Int J CARS (2013) 8:181-191
DOI 10.1007/s11548-012-0749-7

ORIGINAL ARTICLE

Independent prognostic value of whole-body metabolic tumor
burden from FDG-PET in non-small cell lung cancer

Hao Zhang - Kristen Wroblewski -
Daniel Appelbaum - Yonglin Pu

Received: 29 January 2012 / Accepted: 7 May 2012 / Published online: 30 May 2012

© CARS 2012

Abstract Purpose To determine whether whole-body met-
abolic tumor burden, measured as either metabolic tumor
volume (MTVwg) or total lesion glycolysis (TLGwg), using
FDG-PET/CT is an independent prognostic marker in non-
small cell lung cancer (NSCLC).

Methods 328 patients with histologically proven NSCLC
were identified for this retrospective analysis. This study
was approved by our Institutional Review Board. All patients
underwent baseline '8 F-FDG-PET/CT scan imaging before
therapy. The MTVwg, TLGwg, maximum standardized upt-
ake value (SUVaxws) and mean standardized uptake value
(SUVeanwn) of tumors throughout the whole body were
measured from FDG-PET images with semi-automated 3D
contouring software.

Results Inunivariate analysis, there was a statistically signif-
icant association of overall survival (OS) with the MTVwpg
(hazard ratio (HR) = 1.62, p < 0.001), TLGwg (HR = 1.47,
p < 0.001). The patients with a MTVwp < median of
65.7 ml and TLGwg < median of 205.11 SUV ean * ml
had a median OS of 41.1 and 35.4 months compared with
9.5 and 9.7 months for those with a MTVwg > 65.7ml
and TLGwp > 205.11 SUV pean * ml, respectively. From a
series of multivariate Cox regression models, the MTVwg
and TLGwp were significantly better than SUV .xws and
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SUVeanwB at prognostication and significantly associated
with patients’ OS with HRs of 1.50 (p < 0.001) and 1.42
(p < 0.001), respectively, after adjustment for patient’s age,
gender and treatment intent as well as the tumor SUV paxwB,
histology and stage.

Conclusions MTVwp and TLGwp as metabolic tumor
burden measurements in 'SF-FDG-PET/CT are indepen-
dent prognostic markers and are significantly better than
SUVmaxws and SUV peanwB at prognostication.

Keywords Non-small cell lung cancer - Tumor burden -
F-18 Fluorodeoxyglucose (FDG) - Positron emission
tomography (PET)

Introduction

Lung cancer is one of the most common malignant tumors
in the world and the leading cause of cancer related death
for both men and women [1]. Studies on '*F-FDG-PET/CT
have shown its great value in the initial staging of non-
small cell lung cancer (NSCLC) and in the later evalua-
tion of the response to treatment [2]. Standardized uptake
value (SUV) measurements are commonly used in clinical
practice. However, they are affected by many patient-depen-
dent and technical factors, such as a patient’s body habitus,
blood glucose level, length of FDG uptake period, partial
volume effects, definition of region of interest (ROI), image
reconstruction method and resolution [3-5]. The metabolic
tumor burden measurements including metabolic tumor vol-
ume (MTV) [6,7] and total lesion glycolysis (TLG) of tumors
[8] have been developed because they incorporate both met-
abolic activity and tumor volume. The MTV is the tumor
volume measured with a segmentation technique on PET
scans [6], while TLG can be calculated by multiplying the
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mean standardized uptake value (SUVpean) by the MTV [8].
The MTVwsg has been studied in NSCLC using two patient
groups of relatively small size [6,9,10]. Lee et al. [6] found
that the baseline MTVwp measured semi-automatically is
a statistically significant prognostic index and better than
SUVax and SUV peqy in the prediction of patient outcome in
19 lung cancer patients. In their recent study, they expanded
the cohort to 61 patients with NSCLC and confirmed the
significant association of high MTV with decreased overall
survival (OS) and progression-free survival in patients who
received definitive treatment, but not in the entire cohort of
the study who received either definitive or palliative treat-
ment [9]. We have recently found that the baseline metabolic
tumor burden as measured with MTV and TLG on FDG-
PET is a prognostic measure independent of clinical stage in
NSCLC [10,11]. However, in our prior study in non-surgi-
cal patients with NSCLC, only the stage of the disease was
adjusted for in the multivariate analysis, since it is consid-
ered as the most important prognosticator and is widely used
by oncologists to estimate prognosis and to choose the most
suitable therapy [12]. Other clinical and pathologic factors
such as age, gender, performance status and treatment intent
of the patients, as well as the histology of the tumor [13], have
also been shown to be associated with patients’ survival prob-
ability [14,15]. Some studies have demonstrated that a high
tumor SUV,0x value is also associated with a poorer sur-
vival in NSCLC [16-19]. In the current study we performed
survival analysis to include other prognostic factors such as
age, gender, and treatment intent of the patients, as well as the
histology and SUV measurement of the tumor, in addition to
the stage of the disease, to test our hypothesis that metabolic
tumor burden as measured with MTVwg and TLGwp is an
independent prognostic marker using a large cohort of 328
consecutive patients with NSCLC. In this study we also used
the updated Union Internacional Contra la Cancrum (UICC)/
American Joint Committee on Cancer (AJCC) staging sys-
tem for NSCLC (7th edition) [20] in the data analysis since
it is now a widely used TNM staging system.

