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Abstract
Purpose Chemoradiotherapy is the reference curative-intent treatment for nonresectable locally advanced non-small-cell lung
carcinoma (NSCLC), with unsatisfactory survival, partially due to radiation resistance in hypoxic tissues. The objective was to
update survival and toxicity at 3 years following radiotherapy boost to hypoxic tumours in NSCLC patients treated with curative-
intent chemoradiotherapy.
Methods This was an open-label, nonrandomized, multicentre, phase II clinical trial. 18F-Fluoromisonidazole (18F-FMISO) PET/
CT was used to determine the hypoxic profile of the patients. 18F-FMISO-positive patients and those without organ-at-risk
constraints received a radiotherapy boost (70–84 Gy); the others received standard radiotherapy (66 Gy). Overall survival
(OS), progression-free survival (PFS) and safety were assessed.
Results A total of 54 patients were evaluated. OS and PFS rates at 3 years were 48.5% and 28.8%, respectively. ThemedianOS in
the 18F-FMISO-positive patients was 25.8 months and was not reached in the 18F-FMISO-negative patients (p = 0.01). A
difference between the groups was also observed for PFS (12 months vs. 26.2 months, p = 0.048). In 18F-FMISO-positive
patients, no difference was observed in OS in relation to dose, probably because of the small sample size (p = 0.30). However,
the median OS seemed to be in favour of patients who received the radiotherapy boost (26.5 vs. 15.3 months, p = 0.71). In
patients who received the radiotherapy boost, no significant late toxicities were observed.
Conclusion 18F-FMISO uptake in NSCLC patients is strongly associated with features indicating a poor prognosis. In 18F-
FMISO-positive patients, the radiotherapy boost seemed to improve the OS by 11.2 months. A further clinical trial is needed
to investigate the efficacy of a radiotherapy boost in patients with hypoxic tumours.
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Introduction

Concomitant chemoradiotherapy (CCRT) is the reference
curative-intent treatment for stage III non-small-cell lung can-
cer (NSCLC), although the age-standardized 5-year survival
remains between 10% and 20%, with a median overall surviv-
al (OS) of 16 to 30 months [1]. More precise staging (PET,
endobronchial ultrasonography, or endoscopic ultrasonogra-
phy) has led to an increase in survival in the past several years.
Apart from the contribution of immunotherapy to mainte-
nance, there have been no significant changes in the therapeu-
tic strategy in these patients [2]. One approach is to increase
the dose to radioresistant areas, facilitated by image-guided
radiotherapy. The findings of previous studies are contradic-
tory, with some in favour of dose escalation [3, 4] and some
not [5, 6], but none has taken into consideration the hypoxic
profile of the tumour.

From 2012 to 2015, we conducted a phase II prospective
study aiming to test the feasibility of performing boost radio-
therapy to hypoxic tumours ident i f i ed by 18F-
fluoromisonidazole (18F-FMISO) PET/CT. Early results have
been published previously and demonstrated the feasibility of
delivering higher radiotherapy doses to those small target vol-
umes without exceeding the tolerance to normal organs [7].
We showed identical local control in patients who had re-
ceived an additional dose of radiotherapy (hypoxic tumour)
and in patients who had received a standard dose (normoxic
tumour). However, patients who received additional radiother-
apy had tumours twice as large as patients who did not receive
additional radiotherapy, suggesting that the radiotherapy boost
was effective. This report presents additional long-term data
on survival and toxicity.

Materials and methods

Study design and patients

The study was an open-label, single-arm, multicentre,
nonrandomized, phase II clinical trial conducted by indepen-
dent investigators from 15 academic centres in France. For a
period of 3 years (2012–2015), patients with NSCLC referred
to the participating centres were involved in a run-in period
(N = 79). The design of the study, as well as inclusion and
exclusion criteria, have been presented previously [7].

The main inclusion criteria were histological proof of
NSCLC with a measurable tumour (RECIST1.1), with a
World Health Organization performance status of ≤1 and pa-
tients eligible for curative-intent CCRT. The primary end-
points were the OS and progression-free survival (PFS) at 1,
2 and 3 years. The secondary endpoint was late toxicity. Of the
79 patients, 54 who had at least one lesion showing
fluorodeoxyglucose (FDG) uptake were included.

Subsequently, if the FDG-avid lesion showed 18F-FMISO up-
take on PET/CT performed before CCRTwithin 8 days of the
initial FDG PET/CT scan, the lesion was considered hypoxic.

The protocol and the consent form were approved by the
Ethics Committee Nord-Ouest 1. All patients gave their writ-
ten informed consent. The study was registered in the Clinical
Trials Protocol Registration System (NCT01576796; RTEP5
study). The clinical, biological, imaging and toxicity data
were monitored by a certified clinical research unit.

