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Abstract: Background: To investigate whether during/post-radiotherapy FDG uptake locations within tumors is likely
identified using a pre-radiotherapy scan for non-small cell lung cancer (NSCLC), ultimately enabling confirm that
a suitable metabolically active sub-volume pre-radiotherapy of the primary tumor for radiation boosting target.
Methods: Patients with a pathologically proven inoperable stage II-lll NSCLC were enrolled. For each patient, one
pre-radiotherapy (pre-RT) plus one following 40Gy during-radiotherapy (during-RT) or post-radiotherapy (post-RT)
FDG PET/CT scans were available. On pre-RT scan, the high FDG uptake region were auto-delineated using several
percentage of the maximal standardized uptake value (SUV, ) thresholds, varying from 40% to 70%. On during-RT
scan, FDG uptake region is delineated by 40% SUV__, manual method respectively. With the FDG-positive areas on
post-RT images is defined as 80% SUV,__ . The overlap fractions (OFs) were calculated between pre-RT scan and dur-
ing-RT or post-RT scan. Semi-quantitative assessment was used to determine SUV__ and metabolic tumor volume
(MTV). The SUV__ changes during-RT representing the radiotherapy (RT) early metabolic response is attainable.
Then, a spearman correlation was used to analysis the correlation between percentage changes in SUV __ during-
RT and SUV,__-threshold definition volume pre-RT. Results: Of those 7 patients, a total of 16 FDG-PET scans were
acquired. 5 patients were received pre-RT and during-RT scan, while 2 of these 5 patients underwent both post-RT
scan. 2 patients were received FDG-PET/CT scan pre-RT and post-RT. The pre-RT scan threshold delineations of 50%
SUV,_, had a large OF with the 40% SUV __ threshold and manual method delineation on the during-RT scan, 74.3%
and 84.4%, respectively. Comparably, the 80% SUV__ on the post-RT scan also largely corresponded (OF > 72%)
with the 50% SUVmax threshold and the volume was small compared to the gross tumor volume (GTV), accounting
for 29.4%. However, the 50% SUV__ threshold was not correlate with the percentage change in SUV,__ (P > 0.05).
Conclusions: A pre-RT FDG-PET scan allows for the identification of during- and post-RT FDG uptake locations. The
volume defined by 50% SUV __ may be a suitable threshold for dose escalation.
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Introduction

Currently, patients with inoperable non-small
cell lung cancer (NSCLC) are treated with radia-
tion alone for early-stage disease and with
chemoradiotherapy (CRT) for locally advanced
disease. However, standard radiotherapy (RT)
of NSCLC with 60Gy is associated with a 45%
to 50% rate of local recurrence [1]. Impro-
vements in local tumor control can be achieved
by escalating the radiation dose, but it also
increases the incidence and severity of radia-
tion toxicities. Just as the Radiation Therapy
Oncology Group (RTOG) 0617 trail [2] showed
that the higher radiation dose being tested, 74

Gy could not produce an overall survival benefit
compared with the lower, standard dose of
60Gy. One possible explanation is that the sur-
vival was affected by the pulmonary or cardio-
pulmonary effects of unnecessary irradiation
region. Escalated dose to a biological target
sub-volumes than GTV defined with current
computed tomography (CT)-based imaging, the
local tumor control might increase while the
current normal tissue complication rates were
maintained. Therefore, a strategy to identify a
radio-resistance distribution seems necessary.

FDG as a PET tracer for glucose metabolism of
tumor, high uptake is associated with a malig-
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nant phenotype and poor prognosis [3], and the
locations of high FDG uptake zones within the
tumor remained stable throughout a fraction-
ated RT course [4]. Therefore, we hypothesized
that these high FDG uptake zones before treat-
ment could be the radio-resistance regions. If
true, high FDG uptake threshold-based defini-
tion of target volumes may increase the effica-
cy of RT by permitting escalated dose to the
regions critical for tumor control.

