risk of grade ≥4 RP after SABR was signifi cantly higher in patients with ILD 
(26 %) compared to patients without ILD (3 %) [ 40 ]. 

 Pulmonary functions are not largely affected by the administration of SABR [ 41 , 
 42 ]. In the RTOG 0236 study, no statistically signifi cant difference between the 
 pre- and posttreatment PFTs was reported [ 43 ]. 

 It is generally accepted to limit the V20 <40 % of total lung volume in patients 
receiving RT alone, <35 % in patients receiving CRT alone, and <20 % in patients 
receiving CRT after surgery. It is also recommended keeping V10 <40 % in the lat-
ter group of patients [ 44 ].   

    Heart 

    Contouring 

 According to Feng et al. who developed a heart atlas for the prediction of radiation 
exposure in breast cancer patients, the whole heart, its chambers, great vessels, car-
diac valves, conduction system, and coronary arteries should be delineated (Fig.  23.1 ) 
[ 45 ]. However, as the life expectancy of patients with lung cancer is much shorter 
than patients with breast cancer, there is no recommendation on detailed contouring 
in these patients as there is not enough time to encounter most complications.

   The optimal windowing in CT slices for the delineation of the heart is the level 
of 50 and window of 500 Hounsfi eld Unit (HU), whereas it is 50 and 150 HU, 
respectively, for the great vessels [ 45 ]. The RTOG recommends that the heart should 
be contoured along with the pericardial sac. The base (superior part) of the heart 
starts at the level of the inferior border of the left pulmonary artery and continues 
until the diaphragm appears. The pericardium comprises pericardial fatty tissue, 
great vessels, heart chambers, normal recesses, and pericardial effusion if applica-
ble. The delineation of the pericardium begins at 5–6 mm above the top of the aortic 
arch and ends at the last slice of the apex of the heart. 

 The delineation of great vessels is recommended but not mandated by 
RTOG. They are recommended to be contoured separately from the heart, using 
“mediastinal windowing” (see Chap.   3     for details) by which the walls and muscular 
layers of the vessels can be seen more accurately. The delineation starts from at least 
3 cm above the superior border of the PTV (or from the level of the aortic arch, 
depending on which is superior) and ends at least 3 cm below the inferior border of 
the PTV. The superior vena cava and aorta are delineated for the treatment of right 
and left lung tumors, respectively. For either side tumors, the ipsilateral pulmonary 
artery is also contoured. 

 The RTOG guideline for the delineation of OARs in intrathoracic malignancies 
does not include recommendations for the coronary arteries, heart chambers, and 
valves. They are included in the delineation of the pericardium in this atlas. If 
required these structures can be delineated by following the recommendations in the 
 heart atlas   developed by Feng et al. [ 45 ].  
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    Dose-Volume Constraints and Toxicity 

 As the survival is longer, most data on dose-volume constraints for the heart have 
been obtained from patients with breast cancer and lymphoma.  Cardiac morbid-
ity   and mortality rates after RT for intrathoracic malignancies are associated 
with total dose, fraction dose, irradiated volume of the heart, and patient charac-
teristics [ 46 ]. The most common acute radiation-induced toxicity is  pericarditis   
which is usually transient. However, it can progress to be chronic and lead to 
fi brosis, pericardial effusion, and constrictive pericarditis. The incidence of radi-
ation-induced pericarditis is strongly associated with the irradiated volume of 
the heart [ 47 ]. 

  Fig. 23.1    Delineation of heart       
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 Emami et al. estimated the TD5/5 40 Gy for 3/3, 45 Gy for 2/3, and 60 Gy for 1/3 
of the heart, respectively, when conventional RT is administered [ 13 ]. It was reported 
that the risk of pericarditis increases when >50 % of the heart is irradiated and the 
volume of the heart treated with ≥30 Gy increases [ 48 ,  49 ]. The QUANTEC 
reported that the risk of pericarditis is <15 % when the mean heart dose is <26 Gy 
and V30 is <46 % [ 46 ]. It was also stated that the risk of cardiac mortality at 5 years 
is <1 % when the V25 is >10 %. It has been recommended limiting the V50 of the 
heart <50 % [ 50 ]. V40 and V50 of the heart were reduced in patients who were 
treated with IMRT [ 31 ]. The RTOG 0236 trial has recommended limiting the 
 maximum point dose to the heart to 30 Gy in patients treated with SABR [ 35 ]. 

 Coronary artery disease, myocardial infarction, and congestive heart failure may 
develop in the chronic period. The University of Michigan has recommended the 
mean and maximum dose for the left anterior descending artery (LAD) <5 Gy and 
<15 Gy, respectively [ 51 ]. 

 Postoperative RT for lung cancer was shown to increase mortality rate due to 
unknown causes by 6 % [ 52 ]. On the other hand, adjuvant RT increased cardiac 
mortality rate threefold in a study where 5 % of the patients who underwent postop-
erative RT were succumbed to cardiac disease [ 53 ]. 

 Shafman et al. recommend using non-axial beams rather than axial to decrease 
the dose that the heart receives incidentally, particularly in patients with lower lobe 
tumors and positive lymph nodes [ 54 ]. They suggest that using non-axial beams can 
decrease the irradiated volume of the heart.   

    Esophagus 

    Contouring 

 According to the RTOG atlas, delineation of the esophagus starts from the 
 inferior border of the cricoid cartilage and ends at the gastroesophageal junction 
(Fig.  23.2 ). The mediastinal window on CT allows us to see the mucosa, submu-
cosa, and muscular layers of the esophagus. Oral contrast use is not recom-
mended unless the esophagus wall is surrounded by the tumor. If oral contrast is 
going to be used, the esophagus is defi ned as a soft tissue to minimize the  contrast 
effect [ 2 ].

       Dose-Volume Constraints and Toxicity 

  Acute esophageal toxicity   is observed as dysphagia, odynophagia, or dysmotility, 
whereas necrosis, fi stula, or stricture can be seen in the late period. The incidence of 
grade ≥3 acute esophagitis is 1.3 % in patients treated with conventional fraction-
ation [ 55 ]. It was shown that induction and concurrent chemotherapy increases the 
risk of severe acute esophagitis [ 56 ,  57 ]. Acute grade ≥3 esophagitis is observed in 
15–25 % of the patients, particularly in those receiving CRT.  Dysphagia   usually 
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starts within the second or third week of RT where the total dose reaches 18–21 Gy 
[ 55 ]. It may progress to  odynophagia   and then to constant pain which may require 
gastric tube and even  parenteral nutrition  . Acute esophagitis generally recovers 
1–3 weeks after the completion of RT. In the late-setting fi brosis, ulceration, stric-
ture, fi stula, and perforation may occur 3–8 weeks after RT. Grade ≥3 late toxicity 
can develop in <5 % of the patients [ 58 ,  59 ]. 

 Chemotherapeutic agents such as adriamycin and gemcitabine can cause severe 
esophagitis when used concurrently or sequentially with RT [ 60 – 62 ]. Furthermore, 
hyperfractionated and accelerated regimens of RT also leads to increased rate and 
duration of severe acute esophagitis [ 57 ,  63 – 66 ]. 

