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Chapter 1 

 
 
Introduction 
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LUNG CANCER 

 

 Lung cancer is by far the leading cause of cancer-related death globally (1), accounting for more 

deaths than breast, prostate, colorectal, and pancreatic cancers combined (2). The main etiological factor 

of lung cancer is smoking. In the general population, mortality in smokers is 2 to 3 times higher than 

never-smokers, and this excess mortality has been attributed to 21 common diseases formally established 

as caused by smoking. Recently, however, it has been demonstrated that a substantial portion of excess 

mortality in smokers is due to associations with other disease that have not been formally established as 

caused by smoking (3).  

 

EPIDEMIOLOGY 

 

 Of the estimated 1.8 million new cases of lung cancer worldwide in 2012, over half occurred in 

less developed regions (4). In men, lung is the most common cancer worldwide, although it ranks second 

in more developed regions after prostate cancer. For women, the incidence rates are generally lower than 

in men, reflecting variations in smoking. Of particular interest, despite smoking generally being 

uncommon in Eastern Asian women, lung cancer rates in Chinese women are higher than in other female 

populations.  This reflects the higher incidences of environmental factors such as indoor pollution from 

cooking fumes from unventilated stoves (5) and genetic factors (i.e. epidermal growth factor receptor, 

EGFR mutations) (6) in this population. 

 

STAGING 

 

 Non-small cell lung cancer (NSCLC) represents approximately 80% of all lung cancers and is 

most commonly staged using the tumor, nodes, metastasis (TNM) classification system. Revisions of this 

system have recently reported in an 8th edition, based on data collected by the International Association 
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for the Study of Lung Cancer (IASLC) between 1999 and 2010 (7,8). The T-staging of the lung cancer 

staging is summarized in Table 1, with the main findings that every cm counts from 1 to 5 cm, and larger 

tumors are best stratified as either T3 (5 to 7 cm) or T4 (>7cm). 

 

 
Table 1: T-staging for the TNM 8th edition, presented at World Conference on Lung Cancer, Denver 
2015. 
 

 Accurate staging of NSCLC is highly dependent on the diagnostic tests and procedures 

employed, with upstaging occurring when more invasive procedures are performed (9). The effect of 

stage migration via the detection of occult lymph node metastases has also been well-studied as PET-CT 

has become more ubiquitous (10). In most cases, NSCLC presents in the locally advanced (III) or 

metastatic stages (IV). Stage IV disease is generally considered to be incurable, although reports on long 

term survivors in patients with oligometastatic disease treated aggressively are becoming increasingly 
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frequent (11). Definitive concurrent chemoradiotherapy is considered by many to be the standard of care 

in stage III NSCLC, although different induction strategies (chemotherapy +/- radiotherapy), in 

combination with surgery may produce comparable outcomes, and are employed in some parts of the 

world (12,13). In stage II patients, surgery is the mainstay of care, with adjuvant chemotherapy leading to 

a survival benefit, as is the case in resected stage III NSCLC (14). 

 

 For the approximately 15-20% of patients with early-stage (stage I) NSCLC (ES-NSCLC), 

surgery has historically been considered the mainstay of treatment. An anatomic lobectomy has 

traditionally been preferred over sublobar resections because of a higher rates of local recurrence 

observed in the latter strategy (15), but the use of sublobar excisions has become the subject of much 

research in recent years, especially for tumors measuring 2 cm and smaller in diameter (16). In general, 

however, lung cancer patients often have multiple co-morbidities that may preclude or increase the risk of 

surgery. Furthermore, older patients represent the fastest growing population of lung cancer patients, with 

nearly 25% aged 75 years or older (17). 

 

 Previously, the only alternate curative treatment to surgery for most patients with ES-NSCLC 

was conventional radiotherapy. However, approximately 40% of patients treated with conventional 

radiotherapy developed a local recurrence (18) and only marginal improvements in survival were seen 

when compared to observation only (19). In addition to the poorer outcomes, conventional radiotherapy is 

typically delivered daily for approximately 6 weeks, representing a barrier for both clinicians to refer, as 

well as for patients to accept, a somewhat cumbersome treatment.  

 

SABR 

 

 Advances in target definition, image guidance and treatment delivery have paved the way for a 

newer form of radiation, known as stereotactic ablative radiotherapy (SABR), which is characterized by 



 13 

the delivery of high doses of radiotherapy delivered over a few fractions. The use of SABR for ES-

NSCLC was described two decades ago in patients who were unfit for surgery (20). Today, treatment 

planning for SABR is performed using four dimensional CT scans (4DCT), where target and at risk 

volumes can be characterized on an individual basis (21). Image guidance for the purposes of precise 

tumor localization during radiation can be performed through various methods; for example, with a cone 

beam computed tomography (CBCT) (22).  In addition, advances in dose calculation algorithms have 

enabled for more precise dosimetry in a heterogeneous medium inherent to lung tumors (23). Finally, 

intensity modulated and arc delivery techniques allow for improved sparing of organs at risk, which is 

essential when high doses are delivered. 

 

 

Figure 1: SABR treatment planning and delivery at the VU University Medical Center. 4D CT scanning 
captures tumor motion during the breathing cycle (A), and is used for generating treatment plans with 
high RT dose tightly covering the tumor target, while limiting dose to surrounding organs at risk (B). 
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Before each RT treatment, the tumor position is verified using a cone-beam CT scan on the treatment 
couch (C), followed by a ‘volumetric modulated-arc delivery’ technique to deliver the dose in a few 
minutes (D) Figure from Verstegen et al. Ann Oncol 2012 (24). 
 

 As many of the technologic advances described above are now widely available, the use of 

SABR for ES-NSCLC has gained widespread adoption (25). In addition to its convenience, enthusiasm 

for its use is supported by its limited toxicity profile, even in a medically unfit population. Due to these 

two key factors, the use of SABR instead of surgery as the first line treatment for operable ES-NSCLC 

patients has become a widely-discussed topic in thoracic oncology (26). Three randomized control trials 

(RCTs) comparing SABR and surgery for ES-NSCLC were launched to investigate this question. 

However, all have closed due to poor patient accrual (27).  

 

 RCTs provide the highest level of evidence to establish the efficacy of a treatment modality, and 

certainly there is a rich history of advancing clinical outcomes in cancer through this study design. RCTs, 

however, have inherent limitations including their 1) high costs incurred, 2) tendency to evaluate 

therapies under idealized conditions, and 3) stringent eligibility criteria which limit the applicability of 

findings to the wider patient population (28). It has also been noted that a substantial proportion of phase 

III oncology trials are never completed, resulting in a waste of both patient and financial resources (29).  

 

COMPARATIVE EFFECTIVENESS RESEARCH 

 

 While the efficacy of high precision radiotherapy approaches such as SABR are ideally 

established through a RCT, the rapidity in which the techniques have been developed and then introduced 

into clinical practice poses a challenge in generating randomized evidence to support their use. This 

dilemma highlights the need for other forms of comparative effectiveness research (CER) besides RCTs 

to establish indications and inform appropriate resource allocation of lung SABR in a timelier manner 

(30). Decision analyses, cost-effectiveness analyses, recursive partitioning analysis, patient reported 

outcomes and population-based studies are examples of CER that employ a medicine-based evidence 
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approach where the emphasis is on clinically relevant issues in a way that is both rigorous and patient-

centered (31). The purpose of this thesis is thus to critically evaluate the use of SABR for ES-NSCLC 

under the lens of various CER approaches.   

 

THESIS OUTLINE 

 

 Chapter 2 compares the use of SABR versus best supportive care in stage I NSCLC in a 

hypothetical cohort of patients through Markov modeling. Chapter 3 employs decision analysis to 

address the issue of when SABR is warranted in the absence of pathological confirmation. Chapter 4 

discusses clinical outcomes, as well as dosimetric and image guidance considerations when using SABR 

for sub-centimeter lung tumors. Chapters 5 and 6 describe outcomes of second primary lung tumors in 

patients with previous head and neck cancer at the institutional and population levels, making a case for 

SABR instead of surgery when disease is localized. Chapter 7 evaluates the cost-effectiveness of SABR 

for stage I NSCLC in Canada, estimating the potential financial and health impact with introducing 

SABR into this population using a Microsimulation model. Chapter 8 compares the use of SABR versus 

surgery stage I NSCLC in a hypothetical cohort of patients through Markov modeling. Chapters 9 and 

10 examine quality of life after SABR for early stage NSCLC, through a systematic review and a 

prematurely closed randomized control trial. Chapter 11 describes the development and validation of a 

novel prognostication tool for overall survival in early stage NSCLC. Chapter 12 is a pooled report of 

two closed randomized control trials comparing surgery and SABR in stage I NSCLC.  Chapter 13 is an 

editorial on an Surveillance, Epidemiology, and End Results (SEER) database population-based analysis, 

evaluating the merits of SABR as an alternative gold-standard treatment option to surgery for Stage I 

NSCLC.  Chapter 14 provides an overview of current issues and future directions in the use of SABR in 

early stage NSCLC. Chapter 15 is a systematic review of the Radiation Oncology health economic 

literature. The thesis concludes with 5 letters that address topics ranging from the reliability of Markov 

modeling, the importance of comparative effectiveness in the debate between surgery versus SABR, 
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distinguishing between primary malignancy and metastasis when using different surveillance strategies 

following radically treated lung cancer, the appropriateness of sublobar resection plus brachytherapy and 

radiofrequency ablation in borderline operable patients, and the appropriateness of radiofrequency 

ablation in medically inoperable patients. The final chapter discusses active areas of interest and 

controversies moving forward with SABR for early stage NSCLC. 
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ABSTRACT 

 

Background and purpose 

 To model outcomes of SBRT versus best supportive care (BSC) in elderly COPD patients with 

stage I NSCLC. 

 

Material and methods 

 A Markov model was constructed to simulate the quality-adjusted and overall survival (OS) in 

patients >75 years undergoing either SBRT or BSC for a five-year timeframe. SBRT rates of local, 

regional and distant recurrences were obtained from 247 patients treated at the VUMC, Amsterdam. 

Recurrence rates were converted into transition probabilities and stratified into four groups according to T 

stage (1, 2) and COPD GOLD score (I–II, III–IV). Data for untreated patients were obtained from the 

California Cancer Registry. Tumor stage and GOLD score utilities were adapted from the literature. 

 

Results 

 Our model correlated closely with the source OS data for SBRT treated and untreated patients. 

After SBRT, our model predicted for 6.8–47.2% five-year OS and 14.9–27.4 quality adjusted life months 

(QALMs). The model predicted for 9.0% and 2.8% five-year OS, and 10.1 and 6.1 QALMs for untreated 

T1 and T2 patients, respectively. The benefit of SBRT was the least for T2, GOLD III–IV patients. 

 

Conclusion 

 Our model indicates that SBRT should be considered in elderly stage I NSCLC patients with 

COPD. 
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INTRODUCTION 

 

 Lung cancer, the leading cause of cancer-related death worldwide, is a disease of the elderly with 

a median age of diagnosis of 70 years (1). For untreated stage I non-small cell lung cancer, five-year 

overall survival is poor ranging from only 6% to 14% (2,3). Surgical resection, on the other hand, offers a 

reasonable chance for cure with five-year survival rates ranging from 50% to 77% (4,5). However, factors 

such as age and medical co-morbidity render as many as 20% of these patients medically inoperable (6). 

Chronic obstructive pulmonary disease (COPD) is present in up to 50–70% of lung cancer patients at the 

time of diagnosis (7). Elderly patients with lung cancer are less likely to receive surgery or radiation often 

due to concerns about comorbidity, frailty, or efficacy of treatment (8,9). For these reasons, some 

pulmonologists are reluctant to perform invasive staging procedures in the setting of potential lung cancer 

for elderly and/or medically inoperable patients with treatment being deferred until the development of 

symptoms for the purposes of palliation (8). Alternate radical treatment options have been investigated for 

non-surgical patients, with conventional external beam radiotherapy demonstrating only marginal 

improvements in overall survival when compared to no treatment (3,10). 

 

 Advances in treatment planning (11,12), radiation delivery (13), patient immobilization (14), 

radiation delivery (15), and understanding of failure patterns (16) have argued for the acceptance of 

stereotactic body radiotherapy (SBRT) as the treatment of choice for medically inoperable stage I NSCLC 

patients (16). For elderly patients, Haasbeek et al. recently reported on the use stereotactic body 

radiotherapy (SBRT) in 193 stage I NSCLC patients aged 75 or older, achieving a three-year overall 

survival of 45.1% (17). In this study, performance status and severity of pre-treatment chronic obstructive 

lung disease (COPD) as defined by the Global Initiative for Chronic Obstructive Lung Disease (GOLD) 

criteria (18) were significantly predictive of survival. The GOLD classification requires an FEV1/FVC < 

0.70, and is stratified by FEV1 as follows: stage I ≥ 80% predicted; stage II 50% ≤ predicted < 80%; stage 

III 30% ≤ predicted < 50%; stage IV < 30% or < 50% with chronic respiratory failure. SBRT can be 
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provided with curative intent for patients even in the setting of high risk comorbidities (19–23). While 

there have been guidelines to inform the appropriateness of surgical resection for stage I NSCLC patients 

(24), there remains a paucity of data to guide the suitability of SBRT for elderly patients with COPD who 

may otherwise not be offered any form of treatment. Elderly patients tend to pose challenges for accrual 

to clinical trials leading to more uncertainty about the optimal management and a greater reliance on other 

forms of comparative effectiveness studies (3,25). 

 

 Decision analysis using Markov modeling provides such a framework. By defining mutually 

exclusive health states within a disease and the probability of transitioning between these states, the 

expected outcomes of different treatment modalities can be predicted using existing evidence. Individual 

preferences for different health states are computed in the form of utilities on a scale of 0–1, with 0 being 

dead and 1 being in optimal health. By forecasting the clinical pathway of health states and the utilities 

assigned to them following a treatment decision, the quality adjusted life years (QALYs) associated with 

an intervention can be calculated. The decision to use SBRT in the elderly with severe COPD versus best 

supportive care is amenable Markov modeling. The aim of this study is to model the overall survival and 

quality adjusted survival outcomes for elderly patients 75 years of age or greater with COPD and stage I 

NSCLC treated with either radical intent SBRT or best supportive care. 

 

METHODS AND MATERIALS 

 

Decision model 

 We have previously reported in detail a Markov model to simulate the clinical history of an 

operable cohort of patients with stage I NSCLC (pT1N0M0 or pT2N0M0, Fig. 1) treated with either 

lobectomy or SBRT (26). For the current study, we consider four base case scenarios for patients 75 years 

of age or greater: group 1 (T1, GOLD I–II), group 2 (T2, GOLD I–II), group 3 (T1, GOLD III– IV), and 

group 4 (T2, GOLD III–IV). In this model, the patient either undergoes SBRT with the goal to achieve a 

well state with no evidence of disease (NED) or is left untreated and allowed to cycle into subsequent 
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health states by the process of natural history disease progression. Group-specific data on patterns and 

rates of recurrence after SBRT were calculated from a prospectively collected cohort of 247 patients at 

the VU Medical Centre, Amsterdam. SBRT fractionation schemes and technique employed at the VU 

have been previously described (27). Patients were routinely followed up at 3 months, 6 months, 1 year, 

and annually thereafter. Follow- up CT scans were performed at each visit. 

 

 

Fig. 1. Markov model depicting SBRT vs. no treatment for elderly NSCLC patients with COPD. Each 
oval represents a Markov state. Straight arrows indicate a transition between states. Curved arrows 
indicate cycling within a state. Note: Tx = no treatment, NED = no evidence of disease, LR = local 
recurrence, RR = regional recurrence. 
 

 The Markov model was simulated using time steps of one month. The American Joint 

Committee on Cancer compliant Markov health states were: stage I/II local recurrence (LR), stage III 

nodal/ regional recurrence (RR), and stage IV distant metastases (Fig. 1). For untreated patients, the same 
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recurrence transition probabilities for SBRT patients were applied with a hazard ratio of 4.5 to obtain a 5 

year overall survival trend comparable to a study by Raz for T1 and T2 patients (2).  

 

 As in our previously reported Markov model, we considered for our initial analysis the salvage 

treatment options for recurrence that are routinely utilized in newly diagnosed NSCLC of the same stage 

(Table 1). We discussed each clinical scenario at our Multidisciplinary Thoracic Oncology (MDT) rounds 

to obtain estimates of the proportion of patients that could undergo potential curative salvage treatment. 

For local recurrence, we estimated that 20% of patients could have a resection (5,28), and for regional 

recurrence we estimated that 10% of patients could undergo concurrent chemotherapy and radiation (29). 

The remainder of patients would be treated with palliative radiation (30). Patients with stage IV disease 

transitioned to death according to rates abstracted from the Surveillance, Epidemiology, and End-Result 

(SEER) database (31). The primary outcomes studied were quality-adjusted life expectancy and overall 

survival. A five year time frame was used given the available evidence in the literature. The model was 

created and then analyzed using Microsoft Excel (Redmond, WA) and TreeAge (Williamston, MA). 

 

Utilities 

A study by Szende estimated health utilities for patients with mild, moderate, and severe COPD 

using the EQ-5D and SF-6D surveys (32). Using a weighted-average of the two surveys and by 

dichotomizing the data we calculated baseline utilities for patients with GOLD I–II and III–IV COPD. 

Papatheofanis obtained patient-perspective utilities for stage-specific health states for patients with 

NSCLC (33). We used the product of utilities abstracted from these studies, consistent with methodology 

as described by Fryback (34) to calculate stage and COPD specific utilities for recurrent disease after 

SBRT according to the four stages of the AJCC. Baseline utilities are summarized in Table 1.We based 

our model on a scale where the NED health state is assigned a utility defined by the level of COPD and 

death was assigned a utility of 0. We abstracted radiation related utility values from a recent cost-utility 
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analysis of NSCLC (35). Quality adjusted survival was determined by multiplying the length of life in 

each respective health state by the utility of the health state. 

 

 

Table 1.  Patient perspective utilities of Markov health states. Utilities for health states were calculated by 
multiplying COPD and NSCLC recurrence utilities in the literature. For each health state, the initial 
values represent GOLD I–II patients, while the values in parentheses refer to GOLD III–IV patients. 
 

Sensitivity analysis 

Given the lack of information on the health utility post-SBRT, the SBRT-NED state was 

assigned the same baseline utility that would be used after surgical resection so as to not bias our model 

toward treatment. This value was then varied in a sensitivity analysis to a maximum value of baseline 

COPD GOLD I–II or III–IV. To further prevent bias in favor of treating with SBRT, we performed a 

sensitivity analysis on the utility values employed for T1 and T2 untreated patients, which in a worst case 

scenario would follow stage specific disutilities as per Papatheofanis (33), or more conservatively patients 

would maintain the same quality of life defined by their respective COPD states. 

 

RESULTS 

 

 The constructed Markov model showed a close correlation with overall survival data for all four 

groups treated with SBRT, as compared to the source data from the VUMC, Amsterdam with five year 

overall survival differences of 0.1%, 1.1%, 0.8%, and 1.5% for the four groups, respectively. For 
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untreated patients, five-year overall survival as predicted by our model differed by 0.1% for T1 patients 

and 2.2% for T2 patients when compared to data from the California Cancer Registry. After SBRT, our 

model predicted for five-year overall survival ranging from 6.8% to 47.2% and quality adjusted life 

expectancy (QALE) ranging from 14.9 to 27.4 quality adjusted life months (QALMs). The model further 

predicted for a five-year overall survival of 9.0% and 2.8%, and QALMs of 10.1 and 6.1, for untreated T1 

and T2 patients, respectively. Markov model predicted overall survival and quality adjusted survival data, 

as compared with source data from the VU Amsterdam and the California Cancer Registry are 

summarized in Table 2.  

 

 

Table 2.  One-, three-, and five-year overall survival and quality adjusted survival (QALMs in 
parentheses) for Group I, II, III, and IV patients treated with SBRT as compared to T1 and T2 untreated 
patients as compared to the VU Amsterdam and California Cancer Registry source data. 
 

 Outcomes were not sensitive to SBRT and salvage treatment related disutility, nor the disutility 

of disease progression in untreated patients. Even if we assume that T1 and T2 untreated patients 

maintained their baseline COPD GOLD-specific quality of life, no threshold favoring BSC over SBRT 

was identified. The benefit appears to be least for group IV patients, with a difference of 4% in overall 

survival and roughly 8 QALMs at 5 years favoring SBRT. 
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DISCUSSION 

 

 We presented a Markov model that suggests that withholding SBRT from stage I NSCLC 

patients with severe COPD and advanced age is not routinely justified. For patients with stage I disease, 

surgery historically is the standard treatment, but not all patients are willing or able to undergo surgical 

resection. For elderly frail patients, there are also concerns of increased incremental costs because of the 

need for prolonged postoperative and palliative care (8). A recent survey examined the relationship of 

increasing age and COPD severity in determining a surgeon’s willingness to perform a lobectomy for 

early NSCLC (36). The study found that while almost 98% of participants recommended surgery for 80 

year old patients with no comorbidity, this decreased to 82.3% and 6.7%, respectively, in the setting of 

moderate and severe COPD, respectively. If patients in the latter two cohorts are watched rather than 

treated aggressively, they may be potentially denied a substantial benefit in overall survival. In fact, a 

recent Dutch population-based time-trend analysis found that the implementation of SBRT over time was 

associated with a decline in the proportion of untreated elderly early stage lung cancer patients and an 

improvement in overall survival (37). According to our model, the overall survival benefit of SBRT over 

BSC ranged from 4.0% to 38.2% at 5 years and 8.8–17.3 QALMs across the four treatment groups (Fig. 

2). The advantage of SBRT is maintained even when factoring quality of life in the form of the disutility 

of radical and salvage treatments.  
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Fig. 2. Comparison of Markov model predicted overall survival for Group 1 (T1, GOLD I–II), Group 2 
(T2, GOLD I–II) Group 3 (T1, GOLD III–IV), Group 4 (T2, GOLD III–IV) versus untreated T1 and T2 
patients. 
 

 We have modeled untreated stage I NSCLC outcomes based on population based data that 

demonstrate poor outcomes. Our findings are congruent with other smaller retrospective studies that echo 

a similar poor prognosis in the natural history of untreated patients (38–40). A palliative approach for 

elderly high risk patients is often substantiated by the morbidity associated with invasive diagnostic 

procedures and the relative fitness of these patients for surgery. In the absence of histopathological 

confirmation of malignancy, however, predictive models of the probability of malignancy using criteria 

including18-FDG-PET uptake have been validated in population studies (41,42). Using this approach is in 

keeping with a treatment modality such as SBRT that avoids the risks of operative mortality, rarely 

requires a hospital stay, and is associated with what appears to be a more favorable toxicity profile (43). 

In fact, a recent population-based time trend analysis of the diffusion of SBRT into clinical practice for 

stage I NSCLC demonstrated that the implementation of this technique was associated with a survival 
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benefit, and that survival in patients without a pathological diagnosis was significantly inferior to those 

with histology. The authors conclude that inclusion of NSCLC patients without pathological diagnosis 

does not inflate survival results (44). 

 

 There remains a paucity of data on surgical treatment of stage I NSCLC elderly patients in the 

setting of COPD, making the feasibility of evaluating surgery in our model difficult. Nonetheless, the 

impact of age and COPD in the radical treatment of these patients has been explored separately in the 

literature. Surgical outcomes for elderly patients with stage I NSCLC are variable with some studies 

arguing a similar prognosis when compared to younger counterparts (45,46), with others finding that the 

elderly do worse (47,48). Though the effect of age on prognosis is controversial for those patients who do 

receive radical treatment, age does appear to have an impact on the rate at which surgery is offered (49). 

The British Thoracic Society devised guidelines to inform decision making as to whether patients with 

lung cancer should be offered surgery. They recommend that surgical mortality should not be greater than 

8% for pneumonectomy and 4% for lobectomy (24). Minimally invasive surgery using video-assisted 

thoracic surgery has allowed for greater feasibility of curative resection for high risk cases with 

reasonable peri-operative morbidity and mortality (50). A Japanese survey provided a more conservative 

estimate of a 0.6% treatment-related death rate from pulmonary SBRT (51). While there has been no trial 

comparing SBRT and surgery in this population, patients may balk at the treatment that involves a greater 

upfront mortality risk. This potential patient concern was investigated by McNeil et al. in which the 

research group with operable lung cancer was averse to taking risks that involve the possibility of 

immediate death (52).  

  

 In terms of the effect of SBRT on COPD, it appears to be relatively well tolerated. Risk-adapted 

fractionation schemes and treatment planning techniques for patients at higher risk for toxicity have been 

described in detailed previously (27). Stephans reported that there were no significant overall changes in 

any pulmonary function test after SBRT (20). Henderson in a phase II trial that included a subgroup of 
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patients with severe COPD found that only DLCO was significantly decreased after SBRT, and that 8% 

of patients experienced grade 3–4 toxicity (19).  

 

 The findings of our model should be considered in the contexts of its strengths and limitations. 

While we investigated the relative impact of age and COPD, other comorbidities may influence the merit 

of any potentially radical treatment option. In addition, all models are based on a number of assumptions 

that may dramatically affect the reported outcomes. The parameters for the salvage treatment transition 

rates between discrete Markov health states were abstracted from retrospective series, single-armed phase 

II studies, and population pooled databases, all of which are subject to their own biases. While the 

parameters for the transition probabilities between health states post-SBRT were based on prospectively 

collected data, we assumed that the rates at which untreated patients progress to subsequent health states 

followed an accelerated trend of patients treated with SBRT. Modeled outcomes for untreated patients 

were based on a study that did not routinely use positron emission tomography, which can upstage a 

significant proportion of patients otherwise labeled as having stage I disease (53). A proportion of 

patients in that study may have actually had nodal disease, which in turn would underestimate overall 

survival. Nonetheless, that study stratified patients based only on T stage, with varying age, and 

presumably COPD status. In comparison, our patients who were treated by SBRT would be negatively 

selected based on age and COPD status, yet still fared more favorably when compared to their respective 

untreated T stage counterparts. This benefit was maintained even when factoring in quality of life via the 

disutility of SBRT and subsequent salvage treatments. Even after subjecting our assumptions to broader 

sensitivity analyzes, SBRT was still preferred, with the benefit appearing the least for group IV patients. 

 

 Given the favorable toxicity profile of SBRT and a recent phase II trial showing three-year local 

control of 97.3% (16), this modality has been recommended to be the standard treatment for medically 

inoperable stage I NSCLC patients. Its successful use in the elderly indicates that it is a safe and tolerable 

treatment (12). Our model indicates that withholding SBRT from patients with stage I NSCLC who are 
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elderly with COPD is not routinely justified. Patients should be evaluated in a multidisciplinary setting 

and afforded the opportunity to make an informed decision with regards to their potentially radical, 

palliative, and supportive treatment options.
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ABSTRACT 

 

Background 

 The practice of treating a solitary pulmonary nodule (SPN) suspicious for stage I non-small cell 

lung cancer (NSCLC) with stereotactic ablative radiotherapy (SABR) in the absence of pathology is 

growing. In the absence of randomized evidence, the appropriate prior probability threshold of lung 

cancer of when such a strategy is warranted can be informed using decision analysis. 

 

Methods 

  A decision tree and Markov model were constructed to evaluate the relative merits of 

surveillance, a PET scan-directed SABR strategy (without pathology), or a PET scan-biopsy-SABR 

strategy, when faced with an SPN at different prior probabilities for lung cancer. Diagnostic 

characteristics, as well as disease, treatment, and toxicity parameters, were extracted from the literature. 

Deterministic analysis and probabilistic sensitivity analyses were performed to inform the appropriate 

lung cancer prior probability threshold between treatment strategies. 

 

Results 

 In the reference case analysis, the prior probability threshold between surveillance and PET 

scan-biopsy-SABR was 17.0%; between PET scan-directed SABR and PET scan-biopsy-SABR, the 

threshold was 85.0%. The latter finding was confirmed on probabilistic sensitivity analysis (85.2%; 95% 

CI, 80.0% to 87.2%). This predicted lung cancer prior probability threshold was most sensitive to the 

diagnostic sensitivity of transthoracic biopsy (range, 77.2% to 94.0%) and the detection rate of false 

negatives on CT scan surveillance (range, 82.4% to 92.3 %). 

 

Conclusions 

 This model suggests that if there are concerns about morbidity related to biopsy for an SPN, a 

PET scan-directed SABR strategy is warranted when the prior probability of lung cancer exceeds 85%.
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INTRODUCTION 

 

 Surgery is the standard of care for patients with stage I non-small cell lung cancer (NSCLC). 

However, factors such as age, baseline comorbidities, and personal preference preclude up to one-third of 

patients from undergoing surgical resection (1,2). The standard of care for patients who are medically 

inoperable is stereotactic ablative radiotherapy (SABR), a technique that accurately and precisely delivers 

highly conformal doses of radiotherapy over a few fractions (3,4). Multicenter prospective trials using 

SABR have reported 3-year local control rates in excess of 90%, with low toxicity (5). In addition, 

population-based studies have demonstrated that an increase in the use of SABR correlated with a 

decrease in the proportion of untreated elderly patients, resulting in significant overall survival (OS) gains 

(6).   

 

 For patients who are fit for surgery, current guidelines suggest that a biopsy may be unnecessary 

for a solitary pulmonary nodule (SPN) if the probability of malignancy is > 65% (7). Although the 

incidence of complications of a diagnostic transthoracic biopsy, such as pneumothorax, may be 

acceptable in fit patients, these risks are increased in the typical SABR patient population with severe 

comorbidities (8). The rates of biopsy prior to SABR for early lung cancer are variable (Table 1) (9-12), 

reflecting the juxtaposition of a desire for certainty before treatment and the potential toxicity from 

diagnostic interventions. 
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Table 1.  Biopsy Rates in a Sample of Studies Using SABR in Stage I NSCLC. There appears to be a 
trend toward increased rates of biopsy in North America compared with other parts of the world. SABR = 
stereotactic ablative radiotherapy. 
 

 The practice of treating an SPN suspicious for NSCLC with SABR in the absence of pathology 

is growing (13-16).  The merit of this approach in areas where 2-(fluorine-18) fluoro-2-deoxy-d-glucose 

(18F-FDG) PET scan avidity may be confounded by high rates of benign disease is less clear, with only a 

retrospective series describing outcomes (17). As evidence-based recommendations to inform the 

appropriate threshold in using this treatment strategy are lacking, integrating information on the pretest 

probability of cancer based on diagnostic characteristics with fundamental concepts from decision 

analysis can be helpful. The goal of this study was to determine the appropriate lung cancer prior 

probability threshold for treating an SPN suspicious for NSCLC with SABR in the absence of pathology, 

using a decision modeling approach. 

 

METHODS  

 

Decision Tree 

 We developed a model to simulate the clinical history of a cohort of 75-year-old patients with a 

noncalcified SPN < 1 cm in size that is suspicious for stage I NSCLC. Due to severe COPD, these 
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patients were considered medically inoperable but eligible for SABR. Patients begin with an SPN on CT 

scan that is further evaluated by a PET-CT scan. As depicted in the decision tree in Figure 1, three 

treatment strategies are compared: (i) PET scan-biopsy-SABR, (ii) surveillance, and (iii) PET scan-

directed SABR. Institutional review board approval was not obtained because the model used data from 

published studies.  

  

 

Figure 1.  Decision tree depicting treatment options for a solitary pulmonary nodule (SPN) on CT scan. 
Sensitivities and specificities of diagnostic tests inform initial probabilities of health states at the terminal 
branches, where the Markov model begins. Bx = biopsy; M = Markov model; SABR = stereotactic 
ablative radiotherapy. 
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 Based on diagnostic outcomes, patients are classified as a true positive (TP), false positive (FP), 

false negative (FN), or true negative (TN). The sensitivities and specificities for transthoracic needle 

biopsy and PETCT imaging to calculate these probabilities were informed by a review performed in a 

guideline by the American College of Chest Physicians (CHEST) (7). Patients testing positive for 

malignancy (TPs and FPs) receive SABR, whereas those testing negative for disease (FNs and TNs) are 

observed. 

 

Markov Model 

 A state transition diagram describing the possible transitions between health states is shown in 

Figure 2. Although TP patients treated with SABR enter into a health state of no evidence of disease 

immediately after treatment (although they may experience recurrence thereafter), FP patients continue to 

cycle in a well-health state unless they experience a treatment-related toxicity. For TP patients, additional 

health states were defined to represent local recurrence, regional recurrence, and distant metastasis. To 

simplify the model, we assumed that patients with recurrence were ineligible for salvage treatment due to 

comorbidity. Transition probabilities for recurrences were calculated from individual patient data from a 

study previously comparing patients undergoing SABR with and without pathology (15). Patients with 

recurrent cancer will die of cancer, according to probabilities calculated from a meta-analysis (18).  
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Figure 2.  State transition diagram of health states. Note that DEATH includes death from other causes, 
biopsy-related death, and cancer-related death. DM = distant metastasis; FN = false negative; FP = false 
positive; LR = local recurrence; NED = no evidence of disease (true positive); RR = regional recurrence; 
TN = true negative; TP = true positive. 
 

 For FN patients, disease could be detected based on growth on serial CT scans at 3 and 6 

months. As there is a paucity of data to inform the probability of this, our multidisciplinary group arrived 

at a consensus for the reference value. As the prior probability of malignancy in lesions with serial growth 

is very high, these were treated with SABR without considering additional testing (PET scan-directed 

SABR or PET scan biopsy-SABR). This assumption is supported by findings from the Dutch-Belgian 

lung cancer screening trial (NELSON), in which additional testing is rarely performed for indeterminate 

SPNs that are found to be positive on recall CT scan (19). 

 

 Patients in any health state could also die of other causes calculated using United States standard 

life tables (20). As patients with severe COPD have an increased rate of death from other causes, a hazard 

rate ratio on standard of risk stratified by smoking habit (21). The model was constructed with a 5-year 
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time horizon using a monthly cycle length, and quality adjusted life years (QALYs) were discounted at a 

3% rate. 

 

Toxicities 

 Patients who undergo a biopsy were at risk for hemorrhage and pneumothorax. We considered 

only patients with a major pneumothorax requiring a chest tube as a clinically significant event; the 

probability of this event was informed by an American population-based analysis (22). Although rare, 

patients could also die of the biopsy procedure itself (7). In addition to treatment-related death (23), 

patients receiving SABR were also at risk for both radiation pneumonitis and chest wall injury/fracture. 

Both were assumed to last for 6 months, consistent with a previous Markov model (24).  

 

Utilities 

 The EuroQol five-dimension (EQ-5D) instrument is the preferred measure to obtain health state 

utilities to calculate QALYs (25). Although utilities of patients with early-stage NSCLC treated with 

SABR have not been well studied, quality-of-life reports using the European Organization for Research 

and Treatment of Cancer (EORTC) QLQ-C30 have described minimal clinically relevant deterioration 

(26). We used the methods described by Jang et al. (27) in a process called mapping to derive a time-

weighted EQ-5D-based utility after SABR from 382 prospective individually collected EORTC QLQ-

C30 scores (26). 

 

 The absorbing health state of death was assigned a utility of 0. Utilities of patients with 

recurrence were defined using pooled estimates from a meta-analysis (28). For toxicity, the presence of 

chest wall pain and/or radiation pneumonitis from SABR can be calculated as a disutility subtracted from 

the reference value for the first year (24), an assumption that is derived from a linear regression in a prior 

study and robustly tested in sensitivity analyses (29). Patients who experience a pneumothorax from 

biopsy requiring a chest tube experience a one-time disutility (30). All health states in the model were 
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also adjusted for COPD severity using the product of COPD utility as described by Fryback and 

Lawrence (31) and used in another SABR Markov model (32). 

 

Model Validation 

 The model was internally validated by comparing OS outcomes at 1, 3, and 5 years for treatment 

with and without pathologic confirmation of malignancy. To facilitate external validation of our model 

with outcomes of untreated patients with early lung cancer in the California Cancer Registry,(33) the 

surveillance strategy was modified to create an observation strategy, whereby all FNs are instead left 

untreated. Although PET scan staging is considered standard in the work-up of an SPN (to characterize 

the lesion and rule out metastases) (34), two additional strategies (i) CT scan-SABR, and (ii) CT scan 

biopsy-SABR were evaluated to ensure that predicted thresholds were internally consistent (e-Fig 1). 

Finally, a probabilistic sensitivity analysis (PSA) of the PET scan-directed SABR and PET scan-biopsy-

SABR prior probability threshold was undertaken, with parameter reference values and ranges 

summarized in Table 2 (35,36) (e-Appendix 1). 
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Table 2. Model Parameters. DM = distant metastasis; FN = false negative; GOLD = Global Initiative for 
Chronic Obstructive Lung Disease; HR = hazard ratio; LR = local recurrence; NED = no evidence of 
disease; RR = regional recurrence; SA = sensitivity analysis.  
aRange studied in deterministic sensitivity analysis. 
bLung cancer prior probability threshold range based on two-way SA, varying prior probability with each 
parameter in the model. 
cAs sensitivity and specificity are related, sensitivity analysis was performed on these using a constant 
diagnostic OR, calculated from reference values. 
dTransitions are listed as annual rates to allow for easier interpretation. In the model, these are converted 
into monthly probabilities to coincide with the 1-mo cycle length. 
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RESULTS 

 

Model Validity  

 The constructed model was calibrated for each treatment modality and internally validated by 

showing close correlation with OS outcomes of the source data for patients treated with SABR both with 

and without pathology (15). The predicted OS was within 2% annually for the SABR treatment strategies. 

Observation yielded OS rates of 56.2%, 25.0%, and 9.5% at 1, 3, and 5 years, respectively, consistent 

with outcomes from the California Cancer Registry, providing evidence of external validity (33). 

Comparison of each treatment strategy with its validation comparator is summarized in Table 3. 

 

 

Table 3. Model Validation. The model was validated internally for survival outcomes in patients treated 
with and without pathology. External validation of observation strategy performed with data from the 
California Cancer Registry. See Table 1 legend for expansion of abbreviation. 
 

Reference Case Scenario 

 At a lung cancer prior probability of 65%, PET scan-biopsy-SABR was the preferred treatment 

strategy. This yielded 2.640 QALYs, compared with 2.563 and 2.086 for the PET scan-directed SABR 

and surveillance strategies, respectively.  

 

Sensitivity Analyses on Prior Probability Threshold  

 Varying the lung cancer prior probability (Fig 1, disease + vs disease -) from 0% to 100% in 

one-way sensitivity analysis revealed that the threshold for the decision between the PET scan-biopsy-

SABR and PET scan directed SABR strategies was 85.0%; between PET scan-biopsy-SABR and 

surveillance, the prior probability threshold was 17.0%. For each parameter listed in Table 2, a two-way 
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sensitivity analysis was performed while varying the lung cancer prior probability threshold. The 

uncertainty of biopsy sensitivity had the largest influence on the first threshold, ranging from 77.2% to 

94.0%. The uncertainty of the FN detection rate on surveillance CT scan also had a significant influence, 

ranging from 82.4% to 92.3%. Most other variables had limited effect on the prior probability threshold 

(<5% variation); results of these two-way sensitivity analyses are summarized in Table 2. Additional 

clinically relevant two-way sensitivity analyses beyond the meta-analytic and consensus-based ranges 

tested are available in e-Appendix 2. PSA recapitulated the findings on deterministic sensitivity analyses, 

predicting a prior probability threshold of 85.2%, with a 95% CI between 80.0% and 87.2%. 

 

DISCUSSION 

 

 Rates of obtaining pre-SABR pathologic diagnoses are variable, reflecting clinical uncertainty as 

to the necessity of biopsy vs the risks of complications (37).  To address these concerns, we developed a 

model that demonstrates that treating an SPN without pathology is justified when the likelihood of 

malignancy is >85%, an estimate robust over a wide range of sensitivity analyses. The model was 

internally and externally validated and further predicted that if the probability of malignancy of an SPN 

was >17.0%, a biopsy should be performed rather than surveillance, consistent with the findings of 

another decision analysis (38). Figure 3 depicts a suggested algorithm for patients with an SPN suspicious 

on CT scan for NSCLC being considered for SABR. 

 

 To our knowledge, our model is the first to quantitatively assess the threshold for performing 

SABR in the absence of pathology, and it is consistent with recently published expert opinion. The 

CHEST guideline states that in patients being considered for nonsurgical treatments like SABR, the 

diagnosis of lung cancer ideally should be confirmed by biopsy and is a reasonable treatment modality 

when the pretest probability of malignancy exceeds 65% (7). As this proposed threshold has been 

informed using surgical data (30), others have argued that 85% is more appropriate, despite the low 

morbidity of SABR, as these patients typically have increased comorbidities (39).  This latter estimate is 
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consistent with the recommendations of the International Association for the Study of Lung Cancer, 

which states that a pathologic diagnosis of benign disease should not exceed 15% in centers performing 

CT scan screening (40).  An important distinction of our proposed prior probability threshold is that 

SABR without biopsy is warranted only in a PET scan-avid lesion; in the CHEST guidelines, surgery is 

recommended independent of PET scan avidity above a 65% threshold, with the use of PET scan for 

staging purposes. Although our prior probability threshold of 85% exceeds this surgical threshold, 

concluding that surgery is the preferred modality in patients who are candidates for either surgery or 

SABR is a flawed comparison. Although obtaining histologic information during surgery may be 

acceptable in patients fit for surgery, this may not be the case in a 75-year-old patient with severe COPD.  

  

 Our threshold recommendation has important implications, given the reported variability in the 

diagnostic performance of biopsy and the potential risk associated with FPs in suspected lung cancer. We 

found that transthoracic needle biopsy sensitivity has the greatest impact on the proposed lung cancer 

prior probability threshold. Although biopsy has a sensitivity of >90% in most studies, the frequency of 

nondiagnostic results is highly variable, with a median of 6% (7,41). In terms of FPs, in an American 

population-based analysis, the rate of benign diagnosis after surgery for known or suspected lung cancer 

was 9.1% (ranging from 1.3% in Vermont to 25.0% in Hawaii), with an in-hospitality mortality rate of 

2.3% (42).   

