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Prostate cancer is the second most common cause of malignancy among men, with bone
metastasis being a significant source of morbidity and mortality in advanced cases. Detect-
ing and treating bone metastasis at an early stage is crucial to improve the quality of life
and survival of prostate cancer patients. This objective strongly relies on imaging studies.
While CT and MRI have their specific utilities, they also possess certain drawbacks. Bone
scintigraphy, although cost-effective and widely available, presents high false-positive
rates. The emergence of PET/CT and PET/MRI, with their ability to overcome the limitations
of standard imaging methods, offers promising alternatives for the detection of bone metas-
tasis. Various radiotracers targeting cell division activity or cancer-specific membrane pro-
teins, as well as bone seeking agents, have been developed and tested. The use of
positron-emitting isotopes such as fluorine-18 and gallium-68 for labeling allows for a
reduced radiation dose and unaffected biological properties. Furthermore, the integration
of artificial intelligence (Al) and radiomics techniques in medical imaging has shown signifi-
cant advancements in reducing interobserver variability, improving accuracy, and saving
time. This article provides an overview of the advantages and limitations of bone scan using
SPECT and SPECT/CT and PET imaging methods with different radiopharmaceuticals and
highlights recent developments in hybrid scanners, Al, and radiomics for the identification
of prostate cancer bone metastasis using molecular imaging.

Semin Nucl Med 54:97-118 © 2023 The Author(s). Published by Elsevier Inc. This is an open
access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Following lymph nodes, bone metastasis becomes the second
most prevalent site of metastasis in prostate cancer, affecting
approximately 90% of individuals with advanced prostate
cancer.”” The tendency of prostate cancer cells to disseminate
throughout the skeleton is the primary source of morbidity and
mortality in prostate cancer patients.” Among all malignant
solid tumors, patients with prostate cancer are at the highest
risk of developing bone metastases, followed by patients with

Introduction

According to “Global Cancer Statistics 2022”, prostate
cancer is the second most common cause of malignancy
amongst men, with an annual incidence of 1.41 million.’
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lung, renal, or breast cancer. Similarly, the largest increase in
the occurrence of bone metastasis over ten years of follow-up is
observed in patients with prostate cancer.”

The axial skeleton is the most common location affected
by prostate cancer metastasis. Bone metastases may lead to
skeletal difficulties known as skeletal-related events (SREs),
such as pathological fracture, radiotherapy, surgery, spinal
cord compression, and hypercalcemia.” SREs in prostate can-
cer are very common, reducing the quality of life and wors-
ening survival.” The 5-year cumulative incidence of SREs is
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1.0% in patients with localized disease, 6.0% in patients with
locally advanced disease, and 42.3% in patients with meta-
static disease.” In prostate cancer patients with bone metasta-
ses, the 5-year survival rate is reduced to 33%.° In patients
with vertebral metastases, the median overall survival (OS)
appears to be 24 months, with an expected 1-year OS of
73%.° Based on these facts, it is crucial to detect and treat
bone metastasis in the early stages of prostate cancer to
improve the quality of life and survival of patients. Imaging
plays a central role in achieving this objective. Thanks to
advances in state-of-the-art imaging techniques and instru-
ments, an increasing number of cancer survivors are being
successfully diagnosed with bone metastasis.'’ Numerous
imaging modalities, including anatomical, and functional
approaches, are utilized in the evaluation of prostate cancer
bone metastasis, each with its own advantages and limita-
tions. According to the current European Association of
Urology (EAU) guidelines, one cross-sectional abdominopel-
vic imaging and a bone scan are recommended for metastatic
screening of intermediate and high-risk prostate cancer
paltients‘11

Computed tomography (CT) scan has relatively poor per-
formance in detecting bone metastases, as a considerable
amount of cortical destruction is required before bone lesions
become visible on CT, thus early metastases may go unde-
tected.'” Early seeding of metastatic cancer leads to bone
marrow edema, which can be effectively detected by mag-
netic resonance imaging (MRI). Limitations of MRI include
longer examination times compared to CT (pelvic MRI typi-
cally takes 20-30 minutes), limited availability of interpreta-
tion expertise, and the standard procedure’s limited field of
view, which may overlook metastases outside the imaging
area.'”

Bone scintigraphy (BS) has been widely used for detecting
bone metastasis in prostate cancer due to its advantages,
such as low cost, global availability, and the ability to per-
form whole-body examinations in a single imaging
session.' " However, it is associated with high false-positive
rates.” Whole-body bone single-photon emission computed
tomography/computed tomography (SPECT/CT) is a more
accurate method than planar BS for detecting bone metasta-
ses in cancer patients.'® SPECT/CT helps reduce superimpo-
sition from overlying activity, resulting in improved
anatomical localization and differentiation between benign
and malignant tissue. However, despite the assistance of
SPECT/CT, certain lesions may still remain equivocal.'’

Over the past 20 years, positron emission tomography/
computed tomography (PET/CT), using various radiophar-
maceuticals, has gained significant attention in the field of
oncology. Its ability to overcome many limitations of current
standard imaging methods'* makes PET a promising tool for
detecting prostate cancer bone metastasis. Numerous radio-
tracers have been developed and tested for identifying pros-
tate cancer bone metastasis, which can be categorized into
three subcategories. The first group includes imaging agents
used to detect cell division activity, such as radiolabeled cho-
line, acetate, fluorodeoxyglucose (FDG), and amino acids.
The second group consists of radiolabeled molecules

designed to target cancer-specific membrane proteins or
receptors, including ligands that bind to androgen receptors,
prostate-specific membrane antigen (PSMA), or gastrin-
releasing peptide receptors (GRPRs). Lastly, the third cate-
gory involves compounds specifically binding to bone metas-
tases, exemplified by radiolabeled sodium fluoride
(NaF)."®'” PET imaging tracers commonly employ Carbon-
11 (*!C), Fluorine-18 (*®F), and Gallium-68 (°®Ga) isotopes.
These positron-emitting isotopes have short half-lives (eg,
I8F [half-life (t,,), 109.8 minutes], ''C [t,», 20.4 minutes],
%8Ga [ty,,, 67.7 minutes]), which results in reduced radiation
dose for the patient. Moreover, the presence of ''C and '®F
in the imaging molecule does not affect its biological proper-
ties, such as the binding affinity to the intended target.' >

This article aims to review the role of bone scan versus
PET imaging, using different radiopharmaceuticals, in the
detection of bone metastasis in prostate cancer. It also briefly
mentions some of the most important advantages and limita-
tions of each modality as well as recent advancements in
imaging cameras. Additionally, considering the fact that the
application of artificial intelligence (AD) and radiomics in the
field of nuclear medicine has experienced significant growth
in recent years, assisting physicians in various aspects, such
as reducing interobserver variability, saving time and energy,
and increasing accuracy, we will provide an overview of
recent advancements in Al, radiomics techniques, and their
contribution to the identification of prostate cancer bone
metastasis using molecular imaging.

Planar Bone Scintigraphy

Planar Bone Scintigraphy Using **™Tc-
Diphosphonates

Planar bone scintigraphy using Technetium-99m (**™Tc)
diphosphonates remains one of the most commonly per-
formed nuclear imaging procedures. It offers the advantages
of total body examination, low cost, widespread accessibility,
and sufficient sensitivity. However, its specificity is low.”"**
Diphosphonate impersonates phosphate in bone mineral and
attaches to areas of active bone formation, particularly
around metastases where osteoblastic activity is prominent.
In some cases, BS can detect lesions that are not visible on
CT.'**’ According to recent EAU prostate cancer guidelines,
BS is the current standard imaging modality for evaluating
osseous metastatic disease in intermediate- and high-risk
prostate cancer.'' However, its specificity is limited. Many
benign bone conditions can mimic bone metastasis on this
imaging modality. Moreover, bone scintigraphy has inade-
quate sensitivity for early pathological changes involving
bone marrow.

According to several studies, the sensitivity and specificity
of bone scan ranged from 68.0% to 91.1% and 64.5% to
87.0%, respectively.””*" Simsek et al.”* evaluated the role
of BS in prostate cancer patients and reported sensitivity,
specificity, accuracy, positive predictive value (PPV), and
negative predictive value (NPV) as 91.1%, 64.5%, 73.1%,
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55.4%, and 93.7%, respectively, in patient-based analysis.
These findings indicate that while BS appears to have a rela-
tively good level of sensitivity and NPV for bone metastasis
detection, its most frequent challenge is the occurrence of
false-positive osteoblastic uptake caused by noncancerous
bone conditions. This issue may necessitate additional imag-
ing and result in a decline in diagnostic precision.'” False-
positive lesions in BS tend to be predominantly localized to
the vertebral column and ribs, as these areas exhibit benign
osteoblastic uptake due to various factors such as trauma or
benign degenerative changes.”

Additionally, the assessment of planar bone scan is highly
observer-dependent, and studies have shown moderate to
high interobserver variability using this modality.””* Two
decades ago, a quantitative measure known as the Bone Scan
Index (BSI), first described by Imbriaco et al.,”” was devel-
oped to increase the accuracy and interobserver agreement of
bone scan.”’ BSI represents the percentage of bone weight
affected by tumor to the entire skeleton mass and correlates
with OS.”" However, manual calculation of BSI is time-con-
suming and requires skilled readers, so initially, it was not
established in clinical applications. In 2013, a novel auto-
mated approach to calculate BSI was introduced by Ulmert
et al. and Kebotah et al.’>*> In the past decade, the increas-
ing implementation of Al and radiomics has led to the appli-
cation of these techniques in BSI calculation. The automated
calculation of BSI has proven to be highly beneficial, contrib-
uting to a substantial improvement in sensitivity and interob-
server agreement in bone scans.

Overall, planar bone scan is a relatively sensitive and low-
cost imaging modality widely used for the detection of bone
metastasis in prostate cancer patients. However, it exhibits
lower specificity, PPV and interobserver agreement.”’

The diagnostic performance, advantages, limitations, and
main applications of **™Tc-BS and SPECT/CT are depicted
in Table 1.

Single-Photon Emission
Computed Tomography

SPECT Using °™Tc-Diphosphonates

SPECT is complementary to planar bone imaging and may
assist in distinguishing benign and equivocal lesions, espe-
cially along the spine, and overcoming the low specificity of
planar bone scan. SPECT is more sensitive in detecting and
localizing vertebral lesions than planar imaging, with 20% to
50% increase in lesion detection.”””*”° The addition of
SPECT/CT to planar BS significantly increases specificity,
accuracy, and PPV.%° In this technique, three-dimensional
data provided by SPECT are combined with a low-dose CT
scan, resulting in improved localization as well as attenuation
correction.”’