  Fig. 23.2    Delineation of esophagus ( arrow  shows esophagus)       
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 Emami et al. estimated the maximum doses for the 1/3, 2/3, and 3/3 of the esoph-
agus 60 Gy, 58 Gy, and 55 Gy, respectively [ 13 ]. The QUANTEC paper reported 
that the risk of grade ≥3 esophagitis is <20 % when the mean esophagus dose was 
<34 Gy [ 67 ]. It was also stated that when the V35 is <50 %, V50 is <40 %, and V70 
is <20 %, the risk of esophagitis decreases. The RTOG 0617 also recommends the 
mean dose to the esophagus <34 Gy [ 68 ]. It is recommended to limit the length of 
esophagus receiving 60 Gy <16 cm [ 50 ]. 

 The Washington University reported that the rate of grade ≥3 acute and late 
esophagitis increases when the maximum dose (Dmax) is >58 Gy, mean dose 
>34 Gy, and when concurrent CRT is administered [ 58 ]. The Duke University spec-
ifi ed the signifi cant predictors of late esophagitis as V50, the length of esophagus 
that receives >50–60 Gy, the surface dose that receives (S50) ≥50 Gy, and the cir-
cumferential Dmax >80 Gy [ 69 ]. The rate of late esophagitis was found approxi-
mately 30 % when the V50 or S50 was >32 % or when >3.2 cm of the esophagus 
received >50 Gy; however, the rate of acute esophagitis was not affected. Another 
study from the same center showed that the circumference of the esophagus receiv-
ing ≥50 Gy and ≥55 Gy, maximal percentage of circumference receiving ≥60–
80 Gy, and 75 % of the circumference receiving ≥70 Gy were correlated with late 
esophageal toxicity and also stated that the most signifi cant predictor of late toxicity 
was the presence of acute toxicity [ 70 ]. 

 The  RTOG 9311 trial   compared three doses in patients who received RT alone 
(arm 1: 90.3 Gy total and V20 of the lungs <25 %; arm 2: 83.8 Gy total and V20 
25–37 %; and arm 3: 77.4 Gy total and V20 >37 %) [ 3 ]. The maximum dose to the 
1/3 of the esophagus was 65 Gy, to 2/3 58 Gy, and to 3/3 55 Gy in this study, respec-
tively. No severe acute esophagitis was observed in any treatment arm. However, 
late esophageal toxicity was increased with higher total doses. The RTOG 0117 trial 
compared patients who received IMRT and 3-D RT both with concurrent paclitaxel 
and carboplatin chemotherapy [ 71 ,  72 ]. With a mean dose to the esophagus <32 Gy 
and V55 of the esophagus <28 %, it was possible to signifi cantly decrease the dose 
to the esophagus with IMRT up to 80 Gy total dose. The V40 and V50 of the esoph-
agus were decreased in patients who underwent IMRT [ 31 ]. The RTOG trial has 
recommended limiting the maximum point dose to the esophagus to 27 Gy in 
patients treated with SABR [ 35 ].   

    Spinal Cord 

    Contouring 

 The RTOG atlas recommends contouring the spinal cord limited by the bony struc-
tures of the spinal canal [ 2 ]. The delineation starts at the inferior border of the cri-
coid cartilage or inferior to the skull base in apical tumors, until the inferior border 
of the body of the lumbar (L)2 vertebra. The entire spinal canal should be delin-
eated; however, the neural foramens are not included. Some RTOG trials recom-
mend starting to delineate the spinal cord from 10 cm superior to the PTV and 
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continue until 10 cm inferior to it. However, the expansion can go beyond the end 
of the spinal canal and even the range of the CT scan if this method is used. Kong 
et al. recommend using magnetic resonance imaging (MRI) for tumors in the vicin-
ity of the spinal cord when treated with SABR [ 2 ].  

    Dose-Volume Constraints and Toxicity 

 Myelopathy is defi ned as grade ≥2 myelitis.  Acute radiation-induced spinal cord 
toxicity   is generally encountered as the transient  Lhermitte syndrome   which typi-
cally starts 2–4 months after RT and cannot be classifi ed as “myelopathy” as the 
symptoms are mild. Radiation myelopathy generally develops more than 
6 months after RT [ 73 ]. It starts within the white matter due to either direct or 
secondary to microvascular damage [ 74 ]. The symptoms are usually presented as 
numbness, tingling, and reduced sensitivity to temperature in the lower extremi-
ties. It may progress to weakness resulting in foot drop. Chronic progressive 
myelopathy can be observed 9–15 months after RT but fortunately is rare. It is 
observed as paresis, bladder, and rectal incontinence, and even complete  paralysis. 
Sensory losses may recover over a period of time; however, motor losses are 
 usually irreversible [ 75 ]. 

 It is known that increased length of irradiated spinal cord is associated with an 
increased risk of  myelopathy  . Emami et al. recommended the maximum doses as 
50 Gy to 5 cm, 50 Gy to 10 cm, and 47 Gy to 20 cm of the spinal cord, respectively 
[ 13 ]. The tolerance of the spinal cord is also affected by patient characteristics such 
as age, congenital abnormalities, and comorbidities as well as neurotoxic chemo-
therapeutic agents and oxygen level [ 76 ]. 

 Schultheiss et al. reported that the risk of radiation myelopathy is 5 % between 
conventional fraction doses of 57 and 61 Gy [ 77 ]. Wong et al. observed no myelopa-
thy after 50 Gy in 25 fractions [ 78 ]. The RTOG limits the maximum dose with 
45–50 Gy. It was calculated that the risk of myelopathy is 0.03 % when the maxi-
mum dose is <45 Gy [ 79 ]. The QUANTEC paper, on the other hand, reported that 
increased maximum dose from 50 to 60 Gy and 69 Gy increases the risk of myelop-
athy from 0.2 % to 6 % and 50 %, respectively [ 80 ]. It was also shown that the 
thoracic (T) cord is more radioresistant than the cervical (C) cord [ 81 ]. However, no 
difference in the duration of latency was shown between T and C cords. 

 It is well known that the repair of subacute injury of the spinal cord is slower than 
many other tissues [ 82 ]. No unexpected myelopathy was reported after two frac-
tions in a day with at least 6–8 h between them. Jeremic reported no myelopathies 
after 50.6 Gy in 1.1 Gy fractions in the C cord and 50.4 Gy in 1.2 Gy fractions in 
the T cord [ 83 ,  84 ]. However, studies with three to four fractions a day reported 
 unexpected myelopathies [ 85 ,  86 ]. 

 By using more developed technologies such as IMRT or proton therapy, small 
volumes of the spinal cord can receive higher doses than would be intolerable for 
the whole cord [ 87 ]. Depending on this, it has been stated that small portions of the 
spinal cord may tolerate higher doses up to 60 Gy [ 74 ]. 
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 In studies of SABR, it was reported that a maximum dose of 13 Gy in a single 
fraction or 20 Gy in three fractions is safe with <1 % risk of myelopathy [ 35 ]. The 
RTOG 0631 study which administers SABR to spine metastases limits the D10 and 
D0.35 ml with 10 Gy and Dmax with 14 Gy [ 88 ].   

