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Abstract

Background—Maximum, mean and peak SUV of primary tumor at baseline FDG-PET scans, 

have often been found predictive for overall survival in non-small cell lung cancer (NSCLC) 

patients. In this study we further investigated the prognostic power of advanced metabolic metrics 

derived from Intensity-Volume Histograms (IVH) extracted from PET imaging.

Methods—A cohort of 220 NSCLC patients (mean age, 66.6 years; 149 men, 71 women), stages 

I-IIIB, treated with radiotherapy with curative intent were included (NCT00522639). Each patient 

underwent standardized pre-treatment CT-PET imaging. Primary GTV was delineated by an 

experienced radiation oncologist on CT-PET images. Common PET descriptors such as 

maximum, mean and peak SUV, and metabolic tumor volume (MTV) were quantified. Advanced 

descriptors of metabolic activity were quantified by IVH. These comprised 5 groups of features: 

Absolute and Relative Volume above Relative Intensity threshold (AVRI and RVRI), Absolute 

and Relative Volume above Absolute Intensity threshold (AVAI and RVAI), and Absolute 

Intensity above Relative Volume threshold (AIRV). MTV was derived from the IVH curves for 

volumes with SUV above 2.5, 3 and 4, and of 40% and 50% maximum SUV. Univariable analysis 

using Cox Proportional Hazard Regression was performed for overall survival assessment.

Results—Relative volume above higher SUV (80 %) was an independent predictor of OS (p = 

0.05). None of the possible surrogates for MTV based on volumes above SUV of 3, 40% and 50% 

of maximum SUV showed significant associations with OS (p (AVAI3) = 0.10, p (AVAI4) = 0.22, 

p (AVRI40%) = 0.15, p (AVRI50%) = 0.17). Maximum and peak SUV (r = 0.99) revealed no 

prognostic value for OS (p (maximum SUV) = 0.20, p (peak SUV) = 0.22).
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Conclusions—New methods using more advanced imaging features extracted from PET were 

analyzed. Best prognostic value for OS of NSCLC patients was found for relative portions of the 

tumor above higher uptakes (80% SUV).
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Introduction

Lung cancer is the most common cancer type worldwide, accounting for more than 1.1 

million deaths annually. Out of the total number of cases, 85% are of the non-small cell lung 

cancer (NSCLC) type. The 5-year survival for stages I–II and III is disappointingly low at 

respectively 50% and 20%, mainly due to a high rate of loco-regional and distant 

progression [1].

Nowadays, much research largely focuses on prediction of treatment outcome based on 

patient and tumor characteristics prior to treatment. This would allow to individualize 

treatment and enhance therapeutic approaches [2]. Here, imaging can play a crucial role as it 

allows for a non-invasive identification of the tumor [3]. Indeed, functional information 

gathered by Positron Emission Tomography (PET) has already been shown to be an 

effective tool in detecting early tumor alterations before any anatomical change is noticeable 

and detectable [4]. However, the possibility to predict response to treatment or overall 

survival based solely on pre-treatment scans is still under investigation and so far only a few 

metrics based on PET imaging have been explored to this end.

Currently, 18F-fluoro-2-deoxy-D-glucose (FDG) is the most commonly used PET tracer in 

oncology. The investigation of prediction of tumor response based on PET features is 

mainly limited to simple measurements of Standard Uptake Value (SUV) such as maximum, 

mean and peak (defined within the neighborhood of maximum SUV) [5]. There is still 

limited confirmation whether these different SUV descriptors in pre-treatment scans are 

predictive [6].

Previous research also describes Metabolic Tumor Volume (MTV) and the Total Lesion 

Glycolysis (TLG) calculated for tumor volumes derived from semi-automatic segmentation 

methods based on PET imaging. MTV is defined for absolute SUV thresholds of lower 

value or relative uptakes in regard to the maximum SUV [7]. TLG is then expressed as the 

product of MTV by its mean SUV [7–9].

We investigated the prognostic value of metrics based on the metabolic information of PET 

imaging. These metrics are based on Intensity Volume Histograms (IVH), which summarize 

in a single curve the relation of tumor volume and SUV intensity. We hypothesized that the 

metabolic information described by these IVH curves could be used to predict treatment 

outcome of NSCLC patients.
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The aim of this study was to assess the prognostic value of these IVH metrics for NSCLC 

patients treated with (chemo)radiotherapy and compare the results against the performance 

of the commonly used metrics based on SUV descriptors.