 

 The prior probability threshold was also highly sensitive to our assumed detection rate of FNs on 

surveillance CT scan. Although population data indicate that the survival of untreated stage I NSCLC is 

poor (33), this was in the setting of biopsy-proven disease. The prognosis of undetected malignancy is 

unclear, although studies indicate that the volume-doubling time of lung cancer ranges from 

approximately 150 to 480 days (43).  Quantifying the hazards of these uncertainties will be the subject of 

future modeling research from our group. 
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 Our model can be applied at the patient level by calculating likelihood of malignancy as an 

estimate of prior probability. Although clinicians may estimate the pretest probability of malignancy of an 

SPN, prediction models based on patient and CT scan characteristics have been validated in the Dutch 

(14) and American populations (16,44).  Although these models typically did not include lesions <1 cm in 

diameter, incorporating newer features, such as nodule volume-doubling time, appears to improve 

accuracy for smaller lesions (44). This is of particular importance for CT scan screened patients in whom 

new lesions are smaller; indeed, the NELSON CT scan screening trial allowed for treatment in patients 

with a growing SPN without a histologic diagnosis for high-dose radiotherapy (19).  Calculators to 

predict the likelihood of malignancy have also been developed for patients screened with low-dose CT 

scan (45).  Ultimately, although studies indicate that the accuracy of models for predicting malignancy is 

similar to that of experts, correlation between the two is poor, suggesting that models provide 

complementary information to a multidisciplinary discussion (46).  

  

 The results of our model should be considered in the context of both its strengths and limitations. 

Model inputs were validated internally and were derived from meta-analyses, systematic reviews, and 

individual-level patient data, allowing for robust statistical calculations. The reference values chosen were 

agreed upon by all authors a priori so as to not bias the results. Findings on deterministic sensitivity 

analysis were confirmed in PSA, allowing for generalizable conclusions. In terms of limitations, like all 

models, key assumptions were made. Although the outputs of an observation strategy were validated 

externally, we recognize that few data inform this particular analysis. Although the generation of SABR-

specific utility values is a novel contribution to the medical literature, the use of the EQ-5D mapping 

process has been called into question by some investigators (47).  Nonetheless, to our knowledge, SABR-

specific utilities currently do not exist in the medical literature, and our model can be updated to 

incorporate new evidence as it becomes available. 
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 In conclusion, our model provides a practical framework for physicians to determine the 

appropriateness of SABR for an SPN suspicious for lung cancer, where comorbidities may heighten 

concerns for complications related to biopsy. From a health policy point of view, our results argue for the 

continued use of SABR in the absence of pathologic confirmation when the prior probability of lung 

cancer is >85%. The authors encourage referral of such patients to the multidisciplinary team, so that 

SABR may be discussed as a potential option. 

 

e-Figure 1. To ensure internal consistency, CT-biopsy-SABR and CT-SABR strategies were also 
evaluated, yielding prior probability thresholds of 43.5% and 97.5%, respectively. 
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e-Appendix 1. 

 

Probabilistic Sensitivity Analysis 

The effects of uncertainty in model parameters were evaluated through probabilistic sensitivity 

analysis (PSA), a technique in which parameter values are picked at random from a distribution for 

multiple iterations via Monte Carlo simulations. To model these so-called second order parameter 

uncertainties, distributions were chosen depending on variable type. For instance, probabilities and 

utilities were represented by the beta distribution bounded by 0 and 1, and hazard rate ratios were 

modeled using the lognormal distribution as they are positively skewed. Toxicity probabilities were 

modeled using the triangular distribution, where likely, minimum, and maximum values were specified. 

Reference values for all parameters and ranges studied are summarized in Table 2 (35,36). 

PSA was performed for 10,000 virtual simulations to calculate the expected QALYs for various 

chosen prevalence thresholds of when to perform a biopsy. By comparing expected QALYs for each 

treatment strategy according to different levels of disease prevalence, a decision threshold for the optimal 

treatment strategy was calculated. Furthermore, by evaluating the 95% credibility intervals (CI) around 

the QALY estimates for each treatment strategy, the uncertainty of this prevalence threshold was 

demonstrated. 

 

e-Appendix 2. 

 

Additional sensitivity analyses on selected clinical parameters were performed to inform the 

effect of extreme cases on the proposed prior probability threshold. When considering a 30% rate of a 

major pneumothorax and chest tube disutility of up to 30 days (worst case scenario of a three-way 

sensitivity analysis), the proposed prior probability threshold ranged from 82.4% to 84.9%. PET-CT 

sensitivity has been reported to be as low as 73% in smaller SPNs, when considering this lower boundary, 

the effect of the proposed prior probability threshold was also modest, ranging from 84.3% to 88.2%. 
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ABSTRACT 

 

Purpose 

 Use of stereotactic ablative radiation therapy (SABR) for subcentimeter lung tumors is 

controversial. We report our outcomes for tumors with diameter ≤1 cm and their visibility on cone beam 

computed tomography (CBCT) scans and retrospectively evaluate the planned dose using a deterministic 

dose calculation algorithm (AcurosXB [AXB]). 

 

Methods and Materials 

 We identified subcentimeter tumors from our institutional SABR database. Tumor size was 

remeasured on an artifact-free phase of the planning 4-dimensional (4D)-CT. Clinical plan doses were 

generated using either a pencil beam convolution or an anisotropic analytic algorithm (AAA). All AAA 

plans were recalculated using AXB, and differences among D95 and mean dose for internal target volume 

(ITV) and planning target volume (PTV) on the average intensity CT dataset, as well as for gross tumor 

volume (GTV) on the end respiratory phases were reported. For all AAA patients, CBCT scans acquired 

during each treatment fraction were evaluated for target visibility. Progression-free and overall survival 

rates were calculated using the Kaplan-Meier method.   

 

Results 

 Thirty-five patients with 37 subcentimeter tumors were eligible for analysis. For the 22 AAA 

plans recalculated using AXB, Mean D95 ± SD values were 2.2 ± 4.4% (ITV) and 2.5 ± 4.8% (PTV) 

lower using AXB; whereas mean doses were 2.9 ± 4.9% (ITV) and 3.7 ± 5.1% (PTV) lower. Calculated 

AXB doses were significantly lower in one patient (difference in mean ITV and PTV doses, as well as in 

mean ITV and PTV D95 ranged from 22%-24%). However, the end respiratory phase GTV received at 

least 95% of the prescription dose. Review of 92 CBCT scans from all AAA patients revealed that the 
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tumor was visualized in 82 images, and its position could be inferred in other images. The 2-year local 

progression-free survival was 100%. 

 

Conclusions 

 Patients with subcentimeter lung tumors are good candidates for SABR, given the dosimetry, 

ability to localize tumors with image guidance, and excellent local control. 
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INTRODUCTION 

 

  Lung cancer is the leading cause of cancer-related death worldwide, with disease typically 

presenting in the metastatic or locally advanced stage (1). Results from the landmark National Lung 

Screening Trial, however, have created a case for optimism, as the study demonstrated that computed 

tomography (CT) screening in high-risk individuals resulted in a 20% relative risk reduction in lung 

cancer-specific mortality (2). The efficacy of CT screening in that trial was due to both an increased rate 

of lung cancer detection and a stage shift because approximately 70% received a diagnosis of early stage 

disease (3). This has led institutions to review their surgical experience with subcentimeter lung tumors in 

order to determine whether sublobar resection techniques can achieve similar oncologic outcomes as well 

as decreased rates of morbidity and mortality compared to an anatomic lobectomy (4, 5).  

 

 While surgery was the predominant treatment modality for early-stage lung cancer patients in 

CT screening trials, stereotactic ablative radiation therapy (SABR) has also been discussed as an 

alternative (6). As a convenient outpatient treatment associated with a low incidence of serious side 

effects, SABR has been endorsed by several multidisciplinary cooperative guidelines for stage I non-

small cell lung cancer (NSCLC) patients who are medically inoperable or who are unwilling to accept the 

procedure-related risks of surgery (7, 8). In a systematic review of studies of the use of SABR in early 

stage NSCLC, the median tumor diameter reported ranged from 2.2 to 3.9 cm, and treatment of tumors 

with diameters less than 1 cm was uncommon (9). The use of SABR for subcentimeter lung tumors can 

pose dosimetric and image guidance challenges. For example, SABR entails use of small fields or beam 

segments/apertures in a low-density medium, which causes an electronic disequilibrium effect near the 

air/ tissue interface, as the lateral range of secondary electrons becomes larger than the width of the small 

field segments (10). 
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 Modern treatment planning algorithms, such as the collapsed cone or anisotropic analytic 

algorithms (AAA), model lateral electron transport and result in better agreement between calculated and 

measured doses than, for example, the pencil beam convoluted (PBC) algorithm. However, although 

AAA have been shown to give good results for lung densities of ≥0.2 g/cm3, they may overestimate the 

delivered dose for lower densities and small fields (11). AcurosXB (AXB; Varian Medical Systems Inc., 

Palo Alto, CA) is a new photon dose calculation algorithm that solves the linearized Boltzmann transport 

equation and has been shown to result in a dose calculation accuracy in a heterogeneous medium 

comparable to that of Monte Carlo methods (12, 13). 

 

 Evaluation of the use of SABR in this context is warranted given the anticipated rise in incidence 

of subcentimeter lung tumors and the fact that many such patients may be medically inoperable or may 

prefer a nonsurgical treatment option. We report our institutional experience and outcomes with SABR 

for tumors with a maximum axial diameter of 1 cm and retrospectively evaluate the planned dose using 

AXB. To the best of our knowledge, this is the first such report to describe this method to date. 

 

METHODS AND MATERIALS 

 

 An institutional database of more than 1000 consecutive primary or metastatic lung tumors 

treated with SABR between 2003 and 2013 was queried to identify subcentimeter tumors with a maximal 

diameter of 10 mm or less. In the Netherlands, retrospective studies of patient records do not fall under 

the scope of the Medical Research Involving Human Subjects Act (www.ccmo.nl), and thus, this study 

was exempt from medical ethics review. For patients for whom pathologic diagnosis was not available, 

metastasis was differentiated from primary lung tumor by a multidisciplinary tumor board review of 

available imaging and clinical history, consistent with current guidelines of the European Society of 

Medical Oncology (7). SABR was delivered using risk-adapted schemes based on size and location as 

described previously (14). All patients had a free-breathing planning 4- dimensional (4D) CT without the 
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use of rigid immobilization or respiratory coaching. An internal target volume (ITV) was generated 

through assessment of the gross tumor volume (GTV) in 10 phases of the respiratory cycle. 

 

  During the study period, 2 SABR planning and delivery techniques were used. Prior to 2009, 

clinical plans were generated using Brainlab software (Brainscan version 5.2; BrainLab, Inc., 

Feldkirchen, Germany), which uses a PBC algorithm. Treatment was delivered using 8 to 12 non-

coplanar static beams after setup on bony anatomy with stereoscopic x-ray imaging. A 3-mm isotropic 

expansion around the ITV was used to generate the planning target volume (PTV). The prescribed dose 

was 60 Gy to > 99% of the PTV in 3, 5, or 8 fractions, allowing for doses up to a maximum of 125%. 

Starting in 2009, plans were made using AAA (Eclipse; Varian). In that era, a 5-mm isotropic margin 

around the ITV was used to obtain the PTV, and treatment delivery was facilitated with cone beam CT 

(CBCT) scanning set up on the tumor. Plans were generated so that 95% of the PTV was covered by the 

prescription doses, with a dose to a maximum of 140% (15). Six megavolt photons were used in all cases, 

except for 4 patients in whom 10 MV (flattening filter free) was used. Dose prescription was 54 Gy in 3 

fractions, 55 Gy in 5 fractions, or 60 Gy in 8 fractions. In both eras, dose was calculated on the average 

intensity projection (Ave-IP) of the 4D-CT.  

 

 Follow-up involved clinical and radiographic assessments, typically using a CT surveillance 

schedule of 3, 6, and 12 months and then yearly intervals. Failures were coded as (i) local, occurring 

within or adjacent to the PTV; (ii) regional, occurring within the ipsilateral hilus, mediastinum, and 

supraclavicular regions; and (iii) distant, occurring at any other site. Progression-free and overall survival 

rates were calculated using the Kaplan-Meier method. The first date of SABR treatment was used to 

define day 0 of follow-up.  

 

 For the purpose of this study, tumor size was remeasured using the maximum axial dimension on 

an artifact free phase of the planning 4D-CT. For all patients treated using AAA plans, doses were 
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recalculated using AXB (version 10), with the same monitor units, grid sizes, and beam arrangements as 

the initial clinical plan. As the plan data of the Brainlab patients could not be directly exported to Eclipse, 

AXB dose recalculations were not performed for these patients. Differences in dose received by 95% of 

the target (D95) and mean dose for ITV and PTV on the Ave-IP determined by AAA versus AXB were 

calculated. The dose to 95% of the target (D95) and mean dose delivered to the GTV on the 50% and 0% 

respiratory phases were also calculated and are reported relative to the initial prescription dose. The 

minimum distance from the ITV and nearest high density structure (such as the chest wall or 

mediastinum) was measured. CT Digital Imaging and Communications in Medicine (DICOM) images 

and relevant contours were exported to VelocityAI (version 3.0.1; Varian) to facilitate calculation of the 

mean densities of the PTV, ITV, and lungs in Hounsfield units (HU). Finally, the CBCT acquired during 

each treatment fraction was evaluated by a single observer to determine visibility of the target tumor. The 

visibility of the tumor was scored as either (i) completely visualized, (ii) partially visualized and/or its 

position can be inferred from surrounding anatomic landmarks, and (iii) not detectable. 

 

RESULTS 

 

Baseline characteristics and dosimetry 

 Thirty-five patients with 37 subcentimeter tumors were eligible for analysis (Table 1). Maximum 

tumor diameter ranged between 8 and 10 mm. The median maximum tumor motion observed in the 

planning 4D-CT was 6 mm, ranging from 2 to 20 mm. The PTV ranged from 2.0 to 11.8 cm3 (median, 

6.8 cm3). Two patients were treated in the absence of pathology and positron emission tomography (PET) 

positivity; however, this was in the setting of suspected oligometastatic pulmonary metastases from 

previous rectal carcinoma and synovial sarcoma, respectively. Sixteen patients were also treated with 

SABR for a synchronous tumor measuring greater than 1 cm in diameter (range, 13-46 mm), 2 of whom 

had 3 synchronous lesions. As shown in Figure 1, for the 22 AAA plans recalculated using AXB, mean 

(±SD) differences (AAA vs AXB) in D95 were 2.2 ± 4.4% (for ITV) and 2.5 ± 4.8% (for PTV), whereas 
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differences for mean doses were 2.9 ± 4.9% (for ITV) and 3.7 ± 5.1% (for PTV). The mean GTV 

received on average (±SD) 117.9 ± 8.0% and 115.2 ± 9.0% of the prescription dose in the 0% and 50% 

phases of the respiratory cycles, respectively, with a range of 95% to 131%. Average AAA-calculated 

doses to ITV on the Ave-IP scan were 121.5 ± 6.3% of prescription dose. The majority (n=16 patients 

[69.6%]) of AAA cases were within 1 cm of a high-density structure. The median lung density was -734 

HU, ranging from -649 to -827 HU. 

 

 

Table 1. Baseline patient and tumor characteristics. Abbreviations: AAA = anisotropic analytic algorithm. 
PBC = pencil beam convolution. 
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Figure 1. Differences (AXB-AAA) in dosimetric parameters for the 23 lesions that were initially planned 
using the AAA algorithm, recalculated using the more accurate AXB algorithm. AAA = anisotropic 
analytic algorithm; AXB = Acuros XB; %D95_Ave_PTV = dose to 95% of the PTV; %D95_Ave_ITV = 
dose to 95% of the ITV; %mean_AVG_ITV = mean ITV dose; %mean_AVG_PTV = mean PTV dose. 
 

 In a patient with a predominantly ground glass opacity (GGO) lesion (Fig. 1, case 23; Fig. 2, 

CT), the differences recalculated on AXB were more significant; the mean doses to ITV and PTV, as well 

as D95 of ITV and PTV, were 21.5%, 22.7%, 23.7%, and 24.2% lower than AAA doses, respectively. In 

this patient, however, the GTV D95 received was still 94.9% and 99.6% in the 0% and 50% phases of the 

4D-CT scan, respectively, with a mean dose of 101.1% of the prescription dose. The mean lung density 

was 827 HU, and the lesion was located peripherally at 1.7 cm from the chest wall. The mean densities 

for the ITV and PTV in this case were -760 and -854 HU, respectively, which were the least dense 

measurements observed in all the patients studied (ITV range: -375 to -760 HU; PTV range: -854.0 to -

422 HU). 
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Figure 2. Predominantly GGO lesion in case 23, in a patient with emphysematous lungs. GGO = ground 
glass opacity. 
 

Image guidance 

 On review of 92 CBCT scans from all AAA patients, the tumor was fully visualized in 82 

images (89.1%) and could, at minimum, be inferred from surrounding landmarks in the remaining 10 

images (10.9%). Figure 3 shows a patient with a lesion that was easily identifiable on the first four 

CBCTs, however, it was only inferable from surrounding landmarks on subsequent CBCTs. 
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Figure 3. CBCTs for fractions 4 and 5 in a patient treated using 8 fractions. On the fifth CBCT (right 
panel), the lesion was no longer easily identifiable but can be inferred from surrounding anatomy 
(vasculature, chest wall, lung markings, and other landmarks). CBCT = cone beam computed 
tomography. 
 

Clinical outcome 

 With a median follow-up of 18 months, the 2-year actuarial overall survival was 67.4% (Fig. 4). 

The 2-year local, regional, and distant progression-free survival rates were 100%, 89.6%, and 74.5%, 

respectively (Fig. 4). The crude local, regional, and distant failures rates were 0%, 8.6%, and 34.1%, 

respectively. One patient had subsequent disease progression that included a 2-cm lesion from the initial 

targeted lung lesion. While this may be considered a local recurrence by some definitions (16), it was not 

coded as such given the clinical picture of widespread pulmonary nodules, in keeping with metastatic 

disease. 
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Figure 4. (Top panel) Overall survival 
following stereotactic ablative 
radiation therapy; (middle panel) 
regional recurrence-free survival; 
(lower panel) distant metastasis-free 
survival. 
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DISCUSSION 

 

 The use of SABR for subcentimeter lung tumors is considered controversial by some, owing to 

challenges in accurately calculating the dose by using some current planning algorithms and to a 

perceived difficulty in target localization during treatment. For patients with tumors measuring 1 cm or 

less in axial diameter and who are medically inoperable or who refuse surgery, our study indicates that 

SABR is a viable treatment option as it can be delivered with image guidance, acceptable dosimetry, and 

excellent local control. 

 

 The dosimetric findings of our study should be viewed in the context of other studies that have 

examined comparisons between AAA and AXB in the evaluation of lung SABR plans. Rana et al (17) 

reviewed 14 lung SABR plans initially planned using AAA according to the Radiation therapy Oncology 

Group (RTOG) protocol 0813 and recalculated using AXB. That study noted that AAA overestimated the 

prescription isodose volume-to-PTV (R100%) ratio and the 50% prescription isodose volume to PTV 

(R50%) ratio and the maximal dose 2 cm from PTV as the percentage of prescription isodose (D2cm), but 

it underestimated ipsilateral lung V20 compared to that with AXB. In a similar study design, Kroon et al 

(18) compared differences between AXB and AAA in both early stage SABR and locally advanced 

NSCLC by using the near-minimum PTV dose (D98) as a metric. The authors found that the mean (±SD) 

D98 difference (AAA vs AXB) for SABR cases (average PTV, 24 cm3 ) between the 2 calculation 

algorithms was 3.2-4.0%, with a maximum relative difference of 12.3%. Although our analysis 

determined similar mean D95 PTV differences of 3.7 ± 5.1%, the maximum relative difference observed 

was 24.2%. In this particular outlier in our series, the mean lung HU was -827, and low-density lung 

which was observed has been reported to result in dosimetric calculation differences of up to -17.5% (12). 

The peripheral tumor location in our outlier (1.7 cm from the chest wall) could also be a contributory 

factor toward the differences observed. This case highlights the fact that greater dosimetric uncertainty 

should be anticipated when using SABR for small targets with low ITV density in low-density lung, and 

particularly the potential for underdosage when using older treatment planning algorithms (19). 
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Unlike previous studies in this field, the present study also evaluated the dose to the GTV 

calculated on two phases of the breathing cycle. If very-low-density lung surrounds the GTV, then the 

ITV and PTV on the Ave-IP of the 4DCT, which depends on the motion amplitude of the tumor, also 

contains a region of much lower density than the GTV. In this scenario, AXB will calculate lower doses 

for the ITV and PTV than AAA, a situation further compounded with low-density targets like GGOs. We 

recognize that the management of GGOs is currently evolving, with recent data suggesting that sublobar 

resection is likely adequate for clinical stage IA cancer (20) and other studies suggesting that pure GGO 

lesions are so indolent that active surveillance until a solid component is developed may be more 

appropriate (21). In terms of the role of radiation therapy in GGOs, a Surveillance, Epidemiology, and 

End Results registry analysis found that it could extend survival in nonresected bronchoalveolar 

carcinoma (22). With regard to SABR in GGO-predominant lesions, the present study found that ITV and 

PTV doses were grossly underestimated for a subcentimeter peripherally located target surrounded by 

low-density lung. However, despite this, at least 95% of the prescription dose was still delivered to the 

GTV even in this outlier case.  

 

Latifi et al (23) report that in their institutional experience of 201 NSCLC patients treated with 

SABR, use of different dose calculations algorithms may be a contributing factor to suboptimal clinical 

outcomes. In that study, patient treatments planned using PBC had a significantly higher rate of local 

failure (21.5%) than those planned using the collapsed cone convolution (CCC) algorithm (4.7%), with a 

hazard rate of 3.4. Although numbers were small, with a median overall follow-up of 18 months, we did 

not find inferior local control with PBC. One important difference between our study and that of Latifi et 

al (23) is that they used homogeneous doses of 50 Gy in 5 fractions to 95% of the PTV, which represents 

a biologically effective dose to the tumor (BED10) of 100 Gy. In contrast, our contemporaneous risk-

adapted strategy used 54 Gy in 3 fractions, 55 Gy in 5 fractions, or 60 Gy in 8 fractions, delivering a 

BED10 of 151.2 Gy, 115.5 Gy, and 105.5 Gy, respectively. In addition, the target received a 

heterogeneous dose with a maximum of up to 140%. A BED10 of 100 Gy has been cited by several 
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studies as being the threshold required for adequate tumor control (24-26). This hypothesis is supported 

empirically from additional doseresponse data from SABR reports: in a study of 130 patients, reducing a 

prescription of 50 Gy in 5 fractions to 45 Gy in 5 fractions (using convolution superposition dose 

calculations and CBCT image guidance) was the only factor predictive of a reduction of local control 

rates in multivariate analysis (27).  

 

 Our findings can be interpreted in the context of existing clinical guidelines on the appropriate 

diagnostic and therapeutic management of subcentimeter solitary pulmonary nodules. The 2014 National 

Comprehensive Cancer Network and landmark Fleischner Society guidelines indicate that on detection of 

a solid, noncalcified, solitary pulmonary nodule greater than 8 mm in diameter but less than 1 cm, a 

diagnostic algorithm of a PET-CT followed by biopsy or surgery, where appropriate, should be 

considered (28). While equipoise for the use of SABR over surgery has not been established by a 

randomized clinical trial (29), these and other guidelines (7, 30) indicate that SABR is a reasonable 

alternative treatment for stage I NSCLC patients, particularly if they are unable to undergo or are 

unwilling to accept the risks of surgical resection. In patients with oligometastatic disease to the lungs, the 

efficacy of radical treatment through metastatectomy or SABR is based largely on registry data or 

retrospective studies (31). Of note, Widder et al (32) retrospectively reported outcomes of patients with 

pulmonary metastases treated with surgery (the treatment of choice and offered first, if feasible) or 

SABR. Both treatment modalities demonstrated excellent local control; however, despite the negative 

selection of SABR patients, who tended to be older and less fit, surgery did not result in an overall 

survival benefit in this cohort.  

 

The findings of this study should be considered in the context of both its strengths and 

limitations. A histologic diagnosis was obtained in only 6 patients (17.1%), begging the question of 

whether some of the lesions included in this study represent false positive diagnoses of malignancy. 

Surgical series of subcentimeter lesions have reported low rates of obtaining a pretreatment pathologic 
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diagnosis, a higher risk of benign lesions, and risks of false negatives using transthoracic needle biopsy 

(33). In the Netherlands, however, the incidence of benign disease in histologically unproven pulmonary 

nodules has been reported consistently at less than 6%, with validated algorithms available to calculate 

likelihood of malignancy (34-36). We acknowledge that these algorithms typically consisted of nodules 

larger than 1 cm in size, and a recent study suggests that adding nodule volume-double time may improve 

accuracy for smaller lesions (37). Other limitations of the present study include biases inherent in a 

retrospective study with small sample size and variable follow-up periods. In addition, the smallest lesion 

was still 8 mm in diameter. Finally, we acknowledge that AXB may not represent the gold-standard for 

dosimetry especially for small lung SABR treatment volumes (38). 

 

CONCLUSIONS 

 

 In conclusion, despite the above-mentioned limitations, we demonstrated that lung SABR is a 

practical and effective treatment option in tumors measuring 1 cm or less. Although the dosimetric 

differences between AXB and AAA were small for most patients, significant discrepancies were seen in 

selected cases. Therefore, the use of the best available dose calculation algorithm is warranted, although 

the absence of algorithms such as AXB should not deter the treatment of such lesions, as long as an 

adequate BED10 is prescribed.



 77 

REFERENCES 

 

1. Siegel R, Ma J, Zou Z, et al. Cancer statistics, 2014. CA Cancer J Clin 2014;64:9-29. 

2. National Lung Screening Trial Research TeamAberle DR, Adams AM, Berg CD, et al. Reduced 

lung-cancer mortality with lowdose computed tomographic screening. N Engl J Med 

2011;365:395-409. 

3. Kovalchik SA, Tammemagi M, Berg CD, et al. Targeting of low-dose CT screening according to 

the risk of lung-cancer death. N Engl J Med 2013;369:245-254. 

4. Hamatake D, Yoshida Y, Miyahara S, et al. Surgical outcomes of lung cancer measuring less 

than 1 cm in diameter. Interact Cardiovasc Thorac Surg 2012;15:854-858. 

5. Schuchert MJ, Kilic A, Pennathur A, et al. Oncologic outcomes after surgical resection of 

subcentimeter non-small cell lung cancer. Ann Thorac Surg 2011;91:1681-1688. discussion 

1687-1688. 

6. Senan S, Paul MA, Lagerwaard FJ. Treatment of early-stage lung cancer detected by screening: 

Surgery or stereotactic ablative radiotherapy? Lancet Oncol 2013;14:e270-e274. 

7. Vansteenkiste J, De Ruysscher D, Eberhardt WE, et al. Early and locally advanced non-small-

cell lung cancer (NSCLC): ESMO clinical practice guidelines for diagnosis, treatment and 

follow-up. Ann Oncol 2013;24(suppl 6):vi89-vi98. 

8. Donington J, Ferguson M, Mazzone P, et al. American college of chest physicians and society of 

thoracic surgeons consensus statement for evaluation and management for high-risk patients 

with stage I non-small cell lung cancer. Chest 2012;142:1620-1635. 

9. Chi A, Liao Z, Nguyen NP, et al. Systemic review of the patterns of failure following 

stereotactic body radiation therapy in early-stage non-small-cell lung cancer: Clinical 

implications. Radiother Oncol 2010;94:1-11. 



 78 

10. Knoos T, Wieslander E, Cozzi L, et al. Comparison of dose calculation algorithms for treatment 

planning in external photon beam therapy for clinical situations. Phys Med Biol 2006;51:5785-

5807. 

11. Aarup LR, Nahum AE, Zacharatou C, et al. The effect of different lung densities on the accuracy 

of various radiotherapy dose calculation methods: Implications for tumour coverage. Radiother 

Oncol 2009;91: 405-414. 

12. Bush K, Gagne IM, Zavgorodni S, et al. Dosimetric validation of Acuros XB with Monte Carlo 

methods for photon dose calculations. Med Phys 2011;38:2208-2221. 

13. Vassiliev ON, Wareing TA, McGhee J, et al. Validation of a new gridbased Boltzmann equation 

solver for dose calculation in radiotherapy with photon beams. Phys Med Biol 2010;55:581-598. 

14. Lagerwaard FJ, Haasbeek CJ, Smit EF, et al. Outcomes of risk-adapted fractionated stereotactic 

radiotherapy for stage I non-small-cell lung cancer. Int J Radiat Oncol Biol Phys 2008;70:685-

692. 

15. Hurkmans CW, Cuijpers JP, Lagerwaard FJ, et al. Recommendations for implementing 

stereotactic radiotherapy in peripheral stage IA nonsmall cell lung cancer: Report from the 

quality assurance working party of the randomised phase III Rosel study. Radiat Oncol 2009;4:1. 

16. Koto M, Miyamoto T, Yamamoto N, et al. Local control and recurrence of stage I non-small cell 

lung cancer after carbon ion radiotherapy. Radiother Oncol 2004;71:147-156. 

17. Rana S, Rogers K, Pokharel S, et al. Evaluation of Acuros XB algorithm based on RTOG 0813 

dosimetric criteria for SBRT lung treatment with Rapidarc. J Appl Clin Med Phys 2014;15:4474. 

18. Kroon PS, Hol S, Essers M. Dosimetric accuracy and clinical quality of Acuros XB and AAA 

dose calculation algorithm for stereotactic and conventional lung volumetric modulated arc 

therapy plans. Radiat Oncol 2013;8:149. 

19. Liu HW, Nugent Z, Clayton R, et al. Clinical impact of using the deterministic patient dose 

calculation algorithm Acuros XB for lung stereotactic body radiation therapy. Acta Oncol 

2014;53:324-329. 



 79 

20. Tsutani Y, Miyata Y, Nakayama H, et al. Appropriate sublobar resection choice for ground glass 

opacity-dominant clinical stage Ia lung adenocarcinoma: Wedge resection or segmentectomy. 

Chest 2014;145:66-71. 

21. Naidich DP, Bankier AA, MacMahon H, et al. Recommendations for the management of 

subsolid pulmonary nodules detected at CT: A statement from the Fleischner Society. Radiology 

2013;266:304-317. 

22. Urban D, Mishra M, Onn A, et al. Radiotherapy improves survival in unresected stage I-III 

bronchoalveolar carcinoma. Int J Radiat Oncol Biol Phys 2012;84:780-785. 

23. Latifi K, Oliver J, Baker R, et al. Study of 201 non-small cell lung cancer patients given 

stereotactic ablative radiation therapy shows local control dependence on dose calculation 

algorithm. Int J Radiat Oncol Biol Phys 2014;88:1108-1113. 

24. Onishi H, Shirato H, Nagata Y, et al. Hypofractionated stereotactic radiotherapy (hypofxsrt) for 

stage I non-small cell lung cancer: Updated results of 257 patients in a Japanese multi-

institutional study. J Thorac Oncol 2007;2:S94-100. 

25. Senthi S, Haasbeek CJ, Slotman BJ, et al. Outcomes of stereotactic ablative radiotherapy for 

central lung tumours: A systematic review. Radiother Oncol 2013;106:276-282. 

26. Palma DA, Senan S. Early-stage non-small cell lung cancer in elderly patients: Should 

stereotactic radiation therapy be the standard of care? Int J Radiat Oncol Biol Phys 

2012;84:1058-1059. 

27. Olsen JR, Robinson CG, El Naqa I, et al. Dose-response for stereotactic body radiotherapy in 

early-stage non-small-cell lung cancer. Int J Radiat Oncol Biol Phys 2011;81:e299-303. 

28. MacMahon H, Austin JH, Gamsu G, et al. Guidelines for management of small pulmonary 

nodules detected on CT scans: A statement from the Fleischer Society. Radiology 2005;237:395-

400. 

29. Louie AV. Senthi S Palma DA. Surgery versus SABR for NSCLC. Lancet Oncol 2013;14:e491. 



 80 

30. GouldMK, Donington J, LynchWR, et al. Evaluation of individuals with pulmonary nodules: 

When is it lung cancer? Diagnosis and management of lung cancer, 3rd edition: American 

College of Chest Physicians evidence-based clinical practice guidelines. Chest 2013;143:e93S-

e120S. 

31. Treasure T, Milosevic M, Fiorentino F, Macbeth F. Pulmonary metastasectomy: What is the 

practice and where is the evidence for effectiveness? Thorax 2014;69:946-949. 

32. Widder J, Klinkenberg TJ, Ubbels JF, et al. Pulmonary oligometastases: metastasectomy or 

stereotactic ablative radiotherapy? Radiother Oncol 2013;107:409-413. 

33. Kuo E, Bharat A, Bontumasi N, et al. Impact of video-assisted thoracoscopic surgery on benign 

resections for solitary pulmonary nodules. Ann Thorac Surg 2012;93:266-272. discussion 272-

273. 

34. Herder GJ, Kramer H, Hoekstra OS, et al. Traditional versus up-front [18F] fluorodeoxyglucose-

positron emission tomography staging of non-small-cell lung cancer: A Dutch cooperative 

randomized study. J Clin Oncol 2006;24:1800-1806. 

35. van Tinteren H, Hoekstra OS, Smit EF, et al. Effectiveness of positron emission tomography in 

the preoperative assessment of patients with suspected non-small-cell lung cancer: The Plus 

Multicentre Randomised Trial. Lancet 2002;359:1388-1393. 

36. Verstegen NE, Oosterhuis JW, Palma DA, et al. Stage I-II non-small cell lung cancer treated 

using either stereotactic ablative radiotherapy (SABR) or lobectomy by video-assisted 

thoracoscopic surgery (VATS): Outcomes of a propensity score-matched analysis. Ann Oncol 

2013;24:1543-1548. 

37. Mehta HJ, Ravenel JG, Shaftman SR, et al. The utility of nodule volume in the context of 

malignancy prediction for small pulmonary nodules. Chest 2014;145:464-472. 

38. Ojala JJ, Kapanen MK, Hyodynmaa SJ, et al. Performance of dose calculation algorithms from 

three generations in lung SBRT: Comparison with full Monte Carlo-based dose distributions. J 

Appl Clin Med Phys 2014;15:4662. 



 81 

Chapter 5 

 
 

Second primary lung cancers following a diagnosis of 

primary head and neck cancer  
 
 

Griffioen GHMJ1, Louie AV1, de Bree R2, Smit EF3, Paul MA4, Slotman BJ1, Leemans 

CR2, Senan S1 

 
 
1. Department of Radiation Oncology, VU University Medical Center, Amsterdam, The 

Netherlands 

2. Department of Otolaryngology-Head and Neck Surgery, VU University Medical Center, 

Amsterdam, The Netherlands 

3. Department of Pulmonary Disease, VU University Medical Center, Amsterdam, The 

Netherlands 

4. Department of Cardiothoracic Surgery , VU University Medical Center, Amsterdam, The 

Netherlands 

 

 

 
 
 
Lung Cancer 2015 Apr;88(1):94-99. 
doi: 10.1016/j.lungcan.2015.01.011 



 82 

ABSTRACT 

 

Objectives 

 Second primary lung cancers (SPLC) are not uncommon in survivors of squamous cell head and 

neck cancer (HNSCC), and carry a worse prognosis than when patients present with a primary lung 

cancer. We reviewed our institutional experience on the treatment and prognosis of SPLC patients, both at 

the time of diagnosis, and following treatment of HNSCC, in order to explore treatment outcomes. 

 

Materials and methods 

 Our institutional database was queried for patients with a diagnosis of HNSCC and lung cancer, 

between 2000 and 2013. Only HNSCC patients with tumors of the oral cavity, oropharynx, hypopharynx 

and larynx were eligible. Patients were stratified between synchronous and metachronous HNSCC and 

SPLC. Cox regression analysis was performed to determine factors predictive of overall survival (OS) in 

metachronous presentations. 

 

Results  

 181 eligible patients were identified for analysis, comprising 40 synchronous and 141 

metachronous HNSCC–SPLC. Patients presenting with synchronous SPLC were more likely to have 

early-stage disease, as compared to patients with metachronous SPLC (45% vs. 28%, respectively; p = 

0.036). Patients with early stage SPLC had a significantly better survival compared to those with locally 

advanced (p < 0.001) and metastatic disease (p < 0.001), with a median OS of 95.4 months vs. 11.0 and 

4.6 months, respectively. 

 

Conclusions 

  Although the survival of patients treated for early-stage NSCLC was good, the OS of the entire 

cohort of SPLC after HNSCC was poor as a majority of patients presented with advanced disease. The 
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use of CT screening strategies in this patient population warrants further investigation.
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INTRODUCTION 

 

 Squamous cell carcinoma of the head and neck (HNSCC) represents the sixth most common 

malignancy, with an estimated 600,000 new diagnoses annually worldwide (1). Improvements in local 

tumor control in HNSCC in recent decades are attributed to more accurate disease staging, advances in 

radiotherapy delivery, and the use of concurrent chemotherapy for advanced cases (2,3). In non-

metastatic HNSCC, the 5-year cumulative all-cause mortality, HNSCC-specific mortality, and competing 

mortality are only 51.3% (95%CI: 50.8–51.9), 23.8% (95%CI: 23.3–24.2), and 27.6% (95%CI:26.8–

28.3), respectively (4). Furthermore, overall survival (OS) has improved only modestly, if at all, for 

HNSCC arising in the oral cavity, larynx and hypopharynx (5,6), all of which are related to tobacco and 

alcohol exposure (7). In contrast, the increasing prevalence of oropharyngeal cancer is attributable to 

human papillomavirus (HPV) infections (8), tumors that are associated with better survival as compared 

to those related to tobacco and alcohol exposure (9).  

 

 Recurrences in HNSCC most often manifest in the first 3 years following treatment (10). Second 

primary malignancies are also common, with the most frequent being lung (45.8%) and esophageal 

(10.3%) cancer. Second primary malignancies adversely impacts survival (4), and may present 

synchronously with the first HNSCC or as metachronous tumors. At the time of diagnosis of HNSCC, 

2.6%of patients harbor a synchronous second cancer: 1.2% in the head and neck, 0.8% in the lung, and 

0.2% in the esophagus (11). The risk of a metachronous second primary lung cancer (SPLC) following 

HNSCC is 5.8%, 11.4%, and 16.4% at 5, 10, and 15 years, respectively (12).  

 

 Patients with a SPLC following HNSCC have a poorer OS when compared to the overall lung 

cancer population in the SEER database (13). Currently, there is no high-level evidence to support use of 

plain chest radiography (CXR) surveillance in HNSCC patients (14), even though early-stage non-small 

cell lung cancer (NSCLC) carries a good prognosis (15). Recently, the US Preventive Services Task 
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Force recommend low-dose CT screening for all individuals aged 55–79 with a 30 or more pack-years 

smoking history after a 20% relative reduction in mortality from lung cancer was observed in patients 

undergoing three rounds of annual low-dose CT screening in the National Lung Screening Trial (NLST) 

(16). 

 

 Much of the data cited above were from population studies, which may not necessarily reflect 

outcomes at tertiary cancer centers. In this study, we reviewed the clinical outcomes in patients with 

HNSCC who were seen at a tertiary referral center between 2000 and 2013, and who were also diagnosed 

with primary lung cancer, either synchronously or during follow-up. We evaluated the disease stage and 

treatment outcomes of lung cancer in this population, in order to explore the rationale for implementing 

minimal dose CT screening. 

 

 
MATERIALS AND METHODS 

 

Study population 
 
 Approximately 400 new HNSCC cases are seen annually at the VU University Medical Center. 

Our institution maintains a database where International Statistical Classification of Disease and Related 

Health Problems (ICD-9) codes are prospectively assigned for all cancer patients. For this retrospective 

analysis, the database was queried to identify patients that were diagnosed with both primary head and 

neck and thoracic malignancies between January 2000 and September 2013. This retrospective review 

was exempt from medical ethics review in accordance to the Medical Research Involving Human 

Subjects Act, The Netherlands.  

 

 This analysis included all patients who were initially diagnosed with HNSCC and eventually 

developed a SPLC. Only patients with tumors of the oral cavity, oropharynx, hypopharynx and larynx 

were eligible. Sinonasal, nasopharyngeal, proximal esophageal and salivary gland tumors were excluded 
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due to different risk factors, and patients with an unknown primary HNSCC or tracheal carcinoma were 

also excluded. Eligible patients were dichotomized based on the interval between the diagnosis of 

HNSCC and SPLC into patients with synchronous (<6 months) or metachronous (≥6months) tumors (13). 

 

 Diagnostic and follow-up scheme 

 Routine pretreatment diagnostic work-up included MRI of the head and neck, examination under 

general anesthesia including pharyngoscopy and laryngoscopy and chest X-ray. Ultrasound-guided fine 

needle aspiration cytology was performed to detect occult lymph node metastasis. In accordance with 

institutional protocol, only patients considered to be at high risk for distant metastases (namely: ≥3 or 

bilateral lymph node metastases, lymph nodes ≥6 cm, low jugular lymph node metastases, locoregional 

recurrences and second primary HNSCC) (17), and those with cervical lymph node metastasis of 

unknown primary tumor after physical examination underwent a FDG-PET-CT, including contrast 

enhanced CT (18). All patients were discussed in a multidisciplinary team before commencing treatment. 

 

 Surveillance after radical treatment of HNSCC typically consisted of physical examination 

including indirect or flexible laryngoscopy and a CXR, at the discretion of the physician. Follow-up visits 

were planned every 2 months in the 1st year, every 3 months in the 2nd year, every 4 months in the 3rd 

year, every 6 months in the 4th and 5th year and annually thereafter. 