     Brachial Plexus   

    Contouring 

 The delineation of the brachial plexus is only required for upper lobe tumors and 
contouring only the ipsilateral brachial plexus is suffi cient (Fig.  23.3 ). The 

  Fig. 23.3    Delineation of brachial plexus       
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delineation starts from the superior of the C5 vertebra to the superior of the T2 
 vertebra, including the spinal nerves exiting the neural foramens. Timmerman has 
shown an easy way to identify the brachial plexus in the ongoing RTOG 1106 trial. 
According to “Timmerman’s trick”; the vein, artery, and nerves lie over the fi rst rib 
and under the clavicle, and by fi nding this plane, you can delineate the neurovascu-
lar tissues on all CT slices. The contouring should extend at least 3 cm above the 
PTV. Although RTOG 0618 trial has recommended including the subclavian and 
axillary vessels, the ongoing 1106 study has contoured the nerves according to the 
CT anatomy on every other CT slice. Contrast use will facilitate the contouring by 
making the arteries more visible. If the brachial plexus is involved by the tumor and 
cannot be identifi ed, contralateral brachial plexus can be used to fi nd the involved 
one more easily.

   Hall et al. proposed an atlas for the delineation of brachial plexus in patients 
with head and neck cancer treated with IMRT [ 89 ]. This atlas can be adapted for 
patients with lung cancer. The authors have recommended following these 
steps; first, one should find and delineate the C5, T1, and T2 vertebrae, the 
subclavian and axillary neurovascular bundles, and anterior and middle scalene 
muscles from the C5 vertebra to their insertions onto the first rib. The next step 
is to delineate the brachial plexus by using a 5 mm diameter paint tool, starting 
from the neural foramina from C5 to T1 vertebra, extending from the lateral 
aspect of the spinal canal to the space between the anterior and middle scalene 
muscles. In CT slices where the neural foramen does not exist, only the space 
mentioned above is delineated. Delineation continues until the middle scalene 
muscle ends at the subclavian neurovascular bundle. The brachial plexus is 
delineated inferior and lateral to the posterior aspect of the neurovascular bun-
dle and until the inferior to the clavicular head. The medial border is the first 
and second ribs.  

    Dose-Volume Constraints and Toxicity 

 Based on its poorly described diagnosis, radiation-induced  brachial plexopathy   
(BP) has somewhat low incidence. The reason for the development of BP is 
demyelination resulting in the loss of axons [ 90 ]. The early transient BP may 
develop during RT or weeks or months after the completion of RT [ 91 ]. It usually 
resolves spontaneously and can occur at low doses. Late BP develops years after 
RT; has more signifi cant symptoms such as hyperesthesia, paresthesia, and 
weakness of the affected arm and shoulder; and can even progress to total 
paralysis. 

 Emami et al. reported the TD5/5 for the 1/3 of the brachial plexus 62 Gy, for 
2/3 61 Gy, and for 3/3 60 Gy, respectively [ 13 ]. Late toxicity develops if the 
maximum dose of the brachial plexus exceeds 60–66 Gy [ 89 ]. The RTOG 0617 
study recommends keeping the maximum dose <66 Gy, whereas the RTOG 
0972/Cancer and Leukemia Group B (CALGB) 36050 study advises the V20 is 
kept ≤35 % [ 68 ,  92 ]. Eblan et al. reported fi ve cases of radiation-induced BP in 
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80 patients with apical NSCLC who received ≥50 Gy to the primary tumor, and 
the median onset of toxicity was 11 months [ 93 ]. They stated that the rate of BP 
was 9 % in patients who were estimated to have received >60 Gy to the ipsilat-
eral brachial plexus. They estimated the rates of radiation-induced BP at 1 and 
3 years 8 % and 17 %, respectively. In this study, no patients who received 
≤78 Gy to the ipsilateral brachial plexus developed toxicity. The mean V66, 
V76, and V80 were 51 %, 39 %, and 22 %, respectively, in patients who devel-
oped radiation-induced BP. They also reported the V76 of >1 cc of the ipsilateral 
brachial plexus as the strongest predictor for the development of BP. Amini et al. 
reported the results in 90 patients with unresectable NSCLC in upper lobes who 
received CRT [ 94 ]. The rate of grade 1 BP was 16 %, and grade ≥2 7 % in these 
patients with median 70 Gy to the brachial plexus. The most important predictive 
factors for the development of BP were the presence of prior BP, a median 
dose of >69 Gy to the brachial plexus, and a maximum dose of >75 Gy to 2 cm 3  
of the brachial plexus. 

 Brachial plexopathy can also be observed in patients who receive SABR for api-
cal lung tumors. The RTOG trial limits the maximum point dose to the ipsilateral 
brachial plexus to 24 Gy [ 35 ]. The Indiana University reported 7 BPs in 37 apical 
tumors median 7 months after RT with median 30 Gy to the brachial plexus [ 95 ]. 
The risk of grade 2–4 BP was increased to 46 % from 8 % when the maximum dose 
increased to >26 Gy from ≤26 Gy. The AAPM Task Group 101 recommends the 
maximum point dose and maximum dose to 3 cc of the brachial plexus 17.5 Gy and 
14 Gy in a single fraction, 24 Gy and 20.4 Gy in three fractions, and 30.5 Gy and 
27 Gy in fi ve fractions of SABR, respectively [ 38 ].   

    Chest Wall and Ribs 

    Contouring 

 Chest wall can easily be delineated by expanding 2 cm lateral, anterior, and poste-
rior to the ipsilateral lung and excluding the lung itself [ 2 ,  96 ]. The medial border of 
the CW ends at the lateral border of the sternum on the anterior and at the lateral 
border of vertebral bodies including the spinal nerve roots on the posterior 
(Fig.  23.4 ). The contour includes intercostal muscles and nerves but excludes the 
vertebral bodies, sternum, skin, and other muscles. Auto-delineation can be made 
by the auto- expansion of the ipsilateral lung. The delineation of the CW should start 
3 cm  superior to the PTV and end 3 cm inferior to it.

   Shaikh et al. reviewed the delineation of the CW and ribs in various SABR stud-
ies [ 97 ]. The most common method for contouring the CW is 3 cm expansion from 
the ipsilateral lung including the roots of thoracic nerves and intercostal muscles 
while excluding the mediastinal structures, lung, and vertebral bodies. The ongoing 
RTOG 1021 and 0915 trials have recommended delineating the ribs within 5 cm of 
the PTV by outlining the bone and marrow and contouring adjacent ribs as one 
structure excluding the intercostal spaces.  
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  Fig. 23.4    Delineation of chest wall       
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    Dose-Volume Constraints and Toxicity 

  Chest wall toxicity   should particularly be considered in patients treated with SABR 
which is preferred in medically inoperable in patients with early stage lung cancer. 
The symptoms generally develop several months after the completion of RT and can 
be observed as CW pain which is due to the injury of the intercostal nerves, or rib 
fracture which is usually asymptomatic. Recent studies held in breast cancer patients 
treated with conventionally fractionated RT have reported the rates of rib fracture 
0.3–3.6 % [ 98 ,  99 ]. It was shown that rib fractures can occur with point doses as low 
as 33 Gy [ 100 ]. 

