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ABSTRACT

Most of patients with head and neck cancers
(HNC) need curative radiotherapy either as radical
treatment or in the postoperative adjuvant setting. Ac-
curate target definition is paramount to ensure a good
outcome of radiotherapy. Pretreatment Computed To-
mography (CT) is regularly performed for radiation
therapy planning, which both guides dose calculation
and aids accurately contouring the tumor volume. Nev-
ertheless, when using CT, the low resolution of soft-
tissue and the dental artifacts may render the primary
tumor identification difficult. The interobserver incon-
sistency on the definition of the radiation target volume
is additionally a generally perceived issue. With the in-
crease of the frequency of HNC treatment by Intensity-
modulated radiotherapy (IMRT), the accurate target
volume delineation performed by using Fluorodeoxy-
D-glucose positron emission tomography combined to
CT (FDG-PET/CT) had become even more significant.
Nevertheless, the ideal technique for precisely decid-
ing the exact margins and form of the biologic tumor
volume (BTV) remains challenging. FDG-PET/CT can
define BT Vs either for escalation of dose or alternative
treatment strategies. Debatable issues still exist on the
role of FDG PET/CT during radiotherapy treatment.
Moreover, some new PET tracers, other than FDG, have
been investigated for imaging specific biologic tumor
characteristics in HNC. The purpose of this narrative
review is to discuss the use of FDG-PET/CT for BTV
definition before and during delivery of radiotherapy
for HNC with attention to PET tracers other than FDG.

Key words: FDG-PET/CT, biologic target vol-
ume, head and neck cancer, radiotherapy planning.
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Introduction

Head and neck cancer (HNC) is the sixth
most common type of cancer, representing
about 6% of all cases and accounting for

an estimated 650,000 new cancer cases and
350,000 cancer deaths worldwide each year
(-9 Patients needing curative radiotherapy,
either as radical therapy or in postsurgical
adjuvant setting, constitute 74% of the all pa-
tients with HNCs. The results of a phase 111
trial illustrate that there is an overall decrease
of 20% in survival rate among patients who
did not adhere to recognized organizational
standards during their radiation therapy
protocols ®. Thus, the adherence to accepted
radiation therapy protocols affects their in-
tended positive outcomes ©®.

Imprecision in tumor target definition
is recognized as a common source of radia-
tion therapy error . Intensity-modulated ra-
diotherapy (IMRT)use is on the rise during
HNC as it allows for the delivery of high
radiation doses with steep dose gradients
sparing critically important adjacent tissues,
@8 _Accurate target delineation is essential for
ensuring a good outcome of IMRT. Imaging
plays a central role in defining the targets for
radiation therapy, which is routinely planned
on the basis of a single pretreatment Comput-
ed Tomography (CT) scan, thus providing the
required electron density maps for dose calcu-
lation and accurate geometric contouring .

CT data contribute to radiotherapy
planning based upon the definition of a num-
ber of target volumes defined by the Inter-

national Commission on Radiation Units

and Measurements (ICRU) Report 62 @9,
Grossly palpable or visible disease identi-
fied and delineated on axial CT images, is
defined as a Gross Tumor Volume (GTV). It
is spatially expanded depending upon natu-
ral history of disease, patterns of spread,
and probability of microscopic disease be-
ing present in apparently normal surround-
ing tissues. The GTV is spatially expanded
further to create the planning target volume
(PTV), to account for setup errors related to
patient and organ motions. The boundary be-
tween GTV and PTV is variable and depends
on site, technique and institutional practice.

Moreover, the radiation oncologist
needs to define target volumes surrounding
normal structures as organs-at-risk (OARs)
on axial CT images. However, the low reso-
lution of soft-tissue and dental artifacts may
complicate the identification of primary tu-
mor when using CT. Interobserver inconsis-
tency of radiation target volume definition
is a widely known issue. In laryngeal cancer
for example, target definition using only CT
leads to significant inter- and intraobserv-
er variations in delineation of the GTV @b,

Grouping both imaging modalities,
Positron Emission Tomography (PET) and
CT, together in one scanner machine allows
the addition of functional data into anatomi-
cal images. Fluorodeoxy-D-glucose PET
combined to CT (FDG-PET/CT) has be-
come an important diagnostic tool for HNC
evaluation, and is applied in various clini-
cal settings, ranging from the detection and

staging to tumor response assessment and
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post-therapy follow-up ©'» With the simulta-
neous introduction of IMRT and the advances
in radiation therapy techniques, the accurate
target volume delineation performed by us-
ing FDG-PET/CT has become a major area
of interest. However, the optimal method for
accurately determining the exact margins
and shape of the BTV remains challenging.

With greater access to PET / CT im-
aging modality, radiation oncologist has
begun to consider a modification of the
conventional notion of standardized ad-
On the other

hand, the idea of biological focusing on

ministration dose for PTV.

and dose mapping has turned attractive.

