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Background: To determine the optimal threshold of '® F-fluorodexyglucose ('® F-FDG) positron emission
tomography CT (PET/CT) images that generates the best volumetric match to internal gross target volume (IGTV)

Methods: Twenty patients with non-small cell lung cancer (NSCLC) underwent enhanced three-dimensional CT (3DCT)
scan followed by enhanced 4DCT scan of the thorax under normal free breathing with the administration of intravenous
contrast agents. A total of 100 ml of ioversol was injected intravenously, 2 ml/s for 3DCT and 1 ml/s for 4DCT. Then

"8 F-FDG PET/CT scan was performed based on the same positioning parameters (the same immobilization devices and
identical position verified by laser localizer as well as skin marks). Gross target volumes (GTVs) of the primary tumor
were contoured on the ten phases images of 4DCT to generate IGTV,q. GTVper were determined with eight different
threshold using an auto-contouring function. The differences in the position, volume, concordance index (Cl) and
degree of inclusion (DI) of the targets between GTVper and IGTV; g were compared.

Results: The images from seventeen patients were suitable for further analysis. Significant differences between the
centric coordinate positions of GTVper (excluding GTVperys0,) and IGTV, were observed only in z axes (P < 0.05).
GTVpeT1506, GTVpET2500 @aNd GTVpero o Were not statistically different from IGTV (P < 0.05). GTVpgrys0, @approximated closely
to IGTV; g with median percentage volume changes of 4.86%. The best Cl was between IGTV;q and GTVperys94 (0.57). The

Conclusion: None of the PET-based contours had both close spatial and volumetric approximation to the 4DCT IGTV,q,
At present 3D-PET/CT should not be used for IGTV generation.
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Background

Worldwide, lung cancer is the most common cause of
cancer-related mortality [1]. About 80% of the cases of
lung cancer are non-small-cell lung cancer (NSCLC) [2].
Radiotherapy plays a major role in the management of
patients with NSCLC who cannot tolerate or refuse
surgery. Unfortunately, the prognosis of patients with
NSCLC remains poor because of high rates of local
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failure and distant metastases [3,4], with local control
rates of approximately 50% after radical radiotherapy [5].
A geometric target miss induced by tumor motion
during radiotherapy is considered as one of the main
reasons for local failure [6]. In order to account for geo-
metric uncertainties due to internal variations in tumor
position, size, and shape, the International Commission
on Radiation Units and Measurements (ICRU) report 62
introduced the concept of an internal target volume
(ITV) [7]. For lung tumors, respiratory motion is the
major consideration for the ITV.
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Currently, four-dimensional CT (4DCT) is widely used
for the simulation of lung cancer. It is a reliable and
effective tool for assessing tumor and organ motion [8,9]
and can provide patient-specific information about
tumor position, shape, and size at different phases of the
respiratory cycle. The internal gross target volume
(IGTV) can make the determination of the ITV more
efficient [6]. IGTVy, is generated by combining all 10
individual gross tumor volumes (GTVs) contoured in
each phase of the 4DCT dataset, which is thought to
encompasses the motion information for the tumor in
the whole respiratory cycle [10]. Therefore, it is expected
to provide the most accurate IGTV based on a given
4DCT dataset [11].

As a functional imaging modality, *® F-fluorodeoxyglu-
cose ("® F-FDG) positron emission tomography/computer
tomography (PET/CT) images have been shown to have
greater specificity and sensitivity than CT alone for the
diagnosis and staging of NSCLC patients [12]. Further-
more, the interobserver variability, as well as the intra-
observer variability, could be significantly reduced when
the ' F-FDG PET image was used for tumor volume de-
lineation [13,14]. In addition, since three-dimensional PET
(3D-PET) images are acquired over several minutes and
represent the accumulated traces of multiple respiratory
cycles, they may be capable of accounting for movement
by indicating the average location of a tumor over time
[15]. A phantom study by Caldwell et al. [16] concluded
that PET imaging could more accurately depict the 3D
volume of a moving phantom compared with spiral CT.
Therefore, 3D-PET/CT might represent the ITV of a tu-
mor. However, the optimal threshold values for patients
with NSCLC have never been reported.

Hence, We perform this study to investigate the
appropriateness of the threshold method to determine
the best volumetric match to 4DCT-based IGTV,, when
contouring the primary tumor volume of NSCLC.
Additionally, the feasibility of 3D-PET/CT images was
evaluated with respect to incorporating tumor motion
into the radiation target for NSCLC.

