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A B S T R A C T

Purpose

In 'Fhis prospective National Cancer Institute—funded American College of Radiology Imaging
Network/Radiation Therapy Oncology Group cooperative group trial, we hypothesized that
standardized uptake value (SUV) on post-treatment ['8F]fluorodeoxyglucose positron emission
tomography (FDG-PET) correlates with survival in stage Il non-small-cell lung cancer (NSCLC).

Patients and Methods
Patients received conventional concurrent platinum-based chemoradiotherapy without surgery;

postradiotherapy consolidation chemotherapy was allowed. Post-treatment FDG-PET was per-
formed at approximately 14 weeks after radiotherapy. SUVs were analyzed both as peak SUV
(SUVea) @and maximum SUV (SUV,,.; both institutional and central review readings), with
institutional SUV,.,. as the primary end point. Relationships between the continuous and
categorical (cutoff) SUVs and survival were analyzed using Cox proportional hazards multivari-
ate models.

Results
Of 250 enrolled patients (226 were evaluable for pretreatment SUV), 173 patients were evaluable

for post-treatment SUV analyses. The 2-year survival rate for the entire population was 42.5%.
Pretreatment SUV ., and SUV ., (mean, 10.3 and 13.1, respectively) were not associated with
survival. Mean post-treatment SUV,., and SUV,,,,, were 3.2 and 4.0, respectively. Post-treatment
SUV,eak Was associated with survival in a continuous variable model (hazard ratio, 1.087; 95% Cl,
1.014 10 1.166; P = .020). When analyzed as a prespecified binary value (= v > 3.5), there was no
association with survival. However, in exploratory analyses, significant results for survival were
found using an SUV,, cutoff of 5.0 (P = .041) or 7.0 (P < .001). All results were similar when
SUV,..x Was used in univariate and multivariate models in place of SUV ...

Conclusion

Higher post-treatment tumor SUV (SUV ., or SUV,,.) is associated with worse survival in stage
[l NSCLC, although a clear cutoff value for routine clinical use as a prognostic factor is uncertain
at this time.

J Clin Oncol 31:3823-3830. © 2013 by American Society of Clinical Oncology

mately 60 Gy), median and 2-year survival rates for
medically fit patients are about 20 months and

Stage III, nonoperative non—small-cell lung cancer
(NSCLC) is common and, despite improvements in
treatment, still has a poor prognosis.' With modern
staging and treatment (definitive concurrent che-
moradiotherapy, with radiation dose of approxi-

40%, respectively.>

One challenge with concurrent chemoradio-
therapy is difficulty ascertaining disease status soon
after treatment. Computed tomography (CT) of the
chest is commonly obtained after treatment but is
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difficult to interpret after radiotherapy. Many patients with stable or
even responding disease after chemoradiotherapy, based on CT, have
viable active malignancy on pathologic assessment.*

It has been suggested that positron emission tomography
(PET) is superior to CT for post-treatment evaluation of NSCLC.”
PET has efficacy for staging of NSCLC, with improved sensitivity
and specificity for detection of regional or distant metastatic dis-
ease compared with conventional staging.® In patients with pre-
sumed stage III disease, PET has value by detecting patients with
otherwise occult stage IV disease.” PET is also useful in defining
gross tumor volume for treatment planning, particularly distin-
guishing regions of atelectasis from viable, metabolically active
tumor mass and identifying involvement of regional lymph
nodes.*” Given the value of PET in other settings, we hypothesized
that it would be useful as a biomarker to assess response after
chemoradiotherapy, as suggested by a series of retrospective stud-
ies from Australia.'® We hypothesized in this prospective study
that ['*F]fluorodeoxyglucose (FDG) PET obtained relatively soon
after chemoradiotherapy could predict long-term prognosis. Spe-
cifically, we sought to determine whether the post-treatment, pri-
mary tumor FDG standardized uptake value (SUV) could serve as
a useful prognostic imaging biomarker.

This multicenter, National Cancer Institute-funded prospective study
(ClinicalTrials.gov identifier: NCT00083083) was conducted jointly by the
American College of Radiology Imaging Network (ACRIN), the primary co-
operative group, and the Radiation Therapy Oncology Group (RTOG). Each
participating institution (Appendix Table Al, online only) obtained institu-
tional review board approval before accrual, and all patients provided written
study-specific informed consent.

Study Patients

Eligible patients had inoperable stage I1I (or selected inoperable stage II)
NSCLC, with no evidence of stage IV disease by conventional imaging (CT of
chest/upper abdomen, bone scintigraphy, and CT/magnetic resonance imag-
ing of the brain). Patients who had PET before being enrolled were eligible, as
long as it was recent (= 6 weeks) and performed on an ACRIN-qualified
scanner. This technically allowed patients who had evidence of stage IV disease
by pre-enrollment PET to register on study. However, patients had to be
considered candidates for definitive concurrent chemoradiotherapy, and this
was intended to exclude patients with confirmed stage IV disease by pre-
enrollment PET. A Zubrod performance status 0 to 1 was required, along with
medical suitability for concurrent chemoradiotherapy. Patients had to be
capable of undergoing FDG-PET, with fasting glucose = 200 mg/dL. Patients
who had prior thoracic radiotherapy or were planned for thoracic surgery were
not eligible.

Treatment

The protocol did not specify the details of chemoradiotherapy, as
long as it included immediate concurrent, platinum-based doublet chem-
otherapy with radiotherapy. Radiotherapy fields had to include all gross
disease seen on pretreatment PET, with dose = 60 Gy. Because of logistical
constraints, central review of radiotherapy fields/portals was not per-
formed. In addition to cisplatin (or carboplatin), a second concurrent
nonplatinumagentwasrequired (eg, paclitaxel, etoposide). Adjuvantchem-
otherapy was allowed for up to 16 weeks after radiotherapy but was not
mandatory. Patients could be treated on separate, institutional review
board—approved therapeutic clinical trials as long as the general eligibility
for this study was met.

