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Abstract

Therapeutic effectiveness in radiotherapy is partly related to correct staging of the disease and then
precise therapeutic targeting. Positon emission tomography (PET) allows the stage of many cancers to
be determined and therefore is essential before deciding on radiation treatment. The definition of the

therapeutic target is essential to obtain correct tumour control and limit side effects. The part of
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adaptive radiotherapy remains to be defined, but PET by its functional nature makes it possible to
define the prognosis of many cancers and to consider radiotherapy adapted to the initial response
allowing an increase over the entire metabolic volume, or targeted at a subvolume at risk per dose

painting, or with a decrease in the dose in case of good response at interim assessment.

Résumé

L'efficacité thérapeutique en radiothérapie est en partie liée a un bilan correct de la maladie et ensuite
a une définition précise de la cible thérapeutique. La tomographie par émission de positrons (TEP)
permet de préciser le stade de nombreux cancers et est donc essentielle avant de décider d'une
radiothérapie. Par la suite, elle permet de définir de maniere précise le volume cible, étape essentielle
pour obtenir un contrdle correct de la tumeur et limiter les effets secondaires. La partie de la
radiothérapie adaptative reste a définir, mais la TEP par sa nature fonctionnelle permet de définir le
pronostic de nombreux cancers et d'envisager une radiothérapie adaptée a la réponse initiale
permettant une augmentation sur I'ensemble du volume métabolique, ou de cibler sur un sous-volume
a risque par « dose painting », ou encore une diminution de la dose en cas de bonne réponse lors du

bilan pendant la radiothérapie.

1. Introduction
Latest technical and technological improvements in the field of radiotherapy allow to deliver higher
doses to the tumour, and to improve protection of healthy tissues. Thus, an accurate delineation of the

target volume is crucial, in order to improve local control, with limited toxicity.

To achieve this purpose, target volume delineation relies on multimodality imaging. CT, even with
contrast media is often limited but remains mandatory to establish treatment planification. Magnetic
resonance imaging (MRI) and positon emission tomography with computed tomography (PET/CT),
with ("F)-fluorodeoxyglucose (FDG) or other tracers, give further information about tumour
boundaries and intrinsic characteristics, and has become essential to the radiotherapist’s toolbox.
Moreover, both modalities could lead to a more personalized treatment with the concepts of dose

escalation or de-escalation, dose painting, and adaptative radiotherapy.

In 2009, the International Atomic Energy Agency (IAEA) expert report already encouraged the routine
use of FDG PET/CT in radiotherapy planning for non-small cell lung cancer and the potential interest
for head and neck cancer, lymphoma and oesophageal cancer (1). However, it also alerted to the need
of rigorous and consistently applied protocols, with a chain of quality control. The segmentation
method of PET/CT images also needs to be chosen carefully, as to this date, no reference segmentation

method exists (2). These items have already been discussed in a previous issue (3).



In this article we will present data supporting the use of PET/CT for radiotherapy planning in daily
practice, in lung cancer, head and neck cancer, oesophagus cancer and lymphoma. Then we will
discuss about other tumour location in which PET/CT could improve tumour delineation and the
potential role of PET/CT for dose escalation, dose painting and adaptative radiotherapy, with the help

of FDG or other tracers.

2. Data supporting the use of PET/CT for radiotherapy planning in daily practice
2.1. Non-small cell lung cancer

FDG PET/CT is currently recommended in the initial staging of non-small cell lung cancer for non- or
oligometastatic patient in order to confirm that the patient is candidate to a local treatment (4). It
enables detection of unknown metastases in about 10 to 20 % patients with apparent stage III cancer
(5). Several studies have shown an impact of FDG PET/CT on radiotherapy planning in more than
30% of patients, leading to a cancellation in case of distant metastases or to a modification of

radiotherapy target volume (5-7).

Concerning the primary tumour, FDG PET/CT allows to exclude atelectasis and thus to reduce target

volume, and to improve inter-observer variability in tumour delineation (8,9).