 Voroney et al. reported 11 CW toxicities and 7 rib fractures in 42 medically 
inoperable patients with NSCLC treated with SABR doses of 54–60 Gy in three 
fractions [ 100 ]. On the other hand, rates of CW toxicity and rib fracture were 
reported 11.4 % and 1.6 %, respectively, when 55 Gy was delivered in fi ve frac-
tions [ 101 ]. Coroller et al. reported the rate of CW toxicity 8.3 % and rib fracture 
6.9 % in 69 patients receiving 54 Gy in three fractions or 50–60 Gy in fi ve fractions 
[ 102 ]. In the review of Shaikh et al. which evaluated CW toxicity in 12 SABR 
studies, the rates of CW pain and rib fracture were 0–46 % and 0–39 %, respec-
tively, with doses of 18–72 Gy in 3–24 fractions [ 97 ]. Andolino et al. reported that 
the rates of CW pain and rib fracture were increased in patients who received a 
maximum dose of 50 Gy to the CW and ribs [ 103 ]. Stephans et al. found that no 
patients developed CW toxicity when the point dose to the CW was <67.5 Gy, and 
the risk was higher when 60 Gy in three fractions was administered compared to 
50 Gy in fi ve fractions [ 104 ]. 

 It was reported that the volume of the CW receiving >30 Gy during SABR is a 
predictor for the development of severe pain and rib fracture [ 105 ]. The authors 
stated that the risk of CW toxicity was 30 % when 35 cm 3  of the CW received 
30 Gy and recommended that the V30 of the CW should be <30 cm 3  in three to 
fi ve fractions. Creach et al. found that when the V30 is >0.7 % and V40 is 
>0.19 %, the risk of CW toxicity is 15 % [ 106 ]. Hoppe et al. reported 14 % grade 
>2 acute skin toxicity in 50 patients with early stage NSCLC who were treated 
with SABR, and the maximum back skin dose, distance between the tumor and 
the skin, and the number of beams were predictive factors for the development of 
toxicity [ 107 ]. 

 The volume receiving high-dose RT is also crucial for the development of CW 
toxicity. Taremi et al. reported that the risk of rib fracture is 50 % when the D0.5 cc 
of the rib is ≥60 Gy, and they proposed a calculation algorithm for the risk of devel-
opment of CW toxicity according to patient age and gender and D0.5 cc of the CW 
[ 108 ]. Pettersson et al., on the other hand, found that the D2 of the rib ≥27.3 Gy was 
associated with the same risk [ 109 ]. Andolino et al. reported that D5 >40 Gy and 
D15 >40 Gy result in 10 % and 30 % rate of rib fracture, respectively [ 103 ]. Kim 
et al. found that D8 >58 Gy was associated with a 50 % risk of rib fracture [ 110 ]. 
The RTOG recommends the maximum point dose of the ribs 30 Gy in one or 40 Gy 
four fractions, respectively.   
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    Trachea and  Proximal Bronchial Tree   

    Contouring 

 The delineation of the trachea and PBT is recommended in patients with lung can-
cer but not mandated (Fig.  23.5 ). The PBT starts at 2 cm above the carina and 
includes the distal 2 cm of the trachea, the carina, bilateral main bronchi, bilateral 
upper lobe bronchi, the intermedius bronchus and middle lobe bronchus of the right 

  Fig. 23.5    Delineation of trachea and proximal bronchial tree       
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lung, the lingular bronchus of the left lung, and bilateral lower lobe bronchi. The 
mediastinal windowing should be used on the CT scan to clearly see the mucosa, 
submucosa, and cartilage rings and airway channels of these structures [ 2 ]. The 
whole bronchial tree can be contoured as one structure. The delineation can be done 
by expanding the lobar bronchus by 2 mm, the main bronchus by 3 mm, and the 
trachea by 4 mm. The RTOG 0618 trial recommends ending the delineation of the 
lobar bronchi at the level of a segmental bifurcation [ 34 ].

       Dose-Volume Constraints and Toxicity 

 The risk for the development of PBT toxicity is associated with the distance of the 
tumor to bronchi and total and fraction dose of RT. It has been clearly shown that 
central lesions are at higher risk for PBT toxicity [ 32 ]. Fakiris et al. treated 70 
patients with medically inoperable early stage lung cancer with 54 Gy SABR in 
three fractions, and severe central airway toxicity was observed in 10.4 % and 
27.3 % of patients with peripheral and central tumors, respectively [ 111 ]. The rate 
of grade 3–4 PBT toxicity was reported <9 % in a review of 315 patients with 
central lung tumors treated by SABR, and it was concluded that the treatment- 
related mortality signifi cantly decreased when the lower biologically effective 
dose (BED) was ≤210 Gy [ 112 ]. The QUANTEC paper has recommended limit-
ing the dose to the central airways to ≤80 Gy in order to reduce the risk of PBT 
toxicity [ 113 ]. 

 The AAPM Task Group 101 recommends the maximum point dose and maxi-
mum dose to 4 cc of PBT 20.2 Gy and 10.5 Gy in a single fraction, 30 Gy and 15 Gy 
in three fractions, and 40 Gy and 16.5 Gy in fi ve fractions, respectively, in patients 
treated with SABR [ 38 ]. The RTOG 0236 trial limits the maximum point dose to the 
trachea and ipsilateral bronchus to 30 Gy [ 35 ].   

    Conclusion 
 Most data on toxicity of RT in lung cancer patients are based on conventional 
fractionation. Data on more developed techniques have been accumulated. It is 
important to apply the recommended dose-volume constraints for lung cancer 
patients in order to minimize toxicity.     
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         Introduction 

 Radiation treatment of tumors in the thoracic region has evolved substantially over 
the years. Past methods of treatment were very simple and included several fi xed 
aperture beams to deliver the prescribed dose to the tumor. With the advent of inten-
sity-modulated radiation therapy (IMRT) and volumetric-modulated arc therapy 
(VMAT)   , the complexity of such treatments has evolved. These types of treatments 
use the multi-leaf collimator to create a sequence of small apertures to deliver a high 
dose to the tumor. The treatment plans are created so that a high dose is given to the 
target while keeping the dose to organs at low risk. This requires a  treatment plan-
ning system (TPS)   that has the capabilities of inverse planning to generate such 
treatment fi elds. The inverse planning engine uses as input contours of the targets 
and OARs to generate an optimal plan. With new technologies comes a new set of 
quality assurance (QA) tasks that need to be performed to ensure that what is being 
planned in the TPS is actually what is delivered to the patient. 

 Complicating this task of treating tumors located in the thoracic region is that this 
anatomical region is constantly moving with respiration. Tumors that are subject to 
respiratory motion have to be treated and this motion should be accounted for when 
simulating and treating the patient. In this chapter, we will cover the simulation, 
planning, and treatment of tumors located in the thoracic region along with strategies 
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to mitigate tumor motion. In addition we will discuss the QA methods of each com-
ponent of the radiation therapy process when treating tumors in the thoracic region.  

