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Methodology for adaptive and robust FDG-PET escalated dose
painting by numbers in head and neck tumors
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Objective. To develop a methodology for using FDG PET/CT in adaptive dose painting by numbers (DPBN) in head
and neck squamous cell carcinoma (HNSCC) patients. Issues related to noise in PET and treatment robustness against
geometric errors are addressed.

Methods. Five patients with locally advanced HNSCC scheduled for chemo-radiotherapy were imaged with FDG-PET/
CT at baseline and 2-3 times during radiotherapy (RT). The GTV . was segmented with a gradient-based method.
A double median filter reduces the impact of noise in the PET uptake-to-dose conversion. Filtered FDG uptake
values were linearly converted into a voxel-by-voxel prescription from 70 (median uptake) to 86 Gy (highest uptake).
A PTV,; was obtained by applying a dilation of 2.5 mm to the entire prescription. Seven iso-uptake thresholds led to
seven sub-levels compatible with the Tomotherapy HiArt® Treatment Planning System. Planning aimed to deliver a
median dose of 56 Gy and 70 Gy in 35 fractions on the elective and therapeutic PTVs, respectively. Plan quality was
assessed with quality volume histogram (QVH). At each time point, plans were generated with a total of 3—4 plans for
each patient. Deformable image registration was used for automatic contour propagation and dose summation of the 3
or 4 treatment plans (MIMvista®).

Results. GTV ., segmentations were performed successfully until week 2 of RT but failed in two patients at week 3.
QVH analysis showed high conformity for all plans (mean VQ 93%; mean VQ= 105 3:9%; mean QF 2.2%). Good
OAR sparing was achieved while keeping high plan quality.

Conclusion. Our results show that adaptive FDG-PET-based escalated dose painting in patients with locally advanced
HNSCC is feasible while respecting strict dose constraints to organs at risk. Clinical studies must be conducted to
evaluate toxicities and tumor response of such a strategy.
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that intensify dose to the GTV [2]. !8F-fluorodeox-
yglucose, a surrogate of tumor metabolism, has been

Dose painting (DP) guided by molecular imaging
aims at delivering a heterogeneous dose to tumors in

order to boost areas of the gross tumor volume
(GTV) suspected to be more radioresistant from
functional imaging information [1]. In head and
neck squamous cell carcinoma (HNSCC), 20-30%
of patients with locally advanced disease will present
a local recurrence after treatment. These failures
originate preferentially from the GTV, where a high
dose has been delivered, thus calling for strategies

proposed as a rationale option for DP [3]. 183F-FDG-
PET can identify relapse-prone regions and recently,
a pattern of failure analysis showed a correlation
between the intensity of the 1F-FDG uptake and the
risk of local recurrence [4].

Two distinct DP methodologies have been pro-
posed. DP by contours (DPBC) boosts one or several
tumor sub-volumes that are prescribed a uniform

Correspondence: V. Gregoire, Radiation Oncology Department, Cliniques Universitaires St-Luc, Avenue Hippocrate, 10, 1200 Brussels, Belgium.

E-mail: vincent.gregoire@uclouvain.be

This article was originally published with errors. This version has been corrected. Please see Erratum (http://dx.doi.org/10.3109/0284186X.2015.1067477).

(Received 5 February 2015; accepted 26 April 2015)

ISSN 0284-186X print/ISSN 1651-226X online © 2015 Informa Healthcare

DOI: 10.3109/0284186X.2015.1046997



218 8. Differding er al.

dose. In DP by numbers (DBPN) dose prescription
varies locally as a function of the voxel intensity of
some functional imaging [5,6]. DPBN can be done
either by prescribing directly at the voxel level in the
treatment planning system (TPS) or by discretizing
the dose painted volume into several sub-contours
representative of the underlying voxel dose distribu-
tion, e.g. contour-driven DPBN. These sub-contours
are used only to approach the heterogeneous voxel-
based prescription in the case of DPBN and should
not be confused with DBPC where the dose remains
homogeneous.

