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Abstract

Purpose The aim of this study was to compare planning target
volume (PTV) defined on respiratory-gated positron emission
tomography (PET)/CT (RG-PET/CT) to PTV based on
ungated free-breathing CT and to evaluate if RG-PET/CT
can be useful to personalize PTV by tailoring the target
volume to the lesion motion in lung cancer patients.
Methods Thirteen lung cancer patients (six men, mean age
70.0 years, 1 small cell lung cancer, 12 non-small cell lung
cancer) who were candidates for radiation therapy were
prospectively enrolled and submitted to RG-PET/CT.
Ungated free-breathing CT images obtained during a PET/
CT study were visually contoured by the radiation oncologist
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to define standard clinical target volumes (CTV1). Standard
PTV (PTV1) resulted from CTV1 with the addition of 1-cm
expansion of margins in all directions. RG-PET/CT images
were contoured by the nuclear medicine physician and
radiation oncologist according to a standardized institutional
protocol for contouring gated images. Each CT and PET
image of the patient’s respiratory cycle phases was contoured
to obtain the RG-CT-based CTV (CTV2) and the RG-PET/
CT-based CTV (CTV3), respectively. RG-CT-based and RG-
PET/CT-based PTV (PTV2 and PTV3, respectively) were
then derived from gated CTVs with a margin expansion of
7-8 mm in head to feet direction and 5 mm in anterior to
posterior and left to right direction. The portions of gated
PTV2 and PTV3 geometrically not encompassed in PTV1
(PTV2 out PTV1 and PTV3 out PTV1) were also calculated.
Results Mean +£SD CTV1, CTV2 and CTV3 were 30.5+33.2,
43.1+43.2 and 44.8+45.2 ml, respectively. CTV1 was
significantly smaller than CTV2 and CTV3 (p=0.017 and
0.009 with Student’s ¢ test, respectively). No significant
difference was found between CTV2 and CTV3. Mean + SD
of PTV1, PTV2 and PTV3 were 118.7+94.1, 93.8+80.2 and
97.0+£83.9 ml, respectively. PTV1 was significantly larger than
PTV2 and PTV3 (p=0.038 and 0.043 with Student’s ¢ test,
respectively). No significant difference was found between
PTV2 and PTV3. Mean + SD values of PTV2 out PTV1 and
PTV3 out PTV1 were 12.8£25.4 and 14.3+25.9 ml,
respectively. The percentage values of PTV2 out PTV1 and
PTV3 out PTV1 were not lower than 10 % of PTV1 in 6/13
cases (46.2 %) and than 20 % in 3/13 cases (23.1 %)).

Conclusion Our preliminary data showed that RG-PET/CT in
lung cancer can affect not only the volume of PTV but also its
shape, as demonstrated by the assessment of gated PTVs
outside standard PTV. The use of a gating technique is thus
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crucial for better delineating PTV by tailoring the target
volume to the lesion motion in lung cancer patients.

Keywords Respiratory-gated PET/CT - Radiation treatment
planning - Planning target volume - Clinical target volume -
Lung cancer

Introduction

Lung cancer is the most common cause of death among
oncological diseases. The treatment of choice is surgery, but
it is indicated only in patients with a limited stage of the
disease. Other therapeutic options are available today, in
particular the three modality approach consisting of surgery,
chemotherapy and radiotherapy in different scheduling
schemes. In this scenario, radiotherapy has a crucial role in
lung cancer treatment and the probability of local control is
strictly related to the precise delineation of target volumes.

'8FE_Fluorodeoxyglucose (FDG) positron emission
tomography (PET) has demonstrated significant value for
radiotherapy of lung cancer. The incorporation of PET and
PET/computed tomography (CT) data into the radiation
treatment planning has recently gained widespread acceptance
as it has been shown to improve gross tumour volume (GTV)
definition [1-4].

A limitation of PET studies, performed during shallow
breathing, is motion artefacts, which can reduce lesion
contrast, underestimate the tracer uptake and overestimate
the lesion size and thus the metabolic tumour volume
(MTV) [5, 6]. Furthermore, if PET/CT scanners are used, the
temporal mismatch between the short (in seconds) CT and the
long (in minutes) PET scans may cause a spatial misalignment
between CT and PET images with consequent errors in
attenuation correction maps [7—10].