    Patient Simulation 

    Setup and Immobilization 

 Prior to beginning radiation treatment, all patients undergo a 3D CT simulation. CT 
simulation allows us to visualize the tumor and other anatomy in 3D. CT numbers 
are proportional to electron density, which is necessary in heterogeneous dose 
 calculation algorithms. Patients are brought to the simulator and positioned on the 
CT couch. At this point, immobilization devices are created to make sure that the 
patient can be set up in a reproducible position for treatment. Patient  immobilization 
is a key component to the radiation treatment process. Complex treatments are 
good only if they are treating the area that is intended. That includes setting the 
patient up in an accurate, reproducible, and comfortable manner for the patient so 
that they can be positioned in the exact same way each day they come for treatment. 
Typical immobilization devices for thoracic malignancies include a t-bar and  vac-
loc bag   for upper body immobilization [ 1 – 3 ]. The choice of vac-loc bag varies; for 
stereotactic simulation, the vac-loc bag will typically wrap around the patient 
higher than those chosen for conventional fractionation. Another device that may 
be used for patients whose tumor moves during respiration is the use of a compres-
sion device. These devices as the name implies compress the patient’s abdomen, so 
that the diaphragm motion is limited which can be a benefi cial strategy to reduce 
tumor motion [ 2 ]. These immobilization devices must comfortably allow the 
patient to be positioned reproducibly each day during the course of radiation 
therapy.  

     Image Acquisition   

 Once the immobilization device has been made, acquisition of the CT data set 
begins. The patient’s anatomy in the thoracic region including the tumor and the 
organs at risk move during respiration, this motion should be accounted for during 
the simulation. This can be accomplished in one of four ways: (1) acquire a slow 
scan CT while the patient breathes freely, (2) acquire CT data while the patient 
executes a breath hold maneuver, (3) acquire a respiratory-correlated CT data set, 
commonly referred to as a 4DCT, and (4) acquire a respiratory gated CT data set. 

 The fi rst method of acquisition as the name implies is a traditional CT scan 
through the thorax while the patient breathes normally. For this method, the acquisi-
tion is relatively slow compared to that of a diagnostic scan. The slow scan allows 
areas moving with respiration to be imaged and captures the motion in the images. 
Structures that move fast with respect to the scan speed will have blurred edges. 
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This technique however, does not directly account for respiratory motion during 
imaging process, which must be accounted for during treatment planning. While all 
imaging procedures are prone to motion artifacts, these artifacts are more likely to 
present themselves in this technique because respiratory motion is not accounted for 
during acquisition. 

 The second approach to 3D-imaging in the thoracic region is acquiring the CT 
data set while the patient executes a breath hold maneuver [ 4 ,  5 ]. During this acqui-
sition, the patient is instructed to hold their breath, and while the patient executes 
this breath hold maneuver the CT acquisition occurs. Breath hold scans are typically 
fast and can capture anatomy in its current state at the time of the acquisition. A 
well-executed breath hold acquisition should result in less motion- related artifacts 
than the free-breathing acquisition. However, if the patient is going to be treated 
using the breath hold technique, reproducibility of anatomy during breath hold 
needs to be examined. This can be accomplished by acquiring multiple breath hold 
scans and comparing the anatomy. Not all patients are candidates for breath hold 
imaging/treatment technique. Some patients cannot physically tolerate the breath 
hold procedure and some cannot comprehend/understand the instructions. One must 
keep in mind that if the patient has trouble tolerating the breath hold procedure at 
simulation, this same breath hold procedure will have to be repeated each day dur-
ing the course of radiation treatment. 

 The third method of respiratory-correlated 3D imaging is the acquisition of a 
 4DCT  [ 6 ,  7 ]. In this imaging technique, the patient’s respiration is monitored during 
image acquisition while the patient breathes normally. The imaging technique is 
setup so that each axial section of anatomy is oversampled relative to the patient’s 
breathing cycle. The section of anatomy that was imaged can then be correlated to 
the phase of the respiratory cycle and can be used to generate a series of 3D CT 
image sets which we refer to as a 4DCT. There are two different approaches to 4DCT 
generation each of which are vendor specifi c. The fi rst approach is implemented on 
the GE CT scanners (GE Healthcare, Waukesha, WI), in which the 4DCT is acquired 
in axial mode. During this imaging application each couch position is oversampled 
with respect to the respiratory cycle. The images are reconstructed and sorted based 
upon the respiratory phase. The second approach implemented by Philips CT scan-
ners (Philips Healthcare, Cleveland, OH) is when the patient is scanned using a 
 helical acquisition. For this acquisition, the raw projection data are binned based 
upon the respiratory phase, and the binned projections are then reconstructed into 
different CT data sets. The end result of either approach to 4DCT acquisition is a 
series of images that are correlated to the respiratory phase. 

 The fourth and fi nal technique to account for tumor motion is a respiratory gated 
CT scan [ 8 ,  9 ]. For this image acquisition the patient’s respiration is monitored and 
the phase of the breathing cycle is chosen in which one wants the data collected. 
When the respiratory signal enters within a particular phase window, the CT scan is 
acquired and when the respiratory signal leaves this phase window, the CT acquisi-
tion is paused. The result of this imaging technique is a 3D CT data set which is 
acquired only within a particular range of respiratory phases.  
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     Respiratory Monitoring Devices   

 It is important to note that both the free-breathing and breath hold acquisition can 
be performed without any additional hardware to monitor patient’s respiration. 
However, to achieve a reproducible level of breath hold, the breath hold CT is 
acquired while the patient’s respiration is monitored by an external device (of which 
some can be used during 4DCT acquisition). There are three common methods of 
monitoring patient’s respiration during the CT simulation. These three approaches 
are vendor specifi c. The fi rst technique involves using the vertical displacement of 
the thorax as a surrogate for the patient’s breathing cycle. This motion is monitored 
using an infrared camera and external fi ducials. This device allows monitoring of 
the thorax expansion/contraction and therefore the volume of air in and out of the 
patient’s lungs as the patient breathes. This use of external fi ducials to monitor res-
piration is implemented when using the Varian  RPM system   (Varian Medical 
Systems, Milpitas, CA). Respiration monitoring using the bellows system (records 
thorax expansion/contraction) is implemented on the Philips platform (Philips 
Medical Systems, Cleveland, OH). The bellows system consists of a strap wrapped 
around the patient connected to an air bladder. The change in pressure of the air 
bladder is measured and is used as the respiratory signal. The third method of respi-
ration monitoring is done by the  active breathing control system   implemented by 
Elekta (Elekta Ltd, Crawley, UK) which utilizes and measures the volume of air as 
the patient breathes as the respiratory signal. Each respiratory monitoring system 
functions to generate a signal to either enable image acquisition or to enable beam 
delivery and there are pros and cons to each system but one must consider which 
system is used during image acquisition and which system is used during delivery. 
The RPM system can be used for both image acquisitions during 4DCT and breath 
hold for both Philips and GE scanners. If delivering a breath hold or a gated treat-
ment, the RPM system can be used on Varian linear accelerators. The Bellows sys-
tem is implemented only on the Philips Scanners, while it can be used to monitor 
patient respiration during breath hold and 4DCT acquisition, it does not interface 
with any of the linear accelerators. The ABC system is on a rolling cart, and while 
the signal cannot be used to reconstruct 4DCT images from either Philips or GE, it 
can be used to monitor a patient’s respiration during a breath hold acquisition. This 
integrated setup can be used on Elekta linear accelerators during treatment 
delivery.  