Several planning studies have investigated the fea-
sibility of DPBN but actual relevance of the concept
depends on clinical trials. Up to now, most planning
studies and the only phase I trial ever conducted in
DPBN involved treatment planning tools developed
in house [7-11]. This is, however, a limitation when
considering the implementation of a large multi-
centric phase III trial. Furthermore, although the
principle of DP seems intuitive, its clinical imple-
mentation does not benefit from the same simplicity
and some methodological questions are still left
unanswered in the literature. Namely, PET guidance
for dose painting implies that several caveats
(e.g. noise, resolution, uncertainties) need to be
addressed. In this context, this paper describes a
planning study on the use of '3F-FDG PET/CT
in adaptive DPBN in HNSCC patients using the
Helical TomoTherapy (HT) systems (Accuray®).
The methodology presented in our study takes into
account issues related to noise in PET and treatment
robustness against geometric errors.

Material and methods
Patient selection

Five patients (mean age 65.6 years; range 61-76
years) with a stage III-IV (1997 AJCC Classifica-
tion) oropharyngeal SCC (minimal tumor diameter
of 3 cm) were included in this planning study between
December 2009 and March 2011 (see Supplemen-
tary Tables I-IV, available online at http:/www.
informahealthcare.com/doi/abs/10.3109/0284186X.
2015.1046997). All patients but one (Patient 3) were
treated by concomitant chemo-radiation with a pro-
phylactic dose of 50 Gy in 5 weeks and a therapeutic
dose of 70 Gy in 7 weeks; chemotherapy with
carboplatin/5-fluorouracil on weeks 1, 4 and 7 [12].
For Patient 3 the use of cetuximab was preferred.

Image acquisition

Patients underwent a contrast-enhanced computed
tomography (CT) and ®F-FDG-PET on a combined
PET/CT camera (Gemini TF, Philips Medical

System, Cleveland, OH, USA). The image acquisi-
tions were performed prior to radiotherapy (RT)
(12-14 days; PET/CTy,,) and during RT at the end
of Weeks 1 (PET/CTy,), 2 (PET/CTy,) and 3
(PET/CTy;). Mean doses at the time of image acqui-
sitions were 0 Gy (pre-treatment), 10.5 Gy (range,
10-12 Gy), 23.5 Gy (range, 22-24 Gy) and 34.4 Gy
(range, 34-36 Gy). For all acquisitions, patients were
immobilized on a flat table-top with the head-neck-
shoulder immobilization system used for treatment.
Patients 1, 2 and 3 underwent the full procedure,
Patients 4 and 5 were re-imaged only twice.

Contrast-enhanced CT scans were performed
using a slice thickness of 2 mm, a reconstruction
interval of 2 mm and a pitch of 0.8. The tube voltage
was set at 120 kV. Axial images were reconstructed
using a matrix of 512X 512 pixels with a size of
0.52X0.52X1 mm? The longitudinal field of
view (FOV) typically included the sterno-clavicular
junction up to the frontal sinuses.

The three-dimensional (3D) PET images were
acquired with an axial FOV of 155 mm (two bed
positions centered on the primary tumor), a matrix
of 288 X 288 pixels with a size of 2X2X2 mm?>.
Acquisitions were performed 90 min after the injec-
tion of 268-304 MBq of '8F-FDG. The PET data
were reconstructed with the 3D line of response-TOF
blob-based OSEM algorithm from Philips with three
iterations and 33 subsets [13]. The resolution of the
PET images measured in the center of the FOV with
a point source in attenuating material led to a full
width at half maximum (FWHM) of 6.5 mm.

Image processing

Delineation of primary tumor volume. A gradient-based
method previously developed and validated in our
unit was used to delineate automatically the external
contours of the 'F-FDG-PET GTV (GTV,) with
automatic correction for air cavities [14].