PET imaging

18F-FDG PET/CT and 18F-FMISO PET/CT were performed
using the same type of machine and under identical operation-
al conditions in each centre, ensuring centrally supervised
quality control to secure homogeneity in image quality among
all centres [7]. 18F-FDG PET/CT was performed with the pa-
tient in the treatment position (arms over the head, free breath-
ing) at least 15 days after the last administration of neoadju-
vant chemotherapy. 18F-FMISO PET/CT was scheduled 48 h
after 18F-FDG PET/CT. The 18F-FMISO PET/CTacquisitions
were reviewed visually by three independent experts (of the
nine experts) after training and validation [9] who decided on
the presence (hypoxia) or absence (no hypoxia) of uptake. The
CT images were used to register all PET/CT acquisitions, de-
lineate target volumes and plan radiotherapy.

In each patient, the 18F-FDG and 18F-FMISO images were
first coregistered to the planning CT images on an Oncoplanet
workstation, v. 1.4 (DOSIsoft, Villejuif, France). The volumes
of interest for 18F-FDG (metabolic biological target volume,
BTVm) were defined as the sum of the pixels with greater than
40% of the maximum standardized uptake value (SUVmax)
inside the primary tumour or nodes [8]. The volumes of inter-
est for 18F-FMISO (hypoxic biological target volume, BTVh)
were defined as the sum of the pixels with SUV ≥1.4 as pre-
viously validated [9]. The regions with increased 18F-FDG
and 18F-FMISO uptake were compared with the anatomical
findings from the CT scans. Quantitative analysis was not
used to define positivity or negativity of 18F-FMISO PET/
CT, but only to define the BTVh (18F-FMISOBTV). The
coregistered 18F-FDG and 18F-FMISO PET/CT images
(DICOM), as well as BTVm (18F-FDGBTV) and BTVh (

18F-
FMISOBTV) (DICOM-RT), were transferred back to the local
radiation oncologist using the same network.

Radiochemotherapy protocol

The chemoradiotherapy protocol applied in this study com-
plied with French and international guidelines [10, 11]. All
dose calculations were corrected for heterogeneity, and
intensity-modulated radiotherapy was not performed. The to-
tal dose was prescribed by the International Commission on
Radiation Units point. The maximum dose to the spinal cord
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was strictly less than 46 Gy, and nomore than 30% of the total
lung volume (excluding the gross tumour volume) received
more than 20 Gy. Furthermore, no more than 30% of the
oesophagus or heart could receive more than 50 or 35 Gy,
respectively.

Patients received the standard dose of 66 Gy (five daily
fractions of 2 Gy weekly). Higher radiation doses to the
BTV were achieved by increasing the overall treatment time.
CCRT was cisplatinum and etoposide or cisplatinum and
vinorelbine after two neoadjuvant chemotherapy courses
using the same protocol.

Statistical analysis

The analysis was conducted on an intention-to-treat basis. The
statistical analysis was performed using R software, version
3.5.0 [12]. The entire database was held and the analysis was
performed at the Clinical Trial Research Unit of the Henri
Becquerel Cancer Centre.

Variables relating to hypoxic status and the total radiother-
apy dose received were compared using Fisher’s exact test for
categorical data and analysis of variance for continuous data.
Groups with continuous variables were compared using inde-
pendent samples t tests. OS and PFSwere considered from the
first radiotherapy administration to death or progression and
death, respectively. The statistically significant threshold was
fixed at a two-tailed p value of less than 0.05.

Survival probabilities were estimated using the Kaplan-Meier
method. Univariate and multivariate analyses using Cox models
and log-rank tests were performed to evaluate the effects of sev-
eral variables on survival. Since this phase II trial was initially

planned as not randomized, we observed that the sample charac-
teristics differed according to 18F-FMISO uptake and initial tu-
mour size. Because the latter was a non-negligible confounding
factor strictly related to hypoxia and prognosis, we performed a
survival analysis on data adjusted according to the propensity
score weighting method [13], which has been shown to be ap-
propriate for studies with small sample sizes [14]. This method
allows the estimation of a propensity score by adjusting the lo-
gistic regression model containing influencing covariates.
Adjusted samples are then created by weighting on the propen-
sity score to establish balance between groups (with a reduction
in the standardized mean difference). Survival can therefore be
reevaluated using the adjusted samples to reduce selection bias.

Sample size and follow-up procedures

The study design followed Gehan’s method; the sample size
calculation has been presented previously [7]. Efficacy and
toxicity assessments were planned for 3 months, and for 1, 2
and 3 years after the end of the treatment.

Results

Study flow chart and patient characteristics

Between 2012 and 2015, 79 patients willing to participate were
involved in the run-in period. From among these patients, 54
were included and participated in the study, and of these, 34 were
considered to have a hypoxic lesion. The study flow chart and the
reasons for noneligibility are presented in Fig. 1.
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Fig. 1 Study design/study flow. CCRT radiochemotherapy, CR complete response, PR partial response, SD stable disease, PD progressive disease
(RECIST 1.1), D death, LFU lost to follow-up, WOC withdrawal of consent, Ind. induction
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In the 18F-FMISO uptake assessment, Cohen’s kappa for
agreement between investigator and expert was 0.88, consid-
ered a strong level of agreement [15]. Of the 34 patients, 24
(70.6%) were eligible to receive an increased total radiother-
apy dose (86 Gy in five patients, 80 Gy in two patients, 76 Gy
in nine patients, 74 Gy in four patients, 72 Gy in two patients,
and 70 Gy in two patients). In the other 10 patients (29.4%),
the dose was limited to 66 Gy because of organ-at-risk con-
straints. The 20 18F-FMISO-negative patients exclusively re-
ceived 66 Gy (standard treatment). The baseline characteris-
tics of the 54 included patients are presented in Table 1.