Numerous studies have assessed the diagnostic accuracy of
BS with SPECT/CT for the detection of bone metastasis in
prostate cancer and compared it to newer functional imaging
procedures, such as PET scans. In a recent study by de Leiris

et al.”® bone scan with SPECT/CT showed a good perfor-
mance for bone metastasis detection in prostate cancer
patients with biochemical recurrence (BCR). The sensitivity,
specificity, PPV, and NPV of BS with SPECT/CT were 86.7%,
98.8%, 96.3%, and 95.5%, respectively. However, regardless
of its satisfactory performance, whole-body BS with SPECT/
CT did not provide any additional diagnostic information
over concomitant '°F-Choline (FCH) PET/CT in this study.”®
In a multicenter phase 3 trial in patients with high-risk pros-
tate or breast cancer, **™Tc-methyl diphosphonate (*”™Tc-
MDP) SPECT showed a sensitivity, specificity, and PPV of
63.3%, 87.5%, and 78.4%, respectivelyj)’ ° According to the
findings of this study, 8F_Sodium Fluoride (‘8F-NaF) PET/
CT demonstrated superior sensitivity, NPV, and overall accu-
racy compared to *°™Tc-MDP SPECT in detecting bone
metastases in patients with high-risk breast or prostate can-
cer. Additionally, in lesion-based analysis, 18E_NaF PET/CT
identified a higher quantity of metastases when compared to
traditional BS with SPECT.” In a head-to-head comparison
of BS + SPECT/CT and °*Ga-PSMA PET/CT, Simsek et al.”
demonstrated that the sensitivity was desirable for
BS + SPECT/CT in the determination of bone metastasis in
prostate cancer in patient-based analysis (91.1%-95.5%);
however, it dropped to 53% to 59.2% in lesion-based
analysis.

Since the number of bone metastases may influence ther-
apy management, the correct identification of all bone lesions
is fundamental. It has also been suggested that in patients
who have already undergone PSMA PET/CT for staging of
prostate cancer, the role of bone scintigraphy with or without
SPECT/CT is minimal, and therefore the need for additional
BS is uncertain.*” Considering all this information, the diag-
nostic accuracy of bone scan, with or without SPECT/CT,
appears to fall short in comparison to PET/CT. It would not
be surprising if new-generation techniques and radiopharma-
ceuticals, such as %8Ga-PSMA PET/CT, were soon used as a
substitute for BS in the routine staging and restaging process
of prostate cancer.

SPECT Using *°"Tc-PSMA

Recently, PET tracers have gained more popularity in
research compared to SPECT; however, 99MT¢ remains an
excellent choice for SPECT imaging due to its favorable char-
acteristics, widespread availability, and flexible chemistry. In
fact, clinical exams using “*"Tc are more numerous than
those using PET tracers. One promising application of *™Tc
is MTc-PSMA SPECT/CT, which could serve as a more
available and potentially more cost-effective alternative to
3Ga-PSMA PET/CT imaging (Fig. 1). While there are several
available and experimental PSMA-targeting agents labeled
with **™Tc, none of them surpass PET agents in terms of per-
formance. Nevertheless, these *“™Tc-labeled agents are rec-
ommended when ®®*Ga-PSMA agents are not accessible. '

In a study conducted by Zhang et al.,”* the superiority of
“MTe-PSMA SPECT/CT over *™Tc-MDP SPECT/CT in
detecting bone metastases in prostate cancer patients was evi-
dent, particularly for small lesions and in patients with low
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Table 1 Diagnostic Performance, Advantages, Limitations, and Main Applications of ®*™Tc-BS and SPECT/CT

Radiotracers Modality Performance Advantages Limitations Main Application
99mTc. diphosphonate © Sen: 68.0-92.0% -Low-cost -Low specificity -Initial staging of intermediate to high risk
BS * Spe: 53.0-96.0%?%2*2%%°  _Total-body examination -Inadequate sensitivity for early patients'’
-Widespread availability pathological changes
-Sufficient sensitivity'>'*2%-2? -Moderate to high interobserver
variability?*-2%27-28
99mTe diphosphonate ¢ Sen: 72.0-95.5% -Increased sensitivity, specificity, -Diagnostic performance still infe-  -Complementory to planar BS
SPECT/CT e Spe: 80.0-98.8%2°3%42192  accuracy, and PPV compared with  rior to PET/CT imaging
planar BS -Lower sensitivity in lesion-based
-Three-dimensional data analysis®®°
-Better localization®®**3"
99mTe.PSMA ¢ Sen: 80.0-82.0% -Widespread availability -False negative if PSMA expression - Initial diagnostic staging, BCR, and prog-
SPECT/CT e Spe: 100.0%*%*3 -Cost-effective is low*>*3 nosis
-Demonstrate both visceral and -Assessing suitability for PSMA-targeted
bone lesions***3 radionuclide therapy***3
Quantitative ¢ Sen: 87.0-96.3% -Cost-effective -Not suitable for soft-tissue -Highly suitable substitute for PET/CT
SPECT/CT * Spe: 92.0-96.1%°"%3 -High accuracy metastasis scans in terms of detecting bone metas-
-Widespread availability tasis

-Extensive selection of radiophar-
maceuticals with simple produc-
tion

-Perfect interobserver
agreement %%

BS, Bone scan; BCR, biochemical recurrence; PPV, positive predictive value; PSMA, prostate-specific membrane antigen; sen, sensitivity; spe, specificity; SPECT/CT, single-photon emission com-
puted tomography/computed tomography.
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99mTc-PSMA Whole-body

68Ga-PSMA PET-MIP

68Ga-PSMA PET/CT

Figure 1 A 60-year-old man with history of high-risk prostate adenocarcinoma, status post radical prostatectomy fol-
lowed by ADT, referred for evaluation of biochemical recurrence due to gradual increase in PSA level (PSA = 1 ng/mL).
Anterior and posterior whole-body 99mTc PSMA scan (A) shows no abnormal radiotracer uptake throughout the
body. 68Ga-PSMA PET-MIP (B) and fused PET/CT (C-E) images were performed 3 weeks later, revealing several
PSMA-avid skeletal lesions (arrows) in L4 (C), left side of the sacrum (D) and left acetabular roof (E).

prostate-specific antigen (PSA) levels. Additionally, **™Tc-
PSMA SPECT/CT offered valuable insights into extra-skeletal
metastases and helped minimize ambiguous diagnoses.
9™ Te-MDP scans are not effective in detecting bone marrow
metastasis and are less sensitive in detecting dissolved bone
lesions and early sclerosing lesions. On a per-patient analysis,
the sensitivity of *”™Tc-PSMA SPECT/CT was 80.0% and the
specificity was 100%. For *™Tc-MDP SPECT/CT, the sensi-
tivity was 72.0% and the specificity was 81.6%." In another
study, Kabunda et al."’ demonstrated that the capability of
99MTePSMA to identify bone metastases in prostate cancer is
comparable to that of *™Tc-MDP (Fig. 2). In patient-based
analysis, *”"Tc-PSMA exhibited a sensitivity of 81.82% and
specificity of 100%, while *™Tc-MDP showed a sensitivity
of 90.9% and specificity of 100.0%. Furthermore, *™Tc-
PSMA offers the advantage of providing information on soft-
tissue disease in both early and advanced stages of the dis-
ease. The authors suggested that if a patient can only afford a
single scan, *”™Tc-PSMA scan is preferred.

In comparison to **Ga-PSMA PET/CT, Albalooshi et al."*
and Fallahi et al.*” showed that there was no significant dif-
ference in the detection of bone metastases between the two
imaging modalities. However, Albalooshi et al.*" reported
that ®®Ga-PSMA PET/CT exhibited greater success in detect-
ing lesions in the prostate bed compared to *™Tc-PSMA
scan. Interestingly, among patients with a PSA level higher
than 2.1 ng/mL, there were no cases with conflicting results
between the two sets of images (Fig. 3). PSA level is crucial
in understanding prostate cancer characteristics and is used
in prostate cancer risk management. It was identified as the

primary indicator for bone metastasis, with cut-off values of
2.635 ng/mL for the *™Tc-PSMA and 15.275 ng/mL for the
9MTe-MDP scans. Consequently, for patients with low PSA
levels, opting for the **™Tc-PSMA scan seems more advanta-
geous than the "™ Tc-MDP scan. ™

Duncan et al.,"® conducted a study aiming to compare the
diagnostic accuracy of °“™Tc-PSMA and multiparametric
MRI (mpMR) in prostate cancer patients. They employed an
enhanced reconstruction algorithm for ™ Tc-PSMA SPECT/
CT imaging and reported outstanding sensitivity and accu-
racy for this modality in detecting lesions during primary
staging of prostate cancer, which were similar to those of
mpMRI and *®Ga-PSMA PET/CT.

In another study by Berliner et al.,*’ the effectiveness of
9IMTc-PSMA-I&S SPECT/CT in detecting lesions during the
early stages of biochemical recurrence of prostate cancer was
examined. The authors concluded that late imaging, specifi-
cally 15 hours after injection, is the preferred timing for lesion
detection. However, when compared to “®Ga-PSMA PET/CT
imaging for primary staging, late imaging remains inferior.
The study also highlighted that late imaging substantially
enhances image quality and the detectability of pelvic lesions.

In the search for agents with improved biological charac-
teristics, a new PSMA ligand labeled with “*™Tc has been
developed and evaluated by Maurine et al.”* This new ligand,
called PSMA-T4, showed promise for diagnosing and treating
prostate cancer. The PSMA-T4 inhibitor exhibits excellent
radiolabeling properties, demonstrating high selectivity
towards PSMA receptors in laboratory settings and favorable
accumulation in tumors of mice with carcinoma of the

/
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99mTc-MDP Whole-body

99mTc-PSMA Whole-body
|

Figure 2 A 77-year-old man with prostate cancer and PSA > 100 ng/mL, referred for staging. Anterior and posterior
99mTc-MDP whole-body bone scan (A) images reveal extensive skeletal metastases. Anterior and posterior whole-
body 99mTc-PSMA images (B) demonstrate multiple soft-tissue involvement (retroperitoneal and pelvic lymph nodes)

in addition to extensive skeletal metastases.

prostate. Even long after administration, °“™Tc-PSMA-T4
remains an effective tracer for SPECT imaging. Overall,
99MTe-PSMA-T4 showed great potential as a radiopharma-
ceutical for accurate diagnosis, staging, and treatment of
prostate cancer. "

In general, *”™Tc-PSMA SPECT/CT demonstrates satisfac-
tory performance and could be an alternative to PET/CT
imaging, particularly in situations where cost or availability is

a concern.

Quantitative SPECT/CT Imaging

For a long time, the assessment of SPECT images has relied on
visual or semiquantitative approaches. With the utilization of
modern techniques, advanced equipment, state-of-the-art soft-
ware, and the incorporation of measured CT-based attenua-
tion correction, scatter correction, and correction for partial
volume effects, the quantification of SPECT/CT data can now
be achieved in a manner similar to PET/CT."”" This quantita-
tive approach has sparked renewed interest in SPECT/CT and
garnered significant attention recently due to its outstanding
performance. Quantitative SPECT/CT offers several advantages
over PET/CT imaging, resulting in a potentially wider range of
applications. SPECT utilizes radiopharmaceuticals with longer
physical half-lives, enabling better alignment with biological
processes.40 However, the greatest advantage of quantitative

SPECT/CT over PET/CT lies in its widespread availability and
the extensive selection of associated radiopharmaceuticals.
This advantage is further amplified by its broader global mar-
ket penetration, attributed to the lower cost of imaging equip-
ment and the simplicity of radiopharmaceutical
production. !