Conwversion of the signal into dose prescription after noise
reduction. The quantitative conversion of the PET
signal into a heterogeneous prescription was per-
formed using a linear uptake-to-dose conversion
between the median and the maximal F-FDG
uptake value inside the GTV,g . as illustrated in
Figure 1. The linear relationship has previously been
proposed for 8F-FDG-PET DP [7,8,11,15]. How-
ever, while the lower bound of the boost is usually
set to the minimal uptake value, we proposed to start
from the median uptake inside the GTV ., which
is less influenced by the low uptake background than
the former. On the other hand, the maximum uptake
is very difficult to estimate, for a large variety of
reasons, such as the noise variance grows with the
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Figure 1. Illustration of the conversion function between the PET
uptake and the dose prescription. The histogram of the uptake
from Patient 1 is shown on the lower panel. The conversion takes
into account bounds along both axes. The uptake bounds are given
by statistics observed in the tumor volume. In the proposed
solution, the minimum is overlooked, as it is likely to be
contaminated by the colder background (spill in/spill out effect).
Instead, the baseline uptake in the tumor is approximated by the
median uptake, which is less sensitive to hot spots than the mean.
The dose is interpolated linearly up to the maximum uptake in
absence of further information.

uptake, the estimator relies on one or very few voxels,
and the resolution and/or image reconstruction/
smoothing might introduce a bias. Furthermore, to
minimize the effect of PET signal noise, a double
median filtering step was applied to the raw PET
image before conversion into prescription. The noise
reduction through this step leads to a maximal uptake
value that will be statistically more reliable [16].

Ensuring robustness against geometric uncertainties in the
dose painting target. The voxel-by-voxel non-uniform
dose prescription in DPBN makes usual margin
recipes inadequate to account for geometric uncer-
tainties [17]. Robust treatment plans for DPBN can
be achieved by incorporating geometric uncertainties
in the plan optimization process [18], but these are
seldom available in most commercial TPS. As a
workaround, robustness against geometrical uncer-
tainties was ensured by the methodology previously
developed in our unit [19]. Geometric uncertainties
are dealt with directly in the prescription instead of
taking them into account in dose optimization [18].
In this way, the robust prescription is obtained by
modifying the original heterogeneous dose prescrip-

tion with a geometric dilation of X where X repre-
sents the standard deviation (SD) of all systematic
errors (to account for systematic errors [17]) and by
a deconvolution with a Gaussian function of 6, where
o represents the SD of random errors (to account
for blurring due to random errors [17]). Factor o
scales standard deviation ¥ to span a confidence
interval in the patient population, which guarantees
target coverage for systematic errors of amplitude
oX. For a confidence interval of 90% of patient pop-
ulation, alpha equals 2.5 [17,19]. However, random
errors can be neglected, as demonstrated by Sterpin
et al., as long as they are small (1 mm or less) [19].
Using daily MVCT setup, random errors are typi-
cally small in HNSCC and were thus neglected [20].
Hence, the volume candidate to DPBN (PTV,p)
was obtained by applying a simple dilation of 2.5 mm
to the GTVppr

Delineation of sub-contours inside of the primary
tumor. In order to allow the optimizer to approxi-
mate the voxel-by-voxel prescription, a number N of
nearly equidistant sub-contours were defined inside
the PTV . using in-house software. The PTV .
was thus divided in N isolevel curves, like onion
peels, starting from the median uptake value. The
threshold of each level, i.e. the percentage of the
maximal uptake inside the PTV ., was converted
into a dose prescription, as a percentage of the max-
imal dose increment, i.e. 16 Gy. This value was used
as the minimum dose constraint in HT TPS.
The maximum dose constraint for the i sub-
volume equaled the minimum dose constraint for
contour i+ 1.

Further delineation of target volumes and organs at
risk. The clinical target volumes (CTVs) and organs
at risk (OARs) were delineated on the pretreatment
CT (CTyy). The CTV,;50 (so-called CTV perapeutic)
was defined as the GTV + 5 mm for both the primary
tumor and lymph node metastases, taking into
account that bone, cartilages, ligaments and muscles
can prevent tumor spread. The remaining CTV for
both the primary tumor (tissue nearby at risk of
direct spread) and the bilateral elective lymph node
areas (delineated according to Grégoire et al. [21,22])
were united in the CTV56Gy (so-called the CTme-
phylactic). Finally, PTVs were generated by expanding
the CTVs with an isotropic 4 mm margin [23]. OARs
included the spinal cord, brainstem, parotid glands,
oral cavity, larynx, and mandible. For the spinal cord
and brainstem, a planning organ at risk volume
(PRV) was generated using a 4 mm margin to account
for geometric uncertainty as recommended by the
ICRU Report 83 [24].
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Treatment planning. The planning CTs including the
various TVs and OARs were transferred using a
DICOM RT format to a research HT TPS (Accuray®)
with a fast dose engine running on a GPU architec-
ture, previously validated elsewhere [25]. The range
of TPS parameterizations were the following: slice
width of 1-5 cm; modulation factor of 1.5-3.0; and
pitch of 0.29-0.86. The dose calculation grid was set
in fine mode (pixels of about 2 X 2X 2 mm?).

