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Lung cancer   

Lung cancer is by far the most common cause of cancer related death globally (1). 

With populations aging and smoking rates increasing in the developing world, this is 

set to continue for years to come (2). Such findings are mirrored in The Netherlands, 

where by 2020, The Dutch Cancer Society estimates 123,000 new cases of lung 

cancer will be diagnosed, a 40% increase from 2007 (3).   

 

The survival of patients with lung cancer remains poor overall, with more patients 

dying within 1 month of diagnosis than are cured (4). Historically, the best outcomes 

have been achieved with surgery for early stage non-small cell lung cancer (NSCLC) 

(5). However, lung cancer is a disease of the elderly (2, 4), a group for whom surgery 

is unlikely to be performed (6). For these patients, radiotherapy remains the only 

curative treatment option.  

 

Radiotherapy 

Historically, radiotherapy was planned using two dimentional x-ray images, delivered 

without image guidance and using low doses per fraction for approximately 6 weeks. 

Following such treatment, approximately 40% of patients developed local recurrence 

(7), survival improvements were modest and not maintained at 5 years, raising the 

question as to whether cure could be achieved without surgery (8, 9).  

 

Significant technologic advances have been made in radiotherapy over the last 

decade. Today, lung cancer treatments are typically planned using four dimentional 

CT scans (4DCT), with which breathing-related tumor motion can be accounted for in 
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an individualized manner (10). Treatment delivery has also become increasingly 

complex (Figure 1), enabling the high-dose region to conform more tightly to the 

tumor and significantly shorten treatment times (11). Similarly, the development of 

image guidance at the point of delivery with cone-beam CT (CBCT) has improved the 

accuracy of treatment setup (12).  

 

 

Figure 1: Dose distributions using various radiotherapy delivery techniques a. Parallel opposed static 
fields; b. Multiple (4) coplanar static fields; c. Multiple (9) non-coplanar static fields; d. Multiple (9) 
non-coplanar intensity-modulated fields; e. Single coplanar rotation arc. Modified from Ong C.L., 
VUMC PhD thesis 2012.  
  

The culmination of these advances in target definition, image guidance and treatment 

delivery have facilitated the widespead adoption of stereotactic ablative radiotherapy 

(SABR) for early stage NSCLC globally (13-15). With SABR, very high doses are 

delivered over a limited number of fractions using either multiple non-coplanar beams 
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or rotational arcs (16). Retrospective comparisons suggest SABR outcomes are 

superior to historical radiotherapy techniques (17) and cure is achieved at rates similar 

to surgery when propensity-matched analysisis is used to account for differences in 

baseline patient characteristics (18-20). Although toxicity concerns exist for SABR 

(21), these are generally infrequent (22) and the vast majority of patients experience 

little or no decline in their quality of life (23, 24).  

 

In The Netherlands, the implementation of SABR has enabled patient groups, such as 

the elderly, the oppurtunity for cure where it may not have been available in the past 

(15, 25). As experince with SABR increases, it is important to explore additional 

clinical indications to further improve early stage NSCLC population outcomes.  

 

Survivorship 

The United States Instititute of Medicine has identified several key aspects of 

survivorship including surveillance for recurrence or second lung cancers (26). The 

National Lung Screening Trial (NLST) found low-dose CT screening improves 

survival (27), and does so proportionally to the patient’s risk of cancer (28). As the 

risk of a second lung cancer following curative treatment is up to five times higher 

that the lung cancer risk of patients enrolled in the NLST (29), low dose CT 

surveillance of lung cancer survivors may improve lung cancer survival significantly.  

 

Between 1998 and 2007, the number of early stage NSCLC patients aged over 85 

years or with 3 or more medical comorbidities registered in the Surveillance, 

Epidemiology and End Results-Medicare database doubled (30). With SABR 
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becoming the preferred treatment for medically inoperable early stage NSCLC (31, 

32), the proportion of lung cancer survivors who will have been treated with SABR is 

set to increase significantly.   

 

Survivorship is infrequently addressed as an issue for lung cancer patients and some 

have suggested that surveillance following curative treatment should be abandoned 

altogether (33). This is particularly so for radiotherapy patients, as the literature 

supporting surveilance is almost exclusively based  on surgical outcomes (34) and it is 

uncertain how such results apply to SABR treated patients.  

 

This thesis  

The aim of this thesis is to expand the clinical utility of SABR and further improve 

early stage NSCLC outcomes by addressing the survivorship issues faced by patients 

treated with SABR. 

 

Chapters 2 explores the timing and patterns of recurrence following SABR in a large 

cohort of early stage NSCLC patients who were uniformly treated and followed. In 

this chapter the proportion of patients with potentially salvageable disease is 

determined along with the timing of these events to optimize when CT-based follow-

up should occur. Chapters 3 and 4 address the issue of fibrosis and how this 

confounds the detection of local recurrence. Chapter 3 validates the use of high-risk 

CT features to differentiate local recurrence from fibrosis, while Chapter 4 

determines whether the patterns of fibrosis are dependent on SABR delivery 

technique. As low-dose CT surveillance improves survival in patients at high risk for 
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NSCLC, Chapter 5 discusses the potential application of low-dose CT surveillance in 

the detection of second primary NSCLC after curative treatment. 

 

Chapters 6 and 7 address whether outcomes can be improved with the use of 

deformable image registration and strict quality assurance, respectively.  

 

Chapter 8 summarizes the literature regarding the use of SABR for central tumors, 

investigating the relationship between biologically equivalent dose and clinical 

outcomes. Chapter 9 describes the treatment factors contributing toxicity following 

SABR for central tumors aside from dose fractionation. Chapter 10 explores the 

potential efficacy of tumor-tracking strategies to reduce the risk of toxicity when 

SABR is used for central tumors. Chapters 11 and 12 evaluate the treatment of 

second primary lung cancers following pneumonectomy, exploring planning 

considerations to optimize clinical outcomes.  

 

Chapters 13 and 14 discuss survivorship following SABR into context with that of 

surgery, discussing some of the weaknesses when comparing SABR and surgery 

literature and summarizing available outcomes on 30-day and 90-day mortality with 

either treatment. Finally, Chapter 15 discusses how lung cancer outcomes might be 

improved if SABR and surgery are used together in the treatment of early stage 

NSCLC.  
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Abstract 

Background 

Stereotactic ablative radiotherapy (SABR) is increasingly used in the treatment of 

medically inoperable early stage non-small cell lung cancer (NSCLC), due to high 

rates of local control and population-based survival improvements following its 

introduction. As post-SABR patterns of late disease recurrence are not well 

characterized, we studied these outcomes in a large cohort with long-term follow-up.  

 

Methods  

A total of 676 patients with 18FDG-positron emission tomography (PET) confirmed 

stage I-II NSCLC, who were treated with SABR between April 2003 and December 

2011, were identified from an institutional database. SABR doses were 54-60 Gy, 

delivered in 3-8 once-daily fractions, depending on tumor size and location. The 

routine follow-up schedule included CT scans at 3, 6 and 12 months, then yearly. PET 

restaging was only performed when clinically indicated. Initial sites of recurrence 

were classified as local (LR), regional (RR) and distant (DR), and were differentiated 

from second lung primaries at multi-disciplinary tumor-board review.  

 

Findings 

The median follow-up was 32.9 months (IQR 36.0 months). Actuarial 2- and 5-year 

rates of LR, RR and DR were 4.9% (95% CI 2.7-7.1), 7.8% (95% CI 5.3-10.3) and 

14.7% (95% CI 11.4-18.0) and 10.5% (95% CI 6.4-14.6), 12.7% (95% CI 8.4-17.0) 

and 19.9% (95% CI 14.9-24.6), respectively. DR accounted for 66.1% of all 

recurrences, while isolated DR accounted for 46.0%. Isolated loco-regional 



 
 

23 
 

recurrences accounted for the remaining 33.9%, of which 83.3% did not develop 

subsequent DR. The median time to LR, RR and DR were 14.9 (95% CI 11.4-18.4), 

13.1 (95% CI 7.9-18.3) and 9.6 (95% CI 6.8-12.4) months respectively. New 

pulmonary lesions characterized as second lung primaries developed in 6.2% of 

patients, at a median of 18.0 months (95% CI 12.5-23.5) post-SABR.  

 

Interpretation 

Late post-SABR recurrences are infrequent and two distinct patterns account for the 

majority of cases. The predominant pattern is out-of-field, isolated distant recurrence 

presenting early, despite the initial PET-staging. For the one-third developing isolated 

loco-regional recurrence, standardized follow-up is important to ensure that 

appropriate salvage treatments can be considered.  

 

Funding 

This study received no external funding.  
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Research in context 

Systematic review  

A recent systematic review of post-SABR patterns of recurrence has been published 

24. However, this review included reports that contained small patient numbers, short 

follow-up, and the biologically effective doses of radiation that varied significantly. 

The current study represents the largest reported experience of using SABR for stage 

I-II NSCLC with a consistent use of high biologically effective doses, and a long 

follow-up. 

Interpretation 

Our findings confirm the long-term effectiveness of SABR. Recurrences are 

uncommon, and when they occur, are most likely isolated distant recurrence that are 

likely to be uninfluenced by the local treatment used. As the majority of recurrences 

and second primary events occur in the first 3 years post-SABR, 6-monthly 

assessments in this period may represent an efficient follow-up schedule. This is 

important, as a third of patients recur with isolated loco-regional recurrence and the 

proportion of fit patients undergoing SABR continues to increase. These findings 

provide reassurance to referring clinicians as technologic advances have led to a 

greater access to SABR worldwide. Our findings also suggest that the availability of 

an effective non-operative therapy should lead to greater efforts to obtain a 

pathological diagnosis before SABR, as a diagnosis based on CT scans and 18FDG-

PET may not be appropriate outside the Netherlands. 
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Background 

Surgery is considered to be the standard of care for early stage non-small cell lung 

cancer (NSCLC) (1). Survival is significantly worse for patients who are medically 

inoperable, and receiving either no treatment or conventional radiotherapy (2, 3). 

Local recurrences at the primary site may be responsible for this in up to 50% of 

patients (3). Stereotactic ablative radiotherapy (SABR), or stereotactic body 

radiotherapy (SBRT), is a form of high-precision treatment delivery that represents 

the culmination of multiple technologic advancements in radiation delivery (4). It 

involves the use of multiple conformal radiation beams, delivering high-doses, 

individually tailored to avoid radiosensitive organs in the proximity of the tumor. 

Prospective multi-center studies have reported 3-year local control rates in excess of 

90% (5, 6). This local control has translated into a survival advantage over 

conventional radiotherapy (7), resulting in SABR being increasingly utilized for early 

stage NSCLC in Japan, The Netherlands and the United States (8-10).  

 

SABR is increasingly used as an alternative for patients who are at high-risk for 

surgical complications, such as the elderly, those with severe chronic obstructive 

pulmonary disease (COPD) and for patients unwilling to accept the risks of surgical 

resection (9, 11-14). The availability of SABR in the outpatient setting, and in a 

limited number of fractions, has increased the use of curative treatments in elderly 

patients (9, 11), who continue to represent an increasing proportion of global lung 

cancer burden (15). The growing use of SABR increases the need for data on patterns 

of recurrence to guide post treatment care. We evaluated these outcomes in a large 

cohort with long follow-up. 
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Methods 

Patient population 

Between April 4th 2003 and December 5th 2011, 919 patients with Stage I-II NSCLC 

(American Joint Committee on Cancer [AJCC] 6th edition T1-2N0M0) were treated 

with SABR at the VU University Medical Center. Details of baseline characteristics, 

treatment and follow-up findings were entered prospectively into an institutional 

database. After excluding patients with double lung tumors (n=82), other synchronous 

malignancies (n=157), and those without 18-fluoro-deoxyglucose positron emission 

tomography (18FDG-PET) staging (n=4), a total of 676 patients remained eligible for 

evaluation of patterns of recurrence. In The Netherlands, retrospective studies of 

patient records, such as the one performed here, do not fall under scope of the 

Medical Research Involving Human Subjects Act. This study is therefore exempt 

from medical ethics review (see www.ccmo.nl). 

 

Treatment characteristics 

A planning four-dimensional CT (4DCT) was acquired in all but the first six patients. 

4DCT was acquired with patients breathing freely without respiratory coaching nor 

rigid immobilization (16). Tumor position was assessed in all phases of the 4DCT, 

enabling individualized definition of an internal target volume (ITV) encompassing 

all respiratory motion. For patients without a planning 4DCT, multiple standard 

planning CT scans were acquired and co-registered to generate an ITV. An isotropic 

margin of 3-5 mm was used to create the planning target volume (PTV).  
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During the study period, two SABR planning and delivery techniques were used. 

Initially, a fixed beam technique utilizing 7-12 non-coplanar beams was used. Since 

2008, a volumetric intensity-modulated arc technique has been used (17). As this 

utilized a modern, more accurate planning algorithm, the dose delivered per fraction 

and PTV margins were adapted to maintain equivalent biologically effective doses. 

Radiotherapy plans were optimized to minimize dose to radiosensitive organs at risk, 

including the chest wall, heart, mediastinum and hilus (18).  SABR fractionation was 

‘risk-adapted’ and depended on tumor size and location (19). Three fractions of either 

18 or 20 Gy were delivered for T1 tumors, five fractions of either 11 or 12 Gy for T2 

tumors or T1 tumors with broad chest wall contact and eight fractions of 7.5 Gy for 

tumors adjacent to the heart, hilus or mediastinum. Doses were prescribed to the 80% 

isodose encompassing the PTV. This resulted in biologically effective doses 

(BED10Gy) of at least 151.2 Gy, 115.5 Gy and 105 Gy for the three, five and eight 

fraction schedules respectively.  

    

Treatment follow-up  

Clinical follow-up and CT scans were performed at 3, 6 and 12 months, then at yearly 

intervals. Follow-up contrast-enhanced CT scans of the lower neck, thorax and upper 

abdomen, including the liver and adrenals, were routinely performed. No routine 

imaging of the brain was performed. 18FDG-PET scans were only performed for 

restaging if this had clinical consequences and potential for subsequent treatment. 

Recurrences were defined as: local (LR) with failure in, or adjacent to the PTV, 

regional (RR) with failure in ipsilateral hilus, mediastinum or supraclavicular fossa 

and distant (DR) with failure at other sites. Recurrence was diagnosed and 

differentiated from second lung primaries by a multidisciplinary tumour board (MDT)  
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review of available imaging and pathology results. Several aspects were considered 

for differentiating second primary tumors from local recurrences, including the 

interval and a thorough review of the location of the new lesion in relation to the 

SABR treatment plan (20). The first imaging showing disease failure, defined the 

sites and time of initial recurrence. Additional disease sites found on subsequent 

imaging within 3 months of this event were also defined as initial recurrence, in order 

to ensure that delays in imaging did not bias the rates of initial recurrence. Additional 

disease sites identified after 3 months were defined as subsequent recurrences.  

 

Statistical considerations 

Descriptive statistics were used for crude recurrence outcomes. Time to recurrence 

was calculated from the first SABR treatment. Survival, disease-specific survival and 

time to recurrence outcomes were estimated using the Kaplan-Meier method. Median 

follow-up was determined using the reverse Kaplan-Meier method. All statistical 

analyses were two-sided with p≤0.05 threshold for statistical significance, and 

performed using Statistical Package for Social Sciences (SPSS, IBM, version 18.0). 

 

Role of the funding source 

This study received no external funding. Study design, data collection, analysis, data 

interpretation and writing of the manuscript were free of sponsor influence. All 

authors (SaS, CH, BS and SuS) had full access to raw data. The corresponding author 

(FL) had full access to all of the data and the final responsibility to submit for 

publication. 
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Results 

Patient and tumor characteristics 

Patient and tumor characteristics of all 676 patients are summarized in Table 1. The 

median age was 73 years (range 47-92). Prior to treatment, all patients underwent case 

review in a multi-disciplinary tumor-board (MDT). Respiratory and cardiac disease 

were the commonest reasons for considering patients medically inoperable, a finding 

related to the majority of patients (95.6%, 647/676) having a smoking history. 

Applying criteria defined previously (12), 30.6% (207/676) of patients receiving 

SABR had no absolute contraindication to surgery, and were considered potentially 

operable. A third of patients (224/676) had a history of previous malignancy, with a 

lung malignancy being commonest (97/676). The median interval between the 

previous lung malignancy and SABR was 48.8 months (IQR 77.0). 

 

Histological confirmation before SABR was obtained in 34.8% (235/676) of patients, 

with the remaining patients having a new and/or growing lesion with a CT appearance 

consistent with malignancy and local 18FDG-PET uptake. Surgical studies in the 

Netherlands have revealed that the likelihood of a benign diagnosis in such patients is 

less than 4% (21, 22). The median tumor diameter was 27.0 mm (range 9-107 mm). 

The median PTV was 28.9 cc (range 3.3-290.6 cc).  Tumors were located in the 

upper, lower and middle lobes in 63.2% (427/676), 32.4% (219/676) and 4.4% 

(30/676) of patients, respectively.  

 

Overall survival and recurrence  
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The median overall survival was 40.7 months (95% CI 34.7-46.8) and the median 

disease specific survival was not reached (Figure 1). Actuarial 2- and 5-year rates of  

 

any recurrence were 21.5% (95% CI 17.8-25.2) and 30.0% (95% CI 24.7-35.3) 

respectively. Actuarial 2-year rates of initial LR, RR and DR were 4.9% (95% CI 2.7-

7.1), 7.8% (95% CI 5.3-10.3) and 14.7% (95% CI 11.4-18.0), respectively. 

Corresponding 5-year rates were 10.5% (95% CI 6.4-14.6), 12.7% (95% CI 8.4-17.0) 

and 19.9% (95% CI 14.9-24.6) (Figure 2). The median follow-up was 32.9 months 

(IQR 36.0). At the end of follow-up 406 patients were alive with follow-up ranging 

from 0.2-90.7 months.  

 

Patterns of disease recurrence 

The patterns of disease recurrence are summarized in Table 2. Crude initial LR 

occurred in 4.4% (30/676), with 18 of these being isolated LR and two being LR with 

RR. The median time to any LR was 14.9 months (95% CI 11.4-18.4). LR was not 

related to the SABR scheme used (p=0.965), with crude LR occurring in 4.8% 

(11/228), 4.4% (13/296) and 3.9% (6/152) of patients treated using the three, five and 

eight fraction schedules, respectively. Initial RR occurred in 6.4% (43/676), with 22 

of these being isolated RR. The median time to any RR was 13.1 months (95% CI 

7.9-18.3). Therefore, 6.2% (42/676) of patients presented with isolated loco-regional 

recurrence, representing 33.9% (42/124) of all recurrences. As a majority of patients 

were medically inoperable, only 31.0% (13/42) with loco-regional recurrence were 

offered potentially curative treatment. All of the latter underwent 18FDG-PET 

restaging, confirming the absence of DR. Crude initial DR was observed in 12.1% 

(82/676), with 69.5% (57/82) of these being isolated DR, occurring without loco-
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regional recurrence. The most common site of initial DR was pulmonary (43.9%, 

36/82), with other common sites being bone, brain and liver with 20.7% (17/82), 

18.3% (15/82) and 14.6% (12/82), respectively. Distant nodal (5/82), adrenal (2/82) 

and skin (1/82) recurrences were uncommon. The median time to any DR was 9.6 

months (95% CI 6.8-12.4).  

