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Background: The use of 18FDG-PET/CT for delineating a gross tumor volume (GTV,
also called MTV metabolic tumor volume) in radiotherapy (RT) planning of head neck
squamous cell carcinomas (HNSCC) is not included in current recommendations,
although its interest for the radiotherapist is of evidence. Because pre-RT PET scans are
rarely done simultaneously with dosimetry CT, the validation of a robust image registration
tool and of a reproducible MTV delineation method is still required.

Objective: Our objective was to study a CT-based elastic registration method on
dual-time pre-RT 18FDG-PET/CT images to assess the feasibility of PET-based RT
planning in patients with HNSCC.

Methods: Dual-time 18FDG-PET/CT [whole-body examination (WbPET) 4+ 1 dedicated
step (headPET)] were selected to simulate a 2-times scenario of pre-RT PET images
deformation on dosimetry CT. ER-headPET and RR-headPET images were, respectively,
reconstructed after CT-to-CT rigid (RR) and elastic (ER) registrations of the headPET on
the wbPET. The MTVs delineation was performed using two methods (40%SUVmax,
PET-Edge). The percentage variations of several PET parameters (SUVmax, SUVmean,
SUVpeak, MTV, TLG) were calculated between wbPET, ER-headPET, and RR-headPET.
Correlation between MTV values was calculated (Deming linear regression). MTVs
intersections were assessed by two indices (OF, DICE) and compared together
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(Wilcoxon test). Additional per-volume analysis was evaluated (Mann-Whitney test).
Inter- and intra-observer reproducibilities were evaluated (ICC = intra-class coefficient).

Results: 36 patients (30M/6F; median age = 65 y) were retrospectively included.
The changes in SUVmax, SUVmean and SUVpeak values between ER-headPET and
RR-headPET images were <5%. The variations in MTV values between ER-headPET
and wbPET images were —6 and —3% with 40%SUVmax and PET Edge, respectively.
Their correlations were excellent whatever the delineation method (R2 > 0.99). The
ER-headPET MTVs had significant higher mean OF and DICE with the wbPET MTVs,
for both delineation methods (p < 0.002); and also when lesions had a volume > 5cc
(excellent OF = 0.80 with 40%SUVmax). The inter- and intra-observer reproducibilities
for MTV delineation were excellent (ICC > 0.8, close to 1 with PET-Edge).

Conclusion: Our study demonstrated no significant changes in MTV after an elastic
deformation of pre-RT 18FDG-PET/CT images acquired in dual-time mode. This opens
possibilities for HNSCC radiotherapy planning improvement by transferring GTV-PET on
dosimetry CT.

Keywords: elastic registration, dual time 18FDG-PET/CT images, radiotherapy planning, head neck cancer,

gradient based method

INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the 6th
most common cancer, with around 800,000 new cases worldwide
in 2015 (1, 2). These tumors confer a poor prognosis, with a
5-year survival rate < 50% and nearly 432,000 annual global
deaths (3), probably because of diagnosis at an advanced stage in
2/3 of cases. Radiotherapy (RT) £ concomitant chemotherapy,
as well as surgery, is the standard curative treatment of locally
advanced tumors (4, 5). However, despite the improvement in
treatment modalities and RT techniques, particularly the advent
of intensity-modulated radiotherapy (IMRT), the locoregional
failure rate remains high (4, 6).

18F-flurorodesoxyglucose  (18FDG) positron  emission
tomography (PET/CT) is currently recommended for the pre-
treatment staging of stage III-IV (T3-4, N1-3) HNSCC to look
for distant metastases (7). Its indication remains optional for the
early stages although its excellent performance for the diagnosis
of lymph node involvement or of synchronous primary cancer
have been demonstrated (8-10). In addition, in a recent study
conducted on 477 patients, the management plan including RT
was altered for 20% after implementation of 18FDG-PET/CT in
the initial work up, whatever the stage (11).