Patients’ treatments were planned using a simul-
taneous integrated boost (SIB) IMRT approach.
A median dose of 56 Gy (35 X 1.6 Gy) was prescribed
to the prophylactic nodal and primary tumor PTVs.
A median dose of 70 Gy (35 X 2 Gy) was prescribed
to the therapeutic nodal and primary tumor PTVs.
The PTVpg was prescribed a non-uniform boost
dose from 70 to 86 Gy, as described above. The fol-
lowing dose-volume constraints were used: for all
PTVs, Dgyg,, =90% of the prescribed dose (Dprescribe &>
D95% =95% of Dprescribed 5 for PTVPET’ V107% < 2%;
for PRV spinal cord, D,, <30 Gy; for PRV brain-
stem, D,, <25 Gy, for the contralateral parotid,
D, ..,=26 Gy; for the ipsilateral parotid, D_ ., =30
Gy; for the oral cavity, D__ . =30 Gy, for the larynx,
D_ ...=40 Gy, for the mandible, D,,, <70Gy.

To evaluate the quality of the dose distribution
inside the PTV 1, quality volume histograms (QVH)
and quality factors (QF) as proposed by Vanderstra-
eten et al. were used [11]. Planning objectives were
derived from QVH curves with a (VQ=0_95) =95%
and (VQ= Los) =5%. QF should not exceed 0.05 or
5% [7,8,11].

Treatment adaptation and dose summation. Volumes of
interest (VOIs) manually drawn on CT\,, were prop-
agated by deformable image registration to CTy,,. If
necessary, they were manually adapted by a radiation
oncologist, i.e. to remove air cavities or bony struc-
tures. CTVs were in this way adapted to anatomical
changes. This sequence was again performed for
CTy, and CTy,.

In addition to the propagation of the VOIs from
previous images, i.e. anatomical adaptation, a new
GTVy volume was obtained from the gradient-
based segmentation of each respective per-treatment
PET image. If necessary, parts of the new GTV 1.
extending outside the pre-treatment GTV, were
manually corrected as they were assumed to be the
consequence of treatment-induced inflammation.
These GTVy 1 led subsequently to new DP sub-
contours. Through this step, changes in the metabolic
signal were taken into account ensuring adaptation
based on molecular imaging. For each per-treatment
image, a new plan was then calculated.

Finally, the total dose for a seven-week treatment
was calculated. Per-treatment CTs (CTy,;, CTy,, and

CT,,) were therefore non-rigidly registered to CTy,,,
generating deformation maps. These deformation maps
were used to deform the corresponding per-treatment
dose maps on CTy,,. The cumulative dose distribution
was calculated taking into account the relative contribu-
tion in radiation dose of each CT image sets. The whole
process is summarized in Figure 2. Deformable image
registration and dose accumulation were performed
with the commercial software MIM 6.1. (MIMVista
Corp., Cleveland, OH, USA).

Molecular and anaromic adapration versus anatomic
adaptation only. At last, in order to simulate a treat-
ment that is adaptive with respect to anatomical evo-
lutions seen at CT but blind to changes in the PET
signal, the pre-treatment dose map was deformed on
the per-treatment CT scans using deformable image
registration. Assuming that the deformable registra-
tion is error-free, it amounts to perfect anatomical
adaptation of the treatment plan. In this way, the plan
calculated with PET-CTy,, was reported on the per-
treatment CTs (CTy,, CTy, and CTy,,), simulating
what would have been delivered without taking into
account the changes in the PET signal. The effect of
dose adaptation on the molecular conformity of dose
painting was then evaluated by comparing QVH met-
rics of both dose maps on each per-treatment CT.

Results
Sensitivity study defining oprimal planning parameters

In order to find the optimal parameters for the TPS
to reproduce the DPBN prescription, several plan-
ning features were studied separately with all five
patients on pretreatment images. To leave the largest
freedom for the coverage of the painted target, OARs
considered for this study were limited to the parotid
glands, spinal cord, and brainstem.