There were significant differences in tumour size (p < 0.001)
and 18F-FMISO SUVmax (p < 0.001) between the three groups
(Table 1). 18F-FDG SUVmax also showed a slight but not signif-
icant difference (p= 0.054). A significant difference in tumour
size between hypoxic and nonhypoxic tumours was also seen on
CT (RECIST 1.1; 57.62 mm vs. 29.85 mm, p < 0.001). A differ-
ence in tumour size of the hypoxic tumourswas seen between the
boosted and nonboosted patients (61.17 mm and 49.10 mm,
respectively), but this was not significant (p= 0.30).

Survival analysis

Survival curves are presented in Fig. 2. The OS rates at 1, 2
and 3 years after radiotherapy in the entire sample were 87%,
58.2% and 48.5%, respectively (median OS 27.7months), and

the PFS rates were 59.3%, 36.4% and 28.8%, respectively
(median PFS 14.5 months; Fig. 2a).

Survival analysis based on adjusted samples

To compare survival distributions according to 18F-FMISO up-
take and radiotherapy dose, an adjusted samplewas created using
the inverse probability of treatment weighting (IPTW)method to
reduce selection bias between the arms. Propensity scores were
computed using tumour size, age, stage and histology as con-
founding variables. The IPTWmethod resulted in adjusted sam-
ples whose characteristics were well balanced between those
with and without a hypoxic tumour. Survival curves are shown
in Fig. 2. Regarding 18F-FMISO uptake, OS was significantly
different between 18F-FMISO-positive and 18F-FMISO-negative
patients, with a median OS of 25.8 months in positive patients
and median not reached in negative patients (p= 0.01; Fig. 2b).
A slight difference was observed for PFS, with a median PFS of
12 months in positive patients and 26.2 months in negative pa-
tients (p = 0.048; Fig. 2b).

Table 1 Baseline characteristics of the 54 included patients

Characteristic Total Hypoxia (n = 34) No hypoxia (n = 20) p valuea

Boost (n = 24) 66 Gy (n = 10) 66 Gy

Sex ratio (M:F) 6.71 5 4 19 0.38
Age (years), mean ± SD 59.91 ± 7.59 59.92 ± 8.35 56.8 ± 9.31 61.45 ± 5.28 0.29
Tumour histology, n (%)
Squamous cell carcinoma 26 (48.15) 14 (58.3) 2 (20) 10 (50) 0.078
Adenocarcinoma 24 (44.44) 7 (29.2) 7 (70) 10 (50)

Undifferentiated 4 (7.41) 3 (12.5) 1 (10) 0 (0)
Tumour stage, n (%)
IIB 4 (7.41) 2 (8.30) 1 (10) 1 (5) 0.85
IIIA 17 (31.48) 8 (33.30) 2 (20) 7 (35)
IIIB 26 (48.15) 12 (50.00) 6 (60) 8 (40)
IIIC 7 (12.96) 2 (8.30) 1 (10) 4 (20)

Tumour size (mm), mean ± SD 47.33 ± 29.05 61.17 ± 32.47 49.10 ± 24.35 29.85 ± 15.24 <0.001
Radiotherapy dose (Gy), mean ± SD 71.00 ± 6.59 77.25 ± 5.17 66.00 ± 0 66.00 ± 0 <0.001
18F-FDG
PET1 SUVmax, mean ± SD 12.26 ± 9.58 13.77 ± 7.80 16.40 ± 12.44 8.38 ± 9.01 0.054
PET1 BTVm (cm3), mean ± SD 45.00 ± 60.32 58.99 ± 84.81 46.82 ± 24.86 27.32 ± 23.92 0.22

18F-FMISO
PET SUVmax, mean ± SD 2.09 ± 0.83 2.40 ± 0.61 2.68 ± 0.96 1.41 ± 0.48 <0.001
PET BTVh (cm

3), mean ± SD – 34.13 ± 58.11 32.00 ± 37.95 –

For comparisons between the three groups : hypoxic boosted, hypoxic nonboosted and nonhypoxic groups
a For comparisons between hypoxic (both boosted and nonboosted) and nonhypoxic groups