Materials and methods
Patients

This study was approved by our hospital’s Institutional
Review Board and was compliant with the Health Insur-
ance Portability and Accountability Act. We conducted a
retrospective review of the medical records of patients with
NSCLC. There were a total of 1,023 cases with NSCLC who
were diagnosed and treated in our medical center from Jan-
uary 1, 2004 to December 22, 2007. A total of 328 patients
(including surgical and non-surgical patients) with NSCLC
treated at the University of Chicago Medical Center (UCMC)
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were identified for this retrospective study. The inclusion cri-
teria were as follows: 1) all patients underwent a baseline
PET/CT scan and had PET-positive tumor(s), 2) they had no
known brain metastasis (since our whole-body PET/CT did
not cover the whole brain), and 3) they had no history or
concurrent diagnosis of another type of cancer. The PET/CT
imaging was performed in these patients for initial staging
or for the diagnosis of the lung nodule.

These patients were followed semiannually by the Can-
cer Registry of our medical center. Their survival status was
determined through clinical follow-up and the Social Secu-
rity Death Index. Clinical follow-up and the Illinois State
Death Inquiry System were used to determine the cause of
death.

PET/CT imaging protocols

The '®F-FDG-PET/CT images were obtained using a PET/CT
scanner (Reveal HD, CTI, Knoxville, TN, USA) equipped
with high-resolution bismuth germanate detectors and a dual-
slice CT scanner in all 328 patients before therapy. The
8E_FDG-PET scans were performed in accordance with
National Cancer Institute guidelines [21]. All patients fasted
for at least 4 h before intravenous administration of 370-555
MBq of '8F-FDG. The plasma glucose levels of all patients
were less than 200 mg/dl before FDG administration. A stan-
dard protocol was used for the CT images. Ninety minutes
+ 30 min following injection of the '8F-FDG, a whole-body
static PET scan was acquired for about 30 to 35 min, starting
at the thighs and proceeding to the skull base. PET scans were
obtained with an acquisition time of 3—5 min per cradle posi-
tion, with a 26.6 % axial overlap at the borders of the field of
view to avoid artifacts. PET images were reconstructed using
ordered-subsets expectation maximization (OSEM) iterative
algorithms with 8 subsets, 2 iterations, and 128 x 128 pixels.
The slice thickness was 2.4 mm, the pixel size within trans-
verse slices was 5.2 mm, with 5 mm full-width at half-maxi-
mum (FWHM) three-dimensional (3D) Gaussian smoothing
after reconstruction. We used the 3D imaging mode with
Fourier rebinning and analytic scatter correction. Monthly
concentration calibrations were conducted using a Ge-68 tub
phantom or '8F-FDG tub phantom.

Measurements from PET/CT scans

The MTVWB, TLGWB s SUVmaxWB and SUVmeanWB of
whole-body tumors were measured using the commercially
available PET Edge tool of the MIMvista software (version
5.1.2, MIMuvista Corp, Cleveland, OH, USA) by two board-
certified radiologists with PET/CT imaging experience. The
software used a gradient-based tumor segmentation method.
In comparison with manual and constant threshold methods
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Fig. 1 Axial, sagittal and coronal images from a PET scan of an 56-year-old female with a new diagnosis of non-small cell lung cancer, showing
the tumors outlined with the aid of the MIMvista PET Edge tool for the PET measurements

in a phantom study, the gradient-based method was the most
accurate and consistent technique for tumor segmentation,
having less inter-observer variation and being the most robust
for varying imaging conditions [22].