Methods

Patients

This study was approved by the Shandong Cancer Hos-
pital and Institute review board, and 20 patients provided
written informed consent. Patients with histologically
proven primary NSCLC who were scheduled to undergo
radiotherapy were eligible for this study, excluding those
with atelectasis and/or obstructive pneumonia. None of
them had previously been treated with radiotherapy or
chemotherapy for their lung tumor. Between December
2012 and December 2013, 20 patients were enrolled in this
study. The maximal standardized uptake value (SUV ,.y)
in the tumor of 3 patients was 2.89, 3.16 and 3.27,
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respectively. Therefore, they were not suitable for further
analysis as several of the threshold-based contouring
methods used would not discriminate between the tumor
and background lung uptake. The other 17 patients in-
cluded 13 men and 4 women, with a median age of 66
years (range, 45—84 years). Six patients had centrally lo-
cated lesions, and eleven patients had peripherally located
lesions. The median of the SUV ,,,, for the primary tumors
was 11.34 (range from 6.07 to 25.51). Table 1 summarized
the characteristics of the 17 patients and their primary
tumors.

CT simulation and image acquisition

During the simulation, all patients were immobilized using
thermoplastic mask for covering the head, neck and shoul-
ders in the supine position. For each patient, an axial
enhanced 3DCT scan of the thoracic region was performed
followed by a enhanced 4DCT scan under uncoached free
breathing conditions on a 16-slice CT scanner (Philips
Brilliance Bores CT) with the administration of intravenous
contrast agents. A total of 100 ml of ioversol was injected
intravenously, 2 ml/s for 3DCT and 1 ml/s for 4DCT. De-
tails of 3DCT and 4DCT scan as well as image acquisition
were given in Li et al. [17]. Then, 3DCT and 4DCT images
were transferred to MIM (MIM-6.0.4, MIM Software Inc,
Cleveland, OH) imaging software.

PET/CT simulation and image acquisition

On the same day as the 4DCT scan, the FDG-PET/CT
scans of the chest were performed with a integrated PET/
CT scanner (Philips Gemini TF Big Bore). Through the
same immobilization devices, the patient’s position was
identical to that for the 4DCT scan. Two radiation thera-
pists were present to ensure the accuracy of the set-up by
laser localizer and skin marks. All patients fasted for at least
6 h before the PET/CT examination. All patients were
injected with 7.4 MBq/kg body weight of *FDG and then
rested for about 1 h in a quiet room before imaging. The
16-slice CT component was operated with an X-ray tube
voltage peak of 120 kV, 90 mA, a slice thickness of 5 mm
and an interval of 4 mm, and was used both for attenuation
correction of PET data and for localization of FDG uptake
in PET images. No CT contrast agent was administered.
PET scanning was performed covering the same axial range
for 2 min per bed position (total of 3-5 bed positions). Both
PET and CT acquisition was performed during free brea-
thing. Data were reconstructed using an ordered subset ex-
pectation maximization (OSEM) algorithm and attenuation
correction derived from CT data. Then, the PET/CT
images were transferred to MIM software.

Image registration
An initial automatic rigid registration was performed
using MIM software. Due to the 3DCT and 4DCT
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Table 1 Baseline characteristics of patients and the maximal standardized uptake values of every primary tumor

Patients (n) Sex Age (y) Tumor location

Histology

Tumor stage SUV,,.x Tumor size* (mm) Tumor volume® (cm3)

1 M 66 Upper lobe Adenocarcinoma

2 F 68 Lower lobe Adenosguamous carcinoma
3 M 70 Upper lobe Adenocarcinoma

4 M 79 Upper lobe Adenocarcinoma

5 F 49 Lower lobe Squamous cell carcinoma
6 M 66 Upper lobe Squamous cell carcinoma
7 M 75 Upper lobe Squamous cell carcinoma
8 F 65 Upper lobe Adenocarcinoma

9 M 76 Lower lobe Squamous cell carcinoma
10 M 84 Lower lobe Adenocarcinoma

11 M 68 Upper lobe Squamous cell carcinoma
12 M 65 Upper lobe Adenocarcinoma

13 F 67 Upper lobe Adenocarcinoma

14 M 65 Upper lobe Squamous cell carcinoma
15 M 45 Upper lobe Adenocarcinoma

16 M 65 Lower lobe Adenocarcinoma

17 M 60 Upper lobe Squamous cell carcinoma

T2N2 2551 36 1749
T2N2 11 46 139.72
T2N2 7.71 18 4.81

TIN2 8.8 33 2640
T2N2 8.85 38 38.59
T2N2 1441 33 16.28
T2N2 12.39 32 14.37
T2N2 1341 25 8.12

T3N2 15.13 52 11542
T2N2 2481 40 27.53
T2N2 9.83 40 4597
T2N3 14.38 42 3943
TIN3 6.99 15 5.96

T4N2 14.52 80 157.67
TIN3 6.09 10 5.06

TIN2 6.07 24 453

T4N1 11.34 34 19.95

SUVmax Maximal standardized uptake value; *Tumor sizes represent the major axis of the tumor; *Tumor volume is the average volume of the 10 phases of the

gross target volume delineated on four-dimensional CT.