In the context of prostate cancer imaging, quantitative
99MTe-MDP SPECT/CT was evaluated as a substitute for '°F-
NaF PET/CT. Coskun et al.”” discovered a positive and
strong correlation, particularly for relatively large lesions in
the appendicular skeleton, between the standardized uptake
value (SUV) of osteoblastic bone metastases obtained from
#“MTc-MDP SPECT/CT and '°F-NaF PET/CT. Tkeda et al.”’
found sensitivity, specificity, and accuracy rates of 96.3%,
96.1%, and 95.7%, respectively, for defining bone metastasis
with quantitative bone SPECT/CT, using an SUVmax cutoff
value of 7.40. Moreover, a threshold SUVmax value of 11.26
was found to be the most effective discriminator for differen-
tiating bone metastasis from skeletal degenerative changes.’”
This threshold yielded sensitivity, specificity, and accuracy
rates of 87.5%, 93.6%, and 90.4%, respectively.37 These
results demonstrate that SUV parameters obtained from
SPECT/CT can be utilized with high accuracy to identify
bone metastasis. Additionally, Tabotta et al.”” established
that using quantitative bone SPECT/CT can significantly
improve the specificity of BS, which was formerly recognized
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99mTc-PSMA Whole-body 68Ga-PSMA PET-MIP

—

68Ga-PSMA fused PET/CT

99mTc-PSMA pelvic SPECT-CT

Figure 3 A 76-year-old man with prostate cancer referred for re-stag-
ing due to rise in PSA level (PSA =8 ng/mL). Anterior and posterior
whole-body 99mTc-PSMA images (A) show increased radiotracer
uptake on the right side of the sacrum (arrow), which is more
noticeable on posterior images. SPECT-CT image of the pelvic
region (C) reveals lytic-sclerotic lesion (arrow) with increased
99mTc-PSMA uptake on the right side of the sacrum, adjacent to
the sacroiliac joint. 68Ga-PSMA PET-MIP image (B) and fused PET/
CT image of the pelvic region (D) demonstrate intense 68Ga-PSMA
uptake in the same lesion.

as one of the major drawbacks of this modality. Another
important advantage of quantitative SPECT/CT is its signifi-
cant improvement in interobserver agreement. In a longitudi-
nal analysis of bone metabolism using SPECT/CT and **™Tc-
diphosphono-propanedicarboxylic acid, interobserver agree-
ment in visual interpretation for both planar scans and
SPECT/CT images exhibited only low to moderate levels,
with kappa values of 0.46 and 0.35, respectively. On the
other hand, quantitative evaluation demonstrated nearly per-
fect interobserver agreement, with a kappa value of 0.94.”
In addition, SUV appears to be a superior index in compari-
son to BSI, as it demonstrates greater sensitivity and a wider
dynamic range, effectively reflecting the osteoblastic activity
for each skeletal lesion with an appropriate threshold. This
distinction arises from SUV's derivation from precise three-
dimensional data, whereas BSI is derived from two-dimen-
sional data.””

If validated with larger, multicentric cohorts, quantitative
99mTe MDP SPECT/CT could emerge as a cost-effective and
accessible approach, making a significant contribution to the
diagnostic precision, treatment planning, and objective follow-
up of bone metastases in prostate cancer patients. It has the
potential to serve as a suitable substitute for PET/CT scans.””

Positron Emission Tomography

PET imaging has gained immense popularity in the field of
oncology owing to its outstanding performance in staging,

restaging, and response monitoring, among other applica-
tions. Various radiopharmaceuticals have been developed
and utilized for imaging prostate cancer. These radiopharma-
ceuticals can be categorized into three groups: tumor-specific
agents (such as PSMA radiolabeled with ®®Ga or '®F), bone-
seeking radiotracers (such as '®F-NaF), and radiopharma-
ceuticals that detect cell proliferation activity (such as
" ¢/"®F-choline).'” In this section, we provide a brief review
of the performance, advantages, and limitations of different
PET radiotracers for detecting bone metastasis in prostate
cancer (Table 2).

Tumor-Specific Agents
*3Ga-PSMA

Prostate-specific membrane antigen (PSMA) is a transmem-
branous protein that is significantly overexpressed in the
majority of prostate cancer patients.”” Among the PSMA-tar-
geted radiotracers, 58Ga-PSMA-11, a ®8Ga-labeled inhibitor
of PSMA, was first introduced clinically in 2011.”" It received
the U.S. Food and Drug Administration (FDA) approval for
prostate cancer imaging in December 2020. Due to its
impressive outcomes, the utilization of ®®Ga-labeled PSMA
has rapidly gained admiration and has been evaluated in
numerous studies. PSMA PET/CT has versatile applications
in patients with prostate cancer, serving various purposes
such as initial staging, detecting recurrence, and assessing the
suitability of PSMA-targeted radionuclide therapy involving
"Lw?*” Ac-PSMA prior to treatment.””

Numerous studies have compared the performance of
®8Ga-PSMA-11 PET/CT to BS and other conventional imag-
ing methods, consistently demonstrating the superior ability
of ®®Ga-PSMA-11 PET/CT in identifying prostate cancer
bone metastasis.”*** 7701 I primary staging, Ga-
PSMA-11 PET/CT exhibits significantly higher sensitivity
(98.0%) and specificity (96.2%) in detecting bone metastasis
compared to BS, with or without SPECT/CT.”” Furthermore,
PSMA PET shows lower false-positive rates, suggesting its
potential to reduce the need for additional diagnostic tests
and unnecessary treatments at the initial staging.”” Similarly,
Zhao et al.”” reported the superiority of ®*Ga-PSMA PET/CT
over bone scan, demonstrating a sensitivity of 97.0% and
specificity of 100%. The diagnostic value of ®®Ga-PSMA PET/
CT surpasses that of bone scan due to its significantly higher
positive likelihood ratio and lower negative likelihood ratio,
resulting in more reliable and consistent outcomes.”* **Ga-
PSMA PET/CT has also shown better diagnostic performance
than MRI in detecting prostate cancer bone metastasis.”*%

Several studies have compared the performance of ®®Ga-
PSMA to the bone-seeking PET radiotracer, 18E_NaF, in
detecting bone metastasis.”***%>**% %%Ga-PSMA PET/CT
has shown the highest sensitivity and specificity on a per-
patient basis for detecting bone metastasis from prostate can-
cer. However, when evaluated on a per-lesion basis, 18E_NaF
PET/CT exhibits superiority (Fig. 4).”>*%" ®*Ga-PSMA dem-
onstrates low uptake intensity in sclerotic bone lesions
(Fig. 5°%), and its higher urinary excretion compared to '°F-
NaF can pose challenges in evaluating the pelvic region.”
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PET Radiotracer

Performance

Advantages

Limitations

Main Application

%8Ga-PSMA

18F_PSMA-1007

'®F.DCFPyL

%8Ga-FAPI

%8Ga-RM2

'8F.NaF

"1C/'8F-Choline

e Sen:
e Spe: 96.0-100.0%2%2425:59

e Sen:
® Spe:

e Sen:
® Spe:

e Sen:
e Spe:

e Sen:
e Spe:

91.0-98.0%

94.0-100.0%
79.0-91.7%°2%194

96.8-100.0%
81.6-97.0%%3°*

96.0-98.0%
90.0-97.0%%%'3?

79.0-87.0%
97.0-99.0%2%%°

-Detecting soft-tissue and bone lesions

-High accuracy

-Low false-positive rate

-Wide availability of °Ge/®®Ga generators

-No need for on-site cyclotron

-Significant interobserver
agreement25,62,63,68,70,71

-Detecting soft-tissue and bone lesions

-Favorable physical and imaging charac-
teristics of '®F in comparison to ®®Ga

-Low urinary clearance

-Higher PET-positivity rate in recurrent
PCa®5-88

-Detecting soft-tissue and bone lesions

-High accuracy

-Favorable physical and imaging charac-
teristics of '®F in comparison to ®®Ga

- High interobserver agreement®”*°

-High TBR

-Fast renal clearance

-Fast tracer kinetics

-No need for preimaging patient
preparation’

-Overexpressed in the early stages of PCa

-Higher specificity and accuracy than
mpMRI

-High detection rate for intraprostatic
Iesions1 13,118,119

-High TBR

-High sensitivity

-Lower urinary excretion than ®*Ga-PSMA

-Short acquisition time '#68:128-130

-Higher accuracy than BS and SPECT/CT

-High specificity**'*'

-PSMA is not exclusive to prostate
tissue

-Low intensity of uptake in sclerotic
bone metastases

-High renal uptake and urinary
excretion

-Uptake in sympathetic ganglia

-Relatively short half-life of ®®Ga

-Uptake in healing fractures or
benign bone lesions®”7%8"

-Relatively low specificity and PPV
due to high incidence of UBU®°

-Urinary excretion
-Uptake in several benign bone
lesions®'

-More false-positive results in com-
parison to '8F-FDG'"?

-Renal clearance
-Bowel uptake''*'"”

-Does not detect soft-tissue lesions

- False-positive results in degenera-
tive and inflammatory bone
conditions'3""'33

-Short half-life of ''C

-Lower accuracy than ®®Ga-PSMA
and '®F-NaF

-Limited sensitivity in low PSA
Ieve|322,14‘| ,149-151

-BCR*®

-Potential role in initial staging,
restaging, assessing suitability for
PSMA-targeted radionuclide ther-
apy and response to treatment

-BCR

-Initial staging
-BCR

-Assessment of osseous metasta-
ses from PCa especially in high-
risk cases or those with low PSMA
expression

-BCR'®®

voL

‘e 33 ennuasyoyy ‘N
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18F-NaF PET-MIP 68Ga-PSMA PET-MIP

Figure 4 Prostate cancer patient, pT2 pNO cMO, referred for evalua-
tion of biochemical recurrence (PSA =7.3 ng/mL) under androgen
deprivation therapy. 18F-NaF PET-MIP Image (A) displays multiple
foci of increased 18F-NaF uptake, compatible with sclerotic bone
metastases from prostate cancer (black arrows) and degenerative
changes (blue arrows). 68Ga-PSMA PET-MIP image (B) demon-
strates no abnormal radiotracer uptake throughout the body.

18F-NaF PET/CT

18F-Choline PET/CT

68Ga-PSMA PET/CT

Figure § Axial fused PET/CT and CT images of a prostate cancer
patient, pT2 pNO cMO (same patient on Figure 4). 18F-NaF fused
PET/CT (right) and CT only (left) images (A) reveal a sclerotic lesion
on T2 vertebra (arrows) with significant 18F-NaF uptake, suggestive
of bone metastasis. 18F-Choline PET/CT imaging (B) was per-
formed after 1 day, showing the same sclerotic lesion (arrows) on
CT-only images (left); however, minimal 18F-choline uptake was
seen on fused PET/CT images (right). 68Ga-PSMA PET/CT (C) was
performed 3 weeks later, also demonstrating the same sclerotic
lesion (left) without 68Ga-PSMA uptake (right).

in celiac ganglia than in cervical or sacral ganglia.”® More-
over, it should be noted that PSMA radioligands, particularly
®8Ga-PSMA, are eliminated through the kidneys and urinary
bladder. Consequently, the accumulation of this tracer in the
urinary bladder, urinary tract, or a particular section of the
ureter could potentially lead to misinterpretation.”” Another
common challenge encountered in PSMA PET is the uptake
in healing fractures or benign bone lesions. A study con-
ducted by Chen et al.*’ demonstrated that the majority of
solitary rib lesions exhibiting PSMA uptake on *®Ga-PSMA-
11 PET display mild uptake and are of a benign nature. Com-
mon benign bone lesions, including Paget’s disease, fibrous
dysplasia, hemangioma, and avascular necrosis, have been
documented to exhibit uptake in both '*F-DCFPyL and
®5Ga-PSMA-11 PET scans. To accurately identify these
benign lesions, it is essential to correlate the PET findings
with results from other imaging techniques such as radiogra-
phy, CT, or MRL"'

In summary, °®Ga-PSMA PET/CT-MRI is an accurate and
very useful imaging modality for the detection of prostate
cancer bone metastasis, exhibiting substantial sensitivity and
specificity in both primary staging and recurrence scenarios,
as well as high interobserver agreement. However, it does
have limitations. Therefore, in certain cases, additional con-
firmatory imaging or other paraclinical tests should be con-
sidered.

