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PET/CT combines imaging at the molecular level along with
imaging at the anatomic level, which, with the administration of a
hypoxia-sensitive radiopharmaceutical, allows evaluation of tissue
oxygenation. Methods: This work consisted of a systematic litera-
ture review that included websites, books, and articles dated from
July 1997 to December 2019. The aim was to identify the PET
radiopharmaceuticals best suited to the detection of cell hypoxia
and to recognize the benefits for planning intensity-modulated ra-
diation therapy (IMRT) and volumetric arc therapy (VMAT). Results:
Hypoxia affects the likelihood of cure for head and neck tumors,
reducing the success rate. Radiopharmaceuticals such as 8F-
fluoromisonidazole, '8F-fluoroerythronitromidazole, and '8F-HX4
('8F-3-fluoro-2-(4-((2-nitro-1H-imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)propan-1-ol) allow the delineation of hypoxic subvolumes
within the target volume to optimize IMRT/VMAT. Conclusion: Iden-
tification of hypoxic areas with PET/CT imaging and use of
subsequent IMRT/VMAT allows for possible escalation of radiation
dose in radioresistant subvolumes, with a consequent decrease in
relapses and an increased likelihood of disease-free survival.

Key Words: hypoxic cells; PET/CT; head and neck tumors;
treatment planning; radiotherapy

J Nucl Med Technol 2021; 49:107-113
DOI: 10.2967/jnmt.120.249540

PET/CT, as a hybrid imaging technique, plays an impor-
tant role in radiotherapy planning (/,2), allowing the identifi-
cation of metabolism, cell proliferation, and hypoxia allied to
the anatomy (/,3-5). After PET/CT images have been ob-
tained for radiotherapy planning and subsequent identification
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of hypoxic areas, intensity-modulated radiation therapy
(IMRT) and volumetric arc therapy (VMAT) can be used,
2 conformal treatment techniques that allow modulation of
the radiation deposited according to oxygenation levels, de-
creasing the likelihood of toxicity in adjacent healthy tissues
(6-10).

In head and neck tumors, which include the paranasal
sinuses, oral and nasal cavity, salivary glands, tongue, larynx,
and pharynx, the application of this imaging technique for
radiotherapy planning using specific radiotracers allows
precise definition of the hypoxic areas and, consequently, a
more individualized treatment (//-13).

In Portugal in 2010, head and neck tumors were more
common in men than women. Of all head and neck tumors,
those of the larynx demonstrated the highest incidence and
mortality rates and were considered the ninth most common
tumor in men. In addition to the larynx, tumors in the tongue
and oral cavity also have a high incidence and mortality rates
(Table 1) (/4). Given the low survival rate in head and neck
cancers, there is a need to invest in appropriate therapy; to
this end, technologic developments have enabled optimiza-
tion of the planning and treatment technique. Identification
of tumor hypoxia is essential, as it is a poor prognostic factor
given the radioresistance of hypoxic cells (8,15-17). There-
fore, PET/CT for radiotherapy planning, taking into account
the evaluation of hypoxia, seems a viable option.

MATERIALS AND METHODS

This work was a systematic review of the literature on PET/CT
imaging demonstrating hypoxia, head and neck tumor treatment
planning with PET/CT, and treatment of head and neck tumors
with IMRT/VMAT. Sixty-eight references were included (Fig. 1),
namely websites, articles, and books, searched in the PubMed, b-
on (Biblioteca do Conhecimento Online), Google, and Google
Scholar databases in Portuguese and English, dated from July
1997 to December 2019. The following Boolean logic was used
to search for information: radiotherapy planning treatment AND
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TABLE 1
Incidence and Mortality Rate of Head and Neck Tumors (74)

Tumor Incidence Mortality

location per 100,000 per 100,000
Lip 2 0.1
Tongue 3 1.3
Oral cavity 3.1 1.3
Salivary glands 1 0.5
Amygdala 1.3 0.4
Oropharynx, other 1.2 1
Nasopharynx 0.9 0.5
Hypopharynx 2.1 0.9
Pharynx, other 0.4 0.6
Larynx 5.9 3.7

hypoxia, hypoxic cells AND radiotherapy treatment AND PET,
PET/CT AND hypoxia cells AND treatment, PET/CT AND hypoxia
cells AND radiotherapy, PET/CT AND cancer AND hypoxia cells,
planning with PET/CT and hypoxia, and radiotherapy and treatment
planning.