Concerning the nodal target volume, in a phase II comparative study, Bradley et al. have shown that
disagreements between CT and FDG PET/CT occurred in about 50% of patients, confined mainly to
one or two nodal stations (5). FDG PET/CT shows good performances for nodal staging in non-small
cell lung cancer, better than CT, with a median sensitivity and a specificity of 85% and 90%
respectively (61 % and 79% for CT), and a negative predictive value superior to 90% in case of T1-T2
tumour (10,11). Two prospective studies have demonstrated low rate of isolated nodal failure, less
than 5 % with selective nodal irradiation principle, based on FDG PET/CT for non-small cell lung

cancer (5,12).

In summary, as specified in the guidelines from the European Organization for Research and

Treatment of Cancer (EORTC) published in 2010 (13):

. it is reasonable to delineate the tumour on the basis of FDG PET/CT to reduce the irradiated
volume in case of atelectasis;

. it is recommended to include FDG positive nodes in the gross tumour volume, even if they are
not enlarged in CT, and if histologic examination is not feasible to exclude false positive;

. but it requires strict standardization of PET/CT acquisition, and to keep in mind that a rapid

decrease of FDG uptake could occur soon after the onset of chemotherapy.



2.2. Squamous cell carcinoma of the head and neck

FDG PET/CT is currently recommended for initial staging of locally advanced squamous cell
carcinoma of the head and neck (stage III/TV) in order to detect distant metastasis, but could also be

proposed in any stage if synchronous localisations could impact later treatment (4).

FDG PET/CT helps primary tumour detection in squamous cell carcinoma of the head and neck and
undifferentiated nasopharyngeal tumour with a reported overall sensitivity of 93 to 100%, specificity
of 90 to 100% and an accuracy of 94 to 98% (14). And in case of cervical lymph node metastasis of
an unknown primary tumour, FDG PET/CT is able to detect about 25% of occult primary tumours
(15). Furthermore, it has been shown that the introduction of FDG PET/CT led to significantly smaller
gross tumour volumes for pharyngolaryngeal squamous cell carcinoma than those delineated on CT or
MRI (15). A comparison with the laryngeal specimens showed that FDG PET gross tumour volumes

were the closest to the histologic ones.

Concerning nodal metastases detection, FDG PET/CT shows diagnostic performances comparable to
CT and anatomical MRI, and seemed to be outperformed by diffusion-weighted MRI (16). In addition,
its sensitivity dropped off in case of no clinical evidence of metastatic nodes (17). Thus it is not
routinely recommended for the nodal staging. International guidelines published in 2018 recommend
the inclusion of FDG PET/CT data for the delineation of the gross tumour volume of the primary
cancer, for locally advanced tumour, besides clinical examination, endoscopic, CT and MRI data (18).
Although there is currently no standard segmentation defined, they recommend the use of user-

independent segmentation algorithms.

2.3. Oesophageal cancer

FDG PET/CT is currently recommended in the initial staging of oesophageal cancer as it allows for
improved detection of distant metastasis, with a sensitivity and specificity of 71% and 93%, better

than CT (52% and 91 % respectively), especially coeliac and supraclavicular metastatic nodes (4,19).

Some studies reported a significant positive correlation between FDG PET/CT-based tumour lengths
and pathological findings, often with a visual segmentation method or with the use of a predefined
threshold (19-21). However a more recent study has shown significant differences in tumour lengths
estimated by PET or endoscopic ultrasound (20). The endoscopic ultrasound length was more than 2
cm longer than the PET length in 38% of cases, and the PET length was greater than 2cm longer than
the endoscopic ultrasound length in 5% of cases, suggesting the complementarity of both modalities to

define the gross tumour volume of the primary cancer.

Thus, the potential impact of FDG PET/CT on the planning target volume relies on its ability to detect

distant node metastasis, and to help to better define craniocaudal limits, as confirmed in few studies



(21-24). More recently, Metzger et al. have reported that the use of FDG PET/CT for staging and
planning of primary or neoadjuvant chemoradiotherapy for oesophageal cancer has a favourable

impact on patient survival (25).

2.4. High grade lymphoma

FDG PET/CT is well known as the most accurate imaging method for determining disease extent,
nodal and extranodal, in high grade lymphoma, Hodgkin and non-Hodgkin diseases (26). Moreover,
FDG PET/CT performed after treatment is an effective tool for discriminating residual active disease
from fibrotic masses, with a higher sensitivity for Hodgkin lymphoma and higher specificity for non-

Hodgkin lymphoma (27,28).