Respiratory motion can be managed either by motion
suppression (deep inspiration breath hold or forced shallow
breathing) or motion compensation [11, 12]; the last one
includes a respiratory gating technique that typically bins
the imaging acquisition to direct or indirect measurement
of motion amplitude. In order to overcome the respiratory
motion-related artefacts and the uncertainty in planning
target volume (PTV) definition, respiratory-gated CT
(RG-CT) has been widely evaluated, both from a
methodological and a clinical point of view [13-19].
Gated CT is strongly recommended today in PTV
definition in lung cancer patients [20] as it can furnish
individualized information on lesion motion and allows the
use of smaller margins than standard CT [16, 21, 22].
Furthermore, a gated technique has been shown to reduce
PTV and to be an effective imaging guidance strategy to
personalize the lung cancer treatment [23-25].

RG-PET/CT has been demonstrated as a feasible technique
in routine clinical practice by improving image quality,
quantification and diagnostic accuracy in the detection of lung
lesions [26-28]. Nevertheless, there is a lack of evidence of'its
usefulness in radiation treatment planning; to date only one
paper evaluating its clinical utility in radiation treatment has
been published showing that RG-PET/CT may better estimate
the extent of tumour motion and, therefore, improve radiation
treatment planning [29].

The purpose of the present study was to compare PTV
defined on RG-PET/CT to the standard free-breathing CT-
based PTV and to evaluate if RG-PET/CT can be useful to
personalize PTV by tailoring the target volume to the lesion
motion in lung cancer patients.

Materials and methods
Patients

From March 2010 to March 2012, we prospectively enrolled
13 patients (six men, mean age 70.0 years, range 45—88 years)
with histologically proven lung cancer [1 small cell lung
cancer (SCLC) and 12 non-small cell lung cancer (NSCLC)]
who were candidates for radiation therapy. All patients gave
their signed informed consent to the study. Clinical workup
included '"*F-FDG PET/CT and contrast-enhanced (ce) CT in
all patients with the addition of mediastinoscopy (1/
13 patients, 7.7 %) and bronchoscopy (4/13 patients,
30.8 %) completed within 1 month before the onset of
radiation treatment. Clinical stage of the disease was IA—
IVA. Of 13 patients, 9 (69.2 %) underwent chemotherapy
concurrently (4/9 patients, 44.4 %) or prior to (5/9 patients,
55.6 %) radiation therapy. Radiation treatment was performed
with radical intent in 12/13 patients (92.3 %) and as a part of
neoadjuvant treatment in 1/13 patients (7.7 %). Of 13 patients,
1 (7.7 %) was referred to treatment for local relapse and the
remaining 12/13 patients (92.3 %) for primary disease. In 7/13
cases (53.8 %) volumetric modulated arc therapy was used,
whereas 6/13 patients (46.2 %) underwent 3-D conformal
treatment. Clinical characteristics of the patients are reported
in Table 1.

Patient preparation and RG-PET/CT scanning protocol

The day before RG-PET/CT acquisition, patient compliance
and set-up for gated scan was tested by positioning the patient
into the gantry, on a flat table, in the same position and with
the same immobilization devices for radiation treatment
delivery. The respiratory curve was recorded for 12 min with
a real-time position management (RPM) system (Varian
Medical Systems, Palo Alto, CA, USA) to check the regularity
of the breathing.
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Table 1 Clinical characteristics of patients (n=13)

Characteristic

Male 6/13 (46.1 %)
Mean age, years (range) 70+12 (45-88)

Clinical disease stage (TNM)

I 2 (15.4 %)

I 0 (0.0 %)

I 10 (76.9 %)

v 1(7.7 %)
Histology

SCLC 1(7.7 %)

NSCLC 12 (92.3 %)

Previous treatments 9/13 (69.2 %)
Radiation therapy intent
Radical

Neoadjuvant

12/13 (92.3 %)
1/13 (7.7 %)
Type of radiation therapy
VMAT
3-D conformal

7/13 (53.8 %)
6/13 (46.2 %)