The values of the PET measurements were determined
based on reader consensus, which was described in detail in
the prior studies (Fig. 1) [10,11]. With the MIMvista PET
Edge tool, the radiologists indicated the approximate cen-
ter of the tumor. The volume of interest (VOI) was drawn
automatically after the radiologists had identified the major
and minor axes of the tumor in one plane. The software
then automatically measured the SUV ax, SUVipean, MTV
and TLG of a tumor. Adjustment of the estimated tumor
surface was sometimes needed to include the entire tumor
within the margins of the VOI. This was done visually by the
readers using the 2D or 3D ball tool in the MIMvista con-
touring software. The resultant SUV, MTV and TLG were
noted (outputted to an Excel spreadsheet). In this study, the
SUVax was defined as maximum activity concentration of
FDG in the tumor/(injected FDG dose/body weight) [23].
The SUV ean Was defined as the mean concentration of FDG
in the tumor/(injected FDG dose/body weight). The whole-
body SUVax (SUVnaxwn) was the maximum SUV ¢ of
all the tumors in the whole body. The MTVwp was the com-
bined MTV of all the tumors in the whole body. The TLGwp
was the sum of all the TLG values from all the tumors in

the body. The whole-body SUVean (SUVmeanwn) Was the
mean SUV of all the tumors in the whole body which was
calculated by the TLGwp divided by MTVwp.

The (UICC)/(AJCC) staging system for NSCLC (7th edi-
tion) was used for staging patients [20]. The clinical stage
of the disease was determined by clinical history, physical
examination and findings from the contrast infused CT of
the chest and abdomen and of the whole-body PET/CT in
reference with the original radiology reports on our PACS.
Brain MRI was done if clinical symptoms suggested brain
metastasis.

Statistical analysis

OS served as the primary endpoint of the study. The OS time
was calculated from the date of the initial baseline PET/CT
scan to the date the patients died from any cause based on
the follow-up and records described above. The patients last
known to be alive were censored at the date of last contact.
Nine variables including patient’s age, gender, and treat-
ment intent as well as the clinical stage, histology type,
SUVimaxwBs SUVimeanws, MTVwg and TLGwg of the tum-
ors were used for statistical analysis. Continuous vari-
ables including age, SUV paxwB, SUVmeanwB, MTVwp and
TLGwp were tested for normality and skewness. Categori-
cal variables included patient’s gender, and treatment intent
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Table 1 Patient and tumor characteristics in 328 patients with NSCLC

Variable Number %
Male/female 156/172 47.6/52.4
TNM stage
Stage IA/IB 47/43 14.3/13.1
Stage IIA/IIB 19/18 5.8/5.5
Stage IITA/IIIB 50/40 15.2/12.2
Stage IV 111 33.8
Histology types
Adenocarcinoma 129 39.3
Squamous cell carcinoma 92 28.1
Large cell carcinoma 21 6.4
Not otherwise specified 78 23.8
Other 8 24
No tumor treatment 37 11.3
With tumor treatment 291 88.7
Non-surgery 180 54.9
Radiotherapy alone 28 8.5
Chemotherapy alone 55 16.8
Chemo-radiation 97 29.6
Surgery 111 33.8
Surgery alone 61 18.6
Surgery with radiotherapy 4 1.2
Surgery with chemotherapy 32 9.8
Surgery with chemo-radiation 14 4.3

(see Table 1) as well as the tumor stage (I-IV) and histology
type (adenocarcinoma, squamous cell carcinoma, large cell
carcinoma, NSCLC not otherwise specified, and other). Nat-
ural logarithmic transformations were applied to obtain more
normally distributed data for the continuous variables of
SUVmaxWB, SUVmeanWB, MTVWB and TLGWB.