images for the same person were produced during the
same imaging session, MIM would consider the images
as being registered with each other. After the 3DCT and
PET image datasets were co-registered with the help of
the transmission CT from PET/CT, the 4DCT images
would be auto-registered with the CT component of
PET/CT. The registration was then manually adjusted
by one radiotherapist, experienced in registering PET/
CT images, by matching bony anatomy such as the
vertebral bodies at the level of the visible lung lesion.
Hence, each contour was transferred to the 3DCT to
calculate their specific parameters.

Target volume delineation

Our investigation focuses on the primary tumors. If the
positive lymph nodes could not be separated from the
primary tumor visually, they were delineated together as if
they were part of the primary tumor. Patients were treated
according to the 4DCT-based volumes and PET/CT con-
tours were only used as part of a virtual planning study.
Using the lung window setting (W = 1,600, C = -600) and
mediastinal window settings (W =400, C=40) for the
interface if the tumor was close to the mediastinum or
chest wall [18], GTVs were manually contoured on all 10
phases of the 4DCT scan by a single radiation oncologist
and verified by another radiation oncologist. Both of them
did not know the PET results in an effort to decrease bias.
IGTV,o were derived from the 10 phases of the GTVs.
PET/CT-based GTV of the primary tumor (GT Vpgr) was

defined by the auto-contouring function of MIM. After
identification the primary tumor as a region of interest
(ROI), MIM automatically calculated the SUV,,,, of ROL
Eight different threshold methods were used in this study:
(1) SUV of 2.0 or greater (SUV2.0); (2) SUV of 2.5 or
greater (SUV2.5); (3) 15% of SUV . within the ROI
(SUV15%); (4) 20% of SUV ., within the ROI (SUV20%);
(5) 25% of SUV . within the ROI (SUV25%); (6) 30% of
SUV ax within the ROIL (SUV30%); (7) 35% of SUVax
within the ROI (SUV35%); (8) 40% of SUV .« within the
ROI (SUV40%). All the noncancerous regions within the
GTVper including the areas overlaid by the heart, bone
and great vessels, were corrected to exclude manually with
the help of the CT of component of PET/CT.

Volumes comparison

The differences in the position, size, concordance index
(CI) and degree of inclusion (DI) between the GT Vpgr
and the IGTV;, were compared.

Target volume positions were defined by center of target
coordinates and expressed using the x (left-right, LR),
y (anterior-posterior, AP) and z (cranial-caudal, CC)
coordinates of the center of mass. Centroid shifts in
the 3D directions were calculated according to the
formula as follows:

3D centroid shifts = \/ LR* + AP?> + CC?

The concordance index of volume A and B [CI (A, B)]
was defined as the ratio of the intersection of A with B
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to the union of A and B [19]. The maximum value of CI
is 1 if the two volumes are identical, and the minimum
value is 0 if the volumes are completely nonoverlapping.
That is,

AnB
Cl=——
AuUB
The definition of DI of volume A in volume B [DI (A
in B)] is the percentage of the overlap between volume
A and B in volume A [20]. The formula is as follows:

AnB
DI(AinB) =—"-

The DI can represent the percentage of one volume
included by another volume, and 1-DI can represent the
percentage of one volume not included by another
volume.

Statistical analysis

Statistical analysis was performed using the SPSS
software package (SPSS 17.0). The one-way ANOVA test
was used to determine the variations in the DIs of
GTVper and IGTVyy, and in the CIs of GTVpgr and
IGTV,o. The Wilcoxon test was performed to estimate
the differences of centroid coordinate positions between
GTVper and IGTV,, and also used to estimate the
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variabilities of target volumes between GTVper and
IGTV;o. We used the Spearman correlation test to
analyze for associations between centroid shifts in the
3D directions and ClIs. Values of P < 0.05 were regarded
as significant for all the tests. Descriptive statistics were
used as appropriate.

Results

For lesion 15 and 16, the SUV,,, in the tumor was 6.09
and 6.07, we could not obtain GT Vpgrise, target volumes
as the volume obtained from the SUV15% contours were
indistinguishable from background lung activity.

