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Abstract

Objective Early and accurate staging of ovarian cancer is paramount to disease survival. Conventional imaging includ-
ing FDG PET/CT are limited in the evaluation of small metastatic lesions. 18F-Fluciclovine has minimal urine and bowel
excretion allowing optimal visualization of the abdomen and pelvis. This study examines 18F-fluciclovine uptake in known
primary and recurrent ovarian cancer.

Methods Seven patients with a confirmed diagnosis of epithelial ovarian cancer underwent 18F-fluciclovine PET/CT imag-
ing. Forty-one (41) lesions were identified with 18F-fluciclovine and confirmed to be true positive (n = 41). We aim to explore
if 18F-fluciclovine uptake in ovarian lesions were greater than background uptake of bone marrow, blood pool, and bladder.
Quantification analysis was performed to determine max and mean standard uptake values (SUVmax and SUVmean) of
known and suspected lesions compared to SUVmean uptake of background structures.

Results 18F-Fluciclovine demonstrated 100% sensitivity (41/41) for uptake in known ovarian lesions. The average SUVmax
(+SD) uptake of known ovarian lesions was 5.9 (+2.6) and 5.1 (+2.0) on early and delayed images, respectively. The average
tumor SUVmax to SUVmean of background (+SD) (T:B) ratios on early and delay were 1.9 (+0.8), 2.1 (£0.9) for marrow;
3.8 (+1.8), 3.4 (£1.5) for aorta; and 8.4 (+4.3), 1.5 (+1.7) for bladder, respectively.

Conclusion 18F-Fluciclovine uptake in malignant ovarian lesions was above background levels suggesting its feasibility in
the imaging of ovarian cancer. Due to increasing tracer washout via the urinary bladder over time, early imaging at 4 min
post injection is favorable.
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Introduction computed tomography (CT), and magnetic resonance imag-

ing (MRI). Although CT is predominantly used for stag-

Ovarian cancer ranks fifth in cancer deaths among women,
accounting for more deaths than any other cancer of the
female reproductive system [1]. Accurate evaluation of neo-
plastic involvement is vital for optimal treatment selection
for any cancer which often utilizes imaging. Ovarian can-
cer initial staging and restaging according to the V5.2022
NCCN guidelines is predominantly performed with the
use of conventional imaging (CI), such as ultrasound (US),
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ing, it may have low sensitivities in the detection of small
peritoneal metastatic lesions and often may underestimate
patients with diffuse disease who may benefit from neoad-
juvant chemotherapy [2]. Final staging of ovarian cancer
is still performed by surgery, known as debulking/staging
laparotomy [3-6]. An FDG PET/CT is primarily reserved
as a problem-solving tool for indeterminate lesions on CI
when it may alter management [3]. Although many publica-
tions suggest that FDG may be superior to CI, it is yet to be
incorporated into the guidelines as an early staging/restaging
modality [7-10]. The limited use of FDG PET/CT for initial
and restaging may be due to false-positive tracer uptake in
benign inflammatory structures (uterine fibroids and reac-
tive lymph nodes), benign ovary lesions, and physiologi-
cal (uterus, bladder, and loops of bowel) processes, which
may lower tumor to background ratios. False negatives are
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associated with low cellular mucosal lesions with minimal
FDG uptake [7]. As clinical practice is progressing into pre-
cision medicine, it is important to improve the diagnostic
performance of imaging in GYN cancer. Hence, it is essen-
tial to evaluate the use of alternative molecular pathways
within ovarian lesions with the use of amino acid analogs.

Amino acids are the building blocks for protein and
are essential for cell metabolism and proliferation. Amino
acids enter the cell via amino acid transporters (AAT),
which are often upregulated in various cancer cells [11]. In
prostate cancer cells, large neutral amino acid transporters
(systems L: LAT1, LAT3, and LAT4) and alanine-serine-
cysteine transporters (systems ASC: ASCT1, ASCT2) are
overexpressed [12—14]. In ovarian cancer, LAT1 is highly
expressed, and its overexpression is an independent fac-
tor for predicting poor overall survival [15, 16]. Although
ASCT?2 is an important glutamine transporter that is often
overexpressed in many types of malignancies, its role in
epithelial ovarian cancer is unclear [17].

