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Gynecologic cancers comprise a varied group of malignancies with diverse clinical presen-
tations and prognosis. Positron emission tomography (PET) with ['Flfluorodeoxyglucose
(FDG), the most commonly used functional imaging for staging, treatment planning, and
therapy response evaluation in gynecological cancers, is limited in providing information
about the unique biological features of these tumors. There is an increasing need to nonin-
vasively determine the patient’s distinct tumor biological features in order to select the
most appropriate therapy. This article presents an overview of the key PET biomarkers other
than FDG that have been used for imaging of the three most common gynecological malig-
nancies; cervical, endometrial, and ovarian cancers. These functional molecular imaging
applications by PET have the potential to be translated to clinical practice for more complete

evaluations of these cancers.
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F unctional imaging plays an important role in the man-
agement of gynecological cancers. To improve the
management of these cancers, there is a need for noninvasive
imaging biomarkers to provide more detailed information
about the tumor phenotype in order to personalize treatment
approaches and improve outcomes. Positron emission
tomography (PET) biomarkers are emerging as promising
tools for better evaluation of these cancers. This review
focuses on the potential applications of functional molecular
imaging by PET in assessing tumor biology and cellular char-
acteristics in the three main gynecological cancers.

Radionuclide Imaging As a
Cancer Biomarker

There is considerable molecular and cellular heterogeneity
within tumors; thus, it is becoming increasingly recognized
that a single biopsy may not be an accurate representative of
the tumor’s unique features in order to guide patient
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management. Morphological imaging is typically used to
guide clinical decisions; however, patient management can
be improved using functional imaging due to its ability to
demonstrate biological tumor features not identifiable by
anatomical methods. Molecular imaging is also being
explored as an early predictive biomarker in clinical trials of
novel drugs, and increasingly being considered for noninva-
sive monitoring of the pharmacokinetic properties and phar-
macodynamic changes of novel drugs in clinical trials.
Imaging biomarkers have been defined as characteristics that
can be objectively measured from imaging data as indicator
of normal biological processes, pathogenic processes, or
pharmacological responses to a therapeutic intervention."
Imaging biomarkers play a crucial role, allowing noninvasive
visualization of various tumor-biological processes, which
can be used for diagnosis, predicting prognosis, selection of
therapy, and treatment response monitoring.

PET using ['®Flfluorodeoxyglucose (FDG), a glucose ana-
logue, is the most commonly used functional imaging radio-
tracer in oncologic patients, and plays a key role in staging,
treatment planning, and monitoring treatment response in
numerous cancers, including gynecological malignancies.
Tumors have a high degree of dependence on glucose as the
metabolic substrate, called the Warburg effect, which pro-
vides the basis for metabolic imaging. The Warburg effect is
based on the observation that even under aerobic conditions,
cancer cells tend to favor metabolism via glycolysis and con-
vert glucose into lactate to generate energy. The preferred
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use of glucose as substrate, by many tumor types, is the cause
for avid uptake of FDG, and the reason for the important
clinical role of FDG-PET in evaluating tumors. Despite its
primary role, false-positive and false-negative results are
associated with the use of FDG, including increased meta-
bolic activity in nonmalignant lesions such as inflammation
and infection, and no or low metabolic activity in tumors
due to their size and/or histological features.

Novel molecular imaging biomarkers, using specific PET
radiolabeled ligands, have been used to evaluate tumor pheno-
types, known as “hallmarks of cancer”.” Phenotypic character-
istics account for differences in tumor biologic features and
clinical behavior, which may vary significantly within an indi-
vidual patient or from patient to patient. These include the
rate of proliferation, angiogenesis, hypoxia, metabolism,
inflammation, and apoptosis. In addition, PET provides
whole-body imaging, allowing for assessment of the heteroge-
neity of biological features between and within patients before
and after therapy to monitor treatment response more accu-
rately. The focus of this article is to provide an overview of the
most common non-FDG radiotracers that are used primarily
in research studies to evaluate the unique biological features of
gynecological cancers, and their potential clinical applications.

Novel PET Tracers in
Gynecological Cancer

PET Imaging of Tumor Receptors
PET Imaging of Steroid Receptors
Steroid hormones have an important role in the development
and growth of several cancers via activation of their corre-
sponding receptors. The hormone-receptor complex func-
tions as a transcription factor, and activates pathways that
typically control cell growth resulting in increased prolifera-
tion in hormone-dependent cancers. Estrogen receptor (ER)
is an important predictive biomarker, and its status has been
shown to predict prognosis and the probability of response
to hormone therapy in breast cancer.”" Due to its impor-
tance, ER has been targeted for both therapy and imaging.
PET allows noninvasive evaluation of receptor expression
in tumors, providing information that can support therapy
selection. Radiolabeled steroidal and nonsteroidal estrogens
have been developed for PET imaging of ER. 16a-['°F]flu-
oro-17B-estradiol (FES) is an estrogen analogue that has
been successfully used for ER imaging in patients with breast
and some gynecological cancers. There are two isoforms of
ER; ERa and ER;B.S FES selectively binds to ERe, and can be
used to determine the receptor status of all disease sites
simultaneously, and is particularly helpful when suspected
metastatic lesions cannot be biopsied.