 

No differences in overall survival (p=0.75), LR (p=0.21), RR (p=0.81) or DR 

(p=0.96) rates post-SABR were observed between patients with and without 

pathologically-proven disease. Similarly, there was no difference in overall survival 

(p=0.89), LR (p=0.14), RR (p=0.27) and DR (p=0.42) between patients with or 

without a history of previous malignancy. Overall survival was not influenced by 

SABR delivery using either multiple fixed beams (prior to 2008) or an arc-based 

technique (2008 and onwards) (p=0.69). Due to the shorter follow-up using arc-based 

delivery, a pattern of recurrence analysis between the two techniques was not 

performed.  

 

Subsequent disease recurrence 

Of the 42 patients with an initial loco-regional recurrence, 16.7% (7/42) developed 

subsequent DR after a median time of 9.0 months (95% CI 6.5-11.6). Subsequent DR 

developed in 16.7% (3/18) of patients with initial isolated LR and 18.2% (4/22) with 

initial isolated RR.  

 

Second primary lung cancer 

A second primary lung cancer was diagnosed in 6.2% (42/676) of patients at a median 

of 18.0 months (95% CI 12.5-23.5) post-SABR. Second primaries were located in the 
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involved ipsilateral lobe (n=8), the uninvolved ipsilateral lobe (n=11) and either 

contralateral lobes (n=23). Among these 42 patients, 76.2% (32/42) were offered 

curative intent treatment for their second primary.  

 

Follow-up considerations 

The combined rates of recurrence and second lung primaries per 6-month period post-

SABR are shown in Figure 3. The average combined rate of either event during the 

first three years post-SABR was 5.9% per 6-months, while it was 1.3% per 6-months 

in the subsequent 2 years.  
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Discussion  

To the best of our knowledge, the current report represents the largest published 

cohort of patients with long-term follow-up after SABR for Stage I-II NSCLC. Our 

primary finding was that post-SABR recurrence is infrequent overall, and that the 

predominant pattern is one of distant recurrence. This is consistent with results 

reported in two small prospective studies (5, 6) and are within the wide range of 

results reported in a systematic review (23) . The majority of recurrences observed, 

fell into two clinically distinct patterns. Firstly, isolated DR accounted for 46.0% of 

all recurrences, and occurred at a median time of 8.3 months post-SABR. This 

interval suggests that isolated DR is likely to represent existing sub-clinical disease, 

which was undetectable on the mandatory baseline 18FDG-PET imaging. Secondly, 

isolated loco-regional recurrence accounted for 33.9% of all recurrences. When such 

recurrences develop after primary surgery, the use of salvage treatments has been 

reported to have a significant positive prognostic impact (24). The limited fitness of 

our patients to undergo salvage for loco-regional recurrences may have been the 

reason why only 31.0% underwent curative therapy. However, 76.2% of second 

primary lung cancers were treated with curative intent, presumably as this involved a 

less taxing treatment for such patients (12, 13). 

 

Detailed study of patterns of disease recurrence following treatment allows for 

optimal post-treatment care to be determined. Currently, such recommendations are 

based largely on surgical series (25) . The need for such data to guide post-SABR care 

is evidenced by the inability of a recent systematic review to provide follow-up 

guidelines due to the poor quality of available data (26). The observed combined 
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event rate for recurrences and second primary tumors of 5.9% per 6-months in the 

first 3 years and 1.3% per 6-months in the subsequent 2 years provides the basis for 

determining efficient follow-up schedules. Six-monthly CT scans in the first 3 years 

following SABR represents an efficient schedule in patients suitable for salvage 

treatments.  

 

Comparisons between the data presented here and surgical literature are difficult due 

to differences in patient populations, definitions of recurrences and the absence of 

pathologic staging following SABR. Although a crude post-SABR LR of 4.4% is 

reassuring, there are a number of reasons why this may be an underestimation of LR 

relative to surgical reports. The definition of post-surgical LR typically includes any 

recurrence within the entire ipsilateral lung (20, 25). In contrast, we defined post-

SABR LR as being within or adjacent to the PTV, and all other ipsilateral lung 

recurrences were considered either DR or second lung primaries after MDT review. 

Additionally, as post-SABR radiologic lung changes can be difficult to differentiate 

from LR (27), all suspicious lesions were coded as LR, even when confirmatory 

18FDG-PET or histology were absent, reducing the risk of underestimation. The 

assessment whether local recurrences were full in-field recurrence or marginal 

recurrences, remains extremely difficult as post-SABR radiologic changes are 

common, leading to distortion of anatomy and difficulty in reconstructing dose 

distributions on co-registered follow-up CT scans. 

 

Surgical literature suggests that following clinical staging with 18FDG-PET, 

approximately 10% of surgical patients are found to have pathologically involved 

nodal disease (28). Nevertheless, a crude post-SABR RR of 6.4% in our patients is 
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reassuring, but difficult to compare with post-surgical RR as the latter typically refers 

to regional recurrences in only the mediastinum in pathologically staged patients (20, 

28). 

 

A limitation of our report is the high proportion of patients without a pre-treatment 

pathological diagnosis. The study group includes patients referred for SABR after 

discussion an MDT at more than 70 hospitals. The rate of pathological confirmation 

reflects a general approach in The Netherlands towards solitary pulmonary nodules, 

where treatment without prior histological confirmation is based on an assessment of 

the likelihood of malignancy of 18FDG-PET positive lesions. The latter is consistent 

with recommended practice guidelines (29), which in the Netherlands has also been 

influenced by the low rates of benign 18FDG-PET positive lung disease (21, 22). 

Reassuringly, we found no differences in overall survival or patterns of recurrence 

between patients with and without pathology-proven disease in this study, a finding 

that was previously reported in detail (30).  

 

As a third of the study population had a history of a previous malignancy, it cannot be 

ruled out that the treated lesion represented a metastasis from the previous tumour 

(so-called oligometastasis) or a metastasis from a new primary cancer, and that 

subsequent extra- or intrathoracic metastases observed were additional metastases 

from this prior malignancy. However, the likelihood of the former is low as the 

median interval between the initial primary tumor and SABR exceeded four years, 

and pre-SABR staging 18FDG-PET did not reveal extra-pulmonary tumors. 

Furthermore, history of a prior malignancy was not correlated with overall survival or 

any pattern of recurrence in this series.   
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The low rates of local and regional recurrence on long-term follow-up are reassuring 

when considering the growing use of SABR worldwide, even as SABR planning and 

delivery techniques have continued to evolve since 2008. The predominant pattern of 

disease recurrence is rapid isolated distant recurrence, a finding that is unlikely to be 

influenced by the choice of local treatment. For the remaining patients, isolated loco-

regional recurrence can be observed, which potentially represents an opportunity for 

salvage curative treatment.  
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Table 1: Baseline characteristics  
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Table 2: Details of post-SABR patterns of disease recurrence. 
  
 

 
Data are number (%), median (range), or n/N (%). SABR=stereotactic ablative 
radiotherapy. ECOG=Eastern Cooperative Oncology Group. NSCLC=non-small-cell 
lung cancer. 1⁸F-FDG=1⁸F-fl uorodeoxyglucose. *As defi ned previously using 
objective physiological criteria.12 †Chronic obstructive pulmonary disease staging as 
defi ned by the Global Initiative for Chronic Obstructive Lung Disease. ‡Data missing 
for four patients. §Data missing for one patient. ¶Percentage reported is of those in 
whom a histological diagnosis was attained. 
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Figure 1: Actuarial survival 

 

Kaplan Meier curves showing overall survival (top) and disease specific survival 

(bottom).   
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Figure 2: Actuarial patterns of recurrence   

 

 
 

Kaplan Meier curves of local (top left), regional (top right), distant (bottom left) and 

any recurrence (bottom right). 
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Figure 3: Timing of recurrences  

 
 

 

 

Number of recurrences and second primary lung cancers per 6-month follow-up 

period post-SABR (columns). The rate of combined events per 6-month period 

determined by the number of patients beginning each period (line). 
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Abstract 

Background 

To characterize the radiologic changes occurring following arc stereotactic ablative 

radiotherapy (SABR) for early-stage non-small cell lung cancer relative to those 

following fixed-beam SABR.   

 

Methods 

Twenty-nine patients treated with arc SABR without local recurrence and more than 

two years follow-up were retrospectively evaluated using a published scoring system. 

The late morphologic patterns, timing and severity of radiologic change were assessed 

and compared to 54 patients treated with fixed-beam SABR that we previously 

assessed using the same system.  

 

Results 

The baseline characteristics and follow-up of both cohorts were well matched and 

SABR technique was not associated with morphologic differences before 6 months 

(p=0.23). Thereafter the predicted probabilities of a modified-conventional pattern 

following arc and fixed-beam SABR were 96.3% vs. 68.9%, respectively (OR 11.7, 

95% CI 3.38-40.8, p<0.001). In addition, at 1 year follow-up the predicted 

probabilities of arc and fixed-beam SABR patients having expected or pronounced 

radiologic changes were 64.9% and 22.1%, respectively (OR = 6.56, 95% CI: 3.13 – 

13,7, p<0.001).  
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Conclusions 

Post-SABR radiologic changes differ with delivery technique, which has important 

implications during follow-up. Confirmation in larger studies is required and etiologic 

factors remain to be determined.  
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Introduction 

Three recent propensity-matched analyses comparing surgery with stereotactic 

ablative radiotherapy (SABR) showed similar outcomes for early stage non-small cell 

lung cancer (ES-NSCLC) [1]. As a result, SABR may be increasingly utilized as a 

curative treatment option for medically operable patients [2, 3]. Post-operative CT 

surveillance may facilitate salvage treatment by allowing earlier detection of local 

recurrences [4-6]. Although CT surveillance is also routinely performed following 

SABR, interpretation may be confounded by treatment-related benign radiologic 

changes, some of which may have a similar appearance to local recurrence [7]. This is 

particularly important in patients fit enough for salvage therapy. Although FDG-

PET/CT may help to distinguish between fibrosis and recurrence [7], radiologic 

changes occur commonly whereas local recurrence is observed in approximately 10% 

of patients [8]. It is therefore important to characterize typical late radiologic changes 

in order to try and limit the morbidity, anxiety and costs associated with confirmatory 

investigations. 

 

Previously, we reported on the radiologic changes occurring at least two years 

following fixed-beam SABR, where treatment was delivered with 8-12 intersecting 

non-coplanar fixed beams [9]. In 2008, we implemented a coplanar arc technique, 

where the treatment beam rotates around the patient varying in shape, dose-rate and 

speed of rotation [10]. Arc-based SABR alters the dose distribution delivered 

compared to that with fixed-beam SABR, decreasing high-dose exposure outside the 

target, while increasing low-dose exposure in the surrounding normal lung (Figure 1) 

[11]. Given a dose-response relationship for CT density changes has been observed 

after SABR [12], the impact of arc SABR delivery on late radiologic change is 
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unclear. In this study, we characterized the morphology, timing and severity of late 

radiologic changes following arc SABR and compare these to those observed 

following fixed-beam SABR. 
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Materials and Methods 

Patient and treatment characteristics 

All lung cancer patients referred to our institution since 2003 for SABR have had 

baseline characteristics, radiotherapy details and follow-up findings registered into a 

database. Those who met the following criteria were eligible for this retrospective 

study: (i) ES-NSCLC receiving arc SABR, (ii) only one lung tumor at presentation, 

(iii) CT follow-up at our institution for more than 2 years, (iv) no clinical evidence of 

local recurrence. Our follow-up policy was consistent with that recommended by the 

National Comprehensive Cancer Network [6], with a CT scan of the thorax and upper 

abdomen at 3, 6 and 12 months, followed by yearly intervals thereafter. Local 

recurrence was defined as failure in or adjacent to the PTV [8]. Toxicity was 

retrospectively scored using the common toxicity criteria (CTC) version 4.0.  

 

All SABR planning and delivery techniques have been previously described in detail 

[10, 13, 14]. Briefly, radiotherapy planning utilized a 4-dimensional CT to define the 

envelope volume within which the gross tumour moved with respiration. This was 

considered the internal target volume. For fixed-beam SABR an additional 3 mm 

isotropic margin was added to create the planning target volume (PTV). Fixed-beam 

SABR prescriptions were ‘risk-adapted’, with three fractions of 20 Gy delivered for 

T1 tumours, five fractions of 12 Gy for T2 tumours or T1 tumours with broad chest 

wall contact and eight fractions of 7.5 Gy for central tumours adjacent to the heart, 

hilus or mediastinum [15]. For arc SABR the PTV margin was increased to 5 mm and 

the three and five fraction regimes had reduced fractional doses of 18 and 11 Gy 

respectively because a more accurate planning algorithm was implemented at the 

same time. This, to a large extent compensates for dose differences between the 
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planning techniques [13, 16]. In all cases, SABR was prescribed to the 80% isodose 

and plans normalized so that this encompassed 95% of the PTV. The arc SABR 

patients included in this study had treatment plans that were optimized without lung 

constraints. This differs from our current practice, in which arc SABR plans limit 

dose to the contralateral lung [17].    

 

Scoring of radiologic change  

Table 1 shows the morphologic patterns representing early (<6 months) and late (≥6 

months) radiologic change. In addition to this, an overall subjective impression of 

severity was scored as ‘pronounced’ (more than expected), ‘expected’, ‘mild’ (less 

than expected) and ‘none’. The late radiologic changes of 54 patients with a single 

tumor treated with fixed-beam SABR have been previously reported as part of a 

larger cohort [9]. SUS, MDA and SAS were present during the scoring of the arc 

SABR cohort and SUS and MDA were present during the scoring of the fixed-beam 

SABR cohort. Scoring was by consensus opinion, using the same methodology for 

both cohorts, except that the names given to the different severity scores was 

modified as described above. Illustrative examples of each morphologic pattern of 

change [9] were available as a reference chart to clinicians when scoring took place. 

A single phase from the planning CT and all subsequent follow-up CT scans were 

projected onto a 65” LCD screen with 1920x1080 pixel resolution and 5000:1 

contrast ratio (Samsung, 650TS-2) in a darkened room for assessment.  

 

Statistical considerations 

Descriptive statistics were used for all baseline characteristics and toxicity outcomes. 

Acute morphologic changes between arc and fixed-beam SABR were compared 



Treatment of early-stage lung cancer: Cure and survivorship  
_______________________________________________________________________________________________________ 
 

54 
 

considering only the first scan within six months of treatment with Fisher’s exact test. 

Late morphologic changes and severity were analyzed using generalized estimating 

equations (GEE) analyses for binary outcomes with SABR technique as factor and 

time as a covariate. An interaction between time and SABR technique was included to 

investigate whether differences became more or less profound over time. Possible 

confounding by baseline characteristics was assessed by adding all the main effects of 

possible confounders to the model to see if conclusions changed. To assess the impact 

of censoring and variations in follow-up times, sensitivity analyses were performed 

where follow-up was restricted to two and three years, respectively. Follow-up was 

calculated as the time between the first SABR fraction and the last CT scored. All 

statistical analyses were two-sided with a threshold of p<0.05 for statistical 

significance. An exchangeable working correlation structure was assumed for GEE 

analysis.  All statistical analyses were performed using Statistical Package for Social 

Sciences (version 18.0) or R (version 15.0). 
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Results 

Twenty-nine patients underwent arc SABR for ES-NSCLC and met the eligibility 

criteria. Table 2 describes the baseline characteristics of these patients along with 54 

patients treated with fixed-beam SABR who met the same eligibility criteria [9]. Both 

groups were well matched with respect to baseline characteristics including gender, 

age, past smoking history, tumour location, tumour size, performance status and 

SABR fractionation schedule (all p>0.16). Patients undergoing arc SABR trended 

toward having more frequent GOLD stage 0 or 1 COPD, 62.1% vs. 35.2% (p=0.06) 

and a higher FEV1, 2.20L vs. 1.58L (p=0.07). Patients undergoing arc SABR had 

treatment delivered at a different dose-rate (p=0.004), the majority of which were 

higher than the dose rate delivered with fixed-beam SABR. The median follow-up of 

patients receiving arc SABR was 31.7 months (IQR 26.6-36.8), which was no 

different from those undergoing fixed-beam SABR, 28.4 months (IQR 25.0-36.5, 

p=0.20). Grade 3 or higher respiratory toxicity occurred in one patient from each 

cohort, with each of these being grade 3 radiation pneumonitis.   

 

Figure 2 shows the morphology of radiologic changes scored with time. Morphology 

was no different during the first 6 months with either technique (p=0.23). Throughout 

follow-up, arc SABR patients trended to being more likely to have any radiologic 

change compared to fixed-beam SABR patients (OR 2.33, 95% CI 0.96-5.64, 

p=0.06). The trend disappeared when corrected for dose rate, GOLD stage and 

absolute FEV (8% missing data for FEV) differences at baseline (OR = 1.93, 95% CI: 

0.70 – 5.29, p = 0.20). The overall proportion of patients having radiological change 

increased over time (p<0.001) and by 2 years follow-up radiologic changes occurred 

almost universally irrespective of delivery technique. Arc SABR patients were 
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significantly more likely to have a modified-conventional pattern of change than 

fixed-beam patients after 6 months follow-up, with a predicted probability of 96.3% 

vs. 68.9% (OR 11.7, 95% CI 3.38-40.8, p<0.001), respectively. This was because 

fixed-beam patients became more likely to develop a scar-like or mass-like pattern 

with longer follow-up. Morphologic differences remained significant when corrected 

for baseline differences in dose rate, GOLD stage and FEV1 between arc and fixed-

beam cohorts (OR = 11.7, 95% CI: 2.93 – 46.6, p < 0.001). 

 

Figure 3 shows the predicted probability of mild or no radiologic change after fixed-

beam and arc SABR. This suggests that irrespective of technique, with longer follow-

up, radiologic changes are less likely to be scored as mild or none and more likely to 

be scored as expected or pronounced. With arc SABR radiologic changes at 1 year 

follow-up were more likely to be scored as expected or pronounced (OR = 6.56, 95% 

CI: 3.13 – 13,7, p<0.001) and this difference became greater with longer follow-up as 

indicated by a significant time by technique interaction (p=0.014). After 1 year 

follow-up the predicted probabilities of arc and fixed-beam SABR patients having 

expected or pronounced changes were 64.9% and 22.1%, respectively. At 2 years 

follow-up, the predicted probabilities were 82.9% and 26.2%,. Conclusions did not 

change when controlling for baseline differences in dose rate, GOLD stage, and 

relative FEV (OR and p-value for difference at 1-year follow-up: OR = 4.60, 95% CI: 

2.13 – 9.97, p < 0.001; p-value for time by technique interaction: p = 0.011). Figure 4 

shows the radiologic changes for 3 pairs of patients treated with arc or fixed-beam 

SABR matched for location, PTV size and SABR fractionation.  
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Discussion  

Following SABR for ES-NSCLC, local recurrence occurs in approximately 10% of 

patients, and is potentially amenable to salvage treatment [8, 18]. However, the 

median time to isolated local recurrence is 13.5 months [8], at which time benign 

radiologic changes are common and still evolving [9, 19]. In a previous study, fixed-

beam or arc SABR did not impact the pattern of radiologic change within three 

months of treatment [20], which we observed was also the case within six months. 

However, thereafter we found arc SABR trended towards more radiologic changes 

and that these may be more pronounced. In addition, the morphology of these changes 

following arc SABR was almost universally a modified-conventional pattern, while 

fixed-beam SABR resulted in scar-like and mass-like patterns became increasingly 

likely with longer follow-up.  