A literature review using amino acid tracers in GYN malig-
nancies is limited. A single study with naturally occurring
amino acid 11C-methionine demonstrated promising results
in ovarian cancers with 7/7 (100%) tracer uptake in malig-
nant lesions. The study concluded that ovarian cancers could
be effectively imaged with 11C-methionine PET scans [18].
Although imaging with 11C-methionine was promising, the
use of naturally occurring labeled amino acids is not optimal for
imaging because of increased metabolites in nontarget organs.

18F-Fluciclovine is a synthetic amino acid, and unlike
11C-methionine, it will not be metabolized. Therefore, 18F-flu-
ciclovine has great potential to demonstrate better target to
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background ratios in malignant ovarian lesions. 18F-Fluci-
clovine PET tracer was approved in May 2016 by the Food
and Drug Administration (FDA) for prostate cancer imaging.
Unlike the glucose analog FDG, 18F-fluciclovine has minimal
to no early renal excretion and bladder accumulation [19-21]
(Fig. 1). 18F-Fluciclovine has proven highly effective in identi-
fying indolent prostate cancer recurrence in small pelvic lymph
nodes and demonstrated high performance in detecting local
recurrence within the prostate bed [19, 21-23]. 18F-Fluciclo-
vine is not a prostate-specific radiotracer and has been inves-
tigated in several other malignancies, including brain, breast,
and lung, with promising results [24]. Consequently, we believe
18F-fluciclovine may have an application in the imaging of
GYN cancers. To our knowledge, this is the first research evalu-
ating 18F-fluciclovine uptake in ovarian cancer.

In this study, we aimed to assess the uptake of 18F-fluci-
clovine in known ovarian lesions over time (primary aim) in
a similar method used to evaluate prostate cancer. Similarly,
we aimed to define the optimal imaging time with the high-
est tumor to background ratios (secondary aim).

Methods

This prospective observational trial was aimed to evaluate
the uptake of 18F-fluciclovine in PET/CT imaging of GYN
cancers. The study included three arms: ovarian, cervical,
and endometrial cancers. Each arm was analyzed separately
to explore 18F-fluciclovine uptake in GYN malignancies.
The ovarian arm will serve as the scope of this paper.

@ Springer



Molecular Imaging and Biology (2024) 26:45-52

47

Patient Selection

Seven patients with a median age (range) of 61 (42-70) and
a confirmed diagnosis of epithelial ovarian cancer (1/7 pri-
mary, 6/7 recurrence) were evaluated in this study (Table 1).
Inclusive criteria included patients with a confirmed diag-
nosis of ovarian cancer (biopsy-proven and/or scheduled for
subsequent surgery). Patients with systemic chemotherapy
in the past 3 months were excluded.

Image Protocol

The patients underwent PET/CT imaging on a Philips Inge-
nuity 64 Slice TOF PET/CT scanner. Each patient was posi-
tioned supine on scanner table with arms above head, if pos-
sible. A CT scan from the mid thighs to skull base (80-120
mA; 120 kVp) was acquired followed by an injection of 10
mCi (£20%) of 18F-flucicolvine diluted in up to 10 mL of
normal saline. Injection of the 18F-fluciclovine was admin-
istered via a venous catheter in the right arm to avoid the
appearance of residual tracer uptake in the venous system,
which could interfere with the visualization of the left supra-
clavicular lymph node (Virchow’s node). 18F-Fluciclovine
PET images were acquired at 3 min per bed with 6 bed posi-
tions for a total of 18 min per scan. Imaging was done from
distal thighs to skull base at dual-time points: early imaging
(4-22 min) and delayed imaging (24—42 min).