This work aimed to answer the following questions: how does
tumor cell oxygen influence treatment; does the entire target volume
need the same radiation dose; how important is PET/CT in
evaluating hypoxia for treatment planning of head and neck tumors;
what radiopharmaceuticals should be used, and why; and can the
radiation dose to the organs at risk be reduced in IMRT/VMAT by
performing PET/CT planning with hypoxia-sensitive radiotracers?

This article aims to contribute to knowledge about, and the
applicability of, PET/CT in the evaluation of hypoxia and to determine
the usefulness and contribution of PET/CT to the planning of IMRT/
VMAT techniques for patients with head and neck tumors. Another
objective is to describe which radiopharmaceuticals are most indicated
for the detection of cell hypoxia.

Some hypotheses are also suggested in this article: that cell
hypoxia correlates with a higher likelihood of relapse; that disease-
free survival at 5 y in cases of head and neck tumors and hypoxia
may be related; that there is a relationship between PET/CT tracers
for hypoxia evaluation and the choice of IMRT/VMAT; and that
there is a relationship between the dose deposited in radiotherapy
and the selected planning technique.

RESULTS

PET/CT and Hypoxia in the Tumor

PET allows the evaluation of molecular pathways, metab-
olism, proliferation, oxygen uptake, and receptor and gene
expression. Molecular imaging is increasingly used for
dosimetric planning of volumes of interest and for investigat-
ing heterogeneity within these volumes (2—4,18). The hybrid
technique, PET/CT, provides tools to the physician for a more
accurate diagnosis (/,5). PET/CT in radiotherapy planning
allows, precisely, the inclusion of macroscopic and micro-
scopic disease, and with the administration of a specific ra-
diopharmaceutical, it is possible to detect major and minor
areas of hypoxia (3,19).

In healthy tissues, oxygen levels are greater than 24 mm
Hg and may be up to 66 mm Hg. Hypoxia is characterized by
a reduced oxygen rate in cells, which is characterized by
being less than 10 mm Hg, and tumors have zones of high
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hypoxia (20-26). Hypoxia can be broadly classified as acute
or chronic (6,21,26,27). Acute or cyclic hypoxia is caused by
a temporary interruption of blood flow and oxygen (6,24,
25,27). On the other hand, chronic hypoxia results from an
increased distance from the tumor to microvessels or from
anemia, reducing the amount of oxygen available in the
bloodstream (22,24,26,28,29). Chronic hypoxia is stable
whereas acute hypoxia is unstable—that is, it changes over
time (21,24,25).

The presence of hypoxia in a tumor is a poor prognostic
factor, being associated with greater aggressiveness since
there is a greater likelihood of metastatic spread and greater
resistance to radiotherapy. In radiotherapy of deep tumors,
x-ray radiation is used. In molecular terms, the radiation
will interact with the biologic tissue through an indirect
effect that is superior to the direct effect (2-3 times
higher), in which the primary photon reacts with the cel-
lular water, which in its molecular structure contains oxy-
gen. As a result of this interaction, free radicals are
produced, damaging the DNA of the target cells. Thus, the
reduced oxygen rate affects the curability of tumors, as in
cases of head and neck tumors (/9,21,22,24,28,30-34).

Authors such as Hendrickson et al. (8), Chang et al. (35),
and the International Atomic Energy Agency (32) argue that
for the same biologic effect, the total dose of x-irradiation in
radiotherapy should be up to 3 times higher in hypoxic cells.

Radiopharmaceuticals for the Detection of Hypoxic
Tumor Cells

The radiopharmaceuticals studied for the evaluation of
hypoxia in PET/CT are labeled with '8F, ®*Cu, or ®*Cu.
Cyclotron-produced '8F has a physical half-life of 110 min
and decays by B* emission (97%), with an energy of 635
keV and an average soft-tissue range of 0.6 mm (9,20,35—
37). 64Cu is a radionuclide whose physical half-life is 12.7 h
and decays by Bt emission (17.8%), with a maximum en-
ergy of 0.655 MeV and an average soft-tissue range of
1.4 mm (20,38,39). °2Cu is a radionuclide with a half-life
of 9.7 min and decays by B* emission (97.5%) (40—44).

