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Abstract

Cancer of the cervix is the fourth commonest malignancy in women worldwide and it also ranks fourth as
the cause of cancer related mortality in women. Hypoxia is a common characteristic of solid tumours and
cervical cancer is no exception. Hypoxia is associated with increased aggressiveness, risk of invasion and
metastasis. Tumour hypoxia also results in resistance to both radiation therapy and chemotherapy le-
ading to a poorer prognosis. In-vivo measurement of tumour hypoxia is vital in oncologic practice beca-
use it can predict outcome and identify patients with a worse prognosis. Mapping of tumour hypoxia may
also help select patients that may benefit from applicable treatments. While traditional methods of me-
asuring hypoxia such as the Eppendorf probe is considered the gold standard, it is invasive and technically
demanding. Non-invasive methods of measuring tumour hypoxia are ideal. Positron emission tomogra-
phy/computed tomography (PET/CT) imaging with nitro-imidazole-based tracers is a highly sensitive
nuclear imaging technique that is suited for non-invasive in vivo monitoring of hypoxia. Over the years
various hypoxia specific PET tracers have been investigated in various malignancies including cancer of
the cervix. Several fluorine-18 ("°F)-based tracers have been studied and although most had small patient
numbers, the results are promising and generally demonstrate an associate between the presence of hy-
poxia and treatment outcome. The need for an onsite cyclotron and specialized radiopharmacy skills ma-
ke these tracers unattractive and largely unavailable for routine clinical applications. With the increase in
availability of the gallium-68 (*Ga) generator this makes the “Ga-labelled nitroimidazole derivatives at-
tractive because “Ga is available from a generator with a shelf life of almost a year. The chemistry of “Ga
makes for easy labelling with several peptides and molecules. Pre-clinical work has demonstrated the fe-
asibility of using these tracers forimaging hypoxia and has laid the groundwork for further human studies
with these tracers. The aim of this review is to discuss hypoxia and its impact in cancer of the cervix as well
as to look into the progress made in hypoxia imaging in cancer of the cervix. This will focus on the tracers
studied thus farand some of the challenges of hypoxiaimaging.
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Introduction

ancer of the cervix is the fourth commonest female malignancy in both incidence

and mortality, however in middle to lower income countries, it ranks second after

breast carcinoma [1]. Although there is no single known causative factor, human
papillomavirus (HPV) has been found to be a significant contributor in the pathogenesis
of cervical cancer [2-3]. Persistent infection with oncogenic strains of HPV results in prog-
ression of cervical cancer pre-cursors to invasive carcinoma [3]. Immunosuppression, es-
pecially human immunodeficiency virus (HIV), smoking, sexual behavior, parity, the use
of oral contraceptives and diet are other factors that have been associated with an incre-
ased risk of cervical cancer [4]. The introduction of vaccination and screening programs
hasresultedinadeclineintherate of cervical cancerin developed countries [5]. This s so-
methingyet to berealized in developing countries.

Tumourmicroenvironment

Human cancers have a complex cellular environment. This environment is the product
of the interactions of the tumour with its host. It consists of tumour cells, the tumour
stroma, blood vessels, infiltrating inflammatory cells, fibroblasts and a multitude of ot-
her associated cells [6]. The tumour coordinates molecular and cellular events taking
place in surrounding tissues [6]. The cellular changes in the tumour microenvironment
are responsible for the progression of cancers [7]. The presence of cancer associated fib-
roblasts (CAF), deregulated extracellular matrix deposition, repression of the immune
system and expanded vascularization are some features of the tumour environment
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DIFFERENCES IN PARTIAL PRESSURES OF OXYGEN: NORMAL
TISSUES VS TUMOURS
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Figure 1. Anoverview of the Oxygen partial pressures in normal tissue versus tumour tissues in various malignancies that have been investigated for hypoxia.

thatleadto progression[7-8].

The differences in the vasculature of normal and malig-
nant cells leads to sluggish and irregular flow in cancer, which
results in a supply and demand mismatch [9-10]. These vas-
cularanomalies are responsible for the resultant tumour mic-
roenvironment which consists of hypoxia and increased in-
terstitial fluid pressure (IFP) [11].

Hypoxia refers to a state of low oxygen concentration that
compromises biologic functions or when the partial pres-
sure of oxygen (pO,) falls below critical values (<5-10mmHg)
[12-13].In solid tumours, there is an oxygen demand-supply
mismatch due to the rapid growth of the tumour cells and
the poorly formed new vessels. The causes of hypoxia can be
broadly classified as perfusion (acute), diffusion (chronic) or
anaemia-related [14].

Another component of the tumour microenvironment is
the interstitial fluid pressure (IFP). It is elevated in most solid
tumours in comparison with normal tissues. Poor lymphatic
drainage decreased interstitial permeability and vascular le-
akiness resultin high IFP values [11,15-17].In a study of 102
patients with cancer of the cervix, Milosevic et al. (2001)
showed that pre-treatment IFP measurements were an in-
dependent prognostic factor for recurrence and cause-spe-
cific death [17]. They went on to suggest that IFP might be a
useful tool to select patients for novel treatment strategies
targeted at the tumour vasculature [18]. Studies from other
authorssupport thesefindings[15,19].

The work by Vaupel and colleagues (2001) offers insightin-
to the oxygenation status of cervical cancer. In pre-therape-
utic data from cervix cancers in pre and post-menopausal
women, they found that two-thirds of locally advanced squ-
amous cell carcinoma lesions demonstrated heterogene-
ously distributed hypoxic regions with pO,<2.5mmHg [20].
In over one hundred tumours, they went on to demonstrate

that oxygen tensions differed significantly between the nor-
mal cervix of nulliparous women and those with locally ad-
vanced cervical cancer (median pO,: 42mmHg vs T0mmHg
respectively) [20]. Hypoxia has been investigated in other ty-
pesof carcinomas (Figure 1) [21-31].

Clinical significance of hypoxia

Hypoxia can influence proteomic changes that may resultin
one of two pathways. On the one hand, these changes may
resultinimpaired growth and/ or cell death and on the other
hand, it may result in adaptations that lead to survival of the
cellsunder hypoxicand nutrient deprived conditions[32]. At
different thresholds of oxygen tension, they induce hetero-
geneous changes by activating different signaling pathways
which result in angiogenesis, glycolysis, inhibition of apop-
tosisand upregulation of growth factors [32].

Several mechanisms are associated with increased risk of
metastasis, and these include changes in clonal selection
and genomicchanges.The clinicalimplication of these cellu-
lar changesis resistance of tumour cells to cancer treatments
(radiationtherapy and some chemotherapy) [14,33].

Although it may appear that hypoxic tumours do not res-
pond well to any treatment, the resistance of these tumours
to radiation therapy is the best understood. As early as the
1920's, the effects of radiation on vegetable seeds were in-
vestgated and it was found that a correlation between radio-
sensitivity and the presence of oxygen exists [34]. During ra-
diation therapy, the presence of oxygen is necessary for the
fixation of the DNA damage made by free radicals [34].