However, the use of 18FDG-PET/CT for delineating the
gross tumor volume (GTV) in radiotherapy (also called
metabolic tumor volume MTV) is not included in current
recommendations although its interest for the radiotherapist is
of clinical relevance (12, 13). Some studies have shown that the
GTV delineation in PET improved inter- and intra-observer
reproducibility compared to CT (14), while having a better
concordance with the macroscopic tumor volume. Furthermore,
it has been proven that the GTV-PET was significantly lower than
the GTV-CT (15-18), potentially leading to a reduction in organ
at risk (OAR) toxicity (19).

For its use in clinical routine, two current issues remain to
be resolved. Ideally, RT planning should be done on an 18FDG-
PET combined with a dedicated contrast-enhanced computed
tomography (ceCT) in the same treatment position with restraint
method (thermoformed mask, personalized head support) and
laser positioning (20) for achieving dosimetry using a consensual
and reproducible delineation method. However, 18FDG-PET/CT
for tumor staging is most often performed prior to the decision
for RT curative treatment, with non-optimal conditions for
treatment planning. In this situation, it is essential to integrate
the PET data into the dosimetry ceCT after image registration,
potentially modifying the GTV-PET. Indeed, the anatomical
relationships between the different structures in the head and
neck area strongly depend on the patient position. Moreover,
there is currently no consensus on the PET delineation method
as reported by the AAPG task group 211 in 2018, even if 1A
approaches based on convolutional neural networks are very
promising (21, 22). Nevertheless, many approaches actually
implemented in commercially softwares have been studied in
head and neck cancers, such as those based on a relative threshold
of SUVmax = 40% (23), on an adaptive threshold to local
background noise (24) or on image gradients (25). This last-
mentioned method, developed by Geets et al. has been reported
to allow delineating a GTV-PET as close as possible to the
macroscopic tumor volume.

Recent software currently proposes a CT-to-CT elastic
image registration method and incorporates a gradient-based
segmentation tool, called PET-Edge. To study its feasibility
in RT planning and to simulate a 2-times scenario of an
elastic registration of the pre-treatment PET/CT images on
the dosimetry ceCT performed in a different position, we
selected PET/CT performed in a “dual-time” mode, including a
whole-body examination (wbPET) with arms raised followed by a
dedicated head and neck acquisition (headPET) with arms down.
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The objectives of this study were: (i) to evaluate the percentage
change of usual (SUVmax, SUVmean, SUVpeak) and volumetric
(MTV, TLG) quantitative parameters after rigid (RR) and
elastic registration (ER) of headPET images on wbPET images;
(ii) to compare the intersections between MTVs delineated
on both headPET registered with RR or ER methods and
MTVs delineated on wbPET; (iii) and to analyze inter- and
intra-observer reproducibility for MTVs delineation with the
respective 40%SUVmax and PET-Edge methods.

MATERIALS AND METHODS

Population

Consecutive patients with HNSCC referred to a single
institutional Nuclear Medicine department for a pre-treatment
18FDG-PET/CT from February 2017 to March 2019 were
retrospectively analyzed.

Patients were included if their PET examination was
performed in a dual-time acquisition mode.

The exclusion criteria were as follows: poor positioning of
the arms, lesion of interest out of the wbPET field of view
(FOV), absence of hypermetabolism over target tumor, or
multimetastatic disease.

Usual clinical and histopathological data [age, sex, tumor
location, World Health Organization (WHO) classification
and American Joint Cancer Classification (AJCC) stage] were
collected (26, 27).

This  study = was  approved by an
Committee (CEMEN 2021-03).

18FDG-PET/CT Imaging

All exams were performed on the same Biograph TruePoin
64 PET/CT system (Siemens healthineers®, Erlangen,
Germany) after injection of 3 MBq/Kg of 18FDG (Curium®,
Saclay, France).

Dual-time acquisition consisted of an initial whole-body
acquisition (2min 30 per step) in dorsal decubitus with arms
raised (WbPET) ~1h after tracer injection, followed by a 1-step
acquisition (5 min) centered on the head and neck area with arms
down (headPET).

