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Summary

A previous report suggested
that pretreatment metabolic
tumor volume (MTV) on
18F-fluorodeoxyglucose/
positron emission tomogra-
phy can predict the risk of
local disease progression in
a specific tumor or lymph
node after definitive chemo-
radiation therapy for locally
advanced non-small cell
lung cancer (NSCLC). The
present analysis validates
those findings using a sepa-
rate patient cohort and re-
ports local control
probability as a function of
pretreatment MTV. These
findings may guide future
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Background: We previously reported that pretreatment positron emission tomography
(PET) identifies lesions at high risk for progression after concurrent chemoradiation
therapy (CRT) for locally advanced non-small cell lung cancer (NSCLC). Here we
validate those findings and generate tumor control probability (TCP) models.
Methods: We identified patients treated with definitive, concurrent CRT for locally
advanced NSCLC who underwent staging 18F-fluorodeoxyglucose/PET/computed
tomography. Visible hypermetabolic lesions (primary tumors and lymph nodes) were
delineated on each patient’s pretreatment PET scan. Posttreatment imaging was
reviewed to identify locations of disease progression. Competing risks analyses were
performed to examine metabolic tumor volume (MTV) and radiation therapy dose as
predictors of local disease progression. TCP modeling was performed to describe the
likelihood of local disease control as a function of lesion size.
Results: Eighty-nine patients with 259 hypermetabolic lesions (83 primary tumors
and 176 regional lymph nodes) met the inclusion criteria. Twenty-eight patients were
included in our previous report, and the remaining 61 constituted our validation
cohort. The median follow-up time was 22.7 months for living patients. In 20 patients,
the first site of progression was a primary tumor or lymph node treated with radiation
therapy. The median time to progression for those patients was 11.5 months. Data
from our validation cohort confirmed that lesion MTV predicts local progression, with
a 30-month cumulative incidence rate of 23% for lesions above 25 cc compared with
4% for lesions below 25 cc (PZ.008). We found no evidence that radiation therapy
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studies of local treatment

intensification, dein-
tensification, or both.
dose was associated with local progression risk. TCP modeling yielded predicted
30-month local control rates of 98% for a 1-cc lesion, 94% for a 10-cc lesion, and
74% for a 50-cc lesion.
Conclusion: Pretreatment FDG-PET identifies lesions at risk for progression after
CRT for locally advanced NSCLC. Strategies to improve local control should be tested
on high-risk lesions, and treatment deintensification for low-risk lesions should be
explored. � 2016 Elsevier Inc. All rights reserved.
Introduction

The standard treatment for locally advanced non-small cell
lung cancer (NSCLC) for fit patients is a combination of
thoracic radiation therapy (RT) with concurrent chemo-
therapy. 18F-fluorodeoxyglucose positron emission tomog-
raphy (PET), which is a key component of the staging
workup for NSCLC, may also provide important prog-
nostic information for patients treated with (CRT) (1).
Locoregional disease progression after CRT may occur in
up to 50% of patients (2) despite treatment with RT doses
as high as 74 Gy (3).

A previous single-institution retrospective analysis
suggested that PET may be used to identify likely sites of
locoregional disease progression after CRT (4). Tumors or
lymph nodes with a metabolic tumor volume (MTV)
exceeding 25 cc had a 2-year cumulative incidence rate
for progression of 45%, compared with 5% for smaller
lesions. In this report, we analyze a separate cohort of
NSCLC patients to validate that finding. We also perform
tumor control probability (TCP) modeling, which may
guide the development of novel dosing schema for
future trials.

Methods

Patient selection

We searched an institutional database for patients treated
with definitive concurrent CRT for locally advanced (stage
III or unresectable stage II) NSCLC in the years 2007 to
2015 who underwent FDG-PET/CT within 90 days before
the start of CRT. Patients treated with induction chemo-
therapy before CRT or with surgical resection before or
after RTwere excluded. Data from patients treated between
2011 and 2015 was used to validate previous findings from
the 2007 to 2010 cohort. The entire dataset was used for
examination of dose-response relationships and TCP
modeling.