Hockel et al. (1996) demonstrated more extensive local di-
sease, more frequent parametrial infiltration and lympho-
vascularinvasion in locally advanced cervix cancer tumours
that were more hypoxic compared to tumours that were not
[35]. They also went on to show that the 5-year overall survi-

Hellenic Journal of Nuclear Medicine * September-December 2021

www.nuclmed.gr



Review Article

val was significantly reduced for hypoxic tumours as oppo-
sed to those that are well oxygenated, regardless of the type
of treatment received [35].

Measuring Hypoxia

The measurement of hypoxia in tumours has been the sub-
ject of investigation with different methods being developed
over the years. The invasive technique with polarographic
oxygen electrodes is considered the gold standard. Newer
less invasive techniques (direct and indirect) have been deve-
loped to overcome the disadvantage of the gold standard.
Over the last decade the focus has been on exogenous mar-
kers as well as hypoxia-related endogenous markers. Due to
the heterogeneity of hypoxia, imaging of hypoxia with single
photon emission computed tomography (SPECT), PET and
magnetic resonance imaging (MRI) is an exciting area of re-
search interest as it can provide maps of tumour hypoxia to
plan radiotherapy. All the techniques available interrogate dif-
ferent aspects of the hypoxic microenvironment and they
provide information on hypoxia at different locations. The in-
formation on the state of hypoxia may be used to predict tre-
atment outcome and select patients for hypoxia modifying
treatment.

Polarographicoxygen needle electrodes

Polarographic electrodes are probes that can be introduced
directly into the tissue of interest. A detectable current pro-
portional to the pO, is generated at the cathode end due toa
reduction in oxygen.The Eppendorf electrode was marketed
in the 1980's as an upgrade of the older systems. Pre-clinical
and clinical studies have been conducted in a variety of tu-
mours with the Eppendorf probes considered the“gold stan-
dard” to validate other new techniques. In an international
prospective multicenter trial evaluating the prognostic sig-
nificance of pre-therapy tumour pO, and the hypoxia marker
pimonidazole in 127 cervical cancer patients, the authors fo-
und that neither of these markers could predict tumour con-
trol or overall survival [36]. Other studies found that tumour
hypoxia assessed using electrodes was associated with a po-
or prognosis [23,37]. The disadvantages of this technique are
that it is invasive and cannot be used to map tumour hete-
rogeneity or to repeat measurements on the same site for a
long time.

Exogenous markers

In an effort to overcome the limitations of the electrodes
exogeneous markers were developed. Two 2-nitroimidazole
markers namely pimonidazole (1-[(2-hydroxy-3-piperi-
dinyl)propyl]-2-nitroimidazole hydrochloride) and EF5 ([2-
(2-nitro-1H-imidazole-1-yl)-N-(2,2,3,3,3-pentaflou-ropropyl)
acetamide]) have been approved for clinical use. Once injec-
ted into the bloodstream these markers are reduced and bo-
und to thiol-containing proteinsin viable hypoxic cells.In 19-
99, Raleigh and colleagues found a good correlation bet-
ween hypoxia measured by pimonidazole and oxygen elec-
trodes measurements as well as the radiobiologically hypo-
xic fraction in animal models mammary tumour [38]. Clinical
studies have found conflicting results with some investiga-
tors finding a correlation between the degree of hypoxia es-
timated by 2-nitroimidazole markers and both locoregional

control and event-free survival [39, 40]. Surprisingly most of
these analyses were assessing tumours of the head and neck,
while the report in cervical cancer patients did not support
these findings [24, 25,41]. There have been strides made in
this area with a new oral pimonidazole being tested and ap-
proved by the FDA. It was found to be convenient, and it per-
mitted the identification of all of the physiologically and the-
rapeutically relevant hypoxic tumour cells.

Endogenous markers

Endogenous markers are proteins upregulated in associ-

ation with hypoxia and can be measured in blood plasma or

immunohistochemicallyontumourbiopsies.

HIF is a transcription factor, which mediates critical hypo-
xic adaptations by the induction of target genes involved in
glucose metabolism, angiogenesis, erythropoietin and apop-
tosis. The target genes include vascular endothelial growth
factor (VEGF), facilitative glucose transporters (GLUT), hexo-
kinases (HK), erythropoietin (EPO), carbonic anhydrase IX
(CAIX/CA9) (Figure 2) [42].

« CAIX/CA9-Is one of the downstream targets of HIF-1 and
itis over expressed in different types of cancers [43-44].

e GLUT1 - Genes that encode for GLUT are upregulated in
hypoxic conditions. The two glucose transporters most
associated with invasive cancer are GLUT-1 and GLUT-3,
being over expressed in cervical carcinoma, head and
neck cancer, colorectal and bladder cancer[45].

e VEGF - Plays a crucial role in angiogenesis, physiologi-
cally and pathologically in malignant tumour growth
[46-47].

» Urokinase Plasminogen Activator (uPA) system - An im-
portant signaling route that can enhance the aggressi-
venessof atumour[48].

e Osteopontin (OPN) — An integrin-binding protein invol-ved
in several physiological processes, such as cytokine pro-
duction, cell adhesion and migration. Increases the aggre-
ssiveness and metastatic potential of tumour cells [49].

The use of the above-mentioned exogenous and endoge-
nous hypoxia markers analyzed in biopsy samples has a few
limitations such as invasive sampling, inability to map hete-
rogeneity and the complex regulation of the hypoxia-indu-
ciblegenes.

Imaging of hypoxia
The ideal properties of an imaging test involve the ability to
[50-51]:
1. Distinguish normoxia/hypoxia/anoxia/necrosis.
2. Distinguish between acute (perfusion) related and chro-
nic (diffusion) related hypoxia.
Reflect cellular pO,as opposedto vascularpO,.
4. Beapplicabletoany tumoursite with complete loco-regi-
onalevaluation.
5. Be simple to perform, non-toxic, non-invasive and allow
repeated measurements.
6. BesensitiveatpO,levelsrelevanttotumourtherapy.
Be predictive of the radiotherapy outcome.
8. Bewidelyavailableinimaging centers.
Unfortunately, thereis noimaging test that meetsall these
criteria.
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Figure 2. Therole of hypoxia inducible factorin the upregulation of transcription factors responsible for tumour aggressiveness and progression.

Magneticresonanceimaging

There are different MRI based methods to non-invasively
assess for tumour hypoxia. These include gradient-recalled
echo techniques, electron paramagnetic resonance and MR
spectroscopy. These techniques are attractive since MRI
scanners avoid the complication of short-lived radioactivity
and radiation exposure. Further studies are needed to ex-
plore whether the different MRl methods may be establi-
shed as biomarkers of hypoxia and possibly predict treat-
ment outcome. The shortcoming of MRl is the lack of availa-
bility.