Fig. 2 Kaplan-Meier curves for OS and PFS. a For the entire sample (the
shaded areas represent the 95% confidence intervals). b In relation to 18F-
FMISO status on PET/CT. c In relation to the administered radiation dose.
d In relation to 18F-FMISO status on PET/CT and the administered radi-
ation dose. e In relation to the administered radiation dose in the 18F-
FMISO PET/CT subgroup

b
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Analysis of survival distributions according to the received
dose led to crossing survival curves, showing that the hypothesis
of the proportional hazards required for the Cox model and log-
rank test was not satisfied. However, OS and PFS did not seem to
vary according to dose. The OS rates at 1, 2 and 3 years after
radiotherapy were 88.3%, 60.0% and 40.3%, respectively, in pa-
tients who received the radiotherapy boost and 92.3%, 64.0% and
61.7% in those who received the standard dose of 66 Gy (Fig.
2c). The PFS rates at 1, 2 and 3 years after radiotherapy were
55.7%, 36.3% and 22.0%, respectively, in patients who received
the radiotherapy boost and 64.4%, 49.7% and 29.9%, respective-
ly, in those who received the standard dose (Fig. 2c).

Combining 18F-FMISO uptake and radiotherapy dose, OS
remained higher in 18F-FMISO-negative patients (p = 0.032;
Fig. 2d). Conversely, PFS became not significantly different
between the groups (p = 0.12), most likely because of a poten-
tial difference in survival in relation to dose in 18F-FMISO-
positive patients (Fig. 2d). To go further, we performed a
second adjusted survival analysis using the IPTW method
focused on this subgroup.

Survival analysis in the 18F-FMISO-positive subgroup As
shown in Table 1, tumour size differed according to 18F-
FMISO uptake but also according to the dose of radiotherapy
received. Moreover, patients with organ-at-risk constraints did
not receive a radiotherapy boost. In the same manner as its use
for balancing the 18F-FMISO-positive and 18F-FMISO-nega-
tive patient groups, we also applied the IPTW method to the
subgroup of 18F-FMISO-positive patients to balance the char-
acteristics between those receiving 66 Gy and those receiving
a radiotherapy boost. The survival curves (Fig. 2e) still did not
show any significant differences between those receiving the
different doses (p = 0.71 for OS, and not applicable for PFS
because of nonproportional hazards). The median survival
times may nevertheless indicate a potential benefit of the boost
on OS, with median survivals of 26.5 months in patients re-
ceiving the radiotherapy boost and 15.3 months in those not
receiving the boost (Fig. 2e). The OS rates at 1, 2 and 3 years
after radiotherapy were 85.0%, 57.4% and 41.4%, respective-
ly, in patients who received the radiotherapy boost and 79.3%,
37.3% and 37.3%, respectively, in those who received the
standard dose (Fig. 2e). The PFS rates at 1, 2 and 3 years after
radiotherapy were 52.7%, 37.3% and 30.2%, respectively, in
patients who received the radiotherapy boost and 56.8%,
25.2% and 25.2%, respectively, in those who received the
standard dose (Fig. 2e).

Toxicity

Acute toxicities have been discussed previously [7]. and late
toxicities are listed in Table 2. No grade 4 or 5 late
radiotherapy-related adverse events or late cardiac toxicities
were reported in the entire sample at 1, 2 or 3 years.
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Discussion

The purpose of this work was to update the survival anal-
ysis and toxicity at 3 years after an increased total radio-
therapy dose to hypoxic tumours in NSCLC patients treat-
ed with curative-intent chemoradiotherapy. To our knowl-
edge, this is the largest series of patients with NSCLC
receiving a radiotherapy boost to hypoxic tumours identi-
f ied by 18F-FMISO PET/CT in the context of a
multicentre and prospective study. Hypoxia was identified
in 34 of 54 patients (15 centres) and higher radiotherapy
doses (70 to 86 Gy) could be delivered without excessive
early toxicity [7] and without significant late toxicity in
24 patients with hypoxic areas. Although not significant, a
difference in median survival times between those with
and without a radiotherapy boost may nevertheless indi-
cate a potential benefit of the boost on OS, with a median
OS of 26.5 months in patients receiving a radiotherapy
boost of >66 Gy versus 15.3 months in those without a
boost (11.2 months OS benefit).

Our results confirmed the difference previously shown in
OS and PFS between 18F-FMISO-positive and 18F-FMISO-
negative patients (p = 0.01 and p = 0.048, respectively; Fig. 2)
[16]. This strengthens the hypothesis that treatment might
need to be selected according to the 18F-FMISO profile.
However, there was no difference in either OS or PFS between
those receiving the radiotherapy boost and those receiving the
standard dose (Fig. 2), probably because the standard-dose
radiotherapy group included both patients with hypoxic and
patients with nonhypoxic profiles, while the increased-dose
radiotherapy group included only patients with a hypoxic
profile.