 

 Variables 

 Baseline patient, tumor, and treatment characteristics were extracted from the patient charts, 

including patient demographics, smoking status, Charlson comorbidity index (CCI), tumor location, 

tumor staging, date of pathology or diagnostic imaging showing SPLC, type and date of treatment and 

dates and treatment of recurrent or new primary cancer. To minimize the  impact of stage migration in the 

different TNM staging systems employed over the course of the study period, both HNSCC and SPLC 
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were pragmatically classified as early stage disease (T1-2N0M0), locally advanced disease (T3-4 and/or 

N+M0) or metastatic disease (M+). 

 

 Statistical analysis 

 OS was measured from the date of diagnosis, which was defined as the date of pathological 

confirmation or, when lacking pathology, the date of diagnostic imaging, until death or date of last 

follow-up. The interval between the HNSCC and lung cancer was defined as the number of months 

between the two diagnoses. Estimates of OS were calculated using the Kaplan Meier method and median 

follow-up was calculated by the reverse Kaplan Meier method. T-tests were performed to determine 

significant differences in baseline characteristics between synchronous and metachronous SPLC patients. 

Differences in OS were compared using the log-rank test. To identify prognostic factors in metachronous 

patients, a univariate Cox regression analysis was performed on all baseline patient, tumor and treatment 

characteristics of metachronous SPLC patients. All covariates with a p-value of <0.10 on univariate 

analysis were subsequently entered into a multivariate Cox regression model. All statistical analyses were 

performed using IBM SPSS Statistics (version 20, Chicago, USA). A p-value < 0.05 was considered 

statistically significant.  

 

 

RESULTS    
 

 The initial query of the database using our inclusion criteria identified a total of 241 patients, of 

whom 181 were ultimately eligible. Patients were excluded for the following reasons: those seen at our 

center for a second opinion but were not treated here (n = 4), diagnostic work-up finally revealed no 

HNSCC or SPLC (n = 25), patients presenting with lung cancer prior to a diagnosis of HNSCC (n = 5), 

the lung lesion was considered as a metastasis by a multi-disciplinary tumor board (n = 12), or based on 

the location of the primary tumor (e.g. nasopharynx) (n = 14).  
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 Of the 181 eligible patients, 40 patients had synchronous HNSCC and SPLC, and 141 

metachronous tumors. In 14 patients, a metachronous SPLC was found during work-up for a recurrent or 

new primary HNSCC. The median follow-up of all patients was 83 months (95% CI: 60–105). Median 

time between HNSCC and a metachronous SPLC diagnosis was 49 months (range 6–328).  

 

 Baseline patient, tumor and treatment characteristics for synchronous and metachronous SPLC 

patients are summarized in Tables 1 and 2. Comorbidities recorded in this population included COPD (in 

30%), peripheral vascular disease (12%), prior myocardial infarction (10%), cerebrovascular event (9%), 

and diabetes mellitus (8%). Patients presenting with metachronous SPLC tended to be younger at time of 

diagnosis of HNSCC (p < 0.001) and tended to have a squamous cell lung cancer (p = 0.007). Patients 

with synchronous SPLC were more frequently diagnosed with early stage lung cancer, whereas 

metachronous SPLC patients presented more commonly with metastasized lung cancer (p = 0.036). In 

both synchronous and metachronous SPLC presentations, patients were predominantly male (73% and 

71%, respectively) and smokers (98% and 99%). The subsite and disease stage of the index HNSCC were 

similar in both groups (see Table 1).  
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Table 1. Patient, tumor and treatment characteristics. Stage was categorized as early stage disease if 
staged as T1-2NM0, as locally advanced disease if T3-4 and/or N+M0 or as metastasized disease if M1. 
  

The treatment approach for the primary HNSCC differed significantly in patients who presented 

with a synchronous SPLC (p = 0.025), with the stage of the lung tumor being the most relevant factor. 

Such patients more commonly underwent a palliative treatment for the index HNSCC. Treatments applied 

per stage of lung cancer are summarized in Table 2. 

 

 

Table 2. Treatment per stage of second primary lung cancer. SPLC = second primary lung cancer, SABR 
= stereotactic ablative radiotherapy. 
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 Detection of metachronous SPLC 

 Metachronous SPLC was mainly detected because of symptomatic disease, for example, 

persistent cough, pneumonia, or weight loss. Nearly 50% of symptomatic patients had metastasized 

disease (Table 3). Another 30% of SPLC were detected on surveillance imaging, of which 53% had 

locally advanced disease and 40% early stage disease. The remaining SPLC cases were detected on chest 

imaging performed for other medical reasons (e.g. pre-operative screening), or during a staging procedure 

for a second or recurrent HNSCC.  

 

 

Table 3. Stage of metachronous second primary lung cancer by mode of detection.  
a Chest imaging performed for other medical reasons (e.g. pre-operative screening). 
 

 Survival and prognostic factors 

 For metachronous SPLC, the median OS after diagnosis was 10.4 months (95% CI: 7.1–13.8), 

which contrasts to a median OS of 19.1 months (95%CI: 13.1–25.2) following the diagnosis of a 

synchronous SPLC. There was a trend toward improved survival for synchronous SPLC patients (p = 

0.09). In patients with a metachronous SPLC, univariate Cox regression analysis showed that the age, 

CCI at time of diagnosis of SPLC, stage and treatment of the SPLC were all prognostic for survival. On 

multivariate analysis, only the stage and treatment of SPLC remained significant (Table 4). 
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Table 4. Univariate and multivariate Cox regression of patient, tumor and treatment characteristics in 
those presenting with metachronous tumors.  
a Stage was categorized as early stage disease if staged as T1-2NM0, as locallyadvanced disease if T3-4 
and/or N+M0 or as metastasized disease if M1.Bold values resemble a p-value of < 0.10 on univariate 
analysis or < 0.05 on multi-variate analysis. 
  

 Patients with metachronous early stage SPLC had a significantly longer survival compared to 

those presenting with either locally advanced (p < 0.001) or metastasized disease (p < 0.001), with a 
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median OS of 95.4 months (95% CI: 7.2–183.6) vs. 11.0 (95% CI:7.5–14.5; HR 3.1 (95% CI: 1.8–5.3)) 

and 4.6 months (95%CI: 2.6–6.5;HR 7.8 (95%CI: 4.4–13.9)), respectively (Fig. 1). 

 

 

Fig. 1. Kaplan–Meier curves of overall survival of metachronous second primary lung cancer by stage. 
 

 Survival after surgery for a SPLC, either with or without radiotherapy, did not significantly 

differ from outcomes in patients who underwent SABR (p = 0.314). In locally advanced disease, the 

median survival after either chemoradiation or radiation was only 10.7 months (95%CI: 6.9–14.4), in 

contrast to survival after surgery (with or without radiotherapy), which was 40.7 months (95% CI: 0–

87.0). The poor survival in metachronous stage III tumors is related to the fact that nearly 30% of such 

patients underwent palliative treatment (Table 2), particularly when significant comorbidity was present. 
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DISCUSSION 

 

 In comparison to age-matched population cohorts, survival after treatment of HNSCC cancer is 

poor, with a long-term excess mortality of 20–25% (19,20). A significant proportion of the excess 

mortality reported is due to second primary malignancies (13), with SPLC reported to account for 12% of 

deaths in HNSCC patients (21). In the present study, patients with a synchronous SPLC and HNSCC had 

a trend toward improved OS (median 19.1 months) when compared to metachronous SPLC (median 10.4 

months). This finding may be due to the fact that more patients with a synchronous SPLC presented with 

early stage disease, than was the case with metachronous disease (45% vs. 28%, respectively). Survival 

after metachronous SPLC was superior if early stage disease was diagnosed, with a median OS of 95.4 

months (95% CI: 7.2–183.6), but only 28% of SPLC in this setting presented with early-stage disease. 

 

 Our findings suggest that an earlier detection of lung cancer in HNSCC patients may improve 

their survival. This raises the question if surveillance for lung cancer should be implemented in the follow 

up of HNSCC patients. Chest imaging in our asymptomatic patients was left at the discretion of the 

treating physician, and usually consisted of a CXR. The optimal surveillance strategy for HNSCC patients 

is presently unclear (22). In the recent NLST trial, participants who were at high risk for developing lung 

cancer, were randomly assigned to screening with either low-dose CT or CXR, and a 20% relative 

reduction in mortality from lung cancer was observed in patients undergoing three rounds of annual low-

dose CT screening (16). Low-dose CT surveillance could be beneficial, particularly in patients with 

hypopharyngeal and laryngeal primary cancers, who appear to have a higher risk for second primary 

malignancies (23,24). In addition, concerns regarding radiation exposure suggest that the use of so-called 

‘minimal dose’ CT for screening may be relevant. For purposes of detecting new or recurrent lung cancer 

after a previous lung cancer, ‘minimal dose CT’, which required an average effective radiation dose of 0.2 

mSv, was found to be superior to CXR, which required 0.16 mSv (25).  
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 A recent European guideline recommended annual chest CT surveillance scans in the first 2 

years post-treatment for high-risk HNSCC patients (14). However, this recommendation appears to ignore 

the persistently high of SPLC in long-term survivors (19,20). A relevant comparison can be made to 

patients treated for an initial lung cancer, who are also at high risk for developing a subsequent lung 

cancer (25). In such patients, the American Association for Thoracic Surgeons recommends the use of 

annual low-dose CT-scans until the age of 79 years (26). In addition, survival may also improve if 

patients with HNSCC are also counseled on smoking cessation (27,28). 

 

 CT screening for lung cancer is currently recommended only when patients are eligible for 

potentially curative treatment. However, patients treated for HNSCC have a high incidence of 

cardiovascular (41%) and respiratory (12%) comorbidities (29), with frequently reported causes of non-

cancer mortality being cardiovascular disease (28.2%), chronic obstructive pulmonary disease (8.5%), 

and cerebrovascular disease (5.6%) (4). Surgery carries a higher risk of morbidity and mortality in so-

called ‘borderline operable’ patients with widespread co-morbidities, but SABR can offer high cure rates 

with lower treatment-related mortality and morbidity in this patient subgroup (30). This suggests that 

even less fit patients with HNSCC may benefit from screening as they can undergo SABR if an early-

stage NSCLC is detected. 

 

 This study should be considered in the context of its strengths and limitations. The retrospective 

nature of the data is subject to inherent biases. During the study period, the staging systems for both 

HNSCC and NSCLC were revised, and treatment approaches also evolved. As pathology was not 

available for all SPLC cases, it is possible that some early lung cancer cases in fact represented a solitary 

lung metastasis. Review by a multidisciplinary oncology team was used to differentiate between SPLC 

and metastatic HNSCC, in the event of a possible discrepancy. Despite this possible misclassification 

bias, the median survival of this subgroup was 95.4 months, suggesting that a similar approach for 

isolated metastases is justified (31). Therefore, when a solitary lung lesion is detected in a patient treated 
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for a HNSCC, we suggest that diagnostic procedures should include obtaining pathology to differentiate 

between a primary lung cancer and a metastasis, for example by array comparative genomic hybridization 

(arrayCGH) (32). If pathology is not available, we suggest that patients should be considered to have a 

primary malignancy and treated with curative intent when possible. 

 

 In conclusion, the findings of our single institution study are consistent with population data 

showing that survival of patients with SPLC following a diagnosis of HNSCC is poor, as many present 

with either locally advanced or metastatic NSCLC. Given the encouraging outcomes in early stage SPLC 

patients in our cohort, and from emerging evidence on the benefits of CT screening, we suggest that 

surveillance CT scan of the thorax warrants further investigation in patients curatively treated for tobacco 

related HNSCC. 
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ABSTRACT 
 

Purpose 

 The goal of this study was to evaluate treatment patterns and outcomes in early stage (ES) 

primary and second primary lung cancer (SPLC) after head and neck squamous cell cancer (HNSCC), in 

the Netherlands.  

 

Methods 

 Details on ES primary and SPLC after HNSCC patients diagnosed between 1997-2011 were 

obtained from the Netherlands Cancer Registry. Survival outcomes were compared between treatment 

groups before and after 2005. Univariable and multivariable Cox regression modeling were performed to 

determine factors prognostic for OS in ES-SPLC. 

 

Results 

 In total, 21,648 patients were diagnosed with ES primary (n=21,032) or SPLC (n=616). Use of 

surgery for ES-SPLC decreased significantly over time (range 71–44%, p<0.001), while the proportion of 

patients receiving radiotherapy increased (range 17–41%, p<0.001). Prior to 2005, OS after surgery in 

ES-SPLC was significantly better when compared to radiation, but no difference in OS was noted 

between surgery and radiotherapy after 2005 (p=0.116). There was no significant difference in OS 

between treatment eras for surgery (p=0.751) and with palliative care (p=0.306), but a significant 

improvement in OS was noted for radiotherapy (p=0.049). Multivariable modeling revealed that age, T-

stage, HNSCC location and treatment type were associated with worse OS in the later era.  

 

Conclusions  

 Changes in the treatment patterns in HNSCC survivors presenting with ES-SPLC were observed 

in the Netherlands, with less surgery and increased utilization of radiotherapy. No differences in OS were 
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observed between patients undergoing either surgery or radiotherapy after 2005, suggesting that both 

local modalities were equally effective.  
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INTRODUCTION 

 

Cancer survivors are at an elevated risk of developing a second primary cancer (1). In patients 

treated for head and neck squamous cell cancers (HNSCC), a high incidence of second primary lung 

cancer (SPLC) has been observed, due to field cancerization and shared risk factors such as heavy alcohol 

intake and smoking (2-5). Estimates from the Surveillance, Epidemiology, and End Results (SEER) 

database suggests that the actuarial risk of a SPLC following HNSCC is greater than 16% at 10 years (6). 

In patients treated for HNSCC, the overall sustained excess mortality risk is related to death from the 

second primary cancer, with lung as the most frequent site of disease (7-9).  

 

In primary stage I non-small cell lung cancer (ES-NSCLC), guideline-approved curative 

treatments include both surgery and stereotactic ablative radiotherapy (SABR) (10).The latter is an 

attractive treatment option in patients with significant co-morbidity, as an increase in its utilization in 

Dutch population studies correlated with an improvement in overall survival (OS) (11,12). In fact, a 

recent pooled analysis of two prematurely closed randomized control trials of potentially operable ES-

NSCLC suggested similar outcomes for both SABR and surgery (13). 

 

With an aging population and the advent of thoracic CT-screening, it is foreseeable that there 

will be an increased incidence of both early stage second primary lung cancer (ES-SPLC) and 

oligometastatic pulmonary disease in HNSCC survivors. The purpose of this study is to evaluate 

treatment patterns and outcomes of patients developing an ES-SPLC following HNSCC over time, using 

the Netherlands Cancer Registry (NCR), to help define and improve best practices.   

 

METHODS 

 

Data Source 
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The NCR contains data on all cancer patients in the Netherlands since 1989 (14). Data is 

collected from 8 regional cancer registries, which identifies patients through a central nation-wide 

database.  The NCR has complete survival data as it is electronically linked with Dutch civil population 

records of all births and deaths in the Netherlands. Additional data extraction by trained tumor 

registration clerks supplements the pathology database information with additional patient and tumor 

characteristics. Completeness of the registry is estimated to be at least 95% (15). 

 

Study sample 

The study sample consisted of all lung cancer patients in the Netherlands in a period from 

January 1, 1997 through December 31, 2011. Disease sites and histologies were identified using the 

International Classification of Diseases for Oncology, 3rd Edition (ICD-O-3). The following categories of 

patients were excluded: less than 18 years of age at date of diagnosis, a history of HNSCC in the 

nasopharynx, a diagnosis of small cell lung cancer, and a history of non-squamous head and neck cancer. 

In total, 114,048 patients remained eligible for analysis, of which 111,902 were diagnosed with a primary 

lung cancer, and 2,146 with a SPLC after HNSCC.  

 

For patients developing SPLC, previous subsites of HNSCC were classified as oral cavity, 

pharynx (oropharynx and hypopharynx), larynx or multiple locations. The time between SPLC and 

previous HNSCC diagnosis was stratified as synchronous (less than 6 months), early metachronous 

(between 6 months and 5 years), and late metachronous (greater than 5 years). The 5th edition of the 

TNM classification of malignant tumors was used for lung cancer staging from 1997 through 2003, the 

6th edition from 2004 through 2009, the 7th edition in 2010 and 2011; cTNM was employed so as not to 

bias comparisons between treatment cohorts in the absence of pathologic staging. For patients with more 

than 1 lung cancer after HNSCC, only the first lung cancer registered in the NCR database was analyzed. 

Focusing on early stage (ES) lung cancer, treatment was classified as surgery (pneumonectomy, 

lobectomy, or sublobar resection), radiotherapy, or non-curative (palliative) treatment. While 
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radiotherapy doses were not routinely available, our group has previously demonstrated that the vast 

majority of ES-NSCLC patients treated with radiotherapy in the last decade are treated with SABR in the 

Netherlands (11,12).  

 

Statistical Analysis 

Baseline patient demographics, tumor characteristics, treatment parameters of primary ES lung 

cancer and SPLC groups were generated and are listed in Table 1. The same factors were also assessed 

for ES-SPLC patients stratified by treatment modality, dichotomized before and after 2005 (Table 2). 

This cutoff was used because of the possibility of stage migration due to routine availability of PET-

staging (16), as well as the greater availability and use of stereotactic ablative radiotherapy (SABR) in 

this later time period (17). Differences in treatment groups and treatment eras were compared using two 

sample t-tests for continuous variables and Chi-square or Fisher’s exact test for categorical variables, 

where appropriate.  
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Table 1. Baseline patient, tumour and treatment characteristics of all patients with 1st primary (n=21,032) 
and 2nd primary lung cancer (n=616) 
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Table 2. Baseline patient, tumour and treatment characteristics of 2nd primary lung cancer patients with 
stage I disease (n=616), stratified by diagnosis year and treatment. Synch. – Synchronous, Metach. – 
Metachronous, CI – Confidence Interval  
 

To assess for changes in treatment patterns for both ES primary and SPLC over time, patients 

were stratified into 5 consecutive 3-year time periods. The Cochrane-Armitage trend test was then 

employed to determine if there were significant increases or decreases in utilization of surgery, radiation, 

and palliative therapy in these groups of patients over time. Kaplan-Meier estimates of ES-SPLC OS were 

calculated from date of lung cancer diagnosis until death (censored at last follow-up), stratified by 
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treatment modality (surgery/radiation/palliative) and diagnosis year (1997-2004 vs. 2005-2011). The Log-

rank test was used for all OS comparisons.  

 

Univariable Cox Regression was performed for ES-SPLC patients separately for early (1997-

2004) and later (2005-2011) eras to identify significant predictors of OS.  All factors significant or 

associated with OS (p ≤ 0.10) were entered into 2 distinct multivariable models for early and late eras, 

respectively (Table 4). All statistical analyses were performed using SAS version 9.4 software (SAS 

Institute Cary, USA), using two-sided statistical testing at the 0.05 significance level. 

 

RESULTS 

 

During the study period, a total of 153,330 patients were diagnosed with lung cancer. After 

applying our exclusion criteria, 114,048 remained for analysis, of which 2,146 (2%) represented a SPLC 

following a history of HNSCC. SPLC patients were more likely to present with stage I NSCLC (30% vs. 

19%, p<0.001) rather than stage IV (33% vs. 43%, p<0.001), and were also more likely to be male (79% 

vs. 68%, p<0.001). Pathologic confirmation of malignancy was common in both cohorts (primary 90%, 

SPLC 86%), with a diagnosis of squamous histology made more often in patients with SPLC following 

HNSCC than at primary presentation (48% vs. 29%, p<0.01).  

 

Comparison of ES primary versus SPLC  

In total, 21,648 patients were diagnosed with stage I primary (n=21,032) or SPLC (n=616), of 

which baseline patient, tumor and treatment characteristics are summarized in Table 1. Initial HNSCC 

anatomical subsites in SPLC patients were most commonly larynx (52%), oral cavity (23%) and pharynx 

(20%).  Surgery was the most common treatment modality employed in primary ES lung cancer groups, 

followed by radiotherapy and palliative care. Fewer ES-SPLC underwent surgery (55 vs. 62%, p<0.001), 

and a greater proportion of surgeries performed were sublobar resections (11 vs. 5%, p<0.001). ES-SPLC 
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patients were also more likely to be pathologically unconfirmed (20% vs. 13%, p<0.001), have squamous 

histology (48% vs. 37%), and undergo treatment with radiotherapy (30% vs. 22%, p<0.001).  

 

Comparison of ES-SPLC stratified by treatment modality and era 

Demographics of ES-SPLC stratified by treatment modality (surgery and radiation), and 

treatment era, are summarized in Table 2. Patients undergoing radiotherapy tended to be older and more 

often were only clinically diagnosed.  In the later era, ES-SPLC radiotherapy patients also tended to 

present synchronously, and more commonly with a history of laryngeal HNSCC. 

 

Treatment patterns over time 

The proportion of primary ES lung cancer patients treated using surgery decreased significantly 

over time (p=0.001), although its use was relatively constant (range 60 – 65%).  A significant but modest 

decrease in the use of palliative therapy also occurred over time (range 13–19%, p<0.001), which 

corresponded with an increase in the proportion of ES lung cancer patients undergoing radiotherapy over 

time (range 18–28%, p<0.001).  

 

For ES-SPLC, the proportion of patients undergoing surgery decreased significantly over time 

(range 71–44%, p<0.001), which corresponded to an increase in the proportion of patients receiving 

radiotherapy (range 17 – 41%, p<0.001). Palliative therapy use for ES-SPLC patients remained constant 

over time (range 12-19%, p=0.356). Trends in treatment utilization, stratified by 5 consecutive 3-year 

periods for both ES primary lung cancer and ES-SPLC, are summarized in Table 3. 
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Table 3. Treatment utilization by diagnosis year for 1st primary lung cancer patients with stage I disease 
(n=21,032) and 2nd primary lung cancer patients with stage I disease (n=616).  P-values reported from 
the Cochran-Armitage Test for Trend (Chi-Square Trend test), with values < 0.05 shown as bold. 
 

Survival outcomes 

OS stratified by treatment groups and time periods are depicted in Figure 1. ES-SPLC patients 

treated with surgery had significantly improved OS compared with patients treated with radiation or 

palliative care for the entire time period (1997-2011, Figure 1A), as well as the early era (1997-2004, 

Figure 1B). After 2005, there was no difference in OS between ES-SPLC patients treated with surgery 

and radiation (Figure 1C, p =0.116).  When comparing treatment modalities before and after 2005, there 

was a significant improvement in OS for radiation patients in the later compared to pre-2005 era 

(p=0.049), whereas OS did not significantly differ for surgery (p=0.751) and palliative care (p=0.306) 

(Figure 1D).  
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Figures 1A. OS stratified by treatment modality for the entire time period (1997-2011); 1B. OS stratified 
by treatment modality pre-2005; 1C. OS stratified by treatment modality after 2005; 1D. OS comparisons 
pre- and post-2005, across treatment modalities. 

 

Univariable and multivariable Cox regression models 

Univariable Cox regression modeling in the pre-2005 era revealed that age, treatment type, and 

pathology were associated with OS, and that only treatment type was retained as prognostic in 
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multivariable modeling (radiation, HR 1.62, p=0.006; palliative therapy, HR 4.50, p<0.001). In the later 

era, univariable analysis revealed that age, T-stage, HNSCC location and treatment type were associated 

with worse OS; these same factors were all retained as significant predictors of worse OS on 

multivariable modeling.  Regarding treatment type in this latter era, palliative therapy (HR 3.91, p<0.001) 

was again associated with worse OS, whereas the use of radiotherapy was not prognostic (p=0.093). 

Results of univariable and multivariable modeling for OS in both treatment eras for ES-SPLC are 

summarized in Table 4.  
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Table 4. Univariable and multivariable cox regression models predictive of overall survival for patients 
with early stage second primary lung cancer diagnosed between (a) 2005 and 2011, and (b) 1997 and 
2004. HR – Hazard Ratio, CI – Confidence Interval, NOS – Not otherwise specified, Adeno – 
adenocarcinoma, Synch – synchronous, metach – metachronous. P-values < 0.05 shown as bold.  
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DISCUSSION 

 

 Using national population-based registry data, the present study represents the largest reported 

experience on outcomes and treatment patterns of patients with ES-SPLC following HNSCC. A key 

finding was that prior to 2005, ES-SPLC patients with a history of HNSCC treated with surgery had 

improved OS compared to those treated with radiotherapy, a benefit that disappeared after 2005, when 

PET staging and SABR were routinely employed in The Netherlands. The increase in utilization of 

radiotherapy for these patients over time mirrored previous Dutch population studies, in which increased 

SABR uptake in ES-NSCLC patients was found to be correlated with improved OS (11,12). Despite 

ongoing debates between surgery and SABR as the first-line treatment for primary ES-NSCLC, SABR 

deserves attention in patients with previous HNSCC who face an increased risk of death from other 

causes (18). 

 Our study adds to the existing literature on SPLC after HNSCC, which has been primarily 

descriptive in nature. Using the Surveillance, Epidemiology and End results (SEER) database, Milano et 

al. found that the actuarial risk of developing SPLC after HNSCC was 5.8% at 5 years, with black race, 

male sex, larynx/hypopharynx subsites, and regional HNSCC described as risk factors of developing 

SPLC on multivariable analysis (6) In another SEER analysis of SPLC after HNSCC, Jayaprakesh et al. 

found that HNSCC survivors who developed SPLC had a poorer prognosis, regardless of the stage of 

their SPLC (19). Accordingly, the authors argued that improved surveillance and primary prevention 

strategies, as well as careful selection of radical treatment in the form of surgery should be considered in 

patients with ES-SPLC. These and other population-based studies did not, however, evaluate the effect of 

treatment and SPLC stage on survival outcomes. We previously reported our single-institution outcomes 

of SPLC after HNSCC, where similar rates of OS were observed after either surgery or SABR (20). The 

larger sample size of patients from the Dutch population suggests generalizability and efficacy of this 

finding. 
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SABR for ES primary NSCLC has become the treatment of choice for medically inoperable 

patients (21). Although 3 recent phase III randomized control trials comparing surgery and SABR all 

closed due to poor accrual (22), comparative effectiveness studies using Markov models (23), cost-

effectiveness analyses (24), propensity match pair comparisons (25,26), and population studies (27,28) 

have all supported the idea that SABR can be an alternative to surgery. More recently, a pooled analysis 

of 2 of the 3 prematurely closed RCTs was performed and reported on survival outcomes of the combined 

58 patients accrued (29). Despite the limited statistical power, the similar outcomes of SABR versus 

surgery support ongoing plans for RCTs in the United States and England.  

While not directly analyzed, our study does provide context to the broad implementation of 

thoracic imaging as part of the routine surveillance of HNSCC survivors. The efficacy of low dose CT 

screening for lung cancer was established in a randomized control trial of high-risk individuals (current or 

former heavy smokers aged 55 to 74) (30). CT screening led to an OS advantage through a stage shift to 

more ES lung cancers detected. This has led practice guidelines including the National Comprehensive 

Cancer Network (NCCN) to advocate for yearly low dose CT screening as a component of HNSCC 

survivors’ surveillance (31). 

Population-based analyses, as reported herein, are subject to both inherent strengths and 

limitations. Although this represents the largest reported study on ES-SPLC after HNSCC treatment 

patterns and outcomes, some individual patient details such as comorbidities, smoking status, details of 

treatment of HNSCC and location of lung lesion (central versus peripheral) are lacking. In addition, there 

may be an element of misclassification bias in patients who may have clinical SPLC that were not 

captured by the database as they were presumed to be metastatic HNSCC. Use of array comparative 

genomic hybridization (CGH) can be used to differentiate between metastasis and a second primary lung 

cancer through analysis of different chromosomal gains and losses. However, this information is currently 

not available in the population database for patients in whom identical histological types are identified. 

Finally, while conventionally fractionated radiotherapy is uncommonly employed for a peripheral ES-

NSCLC in the Netherlands, we cannot exclude the possibility that certain radiotherapy cases in our ES-
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SPLC cohort may have been treated with palliative radiotherapy.  This however, would bias our results 

towards findings a significant difference in OS between surgery and radiotherapy, which was not the case.   

In conclusion, the results of this study support the view that HNSCC patients who develop ES-

SPLC should be considered for radical treatment. For a new solitary pulmonary nodule following 

HNSCC, we would suggest the following work-up: ENT examination to rule out the possibility of 

recurrence or second primary HNSCC, PET imaging, and lung biopsy with array CGH analysis (32). The 

risks associated with associated with obtaining pathology must be considered in the context of possible 

complications in patients who are increased risk of complications, as well as the availability of validated 

likelihood of malignancy calculators in the region of practice (33). Surgery or SABR are suitable 

treatment options for ES-SPLC (and even oligometastatic pulmonary HNSCC) and ultimately, the 

optimal diagnostic and therapeutic strategy should be discussed in the context of a multidisciplinary 

tumor board. 
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ABSTRACT 

 

Background 

 The Cancer Risk Management Model (CRMM) was used to estimate the health and economic 

impact of introducing stereotactic ablative radiotherapy (SABR) for stage I non-small cell lung cancer 

(NSCLC) in Canada.  

 

Methods 

 The CRMM uses Monte Carlo microsimulation representative of all Canadians. Lung cancer 

outputs were previously validated internally (Statistics Canada) and externally (Canadian Cancer 

Registry). We updated costs using the Ontario schedule of fees and benefits or the consumer price index 

to calculate 2013 Canadian dollars, discounted at a 3% rate. The reference model assumed that for stage I 

NSCLC, 75% of patients undergo surgery (lobectomy, sublobar resection, pneumonectomy), 12.5% 

undergo radiotherapy (RT), and 12.5% undergo best supportive care (BSC). SABR was introduced in 

2008 as an alternative to sublobar resection, RT, and BSC at rates reflective of the literature. Incremental 

cost effectiveness ratios (ICERs) were calculated; a willingness-to-pay threshold of $100,000 (all 

amounts are in Canadian dollars) per quality adjusted life year (QALY) was used from the health care 

payer perspective. 

 

Results 

 The total cost for 25,085 new cases of lung cancer in 2013 was calculated to be $608,002,599. 

Mean upfront costs for the 4,318 stage I cases were $7,646.98 for RT, $8,815.55 for SABR, $12,161.17 

for sublobar resection, $16,266.12 for lobectomy, $22,940.59 for pneumonectomy, and $14,582.87 for 

BSC. SABR dominated (higher QALY, lower cost) RT, sublobar resection, and BSC. RT had lower 

initial costs than SABR that were offset by subsequent costs associated with recurrence. Lobectomy was 

cost effective when compared with SABR, with an ICER of $55,909.06. 



 124 

Conclusion 

 The use of SABR for NSCLC in Canada is projected to result in significant cost savings and 

survival gains. 
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INTRODUCTION 

 

 Lung cancer continues to be the leading cause of cancer related death worldwide (1). Despite 

this dismal prognosis, early stage non-small cell lung cancer (NSCLC) is potentially curable, with 5-year 

overall survival approaching 50% (2). The standard of care for these patients is resection; however, 

approximately 25% of patients are unfit for surgery because of advanced age and/or comorbid illness (3). 

In addition, alternative treatment with conventional radiotherapy (RT) is associated with poor local 

control and low overall survival rates (4). Given the marginal benefit of conventional RT over best 

supportive care (BSC), a significant proportion of patients remains untreated, even in the modern era (5). 

 

 As a convenient treatment option delivered over a few fractions with low morbidity, stereotactic 

ablative radiotherapy (SABR) has changed the landscape for the otherwise rates are in excess of 90% and 

appear to be generalizable across various fractionating schemes and delivery platforms (7, 8). Given the 

success of SABR in the medically inoperable patient, other indications in stage I NSCLC are active areas 

of research. For operable patients, propensity score-matched analyses demonstrate similar survival and 

recurrence outcomes for SABR and surgery (9). In addition, SABR is increasingly being used in patients 

with a solitary pulmonary nodule without pathologic confirmation of lung cancer, particularly in frail 

patients for whom the risks of biopsy are high (7, 10). This strategy appears to be justified in areas in 

which the diagnosis of benign disease is low and validated models exist to calculate the likelihood of 

malignancy (11, 12). The use of SABR for these and other indications has had an important clinical 

impact because its introduction is correlated with improved overall survival for stage I NSCLC at the 

population level (13, 14). 

 

 The anticipated rises in incidence of early lung cancer and the indications of SABR have 

tremendous ramifications on the demand for health care resources in any payer system. In the absence of 

randomized data, comparative effectiveness research evaluating the role of SABR in stage I NSCLC takes 
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on greater importance to assess the relative clinical and cost implications at a population level. The goal 

of this project is to determine the cost-effectiveness of SABR for various scenarios in stage I NSCLC in 

the context of the publicly funded Canadian health care system. 

 

METHODS AND MATERIALS 

 

 The Canadian Partnership Against Cancer (CPAC) was established in 2007 by the Canadian 

government to create a national cancer control plan. CPAC subsequently developed the Cancer Risk 

Management Model (CRMM), a Web-enabled platform (http://www.cancerview.ca) that allows 

researchers to simulate the impact of different oncologic health policies such as risk factor modification, 

screening interventions, and new treatment modalities for common malignancies. The relative merits of 

these strategies can be analyzed by forecasting their influence on cancer incidence, mortality, costs, 

quality-adjusted life-years (QALYs), and accordingly, cost-effectiveness. This is achieved through 

discrete-event, continuous-time, Monte Carlo microsimulation of millions of individual biographies of all 

Canadians from birth to death. 

 

 Details regarding the development of the CRMM module for lung cancer have been described 

previously (15, 16). Briefly, lung cancer incidence is determined in part by cumulative smoking and 

radon exposure (17). In the model, patients are evaluated by their family physician and referred for 

investigation by a specialist, after which stage- and histology appropriate treatment is initiated. The 

proportion of patients receiving alternative treatments due to advanced age, comorbidity, and/or poor 

performance status are informed by provincial patterns of practice (18). Survival by stage and histology 

were extracted from a review of the medical literature, and follow-up procedures were conducted in 

accordance with published provincial guidelines (18).  

 



 127 

 The model was previously validated internally using Statistics Canada data and externally with 

Canadian Cancer Registry data to ensure that all demographics, economics, risk factors, incidence of 

cancer, and oncologic outcomes reflected observed levels in the Canadian population before 2007 (16). In 

the present study, professional fees were obtained from the most recent edition of the Ontario schedule of 

fees and benefits (http://www.health.gov.on.ca/en/). Other direct and indirect health care costs abstracted 

in the previous version of the CRMM model were adjusted to reflect 2013 Canadian dollars using the 

consumer price index from the Bank of Canada. A 10-year time horizon was used, and both costs and 

QALYs were discounted at a 3% rate. 

 

 A QALY is a health outcome measure that takes into account both the quantity and quality of 

life. The preference score for the quality of life associated with a health state is referred to as a “utility” 

and ranges from 1 (full health) to 0 (death). The Classification and Measurement System of Functional 

Health, which assess functional capacity over 11 health domains, was used to assign utility scores derived 

by Statistics Canada for various stage-specific lung cancer health states at diagnosis, treatment, remission, 

recurrence, and end of life (19, 20).  

 

 A schematic of the management algorithm used by the CRMM (version 2.0) for lung cancer is 

depicted in Figure 1. In this reference version of the model, it was assumed that for stage I NSCLC, 75% 

of patients would undergo surgical resection, with the remaining patients receiving either conventional 

RT or BSC. The proportions of surgical procedures performed were lobectomy (66%), sublobar resection 

(i.e., wedge resection; 33%), and pneumonectomy (1%). Although there is growing interest in the role of 

segmentectomy in stage I NSCLC (21), sublobar resection in the reference version of the current CRMM 

model was programmed exclusively to reflect cost and clinical outcomes related to wedge resection only. 

To evaluate the impact of the introduction of SABR in the Canadian population starting in 2008, three 

scenarios were evaluated. Initially, SABR was modeled to replace conventional RT. Then, SABR was 

introduced as a treatment option for previously untreated patients, modeled after a Dutch population-
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based time-trend analysis in which the proportion of untreated patients decreased by 25% (13). Finally, 

SABR was evaluated as an alternative treatment option for surgical patients undergoing either sublobar 

resection or lobectomy.  

 

 

Figure 1. Schema of the lung cancer module of the Cancer Risk Management Model version 2.0. 
Abbreviations: **, Some may get second line chemo and palliative radio at recurrence; Chemo, 
chemotherapy; MD, medical doctor; NSCLC, non-small cell lung cancer; PCI, prophylactic cranial 
irradiation; Radio, radiotherapy; SCLC, small cell lung cancer; SCO, supportive care only. 
 

 Two-piece Weibull distributions were developed in the initial CRMM to predict for stage- and 

treatment-specific recurrence and overall survival parameters. Weibull distributions model increasing, 

decreasing, or constant failure rates to produce estimates of survival and, accordingly, are commonly used 

in health technology assessment (22). The same methods were used to generate outcomes related to 

SABR for the three scenarios described. To model outcomes for SABR patients who previously received 

no treatment or conventional RT, the Radiation Therapy Oncology Group (RTOG) 0236 multi-

institutional SABR trial was used (8). Because outcomes from RTOG 0236 extend to only 3 years, 

individual patient data from the VU University, an institution with one of the largest experiences with 
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SABR in stage I NSCLC, were used as supplementation to predict for more long-term results (10). 

Potentially operable patients treated with SABR from the same database were used to model outcomes 

related to SABR patients who initially received either surgery or sublobar resection (23).  

  

 For each scenario, an incremental cost-effectiveness ratio (ICER) was calculated by dividing the 

incremental costs associated with SABR by the incremental QALYs gained. A willingness-to-pay 

threshold of $100,000 per QALY gained (all amounts are in Canadian dollars) was used to determine 

whether each potential indication for SABR was cost effective from the Canadian health care payer 

perspective. 

 

RESULTS 

 

 The model predicted for 25,085 new cases of lung cancer in Canada in 2013, of which 4,381 

were forecast to be stage I NSCLC. In the reference case, total lifetime costs associated with the 

management and treatment of all lung cancers in this year were $608,002,599. Anticipated stage-specific 

total and mean individual lifetime costs as well as incidence for this year are summarized in Table 1. 

Table 2 summarizes the mean upfront costs per case for the 4,318 stage I cases: RT, $7,646.98; SABR, 

$8,815.55; sublobar resection, $12,161.17; lobectomy, $16,266.12; pneumonectomy, $22,940.59; and 

BSC, $14.582.87. Although RT was associated with lower upfront costs when compared with SABR, this 

was offset by subsequent costs associated with recurrence.  
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Table 1. Lifetime costs of lung cancer by stage of disease and total costs for cases diagnosed in 2013.  
Costs are shown in 2013 Canadian dollars. Abbreviations: NSCLC, non-small cell lung cancer; SCLC, 
small cell lung cancer. 
 

 

Table 2. Initial direct health care costs per case for stage I non-small cell lung cancer costs stratified by 
treatment. Costs are shown in 2013 Canadian dollars. Abbreviation: SABR, stereotactic ablative 
radiotherapy. 
 

 When compared with SABR, conventional RT, sublobar resection, and BSC were dominated 

(i.e., were more expensive and produced lower QALYs (Table 3)). Lobectomy was cost effective when 

compared with SABR, producing more QALYs but at a higher cost, with an ICER of $55,909.06. 
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Table 3. Cost-effectiveness of SABR. Costs are shown in 2013 Canadian dollars. A treatment is 
dominated when its comparator is associated with lower costs and improved QALYs. Abbreviations: 
ICER, incremental cost-effectiveness ratio; QALY, quality-adjusted life-year; SABR, stereotactic ablative 
radiotherapy 
 

 The implementation of SABR for the three cost-effective indications resulted in average savings 

of $18,190,729.40 per year between 2008 and 2017 (conventional RT, $5,127,645; sublobar resection, 

$9,745,432.80; BSC, $3,317,651.60). From a clinical perspective, the use of SABR prevented 566.2 

deaths from lung cancer per year, with an average annual gain of 8663.6 life-years or 5,979.6 QALYs.  