Single photon emission computed tomography ima-
ging
Single photon emission computed tomography tracers are
an attractive option because gamma cameras are more wi-
dely available than PET cameras. A few iodine and techneti-
um-99m (*"Tc) labeled tracers have been investigated, how-
ever these have not taken off as much as their PET counter-
parts. This may be related to the superior spatial resolution
and more accurate quantitation with PET markers.

lodine labeled tracers include ['?I]I-IAZA and ["I]I-
IAZA/"I-iodoazomycin. These tracers show high diffusibi-
lity into poorly vascularized ischaemic tissues, high reduc-
tive binding rate, moderately rapid blood clearance, rapid
total body clearance and minimal loss of radiolabel in ani-
mal studies. Several pre-clinical and clinical experiments
with the use of these tracers have been carried out [52-53].
Inastudy by Urtasun etal. (1996), [*I]I-IAZA was found to be
feasible and safe. In 51 patients with newly diagnosed ma-
lignancies, hypoxia was demonstrated in small cell lung car-
cinoma and to a lesser degree squamous cell carcinoma of
the head and neck. There was no uptake in prostate cancer,
melanoma or malignant gliomas [52]. Newer agents based
on azomycin-nucleoside structure such as IAG, iodozomy-
cinpyranoside (IAZP), IAZGP and iodozomycinxylopyrano-
side (IAZXP) have been developed for PET imaging and eva-
luated with promising results [54-57]. lodinated azomycin-
galactopyranoside (IAZGP) contains the bioreducable mo-
iety 2-nitroimidazole. The higher water solubility and faster
clearance from normal tissues result in amended hypoxia
detecting properties compared to IAZA [58]. The drawback

ofthesetracersisthe costandthe unobtain ability.

Technetium-99m s a very convenientisotope becauseitis
widely available and inexpensive. It has a 6-hour half-life
and can be labeled to a variety of tracers. The three most do-
cumented [*"Tc]Tc-labeled 2-nitroimidazole tracers for hy-
poxia imaging are propyleneamine oxime-1,2-nitroimida-
zole (BMS 181321), oxol[[3,3,9,9-tetramethyl-6-6[(2-nitro-
1H-imidazol-1-ylOmethyl]5-oxa-4,8-diazadioximato]-(3-)-
N,N'N""N"'1technetium (V) (BRU59-21) and 4,9-diaza-
3,3,10,10-tetramethyldodecan (HL-91) [59-61]. Data concer-
ning the clinical evaluation of these tracers is limited. The
former two tracers have chemical structures based on
nitroimidazole and have similar uptake mechanisms while
[ Tc]Tc-HL-91 on the other hand has a poorly understood
uptake mechanism. A proposed mechanism of uptake for
[®™Tc]Tc-BRU59-21 is metabolism by the NADPH: cytochro-
me P450 reductase [62]. In pre-clinical work, Melo et al.
(2000) compared the difference in uptake between [*"Tc]Tc-
BMS 181321 and [*Tc]Tc-BRU59-21 [63]. They found that
the uptake was increased in hypoxic tissues and that [*"Tc]
Tc-BRU59-21 had enhanced tumour to muscle ratios beca-
use of the morerapid clearance from the blood as compared
to [*™Tc]Tc-BMS 181321 [63]. The few clinical studies ava-
ilable look at the use of these tracers in other malignancies
with no focus on cervical cancer [64-65]. Despite the favo-
urable properties of *"Tc, the PET based hypoxia tracers ha-
vereceived much more attention (Figure 3).

PETimaging

The PET hypoxia tracers can be broadly categorized into two
groups, fluorine labeled nitroimidazoles and copper labeled
diacetyl-bis(N4-methyliosemicarbazone) (ATSM) analogues,
however over the past five years, gallium-68 labelled nitro-
imidazole analogues have been investigated. The mecha-
nism of action of the nitroimidazoles involves passive diffu-
sion across the cell membrane, followed by chemical reduc-
tion in a multi-step process mediated by nitroreductase en-
zymes in the presence of hypoxia. The by-product is highly
reactive and binds to macromolecules in the cell thereby
fixating the reduced form of tracer intracellularly. In the pre-
sence of oxygen, the reductive process is reversed, and no
reactive intermediates are formed. The different chemical
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Figure 3. Tracers that have been investigated for both SPECT and PETimaging of hypoxia. Note: Not an exhaustive list of all tracers however this diagram does give a bro-

adindication of the tracers that have been studied).

structure of [***Cu]Cu-ATSM resultsin distinctive pharmaco-

kinetic properties that vary from nitroimidazoles.

Fluorine-18labelled tracers

["*FIF-FMISO

The most extensively investigated PET tracer for hypoxia
imaging is "“F-fluoromisonidazole (["*FIF-FMISO). It has the
chemical structure of 1-(2'nitro-1"-imidazolyl)-3-fluoro-2 and
is usually labelled with fluorine-18 [66]. The precursor for
synthesis is usually available commercially. The final product
has a purity between 95%-99% and a specific activity bet-
ween 1 and 3Ci/mol as well as pH between 5 and 8 [66]. Miso-
nidazole is a derivative of the nitroimidazole group of com-
pounds and is administered at sub physiological doses. The
biological half-life of misonidazole is 50 minutes [66]. It is a
highly lipophilic nitroimidazole tracer with high rates of
diffusion across cell membranes. There is slow clearance
from normoxic tissues because of the high lipophilicity and
these results in a sub-optimal/lowtumour to blood ratio.
Long intervals of +2 hours are required between injection
and image acquisitions in order to achieve optimal images,
which enable the discrimination between normoxic and hy-
poxic tissues. This tracer has been expansively studied in a
variety of carcinomas; however minimal work has been pub-
lished on cervical cancer. A pilot study in Austria explored
fused multiparametric [*FIF-FMISO/*F-FDG PET and MRI
imaging. In all eleven patients, [*FIF-FMISO identified the
hypoxic subvolume which was independent of tumor vo-
lume [67]. There was a significant strong association bet-
ween the SUVmax of ['°FIF-FDG and ["*F]F-FMISO (P=0.04),
however the voxel-by-voxel analysis revealed only a weak
correlation of these individual parameters. This study is not
powered by sufficient numbers to draw strong conclusions;
however, the results are promising.

While studies using [°*FIF-FMISO have demonstrated sig-
nificant levels of hypoxia in several cancer types, the routine
clinical application of this tracer is lagging behind due to a
number of limitations, some of which have been stated abo-
ve eg. large intra-tumoural uptake variability and poor tu-

mour-to-background uptake etc.

['*FIF-FAZA

It became clear that more hydrophilic compounds are war-
ranted as they may display improved tumour to background
ratios. This prompted the Cross Cancer Institute group to de-
velop the sugar coupled 2-nitroimidazole tracer "F-fluoro-
azomycin-arabinoside ([*FIF-FAZA) based on the SPECT tra-
cer ['®IIIFIAZA, to improve clearance of unbound tracer [68,
69]. In a study comparing the differences in hypoxia detec-
tion between [*FIF-FMISO and [*FIF-FAZA, it was shown
that [°*FIF-FAZA had a lower octanol: water coefficient (log
P=1.1) translating to faster tissue and renal clearance [70].
Busk et al. (2008) showed a high correlation between ["°F]F-
FAZA and the hypoxia exogenous marker pimonidazole in
different tumour cell lines, including cervical cancer, in mice
[69]. A pilot study in which 15 patients with cervical cancer
underwent [°*FIF-FAZA PET before, during and three months
after therapy (chemoradiation and brachytherapy), showed
uptake in only five patients. During therapy only one patient
had a negative scan and at 3 months the patient had com-
plete clinical remission, while 4 patients still had positive
scans during therapy. Despite positive scans after treatment,
only one patient had incomplete remission. This study like
most on this subject had a small number of patients the-
refore the statistical significance of these findings could not
be elaborated in detail [71].

