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Abstract
Purpose—Fluorodeoxyglucose–positron emission tomography (FDG-PET) has improved target
definition in non-small cell lung cancer (NSCLC), but few data exist regarding changes during
radiotherapy. The purpose of this study was to quantify changes in FDG-avid tumor volume and
examine its potential use in adaptive radiotherapy for tumor dose escalation or normal tissue
sparing.

Methods and Materials—As part of a pilot study, fourteen patients with stage I-III NSCLC
underwent FDG-PET-CT prior to radiation (RT) and mid-RT (after 40–50 Gy). Gross tumor
volumes (GTVs) were contoured on CT and PET scans obtained before and during RT. 3D
conformal RT plans were generated for each patient first using only pre-treatment CT scans. Mid-
RT PET volumes were then used to design boost fields.

Results—Fourteen patients with FDG-avid tumors were assessed. Two patients had a complete
metabolic response, two patients had slightly increased FDG-uptake in the adjacent normal tissue.
Mid-RT PET scans were useful in 10 remaining patients. Mean decreases in CT and PET tumor
volumes were 26% (range: +15% to −75%) and 44% (range:+10% to −100%) respectively.
Designing boosts based on mid-RT PET allowed for meaningful dose escalation of 30–102 Gy
(mean 58 Gy), or normal tissue complication probability (NTCP) reduction of 0.4–3% (mean 2%)
in 5 of 6 patients with smaller, yet residual, tumor volumes.

Conclusions—Tumor metabolic activity and volume can change significantly after 40–50 Gy of
RT. Using mid-RT PET volumes, tumor dose can be significantly escalated or NTCP reduced.
Clinical studies evaluating patient outcome after PET-based adaptive radiotherapy are ongoing.
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Introduction
Despite improvements in radiotherapy and chemotherapy in the past decade, the outcome for
patients with non-small cell lung cancer (NSCLC) remains quite poor. Recent data suggest
that higher doses of radiation can improve local control and overall survival.1–3 However,
delivering doses over 70 Gy to traditionally-defined planning target volumes (PTVs) is not
often possible due to normal tissue constraints, specifically the risk of pneumonitis and lung
fibrosis.

We have recently reported results of a pilot study investigating the role of FDG-PET during
a course of radiotherapy.4 Despite long-held pre-conceptions that FDG-PET would be
uninterpretable until several months after radiotherapy, this imaging modality was
successfully used to assess interval response (changes of maximum FDG-activity) to
radiotherapy and found it to correlate with overall response to the full course of
radiotherapy.

We hypothesize that by incorporating information from metabolic imaging during treatment,
we may be able to 1) assess the volume of residual FDG-avid tumor and 2) adapt radiation
plans to allow for dose escalation to these residual areas of disease in patients with
significant volume reduction. This may potentially allow for delivery of higher doses of
radiation to more patients, and ultimately improved outcomes. Here we present results of a
proof of concept treatment planning study utilizing FDG-PET-CT obtained during treatment
to design a boost for the remainder of therapy.

Methods and Materials
Integrated PET and CT

As part of an IRB-approved prospective pilot study, 15 patients with stage I-III NSCLC
underwent FDG-PET/CT scans before and during treatment, as described previously.4

Fourteen patients with FDG-avid tumors were included in this study. Briefly, 60 minutes
after injection of 8–10 mCi of 18F-fluorodeoxyglucose, images were acquired of the patients
in treatment position on a flat table top. CT images were attained in 5mm intervals during
quiet respiration. PET/CT scans were acquired within 2 weeks prior to RT and after the
delivery of 40–50 Gy of treatment. This time point was chosen as a balance between
allowing adequate dose to be delivered to the targets to see a response and allowing for the
possibility of adapting the radiation plan based on this new information. Contrast-enhanced
CT scans were also obtained in standard treatment position, in the inhale, exhale, and free-
breathing states.

