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ABSTRACT

Background

Volumetric response to therapy has been suggested as a biomarker for patient-centered 

outcomes. The primary aim of this pilot study was to investigate whether the volumetric 

response to induction chemoradiotherapy was associated with pathological complete 

response (pCR) or survival in patients with superior sulcus tumors managed with trimodality 

therapy. The secondary aim was to evaluate a semiautomatic method for serial volume 

assessment.

Methods

In this retrospective study, treatment outcomes were obtained from a departmental 

database. The tumor was delineated on the computed tomography (CT) scan used for 

radiotherapy planning, which was typically performed during the first cycle of chemotherapy. 

These contours were transferred to the post-chemoradiotherapy diagnostic CT scan using 

deformable image registration (DIR) with/without manual editing.

Results

CT scans from 30 eligible patients were analyzed. Median follow-up was 51 months. Neither 

absolute nor relative reduction in tumor volume following chemoradiotherapy correlated 

with pCR or 2-year survival. The tumor volumes determined by DIR alone and DIR + manual 

editing correlated to a high degree (R2 = 0.99, P < 0.01).

Conclusion 

Volumetric response to induction chemoradiotherapy was not correlated with pCR or 

survival in patients with superior sulcus tumors managed with trimodality therapy. DIR-based 

contour propagation merits further evaluation as a tool for serial volumetric assessment.



CHAPTER 4SEMI-AUTOMATED VOLUMETRIC RESPONSE EVALUATION IN SUPERIOR SULCUS TUMORS

  51  

INTRODUCTION

Assessment of the imaging response to therapy is currently based on one-dimensional 

Response Evaluation Criteria in Solid Tumors (RECIST).1 However, there is considerable 

interest in evaluating the role of changes in tumor volume as a more sensitive measure of 

response.2 Previous studies investigating the relationship between volumetric response to 

induction therapy and its correlation with pathological responses and survival have shown 

conflicting results.2-4

Current guidelines recommend chemoradiation followed by surgery for patients with 

operable non-small-cell superior sulcus tumors5 and pathological complete response 

(pCR) after chemoradiotherapy has been identified as an important prognostic factor for 

survival.6-8 However, in the vast majority of patients it is currently not possible to accurately 

discern prior to surgery, whether or not they have achieved a pCR to chemoradiation. If this 

were possible, it would facilitate studies investigating whether those patients without pCR 

might benefit from more intensive induction therapy, or whether surgery is still required in 

those with a pCR. We therefore conducted a retrospective pilot study to evaluate whether 

the volumetric response to induction chemoradiation correlated with pCR and survival in 

patients with superior sulcus tumors. In addition, because volume analysis using manual 

tumor contouring alone is time consuming and prone to inter-observer variation9-11, we also 

evaluated a semiautomatic method for serial volume measurements based on deformable 

image registration (DIR).10

METHODS

Patients and treatment

This retrospective analysis used routine clinical data from consecutive eligible patients 

and was performed with institutional ethics board approval. Patients with superior sulcus 

tumors treated between 2002 and 2011 were required to meet the following criteria: (1) 

received radiotherapy in our institution, which ensured the availability of a pretreatment 

radiotherapy planning computed tomography (CT) scan, (2) had a post-induction diagnostic 

CT that imaged the entire tumor and (3) had a primary tumor that was well demarcated on 

CT. Diagnosis of a superior sulcus tumor was established after review by a multidisciplinary 

lung cancer board in accordance with established clinical and radiological criteria.12 Staging 

investigations included bronchoscopy, CT scan of the chest and upper abdomen, whole 
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body fluorodeoxyglucose positron-emission tomography/CT (FDG-PET/CT) scan and brain 