Survival differences between groups were examined and
tested using the Kaplan—Meier method and the log-rank test.
For descriptive purposes, each PET measurement was dichot-
omized using the median value as the cutoff point (i.e., <
median and >median). Univariate and multivariate Cox pro-
portional hazards regression models [24] were used with
HRs and their 95 % confidence intervals (Cls) reported. The
proportional hazards assumption was tested using Schoenfeld
residuals [25]. All variables were included in a series of mul-
tivariate Cox proportional hazards regression models. Multi-
collinearity was assessed using variance inflation factors, and
the functional form of the continuous variables was exam-
ined using martingale residuals. A C-statistic index (Gonen
and Heller’s K concordance statistic) was used to assess the
predictive performance of the models [26]. To compare C-
statistic indices, a z test was calculated based on 500 boot-
strap replications. For illustrative purposes, the Kaplan-Meier
curves were constructed after creating four roughly equal
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sized groups using quartiles of each PET measurement. A p
value less than 0.05 was considered statistically significant.
STATA 12.1 was used for statistical analysis.

Results
Patient and tumor characteristics

The patient and tumor characteristics are summarized in
Table 1. There were 156 male and 172 female patients with
a median age of 68.3 years (range, 30.0-89.9 years old) in
this study. The 328 patients included 129 patients with ade-
nocarcinoma, 92 patients with squamous cell carcinoma, 21
patients with large cell carcinoma, 78 patients with NSCLC
of a type that was not further specified, and 8 patients with
other types (1 with atypical carcinoid tumor, 1 with mucinous
adenocarcinoma, 2 with bronchoalveolar adenocarcinoma, 3
with synchronous adenocarcinoma and squamous cell car-
cinoma, 1 with synchronous adenocarcinoma and large cell
carcinoma).

There were 90 cases with stage I, 37 cases with stage II, 90
with stage III, and 111 with stage IV NSCLC. The mean time
from the PET/CT scan to therapy was 11 weeks and 5 weeks
for surgical cases and non-surgical cases, respectively. 111
patients underwent surgery. Among those, nine patients had
pneumonectomy, 84 patients had lobectomy, 13 patients had
resection involving less than entire lobe and 5 had exploratory
thoracotomy. Thirty-seven patients had received no cancer-
specific treatment, 230 patients had died (70.1 %). Median
follow-up time among survivors was 38.4 months (range of
1.5-82.2 months).

Univariate analyses

The results of univariate survival analysis are presented in
Table 2. In this study, the survival rates in the entire cohort
at 2 years and 5 years were 42.1 and 23.0 %, respectively.
Median OS was 16.5 months (95 % CI 14.0-20.4 months).
There was a statistically significant association of better
survival with lower stage (Fig. 2), being treated surgically and
lower levels of SUVmax, SUVmean, MTVwg and TLGwg. In
addition, patients with NSCLC of a type that was not further
specified had a significantly worse survival than other groups.
In the 78 patients with not otherwise specified NSCLC,
17 patients received chemotherapy only, 9 patients received
radiation therapy only, 37 patients received both chemother-
apy and radiation therapy, 2 received surgical therapy in addi-
tion to chemotherapy and/or radiation, and 13 patients had
no cancer specific therapy. There was no significant asso-
ciation with age or gender. Patients with an MTVwp <
median of 65.7 (4.19 on log scale) ml and TLGwp <
median of 205.11 (5.32 on log scale) SUVean * ml had
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Table 2 Univariate survival analysis in 328 patients with non-small cell lung cancer
Variables N Survival (months or %) Log-rank test p Univariate analysis
Median 2-year 5-year HR (95 % CI) p

Gender

Female 172 19.38 45.60 25.81 0.064 (Reference)

Male 156 13.93 38.28 19.71 1.28 (0.98, 1.65) 0.065
Age

<68.3 (median) 164 15.87 40.72 21.48 0.904 (Reference)

>68.3 164 18.85 43.65 25.38 0.98 (0.76, 1.27) 0.904
Stage

| 90 64.69 75.64 52.94 <0.001 (Reference)

1T 37 27.80 54.96 38.17 1.78 (1.04, 3.02) 0.034

1 90 13.64 32.09 10.53 3.46(2.32,5.18) <0.001

v 111 8.56 18.54 4.41 5.75 (3.90, 8.49) <0.001
Treatment

No specific treatment 37 6.62 18.92 6.31 <0.001 (Reference)

Non-surgery therapy 180 11.93 26.88 5.91 0.71 (0.49, 1.04) 0.077

Surgery 111 65.84 75.34 55.60 0.16 (0.10, 0.26) <0.001
Histology types

Adenocarcinoma 129 19.61 47.85 29.52 <0.001 (Reference)