 

We hypothesize that different dose distributions with SABR technique (Figure 1 [11]) 

might have contributed to the observed differences in radiologic change. It has 

previously been suggested that lung density changes after SABR increase 

progressively after the lung is exposed to cumulative doses as low as 6 Gy and appear 

to plateau after approximately 40 Gy [12]. If there is little further increase in density 

after 40 Gy, then the improved conformity achieved for higher isodoses with arc 

SABR may have a less obvious effect on radiologic change. We postulate therefore 

that differences in low-intermediate dose exposure [11], may contribute to the 

differences in lung changes between techniques. Furthermore, the circular low dose 

distribution with non-coplanar fixed-beam SABR (Figure 1) may explain why late 

mass-like changes are observed more often than with arc SABR.  
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The impact of baseline characteristics on radiologic changes are poorly understood. 

Baumann et al. found the incidence of fibrosis was lower in patients with COPD than 

those without, 33% vs. 53% [21] and Kimura et al. made similar observations in 

patients with pulmonary emphysema [22]. Pathophysiologically this may have an 

immunologic basis and represent the result of a complex interaction between baseline 

immune activation in COPD and that subsequently with SABR [23, 24]. As there was 

a trend for patients in the arc SABR cohort to have less advanced COPD and 

treatment with a higher dose-rate these were assessed as potential confounders in a 

multivariate GEE model, but the relationship between morphology and severity of 

radiologic change with treatment technique remained significant. 

 

We acknowledge a number of study limitations that merit discussion. Our study 

cohort was limited given that we wanted to assess late radiologic changes and 

therefore required at least two years CT follow-up. However, even with these limited 

numbers, to the best of our knowledge this is the only study describing late radiologic 

changes following arc SABR and comparing outcomes to those with fixed-beam 

SABR. Additionally, the subjective nature of our study outcomes makes them prone 

to bias, particularly given that the different cohorts were assessed at different times. 

However, to limit this, assessments were performed by consensus opinion and by the 

same clinicians using a standardized reference chart. It must also be noted, the aim of 

this scoring system was to allow a simple systematic descriptive assessment of 

radiologic change reflecting routine clinical practice rather than a finer objective or 

quantitative assessment, which is the subject of ongoing research [25]. We 

acknowledge that we have not considered different DVH parameters such as V20 
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(recalculated where necessary using heterogeneity correction) in the analysis. 

Nonetheless, as noted already, the prescription dose was adjusted to reflect the  

 

introduction of a more advanced planning algorithm, and in addition the two groups 

were well balanced with respect to target volume size. In addition, we did not aim to 

correlate in detail the extent of lung function and CT changes. Ma et al. assessed 

respiratory function following conventional radiotherapy and found a weak 

relationship with lung density changes [27], suggesting such changes may be a 

candidate surrogate marker with which to assess respiratory outcomes after SABR. 

  

In conclusion, post-SABR radiologic changes may be influenced by a number 

etiologic factors including delivery technique. These preliminary observations may 

have important implications for follow-up and salvage as well as choice of SABR 

technique, and suggest that diagnostic algorithms to differentiate suspected local 

recurrence and benign change should consider SABR technique. These findings 

require confirmation with a larger cohort.   
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Table 1: Categories of acute and late radiologic change.  

 

Acute radiologic change (< 6 months)  Late radiologic change (≥ 6 months) 

Diffuse 
consolidation 

More than 5 cm with more 
consolidation than aerated 
lung 

Modified 
conventional 

Consolidation, volume loss, 
and bronchiectasis similar to 
conventional radiation 
fibrosis, involving an area 
larger than the original 
tumour, occasionally with 
GGO 

 
Patchy 
consolidation 

Less than 5 cm and/or 
contains less consolidation 
than aerated lung 

Mass-like 
fibrosis 

Well-circumscribed focal 
consolidation limited to area 
surrounding the tumour 
larger than the original 
tumour 
 

Diffuse GGO  More than 5 cm without 
consolidation and more 
GGO than normal lung. 

Scar-like 
fibrosis 

Linear opacity in the region 
of the tumour associated with 
volume loss 
 

Patchy GGO  Less than 5 cm without 
consolidation and/or 
contains less GGO than 
normal lung 

No evidence 
of increased 
density  

No new abnormalities. 
Includes stable, regressing or 
resolved tumours, or fibrosis 
in the position of the original 
tumour that is not larger than 
the original tumour 

No evidence of 
increased 
density  

No new abnormalities. 
Includes stable, regressing 
or resolved tumours, or 
fibrosis in the position of 
the original tumour that is 
not larger than the original 
tumour 

    

 
GGO: ground glass opacity. 
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Table 2: Baseline characteristics  

 

 
P-values calculated using Chi-square test 1, Independent samples t-test 2, Fisher Exact 

test 3 and Mann-Whitney test 4. Follow-up calculated as time between the first SABR 

fraction and the last follow-up CT scan 5. Interquartile range (IQR). Forced expiratory 

volume in 1 second (FEV1). Monitor units per min (MU/min). Central tumours were 

within 2 cm of lobar bronchi or in contact with other mediastinal structures. All other 

tumours were considered peripheral tumours.   

 Fixed-beam 
SABR (n=54) Arc SABR (n=29) p-value  

Gender (% male) 28 (51.9) 19 (67.9) 0.1651 

Mean age in years (SD) 71.1 (8.5) 69.5 (7.9) 0.4072 

Positive smoking history (%) 52 (96.3) 29 (100) 0.5403 

Location (% peripheral) 40 (74.1) 23 (79.3) 0.5951 

Median tumour diameter (mm, IQR) 26.5 (19.0 – 34.0) 25.0 (18.5 – 31.5) 0.3544 

PTV in cm3 (median, IQR) 23.0 (14.2 – 45.2) 25.8 (18.2 – 41.6) 0.6164 

FEV1 in litres (median, IQR) 1.58 (1.24 – 2.19) 2.20 (1.28 – 2.95) 0.0694 

COPD GOLD stage    0.0614 

-       0 15 (27.8) 10 (34.5) 
 -       1 4 (7.4) 8 (27.6) 

-       2 19 (35.2) 7 (24.1) 
-       3 16 (29.6) 4 (13.8) 

WHO performance status    0.4934 

-       0 11 (20.4) 9 (31.0) 
 -       1 32 (59.3) 14 (48.3) 

-       2 11 (20.4) 6 (20.7) 
Dose rate (MU/min)   0.0044 

-       480 2 (3.7) 0 (0.0) 

 
-       600 0 (0.0) 10 (34.5) 
-       640 2 (3.7) 0 (0.0) 
-       800 50 (92.6) 0 (0.0) 
-       1000 0 (0.0) 19 (65.5) 

Number of fractions (median, IQR)  5 (3 - 5) 5 (3 – 8)  0.1554 

Follow-up in months5 (median, IQR) 28.4 (25.0 – 36.5) 31.7 (26.6 – 36.8) 0.1994 

Number of scans (median, IQR) 5 (4 – 6) 5 (5 – 6.5) 0.0714 
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Figure 1: Typical dose distribution with fixed-beam and arc SABR  

 

 
 

Typical dose distribution with fixed-beam (top) and arc (bottom) SABR for a central 

left tumour prescribed 60 Gy in 8 fractions. The PTV (dotted line) is shown along 

with the 5, 10, 20, 30 and 40Gy isodoses (solid lines). The arc SABR case here, as 

with all arc SABR patients included in this study were not optimized with lung 

constraints, which differs from our current practice of limiting the contralateral lung 

dose.  
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Figure 2: Morphology of radiologic changes with time 

 

 
 
The relative percentage for each morphologic pattern of radiologic change occurring 

during follow-up: fixed-beam SABR (left) and arc SABR (right).  
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Figure 3: Radiologic changes scored as mild or none with time 

 

 
 

Predicted probability of mild or no radiologic change after labeled SABR techniques 

with time. Respective dashed lines represent 95% confidence intervals. 
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Figure 4: Radiologic changes in 3 patients matched for baseline characteristics  
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Abstract 

Background 

Early detection of local recurrences following stereotactic ablative radiotherapy 

(SABR) for lung cancer may allow for curative salvage treatment, but recurrence can 

be difficult to distinguish from fibrosis. We studied the clinical performance of CT 

imaging high-risk features (HRFs) for detecting local recurrence. 

 

Methods 

Patients treated with SABR for early stage lung cancer between 2003 and 2012 who 

developed pathology-proven local recurrence (n=12) were matched 1:2 to patients 

without recurrences (n=24), based on baseline factors.  Serial CT images were 

assessed by blinded radiation oncologists. Previously reported HRFs were 1) 

enlarging opacity at primary site; 2) sequential enlarging opacity; 3) enlarging opacity 

after 12-months; 4) bulging margin; 5) loss of linear margin and 6) air bronchogram 

loss. 

 

Results 

All HRFs were significantly associated with local recurrence (p<0.01), and one new 

HRF was identified: cranio-caudal growth (p<0.001). The best individual predictor of 

local recurrence was opacity enlargement after 12-months (100% sensitivity, 83% 

specificity, p<0.001). The odds of recurrence increased 4-fold for each additional 

HRF detected. The presence of ≥3 HRFs was highly sensitive and specific for 

recurrence (both >90%).  
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Conclusion 

The systematic assessment of post-SABR CT images for HRFs enables the accurate 

prediction of local recurrence.  
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Introduction  

Over the last decade, stereotactic ablative radiotherapy (SABR, also referred to as 

SBRT) has been rapidly adopted into clinical practice and has become the preferred 

treatment for early stage non-small cell lung cancer (NSCLC) patients with medically 

inoperable tumors [1,2]. Single-institution, population-based and Markov-modelling 

studies have shown treatment outcomes after the implementation of SABR to be 

comparable to that of surgery, the historical gold-standard treatment [2-5]. SABR has 

also been increasingly evaluated in the operable patient population, with favourable 

outcomes [6,7]. As these fitter patients are more likely to be eligible for salvage 

treatments, appropriate follow-up for the earliest possible detection of local 

recurrence is of paramount importance.  

 

Due to the high biologic doses delivered with SABR, the vast majority of patients 

develop benign post-treatment fibrosis within 2 years post-treatment [8,9].  Although 

local recurrences after SABR for early stage NSCLC are uncommon when effective 

schemes with high biological doses are applied, the majority of these manifest within 

the first 2 years of treatment [3,10]. A failure to distinguish between the appearance 

of recurrence and benign lung fibrosis may lead to unnecessary imaging, invasive 

testing, delay in salvage or inappropriate salvage therapy.  

 

An evidence-based approach for choice of imaging modality during follow-up, and 

for the distinction of recurrence from fibrosis after SABR, is lacking. Current imaging 

follow-up relies mainly on CT imaging, with the role of FDG-PET/CT being unclear. 

Several previous studies, including a systematic review, have identified CT-based 

“high-risk features” (HRFs), which could distinguish recurrence from fibrosis [11]. 
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However, these studies have not been validated, and the sensitivity and specificity of 

these features are unknown. Previous studies have been limited by a lack of 

pathology-proven recurrences, due to both the infrequency of recurrence and the lack 

of biopsy confirmation in the frail patient population traditionally treated with SABR. 

In addition, several studies have included patients classified as having recurrence 

based only on CT findings (without pathology), which likely overestimates the 

performance of CT, since CT is used to both define and predict recurrence. The goals 

of the present study were to validate the previously reported HRFs of recurrence, to 

identify and test possible novel features, to determine the sensitivity and specificity of 

each feature in predicting recurrence, and to estimate the increase in recurrence risk as 

additional HRFs are detected in an individual patient. 
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Methods  

Patient Population and Treatment  

Details of patients treated with SABR for early stage lung cancer at the VU 

University Medical Center (VUmc) between April 2003 and July 2012 were retrieved 

from a prospective database. In the Netherlands, retrospective studies of patient data, 

such as this study, do not fall under the scope of the Medical Research Involving 

Human Subjects Act; this study is thus exempt from medical ethics review. Patients 

with synchronous lung tumors were excluded from our study. Patients were treated to 

a dose of 54-60 Gy prescribed to the 80% isodose in 3 to 8 risk-adapted fractions, 

based on tumor size and location [12]. Radiation treatment planning and delivery 

techniques have been previously reported [12]. A follow-up CT chest with contrast 

enhancement (2.5-5mm slice thickness) was obtained at 3, 6 and 12 months, and 

annually thereafter. More frequent CT imaging was obtained in cases of suspected 

recurrence. FDG-PET scanning was not performed routinely during follow-up, but 

only when disease recurrence was suspected, in patients who were considered to be 

candidates for salvage therapy.  

 

Definition of local recurrence 

Local recurrence was defined radiologically as a growing lesion within the involved 

lobe on sequential follow-up scans that could not clearly be attributable to lung 

fibrosis, as previously described [6]. During this time period, 31 patients were 

classified by a multi-disciplinary tumor board as having local recurrence based on 

suspicious radiologic findings. Of these, 12 had pathology-proven local recurrences 

and were matched 1:2 to patients without recurrence (n=24), from a group of 507 

potential matches, according to baseline factors. Patients were matched using a 
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manual method, selecting matched controls based on the following factors: tumor 

location (peripheral vs. central), fractionation (3, 5 or 8 fractions) and PTV size 

(within 10%). All patients without recurrence were required to have available follow-

up CT images at time intervals and duration comparable to their matched recurrence 

counterparts. 

 

Image Analysis:    

CT images were assessed for the presence of benign and HRFs previously reported in 

the literature [8,13-16]. Benign changes are subdivided into acute (within 6 months 

after treatment) and late changes (beyond 6 months post-treatment). Acute changes 

include diffuse consolidation, patchy consolidation, diffuse ground glass opacities 

(GGO), and patchy GGO; late changes include a modified conventional pattern 

(defined as volume loss, traction bronchiectasis, and consolidation similar to changes 

after conventional radiotherapy, but less extensive [8]), mass-like fibrosis, and scar-

like fibrosis). High-risk CT features have been previously reported by Kato, Takeda, 

and Matsuo et al [14-16]. The HRFs assessed were 1) enlarging opacity at the primary 

site; 2) sequential enlarging opacity; 3) enlarging opacity after 12 months; 4) bulging 

margin; 5) loss of linear margin and 6) loss of air bronchograms (including partial 

loss). Enlarging opacity was assessed according to RECIST 1.1 criteria [17]; 

specifically, size was measured on axial slices as recommended, and any growth in 

the transverse plane was recorded.  

 

Scoring was performed by blinded observers, viewing anonymized images projected 

onto a large screen. For reference, scorers were provided with representative images 
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and detailed descriptions of benign and high-risk features. A minimum of two 

radiation oncologists assessed scans for both high risk and benign features, and any  

 

discrepancies were resolved by consensus or consultation with an additional scorer if 

necessary. For each patient, the corresponding baseline pre-treatment planning 4D-CT 

and radiotherapy plan were available for review, and all follow-up images were then 

displayed in sequential order, with all viewing options and window/level settings used 

in clinical practice available. Size measurements were made using standard lung 

window settings. Areas of ground glass opacification were not included in the 

measurements. Judges remained blinded to the status of the patient with respect to 

recurrence.  

 

Three new potential HRFs were investigated, namely 1) new axial growth after 

complete response 2) cranio-caudal growth (≥ 5 mm and ≥ 20%) and 3) ratio of 

cranio-caudal growth to axial growth.  

 

Data Analysis 

Descriptive statistics were generated for the presence of each of the radiographic 

changes, stratified by recurrence/non-recurrence and compared using the Chi-square 

test (or Fisher’s exact test where appropriate). Sensitivity/specificity for each 

individual high-risk feature was calculated, along with the sensitivity and specificity 

for each additional cumulative high-risk feature (dichotomous cut-points, range: 0-7). 

Positive- and negative-predictive values (PPV and NPV) are not reported, since they 

are dependent on the prevalence of the outcome. In this 1:2 matched cohort, PPV 

would be overestimated and NPV underestimated, relative to an actual clinical 
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scenario where recurrence is less common [18]. Univariable logistic regression 

models were constructed to identify factors associated with recurrence. Since the 

study uses a matched study design, adjusted odds ratios were computed by stratifying 

for patient matching. All statistical analysis was performed using SAS (version 9.2), 

using two-sided statistical testing at the 0.05 significance level. 
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Results 

Baseline characteristics of all 36 patients are summarized in Table 1. Patients were 

well-matched in the recurrence and non-recurrence groups. The median age at 

diagnosis was 68 years and median post-SABR imaging follow-up was 24 months 

(range 6 to 67 months). Figure 1 shows representative serial CT images for a patient 

without recurrence (Figure 1A) and a patient with recurrence (Figure 1B). 

 

Benign CT imaging features were common, and were identified in 89% of all patients 

(32 of 36 patients). Most common acute benign features were: patchy consolidation 

(33%) and diffuse consolidation (17%); the most common late benign features were 

modified conventional changes (78%). The Supplemental Table (online only) shows 

the frequency of benign features. The onset of benign features appeared at a median 

of 6 months after treatment (range 3 to 36 months). 

 

High risk CT features were observed in 21 of 36 patients (58%), most commonly seen 

as an enlarging opacity (53%), enlarging opacity after 12 months (44%), cranio-

caudal growth (42%) or bulging margin (39%) (Table 2). All previously published 

high-risk CT features included in our study were significantly associated with local 

recurrence (all p<0.01, Table 2), and all patients with proven recurrence had one or 

more HRFs. Of the three new radiological features evaluated, only cranio-caudal 

growth was identified in sufficient numbers of patients and with adequate sensitivity 

and specificity to be clinically useful (p<0.001). The other two features, new axial 

growth after a complete response, and ratio of cranio-caudal to axial growth, were not 

adequately sensitive or specific for routine clinical use.   
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The best individual predictor of local recurrence was an enlarging opacity after 12 

months (sensitivity 100%, specificity 83%; Table 2), with the second-most predictive 

HRF being cranio-caudal growth. The latter was the novel HRF identified in this 

study (92% sensitivity, 83% specificity). Sequential enlargement was 100% specific, 

but had a sensitivity of only 67%.  

 

Table 3 shows the sensitivity and specificity of detecting recurrence based on 

cumulative number of HRFs on CT imaging. The presence of ≥1 HRFs had high 

sensitivity (100%), however the specificity was low (62%), reflecting a high false-

positive rate with a low cut-off. With an increasing number of HRFs, the sensitivity 

declined while specificity increased. The presence of ≥3 features was very sensitive 

and specific (>90%). Each additional HRF identified resulted in a 4-fold increased 

odds of recurrence.  

 

The median time from start of SABR to clinical diagnosis of local recurrence was 23 

months (range 6 to 46 months). In 50% of patients with recurrences (n=6), the first 

HRF, in retrospect, appeared 3 months or more before the date of diagnosis of 

recurrence. In four patients (30% of recurrences), two or more features were present 

at least 3 months prior to the diagnosis of recurrence. The appearance of an enlarging 

opacity and cranio-caudal growth were the best early indicators of recurrence: each 

was detected 3 months or more prior to the date of recurrence in 5 patients (42% of 

recurrences). 



Treatment of early-stage lung cancer: Cure and survivorship  
_______________________________________________________________________________________________________ 
 

82 
 

Discussion  

Although survival following local recurrence in early-stage NSCLC is poor, outcomes 

are significantly improved when patients are able to undergo salvage surgery [19,20]. 