The previous study demonstrated a response rate of ≥40%
with acceptable early toxicity [7]. The measurement of 18F-
FMISO and the definition of BTVh have been previously val-
idated [9]. 18F-FMISO uptake in NSCLC patients is strongly
associated with a poor prognosis that cannot be reversed by
radiotherapy doses up to 86 Gy. Since there was no significant
gain in survival in patients who received a radiotherapy boost,
this trial was considered negative. However, this trial was not
a randomized phase III trial. The radiotherapy boost might
have had an important effect on hypoxic tumours, but we were
not able to assess the effect of the boost because of the small
sample size. Nevertheless, the study was designed as a phase
II clinical trial, and it met to its objectives. Because patients
were selected on the basis of the presence of hypoxia identi-
fied by 18F-FMISO uptake, we selected patients who received
a radiotherapy boost and who had a tumour volume twice as
large as patients without hypoxia. In this study, there was an
important difference in tumour size (measured on CT scan)
between the two populations: 61.17 mm in hypoxic tumours
(that received a radiotherapy boost) and 29.85 mm in
nonhypoxic tumours (p < 0.001).

Regarding 18F-FMISO uptake, OS was found to be signifi-
cantly different between 18F-FMISO-positive and 18F-FMISO-
negative patients (median OS 25.8 months and not reached,
respectively; p = 0.01). A slight difference was observed for
PFS (median PFS 12 months and 26.2 months, respectively;
p = 0.048). We thus applied the IPTW method to the subgroup
of 18F-FMISO-positive patients to balance characteristics be-
tween those receiving 66 Gy and those receiving a radiotherapy
boost. Using this method, we took into consideration tumour
size as a confounding variable in the construction of a propen-
sity score, which has been shown to be a better predictor of
survival than the TNM classification in NSCLC [17]. Survival
curves (Fig. 2e) still did not show any significant difference in
survival between patients receiving and not receiving the radio-
therapy boost, with p = 0.71 for OS. However, a difference in
median survival times may nevertheless indicate a potential
benefit of the boost on OS, with an increase in median survival
time of 11.2 months in patients who received the radiotherapy
boost. This statistical method allowed the use of age, tumour
size, stage and histology as confounding variables to rule out
possible bias related to differences in hypoxic tumour profile.

Radiobiological and clinical data suggest that total doses
greater than 80 Gy are required to achieve tumour control in
NSCLC [18]. TheRTOG0617 randomized trial showed reduced
OS in patients receiving 74 Gy (versus 60 Gy) to a target volume
(median 90 cm3) defined on 18F-FDG PET/CT [5]. Phase I/II
studies have shown that doses in excess of 80 Gy can be deliv-
ered only to small tumours [19, 20]. Our BTVs delineated on
18F-FMISOPET/CTwere approximately 40% smaller than those
delineated on 18F-FDG PET/CT. Our results indicate that 18F-
FMISO uptake is associated with a worse outcome, regardless of
the total radiotherapy dose. Increased 18F-FMISO uptake was
correlated with other features associated with a poor prognosis
(larger tumour size, higher 18F-FDG SUVmax), and hypoxia
might not be the sole reason for treatment failure.

The absence of 18F-FMISO uptake identified a group of
tumours associated with a better prognosis. Our OS and PFS
at 1 year compare favourably with those found in the RTOG
0617 trial (OS 80%, range 74–85%; PFS 49%, range 42–56%)
in patients treated with 60 Gy [5]. Similar approaches are
being assessed in clinical trials, such as increasing total dose
to smaller subvolumes considered at higher risk of failure
(high 18F-FDG uptake subvolumes on preradiotherapy 18F-
FDG PET/CT, PET boost NCT01024829) or evaluating the
residual tumour at midtreatment by 18F-FDG PET/CT
(RTOG-110, NCT01507428; RTEP-7, NCT02473133). For
the latter, Kong et al. confirmed the possibility of increasing
the radiotherapy dose with survival rates similar to those in
our study (25 months) [21]. In this study, the tumours received
an accelerated dose, while in the RTEP5 trial, the dose
remained at 2 Gy with an increase in the duration of treatment.
An accelerated approach is surely preferable, as we proposed
in our last study (RTEP-7, NCT02473133).
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Conclusion

This prospective phase II study demonstrates the feasibil-
ity of delivering higher radiotherapy doses to small target
volumes based on the 18F-FMISO uptake, without exceed-
ing the tolerance to normal organs and with no significant
toxicity in patients with NSCLC. With a 3-year follow-up,
boost radiotherapy seemed to improve OS by 11.2 months
in patients with a hypoxic tumour, but the difference was
not statistically significant (p = 0.71), probably because of
the small sample size. A future phase III clinical trial
devoted to hypoxic tumours will determine the efficacy
of boost radiotherapy.

Acknowledgments This study was supported by a grant from the French
National Cancer Institute (PHRC 2011). No other potential conflicts of
interest relevant to this article were reported. We thank the patients who
agreed to participate in this study and their respective referring
pneumologists, nuclear medicine physicians and radiation oncologists from
the participating centres. The authors thank the technologists of the
Department of Nuclear Medicine (Centre Henri Becquerel) for their help
in managing the patients. We are particularly grateful to O. Rastelli, L.
Burel, P. Gouel, C. Breton and D. Richard for their excellent collaboration.