FDG, a glucose analog, is the most
commonly used radiotracer. There are poten-
tial favorable benefits of utilizing FDG for
target volume outlining. It might aid to di-
minish the interobserver inconstancy in GTV,
help in reducing the measure of GTV, and aid
in perceiving the tumor range or the lymph
nodes missed by CT or MRI, and confine
the distinctive GTV elements conceivably
needing extra radiation dosage. Be that as it
may, the utilization of FDG-PET/CT likewise
bears a few inconveniences: the constrained
spatial determination, and the absence of an
institutionalized technique for signal segmen-
tation, and false-positive perceived caused
by inflammation. A variety of novel alterna-
tive tracers to image specific biologic tumor
characteristics are under investigation @9,

The correct definition and the de-
tailed specifications of BTV remains a pend-

ing query. Since the introduce of the PET/

CT scanners target delineation in radiation
therapy planning using FDG-PET/CT scans
is still controversial. The purpose of this re-
view is to discuss the use of FDG PET/CT
for BTV definition before and during deliv-
ery of radiotherapy for HNC with attention to
PET tracers other than FDG. Consequently,

For that purposes and after present-
ing the adopted research methodology, we
will evaluate the two topics of (a) Target
volume definition and (b) Novel PET/CT
tracers. They include the consecutive sub-
sections of : Thresholding methods for tar-
get outlining, Clinical implications, Dose
escalation with PET/CT based GTV and
Adaptive dose planning based on mid-
therapy PET/CT, for (a); and Targeting hy-
poxia and Imaging proliferation, for (b).
Methodology

In order to fulfill the requirements
of this narrative review, aiming to estab-
lish clinical significance of the possibility
of contouring biological target volume us-
ing [18]FDG-PET/CT before and during ra-
diotherapy treatment, especially for HNC
patients, we carried out a thorough research
of the bibliography in Pubmed, Google
Scholar and Web of Science databases. We
included unique articles disseminated dur-
ing the last decade to date. The inquiry meth-
odology utilized two mixes of Watchwords:
(a) “FDG-PET/CT” AND “head and neck
cancer” and (b) “Biological Target Volume
Definition” AND “head and neck cancer”,
and an aggregate of 155, 7 and 303 articles

were found, from previously cited databases.
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We evaluated every one of the ti-
tles and modified works(excluding redun-
dant articles), surveys, publications, let-
ters to the editorial manager, case reports,
works including low statistical sampling
(number of patients with cancer), non-
clinical examinations and additionally in-
clude potential for PET/MRI multimodality.

A sum of 70 articles were incorpo-
rated and classified by sections and subsec-
tions as follows: Thresholding methods for
target outlining ®”, Clinical implications 2,
Dose escalation with PET/CT based GTV @,
Adaptive dose planning based on mid-therapy
PET/CT ¥, Novel PET/CT Tracers (", Target-
ing hypoxia !” and Imaging proliferation 9.
Target volume definition
Thresholding methods for target outlining

At the level of target definition
and in addition to the decision of appro-
priate treatment techniques, the fusion of
functional imaging data into the radia-
tion planning procedure is understood to
open a pathway into new era of radiation
oncology based on molecular imaging.

Integrating functional imaging into ra-
diation therapy planning provides a specific
level of functional articulation bringing the
prospect for quantitative analysis of function-
al imaging, yielding an upper hand over ana-
tomical imaging modalities (CT, MRI) (419,
There are different means to contouring the
volume of the target within PET/CT images,
different methods have been reported, rang-
ing from a manual qualitative visual method

to automated quantitative or semi-quantita-

tive thresholding methods. It is challenging
to identify lesion edges in noisy PET data.
One of the primary regions of ambiguity is
the characterization of the target ‘edge’. Dis-
tinctive strategies have been established for
that reason. From which we refer to the fol-
lowing: (1) Visual analysis, which is mainly
administrator reliant and is prone to window-
level settings and interpretation contrasts ¢
8- (2) Iso-contouring in light of a set stan-
dardized uptake value (SUV). (3) Set limit of
max tumor signal intensity (40 or 50%) %2

A noteworthy downside of utilizing
the SUV is that it is mainly affected by con-
trast recovery and noise characteristics that
shift with reconstructive conventions and
choice of scanners. Thusly, different strate-
gies have been introduced, for example, the
iterative background subtracted relative-limit
utilizing watershed algorithm and hierarchi-
cal clustering in which the ideal relative-edge
relies upon the tumor size not the signal-to-
background ratio (SBR) (SBR) ®*» and the
variable threshold in view of flexible SBR @¥.

One an examination on 78 patients,
planning methods were evaluated and it was
observed that volume and shape of GTV
was impacted by the segmentation technique
of choice (figure 1) ®». Applying the visual
strategy, it was discovered that volumes are
near CT-characterized GTV while every sin-
gle automated volume were reduced. In the
same report fixed SUV strategy was not suc-
cessful to classify the GTV and more than
fifth of PET-based GTV were off the clini-

cal/CT-based GTV, however it is uncertain
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if this symbolizes a false positive as a result
of peri-tumoral inflammation. Furthermore,
another examination demonstrates that SUV
(SUVmax) and SBR techniques delivered a
comparable GTV volume more practically
identical to tumor volumes than CT or MRI.
Nevertheless, none of the three techniques
was successful to recognize superficial tumor
expansion because of an absence of correct
spatial determination *. While, gradient-
based segmentation algorithm appeared to
be more exact than the SBR, none of these
systems is broadly accessible off institutes
where they were originally produced @Y.