Image Interpretation

Image quantification, qualification, and interpretation were
completed by a single, board-certified nuclear medicine
physician with more than 10 years of experience evaluating
18F-flucicolvine PET/CT scans. Images were reconstructed
with iterative technique and interpreted on Hermes (Hermes
Medical Solutions, Stockholm, Sweden) fused software. An
exploratory analysis of SUVmax and SUVmean of malignant,
benign, and background regions of interest (ROI) was per-
formed on the early and delayed images. Suspicious lesions
were defined as PET positive if uptake was equal to or higher
than that of the bone marrow. For lesions smaller than 1 cm,

Table 1 Ovarian cancer patients’ age and histopathology

ID Age Disease Histology

01 42 Primary Poorly differentiated carcinoma
02 66 Recurrence Adenocarcinoma

03 70 Recurrence Serous adenocarcinoma

04 63 Recurrence High-grade serous carcinoma
05 58 Recurrence Serous adenocarcinoma

06 70 Recurrence High-grade serous carcinoma
o7 59 Recurrence Serous adenocarcinoma

positivity threshold was lowered due to partial volume arti-
fact and lesions were defined as positive when uptake was
significantly above blood pool and approaching marrow. This
approach to image interpretation is consistent with 18F-fluci-
clovine reading guidelines and prior studies [25, 26].

Time-Activity Curves and Quantitation Analysis

Lesion ROIs were visually defined by the interpreter. Back-
ground ROI structures included the liver (3D ROI contoured
on segments 6/7), bone marrow (ROI contoured to include
all L3 vertebral body), blood pool (2D ROI within the aortic
lumen, just above the bifurcation), and urinary bladder (ROI
contoured to include all bladder lumen). The lesions ROI
were contoured to include the entire soft tissue. SUVmax
and SUVmean values were plotted into time activity curves
including early and delayed time points to examine the char-
acteristics of uptake in known malignant ovarian lesions in
relation to benign background (T:B ratios) and tracer urinary
excretion over time.

Truth Verifications

The primary method of truth verification of positive lesions
identified by 18F-fluciclovine PET/CT was histology.
Patients with history of histologically confirmed epithelial
lesions with biochemical recurrence (elevated CA-125) and
abnormal CT or MRI for metastatic disease (M1) did not
require additional biopsies, and verification was defined
based on clinical imaging presentation and original biopsy.
For lymph node (N) and primary lesions (T) verification,
histology confirmation was used. All patients were followed
for 6 months after 18F-fluciclovine images. Any post-imag-
ing biopsies performed as per standard practice contributed
to the aim of the study.

Results
PET Findings

18F-Fluciclovine PET/CT images in 7 women (1 primary,
6 recurrence) demonstrated 100% sensitivity. Overall, 46
lesions were defined as malignant. Of the 46 suspicious
lesions evaluated in the ovarian cancer patients, 41 had
truth verification and were defined as true positive. A
total of 5 lesions (suspected lymph nodes) could not be
verified due to lack of biopsy. Among the 41 verified
positive lesions, 2 lesions were within the ovaries and
39 were metastatic lesions. Of the 39 metastatic lesions,
16 were abdominal implants, 3 were liver lesions, 6 were
lung nodules, 8 were bone lesions, and 6 were metastatic
lymph nodes.
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Time Activity Curve of 18F-Fluciclovine Uptake
in Malignant Lesions in Relation to Background
Structures and Urine Excretion

Uptake over time for the 41 verified positive malignant
lesions, background liver, marrow, and blood pool demon-
strated a down sloping time activity curve from early (4 min)
to delay (42 min) images. Despite the down sloping curve,
uptake within the malignant lesions was persistently higher
compared to marrow background. The tumor average SUV-
max (+SD) uptake was 5.9 (£2.6) and 5.1 (2.0) on early
and delayed images, respectively (Fig. 2). The average back-
ground SUVmean (+SD) on early and delay images were
8.9 (£2.6), 8.7 (£2.7) for liver; 3.2 (£0.7), 2.5 (x0.5) for
marrow; and 1.7 (£0.4), 1.5 (+0.4) for aorta. Uptake within
the bladder increased significantly over time and approached
tumor uptake on delay images with SUVmean (£SD) of 0.7
(£0.3) on early imaged and 5.2 (+3.6) on delay.