3824 © 2013 by American Society of Clinical Oncology

FDG-PET

It was judged impractical to exclude patients who already had a pre-
enrollment PET, as long as the scan was completed = 6 weeks before enroll-
ment. Because the primary end point of this study was post-treatment PET, the
protocol did not mandate a new PET after enrollment if a high-quality PET
was already done on an ACRIN-qualified scanner. The details of the scanner
qualification process have been described previously.'?

Conventional modern equipment/techniques for FDG-PET (with or
without PET/CT) were used in this study. Patients had to fast for = 4 hours
and have a blood glucose level less than 200 mg/dL before FDG injection. The
FDG dose was not mandated; the recommended dose was 0.14 to 0.21 mCi/kg
(approximately 10 to 20 mCi) for scanners with bismuth germanate, lutetium
oxyorthosilicate, or gadolinium oxyorthosilicate detectors. Sodium iodide
detector scanners were not allowed. Emission scanning began 50 to 70 minutes
after FDG injection and included the body from upper/mid neck to proximal
femurs. Acquisition times for emission and transmission scans were in accor-
dance with the manufacturer’s recommendations.

Post-treatment PET was required at approximately 14 weeks (12 to 16
weeks) after radiotherapy (and atleast 4 weeks after the completion of adjuvant
chemotherapy, if applicable). The protocol required that both pre- and post-
treatment scans be done on the same scanner.

PET Image Interpretation and SUV Measurement

PET scans were interpreted qualitatively and quantitatively by nuclear
medicine physicians/radiologists at each institution, using standardized re-
porting forms to record the FDG uptake in the primary tumor, regional lymph
nodes, and common sites of distant metastasis (ie, bones, adrenals, liver,
contralateral lung). These local reviewers were provided with educational
materials on image interpretation, specifically describing how to measure peak
SUV (SUV ). However, formal demonstration of expertise was not man-
dated. SUVs for regions of interest (ROIs) were determined using two different
metrics, maximum SUV (SUV,,,,) and SUV . SUV,, represents the high-
est single-voxel SUV within the ROL SUV 4, in contrast, represents the mean
SUV within a small circular ROI (0.75 to 1.5 cm in diameter) that encompasses
the SUV, .. (Thus, SUV . will always be lower than SUV,,,..) A detailed
discussion of the potential advantages and disadvantages of studying SUV__
versus SUV ., is beyond the scope of this article, although briefly addressed in
the Discussion.

In addition to the institutional interpretations, pre- and post-treatment
PET scans were centrally reviewed at ACRIN by an expert nuclear medicine
physician with extensive experience in FDG-PET. A single dedicated worksta-
tion was used for this purpose, and SUV ., was measured with an automated
program in a circular ROI 1.5 cm in diameter. The central reader was blinded
to clinical data and the institutional SUV measurements.

Follow-Up

Patients were observed for a minimum of 2 years (or until death) after
completion of treatment in accordance with standard clinical practice. Non-
protocol PET was allowed but not mandated.

Statistical Analysis

The primary objective of this study was to determine the relationship
between institutional-determined post-treatment SUV ;. and overall sur-
vival (SUV . analysis was a secondary end point). Several ways of analyzing
the relationship between SUV and survival were prespecified. On the basis of a
small study by Rosenzweig et al,'* our primary end point was to associate
survival using Cox proportional hazards modeling with post-treatment
SUV . as a binary predictor, with a cutoff SUV of 3.5. However, in addition
to the binary predictor, the following prespecified analyses were planned: a
four-category model (SUV = 2,210 3.5,3.5to 7, and > 7), and a continuous
model of SUV measurements. Prespecified secondary analyses using pretreat-
ment SUV also were performed.

Exploratory evaluation of other potential SUV cutoffs was also per-
formed, as a post hoc, non-prespecified analysis. The power calculation and
detailed statistical analyses can be found in the Appendix (online only).
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Patient Population

Accrual began in June 2005 and ended in May 2009. Thirty-seven
institutions accrued 250 patients to the study. Sixteen patients were
ineligible, and eight patients did not have evaluable pretreatment PET,
leaving 226 patients. Of these 226 patients, 173 had evaluable post-

Table 1. Patient Demographics and Clinical Characteristics, Both for the
Original Population of All Registered Patients and the Final Population of
Patients Evaluable for the Primary End Point of Post-Treatment
SUV Analyses

Subgroup of

Patients
Evaluable for
All Patients the Primary
Registered End Point
) . (N = 250) (n=173)
Demographic or Clinical
Characteristic No. % No. %
Age, years
Median 65.5 65
Range 36-85 36-84
Race”
White 184 73.6 135 78.0
African American 29 11.6 15 8.7
Asian 32 12.8 22 12.7
Other/unknown 9 3.6 3 1.7
Clinical staget
1B 9 3.6 7 4.1
A 123 49.2 96 55.5
1B 114 45.6 70 40.5
IV+ 1 0.4 0 0.0
Data not available 3 1.2 0 0.0
Sex
Male 162 64.8 112 64.7
Female 88 35.2 61 35.3
Performance status
0 (fully active) 111 44.4 84 48.6
1 (ambulatory, capable of
light work) 137 54.8 89 51.5
Data not available 2 0.8 0 0.0
Chemotherapy regimen
Carboplatin/paclitaxel 102 40.8 73 42.2
Cisplatin/etoposide 36 14.4 29 16.8
Other 93 37.2 71 41.0
Data not available 19 7.6 0 0
Adjuvant (postradiotherapy)
chemotherapy given
Yes 100 40.0 78 451
No 129 51.6 94 54.3
Data not available (unknown) 21 8.4 1 0.6
Radiation dose, Gy
< 50 10 4.0 0 0
50-60 Gy 11 4.4 8 4.6
60-70 Gy 153 61.2 124 71.7
= 70 Gy 56 22.4 39 22.5
Data not available 20 8.0 2 1.2

Abbreviation: SUV, standardized uptake value.