 

DISCUSSION 

 

 This model indicates that in a population of approximately 35 million Canadians, SABR was the 

most cost-effective treatment modality for medically inoperable and borderline operable stage I NSCLC, 

dominating conventional RT, BSC, and sublobar resection. For operable patients, lobectomy was 

considered to be the preferred treatment, with an ICER of $55,909.06 over SABR. Adhering to these cost-

effect measures over a 10-year period would result in potential savings of nearly $200 million, a gain of 

tens of thousands of life years, and avoidance of more than 5,000 deaths from lung cancer. The majority 

of the cost savings and survival improvements are due to the use of SABR in patients who would 

otherwise be left untreated. In the CRMM, BSC is more costly than SABR because the former is 

calculated as an aggregate cost of all aspects of care related to the final 3months of life in a typical 

NSCLC patient (including a proportion of patients who are hospitalized), informed by provincial data 

(24). 
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 Because radiotherapy in Canada is provided through publicly funded cancer centers where market 

forces have limited influence on costing, these findings can serve as a benchmark for policy makers 

worldwide in any payer system. Lobectomy is widely considered to be the treatment of choice for stage I 

NSCLC patients who are medically fit; direct randomized comparisons with SABR are unavailable. This 

is not due to a lack of international effort to obtain such data: only 68 of the combined target of 2,410 

patients were ever enrolled in three phase III randomized controlled trials; all closed due to poor accrual 

(25, 26). Although the present model, among others (27), determined that lobectomy was the most cost 

effective option for stage I NSCLC, several other comparative effectiveness studies argue for treatment 

equivalence in this setting (28). A propensity-matched population-based analysis using the Surveillance, 

Epidemiology, and End Results- Medicare (SEER-Medicare) database, for example, suggested that 

although long-term survival rates did not differ between SABR and surgery, short-term mortality is 

improved at ,1% versus 4%, respectively (29). A Markov model previously published by our group 

indicated that the overall survival benefit of lobectomy over SABR disappeared when postoperative 

mortality rates increased beyond 3% (30). Although the present study is unable to confirm these findings 

because the CRMM does not allow for deterministic sensitivity analysis of this parameter, a 

contemporaneous review of patients with stage I NSCLC (with varying levels of comorbidity but fit for 

operation) who underwent surgery revealed 90-day postoperative mortality rates that ranged from 1.1% to 

9.5% (31). Centralization of surgical resections to high-volume centers does not appear to reduce 

postoperative mortality rates (32), and in higher risk patients with severe chronic obstructive pulmonary 

disease, a systematic review found the 30-day mortality rate following surgery to be 10% (range: 7%–

25%) and 0% following SABR (33). Although these borderline-operable patients may represent a 

minority of all surgical stage I NSCLC patients, initial mortality risk is a factor that patients and 

physicians should consider when choosing a treatment strategy, even if there may be a survival benefit 

with lobectomy over SABR. This is especially true because risk-averse patients have been shown to be 

hesitant to choose the strategy that involves an increased risk of death in the near future (34).  
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 Our model assumes that the use of SABR, instead of conventional RT, in stage I NSCLC translates 

into improvement of overall survival. Although this finding has not been demonstrated in a prospective 

trial, other forms of comparative effectiveness research, including a population-based propensity-score 

matched analysis of the SEER-Medicare database, indicate that patients with stage I NSCLC who were 

treated with SABR had improved local control rates compared with their conventional RT counterparts, 

leading to improvement in overall survival (29). Biologically, this hypothesis of an association between 

higher local control and overall survival rates from RT is certainly plausible and has been demonstrated 

by meta-analyses and randomized trials in breast, prostate, and head and neck cancers (35). As results 

from at least three randomized controlled trials evaluating SABR versus conventional RT are awaited 

(36), the overwhelming evidence in the interim suggests that radiation at biological effective doses below 

100 Gy should be used with caution (37). Additional conclusions of our study are in keeping with other 

decision analytic models evaluating the use of SABR in NSCLC. Sher et al. compared SABR with three-

dimensional conformal radiation therapy (3D-CRT) and radiofrequency ablation (RFA) for the medically 

inoperable stage I NSCLC patient from the Medicare perspective (38). This American study found that 

ICER (in U.S. dollars) for SABR over 3D-CRT was $6,000/QALY, and the ICER for SABR over RFA 

was $14,100/QALY, conclusions that were robust over a series of one-way sensitivity analyses as well as 

probabilistic sensitivity analyses of local control rates and utilities. Grutters et al. Similarly determined 

that SABR is more cost effective compared with 3D-CRT for medically inoperable stage I NSCLC in the 

Dutch setting (39). This study also explored the value of pursuing research in more costly particle-based 

carbon ion and proton therapies. The latter was dominated by both carbon ions and SABR. Although 

carbon-ion therapy was cost effective, assuming a ceiling ratio of €80,000/QALY, the certainty of the 

decision to implement this modality over SABR as the standard treatment for medically inoperable stage I 

NSCLC nationally was marginally better than the flip of a coin (52%vs. 48%). Our study also found that 

SABR was cost effective when compared with wedge resection, analogous to the findings of an American 

cost effectiveness analysis (27). This study, much like our analysis (due to technical factors related to 
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how the CRMM was coded), did not directly consider segmentectomy as a treatment option. A future 

Markov model to evaluate the cost-effectiveness of segmentectomy in stage I NSCLC is being planned. 

  

 The CRMM projection of the future rise in the incidence of stage I NSCLC in Canada was based 

primarily on an anticipated shift in demographics in an aging population. Such an increase does not 

account for the potential implementation of low-dose computed tomography screening. In 2011, the 

National Lung Screening Trial (NLST) reported a 20% reduction in mortality from lung cancer when 

compared with chest x-ray (40). Although this landmark study has led several organizations to 

recommend (41) or suggest (42) that physicians offer screening to individuals at high risk for lung cancer, 

results from the Pan-Canadian CT screening trial are awaited to determine generalizability of the NLST’s 

findings in a Canadian population (43). This, and most other low-dose CT screening trials, uses surgery 

for suspected or confirmed lung cancer (44). The Dutch-Belgian lung cancer screening trial (NELSON), 

however, allowed for the use of high-dose radiotherapy in patients with a growing solitary pulmonary 

nodule without a histologic diagnosis. Experts have argued that an 85% likelihood of malignancy is the 

threshold for treatment without prior pathology (45). In a practical step, the Pan-Canadian study has 

developed a predictive tool to calculate likelihood of malignancy, based on patient and nodule 

characteristics for patients screened with low-dose CT, that can be accessed through online calculators 

(43). Ultimately, if CT screening is implemented, it is foreseeable that the use of SABR will increase in 

parallel with the even faster increase in stage I NSCLC cases, thereby leading to additional cost savings 

and QALY gains over those projected by this study.  

 

 The conclusions of this study must be considered in the context of both strengths and limitations. 

The CRMM was built with rigorous internal and external validation of population based lung cancer 

parameters in Canada before 2007; however, like any model, limitations are inherent where key 

assumptions are made. We assumed that SABR was implemented uniformly across the country for each 

cost-effective indication in the 2008 calendar year because the CRMM does not allow for differential 
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uptake by province. This year was chosen because a Canadian pattern of practice survey indicated that 

SABR was available for lung cancer at only 1 of 41 cancer centers before 2008 and was more widely 

available to 90% of the entire population by 2011 (46). Because the lung cancer module of the CRMM 

was initially constructed with the intent to evaluate CT screening and chemotherapeutic modalities, this 

feedback has been relayed to CPAC so that such analyses may be available for future radiation oncology 

evaluations. 

 

CONCLUSIONS 

 

 Observational studies increasingly argue for the growing equipoise of using SABR in high-risk patient 

subgroups of stage I NSCLC. This model adds to this literature by considering cost effectiveness and the 

implications of both health and cost on a publicly health care funded system at the national level.  Although 

lobectomy was found to be the most cost-effective treatment overall, studies are ongoing to determine the most 

appropriate treatment for fit patients. Ultimately, although the findings of this modeling study are in keeping 

with published data, individual patient decision making should be shared with the patient and the 

multidisciplinary team. 
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ABSTRACT 

 

Purpose  

 To compare the quality-adjusted life expectancy and overall survival in patients with Stage I 

non–small cell lung cancer (NSCLC) treated with either stereotactic body radiation therapy (SBRT) or 

surgery. 

 

Methods and Materials 

 We constructed a Markov model to describe health states after either SBRT or lobectomy for 

Stage I NSCLC for a 5-year time frame. We report various treatment strategy survival outcomes stratified 

by age, sex, and pack-year history of smoking, and compared these with an external outcome prediction 

tool (Adjuvant! Online). 

 

Results 

 Overall survival, cancer-specific survival, and other causes of death as predicted by our model 

correlated closely with those predicted by the external prediction tool. Overall survival at 5 years as 

predicted by baseline analysis of our model is in favor of surgery, with a benefit ranging from 2.2% to 

3.0% for all cohorts. Mean quality-adjusted life expectancy ranged from 3.28 to 3.78 years after surgery 

and from 3.35 to 3.87 years for SBRT. The utility threshold for preferring SBRT over surgery was 0.90. 

Outcomes were sensitive to quality of life, the proportion of local and regional recurrences treated with 

standard vs. palliative treatments, and the surgery- and SBRT-related mortalities. 

 

Conclusions 

 The role of SBRT in the medically operable patient is yet to be defined. Our model indicates that 

SBRT may offer comparable overall survival and quality-adjusted life expectancy as compared with 

surgery. Well-powered prospective studies comparing surgery vs. SBRT in early-stage lung cancer are 

warranted to investigate survival, quality of life, and cost characteristics of both treatment paradigms.
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INTRODUCTION 

 

  Lung cancer remains the most common cancer and the most frequent cause of cancer-related 

deaths worldwide, with an estimated overall survival of only 15% at 5 years (1). Currently, surgical 

resection of Stage I non–small-cell lung cancer (NSCLC) offers a reasonable chance for cure, with 5-year 

survival rates ranging from 50% to 77% (2–4). Factors such as age and comorbidity render as many as 

20% of these patients medically inoperable (5, 6), whereas second-line treatment with conventional 

radiotherapy achieves poor local control and overall survival rates (7–9). 

 

 A growing body of evidence suggests that stereotactic body radiation therapy (SBRT) should be 

considered as a standard of care option for medically inoperable Stage I NSCLC patients (10–13). 

Although the local control rates for these patients have been exceptional, 3-year overall survival rates 

remain suboptimal in the range of 42.7% to 60%, mostly because of deaths from intercurrent illness (10–

13). Although the majority of data supporting the use of SBRT in early NSCLC is in the medically 

inoperable patient, Onishi et al. recently reported on nearly 100 patients who refused surgery (14). The 5-

year overall survival rate observed for Stage I patients treated with a biological effective dose (BED) of at 

least 100 Gy was 70.8%, historically comparable to the outcome after surgery (15, 16). Given the rapidly 

increasing acceptance of SBRT for early lung cancer, two randomized Phase III trials (17) have been 

initiated to randomize medically operable patients with Stage I NSCLC to either SBRT or the gold 

standard of surgical resection. 

  

 While these trials accrue and mature, long-term clinical outcomes can still be estimated for our 

population if we assume that our system represents a discrete random process. In Markov modeling, we 

define a set of discrete and mutually exclusive health states. The progression from one health state to the 

next is called a transition, and the probability associated with each progression is called the transition 

probability. Markov modeling assumes that any transition probability depends only upon the conditions in 
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place at that particular point, and not upon any previous behaviors. Once the manner of progression from 

one Markov state to the next is defined, several relevant clinical metrics can be calculated in exactly the 

same stepwise approach. 

 

 The decision to use SBRT in the medically operable early NSCLC patient is amenable to 

Markov modeling. In this paper, we develop a Markov model to investigate SBRT vs. Lobectomy for 

treatment of patients with medically operable Stage I NSCLC. 

 

METHODS AND MATERIALS 

 

Decision model 

 We developed a Markov model to simulate the clinical history of a cohort of patients with Stage 

I NSCLC (pT1N0M0 or pT2N0M0, Fig. 1) for patients that undergo either lobectomy or SBRT with the 

goal to achieve no evidence of disease (NED). The American Joint Committee on Cancer compliant 

Markov health states used were as follows: Stage I local recurrence (LR1), Stage II local recurrence 

(LR2), Stage III nodal/regional recurrence (RR), Stage IV distant metastasis (DM), death from other 

causes, and death from lung cancer (Fig. 1). 
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Fig. 1. Markov model developed to simulate clinical history of a cohort of patients with Stage I non 
small-cell lung cancer (NSCLC; pT1N0M0 or pT2N0M0), for patients who undergo either lobectomy or 
stereotactic body radiation therapy (SBRT) with the goal of achieving no evidence of disease (NED). LR 
= Stage I local recurrence. LR2 = Stage II local recurrence; RR = Stage III regional recurrence. Model 
assumes that patients in all health states can die from other factors. 
 

 We considered 12 base case scenarios corresponding to male and female patients aged 65 or 70 

with a history of light, medium, or heavy smoking, all in the setting of medically operable Stage I NSCLC 

(19, 20). Patients were stratified by smoking habit according to recent meta-analysis that demonstrated an 

increased relative risk of death based on pack-year history of smoking (18). 

 

 The primary outcomes studied were quality-adjusted life years (QALY) and overall survival 

(OS) over a 5-year time frame. Monthly transition probabilities abstracted from the published literature 
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either by recurrence graph digitization or constant monthly transition calculation from raw data, and then 

analyzed using Microsoft Excel 2007 (Redmond, WA) and TreeAge (Williamstown, MA). 

 

Initial treatment parameters 

 In a study by Martini et al., long-term follow-up rates of local, regional, and distant failure were 

reported on 598 patients who underwent resection for Stage I NSCLC (3). Cangemi et al. (19) described 

in detail the annual proportions of these recurrences in surgically resected NSCLC. Combining these data 

sources, we calculated monthly transition probabilities of recurrence to fit the parameters of our model. 

Sensitivity analyses on recurrence rates were varied under the same assumptions according to published 

rates in other surgical series (19, 20). In accordance with common practice for Stage I NSCLC, surgical 

patients did not receive post operative radiotherapy (21). The 30 day postoperative mortality risk was 

obtained from the ACOSOG Z0030 trial and was subjected to sensitivities reported in other studies (22–

24). 

 

 Patterns of recurrence after SBRT were abstracted from the medically operable group of SBRT 

patients receiving a BED > 100 Gy10 (14). Given the lack of actuarial data in this study, we modeled the 

rate of recurrence in this trial to be equivalent to another previously reported large SBRT database of 

medically inoperable patients (12). A treatment-related death rate of 0.6% was obtained from a survey of 

the Japanese experience with 1,111 patients (25). This was varied to rates reported in other studies 

comprising medically inoperable patients so as to not bias our model against surgery (10–13). 

 

Salvage treatment parameters 

Patients underwent resection after any LR1, irrespective of initial treatment modality. In a recent 

report by Cai et al., patients treated for post-resection recurrent NSCLC had a 5-year OS and progression 

free survival comparable to those of newly diagnosed Stage I to III NSCLC patients (26). A recent meta-

analysis suggested a 5% survival benefit for adjuvant cisplatin-based chemotherapy in Stage II NSCLC 
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(27). Patients who developed an RR were treated with concurrent chemoradiation subject to the same 

transition probabilities as patients in the West Japan Lung Cancer trial (28). Sex- and age-specific 

monthly transition probabilities between distant metastasis (Stage IV) and death were obtained from the 

Surveillance, Epidemiology, End-Results (SEER) database (29). All deaths from lung cancer were 

assumed to have arisen from the metastatic state. 

 

Other salvage treatment options 

We evaluated other salvage treatment options for each type of recurrence and varied the 

proportion of each intervention. For LR1 and LR2, patients could also be treated with radical radiation, 

and for this we chose data from Qiao et al. to model this possibility (8). Because of a paucity of published 

data, this clinical scenario was discussed at our Multidisciplinary Thoracic (MDT) Oncology rounds, with 

the expert consensus estimating that 20% of patients with local recurrence would be treated with radical 

RT alone. This is congruent with a study that estimates the need for radiotherapy for lung cancer in 

different clinical settings, suggesting that 13.8% ± 5.6% Stage I and 17.4% ± 4.5% Stage II would receive 

radical RT (30). We elected not to include SBRT as a salvage strategy in our model, as there are limited 

data on its efficacy and patterns of failure (31). For patients with RR, we explored the possibility of 

radical radiation with or without concurrent chemotherapy (28, 32). This clinical scenario was presented 

at MDT rounds, with the consensus estimating that 50% of all patients would qualify for concurrent 

chemoradiation with the other half treated with radical RT alone. This mirrors the patterns of treatment of 

a recent retrospective report (39). 

  

Death from other causes 

In the model, patients can die from other non-cancer causes in any health state. Sex- and age-

specific rates of other causes of death were derived from standard life tables from the Centers for Disease 

Control and Prevention (CDC) based on 2003 data (33). Shavelle et al., in a literature review of smoking 

habits and mortality, described meta-estimates of a smoker’s relative risk of dying as compared with data 
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in standard life tables (18). We evaluated these relative risks of light (0–10 pack-years), medium (10–30 

pack-years), and heavy smoking (>30 pack-years) histories in the context of our model. 

 

Utilities 

Papatheofanis obtained patient perspective utilities for health states for patients with NSCLC 

(34). Baseline utilities abstracted from this study are summarized in Table 1. We based our model on a 

scale in which the NED health state was assigned a utility of 1 and death was assigned a utility of 0. We 

abstracted radiation related utility values from a recent cost–utility analysis of NSCLC (35) and initially 

assigned the SBRT–NED state a utility equal to that after surgical resection, so as to not bias our model 

towards SBRT for our baseline analysis. To this date, there have been no studies evaluating patient 

preferences after SBRT. 

 

 

Table 1. Patient perspective utilities of Markov health states. Abbreviations: DM = distant metastasis; 
LR1 = stage I local recurrence; LR2 = stage II local recurrence; NED = no evidence of disease; RR = 
stage III nodal/regional recurrence; SBRT = stereotactic body radiation therapy. 
 

External validity 

NSCLC patients were stratified according to the sixth edition of the TNM staging classification. 

We evaluated the validity of our Markov model by comparing it with 5-year OS, cancer-specific mortality 

(CSM), and death from all other causes (OD) rates with predicted rates from Adjuvant! Online (AO, 

www.adjuvantonline.com). Five-year OS, CSM, and OD were calculated from AO by assessing various 



 150 

combinations of the following parameters: age 65 or 70 years, male or female, and (minor, average, 

major) comorbidity for age. 

 

Sensitivity analyses 

We performed two separate sets of three-way sensitivity analyses for standard risk (i.e., no 

smoking history) surgical and SBRT cohorts with QALYs as the primary endpoint. In the first analysis, 

we varied the utility of SBRT, the proportion of LR1 and LR2 patients who would receive standard 

salvage treatment rather than palliative radiation, and the proportion of RR patients that would receive 

concurrent chemoradiation as opposed to palliative radiation. For the second analysis, we varied the 

utility of SBRT, treatment-related mortality from SBRT, and postoperative mortality related to surgery. 

 

RESULTS 

 

Model validity 

We compared the surgical results of our model with the 5-year OS, CSM, OD predicted results 

from AO. For a 65- year-old woman with minor comorbidities that undergoes surgery for Stage I 

NSCLC, AO predicted 5-year OS of 70.3% for OS, 5-year CSM of 25.6%, and 4.1% OD, whereas  our 

model (using no smoking history) predicted 5-year OS of 69.2%, 5-year CSM of 25.0%, and 5.8% OD 

(Fig. 2 ). Repeating the same comparison for a 65-year-old man, AO (and our model in parentheses) 

predicted 5-year OS of 67.5% (66.5%), 5-year CSM of 25.3% (24.6%), and 7.3% (8.9%) OD. For a 70-

year old man, 5-year OS was 64.3% (63.0%), 5-year CSM was 25.0% (24.2%), and 10.7% OD (12.9%). 

For a 70-year old woman, 5-year OS was 68.3% (66.4%), 5-year CSM was 25.4% (24.6%), and OD 6.3% 

(9.0%). Differences between AO and our model ranged from 0.0% to 3.8% for OS, 0.1% to 1.0% for 

CSM, and 0.1% to 3.8% for OD. A detailed summary for all 12 cases is depicted in Tables 2 to 4. 
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Fig. 2. OS, CSM, and OD for surgical cohorts of 65 year old females with varying smoking co-
morbidities (none, light, medium, heavy) as predicted by our Markov Model compared to results of the 
same cohort with varying medical co-morbidities predicted by Adjuvant! Online 
 

 

Table 2. Baseline analyses for patients with minor comorbidity and standard life risk. Abbreviations: 
CSM = cancer-specific mortality; F = female; M = male; OD = death from all other causes; OS = overall 
survival. 
 



 152 

 

Table 3. Baseline analyses for patients with average comorbidity and light smoking. Abbreviations: CSM 
= cancer-specific mortality; F = female; M = male; OD = death from all other causes; OS = overall 
survival. 
 

 

Table 4. Baseline analyses for patients with major comorbidity and heavy smoking. Abbreviations: CSM 
= cancer-specific mortality; F = female; M = male; OD = death from all other causes; OS = overall 
survival. 
 

Comparison of SBRT and surgery 

For a 65-year-old woman, our model predicted for 3.67 to 3.87 QALYs for surgery and 3.59 to 

3.78 QALYs for SBRT. For a 70-year-old woman, our model predicted for 3.51 to 3.80 QALYs for 

surgery, whereas SBRT resulted in 3.43 to 3.72 QALYs. For a 65-year-old man, we calculated 3.56 to 

3.80 QALYs for surgery and 3.48 to 3.72 QALYs for SBRT. Finally, for a 70-year-old man, surgery 

resulted in 3.35 to 3.71 QALYs for surgery and 3.28 to 3.62 QALYs for SBRT. Differences in QALYs 

for all patient cohorts ranged from 0.07 to 0.09. Differences in overall survival for all patient cohorts 

ranged from 2.2% to 3.0%, and are summarized in Tables 2 to 4 . 
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 Sensitivity analyses 

 Sensitivity analyses were performed to determine values where SBRT is preferred over surgery. 

One-way threshold analysis for the utility of SBRT-NED revealed a threshold of 0.90 for preferring 

SBRT over surgery for any of the standard risk cohorts (Fig. 3). When 80% of LR1 and LR2 failures from 

SBRT were treated with standard salvage regimens, a SBRT–NED utility threshold of 0.89 and a 

proportion of 85% to 90% of RR patients needed to be treated with chemoradiation (Fig. 4). If 50% of RR 

failures from SBRT were treated with salvage chemoradiation, 76% to 100% of LR1 and LR2 patients 

would require standard salvage treatments and an SBRT-NED utility threshold of 0.89 would need to be 

met in order for SBRT to be preferred (Fig. 4). When 100% of patients with LR1, LR2, and RR received 

standard treatments after SBRT, the SBRT–NED utility threshold varied between 0.84 to 0.85 (Fig. 5). 

 

 

Fig. 3. A stereotactic body radiation therapy (SBRT) no evidence of disease (NED) utility of 0.90 is the 
threshold for preferring SBRT over surgery for patients with standard risk (i.e., nonsmokers) of other 
causes of death. Hatched area represents a combination of the percentage of treatment-related deaths for 
which SBRT is the preferred treatment; the remaining solid area represents the combination for which 
surgery is the optimal therapy. Scales of x and y axes are normalized such that the middle value 
represents the baseline value analyzed. Maximum and minimum values represent the extremes of the 
sensitivity analysis. 
 



 154 

 

Fig. 4. Three-way sensitivity analysis comparing stereotactic body radiation therapy (SBRT)–related 
quality of life and proportion of regional recurrence (RR) and local recurrence (LR) treated with standard 
salvage treatments. 
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Fig. 5. Three-way sensitivity analysis depicting stereotactic body radiation therapy (SBRT) no evidence 
of disease (NED) utility threshold for preferring SBRT over surgery, assuming that local recurrence (LR) 
and regional recurrence (RR) patients post-SBRT have a 100% proportion of standard salvage treatments. 
 

 In our second three-way sensitivity analysis, we varied the rates of postoperative and post-SBRT 

death as compared to the SBRT NED utility. If we are to assume an SBRT–NED utility equal to that of 

surgery (0.72) and a post-SBRT death rate of 0.6%, at least 3.7% of patients would need to die from 

surgery in order for SBRT to be preferred (Fig. 6). When assuming a perfect quality of life (QoL) after 

SBRT (utility of 1.0), the thresholds to prefer SBRT, assuming Markov baseline SBRT and postoperative 

death rates (27,31), would be either postoperative or SBRT death rate of 2.1% and 3.7%, respectively 

(Fig. 7). 
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Fig. 6. Three-way sensitivity analysis comparing percentage of stereotactic body radiation therapy 
(SBRT)–related death, postoperative mortality, and an SBRT no evidence of disease (NED) utility equal 
to that of surgery. 
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Fig. 7. Three-way sensitivity analysis comparing percentage of stereotactic body radiation therapy 
(SBRT) –related death, postoperative mortality, and an SBRT no evidence of disease (NED) value of 1.0. 
 

DISCUSSION 

 

 Overall survival at 5 years as predicted by baseline analysis of our model is in favor of surgery, 

with a benefit ranging from 2.2% to 3.0% for all cohorts. When adjusting for QoL, the data are nearly 

equivalent with QALY differences on the order of approximately 0.08 (or roughly 1 quality-adjusted life 

month) also in favor of surgery. This outcome is with the assumption that SBRT and surgery have 

identical declines in QoL. Our model revealed that there are thresholds in which SBRT may be the 

preferred modality, depending on QoL outcomes, complication rates, and salvage rates.  
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 If the two treatments are indeed nearly equivalent, patients may be hesitant to accept a treatment 

that involves an upfront mortality risk. McNeil et al. interviewed patients with operable lung cancer and 

found that patients were averse to taking risks that involve the possibility of immediate death (36). 

Perhaps the most compelling reason that SBRT is gaining interest is the minimal treatment related 

toxicity and the maintenance of QoL. A recent study by Van Der Voort Van Zyp et al. prospectively 

evaluated QoL in medically inoperable Stage I NSCLC patients treated radically with SBRT (37). The 

authors concluded that both overall QoL and respiratory symptoms did not deteriorate after SBRT. A 

recent review suggests that whereas pulmonary function is not affected by SBRT to the lung, reported 

rates of chest wall pain, rib fracture, radiation induced pneumonitis, brachial plexopathy, and esophageal 

toxicity are variable (38). 

 

Certainly, the issue of QoL post-SBRT remains a poorly explored issue, and further prospective 

studies critically appraising SBRT patient utilities are warranted. Studies prospectively evaluating QoL 

after resection for NSCLC indicate that patients’ QoL can approach preoperative status by 6 months (39, 

40). Other reports are less optimistic: Kenny et al. described negative changes in QoL after surgery for 

patients with early NSCLC (41). Although certain morbidities after surgery such as wound healing and 

infection are transient, decreases in pulmonary function and exercise capacity between 10% and 40% may 

be lifelong (39, 42). Another possible debilitating complication is chronic post-thoracotomy pain 

syndromes, which can persist for years in up to 3% to 5% of patients (43, 44). 

 

We included an SBRT report with follow-up greater than 5 years and adequate BED of greater 

than 100 in our Markov model. Historically, toxicity rates for central tumors have been reported with 

excessive toxicity rates (45), which led to improvements in patient selection, treatment technique and 

guidelines (12, 14). Similarly to SBRT, growing evidence suggests that VATS lobectomy may incur 

benefits when compared with standard thoracotomy for early lung cancer (46, 47). A recent meta-analysis 



 159 

of two randomized and 19 nonrandomized studies was conducted to compare VATS and open lobectomy 

(48). There was no difference detected in perioperative mortality or local recurrence risk between the two 

surgical interventions. However, Ginsberg et al., in a Phase III trial comparing lobectomy vs. limited 

resection found the latter to be inferior with regards to both overall survival and time to recurrence (23). 

In addition, Grills et al. retrospectively compared 124 borderline surgical Stage I NSCLC patients that 

underwent non-anatomic wedge resection or SBRT (49). Local and regional recurrences were superior 

with SBRT, with both modalities having identical cancer specific survival. Although wedge resection 

incurred an overall survival advantage, the authors concluded that this could be attributed to the medical 

comorbidities of the SBRT patients. Timmerman, in a recent editorial, mentions that discussions are 

ongoing between leaders of the American College of Surgeons Oncology Group and Radiation Therapy 

Oncology Group (RTOG) lung committees to design a randomized prospective study to similarly 

compare the cohorts described in the Grills et al. study (50). He argues that randomization between a less 

invasive form of surgery in a more medically compromised population may be more palatable. The true 

power of a simulation tool such as the one we have constructed is to help guide trial designs with greater 

likelihood of patient accrual. Based on published data, we intend to expand our existing Markov model to 

simulate outcomes for older patients (51), as well as patients with poor pulmonary function (52, 53) who 

are amenable to either surgical resection or SBRT.  

 

 Markov modeling is based on a number of assumptions that may dramatically affect the reported 

outcomes. The clinical parameters for the transition rates between discrete Markov health states were 

abstracted from retrospective series, single-armed Phase II studies, and population pooled databases, all 

of which are subject to their own biases. A weakness of this study is that it could be argued that the 

minimal differences in overall and quality adjusted survival in this study are readily predictable from the 

source data for Stage I NSCLC patients treated with either SBRT or surgery; however this observation 

does provide additional validation of the Markov model. Current SBRT literature for early NSCLC is 

comprised primarily of medically inoperable patients with significant comorbidities that preclude overall 
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survival comparison to healthier patients in surgical studies. For our baseline analyses, we selected the 

patient population from Onishi et al (BED > 100, potentially medically operable) that would more readily 

allow for comparison to surgery (14). By subjecting our initial assumptions to sensitivity analyses, we 

were then able to test our model over a broad spectrum of plausible possibilities for inoperable SBRT 

patients and surgical patients. 

 

 Certainly, prospective analyses are based on real patient data and more accurately reflect real-

world conditions. If the differences in OS and QoL outcomes from our model are indeed correct, the 

implications for clinical trials are very important: very large patient numbers would be required to detect 

these small survival differences or to show equivalence. The results of these trials may be sensitive to the 

salvage rate of patients who develop LR and/or RR as well as the proportion who undergo radical 

treatments. Any differences in comorbidities and age between the two randomized groups in these trials 

should be scrutinized, given their considerable impact on non-cancer death. In conclusion, our model 

indicates that SBRT and surgery may have similar outcome in terms of OS, CSM, and OD. In the future, 

prospective SBRT health-related QoL data, updated SBRT/surgical recurrence rates/patterns as well as 

economic data can also easily 
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ABSTRACT 

 

Patient-reported outcomes are increasingly important in the evaluation of cancer treatment 

modalities.  We systematically reviewed the existing literature on patient-reported health-related quality 

of life (HRQOL) following stereotactic ablative radiotherapy (SABR) for early-stage non-small cell lung 

cancer.  Nine studies were analyzed and our results showed that most HRQOL domains were preserved 

after SABR.  Possible deteriorations in dyspnea and fatigue were noted. 

 

Background 

Stereotactic ablative radiotherapy (SABR) has recently become the guideline-recommend 

therapy for inoperable patients with early-stage non-small cell lung cancer (ES-NSCLC), and for patients 

who decline surgery. Patient-reported outcomes should be a key consideration for any treatment modality, 

but to our knowledge, a systematic review of the effects of SABR on health-related quality of life 

(HRQOL) in this patient population is not yet available. 

 

Materials and Methods 

 The Embase and MEDLINE databases were queried to obtain journal articles investigating 

patient-reported HRQOL after SABR for ES-NSCLC. Studies in the English language were included up 

to Aug. 1, 2015.  Relevant data regarding patient characteristics and study outcomes were abstracted and 

analyzed. 

 

Results 

 Nine out of 204 potential studies met all inclusion criteria and were analyzed.  All studies were 

prospective in design, ranged in date from 2010 to 2015, and involved patients from Europe and North 

America.  The reviewed studies reported few clinically significant changes in HRQOL scores following 

SABR.  Clinically and statistically significant deteriorations in fatigue and dyspnea were individually 
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reported in two studies, but these findings were not replicated by other studies.   

 

Conclusion 

Post-treatment HRQOL scores indicate that SABR is an overall well-tolerated modality in 

patients with ES-NSCLC who either declined surgery or were unfit. Future clinical trials comparing 

SABR and surgery would benefit from the inclusion of HRQOL metrics in study design. 
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INTRODUCTION 

 

 The treatment of peripheral early-stage (Stage I/II) non-small cell lung cancer (ES-NSCLC) has 

traditionally been an anatomic lobectomy.  However, increasing evidence supports the use of stereotactic 

ablative radiotherapy (SABR, also known as stereotactic body radiation therapy – SBRT) as the primary 

treatment for ES-NSCLC when surgery is not an option. (1-4)  These studies focused mainly on the 

perspective of the health-care professional, where overall survival, locoregional control and treatment 

toxicities were the most-studied outcomes.  Studies examining patient-reported health-related quality of 

life (HRQOL) after SABR for ES-NSCLC have recently emerged.  

 

With SABR being increasingly utilized in frail patients with significant co-morbidities, (5) 

evaluation of the effect of this treatment modality on patient-reported HRQOL, which can also be 

prognostic of clinical outcome, (6) is taking on increasing importance.  For example, the recent position 

statement by the American Society of Clinical Oncology (ASCO) highlighted the lack of consistent 

reporting of HRQOL endpoints and patient-reported outcomes in clinical studies. (7)  A comprehensive 

review on HRQOL following SABR treatment, to our knowledge, is not available whereas in contrast, 

patient reported HRQOL for ES-NSCLC following surgery is well described, with two systematic 

reviews recently reported. (8, 9)  Therefore, we systematically reviewed the literature on the effect of 

SABR on patient-reported HRQOL. 

 

MATERIALS AND METHODS 

 

Search strategy 

 The Embase and MEDLINE databases were queried from their respective dates of inception to 

August 1, 2015.  A research librarian (RGB) assisted in developing the search strategy.  Search terms 

such as “stereotactic body radiation therapy”, “stereotactic radiosurgery”, “radiosurgery” and their 
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respective abbreviations were used to capture all possible alternative terms for SABR.  “Quality of life”, 

“health related quality of life”, “quality adjusted life year” and other related terms were used to focus the 

search on HRQOL.  “Lung neoplasms”, “lung carcinoma”, “lung cancer” and “non small cell lung 

cancer” were used to identify studies with lung cancer.  “Early stage” was not used as a search term as it 

was found to excessively limit the scope of the search.  The exact search strategy for each database may 

be found in Supplementary Table 1.   

 

Data selection  

 The following criteria were used to identify studies relevant to the current review: 

1. Study type: observational studies and clinical trials.  Systematic reviews, meta-analyses and 

decision-analysis studies were excluded.  Only journal articles were included. 

2. Diagnosis: Early-stage (Stage I/II) primary non-small cell lung cancer. 

3. Treatment technique: SABR not combined with any other treatment, as one of the treatment 

arms. 

4. Outcome: Patient-reported HRQOL. 

5. Language: English only. 

 

Data review  

 The articles were reviewed and data regarding patient number, patient demographics, study 

design, HRQOL assessment tool, assessment interval and HRQOL outcomes were extracted.  

 

RESULTS 

 

 Database query produced 110 records from MEDLINE and 94 records from Embase.  

Application of the selection criteria on these records produced 9 articles relevant to this systematic 

review. (10-18)  All studies were prospective in design.  Two of these articles represent initial and 
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updated results from the same institution. (10, 11)  A flow chart with the details of the article selection 

process is illustrated in Supplementary Figure 1. 

 

 A summary of the design and patient characteristics of the 9 prospective studies included in this 

review is provided in Table 1.  Publication dates ranged from 2010 to 2015.  The median number of 

patients studied was 39 (range 19 to 382), and the patient populations consisted of patients who either 

refused surgery or were medically inoperable.  The total biologically effective doses (BED) employed, 

using an alpha/beta ratio of 10, were greater than 100 Gy10 in all studies (range 45 to 60 Gy in 3 to 8 

fractions).  The majority of studies employed non-robotic linear accelerator (Linac)-based SABR 

treatment delivery, with three studies (10, 11, 18) employing CyberKnife.    Staging was performed 

radiographically with Computerized Tomography (CT) and Positron Emission Tomography (PET) for all 

studies.  Three studies (10, 11, 18) obtained histological confirmation for all patients while the remaining 

six studies also included patients with radiographically suspicious ES-NSCLC, with criteria including 

high avidity on PET or serial growth on CT scans.   While all studies included patients with ES-NSCLC, 

one study (15) also included 4 patients (8% of study population) with solitary pulmonary metastases. 
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 The median length of follow-up was 20 months (range 13 to 41 months).  The number of 

HRQOL abstraction time points varied, ranging from as few as 3 time points to ongoing data collection 

every 6 months.  The type of instrument used to measure patient-reported HRQOL differed between 

studies, but represented a mix of the three most common instruments: the European Organisation for 

Research and Treatment of Cancer Quality of Life Questionnaire – C30/LC13 (EORTC QLQ-C30/LC13), 

(19, 20) the Functional Assessment of Cancer Therapy – Lung questionnaire (FACT-L), (21) and the 

Lung Cancer Symptom Scale (LCSS). (22)  A number of other instruments were used in some studies to 

supplement the capture of certain HRQOL domains and a list can be found in the Appendix.  

 

 The primary HRQOL outcomes for the studies are summarized in Table 2.  Six out of 9 studies 

examined longitudinal changes in HRQOL scores over time with mixed-effects linear regression or non-

parametric ANOVA-like statistics.  In the remaining studies, 2 examined differences between HRQOL 

scores at baseline and at different time points during follow-up, (13, 17) whereas the final was a 

randomized control trial to study the effect of a 4 versus 11-day SABR treatment scheme on HRQOL 

scores at different time points. (15) 
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 Significant findings in longitudinal changes in HRQOL scores in the reviewed studies are 

summarized in Table 3.  For the purposes of this review, statistically significant change is defined with a 

p-value threshold of 0.05, and clinically significant change is defined as a change in HRQOL scores of 

greater than 10% compared to baseline.  HRQOL scores after SABR remained stable for the majority of 

the HRQOL domains over time, with 4 studies reporting no changes. (13, 15, 16, 18)  A single study 

reported clinically and statistically significant improvement in HRQOL after SABR (Emotional 

Functioning domain) over time. (11)  Other studies reported mixed results.  Widder et al. found a 

statistically significant increase in dyspnea after SABR, although the observed changes were not 

clinically significant. (12)  In Widder’s study, there was also a significant correlation between higher 

Charlson Comorbidity Index scores and a greater decline in Physical Functioning over time for SABR 

patients.  Similar findings of a decline in Physical Functioning was reported by the larger HRQOL study 

from Lagerwaard et al., though the change was not clinically significant. (14)  The Lagerwaard study also 

identified a correlation between baseline Physical Functioning scores and overall survival, reinforcing the 

prognostic role of HRQOL measurements.  The study by Ferrero et al. is the only study to report a 

clinically and statistically significant increase in fatigue after 135 days of follow-up. (17)  An updated 

report from the Rotterdam group by Ubels et al. included patients with up to 5 years of follow-up, and 

their results revealed that while there was significant improvement in Emotional Functioning scores, 

dyspnea slowly increased after 2 years post-SABR. (10)  
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DISCUSSION 

 

 SABR appears to be tolerated in terms of post-treatment HRQOL, with the majority of HRQOL 

domains showing no significant changes after treatment.  In studies that did show changes in HRQOL, 

only two reported clinically significant deteriorations with one reporting a deterioration in fatigue and the 

other in dyspnea.  As many ES-NSCLC patients have co-existing COPD, changes in dyspnea scores post-

SABR appear to be in keeping with the natural history of this disease, suggesting that SABR may only 

have had a minor contribution. (23, 24)  Given the small sample size in the studies reviewed, larger 

studies are required to confirm the results herein.  In addition, designing future studies to compare 

HRQOL following different treatment options (surgery, SABR, radiofrequency ablation) in ES-NSCLC 

would be helpful to evaluate their relative merits in various baseline scenarios.   

 

The value of patient-reported HRQOL outcomes is highlighted by emerging evidence suggesting 

that HRQOL data are complementary to the reporting of adverse events when used in the assessment of 

clinical benefit for cancer treatment modalities, as they measure differing aspects of the disease 

experience. (25)  The ASCO has recommended the inclusion of HRQOL metrics in future clinical trial 

design, in order to better assess the value of cancer treatments from the patient perspective. (7)   

 

While recognizing the limitations of indirect comparisons, the findings of our review are in 

contrast to a recent systematic review of 19 studies evaluating HRQOL after surgery for ES-NSCLC, 

where a clinically significant decrease in physical function at 6 months was observed, and this persisted 

for up to 2 years in some cases. (9)  In post-surgical populations, pain, fatigue, dyspnea and coughing 

were the most prevalent symptoms.  Failure to quit smoking, significant co-morbidities, more extensive 

surgical resections, and the use of adjuvant therapy were found to be significant independent predictors of 

HRQOL decline over time.  Another prospective study examined patient-reported outcomes in patients 

with ES-NSCLC after video-assisted thoracoscopic lobectomy and thoracotomy, and demonstrated a 
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delay of 3 months before symptoms returned to preoperative levels, (26) with the symptoms of pain and 

fatigue being the last to recover.  A poor performance status, presence of comorbid conditions and 

cardiovascular complications all predicted for higher symptom burden.  Despite differences in the patient 

populations (increased medical comorbidities in SABR patients) and the data abstracted (smoking status, 

the use of adjuvant therapy) between prior surgical studies and the present SABR systematic review, the 

available data suggest the hypothesis that SABR may offer a greater likelihood of preservation of 

HRQOL.  Taking into account recent studies showing similar clinical outcomes following either SABR or 

surgery in patients who were surgical candidates, (27, 28) the ability to preserve HRQOL after SABR 

should add to growing clinical equipoise between these treatment modalities.   

 

The results of this systematic review need to be considered in the context of its strengths and 

limitations.  The HRQOL instruments used in the studies reviewed are well-established and comparison 

studies of the instruments have been performed. (29)  Findings between studies were mostly consistent, 

despite the variety of geographic regions, patient case mix, dose fractionation schemes, and treatment 

delivery platforms employed, suggesting generalizability of results reported.  However, as is the case with 

many longitudinal studies, survey response rates varied between studies, with one study reporting a rate 

of only 39% at 24 months. (14)  Overall response rates within the first year after treatment ranged from 

59% to 95%, with larger studies tending to have a lower response rate.  Whether HRQOL was poorer in 

non-responders is unclear, and may represent a source of bias.   

 

Another limitation of the current review is the relatively short follow-up time on a number of the 

included studies.  Three studies incorporated maximum follow-up time points of less than one year (range 

12 weeks to 10.5 months), three studies incorporated time points of one to two years and the remaining 

three studies had recurring follow-up.  This could potentially limit interpretation of long-term HRQOL 

changes after SABR treatment.  However, the time points do seem sufficient to capture the acute effects 

of SABR on HRQOL, especially in comparison to surgery, where the decrease in HRQOL appears within 
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6 months and tended to persist up to 2 years. (9) 

 

With the ongoing clinical equipoise between SABR and surgical management for ES-NSCLC, 

shared decision-making (SDM) is encouraged so that medical management aligns with a patient’s 

preference and values. (30)  SDM is a process in which patients and physicians discuss the current 

evidence on different treatment options and mutually arrive at a clinical management plan. (31)  This 

approach has the highest yield when utilized for patients for whom the equipoise is the greatest. (32)  

 

CONCLUSIONS 

 

Current literature support that SABR is an overall well-tolerated treatment modality in terms of 

patient-reported HRQOL in ES-NSCLC patients.  The majority of reviewed studies showed no clinically 

significant changes in HRQOL scores within the follow up period.  Two studies demonstrated isolated but 

clinically significant deteriorations in fatigue and dyspnea.  These results add to the growing clinical 

equipoise between SABR and surgery in the treatment of ES-NSCLC.  HRQOL metrics could 

complement traditional adverse event reporting in the design of future clinical trials comparing SABR 

and surgical management for ES-NSCLC. 

