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Abstract
Background Radiotherapy (RT) is a key treatment modality in the curative treatment of patients with non-small cell lung cancer
(NSCLC). Incorrect definition of the gross, or clinical, target volume is a common source of error which can lead to a reduced
probability of tumour control.
Objective This was a pilot and a phase II study. The pilot evaluated the technical feasibility of integrating positron emission
tomography–computed tomography (PET-CT) fusion. The primary outcome of the phase II study was to evaluate the safety of
PET-CTscan–based RT by evaluating the rate of loco-regional recurrence outside the PET-CT planning target volume (PTV) but
within conventional 3-D PTV.
Methods Patients underwent standard post-treatment follow-up, including repeated three monthly CTscans of the thorax. In case
of loco-regional recurrence, three categories were considered, with only extra-PET scan PTVand intra-CT scan PTV recurrences
considered as a failure. Our hypothesis was that the rate of these events would be < 10%.
Results Twelve patients were recruited; the study closed early due to poor recruitment. The primary endpoint of the pilot was met;
it was feasible to deliver a PET-CT-based plan to ≥ 60% of patients. Two patients had intra-PET scan PTV recurrences, six had
extra-PET scan PTVand extra-CT, and three patients had both. Another patient had extra-PET scan PTVand extra-CT as well as
extra-PET scan PTVand intra-CT scan PTV recurrence.
Conclusion/advances in knowledge PET-based planning has the potential to reduce radiation treatment volumes because of the
avoidance of mediastinal lymph nodes that are PET negative.
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Background

Lung cancer is amongst the main causes of cancer-related death
inWestern countries. In the EU, the lung cancer–relatedmortality
rate is estimated at 68.3/100,000 in men and at 14.3/100,000 in
women, and this is increasing [1]. In the USA, 228,190 patients
are expected to be diagnosed with lung cancer annually with an
estimated 399,431 people currently living with this malignancy
[2]. Patients with non-operable early-stage or locally advanced
non-small cell lung cancer (NSCLC) have a poor prognosis, due
both to local control failure and metastatic progression.

Radiotherapy (RT) is a key treatment modality for NSCLC
patients being treated with curative intent. Careful staging and
selection of patients are vital to achieve the maximal chance of
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prolonged survival with side effects that are acceptable. The accu-
rate and precise delineation of target volumes is of utmost impor-
tance for preventing geographical misses. Incorrect definition of
the gross tumour volume (GTV) (i.e., detectable tumour) or clin-
ical target volume (CTV) (tumour plus a margin for microscopic
extension) is a common source of error. Such errors can result in
under-treatment and a reduced probability of local control.
Advances in computer-assisted 3-D planning such as three-
dimensional conformal radiotherapy (3-DCRT), intensity-
modulated radiation therapy (IMRT) [3], and image-guided radia-
tion therapy (IGRT) have facilitated the delivery of higher doses of
radiation to the tumour and increased sparing of normal tissue [4].

Positron emission tomography (PET) scanning is a signifi-
cant advance in cancer imaging [5], and when combined with
structural imaging, such as computed tomography (CT),
(fludeoxyglucose) 18FDG-PET provides the best available in-
formation on tumour extent formany common cancers [6]. PET
imaging plays a role in diagnosis, staging, and patient selection
for treatment of NSCLC. Indeed, 18FDG-based imaging repre-
sents one of the most significant advances in the pre-therapeutic
management of a patient with NSCLC in the last decade, by
more accurately diagnosing local and regional nodal and meta-
static tumour extension [7, 8]. The role of PET imaging is
formally established for patients undergoing surgery; several
publications have shown promising results in patients treated
by RT with or without chemotherapy [9–11]. At present, PET
imaging is considered standard of care in those patients with
seemingly localised NSCLC before the consideration of any
radical local approach. Some contemporary studies have shown
that the hybrid PET/CTexamination has both higher sensitivity
and specificity as a diagnostic tool in lung cancer [12]. The
futile thoracotomy rate has been reduced by approximately
50% amongst non-operable patients with NSCLC as a result
of pre-operative evaluation with PET imaging [13]. The
utilisation of PET in the staging of patients treated with RT or
chemoradiotherapy improves their apparent survival [14], by
excluding incurable patients. In one large prospective trial, al-
most a third of potential candidates for high-dose RT on the
basis of conventional staging received only palliation after
PET, because of unexpected distant metastasis (20%) or very
extensive intrathoracic disease (10%) [15].