When comparing functional volumes
delineated by specific SUV cutoff and
gradient percentage of the SUVmax, Moule
et al. ® have discovered that the technique
was not able to distinguish amid the tumor
and background uptake above 36 Gy and the
outlined volumes was relative to the dose
conveyed. Schinagl et al. ®® on a study on
12 patients with head and neck cancer re-
ported that the segmentation tools using the
primary tumor as reference correlated poorly
with pathology. PETSUV was unsatisfac-
tory in 35% of the patients due to merging of
the contours of adjacent nodes. They recom-
mended an automated segmentation method
for purposes of reproducibility and inter-in-
stitutional comparison. Perez-Romasanta
et al. @ reported on a cohort of 19 patients
(39 lesions)with a histological diagnosis of
head and neck cancer who would undergo
definitive concurrent radio-chemotherapy or

radical radiotherapy with intensity-modulated

radiotherapy technique (IMRT). Contouring
on PET images was accomplished through
standardized uptake value (SUV)-threshold
definition. The threshold value was adapted
to R(S/B). They concluded the methods that
rely mainly on SUV(max) for thresholding,
as the RS/B method, are very sensitive to
partial volume effects and may provide unre-
liable results when applied on small lesions.

Visual interpretation by skilled ex-
perts remain the most accurate delineation
technique, and there is no agreement regard-
ing the optimal contouring method. Due to
the lack of proper validated automatic seg-
mentation tools, the visual definition (delin-
eation) of the tumor target remains the most
useful approach which is based on expert
visual interpretations by radiologists and
nuclear medicine physicians and on knowl-
edge of the likely patterns of disease infil-
tration within strict SUV scale limits and
with particular windowing protocols ©.

On the wake of the rapid expansion of
multimodalities and hybrid imaging, a ques-
tion arise of whether the GTV should be
defined based on single imaging modality
or on several modalities and was addressed
by some studies; in one such investigation,
41 patients with oropharyngeal carcinoma ,
GTVs were defined on the basis of findings
at separate CT, MR imaging, FDG PET, and
physical examination (GTVREF) and then
compared to those from a combination of
CT and MR imaging (GTVCTMR) and CT
and FDG PET (GTVCTPET) ®. The GT-
VREF was significantly larger than GTVCT-
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PET and GTVCTMR for primary tumors
and a poor concordance was observed. The
qualitative analysis demonstrated that the
underestimation of mucosal disease when
contouring mainly caused such discrepancy.

Thelack ofconcordance found between
various imaging modalities in this and other
studies @83%2% suggests that using all imaging
modalities along with physical examination

was the safest approach when defining a target.

Figure (1):CT (left),"*F-FDG PET (center),
and combined "*F-FDG PET/CT (right) pa-
tient with TAN2MO carcinoma of oral cav-
ity/ base of tongue, for A/B. Red color cor-
responds to GTV delineated on CT (absolute
volumes equal to 47.5 cm® /16.9 cm® for A/B)
; green color corresponds to PET-based GTVs
got by visual observation (absolute volumes
equal to 43.8 cm® /6.9 cm’*for A/B); orange
color corresponds to GTVs acquired by ap-
plying isocontour of SUV of 2.5 (absolute
volumes equal 32.6 cm*for A; this technique
was unsuccessful in B as a result of consider-
ation of substantial ranges with typical back-
ground); yellow and dark blue colors corre-
spond to GTV with fixed threshold of 40%
and 50%, respectively, of maximum signal
intensity (absolute volumes equal to 20.1 cm?
/15.5 cm?® and 14.9 cm® /7.1 cm?*for A/B); light
blue color corresponds to GTV with versatile
threshold in light of signal-to-background
proportion (absolute volumes equal 15.7 cm?
/ 6.8 cm’for A/B). @9,

Clinical implications

There have been various investiga-
tions demonstrating the impact of PET/CT on
the definition of GTV and PTV. From those,
we refer to an earlier study, noting the con-
ceivable change in the GTV when utilizing
the FDG-PET data for the treatment planning,
by Ciernik et al. ™. In the study, the team
explored 39 cases with solid tumors, imaged
with CT and FDG-PET with an incorporated
PET/CT scanner. Treatment planning were
based on combined images from both imag-
ing modalities. CT data were used at first for
volume outlining; PET data were incorporated
at a later stage as an overlay, later, to outline
the target volume. Two independent special-
ists both noticed the expansion of GTV by at
least 25%, as a result of PET imaging in 17%
of head and neck tumor cases ?'?. Generally,
56% @239 of cases showed that utilizing meta-
bolic imaging can cause a substantial change
in GTV delineation. Furthermore, the study
pointed that PET might be valuable to choose
candidates with genuine restricted tumors and
that PET/CT uncovered far off metastases for
16% of cases, hence changing the treatment
arrangement from curative to palliative.