VMAT volumetric modulated arc therapy

For PET/CT examination, patients were prepared
according to common guidelines [30]. In particular, patients
fasted at least 6 h before tracer administration and blood
glucose was assessed immediately before tracer injection
(cut-off level 170 mg/dl). Patients were intravenously injected
with 4.0 MBg/kg of '®F-FDG and orally hydrated in the
waiting time before scanning. Approximately 60 min after
injection, RG-PET/CT studies were performed with a
Discovery PET/CT 600 scanner (GE Healthcare,
Milwaukee, WI, USA), integrated with an RPM system. For
positioning, an internal laser on the scanner and skin markers
were used for geometrical alignment of the patient during RG-
PET/CT acquisition. One field of view (FOV) entirely
encompassing the lesions was acquired in RG mode for both
PET and CT. A free-breathing, ungated helical CT scan (16
slices, 40 mA, 120 kV, slice thickness 3.72 mm, rotation 0.8 s,
pitch 1.375) was extended to the entire chest and upper
abdomen for the contouring of the organs at risk in PTV.
RG-CT was acquired in step-and-shoot mode, 40 mA,
120 kV, rotation time 0.5 s, revolution duration equal to
patient’s breathing period +0.5 s, slice thickness 2.5 mm;
RG-CT images were then retrospectively sorted into six
phases of the respiratory cycle recorded during acquisition.
RG-PET was acquired in 3-D list mode with 12 min duration;
images were then retrospectively reconstructed into six
breathing phases, 2 min/phase, with iterative reconstruction
(ordered subset expectation maximization, OSEM), 256
matrix size, attenuation, random and scatter correction.
Attenuation correction of RG-PET images was obtained from
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the corresponding breathing phases of RG-CT data (phase-
matched attenuation correction).

PTV definition
Standard PTV definition

Free-breathing helical CT images, obtained during the PET/
CT study, were transferred to the treatment planning system
(TPS), an Oncentra MasterPlan 4.1 SP2 workstation
(Nucletron BV, Veenendaal, The Netherlands), and standard
clinical target volumes (CTV1) were manually contoured by
the radiation oncologist. Standard PTV (PTV1) resulted from
CTV1 with the addition of 1 cm of expansion in all directions
in order to compensate for internal organ motion and set-up
errors [12].

RG-PTV definition

RG-PET and RG-CT images were displayed on AW 4.6
workstation (GE Healthcare, Milwaukee, WI, USA), with
preset window levels and colour scale according to a
standardized institutional protocol for metabolic lesion
contouring. The RG-MTV was initially obtained by an
automatic segmentation algorithm commercially implemented
on the workstation, with a fixed threshold of 42 % of the
maximal activity of the target lesion [31]. Segmentation was
performed on all images of each single phase of the patient’s
respiratory cycle. The nuclear medicine physician (LG)
visually evaluated the automatically generated volume and,
if considered inappropriate, manually corrected. In particular,
physiological uptake areas (cardiac wall, chest wall, vessel
activity) were carefully excluded from contouring; in cases
where portions of the pathological metabolic lesion were
excluded by the automatic segmentation method, they were
manually included. The RG-MTYV was obtained by the union
of the metabolic volumes contoured on each respiratory phase
of gated PET data and represents the volume in which the
metabolic lesion is moving during the whole breathing cycle
(i.e. the metabolic internal target volume). Then, the RG-MTV
was transferred to the TPS workstation in the Radiotherapy
Department.

RG-CT-based CTV (CTV2) was defined by the radiation
oncologist (SM, RN) by manually contouring each CT image
in all six respiratory gates. The CTV2 resulted from the union
of the volumes derived from each gate. RG-CT-based PTV
(PTV2) was obtained from CTV2 by adding a margin
expansion of 7-8 mm in head to feet direction and 5 mm in
anterior to posterior and left to right direction to compensate
for set-up errors [14, 21, 32-34]. RG-PET/CT-based CTV
(CTV3) was calculated by the radiation oncologist (SM,
RN) by the union of CTV2 and RG-MTV. The RG-PET/CT-
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based PTV (PTV3) was then obtained with the addition of the
same margin expansion previously mentioned for PTV2.

The lesion displacement was also assessed on the TPS
workstation by calculating the movement of the geometric
centre of the lesion in all phases of RG-CT. The displacement
along the x, y, z axis and total displacement vector were
assessed.

Critical organs (lung, heart, spinal cord) were contoured on
ungated free-breathing helical CT images. The irradiation
dose was delivered to each patient on the basis of PTV3 data.