     Quality Assurance of CT Simulators   

 CT simulators differ from diagnostic CT scanners in two main ways: (1) a fl at couch 
insert to mimic the couch top of the linear accelerator and (2) an external laser sys-
tem used to mark points and isocenters on the patient and aid in patient setup. A 
routine quality assurance program should be implemented to ensure the imaging 
device is operating safely and producing high quality and accurate images. In addi-
tion, the CT simulator components (lasers and associated software) should be tested 
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to make sure they are functioning properly. The key components of a CT simulator 
QA program include dose measurements of the different scan protocols, spatial 
accuracy of CT images, image quality (contrast, noise, etc.), and accuracy of both 
internal lasers of the CT scanner and the external lasers and associated software. In 
addition, the accuracy of the CT numbers produced by the different CT scan proto-
cols is very important. CT numbers are used to convert the CT data set into electron 
density which is used in heterogeneous dose calculations. The ability of the CT 
scanner to generate accurate CT numbers is essential to accurately computing dose 
to the patient during treatment planning. Quality assurance of the external lasers 
used to align and mark patients should be performed to evaluate the accuracy of the 
position, skewedness, and the ability to accurately mark a point and have the lasers 
move to that point. This is extremely important for an inaccurate external laser sys-
tem could lead to setup errors on the treatment machine. Frequency and further 
details of a CT simulator QA program can be found in  AAPM Task Group 66   [ 10 ]. 

 A comprehensive QA program is necessary for the simulation of all treatment 
sites, not just sites located in the thorax. The use of respiratory-correlated imaging 
requires a separate QA program. This program should be designed to ensure that 
imaging using any type of respiratory correlation techniques yields accurate infor-
mation. Such tests include but are not limited to validating the accuracy of the 
respiratory trace and validating the geometry of moving objects during simulation 
[ 11 ,  12 ]. 

 The fi nal component of the CT simulator QA program is to verify the accuracy 
of the data transfer of the simulation data to the treatment planning computer. If the 
information collected at simulation doesn’t transfer to the treatment planning com-
puter accurately, then the accuracy of the plan will be compromised and could result 
in delivery errors. Since there are many manufacturers of simulation equipment and 
treatment planning computers, a mixed environment is common. Therefore, testing 
the ability of the different devices to communicate with each other is essential [ 13 ].   

    Patient Planning 

 Historically, lung tumors were treated with either an AP/PA beam arrangement and/ 
or a series of oblique beams. Treatment plans were run utilizing manually collected 
single contours and calculations were performed with the use of heterogeneity cor-
rections. As technology has evolved, so have the treatment planning strategies. 
Complex treatment plans using IMRT and VMAT with full heterogeneity correc-
tions has now become the standard [ 14 – 16 ]. The advances in imaging techniques 
and delivery techniques have aided in supporting the evolvement of treatment of 
tumors in the thoracic region. 4DCT for example allows for the acquisition of full 
volumetric data sets that show the movement of tumors in the thorax with respira-
tion. With this imaging technology we are able to obtain a better overall picture of 
what is happening to the anatomy of the patient during respiration. This understand-
ing allows one to be able to create target volumes that encapsulate the tumor during 
motion, what is referred to as an  internal target volume (ITV)  [ 17 ]. The advances in 
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the technology of imaging have been complemented by the improvements and 
advanced technology in treatment delivery. The primary focus on this improved 
technology has been the advent and development of the  multi-leaf collimator 
(MLC)  . IMRT and VMAT utilize the MLC on the linear accelerator to create small 
and complex beam apertures to deliver a high dose to the target while minimizing 
dose to surrounding tissues. These delivery methods are now the standard of care for 
patients with lung cancer and other thoracic malignancies. All of these advanced 
delivery techniques require a treatment planning system that can perform accurate 
dose calculations utilizing full heterogeneity corrections. 

    Consideration of Tumor Margins During the Planning Process 

 The type of imaging modality used at simulation, the treatment method to be 
used, the amount of tumor motion, and setup uncertainties should dictate the size 
of the margins placed on the tumor volume when generating the treatment plan. 
These margins are necessary to account for the fact that the tumor is not in the 
 exact  position it was at simulation for the reasons described above. Accounting 
for these uncertainties and/or tumor motion will ensure that the tumor will receive 
the full prescribed dose.  ICRU 62  [ 17 ] describes a series of target volumes that are 
generated during the planning process. The fi rst of which is the gross tumor vol-
ume (GTV), which is the gross disease visible on the CT data set. The clinical 
target volume (CTV) is generated by adding a margin around the GTV to account 
for microscopic disease that is not visible on the CT scan. An internal margin 
(IM) is added to the CTV to account for tumor and physiological motion to gener-
ate the internal target volume (ITV). Finally, expanding the ITV by a margin to 
account for geometric uncertainties in treatment generates the planning target 
volume (PTV). 

 When considering an IM for the ITV generation, you must carefully consider the 
limitations of your imaging procedure. Patients imaged utilizing a free-breathing, 
slow speed CT scan will have the tumor motion accounted for in the CT set. In this 
acquisition, the tumor edges will not be well defi ned but blurred. Contouring this 
blurred representation of the tumor in essence encapsulates any tumor motion that 
occurred during the simulation. If a 4DCT data set is used for planning, it is possible 
to generate an average CT data set and a  maximum intensity projection (MIP) data   
set to aid in the planning process. The average and MIP CT data sets are the average 
and maximum voxel values, respectively, of each phase of the 4DCT data set that 
was generated. Similar to the slow speed CT acquisition, the average data set will 
have motion artifacts on areas located near a density interface. The MIP data set 
does not have these artifacts, instead when the MIP is created, the voxel across each 
phase with the highest CT number is used for this data set. The tumor on the MIP 
data set in areas of high density surrounded by areas of low density will be represen-
tative of the envelope of tumor motion, which can be used to aid the physician in the 
contouring process. 
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 Similar to the imaging process, the type of treatment and the immobilization 
devices used will also play a role in how treatment margins will be used to generate 
the PTV [ 18 – 20 ]. If margins are going to be reduced during the planning process, 
an increase in the imaging is used to verify this reduced margin. The use of daily 
setup verifi cation images will become necessary.  

    Practice of Plan Quality Evaluation 

 It is the physician’s responsibility to make clinical decisions regarding plan genera-
tion and plan evaluation. Upon completion of the treatment planning process, it is 
the physicist’s responsibility to ensure the overall quality of the treatment plan [ 21 ]. 
This involves several tasks, (1) overall physics evaluation of the treatment plan, (2) 
evaluation of planning criteria and dose volume constraints, and (3) independent 
verifi cation of the dose calculation. 