PET Imaging of Steroid Receptors in Ovarian Cancer

While approximately 70% of epithelial ovarian cancer is
ERa-positive, several studies”” have reported poor response
rate to endocrine therapy with the highest objective response
rate of 19% and clinical benefit of 51%. In a study'’ of 15

Figure 1 Metastatic ovarian cancer. Transaxial CT (A) and FES-PET/
CT (B) images of a patient with focally increased FES uptake in the
metastatic lesions between the stomach and spleen (arrows).
Reprinted with permission. '’

patients with suspected ovarian cancer, van Kruchte et al
found 32 measurable lesions >10 mm. FES uptake was
quantified for 28 of these lesions while the remaining four
lesions were visible but not quantifiable given the high
uptake in adjacent tissues (Fig. 1). Histology was obtained
on 23 of 28 lesions with measurable FES uptake, and showed
a significant correlation between FES uptake and the semi-
quantitative immunoscore for tumor ERa (p=0.65,
P < 0.01) in these patients. An optimum threshold to dis-
criminate ERa-positive and ERo-negative lesions was
derived. They found that the maximum standardized uptake
value (SUV .0 >1.8 has a 79% sensitivity, 100% specificity,
and area under the curve of 0.86 (95% confidence interval,
0.70-1.00) for distinguishing ERa-positive from ERa-
negative lesions. In addition, FES identified discordance in
ER status in 2 of 7 patients with available cytology/histology
between the primary diagnosis and debulking surgery. Given
that the receptor status can change over time and assessment
of ER by tissue sampling is not often possible and can be asso-
ciated with morbidity and sampling error, a noninvasive
method such as FES-PET to quantify ERa expression in multi-
ple metastases throughout the body and at different time
points is quite valuable. In a pilot study,'' Yoshida et al
reported FES uptake at the primary and metastatic sites in
three patients with advanced ovarian cancer. Furthermore, the
FES uptake was associated with ER status, mostly ERe status,
as assessed by immunohistochemistry analysis of tumor biop-
sies. These results suggest that FES information may be benefi-
cial in expanding treatment options for these patients. The
significant limitation of FES to only quantify ER«a expression,
has led to the development of new PET tracers such as 2-'®
F-fluoro-6-(6-hydroxynaphthalen-2-ylpyridin-3-ol ~ (FHNP)
to evaluate ERB,'” and 16;3—[181:]ﬂuoro—5oz—dihydrotestoster—
one (FDHT), a fluorinated testosterone analogue which binds
to the androgen receptor, both of these receptors are
expressed in ovarian cancers.'” FHNP is a promising radio-
tracer that has not yet been studied in humans, while FDHT
has been evaluated successfully in patients with prostate can-
cer, but not in patients with gynecological cancers. Patients
with ovarian cancer may benefit from FDHT-PET and possibly
from therapies targeted to the androgen receptor.

PET Imaging of Steroid Receptors in Endometrial
Cancer

Patients with ERa-positive endometrial cancer have a higher
clinical response rate and improved survival compared to the
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patients with ERa-negative tumors,'* supporting imaging ERa
as a potential molecular predictive biomarker for prognosis.

The study by Tsujikawa et al'” demonstrated that FES-
PET and FDG-PET were useful for the differential diagnosis
of benign and malignant uterine tumors; high FDG uptake/
low FES uptake indicates malignant tumors, and low FDG
uptake/high FES uptake indicates benign tumors. In a follow
up study,'© the authors reported that the mean SUV ratio of
FDG to FES correlated with the degree of aggressiveness in
terms of FIGO stage and histologic grade in endometrial can-
cer. High-risk carcinoma demonstrated a significantly greater
FDG-to-FES ratio (mean =+ standard deviation: 3.6 + 2.1)
than did low-risk carcinoma (1.3 £ 0.5, P < 0.01) and endo-
metrial hyperplasia (0.3 £ 0.1, P < 0.005). Receiver operat-
ing characteristic analysis showed that the most accurate
diagnostic PET parameter for predicting high-risk and low-
risk carcinomas was the FDG-to-FES ratio. The optimal
FDG/FES cutoff value of 2.0 provided 73% sensitivity, 100%
specificity, and 86% accuracy in differentiating malignant
tumors from benign lesions. These results support the notion
that endometrial carcinoma reduces estrogen dependency
with accelerated glucose metabolism as it progresses to a
higher stage or grade; accordingly, FDG-to-FES ratio may be
considered an index reflecting tumor aggressiveness.

In a similar study in patients with mesenchymal uterine
tumors, Zhao et al'’ demonstrated that FES-PET and FDG-
PET are useful noninvasive biomarkers for the assessment of
tumor hormone receptor expression, glucose metabolism,
and proliferation, and for differential diagnosis of uterine
leiomyoma and sarcoma. Positive correlations were found
between SUV for FES and immunohistochemistry scores of
ERa, progesterone receptors (P < 0.001), and isoform pro-
gesterone receptorsf (P < 0.005). In addition, positive corre-
lations were found between SUV for FDG and glucose

transporter 1 (GLUT-1) and a marker of cell proliferation
(Ki-67) (P < 0.001) expressions. Moreover, the FDG-to-FES
ratio correlated with Ki-67, GLUT-1, and the ERS subtype in
uterine sarcoma (Fig. 2). These results indicate that PET trac-
ers are useful noninvasive biomarkers for the assessment of
tumor hormone-receptor expression, glucose metabolism,
and proliferation, and for possible distinction between
benign and malignant lesions.