“Multiple races may be endorsed by a single participant, such that the total
over all options may sum to greater than 100%.

TOne patient with clinical stage recorded only as stage Il was grouped into
the stage IlIB row for both columns.

+One patient was enrolled with oligometastatic stage IV disease.

treatment PET, representing the analysis cohort for the primary end
point. Details on eligibility and evaluability are listed in Appendix
Tables A2, A3, and A4 (online only); the most common reason for
ineligibility was failure to perform one or more clinical staging tests
within protocol-specified time periods before enrollment. The most
common reason for subsequent inevaluability for post-treatment
analysis was early death. Approximately 89% of PET scans were
PET/CT studies. Details regarding the patient population are listed in
Table 1.

SUV Measurements

The SUV results (SUV ¢, and SUV,,,,,) are listed in Table 2. The
median and mean pretreatment values vary between 9.45 and 13.96.
(As expected, there is a difference of approximately 20% between
SUV,eq and SUV,...) Median and mean post-treatment SUVs vary
between 2.50 and 3.95, again with SUV . values being higher
than SUV 1.

Although on a population analysis, the mean and median SUVs
for institutional versus central reads do not differ greatly, there were
some cases with significant discrepancies. As shown in Figure 1, the
concordance correlation coefficients for pre- and post-treatment
SUV,ac Were 0.72 (95% CI, 0.65 to 0.78) and 0.80 (95% ClI, 0.74 to
0.85), respectively. The corresponding values for pre- and post-
treatment SUV, . were better than those for SUV ., at 0.90 (95% CI,

p
0.88 t0 0.92) and 0.87 (95% CI, 0.83 to 0.90), respectively.

Post-Treatment SUV and Survival

Overall survival based on the study-prespecified SUV ., cutoff
of 3.5 is shown in Figure 2. Measured from the date of enrollment, the
2-year actuarial survival rate for patients with institutional post-
treatment SUV ., = 3.5 was 51% (95% CI, 41% to 59%) compared
with 47% (95% CI, 33% to 60%) for patients with an SUV . greater
than 3.5 (P = .29). Measured from the date of post-treatment PET, the
corresponding 2-year survival rates were 45% (95% CI, 36% to 53%)

versus 40% (95% CI, 26% to 52%), respectively (P = .31).

Table 2. Distributional Summary of SUV Data Based on Timing of PET and
Location of the Reading
No. of SuUV
Evaluable
Variable Patients Median Mean SD
Pretreatment PET
SUV,eak
Institutional review 226 9.45 10.28 6.24
Central review 225 10.40 11.40 6.39
SUV hax
Institutional review 226 12.10 13.09 7.24
Central review 225 12.80 13.96 7.99
Post-treatment PET
SUVpeak
Institutional review 173 2.50 3.22 2.59
Central review 174 2.50 3.20 2.53
SUV 1ax
Institutional review 170 2.90 3.95 3.33
Central review 174 2.90 3.89 3.21
Abbreviations: PET, positron emission tomography; SD, standard deviation;
SUV, standardized uptake value; SUV,, maximum standardized uptake
value; SUV,q,, peak standardized uptake value.
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Fig 1. Scatter plots demonstrating institutional versus central read results for standardized uptake value (SUV) within the primary lung tumor. Pretreatment (A) peak
SUV (SUVeai) and (B) maximum SUV (SUV,,,,). Post-treatment (C) SUV e, and (D) SUV,,,.. CCC, concordance correlation coefficient; Mean diff, mean difference

between institutional SUV and central SUV.

Similarly, separating the study population using quartiles for
institutional-measured post-treatment SUV,,,, was not significant
(P = .15, type III test). However, the prespecified subgroup analysis
for SUV ., greater than 7 was highly significant (P <.001).

When SUV,,., was analyzed as a continuous variable (prespeci-
fied), it was significantly associated with survival (hazard ratio [HR],
1.086; P = .011). The HR in the multivariate model was 1.087
(P = .020; ie, an increase of 1.0 point in post-treatment SUV .,
translated into a 9% increase in the risk of death).

When these analyses were repeated using central SUVs (prespeci-
fied), as opposed to the institutional SUVs, the multivariate model
incorporating central-review SUV ., as a continuous variable
showed a slightly stronger association with survival (HR, 1.125;
P = .001) than when institutional values were used.

As shown in Table 3, the results were not substantially different
when SUV, .. was used in place of SUV .. Table 3 summarizes the
association between post-treatment SUV measurements and survival
using various cutoff values of SUV, for both institutional and central
reads (P values not adjusted for multiple comparisons). Appendix
Tables A5 and A6 (online only) display the results of multivariate
analyses of prognostic factors, showing that post-treatment SUV was

3826 © 2013 by American Society of Clinical Oncology

the only statistically significant prognostic factor (P values for age and
performance status were between .05 and .15).

Protocol-Specified Analyses of Pretreatment SUV
and Survival

Pretreatment SUV, analyzed as either a continuous or categorical
variable, was not associated with survival on univariate or multivari-
able analyses.