Data analysis

The paired Student’s ¢ test was used to assess statistical
difference between CTV and PTV values. For each target
lesion, the absolute and percentage differences between
standard PTV1, PTV2 and PTV3 were calculated. The
geometrical portion of PTV2 and PTV3 encompassed by
PTV1 (intersection PTV1-PTV2 and intersection PTV1-
PTV3, respectively) and the geometrical portion of PTV2
encompassed by PTV3 (intersection PTV2-PTV3) were
automatically calculated on the TPS workstation as absolute
and percentage values; similarly, the geometrical portion the
PTV2 and PTV3 outside PTV1 (PTV2 out PTV1 and PTV3
out PTV1, respectively) and the geometrical portion of PTV2
outside PTV3 (PTV2 out PTV3) were assessed for each target
lesion.

Results

Overall, 13 target lesions in 13 patients could be evaluated. Of
13 patients, 8 had nodal disease at PET/CT. In 3/13 patients
(23 %) (patients 1, 6 and 13 in Table 2) nodal lesions were
encompassed in target lesions as they were very close to them.
In 5/13 patients (38.5 %) (patients 2, 3, 9, 11 and 12 in
Table 2) nodal lesions were contoured apart and not included
in CTVand PTV calculations. In Table 2 CTV and PTV values
are reported for each lesion. In Table 3 the absolute and
percentage differences of PTV, PTV intersection and the
portion of PTVs out are reported for each lesion. The
percentages of PTV2 out PTV1 and PTV3 out PTV1 were
not lower than 10 % in 6/13 cases (46.2 %) and than 20 % in 3/
13 cases (23.1 %). The percentage of PTV3 out PTV2 was not
lower than 10 % in 3/13 lesions (23.1 %) and not lower than
20 % in only 1/13 lesions (7.7 %). In Table 4 the mean + SD
values of CTV, PTV, PTV intersection and PTVs out are
reported. The CTV1 value was significantly smaller than
CTV2 and CTV3, whereas no statistically significant
difference was found between CTV2 and CTV3.
Conversely, the PTV 1 value was significantly larger than both
PTV2 and PTV3, whereas PTV2 and PTV3 values did not
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Table 2 CTV and PTV values for each lesion
Patient RG-MTV CTV (ml) PTV (ml)
(ml)

CTVl CTV2 CTV3 PTV1 PTV2 PTV3
1 17.8 6.9 152 217 827 622 752
2 2.3 1.7 5.5 53 229 222 215
3 14.9 230 223 18.4 1063 57.6 494
4 17.3 130 309 314 717 731 742
5 26.9 39.1 514 499 1514 110.6 105.2
6 51.7 63.3 1312 1320 1859 2583 260.3
7 3.6 2.5 35 3.8 322 173 17.1
8 108.2 85.1 85.0 105.8 274.1 161.6 198.1
9 32.8 7.8 31.7 310 704 650 641
10 26.6 71.8 747 751 2504 1552 159.7
11 22 1.0 2.0 2.1 332 166 168
12 0.9 0.1 1.0 1.0 103 89 8.7
13 111.3 81.1 1055 1055 2512 2109 210.8

RG-MTV respiratory-gated metabolic tumour volume, CTV clinical target
volume, PTV planning target volume, CTV1 free-breathing helical CT-
based CTV, CTV2 RG-CT-based CTV, CTV3 RG-PET/CT-based CTV,
PTV1 free-breathing helical CT-based PTV, PTV2 RG-CT-based PTV,
PTV3 RG-PET/CT-based PTV

show significant differences. No statistically significant
difference was found among PTV intersections and PTVs out.

In Table 5, the lung lesion dimension on CT, lesion
location, lesion displacement along orthogonal directions
and vector displacement are reported for each lesion. The
mean (median) = SD lesion dimension was 39.4 (38.5)+
16.5 mm. Six lesions were located in the inferior/medial lobe
and seven in the superior lobe.

Discussion

Respiratory motion can affect the quality of diagnostic PET/
CT imaging. The effect of motion on volume definition is
particularly relevant in radiation treatment planning, as the
target lesion, although detectable, can be substantially altered
in shape, borders and dimension. Information on the amount
and nature of the organ motion is thus essential for the
determination of internal margin size and technical solution
for handling respiratory motion in PET/CT, which can be
essential to personalizing target volume and optimizing
radiation treatment strategy [23]. The aim of this paper was
to compare PTV obtained from free-breathing helical CT,
commonly used for radiation therapy planning, with PTV
defined by using RG-PET/CT.