The American Association for Thoracic Surgery has recommended low-dose CT 

surveillance for surgical patients eligible for subsequent treatment [21]. With surgical 

salvage and re-irradiation being feasible post-SABR [22-25], and an increasing 

proportion of patients undergoing SABR being otherwise operable [7], the importance 

of early detection of local recurrence is increasingly clinically relevant.  The present 

study validates the clinical utility of previously reported HRFs as being significant 

predictors of local recurrence. In addition, a novel HRF has been identified, the 

presence of growth in the cranio-caudal direction. Combining these HRFs permits a 

highly sensitive and specific diagnosis of local recurrence without functional imaging. 

These findings are of particular significance, since benign CT-features occurred 

almost universally, and often at the same time as HRFs, yet the HRFs still perform 

with good sensitivity and specificity. Finally, the systematic assessment of post-

SABR CT images for these HRFs has the potential to diagnose local recurrence 

sooner than achieved otherwise.  

 

The most accurate predictor of local recurrence was an enlarging opacity after 12 

months, however, this criterion inherently cannot allow for detection of recurrence 

within the first year after diagnosis. As such, other HRFs must be utilized during the 

first year post-treatment. These findings are supported by previous studies reporting 

on a combined total of seven histologically confirmed local recurrences, which 

reported that an enlarging mass, particularly after 12 months, being the most sensitive, 

but not specific, feature of recurrence [15,16]. One study reported perfect 
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performance for the criteria of three consecutive enlargements (100% sensitive,100% 

specific) [26]; however, an important limitation of most studies is the inclusion of 

patients who had recurrence defined only by CT imaging without biopsy, which risks 

artificially inflating the sensitivity and specificity values. The drawbacks of a non-

systematic approach to diagnosing recurrence is readily evident, and may lead to 

resection of `recurrences` without viable tumor cells in one in four patients [15,27]. 

These findings underscore the limitations of current criteria for defining progressive 

disease (such as RECIST) and suggest a need for alternative criteria [28].  

 

The novel high-risk CT feature of growth in the cranio-caudal dimension, has not, to 

our knowledge, been reported previously. The biologic basis to this finding may be 

that most SABR dose is deposited in the axial plane, where most fibrosis would also 

be expected as there is a clear relationship between dose and CT density changes [29]. 

The relatively low amount of low-dose radiation, and more rapid dose fall-off, in the 

cranio-caudal direction makes CT changes in this axis less likely to be related to 

radiation injury, and more suggestive of recurrence.  

 

Overall, CT imaging can be very sensitive and also very specific for the diagnosis of 

local recurrence. When two or fewer HRFs are identified, specificity is low. In such 

patients, PET/CT may be useful to assist with the diagnosis of local recurrence [30], 

and also for ruling out distant recurrence prior to salvage. Employing a minimum cut-

off of 3 or more HRFs identified, the sensitivity and specificity exceed 90%, 

suggesting that proceeding to biopsy or salvage treatment may be appropriate, 

although this finding should be validated in other datasets. These sensitivity and 
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specificity values are promising, since the usual criteria for proceeding with resection, 

fine-needle aspiration biopsy (FNAB) or core needle biopsy (CNB), have  

 

performance characteristics in the same range: sensitivities of 81-91% and 86%-97% 

for FNAB and CNB respectively, and specificities of 75%-100% and 89%-100% 

respectively [31]. In such patients with 3 HRFs, omission of PET imaging to assess 

the primary lesion may be reasonable, particularly if not readily available at the 

treating institution, although it may provide useful information regarding the presence 

or absence of distant disease. An updated follow-up imaging algorithm for patients 

who are candidates for salvage therapy for the detection of local recurrence is 

provided in Figure 2, based on a previous systematic review [11].  

 

The management recommendations based on CT imaging presented herein can serve 

as a useful tool for clinicians, however, a multidisciplinary team opinion is preferred 

whenever possible. Considerations include risks of diagnostic procedures in frail 

patients, which may favor close observation. False-negative or indeterminate biopsy 

results, may favor proceeding directly to salvage therapy, particularly if the clinical 

suspicion of recurrence is high. Additionally, many patients will require close 

imaging follow-up for an evolving fibrosis for a number of years before a recurrence 

can be ruled-out. To address patient concerns, it may be useful to inform patients 

prior to SABR about the common appearance of post-treatment lung changes and 

their low risk of cancer recurrence, similar to what patients have found helpful in the 

discussion of pulmonary nodules [32]. 
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There are inherent limitations of this study. The study is retrospective in nature, and 

the sample size is modest. The stipulation that patients with recurrence require 

pathological proof for inclusion in this study is essential to avoid inflating the 

estimated performance of CT.  However, given the excellent local control rates  

 

following SABR, the sample size of this study becomes limited, and as such these 

patients were drawn from a large institutional database (31 recurrences and 507 non-

recurrences available, as described above). Nevertheless, to our knowledge, this 

report still represents the largest study to date detailing the radiographic appearance of 

pathology-proven local recurrences after lung SABR. Assembling a substantially 

larger dataset of patients with pathological proof of recurrence would likely require a 

multi-institutional pooled analysis. Patients without histologic confirmation of 

recurrence were not included in our study, since such patients who are diagnosed 

based on imaging findings only may in fact have benign fibrosis [15]; inclusion of 

these patients would overinflate the performance of CT imaging. Since patients who 

had pathologic proof of recurrence are likely different from patients who were unable 

to undergo confirmatory biopsy, this selection may limit the generalizability of our 

findings, including the performance characteristics of the HRFs, to the latter group. 

The clinical impact of this lack of generalizability would likely be minimal, since 

patients who are unable to have confirmatory biopsies are often unfit for surgical 

salvage. In this study, ‘enlarging opacity’ was defined on axial slices; in centres with 

isotropic reconstructions, defining cranio-caudal growth as a separate risk factor may 

be redundant if enlargement is measured in all planes. Although all measurements 

were made using lung window/level settings, standardizing the definition of ‘opacity’ 

in terms of HU density changes may be useful to increase generalizability. In 
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addition, there may be underlying differences in tumor biology not captured herein 

(e.g. volume doubling time) that may help to predict timing of recurrence. 

 

For ethical reasons, our control patients without recurrence were not pathologically 

confirmed, however, they underwent a minimum follow-up of one year to rule-out 

local recurrence. We cannot exclude the possibility that a small number of these 

control patients could develop a late recurrence in the future. In addition, not all of 

these ‘control’ patients would be expected to have suspicious CT findings. Since 

PET/CT was not routinely done on matched controls, the sensitivity/specificity of 

PET/CT could not be evaluated herein, and the role of FDG-PET/CT warrants further 

investigation. Finally, there may be variability in the identification of HRFs by 

physicians, which may be amenable to online training workshops; images herein were 

analyzed by radiation oncologists, rather than radiologists, as the latter may be 

unfamiliar with current radiation oncology literature regarding HRFs. More detailed 

objective measures for the detection of recurrence include CT texture and volumetric 

analysis, both of which are currently being evaluated [33].  

 

In conclusion, as the use of SABR increases in clinical practice, the need for objective 

measures to distinguish recurrence from fibrosis on follow-up imaging is pressing. 

Several HRFs, including one novel HRF, have been validated to be predictive of local 

recurrence. A systematic assessment of follow-up CTs for HRFs may allow for earlier 

detection of recurrence. Using a “high-risk count” cut-off of 3 or more features on CT 

imaging confers excellent sensitivity and specificity for the detection of local 

recurrence.  
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Table 1: Baseline Characteristics 

 

Table 2: Frequency of high-risk features 

 

Table 3: Sensitivity and Specificity of high-risk CT features identified  
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Figure 1: Representative CT images with benign and high-risk CT features.  
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Figure 2: Suggested imaging follow-up algorithm for patients following SABR 

who are candidates for salvage therapy.  

 

 

The reader is referred to reference 11 for a full discussion of the algorithm. *High-risk 

CT features include: enlarging opacity, cranio-caudal growth, sequential enlargement, 

enlarging opacity after 12 months, loss of linear margins, bulging margin and loss of 

air bronchograms. **Rule out nodal or distant recurrence prior to salvage. 
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Letter to the editor 

 

Furman et al. make a persuasive case for limiting intensive follow-up after curative 

cancer therapy to tumor types for which salvage treatments improve survival (1). 

However, their conclusions concerning early stage non-small cell lung cancer 

(NSCLC) disregard literature that suggest improved outcomes with computed 

tomography (CT) surveillance may be possible, particularly with regards to second 

primary NSCLC.  

 

Using a surveillance program in keeping with the National Comprehensive Cancer 

Network (NCCN) recommendations (2), Lou et al. followed 1294 early-stage NSCLC 

patients postoperatively using thoracic CT scans every 6-12 months for the first 2 

years, and yearly thereafter (3). They found, a persistent risk of second primary 

NSCLC of between 3-6% per person-years. For early stage NSCLC patient treated 

using stereotactic ablative radiotherapy (SABR) undergoing the same CT 

surveillance, second primary NSCLC develops at a similar rate (4). This reveals 

curatively treated early-stage NSCLC survivors are at a greater risk of lung cancer 

events than was the case in the recent National Lung Screening Trial, where screening 

thoracic CT improved survival by 20%, relative to radiographic screening (5).  

 

Effective surgical salvage for recurrent and second primary NSCLC is possible, with 

reported 5-year survivals between 8-40% and 25-53%, respectively (6,7). Although 

large surgical series have consistently shown treating recurrences improves survival 

(8), this is only feasible in 1-4% of patients with isolated local recurrence (6). This is 

not the case with CT detected second primary NSCLC which are typically small and 
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detected asymptomatically more than 90% of the time (3). Because of this, such 

tumors can be resected more than 50% of the time (3). For patients that are unfit for 

surgery, SABR enables a curative treatment option, achieving 5-year local control 

rates of approximately 90% (4), without decreasing patient-reported quality of life 

(12). 

 

The proponents of intensive surveillance strategies must recognize that the competing 

risks of death, even in long-term NSCLC survivors, make it difficult to prove survival 

improvements (13). Available literature suggests we should follow surveillance 

guidelines such as those recommended by the American Association for Thoracic 

Surgery (14), and support ongoing research such as the IFCT-0302 trial in which 

post-surgical surveillance using radiography is being tested against CT and 

bronchoscopy (15), rather than consider NSCLC surveillance futile.  
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Summary 

For patients with locally-recurrent lung cancer, high dose thoracic re-irradiation can 

prolong survival. Deformable image registration improves the accuracy with which 

initial treatments are accounted for compared to rigid image registration. Using 

deformable image registration will improve correlative toxicity data, and may reduce 

toxicity for selected patients undergoing re-irradiation.    
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Introduction 

Despite the use of concurrent chemoradiation (CRT) for locally advanced non-small 

cell lung cancer (NSCLC), isolated loco-regional recurrences develop in 

approximately 25% of patients (1, 2). Surgical salvage is generally not feasible in this 

setting as patients are likely to have been non-surgical candidates to begin with and 

subsequent surgery carries a high risk of complication (3). For such patients, high 

dose thoracic re-irradiation (Re-RT) can result in long-term survival (4, 5), however 

the risk of toxicity limits the utilization of Re-RT.  

 

Accurately accounting for the initial treatment is a primary concern when planning 

Re-RT. This is typically accomplished using rigid image registration (RIR). However, 

RIR may not account for anatomic changes, including changes in body weight, early 

and late normal tissue radiation responses, set-up and positioning or interval 

treatments such as surgery. Deformable image registration (DIR) is an image 

processing technique, with the potential to account for such changes (6). DIR maps 

the individual components (voxels) of one scan to those of another thus attempting to 

resolve such differences. As manual clinician contours and planned radiotherapy 

doses are assigned to these voxels, DIR similarly attempts to correct the spatial 

distribution of these (Figure 1).  

 

We evaluated the use of DIR to account for initial treatment when planning curative-

intent Re-RT. The objectives were to quantify the spatial difference between RIR and 

DIR and to determine if DIR enabled improved dose registration accuracy.  
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Material and Methods 

Between April 2003 and December 2011, all patients at the VU University Medical 

Center who received curative Re-RT, despite overlapping planning target volumes 

(PTV) were eligible for evaluation. No patients were excluded otherwise. Re-RT was 

only offered to patients after their case had been discussed and treatment 

recommended by, a thoracic multi-disciplinary tumor board. Medical ethics review 

was not sought as in The Netherlands, retrospective studies fall outside the scope of 

the Medical Research Involving Human Subjects Act. 

  
Initial (CT1) and subsequent (CT2) planning CT scans and their respective planned 

doses (D1 and D2) were imported into VelocityAI (v2.8, Velocity Medical Solutions, 

Atlanta, Georgia). DIR was performed using a modified basis spline algorithm with 

Mattes’ formulation for mutual information (7). Registration methods were largely 

automated, with user interaction limited to defining the region of interest for 

registration. For RIR and DIR, the region of interest encompassed the thoracic 

vertebrae and entire lungs respectively, with an additional 1 cm margin,. In each case, 

the region of interest for DIR encompassed the entire initial dose distribution.  

 

To determine the spatial differences in dose registration, the initial treatment (CT1 

with D1) was registered to CT2 using both RIR and DIR. Within CT2, contours 

representing 100, 90, 80, 70, 60 and 50% of the prescribed dose following RIR and 

DIR were generated and the spatial difference for each dose level determined. To 

determine the accuracy of RIR and DIR, a clinician (SAS) manually contoured 

thoracic normal organs at risk in CT1 and CT2 using published guidelines (8). After 
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RIR and DIR of CT1 to CT2, the accuracy with which respective CT1 manual 

contours after registration compared to CT2 manual contours was determined.  

Registered CT1 contours matching CT2 manual contours more closely were 

considered more accurate. Manual contours included those for the lungs, heart, aorta, 

esophagus, spinal cord and the major airways (trachea and main bronchus).  

 
Statistical analysis 

Descriptive statistics were used for study outcomes. To determine the spatial 

differences in dose registration, the shortest surface-to-surface (sSSD) distance 

between every voxel assigned a given dose after RIR, and the voxels assigned the 

same dose after DIR, were determined. Using the average and standard deviation of 

all of these sSSD values, the distance accounting for 95% of these (sSSD-95) was 

considered the spatial difference in dose registration at that dose level. Thus outlying, 

non-representative voxels were excluded. As sSSD values were skewed rather than 

normally distributed, the sSSD-95 was calculated using logarithmic transformation. 

Similarly to compare the registration accuracy of RIR and DIR, the sSSD between 

every voxel constituting a given CT1 manual contour after each registration was 

compared to the respective CT2 manual contour. The sSSD-95 calculated for RIR and 

DIR was considered the registration accuracy of that registration and these were 

compared. All statistical analyses were two-sided and performed using SPSS version 

18.0. 
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Results  

Ten consecutive patients with recurrent NSCLC underwent curative-intent Re-RT 

despite PTV overlap. The median patient age was 59 years (range 49-71). Patients 

were all good performance status (WHO 0-1), and had undergone re-staging whole-

body positron emission tomography and brain magnetic resonance imaging to confirm 

the absence of distant recurrence. The median time to Re-RT was 25 months (range 8-

70). The median PTV overlap was 165cc (range 2-470), representing a median 35% 

(range 1-89%) of the initial PTV receiving Re-RT. The most frequently utilized initial 

and Re-RT dose schedule was 60 Gy delivered in once daily 2 Gy fractions, five 

times per week. 

 
The spatial difference in dose registration between RIR and DIR was overall found to 

be 7 mm (95% confidence interval 6.2-7.9). This however was highly variable 

between patients, with values ranging between 2.4-31.8 mm. The patient with the 

largest spatial difference in dose registration (31.8 mm) had undergone interval 

surgery and radiotherapy simulation was in a different position between treatments. 

Patient-specific results are detailed in table 1. For any given patient, the spatial 

difference in dose registration was similar throughout the entire dose distribution (50-

100%), with the standard deviation ranging between 0.1-2.0 mm.  

 

CT1 manual organ contours matched CT2 manual contours more closely after DIR 

compared to RIR almost universally (59/60). Overall, the registration accuracy 

improved using DIR by 3.0 mm (95% confidence interval 1.4-5.7). In four patients 

there was at least one organ contour which registered more accurately using DIR by 

more than 5 mm, while in two patients there was at least one instance DIR was more 
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accurate than 10 mm. No organ specific trends were observed. For each patient, the 

average accuracy improvement with DIR across all organs showed a strong positive 

correlation with the spatial difference in registration between RIR and DIR (pearson 

0.77, p=0.009). The patient with the largest spatial difference in dose registration 

between RIR and DIR, had accuracy improvements in the registration of the 

esophagus, heart and major airways of more than 10 mm.   
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Discussion 

Locally recurrent lung cancer is associated with extremely poor survival (9, 10). 

Although the majority of clinicians consider Re-RT for local recurrence (11), this is 

seldom high dose and with curative intent (12). Toxicity concerns are likely the 

primary reason for this. In this report, we quantified the spatial difference between 

RIR and DIR, finding differences are patient-specific and that for selected cases these 

can be significant. Additionally, we found DIR to be almost universally more accurate 

than RIR and for patients with the greatest difference in registration between RIR and 

DIR, the accuracy improvement utilizing DIR was greatest. These differences call 

into question the reliability of correlative Re-RT toxicity data determined without 

DIR. This is particularly important given fixed-beam and arch-based intensity-

modulated radiation delivery are increasingly utilized as they achieve more conformal 

dose distributions with steeper dose gradients (13).  

 

In this study we quantified the spatial difference between RIR and DIR using the 

sSSD-95, which to the best of our knowledge represents a novel index. In selected 

patients, the differences we observed may result in clinically significant dosimetric 

differences to organs at risk with the planning of Re-RT after DIR. However, re-

planning in this context may not reflect clinical practice and is subject to bias, 

potentially overestimating the benefit with DIR. In addition, dosimeteric differences 

are highly dependent on the radiotherapy delivery technique, making these outcomes 

less generalizable. Spatial difference, measured by the sSSD-95, represents an 

unbiased assessment and for a given patient this difference can be considered with 

respect to what is achievable with available resources. Utilizing the improved spatial 

registration with DIR can be achieved in a number of ways. This includes converting 
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selected deformed doses into contours, which can then be used as dose limiting 

structures during Re-RT planning. Alternatively, the entire deformed dose can be 

imported into the planning system, enabling the full benefits of inverse planning at 

every dose level.  

 

DIR has already been utilized in other aspects of locally advanced lung cancer 

treatment. Time efficiency gains have been shown using DIR to propagate manual 

contours from a single phase of 4-dimensional CT scan to other phases for target 

delineation (14). DIR has also been utilized in adaptive radiotherapy enabling the 

dosimetric impact of the anatomic change to be assessed during treatment (15). After 

CRT, DIR has been used to correlate delivered doses to high-density post-treatment 

radiologic changes (16). However, these studies also highlighted the need for clinician 

review of the contours generated using DIR. Although DIR can account some of the 

differences between scans better than RIR, table 1 highlights that relative to manual 

contours it is unable to do so completely. As deformed doses are not adjustable as 

manually contours are, this should be kept in mind when utilizing DIR.   

 

The primary limitation of this study is the inability to directly verify dose registration 

accuracy. As both manual organ contours and radiotherapy dose distributions are 

linked to CT voxels, the accuracy of manual contour alignment following DIR was 

considered to reflect dose registration accuracy (Figure 1). Manual contours represent 

the ‘gold standard’ for clinical practice and have previously been used to infer the 

accuracy of DIR (14). However, DIR algorithms prioritize the registration of high 

contrast interfaces, which is where thoracic contours are placed. As a result, the 

accuracy of contour registration with DIR may overestimate the accuracy of 
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deformable dose registration.  In addition, manual contours themselves have a degree 

of uncertainty, compromising their used as a ‘gold standard’. To limit the variability 

of manual contouring, a single clinician contoured all normal organs using published 

guidelines (8). Despite this, an almost universal improvement in every observation 

and the consistent patient-specific difference between RIR and DIR across the entire 

dose distribution provides a solid basis for concluding DIR is more accurate than RIR 

for dose registration. 