MRI. Where mediastinal lymph node metastasis was suspected, histopathological samples 

were obtained by either bronchoscopy, endoscopic ultrasound with fine needle aspiration 

or mediastinoscopy.8

All patients underwent induction chemoradiotherapy followed by surgery. Induction 

chemoradiotherapy typically consisted of three courses of platinum-based chemotherapy 

and image-guided radiotherapy performed with four-dimensional (4D)-CT planning. The 

standard induction radiotherapy dose evolved over time from 39 Gy in 13 fractions, to 46 

or 50 Gy in 23 or 25 fractions, respectively. Radiotherapy was commenced with the second 

cycle of chemotherapy as previously reported.8,13 Patients showing no local or distant 

disease progression on CT after chemoradiotherapy were usually operated on 4–6 weeks 

after induction therapy. Surgery included upper lobectomy by posterolateral thoracotomy 

(Shaw–Paulson) with en bloc resection of the involved chest wall and the T1 branch of the 

brachial plexus. Hilar and mediastinal lymph node dissection was routinely performed. The 

bronchial stump was generally covered with a vascularized intercostal muscle flap.

Resection specimens were fixed in neutral buffered formalin. During gross examination of 

the resection specimen at least two blocks were taken from the tumor area and two from 

the adjacent lung. Where no vital tumor cells were seen in these blocks, the remainder of 

the lesion was also embedded in paraffin. Pulmonary lymph nodes were cut into 3-mm slices 

and embedded. The histopathological response in the resection specimens was determined 

by estimating the percentage of vital tumor cells within the macroscopic tumor in relation to 

areas of fibrosis, necrosis and inflammatory change. A four-tier scoring system was used: 1 

= pCR; 2 = < 10% vital tumor cells; 3 = > 10% vital tumor cells; 4 = no pathological response.

Details of patient demographics, treatment scheme, histopathological results, follow-up 

duration, disease-free status and survival were collected. A 2-year period was used as the 

survival endpoint, as previous studies have demonstrated that the highest risk of mortality 

exists within the first 2 years of follow-up.6,8 Follow-up data were derived from medical 

records, the general practitioner or referring physician and the municipal personal records 

database. Survival data were obtained up to December 2011.

Volumetric analysis

The radiotherapy planning CT was typically performed during the first cycle of chemotherapy. 

This scan and the post-induction diagnostic CT were imported into Velocity AI 2.7.1 (Velocity 
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Medical Solutions, Atlanta, GA, USA). In all patients, the visible primary gross tumor 

volume was contoured on the planning CT by the same investigator and checked by a 

second investigator. Tumor–soft tissue interfaces were identified using mediastinal window 

settings, while for tumor–lung interfaces, additional information was obtained from lung 

window settings. Where the planning CT was respiratory-correlated (4D-CT), only phase 0 

was used for contouring. DIR software was used to transfer the initial contours to the post-

induction CT.10 Consistent with best practice and acknowledging the limitations of DIR, all 

deformed gross tumor volume contours were visually reviewed and manually edited (where 

necessary10) using the same criteria that were applied when contouring the planning CT. Two 

observers took part in this process to reduce the likelihood of interobserver variation and 

the same software was used for all contouring and manual editing procedures. These sets 

of contours (DIR alone and DIR + manual editing) represented the post-induction dataset. 

Absolute and relative changes in gross tumor volume between the planning and post-

induction CT scans were calculated and correlated to pCR and survival. Unless otherwise 

specified, volume change was determined using the post-induction DIR + manual editing 

data. Finally, the post-induction gross tumor volumes obtained with DIR alone and DIR + 

manual editing were compared.

Statistical analysis

All statistical analyses were performed using the statistical software package SPSS version 

17.0 (SPSS, Inc., Chicago, IL, USA). Statistical significance was defined as P < 0.05. Survival 

was calculated with the Kaplan–Meier method from the date of surgery. For the analysis of 

disease-free survival, events were defined as local recurrence, distant progression or death 

from any cause. For survival and disease-free survival, 95% confidence intervals (CI) were 

reported. For comparing overall survival rates between subgroups, the log-rank test was 

used. The Pearson correlation coefficient (R2) was used to describe correlations. The Mann–