 

APPENDIX 

 

List of patient-reported HRQOL instruments used in reviewed studies: 

• EORTC QLQ-C30: European Organisation for Research and Treatment of Cancer Quality of 

Life Questionnaire – Cancer (30 items) 

• EORTC QLQ-LC13: European Organisation for Research and Treatment of Cancer Quality of 

Life Questionnaire – Lung Cancer (13 items) 

• FACT-L: Functional Assessment of Cancer Therapy – Lung 
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• HADS: Hospital Anxiety and Depression Scale 

• UCSD-SOBQ: University of California, San Diego – Shortness of Breath Questionnaire 

• FACIT-sp-12: Functional Assessment of Chronic Illness Therapy – Spiritual Well-Being (12 

items) 

• MSAS: Memorial Symptom Assessment Scale 

• MOS-SALS: Medical Outcomes Study – Social Activity Limitations Scale 

• KIADL: Katz Index of Activities of Daily Living 

• OARS-MFAQ: Older Americans Resources and Services Program – Multidimensional 

Functional Assessment Questionnaire 

 

SUPPLEMENTARY MATERIALS 

 

Supplementary Table 1. Search strategies used to query the MEDLINE and Embase databases. 
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Supplementary Figure 1. Flowchart of article selection process. 
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ABSTRACT 

 

 We report quality of life and indirect costs from patient reported outcomes from the ROSEL 

randomized control trial comparing stereotactic ablative radiotherapy (SABR, also known as stereotactic 

body radiotherapy or SBRT) versus surgical resection for medically operable stage IA non-small cell lung 

cancer. ROSEL closed prematurely after accruing and randomizing 22 patients. This exploratory analysis 

found the global health related quality of life and indirect costs to be significantly favorable and cheaper, 

with SABR.  
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INTRODUCTION 

 

 The standard of care in patients presenting with early-stage non-small cell lung cancer (ES-

NSCLC) is surgical resection (1). In patients who are at increased risk for surgical complications, 

stereotactic ablative radiotherapy (SABR, also known as stereotactic body radiotherapy or SBRT) has 

emerged over the recent decade as an alternate effective treatment modality (2). The convenience and 

favorable toxicity profile of lung SABR has also led to its evaluation in medically operable patients in 

three randomized control trials (RCTs), all of which were terminated early due to poor accrual (3). Other 

forms of comparative effectiveness research in this patient population employing statistical adjustment 

such as propensity score or match-pair techniques largely suggest similar disease-free survival and loco-

regional control endpoints (4, 5). A pooled analysis of two of the prospective randomized trials (ROSEL 

and STARS) of SABR versus surgery recently suggested equipoise between these two treatment 

modalities and even a potential overall survival benefit for SABR (6). To supplement the reported clinical 

outcomes of the ROSEL trial, the objective of the present study is to report on health related quality of 

life (HRQOL) and patient reported outcomes (PROs) for the same study.  

 

MATERIALS AND METHODS 

 

Study design 

 ROSEL was a non-blinded, phase 3 RCT of SABR versus surgery for stage IA NSCLC patients 

in the Netherlands. Full details of the study design, methodology, technical considerations, and clinical 

outcomes have been described previously (6, 7). The study opened for accrual in October 2008 with 

enrolment closing early due to slow accrual in December 2010 after randomizing 22 patients to either 

surgery or SABR, with last follow-up conducted in April 2014. Clinical follow-up took place every 3 

months for the first year, and then every 6 months thereafter. The primary objective initially sought to 

compare local/regional control, quality of life and treatment costs, whereas secondary objectives included 
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overall survival, pulmonary function, and quality adjusted life years. As all of these data were not 

available due to premature study closure, this report will focus on available data on quality of life and 

indirect treatment costs, neither of which were collected in the STARS trial. 

 

PROs and HRQOL tools 

 HRQOL can be measured through PRO tools evaluating physical symptoms and domains related 

to emotional, cognitive, social, role, and physical domains that are responsive to treatment-related 

changes specific to a disease (8). The following PRO tools were administered at baseline, and then 3, 6, 

12, 18, and 24 months post-treatment: the 30-item European Organization for Research and Treatment of 

Cancer Quality of life Core questionnaire (EORTC QLQ-C30) (9), its corresponding 13-item lung cancer 

supplement (LC-13) (10), and the EuroQol disease-generic questionnaire (EQ-5D) (11). Indirect costs of 

productivity loss using the short form health and labor questionnaire (SF-HLQ, which includes work 

absences, reduced efficiency at work, and substitution for unpaid work) were collected at the same time 

points (12).  

 

Statistical analysis 

 Analysis was performed based on the intention to treat principle. Scoring of EORTC QLQ-C30 

and LC-13 questionnaires was performed using the EORTC scoring algorithm (13). EQ-5D utility scores, 

which can be used for cost-effectiveness analyses, were calculated for each subject at each visit from the 

five-item scores using Netherlands data preference weightings. Minimum thresholds of a 10-point 

decrease (for global and functional scales) and increase (for symptom scales and items) were employed to 

constitute a clinically meaningful difference in PRO scores (14). Time to deterioration (TTD) in PROs 

was calculated from the time of randomization to first appearance of a significant difference in PRO 

scores. Patients without a documented clinically meaningful difference in PRO were censored at the time 

of last PRO assessment. TTD was analyzed using Cox proportional hazard models, with the Wald test to 

evaluate differences between SABR and surgical patients. 
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 For the SF-HLQ survey, the total productivity loss over the course of follow-up was obtained by 

first multiplying the number of hours reported absent and lost due to reduced efficiency by age and 

gender-specific productivity costs. This was adjusted for friction cost (i.e. productivity from the 

employer’s perspective) (15). This was then added to the number of hours of unpaid work substituted by 

other sources multiplied by the average gross hourly wage of a domestic worker to obtain the total 

productivity loss due to disease according to replacement cost theory. The costs were calculated in euros 

using data specific to 2008. Hindrance scores were calculated as a mean score over the duration of 

follow-up. Total productivity loss and hindrance scores between surgery and SABR were compared with 

a Mann-Whitney U test.  The proportion of retired versus non-retired individuals in each arm was 

compared with the Fisher’s exact test. 

 

RESULTS 

 

 Twenty-two patients were enrolled and randomly assigned to SABR (n=11) and surgery (n=11). 

Lobectomy was performed in all surgical patients, except for one who underwent a wedge resection. 

Baseline patient and tumor characteristics, stratified by treatment randomization, are summarized in 

supplemental table 1. The median follow-up was 42 months (range 6-61 months). There were 2 deaths 

reported: in the surgical arm, 1 patient died due to comorbidity; in the SABR arm, 1 patient died due to 

metastatic lung cancer.  
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Table 1. Univariable analysis of clinically significant time to deterioration (TTD) in global health/QoL 
and functional scales and symptom scales and items. Bolded value = statistically significant. 
 

 Baseline and subsequent EQ5D scores, as well as EORTC global health, pain, and dyspnea 

scores are summarized in Figure 1. TTD in global/functional scales (at least 10 point decrease) as well as 

symptom scales/items (at least 10 point increase) are summarized in table 1. In all comparisons, only 

global health status was found to be significantly worse on univariable cox proportional hazard modeling 

for surgical patients when compared to SABR (HR 0.19, p=0.038).  
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Figure 1. Baseline and follow-up PROs. (A) EORTC global health status/quality of life, (B) EORTC 
dyspnea specific symptom scale, (C) EORTC pain specific symptom scale, (D) EQ-5D visual analog 
scale, (E) EQ-5D Netherlands specific utility scores. 
 

 Analysis of the SF-HLQ revealed a lower total productivity cost to society for SABR compared 

to surgery. The mean total productivity cost for SABR was €95 and €3,513 for surgery (p=0.044).  

Patients reported a lower total degree of hindrance in paid and unpaid work for SABR compared to 

surgery (mean hindrance scores for SABR: 1.9, for surgery: 6.0, p=0.010). There was no difference in the 

proportion of retired versus non-retired individuals in the two arms (SABR: 45% retired, surgery: 70% 

retired, p=0.488). 
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DISCUSSION 

 

 To the best of our knowledge, this study is the first to prospectively compare PROs of medically 

operable stage IA NSCLC patients treated with either SABR or surgery. While most HR-QOL domains 

were comparable between the two modalities, we found that SABR may incur advantages from a global 

HRQOL and indirect cost perspective. Given the small number of patients accrued in the ROSEL trial, as 

well as the possibility of a positive result from multiple testing, future studies are required to confirm the 

generalizability of our findings. 

 

 Nonetheless, the HRQOL findings reported in this RCT are consistent with the available 

HRQOL literature on SABR and surgery for stage IA NSCLC. In a systematic review of HRQOL 

following lung cancer surgery, decreased physical function at 6 months, with pain, fatigue, dyspnea and 

coughing were the most prevalent symptoms (16). Although physical functioning improved thereafter in 

most studies evaluated, one prospective study of 173 stage I NSCLC patients reported that approximately 

half of the patients continued to experience symptoms and functional limitations at 2 years (17). When 

comparing video-assisted thoracoscopic surgery (VATS) to an open approach, a separate systematic 

review and meta-analysis suggested that VATS results in modest qualitative improvements in HRQOL 

scores, although many of these differences were not statistically significant (18). With regard to the 

literature on lung SABR HRQOL, Lagerwaard et al. administered the QLQ-C30 on 382 ES-NSCLC 

patients with varying levels of comorbidity (14% of patients were considered potentially operable). In this 

study, the physical function domain had a mean decrease of 5.6 points at 2 years after SABR, with less 

than half of these patients reporting a clinically meaningful decrease of greater than 10 points. All other 

HRQOL metrics measured did not have a mean significant change in score over time. Despite the small 

sample size and retrospective design of the other lung SABR HRQOL reports in the medical literature, 

the HRQOL generally appears to be maintained post treatment, with one study suggesting that physical 

and role functioning actually improves 5 years post treatment (19). 
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 A Markov model hypothesized that in the setting of an operative mortality risk greater than 3%, 

or a 0.18 utility (quality of life) or more improvement of SABR over surgery, SABR would be the 

preferred treatment option (20). Population studies comparing SABR and surgery have also been 

performed, with key strengths including large patient numbers and generalizability of its conclusions. 

Two recent population studies examined American practices in the SEER-Medicare database, and both 

studies employed propensity score matching to adjust for known confounders. While Shirvani et al. found 

that there was no statistical difference in overall survival between lobectomy and SABR (21); Yu et al. 

found that SABR incurred a survival advantage up to 3 months post-treatment, with surgery conversely 

showing a benefit after 24 months (22). 

 

 As the debate between SABR and surgery for ES-NSCLC has largely focused on technical 

matters and oncologic outcomes, economic considerations deserve attention as the financial toxicity of 

cancer is becoming increasingly recognized (23). In modeling studies where cost-effectiveness is 

incorporated, SABR has consistently found to be cost-effective when compared to sublobar resection (24, 

25). In cost-effectiveness analyses, costs are typically calculated from the charges and reimbursements 

incurred with an intervention, rather than the actual cost to the health care provider. For the former, 

activity-based costing of SABR relative to conventionally fractionated and hypofractionated 3D-

conformal radiotherapy has been performed in the multi-institutional setting across various delivery 

platforms, and can serve as a benchmark for reimbursement. Our study found that fewer indirect costs are 

incurred for SABR patients, and that these are significantly lower than their surgical counterparts. Such 

costs, which are often not considered in economic evaluations are important, particularly as the financial 

toxicity of cancer treatment is becoming increasingly recognized as a health disparity barrier to high 

quality cancer care (23). 

 

 Differences in opinion on the role of SABR in potentially operable ES-NSCLC persist among 

pulmonologists, thoracic surgeons and radiation oncologists (26), and indeed strong arguments can be 
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made for either SABR or resection (3). As the incidence of ES-NSCLC is expected to rise with the advent 

of CT-screening and an aging population (2), PROs as preliminarily reported in this study should be 

included to inform shared decision making between patients and their physicians. To further address this 

public health dilemma, we propose that future studies comparing SABR and surgery in ES-NSCLC 

should focus on PROs to assist in both resource allocation and individual patient decision-making. 

  



 197 

REFERENCES 

 

1. Vansteenkiste J, De Ruysscher D, Eberhardt WE, Lim E, Senan S, Felip E, et al. Early and 

locally advanced non-small-cell lung cancer (NSCLC): ESMO Clinical Practice Guidelines for 

diagnosis, treatment and follow-up. Ann Oncol. 2013;24 Suppl 6:vi89-vi98. 

2. Louie AV, Palma DA, Dahele M, Rodrigues GB, Senan S. Management of early-stage non-small 

cell lung cancer using stereotactic ablative radiotherapy: Controversies, insights, and changing 

horizons. Radiother Oncol. 2015;114:138-47. 

3. Louie AV, Senthi S, Palma DA. Surgery versus SABR for NSCLC. Lancet Oncol. 

2013;14:e491. 

4. Verstegen NE, Oosterhuis JW, Palma DA, Rodrigues G, Lagerwaard FJ, van der Elst A, et al. 

Stage I-II non-small-cell lung cancer treated using either stereotactic ablative radiotherapy 

(SABR) or lobectomy by video-assisted thoracoscopic surgery (VATS): outcomes of a 

propensity score-matched analysis. Ann Oncol. 2013;24:1543-8. 

5. Mokhles S, Nuyttens JJ, Maat AP, Birim O, Aerts JG, Bogers AJ, et al. Survival and Treatment 

of Non-small Cell Lung Cancer Stage I-II Treated Surgically or with Stereotactic Body  

Radiotherapy: Patient and Tumor-Specific Factors Affect the Prognosis. Ann Surg Oncol. 

2015;22:316-23. 

6. Chang JY, Senan S, Paul MA, Mehran RJ, Louie AV, Balter P, et al. Stereotactic ablative 

radiotherapy versus lobectomy for operable stage I non-small-cell lung cancer: a pooled analysis 

of two randomised trials. Lancet Oncol. 2015. 

7. Hurkmans CW, Cuijpers JP, Lagerwaard FJ, Widder J, van der Heide UA, Schuring D, et al. 

Recommendations for implementing stereotactic radiotherapy in peripheral stage IA non-small 

cell lung cancer: report from the Quality Assurance Working Party of the randomised phase III 

ROSEL study. Radiat Oncol. 2009;4:1. 



 198 

8. Sprangers MA, Cull A, Bjordal K, Groenvold M, Aaronson NK. The European Organization for 

Research and Treatment of Cancer. Approach to quality of life assessment: guidelines for 

developing questionnaire modules. EORTC Study Group on Quality of Life. Qual Life Res. 

1993;2:287-95. 

9. Aaronson NK, Ahmedzai S, Bergman B, Bullinger M, Cull A, Duez NJ, et al. The European 

Organization for Research and Treatment of Cancer QLQ-C30: a quality-of-life instrument for 

use in international clinical trials in oncology. J Natl Cancer Inst. 1993;85:365-76. 

10. Bergman B, Aaronson NK, Ahmedzai S, Kaasa S, Sullivan M. The EORTC QLQ-LC13: a 

modular supplement to the EORTC Core Quality of Life Questionnaire (QLQ-C30) for use in 

lung cancer clinical trials. EORTC Study Group on Quality of Life. Eur J Cancer. 

1994;30A:635-42. 

11. Cella DF, Bonomi AE, Lloyd SR, Tulsky DS, Kaplan E, Bonomi P. Reliability and validity of 

the Functional Assessment of Cancer Therapy-Lung (FACT-L) quality of life instrument. Lung 

Cancer. 1995;12:199-220. 

12. Haakkart-van Roijen L, Bouwmans C. Short Form - Health and Labour Questionnaires (SF-

HLQ). 2010. Available at:  

https://http://www.bmg.eur.nl/fileadmin/ASSETS/bmg/english/iMTA/Publications/Manuals___

Questionnaires/Manual_SF-HLQ_2010.pdf Accessed May 2015. 

13. Fayers PM, Aaronson NK, Bjordal K, Groenvold M, Curran D, Bottomley A. The EORTC 

QLQ-C30 scoring manual. 3rd ed. Brussels, Belgium: European Organisation for Research and 

Treatment of Cancer.2001. 

14. Osoba D, Rodrigues G, Myles J, Zee B, Pater J. Interpreting the significance of changes in 

health-related quality-of-life scores. J Clin Oncol. 1998;16:139-44. 

15. Koopmanschap MA, Rutten FF, van Ineveld BM, van Roijen L. The friction cost method for 

measuring indirect costs of disease. J Health Econ. 1995;14:171-89. 



 199 

16. Poghosyan H, Sheldon LK, Leveille SG, Cooley ME. Health-related quality of life after surgical 

treatment in patients with non-small cell lung cancer: a systematic review. Lung Cancer. 

2013;81:11-26. 

17. Kenny PM, King MT, Viney RC, Boyer MJ, Pollicino CA, McLean JM, et al. Quality of life and 

survival in the 2 years after surgery for NSCLC. J Clin Oncol. 2008;26:233-41. 

18. Gazala S, Pelletier JS, Storie D, Johnson JA, Kutsogiannis DJ, Bedard EL. A systematic review 

and meta-analysis to assess patient-reported outcomes after lung cancer surgery. The Scientific 

World Journal. 2013;2013:789625. 

19. Ubels RJ, Mokhles S, Andrinopoulou ER, Braat C, van der Voort van Zyp NC, Aluwini S, et al. 

Quality of life during 5 years after stereotactic radiotherapy in stage I non-small cell lung cancer. 

Radiat Oncol. 2015;10:98. 

20. Louie AV, Rodrigues G, Hannouf M, Zaric GS, Palma DA, Cao JQ, et al. Stereotactic body 

radiotherapy versus surgery for medically operable Stage I non-small-cell lung cancer: a Markov 

model-based decision analysis. Int J Radiat Oncol Biol Phys. 2011;81:964-73. 

21. Shirvani SM, Jiang J, Chang JY, Welsh J, Likhacheva A, Buchholz TA, et al. Lobectomy, 

Sublobar Resection, and Stereotactic Ablative Radiotherapy for Early-Stage Non-Small Cell 

Lung Cancers in the Elderly. JAMA surgery. 2014. 

22. Yu JB, Soulos PR, Cramer LD, Decker RH, Kim AW, Gross CP. Comparative effectiveness of 

surgery and radiosurgery for stage I non-small cell lung cancer. Cancer. 2015. 

23. Schnipper LE, Davidson NE, Wollins DS, Tyne C, Blayney DW, Blum D, et al. American 

Society of Clinical Oncology Statement: A Conceptual Framework to Assess the Value of 

Cancer Treatment Options. J Clin Oncol. 2015. 

24. Shah A, Hahn SM, Stetson RL, Friedberg JS, Pechet TT, Sher DJ. Cost-effectiveness of 

stereotactic body radiation therapy versus surgical resection for stage I non-small cell lung 

cancer. Cancer. 2013;119:3123-32. 



 200 

25. Louie AV, Rodrigues GB, Palma DA, Senan S. Measuring the Population Impact of Introducing 

Stereotactic Ablative Radiotherapy for Stage I Non-Small Cell Lung Cancer in Canada. 

Oncologist. 2014. 

26. Hopmans W, Zwaan L, Senan S, van der Wulp I, Damman OC, Hartemink KJ, et al. Differences 

between pulmonologists, thoracic surgeons and radiation oncologists in deciding on the 

treatment of stage I non-small cell lung cancer: A binary choice experiment. Radiother Oncol. 

2015. 

 

  



 201 

Chapter 11 

 
 
Predicting overall survival after stereotactic ablative 

radiation therapy in early-stage lung cancer: development 

and external validation of the Amsterdam prognostic 

model 

 
 

Louie AV1,2, Haasbeek C2, Mokhles S3, Rodrigues GB1, Stephans KL4, Lagerwaard FJ2,  

Palma DA1, Videtic G4, Warner A1, Takkenberg JJM3, Reddy CA4, Maat A3, Woody 

NM4, Slotman BJ2, Senan S2 

 
 
1. Department of Radiation Oncology, London Regional Cancer Program, London Health Sciences 

Centre, London, ON, Canada, N6A4L6. 

2. Department of Radiation Oncology, VU University Medical Center, Amsterdam, The 

Netherlands. 

3.  Department of Cardio-Thoracic Surgery, Erasmus University Medical Center, Rotterdam, the 

Netherlands 

4. Department of Radiation Oncology, Taussig Cancer Institute, Cleveland Clinic, Cleveland, Ohio 

 

 
 
International Journal of Radiation Oncology, Biology, Physics 2015 Sep 1;93(1):82-90 
doi: 10.1016/j.ijrobp.2015.05.003. 



 202 

ABSTRACT 

 

Purpose 

 A prognostic model for 5-year overall survival (OS), consisting of recursive partitioning analysis 

(RPA) and a nomogram, was developed for patients with early stage non-small cell lung cancer (ES-

NSCLC) treated with stereotactic ablative radiation therapy (SABR). 

 

Methods and Materials  

 A primary dataset of 703 ES-NSCLC SABR patients was randomly divided into a training 

(67%) and an internal validation (33%) dataset. In the former group, 21 unique parameters consisting of 

patient, treatment, and tumor factors were entered into an RPA model to predict OS. Univariate and 

multivariate models were constructed for RPA-selected factors to evaluate their relationship with OS. A 

nomogram for OS was constructed based on factors significant in multivariate modeling and validated 

with calibration plots. Both the RPA and the nomogram were externally validated in independent surgical 

(n=193) and SABR (n=543) datasets. 

 

Results 

 RPA identified 2 distinct risk classes based on tumor diameter, age, World Health Organization 

performance status (PS) and Charlson comorbidity index. This RPA had moderate discrimination in 

SABR datasets (c-index range: 0.52-0.60) but was of limited value in the surgical validation cohort. The 

nomogram predicting OS included smoking history in addition to RPA-identified factors. In contrast to 

RPA, validation of the nomogram performed well in internal validation (r2=0.97) and external SABR 

(r2=0.79) and surgical cohorts (r2=0.91). 

 

Conclusions 

 The Amsterdam prognostic model is the first externally validated prognostication tool for OS in 

ES-NSCLC treated with SABR available to individualize patient decision making. The nomogram 
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retained strong performance across surgical and SABR external validation datasets. RPA performance 

was poor in surgical patients, suggesting that 2 different distinct patient populations are being treated with 

these 2 effective modalities. 
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INTRODUCTION 

 

  The advent of stereotactic ablative radiation therapy (SABR) is a major advance in curative 

treatment for early-stage non small cell lung cancer (ES-NSCLC) (1). In the Netherlands, the introduction 

of SABR for ES-NSCLC correlated with a population improvement in overall survival (OS) in elderly 

patients (> 75 years), primarily due to increased use of SABR in medically inoperable patients who would 

otherwise have been left untreated (2). Despite this population-level benefit, survival of patients after lung 

SABR is variable (3).  

 

 A major challenge for the judicious use of curative treatment in ES-NSCLC is the ability to 

accurately predict life expectancy. This issue is compounded by the difficulty in determining each factor’s 

predictive magnitude when combined in individual patients (4). In ES-NSCLC patients who are being 

considered for surgery, externally validated tools to predict perioperative mortality and OS can be used to 

guide clinical decision making (5-7). Just as surgeons should be careful in operating on patients with 

medical comorbidities (8), radiation oncologists must be careful when selecting patients most likely to 

benefit from SABR (9). To our knowledge, currently no validated instrument exists to assist in 

determining the prognosis of ES-NSCLC patients treated with SABR (10), which would be useful in 

maximizing benefit to the broader community and minimizing undertreatment (11). 

 

 Two types of prognostic models are commonly used in this situation. Recursive partitioning 

analysis (RPA) creates decision trees that stratify members of a population into different groups based on 

dichotomous covariates. Nomograms allow for prognostication at the individual level. In this study, we 

developed both an RPA model and a nomogram for OS by using a large single-institution cohort of ES-

NSCLC SABR patients. In developing the Amsterdam prognostic model (APM) for ES-NSCLC SABR, 

we measured its performance in 2 independent datasets composed of surgical and SABR patients. 
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METHODS AND MATERIALS 

 

Primary dataset for RPA and creation of the nomogram 

 The VU University Medical Center (VUMC) maintains a database of ES-NSCLC patients 

treated with SABR. All patient cases are discussed in a multidisciplinary tumor board before being 

accepted for treatment, and when no pathology is available, patients are treated in accordance with 

guidelines of the European Society for Medical Oncology (12). Details for baseline characteristics, 

treatment, and follow-up information are prospectively entered. SABR was delivered using a risk-adapted 

scheme of 54 Gy in 3 fractions, 55 Gy in 5 fractions, or 60 Gy in 8 fractions, all based on tumor size and 

location. Treatment planning and follow-up details have been described previously (13). 

 

 A total of 1136 patients were identified from the VUMC database between January 1, 2003, and 

December 31, 2012. The following patients were excluded from analysis: any diagnosis of malignancy 

(except for basal cell cancer of the skin) within 2 years of ES-NSCLC, metastatic lung tumors, multiple 

lung tumors, and small-cell lung cancer diagnosis. After excluding ineligible patients, we selected the 

remaining 703 patients for the primary dataset and randomly divided them into a training (n=469 (67%)) 

and a validation (n=234 (33%)) dataset. 

 

External validation of RPA and the nomogram  

 Two independent datasets consisting of clinically staged surgical and SABR ES-NSCLC patients 

were used for external validation of the derived models. Diagnostic and treatment details for these 

patients from the Erasmus Medical Center (EMC) (surgery, n=196) and Cleveland Clinic (CC) (SABR, 

n=543) are summarized in Supplemental File E1 (available online at www.redjournal.com) and also have 

been described previously in more detail (14, 15). In both  external validation datasets, descriptive 

statistics were generated and compared with VUMC patients, using χ2 , Fisher exact, or 2-sample t test, as 

appropriate (Supplemental Table E1; available online at www.redjournal.com ). Medical ethics review for 

this study was not obtained for the VUMC and EMC datasets, because in the Netherlands, retrospective 
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studies of patient records, as in the present study, do not fall under the scope of the Medical Research 

Involving Human Subjects Act. Institutional Review Board approval was obtained to use the CC dataset 

for the purposes of this study. 

 

Model creation 

 Using a random number generator, patients from the primary (VUMC) dataset were 

dichotomized into a training set (two-thirds) and an internal validation set (one-third) without 

stratification. Descriptive statistics were generated for baseline patient (age, sex, World Health 

Organization (WHO) performance status (PS), smoking status, chronic obstructive pulmonary disease 

Global Initiative for Chronic Obstructive Lung Disease (GOLD) score, Charlson comorbidity index 

(CCI), previous malignancy, time from previous malignancy, previous lung cancer), time from previous 

lung cancer, tumor (maximum tumor diameter, T stage, cancer stage, laterality, use of positron emission 

tomography (PET), pathology-proven histology, location, lobe), and treatment (number of fractions, 

biological equivalent dose (BED10)) characteristics for all patients, and were compared between training 

and validating sets. BED10 was calculated assuming that the tumor alpha/beta ratio was 10 Gy (16). 

 

 The primary endpoint was OS at 5 years and was calculated using the Kaplan-Meier method 

from the time of treatment initiation to the date of last follow-up or death. Follow-up was calculated using 

the reverse Kaplan-Meier method. Patients alive as of May 29, 2014, were censored as of that date. To 

examine potential discrepancies related to possible inaccurately coded deaths or death dates, patient death 

status was verified using the Dutch national death registry. 

  

Statistical Analysis 

RPA was performed using the training dataset to predict the primary endpoint based on the 

inventory of 21 factors. In the RPA procedure, R software (version 3.0.3, open source; www.r-

project.org) default settings were used, where a minimum number of 20 observations in a node were 
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required to enable further splitting, followed by trimming of less important downstream branches as 

needed. A default of a minimum of 7 observations was required for a terminal node. Rounding of 

cutpoints to the nearest significant digit was performed to increase clinical utility. OS dataset RPA risk 

groups, using the log-rank test. 

 

 Each RPA risk group was evaluated and compared between training and validating (internal and 

external) sets, using the log-rank test. Univariate Cox regression was performed to evaluate RPA risk 

group in terms of its ability to predict OS, separately for the training and validation datasets. Univariate 

Cox regression was also performed using RPA-selected factors to identify significant predictors of OS. 

Covariates with P-values of < .05 for the training set were entered into a multivariate model to confirm 

significant predictors of OS. The final multivariate model obtained based on the training dataset was also 

assessed using the validation dataset. 

 

 A nomogram based on the final multivariate Cox regression model for OS (using the training 

dataset only) was generated to calculate individual patient-level probability estimates for 5-year OS 

according to each patient’s unique combination of baseline characteristics. Nomogram equations were 

created to first calculate and then assign a total number of points per patient based on known baseline 

characteristics. Internal and external validations of the nomogram were performed via calibration plots of 

Kaplan-Meier-observed estimates versus nomogram-predicted probability for 5-year OS (17). The 

predictive accuracy and discriminative ability of the models were measured using the concordance index 

(C-index) and goodness-of-fit (r2). After creation and assessment of the RPA model and nomogram on the 

primary datasets, they were separately evaluated using the 2 external validation datasets.  

 

 All statistical analyses were performed using SAS version 9.3 software (SAS institute, Cary, 

USA) and R software, using 2-sided statistical testing at the 0.05 significance level. 
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RESULTS 

Patient demographics 

 The distribution of baseline patient, tumor, and treatment characteristics for RPA-selected 

variables stratified between training and internal/external validation datasets is summarized in Table 1. 

The remaining stratified factors that were entered as covariates in the RPA are summarized in 

Supplemental Table E1 (available online at www.redjournal.com ). Compared to VUMC patients, CC 

patients were more likely to be female and have higher rates of pathologic confirmation, better GOLD 

score and T-stage, and less use of PET staging (all P< .001). EMC patients were more commonly T1 

stage, and tended to be more fit and have lower CCI, better GOLD scores, and improved PS (all P< .001). 

EMC patients were also younger and had lower rates of previous malignancy and higher rates of 

pathologic confirmation of malignancy and lower lobe location of disease (all P< .001).  
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Table 1. Baseline tumor, patient, and treatment characteristics of all patients, training set, and validation 
set for RPA/nomogram selected factors. Abbreviations: CC = Cleveland Clinic; EMC = Erasmus Medical 
Center; GOLD = Global Initiative for Chronic Obstructive Lung Disease; RPA = recursive partitioning 
analysis; VUMC = VU University Medical Center; WHO = World Health Organization. 
* RPA selected cutoff point. 
 

Survival results and prognostic factors 

The median follow-up periods for VUMC, EMC, and CC patients were 64.2, 63.0, and 34.1 

months, respectively. The median OS periods for VUMC and CC patients were 40.2 and 31.2 months, 

respectively, and was not reached for EMC patients. In contrast to the SABR validation datasets, EMC 

patients had improved OS compared to the training dataset (P< .001). 

 

RPA: Model development and VUMC internal validation 

 Initial RPA using the VUMC training dataset resulted in a 3-class stratification; class 1 tumor 

diameter was < 23 mm and age < 75 years; class 2 had tumor diameter of ≥ 23 mm, WHO PS of 0-1, and 

CCI of 0-2; and class 3 had tumor diameter of < 23 mm and were ≥ 75 years of age or tumor diameter of 

≥ 23 mm, a WHO PS of 0-1, and CCI of ≥ 3, or a tumor diameter of ≥ 23 mm and WHO PS of 2-3. A 

sensitivity analysis of the RPA-selected tumor diameter was performed using cutpoints of 20 and 25 mm. 

As these did not significantly alter differences in OS for the 3 RPA stratification classes, 20 mm was 

selected as the tumor diameter consensus, consistent with the T1a and T1b inflection points using the 

American Joint Committee on Cancer (AJCC) staging system. Finally, only a trend in OS difference was 

noted between classes 1 and 2 in the training dataset (P=0.059), a finding that was not demonstrated in the 

internal validation dataset (P=0.684). Accordingly, classes 1 and 2 were collapsed into a single class. In 

this final recursive partitioning model for OS (Fig. 1), there were significant differences in OS between 

RPA class 1 and 2 patients on univariate Cox analysis in the training (hazard ratio (HR, 95% confidence 

interval): 1.86 (1.44-2.38), P< .001) and internal validation (HR: 1.95 (1.34-2.84), P< .001) datasets. The 

C-index used to quantify RPA stratification discrimination demonstrated moderate performance in the 

training (0.58) and internal validation (0.58) datasets.  
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Fig. 1. Two-class RPA stratification of early lung cancer patients treated with SABR. CCI = Charlson 
comorbidity index; OS = overall survival; T = training dataset; V = internal validating dataset. 
 

RPA external validation   

OS differences among RPA classes remained significant in the CC dataset (HR: 1.39 (1.09-

1.75), P=.007). The RPA classes, however, failed to demonstrate significant differences for the EMC 

dataset (HR: 1.16 (0.70-1.92), P= .577). Actuarial survival estimates for OS for all datasets stratified by 

RPA class are shown in Figure 2. The C-indexes for CC (0.55) and EMC (0.52) datasets also 

demonstrated discrimination only marginally better than chance. 
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Fig. 2. Kaplan-Meier curves show OS stratified by RPA classes in (top left panel) VU University Medical 
Center (VUMC) training set; (top right panel) Erasmus Medical Center internal validation set; Erasmus 
Medical Center surgical validation set (bottom left panel); and Cleveland Clinic SABR validation set 
(bottom right panel). OS = overall survival; RPA = recursive partitioning analysis; SABR = stereotactic 
ablative radiation therapy; T = training dataset; V = internal validating dataset. 
 

Nomogram development 

 Results from the univariate and multivariate analyses of the training and internal validation 

dataset are shown in Table 2. In addition to RPA-selected factors, smoking status (HR: 4.56 (1.45-14.33), 

P<.001) was found to be significant on multivariate modeling. Thus, the final clinical nomogram 

developed (Fig. 3) was based on age, CCI, WHO PS, smoking history, and tumor diameter. The C-

statistic for the multivariate training dataset model was 0.69, demonstrating good discrimination. 
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Table 2. Univariate and multivariate Cox regression models predictive of OS for all eligible factors 
entered into RPA for training and validating sets Abbreviations: CI = confidence interval; HR = hazard 
ratio; OS = overall survival; PS = performance status; RPA = recursive partitioning analysis; WHO = 
World Health Organization. 
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Fig. 3. Nomograms predicting 5- and 4-year overall survival (OS) based on the training set from the 
primary dataset. WHO = World Health Organization. 
 

Nomogram validation 

On univariate analysis of the internal validation dataset, WHO PS (HR: 1.69 for 2 vs 0, P=.013), 

CCI (HR: 1.19 per 1 unit increase, P<.001), and tumor diameter (HR: 1.16 per 10-mm increase, P=.028) 

remained significantly prognostic. Age was of borderline significance (HR: 1.09 per 5-year increase, 

P=.082), and smoking was no longer prognostic (P=.591). Although only WHO PS (P=.004) and CCI 

remained prognostic (P<.001) for multivariate modeling of the internal validation dataset, the model 

continued to demonstrate good discrimination with a C-index of 0.66. 

 

 Calibration plots confirmed a high correlation between observed and predicted probability of 5-

year OS for the internal, surgical, and SABR validation sets, where r2 = 0.97, 0.91, and 0.79, respectively 

(Fig. 4). As a sensitivity analysis, 4-year OS was also evaluated and demonstrated r2 values of 0.98, 0.94, 

and 0.84 for the same datasets, respectively. An electronic version of the clinical nomogram is available 

for download (Supplemental File E2; available online at www.redjournal.com). 
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Fig. 4. Calibration plots for nomograms predicting 5-year OS compared to Kaplan-Meier 5-year overall 
survival (OS) estimates for internal training, internal validation and Erasmus Medical Center and 
Cleveland Clinic datasets. Global r2 value of 0.79 reveals a high correlation between observed and 
predicted probabilities. 
 

DISCUSSION 

 

 The increasing use of SABR for ES-NSCLC is due to its low morbidity, uncommon treatment-

related mortality, and convenience relative to longer radiation fractionation schemes. Despite the high 

rates of local control obtained, the OS in many lung SABR series are low due to other competing risks of 

death (1). In a review of 44 reports consisting of 3641 ES-NSCLC SABR patients with varying levels of 

comorbidities, 1-year OS ranged from 35% to 96%, with a weighted average of 70%. The challenges in 

interpreting this heterogeneous data, as well as historical fears of toxicity, may contribute to the nihilistic 

under-treatment of ES-NSCLC at the population level (2, 11). To assist clinicians in determining the 

appropriateness of radical treatment for ES-NSCLC, we report development of a novel OS 

prognostication tool for lung SABR patients, the Amsterdam prognostic model.  

 

 Our study is unique in that it is 1 of a few studies that uses separate training and internal 

validation sets for model creation, followed by external validation in a SABR and surgical cohort. The 
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key finding was that competing risks, as measured by patient factors (age, CCI, smoking history, and 

WHO PS) and tumor factors (diameter), were found to be strong predictors of survival. RPA-predicted 

classes demonstrated modest discrimination in SABR patients but performed less favorably in surgical 

patients. This finding may be due to overfitting of data, which is a well-described issue in prediction 

modeling as a tradeoff for practicality (18). Regarding the poorer performance of the RPA in the surgical 

dataset, it is important to note that EMC patients tended to be younger and fitter and have earlier stage 

disease and thus the low proportion of RPA class 2 patients resulted in limited statistical power. 

Conversely, the nomogram showed good discrimination and calibration in both surgery and SABR 

cohorts, suggesting that this tool warrants use in clinical practice.  

 

 The findings of this study are consistent with those of existing reports of prognostic tools for ES-

NSCLC and build on those findings in several important ways. A nomogram for OS using multi-

institutional Chinese registry data for patients with resected NSCLC was validated with a separate cohort 

from the International Association for the Study of Lung Cancer database (7). That model, based on age, 

sex, histology, number of lymph nodes obtained, blood loss volume, and T and N stage resulted in more 

precise prognostication of OS in both Chinese and IASLC datasets than the traditional TNM staging 

system. Although similar to our APM nomogram, that tool did not include comorbidity (coded in the 

model as yes/no rather than a more comprehensive metric like CCI) or smoking history (data were 

unavailable on greater than 10% of patients). Inclusion of these covariates may have allowed for 

increased discrimination and precision, as they have also been shown to be important factors in tools used 

to prognosticate and guide the use of adjuvant therapy for resected NSCLC (eg, Adjvuant! Online, 

www.adjuvantonline.com). Other lung cancer surgical risk models include the Thoracoscore (5), the 

European Society Objective Score (ESOS) (19), and Society of Thoracic Surgeons (STS) models (6), 

created from French national, European multi-institutional, and American volunteer registry data, 

respectively. In addition to prognostic factors described in the APM, these models comprehensively 

included a number of covariates relevant to surgery, such as the extent of surgery, urgency of surgery, and 
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American Society of Anesthesiologists score. Thoracoscore, ESOS, and STS are used to predict in-

hospital mortality (STS is also used to predict major morbidity) and can be seen as complementary to the 

APM for lung SABR, for patients weighing the relative merits of surgery versus SABR. 

 

 Although most lung cancer patients treated with SABR worldwide are medically inoperable (20), 

there is an increasing trend toward treating patients who are younger and have fewer comorbidities and a 

better performance status (21). Indeed, there is growing equipoise for the role of SABR for these patients 

despite the fact that 3 randomized controlled trials comparing SABR to surgery have failed to accrue 

subjects (22, 23). Recently, a meta-analysis of 40 SABR and 23 surgery studies for ES-NSCLC was 

conducted (3). Of the 27 SABR studies reporting on proportion of patients who were potentially operable, 

the mean operability rate was 20.1%. The meta-analysis found that, when adjusting for age and potential 

operability, there were no significant differences in OS between the 2 treatment options (p=0.36), a 

finding that must be considered in the context of heterogeneous data and the potential bias of unmeasured 

confounders. Ultimately, both surgery and radiation therapy will be crucial to address the unmet 

therapeutic needs of ES-NSCLC. 

 

Prognosis as determined through the APM following SABR was also found to be highly 

dependent on tumor size, a finding consistent with previous SABR and surgical studies (24-27). In the 

APM, the RPA determined a tumor diameter cutoff point of 20 mm. Although this conforms to the 

difference between a T1a and T1b in the most recent TNM staging system, dichotomizing tumor size may 

overfit the data. Tumor diameter was modeled as a continuous variable in our nomogram, similar to a 

recent SEER-based model, which found that incorporating data in such a manner resulted in OS 

predictions that were superior to those in AJCC (28). 

 

 Limitations of our model may be improved upon in the future to further guide clinical practice. 

While SABR populations from 2 continents performed well on validation of the models herein, the RPA 
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did not apply to the surgical series. As the EMC dataset was mostly comprised of RPA class 1 patients 

(fitter, younger, with smaller tumors), a larger more heterogeneous group of patients including a larger 

case mix of borderline operable patients would have been more useful to evaluate the proposed 

stratification. In addition, the cohort of patients in this study was comprised of patients treated at 

academic centers, where findings may not be generalizable to community practice. Nonetheless, although 

a variety of methods are used worldwide for lung SABR, early multi-institutional data suggests that 

outcomes appear to be generalizable across various delivery platforms, image-guidance, and dose 

fractionations in different geographic regions, provided that a BED10  greater than 100 Gy is delivered 

(2, 29). 

 

CONCLUSIONS 

 In conclusion, we developed the APM, consisting of a novel 2-class RPA system and 5-year OS 

nomogram as a prognostic tool for patients with ES-NSCLC treated with SABR. Our findings indicate 

that the nomogram may be used to guide individual patient decision making, and the RPA may be helpful 

in stratification of patients for clinical trials. The proposed models can be refined based on future work, 

which may include neural network analyses to evaluate the effect of potential unmeasured confounders. 