Investigators of RTEP5 study

Amandine Pallardy,MD1;Marc-AndréMahé,MD, PhD2;Marie Lacombe,
MD3; Pierre Boisselier, MD4; Sophie Guillemard, MD5; Pierre Olivier,
MD, PhD6; Veronique Beckendorf, MD7; Naji Salem, MD8; Nathalie
Charrier, MD9; Enrique Chajon, MD10; Anne Devillers, MD11; Nicolas
Aide, MD, PhD12; Serge Danhier, MD13; Fabrice Denis, MD, PhD14;
Jean-Pierre Muratet, MD15; Etienne Martin, MD16; Alina Berriolo
Riedinger, MD17; Helène Kolesnikov-Gauthier, MD18; Eric Dansin,
MD19; Carole Massabeau, MD20; Fredéric Courbon, MD, PhD21; Marie-
Pierre Farcy Jacquet, MD22; Pierre-Olivier Kotzki, MD, PhD23; Claire
Houzard, MD24; Francoise Mornex, MD, PhD25; Laurent Vervueren,
MD26; Amaury Paumier, MD27; Philippe Fernandez MD, PhD28;
Mathieu Salaun, MD, PhD29

1 Department of Nuclear Medicine, Nantes University Hospital,
Nantes, France; E-mail: amandine.pallardy@gmail.com; Phone
Number: +33.2.40.67.99.31

2 Department of Radiation Oncology, Institut de Cancérologie de l’Ouest
(ICO), Nantes; France; E-mail: marc-andre.mahe@ico.unicancer.fr;
Phone Number: +33.2.40.67.99.31

3 Department of Nuclear Medicine, Institut de Cancérologie de l’Ouest
(ICO), Nantes; France; E-mail: marie.lacombe@ico.unicancer.fr; Phone
Number: +33.2.40.67.99.31

4 Department of Radiation Oncology, Institut Regional du Cancer (ICM),
Montpellier, France; E-mail: pierre.boisselier@icm.unicancer.fr; Phone
Number: +33.4.67.61.37.16

5 Department of Nuclear Medicine, Institut Regional du Cancer (ICM),
Montpellier, France; E-mail: sophie.guillemard@icm.unicancer.fr;
Phone Number: +33.4.67.61.31.90

6 Department of Nuclear Medicine, Brabois University Hospital,
Nancy; France; E-mail: p.olivier@chu-nancy.fr; Phone Number:
+33.3.83.15.39.65

7 Department of Radiation Oncology, Institut de Cancérologie de
Lorraine, Nancy, France; E-mail: v.beckendorf@nancy.unicancer.fr;
Phone Number: +33.3.87.39.67.27

8 Department of Radiation Oncology, Institut Paoli Calmette;
Marseille, France; E-mail: salemn@ipc.unicancer.fr; Phone
Number: +33.4.78.86.42.53

9 Department of Nuclear Medicine, Institut Paoli Calmette; Marseille,
France; E-mail: charriern@ipc.unicancer.fr; Phone Number:
+33.4.78.86.21.75

10 Department of Radiation Oncology, Centre regional de lutte contre
le cancer de Bretagne Eugène Marquis; Rennes, France; E-mail:
e.chajon@rennes.unicancer.fr; Phone Number: +33.2.99.25.30.00

11 Department of Nuclear Medicine, Centre regional de lutte contre le
cancer de Bretagne Eugène Marquis; Rennes, France; E-mail:
a . d e v i l l e r s@r enn e s . u n i c a n c e r. f r ; P hone Numbe r :
+33.2.99.25.30.00

12 Nuclear Medicine and TEP centre, Caen University Hospital and
INSERM 1199, Avenue de Nacre, 14000 Caen; aiden@chu-
caen.fr; Phone Number: +33.2.31.06.32.44

13 Department of Radiation Oncology, François Baclesse Cancer
Center, Caen; France; E-mail: s.danhier@baclesse.fr; Phone
Number: +33.2.31.45.50.20

14 Department of Radiation Oncology, Institut Inter-Régional de
Cancérologie (ILC). Centre Jean Bernard/Clinique Victor Hugo,
72000, Le Mans, France; f.denis@cjb72.org; Phone Number:
+33.2.43.39.13.00; Fax Number: +33.2.43.28.85.34

15 Department of Nuclear Medicine, Institut Inter-Régional de
Cancérologie (ILC). Centre Jean Bernard/Clinique Victor Hugo,
72000, Le Mans, France; E-mail: jpmuratet@icloud.com; Phone
Number: +33.2.43.39.13.00; Fax Number: +33.2.43.28.85.34

16 Radiation Oncology, Centre Francois Leclerc, Dijon; France; E-
mail: eMartin@cgfl.fr; Phone Number: +33.3.80.73.75.00

17 Department of Nuclear Medicine,: Centre Francois Leclerc, Dijon;
France; E-mail: ABerrioloRiedinger@cgfl.fr; Phone Number:
Phone Number: +33.3.80.73.75.00

18 Helène Kolesnokov-Gauthier. Department of Nuclear Medicine,
Oscar Lambret Center, 59020 Lille cedex, France ; E-mail:
hgauthier@o-lambret.fr; Phone Number: +33.3.20.29.59.13