The question of the impact of PET in RT planning is rele-
vant and interesting; there is no phase III study confirming that
PET planning is superior to CT planning, and such a study is
not possible due to issues around clinical equipoise. This
study had both a pilot and a phase II component. With the
pilot, we aimed to evaluate the technical feasibility of integrat-
ing positron emission tomography–computed tomography
(PET-CT) fusion in our institution. The primary outcome of
the phase II study was to evaluate the safety of PET-CT scan–
based RT by evaluating the rate of loco-regional recurrence
outside the PET-CT planning target volume (PTV) but within
conventional 3-D PTV.

Aims/objectives

Pilot study

The primary objective of the pilot study was to evaluate the
technical feasibility of integrating PET-CT fusion in our insti-
tution. The secondary objective was a comparison of GTV,
PTV (planning target volume), and OAR (organ at risk)
DVHs (dose-volume histograms) between conventional 3-
DCRT plan and PET-CT-based 3-DCRT plan. A rate of suc-
cessful fusion and PET-CT scan–based radiotherapy of ≥ 60%
will be considered acceptable.

Phase II study

The primary outcome of the phase II study was to evaluate the
safety of PET-CT scan–based RT by evaluating the rate of
loco-regional recurrence outside the PET-CT PTV but within
conventional 3-D PTV. The secondary outcome was the same
as that of the pilot study.

Methods

Patients received a total dose of 60–66 Gy in 30–33 fractions
with 3-DCRT. The median dose received for the 12 patients
was 66 Gy. Two separate plans using the CT-GTV and the
PET-CT-GTV were generated, and patients were treated using
the PET-CT-GTV plan. The pilot study investigated the tech-
nological feasibility of this method. The Phase II study was a
two-stage phase II study to evaluate its safety.

Inclusion criteria required trial participants to be 18 years or
older and have histologically provenNSCLC, TNMclinical non-
operable stage I/II and non-resectable stage IIIa/b without pleural
effusion, Karnofsky Performance Status (KPS) > 60, and no oth-
er malignancy (except non-melanomatous skin cancer) within
5 years prior to participation. Informed consent must have been
provided. Patients needed to be suitable for radical 3-DCRT, they
must not have had prior RT to the thorax, weight loss must not
have exceeded 10% within the 3 months prior to diagnosis, and
they must not have received chemotherapy prior to a pre-
chemotherapy diagnostic PET-CT. Pre-chemotherapy PET-CTs
and planning PET-CTs were directly compared, and any alter-
ation in signal established. Patients with any significant change in
FDG uptake were deemed unsuitable for treatment on a PET-CT
plan as such treatment could result in a reduced volume that
would not be reflective of the actual disease. This could result
in active disease being omitted from the RT treatment volume.
Specified exclusion criteria included a forced expiratory volume
(FEV1) < 1, evidence of any other significant clinical disorder, or
laboratory finding that made it undesirable for them to participate
in the trial or felt by the research/medical team likely to make
them unable be able to comply with protocol.
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The planning CTwas done with the patient in the standard
supine position with lung board and kneefix immobilisation.
Reference set-up marks were tattooed at CT. The planning
PET/CTwas the same position, with patient aligned to tattoos
using lasers. Safety checks were essential from a radiation
protection perspective and were performed to ensure that the
PET/CT scan could be acquired prior to injecting the patient.
The possibility of the patient colliding with the gantry was
checked and eliminated, and the patient’s ability to tolerate
the enclosed scanner was confirmed. The patient was then
injected with FDG. The PET/CT scan (the hot session) was
acquired 1 h after the injection. The radiation therapists were
responsible for establishing the patient into the correct treat-
ment position and for the acquisition of the CT scan. The
diagnostic radiographers were responsible for the PET cap-
ture. All contouringwas done onAdvantage SimWorkstation.