Effect of the number of sub-contours. Table I summa-
rizes the results obtained by varying the number of
sub-contours only. Firstly, the treatment planning
parameters were set to 1 cm slice width, 3.0 modu-
lation factor and pitch of 0.43. Plan conformity
steadily improves from 3 to 7 sub-contours. For
9 sub-contours compared to 7, the conformity only
improved for three of five patients (Patients 1, 3
and 4). Using seven sub-contours, the acceptability
criteria for the QVH, i.e. VQ:0.95 =95% and
VQ: 105 =5%, were met for all patients except
Patient 5.

Effect of delivery parameters (aw width, pitch,
modulation factor). Delivery parameters such as pitch,
jaw width, and modulation factor were thereafter var-
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Week 1

Week 2 Week 3

PET/CT

Dose
planned

Plan 1 Plan 2

Accumulated
dose

Plan 3 Plan 4

Deformation fields computed by nonrigid registration

Anti-chronological reporting

Figure 2. Design of the dose adaptation procedure. Separate image sets (pre-treatment and after 5, 10 and 15 fractions of RT) were
acquired for each planning phase. Using deformable image co-registration, volumes-of-interest (CTVs and OARs) were deformed from
one CT to the next and manually adjusted when needed. A PTV,. and sub-contours for DP were created from each new PET image
and incorporated to the deformed CTVs and OARs. For each phase, a new treatment plan was made. Dose summation was performed

anti-chronologically on the pretreatment PET-CT.

ied using seven sub-levels on two randomly selected
patients (see Supplementary Tables I-IV, available
online at http://www.informahealthcare.com/doi/abs/
10.3109/0284186X.2015.1046997). Increasing the

Table I. QVH metrics (VQ=0.95, VQ=1'05, QF, %) calculated for
the dose-painted PTV 1. on pre-treatment images with a number
of sub-contours increasing from 3 to 9 (jaw width 1 cm, pitch
0.43, planned MF of 3 corresponding to a mean actual MF of
2.49+0.27).

Number of sub-contours 3 5 7 9
Patient 1

Vo5 (%) 92.7 96.3 958  97.1

VQ:1.05 (%) 3.2 4.7 2.3 1.9

QF (%) 2.3 2.1 1.8 1.8
Patient 2

Vo—o.os (%) 86.9 922 97.1  92.9

VQ:1.05 (%) 2.7 3.2 3.8 1.1

QF (%) 2.4 2.2 1.8 2.0
Patient 3

VQ:()_95 (%) 94.5 94.9 95.9 96.7

VQ=1'05 (%) 5.1 5.3 4.4 4.0

QF (%) 2.1 2.1 1.9 1.8
Patient 4

VQ:0.95 (%) 86.2 94.8 97.0 97.2

VQ=1.05 (%) 1.7 1.3 1.6 1.8

QF (%) 2.4 1.8 1.7 1.7
Patient 5

VQ:O'95 (%) 85.4 87.2 91.6 90.8

VQ=1.05 (%) 8.0 4.3 4.4 6.1

QF (%) 3.1 2.6 2.3 2.5

jaw width from 1 to 2.5 cm leads to an increase of
the QF from 1.8% to 2.4% and from 1.8% to 2.2%
for Patients 1 and 2, respectively. When using the 5
cm jaw width, QF increases further to 2.6% and
2.4%, respectively. Variation of the pitch from 0.287
to 0.86 did not significantly change QVH quality. In
all pitch configurations, the QF does not exceed 2%.
Plan conformity benefits from a high modulation
factor. Most dramatic conformity degradations occur
when decreasing the planned MF to 1.5 (correspond-
ing to an actual MF of 1.15 and 1.24 for Patients 1
and 2, respectively), with a QF outgrowing up to
3.2% and 2.7%, respectively.

Results of the adaptive strategy

The optimal planning parameters defined above
(i.e. seven sub-levels, 1 cm jaw width, pitch of 0.43,
modulation factor of 3) were then used to test the
feasibility on per-treatment images.