 

SUPPLEMENTARY MATERIAL 

 

Supplemental File E1 

At the EMC, 543 patients with ES-NSCLC were treated using a Novalis/BrainLAB system 

(BrainLab Inc., Feldkirchen, Germany), with a Bodyfix vacuum system and abdominal compression for 

immobilization, along with ExacTrac for image guidance. Treatment was delivered using either dynamic 

arcs or step and shoot IMRT. A variety of dose fractionations were employed over time with the vast 

majority having a BED10 > 100. Central (within 2 cm of the bronchial tree) tumors typically received 50 
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Gy in 5 fractions, while peripheral tumors received either 54 Gy in 3 fractions or 50 Gy in 5 fractions 

based on clinician preference. Single fraction regimens were occasionally employed.  

 

The 196 ES-NSCLC patients treated with surgery at the CC were available for analysis from a 

retrospectively maintained institutional database. To facilitate comparison to SABR patients, clinical 

stage rather than pathologic stage was used for classification. All patients are discussed through a 

multidisciplinary before treatment and were staged using CT, PET and minimally invasive endoscopic 

techniques, where appropriate. 

 

Supplemental File E2 

 This is an installation file for the Clinical Nomogram.  It is accessible at: 

http://www.sciencedirect.com/science/MiamiMultiMediaURL/1-s2.0-S0360301615005039/1-s2.0-

S0360301615005039-mmc1.zip/271185/html/S0360301615005039/ 

77ae7423eaae5bace2250034e8e7588d/mmc1.zip 

 

The model is available for online use at www.predictcancer.org 
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Supplementary Table E1. Tumor, patient and treatment characteristics of all patients, training, validating, 
EMC and CC datasets. LLL – left lower lobe, LUL – left upper lobe, RLL – right lower lobe, RML – 
right middle lobe, RUL – right upper lobe, EMC –Erasmus Medical Center, CC – Cleveland Clinic. 
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ABSTRACT 

 

Background  

 The standard of care for operable, stage I, non-small-cell lung cancer (NSCLC) is lobectomy 

with mediastinal lymph node dissection or sampling. Stereotactic ablative radiotherapy (SABR) for 

inoperable stage I NSCLC has shown promising results, but two independent, randomised, phase 3 trials 

of SABR in patients with operable stage I NSCLC (STARS and ROSEL) closed early due to slow 

accrual. We aimed to assess overall survival for SABR versus surgery by pooling data from these trials. 

 

Methods  

 Eligible patients in the STARS and ROSEL studies were those with clinical T1–2a (<4 cm), 

N0M0, operable NSCLC. Patients were randomly assigned in a 1:1 ratio to SABR or lobectomy with 

mediastinal lymph node dissection or sampling. We did a pooled analysis in the intention-to-treat 

population using overall survival as the primary endpoint. Both trials are registered with 

ClinicalTrials.gov (STARS: NCT00840749; ROSEL: NCT00687986). 

 

Findings  

 58 patients were enrolled and randomly assigned (31 to SABR and 27 to surgery). Median 

follow-up was 40.2 months (IQR 23.0–47.3) for the SABR group and 35a4 months (18a9–40a7) for the 

surgery group. Six patients in the surgery group died compared with one patient in the SABR group. 

Estimated overall survival at 3 years was 95% (95% CI 85–100) in the SABR group compared with 79% 

(64–97) in the surgery group (hazard ratio [HR] 0.14 [95% CI 0.017–1.190], log-rank p=0.037). 

Recurrence-free survival at 3 years was 86% (95% CI 74–100) in the SABR group and 80% (65–97) in 

the surgery group (HR 0.69 [95% CI 0.21–2.29], log-rank p=0.54). In the surgery group, one patient had 

regional nodal recurrence and two had distant metastases; in the SABR group, one patient had local 

recurrence, four had regional nodal recurrence, and one had distant metastases. Three (10%) patients in 
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the SABR group had grade 3 treatment-related adverse events (three [10%] chest wall pain, two [6%] 

dyspnoea or cough, and one [3%] fatigue and rib fracture). No patients given SABR had grade 4 events or 

treatment-related death. In the surgery group, one (4%) patient died of surgical complications and 12 

(44%) patients had grade 3–4 treatment-related adverse events. Grade 3 events occurring in more than 

one patient in the surgery group were dyspnoea (four [15%] patients), chest pain (four [15%] patients), 

and lung infections (two [7%]). 

 

Interpretation  

 SABR could be an option for treating operable stage I NSCLC. Because of the small patient 

sample size and short follow-up, additional randomised studies comparing SABR with surgery in 

operable patients are warranted.
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INTRODUCTION 

 

 Standard therapy for operable, clinical stage I, non-small-cell lung cancer (NSCLC) is lobectomy 

with sampling or dissection of mediastinal lymph nodes. During the past decade, stereotactic ablative 

radiotherapy (SABR; also called stereotactic body radiotherapy) has resulted in local control in excess of 

90% of tumours with medically inoperable and operable clinical stage I NSCLC (1-14). Overall survival 

after SABR is better than after conventional radiation (12). SABR delivers ablative doses of radiation 

(biologically effective dose [BED] >100 Gy) to tumours in one to ten fractions. Several radiation fields 

(or arcs) are delivered from various angles to converge on a target, and the dose distribution is further 

adjusted so that the dose is sharply reduced within a few mm beyond the target, sparing nearby, crucial, 

normal structures from radiation-induced damage. Findings from retrospective and phase 2 prospective 

studies have shown that SABR is associated with overall survival similar to that of surgery in patients 

with operable stage I NSCLC (6-9). Findings from population-based studies and propensity matched 

analyses suggest that overall survival and disease-specific survival after SABR are similar to those after 

surgery (10, 11, 13, 14). However, concerns remain about the risk of local or nodal recurrence after 

SABR, either of which could lead to worse overall survival than after standard surgery. So far, three 

phase 3 randomized studies have been initiated to compare SABR with surgery in patients with early-

stage NSCLC (the STARS trial [NCT00840749], the ROSEL trial [NCT00687986], and the ACOSOG 

Z4099 trial [NCT01336894]), but all were closed early because of slow accrual. Because the entry criteria 

for the STARS and ROSEL trials were similar, we aimed to combine and analyze data from these two 

trials to assess overall survival, patterns of failure, and toxic effects. 

 

METHODS 

 

Study design and participants 

 Both trials (STARS and ROSEL) included in this pooled analysis were open-label, randomized, 

phase 3 trials of SABR versus surgery for patients with early-stage NSCLC. Histological confirmation of 
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NSCLC by biopsy or cytological evaluation was required in the STARS trial but was not mandatory in 

the ROSEL protocol. In the ROSEL trial, which included only Dutch patients, patients for whom no 

pathological confirmation of diagnosis was available were eligible if they had a new or growing 

pulmonary lesion with radiological features consistent with malignant disease and avidity on 18F-

fluorodeoxyglucose (18F-FDG-PET), because the likelihood of a benign diagnosis in such cases in the 

Dutch population is less than 6%.15 All NSCLC histological subtypes were eligible. All patients had to 

have appropriate staging studies including chest CT and 18F-FDG-PET, identifying them as having T1–

2a (<4 cm), N0M0, operable disease according to the 7th edition of the American Joint Committee on 

Cancer–International Association for the Study of Lung Cancer staging classifications. Patients with 

radiologically suspicious lymph nodes underwent endobronchial ultrasonography or mediastinoscopy. 

Detailed eligibility and exclusion criteria are included in the appendix. 

 

 For the STARS trial, 28 sites in the USA, China, and France were approved for patient 

enrolment, and seven enrolled patients; for the ROSEL trial, ten centres in the Netherlands were 

approved, and four enrolled patients (appendix). All patients provided written informed consent. The 

institutional review board of MD Anderson Cancer Center and the Medical Ethics Committee at the VU 

University Medical Center provided ethical oversight for conduct of the STARS and ROSEL studies, 

respectively. No specific oversight was provided for the statistical analysis, but all STARS and ROSEL 

coauthors were provided with the study report, and were involved in updating individual data of included 

patients. 

 

Randomisation and masking 

 Both studies were open label. In the STARS study, the study principal investigator and study 

coordinator at the MD Anderson Cancer Center made all decisions about patient eligibility. Patients were 

randomly assigned in a 1:1 ratio with block randomization (block sizes of four) to receive SABR or 

surgery with the Merge randomization system (Merge Healthcare, Chicago, IL, USA). Randomization 
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was stratified by site, tumour location (central or peripheral), and tumour size (T1a, T1b, or T2a), and the 

treatment assignment was provided to the user automatically by Merge. The data fi les were delivered by 

Merge to a statistician not masked to treatment arms, who analysed the data independently. The data were 

reviewed and approved by an independent data and safety board before release to the investigators. In the 

ROSEL study, participants were enrolled by pulmonologists, who first discussed these patients at their 

local tumour boards. Eligible patients were then randomized by the trial office at the Netherlands Cancer 

Institute. Patients were subsequently randomly assigned in a 1:1 ratio with the TENALEA randomization 

system to receive SABR or surgery. Randomization was done with the minimization method, stratified by 

institute, histological type (squamous cell, non-squamous cell, or other), and WHO performance status (0, 

1, or 2). No allocation sequence was generated in advance. Each participant was randomized separately at 

the time of enrolment. 

 

Procedures 

 For patients randomly assigned to receive surgery, acceptable surgical techniques included 

anatomic lobectomy by open thoracotomy or video-assisted thoracotomy. All accessible hilar (level 10) 

lymph nodes had to be dissected from the specimen. All patients who had a lobectomy also underwent 

dissection or sampling of mediastinal lymph nodes in both trials (for right-sided lesions, including levels 

4R, 7, and 9; for left-sided lesions, including 5, 6, 7, and 9). 

 

 In the STARS protocol, the CyberKnife system (Accuray, Sunnyvale, CA, USA) was used for 

all radiotherapy sessions for patients randomly assigned to receive SABR. Implanted fiducial markers 

were used to verify and track tumour motion. Patients with peripherally located lesions (I.e., those located 

>2 cm in any direction from the proximal bronchial tree, major vessels, oesophagus, heart, tracheal, 

vertebral body, pericardium, mediastinal pleural, and brachial plexus) received a total radiation dose of 54 

Gy in three 18 Gy fractions (BED 151.2 Gy), calculated with a Monte Carlo or equivalent algorithms or 

its equivalent dose if other algorithms were used and heterogeneity correction. For central lesions (i.e, 
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those within 2 cm of these structures), 50 Gy in four 12.5 Gy fractions (BED 112.5 Gy) was used. The 

SABR dose was prescribed to the highest isodose line, which was required to cover 100% of the gross 

tumour volume (defined as visible disease in CT images with use of lung window) and more than 95% of 

the planning target volume (defined as the gross tumour volume plus a 3 mm margin). Coverage of 100% 

of the planning target volume by at least the prescription dose was encouraged. The normal tissue 

constraints were met for all cases. Treatment delivery was recommended to be complete within 5 days of 

its initiation. 

 

 In the ROSEL protocol, linear-accelerator-based SABR from multiple vendors was used for 

patients randomly assigned to receive radiotherapy. Only lesions located 2 cm or more from the hilar 

structures on the diagnostic CT scan were eligible. A toxicity risk-adapted fractional scheme was used in 

which a total dose of 54 Gy in three 18 Gy fractions (BED 151.3 Gy), calculated with a Monte Carlo or 

equivalent algorithms or its equivalent doses if other algorithms were used and heterogeneity correction, 

and given over 5–8 days; alternatively, a total dose of 60 Gy at fi ve 12 Gy fractions (BED 132.0 Gy), 

was given  practices in Dutch centres). The SABR dose prescription was chosen such that 95% of the 

planning target volume, the internal target volume (based on four dimensional CT), or other equivalent 

approaches to take tumour motion into consideration—plus a 3–5 mm margin for setup and motion 

uncertainty—would receive at least the nominal fraction dose, and 99% of the planning target volume 

would receive at least 90% of the fraction dose. The preferred maximum dose within the planning target 

volume was between 110% and 140% of the prescribed dose. Additional details about the radiotherapy 

procedures are provided in the appendix. In the STARS trial, patients were followed up every 6 months 

for 2 years, and then annually thereafter. Contrast-enhanced CT of the chest and upper abdomen or PET-

CT images were obtained at the 6-month and subsequent follow-up visits.16 The first patient was enrolled 

on Sept 10, 2009. Enrolment was closed in Jan 16, 2013, and the last follow-up was done on July 14, 

2014. 
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 In the ROSEL trial, clinical follow-up visits took place every 3 months for the first year after 

treatment and then every 6 months for the following 60 months. Each follow-up visit included contrast-

enhanced CT scans of the thorax and upper abdomen. The first patient was enrolled on Oct 7, 2008. 

Enrolment was closed on Dec 10, 2010, and last follow-up was done on April 16, 2014. Adverse events in 

both protocols were graded according to the National Cancer Institute Common Terminology Criteria for 

Adverse Events version 3 (CTCAE v3). 

 

Outcomes 

 The primary outcome measure for this pooled analysis was overall survival according to 

treatment group (SABR vs surgery). Secondary outcome measures included recurrence-free survival, and 

grade 3 or worse acute or chronic toxicity. 

 

Statistical analysis 

 We based our analysis of primary outcomes, secondary outcomes, and safety on the intention-to-

treat population, comprising all patients who were enrolled and randomly assigned. We used all 

individual patient data available from the two randomised controlled trials. The analyses were exploratory 

in nature, without power, sample size, or sensitivity calculation. 

 

 We calculated overall survival from the date of treatment to last contact date (death date or last 

follow-up date, at which point patients who were still alive were censored). We calculated time to local 

recurrence within the same lobe, time to regional recurrence, and time to distant metastasis from date of 

treatment to date of first recurrence or last assessment date. Patients who did not have recurrence or 

metastases were censored at the date of death or last follow-up. We calculated recurrence-free survival 

from date of treatment to date of first recurrence or last contact date. For patients who did not have a 

recurrence but died, we calculated recurrence-free survival from the date of treatment to the date of death. 

Patients who did not have a recurrence or distant metastases and did not die were censored at the last 
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follow-up date. Summary statistics were provided with frequency count and percentage for categorical 

variables, and mean, SD, median, and range for continuous variables. We used Fisher’s exact test or the χ. 

test to assess associations between two categorical variables. We used the Wilcoxon rank sum test to 

evaluate the difference in a continuous variable between two patient groups. We used the Kaplan-Meier 

method to estimate overall survival and recurrence-free survival, and time to local recurrence, regional 

recurrence, and distant metastasis, and used log-rank tests to evaluate differences in time to- event 

outcomes between surgery and SABR with two-sided p values. We classified p values less than 0.05 as 

statistically significant. We also calculated hazard ratios (HRs) with 95% CIs with a Cox proportional 

hazards model. We used statistical software SAS 9.1.3 and S-Plus 8.0 for the analyses. Complete 

statistical methods are given in the appendix. Both trials are registered with ClinicalTrials.gov (STARS: 

NCT00840749; ROSEL: NCT00687986). 

 

Role of the funding source  

 

 This analysis was designed by the principal and co-principal investigators of both trials. The 

STARS trial was funded by Accuray and the ROSEL study by the Netherlands Organization for Health 

Research and Development, but beyond providing financial support, neither funder was involved in 

accessing the raw data, collection, analysis, or interpretation of the data, or writing of the report. The 

corresponding author had full access to all of the data and the final responsibility for the decision to 

submit for publication. 

 

RESULTS 

  

 58 patients were enrolled and randomly assigned in the combined studies (31 to SABR and 27 to 

surgery; figure 1). We did not note any differences in age, sex, performance status, histology, T stage, or 

tumour location between the two treatment groups (table) or between the two trials (appendix). Median 
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follow-up for all patients was 40.2 months (IQR 23.0–47.3) in the SABR group and 35.4 months (18.9–

40.7) in the surgery group. All patients had stage I NSCLC (<4 cm), and were thought medically operable 

for lobectomy with performance status of 0 to 2. 18F-FDG-PET was used for the staging but information 

about maximal standardized uptake value was not collected because of substantial variation in the PET 

procedures. Of the 27 patients who received surgery, 19 had open lobectomies, five had video-assisted 

thoracotomy lobectomies, one had video-assisted thoracotomy biopsy (mediastinal lymph node biopsy 

positive for metastatic lung cancer), one had open wedge resection (benign lung nodule), and one had an 

aborted resection during the surgery due to disease progression.  

 

 

Figure 1. Study design for STARS and ROSEL trials. SABR=stereotactic ablative radiotherapy. 
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Table 1. Patient characteristics. Data are n (%) unless otherwise stated. SABR=stereotactic ablative 
radiotherapy. *Histology of six of the 14 tumours of unknown histology was confirmed after surgery in 
the ROSEL study (three adenocarcinoma, one bronchiolalveolar carcinoma, one squamous-cell 
carcinoma, and one benign disease); eight tumours in the SABR group had unknown histology in the 
ROSEL study. 
  

In the STARS trial, 16 patients had peripherally located lesions and so received 54 Gy in three 

fractions, and four had central lesions and so received 50 Gy in four fractions. In the ROSEL trial, six 
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patients received 54 Gy in three 18 Gy fractions over 5–8 days, and five patients received 60 Gy at fi ve 

12 Gy fractions over 10–14 days due to variation in centre protocol.  

 

 Pooled estimated overall survival at 1 year and 3 years was 100% (95% CI 100–100) and 95% 

(95% CI 85–100) in the SABR group, and 88% (95% CI 77–100) and 79% (95% CI 64–97) in the 

surgical group (figure 2). The difference in overall survival between the two groups was statistically 

significant (log-rank p=0.037; HR 0.14 [95% CI 0.017–1.190]). The difference in overall survival 

between two groups was significant in STARS alone (log-rank p=0.0067) but not in ROSEL alone (log-

rank p=0.78; appendix). Seven patients died during study follow-up: six in the surgery group (two from 

cancer progression, one from secondary primary lung cancer, one from a surgical adverse event, and two 

from comorbidities) and one in the SABR group (from cancer progression). Median overall survival was 

not reached for either treatment group. We did not find any significant differences in frequency of local, 

regional, or distant metastasis or in recurrence free survival between the treatment groups (figures 2, 3). 
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Figure 2. Overall survival (A) and recurrence-free survival (B). One patient died and five had recurrence 
in the SABR group compared with six and six patients, respectively, in the surgery group. 
SABR=stereotactic ablative radiotherapy. HR=hazard ratio. 
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Figure 3. Freedom from local (A), regional (B), and distant (C) recurrence. In the SABR group, one 
patient had local recurrence, four had regional nodal recurrence, and one had distant metastases. In the 
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surgery group, one patient had regional nodal recurrence and two had distant metastases. 
SABR=stereotactic ablative radiotherapy. HR=hazard ratio. 
 At 3 years, 96% (95% CI 89–100) of patients in the SABR group were free from local 

recurrence (only one patient had local recurrence) compared with 100% (95% CI 100–100) of patients in 

the surgery group (log-rank p=0.44). Four patients in the SABR group developed regional nodal 

recurrence (90% [95% CI 80–100] free from regional recurrence at 3 years) compared with one patient in 

the surgery group (96% [95% CI 89–100] at 3 years; HR 2.89 [95% CI 0.32–26.01]; log-rank p=0.32). 

One patient in the SABR group had distant metastasis (97% [95% CI 90–100] free from distant metastasis 

at 3 years) compared with two patients in the surgery group (91% [95% CI 80–100] at 3 years; HR 0.38 

[95% CI 0.035–4.23]; log-rank p=0.42). Recurrence-free survival at 3 years was 86% (95% CI 74–100) in 

the SABR group (five events) compared with 80% (95% CI 65–97) in the surgery group (HR 0.69 [95% 

CI 0.21–2.29]; six events; log-rank p=0.54). Because of the small number of events, the statistical power 

to detect significant differences in frequency of local, regional, and distant failure between the two groups 

was low. The relapse frequencies and recurrence-free survival are preliminary because of short follow-up. 

 

 A single local recurrence in the SABR group was salvaged by lobectomy. Three patients with 

recurrence in isolated regional lymph nodes in the SABR group were treated with concurrent 

chemoradiotherapy, and two remained free of disease. Two patients (one each from the SABR and 

surgery groups) developed both regional and distant metastases, and were treated with chemotherapy and 

palliative radiotherapy. Two patients from the surgery group had secondary primary lung cancers and 

were treated with SABR (one patient) and concurrent chemoradiotherapy (one patient). One patient from 

the SABR group developed secondary primary lung cancer and was re-treated with SABR. 

 

 In the SABR group, three (10%) patients had treatment related grade 3 adverse events: two (6%) 

patients developed grade 3 dyspnoea or cough, three (10%) had grade 3 chest wall pain, and one (3%) had 

grade 3 fatigue and a rib fracture. No patients in the SABR group experienced treatment-related grade 4 

toxic effects or treatment-related death. In the surgery group, one (4%) patient died of surgical 
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complications and 12 (44%) patients had grade 3–4 treatment-related adverse events. One (4%) patient in 

the surgery group developed grade 4 dyspnoea, four (15%) developed grade 3 dyspnoea, two (7%) 

developed grade 3 lung infections, and four (15%) had grade 3 chest pain. Other treatment-related grade 3 

toxic effects in the surgery group included bleeding, fistula, hernia, anaemia, fatigue, nausea, weight loss, 

and cardiac arrhythmias (one case each). 

 

DISCUSSION 

 

 To our knowledge, this report is the first analysis of data from phase 3 randomized trials 

comparing SABR with surgery, and also the first report to suggest that SABR is better tolerated and 

might lead to better overall survival compared with surgery for operable clinical stage I NSCLC. The 

results of this analysis are compatible with the notion that the two therapies are equally effective, with 

lower survival after surgery possibly resulting from comorbidities worsened by the surgical reduction of 

lung function. However, because of the small patient sample size and short follow-up, these conclusions 

should be interpreted cautiously. Our findings nevertheless strongly suggest at least equipoise between 

the two modalities and support the initiation of larger randomized studies to validate these findings. 

Although stratification criteria, pathology requirements, and the follow-up schedule were not identical 

between STARS and ROSEL, they were similar. Because stratification was done by each centre before 

randomization to SABR or surgery, these minor differences should not substantially affect the clinical 

outcomes. 

 

 On the basis of our findings and the published scientific literature, lobectomy with mediastinal 

node dissection or sampling—the standard of care for patients with operable clinical stage I NSCLC—

results in an increased rate of procedure-related mortality and morbidity compared with SABR. Findings 

from a systematic review (17) of video-assisted thoracotomy and open thoracotomy lobectomy suggested 

complications in 16.4% and 31.2% of patients, respectively, and a national database showed 
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corresponding complication incidences of 40.8% and 45.1% (18). Morbidity associated with surgery 

includes atrial fibrillation, postoperative pneumonia, myocardial infarction, deep venous thrombosis, and 

pulmonary embolism. Even with minimally invasive surgical techniques, operative mortality rates within 

30 to 90 days after surgery are 2% to 5.4%.19–21 SABR, however, had a 0.7% cumulative procedure-

related mortality in a meta-analysis (22) and has the added benefit of lung preservation in a patient 

population that frequently has compromised pulmonary function. When SABR is delivered with the 

planning target volume receiving BED more than 100 Gy and the tolerance of normal tissue respected, it 

results in local control in more than 90% of tumours with very little acute or chronic severe toxicity (1-

10). SABR has emerged as a noninvasive standard treatment alternative to surgery for elderly patients and 

for patients with clinically significant comorbidities. 

 

 After surgery, patients with stage I NSCLC are at risk for recurrence, with rates ranging from 

6% to 10% per person-year during the first 4 years, with 5% to 10% of patients eventually developing 

local-regional recurrence, and 10% to 20% distant metastasis in the first 4 years (23, 24) Although 

recurrence within the planning target volume after SABR is uncommon, concerns have been raised about 

recurrences in the same lobe, in the hilum, and in the mediastinum, because these areas are not treated. 

Moreover, surgical patients typically undergo additional staging during surgery via mediastinal nodal 

sampling or dissection, whereas patients receiving SABR typically undergo clinical staging with CT, 

PET-CT, and endobronchial ultrasonography. Because false-negatives and false-positives associated with 

18-F-FDG-PET scanning (estimated at 10–30% for both) could lead to stage migration (25), surgical 

staging could lead to upstaging of disease that might be useful to guide the choice of adjuvant therapy. 

Endobronchial ultrasonography could reduce the frequency of false-negatives or false-positives for PET-

CT in clinical lymph node staging (25). However, even with local or regional lymph node recurrence after 

SABR, salvage lobectomy or definitive radiotherapy to the primary site, regional lymph nodes, or both 

can be done and survival might not be compromised. 
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 Analyses of single-group trials suggest that outcomes after SABR can equal those of surgery. 

Findings from a review6 of medically operable patients who received SABR in a multi-institutional study 

in Japan showed 5-year local recurrence and overall survival of 8.4% and 70.8%, respectively. These 

outcomes are similar to the 5-year outcomes observed for the lobectomy group of the North American 

Lung Cancer Study Group 821 trial (6% local recurrence and 70% overall survival) (24). Findings from 

prospective phase 2 studies in operable stage I NSCLC treated by SABR, including the Japanese Clinical 

Oncology Group 0403 trial (7) and Radiation Therapy Oncology Group trial 0618 (8), have shown overall 

survival to be between 76% and 85% at 3 years, also similar to surgery. The 3 year overall survival noted 

in our study is better than that from previous trials, a finding that could be due to smaller lesions included 

in the current study, better performance status, more accurate pretreatment staging, and lower 

comorbidities in the so-called standard-risk surgical patients. Studies using propensity score matching 

methodology with large patient populations from different continents have shown similar rates of overall 

survival between SABR and lobectomy with either open surgery or video-assisted thoracotomy (10,, 11, 

13, 14). A definitive answer to the question of whether outcomes from SABR are equivalent to surgery 

for stage I NSCLC will require a larger randomized study. 

 

 Unfortunately, all randomized studies comparing SABR with surgery to date have closed 

prematurely because of slow enrolment. Undoubtedly the substantial procedure differences (outpatient 

treatment vs thoracic surgery) between these two treatment modalities have made it difficult for 

physicians and patients to be free of bias when considering enrolment. Although this study is limited by 

the small number of enrolled patients and requires validation with larger numbers of patients, our findings 

strongly support equipoise between surgery and SABR and justify the initiation of large randomized 

comparisons of surgery versus SABR. Two new randomised studies are currently in preparation and are 

expected to be opened in 2015: VALOR (Veterans Affairs Lung cancer surgery Or stereotactic 

Radiotherapy trial; Moghanaki D, personal communication) in the USA, and SABRTooth (a multicentre 

pilot and feasibility study of SABR vs surgery in patients with peripheral stage I NSCLC thought to be at 
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increased risk of complications from surgical resection; Franks K, personal communication) in the UK. 

Both involve an initial approach to eligible patients by a more neutral party consisting of a pulmonologist 

and research nurse or a multidisciplinary management team. This approach might reduce the bias that 

could be introduced if the patient is initially seen by either a surgeon or radiation oncologist. 

 

 In summary, SABR is better tolerated—and might lead to better overall survival—than surgery 

for operable clinical stage I NSCLC. These findings justify a larger randomized clinical trial to 

investigate the superiority of SABR for such patients. Physicians should interpret these findings as 

confirmation of at least clinical equipoise between SABR and surgical options and should consider SABR 

as an option for treatment of operable stage I NSCLC. 

 

APPENDIX 

 

 The complete appendix for this chapter including trial protocols, detailed statistical methods, 

separate baseline patient characteristics for individual trials, and a list of site principal investigators can 

be accessed online at: 

http://www.sciencedirect.com/science/MiamiMultiMediaURL/1-s2.0-S1470204515701683/1-s2.0-

S1470204515701683-mmc1.pdf/272203/html/S1470204515701683/ 

4f0b7f0f00553829be30cd0eb4b3ad00/mmc1.pdf 
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ABSTRACT 

 

 There is growing clinical equipoise between surgery and stereotactic ablative radiotherapy (SABR) 

in the management of early-stage non-small cell lung cancer (ES-NSCLC). Increasing evidence suggest 

similar outcomes between these modalities. Through the guidance of a multidisciplinary team, a shared 

decision making approach in this setting in favoured. 
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 Early-stage (T1-T2aN0M0) non-small cell lung cancer (ES-NSCLC) has been successfully 

treated with surgery for decades, with an anatomic lobectomy established as the treatment of choice for 

localized disease in operable patients since the 1960s (1). Though sublobar resections via wedge 

resections or segmentectomies were originally found to be less effective than lobectomies in terms of 

local control (LC) and overall survival (OS) in the 1990s (2), this concept has been challenged by more 

recent studies, mostly comprised of elderly patients with compromised pulmonary function (3-5). As 

such, sublobar resections are currently endorsed by multiple clinical practice guidelines (6,7) as a first-

line treatment option for borderline operable patients with poor pulmonary function or multiple 

comorbidities.   

  

 For ES-NSCLC patients who are medically inoperable, non-surgical alternatives such as 

conventionally fractionated radiotherapy have traditionally been regarded as superior to no treatment, but 

were not able to achieve similar levels of LC or OS as surgical resection. With the advent of stereotactic 

ablative radiotherapy (SABR, also known as stereotactic body radiation therapy—SBRT) around the turn 

of the century, however, radiation oncologists have been able to deliver higher, tumor-ablative doses of 

radiation (biological effective dose >100 Gy) in fewer fractions with a high degree of accuracy. This has 

been made possible through advancements in motion management, image guidance and radiation delivery 

systems. Early evidence with population-level retrospective time-trend studies on the effectiveness of 

SABR has demonstrated a correlation of improved OS with the introduction of SABR (8,9). Prospective 

single-arm clinical trial data on the efficacy of SABR on medically inoperable (10) and operable ES-

NSCLC patients (11) have also demonstrated LC and OS rates comparable to historical surgical outcomes 

(2). 

  

 Considering such evidence in the PET-staging era, there has been a sense of growing equipoise 

that argues for SABR as an alternate to surgery for operable ES-NSCLC (12). Randomized control trial 

(RCT) evidence based on today’s technology and techniques comparing SABR and surgery in operable 

patients ES-NSCLC would afford the highest level of evidence. Three RCTs have been proposed 

(ROSEL, STARS, RTOG 1021/ACOSOG Z4099) within the past decade comparing SABR to standard 
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surgical management options for ES-NSCLC, though all have closed prematurely due to poor accrual. 

This is often the case when treatments offered in a RCT differ significantly from the current paradigm, 

and both options are otherwise available off study (13,14).  

 

 In situations where RCTs are unavailable, other forms of well-controlled, comparative 

effectiveness research take on the mantle of informing patient and physician decision-making. Indeed, a 

number of studies consisting of single-institution retrospective data, which contain inherent biases, have 

been published regarding the use of SABR in operable ES-NSCLC patients, with mixed results (15,16). 

Seeking to reduce these biases, the recent study by Shirvani et al. (17) is an example of a high-quality, 

retrospective, SEER-Medicare population-based study that compared the outcomes for surgery and SABR 

with propensity score-matched analysis. The usage of population-level data overcomes biases from 

different practice patterns based on geographical location and makes the study results more generalizable. 

Propensity-score analysis also compensates for confounding by indication via the assignment of 

propensity scores to individual patients based on their baseline characteristics. Only patients with similar 

propensity scores from each group are then subsequently compared. Of note, surgical management in this 

study was stratified into lobectomy and sublobar resection, and lobectomy was used as the standard 

against which both SABR and sublobar resection were compared. Sublobar resection was not further 

stratified into segmentectomy and wedge resections due to limitations of the SEER database. This 

interestingly precluded direct comparison between sublobar resection and SABR, between which 

currently there is arguably the greatest sense of clinical equipoise (18). 

  

 With this approach, Shirvani et al. were able to provide valuable insight into the ongoing debate 

of surgery vs. SABR. First of all, the population-level data reiterates the significant differences in baseline 

characteristics between lobectomy, sublobar resection and SABR patients. For example, compared to 

lobectomy patients, SABR patients were more likely to be octogenarian, female, have a higher Charlson 

Comorbidity Index, require supplemental oxygen and have poorer performance. Also, SABR patients 
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were more likely to be PET-staged and much less likely to have received procedure-based mediastinal 

staging. In unadjusted analyses, lobectomy was shown to have improved OS when compared to sublobar 

resection or SABR in the long term (>6 months), perhaps related to the older age and higher level of 

comorbidity in sublobar resection and SABR patients. In a subset analysis, SABR was found to have 

significantly higher patient OS within 6 months of treatment compared to lobectomy, which highlights the 

importance of considering treatment related mortality in this context (19). 

 

 With propensity-score matched analysis, however, there were no significant differences in OS 

and disease-specific survival (DSS) between lobectomy and SABR in balanced populations, though there 

was a non-statistically significant trend towards improved OS and DSS for lobectomy greater than 12 

months after treatment. In terms of lobectomy vs. sublobar resection, there was a clear benefit for 

lobectomy for both OS and DSS with propensity-score matched analysis. 

 

 There were some limitations in the Shirvani et al. study. The SEER-Medicare database only 

includes patients using the fee-for-service Medicare services and may not comprehensively include some 

patients of African-American ethnicity, female gender and/or lower socioeconomic status, as these 

patients are more likely to seek enrollment in Health Maintenance Organizations (HMOs) (20,21). The 

database also only includes patients greater than 65 years of age. Data on local and regional 

control/recurrence and treatment-related toxicity would also have been useful in informing other 

risk/benefit trade-offs between surgery and SABR. These limitations, however, do not diminish this 

study’s ability to contribute to the growing equipoise of the use of SABR in ES-NSCLC due to its overall 

large sample size and appropriate statistical analyses. Interestingly, another study with a similar study 

design using the SEER-Medicare database was published soon after the present study (22). This latter 

study comprised of a more restricted time period from 2007 to 2009, and performed propensity matching 

of similar patient factors, but not on tumor factors such as T-stage or histology. The DSS of surgery 

(lobectomy and sublobar resection were again not differentiated) did not differ from SABR at 24 months, 
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though there was an OS advantage using surgery following 24 months. There was an OS advantage for 

SABR up to 3 months after treatment, again highlighting treatment-related mortality differences between 

the two modalities. 

 

 There is an increasing body of retrospective evidence that suggests equipoise between SABR 

and surgery for operable patients with ES-NSCLC. Most recently, ongoing analyses with pooled results 

from the prematurely-closed RCTs have also shown promising results of comparable outcomes between 

SABR and surgery in terms of recurrence-free survival, locoregional control and distant control (23). 

Furthermore, despite the small sample size of this pooled analysis, there was an OS benefit in patients 

treated with SABR. It is foreseeable that in the near future these studies will lead to increased 

multidisciplinary discussion of treatment options for ES-NSCLC patients. When there is equipoise on 

clinical management, shared decision-making is becoming increasingly popular, where the patient is 

given guidance by experts who are familiar with the pros and cons of each option and attempt to explore 

the patient’s underlying preferences for cancer treatment in light of the available evidence (24).  
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ABSTRACT 

 

 The use of stereotactic ablative radiotherapy (SABR) for early-stage non-small cell lung cancer is 

growing rapidly, particularly since it has become the recommended therapy for unfit patients in current 

European and North American guidelines. As three randomized trials comparing surgery and SABR 

closed prematurely because of poor accrual, clinicians are faced with a dilemma in individual patient 

decision-making. Radiation oncologists, in particular, should be aware of the data from comparative 

effectiveness studies that suggest similar survival outcomes irrespective of local treatment modality. The 

necessity of obtaining a pathological diagnosis, particularly in frail patients prior to treatment remains a 

challenge, and this topic was addressed in recent European recommendations. Awareness of the high 

incidence of a second primary lung cancer in survivors, as well as other competing causes of mortality, is 

needed. The challenges in distinguishing focal scarring from recurrence after SABR also need to be 

appreciated by multidisciplinary tumor boards. With a shift in focus toward patient-centered decision-

making, clinicians will need to be aware of these new developments and communicate effectively with 

patients, to ensure that treatment decisions are reflective of patient preferences. Priorities for additional 

research in the area are proposed. 
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INTRODUCTION 

 

 Lung cancer is a leading cause of cancer-related death worldwide (1,2), and incident cases are 

expected to rise in the near future owing to an aging population (3). Although the majority of patients 

present with locally advanced or metastatic disease, the incidence of early-stage non-small cell lung 

cancer (ES-NSCLC) is expected to increase, due to a wider use of thoracic CT scans in general medical 

practice (4,5), along with the implementation of formal CT screening, which has been shown to lead to 

earlier detection of early-stage cancers (6,7). Although surgery is currently considered the standard of 

care for ES-NSCLC, elderly patients (i.e., > 65 years) commonly present with multiple comorbidities (8). 

The willingness to operate on such patients is variable (9), largely due to higher risks of morbidity and 

mortality (10,11). Elderly patients with ES-NSCLC pose a particular epidemiologic and public health 

challenge as they are both less likely to receive guideline recommended treatments (12), and less likely to 

participate in, or to be eligible for, clinical trials (13).  

  

 Historically, elderly patients were often not treated (Fig. 1). There are several reasons for this, 

including the fact that conventionally fractionated radiotherapy delivered using techniques available prior 

to 2000, was considered to offer marginal gains with the inconvenience of daily treatment over several 

weeks (14). Conversely, stereotactic ablative radiotherapy (SABR), which is defined as the accurate and 

precise delivery of high doses of radiation over a few treatment fractions, is less cumbersome for patients 

and is associated with excellent local control (15). Radiation doses that are biologically equivalent to 100 

Gy10 or more are required in lung SABR to achieve high local control rates (16,17). These doses are in 

excess of what is practical using conventionally fractionated treatment schemes with standard techniques. 

Currently, the optimal SABR dose is unknown, although a metaanalysis suggests that highest (>146 

Gy10) BED fractionations may have lower OS than medium–high (106–146 Gy10) fractionations (18). In 

population studies, the increasing use of SABR for ES-NSCLC is associated with an overall survival 

benefit when compared to no treatment or conventional radiotherapy (11,19). The growing use of SABR 
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for thoracic malignancies worldwide is reflected by patterns of care studies from Europe (20,21), North 

America (22–24), and Asia (25). 

 

 

Fig. 1. Depiction of population trends of decreased surgical utilization, and increased proportion of 
untreated patients, with increasing age. The median overall survival of untreated patients in these studies 
ranged from 6.6 to approximately 12 months (11,123–125). 
 

 In this review, we will discuss evolving trends in patient selection/ outcomes, challenges faced in 

diagnostic management, the importance of quality assurance, and the challenges facing survivors 

following this treatment modality.  

 

OPTIMIZING PATIENT SELECTION AND OUTCOMES  

 

Comparative effectiveness research (CER)  

CER refers to the generation of evidence that compares the benefits and harms of interventions 

designed to address the prevention, diagnosis, treatment or follow-up of a clinical condition (26). CER 

assists all healthcare stakeholders in healthcare in making informed decisions to improve outcomes at the 
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individual and population levels. The contrasting merits between randomized control trials (RCTs), the 

gold standard in CER, and observational studies have recently been highlighted as they pertain to specific 

challenges in oncology such as rising costs and rapidly evolving technology (27,28). The challenges of 

performing RCTs, even when there is a good clinical question, have been clearly illustrated in lung 

SABR. Three phase III RCTs (ROSEL, STARS, RTOG 1021) comparing SABR with either lobectomy or 

sublobar resection were launched between 2008 and 2011, but all 3 failed to accrue (29). Nonetheless, 

development of their protocols provided the radiation oncology community with valuable standards in 

quality-assurance and credentialing for the broader implementation of lung SABR (30). 

 

 In the absence of RCT data, other forms of CER are crucial in guiding decision making (31). 

Table 1 summarizes relevant CER studies using propensity-score matching, match-pair analysis, Markov 

modeling, cost-effectiveness and meta-analytic methodologies. In general, the main conclusion from the 

CER studies is that there is clinical equipoise when comparing SABR and surgery, especially in the face 

of competing risks of death associated with advanced age and increased comorbidities. It is important to 

note that studies employing matching technique designs are, by definition, unable to entirely eliminate 

measured confounders, and potential imbalances can exist due to unmeasured factors (32). 
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Table 1. CER studies comparing surgery versus SABR in stage I NSCLC. yrs = year, m = months, OS = 
overall survival, SA = sensitivity analyses. 
 

 Despite the challenges faced by RCTs comparing SABR and other modalities for ES-NSCLC, 

randomized comparisons have been possible in some cases. For example, the stereotactic precision and 

conventional radiotherapy evaluation (SPACE) trial randomized 102 ES-NSCLC patients to either SABR 

(66 Gy in 3 fractions at the isocenter and 45 Gy at the periphery, over 1 week) versus conventional 

radiotherapy (relatively homogeneous 70 Gy in 35 fractions over 7 weeks) (33). The use of larger margins 

around the target (20 mm versus 5–10 mm) was required in the conventional arm. The results have been 

presented only in abstract form with limited follow-up, however, local control did not differ between the 

two modalities. The conventional treatment was associated with a higher risk of grade 1–2 toxicity 

(increased rates of esophagitis and pneumonitis). SPACE suggests that although high rates of local 

control may be achieved with long courses of conventional RT, the therapeutic ratio is better with SABR 

when compared with conventional radiotherapy using large margins. Accrual to a similarly designed RCT 
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(CHISEL, Clinicaltrials.gov, NCT01014130) is ongoing; however, unlike SPACE, CHISEL employs 

smaller margins and cone beam CT setup in the conventional RT arm. 

 

 In view of the rising healthcare costs, economic evaluations of SABR in lung cancer deserve 

mention (34–36). Cost-effectiveness analyses (CEA) have consistently demonstrated that while 

lobectomy appears to be preferred over SABR for operable ES-NSCLC, SABR is cost-effective when 

compared to sublobar resection (37–39). For medically inoperable patients, SABR dominates (less costly, 

improved survival) conventional radiotherapy, a finding that is generalizable to different healthcare payer 

models (39–42).  