In fact, a number of centers are exploring the
utility of serial PET-CTs to guide dose-escala-
tion, often delivering a boost dose of RT to
areas of during RT PET activity [5, 6]. Parallely,
some PET-boost trials showed that dose-esca-
lation using threshold-based definition target
volumes is feasible with significant increase in
prescribed dose without violating the con-
straints for the organs at risk (OAR) [7, 8],
However, when and where to boost is still
uncertain. Therefore, we investigate whether a
SUV-threshold metabolically active sub-volume
pre-radiotherapy (pre-RT) of the primary tumor
is likely the replacement of during/post RT FDG
uptake locations. Furthermore, various thre-
sholds definition volume of pre-RT, as well as
the correlation between thresholds definition
volume of pre-RT and tumor glucose metabolic
radio-sensibility index visualized on the middle
of RT was investigated to select the optimum
cut-off value of high pre-radiotherapy FDG
uptake, ultimately enabling selective-boosting
of tumor sub-volumes.

Materials and methods
Patient characteristics

Patients were eligible if they had pathologically
proven inoperable stage Il or Il NSCLC. Other
criteria included performance score (PS) 0 to 1,
adequate general condition for either RT with or
without chemotherapy of curative intent, age >
18 years, and absence of pregnancy. The initial
evaluation included a complete history, physi-
cal examination with special attention to pri-
mary and metastatic lung cancer symptoms,
and laboratory tests. Imaging studies including
CT of the chest and upper abdomen, and CT or
magnetic resonance imaging of the brain with
and without contrast. ¥ F-FDG PET/CT scan
were included as a component of the initial
staging, during (at 40 Gy) and/or post the
course of therapy.
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18F-FDG PET/CT image acquisition

The FDG-PET/CT scans were performed with a
Discovery LS PET/CT scanner (GE Healthcare;
Chalfont St. Giles, United Kingdom). Briefly, the
patients fasted for at least 6 h before the PET
examination and the serum glucose level was
measured to ensure the value was less than
6.6 mmol/l. 50-70 minutes after intravenous
injection of 10-20 mCi of 8F-FDG, emission
scans were obtained from head to thigh for 4
min per field of view, each covering 14.5 cm, at
an axial sampling thickness of 4.25 mm per
slice. CT data were collected in helical acquisi-
tion mode. No CT contrast agent was adminis-
tered. The PET and CT scans were obtained
during free breathing. PET images were recon-
structed with CT-derived attenuation correction
using ordered subset expectation maximization
(OSEM) software. Pre-RT baseline PET/CT
scans were done about 1~3 days before the
start of RT. The second whole-body PET/CT
scan was recorded at the middle of RT (40 Gy).
The post-RT scans were performed at the end
of RT.

Delineation of CT-based tumor volume and
radiotherapy

The gross tumor volume (GTV) included the pri-
mary tumor and involved lymph nodes, and
planning target volume included the GTV with a
margin of 1.0-1.5 cm. On the basis of axial CT
images, contouring of the GTV_, for primary
tumors in the lung window and metastatic
lymph node was performed with the PET result.
Contrast uptake helped to differentiate the
tumors from the surrounding structures. Lymph
nodes were considered pathological when their
smallest axis diameter was > 1 cm and/or high
FDG uptake was visible. All patients underwent
RT, which was delivered with megavoltage
equipment (6 MV) using a three-dimensional
conformal RT (3D-CRT) technique. Irradiation
was given as conventionally fractionated RT
with 5x2 Gy per week to a total dose of 60-66
Gy.

Image analysis

Images of the SUV parameter and metabolic
tumor volume (MTV) were generated by the use
of custom software. Semi-quantitative mea-
surements of metabolic uptake (The SUV__ ) in
FDG-avid tumors following pre-RT and during-
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Table 1. Patients and tumor characteristics

No.  Pee Pathological Tumor Tumorsize  Nodal clinical SUV__ of *®*FDG uptake
(vear) type stage  (cm®) stage”  stage’ Pre-RT  During-RT Post-RT