 

Reducing the risk of toxicity with high-dose Re-RT is a primary concern for 

clinicians. As DIR is more accurate than RIR and significant patient-specific 

differences exist between these, utilizing DIR will improve the quality of correlative 

toxicity data and may reduce the risk of toxicity with Re-RT. 
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Table 1 
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Figure 1  
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Editorial 

Stereotactic ablative radiotherapy (SABR), or stereotactic body radiotherapy, is now 

established as a guideline-specified curative treatment option for patients presenting 

with early stage NSCLC that are unfit for surgical resection (1,2). Long-term follow-

up in a series of 676 patients revealed local control was 90% at 5-years, with regional 

and distant recurrences in 13% and 20% of patients respectively (3). As SABR is 

delivered on an outpatient basis, typically in as few as three treatment sessions, it is 

well tolerated by the elderly and those with medical comorbidities. In addition, 

prospective studies have established that SABR does not adversely impact patient-

reported quality of life (4).  

 

SABR was pioneered by in the early 1990’s by clinicians in Scandinavia and Japan 

(5), and was adapted soon after by some centers in Germany. In this issue, 

Guckenberger et al. report patterns of care for 582 patients treated in 13 German and 

Austrian centers between 1998 and 2011 (6). With one exception, these were all 

academic centers. Pre-treatment histology was available in 85% of patients, and high-

grade toxicity was uncommon. A rapid increase in the number of patients treated was 

observed in recent years, mirroring the situation in The Netherlands and United States 

(7,8). A range of dose-fractionation schemes were used, reflecting the evolving 

experience with SABR over time. Similarly, SABR delivery techniques evolved 

reflecting the availability of improving technology, and by 2011, 92% of all 

treatments used daily in-room image guidance immediately prior to treatment to 

ensure accuracy.  
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In keeping with previous reports, Guckenberger et al. found that delivery of 

biologically effective doses of at least 106 Gy were associated with local control rates 

in excess of 90% (3,9). Treatment outcomes were not associated with an apparent 

learning curve, and the authors observed that availability of improved treatment 

planning and image-guided SABR delivery paralleled the use of more effective doses. 

Their findings suggest that existing technical variations in SABR delivery could be of 

limited clinical significance, as long as effective PTV-encompassing threshold doses 

can be delivered in an accurate manner. The findings of the present study in 13 

German and Austrian centers offers hope that reported SABR outcomes could be 

extrapolated to the more of the 300 radiotherapy centers in these countries (10). The 

ability to reproduce SABR outcomes outside leading academic centers is supported by 

the finding of improved population-based survivals in elderly Dutch patients with 

stage I NSCLC, in the 6-year period following the introduction of SABR (7).  

 

The growing availability of SABR, with its reproducible local control rates and low 

toxicity, make it increasingly important to address the unmet therapeutic needs on a 

population level. In many countries, the elderly with mainly smoking-related co-

morbidities, are the fastest growing population of lung cancer patients. Due to 

historical reasons, nationwide cancer registries have only recently become well 

established in Germany, when the Federal Cancer Registry Act came into force in 

1995 (11). However, data from the Surveillance, Epidemiology and End Results 

(SEER)-Medicare database illustrates the impact of these demographic changes (12). 

Between 1998 and 2007, a marked increase was seen in the number of elderly patients 

with lung cancer and 3 or more medical comorbidities. During the same period, 

access to video-assisted thoracic surgery increased three-fold to 32%, despite which 
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the proportion of patients in SEER-Medicare database who did not undergo any local 

treatment increased from 14.5% in 1998, to 18.5% in 2007. As access to SABR was 

relatively limited in the United States in 2007 (8), data from the Dutch cancer registry 

provides encouragement. In The Netherlands, an absolute reduction of 7% in the 

untreated elderly patient population was observed in the 6 years following the 

introduction of SABR, which in turn resulted in a population-based improvement in 

median survival of 9.3 months (7). These findings suggests that SABR will become 

increasingly important to address the unmet therapeutic needs of the aging global 

population .  

 

The rapid improvements in technology for SABR have led to greater clinician 

confidence in delivering curative doses. With SABR now poised to have a major 

impact on the treatment of early-stage NSCLC, programs to ensure compliance with 

current guidelines (13,14), and to monitor outcomes in populations are important. The 

need for continued audit is supported by analysis of quality assurance data from 

prospective trials, which revealed that a failure to adhere to protocol-specified 

radiotherapy requirements was associated with decreased survival, poorer local 

control and potentially increased toxicity (15).   
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Abstract 

Background  

Stereotactic ablative radiotherapy (SABR) has improved the survival for medically 

inoperable patients with peripheral early-stage non-small cell lung cancer (NSCLC). 

We performed a systematic review of outcomes for central lung tumours.  

 

Methods 

The systematic review was performed following PRISMA guidelines. Survival 

outcomes were evaluated for central early-stage NSCLC. Local control and toxicity 

outcomes were evaluated for any centrally-located lung tumour.  

 

Results 

Twenty publications met the inclusion criteria, reporting outcomes for 563 central 

lung tumours, including 315 patients with early-stage NSCLC. There was 

heterogeneity in the planning, prescribing and delivery of SABR and the common 

toxicity criteria used to define toxicities (versions 2.0-4.0). Tumour location (central 

versus peripheral) did not impact overall survival. Local control rates were ≥85% 

when the prescribed biologically equivalent tumour dose was ≥100 Gy. Treatment-

related mortality was 2.7% overall, and 1.0% when the biologically equivalent normal 

tissue dose was ≤210 Gy. Grades 3 or 4 toxicities may be more common following 

SABR for central tumours, but occurred in less than 9% of patients.   
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Conclusions 

Post-SABR survival for early-stage NSCLC is not affected by tumour location. SABR 

achieves high local control with limited toxicity when appropriate fractionation 

schedules are used for central tumours.  
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Introduction 

Anatomic surgical resection is the treatment of choice for patients diagnosed with 

early-stage non-small cell lung cancer (NSCLC) [1,2]. For tumours that are centrally 

located, more extensive surgical procedures are required due to tumour invasion into 

the major bronchi and/or vessels [3,4], which is associated with a higher mortality and 

morbidity [5]. Thus, the treatment of central tumours represents a high-risk clinical 

scenario in which the risks associated with surgery have been deemed acceptable.  

   

As the global population ages, the proportion of elderly lung cancer patients and those 

with comorbidities will also increase [6-9]. For the unfit elderly with peripheral early-

stage NSCLC, stereotactic ablative radiotherapy (SABR) is considered the preferred 

treatment [2], offering improved survival and quality of life over conventional 

radiotherapy [10,11]. In an early SABR trial, fractions of 20-22 Gy, delivering total 

doses of 60-66 Gy to central tumours was associated with a greater than 10-fold 

increased risk of high-grade toxicity or death [12]. This led to an ongoing Radiation 

Therapy Oncology Group (RTOG) phase I/II trial (0813) specifically for central 

tumours, to determine the maximum tolerated dose which can be delivered in five 

fractions [13]. Similarly, it has lead others to suggest the risks associated with SABR 

for central tumors may be prohibitive and high-dose accelerated radiotherapy be the 

subject of further research [14].  

 

As reports from Japanese and Dutch investigators have reported favorable outcomes 

in early-stage tumours using daily fractions of 6.0-7.5 Gy to total doses of 48-60 Gy 

[15,16], many centers have continued to use SABR for central tumours. We 
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performed a systematic review of published literature on the clinical outcomes of 

SABR for central lung tumours. 
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Methods 

A systematic review was performed according to the PRISMA guidelines [17]. We 

searched for English-language papers published from January 2000 to August 2012. 

The inclusion criteria were:  

1. Studies reporting clinical outcomes following SABR for primary NSCLC 

or metastatic lung tumours and, 

2. Studies specifically reporting clinical outcomes for centrally located 

tumours.  

The exclusion criteria were:  

1. They were review articles or case reports,  

2. They were not the most recently published outcomes, in instances of 

multiple publications from the same study cohort.  

  

Using PubMed, the search was completed in August 2012. The search strategy was 

(sabr[tw] OR sbrt[tw] OR srt[tw] OR stereotactic[tw]) AND lung[tw] AND 

(central[tw] or centrally[tw]), which identified 86 studies. Two clinicians reviewed 

these and the reference lists of selected articles to determine which were suitable for 

inclusion. Survival outcomes were restricted to patients with central early-stage 

NSCLC [18]. Local control and toxicity outcomes included those reported for any 

central tumour receiving SABR. Toxicity outcomes were included when graded using 

the Common Toxicity Criteria (CTC) protocol version in place at the time. The 

prescribed tumour doses were converted into a biologically equivalent dose (BED) to 

enable comparison between studies, acknowledging the limitations of this approach 

[19,20]. The BED was calculated using the assumption that tumour and normal tissue 

alpha/beta ratios were 10 Gy (BED10) and 3 Gy  (BED3), respectively [21]. BED10  
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calculations were made using the dose delivered to at least 95% of the planning target 

volume (PTV). BED3 calculations were made using the prescribed dose schedules and 

the maximum organ at risk doses received when studies provided this detail. BED 

calculations did not take into account tumour doubling time or the length of treatment.  
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Results 

A total of 20 studies were found suitable for inclusion. Four of these were prospective 

[22-25], including two Phase II studies [23,24]. Seven studies reported clinical 

outcomes for NSCLC together with metastatic tumours [26-32] and one reported 

outcomes restricted to central early-stage NSCLC alone [32]. From these 20 studies, a 

total of 563 central tumours (including 315 early-stage NSCLC patients) received 

SABR. The radiotherapy details of these studies are summarized in Table 1. In these 

studies toxicities were described using CTC versions 2.0, 3.0 and 4.0.  

 

Survival  

The only prospective survival outcomes (n=22) specific to central early-stage NSCLC 

were reported by Fakiris et al. [24], updating the initial report from Timmerman et al. 

[12]. The median overall survival was 24 months (95% CI 18-42), which was not 

statistically different (p=0.697) from that for peripheral tumours. Haasbeek et al., 

reporting outcomes from the largest retrospective cohort, found the 3-year overall 

survival for central (n=63) and peripheral (n=445) early-stage NSCLC were 

statistically no different, 64% vs. 51% (p=0.09) respectively [32]. Bradley et al., 

reported a 2-year overall survival of 75% for all early stage NSCLC and found central 

(vs. peripheral) location did not impact survival on both univariate (p=0.429) and 

multivariate analysis [33]. Similarly, Janssen et al. found fractionation schedule, 

which depended on tumour location alone, did not impact survival on both univariate 

and multivariate analysis [31], while Andratschke et al. found tumor location did not 

impact survival on univariate analysis for histologically proven early-stage NSCLC 

(p=0.653) [34].  Cause-specific survivals for central early-stage NSCLC have been 
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reported to be greater than 80% at 2-3 years [30,33,35]. Table 2 details all reported 

survival outcomes.   

 

Local control 

After a median follow-up of 16 months, a prospective trial by Bral et al. found that 

tumour location did not impact recurrence, with the crude local control for central 

tumours being 94% (1/17) [23]. Retrospective studies have reported similar local 

control outcomes, with 2 and 3-year rates typically exceeding 85% [23,26,31-33,36-

38], as shown in table 2. However, six studies have reported poorer local control, of 

between 60-76% [27,29,30,34,35]. In two of these, SABR was prescribed to the 

isocenter, leading to a significantly lower peripheral tumour doses being delivered 

[29,35]. In the third study, 23% (12/53) of patients had stage II, III or recurrent stage 

III disease and 10% (6/63) of lesions had SABR delivered as a radiotherapy boost 

following conventional radiotherapy [27]. Although stage-specific local control 

outcomes were not reported, in the latter study the 2-year survival for non-stage I 

patients was 12%. In the fourth study reporting poorer local control, only 64% (37/58) 

of tumours had planning target volume coverage above 95% as under-dosage was 

permitted to meet normal organ constraints [30]. Additionally, in this study multiple 

fractionation schedules were utilized, and local control was 85% when the BED10 was 

≥100 Gy and 60% when the BED10 was <100 Gy. In the last two studies, the modal 

prescribed doses were 35 Gy [34] and 40 Gy [27] in five fractions, resulting in a 

respective BED10 of 60 and 72 Gy.  

 

The importance of maintaining a BED10 of at least 100 Gy to the tumour periphery 

was evident from a number of studies. Using a schedule of five fractions, Olsen et al. 
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reported a 100% 2-year local control using a total dose of 50 Gy (BED10 100 Gy) and 

50% using 45 Gy (BED10 86 Gy) [38]. Here, fractionation schedule was the only 

factor found to impact local control on multivariate analysis (p=0.019). Similarly, 

Rowe et al. reported a 2-year local control of 94% with a BED10 ≥100 Gy and 80% 

when <100 Gy, (p=0.02) [37]. Using a SABR schedule of four fractions, Chang et al. 

reported a crude local control of 100% with a total dose of 50 Gy (BED10 113) vs. 

57% using 40 Gy (BED10 80 Gy) [26]. Two additional studies in which central and 

peripheral tumours were analyzed together, also found that a BED10 above 100 Gy 

improved local control [15,25].  

 

The post-SABR patterns of regional and distant control rates specifically for central 

early-stage NSCLC have been infrequently reported. Haasbeek et al. reported 2-year 

regional and distant control rates of 91% and 73%, respectively, which were no 

different from peripheral tumours treated by the authors using SABR over the same 

period, 86% (p=0.47) and 75% (p=0.72) respectively [32]. Two additional studies 

reported a crude distant recurrence rate of approximately 15%, which was the 

predominant pattern of recurrence [26,36].  

 

Treatment-related mortality  

In a prospective study utilizing a SABR fractionation with a BED3 of 460 Gy, Fakiris 

et al. reported 18% (4/22) of patients with central tumours had potential treatment-

related deaths [24]. Although an independent committee defined these causes, they  

 

included infective pneumonia and hemoptysis in the setting of local recurrence. Bral 

et al. reported the only other prospectively defined treatment-related death, a case of 
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fatal hemoptysis after stent insertion for bronchial stricture [23]. Milano et al. 

reported 8.7% (4/46) mortality rate using SABR for central non-stage I NSCLC and 

no mortalities treating central stage I tumours [27]. It must be noted that in three 

(75%) of these cases, the authors could not exclude respiratory infection as the cause 

of death. Onimura et al. and Unger et al. each reported one treatment-related death, 

which were caused by an esophageal ulcer (BED3 154 Gy) and bronchial fistula 

(BED3 209 Gy) respectively [15,28]. The latter two cases are the only cases of 

treatment-related death observed when the prescribed BED3 was ≤210 Gy.  

Table 3 details all treatment-related mortality reported for centrally located tumours. 

The overall treatment-related mortality rate from central tumours receiving SABR 

was 2.8% (16/563). For tumours receiving a BED3 ≥210 Gy the rate of treatment-

related death was 3.6% (13/359), while it was 1.0% (2/204) when the SABR schedule 

had a BED3 <210 Gy.  

 

The median duration of follow-up in all 20 studies was 19 months (range 10-50). Of 

the studies reporting treatment-related death, the median time to death following 

SABR was 7.5 months (range 5-12.5) [15,24,27,37,39].  

 

Grade 3 or 4 toxicity 

Bral et al. reported a 2-year grade 3 or higher lung toxicity free survival of 60% for 

central tumours in a prospective trial, with a trend towards statistical significance 

compared to peripheral lesions (80%, p=0.06) [23]. Baba et al. observed a similar 

trend of higher pulmonary toxicity treating central tumours, with the rate of grade 2-3  
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pneumonitis being 25% vs. 11% for peripheral tumours (p=0.11) [35]. A detailed 

description of all grades 3 or 4 toxicities, and the CTC protocol version used to define 

them are shown in table 3. Amongst the toxicities observed, respiratory toxicity 

including pneumonitis, pneumonia, dyspnea (typically increased oxygen requirement 

in patients already using oxygen) and bronchial stricture were the most prevalent.  

 

There was one reported case of grade 3 esophagitis, rib fracture and pericarditis each 

[27,32,40].  

 

Using a wide range of fractionation schemes, Song et al. reported that 33% (3/9) of 

patients with central tumours developed high-grade bronchial stricture post-SABR 

and that 89% (8/9) developed any stricture [36]. Patients who developed high-grade 

strictures in their report were prescribed 40-48 Gy delivered in four fractions (BED3 

173-240 Gy). Bral et al. and Nuyttens et al. observed high-grade toxicity in 23.5% 

(4/17) and 17.2% (10/58), respectively [23,30]. These studies utilized SABR 

fractionation schemes with a BED3 of 360 Gy and 300 Gy (modal). However, all ten 

high-grade toxicities seen by Nuyttens et al. were grade 3 pneumonitis, with the 

authors reporting that seven of these had probable co-exisiting infections. Three 

studies, treating 47 central tumours, reported no grade 3 or 4 toxicity when using a 

BED3 ranging between 133-144 Gy [15,22,31].  

 

After excluding studies in which toxicity outcomes for both central and peripheral 

tumours or grade 2 and 3 toxicity were not reported separately, grade 3 or 4 toxicity 

occurred in 8.8% (36/409) of central tumours treated with SABR. 
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Discussion 

Although surgery offers the best chance of survival for early-stage NSCLC, patients 

with a clinical diagnosis of stage I NSCLC have a 5-year survival of only 43-50% 

[1,2]. Surgery is less likely to be recommended for the elderly and those with 

comorbidities [9,41]. For these patients, increasing access to SABR has improved 

population-based survival [41-44]. Due to concerns about the safety of SABR for 

central tumours, we performed a systematic review, which identified 20 studies 

reporting clinical outcomes for 563 central tumours receiving SABR. Our main 

findings were that the overall survival reported following SABR for both central and 

peripheral early-stage NSCLC were similar, and the risk of high-grade toxicity post-

SABR for central lung tumours was less than 9%. Moreover, when utilizing an 

appropriate fractionation schedules in which the BED10 ≥100 Gy and BED3 ≤210 Gy, 

local control exceeded 85% and the risk of treatment-related mortality was less than 

1%.  

 

Although pneumonectomy was traditionally performed for central lung tumours, the 

use of broncho-angioplastic procedures has reduced pneumonectomy rates for stage I 

NSCLC to between 5-11% [45-47]. However, irrespective of the type of surgery 

performed for central stage I NSCLC, perioperative mortality and surgical 

complication rates are approximately 4.5% and 25% respectively, as shown in table 4 

[5]. In addition, patients undergoing broncho-angioplasty have an 8% risk of 

stump/anastamotic complication, which includes bronchial necrosis, dehiscence, 

stricture and fistula formation [5]. These findings indicate that the risk of mortality 

and morbidity in treating central tumours can be considerable, even when patients are 

fit enough to undergo surgery. Despite this, surgery is still recommended whenever  
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possible for early stage NSCLC [1,2]. A randomized trial comparing sublobar 

resection, with or without brachytherapy, for high-risk operable patients reported 33% 

of patients in either trial arm had grade 3 or worse toxicity [48]. This suggests that our 

findings of a 9% risk of high-grade toxicity, and less than 1 % risk of treatment-

related mortality following SABR for central tumours in elderly patients with 

comorbidities, should not preclude the continued evaluation of SABR in this patient 

group.     