PET/CT allows the definition of treatment volumes such as
gross tumor volume and biologic tumor volume. A specific
hypoxia-detecting radiotracer allows the delineation of hypoxic
subvolumes within the tumor volume, a capability that is
important for enhancing IMRT/VMAT (9,10, 18,44).

In 1981, the radiopharmaceutical studied for detection of
hypoxic cells was '“C-misonidazole. Two classes of tracer were
later studied, one of which was nitroimidazole analogs labeled
with '8F, These compounds passively diffuse into the cells.
After reduction by nitroreductases in the case of hypoxic cells,
there is an accumulation of radicals within the cell. To this class
belong '®F-fluoromisonidazole (YSF-FMISO), '®F-fluoroazomycin
arabinoside ('8F-FAZA), 2-(2-nitro-1H-imidazol-1-yl)-N-
(2,2,3,3,3-'8F-pentafluoropropyl)-acetamide ('*F-EF5), '3F-fluo-
roerythronitromidazole ('®F-FETNIM), '8F-(1-(2-1-(1H-methyl)
ethoxy)-methyl-2-nitroimidazole (!8F-RP-170), and
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18F-3-fluoro-2-(4-((2-nitro-1H-imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)propan-1-ol (8F-HX4). Another class of radio-
pharmaceutical is copper-labeled diacetyl-bis, a class to which
belong ®*Cu-diacetyl-bis(N*-methylthiosemicarbazone)
(®*Cu-ATSM) and ©2Cu-ATSM (20,23,24,29,40-43,45).

For imaging acquisitions, the ideal radiopharmaceutical
should have a physical and biologic half-life that allow it to
decay quickly enough to not increase dosimetry for the patient
but slowly enough to allow image formation (46).

For correct visualization of the hypoxic areas of the tumor, it
is important that, regardless of the cell type, retention occurs in
the hypoxic cells and not in oxygenated or necrotic cells. To
achieve this goal, the radiopharmaceutical should be sufficiently
lipophilic to have high cellular uptake and rapid equilibrium, or
it should be hydrophilic and have faster clearance kinetics,
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resulting in better contrast between hypoxia and normoxia.
Hypoxic variations should not interfere with radiopharmaceu-
tical pharmacokinetics and distribution. The radiopharmaceuti-
cal activity to be administered for imaging should be relatively
low but adequate to allow imaging. The radiopharmaceutical
must be reproducible, easily produced, and highly available
(24,29,38). Moreover, an ideal radiopharmaceutical cannot be
toxic to humans (46).

Tumor-to-blood and tumor-to-muscle ratios that repre-
sent good target-to-background ratios are vital in delimiting
target volumes. Nehmeh et al. (47) chose to use a tumor-to-
blood ratio of greater than 1.2 for volume definition.

Because of the chemical properties of radiopharmaceu-
ticals, each tumor location has its own most appropriate
radiopharmaceutical (29).

18F-FMISO. In 1986 appeared the radiopharmaceutical
I8F.FMISO, being currently one of the most widely used
radiopharmaceuticals, mainly for head and neck tumors
(20,23,29,35,44,48,49). '8 F-FMISO is also indicated for lung
and prostate tumors (44). Other authors also refer to its utility
for gliomas, renal tumors, and breast tumors (24,29).

I8F-FMISO is lipophilic, ranging in logP between —0.42
and —0.38. This radiopharmaceutical contains 2-nitroimi-
dazole (20,23,24,29,34,45,50) and is eliminated via the
hepatobiliary and gastrointestinal tracts (50).

PET using '8F-FMISO has some limitations, such as a short
biologic half-life, which has resulted in failure to detect hypoxia
and, consequently, a higher risk of failure in locoregional local-
ization, a low tumor-to-background contrast, and low clearance
from healthy tissues (24,29,49,51). In addition, '8F-FMISO has
no specific retention and is characterized by very slow uptake,
which implies a longer residence time in the patient and late
imaging (23,50).

Regarding the activity to be administered, authors such as
Lee et al. (9), Chang et al. (35), and Hendrickson et al. (8)
report an administration of between 3.7 X 108 and 7.4 x 108 Bq.