1 75 F SCC T4 31.45 NO llla 24.68 N/A 4.97
2 63 M SCC T3 72.42 N2 llla 21.15 15.48 9.31
3 61 M AC T4 161.16 N2 lllb 11.06 6.12 4.72
4 57 M AC T2 18.4 N2 llla 12.02 N/A 2.77
5 74 M SCC T4 95.51 N2 llIb 17.29 14.2 N/A
6 81 M SCC T3 61.34 NO IIb 29.36 15.8 N/A
7 34 F SCC T4 137.63 N1 Illa 15.81 20.75 N/A

Abbreviations: SEX, M male, F female. Pathological type, SCC Squamous cell carcinoma, AC Adenocarcinoma. 8F-FDG 2-deoxy-
2-[*8F]-fluoro-D-glucose, SUV,__ the maximum standard uptake value, Pre-RT Pre-radiotherapy, During-RT During-radiotherapy,
Post-RT Post-radiotherapy. “Tumor size (cm?) was calculed Automaticly in Philips workstation when the region of interest
delineated. #All of the TNM staging information and clinical stage included in this research is according to AJCC Cancer Staging

Manual (Seventh Edition).

RT scans were compared and evaluated for
radio-sensibility. The percentage change (%) in
Suv,__, between baseline (pre) and during treat-
ment (during) was calculated using the follow-
ing formula:
AP ={[P -P

pre during:I

/P, Jx100%

A negative value indicated a reduction in that
parameter following therapy and a positive
value indicated an increase. The SUV-threshold
relative volume of the primary tumor was
defined as volume of the various threshold,
divided by the volume of GTV pre-RT, Then, the
correlation between changes in SUV-threshold
definition relative volume and AP were investi-
gated for testing the relationship between the
volume of the different thresholds pre-RT and
RT early metabolic response.

On the during-RT and post-RT scan, FDG meta-
bolic areas were accomplished through SUV-
threshold definition. On the pre-RT scan, the
location and volume of the FDG uptake within
the GTV were automatic delineated using the
threshold 40, 50, 60 and 70% of SUVmax. On the
during-RT scan, FDG uptake within the GTV
were quantified using the threshold 40% of the
SUV__ and manual methods (Manual delineat-
ed by an experienced nuclear medicine physi-
cian (AES) choosing an appropriate threshold
[9]. Within the residual FDG-positive areas
post-RT, the high FDG uptake areas were
defined using the thresholds 80% of the tumor
SUV,__.- Using an automatic rigid registration
algorithm based on mutual information of the
CT scans, the images of pre-RT scan were fused
to the during-RT and post-RT scans on the
workstation. If the automatic registration
showed a large deformation between the two
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CT scans, the images were manually registered
on the surrounding anatomy of the tumor, e.g.
the bronchus or great vessels. To quantify posi-
tional correlation, we calculated the overlap
fraction (OF) defined as the overlapping volume
of the structure sets, divided by the volume of
the smallest structure set [10]:

_ VitV
OF = min(V;, V)

Where V, and V, stand for the volumes of the
structure sets, N denotes the union, and min
(V,,V,) is the smallest of V, and V,,. The OF was
computed for all tumors and thresholds in three
dimensions. The OF varied between O (no over-
lap between the structures) and 1 (complete
overlap of one structure with the other) [4]. By
using this methodology it is possible to assess
which threshold on the pre-RT scan matches
the disease on the during-RT and post-RT scan.

Statistical analysis

Data are expressed as mean * standard devia-
tion (SD) and range. Statistical significant dif-
ferences between the parameters were per-
formed using commercial software SPSS for
Windows (version 17.0). A Spearman rank cor-
relation analysis was used to estimate the cor-
relation between the percentage change in
SUV__ (AP) and the MTV delineated using vari-
ous threshold on the pre-RT scan, P < 0.05 was
considered significant.