PET Imaging of HER Receptors in Ovarian Cancer

The four members of the human epidermal growth factor
receptor family: HER1, HER2, HER3, and HER4, play a cen-
tral role in the pathogenesis of multiple cancers, and hence
serve as drug targets and biomarkers for anticancer treat-
ment. HER? is expressed in many tissues, and controls cell
growth, survival, and differentiation via signal transduction
pathways. It plays a major role in facilitating tumorigenesis
and excessive/uncontrolled cell growth.'® Overexpression of
HER2 occurs in up to 20%-30% of mucinous ovarian can-
cers, and is associated with poor survival in advanced epithe-
lial ovarian cancer.'” Targeting of HER2 with the
monoclonal antibody trastuzumab is a well-established ther-
apeutic strategy for HER2-positive breast cancer. Several PET
tracers with ®Zr- and °*Cu-labeled antibodies have been
developed, with 897r_trastuzumab and **Cu-DOTA-trastuzu-
mab being the two most widely utilized. While clinical data is
not yet available in patients with ovarian cancer, the preclini-
cal studies are promising. Studies in HER2-overexpressing
ovarian cancer xenografts models’””' demonstrated that
89Zr-trastuzumab and °*Cu-DOTA-trastuzumab uptake was
reduced after treatment with an HSP 90 inhibitor, known to
down-regulate the expression of HER2. This suggests that
PET imaging detects HER2-positive ovarian cancer, and may
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Figure 2 (A) Leiomyosarcoma. Body FDG-PET (left) and FES-PET (right) images of a 56-year-old woman with uterine
leiomyosarcoma (red arrows). The SUV for FDG and FES, and FDG/FES ratio were 12.0, 0.9, and 13.3, respectively.
Low uptake of FES significantly correlated with low expression of ERa (not shown). (B) Leiomyoma. Body FDG-PET
(left) and FES-PET (right) images of a 49-year-old woman with uterine leiomyoma (red arrows). The SUV for FDG and
FES, and FDG/FES ratio were 1.9, 6.2, and 0.3, respectively. High uptake of FES correlated with high expression of

ERa (not shown). Reprinted with permission.l !



504

M.R. Ponisio and F. Dehdashti

have an important role in monitoring tumor status during
HER2-targeting therapy.

Similar to HER2, HER3 has been implicated in cancer pro-
gression and drug resistance, given its unique functionality
through dimerization with other HER receptors. Approxi-
mately 16% of ovarian tumors show overexpression of HER3
protein compared to normal ovarian samples.”” The overex-
pression of HER3 is strongly associated with poor overall
prognosis of ovarian cancer. The development of lumretuzu-
mab (RG7116), a humanized monoclonal HER3 targeting
antibody, labeled with 897r allows for assessment of HER3
expression noninvasively. A pilot PET study of 20 patients
with histologically confirmed HER3 overexpressing solid
tumors including ovarian cancer’” demonstrated *°Zr-
RG7116 specific uptake in HER3-positive metastatic disease.
This PET tracer has the potential to be used for prediction and
monitoring response to HER3-directed therapy, with further
studies required to fully assess its role in ovarian cancer.

PET Imaging of Somatostatin Receptors

Neuroendocrine tumors (NETs) are rare neoplasms character-
ized by overexpression of somatostatin receptors (SSTRs).
Somatostatin is a peptide hormone which binds to SSTRs, and
regulates neurotransmission, hormone secretion, and cell pro-
liferation. SSTRs has been targeted for imaging, most recently
with ®®Ga for PET imaging (**Ga-DOTA-TOC, ®®*Ga-DOTA-
TATE, and 58Ga-DOTA-NOC). Most NETs are well differenti-
ated, and are not well visualized on FDG-PET requiring
%8Ga-DOTA-peptides for accurate assessment. In addition,
98Ga-DOTA-peptides imaging provide an indirect measure of
tumor cell differentiation, offering information on disease
extension and tumor cell receptor expression status, particu-
larly relevant before starting targeted radionuclide therapy.

PET Imaging of SSTRs in Cervical Cancer

A potential role of SSTRs-PET agents is in the evaluation of a
rare subtype of cervical cancer, small cell neuroendocrine
carcinoma. Cervical neuroendocrine carcinoma represent
only about 2% of all cervical malignancies, and are associated
with a poor prognosis”" given its propensity to spread dis-
tantly via lymphatic and hematogenous dissemination.
Whole-body imaging with SSTRs-PET agents has been pro-
posed to assist in the evaluation of locoregional disease and
distant spread of cervical NETs for which structural imaging
is often unremarkable.”” This potential is illustrated by the
use ®®Ga-DOTATATE PET/CT in a patient with small NET
of the cervix, which demonstrated focal uptake at the pri-
mary tumor site and in a solitary pelvic bone metastasis, con-
firmed by biopsy.”” This study illustrates the potential utility
of SSTRs-PET as a useful imaging modality for early detec-
tion and treatment in these patients.