Image acquisition, according to Lee et al. (9), Chang et al.
(35), and Hendrickson et al. (8), should be performed 2-2.5 h
after radiopharmaceutical administration. However, according
to Lapa et al. (23), the most acceptable time from administra-
tion to image acquisition is about 4 h. According to the Choi
etal. (57) and Lopci et al. (20), images should be acquired 2-4 h
after an injection, with the acquisition lasting for 10 min.

Lin et al. (52) also suggested acquiring more than one PET/
CT image obtained at different times to verify the efficacy and
reproducibility of the radiopharmaceutical for the detection of
hypoxia cells. First, a PET scan using a radiopharmaceutical
such as '8F-FMISO, which is sensitive to hypoxia, should be
acquired. Three days after the start of radiotherapy, another
PET/CT image with the same radiopharmaceutical should be
acquired (52).

18F_-FETNIM. '8F-FETNIM is most useful for tumors of
the head and neck, uterus, esophagus, and lung (29,44).
This radiopharmaceutical is considered hydrophilic, thus
showing a low background signal. Its clearance is mainly
renal and, partially, hepatobiliary (20,24,38,44).
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I8F-FAZA. Gronroos and Minn (44), Lopci et al. (20), Busk
et al. (53,54), and Fleming et al. (29), encourage the use of
I8F-FAZA, a second-generation nitroimidazole for head and
neck tumors. Fleming et al. (29) also refer to its use in gliomas
and in pulmonary, uterine, and colorectal tumors.

18F-FAZA is a hydrophilic radiopharmaceutical with a
LogP value of 0.04 and is characterized by high contrast be-
tween normoxic and hypoxic cells due to its extremely rapid
clearance from normoxic cells (4,24,29,50,54). Grégoire et al.
(4) mention that some authors consider it a radiopharmaceu-
tical of high chemical stability. It also is useful in detecting
acute hypoxia (27).

Busk et al. (54) state that '8F-FAZA had a relatively high
SUV and demonstrated high intratumoral contrast.

According to Carlin and Humm (38), image acquisition
is performed 3 h after radiopharmaceutical administration,
whereas according to Peeters et al. (27), the ideal time for
image acquisition is 2 h after administration.

I8F_HX4. '8F-HX4 is most useful in tumors such as those
of the head and neck, lung, and liver (29). It is one of the
most sensitive radiopharmaceuticals for detection of acute
hypoxia (27) and has the advantage of a relatively short time
between administration and image acquisition (29). Clear-
ance from organs such as the intestines and liver is relatively
low, occurring mostly at the renal level, rapidly (24,38,50).

I8F_HX4 contains 1,2,3-antitriazole, a hydrophilic molecule,
and has a LogP of between —0.71 and —0.67 (24,29,50). It also
contains 2-nitroimidazole and has a shorter biologic half-life in
normoxic tissues than does 'SF-FMISO (24,27,50).

For Peeters et al. (27) the ideal imaging time after adminis-
tration is 3 h, demonstrating a high tumor-to-background ratio.
Hoeben et al. (/8) consider 1.5 h the ideal time for obtaining
images, whereas Fleming et al. (29) consider 4 h ideal.

'8F-RP-170. '8F-RP-170 is a useful radiopharmaceutical in
tumors such as those of the brain and lung. Usefulness for
detecting hypoxia in patients with gliomas has also been dem-
onstrated (24,29). This radiopharmaceutical exhibits higher
SUVs for hypoxic than normal tissues, with greater contrast
between tissues (24). However, because '3F-RP-170 is still
under study as a radiopharmaceutical, not much information
is yet available.

18F_Pimonidazole ('SF-FPIMO). '8F-FPIMO is a 2-nitroi-
midazole radiopharmaceutical (28,54) that uses the exogenous
marker FPIMO (29). It is considered useful for identification of
hypoxia because it has favorable chemical properties (55),
namely the ability to bind to hypoxic cells in vivo, avoiding
false-positive results (28).

Compared with '®F-FAZA, '3F-FPIMO has lower contrast
between hypoxic and nonhypoxic cells; therefore, the SUV is
also lower (53,54). It was also shown that '8F-FPIMO pro-
motes the creation of circulating metabolites that are cleared
via the hepatic and renal pathways (53,54). This radiophar-
maceutical is still being studied and, therefore, is not yet well
characterized.