["*FIF-FETNIM

As early as 1995, "F-fluoro-erythronitroimidazole ([*°F]F-
FETNIM) was synthesized and described by Yang et al. (19-
95) [72].This early work showed this tracer to be hydrophilic
and have less liver uptake and a predominantly urinary ex-
cretory pathway [73]. This tracer has since been explored in
various types of cancers, although not much of this data in-
cluded patients with cervical cancer. A group of investi-
gators decided to look at the feasibility of using this hypoxic
tracer in cervical cancer lesions. They compared the hypoxia
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images to the metabolic images from the [*FIF-FDG PET/CT
study as well as the levels of the tumour markers osteopontin
and squamous cell carcinoma. In this limited study the aut-
hors demonstrated mild uptake in the primary tumours
which proved to be difficult to isolate from the surrounding
tissues and therefore discouraging its' use in therapy plan-
ning [74]. This is contrary to what others have advocated re-
garding the other fluorine-18 labelled tracers. Despite their
small sample size, they found an association between uptake
of tracer and treatment failure as well as prognosis, which is
in agreement with other authors [74]. The mean TM ratio in
the ["*FIF-FMISO cervical cancer study was 2.8 which is higher
than that in this ['*F]F-FETNIM work, which was two [67, 74].
This finding of higher SUVmax and TB ratios for [*FIF-FMISO
was confirmed in a head to head comparison study by Wei
and colleagues (2016) in patients with lung cancer [75].

["*FIF-EF5

Immunohistochemical detection of hypoxia with EF5 has
been widely used. Fluorine-18-2-(2nitro-1H-imidazol-I-yl)-N-
(2,2,3,3,3-pentafluoropropyl)acetamide (["°FIF-EF5) was in-
vestigated. In their prospective pilot study of eight patients,
Lin et al. (2013) found that [*FIF-EF5 imaging of hypoxia in
the uterine cervix is feasible. They acquired images 180 mi-
nutes post tracer injection and found a median TM of 1.35.
Using this value (1.35) as a cut-off threshold, they found that
patients with TM above this threshold had persistent disease
and or metastatic disease [76]. The authors admitted that
their study was underpowered and the utility of this tracer as
well as the predictive value are still to be elucidated. Perhaps
the lack of clinical data on this tracer stems from the comple-
xity involved in production of tracer. Despite improvements
and simplification of the synthesis of this tracer, it still requ-
ires close proximity to a cyclotron and specialized radiophar-
macy skills[77,78].

["FIF-HX4

Fluorine-18-3-fluoro-2-(4-((2-nitro-1H-imidazol-1-yl) Met-
hyl)-1H-1,2,3,triazol-1-yl)propan-1-ol (HX4)/"F-flortanida-
zole (["*FIF-HX4) is also a third generation 2-nitroimidazole
nucleoside analogue with a 1,2,3-triazole moiety incorpora-
ted rendering the compound more hydrophilic than [**F]F-
FMISO and ["*FIF-FAZA [79]. This increased hydrophilicity
results in enhanced renal clearance and improved signal to
noise ratios. There was a strong association between ["°F]F-
HX4 distribution and pimonidazole as well as CA9 positivity
in pre-clinical work [79]. In their pre-clinical work, Peeters et
al. (2015) made a head-to-head comparison of [18F]F-HX4,
["*FIF-FMISO and ["°FIF-FAZA and found a higher maximum
tumour to background ratio for ["*F]F-HX4 when compared
to [*FIF-FMISO and ["FIF-FAZA [80]. This finding could not
be reproduced in a clinical setting as seen in the work by
Chen et al. (2012) who found similar tumour to background
ratios for [°*FIF-HX4 and [°*FIF-FMISO in twelve patients with
head and neck squamous cell carcinoma [81]. There has be-
en no published work assessing the utility and feasibility of
this tracer in patients with cancer of the cervix. A phase Il trial
was started, however only four (4) patients were recruited,
and the study was terminated due to poor patient partici-
pation [79]. Only one study confirmed that high uptake of

tracer was negatively correlated with patient outcome in
over forty non-small cell lung carcinoma patients [82]. While
this tracer is promising, there have been only a few studies to
conclusively state whether this tracer performs better than
the more robust [*FIF-FMISO.

*F-FDG as a surrogate marker

Imaging with the tracer “F-FDG has a major role in oncologic
imaging. The basis for the use of this tracer is increased glu-
cose metabolism by the cancer cells as a result of aerobic gly-
colysis, the so-called “Warburg effect”[83]. Anaerobic glyco-
lysis can also occur, and it is due to this that ®F-FDG has been
suggested as a surrogate marker of hypoxia. The work of Ra-
jendran etal. (2003) in 49 patients with a variety of malignan-
cies showed no convincing evidence to support the use of
"F-FDG as an indirect marker of hypoxia. They concluded
that both [*FIF-MISO and "*F-FDG appear to be complemen-
tary, and the combination may be beneficial in the evalu-
ation of solid tumours [84]. This study had few patient num-
bers, and they included several tumour types in their analy-
sis. This may account for the findings. Studies from Zimny et
al. (2006) and Thorwarth et al. (2006) support these findings
[85, 86]. Glucose imaging with "F-FDG cannot reliably diffe-
rentiate hypoxic from normoxictumours and cannot there-
fore be usedin the place of other more specific tracers.

[***CulCu-ATSM
There are four available isotopes, namely “Cu, “'Cu, “Cu and
*Cu with varying half-lives ranging from 9.7 minutes to 12
hours, however in the context of hypoxia “Cu and “Cu are the
most studied [87]. High specific activity “Cu, “’'Cuand *Cu can
be produced from a small biomedical cyclotron [88, 89]. Cop-
per-62 may be produced from a Zinc-62/Copper-62 gene-
rator which is commercially available [90]. Among the cop-
per radioisotopes, “Cu is the most commonly used. This is
due to the physical characteristics of the isotope which inclu-
de a half-life of 12.7 hours and decay by positron emission as
well as electron capture. The relatively long half-life makes for
off-site distribution of this tracer while the decay properties
make itanideal tracer for both imaging and therapy [87].
Copper complexed with thiosemicarbazones was initially
developed for myocardial perfusion imaging and later modi-
fied to image hypoxia. In a bid to develop alternative tracers
to ['*FIF-FMISO and fluorine labelled tracers, radioactive cop-
per complexed with diacetyl-bis(N4-methylthiosemicarba-
zone) (ATSM) was developed by Fujibayashi and colleagues
(1997) [91]. After passive diffusion into the cell, [**Cu]Cu-
ATSM is reduced in the cytosol in the presence of nicotina-
mide adenine dinucleotide phosphate (NADPH) [87]. The re-
duced Cu(i)-ATSM is unstable and dissociates with resultant
trapping in hypoxic cells [92-94]. The uptake is more rapid
and the hypoxic/normoxic tissue activity ratio is greater,
most likely related to the greater membrane permeability
and more rapid blood clearance. It is a neutral lipophilic mo-
lecule thatis reduced and retained in hypoxic tissues. A great
deal of pre-clinical work was done with favourable results.
Dehdashti and colleagues (2003) studied [“Cu]Cu-ATSM in
14 women with biopsy proven cervical cancer. With a tumour
to muscle (TM) ratio of >3.5 as a cut-off, they were able to dis-
criminate patients that were likely to develop recurrence.
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Table 1. Summary of studies/work on hypoxiaimaging in cancer of the cervix using different PET tracers and the results /outcome thereof.