'F-PSMA

The utilization of PET/CT employing PSMA radioligands has
become well-established as the preferred method for assess-
ing the stage of biochemically recurrent prostate cancer,’®
and its application is progressively expanding for evaluating
the stage of high-risk primary prostate cancer.”” In addition
to ®®Ga-labeled radiotracers, various '®F-labeled radiophar-
maceuticals have been developed. Although the first genera-
tion of '®F-labeled PSMA radiotracers, such as ‘®F-DCFBC,
displayed elevated background activity caused by slow blood
clearance,” mnew generation '®F-labeled PSMA-ligands,
including '®F-PSMA-1007 and '®F-DCFPyl, have shown
remarkable performance. The favorable physical and imaging
characteristics of '®F-labeled PSMA tracers have generated
growing interest.”” Using '®F for labeling offers several
advantages over “®Ga, including longer half-life, lower posi-
tron energy, which results in better spatial resolution, wide-
spread availability, and lower cost.””*

A study conducted by Giesel et al.”” demonstrated that the
urinary clearance of '®F-PSMA-1007 during the initial
6 hours after injection is minimal, eliminating one of the
major disadvantages of ®®Ga-PSMA. Additionally, '*F-PSMA-
1007 seems to exhibit a slightly higher PET-positivity rate in
recurrent prostate cancer.”” In a prospective study by Antti-
nen et al.,”” the sensitivity, specificity, and accuracy of '®F-
PSMA-1007 PET/CT for the detection of bone metastasis in
prostate cancer were reported as 100%, 79.0%, and 84.0%,
respectively. Several studies have suggested that the relatively
lower specificity of '®F-PSMA-1007 PET/CT for bone metas-
tasis detection is due to the high incidence of unspecific
bone uptake (UBU), which increases false positive
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results.”®®%7" Based on a study by Alberts et al.,*® °®Ga-
PSMA-11 demonstrated significantly higher PPV values than
'F_PSMA-1007 for the detection of bone metastasis. In a
study by Seifert et al.,”” the incidence of unspecific '°F-
PSMA-1007 bone uptake was evaluated among patients with
biochemically recurrent prostate cancer. The findings
revealed a significantly higher frequency of UBU in patients
who underwent '®F-PSMA-1007 PET/CT compared to those
who underwent °®Ga-PSMA-11 PET/CT. The majority of
UBUs were commonly found in the ribs and pelvis (Fig. 6™).
This study concluded that in BCR patients undergoing '°F-
PSMA-1007 PET/CT, focal bone uptakes (SUV>4) accompa-
nied by PSA levels equal to or less than 5 ng/mL are most
likely false-positive/lUBU compared to “®Ga-PSMA. Thus, to
avoid inaccurate staging of bone involvement and subse-
quent inappropriate management of patients, it is crucial that
'8F_.PSMA-1007 PET scans are conducted by skilled physi-
cians who have knowledge of the distribution pattern and
characteristics of UBUs.”

In May 2021, the FDA granted approval for the utilization
of "®F-DCFPyL PET/CT in prostate cancer patients. This
approval was based on the significant diagnostic accuracy
observed in the landmark OSPREY trial,”® which demon-
strated the effectiveness of '®F-DCFPyL PET/CT in detecting

18F-PSMA-1007 PET

18F-PSMA-1007 PET-MIP 18F-PSMA-1007 PET/MRI

Figure 68 A 71-year-old man with prostate cancer, pT3b pNO, with
initial PSA of 24.4 ng/mL, referred for staging. 18F-PSMA-
1007 PET/MRI imaging was performed. 18F-PSMA-1007 PET-MIP
image (A) shows PSMA-positive prostate cancer (arrow) and no
lymph node metastasis, an unspecific bone uptake (SUV,,, 7.0) in
one of the left ribs (thick arrow), and a stronger PSMA-positive
bone lesion in the right pelvis (SUVyax 8.7). The pelvic bone lesion
is shown on PET image of the pelvic region (B, arrow head). A
hypointense morphological correlate on T1-weighted imaging is
seen (C, arrow head). The lesion is also demonstrated on fused
PET/MRI image of the pelvic region (D, arrow head). After radical
prostatectomy, the PSA normalized (several follow-ups with a PSA
of < 0.05 pg/L) without further therapy, suggesting that both bone
lesions were most likely benign. Griinig, H. et al. Eur J Nucl Med
Mol Imaging 48, 4483—4494 (2021). https://doi.org/10.1007/
$00259-021-05424-x. "

prostate cancer and its metastases. '°F-DCFPyL is a urea-
based molecule and a type of '®F-labaled PSMA ligand that
exhibits excellent performance in detecting bone metastasis
in prostate cancer, with a sensitivity, specificity, PPV, and
NPV of 100%, 97.0%, 93.0%, and 100 %, respectively.”" In
the detection of primary infiltrative or lytic bone lesions,
which may not be visually apparent on contrast-enhanced
CT scans and exhibit low uptake on bone scans, '*F-DCFPyL
PET has demonstrated superior performance compared to
these modalities.”” The preliminary clinical assessment of
'®F_DCFPyL revealed significant tumor uptake, comparable
to that of “®Ga-PSMA-11 (Fig. 7).”° Similar to ®*Ga-PSMA, it
is excreted through the urinary system. In a prospective com-
parison of '*F-DCFPyL versus '®F-NaF for bone lesion detec-
tion in patients with metastatic prostate cancer, it has been
shown that '"®F-DCFPyL PET/CT holds almost identical sen-
sitivity to '®F-NaF PET/CT, with the additional ability to
detect soft-tissue metastases.”” '®F-DCFPyL has also shown
better performance than pelvic mpMRI in identifying meta-
static bone disease and distinguishing treated versus active
metastatic bone lesions.” In another study comparing '°F-
DCFPyL to '®F-PSMA-1007, 'F-DCFPyL has shown fewer
UBUgs, resulting in higher PPV and specificity for bone metas-
tasis detection. Moreover, is has higher interobserver agree-
ment for skeletal lesions.”” However, as mentioned above,
similar to ®®Ga-PSMA, uptake in several benign bone lesions
may lead to misinterpretation.”’

In conclusion, although '®F-PSMA-1007 appears superior
in the detection of involved pelvic lymph nodes or prostate
bed lesion, primarily due to its minimal urinary excretion,
18F-DCFP}/L demonstrates superior accuracy in detecting
bone metastases. For the majority of patients with primary
high-risk prostate cancer, '®F-DCFPyL PET/CT can serve as
the initial imaging modality for therapy selection, eliminating
the need for additional diagnostic imaging procedures.”*

®3Ga-FAPI

Fibroblast Activation Protein (FAP) is a type II membrane-
bound glycoprotein, serving as a specific surface marker of
cancer associated fibroblasts, which are the predominant
cells in the tumor microenvironment. These fibroblasts play
a crucial role in tumor growth, migration, metastasis, and
therapy resistance.'"'"" FAP is found to be overexpressed
in more than 90% of the stroma present in epithelial
cancers, """ as well as in certain nonmalignant conditions
such as wound healing, fibrosis, arthritis, and atherosclerotic
plaques.'?*'07 198 98Ga_labeled FAP inhibitor (*®Ga-FAPI) is
a novel radiotracer of the new generation that has not yet
been approved by the FDA. Nevertheless, it holds promising
advantages for cancer evaluation, including a high tumor-to-
background ratio, rapid renal clearance, no requirement for
fasting or resting prior to imaging, no dependence on blood
glucose level, and fast tracer kinetics. '

The role of ®®Ga-FAPI PET/CT in prostate cancer has not
yet been thoroughly evaluated. However, there are some
studies suggesting its potential in diagnosing bone metastasis
in prostate cancer patients. Greifenstein et al.'"’” reported
that FAPI could demonstrate high-contrast soft-tissue and
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18F-DCFPyL PET-MIP

68Ga-PSMA PET-MIP

Figure 7 Comparison of the biodistribution of 18F-DCFPyL versus 68Ga-PSMA-11 PET of an 83 year-old man with
prostate cancer. (A) 18F-DCFPyL PET-MPI (right) and fused 18F-DCFPyL PET/CT images (left) reveal bone metastasis
with increased radiotracer uptake in L2 vertebra and 4th left rib without remarkable morphological changes on CT.
(B) 68Ga-PSMA-11 PET/CT imaging was performed after 2 months, which shows the same lesions with intense 68Ga-

PSMA uptake on L2 vertebra and 4th left rib.

bone metastases in small-cell prostate cancer, which is a rare
but highly aggressive type of prostate malignancy. Addition-
ally, minimal physiological uptake of °®Ga-FAPI was
observed in the brain, liver, bone, and lungs. In another
study, Kesch et al.''” stated that FAP expression intensifies
as prostate cancer advances. Kratochvil et al."'" found inter-
mediate to high ®*Ga-FAPI uptake in PSMA-negative prostate
cancer patients. When compared to '®F-FDG PET/CT, ®*Ga-
FAPI has shown significantly greater uptake in both osteo-
lytic and osteoblastic bone metastases, leading to a higher
sensitivity for detecting bone metastasis. However, the use of
98Ga-FAPI PET/CT has also resulted in more false positive
results, reducing its overall specificity.' '

Ultimately, due to the limited amount of available data on
the role of ®®Ga-FAPI in imaging prostate cancer patients,
further investigations are needed to address this matter.