PET Imaging of Cell Proliferation Rate

Rapid and uncontrolled cell proliferation is the primary hall-
mark of cancer and usually indicative of tumor aggressiveness,
and is thus considered an important biomarker for tumor
prognosis. FDG is not considered a cell proliferative tracer,

and its uptake reflects not only cell proliferation, but other
molecular mechanisms and cellular components with the
most important being expression of GLUT-1 and hexokinase,
number of viable tumor cells, microvessel density, and pres-
ence of inflammatory cells.”® Several DNA precursors have
been investigated for imaging the rate of cell proliferation, the
most widely used being 3-Deoxy-3-['®F]fluorothymidine
(FLT), a pyrimidine analogue of the naturally occurring nucle-
oside thymidine. The cellular uptake of FLT occurs through a
combination of passive diffusion and facilitated transport by
type 1 equilibrate nucleoside transporters (ENT1).”"** Thus,
FLT accumulates in proliferating tissues and malignant
tumors, but is only minimally incorporated into DNA (<2%);
therefore, it is not a direct measure of cell proliferation. In vitro
studies indicated that FLT uptake is closely related to TK1
activity and respective protein levels, and is therefore consid-
ered to reflect TK1 activity and, hence, S-phase fraction rather
than DNA synthesis. Potential limitations of FLT are high
bone marrow and liver activity, possible early increase of
uptake with some cytostatic agents, and false-negative results
in tumors that mainly depend on the de novo thymidine syn-
thesis pathway.””" Furthermore, it has been shown that FLT
is a less sensitive diagnostic tool due to its lower tumor-
to-nontumor uptake ratios compared with FDG; but has been
proposed as a useful tool in monitoring response to therapy,”’
however, validation with larger clinical studies is required.

PET Imaging of Cell Proliferation Rate in Cervical
Cancer

Although concurrent chemoradiotherapy is the standard
treatment for bulky or locally advanced cervical cancer, it
increases the incidence of hematologic toxicity.”*”” A pro-
posed strategy for reducing hematologic toxicity in cervical
cancer patients is to identify active bone marrow within the
radiation field in order to avoid/decrease radiation to these
regions using an intensity modulation radiation therapyﬂ
(Fig. 3). McGuire et al studied 18 patients (six with cervical
cancer and twelve with head and neck cancers) and found
that by reducing the radiation dose to functional bone mar-
row, identified by FLT-PET, a higher proportion of patients
completed a full course of treatment and/or the overall toxic-
ity was reduced without compromising treatment planning
goals.”” In a recent small study,”® FDG and FLT uptake was
compared for detection of active bone marrow within the
pelvic bone for sparing during radiotherapy. While there was
a significant overlap between FLT and FDG results, FLT had
a higher interpatient consistency and tendency to identify
bone marrow. The authors concluded that despite agreement
between the tracers, FLT showed less individual variation
providing a superior imaging choice for bone marrow spar-
ring strategies. In summary, FLT has shown a promising role
in proliferative imaging in cervical cancer for bone marrow
sparing radiation planning.

PET Imaging of Cell Proliferation Rate in Endometrial
Cancer

Uterine leiomyomas are the most common benign neoplasms
arising from the smooth muscle layer of the uterus. The most
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Figure 3 Cervical cancer. Co-registered FLT-PET and CT images in transaxial (left), coronal (middle), and sagittal
(right) demonstrated FLT uptake in the bone marrow. Purple represents the lowest uptake and red the highest uptake.

Reprinted with permission.””

commonly used PET tracer, FDG, demonstrates increased
uptake in approximately 10% and 1.2% of leiomyomas in
premenopausal and postmenopausal women, respectively.”’”
FLT has been evaluated to differentiate malignant from
benign leiomyomas by Yamane et al.”® In their study of 15
patients (nine premenopausal and six postmenopausal), they
demonstrated that FDG and FLT have similar sensitivity
(100%) and negative-predictive value (100%) for malig-
nancy, while specificity, positive predictive value, and accu-
racy of FLT were higher than those of FDG. Specificity,
positive predictive value and accuracy were 90%, 83.9%,
and 93.3%, respectively for FLT and were 70%, 62.5%, and
80%, respectively for FDG. In addition, differences in SUV-
max between malignant and benign lesions were significant
for FLT (P < 0.01), but not for FDG. Moreover, FLT showed
better and significant linear correlation with the labeling
index of Ki-67 compared with FDG (R*=0.91,
P < 0.001 vs. R*=0.26, P=0.06) (Fig. 4). The study sug-
gests that negative findings on FDG-PET or FLT-PET may
rule out the possibility of malignancy for patients with sus-
pected leiomyosarcoma diagnosed by conventional MR
methods, which has important clinical implications, as
benign lelomyomas can resemble malignant tumors.