The GTV was delineated twice. Firstly, this was done with
conventional planning CT scan alone (CT-GTV) without refer-
ence to the PET-CT. The GTV was restricted to the visible pri-
mary tumour defined on diagnostic CT scan and bronchoscopy,
and to any mediastinal node enlarged (> 1 cm diameter) on di-
agnostic CT scan and/or proven histologically involved on me-
diastinoscopy. A second GTV (PET-GTV) was drawn using
fused PET-CT and planning CT images. Similarly, GTV was
defined as the visible primary tumour, defined on diagnostic
CT scan and bronchoscopy which is visible on the fused PET-
CT images, and nodes considered as involved on a standard PET-
CT scan and/or proven histologically involved on mediastinos-
copy. An uptake threshold of 35% was applied to avoid any
possible exclusion of active disease.

The clinical target volume (CTV) was created by
expanding the GTV by 0.6 cm and 0.8 cm isocentrically for
squamous cell carcinomas and adenocarcinomas respectively.
The CTVwas then edited to take account of natural barriers to
tumour spread like uninvolved bone or great vessels and or-
gans like the heart and oesophagus.

The PTV was created by expanding the CTV by 1-cm
margin isocentrically to take into account set-up error and
respiratory motion. In the case of lower lobe tumours, 1.5-
cm margins were used in a superior and inferior direction.
Nodes were not irradiated electively.

Separate plans based on the CT and PET/CT volumes were
generated. The minimum prescribed dose of radiation was
60 Gy at 2 Gy per fraction. Ninety-five percent of the dose
covered 100% of the PTV for both CTand PET/CT plans. The
patient was subsequently treated using the PET/CT plan.

Patients underwent standard post-treatment follow-up, in-
cluding repeated three monthly CTscans of the thorax. In case
of loco-regional recurrence, three categories were considered,
with only the category 2 events considered as a failure:

1. Intra-PET scan PTV recurrence
2. Extra-PET scan PTVand intra-CT scan PTV recurrence

3. Extra-PET scan PTVand extra-CT

Our hypothesis was that the rate of category 2 events would
be < 10%.

Sample size and statistical analysis

Based on the advice from an external statistician, a sample size
of 10 evaluable patients was considered sufficient to evaluate
the technical feasibility of integrating PET-CT fusion into
treatment planning in the pilot study.

In the phase II study, the primary objective was the rate of
loco-regional recurrence outside the PET-CT PTV but within
conventional 3-D PTV. Based on a recurrence rate of 10% in
and out of field (suspected on CT but excluded on basis of
PET), a total of 35 evaluable patients (to include the 10 from
the pilot study) was required to provide 95% confidence that
the true population proportion falls into the range from 0.06 to
19.94%. Evaluable patients were those who completed treat-
ment and whose disease recurrence was confirmed by PET.

The dose delivery to the organ-at-risks was compared be-
tween the conventional 3-DCRT plan and the PET-CT-based
3-DCRT plan using the Wilcoxon signed rank test. All statis-
tical tests were two-sided and assessed for significance at the
0.05 level. All available data were included in the analyses.
Statistical analyses were carried out using IBM® SPSS® sta-
tistical software version 23.

Results

Pilot study

The primary endpoint of the pilot study was met in that it was
feasible to deliver a PET-CT-based plan to ≥ 60% of patients
(Fig. 1). The secondary endpoint of the pilot study was a com-
parison of GTV, PTV, and OARDVHs between conventional 3-
D plan and PET-CT-based 3D plans, and this was also achieved.
It was feasible to analyse and to compare the differences in the
DVCs to the OARs on the CT and PET-CT-based plans.