PET images were reconstructed with an iterative OSEM
3D method and corrected for random coincidences, scatter
and attenuation using the CT scan. The reconstructed images
parameters were as follows: wbPET (cutting thickness =
5mm; matrix = 168%; voxel size = 4.1 x 4.1 x 5mm) and
headPET (cutting thickness = 3 mm; matrix = 256% voxel
size = 2.7 x 2.7 X 3 mm).

All PET data were anonymized and then analyzed blindly
by 2 nuclear medicine physicians to assess inter-observer
reproducibility (MM, RA).

To assess intra-observer reproducibility, a second analysis by
the most experienced operator was performed 3 months later on
a third of the randomly selected cohort.

Ethics

tTM

Image Processing
Preliminary image processing was performed on Mim® software
(v7, Cleveland, USA) in two steps.

The first step involved the creation of the fused series with
the VoxAlign Engine® tool. After a rapid rigid registration
(RR) between the wbCT and the headCT resulting from the
two respective PET/CT acquisitions, a precise RR spatially
limited to the primary location area to be analyzed was
performed. An elastic registration (ER) was then performed,
allowing a superimposition of different anatomical structures.
The registration matrix resulting from these two deformations
were applied to the headPET images, allowing acquisition of two
new series of PET images with rigid (RR-headPET) and elastic
deformation (ER-headPET) for each patient.

The second step consisted of delineating the metabolic
tumor volume (MTYV, in cc) on the wbPET, the ER-headPET
and RR-headPET wusing 2 different methods: a relative
thresholding method (40%SUVmax) and a gradient-based
method (PET-Edge™).

Data Analysis

The extraction of the usual quantitative PET parameters
was carried out on the 3 series of wbPET, ER-headPET
and RR-headPET images, delineated with the 2 methods
(40%SUVmax and PET-Edge). The values of SUVmax,
SUVmean, and SUVpeak were measured within the MTV
and then the Total Lesion Glycolysis was calculated with the
formula TLG = MTV x SUVmean.

The one-to-one intersection of A and B volumes from the
different series of images wbPET, ER-headPET and RR-headPET
was evaluated by two methods: the overlap fraction (OF) index
given by the formula OF (A, B) = (AnB)/B and the DICE
coefficient given by the formula DICE (A, B) = (2 x AnB)/(A
+ B). The values of each parameter vary between 0 if the volumes
A and B are completely disjointed and 1 if they match perfectly
in size, shape and location.

Statistical Analysis

The one-to-one mean + SD relative changes (%) of the usual
(SUVmax, SUVmean, SUVpeak) and volumetric (MTV, TLG)
PET parameters according to the different reconstructed wbPET,
ER-headPET, and RR-headPET images were calculated.

The correlation between MTV values was calculated using a
Deming linear regression test with a R? measurement.

The OF and DICE mean = SD values (WbPET vs. ER-head PET
or RR-headPET) were compared using the Wilcoxon test. A
difference between the OF and DICE coefficient values according
to the lesion volume, arbitrarily defined with a threshold of
MTV = 5cc measured on the wbPET, was evaluated using the
Mann-Whitney test.

The inter- and intra-observer reproducibility were evaluated
by calculating the intra-class coefficient (ICC).

The Landis and Koch scale was used to assess the quality
of the intersection and the reproducibility: 0-0.2 (very low);
0.2-0.4 (weak); 0.4-0.6 (moderate); 0.6-0.8 (strong); 0.8-1
(excellent) (28).

The significance threshold was given by a p-value of <0.05.

All statistical analyzes were performed with XLStat 2019
software (Addinsoft®, Paris, France).
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FIGURE 1 | Flow chart of the study.

RESULTS

Between February 2017 to March 2019, 55 patients with HNSCC
underwent a 18FDG-PET/CT scan in a dual-time acquisition
mode for the initial assessment of their disease.

Among them, 19 were excluded from the analysis for the
following reasons: poor positioning of the arms in 2 cases (both
acquisitions with arms down), primary location out of the wbPET
FOV in 13 cases, no hypermetabolism over target lesion in 3
cases, multi-metastatic disease in 1 case.

Therefore, 36 patients were retrospectively included in this
study (Figure 1).