Materials and Methods

Demographic and clinical data

A total of 220 NSCLC (stage I-IIIB) patients referred to our institute between February 2005 

and April 2011 were included. The study was approved by the appropriate Institutional 

Review Board and registered at clinicaltrials.gov (NCT00522639). Patients were treated 

with high dose radiotherapy (RT), had no surgery and no previous cancer within five years 

prior to diagnosis. Clinical follow-up was performed according to national guidelines.

Radiotherapy

All patients were treated at our institute with CT-based RT [10]. The XiO/Focal system 

(Computerized Medical Systems, St. Louis, MO, USA), based on a convolution-

superposition algorithm with inhomogeneity corrections and according to ICRU 50 

guidelines [11] was used for the RT planning.

Patients were treated according to three different regimens:

1. 44 patients were treated with the standard protocol for sequential chemo-radiation, 

as defined in August 2005 [12]. An individualized radiation dose escalation 

protocol (range 45 – 79.2 Gy) was delivered in two daily fractions of 1.8 Gy. Dose 

escalation was limited by the mean lung dose or the spinal cord dose constraint. 

Between fractions, an eight hours interval was respected.

2. 148 patients received concurrent chemo-radiation. Following 2 cycles of 

carboplatin-gemcitabine, a radiation dose of 45 Gy, in fractions of 1.5 Gy delivered 

twice a day for the first course, directly followed by an individualized dose ranging 

from 6 – 24 Gy and delivered in 2.0 Gy fractions once a day.

3. 28 patients received no chemotherapy treatment. The RT applied was analogous to 

the sequential protocol (range 54 – 79.2 Gy).

Imaging data acquisition

All patients underwent a CT-PET scan before RT for treatment planning purposes (median: 

7 days; range: 2 – 48). Patients fasted for at least 6h before scanning. Up to December 2010, 

a total dose of (bodyweight × 4 + 20) MBq of FDG was injected intravenously. After 

January 2011, the NEDPAS protocol was used and the administered dose was (2.5 × 

bodyweight) [13]. CT-PET images were acquired 60 minutes post injection.

Data acquired up to December 2006 were gathered on Siemens Biograph 16 CT-PET 

scanner. After January 2007 data were acquired on a Siemens Truepoint 40 CT-PET 

(Siemens AG, Munich, Germany). An Ordered Subset Expectation Maximization 2D 4 

iterations 8 subsets (OSEM2D 4i8s) algorithm was used for PET image reconstruction. All 

PET scans were corrected for attenuation using the mid-ventilation phase of the 4DCT or a 
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3DCT thorax in case the 4DCT was not of sufficient image quality due to irregular breathing 

of the patient. Model-based methods were applied for scatter correction. All exams were 

corrected for random events and decay.

Tumor segmentation

CT-PET images were imported into research treatment planning system Xio/Focal using the 

DICOM protocol. The primary Gross Tumor Volume (GTV) was delineated by experienced 

radiation oncologists on the fused CT-PET images and used as the region of interest (ROI) 

for further analysis.

Image processing and feature extraction

SUV descriptors (maximum, mean and peak SUV), GTV and a set of metabolic features 

were extracted from the PET images and analyzed. Although it is commonly regarded as a 

clinical feature, we computed GTV as an imaging feature and compared it against the ones 

in the same category and possible surrogates. Peak SUV was computed by means of a 3D 

kernel, representing a 1 cm3 sphere made on the same grid as the scan and centered on the 

maximum SUV voxel, as defined on the guidelines of PET Response Criteria in Solid 

Tumors (PERCIST), version 1.0 [14]. The uptake within this kernel was then averaged.