Nishioka et al. "9 investigated the
advantages of joining the FDG-PET data
into treatment planning by considering 21
candidates having head and neck carcinoma
and they concluded that there were no vis-
ible change caused by image co-registration
for 89% of cases, as far as GTV volumes for
primary tumors. Clearer CTV and GTV iden-

tification on the co-registered images prompt
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better normal tissue preservation. In particu-
lar parotid gland was preserved in 79% of
patients whose upper neck areas were tumor-
free. Besides, no attempt was carried on the
study to change the size of primary tumor by
thresholding methods. Chatterjee et al., ¢V
explored the differences in GTV and CTV
definitions for the primary and nodal vol-
umes when FDG PET/CT was used as com-
pared with contrast enhanced CT (CECT)
in 20 patients with oropharyngeal cancer.
PET/CT gross tumor volumes were smaller
than CECT volumes (mean =+ standard de-
viation: 25.16 cm(3) + 35.8 versus 36.56
cm(3) £ 44.14; P < 0.015) for the primary
tumor. There were no significant differences
in gross tumor volume for T1/T2 disease, al-
though differences in gross tumor volumes
for advanced disease (T3/T4) were signifi-
cant. The nodal target volumes (mean + stan-
dard deviation: CECT versus PET/CT 32.48
cm(3) £ 36.63 versus 32.21 cm(3) + 37.09;
P > 0.86) were not statistically different.

Wang et al. ¢» and Paulino et al.(20)
have examined the utilization of PET/CT
guided IMRT for the treatment of HNC. The
advantage of utilizing IMRT is that it enables
a high dosage of radiation to be conveyed to
the PTV while limiting the exposure of neigh-
boring vital tissues. In the study of Wang et
al., on 28 patients initial CT based staging
changed in 57 % as a result of PET/CT. In14
of 16 studied cases, they found that the vol-
ume analysis using PET/CT differ fundamen-
tally in relation to those outlined from the CT

alone, for which CT alone was not sufficient

to distinguish primary tumors for 8 patients.
Moreover, 16 of 28 patients who were fol-
lowed for over half a year did not have any ev-
idence of recurrence. An aggregate of 40 pa-
tients with squamous cell carcinoma emerging
in the head and neck have been investigated
by Paulino et al. utilizing the IMRT method.
They found that about 25% of candidates were
subjected to PET/CT-GTYV under-dose when
the CT-GTV was utilized for IMRT protocol.
In any case, these finding are not definite, as
it is well known that GTV outlining in the
head and neck can be troublesome in light of
the fact that specific normal tissues can favor
FDG (tonsils, base of tongue, thyroid and
parotid glands). Another study by Arslan et
al. (33), reported on 37 HNC patients treated
with definitive radiotherapy. GTV determined
by CT (GTVCT-Total) was increased in 32
cases (86.5%) when compared to total GTV
determined by PET/CT (GT VPET/CT-Total).
The GTV of the primary tumor determined by
PET/CT (GTVPET/CT) was larger in 3 cas-
es and smaller in 34 cases compared to that
determined by CT (GTVCT). The GTV of
lymph nodes determined by PET/CT (GTVL-
NPET/CT) was larger in 20 cases (54%) and
smaller in 12 cases (32.5%) when compared to
GTV values determined by CT (GTVLNCT).

From these discussed historic cohort
studies, so far on contrasting PET versus CT
based GTVs, the correct impact of the modi-
fication of the target volume consequences is
not well understood. In addition, inadequate
number of prospective studies observed. Up to

this point, many studies ?****% concluded that
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the normal routine with regards to contrast-
ing the GTV_CT with the GTV_PET isn’t di-
rect and special attention should be addressed
with the speculative representations of the
outcomes. The intrinsic variances between
CT and PET imaging and the poor associa-
tion between the images of the two modali-
ties articulated in terms of a large statistical
variation in the GTV ratios, can be attributed
to such complexity. However, there are two
clinical features of FDG-based PET incorpo-
ration into radiotherapy treatment planning
that might be noted. At the level of the ad-
dition and/or omission of the proximal nodes
into CTV for head-and-neck cancer cases,
PET imaging gives confined indicative data
whereas nodes identification by PET are being
delineated from the CT informational index.
PET imaging can likewise move radiotherapy
treatment from curative to palliative should
the functional imaging uncovers metastasis.
Till now, there are insufficient dosimetric
analyses to investigate contrasting dose vol-
ume of carried radiotherapy utilizing CT and
PET-based GTV. Clinical and phantom based
examinations, did not confirm the most fit ap-
proach of consolidating PET information into
the radiation treatment procedures, as point-
ed out by Devic and Kolarova et al. (41536,
Dose escalation with PET/CT based GTV
Several clinical studies were per-
formed to evaluate the feasibility of using dose
escalation to a PET-based GTV contouring
and the effectiveness of PET for radiation ther-
apy planning in general ¢”4%, Dose gradations

can be assigned to an area outlined using PET

or, otherwise, on the basis of voxel intensity
according to “dose painting by numbers” “V-