Squamous cell CA 92 16.52 42.57 23.44 1.19 (0.86, 1.64) 0.301

Large cell CA 21 20.46 49.21 25.84 0.99 (0.55, 1.78) 0.985

Not otherwise specified 78 10.16 27.73 9.83 1.88 (1.36, 2.61) <0.001

Other 8 44.66 71.43 42.86 0.56 (0.20,1.53) 0.257
In(SUVaxwB) 1.81(1.49,2.21) <0.001

<2.22(median) 164 26.49 53.12 31.31 <0.001 (Reference)

>2.22 164 12.13 31.25 14.49 1.75 (1.35,2.27) <0.001
In(SUV meanwB) 1.79 (1.37,2.33) <0.001

<1.27(median) 164 21.57 48.82 28.70 0.013 (Reference)

>1.27 164 15.18 35.50 16.92 1.39 (1.07, 1.80) 0.013
In(MTVwg) 1.62 (1.48, 1.78) <0.001

<4.19(median) 164 41.15 65.67 38.04 <0.001 (Reference)

>4.19 164 9.51 18.69 8.21 3.14 (2.39,4.11) <0.001
In(TLGwB) 1.47 (1.36, 1.59) <0.001

<5.32(median) 164 35.44 63.89 36.63 <0.001 (Reference)

>5.32 164 9.67 20.36 9.61 2.83 (2.17,3.71) <0.001

CI Confidence interval, HR hazard ratio, [n natural log, N number of patients. The median of MTVwg = 65.7, the median of SUV paxwp = 9.20,

the median of SUV peanw = 3.55, the median of TLGwg = 205.11

a median OS of 41.1 and 35.4 months compared with
9.5 and 9.7 months for those with a MTVwg > 65.7ml
and TLGwp > 205.11 SUVppean * ml, respectively. See
Fig. 3 for Kaplan—-Meier curves based on quartiles of
SUVinaxwBs SUVieanws, MTVwg and TLGwg. In univari-
ate Cox regression models, In(SUV pnaxwB), In(SUVeanwB ),
In(MTVwsg) and In(TLGwg) showed statistically significant
prognostic value (p < 0.001). The HRs for a one-unit
increase of In(SUVaxws), IN(SUVeanws), In(MTVwg)
and In(TLGwg) were 1.81 (95% CI 1.49, 2.21), 1.79 (95 %

CI1.37,2.33),1.62(95% CI 1.48, 1.78), 1.47 (95 % CI 1.36,
1.59), respectively.

Multivariate analyses

The In(SUVnaxwB), In(SUVipeanws), In(MTVwg), In(TL
Gws), patient’s age, gender, treatment intent, tumor stage,
and histology were included in a series of multivariate
models to evaluate their joint effect on OS (Table 3). In
Model 1, the variables of In(SUVnaxwg), patient’s age,
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Fig. 2 Kaplan—Meier curves of overall survival after baseline PET/CT
grouped according to the clinical stages in 328 patients with stage I-IV
non-small cell lung cancer (NSCLC). The dotted line, short dashed line,
long dashed line and solid line indicate the survival curve of the groups
with stages I, II, IIT and IV NSCLC, respectively
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Fig. 3 Kaplan—Meier curves of overall survival after baseline PET/CT
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gender, treatment intent, tumor stage and histology were
included. In Model 2, the variables of In(SUV eanwB),
patient’s age, gender, treatment intent, tumor stage and histol-
ogy were included. In Model 3, the variables of In(MTVwg),
patient’s age, gender, treatment intent, tumor stage and histol-
ogy were included. In Model 4, the variables of In(TLGwg),
patient’s age, gender, treatment intent, tumor stage and his-
tology were included. In Models 1-4, the In(SUV yaxwB),
In(SUV peanwn), In(MTVwpg), or In(TLGwg) remained as
statistically significant prognostic markers for survival with
HRs of 1.41 (95 % CI1 1.10-1.79, p = 0.006), 1.47 (95 % CI
1.04-2.08, p = 0.028),1.49 (95 % CI 1.30-1.70, p < 0.001)
and 1.36 (95 % CI 1.23-1.51, p < 0.001), respectively, after
adjusting for the patient’s age, gender, treatment intent, tumor
stage and histology. The C-statistic index (a measure of dis-
criminatory power) for the models using In(SUVpaxwB),
In(SUVeanwn), In(MTVwg), and In(TLGwg) separately
were 0.73, 0.73, 0.75 and 0.75, respectively. In Model 5,
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Table 3 Multivariate Cox regression models for the overall survival
analysis of PET measurement of whole-body tumor in NSCLC