 

Developments in surgery  

 In recent years, much attention has been paid toward reducing the toxicity of surgery in ES-

NSCLC, and recent prospective RCTs such as the ACOSOG Z0030 (43) and Z0032 (44) report low 

mortality rates. However, the vast majority of patients are treated outside of trials, where survival is likely 

to be poorer, and results from specialized surgical databases may not be generalizable to broad clinical 

practice (15,45). For example, a recent SEER-Medicare analysis revealed a national rate of in-hospital 

postoperative complications exceeding 50% among patients older than 65 years, with a 30-day mortality 

of 4.2% (46). Both the 30-day and 90-day mortality were lower at teaching hospitals, with 90-day 

mortality being 5.4% (teaching) versus 7.8% (non-teaching) (p = 0.001).  

 

 Lobectomy is considered the current treatment of choice in patients with adequate lung function 

(47). More limited resections, such as a segmentectomy (i.e., macroscopic removal of the tumor with the 

division of vessels and bronchi within an anatomical segment) and wedge resection, may be associated 

with increased local recurrences for tumors measuring more than 2 cm. The optimal surgical techniques for 

lesions measuring 2 cm or smaller, are the subject of ongoing RCTs. The use of video-assisted 

thoracoscopic surgery (VATS) is increasing, but the available RCTs have not been sufficiently powered 
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to detect important differences between the thoracoscopic and open techniques in either overall or 

disease-free survival (47). This is despite the fact that fewer hilar and mediastinal lymph nodes are 

generally sampled during a VATS procedure, than with open thoracotomy (48,49). 

 

 Proponents of surgery, even for patients with ES-NSCLC who are at high risk for surgery, have 

strongly argued that the improved diagnosis of occult nodal disease, and subsequent administration of 

chemotherapy to such patients, will lead to survival benefits (50). However, even in patients who fulfilled 

the criteria of being at high risk and who were treated in the ACOSOG Z0032 trial, 31% underwent no 

nodal evaluation (51). In tumors detected by a CT-screening program, all of which were treated by 

general thoracic surgeons at specialized centers, a mediastinal nodal resection was performed in only 55% 

of patients who underwent a sublobar resection (52). The fact that differences in nodal harvesting do not 

influence survival in this study, as well as population studies (49), suggests that the purported benefits of 

a surgical procedure should be scrutinized carefully, particularly in view of the competing noncancer 

causes of mortality in those who underwent a sublobar resection in the I-ELCAP study. Similarly, more 

than half of all high-risk patients with ES-NSCLC who were treated in ACOSOG Z0032 had intercurrent 

deaths due to non-cancer causes (44). 

 

 The majority of RCTs, including the largest (ACOSOG Z0030) that addressed this issue, have 

failed to demonstrate a survival benefit of a mediastinal lymph node dissection (MLND) as opposed to 

nodal sampling (43). Fig. 2 provides a schematic on the relative merits of the number needed to treat 

(NNT) and number needed to harm (NNH) when considering the potential advantage of surgery to 

provide information that can be used to guide decision-making on adjuvant systemic therapy. This 

calculation exercise is based on the assumption that approximately 15% of clinical ES-NSCLC patients 

are upstaged with nodal disease at the time of surgery, despite negative pre-operative mediastinal staging 

(48,49), an estimate that may need to be reconsidered when more data are forthcoming from the use of 

minimally invasive modalities to stage the mediastinum such as endobronchial and endoscopic ultrasound 
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needle aspirations (EBUS and EUS, respectively) in SABR patients (53). As the ultimate survival impact 

of improved staging for NSCLC patients eligible for SABR is unknown, clinical trials evaluating the use 

of pre-treatment EBUS and EUS are underway (Clinicaltrials.gov, NCT01786590). 

 

 

Fig. 2. Schematic demonstrating the number needed to treat (NNT) when considering surgery to guide 
adjuvant chemotherapy decision-making for stage I NSCLC at 5 years (48,49,132,133). Conversely, 
number needed to harm (NNH) when considering a post-operative mortality rate of at least 1%, is 100 or 
less (10). 
 

Who benefits from adjuvant systemic therapy? 

 The rates and patterns of failure following SABR for ES-NSCLC have been reported to be 

broadly similar to those after surgery, with the predominant pattern being distant metastases in 

approximately 20% of cases (54,55). To help guide the identification of patients who may benefit from 

systemic therapy after SABR, models have been developed to predict for systemic disease, with a higher 

pretreatment FDG-PET maximum standardized uptake value (SUVmax) and larger tumor size (T2) often 

cited (56–58). In one such model, image-based biomarkers were studied in 117 patients with ES-NSCLC, 
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and it was postulated that tumor size, contact with the mediastinal pleura, and SUVmax could be used to 

construct a prognostic index for patients at highest risk for developing metastases (59). For patients with 

distant failure, biomarker targets such as epidermal growth factor receptor (EGFR) mutations and 

anaplastic lymphoma kinase (ALK) rearrangement have paved the way for tyrosine kinase inhibitors 

(e.g., gefitinib/erlotinib, and crizotinib, respectively) as first line treatments in the metastatic setting (60). 

Currently, the role of targeted agents following SABR for ES-NSCLC is unclear. It has been reported that 

caution should be employed when SABR and VEGF-modulating drugs are used in the same patient, even 

when separated by 2–3 months or more, since this has been reported to be associated with an increase in 

esophageal fistulae (61) and grade 3–5 bowel ulceration or perforation (in the abdominal SABR setting) 

(62). Interstitial lung disease and fatal pneumonitis have been reported when an epidermal growth factor 

receptor inhibitor was used with lung SABR, despite acceptable dosimetry (63). More safety data are 

required in order to establish safety of combined use of targeted systemic agents and SABR. 

 

Central tumors 

 In centrally located ES-NSCLC, more extensive surgical resections such as pneumonectomy or 

broncho-angioplastic procedures may be required in order to achieve a radical excision. Irrespective of 

the type of surgery performed, rates of perioperative mortality and surgical complications are 

approximately 5% and 25%, respectively (64). SABR has been used as an alternative in this context, with 

mixed results in early years. The Radiation Therapy Oncology Group (RTOG) 0236 trial excluded tumor 

within a 2 cm radius of the trachea and bronchial tree (the so-called ‘‘no fly zone’’), as results from a 

phase 2 trial demonstrated that such patients had a 2-year freedom from grade 3 to 5 toxicity rate of only 

54% (65,66). Since then, non-randomized data have shown that other, more protracted hypofractionated 

schemes are well tolerated, as such protracted schedules reduce the risk of late toxicity by using a lower 

dose per fraction. A recent systematic review of treatment of central tumors, based on mostly 

retrospective data, found an overall treatment-related mortality rate of 2.7%, with grade ≥ 3 toxicity 

occurring in less than 9% of cases (64). Life-threatening toxicities included severe bronchial stenosis, 
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hemoptysis, and fistulae (67). However, with a BED less that 210 Gy3, which corresponds to a dose of 

approximately 60 Gy in 8 fractions, the treatment mortality rate was 1%. The review concluded that post 

SABR survival in ES-NSCLC is not affected by tumor location (provided that adequate doses can be 

delivered to the target), that prescription doses in excess of 100 Gy10 are required to achieve local control 

rates greater than 85%, and that treatment related mortality can be reduced by 75% when biological 

normal tissue doses are 210 Gy3 or less. 

 

 In patients for whom dose constraints for standard SABR fractionation schedules are unable to 

be met, such as those with large tumor size, or significant overlap of the PTV with the esophagus or large 

airways, alternative hypofractionated schemes have been described. For example, one report described 

use of a strategy of 70 Gy in 10 fractions when constraints for a 50 Gy in 4 fraction central tumor protocol 

were exceeded (68). Ultimately, these and other studies may help guide clinical management as results 

from the RTOG 0813 phase 1/2 dose escalation study for SABR in central lesions are awaited. 

 

DIAGNOSTIC MANAGEMENT 

 

Need for pre-treatment pathology prior to SABR 

 A pathological confirmation of malignancy is generally preferred prior to the initiation of any 

curative-intent therapy for ES-NSCLC (47). In practice, the reported rates of histological confirmation of 

malignancy prior to SABR for ES-NSCLC are variable, ranging from 35% to 100% (Table 2). A 

population study found that patient age and co-morbidity predicted for the likelihood of not having a 

pathological diagnosis in lung cancer (69). Many candidates for SABR have co-morbidities including 

compromised pulmonary and cardiac function, that may heighten the risks associated with transthoracic 

biopsy, or repeated biopsy if the initial attempt is inconclusive (70,71). 
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Table 2. Studies demonstrating the variable rates of pathologic confirmation worldwide prior to SABR in 
ES-NSCLC. yrs = years, mo = months, md = median. 
 

 Models to predict the probability of malignancy using clinical, CT (72), and FDG-PET features 

(73) of a solitary pulmonary nodule (SPN) have been developed. The term SPN has been defined as a 

single, well-circumscribed, radiographic opacity that measures up to 3 cm in diameter, and is surrounded 

completely by aerated lung (72). Caution should be employed, however, if such models have not been 

validated for specific geographic regions of practice (74). Use of FDG-PET may perform poorly when 

used for a clinical diagnosis of stage I NSCLC, in areas where granulomatous disease and other infectious 

etiologies are endemic (73). In an American population-based analysis, the rate of benign diagnosis after 

surgery for suspected lung cancer ranged from 1.3% to 25.0% (74). Increasing rates in the pathologic 

diagnosis of benign disease is correlated with the growing use of video-assisted thoracoscopic surgery 

(VATS) (47), and is not without toxicity. In a review of surgical patients in the Dutch–Belgian 

randomized lung cancer screening trial (NELSON), the rate of major and minor post-operative 

complications in cases that ultimately proved to be benign were 17% and 21%, respectively (75). These 

results demonstrate a need for regular audit of surgery and pathology results both at the institutional and 

regional/national geographic levels. 

 

 A likelihood of malignancy threshold of 85% has been suggested prior to treatment of a SPN 

without pathologic confirmation of malignancy (Table 3) (76). A similar estimate was derived using a 

decision analytic model, where strategies of surveillance, performing SABR in a PET-avid SPN in the 

absence of pathology, and performing a biopsy in a PET-avid SPN prior to SABR, were evaluated using 
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existing data on performance of diagnostic tests, toxicity/complication rates, and recurrence/survival 

outcomes (77). This study determined that a PET-directed SABR strategy (without prior biopsy) could be 

warranted above a point estimate of malignancy of 85%, a finding that was highly sensitive to the 

diagnostic performance of biopsy, as well as the ability of subsequent CT follow-up surveillance to 

appropriately detect false negative SPNs to allow for treatment thereafter. One caveat to the use of PET-

directed management strategies is that there is a need for standardization of FDG-PET methodology, as 

variability in imaging protocols will result in heterogeneity of reported SUVs (78). 

 

 

Table 3. Studies addressing likelihood of malignancy threshold recommendations to inform the 
appropriate use of SABR for ES-NSCLC in the absence of pathologic confirmation.  
 

QUALITY ASSURANCE AND GENERALIZABILITY 

  

 Technologic advances and rigorous quality assurance programs have improved the ability of 

radiation oncologists to confidently deliver large hypofractionated doses in SABR with accuracy and 

precision (79). Incremental advances include: the use of 4D-CT (time-based correlation of respiratory 

motion with CT images) to account for tumor motion during the breathing cycle, verification of tumor 

position prior to treatment with image guidance (e.g., cone beam CTs or fiducial-based strategies), and 

more accurate dosimetry when employing algorithms that account for different tissue inhomogeneities. 

 

 Proper radiation planning, prescription and delivery are key to achieving optimal outcomes. The 

use of less accurate radiotherapy planning algorithms was found to be associated with more local failures 

(80), a finding recapitulated in the preliminary results of two prospective multicentre studies in potentially 
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operable patients from Japan that reported local failure rates of 14% at 3 years (81). Furthermore, optimal 

prescriptions require coverage of the entire tumor volume with a high dose, and failure to achieve high 

enough doses at the periphery of the tumor is associated with higher recurrence risks (47,82). 

 

 Several commercial platforms are available to deliver SABR. While differences in treatment 

capabilities exist in the various lung SABR delivery platforms, a systematic review found no differences 

in overall survival for ES-NSCLC when using different technologies (83). Published guidelines in both 

North America (84–86) and the European Union (47,87) have supported institutional credentialing 

procedures, standardization of normal tissue tolerances, and increased discourse on the use of SABR in a 

multidisciplinary setting. 

 

SURVIVORSHIP 

 

 The utility of surveillance following curative lung cancer resection has previously been 

questioned, as historically, only 1–4% of recurrences undergo salvage resection (88). Survivorship in lung 

cancer, however, extends beyond the detection of salvageable recurrences. Investigators from Memorial 

Sloan Kettering Cancer Center (MSKCC) have proposed a thoracic survivorship model that considers risk 

of second primary lung cancer (SPLC), quality of life (QoL), preventative care (such as routine screening 

for other malignancies), and the management of comorbid conditions that require active management 

(89). As the MKSCC model was mostly comprised of surgical patients, we highlight survivorship 

challenges following lung SABR here. 

 

QoL 

 A systematic review of QoL following surgery for lung cancer found that dyspnea, fatigue and 

decreases in physical functioning can persist for at least 2 years following treatment (90). Changes in 

pulmonary function (PF) after SABR appear to be correlated with pretreatment PF: those with the worst 
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pretreatment PF tend to improve, while those with the best pretreatment PF have modest losses (91,92). 

The few reports describing QoL following SABR for lung cancer have limited follow-up and are largely 

comprised of patients who are less fit at baseline. In general, these reports describe minimal clinically 

meaningful changes (93). Although hypothesis generating, modeling studies have postulated that potential 

survival benefits of lobectomy, when compared to SABR for medically operable ES-NSCLC patients, 

may be mitigated by QoL considerations (94). 

 

Second primary lung cancer (SPLC) 

 Survivors of lung cancer are at risk of developing a second primary lung cancer (SPLC) at a rate 

of approximately 3% per year (95), a risk that is highest in the first year and persists even after a decade 

(96). In both the MKSCC model and in a RCT comparing chest X-ray and minimal dose CT surveillance, 

a high proportion of SPLC cases were detected in asymptomatic individuals (97). SPLCs are also 

prevalent in survivors of other smoking-related primary malignancies such as head and neck and 

esophageal cancers; in the former, they account for over 50% of non-head and neck cancer-related deaths 

(98). On the basis of current evidence, SABR also appears to be a valid first-line alternative to surgery in 

medically operable patients with SPLC, particularly as QoL considerations become more important 

during the survivorship period. In patients previously treated with pneumonectomy for lung cancer, and 

who developed a subsequent malignancy in their remaining lung, the operative mortality and 

complication rates are as high as 8% and 40%, respectively (99). The limited experience using SABR for 

such patients is encouraging with no reports of treatment-related mortality in the available literature 

(100,101). Finally, when comparing outcomes of SPLC using SABR with first primary lung cancer, there 

do not appear to be any differences in efficacy in overall survival or recurrence (102). 

 

Ground glass opacities (GGOs) 

 Early invasive lung adenocarcinomas can present with in-situ, multi-focal lesions that appear as 

regions of GGOs (103). Management of GGOs is currently evolving, as some data suggest that a sublobar 
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resection may be adequate (104), while others suggest that the indolent nature of pure GGO lesions may 

justify an active surveillance approach until a solid component develops (105). 

 

 Compared to other NSCLC subtypes treated with SABR, adenocarcinoma in situ (formerly 

termed bronchoalveolar carcinoma) appears to have similar patterns of failure (106). However, one caveat 

in the use of SABR for GGO-predominant lesions is the risk for underdosing the target volume due to a 

loss of electronic disequilibrium. In one study, the delivered dose to a subcentimeter peripherally-located 

GGO surrounded by low-density emphysematous lung was estimated to be more than 20% less than the 

calculated dose using a less advanced treatment planning algorithm (107). 

 

Distinguishing fibrosis versus recurrence  

 

 Radiation-induced lung injury following lung SABR can manifest as CT-density changes in up 

to 90% of cases at 2 years after treatment (108). As these changes can occasionally mimic recurrence, 

traditional metrics to assess tumor response following definitive RT such as the Response Evaluation 

Criteria in Solid Tumors (RECIST) criteria may result in misdiagnosis of fibrosis as a recurrence, which 

may lead to unnecessary diagnostic and therapeutic procedures (109). Further confounding the ability to 

properly diagnose a local recurrence, benign lung injury may result in FDG-avidity following SABR 

(110) and these changes can persist for up to a year. Although SUVmax values as high as 7 have been 

reported in the setting of benign lung injury following SABR (111), a systematic review suggests that an 

SUVmax value above 5 is highly suggestive of recurrence (112). High-risk features (HRFs) on serial CT 

scan suggestive of recurrence include: enlarging opacity, sequential enlargement, enlargement after 12 

months, bulging margin, linear margin disappearance, loss air bronchogram, and cranio-caudal growth. 

Employing a minimum cut-off of ≥ 3 of these HRFs has been demonstrated to have high sensitivity and 

specificity (greater than 90%) of recurrence, with a recommendation to proceed to biopsy or salvage 

treatment (Fig. 3) (113). With the increasing using of lung SABR, distinguishing fibrosis from recurrence 
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is a research priority for survivorship, as salvage treatment by surgery (114–116) or repeat SABR (117) 

while feasible, are not without toxicity. 

 

 

Fig. 3. Use of high-risk features (HRFs) on CT to diagnose recurrence. In patient 1, a 5 month follow-up 
CT shows an enlarging opacity, with additional scans showing fibrosis with no additional HRFs. No 
evidence of local recurrence. In patient 2, diffuse consolidation is demonstrated at 6 months. Additional 
HRFs are demonstrated after 12 months. The patient was diagnosed with a local recurrence at 21 months 
and underwent salvage lobectomy shortly after. 
 

 The European Society of Medical Oncology consensus conference on lung cancer recommended 

6 monthly CT scans for 3 years for patients who are suitable for salvage treatment, followed by annual 

CT scans thereafter (118). Frequency of follow-up may be decreased and tailored for individuals who are 

not candidates for salvage treatment. The role of surveillance using FDG-PET has not been clearly 

defined, though its selective use is recommended when recurrence after SABR is suspected based on 

serial CT imaging. As FDG-PET is associated with a high incidence of false positive findings in this 

setting, biopsy should be sought whenever possible. 
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SHARED DECISION MAKING 

 

 In situations where there is clinical equipoise between treatment modalities, shared decision-

making (SDM) has been encouraged to try and align medical management with a patient’s preference and 

values (119). SDM is a process in which patients and physicians discuss the current evidence on different 

treatment options and mutually arrive at a clinical management plan (120). Achieving this often requires 

the input of a multidisciplinary team, and currently these initiatives vary in practice from ad hoc to 

routine. In healthcare systems where implementing such a policy for all patients is not feasible, focusing 

efforts on high-risk surgical patients would afford the highest value (121). For instance, risks such as 

poorer QoL and higher 30- and 90-day post-treatment mortality after surgery in ES-NSCLC (10) may be 

particularly relevant for older patients who are more likely to have significant co-morbidities (122). 

Conversely, while SABR may be considered attractive as an outpatient procedure with rare treatment-

related mortality, for those desiring certainty, the development of benign CT changes during follow-up 

that mimic recurrence may be a source of anxiety. 

 

CONCLUSIONS 

  

 SABR is now established as the preferred treatment option for medically inoperable patients 

with peripherally located ES-NSCLC. Although RCTs in medically operable/borderline operable patients, 

designed to compare surgery and SABR have been unable to accrue, non-randomized comparative 

effectiveness analysis argues for clinical equipoise between these treatments. Comparative effectiveness 

research will be instrumental in guiding decision-making for other emerging indications and addressing 

unanswered questions related to the use of SABR in ES-NSCLC (Table 4). 
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Table 4. Priority areas for research on the use of SABR for ES-NSCLC. CER = comparative effectiveness 
research, SDM = shared decision making, EBUS = endobronchial ultrasound, EUS = endoscopic 
ultrasound. 
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ABSTRACT 

 

Objective 

Despite the rising costs in radiation oncology, the impact of health economics research on 

radiotherapy practice patterns is unclear. We performed a systematic review of cost-effectiveness and 

cost-utility analyses (CEAs and CUAs) to identify trends in reporting quality in the radiation oncology 

literature over time.  

 

Methods and Materials 

A systematic review of radiation oncology economic evaluations up to 2014 was performed 

using the MEDLINE and EMBASE databases. The CHEERS guideline informed data abstraction 

variables including study demographics, economic parameters, and methodological details. Tufts CEA 

registry quality scores provided a basis for qualitative assessment of included studies. Studies were 

stratified into 3 time periods (1995-2004, 2005-2009, and 2010-2014). The Cochran-Armitage trend test 

and linear trend test were used to identify trends over time. 

 

Results 

In total, 102 articles were selected for final review. Most studies were in the context of a model 

(61%) or clinical trial (28%). Many studies lacked a conflict of interest (COI) statement (67%), a 

sponsorship statement (48%), a reported study time horizon (35%), and the use of discounting (29%). 

There was a significant increase over time in the reporting of a COI statement (p<0.001), healthcare payer 

perspective (p=0.019), sensitivity analyses using multivariable (p=0.043) or probabilistic methods 

(p=0.011), incremental cost-effectiveness threshold (p<0.001), secondary source utility weights 

(p=0.010), and cost effectiveness acceptability curves (p=0.049). There was a trend towards improvement 

in Tuft scores over time (p=0.065). 
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Conclusions 

Recent reports demonstrate improved reporting rates in economic evaluations; however, there 

remains significant room for improvement as reporting rates are still suboptimal. As fiscal pressures rise, 

we will rely on economic assessments to guide our practice decisions and policies. We recommend 

improved adherence to published guidelines and further research to determine the clinical implications of 

our findings. 
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INTRODUCTION 

 

Health care spending in the United States is substantial and continues to rise. The National 

Health Expenditure Accounts (NHEA) estimates that American health care expenditures totaled $2.92 

trillion in 2013 with a predicted average annual growth rate of 5.7% over the next decade (1). While 

much attention on the cost of cancer care has focused on novel targeted agents (2), the cost of delivering 

radiotherapy is significant as well. In 2011, radiotherapy billings represented 1.4% ($1.38 billion) of 

Medicare physician/supplier costs according to the Berenson-Eggers Type of Service coding system, 

which is used to monitor trends in Medicare spending (3). Although innovations in the delivery of 

radiotherapy may improve health outcomes and reduce toxicities, benefits must be scrutinized in the 

context of their costs before widespread adoption, given the resource constraints in today’s fiscal climate.  

 

Economic evaluations have become popular in the medical literature as a means to inform 

decision-making and resource allocation (4). Cost-effectiveness analyses (CEAs) are economic 

evaluations that compare the financial costs and health outcomes for a particular intervention. Cost-utility 

analyses (CUAs) are CEAs in which outcomes are preference-based health units such as quality-adjusted 

life-years (QALYs). In oncology, the average annual publication rate of CUAs has increased from 5 per 

year between 1988-2001 to 25 per year between 2002-2007 (5). To standardize and inform the 

appropriate reporting of medical CEAs and CUAs, the Consolidate Health Economic Evaluation 

Reporting Standards (CHEERS) statement was developed from an expert panel in 2013. The CHEERS 

guideline consolidates previous economic evaluation reporting guidelines into a 24-item checklist to 

improve the reporting of economic evaluations (6). 

 

 Despite the increasing number of CEAs and CUAs published in oncology, there is little data 

regarding the reporting quality of such studies. Failure to adhere to reporting standards may result in low-

quality studies with erroneous conclusions, potentially leading to incorrect policy decisions. Given the 
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nature of the rapidly evolving and potentially costly technological advances in radiation oncology, we 

performed a systematic review of radiation oncology economic evaluations to evaluate the reporting 

quality over time using the CHEERS guideline (6). 

 

METHODS 

 

Literature Search 

A systematic literature review for economic evaluations involving radiotherapy as a comparator 

was conducted. MEDLINE and EMBASE electronic databases were queried from inception of databases 

until December 31, 2014 in accordance with PRISMA guidelines (7), adhering to the following search 

strategy:  

(“radiotherapy” OR “radiation therapy”) AND  

(“cost-effectiveness” OR “cost-utility” OR “cost-efficacy”) AND  

(“quality adjusted life year” OR “QALY”) AND  

(“Incremental cost effectiveness ratio” OR “ICER”) AND  

(“Markov” OR “decision analysis” OR “decision analytic”) 

 

Study Selection 

CEAs or CUAs written in the English language that had a radiotherapy modality as a comparator 

were selected for final review. We excluded review articles, editorials, letters and cost analyses that did 

not consider the effectiveness or utility value of the intervention. Two reviewers screened the abstracts of 

all studies from the initial search results to select articles for further analysis based on inclusion criteria 

(Figure 1). To assess the methodological quality of each economic evaluation, we abstracted data using a 

standardized form (reviewed and approved by all authors) based on the CHEERS guideline (6). Two 

investigators performed full text review of included studies with discrepancies settled by a third. 
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Reviewers met early in the reviewing process to audit completed forms and ensure consistent 

interpretation of studies and data items. 

 

 

Figure 1. PRISMA flow diagram related to literature search strategy. 
 

Data Extraction 

The following study characteristics were abstracted: first author, journal, year of publication, 

country of study, disease site, radiotherapy modality (or modalities) of interest, treatment intent, 

sponsorship and conflict of interest statements. Abstracted economic data included details on currency 

year and type, payer perspective, analytic time horizon, discounting, sensitivity analysis, incremental 

analysis, the basis for economic analysis (model vs. clinical trial vs. retrospective), cost-effectiveness 

threshold and the use of cost-effectiveness acceptability curves. 
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Eligible studies were also assessed for their inclusion in the Tufts Medical Center CEA registry 

and the National Health Sciences (NHS) Economic Evaluation Database (EED). The Tufts CEA registry 

is a comprehensive database of over 4000 CUAs on various diseases and interventions from 1976 to 

2013. For studies included in the Tufts registry, we cross-referenced their archived data with our own 

abstraction results to ensure accuracy and consistency across common parameters. Tufts quality scores, 

which are subjective ratings ranging from 1 (lowest) to 7 (highest), were also abstracted to assist with the 

quality assessment of studies. Scores are determined by considering whether incremental cost-

effectiveness ratios are calculated correctly, uncertainty in results is adequately characterized, health 

economic assumptions are specifically stated and utility weights are properly estimated. The NHS EED, 

created by the National Institute for Health Research (NIHR) Centre for Reviews and Dissemination at 

the University of York, United Kingdom, compiles economic evaluations of healthcare interventions and 

provides descriptive critical commentaries for key studies. In addition to inclusion in the NHS EED, we 

also recorded the presence of an associated commentary. 

 

Reporting Outcomes & Statistical Analysis 

Studies identified were stratified into 3 time periods: 1995-2004, 2005-2009 and 2010-2014. The 

timeframes were selected to ensure a relatively equal distribution of studies along time periods. The 

Cochran-Armitage trend test (8) and linear trend test were used to identify trends over time for categorical 

and continuous variables, respectively. In cases where categorical variables had more than two levels (i.e. 

type of utility weight source), these were first transformed into individual binary variables prior to 

performing the Cochran-Armitage trend test. Statistical analysis was performed using SAS version 9.3 

software (SAS institute, Cary NC, USA) using two-sided statistical testing at the 0.05 significance level. 

 

RESULTS 

 

Literature Search 
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The initial search of the MEDLINE and EMBASE databases yielded 762 articles. Subsequent 

screening of abstracts against our inclusion/exclusion criteria, resulted in 115 potentially eligible articles. 

Following full-text review, 102 articles remained eligible for final review (supplemental file 1) consisting 

of both qualitative and quantitative analysis (Figure 1). 

 

Study Characteristics 

Study characteristics are shown in Table 1. The majority of included studies were North 

American, with 53% of studies originating in the United States and 15% from Canada. European and 

Asian studies encompassed 22% and 7% of total included studies, respectively. Breast and prostate 

cancers (18% each) were the most common disease sites studied. Conventional external beam 

radiotherapy was the most common (82%) comparator of interest. Advanced treatment modalities studied 

included intensity-modulated radiotherapy (IMRT, 23%), stereotactic radiosurgery (SRS, 20%), 

stereotactic ablative radiotherapy (SABR, 20%, also known as stereotactic body radiotherapy [SBRT]), 

and proton therapy (PT, 7%). The treatment intent across publications was predominantly curative (78%). 

Included studies were published in a diverse collection of journals (supplemental table 1). 
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Table 1.  Study characteristics of included health economic evaluations (n=102). *Categories are not 
mutually exclusive (i.e. column percentages exceed 100%) †Stereotactic radiosurgery (SRS) and/or 
stereotactic body radiotherapy (SBRT). 
 

Economic Measures 

Studies were funded primarily from non-industry sources (35%), such as government grants and 

foundations, whereas 11% were sponsored by industry, 4% by neither and 2% by a combination of both 

(Table 2). The most frequently reported currency was US dollars (61%) followed by Canadian dollars and 

Euros, which were each reported in 12% of studies. Identified studies were mostly in the context of a 

predictive model (61%) or clinical trial (28%). Sensitivity analysis using multivariable methods was 

reported in 58%, probabilistic methods in 41% and univariate methods alone in 2% of studies. There was 

a fixed analytic time horizon reported in 43% of articles and a lifetime time horizon reported in 22%. 

Utility weight reporting was abstracted only from relevant cost-utility analyses (n=70), with 64% of 

CUAs obtaining utilities from a secondary source. Overall, half of the studies in our review were included 

in the Tuft (55%) and/or NHS (50%) databases. Commentaries were available for nearly half of the 

studies found in the NHS database (23%). 
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Table 2.  Study characteristics of included health economic evaluations and trends in reporting of key 
economic metrics in radiation oncology health economic evaluations over time (n=102).  
*Reported from two-sided Cochran-Armitage trend test (categorical variables) or linear trend test 
(continuous variables). 
†P-values < 0.05 shown as BOLD. 
††Categories are not mutually exclusive (i.e. column percentages exceed 100%) 
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Trends in Economic Measures 

Patterns in economic measures reporting over time are summarized in Tables 2, 3 and 4. Overall, 

key components of economic evaluations were underreported across all years: conflict of interest (COI, 

33%), sponsorship (52%), currency year (68%), analytic time horizon (65%), cost-effectiveness threshold 

(59%) and inclusion of a cost-effectiveness acceptability curve (24%). Upon stratification of studies by 

time period, however, there was a statistically significant increase with time in the reporting of COI 

(p<0.001), healthcare payer perspective (p=0.019), sensitivity analysis using multivariable (p=0.043) or 

probabilistic methods (p=0.011), incremental analysis (<0.001), secondary source utility weights 

(p=0.010), cost-effectiveness threshold (p=0.003) and the presentation of a cost-effectiveness 

acceptability curve (p=0.049). Consequently, recent studies published between 2010 and 2014 had 

improved reporting of COI (58%), analytic time horizon (69%), utility weight source (100%), cost-

effectiveness threshold (67%) and inclusion of a cost-effectiveness acceptability curve (29%). There was 

no significant difference over time in the reporting of currency year (p=0.601), sponsorship (p=0.813), 

currency type (p=0.895), discounting (p=0.928), and inclusion in the Tuft database (p=0.095) and NHS 

database (p=0.558). A non-significant trend towards improving mean Tuft quality scores was observed 

across time, with mean values of 4.22, 4.71 and 4.89 observed in the 1995-2004, 2005-2009 and 2010-

2014 time periods respectively (p=0.065). 

 

 

Table 3. Trends in reporting of utility weight sources for the relevant studies that were cost-utility 
analyses (n = 70). 
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Table 4.  Trends in reporting of sensitivity analysis metrics stratified by basis for economic analysis in 
radiation oncology health economic evaluations over time (n=102).  
*reported from two-sided Cochran-Armitage trend test. 
†P-values < 0.05 shown as BOLD. 
N/A – not available 
 

DISCUSSION 

 

This is the first study to our knowledge that systematically reviews, analyzes, and appraises the 

radiation oncology health economic literature. Previous reviews, in contrast, have primarily focused on 

newer radiotherapy treatment modalities for specific malignancies, such as prostate cancer (SABR, 

IMRT, and protons) (9) and brain metastases (radiosurgery) (10). A key finding of the present study is 

that over time, radiation oncology economic evaluations have made significant improvements in several 

areas of reporting. What remains unclear, however, is whether improved reporting practices are a result of 

authors becoming more thorough, editors and reviewers increasing their degree of scrutiny, or a 

combination of both.  While the observed progress is encouraging, several critical metrics still remain 

suboptimal in the most recent era (2010-2014), where a conflict of interest statement, sponsorship 

description, currency year, discounting, or cost-effectiveness threshold were reported in fewer than 75% 

of studies. As the landscape of radiation oncology delivery rapidly evolves, robust economic evaluations 

adhering to the CHEERS guideline are crucial to inform the judicious use of innovative techniques. While 

achieving 100% compliance with CHEERS would be ideal, a compliance benchmark for these guidelines 
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has yet to be established. We feel that 75% compliance may be an appropriate goal, as Peron et al. 

previously defined this threshold in a systematic review of Oncology randomized control trials’ adherence 

to the CONSORT guidelines (11). Promoting consistent reporting standards holds authors accountable to 

the inclusion of the vital components of a high quality CEA or CUA. In addition, it informs the scientific 

community that these benchmarks have been met, allows for consistent interpretation, and facilitates 

comparison between studies (6). 

 

The rising costs of radiotherapy in the modern era have been well documented in the medical 

literature. In a time-trend analysis of surgery and radiotherapy for prostate cancer in the Surveillance, 

Epidemiology, and End Results Program (SEER) registry from 2002 to 2005, IMRT use dramatically 

increased from 29% to 82%, outpacing minimally invasive (i.e. robot or laparoscopic) radical 

prostatectomy (MIRP), which increased from 2% to 29%. Conversely, a decrease in usage was observed 

for less expensive radiotherapy alternatives such as 3D conformal radiotherapy and brachytherapy plus 

3D conformal radiotherapy (12). At the population level, these findings were extrapolated to account for 

an annual excess spending of $282 million for IMRT in contrast to only $4 million for MIRP. As well, the 

cost of IMRT far exceeded that of alternatives such as open radical prostatectomy and three-dimensional 

conformal radiotherapy. This discrepancy may in part be due to the 510(k) application process in which 

many technologies in the field of radiotherapy like IMRT are approved by the US Food and Drug 

Administration, which applies to situations where an incremental advance is thought to be low risk or is at 

least equivalent to a device marketed before 1976. As Konski points out, the introduction of IMRT over 

3D conformal radiotherapy (3D-CRT, as well as 3D-CRT over conventional radiotherapy) was made 

possible through this process, and accordingly, conducting randomized trials of new radiation 

technologies in the United States is difficult due to bias in employing a newer technology (13). The 

increasing utility of IMRT is not exclusive to prostate cancer and has been reported in many other disease 

sites, including lung, breast and head and neck cancers (14-16). Rising costs aside, there are also concerns 

regarding the inappropriate overuse of IMRT. Although shown to be beneficial in certain disease-specific 
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scenarios, there is a lack of literature demonstrating an improvement in clinical outcomes to justify its 

current widespread use (17). Even greater costs are seen with newer heavy particle therapy, with 

Medicare reimbursing a median of $19,000 for prostate treatment with photons while paying $32,000 for 

an equivalent proton therapy plan (18). 

 

Previous systematic reviews evaluating cost-effectiveness and cost-utility in cancer care have 

almost exclusively focused on systemic agents, highlighting that such evaluations in radiation oncology 

have lagged behind their medical oncology counterparts (5,19). In 2000, Earle et al. conducted a 

systematic review of oncologic cost utility analyses. Of the 40 studies identified, most (50%) evaluated 

chemotherapy, with the remaining evaluating diagnostic interventions, surgery or supportive care. There 

were no studies pertaining to radiotherapy (19). A follow-up systematic review was later published by the 

same group, which again did not directly evaluate radiation strategies. Overall the conclusion of this study 

was that cancer-related CUAs had improved in both methodology and reporting practices, but that there 

were still areas requiring improvement, such as reporting time horizon or discounting costs/QALYs (5).  

 

As a field highly dependent on rapidly evolving technologies, specific challenges in measuring 

effectiveness in radiation oncology include: accounting for initial investments into new equipment and 

health professional education, learning curves associated with using technology, and the ethical challenge 

of testing a theoretically superior treatment in a randomized control trial (20). Lievens et al. argued that 

the available costing studies in the field of radiotherapy fail to accurately capture real costs of treatment 

consistently, due to variable methodology in accounting for these numbers (21). The authors recommend 

either micro-costing or activity-based costing methods; the same group previously employed the latter 

(which accounts for personnel, equipment, and overhead) in calculating the costs of SABR for lung 

cancer in Belgium (22). Such studies are crucial to guide appropriate reimbursement, which in turn can be 

used in CEAs and CUAs, as these are typically conducted from the health care payer perspective. In the 

United States, Medicare claims data are commonly used for economic evaluations, and are thought to 
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closely reflect actual costs (23). However as Jagsi et al. caution, there are limitations to this approach 

(24). Notably: 1) Medicare data reflects only what treatment patients received rather than what may be 

clinically indicated; 2) limited information regarding treatment decision-making is available; and 3) no 

information regarding treatment outcomes or follow-up for recurrence is available. Another important 

consideration when conducting CEAs and CUAs is the need to normalize cost data to the same currency 

year using the corresponding inflation adjustment (25). 

 

The rising costs in radiation oncology are also relevant as “financial toxicity” (defined as 

patient-incurred financial strain that may diminish quality of life) is becoming increasingly recognized as 

a sequela of cancer treatment (26-28). Furthermore, healthcare insurance is not definitive protection from 

financial burden: a survey of insured cancer patients found that 42% of respondents expressed significant 

or catastrophic economic hardship after treatment, and nearly 50% deliberately reduced their spending on 

clothes and food, while 24% avoided filling prescriptions (28). Additionally, cancer patients are 3 times 

as likely as the general population to declare for bankruptcy (27). To our knowledge, the relative 

contribution of radiotherapy costs to financial toxicity has not been directly addressed in the literature, 

and would be of particular interest for future studies. Overall, as Ubel et al. argues the potential financial 

impact of any therapy merits routine discussion with health-care providers for several reasons (29). First, 

less expensive alternatives can be explored. Second, it empowers patients to balance their goals of care 

between treatment benefit and financial costs. Finally, introducing the discussion earlier allows patients to 

be connected with financial services and support programs before financial distress develops. 

 

Our findings demonstrate that the reporting of conflict of interest statements has undergone a 

ten-fold increase over the last decade. This finding may be partially attributable to journals ascribing to 

the International Committee of Medical Journal Editors (ICMJE) consensus recommendations for the 

conduct, reporting and editing of publications. Analytic time horizon and sponsorship are of particular 

interest to the field of radiation oncology, yet were reported in only 69% and 54% of studies, respectively, 
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in the most recent era. In radiation oncology, the costs of developing new technologies can be 

tremendous, with the risk for industry bias if not reported. Consistency in reporting sponsorship is 

essential to ensure transparent and accurate economic assessment of new and current technologies. 

Finally, as late effects are a relevant issue for any radiation modality, defining an appropriate analytic 

time horizon should be highlighted as a consideration in utility and quality of life calculations.  

 

This study should be interpreted within the context of its strengths and limitations. The CHEERS 

guideline represents an initiative of an international task force to improve the quality of cost-effectiveness 

research, and the guideline was simultaneously published in 10 medical journals identified as large 

publishers of economic evaluations. Using CHEERS and other metrics, we rigorously reviewed the 

radiation oncology CEA and CUA literature. A potential limitation of our study was that we focused on 

the presence of key metrics in studies reviewed, and did not critically evaluate the validity of such metrics 

and their potential impact on study conclusions. In addition, we did not distinguish between the relative 

importance of each individual reporting criterion, making direct comparison of studies with different sets 

of reported variables challenging. We recognize that in certain circumstances, having fewer reported 

metrics of a higher methodological quality may be preferable to more rigorous reporting of lower quality 

metrics. While we attempted to corroborate our findings on studies published through 2014 with data 

from the Tufts registry, the latter was updated in 2013. Consequently, Tuft quality scores were lacking for 

more recent studies not yet included in the registry, which may impact the overall trends in quality scores 

over time. Finally, we examined only CEAs and CUAs as defined by previous Oncologic systematic 

reviews (5, 30). 

 

In conclusion, economic evaluations in radiation oncology are growing and improving in 

reporting quality, although there is still room for improvement. In addition to adhering to the CHEERS 

guideline, we recommend that research groups interested in performing CEAs and CUAs in radiation 

oncology review previous reports evaluating nuances related to available datasets, statistical 
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considerations, and appropriateness of assumptions (21,25). Overall, the question remains whether higher 

quality economic evaluation studies impact health policy. While this may not directly be the case per se in 

the United States, in the United Kingdom the National Institute for Health Care Excellence (NICE) is 

responsible for recommending the adoption of new systemic therapies and medical technologies by 

considering cost-effectiveness and other metrics. Ultimately, as described in the American Society of 

Clinical Oncology (ASCO), there is currently an increasing emphasis on interventions demonstrating 

value instead of just effectiveness, which is highly relevant in any health payer system (31). 

 

SUPPLEMENTARY MATERIALS 
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 We thank Dr. Puri and his colleagues for their comments regarding our work. In order to build a 

Markov model, the input data that is required must include patterns and timing of recurrences. 

Unfortunately such detail is unavailable in the studies that Dr. Puri recommended for us to include, nor is 

routinely reported in the literature.  While minimally invasive lobectomy provides advantages compared 

to traditional thoracotomy, data outlining its local, regional and distant recurrence rates are not as readily 

available. We encourage more detailed reporting of such surgical outcomes in future papers.   