Dose painting by numbers, assumes
that a target can be defined by voxels with
intensity values, but not necessary indicating
whether voxels are inside or outside the target.
The feasibility study of applying the dose es-
calation to an FDG PET—avid GTV with dose
painting by numbers instead of GTV contour-
ing was carried out elsewhere “». Their ex-
amination reasoned that PET-characterized
BTVs are an appealing focus for dosage esca-
lation, because of the imperfect result for the
greater part of patients with HNC. Where, the
needed radiotherapy dose to exceed the radio-
resistance in target volume is unspecified. Ra-
diobiological simulations may foresee such
dosages; however, existing treatment calcula-
tions in the head and neck are as of now ap-
proaching tolerance dose. Of notice are two
disseminated clinical studies assessing the
result of I8F-FDG-PET-based treatment em-
ploying dose escalation method. Madani et al.
@) revealed a stage 1 trial dose escalation plan
of 25 and 30 Gy conveyed along 10 fractions
followed by 22 fractions of 2.16 Gy utilizing
IMRT, for an aggregate dosage of 72.5 or 77.5
Gy. They contemplated 23 and 18 candidates
selected at dosage level 1 and 2, respectively.
For four of nine examined patients, the site
of relapse was inside the 18F-FDG-PET-
contoured area (figure 2), despite the fact that
dosages were accomplished and toxicity were
experienced. In a later report, a similar re-
search team has distributed the outcome of a

phase 1 trial of DPBN conveying a mean dose
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of 80.9 Gy to the high dosage CTV, for seven
examined cases, and a mean dosage of 85.9
Gy to the GTV, for 14 considered cases, at 32
fractions.“?.The initial 10 fractions included
a voxel intensity based (DPBN) IMRT plan
utilizing a pattern of "*F-FDG-PET scan, for
every patient. Using a similar imaging meth-
od (®F-FDG-PET) for fractions 11-20 and the
rest of the fractions were carried out by ap-
plying a uniform dose IMRT, they perceived
that the radiation exposed volume of normal
tissue and target was decreased, especially
while escalating dose to GTV. Madani et al.
@9 had not reported any grade 4toxicitytaking
note that just 9 of 21 patients, got correspond-
ing chemotherapy, follow-up have indicated
mucosal ulcers as the dosage restricting tox-
icity. For a period of 4 to10 months follow-
ing the treatment, six examined cases had
mucosal ulcers where five of them were seen
at dose level II (mean aggregate dose of 85.9
Gy to the GTV). Therefore establishing dose
level I (mean aggregate dose of 80.9 Gy to the
high CTV) as the upper tolerance dose in the
study and the significance of longer-term af-
tercare and follow-up in these investigations.
in term of balanc-
total
dose) effectiveness versus patient safety
(toxicity)and the added advantage of PET/
CT tumor volume delineation should be
addressed further in

Optimization

ing dose escalation (fraction dose,

clinical research.

Figure (2):Patient with T3N2MO hypopha-
ryngeal carcinoma imaged with CT (A),
compared to 18F-FDG PET combination
images (B and C) and the corresponding
measured dose (D). Red/light blue color
refers to GTV portrayed on CT, GTV,.
and ""F-FDG PET utilizing adaptive thresh-
old based on signal-to-background ratio,
GTV,,,, (absolute volume of 39.0/13. [
cm?). *Moreover shown are target volume to
50.3, 68.0 and 72.0 Gy for pink, dark and
light blue colors, respectively. Sub volume
of GTV_.. has received a dose of 72.0 Gy
due to added integrated IMRT boost of 4.0
Gy.“,

Adaptive dose planning based on mid-

therapy PET/CT

The compromise between disease
control and toxicity in head and neck cancer
in both chemotherapy and radiation therapy is
subtle. Cure rates remain unsatisfactory, while
intensity and toxicity of treatment have been
described as “pushed to what must be the lim-
its of human tolerance” “449, In attempts to
optimize the therapeutic ratio for individual
patients, personalizing treatment is gaining
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interest. The alteration of radiation delivery,
during the therapy course, based on changes
in the normal and tumor tissues, can be con-
sidered as a mean to achieve such personal-
ized treatment. CT scan is typically utilized
—pretreatment- for radiation therapy planning
to delineate the target volume and any organs
at risk. Treatment usually proceeds without
taking into account the anatomic changes aris-
ing during the course of fractionated dose de-
livery. Geets et al “® observed a reduction of
51% and 48% in the clinical and in the planned
target volumes, respectively, after a partial ra-
diation therapy treatment course of 45Gy. In a
later study of patients with laryngopharyngeal
cancer receiving chemo-radiation therapy
@) PET-based and CT-based primary tumor
GTVs were found to decrease at a mean rate
of 3.2% and 3.9% per treatment day, respec-
tively, while nodal GTVs decreased at a rate
of 2.2% per treatment day. In addition, spatial
shifts were noted in the GTV. Furthermore,
geometric shifts in the position of the primary
tumor during treatment differed between PET
and CT-defined GTVs. Thus, it is suggested
that anatomic (CT) and the functional (PET)
imaging modalities provide complemen-
tary information during treatment (figure 3).