Our data showed that PTV1 (free-breathing helical CT-
based) was significantly larger than both PTV2 (gated CT-
based) and PTV3 (gated PET/CT-based) (p= 0.038 and p=

@ Springer



Eur J Nucl Med Mol Imaging (2014) 41:702-710

706

TALd £q passedwioous jou ¢A 14 Jo uoniod z41d #10 EA1d ‘TALd Aq passedwioous jou €A 1d Jo uoniod 741d 10 EA1d ‘TALd Aq passedwioous jou ZA 1d Jo uoniod 741d 10 ZALd ‘EALd
pue ZA Ld yoq Aq passedwiooud A[[eonowodas A Id SALJ-CALd Uondassaru] ‘€ A 1d Pue [ ALd Yroq Aq passedwooud AJjeotowoad A 1d SALd-IALd Hondasiauf ‘AL Pue 1A Ld poq £Aq passeduioous
A[ednowoss ALd ZALd-[ALd U0n22s421u] ‘ALd PASeq-LD/LAd-DY £4Ld ‘ALd PISEQLO-DY ZALd ‘ALd PASEQ-LD [BO1dY SUIYIeaIq-001 [4Ld ‘paves-Aloyendsar oy ‘ownjoa j03re} Sutuuerd 414

(TDot (€969 9oL (8'86) T'80¢ (L96) 6'€0T (+'96) ¥'€0T (o) 1o (9D v'or 09D g0t €l
&Dr1o (€9 €0 69) 90 (986) 9'8 (L96) ¢'8 (I¢e) €8 Q170 (rsp ot ©eD 1 4!
(€6) 91 (CAORN] 02 €0 (L06) €61 (9°66) 891 (0°86) €91 (T1-) zo- (€6v) 91 (6°6¥) 991 11
(6¢)T9 (oD s91 00D 9751 (196) 9°¢€S1 (9°68) Tepl (0°06) 9°6€1 (6C-) Sv— (T9¢) L'06 (0°8¢) Ts6 01
(€180 (002) 8°CI (900 vel (L86) £€9 008) €15 (r'6L) 918 F1D 60 (6'8) €9 Lo ys 6
(6'81) S°LE L9 ¢e1 ((YOR! (1'18) 9091 (€°¢6) 8481 (1'66) 0°091 (97-) §$9¢— (Lo oL (I'1p) s°zit 8
(Lenee et (Tnzo (€L8) 641 (L'26) 6°S1 (8'86) I'LI 1o (69) 1°S1 (€9) 641 L
8 vl (CLoLLe (69¢) TS6 (Ts6) 6°LYT (29) 9291 (1'€9) 1°€91 (80-) 0'c— 00v-) vL— (68¢-) ¥'TL— 9
(050 6001 (CRINA ($°66) L+01 (1'66) THO1 (+'86) 6801 61 ¥'s ($0¢) Tov (697 8°0F S
(XN oD vyl oD Tyl ($96) 9°1L (908) 865 (9°08) 6'8S G- ri- (S¢-) s 0 v'1- 14
@D 9o o010 c D60 (8'86) 8'8% (8°66) €6¥ ($°86) L'9S (¥ T8 ($°€9) 695 (8°st) L'8y €
(T o (rvo cs (Tso 9 (886) T1T (65L) €91 (8+L) 991 (€9Lo 191 09 Lo 4
(170 991 (912 T91 t's1) 96 (6°LL) 9°'8S (+'8L) 0°6S (9'%8) 9°CS (60-) 0°€1— Te st (8+2) §°0C I
(o) (%eidr)  (%6)m (%7 5)

o (%eider) M (%t (o (%) () (%e ) EALd €ALd-IALd  TALA-IALD (%) (2%t  (o)m(%ers) (o) m(%4)

TALd O ¢ALd [ALd MO ¢ALd [ALd M0 ZALd —TALd uonoasIopu| UONO0SISNU] UOTORSIONU] EALd—TALd EALdTALd TALd—TALd Iuoneq