**Ga-RM2

The absence of PSMA expression can lead to false negative
results of PSMA PET, which can be problematic since up to
10% of prostate cancers do not express PSMA. Consequently,
alternative targets have been suggested, one of which is the
Gastrin-releasing Peptide Receptor (GRPR). GRPR is signifi-
cantly overexpressed in various cancers, including prostate
cancer, particularly in the early stages, making it an appealing
target for initial staging purposes.I 1 %8Ga-RM2 is a synthetic
bombesin receptor antagonist that targets GRPR. Unlike
PSMA, the expression of GRPR is inversely correlated with
Gleason score. Therefore, bombesin tracers could potentially
serve as valuable tools for imaging low-grade tumors.'"”
However, GRPR is not prominently expressed in advanced
stages of androgen-independent prostate cancer, particularly
in cases of osseous metastases.'' "' The predominant renal
clearance of °®Ga-RM2 may pose challenges for detecting
abdominal and pelvic lesions. Additionally, bowel uptake
could potentially obscure small lesions, affecting their visibil-
ity during imaging."' """’

A comparative study was conducted to assess the effective-
ness of “*Ga-labeled Bombesin Antagonist (RM2) in compari-
son to '®F-fluoromethylcholine PET/CT and mpMRI for the
detection of primary prostate cancer. The findings of this
study indicate that GRPR-based imaging can complement
choline-based imaging, enabling a comprehensive assessment
of the extent of prostate cancer.''® In another study con-
ducted by Duan et al.,'"” ®®Ga-RM2 PET exhibited precise
detection of intermediate- and high-risk primary prostate
cancer, demonstrating significantly higher specificity and
accuracy compared to mpMRL. Its performance was found to
be comparable to “®Ga-PSMA-11 PET. The observed weak
correlation between °®Ga-RM2 and *®Ga-PSMA-11 highlights
the distinct expression patterns of GRPR and PSMA, empha-
sizing the complex tumor biology of prostate cancer. Larger
prospective studies are required to determine which patients
would benefit from either radiopharmaceutical or both.
However, regarding bone metastasis, it has been shown that
®8Ga-RM2 detected fewer bone lesions than **Ga-PSMA.' "

In a prospective study conducted by Minamimoto et al.,"*’
®3Ga-RM2 PET/MRI was used to identify prostate cancer
lesions in patients experiencing BCR with negative findings
on conventional imaging (CT or MRI, and a °“™Tc-MDP
bone scan). Increased ®®*Ga-RM2 uptake was noted in multi-
ple regions consistent with cancerous lesions. This indicates
that the °®Ga-RM2 holds promise as a PET radiopharmaceu-
tical for detecting and localizing disease in BCR patients who
have negative results on conventional imaging. Additionally,
a statistically significant difference in mean PSA velocity was
demonstrated between patients who tested negative on °*Ga-
RM2 PET and those who tested positive.'”" This difference
indicates variations in pathology and potential prognosis,
suggesting that PSA velocity could be a useful tool for deter-
mining the likelihood of positive results in patients. Further-
more, it was observed that the mean PSA velocity in patients
who tested positive on °®Ga-RM2 PET exceeded 2 ng/ml/
year, a value significantly associated with decreased time to
prostate cancer specific and all-cause mortality compared to
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a value of 2.0 ng/ml/year or less. Although °®Ga-
RM2 PET/MRI may be superior to conventional imaging, it
demonstrated lower efficacy compared to ®*Ga-PSMA PET/
MRI for both local and distant staging.'*” In comparisons
between the two tracers, °®Ga-PSMA proved to be more
effective than ®®*Ga-RM2 in detecting recurrent prostate can-
cer. Additionally, the presence of more ®®Ga-PSMA PET/MRI
positive lesions, including bone metastases, correlated with
higher levels of PSA and a shorter PSA doubling time, indi-
cating their potential as prognostic factors. However, further
validation on larger patient cohorts is necessary to confirm
the utlity of hybrid °®*Ga-PSMA PET/MRI and °®Ga-
RM2 PET/MRI in the clinical management of prostate
cancer.'*'

Overall, since data addressing the role of ®*Ga-RM2 PET
imaging for the detection of prostate cancer bone metastasis
is limited, further research is needed to fully comprehend
this matter.

Bone-Seeking Agents

'®F-NaF

'8F is generated through cyclotron production and has a half-life
of approximately 110 minutes. When administered, '*F-NaF
specifically attaches to areas where new bone is forming, indicat-
ing osteoblastic activity. Its uptake mechanism closely resembles
that of **™Tc-MDP. By chemisorption to hydroxyapatite, '*F-
NaF undergoes a conversion to fluoroapatite and a hydroxyl
group [Cas(PO4);0H +F~ — Cas(PO4)sF + OH ™| 4125

Nearly 100% of the initial dose of '®F-NaF is cleared dur-
ing the first pass, with approximately 50% taken up by the
skeletal system and 30% remaining within red blood
cells. 129127 1t offers rapid acquisition with a short duration
of max. Thirty minutes while maintaining a high target-to-
background ratio. The radiotracer is excreted in urine within
6 hours. The recommended dose of '®F-NaF in adults is
based on the patient's weight, ranging from 1.5 to 3.7 MBq
per kilogram. Obese patients should not exceed a maximum
recommended dose of 370 MBq to ensure effective imaging
outcomes, 1128130

'®F_-NaF PET/CT is commonly utilized to assess primary
and secondary bone malignancies, monitor treatment
response, and provide clarity on abnormalities observed
through other imaging techniques or clinical data. It is a sen-
sitive approach for detecting bone metastases from prostate
cancer. However, its specificity can be challenging due to
tracer accumulation in degenerative and inflammatory bone
conditions."”'

In a meta-analysis performed by Sheikhbahaei et al.,'*”
"F-NaF PET/CT demonstrated excellent diagnostic perfor-
mance in detecting bone metastases in the staging and restag-
ing of high-risk prostate cancer patients. In patient-based
analysis, '®F-NaF PET/CT showed a sensitivity of 98% and a
specificity of 90%. In lesion-based analysis, it exhibited a sen-
sitivity of 97% and a specificity of 84%. When compared to
other imaging modalities and radiotracers, '°F-NaF PET/CT
showed higher sensitivity and specificity than **™Tc-BS and
SPECT/CT. Moreover, it demonstrated higher sensitivity but

comparable specificity to whole-body MRI with diffusion-
weighted imaging (DWI). Additionally, when compared to
®8Ga-PSMA-PET/CT, '®F-NaF PET/CT showed comparable
sensitivity and specificity in detecting bone metastasis.
Another meta-analysis conducted by Zhou et al.”* compared
the performance of PSMA-PET/CT, choline PET/CT, NaF
PET/CT, MRI, and bone scintigraphy in diagnosing bone
metastases in patients with prostate cancer. They showed
that PSMA PET/CT exhibited the highest sensitivity (97%)
and specificity (100%) for detecting bone metastases in
patients with prostate cancer on a per-patient basis. The sen-
sitivities of '®F-NaF PET/CT and MRI were superior to those
of choline PET/CT and bone scintigraphy. In terms of per-
lesion analysis, "®F-NaF PET/CT demonstrated the highest
sensitivity (97%), followed by PSMA PET/CT (88%). A study
by Jambor et al.,'® compared different imaging techniques
for detecting bone metastases in high-risk breast and prostate
cancer patients. They found that whole-body MRI with DWI
showed similar diagnostic accuracy to '®F-NaF PET/CT and
outperformed other modalities such as °“™Tc-hydroxydi-
phosphonate (HDP) SPECT/CT and *”™Tc-HDP planar BS.

Agrawal et al.'”” found that both '®F-NaF and ®®*Ga-PSMA
are effective tracers for assessing skeletal metastases in pros-
tate cancer. However, ®®Ga-PSMA PET/CT offers a notable
advantage over '°F-NaF due to its ability to detect additional
soft-tissue lesions and avoid false positive results. Moreover,
the absence of PSMA avidity in previously treated metastases
provides a new opportunity for evaluating the response of
skeletal metastases in restaging scenarios. However, in
another study, '®F-NaF PET/CT outperformed ®®Ga-PSMA-
11 PET/CT in detecting more abnormal bone lesions in
advanced prostate cancer patients undergoing radionuclide
therapy (Figure 4). Combining both imaging techniques
appears to be the best approach for restaging prostate cancer
patients with skeletal metastases prior to treatment deci-
sions."”* Consistent with these findings, Dyrberg et al.’”
reported that '®F-NaF PET/CT has comparable accuracy to
PSMA PET/CT for detecting bone metastasis in prostate can-
cer patients, and both modalities are superior to whole-body
MRI. Sonni et al."”” conducted a study to evaluate the use of
PET/MRI with combined '®F-NaF and '®F-FDG radiotracers
in breast and prostate cancer patients. This study demon-
strated that combined '®F-NaF and '®F-FDG PET/MRI
detected a greater number of bone metastases compared to
whole-body bone scintigraphy using **™Tc-MDP. Addition-
ally, PET/MRI showed the ability to identify extra-skeletal
lesions.

According to the study performed by Tanaka et al., there is
a strong correlation between quantitative M Te-MDP
SPECT/CT and "F-NaF PET/CT parameters for bone uptake
in patients with prostate cancer. However, SPECT/CT yielded
significantly lower SUV parameters and higher uptake vol-
umes compared to PET/CT."*°

Poulsen et al.,"*” performed a study to detect bone metas-
tases in the spine of men with prostate cancer who had not
received hormone therapy. Their findings from '®F-NaF
PET/CT imaging were inconclusive. Although the sensitivity
was relatively high (93%), this method was deemed
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unsuitable as a standalone test for detecting bone metastases
due to its low specificity of only 54%. This lack of specificity
led to a significant number of false-positive results, likely
caused by the presence of various nonmalignant lesions asso-
ciated with degenerative and/or inflammatory conditions
commonly observed in elderly patients.

In conclusion, while "®F-NaF PET/CT cannot fully replace
PSMA PET/CT in prostate cancer patients due to its inability
to detect soft-tissue lesions, it can be complementary to
PSMA PET/CT imaging, particularly in cases with low PSMA
expression. Moreover, compared to ““™Tc diphosphonate,
'8F_NaF offers higher bone uptake and quicker blood clear-
ance. With its superior spatial resolution compared to
SPECT, '®F-NaF PET/CT has the potential to become the
preferred bone imaging technique for prostate cancer
patients, potentially replacing **™Tc-BS or SPECT/CT."*"!*®
Additionally, its ability to detect previously unnoticed metas-
tases, which are missed by standard 1mag1ng, could have a
significant impact on patient management.”

Cell Metabolism Radiotracers
"C/'®F-Choline

Choline serves as an essential building block for phospholi-
pids, which are crucial components of cell membranes.
Tumor tissue has a high demand for choline for the biosyn-
thesis of cell membranes. Moreover, the increased activity of
choline kinase in tumor cells further enhances the need for
choline. These circumstances collectively contribute to
increased choline uptake in tumor cells.”” Therefore, choline
PET/CT can directly identify active tumors.'” Choline,
labeled with ''C, was initially introduced as a PET tracer for
prostate cancer in 1998,"* and subsequently approved by
the FDA in 2013. The radiolabeling of choline is typically
accomplished using two widely utilized radionuclides, '°F
and "'C. The main difference between ''C-choline and '°F-
choline lies in their respective half-lives, with ''C-choline
having a half-life of approximately 20 minutes and '*F-cho-
line having a half-life of approximately 110 minutes. Addi-
tionally, the urinary excretion of 8E_choline is relatively
higher than that of ''C-choline.'"" Despite their different
half-lives, the imaging technique employed remains the same
for both tracers.””'**

Choline PET/CT has shown good performance in detect-
ing bone metastasis in prostate cancer. In a lesion-based anal-
ysis, Guo et al.""> demonstrated that *'C/*®F-choline PET/CT
had a pooled sensitivity of 91.0% and specificity of 97.0% for
diagnosing bone metastasis in the primary staging of prostate
cancer. In a meta-analysis by Zhao et al.,”” including both
primary staging and restaging groups, the pooled sensitivity
and specificity of choline PET/CT for detecting bone metasta-
sis were 87.0% and 99.0%, respectively. These values were
lower than those of ®*Ga-PSMA and '®F-NaF scans but supe-
rior to bone scintigraphy and bone SPECT.**'*!