Exploratory Analyses of Post-Treatment SUV
and Survival

We explored other potential cutoff values for SUV. When using a
binary cutoff of 5.0 for post-treatment SUV ., a highly significant
association with survival was noted (Fig 3). This was true with both
institutional (HR, 1.667; P = .041) and central reads (HR, 2.148;
P =.002). Using central reads, the 2-year actuarial survival (measured
from enrollment) for patients with SUV ;. =< 5.0 was 53% (95% CI,
44% to 60%), compared with 38% (95% CI, 19% to 56%) for patients
with SUV ., greater than 5.0 (P = .001). The corresponding rates
from dates of the post-treatment PET were 47% (95% CI 39% to 55%)
versus 25% (95% CI 10% to 43%), respectively (P = .001).

JOURNAL OF CLINICAL ONCOLOGY
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Fig 2. Overall survival as a function of post-treatment peak standardized uptake
value (SUV; = v> 3.5). The results are not statistically significantly different. PET,
positron emission tomography.

Data from several additional exploratory analyses are shown in
the Appendix and Appendix Tables A7 to A9 (online only). These
include analyses in which various subpopulations of patients with
certain protocol violations or uncommon features were excluded (eg,
excluding patients with clinical stage IIB disease). An evaluation of the
relative change in SUV [ie, (posttreatment SUV — pretreatment SUV)/
pretreatment SUV] as a potential predictor of outcome was also per-
formed (this showed no significant associations).

To our knowledge, this is the largest prospective study to date evalu-
ating the prognostic value of post-treatment PET findings in patients
with stage III NSCLC. Our specific aim was partially met; post-
treatment SUV .., was significantly associated with survival based on
a continuous variable statistical model. However, our primary pre-
specified statistical analysis (binary division of the population into
groups with post-treatment SUV ., = v > 3.5) was not significant;
we conclude that using a simple post-treatment SUV .y (or SUV,,.)
cutoff of 3.5 after chemoradiotherapy is not valuable for clinical deci-
sion making. Our study cannot in fact identify any other cutoff value
for routine clinical use as a predictor for survival.

Nonetheless, intriguing exploratory results were found. Patients
with exceptionally high SUVs after chemoradiotherapy have poor
outcomes—there were no long-term survivors among patients with
post-treatment SUV,,., greater than 7. This subpopulation could be
considered for early additional treatment. We also identified potential
value of a post-treatment SUV,, cutoff value of 5.0 (Fig 3). We felt it
was necessary to explore another binary cutoff for post-treatment
SUV (other than 7.0), because the small number of patients with SUV
greater than 7.0 after chemoradiotherapy limits its applicability. We
caution that the analysis of a post-treatment SUV cutoff of 5.0 is highly
exploratory, post hoc, and would need validation in future studies.

A similar single-institution study by Lopez Guerra et al'*
yielded greater risk stratification than we observed. In their
modest-sized series (49 patients), the median post-treatment
SUV ..x Was 3.7; patients with values less than the median had a
2-year survival rate of approximately 50%, compared with a rate of

Www.jco.org

Table 3. Summary of the Results of Univariate and Multivariate (Cox
regression) Models for Overall Survival as a Function of SUV

Type of Analysis™ and SUV

Institutional Read

Central Read

Cutoff Values Hazard Ratio P Hazard Ratio P
SUVpeak
Continuous
Univariate 1.086 011t 1.125 <.001t
Multivariate 1.087 .02071 1.125 <.001t
Categorical
Univariate, = v> 3.5 1.215 315 1.317 77
Multivariate, = v > 3.5 1.197 379 1.308 201
Univariate, = v > 5% 1.713 0211 2.145 .0017
Multivariate, = v > 5% 1.667 0411 2.148 .0021
Univariate$
235 (v<2) 1.182 446 1.126 578
3567 (v<2) 0.983 .946 1.012 .965
>7(v<2) 4.138 .0017 2.938 <.001t
Multivariate
235 (v<2) 1.190 .455 1.150 .543
357 (v<2) 0.968 .903 1.016 956
>7(v<2) 4.389 .001* 3.051 <.001t
Univariate$||
Q2 vQ1 1.369 .208 1.189 483
Q3 vQ1 0.914 736 0.922 .765
Q4 v Q1 1.405 .182 1.367 .205
Multivariate§||
Q2 vQ1 1.501 126 1.075 .780
Q3 vQ1 0.875 .635 0.879 .653
Q4 vQ1l 1.351 .263 1.289 .322
SUV hax
Continuous
Univariate 1.089 .0021 1.101 <.001t
Multivariate 1.084 .0051 1.098 <.001t
Categorical
Univariate, = v> 3.5 0.942 751 1.149 .459
Multivariate, = v > 3.5 0.863 461 1.182 .389
Univariate, = v > b% 1.410 112 1.597 .0351
Multivariate, = v > 5% 1.377 159 1.5696 .0387
Univariate$
2-35(v<2) 1.569 .061 1.224 401
357 (v<2) 0.916 752 0.946 .841
>7(v<2) 2.272 .0071 2.382 .0031
Multivariate§
2-35(v<2) 1.906 014+ 1.133 621
357 (v<2) 0.950 .860 0.953 .866
>7(v<2) 2.273 .012t 2.260 .01071
Univariate§||
Q2 vQ1 1.416 170 1.257 .364
Q3 vaQ1 1.034 .898 0.969 .909
Q4 vQ1 1.345 .248 1.454 143
Multivariate§||
Q2 vQ1 1.578 .090 1.165 .560
Q3 vQ1 1.105 716 0.940 .831
Q4 vQ1 1.348 .267 1.383 215

Abbreviations: Q, quartile; SUV, standardized uptake value; SUV,,,,, maxi-
mum standardized uptake value; SUV,,.,, peak standardized uptake value.
“Under the univariate setting, the only covariate in the Cox regression model
is the corresponding SUV. Under the multivariate setting, the SUV and other

prespecified covariates were included in the model.