Adaptive radiation therapy delivers an
advantage by means of improving the thera-
peutic ratio i.e. minimizing the overall dose
to normal tissues and focusing therapeutic
dose at tumor tissues, and presents a clinical
challenge. Of great interest is the character-
ization of therapy regiment alteration relied

to tumor based on changes observed on im-

ages. The usefulness of integrated biologic
and functional imaging techniques is con-
cretized by tumor sub volumes identification
(eg, radiation-resistant hypoxic regions) as
candidates for dose escalation “®. The non-
uniform radiation delivery can be guided
by biologic characterization of tumor and
neighboring tissues at functional imaging.
Geets et al. “9, in a study examiningl0 pa-
tients encountering pharyngolaryngeal SCC
and treated with CRT and subjected to various
imaging modalities (MRI, CT and"*F-FDG-
PET during the course of treatment (at base-
line and after mean recommended doses of
14, 25, 35, and 45 Gy)), demonstrated that the
early reaction observation over the treatment
can aid the modification or the adjustment of
the overall procedure. Utilizing a technique
based on the gradient to outline GTVs on '*F-
FDG-PET, throughout radiotherapy regimen.
GTVs were considerably diminished, yet stay
less than those characterized with MRI and
CT (P< 0.001) for all cases. In contrast to
pre-treatment CT based volume contouring a
gradual decrease of the irradiated volume by
15% to 40% was observed.. In addition, they
observed that just high dose volumes (=V90)
were affected by this adaptive approach with
additional sparing of organs at risk (OAR).
Hentschel et al. * investigated serial'*F-
FDG-PET scans at three times during CRT
on 37 patients contrasting changes in SUV
with baseline. They noted that a 50 % drop
in SUVmax after 10 to 20 Gy radiation dose
delivery, for the studied case, was predictive
of two years OS (88% versus 38%,P= 0.02),
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“and a below median volume of disease de-
fined on baseline PET was also predictive of
two year OS (83% versus 34%,P= 0.02).”

Key challenges present in the use of
functional imaging to guide adaptive radio-
therapy treatment. Proper selection of imag-
ing technique is an issue with few data to
support one choice of one modality over the
other, reproducibility of imaging character-
istics critical for modifying dose delivery is
another issue, Bittner et al. ®® and Lin et al.
6D demonstrated significant difference in hy-
poxic sub-volumes identified on successive
18F-fluoromisonidazole (FMISO) PET scans
obtained before treatment. Moreover, the op-
timal timing for radiology imaging evaluation
during the course of treatment is un-known.
Decreasing tumor uptake and increasing the
nonspecific background activity, limit the
utility of obtained PET images in the course
of fractionated radiation therapy (3424647
Also, the impact of concurrent chemotherapy
on changes during treatment process is uncer-
tain and the optimal tumor contours method
is not well-understood. On the other hand, the
decrease of tumor to background uptakes ra-
tio makes it difficult to use automated tools
related to the threshold SUV. The maximal
SUV of tumor imaged with FDG-PET, de-
crease progressively and the volume defined
by the threshold SUV is unchanged during
the radiation treatment course, as found by
Moule et al. ®». The possibility of moving
beyond the simple delivery of homogeneous
dose to an anatomically defined treatment

volume, becomes possible thanks to the inclu-

sion of functional imaging into the treatment
planning process. Thus, the adaptive planning
of the radiotherapy treatment protocols based
on functional imaging is a relatively new area
of investigation, and it remains in the realm
of research. Nevertheless, we cannot imagine
that radiation therapy will continue to be de-
livered exclusively on the basis of a single pre-

treatment imaging assessment of the tumor.

a b c

Figure (3): Adaptive therapy planning in

a 68-year-old man with a supraglottic
SCC (T2N2bMO) treated with chemo-
radiation therapy (70 Gy in 35 frac-
tions over 7 weeks, two cycles of cispla-
tin 100 mg/m2 per day in weeks 1 and 5).
(a) Axial fused PET/CT image ob-
tained before the start of therapy shows
marked  metabolic  activity  (SUV-
max, 22.2) in the tumor (arrowhead).
(b) Axial fused PET/CT image obtained
after 11 fractions of radiation thera-
py shows a reduc—tion in tumor size
and metabolic activity (SUVmax, 9.7).
(c) Axial fused PET/CT image, obtained af-
ter 21 fractions of radiation therapy, shows
continued reduction in tumor size and meta-

bolic activity (SUVmax, 7.9)(9).

Novel Pet/Ct Tracers
FDG is not a tumor-specific tracer

and accumulation in benign lesions, such as
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regions of inflammation, causes false-posi
tive results with consecutively low specific-
ity. Therefore, novel alternative tracers with
higher specificity are under investigation for
the non-invasive imaging of cellular pro-
cesses such as hypoxia and proliferation “.
Targeting hypoxia