PET Imaging of Cell Proliferation Rate in Ovarian
Cancer

It has been shown that FDG-PET is more sensitive than con-
trast-enhanced CT in identifying primary tumors and metas-
tasis in ovarian cancer,””™" but suffers from limitations
including variable degree of FDG uptake in epithelial ovarian
carcinomas, and physiological uptake in the ovaries, most
commonly in corpus luteal cysts. In a small pilot study of
patients (n=6) with ovarian cancer who underwent FLT
before debulking surgery,”" higher FLT uptake in malignant
(mean SUV,,.x = 4.85, range 1.7-8.8) compared with benign
lesions (1.65, range 1.4-1.9) and normal ovarian tissue
(1.12, range 0.6-1.5) was noted. The mitotic index, as deter-
mined by Ki-67 staining, was higher in malignant lesions
(18.89, range 11.97-27.19) compared to benign (0.59, range
0.23-0.95) and normal tissue (0.45, range 0.06-1.20). The
authors found higher TK-1 expression in malignant (35.52,
range 5.21-106.62) compared to benign lesions (8.71, range
4.74-12.67) and normal ovarian tissue (9.79, range 0.85-
39.46). The authors noted an increasing trend between FLT
uptake and Ki-67 mitotic index in malignant lesions.

The role of FLT has also been evaluated to predict
response to treatment in several types of cancers.”” """’
These studies demonstrated reduction in cell proliferation
rate that preceded changes in tumor volume. In a small study
(n = 3) of recurrent ovarian cancer patients treated with gem-
citabine-based chemotherapy, tumor FLT uptake decreased
earlier than the FDG uptake and was better correlated with a
reduction in tumor size, as measured by subsequent CT.*’

The mammalian target of rapamycin (mTOR) plays a cen-
tral role in regulating cell growth and proliferation. The
mTOR inhibitor everolimus has been shown to inhibit
human ovarian cancer cell growth, enhance the effect of cis-
platin, and delay tumor progression in an ovarian cancer
xenograft model.™ The ability of FLT was evaluated for mon-
itoring early response to treatment with everolimus in an ani-
mal model of cisplatin-resistant ovarian tumor. The reduced
FLT uptake appears to occur early and precede tumor vol-
ume response. The authors concluded that early treatment
monitoring by FLT may provide an important diagnostic
tool in future preclinical or clinical trials evaluating treatment
of cisplatin-resistant ovarian tumors by mTOR inhibitors."”

Further studies are needed to determine whether FLT is
specific enough to distinguish between malignant and benign
lesions, to assess its role in treatment planning, and to serve
as an early biomarker of response to therapy in genealogical
cancers.

PET Imaging of Tumor Hypoxia

It is well-known that hypoxic cells are more resistant to radi-
ation than well-oxygenated cells. Radiotherapy may fail to
achieve local control due to the presence of tumor hypoxia
(pO2 <10 mm Hg), which decreases the availability of oxy-
gen free radicals necessary to induce sufficient DNA damage
to cause cell death. There is also evidence that hypoxia
increases resistance to chemotherapy, likely related to
decrease in proliferating cells since most anticancer drugs are
most effective against rapidly proliferating cells. Polaro-
graphic oxygen electrodes are considered to be the gold stan-
dard for detection of hypoxia. However, this technique is
invasive, technically difficult to perform, evaluates only read-
ily accessible lesions and is sample dependent, and thus, can-
not readily address tumor heterogeneity, an important
feature of solid tumors. The PET imaging of hypoxia has sev-
eral advantages compared with the polarographic oxygen
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Figure 4 (A) Leiomyoma. Maximum-intensity reprojection and transaxial PET images fused with MRI acquired with
FLT (a) and FDG (b), and Ki-67 immunohistochemical staining (c). These images show no apparent FES uptake
(SUVpax 0f 1.8), but high FDG uptake (SUV,x of 14.8) in the leiomyoma. The Ki-67 labeling index was low (1.7%).
(B) Leiomyosarcoma. Maximum-intensity reprojection and transaxial PET images fused with MRI acquired with FLT
(a) and FDG (b), and Ki-67 immunohistochemical staining (c). The images show increased FLT uptake (SUVay Of
3.9) and FDG uptake (SUVy,ax 0f 6.5). The Ki-67 labeling index was high (53.4%). Reprinted with permission.38

electrode probe and can directly address intratumoral hetero-
geneity. Alternative noninvasive methods such as PET imag-
ing allow for serial evaluations and can evaluate the entire
tumor, addressing tumor heterogeneity. In addition, it can
evaluate multiple lesions throughout the body, even areas
inaccessible to probe insertion. There are essentially two
groups of hypoxia PET tracers, fluorine labeled nitroimida-
zoles and copper labeled diacetyl-bis(N4-ethylthiosemicarba-
zone) (ATSM) analogues. Hypoxia imaging with PET is based
mostly on '®F-labeled 2-nitroimidazole compounds, which
covalently bind to cellular macromolecules in hypoxic condi-
tions as a result of multistep intracellular electron reduction
of the parent compound. When hypoxia is present, further
reductive metabolism gives rise to more or less stable intra-
cellular hydroxylamine derivatives, which are trapped intra-
cellularly and can be detected with PET."*

The main limitations of the 2-nitroimidazoles tracer class
are relatively low uptake within the tumor and the slow accu-
mulation in hypoxic tissues showing no hypoxia-specific sig-
nal until several hours postinjection, thus, making successful
evaluation of hypoxic lesions a challenge. '®F-fluoromisoni-
dazole (FMISO) is the most widespread nitroimidazole com-
pound used for hypoxia imaging. The tracer is highly

lipophilic, which facilitates its diffusion across cell mem-
branes but results in slow clearance of the tracer from nor-
moxic tissue, making the tumor-to-blood ratio rather low.
Therefore, long intervals between tracer injection and imag-
ing, usually greater than 2 hours, are required for optimal
discrimination between hypoxia and normoxic tissue.”’ Sev-
eral other nitroimidazol hypoxia compounds including ['°F]
FETA, ['®FIFAZA, ['®F]FETNIM, ['®F]EF1, ['®F]EF3, and
['®F]EF5 have been developed in hopes of addressing limita-
tions of FMISO.