Target delineation and treatment planning
CT and PET-CT datasets were transferred to our in-house treatment planning system,
UMPLAN. The CT portion of the PET-CT was registered to the patient’s original treatment
planning CT. This simultaneously aligned the PET. Gross tumor volumes (GTVs) for
primary tumors and involved lymph nodes were delineated and agreed upon by 2 radiation
oncologists on all CT and PET images. For CT images, standard lung and soft tissue
windows were used for lung primaries and mediastinal nodes, respectively. For PET GTV
definition, autocontouring was used, with the threshold set to approximate the size of the
composite inhale-exhale tumor on CT. The same threshold value was used for the PET
obtained during RT for each patient. These volumes were contoured by the same physician
(MF) and their consistency was double checked by another physician (FMK) for both pre
and mid-RT scans. Volume differences between pre-and mid-RT scans were calculated.
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Four conformal treatment plans were generated for each patient (Table 1). First, a standard
plan was constructed, encompassing the composite pre-treatment CT and PET volumes and
appropriate for an unaltered full treatment course, with a maximum normal tissue
complication probability (NTCP) of 15% for pneumonitis or maximum PTV dose of 90 Gy.
A dose of 90 Gy was chosen as it can be safely delivered with concurrent chemotherapy
based on a University of North Carolina study. 19 For these plans, PTVs were defined as the
composite of the pretreatment PET and CT at inhale and exhale plus 1cm for microscopic
extension and set-up variability. For comparison to this standard scenario, three additional
adaptive treatment plans were generated, in each case boosting only the midpoint PET-PTV
(imaged at 40–50 Gy) after completion of a first course to the original volumes. In the first
adaptive scenario, dose to the midpoint PET volume started after delivery of 46 Gy to the
original PTV up to a revised, composite PET-PTV dose limit of 90 Gy or composite NTCP
of up to 15%. In the last two adaptive scenarios, dose to the midpoint PET volume started
after delivery of 60 Gy to the original PTV, but the 90 Gy dose limit was eliminated and the
boosts were limited to either a) the same composite NTCP as was computed for the original
complete treatment or b) a composite plan NTCP of 15%. For plan comparison, maximum
achievable dose to the boost PTV and NTCP were calculated.

Results
Tumor volume

Analysis of CT and PET data revealed 21 separate CT-defined targets (including primary
tumors and involved lymph nodes), 17 of which were FDG avid. During treatment, the CT-
GTV changed by a mean and median of −26% and −25% (standard deviation 22%, range
+15% to −75%) and −46 cc and −14 cc (standard deviation 62 cc, range 2 to −203cc),
respectively. The CT-GTV decreased in all patients except one, who had a minimal 2cc
increase in volume (Figure 1).

PET obtained during treatment was interpretable in 12 out of 14 patients, including 15 total
lesions. In 2 patients, higher FDG-activity was seen during radiation therapy in the normal
lung within the treatment fields, making delineation of a PET-GTV impossible with our
current thresholding techniques (Figure 2). Three lesions (2 patients) had a complete
response, as defined as normalization of activity to that of the mediastinal blood pool after
40–50 Gy of radiation. The PET-GTV decreased in 10 patients and increased in 4 patients,
by 5cc, 10cc, 13cc, and 22cc, respectively. For the 4 patients with increased PET volumes,
one had a tumor located adjacent to the chest wall, and the second had a significant amount
of collapsed lung. For both of these cases, the FDG-activities were less intense and the
FDG-avid volumes were difficult to define. The third patient had a significantly increased
SUV reading from the mediastinal blood pool during RT (3.3) as compared to pre RT(2.5),
also likely due to technical variation. The 4th patient developed a new FDG-avid nodule,
which was included in the during RT PET volume from the autocontouring. Overall, PET-
GTV changed by a mean and median of −44% and −58% (standard deviation 48%, range 10
to −100%) and −34 and −7cc (standard deviation 66%, range 22–158cc), respectively
(Figure 3). A typical case is shown in Figure 4. Overall, 6 patients (without including 2
patients with complete response) had sufficient reductions in PET-GTV during treatment to
adapt boost plans.