Segmentation of the GTV pp on per-treatment images.
The segmentation of per-treatment images shows a
decrease in tumor volume from the first week on
(see Table II). However, the automatic segmentation
shows its limitation for Patients 2 and 3 where the
GTVypr can no longer be delineated for images
acquired after the 15th fraction. For those patients,
dose accumulation was performed with only three
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plans. Therefore, the contribution in dose of each
CT image set was adjusted accordingly in the dose
accumulation process, i.e. the plan calculated on
CTy, was accounting for 25 fractions. Respective
contributions were similarly adjusted for Patients 4
and 5, who had been reimaged only twice during
treatment.

Dosimerric  results on  pre-treatment images and
dose accumularion. Planning dose objectives stated in
the Material and Method section were reached for
all plans except for the oral cavity and the larynx.
When this was the case, the mean dose was reported
on the part of the oral cavity or the larynx outside of
the PTV and the high gradient region, i.e. 5 mm
distant from the PTVs. Table III shows clinically rel-
evant dose-volume characteristics for the target vol-
umes and OARs for both the pre-treatment dose and
the accumulated one. Table IV (left column) reports
the QVH values for each separate plan.

Comparison berween molecular and anatomic adaptation
versus anatomic only. A combined anatomic and
molecular adaptive strategy improved VQ:0,95 in all
cases (range + 1.5%—+ 29.6%) but one (i.e. Patient
3), with a decrease of 16.9% (see Table IV).VQ: 1.05
were systematically reduced (range 3.6-27.1%). QFs
were improved in all cases (range 0.8-3.7%) with a
median value of 2.1% and 4.7% for the combined
anatomic and molecular adaptation and the ana-
tomic adaptation only, respectively.

Discussion

A methodological approach that addresses the
limitations of PET-guided DP is presented. If the
concept of DP is quite intuitive and elegant, its
implementation is far from being straightforward
and requires much care to ensure its accuracy with
respect to information conveyed by PET images.
Firstly, using small-scale variations of the PET
signal within the tumor to drive dose escalation raises
several questions. The small scale variations are a
natural consequence of the statistical reconstruction
noise and therefore do not represent real differences
in PET activity levels [26].The limiting resolution of

PET dictates the attainable accuracy of DP. Previous
work has shown that details seen in high-resolution
auto-radiographic images are blurred to a much
lower resolution in PET imaging [27]. The conver-
sion function between the PET uptake and the dose
prescription, from the median to the maximum
uptake value and preceded by a median filtering, is
designed to cope with all observed imperfections of
PET, i.e. statistical noise, uptake calibration errors,
target-background cross-contamination near the
tumor boundaries, etc. Furthermore, noise reduction
through median filtering aims at reducing the risk
of targeting a false heterogeneity. Stability of high
IBF_FDG uptake regions during RT has been shown
for NSCLC, but such analysis has not been per-
formed up to now for HNSCC patients [28].
Second, after uncertainties related to the molecu-
lar image itself, treatment-related uncertainties have
to be considered, since positional errors severely
degrade the QVH [29]. However, margins around the
hot spots of a tumor are almost never envisaged in
the literature in the case of DPBN [7-11]. More
recently, the issue of uncertainties has been addressed
theoretically [18,30]. As we believe that it is unlikely
that hot spots would be positioned differently than
the GTV or PTV, the effective delivery of the entire
dose boost during the whole treatment cannot be
ensured without considering geometrical uncertain-
ties. The margin methodology we propose to apply
for DPBN has a coverage objective, aiming at deliver-
ing at least 95% of the prescribed dose, knowing this
will automatically generate some excess dose [19].
Third, the magnitude of the dose escalation has
not been chosen arbitrarily. Results of previous phase
I studies have investigated normal tissue tolerance to
dose escalation. The first clinical study on DPBN in
head and neck cancer tested a dose escalation to a
physical dose of 80.9 Gy to the high-dose CTV on
seven patients and 85.9 Gy to the GTV delineated
on '®F-FDG-PET on 14 patients. Dose-limiting tox-
icity was seen at dose level II with the development
of late mucosal ulcers in five of 14 patients. The
maximal tolerated dose was thus considered to be
80.9 Gy in 32 fractions [8,31]. One should be aware
that 80.9 Gy in that study corresponded to the
median prescribed dose, but the maximal dose pre-

Table II. Volume of the gross tumor volume (GTV;) on consecutive PET/CT scans.