Cu-ATSM is part of the dithiosemicarbazones group, and
demonstrates some pharmacokinetic advantages compared to
nitroimidazoles. Cu-ATSM has faster pharmacokinetics allow-
ing imaging earlier after injection compared with FMISO
(30 minutes after injection for Cu-ATSM vs. 2-4 hours for
FMISO). Additionally, the different radioisotopes of copper
used to label ATSM provide a great deal of versatility: [*°Cu]
(t1/2 =23.4 min, B+=81%), [°'Cul (t1/2=3.4 h, B+=062%),
[°*Cu] (t1/2=9.7 min, B+=97.5%), and [**Cu] (t1/2=12.7
h, B+=17%, ;3—=40%).48 5*Cu-ATSM is the most com-
monly used copper isotope with a half-life of 12.7 hours,
which makes it well-suited for PET studies. This radiotracer
has been studied as both a diagnostic and therapeutic
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radionuclide given its' unique decay prolife (B+: 18%,
B—: 38%, and electron capture: 44%). The PET images of
©*Cu-ATSM are of very high quality since it has a S+ maxi-
mum energy of 0.66 MeV, similar to '°F of 0.63 MeV." The
utility of FMISO and Cu-ATSM for selecting the most appro-
priate treatment plan and improving patient outcomes has yet
to be established.

PET Imaging of Hypoxia in Cervical Cancer

Tumor hypoxia is an important feature of cervical cancer.
Multiple studies using intratumoral pO2 demonstrated
hypoxic changes in about half of the cervical cancer
patients.”” " These studies demonstrated that patients with
nonhypoxic tumors have better prognosis than those with
hypoxic tumors.” Although the hypoxia imaging tracer,
FMISO, has proven useful in the assessment and prediction
of outcome of different cancers, there are only a small num-
ber of studies in cervical cancer. In a small longitudinal,
multiparametric MRI and PET study of patients with cervi-
cal cancer (n=13), Georg et al”® observed that the topo-
graphic location of hypoxic subvolumes, as assessed by
FMISO, changed during radiotherapy. The variation in hyp-
oxic regions during the treatment course may indicate the
necessity of dose adjustment and a more personalized treat-
ment approach during therapy. A pilot study of patients
(n=16) with cervical cancer that underwent MRI, FMISO-
PET, and/or FDG-PET demonstrated that all tumors
displayed imaging characteristics concordant with cervix
cancer with morphologically visible tumor on MRI and
increased FDG and FMISO uptake.’® In all patients, the
extent of hypoxia by FMISO was independent of tumor vol-
ume. In the 11 patients with complete imaging data sets, a
voxel-by-voxel analysis showed only weak correlations
between the MRI, FDG, and FMISO parameters, indicating
that each imaging biomarker provides complementary
information on tumor biology and heterogeneity that may
be used to improve management of these patients.

The radiotracer FAZA is a second generation 2-nitroimida-
zole with superior pharmacokinetics compared to FMISO,
providing an improved tumor-to-background ratio.”” Its
major disadvantage is its elimination via the urinary system,
resulting in high tracer activity in the ureters and bladder,
which makes delineation of tumor sites adjacent to the uri-
nary system difficult. The feasibility of FAZA was evaluated
by Schuetz et al’® in patients (n=15) with cervical cancer
before, during and after combined radiochemotherapy and
MRI-guided brachytherapy. Five patients had increased
tumor uptake of FAZA prior to radiochemotherapy and four
patients before brachytherapy. One of the five patients with a
FAZA positive scan had incomplete remission 3 months after
radiotherapy and one had regional recurrence. Four of the
10 patients with FAZA negative scans developed distant
metastases. The authors concluded that FAZA imaging was
feasible, however, its predictive and prognostic value in cer-
vical cancer remains to be clarified. A more recent study’” of
27 patients with cervical cancer presented encouraging
results with hypoxia volume detected with FAZA-PET in the

Figure 5 Cervical cancer. Transaxial MRI (left) and FAZA-PET (right)
images before therapy (A-B) and during radiotherapy (C-D) in a
patient with FIGO stage IIb cervical cancer. Arrows indicate the
tumor on the MRI and the hypoxic areas within the tumor.
Reprinted with permission.”®

majority of cervical tumors and the extent of hypoxia varied
markedly between tumors (Fig. 5).

Vercellino et al® evaluated FETNIM for imaging hypoxia
in cervical cancer, and compared its uptake with FDG in a
small number of patients. The authors reported that high
FETNIM uptake (tumor-to-muscle ratio >3.2) and high hyp-
oxia marker values (osteopontin levels >144 ug/L) were
associated with worse prognosis, shorter progression-free
interval and lower overall survival (OS). The authors found
no significant correlation between FETNIM uptake, FDG
uptake or blood levels of osteopontin. FETNIM tumor
uptake was difficult to discriminate from adjacent normal
soft tissues, limiting its use in defining the hypoxic volume.
Furthermore, furosemide was needed to reduce the image
artifact related to high urine activity within the urinary blad-
der and improve image quality.