 

Despite the potential inaccuracies inherent to the linear-quadratic model to estimate 

the biologic tumour and normal tissue effects with SABR fractionation schedules 

[19,20], multiple studies have found a correlation between clinical outcomes and the 

BED [40,49-52]. Onishi et al., describing a cohort of 245 patients from multiple 

Japanese institutions, found using a BED10 ≥100 Gy significantly improved both local 

control (92% vs. 74%, p<0.05), and 3-year overall survival (88% vs. 69%, p<0.05) 

[50]. In addition, local control was not improved further when patients received a 

BED10 ≥120 or ≥140 Gy. More recently, an analysis of a cohort of 505 patients 

treated across five counties found that a BED10 ≥105 Gy was associated with higher 

local control, 96% vs. 85% (p<0.001) [52]. Our analysis found that central tumours 

had the same dose-response relationship for local control, with four studies reporting 

improved outcomes with a BED10 ≥100 Gy compared to lower doses [26,30,37,38]. 

Interestingly, we observed a similar dose-response relationship for treatment-related 

mortality, with a BED3 ≤210 Gy reducing the risk of death approximately 75%.  

 

Multiple fractionation schedules may or may closely achieve a BED10 ≥100 Gy and 

BED3 ≤210 Gy. These include schedules of: 50 Gy in 5 fractions, 54 Gy in 6 
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fractions, 56 Gy in 7 fractions and 60 Gy in 8 fractions. 50 Gy in 5 fractions was the 

modal fractionation schedule used in three studies [27,29,38]. Of these, Milano et al. 

reported the only treatment-related deaths (n=2) when utilizing 50 Gy in 5 fractions, 

both of which occurred in patients receiving SABR for node-positive NSCLC [27]. In 

two studies, 83 central early-stage NSCLC patients were treated using 60 Gy in 8 

fractions and none died as a result of their treatment [25,32]. As the aforementioned 

studies ensured the PTV received at least 95% of the prescribed dose without 

deliberate under-dosing to reduce organ at risk toxicity, it is likely these schedules 

enable the safe treatment of central lung tumours. Of the 20 studies included in this 

review, deliberate under-dosing of the PTV was described in only one study which 

may, in part, have accounted for a lower local control rate of 76% at 2 years [30].   

 

A number of limitations in this analysis must be recognized. Follow-up amongst the 

included publications were generally limited, with the median being 19 months (range 

10-50). However, this may be sufficiently long as a study of post-SABR patterns of 

recurrence in 676 patients with early-stage NSCLC found the median times to local, 

regional and distant recurrences were 14.9, 13.1 and 9.6 months, respectively [53]. 

There was significant heterogeneity within the included studies with respect to the 

planning, prescribing and delivery of SABR (table 1). We found variations in the way 

SABR doses were prescribed [29,35] and how normal organs were contoured [15] 

which may potentially impact on local control and toxicity, respectively. In addition, 

there was heterogeneity in the definition of ‘central’, with little additional details on 

location to enable assessment of the toxicity risk for given clinical scenarios. The 

majority of the publications in this review did not use 4-dimentional CT based 

planning, instead using techniqueswhich could have led to larger target volumes and 
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an increased the risk of toxicity [54,55]. When considering the treatment of central 

tumours, careful contouring of organs at risk [56] and strict quality assurance of all 

aspects of treatment planning and delivery are required [57,58]. Additionally, current 

treatments must account for the fact that dose calculation algorithms in use today are 

more accurate than those used historically, even if the impact of this may be less with 

central lung tumours [59,60].  

 

In summary, this systemic review suggests SABR offers a safe and effective curative 

treatment for patients with central tumours who unfit for surgery. Data from the 

ongoing RTOG 0813 trial will provide prospective data to determine more reliable 

normal organ constraints with respect to the SABR fractionation schedules being 

assessed.  
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Table 1: Baseline radiotherapy details 
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Table 2: Survival and local control  
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Table 3: Treatment-related mortality and severe toxicity  
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Biologically equivalent normal tissue dose (BED3). a  Study outcomes reported with 

respect to number of central tumors not patients. b  Study did not specify number of 

early-stage non-small cell lung cancer patients although these were included in the 

study cohort. c Includes early-stage cases with tumours in the lung apex or adjacent to 

other non-hilar central structures. d Modal BED3 shown if multiple fractionation 

schedules were utilized. * Grade 3-4 toxicity specific to central tumours were not 

reported separately (includes reports in which central and peripheral or grade 2 and 3 

outcomes were reported together). These studies were therefore excluded when 

calculating the overall rate of grade 3 or 4 toxicity. e Max gross tumor volume (GTV) 

of all tumors treated shown when central tumour sizes unavailable. f  Include tumors 

within 2 cm of the mediastinum or brachial plexus, rather than only those in direct 

contact with the mediastinal or pericardial pleura as specified in Radiation Therapy 

Oncology Group (RTOG) 0813.   

Table 4: Clinical outcomes of stage I lung cancer by surgical technique 

 

a Outcomes not restricted to stage I tumours. 
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Case report 

Stereotactic ablative radiotherapy (SABR) for early stage NSCLC achieves local 

control rates approaching 90%, however toxicity is increased when treating central 

tumors (1). ‘Risk-adapted’ schedules can reduce this, however a case of fatal central 

airway necrosis occurring 11 months after SABR was recently reported despite such 

an approach (2), suggesting a detailed assessment of all contributory factors is 

required.  

 

A 78-year-old male presented in January 2011 with hemoptysis. Bronchoscopy 

showed thickening and erythema at the left main bronchial bifurcation and staging 

FDG-PET CT showed increased uptake, Figure 1. Biopsy confirmed a 42mm 

cT2aN0M0 squamous cell carcinoma. Past medical history included type II diabetes 

mellitus, myocardial infarction, cerebrovascular accident and COPD (FEV1 1.64, 

64% of predicted value). A multidisciplinary tumor board concluded a 

pneumonectomy would be required and given the operative risks recommended 

radiotherapy. The patient elected for SABR and was referred to our hospital.  

 

A schedule of 60 Gy in eight 7.5Gy fractions was prescribed to the 80% isodose, and 

treatment planned ensuring this encompassed 95% of the planning target volume 

(PTV). This guideline-recommended prescribing pattern increases doses within the 

PTV, with the major bronchi receiving a maximum planned dose of 75 Gy, while the 

remaining PTV received 84 Gy, Figure 2. Immediately prior to treatment each day, a 

cone-beam CT was acquired to ensure setup accuracy. In this case, inaccurate setup 

did not increase delivered doses from that which was planned.   
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The patient developed cough and shortness of breath 12 months post-treatment. A CT 

revealed left lung atelectasis and bronchoscopy confirmed total occlusion of the left 

main bronchus with apparent necrotic tumor, Figure 3. Eight biopsies, brushings and a 

restaging FDG-PET CT however suggested no evidence of recurrence. A further 

FDG-PET CT 26 months post-treatment, again confirmed no increased uptake. Since 

initially collapsing his left lung, the patient’s shortness of breath has remained stable. 

He currently requires home help for showering and using a mobility scooter. Despite 

this, he continues to leave his home daily, visits relatives and describes satisfaction 

with his quality of life.  

 

Although this is the first case of total lung atelectasis having treated more than 120 

tumors in proximity to the central airways with SABR, such findings may be 

significantly under-appreciated. Song et al. found bronchial stenosis occurred in 89% 

(8/9) of central tumors using a wide range of schedules and that the median time to 

occurrence was 20.5 months (3). In addition, Miller et al. found a 25% risk of 

bronchial stenosis with conventional radiotherapy to 86Gy in 43 fractions, which is 

biologically less potent than any ‘risk-adapted’ SABR schedule (4).  

 

The treatment of central tumors represents a high-risk clinical situation with any 

treatment modality. Although bronchoplastic procedures may spare selected patients 

pneumonectomy, the 30-day mortality and complication rates are still 4.5% and 25% 

respectively (5). The risks of mortality of high-grade toxicity with SABR for central 

tumors of 1% and 9% should therefore be considered in this context (1) along with the 

impact of untreated lung cancer.  
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Figure 1 

Bronchoscopic and representative axial and coronal FDG-PET images showing a 

T2aN0M0 squamous cell carcinoma adjacent to the bifurcation of the left main 

bronchus (white arrow).  
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Figure 2 

Axial and coronal CT images with the planned radiotherapy dose shown from 60 to 

84Gy (graduated color scale from blue to red) delivered to the planning target volume 

(cyan). Note the dose-gradient with the 75Gy isodose (red) and higher doses adjacent 

to the major bronchi (yellow).   
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Figure 3 

Bronchoscopic, axial FDG-PET CT and coronal CT images showing complete 

obstruction of the left main bronchus and total left lung atelectasis. Note the absence 

of increased FDG-PET uptake confirming the absence of tumor recurrence.   
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Abstract 

Backgound 

Stereotactic radiotherapy for central lung tumors has a narrower therapeutic index 

than that for peripheral tumors. Tumor tracking strategies have been proposed to 

reduce treatment volumes and toxicity, however they need to consider uncertainties in 

tumor size and shape change throughout respiration to ensure optimal local control. 

We quantified these uncertainties and explored strategies to account for them.   

 

Methods and Materials 

Ten patients with central tumors, PTV >100cc, motion >5mm and a 10-phase 4DCT 

without significant artifact in the tumor region were evaluated. Uncertainties were 

quantified using GTV size in different phases, and the Hausdorff distance (HD) 

between the phase 50% GTV and other phases after soft-tissue rigid registration. An 

individualized internal target volume for tracking (ITVT) was generated from the 

union of the GTVs in all phases after rigid registration. This was compared to ITVs 

generated for tracking based on the phase 50% GTV alone or with isotropic margins 

of 3 or 5mm for size and volume overlap.  

 

Results 

Median free-breathing PTV size and motion were 162.1cc (110-210) and 8.9mm (6.1-

14.1). Overall, median GTV size variation and HD were 4.7% (0.2-22.3) and 6.3 mm 

(3.9-17.6). Tracking using GTV 50% alone resulted in median volume overlap with 

ITVT of 71.7% (range 56.8-85.1). Isotropic margins of 3 or 5mm always resulted in a 

volume overlap less than 95% or a volume larger than the ITVT. 
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Conclusions 

Changes in size and shape of central lung tumors are substantial during respiration. 

These limit the ability to reduce treatment volumes with tracking, especially if 

isotropic margins are used. An individualized ITV for tracking, such as the ITVT is 

preferred.  
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Introduction 

Stereotactic ablative radiotherapy (SABR) is the preferred treatment for medically 

inoperable peripheral early-stage lung tumors (1, 2). In this setting, high rates of local 

control are achieved and toxicity is infrequent (3, 4). For central tumors there is an 

increased risk of high-grade toxicity (5), and strategies to mitigate this, include 

reducing prescribed doses, accepting lower PTV coverage or reducing setup margins 

(6-9), which may compromise local control.  

 

SABR is widely planned using four-dimensional computed tomography (4DCT), 

from which it is common to delineate an internal target volume (ITV) encompassing 

the gross tumor volume (GTV) in all breathing phases (10, 11). In addition to motion, 

this incorporates other uncertainties including variation in tumor size and shape 

during breathing (12, 13). Strategies that reduce treatment volumes such as tumor 

tracking (14), may reduce ITV size and therefore the risk of toxicity (15, 16). 

However, reported experiences with tumor tracking typically generate plans using a 

GTV defined from a single breathing phase, which is then considered the ITV for 

tumor tracking (17-19). This resultant ITV no longer accounts for changes in size and 

shape as, for example, a free-breathing ITV would. Instead, additional margins may 

or may not be added to the tracking ITV to account for these uncertainties. For large, 

central tumors, where tumor tracking may have the greatest therapeutic benefit, we 

quantified these variations in tumor size and shape and investigated different 

strategies to account for them.    
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Materials and Methods 

Study population 

The planning CT scans from 10 patients with (i) central lung tumors, (ii) a planning 

target volume (PTV) greater than 100 cc, (iii) tumor motion greater than 5 mm (3D 

displacement vector of the center of mass) and (iv) 10-phase 4DCT visually free of 

gross artifact in the tumor region (as evaluated by two Radiation Oncologists), were 

assessed in this retrospective study. 4DCT images were acquired in un-coached free-

breathing conditions without contrast, using a 2.5 mm slice thickness. The clinical 

free-breathing ITV (ITVFB) was defined by the union of the GTV’s from all 10 

breathing phases (20). The clinical PTV was generated using an isotropic 5mm 

expansion of the ITVFB.  

 

Quantifying variation in tumor size and shape during breathing 

By consensus agreement, two Radiation Oncologists delineated the GTV in phase 

50% of the planning 4DCT. Using deformable image registration (Velocity AI, 

version 2.7) this was propagated through the remaining phases and manually edited 

when required by the same observers (21). Subsequently, GTV size in each phase 

relative to phase 50% was determined. Next, after soft-tissue rigid registration of the 

GTV in each phase with the phase 50% GTV, the Hausdorff distance (HD) (22) was 

determined. This assumed tracking could be achieved with the same accuracy as rigid 

registration of static images, thus enabling more effectively enabling size and shape 

variation to be assessed independent of respiratory motion. The region of interest for 

rigid registration was the GTV with a margin of approximately 1cm and included both 

translations and rotations.  
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Impact of variation in tumor size and shape on tracking volume 

Soft-tissue rigid registration of the phase 50% GTV to other individual phases was 

used to assess coverage by the phase 50% and model the scenario of tracking the 

GTV 50% without accounting for changes in size and shape in other phases. The 

union of all GTVs after rigid registration with the phase 50% GTV was referred to as 

the individualized tracking ITV (ITVT). This tracking aperture was considered to 

account for variations in tumor size and shape during breathing. In addition, the 

following tracking strategies were also assessed, with respect to their size and volume 

overlap with ITVT. All analyses were carried out at the ITV level since we were 

interested in whether or not this structure adequately reflected variation in size and 

shape: 

a. Phase 50% GTV alone (17-19) 

b. Union of phase 50% and 0% GTVs after rigid registration (ITV0+50) 

c. Phase 50% GTV + 3mm isotropic margin (12) 

d. Phase 50% GTV + 5mm isotropic margin  

 

Statistical considerations 

Descriptive statistics were used for all baseline characteristics. Average size 

differences relative to phase 50% were based on absolute differences (i.e. all values 

were considered positive for this analysis). All statistical analyses were performed 

using Statistical Package for Social Sciences (version 18.0). 
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Results 

Baseline tumor characteristics are summarized in Table 1. Representative axial slices 

of four cases illustrating the types of tumors studied are shown in Figure 1. The 

median tumor diameter, PTV size and tumor motion were respectively, 52.5 mm 

(range 38-65), 162 cc (range 110-210) and 8.9 mm (range 6.1-14.1).  

 

Overall, GTV size varied a median of 4.7% (range 0.2-22.3), while the median 

maximal GTV size variation from phase 50% for individual patients was 12.5% 

(range 5.6-22.3). GTV size did not correlate with respiratory phase, and the volume of 

the phase 50% GTV could be the largest (patients 6 and 9) or the smallest (patients 3 

and 5), Figure 2. Overall, the median HD relative to GTV 50% was 6.3 mm (range 

3.9-17.6). The HD exceeded 5 mm for more than half the breathing cycle in all 

patients, Figure 2. Figure 3 shows the phase 0% and 50% GTVs for patient 3, who 

had the greatest change in GTV size and shape with respiration.  

 

A tracking volume generated using the GTV 50% alone, resulted in a median volume 

overlap of ITVT of 71.7% (range 56.8-85.1). Using the union of GTV 50% and 0%, 

improved this to a median 82.1% (range 79.5-89.4). Tracking volumes generated 

using the phase 50% GTV with an isotropic margin of 3 or 5 mm, resulted in volume 

overlap of less than 95% or volume larger than ITVT, Table 2. ITVT was smaller than 

the ITVFB by a median 8% (range 2.1-21.2). 
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Discussion  

The importance of an adequate SABR dose for optimal local control has been 

confirmed in several studies (5, 7, 8). However, despite the use of respiratory 

tracking, concerns about toxicity when treating central tumors with SABR, have 

necessitated deliberate PTV under-dosing or dose reduction in a substantial 

proportion of patients, resulting in a measurable impact on local control (6). The 

findings in our study suggest that in some patients, marked variation in tumor size and 

shape may also influence local control and that trying to account fully for this would 

compromise the reduction in treatment volume that can be achieved with tracking. 

This suggests that tracking alone may not be an adequate solution for safer SABR 

delivery in very central tumors.  

 

Our main finding was that overall, GTV size and shape varied by approximately 5% 

and more than 5mm, respectively. We also observed that an ITV based on the GTV in 

a single respiratory phase or the extremes of respiration alone is generally inadequate 

to account for these variations. Applying an isotropic margin of 3 or 5mm to the 

phase 50% GTV did not completely account for variations in size or shape, or it 

resulted in an ITV that was larger than ITVT. These results suggest that such 

variations limit the ability to reduce treatment volumes with tracking, particularly if 

isotropic margins are used to account for them. Despite this however, we found that 

the ITVT was smaller than the ITVFB by a median 8% confirming that accounting for 

size and shape variation with the ITVT when using a tracking strategy, may still offer 

gains over free breathing treatment.  

 

 



 
 

165 
 

Although there are methodological differences, our findings are consistent with 

previous reports. Wu et al. considered the extremes of breathing alone and found 

patients tumors >80 cc (n=3) all had a HD >10 mm (13). Lu et al. found an additional 

3 mm isotropic margin was required to account for variations in size and shape if 

coverage by the 95% prescribed isodoses was desired (12). However, this only 

considered the extremes of respiration and we observed that a 3mm isotropic margin 

frequently generated an ITV larger than the ITVT. Using manual contours in all 4DCT 

phases, Persson et al. reported maximal GTV size variation was a median of 15.1% 

(range 2.3-90.8) (23), while we observed a maximal variation of 12.5%.  

 

We acknowledge that while tracking is the topic of interest in this study, gated 

delivery is more frequently employed in routine clinical practice as a strategy to 

minimize toxicity. Gating enables target volume reduction and accounts for changes 

in tumor size and shape with breathing, and the degree to which it might reduce 

toxicity depends on the relative location of the tumor and OAR during the gating 

phases. 

 

A primary limitation of this study is the fact that our results are based on manual 

contours, which are subject to contouring uncertainties. We tried to limit these by 

having two clinicians contour by consensus and using deformable image registration 

to propagate contours over remaining phases, which has been shown to improve 

consistency (21). It is unclear how much of the total variation in size and shape during 

breathing we observed can be attributed to deformation or imaging artifact. However, 

we deliberately selected patients with no gross 4DCT artifact in the tumor region and 
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variations in size and shape were not maximal in the mid-respiratory phases as would 

be expected if they were largely due to imaging artifact (11, 23).  

 

We also acknowledge that changes in the size and shape of organs-at-risk, baseline 

shifts in tumor position and irregular breathing patterns impact tracking strategies 

however a detailed analysis of the impact of these factors was beyond the scope of the 

current study for reasons including a lack of multiple 4DCT datasets. The HD is a 

very sensitive metric, as it uses pixel-level information representing the single largest 

of the shortest surface-to-surface distance measures between the GTV volumes being 

compared. Although it has been used by other authors [13], the HD may overestimate 

the clinically relevant variation in size and shape, and the margin required to account 

for such changes. For this reason, size and overlap were also assessed. Additionally, 

the accuracy of rigid registration used to reflect the tracking may have influenced the 

HD results. Finally a dosimetric analysis has not been performed to determine the 

clinical significance of these target volume differences.  