Centroid shifts of the volumes derived from PET/CT and
4DCT

Table 2 showed the centroid shifts in 3D directions of
the IGTV;, volumes and the PET/CT volumes. The
variations in the centroid coordinate positions in the
CC direction of GTVpgra9e and IGTVig, GTVpgrasy
and IGTV,g, GTVpgrsoy and IGT Vo, GT Vpersse and
IGT V10, GTVpgraow and IGT V1o, GT Vpera and IGTV,
GTVperas and IGTV;q were significant (z=-2.131,
-2.131, -2.012, -2.012, -2.012, -2.012, -2.226; P = 0.033,
0.033, 0.044, 0.044, 0.044, 0.044, 0.026), while in the LR
and AP directions were not significant (P > 0.05). The vari-
ations in the LR, AP and CC directions of GTVpgri59 and

Table 2 The centroid shifts of the GTVpgr and IGTV,, in 3D directions (cm)

Lesion GTVperi5% GTVper20% GTVperas% GTVpeT30% GTVper3so GTVpeTa0% GTVrer20 GTVperas
1 1.10 1.07 1.04 1.09 1.08 1.07 1.08 1.07
2 0.67 0.75 0.85 0.94 1.05 1.14 0.68 0.79
3 0.77 0.75 0.77 0.74 0.70 0.73 0.78 0.72
4 033 0.34 037 0.38 037 0.35 0.35 0.38
5 0.38 0.28 0.23 0.23 0.25 0.22 0.28 0.23
6 0.09 0.16 0.18 0.18 0.20 0.20 0.12 0.14
7 1.13 1.29 1.36 1.30 143 1.55 1.16 1.30
8 0.76 0.75 0.76 0.75 0.79 0.77 0.75 0.73
9 0.22 0.36 048 0.54 0.59 0.63 0.14 0.24
10 033 0.29 033 032 034 0.35 0.12 0.23
11 0.20 0.32 0.36 043 0.46 047 0.31 037
12 1.16 1.14 1.14 1.1 113 1.17 1.17 1.14
13 032 0.36 041 048 049 0.50 044 048
14 1.01 1.02 (RN 1.17 1.29 1.52 0.96 098
15 - 0.15 0.17 0.25 0.26 0.22 0.18 042
16 - 201 1.95 202 201 201 201 1.98
17 043 0.38 043 044 0.50 0.52 033 0.39
Median 043 0.38 048 0.54 0.59 0.63 044 048
sd 037 0.50 049 049 0.50 0.54 051 049

sd, standard deviation.
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IGTV;o were not significant (z = -0.502, —0.881, -1.505;
P =0.615, 0.378, 0.132).

Volume variation

The volumes of primary tumors measured by PET/CT
and 4DCT were shown in Table 3. Compared to IGTV,,
GTVper150% GTVpET20% and GT Vprao showed no signi-
ficant difference (P values were 0.281, 0.102 and 0.687, re-
spectively). Figure 1 illustrated the median percentage of
volume changes from GTVper to IGTV;, standardized
to the IGTV,, for each case. The SUV 15% contour
approximated most closely to the IGTV, with the lo-
west median percentage volume changes of 4.86%. The
corresponding values with respect to the IGTVy, for
the SUV20%, SUV25%, SUV30%, SUV35%, SUV40%,
SUV2.0 and SUV2.5 contours were —8.87%, —24.51%,
-37.51%, -43.57%, -52.24%, -7.03% and -21.93%,
respectively.

cl

Figure 2 shows the median CIs of the PET volumes and
the IGT Vo volumes. The median CIs ranged from 0.30 to
0.57 (F=2.526, P=0.018). The best fit for CI was at
SUV15% (0.57), followed by SUV 2.0 (0.56). The CIs of
IGTV;o and GTVper were inversely correlated with
the centroid shifts in 3D directions (r=-0.668, —0.699,
-0.728, -0.728, -0.801, -0.755, -0.711, -0.787; P = 0.007,
0.002, 0.001, 0.001, 0.000, 0.000, 0.001, 0.000).
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DI

Figure 3 showed the median DIs of GTVper in IGT V),
and IGTV,, in GTVpgr. The median DIs of IGTV, in
GTVper ranged from 0.31 to 0.80 (F=7.814, P =0.000).
The best DI was IGTV;g in GTVpgri5¢4. The median DIs
of GT Vpgr in IGTV;, ranged from 0.60 to 0.85 (F = 1.017,
P =0.422). The best DIs were GTVpgr354 and GTVpgraoy
in IGTVy,.

Discussion

Accurate definition of the target volume, ideally incor-
porating metabolic information, becomes paramount
importance in the current trend in NSCLC treatment
planning [21]. A number of studies compared 3DCT vol-
umes with '® F-FDG PET/CT volumes of NSCLC [22-24].
However, the best methodology for applying '® F-FDG
PET/CT to IGTV definition is not currently well estab-
lished. To the best of our knowledge, there is few study
that has compared tumor sizes and CI values between
GTVperand IGTVy, in contouring NSCLC.