As concluded in the work of (53), hy-
poxia is an established indicator of poor prog-
nosis for patients with head and neck cancers.
It leads to radiation resistance in tumor cells.
Hall et al., ®¥ found that the needed cell-
killing dose, in hypoxic conditions, reach the
three time value of those in normoxic con-
ditions. Hypoxia imaging provides relevant
information for treatment planning in HNC.
It enables dose escalation in hypoxic tumor
tissue while sparing non hypoxic surrounding
tissue (figure 4). This contributes to a reduc-
tion of post radiation side effects and con-
secutive improvement of the quality of life in
these patients in spite of intensified radiation
dose. Yet the main requirement of hypoxia
imaging remains dose adjustment for IMRT.
The assessment of tumor hypoxia can be car-
ried out by a number of invasive techniques.
They include the polarographic oxygen elec-
trodes and the immunohistochemical stain-
ing of pathologic specimens. Additionally,
from the many existing number of PET trac-
ers, allowing the noninvasive visualization
of hypoxia, we cite the mostly investigated
one, FMISO, that has been used for the as-
sessment of HNC ¢>%)_ [t has been used for
hypoxic BTV definition, in the form of 18F-
FMISO, during a study aiming to demonstrate

the potential to dose-escalate to sub volumes
(59,60). Moreover, Lee et al. ©» delivered
a dose of 70Gy to the gross tumor volume
(GTV; the range of 18F-FMISO uptake inside
the®)F-FDG-PET/CT GTV) and a dose of 84
Gy to the hypoxic GTV, for ten cases with-
out surpassing ordinary tissue tolerance. They
found that the hypoxic GTV dose of 105Gy
was feasible for one of two patients sparing
normal tissue. On the other hand, Thorwarth
et al. ® studied 13 candidates and analyzed
the dosage painting by numbers (DPBN) in
contrast to IMRT plan keeping up iso-tox-
icity, observing an increase of tumor con-
trol probability from 0.552 to 0.702 by dose
escalation to a to a contoured 18F-FMISO
hypoxic volume. The sequential time vari-
ability constraint of the 18F-FMISO imag-
ing makes difficult clinical studies with dose
escalation to 18F-FMISO-defined volumes

Moreover, Nehmeh et al. ©» have
shown that a voxel by voxel investigation of
putative hypoxic regions, for patients under-
taken two benchmark '"*F-FMISO scans along
3 separated days, uncovered a solid associa-
tion over the two time points in under 50%
of patients. Delivering a higher target-to-
background signal ratio, the hypoxia-specific
PET agent Fluorine 18 fluoroazomycinarabi-
noside (FAZA) clears the blood more rapidly
than FMISO @369 Moreover, Gronroos et al.
69 showed theoretically that theFluorine 18
fluoroerythronitroimidazole (FETNIM) is a
more potent indicator of hypoxia than FMI-
SO, owing to its greater hydrophilia and bet-

ter pharmacokinetics. To define the optimal
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time point for the integration of hypoxia ®F-
FAZA-PET/CT information into radiotherapy
treatment planning to benefit from hypox-
1a modification or dose escalation treatment,
Bollineni et al. ®® reported that instead of us-
ing the FAZA-BL scan as the basis for the dose
escalation, FAZA at the second week of che-
mo-radiotherapy is most suitable and might
provide a more reliable basis for the integra-
tion of ""F-FAZA-PET/CT information into
radiotherapy treatment planning forhypoxia-
directed dose escalation strategies. Appearing
to be promising hypoxia-specific radiotracers,
FAZA and FETNIM required in depth investi-
gation, especially in direct comparison with
FMISO.On the other hand, using numerous
Cu isotopes 0616264 a5 a form of Cu-diace-
(Cu-
ATSM) can be considered as a PET tracer
for imaging hypoxia. The 64Cu isotope was

tyl-bis(N4-methylthiosemicarbazone)

considered as a non-invasive marker of tumor
hypoxia due to its ideal physical properties
and great formation yield ¢”. For hypoxic and
normoxic cells, the [Cu(Il)-ATSM] complex
is diminished by intracellular thiols bringing
about an unsteady complex [Cu(I)-ATSM],
which is in turn re-oxidized to a more stable
state [Cu(II)-ATSM] that diffuses out of cells
in normoxic cells. While, in hypoxic cells it
separates gradually and irreversibly caught by
intracellular copper chaperone proteins. In rat
models, Lewis et al. ®® have shown the asso-
ciation between 60Cu-ATSM and tumor pO2
and Chao et al. ® have demonstrated that the
dissemination of60Cu-ATSM inside the GTV

of patients with HNC was heterogeneous and

planned delivery of 80 Gy into 35 fractions
to the ATSM-avid tumor sub-volume and
the delivery of 70 Gy into 35 intervals to the
GTV without compromising normal tissue
dose tolerance. Grassi et al. ™, reported in
HNC patients, F-FDG and Cu-ATSM provid-

ed similar results about delineation of BTV.

Figure (4): A. [18F]-FMISO PET/CT ac-
quired 4h pi. A hypoxic volume was de-
lineated based on this image by applying
a 40% threshold relative to the maximum
SUV. This contour was then registered to
the RT planning CT and prescribed with
110% of the conventional dose (77 Gy). B.
Corresponding slice of the RT planning CT
with the FMISO PET based hypoxic target
volume overlaid in pink. Resulting IMRT
dose distribution of a homogeneous dose es-
calation by 10% is shown. Regions of inter-
est: PTV70 (red), PTV60 (yellow), PTV54
(blue), left parotid gland (dark green), brain
stem (purple). (71).