Tracer Year _Number ?f Mean /Median T/M ratio Outcome of study Reference
animals/patients SUVmax
Pre-clinical
Correlation between spatial
[*F]F-FAZA 2013 3 2-35 distribution of ®F-FAZA and the = Busk
hypoxia marker pimonidazole
Clinical
T— 3.1 (mean 3.7; 2.6 (mean 2.8; Compared to F-FDG and .
["FIF-FMISO 2016 1 range: 2.2 - 6.4) range: 2.0 - 4.6) found complementary roles Pinker
*BL: *TBRpeak
2.7+0.8(2.0-4.6)
*TP1:1.6+0.2(1.5- Compared to MRI

18 2.1) Feasible and provides
["FIF-FMISO 2018 13 Not stated *TP2: 1.8 £ 0.3 (1.2 — complementary information of Georg

2.3) tumour characteristics.

*TP3:1.7+£0.3 (1.4 -

2.1)

[*FIF-FAZA 2010 15 Not stated Range: 1.2 36 I redictive and prognosticrole g o,
remains to be clarified.
[*FIF-FETNIM 2012 16 Not stated Mean 2 T/M > 3.2 linked to treatment o110,
(range: 1.3 -5.4) failure and adverse prognosis.

[*F]F-EF5 2013 8 Not stated 1.35 T/M >1.35 linked to persistent Lin

(range: 0.88 — 1.79)

disease.

*BL = baseline, *TBRpeak = target to background ratio peak *TP1 = timepoint 1 (week 2 after therapy), *TP2 = timepoint 2 (week 5 after therapy), *TP3 =

timepoint 3 (week 19 after the start of therapy).

The TM ratio was inversely proportional to the progression-
free survival (PFS) and the overall survival (OS). No correla-
tion was found between [*Cu]Cu-ATSM uptake and "“F-FDG
PET [95]. The same group of authors found similar resultsin a
larger group of patients and even in different malignancies
eg rectal and non-small cell carcinoma (NSCC) of the lung
[95-98]. A comparison between “Cu and *'Cu in ten women
with cancer of the cervix revealed that both tracers displayed
the same pattern and intensity of uptake, however “Cu had
superior image quality [99]. This tracer has reduced renal cle-
arance as compared to the others and thus would be of be-
nefit in pelvic malignancies. The clinical applications of this
tracer have been limited due to the high cost of production
and the lack of availability. Table 1 summarizes some of the
work with various PET tracers.

Gallium-68-labelledtracers

Gallium-68 (*Ga) is a PET tracer with favourable pharmacoki-
netic characteristics that enable labelling with many pepti-
des and other small molecules. The commercial accessibility
of germanium-68/gallium-68 (*Ge/*Ga) generators has sti-
mulated researchers to develop new *Ga-based radiophar-
maceuticals for hypoxia PET imaging. These radiotracers are
more hydrophilic than the "“F-labelled tracers resulting in
better clearance from background and ultimately higher
target to background ratios. Their mechanism of uptake and
retention is similar to that of the "“F-labelled tracers (Figure
4). The nitroimidazole compound undergoes an electron
reduction inside the cell to form a nitro radical anion. In hy-

poxic tissue, the nitro radical anion is reduced further to form
reactive species that covalently bind to intracellular macro-
molecules[100].

A group from Korea synthesized nitroimidazole derivates
for PET imaging by labelling “Ga and conjugating with bi-
functional chelating agents 1,4,7-triazacyclononane-1,4,7-
triacetic acid (NOTA) and isothiocynatobenzyl-NOTA (SCN-
NOTA) via ethyleneamine bridge by formation of amide and
thiourea bonds [101]. There was a high labelling efficiency
(>96%) and the compounds were stable at room tempera-
ture and at 37°C in human serum [101]. The uptake of both
products was increased under hypoxic conditions. Biodistri-
bution studies showed increased tumour to muscle ratios in
animal studies. They found that [*Ga]Ga-NOTA-NI was more
hydrophilic and had higher T/M ratios than [*GalGa-NOTA-
SCN-NI[101]. The same group further synthesized two nitro-
imidazole derivatives by conjugating nitroimidazole and
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) via an amide and a thiourea bond. High labelling effi-
ciencies were achieved when labelled with *Ga. The pro-
ducts had low partition coefficients (*Ga-4: log P=-4.6; “Ga-
5:log P=-4.5) providing proof of the hydrophilic nature. Both
derivatives displayed high uptake in mouse colon cancer cell
lines cultured under hypoxic conditions as opposed to under
normoxic conditions [102].

In 2012, Fernandez and colleagues contrived two 5-nitro-
imidazole derivatives, 10-[2-(2-methyl-5-nitro-1-H-imidazo-
le-1-yl)ethylaminocarbonylmethyl]-1,4,7,10-tetrazacyclo-
dodecane-1,4,7-triacetic acid (Nit1) and 10-{[N-methyl-1-[1-
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Figure 4. Anillustration of the different groups / categories of tracers that have been investigated forimaging hypoxia and their mechanism of entry and trapping in the
cells. *F-FDG enters the cell via the glucose transporters which are upregulated in hypoxic environments. Fluorine-18-FMISO and “Ga-nitroimidazole tracers enter the
cell through passive diffusion and are reduced by the nitroreductase enzymes. In hypoxic environments they become trapped and bind to intracellular proteins. In well

ventilated tissues, the tracers diffuse out of the cell. ***

Cu-ATSMalso enters through passive diffusion and binds to thiols within the cell and becomes trapped in hypoxic

environments similar to the other tracers. PO, — partial pressure of oxygen; GLUT —glucose transporter.

(2-(2-methyl-5nitro-1 H-imidazole-1-yl)ethyl)-1 H-1,2,3-tri-
azole-4-yl] methylaminocarbonylmethyl}-1,4,7,10-tetraaza-
cyclododecane-1,4,7-triacetic acid (Nit2) [103]. Both these
products were stable in human serum for +2 hours and had
high uptake in hypoxic tissue. In this study, ['*FIF-FMISO was
tested under the same experimental conditions, and it was
found that findings were comparable [103].