PET analysis

The PET images were transferred to a commercially
available software package (MIMvista Corp, Cleveland,
OH). Using a semiautomatic gradient-based contouring
algorithm (PET Edge), all visible thoracic hypermeta-
bolic lesions were contoured for each patient by a single
observer (N.O.). The lesions were coded as pulmonary
tumor or by lymph node station. The MTVs for each
lesion were tabulated, as were composite MTVs for each
patient.

RT plan analysis

The RT plans were reviewed in our department’s treat-
ment planning software (Varian Medical Systems, Palo
Alto, CA). Individual gross tumor volumes (GTVs) for
each pulmonary tumor and nodal lesion visualized on
PET were generated on planning CTs using lung and/or
soft tissue window levels, as appropriate. Approximate
planning target volumes (PTVs) for each pulmonary,
hilar, and mediastinal lesion were generated by expand-
ing each GTV by 10 mm radially and 15 mm in the su-
perior and inferior directions. For apical lung tumors and
supraclavicular lymph nodes, expansions of 10 mm in all
directions were used. The prescription doses, mean
doses, and doses received by 90% of each PTV (D90)
were recorded.

Follow-up imaging

We reviewed posttreatment imaging studies for each patient
included in this analysis. Imaging with CT or PET/CT was
generally performed every 3 months during the first year of
follow-up and then every 3 to 6 months afterwards. The
incidence and timing of disease progression at each site
identified on pretreatment imaging were scored according
to the RECIST criteria (5). Biopsy confirmation of pro-
gression was rarely obtained.

Statistical analyses: Predictors of local progression

The 2011 to 2015 cohort was used to validate the rela-
tionship between MTV and local disease progression
previously observed in the 2007 to 2010 cohort. Char-
acteristics of the 2 cohorts were compared by c2 testing,
the Fisher exact test, unpaired, or Wilcoxon rank-sum
test, as appropriate. Lesions from the 2011 to 2015
cohort were grouped by MTV by use of the previously
defined cutoff of 25 cc. Cumulative incidence rates of
disease progression in each subgroup were calculated.



Table 1 Patient characteristics

Characteristic 2007-2010, nZ28 2011-2015, nZ61 P value All, nZ89

Sex, n (%) .901*

Male 16 (57%) 34 (56%) 50 (56%)
Female 12 (43%) 27 (44%) 39 (44%)

Age, mean (range) 62 (49-82) 67 (45-85) .033 66 (45-85)
Clinical stage, n (%) .831y

II 2 (7%) 6 (10%) 8 (9%)
IIIA 21 (75%) 42 (69%) 63 (71%)
IIIB 5 (18%) 13 (21%) 18 (20%)

Interval from PET to RT, median (range) 35 d (0-84) 36 d (6-86) .561 35 d (0-86)
Total MTV, median (range) 60 cc (10-229) 43 cc (5-404) .221 51 cc (5-404)
No. of lesions, median (range) 2 (1-12) 3 (1-8) .634 2 (1-12)
RT dose, median (range) 66.0 Gy (59.4-66) 60.0 Gy (52.5-66.6) <.001 63.0 Gy (52.5-66.6)
No. of fractions, median (range) 33 (30-37) 25 (25-37) <.001 30 (25-37)
Chemotherapy regimen, n (%) <.001y

Carboplatin/paclitaxel 2 (7%) 53 (87%) 55 (62%)
Cisplatin/etoposide 1 (4%) 6 (10%) 7 (8%)
Cisplatin/pemetrexed 3 (11%) 1 (2%) 4 (4%)
Unknown 22 (79%) 1 (2%) 23 (26%)

Abbreviations: MTV Z metabolic tumor volume; PET Z positron emission tomography; RT Z radiation therapy.

P values obtained with Wilcoxon rank-sum test unless otherwise indicated.