Whitney U test was used to compare groups in terms of continuous variables. The receiver 

operating characteristic (ROC) curve was used to evaluate whether changes in the gross 

tumor volume predicted pCR and survival. An area under the curve approaching 1 indicated 

perfect discrimination. To evaluate the spatial overlap of contoured volumes, the Dice 

similarity coefficient was used. For two volumes, the Dice similarity coefficient is defined 

as the ratio of the volume of their intersection to their average volume, with a value of 1 

indicating perfect agreement and 0 indicating no overlap of volumes.14
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RESULTS

Patient characteristics

Between January 2002 and December 2011, 84 patients underwent trimodality treatment 

for a superior sulcus tumor in our institution. Radiotherapy planning scans were available 

for 42 patients. Of these patients, 9 were ineligible because post-induction CT scans were 

not available or tumors were incompletely imaged (e.g. cranial border of the tumor not 

scanned). One patient was excluded because peritumoral atelectasis did not allow for tumor 

delineation on both CT scans. Finally, 2 patients with adrenal metastases at presentation 

were also excluded, leaving 30 patients eligible for analysis. The median interval between 

the start of chemotherapy and the planning CT was 14 days (range 0 - 39 days). The median 

interval between completion of induction therapy and post-induction CT was 13 days (range 

0 - 62 days). Complete resection was achieved in 27 out of 30 patients. Three patients had a 

microscopically incomplete (R1) resection. Patient characteristics are summarized in Table 1.

Table 1: Patient characteristics
Characteristic Value (%)

Number of patients included 30

Age (years), median (range) 53 (39 - 78)

Male 17 (57%)

Female 13 (43%)

Histology

Large cell

Adenocarcinoma

Squamous cell

8 (27%)

17 (57%)

5 (16%)

Tumor-stage

IIB

IIIA

IIIB

8 (27%)

7 (23%)

15 (50%)

Radiotherapy dose

39 Gy

46 Gy

50 Gy

66 Gy

Follow-up (months), median (range)

4 (13%)

6 (20%)

18 (60%)

2 (7%)

51 (1 - 110)
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Volume response to induction chemoradiotherapy

The median reduction in gross tumor volume was 30.6% (range −1.2 - 83.0%). Median 

absolute volume reduction was 21.7 ml (range −0.4 - 452.0 ml). There was a high 

correlation between pre-induction gross tumor volume and volume change (R2 = 0.95, P < 

0.01).

Evaluation of deformable image registration performance

The post-induction gross tumor volume determined by DIR alone showed a high 

correlation with DIR + manual editing (R2 = 0.99, P < 0.01). The mean absolute and relative 

differences between the post-induction volumes determined by DIR alone and DIR + 

manual editing were 3.8 ml (range 0.1 - 65.8 ml, median 0.6, P = 0.87) and −3.0% (range 

−35.0 - 20.2%, median −1.4%, P = 0.87), respectively (Figure 1). There was a high degree 

of similarity between DIR alone and DIR + manual editing (mean Dice similarity coefficient 

= 0.93, range 0.73 - 1.00, median 0.95). In 3 out of 30 cases, the Dice similarity coefficient 

was less than 0.85.

Survival and pathological complete response

At the time of analysis, 18 out of 30 patients were still alive. The others had died from 

local disease progression (n = 3), brain metastases (n = 6), myocardial infarction (n = 1), 

pulmonary embolism (n = 1) or pulmonary bleeding (n = 1). Most deaths occurred within 2 

years of follow-up (Figure 2).

Figure 1.  Scatterplot demonstrates a strong correlation 
between DIR alone and DIR + manual editing volumes 
(R2 = 0.99, P < 0.01). DIR - deformable image registration.

Figure 2.  Kaplan–Meier curve of overall survival 
illustrating that most deaths occur within 2 years of 
follow-up.
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Overall 2-year survival and 2-year disease-free survival were 60.7% (95% CI = 41.5 - 79.9%) 

and 54.1% (95% CI = 34.7 - 73.5%), respectively. Patients with a pCR had significantly better 

survival rates than patients with residual vital tumor: 2-year survival rates of 81.8% (95% CI 

= 59.1 - 100%) versus 45.2% (95% CI = 19.1 - 71.3, P = 0.02), respectively.