Patient Characteristics

The median age at diagnosis was 65 years and the sex ratio M/F
was 3.3. Primary lesions were mainly located in the oropharynx
(n = 15) and concerned cervical lymph node carcinoma from
unknown primary (CUP) in 4 cases (11%). The majority were
locally advanced cancers (39% of T4 lesions and 72% of AJCC
stage I'V).

Table 1 summarizes the characteristics of the population.

18FDG-PET/CT Analysis
The wbPET acquisition was performed on average of 63 & 7 min
after injection of 3.0 = 0.1 MBq of 18FDG.

The headPET acquisition started on average of 18 £ 2min
after the wbPET.

Variation of Quantitative Parameters

Table 2 shows the relative changes of quantitative parameters
between ER-headPET and RR-headPET and wbPET
reconstructed images.

ER-HeadPET vs. WbPET

The mean changes of SUVmax, SUVmean, and SUVpeak
were +21%, +11% and +14%, respectively, with 40%SUVmax
method; and +21%, +12%, and +14% with PET-Edge method.

TABLE 1 | Patients characteristics.

Characteristics No of patients (n = 36)

Age (mean + Sd) 61+9
Sex (male/female) 30/6
Tumor location n (%)
Oral cavity 5(14)
Oropharynx 15 (42)
Hypopharynx 7 (20)
Larynx 4 (11)
Nasopharynx 1)
CuP 4(11)
AJCC n (%)
| 2 (6)
Il 1(6)
Il 7 (20)
I\ 26 (72)
WHO n (%)
Tx 4 (11)
T 6(17)
T2 8 (22)
T3 4(11)
T4 14 (39)
TABLE 2 | Mean change (in %) & SD of quantitative parameters.

ER-headPET ER-headPET

vs. WbPET vs. RR-headPET

Parameters 40%SUVmax PET-Edge 40%SUVmax PET-Edge
SUVmax 21 +£17 21+18 4+4 3+3
SUVmean 1M1+7 12+18 -1+4 0+1
SUVpeak 14+ 10 14 +£10 0+0 0+0
TLG 5+24 5+38 -6+ 11 —-8+13
MTV —6+18 —-3+37 —6+12 —-8+13

The mean changes of TLG were +5% regardless of the
delineation method.

The mean changes of MTV were —6% and —3% with
40%SUVmax and PET-Edge methods, respectively.

ER-HeadPET vs. RR-HeadPET
The mean changes of SUVmax, SUVmean, and SUVpeak were
+4%, +1%, and <1%, respectively, with 40%SUVmax method;
and +3%, <1%, and +1% with PET-Edge method.

The mean changes of both MTV and TLG were —6% and
—8%, respectively, with 40%SUVmax and PET-Edge methods.

Comparison of Volumes

Deming regressions showed an excellent linear relationship
between the MTV volumes delineated on the ER-headPET
and wbPET images with both 40%SUVmax (R? = 0.992) and
PET-Edge (R? = 0.99) methods (Figures 2A,B).
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FIGURE 2 | Relationship between MTV delineated on ER-headPET and wbPET using a Deming linear regression. (A) Deming regression MTV 40%. (B) Deming

Deming regression MTV PETedge

wb-PET

0 20 P €0 20 100 120 140
ER head-PET

TABLE 3 | Mean OF and DICE indices between wbPET and headPET volume delineations according to RR and ER methods.

Overlap fraction

DICE coefficient

Method RR-headPET ER-headPET p-value RR-headPET ER-headPET p-value
(n = 36) (n = 36) (n = 36) (n = 36) p-value

40%SUVmax 0.58 £0.26 0.76 £0.13 <0.0001* 0.57 £0.25 0.70 £0.15 <0.0001*

PET-Edge 0.53+£0.26 0.69 £ 0.19 <0.0001* 0.53+£0.26 0.62+£0.18 0.002*

*Significancy of result.

The confidence interval around the estimated line included
y = X, except from the 4 largest lesions (>100cc) delineated with
the 40%SUVmax method.

MTV Intersections

According to Registration Method

The mean OF and DICE indices of intersection between the
MTYV delineated on wbPET with, respectively, those on the
ER-headPET and the RR-headPET are shown in Table 3.