Boost after 46 Gy
In four of six patients, all targets were able to receive 90 Gy without exceeding an NTCP of
15% (range 3.3–7.7%). Adapting therapy after 46 Gy to boost only residual areas of FDG-
avidity allowed for a reduction of NTCP or dose escalation in all patients (Table 2 and
Figures 5a and b). With total dose limited to 90 Gy, NTCP decreased by a mean of 1.8%
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(range 0.3–3.4%). With standard plans based only on pre-treatment tumor volumes, two of
six cases were limited below 60Gy due to an NTCP constraint of 15% and bulky tumors.
One patient was planned to 48 Gy with an NTCP of 14.9%, while another was planned to 52
Gy with an NTCP of 15%. In the case which would have been limited to 52 Gy using a
single plan, adaptation based on PET obtained during treatment allowed dose escalation to
84 Gy, with an NTCP of 14.6%. In the case which would be been limited to 48 Gy, dose
could not be escalated, but NTCP was slightly reduced from 14.9 to 13.4%.

Boost after 60 Gy
In the four patients initially planned to 90Gy using pre-treatment volumes, constructing a
60–90 Gy boost-PTV based on PET obtained during treatment allowed for a mean NTCP
reduction of 1.8%, range of 0.6–2.7 % (Table 2 and Figures 5a and c). If dose was escalated
to the maximum possible in these same cases, still keeping the NTCP below 15%, total dose
would be 120, 134, 146, and 192 Gy, representing a mean of 64% increase (range 33–
113%).

Discussion
Patients with non-small cell lung cancer have a poor prognosis, even when treated with
aggressive chemotherapy and radiation, with local recurrence rates commonly reported in
the 15–40% range.5–8 Due to these dismal results, the concept of dose escalation for lung
cancer is quite appealing. Several retrospective reviews have suggested a dose response for
local control.9–11 In a Memorial Sloan-Kettering study, there was a 36% decrease in local
failure for a 10 Gy increase in dose for patients with stage III disease.10 Another Memorial
Sloan-Kettering study has reported that overall survival was significantly improved in
patients who received 80 Gy or more in their dose escalation study.3 At Washington
University, dose of 70 Gy or higher was associated with significantly improved local
control.11 In addition to improving local control, recent studies suggest that higher doses
may improve overall survival. In a University of Michigan dose escalation trial for patients
with stage I–III NSCLC, 5 year overall survivals for patients receiving 63–69 Gy, 74–84 Gy,
and 92–103 Gy were 4%, 22%, and 28%, respectively, with p<0.0001.1 A one Gy escalation
was associated with a 3% reduction from risk of death. A recent study from the University
of Michigan also reported more significant radiation dose effect in patients with larger
tumors in early stage NSCLC, and specifically that doses of 66 Gy or higher may overcome
this negative effect of high tumor volume.2

Delivery of high doses of radiation is often quite challenging, especially in cases with a high
burden of disease, due to the risk for radiation lung toxicity. Often 60–66 Gy is the
maximum dose possible, and sometimes even this carries a significant (>15%) risk for
radiation pneumonitis. Commonly used parameters to evaluate the risk of radiation lung
toxicity include normal lung volume exceeding 20 Gy (V20), mean lung dose, and
NTCP.12–14 Also, it has recently been suggested that a nomogram combining superior-to-
inferior tumor position and mean lung dose may better predict the risk of radiation
pneumonitis,15 as inferiorly located tumors had a higher risk of pneumonitis than superiorly
located tumors.16 NTCP reduction from a mid-PET based adaptive plan may have the
potential to decrease radiation lung toxicity.

Using 3D conformal RT, dose escalation is achievable with relative ease in patients with
small tumors. However, it is more challenging in patients with higher stages of disease and
larger tumors. For these patients, it is equally, if not more important, to devise a way to
deliver higher doses of radiation. Bradley, et al demonstrated that tumor volume is a
prognostic factor for survival in Washington University’s experience with 207 lung cancer
patients treated between 1991 and 1998.11 Although dose escalation can easily be
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accomplished in select patients with favorable tumor geometry,17 in other patients, even
with highly conformal therapy and without elective nodal irradiation, it is usually not
possible to treat all areas of gross disease above 66 Gy while keeping the risk of
pneumonitis within acceptable limits.