TSignificant.

FThe analysis using a cutoff SUV of 5 was not a study-prespecified end point.

This was performed as an exploratory secondary analysis.

§Multiple comparisons were adjusted for in these comparisons via the
Bonferroni correction (ie, the cutoff for declaring significance changed to be

.05/3, or P = .0167).

|Cutoffs correspond to the quartiles of the SUV distribution, where Q1 =
25% quartile, Q2 = median, and Q3 = 75% quartile.

© 2013 by American Society of Clinical Oncology 3827
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Fig 3. Overall survival based on a peak standardized uptake value (SUV) cutoff of 5.0. (A) Results based on local institutional read. (B) Results based on central review

read. PET, positron emission tomography.

approximately 20% for patients with post-treatment SUV ..
greater than the median (P = .0112).

Qualitative analyses of PET after (chemo)radiotherapy also show
positive results.'®'>'® Our study does not refute the value of qualita-
tive analyses or suggest that quantitative post-treatment (SUV-based)
measurements are superior. However, we do point out that our study
is, to our knowledge, the first to show a relationship between post-
treatment PET and survival in a multicenter setting, with many read-
ers of variable experience and expertise. Figure 1 shows moderate
variability between individual institution readers and central review.
We note with interest that the statistical results for post-treatment
SUV . are stronger when using central review analysis compared
with local institutional review analysis, and this may be related to a
learning curve with respect to definition of the ROI, which in turn has
been shown to be an important factor in the precise determination
of SUmek.17 Our study results do not differ greatly when post-
treatment SUV,,, (which is more reproducible than SUV ;) is used
instead of SUV,,,. We emphasize SUV,,, data throughout the Re-
sults because it was the prespecified primary end point of the study
when it was designed, written, and approved. However, our analyses
do not show major differences when using SUV ., or SUV ... Given
the better interobserver reliability of SUV,_ ., it is possible that
SUV .., may ultimately be more clinically useful for post-treatment
analyses. However, we remain concerned that SUV _is subject to
noise because it is based on a single voxel in the tumor. We suggest that
in the future, the use of automated programs for SUV ., measure-
ment, as we did for the central reads, may increase the reliability of this
metric. Such automated programs are now available on most modern
PET/CT workstations.

Of note, neither pretreatment SUV,,,,, nor SUV . correlated
with outcomes. This differs from a recent meta-analysis on the topic'®
in which many of the patients had early-stage disease treated surgi-
cally. In stage III NSCLC, the Ontario Clinical Oncology Group
showed a relationship between pretreatment SUV and survival.'® We
do not have an explanation for the discordance between our pretreat-
ment SUV data and others. It has indeed been difficult to identify
reproducible pretreatment prognostic factors for stage Il NSCLC.*

There are limitations of our study. These mainly reflect the need
for flexibility in a multicenter study of complex, ill, heterogeneous

3828 © 2013 by American Society of Clinical Oncology

patients. First, the exact treatment given to patients in this study was
not strictly regimented with regard to radiation dose or chemotherapy
agents. Our sample size is not large enough to perform subgroup
analyses among different exact treatments.

A second limitation is heterogeneity in the timing of the post-
treatment PET. The study mandated that post-treatment PET be done
12 to 16 weeks after completion of radiotherapy, although patients
with violations were still considered evaluable for this analysis. Postra-
diotherapy inflammation (pneumonitis) is associated with increased
FDG uptake and is a highly dynamic and complex process.' Accord-
ingly, our results may have differed with rigid timing for post-
treatment PET; however, this might have reduced accrual and general
applicability of our study. Unfortunately, we could not collect clinical
data on radiation pneumonitis to attempt to correlate it with post-
treatment PET.

A third limitation is that post-treatment biopsies were rarely
performed. Thus, there are no conclusive data in our study to confirm
or refute whether an abnormal post-treatment PET represented viable
tumor versus radiation-induced inflammation. This is a ubiquitous
problem in thoracic radiation oncology that is hardly unique to our
study and is unlikely to be overcome soon. This is why we elected to
use overall survival (rather than local control) as the primary end point
of our study.

It is possible that quantitative analysis of post-treatment PET is
indeed useful but that SUV is not the best metric. Other, more sophis-
ticated tools for analyzing PET images are becoming more widely
available. One technique under investigation is to study SUVs at mul-
tiple time points—it has been suggested that a further increase in SUV
at 90 minutes after injection (compared with the SUV at 60 minutes)
may predict prognosis.**

Another option is to study metabolic tumor volume or total
lesion glycolysis, which take into account not only the intensity of
tracer uptake, but also the size of the residual lesion.>*> However,
metabolic tumor volume or total lesion glycolysis is also likely to be
confounded by post-treatment inflammatory responses. A different
potential solution is to evaluate FDG-PET during radiotherapy, before
anticipated induction of radiation pneumonitis.***® A third area of
research is the use of alternative tracers, such as 18F—ﬂuorothymidine29
for response assessment or '*F-fluoromisonidazole for detection of
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hypoxia.’** RTOG and ACRIN have just activated a new prospective
trial (RTOG 1106/ACRIN 6697) to explore the prognostic value of
baseline hypoxia imaging with '*F-fluoromisonidazole in a patient
population similar to ours.