Metabolic features were based on the Intensity-Volume Histogram, which are analogous to 

the Dose-Volume histograms [15] and summarize in a curve the relation of tumor volume 

and SUV intensity. Five different curves can be defined: Absolute and Relative Volume 

above Relative Intensity threshold (AVRI and RVRI), Absolute and Relative Volume above 

Absolute Intensity threshold (AVAI and RVAI), and Absolute Intensity above Relative 

Volume threshold (AIRV). AVAI and RVAI are built in steps of 0.5 (SUV) up to the 

maximum uptake. Curves regarding relative quantities are built in steps of 10%. Graphical 

representations of these types of curves for two patients are displayed in Figure 1. A total of 

47 features were retrieved for the metabolic features: 9 for each set of curves based on 

relative thresholds (AVRI, RVRI and AIRV) and 10 for absolute thresholds (AVAI and 

RVAI), corresponding to a maximum absolute threshold of 5. This threshold was chosen so 

as 85% of patients under analysis would have a valid feature.

Image analysis was performed in Matlab R2012b (The Mathworks, Natick, MA) using an 

adapted version of CERR (the Computational Environment for Radiotherapy Research) [16]. 

PET images were normalized to SUV before analysis. In-house developed image analysis 

software was used for feature extraction.

Survival endpoint

The primary endpoint was overall survival (OS), calculated from the start of RT until date of 

death or last follow-up. “Gemeentelijke Basis Administratie” (GBA), a decentralized 

population registration system of the Netherlands, was verified to assess survival status. A 

patient still alive at the end of the study was considered right-censored.
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Statistical analysis

Imaging features based on PET scans were analyzed using univariable Cox Proportional 

Hazard Regression. The assumption of proportional hazards was assessed by the Scaled 

Schoenfeld residuals. Time-dependent variables were constructed by adding interactions 

with log(time). A statistical significance at the 5% level was used. Estimated log hazard 

rations (log(HR)), hazard ratios (HR), p-value and 95% confidence intervals (95% CI) were 

reported. Additionally, a cluster analysis was performed to assess correlation between 

imaging features.

All statistical methods were implemented in R (version 2.15.0).

Results

At the time of analysis 150 patients had died (70/220 right-censored). The median survival 

time assessed by Kaplan-Meier method was 1.81 years (95% CI: 1.54 – 2.19)). Median 

follow-up time computed from start of RT until last follow-up was 1.47 years (95% CI: 1.20 

– 1.70). Clinical information of patients in analysis is displayed on Table B - 1.

A univariable Cox regression was performed for the two types of PET features (SUV 

descriptors and IVH metrics). Out of the 47 IVH metrics, 9 showed statistical relevance, 

comprising AVAI curves from 0.5 up to 2.5, AVRI up to 20% and RVRI of 80%. None of 

the features from the AIRV and RVAI groups showed statistical significance. Detailed 

results of this analysis are displayed in Table 1.

In our study, maximum SUV showed no prognostic power for risk discrimination (p = 0.20). 

On the other hand, the portion of the tumor above 80% uptake (RVRI80) showed statistical 

significance (p = 0.05) and was associated with survival. The larger the relative volume 

above a higher uptake, the better the prognosis (HR = 0.11). This factor is correlated with 

the adjacent features describing fractions of tumor with uptakes above 70 and 90%, 

however, none of these features showed statistical significance (p(RVRI70) = 0.07, 

P(RVRI90) = 0.14).

Surrogates for GTV were encountered for metabolic features describing absolute volumes 

above lower absolute and relative uptakes (AVAI up to 2.5 and AVRI10). None of the 

possible surrogates for MTV based on volumes above SUV of 3, 40% and 50% of maximum 

SUV, showed significant associations with overall survival (p (AVAI3) = 0.10, p (AVAI4) = 

0.22, p (AVRI40%) = 0.15, p (AVRI50%) = 0.17).

Detailed analysis was performed for GTV, maximum and peak SUV and RVRI80. Kaplan 

Meier curves and results for the log rank test based on a median split for these variables are 

displayed in Figure A - 1. GTV could discriminate between high- and low-risk patients (p = 

0.05), while maximum (p = 0.25) and peak SUV (p = 0.08) and RVRI80 (p = 0.13) could 

not, based on this median split.

The unsupervised cluster analysis revealed three distinct groups of related information 

(Figure A - 2). While both AVAI and AVRI group well with volume, AIRV was found 

highly correlated with maximum, mean and peak SUV and grouped in a wider cluster. 
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Similarly to those, no statistical significance was encountered for AIRV in our dataset. 

RVRI and RVAI features clustered in two independent groups. For simplicity reasons, only 

features presented on Table 1 were used for the clustering analysis.