The ER-headPET MTYV had significantly higher mean OF
indices than the RR-headPET MTV with the wbPET MTV for
both 40%SUVmax (OF = 0.76 £ 0.13 vs. 0.58 £ 0. 26, p < 0.0001)
and PET-Edge (OF = 0.70 £ 0.15 vs. 0.57 & 0.25, p < 0.0001)
methods (Figures 3A,B).

The ER-headPET MTYV had significantly higher mean DICE
indices than the RR-headPET MTV with the wbPET MTYV for
both 40%SUVmax (DICE = 0.69 £ 0.19 vs. 0.53 &+ 0.26, p <
0.0001) and PET-Edge (DICE = 0.62 £ 0.18 vs. 0.53 £ 0.26, p
= 0.002) methods (Figures 3C,D).

According to Tumor Volume
The mean OF and DICE indices of intersection between the MTV
according to tumor volume are shown in Table 4.

The ER-headPET MTYV had significantly higher mean OF
indices with the wbPET MTV when lesions had a volume > 5cc

for 40%SUVmax (mean OF = 0.80 & 0.10 vs. 0.61 & 0.14, p
= 0.001) method. This difference was not significant for PET-
Edge (OF = 0.71 £ 0.15 vs. 0.63 £ 0.24, p = 0.183) method
(Figures 4A,B).

The ER-headPET MTYV had significantly higher mean DICE
indices with the wbPET MTV when lesions had a volume > 5cc
for both 40%SUVmax (DICE = 0.75 £ 0.11 vs. 0.52 + 0.14, p =
0.0002) and PET-Edge (DICE = 0.71 = 0.14 vs. 0.44 £ 0.13, p =
0.183) methods (Figures 4C,D).

Figures 5-7 show three different examples of OF and DICE
results according to the images registration and the MTV
delination methods used.

Reproducibility of MTV Delineation

The inter- and intra-observer reproducibility analysis for the
MTYV delineation according to the 40%SUVmax and PET-Edge
methods are shown in Table 5.

The inter-observer reproducibility for the MTV
delineation on each series of images was excellent for
both 40%SUVmax (ICC from 0.80 to 0.81) and PET-Edge
(ICC 0.98-0.99) methods.

The intra-observer
delineation on each

MTV
excellent

reproducibility ~ for  the
series of images was
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FIGURE 3 | OF and DICE coefficients comparison between headPET and wbPET MTVs according to the registration (elastic or rigid) and the delineation methods
(40%SUV max or PET-Edge). (A) OF (wb-PET/head-PET) MTV 40%. (B) OF (wb-PET/head-PET) MTV PETedge. (C) DICE (wb-PET/head-PET) MTV 40%. (D) DICE
(wb-PET/head-PET) MTV PETedge.

TABLE 4 | Mean OF and DICE indices between wbPET and ER-headPET volume according to delineation method and to tumor volume (cut-off 5cc).

Overlap fraction

DICE coefficient

Cut off <5cc >5cc p-value <5cc >5cc p-value
40%max (n = 8 vs. 28) 0.61+0.14 0.80 £ 0.10 0.001* 0.52 +£0.14 0.75+ 0.11 0.0002¢
PET-Edge (n = 11 vs. 25) 0.63 £ 0.24 0.71 £0.15 0.183 0.44 £0.13 0.71+£0.14 <0.0001*

*Significancy of result.

for both 40%SUVmax (ICC 0.89-0.90)
(ICC 0.99) methods.

and PET-Edge

DISCUSSION

To the best of our knowledge, this study is the first to assess
the feasibility of applying an elastic registration on a dual-time
PET-CT examination to simulate radiotherapy planning for head

and neck (HN) cancers using an exported GTV-PET to the
dosimetry CT.