One of the promising agents currently under study for
imaging of hypoxia is Cu-ATSM. Cu-ATSM is a neutral lipo-
philic molecule with high cell membrane permeability and,
thus, diffuses readily from the bloodstream to surrounding
cells. Inside the cell, it undergoes reduction only in hypoxic
cells and becomes trapped within those cells, but washes out
rapidly from normoxic cells without any change. Cu-ATSM
is insignificantly excreted by the urinary tract, which makes
it ideal for the evaluation of pelvic organs. The most com-
monly used, °Cu-ATSM and **Cu-ATSM, provide favorable
tumor-to-background ratio.

Dehdashti et al®" demonstrated that the pretreatment
tumor hypoxia assessed by “°Cu-ATSM in patients (n = 14)
with advanced cervical cancer is predictive of response to
subsequent therapy. Tumor °°Cu-ATSM uptake was
inversely correlated with progression free survival (PFS) and
OS. An arbitrarily selected tumor-to-muscle uptake (T/M)
ratio of >3.5 discriminated hypoxic tumors from normoxic
tumors, and tumors likely to develop recurrence. There was
no significant difference in tumor FDG uptake between
patients with hypoxic tumors and those with normoxic
tumors. In addition, tumor FDG uptake did not correlate
with °Cu-ATSM uptake (r=0.04; P= 0.80). These findings
later were confirmed in a larger number of patients with
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advanced cervical cancer.’” Thirty-eight women with biopsy-
proved cervical cancer underwent °°Cu-ATSM before the ini-
tiation of radiotherapy and chemotherapy. The study con-
firmed PFS and cause-specific survival were significantly
better in patients with a S9CU-ATSM T/M of <3.5 (P =0.006
and P =0.04, respectively). The 3-year progression-free sur-
vival of patients with normoxic tumors (T/M of <3.5) was
71%, and that of patients with hypoxic tumors (T/M of
> 3.5) was 28% (P=0.01). The T/M threshold of 3.5 was
the best discriminator of patients likely to develop a recur-
rence from those unlikely to develop a recurrence. Similarly,
no correlation was seen between tumor FDG uptake and
©°Cu-ATSM uptake. In addition, there was no significant dif-
ference in tumor FDG uptake between patients with hypoxic
tumors and those with normoxic tumors (P=0.9). The
authors concluded that pretherapy “°Cu-ATSM provides
clinically important information about tumor oxygenation
that was predictive of outcome in this patient population.

In a subsequent study,”” °°Cu-ATSM was compared with
“*Cu-ATSM in patients with cervical cancer. The authors
demonstrated that image quality with ®*Cu-ATSM was better
because of lower noise. In addition, they found that the pat-
tern and magnitude of tumor uptake of “°Cu-ATSM and
©*Cu-ATSM on studies separated by 1-9 days were similar.
Recently, a multicenter trial (ACRIN 6682) with *Cu-ATSM
in patients with cervical cancer to confirm its role in predict-
ing prognosis has been completed and the data is under eval-
uation. Representative images of a patient undergoing ot
Cu-ATSM-PET/CT are illustrated in Figure 6.

Grigsby et al”* evaluated the association of “°Cu-ATSM
uptake with the expression of hypoxia-related tumor molec-
ular markers: vascular endothelial growth factor (VEGF),
cyclo-oxygenase-2, epidermal growth factor receptor
(EGFR), carbonic anyhdrase IX (CA-9), and apoptotic index
in patients (n =15) with cervical cancer. The authors found
that overexpression of tumor molecular markers and

apoptosis occurred in patients with hypoxic tumors. In addi-
tion, a significant correlation between °°Cu-ATSM uptake
and the clinical presence of FDG positive lymph nodes was
noted (6/6 hypoxic patients vs 3/9 normoxic patients,
P=0.0098).

PET Imaging of Angiogenesis

Angiogenesis, the formation of new blood vessels, is of criti-
cal importance for tumor growth and metastasis, and has
been targeted for imaging for tumor diagnosis, and assess-
ment of treatment response. The process of angiogenesis is
multifaceted controlled by numerous important pathways
including VEGF, the platelet derived growth factor, the fibro-
blast growth factor, and tyrosine kinase inhibitors.®” Exam-
ples of angiogenesis imaging biomarkers are integrin and
vascular endothelial growth factor receptor 2. In view of cur-
rent antiangiogenic treatment strategies, the noninvasive
visualization and characterization of tumor angiogenesis are
very desirable.