Models Multivariate analysis*
Hazard ratio (95 % CI) p C-statistic

Model 1

In(SUVnaxws) 1.41 (1.10, 1.79) 0.006 0.73
Model 2

In(SUV eanwB) 1.47 (1.04, 2.08) 0.028 0.73
Model 3

In(MTVwg) 1.49 (1.30, 1.70) <0.001 0.75%*
Model 4

In(TLGwB) 1.36 (1.23, 1.51) <0.001  0.75%T
Model 5

In(SUV naxws) 0.96 (0.72, 1.27) 0.756  0.75%%*

In(MTVwg) 1.50 (1.29, 1.75) <0.001
Model 6

In(SUVnaxws) 0.85 (0.62, 1.16) 0.304  0.75%*

In(TLGwB) 1.42 (1.24, 1.61) <0.001

C-statistic = Gonen and Heller’s K concordance statistic. Other
abbreviations are as in Table 2

* Models 1-4 are adjusted for patient’s age, gender and treatment
intent as well as the tumor histology and stage. In Model 5,
In(MTVwsg) is adjusted for In(SUVnaxwg) in addition to the factors
adjusted for in Model 3. In Model 6, In(TLGwp) is adjusted for
In(SUVaxwg) in addition to the factors adjusted for in Model 4

** p < 0.01 for comparison with C-statistic from Model 1

¥ p = 0.877 for comparison with C-statistic from Model 3

including variables In(SUVpaxwB), In(MTVwg), patient’s
age, gender, treatment intent, tumor stage and histology,
In(MTVwg) was still statistically significantly associated
with OS with a HR of 1.50 (95 % CI, 1.29-1.75, p < 0.001).
In Model 6, including variables In(SUV paxwg), In(TLGwB),
patient’s age, gender, treatment intent, tumor stage and histol-
ogy, In(TLGwp) was still statistically significantly associated
with OS with a HR of 1.42 (95 % CI, 1.24-1.61, p < 0.001).
In Models 5 and 6, there was no statistically significant asso-
ciation of OS with In(SUVaxws). The C-statistic indices
for Models 5 and 6 were both 0.75. The C-statistic indices
were significantly higher for Models 3-6 than for Model 1
(all p < 0.01).

Kaplan—Meier curves of OS after baseline PET/CT grou-
ped according to PET MTVwp measurement within each
disease stage group also showed the association of MTVwp
with OS independent of stage, in stage II, III or I'V (all stage
I patients had MTVwpg below the median) (Fig. 4). Further-
more, Kaplan—-Meier curves of OS after baseline PET/CT
grouped according to PET MTVwp measurement within
two groups with SUV,xws equal and below or above the
median showed the association of MTV with OS indepen-
dent of SUV,xws (Fig. 5). The above analyses was not
performed for TLG since there was a statistically signifi-

cant linear correlation between the InMTVwpg and InTLGwpg
(r =0.96, p < 0.001).

Discussion

Currently, IBE_FDG-PET/CT, as an anatomic and metabolic
imaging modality, is considered the best non-invasive tool for
diagnosing, staging and treatment monitoring for lung cancer
[2]. It is interpreted by nuclear radiologists visually. Semi-
quantitative measurements, such as SUV measurement, have
been used in clinical practice. The MTV and TLG have been
used to measure the whole-body metabolic tumor burden
[6,8]. Our previous study [10] suggested that the MTVwp
and TLGwp are prognostic markers independent of clinical
tumor TNM stage, as defined by the UICC/ AJCC staging
system for NSCLC, 6th edition.