Volumetric and pathological responses

There was no correlation between the relative or absolute reduction in gross tumor volume 

and pCR (R2 = 0.13, P = 0.50 and R2 = 0.16, P = 0.41, respectively). Also, no significant 

differences were seen in the percentage or absolute reductions in gross tumor volume 

between patients with and without a pCR (P = 0.52 and 0.42, respectively). Patients with 

a pCR tended to have a smaller initial and post-induction gross tumor volume than those 

without. However, this difference was not statistically significant (median 49.8 vs. 104.2 ml, 

P = 0.09 and 33.9 vs. 69.8 ml, P = 0.05, respectively). The area under the ROC curve (Figure 

3) for prediction of pCR was 0.41 for percentage volume reduction, 0.57 for absolute volume 

reduction and 0.69 and 0.71 for the planning and post-induction volumes, respectively (P > 

0.05 in every case).

 

Figure 3. Receiver operating characteristic (ROC) curves 
of planning and post-induction tumor volumes and 
absolute and relative volume reduction. The relationship 
between sensitivity and 1-specificity for prediction of 
pathological complete response (pCR) is shown. The 
areas under the curves were 0.69, 0.71, 0.57 and 0.41, 
for planning volumes, post-induction volumes, absolute 
volume reduction and percentage volume reduction, 
respectively (P > 0.05 in every case).

Figure 4. Receiver operating characteristic (ROC) 
curves of planning and post-induction tumor volume 
and absolute and relative volume reduction. The 
relationship between sensitivity and 1-specificity for 
prediction of survival is shown. The areas under the 
curves were 0.74 (P = 0.06), 0.82 (P = 0.01), 0.59 (P = 
0.47) and 0.44 (P = 0.64), for planning volumes, post-
induction volumes, absolute volume reduction and 
percentage volume reduction, respectively.
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Volumetric response and survival

There was no correlation between relative or absolute gross tumor volume reduction and 

2-year survival (R2 = 0.18, P = 0.43 and R2 = 0.01, P = 0.98, respectively). The area under the 

ROC curve (Figure 4) for prediction of survival was 0.44 (P = 0.64) for percentage volume 

reduction and 0.59 (P = 0.47) for absolute volume reduction. However, the planning and 

post-induction gross tumor volume was significantly smaller in patients surviving for at least 

2 years compared to those who did not (median 56.8 vs. 127.1 ml, P = 0.03 and 31.0 vs. 103.5 

ml, P = 0.02, respectively). The areas under the ROC curves for prediction of survival were 

0.74 (P = 0.06) and 0.82 (P = 0.01) for planning and post-induction volume, respectively.

DISCUSSION

The main finding of this study was that the volumetric response to induction 

chemoradiotherapy did not predict pCR or survival. This preliminary analysis suggests that 

volumetric response is not a reliable biomarker for pCR in patients with superior sulcus 

tumors and that it cannot be used to stratify these patients in terms of their surgical 

requirements or potential benefit of intensified induction therapy. A secondary finding was 

that in patients with well-demarcated tumors, semiautomatic volume segmentation based 

on DIR alone performed well when determining serial volume change.

Although the present study in a cohort of patients with superior sulcus tumors could not 

support its application, other studies considering a variety of tumor types and different 

therapeutic modalities have identified volume reduction as a significant predictor of survival 

and local recurrence.15-18 This suggests that volume change after therapy may have different 

implications. For example, Yeo et al.15 identified the volume response to chemoradiotherapy 

for locally advanced rectal cancer as a significant predictor of survival in multivariate 

analysis. Similar findings have been reported in patients with pharyngeal, breast and 

prostate cancer.16-18 Nonetheless, the variable results for anatomic volume change as a 

predictive marker mean that the search for robust imaging-based biomarkers continues. 