19 Eric Dansin. Department of Radiation Oncology. Oscar Lambret
Center, 59020 Lille cedex, France; E-mail: e-dansin@o-lambret.fr;
Phone Number: +33.3.20.29.59.13

20 Département de Radiothérapie. Institut Universitaire du Cancer, 1
avenue Irène Joliot-Curie, 31059 Toulouse cedex 9, France; E-
mail: massabeau.carole@iuct-oncopole.fr; Phone Number:
+33.5.31.15.50.50

21 Department of Nuclear Medicine, Institut Universitaire du Cancer,
1 avenue Irène Joliot-Curie, 31059 Toulouse cedex 9, France;
Email: courbon.frederic@iuct-oncopole.fr; Phone Number:
+33.5.31.15.50.50

22 Department of Radiation Oncology, CHU de Nîmes, Institut de
cancérologie du Gard, Rue Henri Pujol, 30000 Nîmes, France; E-
mail: marie.pierre.farcy.jacquet@chu-nimes.fr; France; Phone
Number: +33.4.66.68.68.68

23 Department of Nuclear Medicine, CHU de Nîmes, Institut de
cancérologie du Gard, Rue Henri Pujol, 30000 Nîmes, France; E-
mail: pierre-olivier.kotzki@icm.unicancer.fr; Phone Number:
+33.4.66.68.68.68

24 Department of Nuclear Medicine, Hospices Civils de Lyon, Lyon;
France; E-mail: claire.houzard@chu-lyon.fr; Phone Number:
+33.4.78.86.21.75

25 Department of Radiation Oncology, Hospices Civils de Lyon,
Lyon; France; E-mail: francoise.mornex@chu-lyon.fr; Phone
Number: +33.4.78.86.42.53

26 Department of RadiationOncology, Institut de Cancérologie de l'Ouest,
site Paul Papin, France; E-mail: amaury.Paumier@ico.unicancer.fr;
Phone Number: +33.2.41.35.27.00

27 Department of Nuclear Medicine, Institut de Cancérologie de
l'Ouest, site Paul Papin, France; E-mail: lavervueren@chu-
angers.fr; Phone Number: +33.2.41.35.27.00

28 Department of Nuclear Medicine, Hôpital Pellegrin, CHU de
Bordeaux; France, E-mail: philippe.fernandez@chu-bordeaux.fr;
Phone Number: +33.5.56.79.55.40

Eur J Nucl Med Mol Imaging (2019) 46:1448–1456 1455



29 Department of Pneumology and QuantIF – LITIS [EA (Equipe
d’Accueil) 4108 – FR CNRS 3638], Faculty of Medicine,
University of Rouen; France, CHU de Rouen; 1 rue de Germont,
76000 Rouen; luc.thiberville@univ-rouen.fr; Phone Number:
+33.2.35.88.89.90

Funding This study was supported by a grant from the French National
Cancer Institute (PHRC 2011).

Compliance with ethical standards

Conflicts of interest None.

Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the institu-
tional and/or national research committee and with the principles of the
1964 Declaration of Helsinki and its later amendments or comparable
ethical standards. The protocol and the consent form were approved by
the Ethics Committee Nord-Ouest 1. The study was registered in the
Clinical Trials Protocol Registration System (NCT01576796; RTEP5
study). The clinical, biological, imaging and toxicity data were monitored
by a certified clinical research unit.

Informed consent Informed consent was obtained from all individual
participants included in the study.

References

1. Ohri N. Radiotherapy dosing for locally advanced non-small cell
lung carcinoma: BMTD^ or BALARA^? Front Oncol. 2017;7:205.

2. Antonia SJ, Villegas A, Daniel D, Vicente D, Murakami S, Hui R,
et al. Durvalumab after chemoradiotherapy in stage III non-small-
cell lung cancer. N Engl J Med. 2017;377(20):1919–29.

3. Chang AJ, Bradley JD. Clinical perspectives on dose escalation for
non-small-cell lung cancer. Clin Lung Cancer. 2010;11(5):299–
302.

4. Fleckenstein J, Hellwig D, Kremp S, Grgic A, Gröschel A, Kirsch
CM, et al. F-18-FDG-PET confined radiotherapy of locally ad-
vanced NSCLC with concomitant chemotherapy: results of the
PET-PLAN pilot trial. Int J Radiat Oncol Biol Phys. 2011;81(4):
e283–9.

5. Bradley JD, Paulus R, Komaki R, Masters G, Blumenschein G,
Schild S, et al. Standard-dose versus high-dose conformal radio-
therapy with concurrent and consolidation carboplatin plus pacli-
taxel with or without cetuximab for patients with stage IIIA or
IIIB non-small-cell lung cancer (RTOG 0617): a randomised,
two-by-two factorial phase 3 study. Lancet Oncol. 2015;16(2):
187–99.