Our current study, using a population of 328 patients
with NSCLC, demonstrates that metabolic tumor burden
measurement as measured with MTVwp and TLGwg from
FDG-PET is a prognostic marker, independent of patient’s
gender, age and treatment intent, as well as the TNM
stage (UICC/AJCC staging system for NSCLC, 7th edition),
SUVmaxwp and histology of the tumor. A possible explana-
tion for the independence of metabolic tumor burden mea-
surement on TNM staging is that the current TNM staging
system is based on the resectability of the tumor and a crude
surrogate for quantitative volumetric tumor measurement,
like dimensional size of primary tumor. In the TNM clas-
sification system, the T descriptor provides details regard-
ing primary tumor characteristics among which dimensional
size is only loosely correlated with primary tumor volume.
The N descriptor in the TNM staging system describes the
extent of regional lymph node involvement. However, the
term N2 encompasses a spectrum of disease from a micro-
metastatic deposit in one node to extranodal extension from
metastatic deposits in several lymph node stations. Finally,
the M descriptor describes the presence or absence of intra-
thoracic or distant metastases. However, the terms M1a and
MIb are used to separate intrathoracic from more advanced
extra-thoracic metastasis. In general, the more advanced the
disease stage, the less “quantitatively accurate” the TNM
classification system turns out to be. There is no contribution
of more accurate and more advanced quantitative volumet-
ric tumor measurement, such as MTVwg and TLGwg, even
though almost all current imaging modalities used for tumor
staging routinely provide 3-dimensional quantitative volu-
metric imaging. Adding volumetric tumor burden measure-
ment may make NSCLC staging more quantitative and more
complete. Tumor histology is related to its biological behav-
ior and may affect the SUV measurement and metabolic
tumor burden measurement. However, most tumor types in
NSCLC are hypermetabolic with high SUV measurements,
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Fig. 4 Kaplan—Meier curves of overall survival after baseline PET/CT
grouped according to PET MTVwp measurement within each disease
stage group, stage II (a), stage III (b), stage IV (c), showing the associ-
ation of metabolic tumor volume with overall survival independent of

with the exception of adenocarcinoma in situ and minimally
invasive adenocarcinoma, formerly called bronchoalveolar
carcinoma (BAC). These tumors normally have lower meta-
bolic rates and may not have high FDG activity. The current
study included two cases with BAC. The potential clinical
implication of the prognostic value of metabolic tumor bur-
den measurement with MTVwpg and TLGwg is to divide the
patients with NSCLC into subgroups with different progno-
ses. Since accurate risk stratification in NSCLC is important
for determining treatment options and prognosis, incorpo-
rating metabolic tumor burden measurement may 1) improve
patient treatment selection, 2) aid medical and personal deci-
sion making by both clinicians and patients, 3) help clinicians
in their routine patient outcome predictions, and 4) assist in
the selection of comparable risk patients in clinical trials.
On the last point, placing patients predicted to have similar
risk factors into the test and control groups using stratified
randomization could help improve clinical trials by obtaining
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stage. The dashed lines indicate the group with MTVwg values equal
to or less than the median, and the solid lines are the group with values
greater than the median of the PET MTVwp measurement

more comparable and meaningful results. Incorporating met-
abolic tumor burden in the clinical staging in NSCLC may
potentially impact on selecting patients for adjuvant or even
neoadjuvant treatment since a greater metabolic tumor bur-
den is associated with a poor survival outcome. In addition,
the metabolic tumor burden could theoretically, be measured
on both baseline and follow-up PET/CT studies. It could
therefore impact the assessment of tumor response to che-
moradiation therapy.

The UICC /AJCC staging system for NSCLC (7th edi-
tion) has become popular and has replaced the 6th edition
of the staging system in clinical practice [20,27]. Our use
of this new staging system assures that our conclusion that
MTVwgp and TLGwp have independent prognostic value is
up-to-date. Based on our current study, the prognostic val-
ues of MTVwpg and TLGwpg are similar and there is a linear
correlation between the two parameters. There is no demon-
strable advantage of TLGwp over MTVwg. Therefore, we



Int J CARS (2013) 8:181-191

189

Proportion surviving

T T T T T

0 20 40 60 80
Time since PET scan (months)

u_
a1,
R S Ry | I

Proportion surviving

0 20 40 60 80
Time since PET scan (months)

Fig. 5 Kaplan—Meier curves of overall survival after baseline PET/CT
grouped according to PET MTVwp measurement within groups with
SUVmaxws equal and below (a) or above the median (b) show the asso-
ciation of metabolic tumor volume with overall survival independent
of SUVmaxwg. The dashed lines indicate the group with MTV values
equal to or less than the median and the solid lines are the group with
values greater than the median of the PET MTVwp measurement

think in the future clinical practice, MTVwp will be sufficient
for measuring metabolic tumor burden in NSCLC.