In conclusion, SUV measured on post-treatment FDG-PET in
patients with locally advanced NSCLC has some value as a prog-
nostic factor. A statistically significant association between post-
treatment SUV and survival was identified on univariate and
multivariate continuous-variable modeling. However, we could
not identify a clinically significant cutoff value for post-treatment
SUV at this time. Our data do suggest that high post-treatment
SUV portends a poor outcome.

Although post-treatment FDG-PET seems to provide prognostic
information, it is not yet known whether subsequent treatment deci-
sions based on this information can improve clinical outcomes. Fur-
ther investigation of the role of post-treatment FDG-PET in
therapeutic decision making in this clinical setting is warranted.
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Appendix

Statistical Considerations

The sample size was based on the hypothesis that patients with peak standardized uptake value (SUV ., ) = 3.5 (representing 45%
of evaluable patients) would have a 2-year survival of 50% (measured from the date of enrollment), whereas patients with an SUV
more than 3.5 would have a 2-year survival of 30%. This resulted in 169 evaluable patients to achieve 90% power. We estimated the need
for 250 enrolled patients to obtain 169 patients with evaluable post-treatment positron emission tomography (PET) scans.

For each standardized uptake value (SUV) measurement, a univariate Cox regression model was first fit using SUV as the sole
predictor. Then, a multivariate Cox regression model was fit to include several other prespecified covariates, including age, sex, baseline
Zubrod performance status, baseline clinical stage, radiotherapy dose (Gy), and chemotherapy regimen, which was broken into three
groups (cisplatin and etoposide, carboplatin and paclitaxel, and other). Hazard ratios (HRs) were reported. In addition, for categorical
SUVs, Kaplan-Meier curves were plotted to show the difference in survivorship among the categories. For the models with four groups of
SUV (quartiles), the Bonferroni adjustment was made to correct for multiple comparisons within the analysis (ie, the significance level was
set to be P = .0167). No adjustment of multiple comparisons was made across analyses.

To reflect routine clinical practice, institutional SUV measurements were used for the primary statistical end points. However, a plan
to repeat these analyses using centrally determined SUV ., and maximum SUV (SUV,,,,.) was also prespecified. The concordance
correlation coefficient was also calculated between institutional and central SUVs to assess agreement (Lin LI: Biometrics 45:255-
268, 1989).

The main secondary goals include determining the ability of institutional/central post-treatment SUV . to predict long-term
survival; determining the ability of institutional/central post-treatment SUV ., as well as institutional/central post-treatment SUV,,,, to
predict local control; determining the ability of institutional/central pretreatment SUV ., as well as institutional/central pretreatment
SUV_,.o to predict long-term survival and local control; and determining the reliability of these measurements between the institution
and a central review facility.

In addition to the Cox regression, the concordance measure (C statistic) was calculated to assess the overall predictive performance
of the developed models (Uno H, et al: Stat Med 30:1105-1117, 2011). Data were analyzed using SAS 9.2 (SAS Institute, Cary, NC) and R
v2.13.1 (R Project, http://www.r-project.org/), with P < .05 considered statistically significant.

Additional Exploratory Analyses

The first exploratory subset analysis examined whether the study results would differ when restricted to stage III patients (ie,
excluding the seven patients with an evaluable post-treatment PET who had stage IIB disease), leaving 166 evaluable patients. This analysis
had no significant effect on the study findings and did not change the overall conclusion for any of the cutoff values under consideration
(3.5,5.0,and 7.0: HR, 1.227, P = .33; HR, 1.831, P = .018; and HR, 4.554, P < .001, respectively). The results of the multivariate model
using institutional continuous post-treatment SUV,.,, for the remaining subset of stage IIIA/IIIB patients are listed in Appendix Table A7.

A second exploratory subset analysis excluded patients who had distant metastatic disease diagnosed on the post-treatment PET and
confirmed by follow-up. This reduced the evaluable sample size to 145 patients. With this reduced sample size and stricter criteria for
evaluability, the strength of the association between SUV pearc and survival decreased (continuous model: HR, 1.069, P = .09 by univariate
analysis; and HR, 1.061, P = .18 by multivariate analysis). The SUV pearc cutoff of 7.0 remained strongly significant (HR, 4.279; P < .001),
but the cutoff of 5.0 was no longer significant (HR, 1.394; P = .26). The results of the multivariate model using institutional continuous
post-treatment SUV . for the remaining subset of nonmetastatic patients are listed in Appendix Table A8.

A final exploratory subset analysis addressed whether there was any effect on study results from heterogeneity in the time interval
from completion of radiotherapy to post-treatment PET. Among patients with an evaluable post-treatment PET, 27 patients (15.6%) had
their scans done less than 12 weeks after radiotherapy, and 34 patients (19.7%) had their scans done more than 16 weeks after
radiotherapy. Excluding these patients (leaving only 112 evaluable patients) does not change the overall conclusions with respect to cutoff
values of 3.5 or 7.0 (HR, 1.265, P = .39; and HR, 4.641, P = .001, respectively). The exploratory results with respect to an SUV pearc cutoff
of 5.0 are no longer statistically significant with this reduced sample size (HR, 1.804; P = .08). The results of the multivariate model using
institutional continuous post-treatment SUV ., for the remaining subset of patients with PET scans done 12 to 16 weeks after
radiotherapy are listed in Appendix Table A9.
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Table A1. Participating Institutions and Their Lead Physician Investigators

Lead Nuclear Medicine

Institution Physician/Radiologist Lead Radiation Oncologist
Akron General Medical Center Eve A. Echt, MD Mitchel Fromm, MD
Brown University Don Yoo, MD Thomas DiPetrillo, MD