* c2 test.
y Fisher exact test.
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Disease progression in other treated lesions, disease
progression elsewhere, and death of any cause were
treated as competing risks. Cumulative incidence rates in
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Fig. 1. Scatterplot of radiation therapy dose (PTV D90) vers
logarithmic scale. Squares represent primary tumors, and circle
disease progression are shaded in black.
the 2 subgroups were compared by the Fine and Gray
proportional subhazards model (6). An annotated receiver
operating characteristic (ROC) curve was generated to
mor, First site of progression
mor, Not first site of progression

ph node, First site of progression
ph node, Not first site of progression

25 50 100 200
or Volume (cc)

us metabolic tumor volume (MTV). MTV is plotted on a
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depict the utility of MTV for identifying lesions destined
to be the first site of disease progression.

We used the Fine and Gray proportional subhazards
model to explore associations between RT dose (defined
as prescription dose, mean dose, or D90) and local disease
progression for the entire dataset and for subgroups of
lesions with MTV values below and above 25 cc. Models
were run using nominal doses and biologically equivalent
doses in 2-Gy fractions (EQD2), calculated by use of the
linear quadratic model with a/b Z 10 Gy. We also
examined lesion type (tumor vs lymph node) and treat-
ment year as predictors of local progression after adjust-
ment for MTV in multivariable Fine and Gray
proportional subhazards models.

On the basis of the results of the analyses described
above, we modeled TCP as a function of MTV. In this
model, TCP was defined as 1 minus the cumulative
incidence rate of local progression 30 months after CRT.
The TCP model, where d is the spherical diameter
based on MTV, TCD50 is the diameter at which TCP is
50%, and k is a fitting constant that is equal to 25
divided by the slope of the TCP curve at the TCD50, is
shown below (7). We used a bootstrap resampling
method to characterize the distributions of model pa-
rameters and formulate 95% confidence bounds for the
TCP curve (8). Lesions were sorted into 4 bins based on
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Fig. 2. Cumulative incidence curves for disease progression
patients) after grouping by metabolic tumor volume (MTV).
diameter for each iteration, and 5000 iterations were
performed.

TCPZe½d�TCD50�=kO
�
1þ e½d�TCD50�=k�

For all analyses, P values <.05 were considered statis-
tically significant. All analyses were performed with
MATLAB (Mathworks, Natick, MA).
Results

Patient characteristics and clinical outcomes

Eighty-nine patients with 259 hypermetabolic lesions
(83 primary tumors and 176 regional lymph nodes) met the
inclusion criteria for this analysis. Data from the 61 patients
who were treated between 2011 and 2015 were used to
validate our findings from the 28 patients treated between
2007 and 2011. The patient characteristics are summarized
in Table 1. The median follow-up time was 17.8 months for
the entire cohort and 22.7 months for surviving patients.

The MTV for the 259 treated lesions ranged from 0.2 cc
to 391.5 cc (median, 4.7 cc; interquartile range,
1.7-23.2 cc). The median RT dose prescribed to each lesion
was 60 Gy (range, 52.5-66.6 Gy) over a median course
MTV >25 cc, 39 lesions
MTV <25 cc, 138 lesions

tion Therapy (months)
20 25 30 35

P=.008

35 29 22 18
7 6 4 2

in tumors or lymph nodes from the validation cohort (61
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length of 30 fractions (range, 25-37 fractions). Eighty-nine
of the 199 lesions with MTV below 25 cc were treated with
relatively low prescription doses of 57 Gy (nZ20) or
52.5 Gy (nZ69) as part of an ongoing clinical trial. The
median PTV D90 was 60.0 Gy (range, 23.6-68.8 Gy), and
the median PTV mean dose was 62.4 Gy (range,
51.7-73.0 Gy). Conversion to EQD2 yielded a median
prescription dose of 60.0 Gy2 (range, 52.9-68.3 Gy2), a
median PTV D90 of 60.0 Gy2 (range, 21.1-70.8 Gy2), and a
median PTV mean dose of 62.8 Gy2 (range, 52.0-74.3 Gy2).