The nitroimidazole derivative of HP-DO3A (HP-DO3A-NI)
also demonstrated stability when complexed with “Ga. It is
structurally similar to [*Ga]Ga-DOTA-NI, thermally stable,
small in size and electrically neutral making for easy diffu-
sion across cell membranes [104]. In vitro studies showed
accumulation of this agent in hypoxic tissues at all time po-
ints studied (30, 60 and 120 minutes). The in-vivo studies in
mice bearing lung carcinomaat 2 hoursrevealed T/Mratio of
5.0+£1.2 [104]. As expected, there was predominant genito-
urinary excretion with negligible tracer accumulation in the
liver,heartandlung.

Other chelators that were investigated were acyclic hexa-
dentate (N,O,) chelator, 1,2-[[6-carboxypyridin-2-yllmethy-
lamino]ethane (H,dedpa) and chiral derivative H,CHXdedpa
(CHX=cyclohexyl/cyclohexane. The H,CHX dedpa incorpo-
rates a 1R,2R-transcyclohexanediamine back-bone in place
of the ethylenediamine bridge to form a different ligand
[105].The compounds were radiolabelled with “Ga and *Ga.
In vitro uptake studiesin three cancer cell lines (colon, breast
and Chinese hamster ovarian) were performed and showed
that all the derivates have preferential uptake in hypoxic
cellswithT/Mratios as highas 7.9+2.7 at 2 hours[105]. Noin-
vivo studies were conducted; therefore, this may be an area
forfutureresearch.

Modified 2-nitroimidaole was labelled to bifunctional che-
lating agents 1,4,7,10-tetrazacyclododececane,1-(glutaric

acid)-4,7,10-triacetic acid (DOTAGA) and 1,4,7-triazacyclo-
dodececane,1-(glutaricacid)-4,7-diacetic acid (NODAGA) to
produce 2-NIM-DOTAGA and 2-NIM-NODAGA [106]. Biodis-
tribution and PET studies were performed in Swiss mice be-
aring fibrosarcoma. Assessment was done at 180 minutes
post incubation and demonstrated hypoxia selectivity by
both complexes although slightly lower for [*GalGa-
DOTAGA-2-NIM [106]. The NODAGA chelator displayed mo-
re favourable pharmacokinetics and tumour accumulation
compared with DOTAGA and ["°FIF-FMISO in the same ani-
mal model [106].

It is clear that different chelators do not significantly alter
the properties of “Ga labelled nitroimidazoles. Regardless of
the chelator used, the ®*Ga labelled nitroimidazoles are pre-
ferentially taken up in hypoxic tissue and may be used for
mapping tumour hypoxia [100,104-106]. To the best of our
knowledge, there have been no human studies exploring
the use of these “Ga-labelled nitroimidazole derivatives. This
isan area yet to be explored. In a recent review, the potential
for imaging hypoxic TB lesions using these tracers was dis-
cussed and further highlights the need for more clinical stu-
diesin this area to fully explore the potential of these tracers
[107]. It would also be of interest to see how these tracers
perform in cancer of the cervix and other cancer entities
overall, especially since most of the work has shown these
tracers to perform better than [*FIF-FMISO [101-103,106].

Table 2 gives a summary of pre-clinical work with [*Ga]Ga-
nitroimidazoles.

Clinical Implications for hypoxiaimaging

The work on PET imaging of hypoxia has demonstrated a
strong association between uptake of tracer and prognosis.
A meta-analysis published on studies assessing PET hypoxia
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Table 2. Summary of the pre-clinical work with gallium-68 labelled nitroimidazole derivatives and the findings.

Mean SUVmax  Tumour to

. PET - Time of
Tracer Chelator Cell lines . (1 hour post  muscle ratio : Year Ref
studies tracer) SUV ratios evaluation
[*Ga]Ga-HP- A549 non- 51407
DO3A- HP-DO3A small cell Yes oA 120 min 2015 Wu et al.
Lo . (at 120min)
nitroimidazole carcinoma
[®*Ga]lGa-NOTA- CHO . .
nitroimidazole NOTA CT-26 Yes 0.30+0.2 57+25 60 min 2010 Hoigebazar et al.
[*Ga]Ga-SCN- )
NOTA- SCN CHO  Ves  0190.1 395+13  60min 2010 Hoigebazar et al.
Lo NOTA CT-26
nitroimidazole
*Ga-3: *Ga-3:
0.10 £0.06 2.97 £ 0.01
*Ga-4: *Ga-4:
[*Ga]Ga-TRAP- Us7MG 0.20 + 0.06 3.50 £ 0.02 .
nitroimidazole TRAP CT-26 Yes %Ga-5: ©Ga-5: 60 min 2015  Seelam et al.
0.33+0.08 412 +0.06
*Ga-6: *Ga-6:
0.59 £ 0.09 741+1.12
[*Ga]Ga-DOTA- . , ,
nitroimidazole DOTA CT-26 Yes 0.53+0.1 5.64+0.8 60 min 2011 Hoigebazar et al.
[*Ga]Ga-SCN- DOTA- Hela,
DOTA- CHO,and Yes 0.17 + 0.1 3.83+0.8 60 min 2011 Hoigebazar et al.
i SCN
nitroimidazole CT-26
68 HT-29,
[ GalGa-Hdedpa- ) 40400 | CCEHER-2 No N/A N/A 120 min 2015 Ramogida et al.
nitroimidazole CHO
[*GalGa- HT-29,
H,CHXdedpa- HzCH;(dedLCCGHER-z No N/A N/A 120 min 2015 Ramogida e al.
nitroimidazole P CHO
[*Ga]Ga-DOTA- C57 (3LL) 30, 60 and
nitroimidazole DOTA HCT-15 No N/A N/A 120 min 2012 Fernandez et al.
["Ga]Ga- 30, 60 and .
DOTAGA-2-NIM DOTAGA CHO No N/A N/A 180 min 2021 Mittal et al.
[*Ga]Ga- 30, 60 and .
NODAGA-2-NIM NODAGA CHO No N/A N/A 180 min 2021 Mittal et al.

*CHO - Chinese hamster ovarian, CT-26 — Mouse colon cancer, Hela — Henrietta Lacks cervical cancer, C57 (3LL) — Lewis carcinoma, HCT-15 (CCL-225TM

ATCC) - Human adenocarcinoma.