Discussion

Until now PET has mainly been used for staging purposes. This results of its sensitivity to 

detect distant and loco-regional lymph node metastasis. Some authors also reported the 

localization of areas with higher RT resistance based on pre-treatment PET [17]. Studies 

reported positive findings correlated with overall survival for pre-treatment PET scans [18], 

but relied mainly on simplistic metrics [19]. Also, metrics derived for tumor volume 

segmented by semi-automatic methods based on PET imaging, as MTV and TLG have been 

explored recently [6–9]. In our study a set of PET features was derived, described by the 

metabolic information based on the relation of FDG uptake and volume, and reported by 

IVH curves. Preliminary results revealed that these variables derived from PET imaging 

provided an added value for survival prediction of NSCLC patients treated with high dose 

RT.

There is reported evidence for the prognostic power of maximum SUV in early stage (I and 

II) NSCLC. However, there is insufficient evidence to draw the same conclusion for higher 

stage NSCLC patients [20–22]. In our cohort of patients, maximum SUV presented no 

statistical significant predictor of survival. This might be due to the large proportion of stage 

III patients in our cohort (75%). An analysis performed for only stage III patients showed 

concordant results (p = 0.19). In fact, the analysis using only stage III patients showed no 

statistical power in the univariable analysis for any of the imaging features, except for 

volume (p = 0.02).

The tumor response using peak SUV is highly sensitive to the definition of its corresponding 

region of interest [23]. The non-prognostic power of peak SUV (p = 0.22) can be inferred 

from the fact that for such a small region of interest (1cm3 around the maximum SUV), there 

is an overall high correlation with maximum SUV (r = 0.99).

Previous studies have described automatic delineation methods based on PET using either a 

fixed SUV or relative threshold. Cut-offs of, for example, 2.5, 3 and 4, and relative 

thresholds of 40% and 50% of the maximum SUV were already considered for the MTV 

definition [7]. Assuming the maximum uptake voxel is enclosed in the delineated GTV, 

AVAI2.5, AVAI3, and AVAI4, AVRI40% and AVRI50% were considered to be a good 

approximation of MTV. However, to compute TLG automatic segmentation must be 

performed as the mean SUV of MTV cannot be retrieved from the IVH curves.

To our knowledge, this is the first study reporting on portions of tumor volume above a 

relative uptake, as described by the RVRI and RVAI curves. These metrics ensure different 

volumes to be more comparable in terms of partial distribution of activity. Researchers have 

already reported the use of IVH metrics, but they did not include the relative features [24, 

25] and their studies were based on smaller datasets and investigated other cancer sites. Two 

datasets of cervix and head and neck cancer treated with chemotherapy, were analyzed using 
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this approach by el Naqa [24]. Similarly, van Velden [25] analyzed three lung cancer 

patients with dissimilar characteristics (heterogeneous, homogeneous uptake and double 

acquisition, before and after one course of chemotherapy).

The analysis based on the IVH metrics showed for curves describing absolute volumes 

above lower uptakes (p (AVAI0.5) < 0.01, p (AVAI1) < 0.01, p (AVAI1.5) = 0.01), showed a 

good agreement with the results obtained for tumor volume (p < 0.05). Similarly, volume 

defined for lower relative SUV threshold (10%) was also significant (p = 0.02). Tumor 

volume was contoured by experienced oncologists based on CT-PET images. However, the 

use of these metrics instead of delineated volume might have been useful for a better feature 

analysis as it is less prone to variability as contouring by humans.

In our analysis, the relative portions of the tumor defined for higher relative uptakes showed 

a positive correlation with survival (RVRI80, HR = 0.11, p = 0.05). Unlike maximum and 

peak SUV, the higher the portion above higher uptake, the better the prognosis. Graphically, 

the same conclusion can be drawn from the curves dividing relative risk patients displayed 

in Figure A - 1. This might be representative of a more homogeneous tumor for higher 

uptakes and therefore might be positively associated with better prognosis. AVRI metrics 

can be interpreted as RVRI multiplied by tumor volume. However, AVRI revealed an 

opposite effect and no statistical significance was found for the same thresholds.

We found several IVH metrics to be prognostic for overall survival. The patient population 

consisted of stage I-IIIB NSCLC patients, with a much higher proportion of later stages. 