In this study, we determined the IGTV;, from 10 phases
of the 4DCT dataset and used them as the reference to
find the optimal threshold that yield the best match bet-
ween the GTVper and IGTVy, in both the target size and
the spatial conformity. Our study revealed that GT Vpgr
using a threshold setting of SUV15% approximated most
closely to the IGTVy, with the lowest median percentage
volume changes. When using the threshold level of

Table 3 The volumes of primary tumors measured by PET/CT and 4DCT (cm?®)

Lesion GTVperis% GTVper20% GTVpeT25% GTVrer30% GTVper3so GTVpera0% GTVper20 GTVper25 I1GTV,o
1 2498 2059 17 15.31 13.83 11.94 3275 3037 245
2 159.69 12217 95.89 72.35 549 409 13547 107.23 17372
3 16.34 1047 7.82 6.13 4.15 359 767 5.04 59
4 3949 3432 29.54 26.89 2372 2154 31N 28 37.66
5 709 5399 46.02 41.27 36.48 3239 4945 4245 4401
6 1941 14.44 114 9.04 8.07 7.28 2046 16.81 2231
7 19.68 13 8.5 593 4.27 352 18.07 12.76 19.99
8 13.03 10.16 79 6.49 553 4.68 13.03 10.70 9.8
9 183.15 140.37 11535 98.64 86.46 76.09 201.56 166.58 1528
10 24.24 19.76 16.35 13.81 11.99 10.33 39.27 3315 3316
11 7269 56.06 4642 39.95 3447 29.97 54.44 45.79 56.93
12 4543 357 28.19 2345 183 15.83 4846 4040 5753
13 2649 19.64 14.06 992 748 57 10.84 7.5 1.7
14 141.98 1127 89.36 69.05 51.05 3597 152,57 12812 164.1
15 - 8.59 5.76 3.94 312 205 591 367 7
16 - 7.64 5.68 4.2 355 284 378 2.66 11.82
17 42.34 3121 27.05 2324 19.18 16.89 33.02 28.60 26.15

Median 39.49 2059 17 1531 13.83 11.94 3275 28.60 26.15

P value 0.281 0.102 0.004 0.000 0.000 0.000 0.687 0.031

P value, GTVpgr VS IGTV;0.
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Figure 1 Median percentage volume change of GTVpgr to
IGTV;0. SUV n=SUV of n; SUV n% =n% of maximum SUV.

>SUV25% and/or > SUV2.5, the PET-based tumor sizes
were estimated to be smaller than the IGTV,,. Therefore,
on the basis of the results of our study, the SUV threshold
setting of >25% and/or 22.5 is not suitable for IGTV
contouring in NSCLC.

Analogously, Hanna et al. [25] compared volumes
from a manual method and five automated PET segmen-
tation techniques to 4DCT-derived ITV and found that
none of the PET target volumes approximated closely to
the 4DCT target volumes. However, in their study, the
patient’s PET/CT and 4DCT scans were not acquired on
the same day or in identical position. In this circum-
stance, it was possible that changes in tumor geometry
or size occurred and potentially increased the likelihood
of a mismatch between the PET-based contours and the
4DCT-based contours [25]. Caldwell et al. [16] reported
that using a threshold as low as 15% of the maximum
value could account for respiratory motion and more ac-
curately depict the true extension of the moving target.
Another phantom study by Okubo et al. [26] concluded
that when a threshold value of 35% of the measured
maximum FDG activity was adopted, the sizes of PET
delineation were almost the same for static and moving
phantom spheres of 22 mm or more in the axial plane.
Our study was similar to the result of Caldwell et al., but
smaller than the result of Okubo et al. This is possible
because patients enrolled in our study had a range of
tumor sizes and positions. Moreover, the 15% threshold
method was not suitable for contouring some lung
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tumors that have low SUYV, because it might fail to dis-
tinguish tumor from background lung activity. Neverthe-
less, Okubo et al. suggested that the threshold of 35% of
measured maximum FDG activity was only a provisional
criterion for tumors of 2—-4 cm given that appropriate
threshold values could be changed on the basis of the
tumor size [26]. In addition, it should be acknowledged
that any phantom studies versus clinical comparison is
limited. For example, unlike in real tumors, the FDG
distribution in the spheres of the phantoms and in the
background was homogenous.