There were no serious adverse events (SAEs), and all tox-
icities and adverse events (AEs) were in keeping with those in
common practice and reported literature.

Phase II study

Patient accrual and characteristics

FromAugust 2007 to February 2013, 49 eligible patients were
enrolled. Three patients were found to be subsequently ineli-
gible, 9 had disease progression, 1 patient died before they
received RT, and 13 others did not receive RT for other rea-
sons. Three patients died before the 3-month follow-up CT, 4
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patients did not have their progression confirmed with a PET
scan, and 4 others did not progress. Consequently, data from
12 patients were available for analysis of the primary end-
point. Figure 2 is a participant flow diagram that includes
the numbers enrolled, received intended treatment, and
analysed for the primary outcome.

Baseline demographic and clinical characteristics of the 12
evaluable patients are shown in Table 1. The vast majority of
patients (67%) were stage IIIA patients. The mean age at enrol-
ment was 67.5 years (range 47.4–85.0). Patients were followed
until death or for a median of 20.9 months (range 6.3–69.3) from
consent.

All 12 patients progressed, and all 12 died. The median
overall survival was 20.4 months from the date of consent
and 19.2 months from the start of RT. The median disease-
free survival was 8.9 months from date of consent and was
7.4 months from the start of RT

Primary endpoint

The study closed early due to poor recruitment. The target for
this study was 35 patients including those in the pilot study.
The proportion of extra-PETscan PTVand intra-CTscan PTV
recurrence was 0.8% and not 10% as hypothesised. Two

CONSORT Flow Diagram for Phase II

Assessed for eligibility to Phase II study (n= 573)

Excluded (n=524)

Not meeting inclusion criteria (n= 502)

Declined to participate (n= 11)

Needed urgent treatment (n= 9)

Technical problems with PET-CT fusion (n=2)

Not analysed: No progression (n=4); died pre 3-month CT scan (n=2); 

died with progression after 3 month CT showed stable disease and before 

6 month CT (n=2); intrathoracic progression not confirmed on PET (n=1); 

metastatic progression not confirmed on PET (n= 1); extra thoracic + 

metastatic progression but received chemo before the FU PET (n=1).

Received allocated intervention (n=23)

Did not receive allocated intervention: Subsequently ineligible 

(n=3); disease progression (n=9); physician decision (n=3) protocol 

non-compliance (n=3); technical problem (n=3); change in 

treatment intent (n=2); chemo timing (n=2); died pre-RT (n=1). 

Analysed for primary endpoint of (n=12)

 

b

Enrolled (n= 49)

Fig. 2 Flow diagram of the trial
with detailed information on the
excluded participants—
CONSORT flow diagram for
phase II

Treated on PET-CT based plan (n=8)

Treated on CT plan (n=2; 1 because of fusion 

software problems and 1 because of reduced 

FDG uptake on PET-CT post chemo)

CONSORT Flow Diagram for Pilot study

Assessed for eligibility to pilot study (n= 105)

Excluded (n=90)

Not meeting inclusion criteria (n= 89)

Declined to participate (n= 1)

Received allocated intervention (n= 10)

Did not receive allocated intervention: Subsequently 

in-eligible (n=1); disease progression (n=1); died 

pre-treatment (n=1); other (n=2).

Enrolled (n= 15)

aFig. 1 Flow diagram of the trial
with detailed information on the
excluded participants—
CONSORT flow diagram for
pilot study
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patients had intra-PET scan PTV recurrences, six had extra-
PET scan PTV and extra-CT, and three patients had both.
Another patient had extra-PET scan PTVand extra-CTas well
as extra-PET scan PTVand intra-CT scan PTV recurrence.