In summary, no appropriate hypox-
ia-agent for PET can be favored most, each
agent has its advantages and disadvantages
and may be better suited for evaluating partic-
ular tumor types than others, allowing for ex-

tra studies to be investigated for such purpose.
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Imaging proliferation

Both chemotherapy and radio-therapy
treatment can cause the rate of cellular prolif-
eration in responding tumors and consequent-
ly the tumor size to decrease ?, on the other
hand continued and accelerated cell repro-
duction is an indication of treatment failure
@, Developing imaging strategies is crucial
to identify tumor cell repopulation for early
response assessment and to delineate these
areas as targets for dose escalation. Unlike
FDG, the FLT-PET is the most widely used to
assess cellular proliferation 77 and allows
the detection of cellular division as it is taken
only the actively dividing and not surround-
ing inflammatory cells. FLT uptake can be
used for early monitoring of cellular response
to radiation treatment in HNC tumors 379

Studies had shown that FLT can
provide an advantage of assessing early tu-
mor response to therapy in HNC patients
with good reproducibility of SUV measure-
ments and with changes in uptake observed
prior to changes in tumor volume 67,

As illustrated by Troost et al. "9it is
technically feasible to delineate areas with
high cell proliferation for dose escalation.
However, the use of FLT is not histologically
validated. Linecker et al ™ concluded that the
FLT uptake and the Ki-67 index are not corre-
lated, after a study of 19 patients with head and
neck SCCs. Due to its uptake by the germinal
centers of reactive lymph nodes, leading to a
low positive predictive value, the FLT cannot
yield a clear differentiation between beignet

and malignant abnormal cervical lymph node

@9 The ultimate need of further research is ob-
vious concerning the establishment of the FLT
in the assessment of early treatment response
and the adaptive radiation therapy planning.

Furthermore, the accelerated repopu-
lation along the radiotherapy for HNC can
unfavorably influences result. Besides, the
advancement of PET tracers for DNA syn-
thesis imaging may provide better specific-
ity than 'F-FDG-PET which is additionally
taken up by peri-tumoral inflammatory cells.
The tracer 3'-Deoxy-3'-18F-fluorothymidine
(18F-FLT) mirrors the activity of thymidine
kinase 1, a key enzyme in DNA synthesis and
is taken up by dividing tumor cells however
not by terminally separated resistant reaction
cells @D, Troost et al.®” examined 10 patients
with HNC (two of them have gotten corre-
sponding chemotherapy) and investigated the
role of such tracer in early reaction evalua-
tion to radiotherapy, as shown in figure 5.
They imaged patients utilizing 18F-FLT-PET/
CT, before and along the second and fourth
weeks of the radiotherapy course, where in
the fourth week they noted a substantial less-
ening in CT-based GTV, contouring not per-
ceived at earlier phase of the treatment and
major changes in SUVmean and SUVmax
on 18F-FLT images as early as one-week
post radiotherapy and a further decrease be-
fore the fourth week of treatment.. Utilizing a
subjective fixed SUVmax limit of 80%, per-
mitting the tumor sub-volume to be outlined
in the first and second®F-FLT PET scan, the
feasibility of dosage escalation was illustrat-

ed. Whereas, the expected repopulation hap-
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pening after a month of radiation treatment
were not reflected on the uptake of'*F-FLT
PET along the radiation delivery for patients
with HNC. Moreover, the feasibility study of
Fuzzy Locally Adaptive Bayesian algorithm
(FLAB) as the ideal segmentation strategy
for the proliferative volume for repeated FLT
PET/CT along chemo-radiotherapy, for pa-
tients with HNC, was carried out by Arens
et al. . Also, there are some studies dem-
onstrating the uptake reduction of 18F-FLT
PET relative to the radiation delivery dura-
tion, for Squamous Cell Carcinoma (SCC) of
the esophagus case study. Yue et al. ®® on the
other hand, noted a raise in the uptake of '
F-FLT PET after treatment breaks mirroring

the acceleration of the repopulation process.

Figure (5):CT (left),"*F-FLT PET (center),
and combined "®F-FLT PET and CT (right)
patient with T3NOMO oropharyngeal carci-
noma before and after 8 fractions of 2 Gy
radiation treatment for (A) and (B), respec-
tively. Red color corresponds to GTV based
on CT imaging modality. As observed, there
is an considerable decrease in18F-FLT PET
signal intensity compared to the small re-
duction of GTV on CT.(76).

As hypoxic tumor volume eventu-
ally decreases during the course of treatment,
further studies are needed to investigate best
practice to integrate methods of adapting
treatment regimen delivery. Proliferation im-
aging play a vital role in monitoring specific
tumor reactions, and hence the effectiveness
of the therapy procedure, post radiation ther-
apy mostly when treating below tumoricidal
threshold dose.

Conclusion

FDG use is rapidly increasing as tracer
in PET functional imaging due to both its high
sensitivity and specificity in cancer imaging,
emerging new tracers might in the near future
play a bigger role in cancer management but
not likely replace FDG soon. Limitation in
regulations and lengthy clinical trials along
economic feasibility is still a hindrance in the
path of adopting such novel tracers clinically.
Clinical examination together with CT re-
mains the optimal standard for target volume
definition in the planning of radiotherapy for
HNC. PET/CT provides unique and comple-
mentary information about target volume
which may increase the precision of radiother-
apy planning. To what extent this improves
the treatment outcomes for patient with HNC

is unclear and will require further research.
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