6. Hallqvist A, Bergström S, Björkestrand H, Svärd AM, Ekman S,
Lundin E, et al. Dose escalation to 84 Gy with concurrent chemo-
therapy in stage III NSCLC appears excessively toxic: results from
a prematurely terminated randomized phase II trial. Lung Cancer.
2018;122:180–6.

7. Vera P, Thureau S, Chaumet-Riffaud P, Modzelewski R, Bohn P,
Vermandel M, et al. Phase II study of a radiotherapy total dose
increase in hypoxic lesions identified by 18F-misonidazole PET/
CT in patients with non-small cell lung carcinoma (RTEP5 study). J
Nucl Med. 2017;58:1045–53.

8. Boellaard R, Delgado-Bolton R, Oyen WJ, Giammarile F, Tatsch
K, Eschner W, et al. FDG PET/CT: EANM procedure guidelines
for tumour imaging: version 2.0. Eur J Nucl Med Mol Imaging.
2015;42(2):328–54.

9. Thureau S, Chaumet-Riffaud P, Modzelewski R, Fernandez P,
Tessonnier L, Vervueren L, et al. Interobserver agreement of qual-
itative analysis and tumor delineation of 18F-fluoromisonidazole
and 3′-deoxy-3’-18F-fluorothymidine PET images in lung cancer.
J Nucl Med. 2013;54:1543–50.

10. Bezjak A, Temin S, Franklin G, Giaccone G, Govindan R, Johnson
ML, et al. Definitive and adjuvant radiotherapy in locally advanced
non–small-cell lung cancer: American Society of Clinical
Oncology clinical practice guideline endorsement of the American
Society for Radiation Oncology evidence-based clinical practice
guideline. J Clin Oncol. 2015;33(18):2100–5.

11. Postmus PE, Kerr KM, Oudkerk M, Senan S, Waller DA,
Vansteenkiste J, et al. Early and locally advanced non-small-cell
lung cancer (NSCLC): ESMO clinical practice guidelines for diag-
nosis, treatment and follow-up. Ann Oncol. 2017;28(suppl_4):iv1–
iv21.

12. R Core Team. R: a language and environment for statistical com-
puting. Vienna: R Foundation for Statistical Computing; 2018.
https://www.R-project.org/

13. Rosenbaum PR, Rubin DB. The central role of the propensity
score in observational studies for causal effects. Biometrika.
1983;70:41–55.

14. Pirracchio R, Resche-Rigon M, Chevret S. Evaluation of the pro-
pensity score methods for estimating marginal odds ratios in case of
small sample size. BMC Med Res Methodol. 2012;12:70.

15. McHugh ML. Interrater reliability: the kappa statistic. Biochem
Med. 2012;22(3):276–82.

16. Salem A, Asselin MC, Reymen B, Jackson A, Lambin P, West CM,
et al. Targeting hypoxia to improve non-small cell lung cancer out-
come. J Natl Cancer Inst. 2018;110(1):14–30.

17. Dehing-Oberije C, De Ruysscher D, van derWeide H, Hochstenbag
M, Bootsma G, Geraedts W, et al. Tumor volume combined with
number of positive lymph node stations is a more important prog-
nostic factor than TNM stage for survival of non-small-cell lung
cancer patients treated with (chemo)radiotherapy. Int J Radiat
Oncol Biol Phys. 2008;70(4):1039–44.

18. Horsman MR, Wouters BG, Joiner MC, Overgaard J. The oxygen
effect and fractionated radiotherapy. In: Joiner M, van der Kogel A,
editors. Basic clinical radiobiology. 4th ed. London: Hodder
Arnold; 2009. p. 207–16.

19. Kong FM, Ten Haken RK, Schipper MJ, Sullivan MA, Chen M,
Lopez C, et al. High-dose radiation improved local tumor control
and overall survival in patients with inoperable/unresectable non-
small-cell lung cancer: long-term results of a radiation dose escala-
tion study. Int J Radiat Oncol Biol Phys. 2005;63(2):324–33.

20. van Baardwijk A, Wanders S, Boersma L, Borger J, Ollers M,
Dingemans AM, et al. Mature results of an individualized radiation
dose prescription study based on normal tissue constraints in stages I
to III non-small-cell lung cancer. J Clin Oncol. 2010;28(8):1380–6.

21. Kong FM, Ten Haken RK, Schipper MJ, Frey KA, Hayman J,
Gross M, et al. Effect of midtreatment PET/CT-adapted radiation
therapy with concurrent chemotherapy in patients with locally ad-
vanced non-small-cell lung cancer: a phase 2 clinical trial. JAMA
Oncol. 2017;3(10):1358–65.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-

tional claims in published maps and institutional affiliations.

1456 Eur J Nucl Med Mol Imaging (2019) 46:1448–1456

https://www.r-project.org/

	Radiotherapy...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Study design and patients
	PET imaging
	Radiochemotherapy protocol
	Statistical analysis
	Sample size and follow-up procedures

	Results
	Study flow chart and patient characteristics
	Survival analysis
	Survival analysis based on adjusted samples
	Toxicity

	Discussion
	Conclusion

	References