'8F-EF5. EF5 was first investigated in nonradioactive
form. Later, as a radiopharmaceutical, it was said to be a
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good indicator of regions of tumor hypoxia (55). '8F-EF5,
which contain 2-nitroimidazole, binds to hypoxic cells in vivo
(28,55). '8F-EF5 easily passes through the cell membrane, as
it is considered lipophilic (20,24). The fact that this radio-
pharmaceutical accumulates in the same zones of hypoxia in
PET images acquired at different times, and even on different
days, makes '8F-EF5 reproducible and viable (/7). According
to Komar et al. (56), for head and neck tumors, the ideal time
from radiopharmaceutical administration to image acquisition
is 3 h.

54Cu-ATSM and %>Cu-ATSM. Other important radiopharma-
ceuticals for the detection of tumor hypoxia are *Cu-ATSM
and %2Cu-ATSM (20,29,39-43,57). These are considered neu-
tral and low-molecular-weight lipophilic molecules, meaning
they are strongly able to permeate the cell membrane, and on
entry into the cell, they are reduced to copper (I). Then, in the
presence of hypoxic cells, they dissociate, which causes the
copper ion to be allocated in the intracellular environment
(24,29,57).

Copper-ATSM is useful for tumors of the head and neck,
lungs, kidneys, colon and rectum, bladder, and uterus (29).
The second-generation %*Cu-ATSM analogs have high selec-
tivity, providing better image quality due to their high absorp-
tion by hypoxic cells and rapid clearance from normoxic cells
(29,38,39,58,59). The lipophilicity of these radiopharmaceuti-
cals is reduced, as is the waiting time for imaging (29). On the
other hand, they have rapid diffusion; uptake occurs 10—
15 min after administration, which correlates with the short
waiting time for image acquisition (20,24). However, this
radiopharmaceutical has reduced renal clearance and high
hepatic accumulation, implying an increase in biologic half-
life and, in turn, dosimetry for the patient (39,58). The short
half-life of 5°Cu requires a larger dose of radiation but also
emits a low dose of radiation (40,42—44).

Some authors use both ®?Cu-ATSM and %’Cu-pyruvalde-
hyde-bis(N*-methylthiosemicarbazone), which has the potential
to detect perfusion. Because of the short half-time, they can be
used to acquire images before and after administration of the
therapeutic, on the same day, and when they are used to-
gether, they can produce a more accurate map of hypoxia.
This radiopharmaceutical clears rapidly from normal tissues,
and image acquisition 10-15 min after injection has been used
by some authors (40—43).

Systematic Analysis of Radiopharmaceuticals

An analysis of these radiopharmaceuticals was performed
(Table 2). A radiopharmaceutical with all the ideal character-
istics has not yet been found (29). All except '®F-RP-170 and
IBE-FPIMO are sensitive in the evaluation of hypoxia in head
and neck tumors (23,29,35,44,48,56). 'SF-FMISO and %*Cu-
ATSM are approved by the Food and Drug Administration in
the category of new drugs under investigation (39,59,60).

IBE.FEMISO, %Cu-ATSM, and '8F-EF5 are lipophilic, and
their entry into the cell is facilitated by passive diffusion through
the cell membrane; thus, they have high retention in hypoxic
cells. 18F-FETNIM, !8F-FAZA, and '8F-HX4 are considered
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Excretionroute
Hepatobiliary and gastrointestinal (50)
Rapid renal and low hepatic (24,38)

None
Intestinal, low hepatic.mostly renal

(24,38,50)

None
Reduced renal (high liver

Hepatic and renal (54)
accumulation) (58)

None
None

Reproducibility of
radiopharmaceutical
None
None
None
None
None
None
1 (17)

None
None

Nonhypoxic cell
clearance
velocity
L (67)

1 (20)

1 (4,29,54)
t (50)
None
None
None
1 (41-43)
1 (29,38)

Suv
None
None
T (54)
None
t (24)
1 (54)
None
None
None

Articles mentioning...
Image
acquisition
time after
administration
None
2-3h (18,27)
1.5-4 h (18,27)
None
None
3 h (56)
10-15 min(40,41)

h(9,20,23,35,51)
10-15 min (20,24)