Time Activity Curve of Tumor SUVmax
to Background SUVmean Ratio

The average tumor SUVmax to background SUVmean; T:B
(£SD) ratios on early and delay images were 1.9 (£0.8), 2.1
(+0.9) for marrow and 3.8 (+1.8), 3.4 (+1.5) for aorta, respectively.

Tumor to bladder uptake ratio decreased over time due to increased
tracer washout via the bladder on delay images. T:B were 8.4
(+4.3) on early images and 1.5 (+1.7) on delay (Fig. 3).

Discussion

Ovarian cancer initial staging and restaging according to
the V5.2022 NCCN guidelines is predominantly performed
with the use of CI. An FDG PET/CT is primarily reserved
as a problem-solving tool for indeterminate lesions on CI
when it may alter management [1]. Although FDG PET
literature review suggests it has a higher diagnostic per-
formance compared to CI, its clinical benefit as first-line
modality was not yet achieved and is likely attributed to
high false positives [0, 7]. As clinical practice is progress-
ing into precision medicine with the recent FDA approval of
new cancer specific PET tracers [27-29], it is important to
improve the accuracy of ovarian cancer staging and restag-
ing by evaluating the use of molecular imaging targeting
different biological pathways in this malignancy.
18F-Fluciclovine is a synthetic amino acid analog that has
been widely used in patients with recurrent prostate cancer.
18F-Fluciclovine is primarily transported into the cell by amino
acid transposers which are upregulated in deferent malignan-
cies. LAT1 transport is upregulated in ovarian cancer [16].
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In this study, we set out to evaluate the uptake of 18F-flu-
ciclovine by ovarian epithelial cancer in patients with his-
tologically proven initial or recurrent disease. We aimed to
evaluate the uptake in malignant lesions and to compare it
to adjacent background tissue, in a similar methodology
used to investigate the use of 18F-fluciclovine in prostate
cancer [30]. We hypothesized that uptake on early and delay
images (4—-42 min post injection) will be higher than bone
marrow and blood pool. Delay tracer secretion by the urine
was evaluated to optimize imaging time for future cohorts.

In this cohort of 41 verified malignant lesions of ovar-
ian cancer, we found 100% sensitivity. Our results are sim-
ilar to C11-methione naturally occurring amino acid PET
tracer which reported 100% sensitivity (7/7) in patients
with ovarian cancer [18].

18F-Fluciclovine uptake to the cell via the amino acid
transporters is likely a 1:1 ratio; for every amino acid that
goes into the cell, one amino acid comes out. Therefore,
prior data on 18F-fluciclovine dosimetry in prostate cancer
reported on a down sloping time activity uptake from O to
60 min post injections [20]. Our cohort also demonstrated
similar results with a downsloping curve. Similar to prostate

cancer lesions, uptake within malignant ovarian lesions was
persistently higher than that of bone marrow or blood pool
at early and delay images (Figs. 2, 3) [19, 30].

18F-Fluciclovine normal excretion is mainly via the urine
and usually occurs at later imaging time. To optimize image
quality and mitigate overlapping of delayed bladder tracer
washout with pelvic lesions tracer uptake, it is recommended
to obtain the PET images at 4 min post injection and avoid
emptying the bladder prior to the exam [21, 25, 26]. In the
USA, the use of Foley catheter is not routinely performed
for PET imaging and was not evaluated as a method in this
cohort. In this study, we found a pattern of increasing delayed
urine tracer washout with overlapping uptake to that of the
tumor (24—42 min). The average of tumor to bladder ratio
on early 4 min post injection images was 8.1 and decreased
to 1.5 at 2442 min images. As such, optimal imaging time
will likely be similar to that of imaging in prostate cancer
(Figs. 4 and 5) [25].