Adaptive therapy
Strategies to escalate radiation dose in patients with large stage III NSCLC have been
limited. One method to allow for dose escalation is an approach taken by Socinski, et al in
North Carolina.18 In their phase I dose escalation trial, they treated stage III patients with
induction chemotherapy prior to delivering concurrent chemoradiotherapy. Initial radiation
fields encompassed all areas of pre-chemotherapy disease to 40–50 Gy, with boost volumes
covering only post-chemotherapy volumes. With this volume reduction, they were able to
deliver up to 90 Gy to areas of residual disease after induction therapy, yet keep within
acceptable V20 parameters. Only 1 of 29 patients enrolled in the trial developed
pneumonitis (grade 3). Treatment results reported favorably, with median survival of 24
months.

We have presented a different strategy to allow for dose escalation. Rather than use
induction chemotherapy, we treated most patients with upfront concurrent chemoradiation
for stage III disease.19–21 We also used FDG-PET to delineate boost targets. It has been a
widely held belief that FDG-PET cannot be obtained until several months after radiation due
to inflammatory changes which could make interpretation difficult or impossible. However,
we have previously demonstrated that, in the majority of cases, PET obtained during
radiation can identify areas of residual metabolically active tumor.4 Additionally, this PET
response measured by maximum standard uptake value (SUV) correlates with final PET
response 3 months after completion of treatment. In this study, PET obtained after 40–50 Gy
of radiation demonstrated a decrease in the maximum activity and the size of the
metabolically active area in the majority of patients, with a complete metabolic response in 2
patients. The strategy of initiating an adaptive boost after 46 Gy allowed delivery of a
therapeutic dose to the targets in 1 patient who would otherwise be limited by NTCP to only
52 Gy. We have also demonstrated that with a PET-defined boost after 46 or 60 Gy, tumor
dose can be significantly escalated, up to 113%.

This study builds on our recently reported finding that FDG-PET obtained after 40–50Gy of
radiation is predictive of eventual outcome.4 In this study we have shown proof of concept
that PET can be used to identify areas of disease which may need intensification of
treatment and that significant dose escalation can be accomplished using 3D conformal RT.
However, there are a few challenges with the paradigm of a PET-based adaptive approach.
First, it could only be applied to 6 of 14 patients in our study; 2 had a complete metabolic
response, 2 had non-specific lung inflammation in the radiation field which hindered tumor
delineation, and 4 had no reduction in FDG-avid volumes. The volume determination of
complete responders was challenging. Should the threshold value be decreased on the mid-
RT scan in such cases that mildly active tumors can still be defined (i.e., the PET tumor
volume could have been defined in reference to the adjacent lung activity instead of the
initial activity of the pre-RT scan)? For the tumors with slightly increased volumes, should
an enlarged volume be used for adaptive plan, though such a change may be shown as global
positivity in the treatment field, likely due to inflammation? Obviously, some of increased
volume may be partially related to the technique used for contouring. Special attention
should be paid to such details if the during PET is used for contouring the boost target for
adaptive planning.