TABLE 2
Analysis of the Radiopharmaceuticals Used in PET/CT to Evaluate Hypoxic Cells

2.4

Radiopharmaceutical
sensitive to acute
hypoxiadetection

None
None
@7
None
None
None
None
None

LogP
-0.71 to -0.67

-0.42 to -0.38
(50)

(50)
None
0.04 (50)
None
None
None
None
None

Lipophilic/hydrophilic
Hydrophilic (24,38)
Hydrophilic (24,29)
Hydrophilic (24,29)
Lipophilic (20,24)
Neutral lipophilic

(41,43)
Neutral lipophilic

(20,24)

None
None

Head and
neck tumors

(23,29,35,44,48)  Lipophilic(23,24,29)

(29,44)
(29,44)
(29)
None
(29,56)
(29)
(29)

Tracer
t = increased; | = decreased.

18F-RP-170 None

18F-FMISO
18F-FETNIM
18F-FAZA
18F-HX4
18F-FPIMO
18F-EF5
62Cu-ATSM
84Cu-ATSM

hydrophilic, as is evident from their rapid exit from normoxic
cells. Both lipophilicity and hydrophilicity are important for
increased radiopharmaceutical absorption and high contrast
between hypoxic and nonhypoxic cells (4,20,23,24,29,38). There
are several authors who claim that '8SF-FETNIM, '8F-FAZA, and
I8F.HX4 are more hydrophilic than '8F-FMISO (20,29).

Compared with '8F-FAZA, '8F-HX4, and %*Cu-ATSM, '8F-
FMISO clears more slowly from normoxic cells and therefore
produces less clear a distinction between hypoxic and nonhy-
poxic cells (20,27,29,38,50,51,53,54). Compared with 8F-
FMISO, both '8F-HX4 and '8F-FAZA have a particular ability
to detect acute cyclic or transient hypoxia after administration,
as they are not influenced by reoxygenation. The fact that these
radiopharmaceuticals can identify areas of acute hypoxia helps
in choosing the most appropriate therapy (27).

In the Jakobsen et al. (54) study, when SUVs were com-
pared between '8F-FPIMO and '8F-FAZA, the latter had rel-
atively higher SUVs. '8F-FAZA therefore demonstrates higher
uptake in hypoxic areas, leading to high intratumoral contrast.
Biologic half-life in healthy tissues is lower for '3F-HX4 and
18F-FAZA than for '8F-FMISO. Also, ®*Cu-ATSM, ©’Cu-
ATSM, and '8F-FETNIM have a short biologic half-life in
normoxic tissues, implying that cell clearance in oxygenated
tissues is higher (20,27,29,39-43).

The excretion pathway of radiopharmaceuticals is also
determined by their hydrophilicity or lipophilicity. Lipophilic
drugs are eliminated mostly by the hepatobiliary route,
whereas hydrophilic drugs are eliminated mostly by the renal
route. Hepatobiliary excretion implies a higher dosimetry for
the patient because clearance is slower. On the other hand,
renal excretion is quick, thus implying a lower dosimetry for
the patient. Excretion of '8F-FMISO occurs via the hepato-
biliary and gastrointestinal routes (50). Clearance of '3F-FET-
NIM and '8F-HX4 is mostly renal (24,38,50). '®F-FPIMO
clearance is hepatic and renal (54). %*Cu-ATSM has a reduced
renal clearance and marked hepatic absorption (58).

18F-EF5 has high reproducibility, which provides consistent
image results from consecutively acquired PET scans (/7).

PET/CT in Radiotherapy Planning

PET images can identify areas of disease not easily visible
on CT for therapy planning, as PET can identify molecular
changes (7,48,61). Molecular imaging is useful for visualiz-
ing the primary tumor, ganglion involvement, and metastatic
disease (62,63).

Hybrid imaging for radiotherapy planning gives greater
sensitivity and precision in delimiting lesions, enabling a
change in therapeutic approach in 10%-30% of patients as
compared to other reference imaging modalities and providing
an individualized and rigorous treatment that reduces the like-
lihood of side effects. Hybrid imaging also allows construction
of an accurate map of hypoxia zones for individual patients
(6,7,11,29,35,61,63-65).