PET Imaging of Angiogenesis in Ovarian Cancer

VEGF has been implicated in angiogenesis and tumor pro-
gression in epithelial ovarian cancer,””°” and directly corre-
lated with the extent of disease and inversely with PFS.%%%”
Therapies targeting antigenic pathways in ovarian cancer
have been explored, and their therapeutic value is under
evaluated. In the meta-analysis of 12 studies of antiangio-
genic agents in ovarian cancers,’’ the overall analysis
revealed that antiangiogenesis therapies (Bevacizumab, Tre-
bananib, Pazopanib, Cediranib, and Nintedanib) were signif-
icantly associated with improvements in PFS (hazards ratio,
0.66; 95% confidence interval, 0.58-0.75; P < 0.01) and
OS (hazards ratio, 0.89; 95% confidence interval, 0.82-0.97;
P = 0.01) in the total population. However, VEGF-directed
therapies in epithelial ovarian cancer with bevacizumab, a

Figure 8 Cervical cancer. Pelvic MR (upper) and fused ®*Cu-ATSM-PET and MR images (lower). Sagittal T2-weighted
(A), sagittal T1-weighted postcontrast (B) and transaxial T2-weighted (C) images. Fused 5*Cu-ATSM-PET with same
sequences MR images (D-F) in a 33-year-old woman with newly diagnosed squamous cell carcinoma of the cervix.
The images demonstrate a °“*Cu-ATSM avid mass centered within the anterior cervix, which extends to and involves
the lower third of the uterine body (white arrows) invading the posterior bladder wall by the mass (black arrows).

Avid lymphadenopathy is also noted (arrow heads).
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humanized anti-VEGF monoclonal antibody, and pazopanib,
a VEGF receptor tyrosine kinase inhibitor were not associ-
ated with improvements in OS and PFS benefit was limited.
Furthermore, patients with recurrent ovarian cancer derived
greater OS benefit from the antiangiogenesis therapies. The
authors raised the possibility of using specific biomarker sig-
natures to stratify patients with ovarian cancer according to
the expected benefit of antiangiogenesis therapy. Radiola-
beled bevacizumab has been used to visualize and quantify
VEGF-A using the PET isotope, *Zr-bevacizumab, in xeno-
graft model of ovarian cancer.”' While preclinical studies are
promising as an early predictive biomarker for bevacizumab
efficacy, 8971 bevacizumab has not been tested in ovarian
cancer patients.

PET Imaging of Poly(ADP-ribose) Polymerase

The nuclear enzyme poly(ADP-ribose) polymerase 1 (PARP-
1) is the most abundant isoform of the PARP enzyme family,
and plays a crucial role in cell signaling, DNA damage
response, and modulates a variety of other important biologi-
cal pathways. The therapeutic potential of PARP inhibitors
are being explored for cancer treatment since they enhance
the effect of anticancer drugs and decrease angiogenesis. Poly
(ADP-ribose) polymerase inhibitors (PARPi) are a promising
group of drugs for treatment of epithelial ovarian cancer;
however, the response to PARPi therapy is variable, and tools
for predicting patient response are limited. Current methods
to determine PARP-1 expression are based on immunohistol-
ogy which requires invasive procedures by biopsy or surgery
to obtain tumor specimens. The immunohistochemistry of
PARP-1 has been shown to be highly variable in patients
with ovarian,’? breast,”” and prostate cancer,”t and yield
mixed results in regard to prognosis and outcome. Therefore,
there is a need for a biomarker capable of assessing PARP-1
in vivo that could enable patient selection for PARPi therapy.

PET Imaging PARP in Ovarian Cancer

['8F]FluorThanatrace (['®F]FTT) is a radiolabeled small-
molecule PARPi that has shown to correlate with PARP-1
expression through a receptor-ligand.””"” In addition, simi-
lar correlation with PARP-1 expression has been found with
[12°1]KX1, an iodinated analogue of [*®FIFTT.”°Ina stucly,77
Makvandi et al quantified PARP-1 expression in primary
ovarian and metastatic disease (n = 20) using ['°F|FTT. They
found a spectrum of tumor ['*F]FTT uptake and PARP-1
expression by fluorescent immunohistochemistry (f-IHC)
and ['*’I]KX1 autoradiography, demonstrating direct evi-
dence for the wide range of PARP-1 expression in ovarian
cancer. The authors reported positive correlations between
PARP-1 f-IHC and ['®F]FTT uptake (r*=0.60, r=0.77) and
PARP-1 f-IHC and ["*’IIKX1 autoradiography (1*=0.79,
r=0.89). There was no correlation between FDG and ['°F]
FTT, PARP-1 f-IHC, or ['*’I]KX1 autoradiography, support-
ing distinct and different molecular imaging targets for ['°F]
FTIT and FDG, and suggesting that FDG and FFT provide
different and complementary information. Additional studies
are needed to further evaluate ['®F]FTT as a biomarker to

stratify patients for PARPi therapy and assess its effectiveness
in patients with ovarian cancer.

Summary

The role of FDG in the evaluation of gynecological tumors
has been well-established and described by other authors in
this special issue. This chapter provides an overview
of non-FDG PET tracers, targeting various biological
metabolic processes in gynecological cancers. Given the
expected advances in targeted therapy and precision medi-
cine, we anticipate witnessing the use of a wide range of
novel radiotracers in these patients to unravel the molecu-
lar, genetic and clinical phenotype complexities involved in
disease progression, leading to better identification of more
effective prognostication and targeted therapies. Future
investigations are needed to further evaluate clinical appli-
cations of these novel non-FDG tracers and determine their
benefit in gynecological cancers.
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