 

The reduction in target volume using tumor tracking for large, central tumors appears 

to be limited by changes in tumor size and shape during breathing. In some patients, 

accounting for these with the ITVT, results in a smaller high-dose target volume than 

the ITVFB. Although using the ITVT, merits further investigation as one strategy to 

reduce the toxicity of central lung SABR without compromising local control, where 

underlying tumor-OAR geometry remains unfavorable its impact may be limited. 
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Table 1: Baseline tumor characteristics  

 

Planning target volume (PTV).  
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Table 2: Changes in tumor size and shape during breathing 

 

The free-breathing ITV (ITVFB) is defined by the union of gross tumor volumes 

(GTVs) from all 10 4DCT phases and represents an ITV that accounts for motion and 

the changes in tumor size and shape during breathing. The union of GTVs after rigid 

registration (ITVT), accounts for variation in tumor size and shape only, assuming 

motion is perfectly accounted for using a tracking strategy.  The size and coverage of 

the ITV generated using other strategies have been reported relative to ITVT.  
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 Figure 1: Four examples of central tumors included in this study 

 

Representative axial slices (phase 50%) of four central tumors included in this study. 

Top left para-cardiac, top right hilar, bottom para-mediastinal (non-cardiac). The red 

and green outlines define the gross and planning tumor volumes, respectively.  
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Figure 2: Variation in tumor size and shape during respiration 

 

Differences in gross tumor volume (GTV) size during breathing relative to phase 50% 

GTV (above), and the maximum Hausdorff distance between the GTV in each 

respiratory phase and the GTV 50% (below).  
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Figure 3: Illustration of significant variation in size and shape  
 

 

Representative axial and coronal slices from patient 3 whose tumor showed the 

greatest variation in size and shape during breathing. After rigid registration, CT 

images on left from phase 50% gross tumor volume (blue), and on right from phase 

0% gross tumor volume (red).  
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Abstract 

Background 

Second primary non-small cell lung cancer (SPLC) is a significant cause of death 

amongst lung cancer survivors. As subsequent surgery is seldom feasible post-

pneumonectomy, we studied the long-term clinical outcomes achieved with curative 

radiotherapy using modern delivery techniques.    

 

Methods 

Retrospective review of an institutional database between 2003-2011 identified 27 

patients who had received curative radiotherapy for SPLC arising post-

pneumonectomy. Treatments included; stereotactic ablative radiotherapy (SABR, 

n=20, dose 54-60 Gy in 3-8 fractions), hypofractionated radiotherapy (HFR, n=6, 

dose 39-60 Gy in 12-23 fractions) and conventional radiotherapy (RT, n=1, 60 Gy in 

30 fractions). Clinical follow-up with a CT scan at 3, 6 and 12 months, then yearly 

was performed. Toxicities were scored using the common toxicity criteria for adverse 

events (version 4.0).    

 

Results 

The median overall survival was 39 months (95% CI 33-44). After a median follow-

up of 52 months (95% CI 37-67), recurrence was observed in four (15%) patients. 

Actuarial 3-year rates of local, regional and distant recurrences were 8% (95% CI 0-

21), 10% (95% CI 0-23) and 9% (95% CI 0-20), respectively. Patients receiving HFR 

or RT all had centrally located tumors. Of the patients treated with HFR delivered 12 

fractions, 75% (3/4) developed grade 3 or higher radiation pneumonitis (RP), 

including one probable grade 5 toxicity. Of those receiving RT or HFR in 13 or more 
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fractions no (0/3) grade 3 or worse RP was observed, despite such treatment being 

used for larger tumors and resulting in worse lung dose-volume histogram metrics. 

All the patients who developed RP had radiotherapy plans, which prioritized the 

sparing of central structures over lung sparing. No non-RP grade 3 or higher toxicities 

were observed.  

 

Conclusions 

Curative radiotherapy is an effective treatment for SPLC arising post-

pneumonectomy. For larger central tumors, our data suggests that plans should 

prioritize reducing lung doses above the sparing of central structures.  
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Introduction 

Second primary non-small cell lung cancers (SPLC) are a major cause of death in 

patients surviving their initial lung cancer [1]. Following surgery, the risk of 

developing a SPLC is five times that of the general population, with a 6-year actuarial 

risk as high as 20% [2, 3]. The treatment of SPLC arising post-pneumonectomy is 

seldom considered, as subsequent surgery is rarely feasible [4-7] and historic 

outcomes with conventional radiotherapy have been poor with a narrow therapeutic 

ratio [8, 9].  

 

Technological improvements in radiotherapy have enabled higher biologically 

effective doses to be delivered without increasing toxicity [10]. Stereotactic ablative 

radiotherapy (SABR) is an example of this, where individually tailored multiple non-

coplanar fixed beams or rotational arcs are accurately delivered using image guidance 

to ensure the risk of toxicity in radiosensitive organs is minimized. The use of SABR 

has enabled an increasing proportion of elderly lung cancer patients to be treated 

curatively, improving population-based survival [11, 12]. Using similar techniques, 

more fractionated radiotherapy (hypofractionated radiotherapy, HFR) has also shown 

promise [13].  

 

In 2009, we reported our initial experience using SABR to treat 15 patients with 

early-stage SPLC arising post-pneumonectomy [14]. After a short follow-up, the 

actuarial 1-year survival was 92%. Here, we report clinical outcomes including late 

toxicity after long-term follow-up in a larger cohort treated using modern 

radiotherapy techniques, including SABR, HFR and conventional radiotherapy (RT). 
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In addition, we specifically evaluated radiotherapy planning considerations in the 

post-pneumonectomy setting.  



Treatment of early-stage lung cancer: Cure and survivorship  
_______________________________________________________________________________________________________ 
 

182 
 

Materials and Methods 

Between April 2003 and December 2011, details of all lung cancer patients referred to 

the VU University Medical Center were entered into a database documenting patient 

and tumor characteristics, radiotherapy details and follow-up findings. Patients treated 

with curative radiotherapy for a SPLC arising post-pneumonectomy were identified. 

Medical ethics review was not sought, as retrospective reviews fall outside the scope 

of the Medical Research Involving Human Subjects Act, The Netherlands. For all 

patients, curative treatment was recommended after multi-disciplinary tumor board 

review of the case.  

 

As per departmental protocol, curative treatment was considered for all patients that 

were WHO performance status 0-2, and had no distant metastasis defined on whole-

body positron emission tomography and brain magnetic resonance. SABR was the 

preferred treatment for peripherally located stage I SPLC. In patients with clinical 

stage II-III disease, and in those with central stage I SPLC where SABR organ at risk 

constraints could not be met, the recommended treatment was HFR or RT. The organ 

at risk constraints utilized were consistent with previously published 

recommendations [15, 16]. All patients had a planning 4-dimensional CT (4DCT) 

scan to define the envelope volume within which the gross tumor moved during 

respiration [17]. This was considered the internal target volume. An additional margin 

of 3-5 mm and 5-10 mm was added to this to create the planning target volume (PTV) 

for SABR and HFR (or RT) treatments, respectively.  
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SABR was prescribed to the 80% isodose, ensuring that more than 95% of the PTV 

received the prescribed dose [18]. SABR prescriptions were ‘risk-adapted’, with three 

fractions of 18-20 Gy delivered for T1 tumors, five fractions of 11-12 Gy for T2 

tumors or T1 tumors with broad chest wall contact and eight fractions of 7.5 Gy for 

central tumors adjacent to the heart, hilus or mediastinum [19]. The 11 and 18 Gy 

fractionation schemes are currently used as modern more accurate dose calculation 

algorithms suggest this is equivalent to 12 and 20 Gy respectively.  HFR and RT 

treatments were prescribed to an isodose, which ensured more than 95% of the PTV 

received more than 95% of the prescribed dose [20]. The HFR schedule utilized was 

at the discretion of the treating clinician and constraints accounted for the biological 

effect of hypofractionation, relative to RT [15, 21]. Respiration-gated delivery was 

performed for selected patients undergoing HFR [22]. Set-up accuracy was ensured 

by online image guidance for all patients. For SABR treatments, image guidance prior 

to 2008 was with bony registration of the thoracic vertebra using orthogonal kV x-ray 

images [14]. Since then, soft-tissue registration of the tumor using cone-beam CT 

(CBCT) has been used [23]. For HFR or RT image guidance was achieved using daily 

CBCT or orthogonal kV x-ray images with intermittent CBCT. Since 2008, all 

treatments were delivered using fixed-beam or arc-based intensity-modulated 

radiotherapy [18, 20].  

 

Follow-up included contrast-enhanced CT scans of the lower neck, thorax and upper 

abdomen at 3, 6 and 12 months, followed by yearly intervals thereafter. Recurrences 

were defined as: local (LR) with failure in or adjacent to the PTV, regional (RR) with 

failure in ipsilateral hilus, mediastinum or supra-clavicular fossa and distant (DR) 

with failure at other sites. Toxicities were scored using the common toxicity criteria 
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for adverse events (CTCAE, v4.0). Three thoracic radiation oncologists (CJH, FJL 

and PDH) reviewed the clinical records and verified all CTCAE grade 3 or higher 

toxicities.  

 

Statistical considerations 

Descriptive statistics were used for patient, tumor and treatment characteristics. The 

timing of events was calculated from the first day of radiotherapy. Actuarial survival 

and recurrence outcomes were estimated using the Kaplan-Meier method. Median 

follow-up was determined using the reverse Kaplan-Meier method. Lung dose-

volume histogram (DVH) statistics were calculated using the total lung minus the 

PTV (Lung-PTV). These included the mean lung dose (MLD), and the V5, V10, V20 

and V30, where the V5 is the Lung-PTV percentage volume receiving 5 Gy or higher. 

All statistical analyses were two-sided with p≤0.05 threshold for statistical 

significance and performed using Statistical Package for Social Sciences (version 

18.0). 
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Results 

Patient and tumor characteristics 

Twenty-seven patients underwent curative radiotherapy for a SPLC arising post-

pneumonectomy. Table 1 summarizes the baseline patient characteristics. The median 

patient age was 74 years (range 59-91). The majority of patients (78%, 21/27) were 

WHO performance status 0-1 and the remainder performance status 2. Five patients 

had previously received adjuvant post-operative RT to total doses of between 45-67.5 

Gy. The median time between pneumonectomy and SPLC was 91 months (range 5-

343), with 89% (24/27) occurring more than two years later. All patients fulfilled the 

criteria defined by Martini et al. for differentiating recurrence from SPLC [24]. 

Histological confirmation was obtained in 30% (8/27) of patients and a clinical 

diagnosis made in the remainder on the basis of a new and/or growing lesion with 

malignant CT features and/or local PET uptake [25, 26]. The median tumor diameter 

was 27 mm (range 10-105) and PTV volume was 27 cc (range 11-1205). The median 

overall follow-up was 52 months (95% CI 37-67). Table 2 summarizes how various 

radiotherapy techniques were used in treating these 27 patients.  

 

Clinical outcomes 

The median overall survival was 39 months (95% CI 33-44, Figure 1). Actuarial 3-

year survival was 63% (95% CI 43-84). Any recurrence developed in four (15%) 

patients. Actuarial 3-year rates of LR, RR and DR were 8% (95% CI 0-21), 10% 

(95% CI 0-23) and 9% (95% CI 0-20), respectively. The patterns of recurrence were 

isolated LR, isolated RR, isolated DR and RR with DR occurring after a median time 
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of 6 months (95% CI 0-17) post-radiotherapy. Three (11%) patients developed grade 

3 or higher radiation pneumonitis (RP), including one in whom RP likely contributed  

to his premature death (grade 5). None of these patients had received previous 

radiotherapy. As detailed in table 3, these patients were all admitted 4-7 months post-

treatment with symptoms, including fever, non-productive cough and increasing 

shortness of breath. There were no non-RP grade 3 or higher toxicities observed. 

 

Planning considerations 

Of the four patients receiving HFR in 12 fractions, 75% (3/4) developed grade 3 or 

higher pneumonitis. These patients had a median PTV volume 89 cc (range 41-159) 

and all had centrally located tumors. The three patients receiving RT or HFR in 13 or 

more fractions did not develop grade 3 or higher RP despite having larger tumors 

(217, 400 and 1205 cc), that were also centrally located. The lung-PTV DVH metrics 

for these patients were worse than in those receiving HFR in 12 fractions, table 4. 

Patients receiving HFR in 12 fractions all had radiotherapy plans, where central organ 

at risk constraints were prioritized over lung constraints. In addition, full arcs without 

avoidance sectors were used to deliver treatment. In none of the patients receiving RT 

or HFR in 13 or more fractions was treatment delivered using arcs and in two 

respiratory gating was used.  
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Discussion  

Even with modern surgical techniques, pneumonectomy still constitutes approximately 10% 

of curative resections [27]. Despite SPLC being a significant cause of death amongst lung 

cancer survivors [1], reporting the use of surgery post-pneumonectomy has been uncommon 

and included small patient numbers, suggesting it is seldom feasible [4-7]. Utilizing modern 

radiotherapy techniques, we found a median survival of 39 months (95% CI 33-44) could be 

achieved in this setting. The 3-year actuarial risk of LR and RR was 8% and 10% 

respectively, no different from that reported after SABR for early stage tumors [28].  

 

After a median follow-up of 52 months, RP was the only grade 3 or higher toxicity and was 

observed in 11% (3/27) of patients. A number of radiotherapy planning considerations 

influence risk of RP in the post-pneumonectomy setting. When using SABR, we previously 

found the volume of lung receiving 5 Gy or more best predicted the risk of high-grade RP 

[29]. For patients receiving 12 fractions, treatment was delivered using full arcs without 

avoidance sectors, thereby increasing low dose lung exposure. In the patients treated with 13 

or more fractions, treatment was delivered using multiple static beams, which resulted in 

areas of lung that were spared, as would have been the case when using avoidance sectors. 

Additionally, with SABR the potential risks of central organ toxicity [30], has led to the 

highest priority being given to reducing mediastinal doses, an approach we applied to those 

receiving HFR in 12 fractions. This was however not required given our recent report using 

SABR in eight fractions where grade 3 toxicity was observed in 6% (4/63) of central tumors 

treated [31]. Patients receiving HFR in 13 or more fractions also had gated treatment 

delivery, a fact that likely contributed to why no toxicity was observed in these patients. 

Currently when treating SPLC arising post-pneumonectomy we carefully consider the 
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fractionation schedule, balance the risks of central organ toxicity against RP and utilize less 

conformal plans with avoidance sectors.    

 

Following pneumonectomy, subsequent surgery is typically limited to either segmental or 

wedge resections [4-7], however limited resections such as these appear to achieve inferior 

local control compared to SABR [32], which was the predominant (20/27) radiotherapy 

technique used in this study. Recently, a randomized trial testing local control after limited 

resection, with and without intra-operative radiotherapy in high-risk surgical patients was 

closed. In this study, the rate of grade 3 or higher toxicity at 90-days was 37% in the 

combined treatment arm, a finding associated with respiratory function and likely to be 

higher in single lung patients [33]. RT is similarly feasible post-pneumonectomy [9], 

however the available evidence suggests that this is inferior to SABR [34]. Case reports have 

described radiofrequency ablation and percutaneous cryoablation for SPLC and metastasis 

occurring post-pneumonectomy [35, 36]. Prospective data confirming the long-term efficacy 

of these treatments are however lacking [37]. Additionally, pneumothorax requiring chest 

tube occurs in 15% of patients with two lungs, which is again likely be worse in single lung 

patients [37].    

 

A limitation of our study is the fact that a significant majority of patients did not have 

histologically confirmed SPLC prior to radiotherapy, which was in part due to the risks 

associated with biopsy in this setting. However, in The Netherlands there is a low incidence 

of PET-positive benign disease and lesions were assessed using a clinically validated 

algorithm based on CT and PET findings in the multi-disciplinary setting [25, 26, 38]. The 
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accuracy of this approach is suggested by the patterns of recurrence for pathologically 

confirmed and unconfirmed lung cancer following SABR, which is different [39].  

To the best of our knowledge, this represents the largest series describing clinical outcomes 

for the curative treatment of SPLC arising post-pneumonectomy. The American Association 

for Thoracic Surgery recently recommended annual low-dose CT surveillance for those able 

to tolerate subsequent curative treatment [40]. As prolonged survival can be achieved with 

modern radiotherapy techniques, our findings reiterate the importance of such follow-up and 

referral for a radiotherapy opinion. Should radiotherapy be offered, the risk of RP should be 

acknowledged and treatment planned accordingly.   
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 Table 1: Baseline patient and tumor characteristics  
 

 
 
Table 2: Radiotherapy treatment techniques 
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Table 3: Clinical details of patients with grade 3 or higher toxicity 
  

 

Table 4: Lung-PTV dose-volume histogram statistics  
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 Figure 1 

  

Kaplan-Meier curve of overall survival.  
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Letter to the editor 

We read with interest the report from Yamauchi et al (1) in an issue of CHEST (December 

2011) on the use of percutaneous cryoablation to manage lung tumors arising in the 

contralateral lung postpneumonectomy. The authors indicated they were unaware of reported 

outcomes for the use of stereotactic radiotherapy (SRT) in this group of patients. In 2009, we 

reported such outcomes for 15 patients presenting with a new primary lung cancer after prior 

pneumonectomy (2). One-half of these patients had severe COPD, with maximum tumor 

diameters ranging between 8 and 38 mm and no local failures after a median follow-up of 

16.5 months (range, 4-55 months). In contrast to percutaneous cryoablation, SRT is 

performed as an outpatient treatment, typically in a few minutes using modern delivery units 

and with high accuracy, as on-table CT scans permit verifi cation of target position prior to 

delivery (3). Additionally, SRT delivery does not always require percutaneous insertion of fi 

ducial makers, eliminating the accompanying risk of morbidity and mortality in patients with 

a single lung. 

 

The authors previously reported a 60% incidence of pneumothorax, 17% of which required 

chest tube drainage, and 70% and 35% incidence of pleural effusion and hemoptysis, 

respectively, after 193 sessions of percutaneous cryoablation (4). Similarly, a population-

based analysis of complications following transthoracic lung biopsy of peripheral lung 

nodules reported the risk for any pneumothorax was 15.0% (95% CI, 14.0%-16.0%), with a 

6.6% (95% CI, 6.0%-7.2%) overall risk of chest tube insertion (5). Because local control 

rates in excess of 90% have been reported for patients undergoing SRT in prospective 

multicenter settings (3), we suggest that SRT should be offered as a standard treatment option 

in all patients presenting with a new lung tumor postpneumonectomy. In patients who are at a 
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lower risk of complications arising from pneumothorax, we would agree that comparative 

trials among modalities such as cryoablation, radiofrequency ablation and SRT merit study. 
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Letter to the editor 

Paul Van Schil and Jan Van Meerbeeck outline the challenges in comparing outcomes 

between surgery and stereotactic ablative radiotherapy (SABR) for early-stage non-small cell 

lung cancer (NSCLC) 1. They argue that such comparisons are flawed, mainly because of diff 

erent defi nitions of recurrence, and heterogeneity in the quality of SABR across diff erent 

centres. The authors conclude that in the absence of a randomised trial, surgery must remain 

the standard of care.  