UOIS3] oA 10 N0 SA I Jo uonod oy pue uonodsiqul A Id ‘ALd Jo soouatoyip oSejusoiad pue ajnjosqy ¢ d[qeL

pringer

Qs



Eur J Nucl Med Mol Imaging (2014) 41:702-710

707

Table 4 Mean + SD values of CTV, PTV, PTV intersection and PTVs out

Parameter (ml) Mean = SD Range Paired Student’s ¢ test p value

CTV CTV1 30.5+33.2 0.1-85.1 CTV1vs CTV2:0.017
CTV2 43.1+43.2 1.0-131.2 CTV1 vs CTV3: 0.009
CTV3 44.8+452 1.0-132.0 CTV2vs CTV3: 0.159

PTV PTV1 118.7+94.1 10.3-274.1 PTV1 vs PTV2: 0.038
PTV2 93.8+80.2 8.9-258.3 PTV1 vs PTV3: 0.043
PTV3 97.0+83.9 8.7-260.3 PTVZ2 vs PTV3: 0.161

PTV intersection PTVI-PTV2 81.0+£66.2 8.3-203.4 PTVI-PTV2 vs PTVI-PTV3:0.218
PTVI-PTV3 82.7+£69.3 8.5-203.9 PTVI1-PTV2 vs PTV2-PTV3: 0.085
PTV2-PTV3 90.6+78.8 8.6-2479 PTV1-PTV3 vs PTV2-PTV3: 0.141

PTV out PTV2 out PTV1 12.8+25.4 0.2-95.2 PTV1 out PTV2 vs PTV1 out PTV3: 0.085
PTV3 out PTV1 14.3+£25.9 0.1-97.7 PTV1 out PTV2 vs PTV2 out PTV3: 0.199
PTV3 out PTV2 6.4+10.6 0.1-37.5 PTV1 out PTV3 vs PTV2 out PTV3: 0.140

RG respiratory-gated, CTV clinical target volume, PTV planning target volume, CTV1 free-breathing helical CT-based CTV, CTV2 RG-CT-based
clinical target volume, CTV3 RG-PET/CT-based clinical target volume, PTV1 free-breathing helical CT-based PTV, PTV2 RG-CT-based PTV, PTV3
RG-PET/CT-based PTV, Intersection PTVI-PTV2 PTV geometrically encompassed by both PTV1 and PTV2, intersection PTVI-PTV3 PTV
geometrically encompassed by both PTV1 and PTV3, intersection PTV2-PTV3 PTV geometrically encompassed by both PTV2 and PTV3, PTV2
out PTV1 portion of PTV2 not encompassed by PTV1, PTV3 out PTV1 portion of PTV3 not encompassed by PTV1, PTV3 out PTV2 portion of PTV3

not encompassed by PTV2

0.043, respectively). In a lesion by lesion analysis, PTV1 was
larger than PTV2 and PTV3 in the same 11/13 (84.6 %) cases
(Table 2). Compared to PTV2 and PTV3, PTVI increase
ranged from 3.0 % (Table 3, lesion 2) to 49.9 % (Table 3,
lesion 11) and from 6.1 % (Table 3, lesion 2) to 53.5 %

Table 5 Lung lesion dimension on CT, lesion location, lesion
displacement along orthogonal directions and vector displacement for
each lesion

Lesion displacement

Patient CT lesion Lesion  Ax Ay Az AS
dimension (mm) location (mm) (mm) (mm) (mm)
1 35 SL 0.5 1.5 34 3.7
2 21 ML 1.4 6.5 2.3 7.0
3 46 SL 1.4 32 1.7 3.9
4 39 L 33 9.8 44 11.2
5 54 SL 2.8 32 59 7.3
6 66 L 1.8 33 2.3 44
7 21 SL 2.8 0 2.3 3.6
8 63 IL 1.9 32 1.3 39
9 43 IL 1.5 3 3.7 5.0
10 35 SL 2.9 53 47 7.6
11 36 ML 22 1.4 1.1 2.8
12 12 SL 0.5 0.5 2.3 2.4
13 38 SL 1.5 0.6 6.2 6.4

SL superior lobe, /L inferior lobe, ML medial lobe, Ax, Ay, Az and AS
represent the lesion displacement along left to right, head to feet, anterior
to posterior directions and vector displacement, respectively

(Table 3, lesion 3), respectively. These results, in particular
those regarding PTV2, are comparable to those previously
published by other authors [15, 25] who demonstrated a
significant reduction of PTV by using RG-CT for radiation
therapy planning.