Simultaneously, new radiotherapeutic strategies for lymphoma has been developed, more targeted,
with more accurate and reduced field, in order to limit long-term adverse events. In particular, the
involved site and the involved node radiotherapy principles have emerged for definitive radiotherapy

of early stage Hodgkin lymphoma.

Thus, FDG PET/CT is mandatory first for selecting patients candidate to definitive radiotherapy, by
confirming an early stage for Hodgkin lymphoma, and characterizing a residual mass at the end of
treatment of non-Hodgkin lymphoma, and second for helping to define treatment field. In particular,
pretreatment FDG PET/CT is required for the application of the involved site and involved node
radiotherapy principles in both early stage of Hodgkin and non Hodgkin lymphomas (29-32). This
pretreatment FDG PET/CT needs to be performed in treatment position in case of involved node
radiotherapy (33). But as it is often logistically difficult to obtain this first PET/CT in treatment
position, involved site radiotherapy allows for larger margins around the initially involved nodes.
Furthermore, close collaboration between radiation oncologists and nuclear medicine physicians is

highly encouraged, and the latter should use a common atlas of nodal station in their reports (33-35).

2.5. Other tumour locations

There is growing interest for the use of PET/CT in other tumour locations with FDG or other PET

tracers.

Prostate-specific PET tracers are of interest for patients with a biochemical recurrence of prostate
cancer, especially when salvage radiotherapy could be performed. Salvage radiotherapy should be
performed as early as possible, optimally when serum prostate-specific antigen levels are below 0.5
ng/ml. Prostate-specific membrane antigen (PSMA) PET tracers show better performances than
choline tracers and fuciclovine, with compared median detection rate of 51.5% , 19.5% and 38%
respectively for PSA levels below 1 ng/ml (36). In a recent meta-analysis, Perera et al. reported PSMA
PET detection rates of 33 % for PSA levels below 0.2 ng/ml and 46% for PSA levels 0.2 to less than



0.5 ng/ml, in patients with biochemical recurrence after radical prostatectomy (37). In addition,
another meta-analysis reported that PSMA PET increased the proportion of patients assigned to
radiotherapy from 56% to 62%, and that 24 % of patients received increased dose to the sites of
suspected recurrence and/or an enlarged target volume including the sites of recurrence, while 20%

received stereotactic body radiotherapy to single metastases or oligometastasis (38).

For anal cancer, FDG PET/CT could provide additional information that could lead to major changes
in treatment strategy in almost one in five patients, but induces changes in irradiated field in only 4%
(39). Nevertheless, Bassi et al. observed a change in gross tumour volume, with a mean increase of 25

% (40).

FDG PET/CT could also be useful in other tumour location, once the lesions show a significant
uptake, as for example in liver metastasis and cholangiocarinomas, in primary cardiac tumour, or in
case of reirradiation, particularly when conventionnal imaging is of limited performance, when iodine
contrast media is contra-indicated or when the patient is wearing a pacemaker or any metallic devices
preventing MRI (41-43). But one should keep in mind the intrinsic PET limitations such as a rather

low spatial resolution and a high level of noise (16).

3. Potential role of PET/CT for dose escalation, dose painting and adaptative
radiotherapy

Current radiotherapy techniques allow us to consider delivering heterogeneous doses within the target
volume. With the routine use of intensity-modulated radiation for the treatment of many cancer (head
and neck, brain tumour, lung cancer, etc.) allowing to deliver a very precise dose to the gross tumour
volume, but there is still a risk of local recurrences confirming the presence of radioresistant areas.
Functional imaging allows considering the selection of these areas (biological target volume) in order
to deliver a variable dose depending on the risk of recurrence (44). This imaging can be used before
the start of radiotherapy as a complement to the planning scanner or during treatment to adapt to the
early response. Several tracers can be used to target areas and the choice of tracer will depend on the
location treated; the most commonly used tracers are those used to target hypoxia, proliferation or
tumour metabolism. In this context, the method of definition and segmentation of target volumes is
important and it has been demonstrated that the delineation method has an impact on the defined

volume. Many methods exist and have been reworked in a previous article (3).