 To evaluate the plan from a physics perspective, one must understand the limita-
tions of the dose calculation algorithm. While this is not a comprehensive list of 
questions to ask for each treatment plan, the following provide examples of what 
should be evaluated as part of a physics plan check. Is the proper dose prescribed by 
the physician displayed on the CT slices in the treatment plan? Is the proper dose per 
fraction and number of fractions correct along with the correct energy? Is the dose 
normalization point located within the beam apertures and positioned where there is 
electronic equilibrium? Are the beams entering the patient on an overly sloped sur-
face? Are the beam apertures suffi ciently sized or over modulated to ensure an accu-
rate dose calculation? Was the correct CT data set used for dose computation? Was 
tumor motion properly accounted for in the planning process either by contours or 
motion management strategies? Were heterogeneous dose calculations used? These 
by no means are a complete list of items to look for, but it is the physicist’s responsi-
bility to ensure that what is generated by the TPS accurately depicts the intentions of 
the directives given by the physician. Published DVH criteria are available for refer-
ence [ 22 ]; however, an institution may wish to develop and implement their own set 
of DVH criteria. In this case these criteria must be spelled out in the treatment plan-
ning directives. While there are circumstances where the DVH criteria may not be 
met, good clinical practice should include a review of the DVH constraints of each 
plan that is generated. If a DVH criterion is outside of those used in clinical practice, 
this should be discussed with the physician before the initiation of treatment.  

     TPS Dose Calculation Verification   

 Generating a treatment plan that is an accurate representation of what the linear 
accelerator can actually deliver fi rst requires accurate imaging information and sec-
ondly requires accurate beam modeling. Validating the treatment planning system’s 
beam model is a critical component to the radiotherapy process [ 23 ,  24 ]. This task 
is completed prior to the release of the treatment planning for use in the clinical 
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environment. A major component of the beam model verifi cation and commission-
ing involves the verifi cation of the dose computation algorithm [ 25 ,  26 ]. For static 
beams, common practice is to perform a hand calculation of the monitor unit set-
tings based on basic machine parameters, percent depth doses (PDDs), or tissue-
maximum ratios (TMRs), output factors, inverse square correction, etc. This can be 
done either manually or with the use of automated software to perform such tasks. 
For more complex delivery techniques such as IMRT or VMAT deliveries where 
many irregularly shaped beam apertures are used in the patient’s treatment, mea-
surements should be performed by delivering actual treatments planned with the 
linear accelerator. Several software vendors make products that can compute dose 
for IMRT and VMAT fi elds as a second check on the MU settings and the dose 
delivered. Once the commissioning of the beam modeling process is complete, a 
routine QA program should be implemented. This comprehensive QA program 
should verify that the treatment planning system continues to perform as it did at the 
time of acceptance and commissioning of the system. The initial commissioning of 
the system as well as the QA program should include the following: (1) verifi cation 
that the CT to density table is generated properly, (2) the TPS is able to accurately 
compute dose to simple and complex geometry fi elds as compared with measured 
data, (3) output factors generated by the TPS are accurate, (4) the contouring tools 
still perform accurately, (5) DVH generation remains accurate, and (6) data transfer 
to the record and verify system maintains the integrity of the intended treatment 
fi elds. These tests should be performed on a routine basis and are particularly 
important after an upgrade to the TPS software is made. Finally, in all cases, for 
every patient and independent check of the treatment plan should be performed. 
This can be done with simple manual calculations of MU settings for simple cases. 
These manual calculations are prone to errors in that a typical photon beam in the 
thoracic cavity traverses different areas of density often traveling between areas 
having different densities. In addition, irregularly shaped, small fi elds will lead to 
inaccurate hand calculation of MU settings. Recently, secondary check software 
programs have been developed that are capable of a full 3D heterogeneous dose 
calculation. Such systems similar to the TPS will perform a full 3D dose calculation 
and independently compute the MU settings. These systems can provide informa-
tion on both MU and dose calculations as well as DVH information. Such compre-
hensive systems are a valuable tool in verifying the TPS dose calculation [ 27 ,  28 ]  

    Pretreatment Patient-Specific QA 

 The fi nal component of QA of treatment delivery as it pertains to tumors being 
treated in the thoracic region is patient-specifi c pretreatment QA, commonly 
referred to as IMRT or VMAT QA. Once the treatment plan has been generated, the 
actual planned treatment should be delivered and the dose measured prior to the 
patient beginning their course of radiotherapy. This measured dose should be com-
pared to the dose computed in the TPS to verify that what was planned is actually 
being delivered. This can be accomplished using different methodologies, but the 
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purpose is to measure the dose delivered from treatment machine and compare it to 
the treatment planning system to verify the accuracy of complex treatments [ 29 –
 34 ]. Ion chamber and fi lm and arrays of diodes/ion chambers are common tech-
niques of measuring dose from IMRT fi elds to verify that the delivered dose agrees 
with the planned dose prior to the patient starting treatment. Another method used 
of verifying patient dose prior to delivery is to use the EPID to measure the dose, 
known as portal dosimetry. This system as the name implies uses the MV portal 
imager to acquire fl uence patterns of the patient’s treatment fi elds. This information 
can be used to compute the dose and compare it to the TPS. A fi nal method of veri-
fying treatment fi elds prior to delivery is the use of a log fi le-based system. These 
systems capture the log fi les generated from the treatment machine and compute 
dose to the patient CT data set, which can be compared to the dose computed in the 
TPS. 

 There are advantages and disadvantages to each of these systems which are 
briefl y discussed below.  Ion chambers   are considered the standard in dose measure-
ment for accuracy; the drawback of such a system is the lack of spatial resolution. 
If a single ion chamber is used for measurement, then only a single point is being 
verifi ed. If a single ion chamber is used to verify dose, it is commonly done in con-
junction with a fi lm measurement. Arrays of ion chambers and diodes can be used 
but these systems still suffer from the lack of spatial resolution. Diodes also exhibit 
nonlinear energy dependence and suffer radiation damage. These may need to be 
recalibrated periodically to accurately measure the dose. Unlike point measurement 
dosimeters, fi lm is a good method of measuring dose with high spatial resolution. 
Film is readily available; however it requires a fi lm processor to develop. Film 
results are dependent upon processing conditions and may vary from one batch of 
fi lm to another. Portal dosimetry like fi lm provides good spatial resolution but 
relies on the MV detector to be properly calibrated in order to compute an accurate 
dose. Ion chamber, fi lm, and diode measurements discussed are direct measure-
ment, i.e., a device is placed in the treatment beam and dose is measured. Log fi le-
based IMRT and VMAT QA is different in that no direct measurement is occurring 
[ 35 – 37 ]. These systems take the log fi les of the treatment machine and compute 
dose using an independent computation algorithm. If commissioned properly 
IMRT and VMAT QA using log fi les and an independent dose calculation algo-
rithm provide an independent check on the TPS, which is the purpose of pretreat-
ment QA. This technique gives you 3D dose comparisons as computed on a 
heterogeneous data set. 