Result
Patient characteristics

The patients’ characteristics are presented in
Table 1. A total of 7 patients were included in
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Figure 1. Volumes of the SUV thresholds of the tu-
mor pre-radiotherapy. All volumes are relative to the
pre-radiotherapy gross tumor volume (GTV). The data
are expressed as mean + standard deviation (error-
bar). Note that the volume of 50% SUV__ thresholds
metabolic-active areas was on average 29% of GTV
volume.

our study. Four treated with two cycles of con-
current conformal radiation therapy with a cis-
platin-based regimen. One with sequential CRT
and two with radical RT alone. A total of 16
FDG-PET scans were acquired. Two FDG-PET/
CT scan were available for five patients: three
patients were received FDG-PET/CT scan were
included as a component of the initial staging
and during the course of therapy, two patients
were received FDG-PET/CT scan before start of
RT and after the end of RT, while another two
patients underwent three FDG-PET scan, one
pre-RT, one during-RT and one at the end of RT.
All of these patients had a clearly distinguish-
able lesion from the surrounding tissue and
FDG avid inflammation.

Volumes of the SUV based thresholds

The volumes of the SUV based thresholds of
the tumor pre-RT are shown in Figure 1. The
volume of interest (VOI) on pre-RT scan was
compared with manually delineated GTV of pri-
mary tumor defined on CT scan. The FDG
uptake areas (40-70% SUV__ ) within the tumor
on the pre-RT scan were small compared to the
GTV. The 40% SUV__ encompassed 40.5 *
17.9% [range: 17.9-71.75%] of the original GTV.
A very large proportion (71.75%) of primary
tumor was contained in No.3 patients. Whereas
this was 29.4 + 12.3% [range: 11.3-49.7%] for
the 50% SUV, _, 19.4 + 7.6% [range: 6.8-30.0%)]
for the 60% SUV__, and 8.1 + 3.4% [range: 4.3-
13.3%] for the 70% SUV,__ threshold. No signifi-
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cant difference was found among the relative
volumes of 40-70% SUV__ thresholds. The lim-
ited OFs applying the 70% threshold resulted
from the low volumes of the threshold on pre-
RT scan [7.5 + 6.4 cm?3; range: 1.2-18.2 cm?],
often only a few image voxels.

Overlap fractions

We correlated volumes of FDG uptake mea-
sured during- and/or post-RT with that of pre-RT
(40-70% SUV__ ) by calculating the overlap frac-
tion, given by Eq [10]. In Figure 2, representa-
tive images are shown. The high FDG uptake
areas (50% SUV__) on the pre-RT scan over-
lapped the location of during and post-RT areas
are shown in one patient. In the undergoing
pre-RT plus during-RT population, the 40%
thresholds showed large overlap with during-RT
for auto-delineation method (78.3 = 15.3%).
Moreover, the same is true for pre-RT 50%
SUV__ high FDG uptake region (74.3 + 15.9%).
However, the 60% and 70% thresholds showed
relative low overlap fractions, 68.1 + 18.0%,
64.2 + 24.2%, respectively. Significant differ-
ence was found between the 50% and 60%
thresholds (P < 0.05). The pre-RT 50% SUV__
threshold areas also largely corresponded with
post-RT residual areas (80% SUV __ threshold),
to show the overlap fraction were 72.4 + 23.7%.
But there was no significant difference among
40%-70% thresholds. It is worth nothing that all
of the OF were up to 87.1 + 12.8%, 84.4 +
15.3%, 79.8 + 22.4%, 76.3 + 34.9%, for manu-
al method as shown in Figure 3A. But again no
significant difference was found. Visual evalua-
tion shows that the location of during- and post-
RT areas largely corresponds with the high FDG
uptake areas (50% SUV__ ) pre-RT, especially
for the during-RT delineated by manual me-
thod.