NOTA: 1,4,7-Triazacyclononane-1,4,7-triacetic acid

DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid

- [*Ga]Ga-NOTA-2-NI-N-ethylamine, *Ga-SCN-NOTA-2-NI-N-ethylamine

- TRAP: 1,4,7-triazacyclononane-1,4,7-tris[methyl(2-car- boxyethyl)phosphinic acid]

- [*Ga]-Ga3: “Ga-1,4,7-triazacyclononane-1,4,7- tris[methyl(2-carboxyethyl)phosphinic acid]

- [*GalGa-4: “Ga-3-((7-mono ((hydroxy(3-(2-(2-nitroimidazolyl)ethylamino)-3-oxopropyl)phos- phoryl)methyl)- 1,4, 7-triazonane - 1,4-[methyl(2-
carboxyethyl) phosphinic acid]

- [*GalGa-5: *Ga-3-(((4,7-bis((hydroxy(3-(2-(2-nitroimida- zolyl)ethylamino)-3-oxopropyl)phosphoryl)methyl)-1,4,7-triazo- nane-1-[methyl(2-
carboxyethyl)phosphinic acid]

- [*Ga]Ga-6:%Ga-1,4, 7-triazonane-1,4,7-triyl(tris(methylene)tris(3-(2-(2-nitroimidazolyl) ethylamino)-3-oxopropylphosphinic acid
DOTA nitroimidazoles:

- [*GalGa-1: ®Ga-10-[2-(2-methyl-5-nitro-1 H-imidazole-1-yl)ethylaminocarbo- nylmethyl]-1,4,7-tris(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclo-
dodecane-1,4,7-acetate

- [*GalGa-2: “Ga-10-{[N-methyl-1-[1-(2-(2-methyl-5-nitro-1 H-imi- dazole-1-yl)ethyl)-1 H-1,2,3-triazole-4ylImethylaminocarbonylmethyl}- 1,4,7,10-tetraaza-
cyclododecane-1,4,7-acetate

- [*GalGa-3: “Ga-2-(2-Nitroimidazolyl)ethylamine-DOTA

- [*GalGa-4: “Ga-2-(2-Nitroimidazolyl)ethylamine-SCN-Bz-DOTA
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tracers showed a negative correlation between higher up-
take and outcome, with patients with higher uptake having
poorer outcome/response to therapy [108]. This has been a
consistent trend throughout most published data on
hypoxia imaging in cervical cancer. This has resulted in pro-
posals that hypoxia imaging be used to prognosticate pati-
ents and to help select patients that may benefit from hypo-
xia specific drugs. Clinical trials have been undertaken to as-
sess the efficacy of hypoxia-activated prodrugs such as PR-
104, TH-302 and EO9 [109-113]. Drugs that target HIF are
also available[114]. None of these drugs have shown consis-
tent clinical benefit however their importance in the mana-
gement of solid malignancies with a potential for hypoxia
cannot be ignored. One of the major impediments in the
routine application of these drugs s the ability to select pati-
ents that will benefit from these drugs, hence the need for
hypoxia specificimaging.

The presence of oxygen in tumours enhances the res-
ponse to radiotherapy with regions containing high oxygen
levels being highly amenable to therapy by conventional X-
rays. Intensity modulated radiotherapy (IMRT) refers to the
ability to produce isodose distribution capable of delivering
different dose prescriptions to multiple target sites with ex-
tremely high dose gradients between tumour and normal
tissues [115]. Closely related to IMRT is the concept of “dose
painting’, which refers to the targeting of radioresistant are-
as or areas at risk of relapse (defined by functional imaging)
by delivering varied doses of radiation within the tumour
[116,117].The use of hypoxia imaging may help identify hy-
poxic subvolumes that may be targeted for improved out-
comes in radiotherapy. This leads to personalization of the-

rapy.

Challenges with hypoxia imaging in cancer of the cer-
Vix

The search for the ideal tracer for imaging hypoxia has been
marred with countless challenges, including tracer pro-
perties, ideal imaging time, image analysis and application
into routine clinical practice. While the non-exhaustive list
above speaks to general challenges in hypoxiaimaging, ima-
ging of hypoxia in cervical cancer lesions also has its own
challenges. A recent review cited some of these issue amon-
gst others and highlighted the need for further trials in this
areato address the application in radiotherapy planning and
decision making [118].

Tracer properties

The search for the tracer that ticks all the boxes regarding
ease of production, specificity, applicability across a wide
range of tumour types and ability to predict radiotherapy
outcome, to name a few, is still ongoing. The trade-off for
hydrophilicity which improves target to background ratios,
istheresultant reductionin uptakein the tumourlesion.This
has been the consistent trend as seen with [“FIF-FMISO
whichis more lipophilicbut has better uptake within lesions.
While the newer generation tracers have improved target to
background ratios, they still trail behind [*FIF-FMISO with
regards to uptake in the primary lesion. This is not to say the
newer generation of tracers are not of value, this just highlig-
hts the challenge of a developing a “perfect or near perfect”

tracer.

Idealimagingtime

There is no standard imaging time prescribed for hypoxia
imaging. This is understandable due to the variable tracer ki-
netics. The different tracers all display variable rates of up-
take in tumours and washout from the background tissues,
thus making standardization challenging. Over and above
this is the fact that hypoxia is dynamic, so perhaps dynamic
imaging followed by delayed static imaging may offer more
insight into this process. Thorwarth et al. (2013) demonstra-
ted the importance of kinetic analysis [119, 120]. While stu-
diesinvolving gliomas, head and neck cancers and lung can-
cer demonstrated that delayed imaging time revealed a hig-
her target to background at the risk of increased noise, thisis
not quite the case in cancer of the cervix which is affected by
uptake in the adjacent urinary bladder, which is the excre-
tory route of the more hydrophilic tracers. The timing of the
scan is of utmost importance as transient hypoxia may be
missed.

Image analysis

Thereis noregularization when it comes toimage analysis in
hypoxia imaging. In most of the published work, there is a
use of qualitative and semi-quantitative parameters to des-
cribe and quantify the presence of hypoxia in tumour lesi-
ons. Qualitative analysis mostly involves a visual analysis of
uptakeinthelesion compared to normal surroundingtissue.
In most cases the grading will be from 0 meaning no uptake
to 3 which is uptake markedly more than the background.
Areas with a visual score of 2 and 3 are considered positive
for hypoxia [71,121]. The semi-quantitative parameters are
the most reported in most studies and they include standar-
dized uptake value maximum (SUVmax), SUVmean, tumour
to muscle ratio (TMR), tumour to blood ratio (TBR) and in so-
me cases a hypoxic tumour volume is stated. Of these para-
meters the mostrobustisthe TMR.Throughoutthe literature
various authors have attempted to come up with a threshold
TMR above which there is a certain correlation with patient
outcome or prognosis. These vary from 1.35 with ["°*FIF-EF5
to 3.5 with [*Cu]Cu-ATSM. This may just be a consequence of
the differences in the tracers used across studies or may be
related to observer variability. In cancers in other regions of
the body, there has been a debate regarding the placing of
the region of interest for the background, but this has not
been the case with cervical cancers as most authors used a
spherical region of interest in the thigh or gluteal muscle.
This has somewhat harmonized this aspect of the analysis.

Validity of PET hypoxiaimaging

Validation is the act of confirming if something is correct or
checking if something is accurate. There are limited studies
validating the PET tracers as markers of regional hypoxia.
This is probably due to the inherent heterogeneous nature
of hypoxia which results in incongruities between oxygen
electrode sampling and imaging. This is also related to the
fact that oxygen electrodes measure hypoxia at the intersti-
tial level while hypoxia PET tracers measure intracellular
hypoxia. This is evident from studies reporting mixed corre-
lations between tracer uptake and oxygen electrode measu-
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rementsin various types of tumours [85,122-124].Other stu-
dies have attempted to correlate PET findings withimmuno-
histochemical staining of exogenous or endogenous mar-
kers of hypoxia [74, 95, 96]. These studies have yielded vary-
ing results. This may be because staining relies on tissue bi-
opsies which may not always be representative of the tu-
mourand hypoxia distribution within the tumour.