At the time of this analysis, 49 of 89 patients have
experienced disease progression. Thirty-two patients have
died, 26 of whom experienced disease progression before
death. The median progression-free survival time was
12.4 months, and the median overall survival time was
42.5 months.

In 20 of the 49 patients with progressive disease, the first
site of progression was a tumor (nZ16) or a lymph node
(nZ4) treated with RT. The median time to progression for
those patients was 11.5 months (range, 5.3-28.1 months)
after the initiation of RT. The median survival time after
local progression was 16.7 months.
Predictors of local progression

A scatterplot of RT dose (PTV D90) versus MTV is
shown in Figure 1. Cumulative incidence curves for
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Fig. 3. Receiver operating characteristic curve demonstrating
the initial site of disease progression. Abbreviation: AUC Z are
local disease progression in the 2011 to 2015 (valida-
tion) cohort after grouping based on the prespecified
MTV cutoff of 25 cc are depicted in Figure 2. Cumu-
lative incidence rates of local progression in the vali-
dation cohort at 30 months were 23% for lesions with
MTV above 25 cc, compared with 4% for lesions
with MTV below 25 cc (subdistribution hazard ratio
[SHR] Z6.63; 95% CI: 1.63-26.88; PZ.008). In the
entire cohort, 30-month cumulative incidence rates of
local progression were 32% for lesions with MTV above
25 cc compared with 5% for lesions with MTV below
25 cc (SHRZ8.29; 95% CI: 3.20-21.50; P<.001). Forty-
eight of 83 primary tumors had MTVs exceeding 25 cc,
and 12 of 176 lymph nodes had MTVs above 25 cc.
Exploratory analyses using the entire dataset revealed
that a wide range of binary MTV cutoffs could be used
to identify lesions at relatively high risk for local disease
progression (data not shown), prompting us to perform
TCP modeling to better characterize the relationship
between MTV and risk of local progression. An anno-
tated ROC curve demonstrating the ability of pretreat-
ment MTV to identify lesions that became the initial site
of treatment failure is shown in Figure 3.

Multivariable analysis by the Fine and Gray propor-
tional subhazards model, adjusted for MTV, demon-
strated no significant association between RT dose
(PTV D90) and risk of local disease progression
(SHRZ1.03; 95% CI: 0.91-1.16; PZ.665). Use of
cificity
.5 0.6 0.7 0.8 0.9 1

AUC = 0.817

the utility of metabolic tumor volume (MTV) in predicting
a under the curve.
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prescription dose or mean dose in place of PTV D90
similarly did not reveal associations between RT dose
and risk of local progression. Conversion of those dose
metrics to EQD2 again did not demonstrate any associ-
ation between RT dose and local progression risk. Cu-
mulative incidence curves for local progression of
lesions grouped by MTV and PTV D90 are shown in
Figure 4. Multivariable analysis by the Fine and Gray
proportional subhazards model, adjusted for MTV,
demonstrated no significant association between lesion
type and risk of local disease progression (SHR for tu-
mors vs lymph nodes Z 2.97; 95% CI: 0.68-12.92;
PZ.147). A multivariable model including treatment
date did reveal decreased risk for local progression for
treatments delivered in recent years (SHRZ0.81 per
year; 95% CI: 0.66-0.99; PZ.039).

The TCP modeling results are depicted in Figure 5.
Bootstrap resampling yielded mean values of �12 for k
(SD Z 4) and 5.8 cm for TCD50 (SD Z 0.8). The
negative value for k indicates that TCP decreases as lesion
size increases. The R2 for the model was 0.97. Predicted
TCP was 98% (95% CI: 95-100) for a 1-cc lesion, 94%
(95% CI: 89-99) for a 10-cc lesion, and 74% (95% CI:
58-84) for a 50-cc lesion.
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Fig. 5. Tumor control probability (TCP) modeling results. TCP
progression 30 months after chemoradiation therapy. Gray box
lesions after sorting by size. Five thousand bootstrap iterations
dotted lines represent 95% confidence results. Selected approx
ometry, are depicted above the x axis.
Discussion

In this analysis, we have validated MTV on pretreatment
PET/CT as a predictor of local disease progression in in-
dividual tumors or lymph nodes after concurrent CRT for
locally advanced NSCLC. We found no evidence that
moderately increased RT doses were associated with
improved local control. TCP modeling demonstrated that
local progression in small lesions is rare, whereas local
control of large lesions is often not achieved with con-
ventional CRT.