The comparison to whole-body MRI has yielded conflict-
ing results. In a couple of studies, ''C-choline PET/CT
showed equal or slightly higher ability in detecting bone
metastasis.''*” On the contrary, a meta-analysis conducted

by Evangelista et al."*' found that MRI outperformed choline
PET/CT in diagnosing bone metastasis on a per-patient basis,
although choline PET/CT exhibited higher specificity.

Choline PET/CT can also have an impact on patient man-
agement. In a study by Mortensen et al.,'** the use of '*F-flu-
orocholine PET/CT resulted in a change in treatment
approach for 3% of the patients. This shift was prompted by
the detection of bone metastases that would have been over-
looked by conventional imaging methods. In accordance
with these findings, Evangelista et al.'*" established that the
use of '®F-Choline PET/CT for detecting bone metastases led
to significant modifications to the treatment strategy for
many patients, transitioning from surgical to pharmacologi-
cal interventions. Unlike bone scans, ‘®F-fluorocholine PET/
CT can distinguish between malignant and benign conditions
such as trauma and arthropathy. Consequently, it can serve
as a valuable complement to bone scans in cases where there
is uncertainty in imaging bone lesions, thereby reducing the
need for further imaging examinations. The diagnostic accu-
racy of '®F-fluorocholine PET/CT appears to be more prom-
ising for patients in the high-risk subset compared to those
in the intermediate-risk group.'*’

When considering choline PET/MRI, Souvatzoglou
et al."™ reported that despite a significantly delayed imaging
time-point, ''C-choline PET/MR exhibited comparable per-
formance to PET/CT in detecting bone metastasis in patients
with prostate cancer. Furthermore, ''C-Choline PET/MR
provided superior anatomical localization of lesions, particu-
larly in the bone and pelvis. Similarly, Eiber et al.”> men-
tioned that while ''C-choline PET/MR demonstrates
superior performance over PET/CT in detecting local recur-
rence but exhibits slight inferiority in detecting bone and
lymph node metastasis when PSA values exceed 2 ng/mlL.
The authors recommended primarily utilizing PET/MR for
patients with low-level PSA recurrence, while PET/CT is pref-
erable for those with higher-level PSA recurrence.”’

One drawback of choline PET/CT is its limited sensitivity
in detecting bone metastases of prostate cancer at low PSA
levels. In this regard, radiolabeled PSMA significantly outper-
forms choline PET/CT."" """ Moreover, in a study by our
group, we have found that a Hounsfield unit level of above
825 is associated with an absence of '®F-choline uptake
(Fig. 5).°” Possible explanations include reduced metabolic
activity, relatively few cancer cells and/or reduced blood sup-
ply, consistent with the reduced FDG uptake seen elsewhere
in sclerotic metastases.

Overall, the performance of ''C/"®F-choline PET/CT-MRI
is acceptable for the detection of bone metastasis in prostate
cancer; however, it is inferior to °®Ga-PSMA or ®F-NaF PET/
CT, especially in post-treatment lesions with densely sclerotic
lesions and patients with low PSA levels.

'8F_Fluciclovine ('®F-FACBC)

18E_fluciclovine (anti—l-amino-B—18F-ﬂuorocyclobutane-l-
carboxylic acid [FACBC]) is a synthetic amino acid that does
not undergo metabolic or protein incorporation processes. It
exhibits enhanced uptake in tumor cells through the activity
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of specific transporters, namely alanine-serine-cysteine trans-
porter 2 and large neutral amino acid transporter. These
transporters are upregulated in prostate cancer and play a
significant role in driving the progression of castration-resis-
tant disease.' >’

The utilization of '®F-fluciclovine PET/CT enables the
identification of false-positive bone scan lesions, which can
be of benign nature, and the detection of previously undiag-
nosed metastatic lesions not visible on the bone scan.'”
Additionally, '®F-fluciclovine has demonstrated strong con-
cordance with MRI or ''C-choline imaging in assessing bone
lesions. However, there may be instances where 18E_fluciclo-
vine PET/CT yields false negative findings, particularly in
cases involving small sclerotic lesions observed on CT."”" In
general, '®F-fluciclovine PET scans exhibit strong and
focused uptake in lytic metastatic osseous lesions of the pros-
tate, moderate uptake in mixed sclerotic lesions, and minimal
to no uptake in densely sclerotic lesions.'”” To enhance the
assessment of these lesions and provide a more comprehen-
sive evaluation, it has been suggested to combine skeletal-
specific imaging with °*™Tc-3,3-diphospho-1,2-propanedi-
carbonacid (DPD) or '®F-NaF alongside '*F-fluciclovine. '™

One advantage of '®F-FACBC is its gradual excretion
through the urinary tract which causes lower accumulation
of the radiotracer in the urinary bladder."”” However, a sig-
nificant limitation of '®F-fluciclovine is its tendency to dis-
play nonspecific uptake in benign inflammatory prostatic
tissue 159160

Overall, the utilization of '®F-fluciclovine PET/CT may aid
in the detection of early-stage bone metastases and has the
potential to provide supplementary information on bone
metastases in prostate cancer patients, in conjunction with
standard bone-specific imaging techniques. It is important to
note that in cases where °F-fluciclovine results are negative
but clinical suspicion of bone involvement persists, further
imaging may be necessary. 7

'®F-FDG

'®F-fluorodeoxyglucose serves as a marker of glucose metab-
olism. Several studies have shown that '*F-FDG is not suit-
able for imaging well-differentiated prostate cancer for
several reasons. Firstly, prostate cancer often exhibits slow
growth and a low metabolic rate, and its expression of glu-
cose transporters is lower compared to other malignant cell
types. As a result, the tumor-to-background ratios are often
low when imaging prostate cancer with '®F-FDG, leading to
a reduced detection rate.'™'°"'%? Secondly, '"®F-FDG PET/
CT is not suitable for identifying sclerotic bone lesions,'’
which are the prominent type of bone metastasis in prostate
cancer. Thirdly, '"®F-FDG lacks the ability to differentiate
between prostate cancer and benign prostatitis, as both con-
ditions exhibit increased glucose uptake due to the inflam-
mation process. This can lead to false-positive images and a
subsequent reduction in specificity. ' Hence, the applica-
tion of '®F-FDG in the initial diagnosis and staging of pros-
tate cancer is considerably limited.'® The sensitivity and
specificity of '®F-FDG for detecting prostate cancer bone

metastases are 69.0% and 85.0%, respectively.”” In a study
conducted by Fourquet et al.,'” it was reported that regard-
less of castration or treatment status, 18F—DCFPyL demon-
strated a significantly higher detection rate compared to '°F-
FDG, with a low level of concordance between them on a
per-patient and per-lesion basis. Notably, as the disease
advanced from castration-sensitive prostate cancer (CSPC) to
castration-resistant prostate cancer (CRPC), there was an
increasing trend of concordance between '®F-FDG and '®F-
DCFPyL scans.'”” '"®F-FDG PET/CT offers a readily accessi-
ble approach to directly assess the extent of active dedifferen-
tiated tumor burden in patients with metastatic CRPC.'®°
Lesions that are negative on PSMA imaging but positive on
'F_FDG are considered more aggressive and associated with
unfavorable outcomes.'®” Otis-Chapados et al.'®" demon-
strated that '°F-FDG PET/CT exhibits high accuracy in
detecting high-grade prostate cancer bone metastasis, with a
sensitivity of 100% and specificity of 98.7%. These values
were significantly superior to those of BS. The benefit of '°F-
FDG PET/CT compared to bone scintigraphy is particularly
relevant for two specific categories of high-risk prostate can-
cer patients: those with solitary metastases and those with
poorly differentiated aggressive or neuroendocrine tumor
subtypes presenting low levels of PSA."°”

In terms of treatment response assessment, several studies
have examined the potential of "®F-FDG PET/CT in distin-
guishing between progression and pseudoprogression associ-
ated with PSMA flare phenomenon. This phenomenon refers
to the heterogeneous increase in PSMA uptake observed in
prostate cancer lesions, particularly in bone metastases, fol-
lowing therapies such as androgen deprivation therapy or
Radium-223.'°"'"  Interestingly, Malaspina et al.'®”
observed an inverse relationship between PSMA flare, charac-
terized by an increase in PSMA uptake, and the intensity of
'E_FDG uptake, specifically in bone metastases. Given this
information, "®F-FDG PET/CT can serve as a valuable tool
for differentiating between PSMA flare and disease progres-
sion. Moreover, lesions presenting with increased PSMA
uptake but milder '®F-FDG accumulation after therapy
might be less aggressive than lesions without PSMA uptake
but with more intense '®F-FDG uptake.'*

In total, '®F-FDG is likely to be useful in hormone-resis-
tant and low-differentiated or dedifferentiated prostate cancer
patients and may hold potential in the detection and moni-
toring of bone metastasis in these patients.'*”

Radiomics and Atrtificial Intelligence

Radiomics is the process of transforming digital medical
images into high-dimensional data to provide diagnostic,
predictive, or prognostic information.' """ Tt is based on
the hypothesis that quantitative features extracted from med-
ical images reflect underlying tumor biology.'”*'"” This
approach helps overcome intra- and interobserver variability
and has the potential to uncover valuable predictive bio-
markers that may not be discernible through visual analysis
alone.'”” The data collected through radiomics can be ana-
lyzed using Al, providing valuable insights for clinical



112

N. Mohseninia et al.

applications and contributing to the progress of precision
medicine.'”! In recent years, signiﬁcant advancements have
been made in the field of artificial intelligence. Similar to
other areas of medicine, the utilization of Al in nuclear medi-
cine is rapidly growing. Machine learning (ML), a field of Al,
encompasses a range of techniques that automatically iden-
tify patterns within data and uses these patterns to predict
future data or make decisions in situations of uncertainty.' "'
In ML, the computer possesses the capacity to acquire
knowledge from the data it has encountered, all without the
need for preexisting programming.' " It is self-learning based
on algorithms, enabling it to acquire knowledge from its own
experiences.'” Deep learning is a subcategory of ML that
uses multilayer neural networks resembling the neural net-
work found in the human brain. Convolutional neural net-
works (CNNs) are the most commonly used multilayer
neural network architecture in medical Al tools.”*'"® In
this section, our objective is to briefly evaluate the utilization
of these techniques in detecting prostate cancer bone metas-
tasis using molecular imaging and examine the advantages
they offer.

As mentioned before, the bone scan index (BSI) is a quan-
titative measure that has the potential to increase bone scan
accuracy and interobserver agreement.”’ However, manual
calculation of BSI is difficult and time-consuming. To solve
this problem, many researchers aimed to develop methods
for automatically calculating BSI.”*”* More recently, Higa-
shiyama et al.'’’ investigated the benefits of BSI calculation
with deep learning algorithms. Their findings revealed that
in addition to showing a significant correlation with alkaline
phosphatase and PSA levels, BSI calculated with radiomics
features and deep learning methods also serves as an indica-
tor of both the activity and extent of bone metastases. Based
on the results of the study by Wuestemann et al.,”" using a
deep learning-based BSI calculation provides high sensitivity
and NPV for detecting prostate cancer bone metastasis on
whole-body BS. Additionally, using Al, specifically deep
learning methods, can help overcome the relatively low accu-
racy of bone scintigraphy. In this regard, Han et al.'"® devel-
oped a 2D-CNN model, using a large number of bone scans
from prostate cancer patients. This model demonstrated
excellent performance in detecting bone metastasis on
whole-body bone scans with overall accuracy of 90.0%.