Similarity in absolute volume does not mean identity in
the space location. Our results indicated that GT Vpgri59,
GTVpeT20% and GTVperao showed no significant dif-
ference with IGTVy, in target volume. However, the Cls
of them were significantly lower than 1.0. The best CI was
between IGTV; and GT Vperis%, Which was only 0.57. It
is not surprising as GTVpgr1s9 is the biggest volume and
hence has the greatest degree of potential overlap. Based
on this consideration, this may not make it the most
accurate. The poor Cls suggested great unconformity bet-
ween what was indicated abnormal on PET image and on
CT image. One of the reasons is that shape and/or pos-
itional alterations between IGTV;y and GTVper had oc-
curred. Our study showed that the minimum variation
in the centroid coordinate position in the 3D direction
of GTVper and IGTV;, was 0.38 cm (median). More-
over, the Cls were inversely correlated with the centroid
shifts in 3D directions. Although patients in our study
were immobilized in the same position for both 4DCT
and PET/CT, millimetric precision in set-up using
immobilization devices may not be feasible. Further-
more, a rigid registration might not be sufficient for
lung tumors. Hence, registration error may inevitable
affect the spatial position between GT Vpgt and IGTV .
In addition, it is possible that some of this difference
may be related to differences in the patient’s breathing
pattern between acquiring the PET/CT and 4DCT. Dif-
ferent breathing pattern can influence tumor size, shape
and distribution of activity on the free-breathing PET
images [27].

0.6 -
0.5
0.4 |
0.3 |
0.2

Concordance Index
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SUV1S%  SUV20%  SUVZs%

Figure 2 Median concordance index of GTVper and IGTV,,.
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Figure 3 Median degree of inclusion of GTVpgr in IGTV,, and IGTV,g in GTVpgr.

Hanna et al. [25] used the Dice similarity coefficient
(DSC) to assess volumetric, shape and positional simi-
larity in the PET-generated target volumes and 4DCT
target volumes. Their study revealed that the highest
DSCs (mean) were 0.64. Grills et al. [21] investigated
the impact of PET/CT for GTV definition in NSCLC
using the matching index (similar to CI in our study)
to compare the GTV, as defined by CT, with the GTV
defined by PET co-registered with CT. In their study,
the mean matching index was 0.65. Gondi et al. [23]
demonstrated that CI values of NSCLC with the
incorporation of FDG-PET and CT were 0.44. The
results of our study were similar to data published in
prior studies [21,23,25]. In addition, although CI can
provide the most information on both volume change
and positional change [28], it cannot quantify the
percentage of one volume included by another volume.
Further analyzing the inclusion relation between
GTVperi5% and IGTV,,, there was 20% of (median)
GTVperis% not included in IGTV;, and 40% of (median)
IGTV;o not included in GTVpgrise. [t suggested that
ITGVg did not encompass GTVpgr159 completely or vice
versa. Therefore, we concurred with Gondi [21] who
concluded that although the quantitative absolute target
volume could sometimes be similar between CT and
PET, the qualitative target locations can be significantly
different.

One limitation of our study is the small number of
patients studied, so that subgroup analyses were limited.
Therefore, a larger cohort of patients with many differ-
ent tumor sizes and locations should be conducted to
further investigate the relationship of using 3D-PET/CT
and 4DCT for contouring IGTV of NSCLC. We are
continuing our work to enroll more patients for further
clinical investigations.

Conclusion

None of the PET based contours had both close spatial
and volumetric approximation to the 4DCT IGTVy,. At
present 3D-PET/CT should not be used for IGTV
generation.

Abbreviations

NSCLC: Non-small-cell lung cancer; ICRU: International commission on
radiation units; ITV: Internal target volume; 4DCT: Four-dimensional
computed tomography; IGTV: Internal gross target volume; GTV: Gross tumor
volumes; F-FDG: '® F-fluorodeoxyglucose; PET/CT: Positron emission
tomography/computer tomography; 3D: Three-dimensional; RPM: Real-time
positioning management; SUV,,.,: Maximal standardized uptake value;

ROI: Region of interest; Cl: Concordance index; DI: Degree of inclusion;

LR: Left-right; AP: Anterior-posterior; CC: Cranial-caudal; DSC: Dice similarity
coefficient.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

JBL and YJZ participated in the study design. YLD drafted the manuscript.
JBL was responsible for manuscript revision. WW, FXL and YLG contributed
in collecting and analyzing data. XRS was involved in PET/CT simulation and
DPS was involved in 4DCT simulation. All authors read and approved the
final manuscript.

Acknowledgements

This research was supported by Natural Science Foundation for Youth of
China (81201735), Science and Technology Development Project of
Shandong Province of China (2012GSF11839), Natural Science Foundation of
Shandong Province of China (ZR2011HM004).

Author details

'Department of Radiation Oncology, Shandong Cancer Hospital and Institute,
Jinan 250117, China. *PET/CT Room, Shandong Cancer Hospital and Institute,
Jinan 250117, China. ®Big Bore CT Room, Shandong Cancer Hospital and
Institute, Jinan 250117, China. *Medicine and life sciences college of
Shandong Academy of Medical Sciences, Jinan University, Jinan, Shandong
Province 250200, People's Republic of China.