Secondary endpoints

GTV, PTV, and OAR DVHs

One of the 12 patients had a 2-phase plan, so for some vari-
ables data were analysed for 11 patients.

AWilcoxon signed rank test revealed a statistically signif-
icantly higher maximum dose to the PTVand a higher oesoph-
ageal V45Gy with the conventional 3-DCRT plan compared
with the PET-CT-based 3-DCRT plan. No other statistically
significant differences in the PTV or the OAR DVHs were
found between the conventional 3-DCRT plan and the PET-
CT-based plan. The PET-CT and conventional 3-DCRT max
dose to PTVand oesophageal V45Gy are shown in Table 2.

Discussion

Local failure continues to be a major cause of mortality in
patients with inoperable NSCLC treated with RT. A system-
atic review by Kepka et al. [16] showed the failure of PET-CT
to reduce elective nodal failures (defined as regional failures
that occur without local recurrence irrespective of distant me-
tastases status) in patients who underwent PET-CT for staging.
However, many studies have shown elective nodal irradiation
(ENI) to be ineffective and associated with increased toxicity
and RT morbidity, which can limit the degree of dose escala-
tion [16–18]. Due to the results of a phase I dose-escalation
study in NSCLC [19], many experts terminated the inclusion
of elective nodal regions in their treatment volumes to reduce
toxicity [20]. The suggestion that ENI may not be necessary is
strengthened by the acceptably low failure rate in uninvolved
nodal regions that have resulted from the omission of ENI
[20]. In a review of four Radiation Therapy Oncology
Group trials (1705 NSCLC patients), Emami et al. [21] exam-
ined the effect of ENI and found that treatment of the ipsilat-
eral hilar region was the only elective nodal region that influ-
enced the outcome. Other trials have used ENI in the setting of
early-stage disease with limited toxicity and had excellent
clinical results [21, 22].

Absolute proof that PET-planning is superior to CT-
planning would require randomised trials in which some pa-
tients were randomised to a less accurate (non-PET) staging
workup, thereby presenting issues of clinical equipoise [23].
As such, there is no phase III trial evidence that supports the
use of PET-CT in planning, although, PET-CT-based planning
is recommended and is used by many. In 2006, an internation-
al panel reviewed the use of PET and PET-CT in this context.
The International Atomic Energy Agency (IAEA) organised
two synchronised and overlapping consultants’meetings with
international experts [23]. Nine experts and three IAEA staff
evaluated the available data on the use of PET in RT planning
and considered practical methods for making it a routine prac-
tice. They concluded that there is a strong case for the routine
use of FDG-PET in RT planning for NSCLC. This was due to
the remarkable accuracy of PET in staging and the demonstra-
tion of a powerful effect in all the published RT planning
studies.

As mentioned, this study closed early due to poor recruit-
ment despite our best efforts. Palliative studies, such as ours,
can be notoriously difficult to recruit to, and this study repre-
sents an Irish real-world experience of this. Our study did,
however, demonstrate the feasibility of delivering a PET-CT-
based plan in an Irish centre. The secondary endpoint of the
pilot study was a comparison of GTV, PTV, and OAR DVHs
between conventional 3-D plan and PET-CT-based 3-D plans,
and this was also achieved. It was feasible to analyse and to
compare the differences in the DVCs to the OARs on the CT
and PET-CT-based plans.

Table 1 Patient
characteristics of 35
patients with at least one
toxicity assessment

Gender

Male 9 (75%)

Female 3 (25%)

KPS baseline

100 2 (17%)

90 6 (50%)

70 4 (33%)

Stage

IA 1 (8%)

IB 1 (8%)

IIB 2 (17%)

IIIA 8 (67%)

Histology

Adenocarcinoma 6 (50%)

Squamous cell carcinoma 6 (50%)

Chemo

No 2 (17%)

Yes 10 (83%)

Table 2 Dose comparison table

Conventional
3-DCRT
plan (median)