Correlation between SUV__ changes during RT

max

and threshold relative volume

Undergoing pre-RT plus during-RT *¥F-FDG PET
scans were available for 5 patients. The SUV__
of all the primary tumor decreased in the mid-
treatment scan except one (SUV__ was 15.81
raise to 20.75 and SUV__ was 7.77 raise to
7.96). The SUV__ and SUV___ inside the PET
volume was 18.9 + 6.9 and 9.7 + 5.7, respec-
tively, for the pretreatment scan, compared
with 14.5 + 5.3 and 7.9 * 3.2 (40% threshold),
6.1 + 1.8 (manual delineation) respectively, for
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Figure 2. Representative FDG-PET CT fused images of a patient pre-plus during-RT (A, B) and post-RT (C, D). The
red lines indicate the 50% of maximal standardized uptake value (SUVmax) threshold pre-radiotherapy. The yellow
lines indicate the 40% SUV,_ threshold during-radiotherapy and the blue lines indicate the 80% SUV__ threshold
post-radiotherapy, transposed on the pre-radiotherapy scan. Visual inspection showed a large correspondence be-
tween the FDG high uptake areas during-radiotherapy and post-radiotherapy with the high FDG uptake areas pre-
radiotherapy.
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Figure 3. Overlap factions (OFs) of the pre-radiotherapy with the during-radiotherapy (A) and post-radiotherapy (B)
SuvV,, thresholds. OFs of the FDG-uptake (40% thresholds and manual method) areas during-RT are indicated with
white and black-bars (A). In (B), white-bars indicate the OF of 80% SUV__ post-RT. The data are expressed as mean
+ standard deviation (error-bars). The 40% and 50% thresholds Pre-RT showed high overlap fractions with ¥FDG-

uptake during-RT and post-RT.

the mid-treatment scan. The percentage
change () (between pre and during) in SUV__
and the 70% SUV__ relative volume within the
tumor on the pre-RT scan were significantly cor-
relation. (r = -0.8, P < 0.05). This would imply
that a responder during-RT will be implemented
a smaller boosting region. However, the 40%,
50%, 60% SUV__ threshold were not correlate
with the percentage change (%) in suv . (P>
0.05).

Discussion

High-dose radiation has the potential to
improve local-regional control and overall sur-
vival after fractionated therapy. However, it is
challenging to deliver a high dose in the major-
ity of patients with locally advanced NSCLC. To
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explore the utility of pre-RT *¥F-FDG PET for
guiding biologically optimized boosting target,
we compared sub-volumes defined with differ-
ent levels of FDG uptake quantified with SUV_
of the pre-radiotherapy and subsequent during-
or post-radiotherapy 8F-FDG PET of primary
tumors. The study proved that the location of
residual metabolic-active areas within the pri-
mary tumor during and post-RT corresponded
with the original high FDG uptake areas pre-
radiotherapy, and 50% SUV __ threshold inten-
sity value identified as a reasonable value.
Irradiating only 50% SUV__ threshold regions
may allow dose escalation by treating smaller
volumes.

Individual treatment is a goal in modern cancer
therapy, with the aim that optimal dose-escala-

Int J Clin Exp Med 2015;8(5):7561-7568



Boost target delineation using FDG-PET in NSCLC

tion area can be selected for an individual
patient depending on tumor characteristics.
Based on the previous studies that tumor
response is heterogeneous during chemo/RT
and tumor volume reduced ~20% more on PET
than on CT, a randomized Phase Il Trial RTOG
1106 is ongoing to determine whether PET dur-
ing-RT (at 40-46 Gy) can guide individualized,
adaptive RT to deliver a more intensive dose to
the active residual tumor resulting in improved
local tumor control. Interestingly, manual delin-
eation method during-RT overlapped with FDG-
uptake based various thresholds on pre-RT
yields relative better results in our result.
Especially 40% SUV__ resulting in an overlap
fraction of 87%. This finding suggest that meta-
bolic active areas within the tumor during-RT
can be predicted using an high FDG uptake
area on pre-RT scan, and 40% SUV__ maybe a
suitable threshold. Therefore, we inferred that
FDG high uptake pre-RT might reminder indi-
vidualized information in boosting targets as
RTOG 1106 performed.