Received: 7 May 2014 Accepted: 7 August 2014
Published: 15 August 2014

References

1. Jemal A, Siegel R, Ward E, Hao Y, Xu J, Thun MJ: Cancer statistics, 2009.
CA Cancer J Clin 2009, 59:225-249.

2. Devesa SS, Bray F, Vizcaino AP, Parkin DM: International lung cancer trends
by histologic type: male:female differences diminishing and
adenocarcinoma rates rising. Int J Cancer 2005, 117:294-299.

3. Novello S, le Chevalier T: Is there a standard strategy in the management
of locally advanced non-small cell lung cancer? Lung Cancer 2001,
34(Suppl. 4):59-S14.

4. Sause W, Kolesar P, Taylor S IV, Johnson D, Livingston R, Komaki R, Emami B,
Curran W Jr, Byhardt R, Dar AR, Turrisi A 3rd: Final results of phase Il trial
in regionally advanced unresectable non-small cell lung cancer:
Radiation Therapy Oncology Group, Eastern Cooperative Oncology
Group, and Southwest Oncology Group. Chest 2000, 117:358-364.

5. Curran W, Scott C, Langer C: Long term benefit is observed in a phase Ill
comparison of sequential vs. concurrent chemoradiation for patients



Duan et al. Radiation Oncology 2014, 9:182
http://www.ro-journal.com/content/9/1/182

20.

22.

23.

with unresectable NSCLC: RTOG 9410 [abstract]. Proc Am Soc Clin Oncol
2003, S621a.

Chang JY, Dong L, Liu H, Starkschall G, Balter P, Mohan R, Liao Z, Cox JD,
Komaki R: Image-guided radiation therapy for non small cell lung cancer.
J Thorac Oncol 2008, 3:177-186.

International Commission on Radiation Units and Measurements: Prescribing,
recording, and reporting photon beam therapy (supplement to ICRU report 50).
ICRU report 62. Bethesda, MD: ICRU; 1999.

Underberg RW, Lagerwaard FJ, Cuijpers JP, Slotman BJ, van Sornsen de
Koste JR, Senan S: Four-dimensional CT scans for treatment planning in
stereotactic radiotherapy for stage | lung cancer. Int J Radiat Oncol Biol
Phys 2004, 60:1283-1290.

Guckenberger M, Wilbert J, Meyer J, Baier K, Richter A, Flentje M: Is a single
respiratory correlated 4D-CT study sufficient for evaluation of breathing
motion? Int J Radiat Oncol Biol Phys 2007, 67:1352-1359.

Ezhil M, Vedam S, Balter P, Choi B, Mirkovic D, Starkschall G, Chang JY:
Determination of patient specific internal gross tumor volumes for lung
cancer using four dimensional computed tomography. Radiat Oncol
2009, 4:4.

Ge H, Cai J, Kelsey CR, Yin FF: Quantification and minimization of
uncertainties of internal target volume for stereotactic body radiation
therapy of lung cancer. Int J Radiat Oncol Biol Phys 2013, 85:438-443.

Shim SS, Lee KS, Kim BT, Chung MJ, Lee EJ, Han J, Choi JY, Kwon OJ, Shim
YM, Kim S: Non-small cell lung cancer: prospective comparison of
integrated FDG PET/CT and CT alone for preoperative staging. Radiology
2005, 236:1011-1019.

Ashamalla H, Rafla S, Parikh K, Mokhtar B, Goswami G, Kambam S, Abdel-
Dayem H, Guirguis A, Ross P, Evola A: The contribution of integrated
PET/CT to the evolving definition of treatment volumes in radiation
treatment planning in lung cancer. Int J Radiat Oncol Biol Phys 2005,
63:1016-1023.

Fox JL, Rengan R, O'Meara W, Yorke E, Erdi Y, Nehmeh S, Leibel SA,
Rosenzweig KE: Does registration of PET and planning CT images
decrease interobserver and intraobserver variation in delineating tumor
volumes for non-small-cell lung cancer? Int J Radiat Oncol Biol Phys 2005,
62:70-75.

Mac Manus MP, Hicks RJ: The role of positron emission tomography/
computed tomography in radiation therapy planning for patients with
lung cancer. Semin Nucl Med 2012, 42:308-319.

Caldwell CB, Mah K, Skinner M, Danjoux CE: Can PET provide the 3D
extent of tumor motion for individualized internal target volumes?

A phantom study of the limitations of CT and the promise of PET.

Int J Radiat Oncol Biol Phys 2003, 55:1381-1393.