Patient Pre-treatment GTV,p after 5th GTV,pp after 10th GTV,p after 15t
no. GTVppy (cm®) fraction (cm?) fraction (cm?) fraction (cm?)

1 21.3 21.8 15.4 8.9

2 13.0 11.7 6.8 NS

3 4.8 2.4 1.2 NS

4 21.8 -2 9.7 5.6

5 11.2 7.0 -2 4.0

2no acquisition.
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Table III. Dose/volume parameters for targets and organs-at-risk
for pre-treatment CT and dose accumulation. Population-average
doses (mean*SD) are reported in volumes-of-interest on
pre-treatment CT.

Accumulated dose

Pretreatment reported on
Target dose (Gy) pretreatment CT (Gy)
GTVppr
D2% 86.2 0.6 83.9x1.8
D., 75.3+15 73.0 0.4
Dys, 70.1 0.2 69.9+0.6
PTV,,
D,,, 78.8*+2.4 76.4+1.3
Dy, 70.0=0.1 69.9+0.1
D,.., 68.3+0.5 67.5+0.4
PTV,,
D,,, 72.9+1.8 72.0x1.3
D, 57.0+1.2 57.1+2.0
Dys0, 54.8+0.4 54.1+0.9
Ipsilateral parotid
ean 27.4+1.1 26.1+1.2
Contralateral parotid
ean 227+1.2 21.9+2.0
PRV SC
D,,, 27.2+0.8 26.6+0.3
PRV BS
Dz% 225*+2.0 21.0*x3.1
Oral cavity
D,_.. 37.1%6.2 345+73
Oral cavity min PTV
mean 28.2+0.5 25.3+2.7
Larynx
D, eun 48.8+10.3 45.5+10.8
Larynx min PTV
ean 32.7+5.2 28.3+25
Mandibule
Dy, 63.1+6.6 62.4+5.8
QVH indexes (%) (%)
V=095 95.5+£2.2 79.4+1.9
Viq-105 3313 6.3+5.4
QF 1.9*0.2 3.5%20.5

scription reached 90.92 Gy in 32 fractions. A dose
escalation with a maximum of 86 Gy in 35 fractions
appeared to be safe, based on previous results.
Once the methodology had been developed, we
aimed to test the feasibility of DPBN with HT in clin-
ically realistic cases, i.e. five oropharyngeal carcinoma
patients. Up to now, indeed, a single study published
by Deveau et al. demonstrated the ability of the TPS
of HT to reproduce DPBN prescriptions [32]. How-
ever, only one target volume, i.e. a pathological lymph
node, was used for optimization. Therefore, we evalu-
ated the ability of the TPS to match voxel-by-voxel
prescriptions while keeping doses to normal tissue at
the level of conventional IMRT. First, various planning
and segmentation parameters were evaluated on pre-
treatment acquisitions. The optimal settings were
determined to be seven sub-contours in the GTVyps
jaw width of 1 cm, pitch of 0.43, and modulation fac-
tor of 3. In agreement with Deveau et al., the number

of sub-contours was found to impact plan quality. Too
few sub-contours cannot faithfully render the voxel-
wise prescription, whereas too many worsened the
QVH of two patients. This could result from inconsis-
tent prescription assignments in the dose grid, due to
tiny spacing between successive contours. In the end,
if a number of seven sub-contours was best in this
study, there is no rule to determine it, as it depends on
the size and uptake distribution of each tumor. A jaw
width of 1 cm has to be used to achieve good confor-
mity, leading to treatments with a mean delivery time
of 14 minutes for the pre-treatment plans.

Optimal planning parameters were then used to
test the methodology in an adaptive frame. Dose
adaptation allows morphological and molecular
changes to be followed, with CT and 8F-FDG-PET,
respectively. Several studies have shown early reduc-
tion in tumor volume after the onset of RT [7,8,33].
Concerning the optimal time-point for re-imaging in
the case of 13F-FDG-PET, it should occur in the first
two weeks of treatment. After three weeks, the con-
trast between the tumor and surrounding tissues
weakens. The tumor boundaries become indiscern-
ible, even with the gradient-based segmentation
method. This occurred in two of five patients and had
already been described in previous works [33].