Although it would be very interesting to draw conclusions for each stage group, we have not 

performed such an analysis due to the limited number of patients. Therefore, we plan to 

increase the dataset. Furthermore, automatic tumor segmentation is planned to validate the 

results obtained using the IVH approach for MTV and to compute TLG.

In conclusion, new approaches based on metabolic metrics derived from baseline PET 

images to assess response in NSCLC patients were analyzed. Although we could not show 

that maximum SUV was prognostic for overall survival of the whole cohort, nor for a 

subgroup of stage III NSCLC patients, we were able to show that relative portions of tumor 

with higher SUV were positively associated with survival. This finding should be validated 

in new patient cohorts.
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Figure 1. Transverse view of CT-PET scan of NSCLC patients
Examples of Intensity-Volume Histograms for the two patients are shown on the right. 

Maximum SUV for patients A and B (top and bottom left) are, respectively, 10.1 and 6.3. 

From the RVRI curves, it can be inferred that the minimum SUV is around 8% (0.80) and 

20% (1.25) of the maximum uptake. AVAI curves confirm that all the tumor volume is 

above these minimum uptake values for the corresponding patient.
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Figure A - 1. 
Results for PET analysis: log rank test based on a median split for GTV (42.27), maximum 

SUV (10.12), peak SUV (7.92) and RVRI80 (0.04). Results for the log-rank test (p-value) 

are displayed in the bottom left corner of each graph.

Carvalho et al. Page 11

Acta Oncol. Author manuscript; available in PMC 2015 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure A - 2. 
Feature clustering based on Spearman correlation. For this clustering, only the features 

presented in Table 1 were used. It is evident from this diagram that the metabolic features 

aggregate in different cluster. Each of these clusters thus provides dissimilar information.
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Table 1

Cox regression statistics of imaging features in univariable analysis.

Feature
Univariable Cox Regression

log(HR) HR p-value 95%CI HR

Absolute Intensity above Relative Volume

  70% 0.01 1.01 0.62 0.96 – 1.07

  80% 0.01 1.01 0.63 0.97 – 1.06

  90% 0.01 1.01 0.64 0.97 – 1.05

Absolute Volume above Absolute Intensity

  0.5 0.00 1.00 0.01* 1.00 – 1.00

  1.0 0.00 1.00 0.01* 1.00 – 1.00

  1.5 0.00 1.00 0.01* 1.00 – 1.00

Absolute Volume above Relative Intensity

  70% 0.01 1.01 0.17 1.00 – 1.02

  80% 0.02 1.02 0.38 0.98 – 1.07

  90% 0.02 1.02 0.87 0.79 – 1.32

Relative Volume above Absolute Intensity

  0.5 −0.75 0.48 0.43 0.07 – 3.07

  1.0 0.12 1.13 0.80 0.44 – 2.92

  1.5 0.32 1.38 0.38 0.68 – 2.81

Relative Volume above Relative Intensity

  70% −1.32 0.27 0.08 0.06 – 1.16

  80% −2.19 0.11 0.05* 0.01 – 1.01

  90% −3.35 0.04 0.14 0.00 – 3.07

Maximum SUV 0.02 1.02 0.20 0.99 – 1.05

Mean SUV 0.03 1.03 0.44 0.96 – 1.10

Peak SUV 0.02 1.02 0.22 0.99 – 1.06

Volume 0.00 1.00 0.00* 1.00 – 1.00

*
A statistical significance of 5% was used along the analysis
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Table B - 1

Clinical and demographic information of patients under analysis

Characteristics Absolute Percentage

Age 66.6 ± 9.3

  (range) (42.0 – 85.7)

Sex

  Male 149 67.7

  Female 71 32.3

TNM stage

  I 12 5.5

  II 15 6.8

  IIIA 60 27.3

  IIIB 105 47.7

No information 28 12.7

Histology type

  Squamous Cell Carcinoma 69 31.3

  Adenocarcinoma 36 16.4

  Large cells 61 27.7

  Not otherwise specified (NOS) 49 22.3

  Infiltrative carcinoma 1 0.5

  No information 4 1.8

Chemotherapy

  No 28 12.7

  Sequential 44 20.0

  Concurrent 148 67.3
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