Li FX, Li JB, Zhang YJ, Liu TH, Tian SY, Xu M, Shang DP, Ma CS: Comparison
of the planning target volume based on three-dimensional CT and
four-dimensional CT images of non-small-cell lung cancer. Radiother Oncol
2011, 99:176-180.

Hanna GG, McAleese J, Carson KJ, Stewart DP, Cosgrove VP, Eakin RL, Zatari A,
Lynch T, Jarritt PH, Young VA, O'Sullivan JM, Hounsell AR: 18 F-FDG PET-CT
simulation for non-small cell lung cancer: what is the impact in patients
already staged by PET-CT? Int J Radiat Oncol Biol Phys 2010, 77:24-30.

van Baardwijk A, Bosmans G, Boersma L, Buijsen J, Wanders S, Hochstenbag
M, van Suylen RJ, Dekker A, Dehing-Oberije C, Houben R, Bentzen SM,

van Kroonenburgh M, Lambin P, De Ruysscher D: PET-CT-based auto-
contouring in non-small-cell lung cancer correlates with pathology and
reduces interobserver variability in the delineation of the primary tumor
and involved nodal volumes. Int J Radiat Oncol Biol Phys 2007, 68:771-778.
Hof H, Rhern B, Haering P, Kopp-Schneider A, Debus J, Herfarth K:
4D-CT-based target volume definition in stereotactic radiotherapy of
lung tumors: Comparison with a conventional technique using individual
margins. Radiother Oncol 2009, 93:419-423.

Grills IS, Yan D, Black QC, Wong CY, Martinez AA, Kestin LL: Clinical
implications of defining the gross tumor volume with combination of CT
and 18FDG-positron emission tomography in non-small-cell lung cancer.
Int J Radiat Oncol Biol Phys 2007, 67:709-719.

Biehl KJ, Kong FM, Dehdashti F, Jin JY, Mutic S, El Naqa |, Siegel BA, Bradley
JD: 18 F-FDG PET definition of gross tumor volume for radiotherapy of
non-small cell lung cancer: is a single standardized uptake value
threshold approach appropriate? J Nucl Med 2006, 47:1808-1812.

Gondi V, Bradley K, Mehta M, Howard A, Khuntia D, Ritter M, Tomé W:
Impact of hybrid fluorodeoxyglucose positron-emission tomography/

Page 8 of 8

computed tomography on radiotherapy planning in esophageal and
non-small-cell lung cancer. Int J Radiat Oncol Biol Phys 2007, 67:187-195.

24. Faria SL, Menard S, Devic S, Sirois C, Souhami L, Lisbona R, Freeman CR:
Impact of FDG-PET/CT on radiotherapy volume delineation in non-small-
cell lung cancer and correlation of imaging stage with pathologic
findings. Int J Radiat Oncol Biol Phys 2008, 70:1035-1038.

25. Hanna GG, van Sornsen de Koste JR, Dahele MR, Carson KJ, Haasbeek CJ,
Migchielsen R, Hounsell AR, Senan S: Defining target volumes for stereotactic
ablative radiotherapy of early-stage lung tumours: a comparison of three-
dimensional 18F-fluorodeoxyglucose positron emission tomography and
four-dimensional computed tomography. Clin Oncol (R Coll Radiol) 2012,
24:71-€80.

26.  Okubo M, Nishimura Y, Nakamatsu K, Okumura M, Shibata T, Kanamori S,
Hanaoka K, Hosono M: Static and moving phantom studies for radiation
treatment planning in a positron emission tomography and computed
tomography (PET/CT) system. Ann Nucl Med 2008, 22:579-586.

27. Callahan J, Kron T, Schneider-Kolsky M, Dunn L, Thompson M, Siva S, Aarons
Y, Binns D, Hicks RJ: Validation of a 4D-PET maximum intensity projection
for delineation of an internal target volume. Int J Radiation Oncol Biol Phys
2013, 86:749-754.

28. Hanna GG, Hounsell AR, O'Sullivan JM: Geometrical analysis of
radiotherapy target volume delineation: a systematic review of reported
comparison methods. Clin Oncol (R Coll Radiol) 2010, 22:515-525.

doi:10.1186/1748-717X-9-182

Cite this article as: Duan et al: Comparison of primary target volumes
delineated on four-dimensional CT and '® F-FDG PET/CT of non-small-
cell lung cancer. Radiation Oncology 2014 9:182.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVied Central

. J




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Patients
	CT simulation and image acquisition
	PET/CT simulation and image acquisition
	Image registration
	Target volume delineation
	Volumes comparison
	Statistical analysis

	Results
	Centroid shifts of the volumes derived from PET/CT and 4DCT
	Volume variation
	CI
	DI

	Discussion
	Conclusion
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