Cervical cancer specificchallenges

While [*FIF-FMISO has a more hepatobiliary excretory path-
way, the more hydrophilic tracers tend to have predomi-
nantly urinary excretion. This creates a huge challenge when
imaging hypoxia in tumours located in the pelvis. To circum-
vent this, some authors have utilized Furosemide at different
time pointsin theimaging protocol. Whether thishasmade a
great impact is uncertain as numbers of participants in most
studies is small and the authors do not discuss the diuretic
effect in great length. The use of catheters is another viable
option to ensure that the bladder is empty at the time of
imaging. While it may be easier and more convenient for the
patient to void voluntarily prior to image acquisition, how-
ever, in most cervical cancer lesions, there is significant in-
complete emptying of the bladder. This bladder activity may
hamper on visualization of uptake in the tumour lesions
which in hypoxia imaging tends to be low to moderate up-
take due to tracer kinetics. Perhaps one of the ways to im-
prove analysis in hypoxia imaging of cervical cancer is to ac-
quire dynamic imaging immediately post tracer injection
prior to significant drainage in the bladder. There have been
no studies dedicated to optimization of imaging as well as
analysis protocol in this area. This is an area that needs fine
tuning in order to advance hypoxia imaging.

Future perspectives

While there have been significant strides in exploring and
identifying novel tracers that are specific for hypoxia, none
of the tracers have found their way into routine clinical prac-
tice. All tracers thus far have limitations as discussed above.
In view of this there is still room for other agents or newer
probes to be investigated. Some of these newer agents may
be surrogate markers or older tracers that have been chemi-
cally modified. One such modification is the synthesis of nit-
roimidazole derivatives labelled with "°F using an aluminum
complex (Al"F-NODA-nitroimidazole) [125].This product
demonstrated ease of production as well as lower protein
binding which resulted in rapid clearance from blood and
non-target tissues and equally rapid uptake in the target tis-
sues [125]. A review by Lyng et al.(2017) proposed combi-
nation of imaging modalities such as MRI, CT and PET, to
interrogate the tumour microenvironment [126]. This may
certainly be the direction to consider, provided there is ava-
ilability of resources.

Carbonicanhydrase X

Carbonicanhydrase IX (CA IX) has minimal to no expression
in most body organs except the gastrointestinal tract. There
has been abnormal expression of CA IX noted in cancers of
the brain, kidney, lung, breast, uterine and cervix [127, 128].
Upregulation of the genes that encode for CA IX is best seen
in environments that are hypoxic or anoxic [129]. This enzy-

me expressed on the cell surfaceisimplicated in the progres-
sion of cancer and is associated with a poor prognosis. Seve-
ral attempts have been doneto label sulphonamidesto "F or
*Ga for identifying patients who may benefit from treat-
ments targeting this protein (anti-CAIX therapy) or serving
asanindirect marker of hypoxia. While antibodies are prefer-
red for identifying potential treatment regimens, smaller
molecules are better served for identifying/imaging hypoxic
regions within the tumour. In a biodistribution study of four
volunteers, Doss et al. (2010), reported that [°FIF-VM4-037
had highest uptake in the liver and kidneys and therefore
cannot be used to image these two organs [130, 131]. There
was good clearance of the tracer with minimal residual back-
ground activity which may result in improved visualization
of metastatic hypoxic tissue in various organs (lung and he-
ad and neck) and lymph nodes [130, 131]. Prospects for ima-
ging CA IX overexpression in tumours within the pelvis in-
cluding cervical cancer lesions, are high because of the low
retention in the urinary bladder [132, 133]. The pre-clinical
work on various cancer cell lines displayed minimal uptake
which brings into question their clinical applicability [132,
133]. No clinical data is available regarding their perfor-
mance in various cancer types and investigating this may
presentanother pieceinthe puzzle of hypoxiaimaging.

Gallium-68labelled fibroblast activation protein inhi-
bitor

Stromal cells are an essential component of the tumour mic-
roenvironment and cancer associated fibroblasts (CAF) con-
stitute £80% of these cells [7]. These fibroblasts may pro-
mote angiogenesis and epigeneticalteration, therefore pro-
moting the growth and metastatic potential of tumour cells
[134]. It has been shown that hypoxia induces activation of
CAF aswellas HIF-1 activated fibroblasts [7,135].The reprog-
ramming of progenitor cells into CAF's is increased in the
presence of hypoxia due to the release of paracrine signaling
molecules. TGFb, bFGF and PDGF-B are regulated by HIF-1
[7]. Kugeratski and colleagues (2019) demonstrated that hy-
poxia exacerbated the pro-angiogenic functions of CAF's
[135]. Fibroblast activation protein (FAP) belongs to a family
of non-classical serine proteases. It is selectively expressedin
activated fibroblasts and sarcomas and is thus found on the
surface of these CAF's. The search for anticancer drugs led to
the development of FAP-specific inhibitors which of late
have been investigated as tumour-targeting radiopharma-
ceuticals namely [*Ga]Ga-FAPI [136-138]. Early work on this
tracer has demonstrated impressive uptake in various can-
cer types including cervical cancer [137]. Tracers such as
["*FIF-FDG imaging have been postulated to be indirect mar-
kers of hypoxia, therefore it may not be implausible to hypo-
thesize that [*Ga]lGa-FAPI may also serve as a surrogate
marker of hypoxia, based on the mechanism explained abo-
ve. This tracer is appealing in that the peptide may be radio-
labeled with “Ga, F and recently a SPECT version of this tra-
cer has been produced and studied. This could prove to be
aninteresting areafor future research.

In conclusion, itis well known that cervix cancer lesions are
hypoxic with resultant aggressiveness and resistance to
most forms of therapy, but more so radiation therapy and
some forms of chemotherapy. Over the past three decades,
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there have been continued efforts to investigate the tumour
microenvironment and map hypoxia. While there is a “gold
standard” method of assessing tumour hypoxia, it is not with-
out challenges and has not been able to be applied in routine
clinical practice. The more attractive options of nuclear medi-
cine imaging of hypoxia have immense potential; however,
they all fall short of characteristics of the ideal hypoxia ima-
ging tracer. Thus far the most promising tracer in cancer of the
cervix is [*'CulCu-ATSM because of its reduced renal cleara-
nce and high tumour uptake; however, the hypoxia selectivity
may be questioned as studies failed to show the correlation
between tracer uptake and hypoxia immunohistochemical
staining. This should encourage researchers to continue the
search for the best tracer which is both specific and does not
require complex production techniques. At this point even
surrogate markers of hypoxia may be sought if they offer the
promise of ease of production and accessibility. For lesions in
the pelvis a tracer that has minimal renal clearance would be
ideal. The newer ®Ga tracers may bridge the gap for introduc-
tion of hypoxia imaging in routine clinical practice. The im-
pact of hypoxia imaging has been highlighted and perfecting
this aspect of assessment of the tumour microenvironment is
key to personalizing therapy.
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