PET-CT-based
3-DCRT plan (median)

p value

Max dose to PTV 69.6 69.0
.013

Oesophagus V45Gy 19.2 11.8
.021
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Staging PET scans should ideally be performed in the RT
treatment position, facilitating dual use of imaging for staging
and RT planning. Integrated PET/CT [24] is best, but PET/CT
image co-registration, preferentially using fiducial markers,
can be used [25]. In PET-CT fusion prior to RT, it is important
that the fusion between the planning CT and the PET scan
matches as closely as is possible to allow for the most accurate
target volume delineation possible. Currently, the PET and
planning CT scans have to be manually registered with a min-
imum of three common points in order to fuse images.
Unfortunately, the PET scans are often performed with the
patient in a different position to that of the planning CT scan,
using a different tabletop and without immobilisation. Clearly,
this results in sub-optimal co-registration of the two data sets,
with poor anatomic correlation between the PET and CT
scans.

The use of diagnostic PET-CTscans for RT treatment plan-
ning at first glance appears very attractive and has the potential
to save on both time and resource. However, when diagnostic
scans are used, disadvantages such as the influence of time
delay between the diagnosis and initiation of RT on tumour
volume, nodal extent [26], tracer uptake, and differences in
positioning between data sets must be considered. Like other
authors [27], we would recommend the use of dedicated PET-
CT scans for both staging and RT planning in patients with
NSCLC.

Despite its higher accuracy, the limitations of PET must be
borne in mind. One study demonstrated the rate of false-
negative lymph node station assessment (post-test
probability) in NSCLC RT candidates to be 5–10% [28].
Some factors are particularly associated with false-negative
findings: carcinoid tumours, low-grade adenocarcinomas in-
cluding broncho-alveolar carcinomas, and very small lesions
(especially in the context of raised blood sugar levels).
Institutional standardisation is needed for image acquisition
(breathing protocol, adjustment of dose calibrator, and many
technical, physical, and biological factors influencing the
SUV), data display and analysis, and the transfer of PET-CT
data to the planning system [29–31]. PET acquisition takes
several minutes, and this leads to tumour motion due to respi-
ration or cardiac motion. This results in PET BGTVs^ that
incorporate the effects of this motion. As such, the breathing
protocol used for PET image acquisition must match that of
the CT used for RT planning [32]. Respiration-gated PET
acquisition techniques have been developed [33] and are cur-
rently being evaluated in clinical trials. Delineation protocols
influence the results very significantly and must be
standardised [34].

Loco-regional failure remains a major challenge in treating
NSCLC with RT. Dose escalation has been shown to reduce
local failure rates but, in the setting of ENI, is often limited by
pulmonary toxicity. Improvement of patient outcomes will come
both from an improvement of treatment modalities and

improvements in patient selection. The inadequacy of conven-
tional standard RT to achieve local control has been clearly dem-
onstrated. While dose escalation has the potential to improve
local control, it can be achieved only by a significant reduction
of the irradiated volume, by using conformal RT and optimising
the tumour target volume. PET-based planning has the potential
to reduce radiation treatment volumes because of the avoidance
of mediastinal lymph nodes that are PET negative.

A small sample size, as mentioned, is a limitation of this
study. Additionally, 3-D radiotherapy was used, rather than
the more modern IMRT.

Conclusions

In patients with NSCLC, FDG-PETscans allowmore accurate
staging than conventional CT scans. This can avoid unneces-
sary, aggressive, and toxic treatments in patients who would
not stand to benefit from their use. PET-based planning has the
potential to reduce RT volumes due to the avoidance of me-
diastinal lymph nodes that are PET negative. This in turn has
the potential to reduce toxicity associated with a particular
radiation dose, or to enable radiation dose escalation with
the same toxicity. The use of planning PET/CT in the RT
planning of patients with NSCLC has a crucial impact on
the precise determination of target volumes allowing for en-
hanced precision in the staging of disease, and thus also en-
ables changes in treatment strategy.
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