The optimal timing to perform a during PET is not clear. One would think that performing a
PET earlier during the course of treatment such as 20–30 Gy or 30–40 Gy rather than 40–50
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Gy may help these cases. However, a study from the Netherlands reported a non-significant
increase (p=0.05) at day 7 (a mean dose of 20 Gy) and a significant decrease (p=0.02) in
maximum FDG-activity at day 14 (after a mean dose of 38 Gy) and 70 days after
radiotherapy (p<0.01) after a total mean dose of 63 Gy in an overall treatment time of 22
days. Researchers from this study did not think the transient increase at day 7 was likely due
to inflammatory changes.22 Additionally, at this time, we are uncertain about the minimum
dose required to completely sterilize initial areas of gross disease which have lost PET-
positivity after a period of treatment. The loss of detectable PET activity does not
necessarily correlate with cell death or complete response in tumors, delivering only 46 Gy
to gross disease which became PET-negative at that time theoretically could lead to
increased local recurrences. The conservative answer is that all areas of pre-treatment gross
disease should still receive 60 Gy. However, this would limit potential target dose escalation
and normal tissue sparing in some cases. It is possible that only 46 Gy is necessary for
control of tumors which are no longer metabolically active at that time. Due to this
uncertainty, in this study we constructed 2 composite plans for each patient, one
conservative plan delivering 60 Gy to all areas of initial disease prior to boosting areas of
residual PET positive areas, and another plan delivering only 46 Gy prior to the boost. Of
course we found that we could achieve higher cumulative doses or lower NTCP by starting
the boost plan earlier. There has been a suggestion that radiosensitization provided by
concurrent chemotherapy in head and neck cancer may add the equivalent of 10 Gy.23 If this
is the case for lung cancer, starting a boost at 46 Gy may be reasonable if concurrent
chemotherapy is given. Pathologic correlates in animal models may help answer these
questions.

One has to be cautioned that this study is limited by the selection of patients for the adaptive
plans. Due to the difficulty of autothreshold delineation for the tumors located centrally and/
or adjacent to the chest wall and the presence of complete metabolic responses after 40–50
Gy, we were only able to confidently assess the PET-GTVs and plan for adaptive measures
in 6 cases. To accurately define the tumor volume on PET scan is an important topic of
study, and is beyond the scope of the current study. Several other uncertainties exist
including selecting the correct thresholding taking into account source-to-background ratio
and tumor size. Certainly more work is needed in the area of pathologic correlation with
FDG-PET activity.24–28 Currently the best strategy to outline the PET tumor volume is
unknown and should be tested in animal models as well as clinical trials with careful
attention paid to radiation dose and patterns of failure.

In summary, this limited study suggests FDG-avid tumor volumes reduced significantly
after 40–50 Gy of RT in some patients. In those patients, using mid-RT PET GTVs, tumor
dose can be significantly escalated or lung NTCP reduced. Further study of using this
strategy to escalate radiation dose is ongoing in our institution.
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Figure 1.
a and b. Change in size of CT-defined GTVs. Panel a reports data on the percentage of the
initial volumes. Please note one patient may have more than one lesion (GTV). Panel b
reports data on absolute change in cc.
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Figure 2.
a and b. Non-specific inflammation in the radiation field limited tumor delineation on PET-
CTs performed during treatment on 2 patients. a. Axial slice through tumor in pretreatment
PET. b. Same slice through tumor in during-treatment PET. The arrow indicates radiation-
induced lung inflammation.
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Figure 3.
a and b. Change in size of PET-defined GTVs. Panel A reports the changes relative to the
percentage of the initial volumes. Please note one patient may have more than one PET
detectable lesion (GTV). Panel B reports data on absolute change in cc.
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Figure 4.
a and b. An example of the change in PET tumor volume between pre-treatment and after
40–50 Gy of radiation.
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Figure 5.
a, b, and c. Dose colorwash of axial sections from a standard plan (a), composite plan with
adapted boost after 46 Gy (b), and composite plan with adapted boost after 60 Gy (c). For
adaptive composite plans, isodose distributions are projected onto the pre-treatment scan.
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Table 1

Treatment plan descriptions

Plan 1 Max dose to initial PTV to NTCP 15% or max 90Gy

Plan 2 46 Gy to initial PTV, then boost to a maximum lung NTCP of 15% or 90 Gy

Plan 3
60 Gy to initial PTV, then boost to a maximum lung NTCP the same as the original
plan

Plan 4 60 Gy to initial PTV, then, boost to a maximum lung NTCP of 15%

NTCP=Normal tissue complication probability, PTV=Planning target volume
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