In the present study, we demonstrated that the
during- and post-RT high uptake areas corre-
spond with these contours areas pre-RT. The
40% SUV__ and 50% SUV__ zones have a good
overlap fraction, but the 40% SUV__ areas
approximate the cut-off value for target volume
[11, 12], therefore, nearly entire primary tumor
dose-escalation will be implement in some
case (e.g., diameter at CT imaging < 3 cm or
pathologic volume for 10-30 cm? tumors) [13].
In especial, large tumor volumes lead to irradia-
tion of a larger volume of the lung and hence,
constraints on dose to the lung will limit dose
escalation. Using 50% SUV __ threshold value
will make dose escalation to higher dose levels
available to a broader range of patients on
account of the good OF and volume ratio. It
makes the 50% SUV__ threshold value a suit-
able threshold for radiation boosting target.
Disappointingly, the volume of 50% SUV__
delineated was not correlation with radio-sensi-
tivity index in present study. The 60% SUV__
threshold was encompassed 19.4 + 7.6%
[range: 6.8-30.0%)] of the original GTV and its
relative low OF, the risk of local recurrences on
the periphery of the planning target volume was
increased. The study was presented that only
70% SUV__ zones showed significantly correla-
tion with radio-sensitivity index. Yet, 70% SUV __
areas would lead to only a few voxels to be
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treated, which is often impossible due to organ
motion or dose delivery constraints.

Indeed, cellular hypoxia is known to be directly
related with radio-resistance. However, several
nitroimidazole for PET hypoxia imaging (like
FMISO, FAZA, EF-3, and EF-5) have limitations,
essential questions is low test re-test perfor-
mance and the reproducibility of the intratu-
moral distribution of hypoxia [14, 15]. There is
a lot of uncertainty about how specific these
traces relate to radio-resistance [15, 16].
Furthermore, it is unknown if areas with high
trace uptake have the highest probability to
relapse. Due to these reasons, more evidence
is desirable to use hypoxia tracers PET only for
dose intensification [17].

Based on our results, we conclude that during-
and post-RT high uptake areas within the tumor
can be identified before treatment using an
FDG PET/CT scan, affirming the relation
between FDG uptake and radio-resistance. But
a previous study by Nyflot showed that voxel-
based correlation of FDG PET and Cu-ATSM
PET images were heterogeneity (r = 0.64) in
oropharynx cancer [18]. According to our view,
excepting for the uncertainty of PET hypoxia
imaging, one possible explanation is that het-
erogeneity in tumor phenotype indicated poor
patient prognosis. Another potential possibility
is that the FDG volume may be missing hypoxic
subregions. In fact, the FDG uptake in the
tumor does not reflect a single biologic charac-
teristic [19], but is correlated to, although cer-
tainly not specific for many pathways that are
related to radio-resistance, such as cell densi-
ty, mitochondrial dysfunction, hypoxia, prolifer-
ation and lipogenesis. This is likely the reason
why 50% SUV__ not correlation with radio-sen-
sitivity index. In our view, to cap the certainty
about the radio-resistance of tumor anywhere
in the target region, the combination of multiple
Functional imaging modalities (Fl) can increase
sensitivity and specificity [20], but leaves the
question how multiple Fl can be harnessed for
identifying the radiation resistance area [21].

A limitation of our study is the registration
between the pre- and during- or post-scans.
The lung tumors were sensitivity to breathing
motion [22, 23], gating techniques during the
acquisition of the PET/CT would have further
reduced the sensitivity to respiratory motion
[24, 25]. Otherwise, the wide time range, par-
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ticularly for tumors was just post-treatment,
can be complicated by changes in various fac-
tor making the registration sophisticated. This
could be improved by using deformable image
registration [26]. However, these are difficult to
validate and the reproducibility, especially in
different institutes, is limited. Finally, a rigid
registration based on the anatomical structure
around the tumor was performed in our study.

Conclusion

Our results were validated that the residual
metabolic-active areas within the tumor during-
and post-radiotherapy are located in the high
uptake areas pre-radiotherapy can be delineat-
ed and the 50% SUV__ threshold value delinea-
tion using automatic image segmentation tools
may be a suitable threshold for dose escala-
tion. However, the combination of multiple
functional imaging modalities to guide boost
target delineation is needed to investigate in
further study.
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