Cleveland Clinic

Community Medical Center

Dartmouth-Hitchcock Medical Center

Florida Radiation Oncology Group/Baptist Medical Center
Fox Chase Cancer Center

Holy Name Hospital

Hospital of St Raphael

Lankenau Hospital

Medical College of Wisconsin

Medical University of South Carolina

Memorial and St Elizabeth’s Health Care Services, LLP
National Cancer Center of Korea

North Broward Hospital

Radiological Associates of Sacramento

Regional Cancer Center-Waukesha & Oconomowoc
Renown Health and Nevada Cancer Research Foundation
Scottsdale Medical Imaging, LTD

South Shore Hospital

St Mary's Hospital

St Vincent Anderson Regional Hospital (St John's Health System)

Tallahassee Memorial Hospital

Thomas Jefferson University Hospital
Tom Baker Cancer Centre

University of Alabama at Birmingham
University of Colorado Hospital

University of lowa Hospital

University of Pittsburgh

University of Southern California
University of Texas MD Anderson Cancer Center
University of Texas Southwestern
University of Utah Health Science Center
Vanderbilt University Medical Center
Washington University School of Medicine

West Michigan Cancer Center Community Clinical Oncology Program

William Beaumont Hospital

Donald R. Neumann, MD, PhD
Joseph Triolo, MD

Larry Wilf, MD

Michael Yu, MD
Jacqueline C. Brunetti, MD
Vincente Caride, MD
Nancy Sherwin, MD
Robert Hellman, MD
James Ravenel, MD
Charles DuMontier, MD
Seok-ki Kim, MD

Carlos Muhletaler, MD
Richard Myers, MD
Gregory Francken, MD
Richard Hodge, MD
Ronald Korn, MD, PhD
James Strain, MD
Karen Killeen, MD

William Yaakob, MD
Charles Intenzo, MD
Reinhard Kloiber, MD
Janis O. Malley, MD
Adrienne Sage-El, MD
Michael Graham, MD
James Mountz, MD
Shahram Bonyadlou, MD
Homer Macapinlac, MD
Dana Matthew, MD, PhD
John M. Hoffman, MD
John Worrell, MD

Barry A. Siegel, MD
Robert Davis, MD

Gregory Videtic, MD
Bong Chang, MD

Alan Hartford, MD
Douglas Johnson, MD
Steven Feigenberg, MD
Charles Vialotti, MD
Joseph Cardinale, MD
Albert DeNittis, MD
Elizabeth Gore, MD
Anand Sharma, MD
Susan Laduzinsky, MD
Kwan Ho Cho, MD
Kenneth Monson, MD
Seth Rosenthal, MD
Wingate Clapper, MD
Lawrence Dardick, MD
Farley Yang, MD
Joseph Barthold, MD
George Trivette, MD
Darrel L. Ross, MD
Tim Bolek, MD
Mitchell Machtay, MD
Colum Smith, MD
Ruby Meredith, MD
Laurie Gaspar, MD
Geraldine Jacobson, MD
David Stefanik, MD
Oscar Streeter, MD
Ritsuko Komaki, MD
Hak Choy, MD

Ying Hitchcock, MD
Bo Lu, MD

Jeffrey D. Bradley, MD
Raymond Lord, MD
John Robertson, MD

Table A2. Eligibility Status of Patients Accrued to the Study

Eligibility Status

No. of Patients

%

Total registrations
Ineligible patients

CT scan performed > 6 weeks before registration (section 5.1.2.3)

Cancer stage criteria not met (section 5.1.2)

Pretreatment PET scan performed > 6 weeks before registration (section 5.1.8.1)

Study activity began before consent (section 5.1.6)

Alkaline phosphatase level was not done within 4 weeks of registration (section 5.1.2.2)
MRI scan performed > 8 weeks before registration (section 5.1.2.4)
Participant not receiving concurrent chemoradiotherapy per protocol (section 5.1.7)

Pretreatment PET/CT not done (section 5.1.8)
Eligible patients

250
16
5

N O S )

234

100.0
6.4
2.0
1.2
0.8
0.8
0.4
0.4
0.4
0.4

93.6

Abbreviation: CT, computed tomography; MRI, magnetic resonance imaging; PET, positron emission tomography.
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Table A3. Pretreatment PET Evaluability Status of Patients Accrued to the Study

Evaluability Status No. of Patients %
Total eligible patients 234 100.0
Inevaluable patients 8 3.4
Pretreatment PET not performed 1 0.4
Pretreatment SUV ¢, not provided 7 3.0
Evaluable patients 226 96.6

Abbreviations: PET, positron emission tomography; SUV .., peak standardized uptake value.

Table A4. Post-Treatment PET Evaluability Status of Patients Accrued to the Study

Evaluability Status No. of Patients %
Total eligible patients 234 100.0
Inevaluable patients 61 26.1
Death 26 1.1
Medical comorbidity 4 1.7
Patient discontinued protocol treatment 2 0.9
Patient refused post-treatment scan 9 3.8
Patient explicitly withdraws from further study participation 5 2.1
Patient relocated 2.5 hours away from study center 1 0.4
Patient started nonprotocol therapy 2 0.9
Patient transferred to hospice 1 0.4
Post-treatment image not done on ACRIN-qualified scanner 1 0.4
Patient admitted to hospital; CT scan showed metastatic disease 1 0.4
Scheduling problem 1 0.4
SUVeak Not evaluable because of poor image quality 2 0.9
SUV,,cak Not evaluable because of patient having eaten 1 0.4
SUVeax Not provided by the institution for unknown reason. 5 2.1
Evaluable patients 173 73.9

Abbreviations: ACRIN, American College of Radiology Imaging Network; CT, computed tomography; PET, positron emission tomography; SUV,c,., peak
standardized uptake value.