Al techniques have also shown remarkable diagnostic
accuracy compared to human readers. In a study conducted
by Zhao et al.,'”” the Al model demonstrated enhanced accu-
racy and sensitivity compared to qualified human readers in
interpreting whole-body BS. The accuracy, sensitivity, speci-
ficity, PPV, and NPV of the AI model for prostate cancer
bone metastasis identification using whole-body images were
91.89%, 91.58%, 92.22%, 91.21%, and 99.97%, respec-
tively.'”” Another outstanding advantage of Al is its ability to
analyze a large amount of imaging data in a short amount of
time. In the same study, Zhao et al.'”” reported that the Al
model efficiently completed the interpretation of 400 cases
in 11.3 seconds, while three physicians took 116, 140, and
153 minutes, respectively, to accomplish the same task. This

represents an impressive time saving of 99.88%. Several
other studies have also developed different Al models to
identify bone metastasis in bone scintigraphy, all of which
have shown substantial performance in terms of accuracy,
sensitivity, specificity, reproducibility, time-saving, decreas-
ing physicians’ workload and fatigue, and improving the
quality of patient care.'™ " In particular, to identify bone
metastasis in prostate cancer patients on whole-body BS,
Ntakolia et al."® used a lightweight CNN architecture (LB-
FCN light). In addition to significantly lower computational
complexity due to a lower number of operations and free
parameters of LB-FCN light, this approach also achieved
excellent precision (97.9%), sensitivity (97.8%), specificity
(98.4%) and recall (97.9%) in classifying bone lesions as
malignant.

The application of Al and radiomics in PET imaging of
bone metastases has been evaluated to a lesser extent. How-
ever, there has been an emerging trend towards their utiliza-
tion in recent years. Automated segmentation of lesions in
PET/CT imaging, through a completely automated defini-
tion of regions of interest (ROI), is one of the encouraging
applications of ML."'"" Manual segmentation is a time-con-
suming process with high inter and intraobserver variabil-
ity. The use of ML and radiomics in this process could help
overcome these obstacles. Several studies have investigated
the use of Al models for automatic segmentation of lesions
on PET/CT images. Belal et al."®” developed an Al-based
model to measure the total skeletal tumor burden (PET
index) on 18E_NaF PET/CT scan in prostate cancer patients.
In a clinical setting, PET index can be an objective measure
to evaluate progression and response to treatment in the
bone. Their model showed a rather low false negative rate
for this method; however, the false positive rate was high.
In patient-level analysis, the sensitivity of their AT model
was comparable to that of the human readers. However, the
Al model exhibited a low median PPV. In another study,
Perk et al.'"* aimed to develop a fully automated Al-based
method for detecting prostate cancer tumors and metastases
in '8F-PSMA-1007 PET/CT scans. They also investigated
this model’s ability to quantify tumor burden. Their results
demonstrated a relatively high level of sensitivity of this
method, comparable to that of nuclear medicine physicians.
Additionally, a noteworthy correlation in the assessment of
tumor burden between the Al and manual segmentations
was found. Zhao et al.'”” also developed an Al-based model
for the automatic segmentation of prostate cancer lesions in
the pelvic region on °®Ga-PSMA-11 PET images and
reported high accuracy in detecting bone metastases using
this model.

Previously, it has been shown that using ML-based radio-
mics models on CT images can help distinguish bone metas-
tasis from benign lesions in prostate cancer patients.lgg’189
Similarly, the combination of PSMA PET/CT or PET/MRI
with ML-based radiomics could provide noninvasive lesion
characterization and risk prediction in the primary staging of
prostate cancer. These findings suggest a relationship
between PSMA expression detected on PET scan and both
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the histopathology of the primary tumor and its tendency to
metastasize. ”>'! In this regard, Moazzemi et al.'%? investi-
gated the application of ML and radiomics features in classi-
fying foci of increased PSMA uptake on ®*Ga-PSMA PET/CT
images as either malignant or physiologic/unspecific. They
reported that ML-based radiomics algorithms have the ability
to distinguish malignant lesions, including bone metastases,
from physiologic/unspecific uptakes with accuracy compara-
ble to that of an experienced human reader.

Overall, it appears that the utilization of machine learning
and radiomics in the interpretation of nuclear medicine
imaging can assist physicians and benefit patients in various
aspects. These include enhancing intra- and interobserver
agreement, saving time, increasing accuracy, aiding in pre-
dicting overall survival,'”” reducing the workload on physi-
cians, and providing patients with the advantages of
precision medicine. Nevertheless, to routinely implement
these techniques in clinical practice, further research with
larger datasets is necessary.

Conclusion

In conclusion, bone metastasis in prostate cancer is a signifi-
cant cause of illness and death, highlighting the importance
of early detection and treatment. Various imaging techniques
are utilized to achieve this goal, including CT, MRI, bone
scintigraphy, SPECT/CT, PET/CT, and PET/MRI. Each
modality has its strengths and limitations. The final decision
on the choice of an appropriate imaging modality for the
assessment of bone metastases in prostate cancer depends on
the clinical status, previous and current treatments and the
availability of imaging facilities. Nevertheless, in general,
PET/CT with tumor-specific agents seems to provide the
most accurate diagnostic performance for the evaluation of
metastatic bone disease. Advancements in Al and radiomics
have been integrated into medical imaging, enhancing accu-
racy and reducing variability. These advancements show
promise in identifying prostate cancer bone metastasis using
molecular imaging. The integration of advanced imaging
technologies, such as PET/MRI, along with radiomics and Al,
provides a powerful set of tools for precision medicine in the
detection, staging, and monitoring of prostate cancer and
bone metastases. Although challenges regarding cost and
availability exist, these advancements hold promise for
enhancing patient management and personalized treatment
strategies in the future. Further research and clinical studies
are needed to fully evaluate the clinical utility of new imaging
agents in prostate cancer imaging.

Declaration of Competing
Interest
The authors declare that they have no known competing

financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

1. Chhikara BS, Parang K: Global cancer statistics 2022: The trends pro-
jection analysis. Chem Biol Lett 10:451, 2023

2. Azad GK, Taylor B, Rubello D, et al: Molecular and functional imaging
of bone metastases in breast and prostate cancers: An overview. Clin
Nucl Med 41:e44-e50, 2016

3. Bubendorf L, Schopfer A, Wagner U, et al: Metastatic patterns of pros-
tate cancer: An autopsy study of 1,589 patients. Hum Pathol 31:578-
583, 2000

4. DiNatale A, Fatatis A: The bone microenvironment in prostate cancer
metastasis. Adv Exp Med Biol 31:171-184, 2019

5. Hernandez RK, Wade SW, Reich A, et al: Incidence of bone metastases
in patients with solid tumors: Analysis of oncology electronic medical
records in the United States. BMC Cancer 18:44, 2018

6. Coleman R, Hadji P, Body J-J, et al: Bone health in cancer: ESMO clini-
cal practice guidelines. Ann Oncol 31:1650-1663, 2020

7. Parry MG, Cowling TE, Sujenthiran A, et al: Identifying skeletal-related
events for prostate cancer patients in routinely collected hospital data.
Cancer Epidemiol 63:101628, 2019

8. Kingsley LA, Fournier PGJ, Chirgwin JM, et al: Molecular biology of
bone metastasis. Mol Cancer Ther 6:2609-2617, 2007

9. Drzymalski DM, Oh WK, Werner L, et al: Predictors of survival in
patients with prostate cancer and spinal metastasis: Presented at the
2009 Joint Spine Section Meeting. J Neurosurg Spine 13:789-794,
2010

10. Shibata H, Kato S, Sekine I, et al: Diagnosis and treatment of bone
metastasis: Comprehensive guideline of the Japanese Society of Medi-
cal Oncology, Japanese orthopedic association, Japanese Urological
Association, and Japanese Society for Radiation Oncology. ESMO
Open 1:000037, 2016

11. Mottet N, Cornford P, van den Bergh RCN, et al: EAU, EANM,
ESTRO, ESUR, ISUP, SIOG guidlines on prostate cancer. EAU guid-
lines, Edn, presented at the EAU Annual Congress Milan 2023. ISBN
978-94-92671-19-6

12. Trabulsi EJ, Rumble RB, Jadvar H, et al: Optimum imaging strategies
for advanced prostate cancer: ASCO guideline. J Clin Oncol 38:1963,
2020

13. Love C, Din AS, Tomas MB, et al: Radionuclide bone imaging: An illus-
trative review. Radiographics 23:341-358, 2003

14. Langsteger W, Rezaee A, Pirich C, et al: (18)F-NaF-PET/CT and (99m)
Tc-MDP bone scintigraphy in the detection of bone metastases in pros-
tate cancer. Semin Nucl Med 46:491-501, 2016

15. Preisser F, Mazzone E, Nazzani S, et al: North American population-
based validation of the National Comprehensive Cancer Network Prac-
tice Guideline Recommendations for locoregional lymph node and
bone imaging in prostate cancer patients. Br J Cancer 119:1552-1556,
2018

16. Jambor I, Kuisma A, Ramadan S, et al: Prospective evaluation of planar
bone scintigraphy, SPECT, SPECT/CT, 18F-NaF PET/CT and whole
body 1.5 T MRI, including DWI, for the detection of bone metastases
in high risk breast and prostate cancer patients: SKELETA clinical trial.
Acta Oncol 55:59-67, 2016

17. Strobel K, Burger C, Seifert B, et al: Characterization of focal bone
lesions in the axial skeleton: Performance of planar bone scintigraphy
compared with SPECT and SPECT fused with CT. AJR Am ] Roent-
genol 188:W467-W474, 2007

18. Li M, Zelchan R, Orlova AJB: The performance of FDA-approved?PET
imaging agents in the detection of prostate cancer. Biomedicines
10:2533, 2022

19. Wibmer AG, Burger IA, Sala E, et al: Molecular imaging of prostate
cancer. Br J Radiol 36:142-159, 2016

20. Brenner Al, Koshy J, Morey ], et al: The bone scan. in Seminars in
nuclear medicine. Elsevier. WB Saunders; Philadelphia, Pennsylvania
42:11-26, 2012.