First, we found a significant increase in the values of SUVmax,
SUVmean, and SUVpeak between the ER-headPET and wbPET
image series, logically explained by the mean delay of 18 &
2 min between these two-times acquisitions. Current guidelines
recommend acquiring PET images 60 & 5min after injection
of 18FDG, in particular for reasons of reproducibility and
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FIGURE 4 | Comparison of OF and DICE intersection indices between woPET and ER-headPET volumes according to delineation method and to tumor volume
(cut-off 5¢e). (A) OF (whb-PET 5¢c/ER head-PET) MTV 40%. (B) OF (wb-PET 5cc/ER head-PET) MTV PETedge. (C) DICE (wb-PET 5cc/ER head-PET) MTV 40%. (D)
DICE (wb-PET 5cc/ER head-PET) MTV PETedge.

TABLE 5 | Inter- and intra-observer reproducibility (ICC) on MTV delineation.

wbPET RR-headPET ER-headPET
Reproducibility 40%SUVmax PET-Edge 40%SUVmax PET-Edge 40%SUVmax PET-Edge
Inter-observer 0.80 0.99 0.81 0.99 0.81 0.98
Intra-observer 0.90 0.99 0.89 0.99 0.90 0.99

comparability in the event of repeated examinations in the same
patient (7, 29). However, the 18FDG uptake in tumors is a
dynamic process, reaching a plateau phase at varying times (from
30 min to several hours), depending on their histological type
(30, 31). This 20% increase in SUVmax reported in our results
is related to the fact that the maximum absorption of 18FDG in
squamous carcinoma cell (SCC) occurs more than 1 h after tracer
administration. Indeed, in a dual-time PET study including 66
HNSCC, Abgral et al. found an increase in SUVmax on average

from 7.2 to 9.2 between 1 and 2 h post-injection of 18FDG (32).
Consequently, recent literature suggested applying this delayed
protocol to improve diagnostic performance of 18FDG-PET/CT
in head and neck cancers (33-36).

Conversely, metabolic tumor volumes (MTV) delineated
using a relative threshold of SUVmax were only slightly affected
in our results (around 5% maximum). This suggests that dynamic
uptake profile of each voxel in the tumor remains identical
over time. In another series of 80 PET/CT scanned in a 1-2h
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FIGURE 5 | 59-year-old man with T4 N1 MO oropharyngeal SCC (AJCC stage V) — estimated MTV = 49.0cc. woPET MTV (=V1 in blue), RR-headPET MTV (=V2 in
green) and ER-headPET MTV (=V3 in pink) delineated with 40%SUVmax segmentation method reported on the wbPET (top row), RR-headPET (middle row) and
ER-headPET (bottom row) images in axial (left column), sagittal (center column) and coronal (right column) views. OF (V3, V1) = 86.6% vs. OF (V2, V1) = 59.4%; DICE

dual-time mode, Abgral et al. also showed a deltaMTV <
5% of primary head and neck lesions. Finally, the TLG value
reflecting the metabolic tumor burden was logically affected by
this dual-time acquisition in our series, since it is by definition
dependent on the SUVmean. However, TLG is more a prognostic
indicator than a radiotherapy planning tool. However, an RT
dose escalation decision may be considered in cases of high TLG
value (37).

Our comparison of the RR-headPET and ER-headPET images
showed a slight change in the values of static (<5%) and
volumetric (6-8%) quantitative parameters, thus demonstrating
the feasibility of transferring PET data by elastic registration
onto a dosimetry CT, without significant loss of information.
Our Deming regression analysis confirmed this comparability
of volumes with excellent linearity coefficients (R?> > 0.99)
whatever the segmentation method used. Only a relative MTV
underestimation after ER was observed using the 40%SUVmax
delineation method (but not PET-Edge) from the 4 lesions with a
volume > 100cc. This could be related to the difference in the

reconstruction matrix parameters of the wbPET and headPET
image series in our study.