Data from this study indicate that an ungated PTV larger
than RG-PTV does not imply that the former geometrically
envelops the latter. In the present study, in patient 2 (Table 2)
PTVI1, PTV2 and PTV3 were very similar (22.9, 22.2 and
21.5 ml, respectively). The differences between PTV1/PTV2
and between PTV1/PTV3 were minimal with only 0.7 (3.0 %)
and 1.4 ml (6.1 %), respectively (Table 3). Conversely, the
PTV2 out and PTV3 out (volumes not encompassed in PTV1)
were 5.6 (25.2 %) and 5.2 ml (24.1 %), respectively (Fig. 1). A
similar condition could also be found in patient 4 (Tables 2
and 3). In these two cases, although similar PTVs values were
found, a portion of the RG-PTV was outside the standard PTV
due to unmatched geometrical position of the volumes. As a
consequence, in these two cases the possibility of missing the
lesion during treatment is high if an ungated imaging
technique is used, leading to a greater probability of local
relapse.

In patient 3 (Table 2) PTV1 (106.3 ml) was consistently
larger than both PTV2 and PTV3 (57.6 and 49.4 ml,
respectively). PTV2 out and PTV3 out were only 1.5 and
0.2 %, respectively (Table 3). In this case ungated PTV is
likely to envelop not only the lesion and its motion but also
healthy tissue, with an increased probability of toxicity
(Fig. 2). Finally, in patient 6, PTV1 (185.9 ml) was smaller
than PTV2 (258.3 ml), and PTV3 (260.3 ml) with about 37 %
of gated PTV outside PTV1. Again, the probability of missing
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Fig. 1 Patient 2. The yellow and red volumes represent PTV1 (helical
CT-based, 22.9 ml) and PTV3 (RG-PET/CT-based, 21.5 ml),
respectively. There is a portion of PTV3 (5.2 ml, 24.1 %) clearly outside
of PTV1

the target lesion during standard PTV-based radiation
treatment could increase.

As expected, our preliminary data showed that gated CTVss
were significantly larger than standard CTV (Table 4). In fact,
gated CTVs were derived from gated images and included
motion of the lesion during breathing. Similar results were
obtained by Aristophanous et al. [29] who evaluated the
clinical utility of gated metabolic imaging in radiation
treatment planning and demonstrated that RG-PET-based
GTV in lung lesions was significantly larger than standard
PET-based GTV.

Conversely, no significant differences were found between
CTV2and CTV3 (43.1 vs 44.8 ml, p= 0.161), between PTV2
and PTV3 (93.8 vs 97.0 ml, p= 0.161) and PTV out values.
Similarly, no statistically significant difference was found
among PTV intersections and PTV outside regions (Table 3).
Although PTV2 out PTV1 and PTV3 out PTV1 values were
very similar in most of cases, in 3/13 (23.1 %) lesions
(Table 3, patients 1, 7 and 8), the percentage of PTV3 out
was at least 5 % higher than that of PTV2 out. Furthermore,
the portion of PTV3 out PTV2 was at least higher than 10 % in

Fig. 2 Patient 3. The yellow and orange volumes represent PTV1
(helical CT-based, 106.3 ml) and PTV3 (RG-PET/CT-based, 49.4 ml),
respectively. PTV1 is larger than RG-PTV and includes a portion of
healthy tissues
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3/13 (23.1 %) cases (Table 3, patients 1, 7 and 8). Currently
these data cannot be used to draw conclusions and need to be
confirmed in a larger population, but they could indicate that
RG-PET/CT can add useful information to RG-CT for a better
definition of the target volume in some cases.

In our study, lesion displacement did not correlate with
PTV values. In particular, the lesions with the highest values
of motion vector AS (patients 4, 5 and 10 in Table 5) showed
different values of PTV2 out and PTV3 out, ranging from
19.4 % for lesion 4 to only 0.9 % (PTV3 out) for lesion 5.
Furthermore, the lesion (patient 6) with the highest percentage
of PTV3 out (37.5 %) showed a AS value of only 4.4 mm.
This variability could be related to the lack of predictability of
motion based on lesion location in our patients. The standard
CTV expansion could thus be inappropriate to correctly define
the internal target volume of the lesion.