3.1. Non small cell lung cancer

As mentioned in the previous chapter, PET/CT is recommended in the staging and the planning for

non small cell lung cancer treated by radiation. While the level of evidence is lower and currently does

not allow consideration of dose painting radiotherapy from PET, many studies confirm its value in

defining patients at risk of recurrence and radioresistant areas. For example, several studies have



shown the prognostic implications of changes in standardized uptake value and suggested that FDG
PET/CT could predict the response to chemoradiation or induction chemotherapy (45,46). FDG is the
tracer that has been most used to propose a dose adapted to pretherapeutic PET. Three studies have
shown that the most hypermetabolic area before radiotherapy was an area at risk of local recurrence
(47-49). The same results were found for stereotactic radiotherapy for lung cancer (50). A randomized
phase II study (NCT01024829) has now been completed and has focused on increasing the dose with
an integrated boost to the area of the primary tumor with 50% of the maximum standardized uptake
value (72Gy) according to the normal tissue tolerance. Initial toxicity results demonstrate the
feasibility of this dose increase (51). The first alternative to this adapted radiotherapy to FDG PET is
the use of other tracers in pretherapeutic examinations. For the proliferation with 3'-(*8F)-fluoro-3'-
deoxythymidine (FLT), there is only preclinical data or studies showing the feasibility of using this
tracer for lung cancer (52-54). The tracer for which we have the most data is the ('3F)-labelled
misonidazole that allows to define hypoxic zones with PET/CT. In particular, there is a French phase
II trial that confirms the possibility of boosting the hypoxic zone without increasing toxicity. In
addition, a boost to the hypoxic volumes appears to improve the survival of hypoxic patients compared
to those receiving a standard dose (55, 56) (figure 1). This strategy based on hypoxia is different from
a boost on hypermetabolic volume with a specific therapeutic impact (57, 58). However, Di Perri et al.
consider that there is a good correlation between hypoxic volumes and FDG hotspots, but not from our

group (58,59).

The third alternative is to adapt the dose to changes in PET during radiotherapy. In a previous study,
we had shown that it was possible to define a pertreatment segmentation method for both primary
tumour and lymph nodes (60). In this context, a French phase II/III study is ongoing to demonstrate
the interest of increasing the dose at 74Gy on the hypermetabolic volume during radiotherapy (at
42Gy) (RTEP7 - NCT02473133). A similar phase II trial has just completed including 138 patients to
study the use of FDG PET/CT between the 18th and 19th fraction with a dose determined by
contraints at organs at risk (RTOG 1106 - NCT01507428).

3.2. Squamous cell carcinoma of the head and neck

With lung cancers, head and neck cancers are the ones for which there are the most published and
ongoing studies. It’s for this location that the Brussels teams proposed a dose adapted to PET fixation
using two methods. The first strategy is a boost at a subvolume. It is the simplest technique and close
to the usual techniques in case of several dose levels, the name generally used for this strategy is “dose
painting by volume”. The second strategy “dose painting by numbers” is very interesting because it

proposes to assign a dose to each voxel according to its level of PET fixation (61).

Many studies confirm the feasibility of a boost based on FDG fixation without increasing the dose to

the organs at risk (62,63). Two studies are in progress on ClinicalTrial.gov focusing on dose painting



using FDG PET with adaptive dose escalation compared to standard treatment. The dose usually
proposed is about 80Gy over the radioresistance area; it has been shown that a higher dose can be

harmful with a risk of late mucosal ulcers (64).

As confirmed very recently, hypoxia makes it possible to select patients with a good or poor
prognosis, with a hazard ratio at 9 for local control in a study involving 37 patients (65). As FDG, it
has been shown that it is possible to increase the dose to more than 80Gy without increasing the dose
to at-risk organs. For head and neck, several tracers were tested, such as ('*F)-labelled misonidazole
azomycin arabinoside, flortanidazole (HX4), or erythronitroimidazole, or (**Cu)-labelled diacetyl-
bis(N4-methylthiosemicarbazone (ATSM). Studies based on an equivalent probability of tumor
control between normoxic and hypoxic tumors show that an increase of 15 to 20% in hypoxic volumes

is possible without increasing the dose to organs at risk (66).

A new strategy could be considered with a dose reduction for Human papilloma virus positive cancers
with hypoxia. If this hypoxia is resolved within 1 week of treatment, a selectively de-escalate dose to

the nodes (60Gy) is possible with a good local control (67).

The problem remains linked to the anatomical modification of lesions during radiotherapy and

therefore to the difficulty of targeting radioresistant voxels (68).