In this cohort, we chose to compare two segmentation
methods widely used to assess the metabolic tumor volume of
HNSCC. The 40%SUVmax relative thresholding method, having
the advantage of being freely available on the different image
post-processing software from PET manufacturers, has largely
demonstrated prognostic evaluation of head and neck cancers
(38). Thus, by comparing different relative thresholds of SUVmax
(30, 40, 50%), Abgral et al. showed that 40%SUVmax was the
most relevant to predict overall survival (OS) and progression-
free survival (PFS) in 80 patients treated for head and neck
cancer (39). The same group confirmed that an MTV > 6.7cc
delineated with the 40%SUVmax method was an independent
predictive factor of poor PES in a cohort of 70 HNSCC (32).
The PET-Edge method, initially developed by Geets et al. (25),
is based on PET image gradients and has also often been used
in series involving HNSCC. In a cohort of 45 tumors of the
oral cavity and oropharynx, Dibble et al. showed that MTVs
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FIGURE 6 | 77-year-old man with T3 N1 MO oropharyngeal SCC (AJCC Il stage) — estimated MTV = 16.3cc. wbPET MTV (=V1 in blue), RR-headPET MTV (=V2 in
yellow) and ER-headPET MTV (=V3 in pink) delineated with PET-Edge segmentation method reported on the wbPET (top row), RR-headPET (middle row) and
ER-headPET (bottom row) images in axial (left column), sagittal (center column) and coronal (right column) views. OF (V3, V1) = 60.1% vs. OF (V2, V1) = 37.9%; DICE
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delineated with PET-Edge had a greater prognostic impact than
MTVs delineated with the 38%SUVmax, 50%SUVmax, and
60%SUVmax methods (40). Geets et al. suggested in 2 studies
conducted on pharyngolaryngeal tumors that pre- and per-
treatment planning in IMRT by GTV-PET using the PET-Edge
method allowed a significant reduction in the dose to organs-
at-risk (parotid glands, bone marrow spinal cord) compared to
GTV-CT, while having an identical tumor control rate. They
also highlighted the possibility of a PET-based dose escalation
in RT (19, 41). Finally, apart from the head and neck region,
Wanet et al. showed in a comparative series that this gradient-
based method was the most efficient and robust (vs. GTV-PET
40%SUVmax, 50% SUVmax, Daisne and GTV-CT) to assess
the real histopathological tumor volume of 10 resected T1-T2
bronchopulmonary cancers (42). The Daisne method, using an
adaptive SUVmax threshold dependent on the background noise
surrounding the tumor, also showed a good correlation between
the GTV-PET and the macroscopic MTYV, close to that found with

PET-Edge (42). However, this method remains more tedious and
requires a phase of calibration of the machine, not possible in our
retrospective study (24).

Furthermore, our analysis of inter- and intra-observer
variability showed an excellent reproducibility for the MTV
delineation on each series of PET images according to our two
studied methods. In addition, values of concordance were close
to perfect agreement (ICC = 1) with PET-Edge, presumably
because it is an automatic method requiring minimal user-
input. These results are in agreement with the data in the
literature. In a study of 10 head and neck cancers delineated
by 8 different operators, Breen et al. showed excellent inter-
and intra-observer reproducibility, even with a normally more
subjective visual analysis method (ICC = 0.85 and 0.91,
respectively) (14). In a more recent series, assessing the
prognostic value of pre-therapeutic radiomic analysis in PET for
43 HNSCC, Guezennec et al. also found excellent interobserver
reproducibility in the preliminary MTV delineation step with
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FIGURE 7 | 63-year-old man with T1 N1 MO oropharyngeal SCC (AJCC stage Il) — estimated MTV = 0.9cc. wbPET MTV (=V1 in blue), RR-headPET MTV (=V2 in
green) and ER-headPET MTV (=V3 in pink) delineated with 40%SUVmax segmentation method reported on the wbPET (top row), RR-headPET (middle row) and
ER-headPET (bottom row) images in axial (left column), sagittal (center column) and coronal (right column) views. OF (V3, V1) = 71.2% vs. OF (V2, V1) = 2.9%; DICE

the 40%SUVmax (ICC = 0.99), Daisne (ICC = 0.99) and
PET-Edge (ICC = 0.88) methods (43). These results support
the idea of using 18FDG-PET/CT for radiotherapy planning,
particularly as it has clearly demonstrated a decrease in inter-
and intra-observer variability for the delineation of GTV-PET
compared to GTV-CT. However, this delineation should be
done by an experienced operator (14). Indeed, in an inter-
observer reproducibility study, Bontemps et al. found conformity
indices (intersection/union of volumes) significantly higher for
a senior/senior pair of operators with more than 5 years of
practice (vs. senior/resident) for the MTV delineation of 30
HNSCC, regardless the 4 segmentation methods used (SUV 2.5,
40%SUVmax, 50%SUVmax, Daisne) (44).