In the present work, different margins of expansion have
been applied to obtain standard and gated PTV. Consequently,
it can be argued that the differences found in PTV values
could be related to the different methodology rather than to
the imaging techniques. However, when CTV is obtained
from free-breathing CT, the lack of information on lesion
motion forces the use of internal margins, in addition to set-
up margins, to compensate for an uncertain and estimated
motion and to reduce the risk of missing the lesion during
treatment delivery. Conversely, when lesion motion is
managed with a gated imaging technique, CTV can
encompass the volume in which the lesion is moving during
breathing (i.e. internal volume) and it is usually larger than
standard CTV as found in our work; nevertheless, only set-up
margins have to be added to CTV because internal margins
have been already included [35]. Accordingly, the different
margins of expansion used in the present work for PTV
assessment can be considered strictly related to the imaging
technique used for radiation treatment planning and reflects
what is commonly performed in clinical practice. Although
probably of interest from a merely investigational point of
view, the use of the same margin expansion independently
from the imaging technique cannot be considered a valid
approach when translated into the clinical routine of radiation
treatment planning [12].

Another issue in the present work is the use of anisotropic
expansion in gated PTVs, with 5 mm in left to right and
anterior to posterior directions and 7-8 mm in head to feet
direction. The larger expansion in head to feet direction was
not arbitrary and it was used because usually head to feet is the
direction with both the larger motion [14, 21, 32, 33] and more
consistent interfractional motion variability during
radiotherapy courses [34]. Although a gating imaging
technique is used, both factors can generate uncertainty in
volume definition that can be compensated for by larger
margin expansion in head to feet direction. In addition, a
margin expansion of 7 and 8 mm was used for lesions located
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in the superior and medial-inferior lobe, respectively, as the
lesion location can be correlated to different motion amplitude
in head to feet direction [12, 14, 21, 34].

In the present work, the contouring of gated PET images
was performed by the same nuclear medicine physician (LG)
with an automated commercial software implemented on the
workstation. PTVs were always manually defined by the same
two radiation oncologists (SM, RN). Although the inter-
observer variability in volume definition was not evaluated
as it was not the aim of the present study, it is recognized that
inter-physician GTV variation can have important dosimetric
consequences, often more important than those of respiratory
motion [12]. Notwithstanding, it has to be considered that all
physicians involved in the processing of the data of this paper
are well experienced in image contouring (more than 7 years)
for radiation treatment planning and followed institutional
standardized protocols.

In the present study, only one method was applied for
contouring of PET images [31], as it has been the method
commonly used in routine clinical practice for many years in
our institution and commercially implemented in the
workstation used for contouring. A comparison of different
segmentation algorithms, although of interest, was not
performed as it was not a matter of the investigation.
Moreover, it has to be considered that to date there is no
standard reference for metabolic target lesion contouring
[36] and the manual procedure can also be considered a valid
approach when methodology is standardized [37].

Compared to a standard scan, RG techniques are time
consuming and require more time for scanner and patient
set-up, acquisition and processing of data. Nevertheless,
modern PET/CT scanners are commercially implemented
with gating tools and powerful hardware and software
capabilities that enable RG studies yet reduce the time for
acquisition and processing data. This can be a positive
impacting factor to further encourage the use of gating
techniques in routine clinical practice. Furthermore, a single
axial or helical planning CT scan acquired during free
breathing is not an optimal study, because it may capture the
random position of a tumour and/or generate artefacts of the
patient’s anatomy. Planning on scans that are not
representative of the tumour position during the time of the
delivery of radiotherapy may result in systematic errors.
Consequently, the use of a gating technique is strongly
recommended for treatment planning in thoracic oncology,
in spite of the need to deal with methodological issues [20].

A limitation of this study is the small sample size.
However, while these are only preliminary data, they indicate
the strength of a gating technique to optimize the radiation
treatment planning in lung cancer patients. Secondly, another
limitation of the study is the lack of comparison between PTV
based on standard PET/CT and RG-PET/CT. However, the
aim of our work was to compare a motion handling technique

to the commonly used standard CT-based procedure for PTV
definition. Finally, we cannot provide patient outcomes
derived from the use of RG-PET/CT in radiation treatment
planning as this was not a specific matter of investigation and
also due to the limited number of patients analysed.

In conclusion, our preliminary data indicate that the use of
RG-PET/CT in lung cancer can affect not only the volume of
PTV but also its shape. When gated PET/CT information was
added to gated CT, PTV changed in about 23 % of cases. The
use of a gating technique is thus crucial for better delineating
PTV by tailoring the target volume to the lesion motion.

Conlflicts of interest None.
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