Fine dose variations planned in DP will make sense
in an adaptive frame only. Otherwise, the aforemen-
tioned uncertainties would necessarily increase and
DP might become useless or even dangerous. Further-
more, temporal and spatial instability of the molecular
parameters could compromise the efficacy of a DP
strategy. This effect was illustrated by comparing QVHs
in strategies with anatomic adaptation only or molecu-
lar and anatomic adaptation. Molecular and anatomic
adaptation resulted in higher coverage and lower excess
dose inside the PTV . and QFs were systematically
improved. These results show that without dose adap-
tation, molecular specificity of dose escalation cannot
be maintained. Recently, a similar study has been pub-
lished with a comparative dosimetry of adaptive (ART)
and non-adaptive (RT) DPBN [34]. Dose adaptation
was performed after 8 and 18 fractions. Results show
that compared to RT, ART increases minimum doses
and decreases maximum doses in target volumes and
improves dose/metrics of OARs. For the dose painted
targets however, QF were not systematically improved
but in 15/19 cases for the primary tumor and in 8/13
cases for the lymph nodes.

Deformable registration inherent to dose adapta-
tion can be inaccurate, especially in low-contrast
regions (soft tissue). Inaccuracy can affect the tumor
volume as well as OARs, with direct repercussions
on the cumulative dose. The latter will be the most
affected in its extremes, i.e. the near-min and near-
max doses. In other words, the cumulative dose
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Table IV. QVH metrics (Vq_, 45 Vg

_105 QF, %) calculated for the dose-painted PTV, . on

per-treatment PET-CT scans with anatomic adaptation versus molecular and anatomic adaptation.

Molecular and anatomic adaptation

Anatomic adaptation

Per-treatment PET-CT
(after 5 fractions)

Patient VQ: 0.05 V,

1 96.4 2.7

2 94.0 5.5

3 71.6 5.7

4 _ _

5 97.2 3.5
Per-treatment PET-CT

(after 10 fractions)

Patient VQ: 0.05 V,

1 94.8 3

2 96.8 3.9

3 85.6 6.1

4 96.3 2.5

5 _ _
Per-treatment PET-CT

(after 15 fractions)

Patient VQ: 0.95 \Y

1 95.4 3.1

2 NS NS

3 NS NS

4 95.0 4.4

5 87.8 4.2

Q=1.05

Q=1.05
5

Q=1.05

QF Va-o0s Va-10s QF
1.8 87.3 11.2 3.2
2.2 64.4 9.1 5.3
4.0 88.5 32.8 4.8
1.6 95.8 19.8 3.5
QF Va-o0s Va-10s QF
2.1 81.9 8.2 3.4
1.9 77.5 13.8 4.9
2.9 79.0 28.5 6.6
1.8 92.6 16.8 3.3
QF Va-o0s Va-10s QF
2.1 81.9 13.0 3.9
NS NS NS NS
NS NS NS NS
2.3 77.5 22.8 5.2
2.5 81.2 20.4 4.7

NS, not segmentable.

undergoes a slight averaging that smoothes its distri-
bution. Indeed, D2% and D95% for PTV7OGy and
PTV56Gy appeared to be slightly lower on the cumu-
lative dose than on the pretreatment dose. Dose dif-
ferences were however minimal and allowed coverage
to fulfil constraints except in one patient for the Dy,
and Dy, value of the PTVS()Gy' Readability of the
cumulative dose inside the GTV . remains difficult
for the aforementioned reasons and the fact that the
GTVppp shrank, according to the per-treatment PET
images. As dose was accumulated anti-chronologi-
cally and thus reported in the larger pre-treatment
VOlIs, it logically follows that D,,, D5y, and Dy,
of the GTV,g are consequently reduced. This
explains also the degradation of the QVH values
when computed between the cumulative dose and
the voxel-by-voxel prescription derived from the pre-
treatment PET image. VQ=0'95 are significantly
reduced. However, QFs remain under the limit of 5%
illustrating the persistence of a correlation between
the cumulative dose and the molecular signal at
baseline.
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