In addition, our results showed a significant improvement
in the intersection indices between the MTV headPET and
wbPET after elastic (ER) vs. rigid (RR)registration, whatever
the segmentation method used. At best, OF indices presented
an increase of around 18% with the 40%SUVmax segmentation

method (OF = 0.76 &+ 0.13 vs. 0.58 £+ 0.26, p < 0.0001).
The recent “hotspots” concept developed in PET, assessing the
correlation between the area of high tumor uptake and the
preferential site of recurrence before considering a RT dose
escalation, necessitates registration of pre-therapy (A) and post-
therapy (B) images (45). In a recent study including 71 HNSCC
recurrences, Truffault et al. showed a real benefit in the elastic
registration of images especially when patients were not scanned
in treatment position (NTP). Thus, using the 40%SUVmax
method, the OF (A40nR40) of MTVs was significantly higher
after ER than RR (p < 0.03) (46, 47).

Finally, we carried out a complementary analysis by lesions
in two dichotomized subgroups with a threshold of MTV = 5cc
delineated on the reference wbPET. The aim of this arbitrary
choice was to dissociate T1 tumors with a diameter of <2cm
that are generally less dependent on precise RT delineation
than more advanced lesions. Therefore, we demonstrated a
significant difference after elastic registration in the intersections
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between the ER-headPET and wbPET MTVs, whatever the
delineation method.

For example, the average OF index became excellent (OF =
0.80 =+ 0.10) with 40%SUVmax delineation method in the MTV
> 5cc subgroup. Nevertheless, these results remain imperfect and
support the idea that PET exams before radiotherapy planning
should be performed in the ideal RT treatment position with
a personalized head support and a thermoformed mask. In
the previous mentioned “hotspot” study, Truffault et al. also
showed an impact in performing pre- and post-therapeutic PET
scans in the treatment position (TP) to improve the intersection
between MTVs. Thus, OF (A40nR40) changed from low to
moderate agreement, increasing from 0.31 £ 0.13 (NTP) to
0.50 £ 0.22 (TP) with a trend toward significance (p = 0.094)
(46). On the contrary, the average DICE index evolved from
strong to moderate agreement in our subgroup of MTV <
5cc, in particular with PET-Edge method (DICE = 0.44 =+
0.13). This result suggests the need for particular vigilance when
delineating the smallest lesions on PET in the event of an RT
decision. Nevertheless, these relative differences of intersection
would probably be integrated into the usual margins imposed
on the GTV of a small lesion, also often poorly identifiable on
morphological imaging (48).

Our study has several limitations. First, this is a retrospective
and single-center study. Second, our population is not
homogeneous. Indeed, our cohort includes a majority of
advanced stage IV patients at diagnosis, which nevertheless
reflects real-life practice and constitutes a large proportion of
the population for curative radiotherapy (3). Moreover, the
frequency of primary oropharyngeal/oral cavity locations in our
series shows an inversion of usual prevalence. However, it still
remains difficult to precisely determine the primary site of a
T4 tumor in such areas (1). In addition, we included 4 cervical
carcinomas of unknown primary (CUP) and therefore performed
MTYV delineation on the lymph node. However, the presentation
of HNSCC is often with nodes and tumor continuity whose
limits are difficult to be assessed in imaging. In any case, cervical
lymph nodes would have fully integrated into the GTV-PET
for RT. Third, our intra-observer reproducibility analysis was
performed by a single operator (the more experienced) but with a
robust methodology, comprising the re-anonymization of a third
of randomly selected exams for re-analysis 3 months later to
avoid selection and memory bias (49). Finally, the reconstruction
parameters of image series were not strictly comparable since the
headPET is the result of a dedicated complementary acquisition
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