The main purpose of radiotherapy is to potentiate the dose
at the target volume without compromising healthy tissues.
For this purpose, delimitation of the target volume and organs
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at risk must be precise, and the tolerance dose to the organs at
risk should not be exceeded (7,9,11,12,61,63). PET/CT is a
promising tool in treatment planning for head and neck tu-
mors, particularly with the application of IMRT or VMAT—
two noninvasive treatments useful in small, irregular volumes
within a target volume because they can effectively distribute
the radiation dose and match the volume of interest defined on
PET/CT (44,60).

Advantages of PET/CT Planning for Treatment of
Head and Neck Tumors

In a study by Johansen et al. (/6), most relapses occurred
in locoregional lymph nodes for reasons such as insufficient
total dose, primary tumor histologic type, an inaccurate ther-
apy-planning image, and inadequate target volume delimitation.
Such reasons may also contribute to relapses after the use of
highly conformal therapies by increasing the likelihood of
marginal failure (6,16,67).

Because head and neck tumors are sensitive to oxygen levels
during radiotherapy (/7), planning radiotherapy through PET/
CT imaging of hypoxia is useful for subsequent application of
IMRT/VMAT, especially if it is possible to use radiopharma-
ceuticals that allow good intrinsic resolution and 3-dimensional
representations, allowing deposition of a larger dose in radio-
resistant volumes. PET/CT planning and IMRT/VMAT for
treatment are also relevant because a lower dose to the organs
at risk is intended, reducing the likelihood of xerostomia and
other treatment-related toxicities and increasing the probability
of tumor control (8,9,20,24,29,33,35,52,66).

PET/CT planning and treatment techniques are suitable for
head and neck tumors, as these cancers are near at-risk organs
with irregular contours. This difficulty is overcome by the
detection and evaluation of tumor hypoxia, a capability that
plays an important role in achieving greater locoregional con-
trol by decreasing the risk of recurrence (8,9,16,22,47,48).

DISCUSSION

Tumor hypoxia contributes to a poor prognosis. In
radiotherapy, the presence of oxygen in a tumor enhances
the biologic effect that leads to tumor-cell destruction,
whereas hypoxia inhibits the biologic effect and increases
resistance (22,28,30,32). The low oxygenation rate in re-
gions of hypoxic cells requires a 3-fold increase in radiation
dose so as to obtain results similar to those in well-oxygen-
ated areas (8).

The use of PET/CT to plan radiotherapy for head and neck
tumors better defines regions of lower cellular oxygenation.
With the information from PET/CT, the irradiation can focused
to subvolume levels to counteract resistance (4,29,65). As com-
pared with other image techniques that are used to plan therapy,
molecular imaging leads to a change in the therapeutic ap-
proach and thus an increase in efficacy and a decrease in intra-
observer and interobserver variability (7,61,62).

The radiopharmaceuticals used to detect tumor hypoxia
include '8F-FMISO, '8F-FETNIM, !8F-FAZA, '8F-HX4, '8F-
RP-170, '3F-FPIMO, '8F-EF5, 2Cu-ATSM, and **Cu-ATSM
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(17,29,33,35,40-42,50,54,55,57,58). However, these have
limitations, as none exhibits entirely ideal properties and all
are still under investigation (29). According to Kelada and
Carlson (/9) and Komar et al. (56), '8F-EF5 is promising but
needs further clinical studies. Another promising candidate is
I8F_.FAZA, because of its high hydrophilicity, high affinity for
hypoxia, high tumor-to-background contrast, and ability to
detect acute hypoxia.

PET/CT increases the accuracy of planning the target
volume and delimiting the organs at risk. IMRT and VMAT
allow for a highly conformal dose to the volume to be
treated, in order to decrease the dose to organs at risk and
increase the probability of tumor control (4,6,35,67).

CONCLUSION

The validity of using PET/CT to plan radiotherapy and
subsequent IMRT/VMAT of hypoxic tumors remains under
study because some information is still needed, including
the importance and real clinical efficacy of this planning
technique in the follow-up of cancer patients (28). Future
studies need to establish a PET/CT protocol for evaluating
areas of acute and chronic hypoxia and clarify the side
effects of hypoxia-directed radiotherapy.
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