18F-Fluciclovine delay time point images at approximately
24-42 min post injections are not commonly used in clinical
practice. However, delay imaging was reported to have a value
in increasing specificity of positive lymph node in patients
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with biochemical recurrence prostate cancer due to more rapid
washout in benign lesions compare to true malignant lesions
[19, 22]. This cohort set out to look at uptake within known
positive lesions only and the specificity of positive lesions
was not evaluated. In this cohort, 5/46 lesions with suspicious
uptake were lymph nodes with no histological verifications
and therefore excluded from this analysis.

Overall, our findings are promising, as this is among the
first cohorts to our knowledge to support the potential use
of a new molecular tracer such as 18F-fluciclovine to evalu-
ate patients whom standard of care imaging protocols are
limited. A recent exploratory study examines the potential
use of 68Ga-fibroblast activating protein (FAPI)-PET/CT in
gynecological malignancies. The study presented promising
results, with average SUVmax of 9.3 [31], where 18F-flu-
ciclovine in our study demonstrated average SUVmax of
8.9. The benefit of FAP over 18F-fluciclovine is the low
liver uptake for the evaluation of hepatic metastatic lesions.

Fig.4 Upper row: early images
(4-22 min). Lower row: delay
images (24-42 min). 18F-Fluci-
clovine PET/CT scan demon-
strates a significant increase in
tracer washout to the urinary
bladder over time

Co
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The main limitation of this study is the small cohort and
heterogeneity of its population. Our cohort included only 1/7
patient with initial staging. Hence, the majority of the proven
malignant lesions were metastatic recurrence and only one
patient had adnexal masses. As most patients with recurrent
ovarian cancer underwent hysterectomy, this cohort could
not evaluate the uptake of 18F-fluciclovine in benign fibroid
lesions or pre-menopausal uterine uptake [31]. As well in this
analysis we did not evaluate discrepancies of true positive
lesions on '®F-fluciclovine PET/CT with available CI, there-
fore the additional value of '8F-fulicilovine over CI will need to
be determined in a dedicated cohort. Despite its limitations, the
presented data is promising, with high tumor to background
ratios. We believe that this exploratory study should be exam-
ined in a large clinical trial to evaluate its potential clinical
use in patients with ovarian cancer. This preliminary data can
assist in the future design of a larger cohort to evaluate the use
of 18F-fluciclovine in patients with ovarian cancer.
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Fig.5 A 42-year-old female presented with suspicious ascites. A
CT scan demonstrated abnormal pelvic lesions suspicious for ovar-
ian cancer and revealed a pleural effusion. Biopsy confirmed a poorly
differentiated ovarian cancer. B, C Subsequent 18F-fluciclovine PET/
CT demonstrated intense uptake within the known pelvic masses as
well as pulmonary lesions (red arrows). Whole body early time point
images (B) demonstrate minimal bladder activity in comparison to
delayed time point images (C) with markedly increased tracer activ-

ity in the bladder (blue arrow). This could potentially obscure pelvic
lesions. Transaxial images demonstrate the abnormal pelvic findings
(D, G) as well two abnormal foci of 18F-fluciclovine uptake in the
chest compatible with pulmonary metastases (E, F, H, I). The pul-
monary lesions were not detected on the staging CT due to overlying
pleural effusion; however, they would demonstrate tracer uptake even
in the presence of one
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Conclusions

18F-Fluciclovine uptake in malignant ovarian lesions was
above background levels suggesting its feasibility in the imag-
ing of ovarian cancer. Due to increasing bladder activity over
time, early imaging at 4 min post injection is favorable.
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