Other candidate markers being investigated include metabolic tumor volume determined 

by FDG-PET19, tumor density on CT (used in the Choi criteria for gastrointestinal stromal 

tumors), percentage change in non-enhancing areas on CT or MRI as a measure of tumor 

necrosis (European Association for the Study of the Liver, EASL, criteria for hepatocellular 

carcinoma).20

In terms of placing the results of the present analysis into context, the recent study by Kozak 
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et al.3 deserves particular comment. They evaluated volume changes as well as initial tumor 

volumes and correlated these to clinical outcome in 13 non-small-cell lung cancer patients 

treated with trimodality therapy.3 Consistent with our findings, these authors reported that 

smaller pre- and post-induction tumor volumes correlated with an increased progression-

free survival and did not find volume changes to predict either progression-free or overall 

survival. In addition, they also found that DIR performed well as a time-efficient tool for 

determining volumetric response. Two recent studies evaluating DIR in lung cancer support 

the view that it can save time where volume delineation is required.21,22 Techniques that 

incorporate DIR, such as contour propagation and atlas-based segmentation, thus merit 

further evaluation to ascertain whether they can increase the efficiency of complex volume 

segmentation.23,24 For this cohort of generally well-demarcated tumors, we observed a 

high degree of similarity between an initially manually delineated gross tumor volume 

that was subsequently transferred between scans using either DIR alone or DIR + manual 

editing. Our experience with DIR is that where the similarity with manual contouring is 

less good, problem areas are often located at tumor-to-soft tissue interfaces characterized 

by low contrast (rendering visual identification of tumor extent and visual DIR verification 

difficult). Examples include the mediastinal, parietal or apical tumor borders, or where 

there is “missing” tissue, for example in resolution of atelectasis, possibly as a result of 

tumor response.25 These limitations of DIR at the level of individual scans highlight the fact 

that visual checking and manual editing remain important for some purposes. There is 

an ongoing need for improved imaging techniques and more sophisticated segmentation 

algorithms that will preclude the need for an initial manual contour.

We acknowledge the potential limitations in this study. Its retrospective nature and the 

inclusion criteria may have resulted in a selection bias. For example, patients were excluded 

if no post-induction CT was available or if post-induction imaging did not capture the tumor 

in its entirety. Bias might also have arisen from the exclusion of patients who had disease 

progression at distant sites during trimodality treatment. In addition, the relatively small 

cohort size limits the weight of conclusions. Although administered radiotherapy doses 

varied in this study, 28 out of 30 patients received between 39 Gy in 13 fractions (n = 4) 

and 50 Gy in 25 fractions (n = 18) — doses which are all within about 20% of each other in 

terms of their estimated biological potency.26 We chose to use the planning CT — which was 

obtained after the start of chemotherapy — rather than a pre-chemotherapy diagnostic CT 

as the baseline scan. Although the latter sometimes provided better image quality, there 

was even greater variation in the interval between the last pretreatment diagnostic CT and 

the start of induction chemotherapy; furthermore, local tumor progression was occasionally 
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observed within this timeframe. In using the planning CT, we compared a single phase of 

the 4D-CT to diagnostic CT scans that may have been performed with breath-holding. In 

some cases there was variation in the scan acquisition parameters. A prospective analysis 

would ideally compare CT scans that had been performed in the same fashion at all time 

points and integrate metabolic tumor volume into the imaging-based response criteria. 

Finally, we compared the ability of DIR alone to segment well-demarcated tumors. For a 

truly automated solution to serial volume assessment, the initial segmentation should also 

be automated rather than relying on a set of manually created contours.10 A robust, fully 

automated solution that is less sensitive to whether or not a tumor was visually discrete 

would be useful for, for example, large-scale studies of anatomic response, efficiently 

stratifying groups of patients according to anatomic tumor characteristics and rapid 

assessment of individual patients in the clinic.

CONCLUSION

In this cohort of 30 patients with superior sulcus tumors the volumetric response to 

induction chemoradiotherapy did not predict pCR or survival in patients treated with 

trimodality therapy. DIR-based segmentation merits further evaluation as a tool for 

measuring longitudinal volumetric change.
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