 In our original manuscript, we had inadvertently listed the incorrect reference from Cangemi et 

al.; the stage III paper noted by Dr. Puri et al was not used in the model. We now append the appropriate 

early-stage NSCLC reference from Cangemi et al. (1).  Our modeled surgical outcomes are based on 

numerous inputs including various salvage modalities for recurrences, and thus is not reflective of the 

overall survival reported in the single-institution Martini study (2).  Despite the limitations of modeling, 

our modeled surgical survival outcomes for lobectomy correlate closely with a population based 

prognostication tool, Adjuvant! Online.   

 The role of SBRT in the medically operable patient is controversial (3).  Two RCTs were 

launched to investigate this question, with the ROSEL trial closed to poor accrual (4) and the STARs trial 

(5) accruing slowly. In the absence of randomized data, other forms of comparative studies take on 

greater importance.  Markov models, while not definitive, help to identify dependent variables and 

thresholds in which a modality is preferred over another. Our model predicts that once operative mortality 

is above 3-4% the advantage of surgery over SBRT disappears.  This finding has now been corroborated 

by very recent clinical studies comparing patients outcomes after surgery and SBRT (6-7).  While this 

shows that our model does indeed have clinical value, we believe that efficient accrual to existing clinical 

trials in this population is imperative to provide the highest levels of evidence to guide clinical 

management.   
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 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 different definitions of 

recurrence, and heterogeneity in the quality of SABR across different 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 defi nitions that allow for more equal comparisons between surgery and SABR. In a 

propensity score-matched analysis, locoregional control was defi ned 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 

signifi cant diff erences 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 

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 sug gesting similar outcomes with SABR 

and surgery, assessment of populationbased data has suggested similar conclusions (5). A propensity-

matched population-based analysis using the SEER-Medicare database suggests that short-term mortality 
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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 defi nitive 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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To the Editor: 

 

 We read with interest the results of the study by Hanna and colleagues (1) demonstrating that for 

survivors of lung cancer, minimal dose computed tomography is superior to chest radiography for 

detecting new or recurrent lung cancer. Their findings of new or recurrent lung cancer are consistent with 

data from recent work illustrating that intrathoracic disease progression represents a high burden in such 

patients (2,3). As acknowledged by the investigators, a limitation of their study is the lack of distinction 

between new and recurrent lung cancer on follow-up, an important consideration given the disparate 

prognosis associated with each. Patterns of failure studies by Lou and colleagues2 and Demicheli and 

colleagues (3) differentiated between these 2 entities using commonly accepted criteria (4), and showed 

that disease detected on follow-up could be attributed to second primary lung cancer (SPLC) in 26% and 

16% of cases, respectively. 

 

 Specifically in the present study, the median survival of 25 months (range, 6-48 months) in 

asymptomatic patients who were referred for palliative care suggests that some cases of SPLC may have 

inadvertently been classified as metastatic disease. We would appreciate it if the investigators could 

clarify their clinical approach for deciding when a new pulmonary lesion is not an SPLC, and provide 

details of the local therapies used in cases detected during surveillance, both symptomatic (median 

survival ranging from 7 to 63 months) and asymptomatic. Was fitness to undergo further surgery used to 

decide if invasive restaging was mandated? With the growing availability of stereotactic ablative 

radiotherapy, which is a highly effective local therapy for high-risk patients, even patients who are unfit 

for further surgery may become eligible for curative therapy in this situation (5,6). The investigators have 

provided useful evidence-based data to support posttreatment computed tomography surveillance for 

early-stage nonsmall cell lung cancer. Access to these additional details would be useful for others who 

need to implement this in practice. 
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Dear editor,  

  

 We read with interest the report of Fernando and colleagues describing local recurrence (LR) 

rates following sublobar resection in high-risk patients with an early stage non-small cell lung cancer (ES 

NSCLC), either with or without brachytherapy (1). The authors are to be commended for completing this 

study, particularly as other randomized trials evaluating different treatment strategies in the same patient 

population have failed to accrue (2). ‘High-risk’ patients were clearly defined, and the report focused on 

the LR-free survival, which was defined to include recurrence at the staple line (local progression), in the 

primary tumor lobe away from the staple line, and in ipsilateral hilar nodes. The use of brachytherapy did 

not influence LR or overall survival at 3-years. 

 

 For patients with ES-NSCLC who refuse surgery, or who are unfit to undergo surgery, 

stereotactic ablative radiotherapy (SABR) is currently the preferred treatment modality (3).However, it 

has been argued that the ability to perform more accurate nodal staging is an advantage for surgical 

approaches, as both the excision of nodal metastases and identification of candidates for adjuvant 

chemotherapy can improve overall survival (4). Therefore, the authors should provide data on the 

adequacy of staging hilar and mediastinal nodes in patients treated in their study. Data from ACOSOG 

Z4032 study protocol specified serial CT scans can inform readers on relapses in hilar and mediastinal 

nodal stations in a recent surgical cohort, and treatment patterns following relapse may be indicative of 

post-surgical fitness in this high-risk cohort.  

 

 The argument for rigorous surgical staging in high-risk ES-NSCLC may be called into question 

by findings that performance of nodal staging did not influence survival in patients with ES-NSCLC who 

underwent surgery in the International Early Lung cancer Action Program (I-ELCAP) (5), or in a Danish 

population study (6). Although Fernando et al. rightly point out the low surgical mortality observed in 

their study, it would be useful to note that the I-ELCAP study also reported a low surgical mortality 
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(0.9%) in a screen-detected cohort, treated by general thoracic surgeons at centers with specialized 

screening programs (5). Nevertheless, a mediastinal nodal resection was performed in only 55% of 

patients who underwent a sublobar resection in the I-ELCAP study (5). 

 

 Besides the issue of nodal staging in this population, the high rates of intercurrent death of 

patients in ACOSOG Z4032 due to non-cancer causes (intention to treat cohort: 51.1% from other 

disease; 8.0% unknown) highlights the importance of less invasive treatment options for individuals with 

a limited life expectancy. Only a minority of patients with lung cancer are treated in surgical trials (7), 

and recent population data are less reassuring. For example, Surveillance Epidemiology and End Results–

Medicare Registry data from 2006 to 2010, revealed 30-day, perioperative, and in-hospital mortality rates 

of between 3% and 4%, with the 90-day mortality being almost double at 6.89% (8). Discussions related 

to life sustaining measures in patients with poor prognosis often focus on the specifics of treatment rather 

than on the burden of treatment, the likelihood of complications, and the possible outcomes (9). As 

treatment-related mortality following SABR is uncommon (10), we would argue that high-risk patients 

with ES-NSCLC still need to be informed about SABR as a primary modality.  
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Dear editor, 

 

 We read with interest the report of Dupuy and colleagues describing 2-year outcomes in 

medically inoperable early stage non-small cell lung cancer (ES-NSCLC) treated with CT-guided 

radiofrequency ablation (RFA) (1). Their data adds to the growing body of evidence showing a low 

incidence of regional recurrences in ES-NSCLC following a local ablative therapy without any invasive 

nodal staging procedures.  It is questionable, however, whether their data supports the overarching 

suggestion that RFA is a reasonable first-line alternative to stereotactic ablative radiotherapy (SABR) for 

medically inoperable ES-NSCLC.  

 

 The authors argue that the 2-year overall survival (OS) between RFA and SABR is similar, 

“even in an older and sicker [RFA] cohort.” Although competing risks have a clear impact on survival in 

these high-risk patients (2), details on co-morbidities were lacking. The importance of co-morbidity in 

any survival comparison to historical SABR data is highlighted by the example of a 2-year actuarial OS 

of 100% seen in potentially operable lung SABR patients from two randomized trials (3). 

 

 A purported benefit of RFA over SABR is the preservation of lung function, and the authors cite 

the RTOG 0236 as reporting a 12% reduction in DLCO after SABR (4). We would like to point out that 

the paper cited by Dupuy et al. did not report any analysis of pulmonary function. In fact, a subsequent 

report on RTOG 0236 noted a non-significant decline in DLCO of 6% at 2 years (5).  

 

 The authors argue that local recurrence rates of 40% were acceptable in their study because of 

the ability to salvage failures with either SABR or repeat RFA, and because local failures did not appear 

to impact on overall survival. This finding needs to be considered in the context of the study’s small 

sample size and risk of making a type II error (i.e. failure to reject a false null hypothesis). It would be 

particularly enlightening if the authors had revealed the number of patients at risk in the Kaplan-Meier 
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analyses. Nonetheless, any perceived acceptability of local recurrence rates should be tempered by the 

psychological impact of recurrent disease, as well as morbidity and resource implications of salvage 

treatments. 

 

 We concur with the editorial accompanying the article that the high local recurrence rates after 

RFA decrease enthusiasm for its use as a first-line option for high-risk patients who are also eligible for 

SABR or surgery. RFA may have a role in previously irradiated, frail patients, although determining 

RFA’s efficacy versus best supportive care (BSC) in a clinical trial would be challenging. Modeling 

studies can be helpful in such situations; for example, we previously constructed a Markov model to 

simulate quality adjusted life years in extremely comorbid ES-NSCLC patients receiving either SABR or 

BSC (6). Combining such data with robust costing information, which can differ greatly from 

reimbursement rates (7), are crucial to inform cost-effectiveness, in the era of increasing awareness of the 

financial burdens associated with cancer treatment (8). 
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FUTURE DIRECTIONS 

 

 The advent of SABR for the treatment of lung cancer has been a timely addition to meet the unmet 

therapeutic needs of a growing, and largely elderly patient population. This is highlighted by the observed 

decreases in the proportion of untreated ES-NSCLC patients in various populations, which has correlated 

with an increase in the utilization of SABR (1). Previously, the view that SABR is superior to 

conventional RT for ES-NSCLC was largely based on indirect data from retrospective and population 

studies. This viewpoint is now supported by the results of a multicenter randomized control trial (2).  

 

 The rapid adoption of SABR for lung cancer into medical practice worldwide has been 

accompanied by reports on technical considerations, toxicity, and outcomes. In addition, published 

guidelines and recommendations from professional bodies on its use in lung cancer have served to ensure 

quality assurance (3-5). The work performed in this thesis attempts to address issues related to patient 

selection, as indications for lung SABR grow and patient selection become increasingly important. In this 

section, we will discuss remaining controversies, challenges, and future areas of research in the use of 

SABR specific to ES-NSCLC. 

 

OPTIMIZING PATIENT SELECTION 

 

Medically operable ES-NSCLC 

 SABR is the preferred treatment in patients with a peripheral ES-NSCLC who are unfit for 

surgery, or who refuse it (6). Growing equipoise of its use as an alternative to surgery in operable patients 

is highlighted by a number of randomized studies that are currently in preparation, or that have recently 

opened. The POSTLIV study in China (NCT01753414) is a phase II efficacy study comparing the two 

modalities. The VALOR (Veterans Affairs lung cancer surgery or stereotactic Radiotherapy trial) and 

SABRTOOTH (UKCRN ID 18037) studies include a design where a pulmonologist or research nurse 
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approaches the patient for enrollment, with the thought that this may reduce bias if either a surgeon or 

radiation oncologist sees the patient initially. The STABLE-MATES randomized trial (NCT02468024; 

JoLT-Ca sublobar resection versus stereotactic ablative radiotherapy for lung cancer) involves a study 

method known as Zelen’s design, whereby patients are screened and pre-randomized to either sublobar 

resection of SABR. Patients maintain their right to accept or decline study enrolment after they are made 

aware of the assignment, and those declining consent will be managed off study. As both physicians and 

patients become increasingly aware of SABR as a reasonable alternative to surgery for ES-NSCLC, it is 

foreseeable that randomized studies designed to avoid the pitfalls that have plagued the first generation of 

trials will succeed in completing patient accrual. In the event that randomized evidence fails to 

materialize, we contend that patients should be informed of all treatment options, and be able to 

participate in shared-decision making with the multidisciplinary thoracic oncology team, in order to arrive 

at the preferred modality. 

  

SURGERY 
Pros      Cons 

Definitive pathological diagnosis Procedure-related morbidity and mortality 

Enables invasive nodal staging in all cases Invasive procedure for possibly benign disease 

Appropriate delivery of adjuvant therapy in  
node-positive disease 

 

 
SABR 

Pros      Cons 
5-year local disease control rates of more than 90% Treatment without definitive pathological 

verification 
Outpatient procedure with mild acute toxicity Post-treatment fibrosis masking local  

disease recurrence 
Preservation of lung function and quality of life  

 
Table 1: Notable benefits and disadvantages of surgery and SABR in the treatment of stage I NSCLC. 
Adapted from Senan S. et al. Lancet Oncol. 2013 Jun;14(7):e270-4. 
 

Surgical Developments 
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 The recommendation that an anatomic lobectomy is preferred over sublobar (i.e. wedge resection 

or segmentectomy) in ES-NSCLC is based on a seminal randomized control trial 20 years ago, which 

found a lower risk of recurrence and a trend towards improved overall survival with lobectomy (7). Since 

then, several observational studies have supported the idea that sublobar techniques may result in 

comparable survival outcomes as lobectomy, but with lower rates of adverse events, particularly in the 

elderly (8).  

 

 More recent population-based data examining this issue, however, are conflicting. Khullar et al. 

performed an analysis of surgical T1A NSCLC patients from the National Cancer Database between 2003 

and 2011, using cox proportional hazards modeling, logistic regression analysis, and propensity score 

matching. Segmentectomy and wedge resection were associated with significantly worse OS, a higher 

likelihood of positive surgical margins, and a lower likelihood of having more than 3 lymph node 

examined when compared to lobectomy (9). Veluswamy et al. performed a similarly designed study using 

the Surveillance, Epidemiology, and End Results-Medicare database, and stratified patients by squamous 

versus adenocarcinoma histologies (10). The authors found that in terms of overall survival, neither 

wedge resection nor segmenectomy was equivalent to lobectomy in patients with squamous cell 

carcinoma. For adenocarcinoma, a wedge resection was found to be associated with a survival 

disadvantage compared to lobectomy, and no significant differences were noted between segmentectomy 

and lobectomy. The results from ongoing randomized control trials of lobectomy versus sublobar 

resection for tumors measuring less than 2 cm in diameter, are awaited (CALGB 140503, NCT00499330; 

and JCOG 0802) (11).  

 

When is withholding lung SABR appropriate? 

 At the opposite spectrum of operable ES-NSCLC patients are those who are elderly, frail and with 

severe comorbidities, with some arguing that a ‘no treatment’ option may be appropriate for a significant 

proportion. Work described in Chapter 3 of this thesis attempts to address the role of SABR in these 
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patients through Markov modeling of best supportive care (BSC) versus SABR. This decision analysis 

suggested that SABR resulted in a survival and quality-adjusted survival benefit, even in ES-NSCLC 

patients with T2 tumors and severe GOLD III/IV COPD (12). Although BSC in this study was modeled 

after data in an era pre-dating the availability of SABR (13), the conclusions of the Markov modeling are 

consistent with a recent National Cancer Database (NCD) report addressing the same question. Nanda et 

al. compared SABR and BSC ES-NSCLC patients using the NCD, which captures data on 70% of all 

diagnosed malignancies in the United States (14). The NCD is useful for such an analysis as, unlike other 

major databases, it captures information on radiotherapy dose and method of radiation delivery. A key 

finding in this analysis of 3,147 ES-NSCLC patients was that on multivariable modeling, SABR 

conferred a survival benefit even in the very elderly (≥85 years, HR = 0.56) and in those with comorbidity  

(Charlson/Deyo score ≥2, HR = 0.51). Nevertheless, the significant number of patients who remain 

untreated in recent reports indicates that efforts to educate pulmonologists, oncologists and general 

practitioners should continue to have a high priority.   

 

 While growing literature suggests that SABR may be justified in the ES-NSCLC patients with 

severe competing risks (15), recent data has revealed more about relative contraindications to the use of 

SABR (16). As an example, pre-treatment lung CTs were evaluated for the presence of interstitial lung 

disease (ILD) in a Japanese study of 157 consecutive ES-NSCLC patients treated with SABR (17). This 

study found that the incidence of symptomatic pneumonitis was significantly higher in patients with ILD 

(grade ≥2: 55% vs. 13%, grade ≥3: 10% vs. 2%). Although rates of toxicity were higher, no difference in 

disease progression rates was observed. A Canadian report on 150 ES-NSCLC patients treating with 

SABR found that of the 20 patients identified with pre-existing interstitial lung disease (ILD), 5 patients 

developed grade 3 (n=2) and grade 5 (n=3) pneumonitis, respectively (16). The spectrum of typical CT 

changes associated with ILD are shown in figure 1 (18).  
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Figure 1.  CT images demonstrating usual interstitial pneumonia (UIP) pattern and possible UIP pattern. 
(A and B) UIP pattern, with extensive honeycombing and reticular abnormalities (C and D) UIP pattern, 
with less severe honeycombing, and reticular abnormality with subpleural honeycombing (arrows). (E 
and F ) Possible UIP pattern: moderate amount of ground glass abnormality, but without honeycombing. 
From Raghu et al. (18) 
 

 About 1 in 20 patients with IPF develop lung cancer (19). Although it is unclear what the true risk 

of fatal or severe pneumonitis following both conventionally fractionated radiotherapy and SABR in 

patients with co-existing IPF (20), models have been developed and validated to predict the risk of short-

term mortality in IPF (21). However, weighing such data against the competing risks of untreated ES-

NSCLC, and the increased toxicity of SABR, can be challenging. Work to develop a decision analytic 

model to help guide thresholds in which SABR in this unique patient population is warranted, across a 

broad range of sensitivity analyses assumptions.  

 

Central tumors: the unresolved dilemma 

 Treatment of centrally located lung tumors with SABR has been not as widely adopted as in 

peripheral lesions, due to early trials that revealed increased risks of severe toxicity (22). However, a 

systematic review of mostly retrospective series determined that the reported overall survival following 
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SABR for peripheral and central tumors was similar, and that the risk of grade 3 or 4 toxicity was less 

than 9% in central tumors (23). Although this latter finding supports the use of SABR for central tumors 

(23), both the ESMO guidelines [CPG 2013] and a review by the IASLC Advanced Radiation 

Technology Committee (24) have recommended that treatment to a BED10 of >100 Gy should not be 

considered as standard in this situation. One problem when interpreting the literature is the heterogeneity 

in definitions of what exactly constitutes a central location in the reviewed studies. A commonly accepted 

definition is the RTOG ‘no fly’ zone (2 cm within the proximal bronchial tree), and more recently, the 

concept of moderately central versus ultra central locations has been introduced (25). While an European 

phase II LungTech trial is ongoing (26), preliminary results from RTOG 0813 (NCT00750269) trials have 

been presented in abstract form. In this phase I dose-escalation study using 5 fractions of SABR, the 

probability of dose limiting toxicity in the highest (60 Gy in 5 fractions) was 7.2% (95% CI, 2.8-14.4%), 

with a 4 out of 100 evaluable patients experiencing grade 5 toxicity (all hemoptysis or pulmonary 

hemorrhage related). As mature results from these prospective studies are awaited for more reliable 

information on toxicity rates and dose constraints in this setting, institutional constraints for organs at risk 

as well as target volume objectives have been described (27-29) Constraints from various sources for 

SABR for central lung tumors in the literature are presented in Table 2 below, which also reveals that 

many patients treated using our institutional protocols, would have been ineligible for inclusion in both 

the RTOG 0813 and LungTech trials. In order to derive reliable SABR dose constraints for centrally-

located normal organs, future studies that pool data from multiple databases may be required as high-

grade toxicity is uncommon.  
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Table 2: Institutional (VUMC), RTOG 0813 and LungTech study constraints for SABR for central lung 
tumors (27). The percentages in brackets indicate the proportion of VUMC patients who would not have 
fulfilled the eligibility criteria for the 3 references. 
 

DIAGNOSTIC MANAGEMENT AND PREDICTIVE TOOLS 

 

SPN workup 

 In chapter 3, we addressed a common problem facing thoracic oncologists, which is determining 

the necessity of pathologic confirmation in a solitary pulmonary nodule (SPN) prior to SABR. In this 

situation, the reported rates of obtaining a histologic diagnosis of malignancy prior to SABR ranges from 

35-100%, with a trend towards lower rates in areas where non-malignant etiologies (i.e. false positives) 

are less prevalent. In our decision analytic model, we determined that performing SABR on an SPN 

suspicious for lung cancer with a likelihood of malignancy threshold higher than approximately 85% 

appears warranted across a broad range of assumptions. However, validated calculators to estimate 

malignancy likelihood are not available in all geographic regions.  In such situations, recommendations 

from professional bodies that have systematically reviewed relevant evidence can be helpful. As an 

example, the British Thoracic Society evaluated a number of malignancy risk calculators in their 

population, before recommending an image-guided biopsy when the risk of malignancy for a SPN is 10-

70%, and recommended either surgery or SABR when the risk of malignancy is greater than 70%  (30). 
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In the future, use of tools to improve the diagnostic yield of suspected lung cancer may be helpful, and 

these could include gene-expression classifiers (measured in “normal tissue” during bronchoscopy) (31) 

and liquid biopsies (circulating tumor cells/DNA) (32). 

 

Nodal staging 

 Pre-treatment invasive nodal evaluation has not been part of the routine staging for ES-NSCLC 

SABR patients, who historically have been less fit (33). Given the increasing trend for the use of SABR 

in fitter patients, the role of endoscopic nodal staging is being investigated by the STAGE study in the 

Netherlands, in order to determine if a greater proportion of patients with nodal disease can be identified 

via endobronchial or endoesophageal ultrasound-guided needle aspiration, compared with a strategy of 

nodal staging according to PET-CT findings. 

 

Diagnostics during surveillance 

 Although symptomatic radiation pneumonitis after SABR is uncommon, asymptomatic radiation-

induced lung injury (RILI), which manifests as radiographic changes, is relatively common. These 

fibrotic changes may occasionally mimic local recurrence, and distinguishing between these two entities 

is crucial to guide further investigations and salvage treatment options. As an example, some instances of 

“salvage” surgical resection have revealed only benign fibrotic tissue (34-36). As an increasing 

proportion of treated SABR recipients are fitter with longer life expectancies, regional/locoregional 

and/or distant failures may be treated with salvage treatments, including surgical resection, reirradiation, 

combined chemoradiotherapy, or palliative local or systemic therapy (36).  

 

 To aid in diagnostic management during surveillance following lung SABR, high-risk CT features 

have been proposed and validated to predict local recurrence (37). However, the identification of these 

features may be subject to inter-observer variability can be difficult (38), and this argues for the 
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development of radiomic applications to detect subtle imaging changes predictive of recurrence that are 

beyond the ability of an individual physician’s discriminative ability (39). 

 

Risk stratification and predicting metastases 

 Approximately 15% of ES-NSCLC patients develop metastatic disease following SABR (40). For 

surgically-treated ES-NSCLC, there may be a benefit for receiving adjuvant systematic treatment in 

tumors greater than 4 cm (41), a finding that is generalizable to the elderly population (42). Regarding 

resected NSCLC (stages I-III) with expression of EGFR-activating mutations, the RADIANT clinical trial 

failed to demonstrate a benefit in disease-free survival when comparing adjuvant erlotinib versus placebo 

(43).  

 

 It remains unclear if a subset of ES-NSCLC patients treated with SABR would benefit from 

adjuvant systemic therapy; however, a nomogram has recently been developed to predict the risk of 

metastatic disease following SABR (Personal communication: Kevin Stephans, Cleveland Clinic), but 

additional work is required. As SABR becomes more established in fitter ES-NSCLC, the question of 

adjuvant treatment is an area of further investigation.  

 

 Consideration of adjuvant therapy in ES-NSCLC in the future, irrespective of the initial local 

modality, is moving towards a more personalized approach. In adenocarcinoma, the predominant 

architecture (lepidic, acinar, solid, papillary, or micropapillary) appears predictive of metastasis risk (44). 

Liquid biopsies have been touted to improve surveillance for recurrent or second primary lung cancer in 

previously treated lung cancer (44). Finally, in addition to cytotoxic chemotherapy and targeted agents, 

immune checkpoint-based strategies and adoptive immunotherapies combined with radiotherapy will be 

of interest in ES-NSCLC patients at increased risk of developing metastases (45). 
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SCREENING AND SURVEILLANCE 

 

CT screening for lung cancer 

 The landmark National Lung Screening Trial (NLST) demonstrated that low-dose CT screening 

for lung cancer in high-risk individuals is associated with a survival benefit over chest x-ray (46). There 

are several reasons to believe that SABR may be employed for screen-detected nodules as CT-screening 

becomes more routine. First, a proportion of patients who may have been medically inoperable at the time 

of initial screening may no longer be operable, or may become borderline operable, at the time of detected 

nodule. Second, although patients may be medically operable, surgical confirmation of malignancy comes 

at a price. In the NLST, the 60-day operative mortality was 1.0% and 1.2% in patients with and without 

lung cancer, respectively. Generally speaking, operative mortality tends to double when considering death 

at 30 versus 90 days (47), and is higher at the real-world setting when compared to data in clinical trials 

(1). As an example, in 25,362 patients who had a lung operation for known or suspected lung cancer in 

the United States, the mortality rate in those eventually found to have benign disease was 2.1% (48). In 

this study, the variable prevalence of benign disease from state to state (1.3% in Vermont to 25.0% in 

Hawaii) demonstrates the clear need for improved geographic-specific tools in predicting the likelihood 

of malignancy. 

 

 Another development highlighted by the NLST was the finding that 8% of detected lesions were 

small cell lung cancer (SCLC). Stage I SCLC overall is rare, with the National Comprehensive Cancer 

Network supporting the use of surgical resection and mediastinal lymph node dissection/sampling, 

followed by consideration of chemotherapy and prophylactic cranial irradiation (PCI). Only 3 case series 

comprising of 22 patients have reported the use of SABR with or without chemotherapy in a medically 

inoperable population (49-51).  As a clinical trial of SABR in stage I SCLC would be difficult to design 

and accrue, modeling and population-based studies may be helpful to elucidate its role in this context.  
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Surveillance for second primary lung cancer (SPLC) 

 Patients with smoking-related malignancies are at increased risks of developing SPLC. Following 

initial curative treatment of lung cancer, the risk of SPLC may be as high as 5 times the lung cancer risk 

of patients included in the NLST (52), a finding that supports the use of CT surveillance in lung cancer 

survivors. For head and neck cancer survivors, second primary lung cancers are a leading cause of death 

(53), however other causes of death including heart disease, stroke, and COPD also diminish the lifespan 

of survivors.  

 

 For early stage SPLC presenting after an initial lung or head and neck cancer, radical treatment by 

means of either surgery or SABR are options. Distinguishing between a metastasis versus an SPLC is 

straightforward when histologies are discordant, but pose a challenge when the histologic subtypes are the 

same. In the latter scenario, if a certainty in diagnosis is desired, array comparative genomic hybridization 

(CGH) can be employed help differentiate the two entities (54).  

  

 While an advantage of surgery for early stage SPLC includes obtaining definitive pathologic 

information, a recent meta-analysis found that the mortality and morbidity rates following repeat surgery 

in SPLC after initial lung cancer are 7% and 32%, respectively. Both the surgical mortality and 

competing causes of death suggest that primary SABR could play an important role. Our institutional 

experience indicates, however, that the incidence of grade 3 toxicity is less than 5%, and treatment-related 

mortality is uncommon (55). As information regarding the role of SABR for early stage SPLC following 

head and neck cancer is spare, we explored our institutional and Dutch population level outcomes in 

chapters 5 and 6, respectively. 

  

SHARED DECISION-MAKING  
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 The list of indications for the use of SABR in lung cancer is growing in parallel with the 

willingness of Radiation Oncologists to treat, and the willingness of multidisciplinary tumor boards to 

refer for treatment. While the intent of this thesis is to provide evidence for physicians and public health 

officials in the judicious use of SABR, ultimately, we need to listen to the individual who is at the center 

of the treatment decision – the patient. Actively engaging the patient in the decision-making process 

improves trust and satisfaction (56). Ultimately, in situations where there are different treatment options 

that are equally as effective, as may be the case in ES-NSCLC (57), preference-sensitive care is preferred. 

This refers to the idea that the “right” treatment actually depends on the patient’s individualized relative 

weight that he or she gives to the risks and benefits of treatment (58). As thoracic oncologists continue to 

debate whether surgery or SABR is the gold-standard for various settings of ES-NSCLC, we would 

contend that the gold-standard is actually a patient that is well-informed through the advice of a 

multidisciplinary tumor board. 
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THESIS SUMMARY 

 

 The work performed for this thesis examined issues related to the use of SABR in treatment of 

patients with ES-NSCLC.  

 Chapter 2 is a Markov model that compares best supportive care versus SABR for ES-NSCLC. 

Using data from a variety of sources, SABR was found to be beneficial for all modeled cohorts, including 

those with the most advanced age and COPD.  

 Chapter 3 addresses a common clinical dilemma, which is determining when a biopsy is 

required for a solitary pulmonary nodule suspicious for ES-NSCLC that is to be treated with SABR.   For 

patients with suspected ES-NSCLC being considered for surgery, a likelihood of malignancy threshold of   

65% is commonly accepted, and was arrived upon based on modeling data. We employed a similar 

methodology, which found that a threshold of approximately 85% was indicated for SABR patients, a 

finding that was robust over a wide range of assumptions.  

 With the advent of CT screening, it is foreseeable that the incidence of small pulmonary nodules 

will be on the rise. Chapter 4 addresses clinical, dosimetric, and image-guidance considerations for such 

sub-centimeter lesions that may be treated with SABR, as an alternate to surgery. A key finding in this 

study was that in small peripheral ground glass lesions surrounded by emphysematous (extremely low 

density) lung treated with SABR, underdosage as high as 20-25% can occur, if modern dose calculation 

algorithms are not employed. 

 Chapters 5 and 6 explore survivorship considerations in patients previously treated for head and 

neck squamous cell cancer (HNSCC) who develop second primary, ES-NSCLC. While there is a 

possibility of misclassification bias between ES-NSCLC and solitary metastatic HNSCC to the lung in 

both studies, we found that radical treatment with surgery or SABR may be warranted in either scenario. 
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In the population-based cohort studied using the Netherlands Cancer Registry, a key finding was that 

radiotherapy (presumed to be SABR) may achieve similar survival outcomes as surgery in this setting.  

 Chapter 7 represents the first published lung cancer application of the Canadian Research 

Management Model (CRMM), a microsimulation tool designed to estimate the impact of novel cancer 

therapies in the Canadian population. We found that the use of SABR for ES-NSCLC is projected to 

result in significant cost savings and survival gains. Although SABR was cost-effective when compared 

to sublobar resection, conventional radiotherapy and best supportive care, lobectomy was the most cost-

effective option overall for operable patients. 

 In Chapter 8, we created a Markov model to simulate the clinical history of various cohort of 

ES-NSCLC patients (stratified by smoking history, age and sex) treated with either surgery or SABR. The 

model was built at a time when the STARs and ROSEL RCTs were actively accruing, using the best 

available evidence over a range of sensitivity analyses. We found that surgery (lobectomy) was preferred 

over SABR, however this finding was highly sensitive to differences in utility (0.18) and treatment-

related death (~3%) estimates. The latter finding is particularly noteworthy, as several studies have since 

demonstrated that a rate of treatment-related death may be a key reason for why long-term survival 

differences between surgery and SABR may be small, a phenomenon known as the head-start effect. 

 While most studies comparing surgery and SABR for ES-NSCLC have focused on survival 

outcomes, Chapters 9 and 10 examine quality of life (QoL) considerations. First, in a systematic review 

of the literature, 9 SABR QoL studies were identified, with the majority of studies finding no clinically 

significant changes in QoL following SABR. Two studies demonstrated significant deteriorations in 

fatigue and dyspnea, and a single study noted significant improvements in emotional functioning. 

Secondly, we performed an exploratory analysis of QoL and indirect costs from the ROSEL RCT 

comparing surgery and SABR for ES-NSCLC. Recognizing the limitations of a small sample size of 22 

patients, we found that SABR was favored for the endpoints of global QoL and indirect costs. 
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 In Chapter 11, we created, then internally and externally validated an overall survival 

nomogram for ES-NSCLC patients treated with SABR. The nomogram, which is available for clinical use 

online at www.predictcancer.org, incorporates tumor diameter age, WHO performance status, smoking 

history and charlson comorbidity index in its prognostication.  

 Chapter 12 is a pooled analysis of the STARs and ROSEL RCTs comparing SABR and surgery 

for ES-NSCLC. Although both trials closed due to poor accrual, a combined 58 patients were 

randomized. Although overall survival at 3 years favored SABR (95% vs. 79%, log rank p =0.037), 

although on cox proportional hazards modeling this did not retain significance (HR 0.14, 95% CI 0.017-

1.190). Regardless, the findings of this pooled analysis support equipoise for newer ongoing RCTs 

comparing the two treatment modalities. 

 Chapter 13 is an editorial on a SEER population based analysis, evaluating the merits of SABR 

as an alternative gold-standard treatment option to surgery for Stage I NSCLC.  

 Chapter 14 is a review article discussing new developments, current controversies and future 

priority areas of research in ES-NSCLC. 

 Chapter 15 is, to our knowledge, the first manuscript that systematically reviews the radiation 

oncology cost-effectiveness and cost-utility literature.  102 studies were identified and appraised using the 

Consolidate Health Economic Evaluation Reporting Standards (CHEERS) guideline, which is a checklist 

of key metrics that should be included in any health economic study. We found that study quality has 

improved over time; however, it remains to be seen whether such improvements will translate to more 

efficient usage and funding of radiation cancer care. 

 Chapters 16 to 20 comprise letters to the editor related to i) the Markov model in chapter 8, ii) 

the debate of surgery vs. SABR, iii) the utility of CT surveillance following radical treatment of lung 

cancer, iv) the role of sublobar resection vs. SABR in ES-NSCLC and v) the role of RFA vs. SABR in 

ES-NSCLC.  
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 The thesis concludes with Chapter 21, which highlights new RCTs comparing surgery and 

SABR in ES-NSCLC, as well as additional priority areas for research in ES-NSCLC. 
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SAMENVATTING 
 

 Dit proefschrift behandelt diverse aspecten van stereotactische radiotherapie, of ‘stereotactic 

ablative radiotherapy (SABR)’, bij de behandeling van patiënten met een vroeg stadium niet-kleincellig 

longcarcinoom (ES-NSCLC).  

 Hoofdstuk 2 beschrijft een Markov-model waarin “best supportive care” wordt vergeleken met 

SABR bij ES-NSCLC. Op basis van data van diverse bronnen werd aangetoond dat SABR van voordeel 

is bij alle onderzochte patiëntengroepen, inclusief patiënten op hoge leeftijd en met COPD.  

 In Hoofdstuk 3 wordt ingegaan op een veelvoorkomend klinisch dilemma, namelijk de vraag  

wanneer een biopsie nodig is voor de behandeling met SABR van een solitaire longlaesie die verdacht is 

voor ES-NSCLC. Voor ES-NSCLC patiënten die een operatie zullen ondergaan, wordt op basis 

modelmatige studies een kans op maligniteit van 65% of hoger aangehouden. Wij hebben een soortgelijke 

methodologie toegepast voor SABR en vonden dat een kans op maligniteit van 85% of hoger robuuste 

data leverde voor een groot aantal aannames.  

 Met de komst van CT screening zal het aantal ontdekte kleine longlaesies toenemen. Hoofdstuk 

4 besteed aandacht aan klinische -, dosimetrische - en beeldgestuurde overwegingen bij de behandeling 

van sub-centimeter laesies d.m.v. SABR, als alternatief voor chirurgie. Een belangrijke bevinding van 

deze studie was, dat bij kleine perifere longlaesies met zogenaamd ‘ground glass’ aspecten in een gebied 

emphysemateus longweefsel, de berekende dosis van SABR 20-25% kan afwijken wanneer geen accurate 

algoritmes in het treatment planningsysteem worden gebruikt. 

 Hoofdstuk 5 en 6 gaan in op overwegingen rond ‘survivorship’ bij patiënten die eerder voor een 

tumor in het hoofd-hals gebied (HNSCC) zijn behandeld en ES-NSCLC als tweede primaire tumor 

ontwikkelen.  Hoewel er een kans bestaat dat er sommige laesies solitaire metastasen van HNSCC zijn en 

geen nieuwe ES-NSCLC, vonden we dat een radicale behandeling met chirurgie of SABR in beide 

gevallen aangewezen is. Door gebruik te maken van data in de Nederlandse Kanker Registratie  toonden 
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wij aan dat met moderne radiotherapie (inclusief SABR), vergelijkbare resultaten als met chirurgie 

mogelijk zijn.  

 Hoofdstuk 7 betreft de eerste gepubliceerde longkanker applicatie van het zgn. Canadian 

Research Management Model (CRMM). Dit is een microsimulatie-hulpmiddel dat wordt gebruikt om de 

impact van nieuwe kankerbehandelingen in de Canadese populatie te meten.  Wij vonden met dit model 

dat het gebruik SABR bij ES-NSCLC zal leiden tot een significante besparing in kosten en toename van 

de overleving. Hoewel SABR kosteneffectief was vergeleken met een sublobaire resectie, conventionele 

radiotherapie en ‘best supportive care’, was, gebaseerd op de aannames in het model, lobectomie het 

meest kosteneffectief voor operabele patiënten.   

 In Hoofdstuk 8, hebben wij een Markov-model gebouwd om het beloop van verschillende 

categorieën ES-NSCLC patiënten (gestratificeerd voor rookgewoontes, leeftijd en geslacht) te 

onderzoeken bij behandeling met chirurgie of SABR. Het model werd gebouwd in een periode waarin de 

gerandomiseerde studies ROSEL en STARS, waarin chirurgie en SABR werden vergeleken, nog open 

waren. Wij vonden dat chirurgie (lobectomie) werd verkozen boven SABR, hoewel dit sterk afhankelijk 

was van aannames voor verschillen in “utility” (0.18) en kans op overlijden door de behandeling (~3%). 

Dit laatste is vooral van belang daar diverse latere studies hebben aangetoond dat de kans op overlijden 

door de behandeling een belangrijke verklaring kan zijn voor de geringe verschillen tussen chirurgie en 

SABR in lange termijn overleving, een fenomeen dat wel het ‘head-start effect’ wordt genoemd. 

 Terwijl de meeste studies waarin chirurgie en SABR zijn vergeleken de nadruk hebben gelegd 

op (verschillen in) overleving, zijn wij in Hoofdstuk 9 en 10 ingegaan op de kwaliteit van leven (quality 

of life (QoL)). In een systematisch literatuuronderzoek, werden 9 SABR QoL studies gevonden. In de 

meeste studies werd geen klinisch significante verandering in QoL na SABR gezien. Twee studies lieten 

een significant verslechtering zien in vermoeidheid en kortademigheid en een studie toonde een 

significante verbetering in emotioneel functioneren. Hierna werd in een verkennende analyse van QoL en 

indirecte kosten gedaan op basis van data uit de ROSEL studie, waarin chirurgie en SABR werden 
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vergeleken. Hoewel de studiegrootte gering was (22 patiënten), vonden wij dat SABR geprefereerd werd 

wat betreft algehele QoL en indirecte kosten. 

 Hoofdstuk 11 beschrijft de ontwikkeling van een nomogram voor de overleving van ES-NSCLC 

patiënten die zijn behandeld met SABR. Dit nomogram is vervolgens intern en extern gevalideerd en 

inmiddels voor klinisch gebruik beschikbaar via www.predictcancer.org. Op basis van tumor grootte, 

leeftijd, WHO performance status, rookgewoonten en de Charlson comorbidity index, kan de prognose 

worden berekend.  

 In Hoofdstuk 12 wordt een gecombineerde analyse van twee gerandomiseerde studies (STARS 

en ROSEL) waarin SABR en chirurgie bij patiënten met ES-NSCLC worden vergeleken. Beide studies 

werden voortijdig afgebroken door een te gering aantal patiënten dat deelnam aan de studies. In totaal 

werden 58 patiënten gerandomiseerd. Hoewel de overleving na 3 jaar beter was voor de patiënten die met  

SABR waren (95% vs. 79%, log rank p =0.037), was dit verschil niet statistisch significant in een Cox’s 

proportional hazards model (HR 0.14, 95% CI 0.017-1.190). Desalniettemin ondersteunen de resultaten 

van deze gecombineerde analyse gelijkwaardigheid van de beide behandelmodaliteiten, wat in verdere 

gerandomiseerde trials wordt onderzocht.  

 Hoofdstuk 13 is verschenen als editorial bij een analyse gebaseerd op de Amerikaanse SEER 

database, naar de betekenis van SABR als een alternatief voor de gouden standaard behandeling 

(chirurgie) bij ES-NSCLC.  

 In Hoofdstuk 14 wordt een overzicht gegeven van nieuwe ontwikkelingen, controverses en 

prioriteiten voor verder onderzoek op het gebied van ES-NSCLC. 

 Hoofdstuk 15 is, voor zover ons bekend, het eerste systematische review naar  alle literatuur op 

het gebied van kosteneffectiviteit en cost-utility onderzoek in de radiotherapie. In totaal werden 102 

studies geïdentificeerd en beoordeeld aan de hand van de Consolidate Health Economic Evaluation 

Reporting Standards (CHEERS) richtlijn. Deze richtlijn dient als checklist voor de belangrijkste 

onderdelen van elke  studie op het gebeid van gezondheidseconomie. Wij zagen dat de kwaliteit van de 

studies in de loop der tijd was toegenomen, maar het is nog de vraag of deze verbeteringen zich ook 

vertalen in een meer efficiënt gebruik en bekostiging van radiotherapeutische zorg.   

 De Hoofdstukken 16 tot en met 20 bestaan uit ‘letters to the editor’ betreffende i) het Markov 

model in hoofdstuk 8, ii) het debat over chirurgie versus SABR, iii) het nut van CT surveillance na een 

radicale behandeling van longkanker, iv) de rol van sublobaire resectie versus SABR en v) de rol van 

radiofrequency-ablation (RFA) versus SABR bij ES-NSCLC.  
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 Het proefschrift eindigt met Hoofdstuk 21 waarin nieuwe gerandomiseerde studies rond 

chirurge en SABR en belangrijke andere terreinen van verder onderzoek bij ES-NSCLC worden 

besproken. 
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