The prognostic value of SUV measurements independent
of patient’s gender, age and treatment received, as well as
the TNM stage and histology, demonstrated in the current
study is consistent with prior studies [18,19,28-33]. Some
studies demonstrated that SUV measurement was an impor-
tant factor for predicting survival [28-31], and patients with
high SU V.« are at increased risk of death following surgery
[32,33]. The likelihood of lymph node metastasis increases
with an increase in the SUV of a primary lung cancer
[34,35]. However, SUVnaxwB Was no longer statistically
significant upon further multivariate Cox regression analysis
including MTVwpg or TLGwg in our study. This suggests that
the SUV measurements do not provide a significant amount
of additional prognostic information beyond that provided
by MTVwp or TLGwg. Kaplan—Meier curves of all patients

based on the quartiles of SUVaxwB, SUVmeanws, MTVws
or TLGwp also indicated the superior prognostic value
for MTVwp and TLGwg. Furthermore, the C-statistics
from the series of multivariate Cox regression analyses
demonstrated better discriminatory power for MTVwp and
TLGwg than for SUV paxwg and SUV eanwn. Patients with
a MTVwg < median of 65.7 ml and TLGwg < median
of 205.11 SUV pean * ml had a median OS of 41.1 and 35.4
months compared with 9.5 and 9.7 months for those with a
MTVwp > 65.7ml and TLGwp > 205.11 SUV pean * ml,
respectively. In our study, we included gender and age in mul-
tivariate Cox regression analysis, despite the fact that they
were not significant factors on univariate analysis, because
they have been shown to be predictive factors for survival in
other studies [36,37].

Based on our previous studies [10], the inter-observer var-
iability of the tumor burden measurement is low. The intra-
class correlation coefficients (ICCs) were calculated for the
evaluation of inter-observer variability in 77 patients with
NSCLC in the previous study [10]. The ICC for In(MTVwg)
was 0.949 with 95% CI of 0.861-0.976. The ICC for
In(TLGwg) was 0.975 with 95 % CI of 0.953-0.985. Measur-
ing the MTVwp and TLGwp was not overwhelmingly time-
consuming. As reported in our prior study, it took 7 h and
10 min for one observer to complete the measurement of the
193 tumor lesions in the 77 patients with stage I-IIl NSCLC
on whole-body scans, an average of 2.3 min per lesion [10].

There are three limitations to this study. First, although we
adjusted for several major factors which have been shown to
be associated with patient’s survival in NSCLC in the mul-
tivariate survival analysis [13], the performance status was
not included in our multivariate survival analysis because
in all surgical cases included in this study, the performance
status was not recorded in their medical records. However,
the association of the performance status and OS has not
been consistently demonstrated [6,9, 13]. Poor performance
status may simply be due to high tumor burden [6]. Further-
more, the models generated will need to be validated exter-
nally. Second, there are several limitations of I8R_FDG-PET,
which can result in false-negative and false-positive results.
False-negative PET results may be due to very small tumor
size or low tumor grade. False-positive results may be due
to active infection or inflammation including granulomatous
diseases, such as sarcoidosis and histoplasmosis or tubercu-
losis, as well as metabolically active brown fat. However, in
this study as in our clinical practice, we read the PET/CT
(attenuation-corrected, non-attenuation-corrected, MIP and
fusion images), as well as the diagnostic CT together, to min-
imize the false-negative and false-positive results. Finally,
since FDG uptake and SUV measurements in lung cancer
lesions significantly increase with the duration of the uptake
time [38], we expect that the MTV may also increase with the
FDG uptake time. However, even with such a limitation, we
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have demonstrated a significant association of the metabolic
tumor burden with OS of patients with NSCLC.

Conclusions

MTVwg and TLGwg, as metabolic tumor burden measure-
ments in '8F-FDG-PET/CT, are better prognostic markers
than SUVpaxws and SUVieanwp and carry information
independent of the patient’s gender, age, treatment received,
TNM stage, SUV paxws and tumor histology. Our results sug-
gest a complementary role of MTV or TLG to TNM staging
in prognostication of NSCLC patients.
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