3.3. Oesophageal cancer

For oesophageal cancer, there are far fewer studies for adaptive radiotherapy. However, it is a cancer
for which the optimal dose of radiotherapy remains to be defined and for which the level of toxicity

remains high.

As with lung cancers, it appears that the most hypermetabolic area before treatment is an area at risk of
recurrence (69). Another French study proposes to define the target volume based on an automatic
segmentation of the FDG PET to allow a decrease in dose to organs at risk or an increase in dose up to

66Gy (70).

FLT PET, which represents proliferation, appears to be an interesting tracer both in initial planning
and in the early response. (71-73). Data on hypoxia in oesophageal cancers are very limited. While it
is confirmed that there is significant binding of hypoxia tracers in esophageal cancers, there is no

adaptive radiotherapy study based on these tracers (74).

3.4. Other tumour locations
3.4.1. Gynaecological cancer

In most other cancers, pretreatment PET is used to consider targeted boosts. This is case for pelvic

cancers, particularly cervical and prostate cancer. PET is often associated with MRI. For cervical



cancer, it has been shown that it is possible to consider boosting pathological pelvic lymph nodes to
about 60Gy (75,76). However, this strategy remains controversial and if it does not increase toxicity, it
is difficult to demonstrate the value in terms of tumour control. Indeed, the most important study on

the interest of a boost on pathological lymph nodes was retrospective and did not use PET (77).

3.4.2. Prostatic cancer

As we have seen previously, there are specific tracers for prostatic cancer with choline or PSMA. FDG
PET/CT has no place in radiotherapy planning. During definitive primary radiotherapy, dose
escalation to the prostate should improve the local control, but the local toxicity remains high. More
accurate determination of the dominant intraprostatic lesion, which is the more aggressive and less
responding lesion, should lead to diminish local toxicity while preserving local tumour control (78,79).
There is growing of interest for PSMA PET/CT to this purpose. As PSMA uptake is known to be
correlated to the aggressiveness of the lesions, a miss of low grade intraprostatic lesions seems to be
acceptable for radiotherapy purposes (80), and a PSMA PET gross tumour volume contouring finally
appears to be feasible in 95 % of patients (81). Some studies suggested that (**Ga)-labelled PSMA
PET gives complementary data to the multiparametric MRI for the delineation of the dominant
intraprostatic lesion (82). It has been demonstrated that it is possible to increase the dose up to 95Gy
from combining multiparametric MRI and PET data using tumour control probability calculations

(83).
4. Conclusion

PET/CT has become essential in the planning of many cancers including lung, head and neck,
Hodgkin's disease and prostate cancer (table 1). However, it sometimes has to be combined with MRI
imaging and segmentation methods have yet to be defined. The interest of PET/MRI must be
demonstrated in prospective studies. The development of targeted treatments for recurrent areas
requires imaging with very good sensitivity and specificity, as is the case for prostate cancers. Current
techniques allow us to consider treatments by dose painting or even adaptive dose painting, and in this
context, it seems that functional imaging is essential. However, it is now impossible to say that the

best functional imaging is still that of metabolism, hypoxia or proliferation.
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Figure legend

Figure 1. Impact of positon emission tomography with computed tomography for image-guided
radiotherapy. (a,b) PET imaging before treatment; (a) FDG PET; (b) Fmiso PET; (c) FDG PET during
radiation with good response but an oesophagitis. FDG: fluorodeoxyglucose; Fmiso:

fluoromisonidazole; PET: positon emission tomography.












Table 1. Synthesis of current recommendations for the use of positon emission tomography for

radiotherapy planification.

Primary tumour Staging Targeting

Lung Recommended for non or Exclusion of atelectasis
oligometastatic non small cell | Inclusion of PET positive nodes (if
lung cancer histologic examination is not feasible to

exclude false positive)

Head and neck Recommended for locally Help in delineation of the primary gross
advanced head and neck tumour volume for locally advanced cancer
squamous cell carcinoma User-independent segmentation algorithms

Oesophagus Recommended before Detection of distant nodes
chemoradiotherapy Help in defining craniocaudal limits

Lymphoma Recommended for high grade Detection of involved nodes or involved
lymphoma (Hodgkin and non sites, especially in case of involved node or
Hodgkin diseases) involved site radiotherapy