 

The American College of Chest Physicians and the Society of Thoracic Surgeons recently 

suggested a common terminology describing tumour recurrence for early NSCLC that 

substantially reduces the potential for bias due to differing outcome definitions. In fact, 

published works have already used recurrence definitions that allow for more equal 

comparisons between surgery and SABR. In a propensity score-matched analysis, 

locoregional control was defined as the absence of a recurrence adjacent to the surgical 

margin or planning target volume, or in the ipsilateral hilum or mediastinum. Locoregional 

control after stereotactic ablative radiotherapy was superior to that after lobectomy, with no 

significant differences in distant recurrence or survival 2.  

 

Quality assurance is a key component of stereotactic ablative radiotherapy, as it is with 

surgery. Multi-institutional trials and systematic reviews suggest that outcomes with SABR 

are generally consistent across several centres 3. By contrast, results of hospital-volume 

studies suggest that surgical mortality data do not generalise well to smaller centres 4. We 

agree that the absence of randomised trials is not ideal; however, this is not due to a lack of 
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international effort. The absence of randomised data does not imply the absence of evidence, 

and we must rely on other forms of comparative effectiveness research to inform clinical 

practice. In addition to single institutional and multi institutional propensity-matched studies 

suggesting similar outcomes with SABR and surgery, assessment of population based data 

has suggested similar conclusions 5. A propensity-matched population-based analysis using 

the SEER-Medicare database suggests that short-term mortality is improved with SABR 

(<1%) compared with either lobectomy or sublobar resection (about 4%), and long-term 

survival did not differ. When randomised trials do not provide definitive comparisons, 

surgery and radiotherapy can both be regarded as gold-standard treatments based on other 

levels of evidence, as is the case in early stage prostate cancer 6. 

 

The choice between SABR and surgery should be made for each individual on the basis of 

the relative merits and drawbacks of each modality. Despite the promising results of 

radiotherapy, outcomes after lobectomy have longer-term follow-up and should not be 

ignored. Conversely, the high surgical mortality rate in some patients is of particular 

importance for decision-making for individuals who are risk-averse to the possibility of 

treatment-related death. Multidisciplinary management, with thorough discussion of the 

advantages and disadvantages of each treatment option, should be the gold-standard 

treatment approach for early-stage NSCLC. 
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Letter to the editor 

We read with interest the results of the randomized trial performed by Westeel et al. showing 

that four cycles of preoperative chemotherapy did not increase survival compared to two 

preoperative and two postoperative cycles in Stage I and II NSCLC (1). The 3-year disease-

free survival of 56% in both study arms highlights the guarded prognosis for NSCLC, even 

for young (75-years of less), relatively fit (WHO performance score 0-2), clinically well–

staged patients receiving chemotherapy. We would appreciate it if the authors could clarify 

the mortality data observed in their trial.  

  

Although 30-day mortality is an important benchmark for clinicians and hospital 

administrators, its definition varies and may omit deaths occurring following prolonged 

admission, discharge into high dependency units or following readmission, thus 

underestimating surgical risk (2, 3). It was therefore surprising that Weestel et al. reported 

identical 30-day and 90-day mortality rates, which ranged between 4.2-4.9% in either study 

arms. This observation is out of keeping with published literature. Table 1 summarizes recent 

data, highlighting the ratio of deaths occurring within 90 days of surgery, to those within 30 

days, ranges between 1.3 and 3.0 times. The ongoing mortality risk following surgery persists 

even when analyses exclude elderly patients (4), surgery is limited to sublobar resections (3, 

5) or performed with video-assisted thoracoscopy (6). Importantly, a significant proportion of 

deaths that occur between 31 and 90 days, are clearly not attributable to disease recurrence 

and occur for ‘unknown reasons’ (2).  
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A primary barrier to shared decision making is the fact that delivery of care can be based 

largely on a single clinician’s willingness to provide it (7). The definition of operability for a 

resectable lung tumor is a prime example of this, where the ‘threshold’ mortality risk 

accepted by a surgeon may not be in keeping with that of other surgeons or acceptable to 

different patients (8). Additionally, as patients may lack the understanding or confidence to 

seek out appropriate information themselves (7), mortality outcomes should be placed in 

context, relative to alternative curative options. In particular, stereotactic ablative 

radiotherapy (SABR) for early stage NSCLC has been shown to achieve long-term local 

control rates in excess of 90% (9) and three recent propensity-matched analyses comparing 

surgery and SABR found no major survival differences (10). Table 1 also highlights that 

following SABR, 30-day mortality is very uncommon and continues to hold true 90 days 

following treatment. A systematic review recently found the 30-day mortality following 

SABR for Stage I NSCLC patients with severe COPD was 0% (11), putting into context one 

of the factors operative candidates should consider when choosing their primary treatment. 

Clarification of the mortality details from a contemporary European study such IFCT 0002 

study would provide high quality data, despite the fact outcomes reported in clinical trials 

typically exceed those in routine clinical practice (12).  
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Table 1: Recent studies reporting  30-day and 90-day mortality following 

surgery or SABR 
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Dear Editor,  

The role of stereotactic body radiation therapy (SBRT) and its integration into the treatment 

of early stage non-small cell lung cancer (NSCLC) continues to evolve. The propensity-

matched analysis by Crabtree and colleagues provides insights into how to combine SBRT 

and surgery to improve NSCLC outcomes (1). 

 

The authors found regional and distant recurrences were no different following SBRT or 

surgery throughout follow-up and that local recurrence alone caused the inferior disease-free 

survival seen with SBRT (1). This suggests a strategy of using SBRT with prompt surgical 

salvage for suspected local recurrence may represent the same probability of cure as surgery 

alone. With 11% of patients having local recurrence following SBRT, the vast majority 

achieving cure would do so with lung preservation. Additionally, such a strategy would 

immediately reduce operative mortality in absolute terms. A recent news release from the 

American Association for Thoracic Surgery found operative mortality is higher than 

appreciated, persisting for at least 90 days and due to causes that are as yet unclear (2). 

Contemporary reports suggests 30 and 90 day mortality rates range between 1-5% and 3-10% 

respectively (3). With SBRT, the risk of death within 90 days for peripheral NSCLC is 

extremely low (3).  

 

Avoiding surgical morbidity using radiotherapy is well established, and has for a long time 

been the standard of care in other settings. In laryngeal cancer, radiotherapy is utilized 

despite local recurrence being six times higher (12% vs. 2%) than laryngectomy because 

salvage laryngectomy ensures disease-free survival is not impacted and voice preservation 

can be achieved 64% of the time (4).  Similarly, in breast cancer, local recurrence is more 
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than four times higher (9% vs. 2%) using lumpectomy and radiotherapy compared to 

mastectomy, however salvage mastectomy ensures survival outcomes are not compromised 

(5).   

 

Prospective clinical trials to determine how best to detect local recurrence following SBRT 

and evaluating operative mortality with salvage surgery should be the foci of research in the 

absence of randomized comparative trials. 
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Summary 
 

Following SABR for early-stage NSCLC, two discrete patterns account for the majority of 

patients with recurrence (Chapter 2). Almost 50% of patients develop isolated distant 

recurrence, while one third develop potentially salvageable loco-regional recurrences without 

any distant disease. For the later, the median time to recurrence is 13 months, at which time 

CT surveillance should be performed most frequently.  

 

Confounding the early diagnosis of local recurrence are post-SABR fibrotic changes. The 

systematic assessment of high-risk CT features (enlarging opacity at primary site; sequential 

enlarging opacity; enlarging opacity after 12-months; bulging margin; loss of linear margin 

and loss of air bronchogram) accurately differentiates local recurrence from fibrosis (Chapter 

3). When three or more high-risk CT features are present, both the sensitivity and specificity 

for detecting recurrence are greater than 90%. In addition, delivery technique should be 

accounted for when assessing post-treatment fibrosis, as mass-like fibrosis is more likely with 

fixed-beam non-coplanar SABR delivery than when SABR is delivered using rotational arcs  

(Chapter 4).  

 

Patients cured of their initial early stage NSCLC are at a significantly higher risk of having a 

second lung cancer than the National Lung Screening Trial population. Therefore, the use of 

CT surveillance post-SABR has the potential to improve survival, not only through detecting 

recurrences but also by detecting second primary NSCLC at an early stage (Chapter 5). 

However, re-irradiation in the thorax carries a significant risk of toxicity and accurately 

accounting for previously delivered treatment is complex due to post-SABR lung fibrosis. 
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Deformable image registration is more accurate than rigid registration in accounting for 

previous radiation and using this approach may reduce toxicity (Chapter 6). Additionally, 

such treatment should be delivered in the context of strict quality assurance for outcomes to 

be optimised (Chapter 7).  

 

The use of SABR for central tumors is associated with a 9% risk of grade 3 and 4 toxicity, 

which is higher than that seen when treating peripheral tumors. However, with the use of an 

appropriate dose fractionation scheme, local control following SABR for central tumors is 

similar to that seen for peripheral tumors and the risk of treatment related mortality is less 

than 1% (Chapter 8). In addition to dose fractionation, multiple other factors need to be 

considered to ensure the risk of morbidity and mortality is minimized when SABR is used for 

central tumors. Attention should be paid to the high dose distribution within treatment targets 

and the accuracy of daily image guidance (Chapter 9). With these in mind, population based 

outcomes may be improved further if SABR is appropriately used for central tumors, 

particularly with strategies to reduce toxicity. Tumor tracking is one such strategy, enabling 

smaller treatment volumes even when the uncertainties of target delineation and tumor 

deformation are accounted for (Chapter 10).  

 

The treatment of second primary NSCLC arising post-pneumonectomy is safe and can result 

in prolonged survival (Chapter 11 and 12). However when treating such patients, plans 

should be optimized to reduce the volume of normal lung exposed to radiation. Additionally, 

when large central tumors present post-pneumonectomy, hypofractionated radiotherapy may 

be safer than SABR.   
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To put SABR outcomes into context, they should be compared to surgery, the widely 

accepted standard of care. Propensity-matched analyses, using the same definitions of 

recurrence, suggest SABR outcomes are no different to those following surgery (Chapter 13). 

The choice between treatments should therefore be individualised, taking into account the 

risks of toxicity and how individual patients consider these. Following surgery for early stage 

NSCLC, 30-day and 90-day mortality may be as high as 5% and 10%, respectively (Chapter 

14). Implementing SABR as the initial treatment of early stage NSCLC, and reserving 

surgery for the subgroup of patients with a salvageable recurrence, may represent a strategy 

that could reduce treatment-related risks for the majority of patients (Chapter 15).   
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Future perspectives 

 

At the time of recurrence, presentations vary significantly and identifying the most probable 

of these using pre-treatment clinical factors may enable more individualised algorithms for 

treatment and follow-up. It is likely that such an approach will require improved assessement 

of pre-treatment biopsies to characterise tumor biology. For example, those with clinical 

factors predicting a high risk of isolated local recurrence could be considered for dose 

intensification or treatment with wider margins and following treatment be subjected to more 

intense CT surveillance. Similarly, patients with clinical factors predicting a high risk of 

isolated regional recurrence should be considered for intensive mediastinal staging before 

SABR, while those with a high risk of isolated distant recurrence be considered for adjuvant 

chemotherapy. The use of CT surveillance, the timing of this and whether this should be 

restricted to the chest alone or include distant sites should also be the subject of further 

investigation.  

 

With the striking similarity in patterns of recurrence following surgery and SABR, it is 

intuitive that strategies applied to improve surgical outcomes will also improve SABR 

outcomes. Prior to curative intent surgery, guidelines recommend radiologic staging is 

confirmed pathologically, either through ultrasound-guided techniques or mediastinoscopy. 

The use of pathologic staging techniques prior to SABR, will ensure it is applied more 

appropriately, improving outcomes and enabling better comparison with surgical results.   

 

Although subjective radiologic features are able to accurately differentiate local recurrence 

from fibrosis, objective methods using automated software algorithms may do so earlier and 
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with greater accuracy. Increasing lung density change relative to adjacent tissue and the 

nature of these over time are simple patterns, which software algorithms can be taught to 

assess through feature extraction. When this is correlated with distributed dose and delivery 

technique, expected patterns of fibrotic change are known and unexpected patterns will signal 

an increasing probability of recurrence.  

 

The treatment of central tumors, in combination with strategies to reduce toxicity, is the 

subject of ongoing research. Clinical outcomes have not improved in this patient group with 

dose escalation using conventional radiotherapy. Dose finding SABR studies for central 

tumors are needed and these should not be restricted to five fractions, as has been done by the 

Radiation Therapy Oncology Group. In addition, standard prescribing patterns result in dose 

inhomogeneity within the treatment targets, potentially contributing to toxicity, and 

prescribing to reduce this should be tested. Ongoing research into real time tracking and 

gated delivery requires more accurate image guidance systems, which are in development. 

Central NSCLC should be subjected to investigation with proton therapy, as the costs 

associated with this decline and access improves. These same strategies should be applied to 

patients with second primary NSCLC occurring after lobectomy or pneumonectomy.  

 

Immune modulating therapies have generated intense interest in the past year, with data 

suggesting significant immune-related responses in some patients with NSCLC. With 

supporting data from animal models, and anecdotal evidence of SABR similarly activating 

the immune system, the combination of SABR and immune modulating drugs is likely to be 

the subject of intense research in the coming year.   
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Finally, as data comparing outcomes of SABR with surgery continues to grow, both 

clinicians and patients will become increasingly aware of SABR as an alternative to surgery. 

With data on long term outcomes following SABR, a greater focus is expected on shared-

decision making initiatives in order to assist patients in their choice between treatments. It is 

unclear how guideline recommended treatment algorithms will consider such comparisons, 

however it is likely an increased emphasis will be placed on improving pre-operative 

pathologic assessment and staging, and on patient preferences.   
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Samenvatting 

Na het stereotactische bestraling (SABR) van en vroegstadium longtumor zijn er twee veel 

voorkomende vormen van ziekterecidief (Hoofdstuk 2). Bijna 50% van de patiënten 

ontwikkelt alleen metastasen op afstand, terwijl bij ongeveer een derde van de patiënten 

sprake is van een loco-regionaal recidief zonder afstandsmetastasen waarvoor nog een 

behandeling met kans op genezing mogelijk is. De mediane tijd tot aan een loco-regionaal 

recidief is 13 maanden, dus de frequentie van CT scans in het kader van follow-up dient rond 

deze periode het hoogst te zijn.  

 

Na SABR ontstaan er fibrotische veranderingen in het bestralingsveld, hetgeen een vroege 

diagnose van een lokaal recidief bemoeilijkt. Systematische beoordeling van bepaalde hoog 

risico kenmerken op CT scans (groeiende lesie ter plaatse van de oorspronkelijke tumor, 

opeenvolgende groei, groei van de leasie na 12 maanden, ontstaan van een uitpuilende 

contour, verdwijnen van een rechte contour, verdwijnen van een luchtbronchogram) leidt tot 

een nauwkeurig onderscheid tussen fibrose en een lokaal recidief (Hoofdstuk 3). De 

sensitiviteit en specificiteit voor het diagnosticeren van een lokaal recidief is meer dan 90% 

wanneer drie of meer van deze kenmerken aanwezig zijn. Hierbij dient rekening te worden 

gehouden met de bestralingstechniek, aangezien “mass-like” fibrose meer gezien wordt 

wanneer vaste non-coplanaire bundels gebruikt zijn dan wanneer een roterende boogtechniek 

gebruikt is (Hoofdstuk 4).  

 

Patiënten die succesvol behandeld zijn voor een vroeg stadium NSCLC hebben vergeleken 

met de populatie die deelnam aan de nationale screenings studie een significant grotere kans 

op een tweede primaire longtumor. Aangezien niet alleen loco-regionale recidieven maar ook 
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tweede primaire tumoren na SABR op CT scans in een vroeg stadium kunnen worden 

ontdekt, kan deze manier van follow-up mogelijk een gunstige invloed op de overleving 

hebben (Hoofdstuk 5). Re-irradiatie in de thorax brengt echter een groter risico op toxiciteit 

met zich mee en daarbij kan het moeilijk zijn een vorig bestralingsplan te reconstrueren door 

fibrotische veranderingen in het oorspronkelijke bestralingsveld. De techniek “deformable 

image registration” maakt het mogelijk om oude bestralingsplannen nauwkeuriger te 

reconstrueren dan met rigide beeldregistratie, waarmee de toxiciteit mogelijk verminderd kan 

worden (Hoofdstuk 6). Verder moet bestraling  worden uitgevoerd onder strikte 

kwaliteitseisen om zo verzekerd te kunnen zijn van de beste uitkomsten (Hoofdstuk 7). 

 

Bij toepassing van SABR voor centrale tumoren bestaat er een kans van 9% op graad 3-4 

toxiciteit, hetgeen hoger is dan bij SABR voor perifere tumoren. Met een aangepast dosis-

fractionatie schema is de lokale controle van centrale tumoren na SABR gelijk aan die van 

perifere tumoren, met een risico op mortaliteit van <1% (Hoofdstuk 8).  Om de risico’s van 

SABR voor centrale tmoren zoveel mogelijk te beperken zijn er naast fractionering van de 

dosis echter ook nog andere factoren waarmee rekening gehouden moet worden. De 

verdeling van de hoge dosis in het doelvolume en nauwkeurige dagelijkse beeldvorming zijn 

beide van belang (Hoofdstuk 9). Indien SABR voor centrale tumoren frequenter en op juiste 

wijze wordt toegepast,  kunnen mogelijk betere resultaten op populatie niveau behaald 

worden. Methoden om de toxiciteit te verminderen moeten echter wel verder worden 

onderzocht. Een voorbeeld van een dergelijke strategie is tumor-tracking, waarbij kleinere 

bestralingsvelden kunnen worden gebruikt ondanks het feit dat er in het doelvolume al 

rekening gehouden is met onzekerheden in de intekening en tumor deformatie (Hoofdstuk 

10).  
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De behandeling van een tweede primaire tumor na een eerdere pneumectomie is veilig en kan 

resulteren in een langere overleving (Hoofdstuk 11 en 12). Bestralingsplannen van dergelijke 

patiënten dienen echter geoptimaliseerd te worden om het volume gezond longweefsel dat 

bestraald wordt te beperken. Wanneer er sprake is van grote centrale tumoren na een eerdere 

pneumectomie, is een gehypofractioneerd schema wellicht veiliger dan SABR. 

 

Om de uitkomsten van SABR goed te kunnen interpreteren moeten ze in de juiste context 

worden geplaatst. De uitkomsten dienen hiertoe vergeleken te worden met die van chirurgie, 

aangezien dit wereldwijd nog altijd als de standaardbehandeling geldt. Een propensity-

matched analyse, waarbij dezelfde definitie voor een recidief is gebruikt, laat geen verschil 

zien tussen beide groepen (Hoofdstuk 13). De behandeling van keuze moet derhalve 

geïndividualiseerd worden, waarbij rekening gehouden moet worden met de risico’s op 

toxiciteit en de mening van de patiënt ten aanzien van deze risico’s. De mortaliteit na 

chirurgie is 5 en 10% binnen respectievelijk 30 en 90 dagen (Hoofdstuk 14). Indien SABR 

als  voorkeursbehandeling van NSCLC wordt gekozen, kan de mortaliteit door chirurgie bij 

NSCLC worden voorkomen. Als chirurgie alleen wordt toegepast bij de groep patienten met 

een recidief tumor, dan wordt alleen een beperkte groep patienten blootgesteld aan de risico’s 

van chirurgische mortaliteit (Hoofdstuk 15). 
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