Table A5. Multivariate Analysis Including Post-Treatment SUV,,,, (institutional read) as a Variable

Parameter Hazard Ratio 95% Cl P

Age (years): continuous 1.021 0.998 to 1.044 .079
Sex: female v male 1.164 0.7811t0 1.735 456
Performance status: ambulatory, capable of light work v fully active 1.328 0.911 to 1.937 .140
Clinical stage

A v 1IB 0.828 0.339t0 2.026 .680

1B v IIB 0.985 0.395 to 2.455 974
Radiotherapy dose (Gy): continuous 0.990 0.949 to 1.033 .642
Chemotherapy regimen

Cisplatin + etoposide v carboplatin + paclitaxel 1.062 0.594 to 1.898 .839

Other v carboplatin + paclitaxel 1.138 0.7491t0 1.729 .b44
Post-treatment SUV ¢, continuous 1.087 1.014t0 1.166 .020

NOTE. To assess the overall performance of the model, the C statistic was computed using the approach developed by Uno et al (Uno H, et al: Stat Med
30:1105-1117, 2011). It is 0.579 under the above model. For comparison, the C statistic is 0.573 when post-treatment SUV ., is excluded from the model.
Abbreviation: SUV,,.,, peak standardized uptake value.
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Table A6. Multivariate Analysis Including Post-Treatment SUV ., (central read) as a Variable

Parameter Hazard Ratio 95% Cl P

Age (years): continuous 1.018 0.996 to 1.042 112
Sex: female v male 1.163 0.791t0 1.710 443
Performance status: ambulatory, capable of light work v fully active 1.433 0.990 to 2.073 .0567
Clinical stage

A v 1IB 0.884 0.338t02.314 .802

1B v IIB 0.987 0.370 t0 2.631 979
Radiotherapy dose (Gy): continuous 0.968 0.9251t0 1.013 .163
Chemotherapy regimen

Cisplatin + etoposide v carboplatin + paclitaxel 1.041 0.583t0 1.861 .892

Other v carboplatin + paclitaxel 1.103 0.722 to 1.688 .650
Post-treatment SUV,,¢,: continuous 1.125 1.049 to 1.206 < .001

Abbreviation: SUV,.., peak standardized uptake value.

Table A7. Multivariate Analysis Including Post-Treatment SUV ., (institutional read) as a Variable, After Excluding Patients With Stage IIB Disease (n = 7)

Parameter Hazard Ratio 95% Cl P

Age (years): continuous 1.020 0.997 to 1.044 .091
Sex: female v male 1.141 0.763 to 1.706 521
Performance status: ambulatory, capable of light work v fully active 1.340 0.911 t0 1.970 137
Clinical stage: IlIB v IlIA 1.197 0.819t0 1.750 .353
Radiotherapy dose (Gy): continuous 0.996 0.954 to 1.040 .870
Chemotherapy regimen

Cisplatin + etoposide v carboplatin + paclitaxel 1.020 0.571t0 1.820 .947

Other v carboplatin + paclitaxel 1.048 0.687 to 1.599 .827
Post-treatment SUV,,¢,: continuous 1.095 1.022t01.174 .010

Abbreviation: SUV,..,, peak standardized uptake value.

Table A8. Multivariate Analysis Including Post-Treatment SUV ., (institutional read) as a Variable, After Excluding Patients With Distant Metastatic Disease
Diagnosed on the Post-Treatment PET and Confirmed by Follow-Up (n = 28)

Parameter Hazard Ratio 95% CI P

Age (years): continuous 1.013 0.987 to 1.039 .337
Sex: female v male 1.001 0.632 to 1.585 997
Performance status: ambulatory, capable of light work v fully active 1.147 0.749 to 1.757 .528
Clinical stage

A v 1IB 0.744 0.277 t0 2.002 559

B v 1B 0.848 0.308 to 2.336 .750
Radiotherapy dose (Gy): continuous 0.976 0.930 to 1.024 .320
Chemotherapy regimen

Cisplatin + etoposide v carboplatin + paclitaxel 1.131 0.592 t0 2.160 .710

Other v carboplatin + paclitaxel 1.325 0.8211t02.138 .250
Post-treatment SUV,,¢,: continuous 1.061 0.974 t0 1.156 176

Abbreviations: PET, positron emission tomography; SUV ..., peak standardized uptake value.
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Table A9. Multivariate Analysis Including Post-Treatment SUV ., (institutional read) as a Variable, After Excluding Patients With Post-Treatment PET Scans
Done < 12 or > 16 Weeks After Radiotherapy (n = 61)
Parameter Hazard Ratio 95% ClI P

Age (years): continuous 1.008 0.980 to 1.037 .585
Sex: female v male 1.024 0.611t01.717 927
Performance status: ambulatory, capable of light work v fully active 1.460 0.889 to 2.396 .135
Clinical stage

A v 1IB 1.161 0.267 t0 5.059 .842

1B v IIB 1.539 0.343t06.911 574
Radiotherapy dose (Gy): continuous 0.982 0.932 t0 1.034 494
Chemotherapy regimen

Cisplatin + etoposide v carboplatin + paclitaxel 0.778 0.369 to 1.640 510

Other v carboplatin + paclitaxel 1.240 0.714 t0 2.152 445
Post-treatment SUV,,¢,: continuous 1.092 0.973 t0 1.225 134
Abbreviations: PET, positron emission tomography; SUV ..., peak standardized uptake value.
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