 Regardless of which method is used, it is important that the dose is verifi ed 
before the patients begin treatment. IMRT and VMAT QA not only verify that the 
TPS dose calculation is accurate but also can catch data transfer errors or data entry 
errors from the TPS to the treatment machine. They can also be used to check if the 
treatment that is planned is actually deliverable on the linear accelerator. For exam-
ple if a multi-segment treatment fi eld did not transfer to the machine properly or a 
fi eld parameter was incorrectly edited, this would result in a delivery error. A com-
prehensive pretreatment QA program should be in place to catch such errors.   
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    Patient Setup and Delivery 

    Setup and Pretreatment Imaging 

 Prior to patient treatment delivery, the patient must be setup accurately to make 
sure the intended planned dose is delivered to the patient. The patient’s position on 
the treatment couch must be the same as that in the simulation and planning pro-
cess to guarantee that the dose is delivered accurately. The patient is initially set up 
by aligning the setup marks placed at the time of simulation with the machine iso-
center utilizing the laser system in the treatment room. Following this initial rough 
alignment, image guidance is used to fi ne-tune the position of the tumor relative to 
the machine’s isocenter. Image guidance is accomplished using MV portal imag-
ing, kV planar imaging, or CBCT acquisition. For MV portal imaging, the low 
energy photon beam is used to image the patient in the treatment position. The MV 
panel is extended and used to acquire the image from the transmission photons 
through the patient. Open fi eld images, treatment portals, and a combination of 
open and treatment portals can be used to verify the patient positioning prior to 
treatment. For kV imaging, a kV tube is either mounted to the linear accelerator or 
within the treatment room. kV planar images can be acquired and can be used to set 
up the patient prior to treatment delivery. Both planar MV and kV images are use-
ful for imaging and aligning the patient to a bony anatomy. In addition to kV 
images, the gantry-mounted kV imaging systems can be used to acquire a cone 
beam CT, or CBCT. Whereas traditional CT scanners image the patient using a 
very small aperture, the CBCT is acquired on the imaging panel using broad-beam 
geometry. This CBCT acquisition takes on the order of 1–2 min, and the recon-
structed images can be used to see both bony landmarks and soft tissue for daily 
alignment.  

     QA of Imaging Systems   

 The use of these imaging systems requires a stringent QA program to ensure that 
the system is (1) still functioning properly, (2) performing safely, and (3) that 
image quality remains at a high, acceptable level [ 12 ]. The QA program should 
include daily and monthly tests. They should include testing of the collisional 
interlocks of both the  EPID   and the kV imaging system as well as the accuracy of 
the mechanical positioning and center of each imaging device. The accuracy of the 
shifts indicated by the imaging systems should be tested on both a daily and 
monthly basis for the kV system, both planar and CBCT mode. Tests should also 
be developed to make sure that the digital accuracy of the kV system remains 
acceptable. This includes the geometric magnifi cation and the scaling accuracy. 
Image quality of the imagers is of great importance for the system is being used to 
determine the accuracy of a patient setup. The image quality tests involve both the 
kV and MV systems. To evaluate the image quality of systems, an image should be 
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of a phantom that contains the following test modules: (1) spatial resolution, (2) 
contrast resolution, and (3) image uniformity and noise. For routine CBCT QA, a 
phantom that has tests for (1) spatial resolution, (2) contrast, (3) uniformity and 
noise, (4) geometric distortion, and (5) Hounsfi eld units (HU)  constancy   should be 
used. These tests should be performed on a monthly basis and the results should be 
compared as a constancy check to the results obtained when the system was 
commissioned.  

     QA of Delivery System  s 

 While advanced simulation and planning techniques are crucial to developing a 
treatment plan for the patient, it is crucial to verify that the delivery system (linear 
accelerator) is capable of accurately delivering the treatment. Therefore, it is imper-
ative that a quality assurance program is in place to make sure that your linear 
accelerator is performing safely and accurately. A QA program is an essential part 
of any basic linear accelerator function and will not be discussed here. However, 
with advancing technologies, additional care must be taken to validate that the MLC 
and delivery system can accurately deliver what was planned when IMRT and 
VMAT treatments are being delivered. Therefore, it is important to implement and 
maintain a rigorous MLC QA program on top of traditional accelerator QA. Several 
components of the MLC need to be tested; these should be done on a weekly and 
monthly basis per the recommendations of the AAPM Task Group 142 [ 12 ]. These 
include but are not limited to: accuracy of the leaf position both mechanically and 
per the radiation fi elds, MLC leaf speed, MLC leaf gap, dose rate versus both leaf 
speed and gantry speed [ 12 ,  38 – 40 ]. These tests are designed to evaluate the output 
of the machine while different delivery parameters are varied. For example, differ-
ent combinations of dose rate and gantry speed are used to deliver a series of uni-
form strips to the imaging plane. In addition to standard MLC tests, with the advent 
of VMAT, one must ensure that for both low dose segments and low dose rates, the 
linear accelerator is capable of accurately delivering dose. This should include both 
MU linearity and dose rate linearity at both low MU settings and low dose rates. 
This should be tested on an annual basis to ensure that the delivery system is still 
accurately delivering treatments. With increased imaging during the course of treat-
ment, the evaluation of imaging dose for commonly used techniques should be 
evaluated. In addition to routine MLC QA, a patient-specifi c pretreatment QA pro-
gram should be in place to verify that what was planned is both deliverable and the 
dosimetry of this plan is accurate. 

 If respiratory-correlated treatment is to be used in the clinical setting, routine QA 
of such devices needs to be performed [ 12 ]. This includes data transfer from one 
system to the other, safety test, and quality assurance to ensure overall proper func-
tion of the respiratory monitoring interface. Such QA can be performed to verify the 
accuracy of output and energy of the treatment machine during both a gated and 
non-gated treatment delivery.  
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    End-to-End  Testing   of the Treatment Process 

 A good practice before beginning complex treatment of the thoracic region is an 
end-to-end test of the system. This should be done fi rst as a dry run to ensure that 
each component of the treatment process works properly and that different data 
management systems communicate properly. This should be done with each imag-
ing and treatment method to verify basic workfl ows and functionality. For example, 
a CT scan of a phantom should be acquired, sent to the TPS, and a plan generated. 
The plan and associated images should be sent to the record and verify system, and 
the phantom should be placed on the treatment couch, imaged for setup, and treat-
ment should be delivered. If special treatment techniques are to be used such as a 
respiratory monitoring system, these should be tested at this time as well. After veri-
fying that each system in place is working, a second end-to-end test should be per-
formed to independently evaluate the accuracy in delivery of your radiation therapy 
treatment process [ 41 ]. Third parties conduct such tests and a phantom is sent to the 
site. The physicist will simulate, plan, and deliver a treatment to this phantom. 
Inside the phantom are dosimeters that measure the dose delivered. When the phan-
tom is sent back, the dose is determined from the dosimeters and is compared to 
what your planning system predicted. This is a good end-to-end test to make sure 
that you have both an accurate beam model and that your linear accelerator is accu-
rately delivering the prescribed treatments. This information should be used as an 
independent verifi cation of the entire radiotherapy process before beginning to treat 
patients with new technologies.   

    Conclusion 
 In this chapter, we have discussed from the physics perspective key components 
necessary to treat tumors in the thoracic region. A lot of the discussion is not 
limited to only this treatment site but to other treatment sites as well. Over the 
years, technology has advanced in every component of radiotherapy delivery. 
Immobilization and simulation, imaging, treatment planning, and delivery all 
have evolved to allow the delivery of very complex treatment to the patient. With 
the advent of such technologies, it is the physicists’ responsibility to ensure that 
it is implemented and used within context of its capabilities and to fully under-
stand each component of the radiation therapy delivery process. A rigorous QA 
program is essential to verify that each component of the radiation therapy pro-
cess is operating safely and as intended. This chapter provided an overview of 
some main areas of QA needed when treating patients in the thoracic region, and 
each institution’s QA program should be custom tailored depending on which 
type of treatment and imaging is being used.     
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