Our findings may help explain the results of Radiation
Therapy Oncology Group 0617, which demonstrated that
uniform dose escalation from 60 Gy to 74 Gy does not
improve locoregional disease control rates (3). Small
tumors and lymph nodes in study participants were likely
controlled in both study arms, and control of large lesions
was not improved with higher RT dosing. Other studies
have also demonstrated that uniform RT intensification
does not improve outcomes in locally advanced NSCLC
patients receiving concurrent CRT (9). Future trials aiming
to improve local treatment for this population should focus
on patients or lesions that are unlikely to be controlled with
standard therapy.
mor Volume (cc)

4 cm 5 cm

25 50 75 100

is defined as 1 minus the cumulative incidence rate of local
es represent TCP rates observed in subgroups of 64 to 65
were performed. The solid line depicts median TCP, and
imate lesion diameters, calculated assuming spherical ge-
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Although we successfully validated MTV as a clinically
relevant predictor of local control probability after CRT
using a binary cutoff of 25 cc, it may be more appropriate
to consider MTV as a continuous variable in prediction
models. This is supported by our TCP modeling results.
Other measures of lesion size such as GTV on CT would
also likely predict the risk of local progression (10), but we
favor the use of MTVon PET as a prognostic tool because it
can quickly be determined using semiautomatic tools that
greatly reduce interobserver variability (11).

Interestingly, we found improved local control rates
for treatments delivered in recent years. This may be
related to advances in treatment planning and delivery
that we have implemented over the past 10 years,
including use of 4-dimensional CT simulation for treat-
ment planning and daily image guidance for setup veri-
fication. More detailed analyses to explore these effects
are ongoing.

In addition to measures of disease burden such as
MTV defined on PET or GTV defined on CT (12),
textural features identified on PET (13) or CT (14) may
provide important prognostic information. Further
studies are needed to identify features consistently
associated with clinical outcomes, and textural features
must be evaluated after adjustment for lesion size,
which has consistently been shown to be a powerful
prognostic factor and is highly correlated with many
textural features (15).

Given that dose escalation with conventional RT or
slightly hypofractionated RT seems unlikely to improve
control rates for large tumors and lymph nodes, other
strategies should be explored. A stereotactic body RT
boost could be used in many cases, allowing the delivery
of higher biologically effective doses and mitigating some
concerns about tumor repopulation (16). Multimodality
treatment including surgical resection of large primary
tumors may also be considered in selected cases (17).
Improved systemic therapy may also help prevent pro-
gression in lesions treated with RT (18).

In contrast to the disappointing local control rates seen
with large lesions, our results indicate that local control
rates for lesions with MTV below 10 to 20 cc exceed
90%. Approximately one-third of those lesions were
treated with a relatively low prescription dose of 52.5 Gy
as part of an ongoing clinical trial, and we found no as-
sociation between RT dose and local control. This sug-
gests that the current standard dose of 60 Gy may
represent overtreatment of many small tumors and
regional lymph nodes. Reduction of the RT doses
administered to low-risk lesions should be evaluated in
prospective trials as a strategy to reduce acute toxicities of
CRT (19) and avoid late complications such as cardiac
events (20). Reduced RT doses may also be advantageous
for combinations of RT and immunotherapy, where
pneumonitis may be a major concern (21). Isolated local
failures after fractionated RT can often be salvaged with a
short course of stereotactic rerirradiation (22).
It is concluded that pretreatment MTVon FDG-PET can
be used to identify specific lesions at risk for progression
after definitive CRT for locally advanced NSCLC. Strate-
gies to improve local control should be tested on high-risk
lesions, and treatment deintensification for low-risk lesions
should be explored.
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