21. Agrawal K, Marafi F, Gnanasegaran G, et al: Pitfalls and limitations of
radionuclide planar and hybrid bone imaging. Sem Nucl Med 45:347-
372,2015

22. Zhou J, Gou Z, Wu R, et al: Comparison of PSMA-PET/CT, choline-
PET/CT, NaF-PET/CT, MRI, and bone scintigraphy in the diagnosis of


http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0001
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0001
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0002
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0002
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0002
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0003
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0003
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0003
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0003
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0004
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0004
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0005
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0005
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0005
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0006
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0006
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0007
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0007
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0007
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0008
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0008
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0009
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0009
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0009
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0009
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0010
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0010
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0010
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0010
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0010
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0002a
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0002a
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0002a
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0002a
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0012
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0012
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0012
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0013
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0013
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0014
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0014
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0014
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0015
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0015
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0015
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0015
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0015
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0016
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0016
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0016
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0016
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0016
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0017
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0017
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0017
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0017
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0018
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0018
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0018
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0019
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0019
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0020
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0020
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0020
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0021
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0021
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0021
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0022
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0022

114

N. Mohseninia et al.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

bone metastases in patients with prostate cancer: A systematic review
and meta-analysis. Skeletal Radiol 48:1915-1924, 2019

Parker SJ, Pond GR, Agarwal N, et al: Integration of bone and com-
puted tomography scans to assess bone metastasis in metastatic castra-
tion-resistant prostate cancer. Skeletal Radiol 15:53-59, 2017

Zhao R, Li Y, Nie L, et al: The meta-analysis of the effect of 68Ga-
PSMA-PET/CT diagnosis of prostatic cancer compared with bone scan.
Medicine (Baltimore) 100:¢25417, 2021

Chow KM, So WZ, Lee HJ, et al: Head-to-head comparison of the diag-
nostic accuracy of prostate-specific membrane antigen positron emis-
sion tomography and conventional imaging modalities for initial
staging of intermediate-to high-risk prostate cancer: A systematic
review and meta-analysis. Eur Urol 84:36-48, 2023

Simsek DH, Sanli Y, Civan C, et al: Does bone scintigraphy still have a
role in the era of 68 Ga-PSMA PET/CT in prostate cancer? Ann Nucl
Med 34:476-485, 2020

Sadik M, Suurkula M, Héglund P, et al: Quality of planar whole-body
bone scan interpretations: A nationwide survey. Eur J Nucl Med Mol
Imaging 35:1464-1472, 2008

Tiel-van Buul MM, van Beek EJ, van Dongen A, et al: The reliability of
the 3-phase bone scan in suspected scaphoid fracture: An inter-and
intraobserver variability analysis. Eur ] Nucl Med 19:848-852, 1992
Imbriaco M, Larson SM, Yeung HW, et al: A new parameter for mea-
suring metastatic bone involvement by prostate cancer: The Bone Scan
Index. Clin Cancer Res 4:1765-1772, 1998

Wuestemann J, Hupfeld S, Kupitz D, et al: Analysis of bone scans in
various tumor entities using a deep-learning-based artificial neural net-
work algorithm: Evaluation of diagnostic performance. Cancers (Basel)
12:2654, 2020

Li D, Lv H, Hao X, et al: Prognostic value of bone scan index as an
imaging biomarker in metastatic prostate cancer: A meta-analysis.
Oncotarget 8:84449-84458, 2017

Ulmert D, Kaboteh R, Fox JJ, et al: A novel automated platform for
quantifying the extent of skeletal tumour involvement in prostate can-
cer patients using the Bone Scan Index. Eur Urol 62:78-84, 2012
Kaboteh R, Gjertsson P, Leek H, et al: Progression of bone metastases
in patients with prostate cancer-automated detection of new lesions
and calculation of bone scan index. EJNMMI Res 3:1-6, 2013
Ben-Haim S, Israel O: Breast cancer: Role of SPECT and PET in imag-
ing bone metastases in Seminars in nuclear medicine. Elsevier: WB
Saunders; Philadelphia, Pennsylvania 39:408-415, 2009

Gnanasegaran G, Barwick T, Adamson K, et al: Multislice SPECT/CT in
benign and malignant bone disease: When the ordinary turns into the
extraordinary in Seminars in nuclear medicine. Elsevier: WB Saunders,
Philadelphia, Pennsylvania 39:431-442, 2009

Horger M, Bares R: The role of single-photon emission computed
tomography/computed tomography in benign and malignant bone dis-
ease in Seminars in nuclear medicine. Elsevier: WB Saunders; Philadel-
phia, Pennsylvania 36:286-294, 2006

lkeda T, Kitajima K, Tsuchitani T, et al: Effectiveness of quantitative
bone SPECT/CT for bone metastasis diagnosis. Hell J Nucl Med
25:253-259, 2022

de Leiris N, Leenhardt J, Boussat B, et al: Does whole-body bone
SPECT/CT provide additional diagnostic information over [18F]-FCH
PET/CT for the detection of bone metastases in the setting of prostate
cancer biochemical recurrence? Cancer Imaging 20:58, 2020

Bénard F, Harsini S, Wilson D, et al: Intra-individual comparison of
(18)F-sodium fluoride PET-CT and (99m)Tc bone scintigraphy with
SPECT in patients with prostate cancer or breast cancer at high risk for
skeletal metastases (MITNEC-A1): A multicentre, phase 3 trial. Lancet
Oncol 23:1499-1507, 2022

Pyka T, Okamoto S, Dahlbender M, et al: Comparison of bone scintig-
raphy and 68 Ga-PSMA PET for skeletal staging in prostate cancer.
Eur J Nucl Med Mol Imaging 43:2114-2121, 2016

Brunello S, Salvarese N, Carpanese D, et al: A review on the current
state and future perspectives of [(99m)Tc|Tc-housed PSMA-I in pros-
tate cancer. Molecules 27, 2022

Zhang VY, Lin Z, Li T, et al: Head-to-head comparison of (99m)Tc-PSMA
and (99m)Tc-MDP SPECT/CT in diagnosing prostate cancer bone

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

metastasis: A prospective, comparative imaging trial. Sci Rep 12:15993,
2022

Kabunda J, Gabela L, Kalinda C, et al: Comparing 99mTc-PSMA to
99mTc-MDP in prostate cancer staging of the skeletal system. Clin
Nucl Med 46:562-568, 2021

Albalooshi B, Bagheri F, Miyanath S, et al: Direct comparison of (99m)
Tc-PSMA SPECT/CT and (68)Ga-PSMA PET/CT in patients with pros-
tate cancer. Asia Ocean ] Nucl Med Biol 8:1-7, 2020

Fallahi B, Khademi N, Karamzade-Ziarati N, et al: 99mTc-PSMA
SPECT/CT Versus 68Ga-PSMA PET/CT in the evaluation of metastatic
prostate cancer. Clin Nucl Med 46:e68-e74, 2021

Duncan [, Ingold N, Martinez-Marroquin E, et al: An Australian expe-
rience using Tc-PSMA SPECT/CT in the primary diagnosis of prostate
cancer and for staging at biochemical recurrence after local therapy.
Prostate 83:970-979, 2023

Berliner C, Steinhelfer L, Chantadisai M, et al: Delayed imaging
improves lesion detectability in [(99m)Tc]Tc-PSMA-I&S SPECT/CT in
recurrent prostate cancer. ] Nucl Med 64:1036-1042, 2023.

Maurin M, Wyczotkowska M, Sawicka A, et al: [(99m)Tc|Tc-PSMA-
T4-Novel SPECT Tracer for metastatic PCa: From bench to clinic. Mol-
ecules 21:27, 2022

Dickson JC, Armstrong IS, Gabina PM, et al: EANM practice guideline
for quantitative SPECT-CT. Eur J Nucl Med Mol Imaging 50:980-995,
2023

Bailey DL, Willowson KP: An evidence-based review of quantitative
SPECT imaging and potential clinical applications. ] Nucl Med 54:83-
89,2013

Blaire T, Bailliez A, Ben Bouallegue F, et al: First assessment of simulta-
neous dual isotope (123?1/299m Tc) cardiac SPECT on two different
CZT cameras: A phantom study. J Nucl Cardiol 25:1692-1704, 2018
Coskun N, Cagdas B: Quantitative Tc-MDP SPECT/CT as an alterna-
tive to 18 F-NaF PET/CT for objective assessment of osteoblastic bone
metastases. Hell ] Nucl Med 25:132-137, 2022

Tabotta F, Jreige M, Schaefer N, et al: Quantitative bone SPECT/CT:
High specificity for identification of prostate cancer bone metastases.
BMC Musculoskelet Disord 20:1-7, 2019

Beck M, Sanders JC, Ritt P, Reinfelder ], et al: Longitudinal analysis of
bone metabolism using SPECT/CT and 99m Tc-diphosphono-pro-
panedicarboxylic acid: Comparison of visual and quantitative analysis.
EJNMMI Res 6:1-9, 2016

Kuji I, Yamane T, Seto A, et al: Skeletal standardized uptake values
obtained by quantitative SPECT/CT as an osteoblastic biomarker for
the discrimination of active bone metastasis in prostate cancer. Eur J
Hybrid Imaging 1:1-16, 2017

Afshar-Oromieh A, da Cunha ML, Wagner J, et al: Performance of [68
Ga] Ga-PSMA-11?PET/?CT in patients with recurrent prostate cancer
after prostatectomy: A multi-centre evaluation of 2533 patients. Eur ]
Nucl Med Mol Imaging 48:2925-2934, 2021

Afshar-Oromieh A, Malcher A, Eder M, et al: PET imaging with a [68
Ga] gallium-labelled PSMA ligand for the diagnosis of prostate cancer:
Biodistribution in humans and first evaluation of tumour lesions. Eur J
Nucl Med Mol Imaging 40:486-495, 2013

Watabe T, Uemura M, Soeda F, et al: High detection rate in [18 F]
PSMA-1007 PET: Interim results focusing on biochemical recurrence
in prostate cancer patients. Ann Nucl Med 35:523-528, 2021

Wang J, Han Y, Lin L, et al: Systematic review & meta-analysis of posi-
tron emission tomography/computed tomography and bone scan in
the diagnosis of prostate lesions. Transl Androl Urol 10:4231, 2021
Zacho HD, Nielsen JB, Haberkorn U, et al: 68Ga-PSMA PET/CT for the
detection of bone metastases in prostate cancer: A systematic review of
the published literature. Clin Physiol Funct Imaging 38:911-922, 2018
Janssen JC, Meifsner S, Woythal N, et al: Comparison of hybrid 68 Ga-
PSMA-PET/CT and 99m Tc-DPD-SPECT/CT for the detection of bone
metastases in prostate cancer patients: Additional value of morpho-
logic information from low dose CT. Eur Radiol 28:610-619, 2018
Dyrberg E, Hendel HW, Huynh TH, et al: 68Ga-PSMA-PET/CT in
comparison with 18F-fluoride-PET/CT and whole-body MRI for the
detection of bone metastases in patients with prostate cancer: A pro-
spective diagnostic accuracy study. Eur Radiol 29:1221-1230, 2019


http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0022
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0022
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0023
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0023
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0023
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0024
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0024
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0024
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0025
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0025
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0025
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0025
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0025
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0026
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0026
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0026
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0027
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0027
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0027
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0027
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0028
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0028
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0028
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0029
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0029
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0029
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0030
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0030
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0030
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0030
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0031
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0031
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0031
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0032
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0032
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0032
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0033
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0033
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0033
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0034
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0034
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0034
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0035
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0035
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0035
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0035
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0036
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0036
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0036
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0036
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0037
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0037
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0037
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0038
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0038
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0038
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0038
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0039
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0039
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0039
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0039
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0039
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0039
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0040
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0040
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0040
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0041
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0041
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0041
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0042
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0042
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0042
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0042
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0043
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0043
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0043
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0044
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0044
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0044
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0045
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0045
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0045
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0046
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0046
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0046
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0046
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0047
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0047
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0047
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0048
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0048
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0048
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0049
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0049
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0049
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0049
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0050
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0050
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0050
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0051
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0051
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0051
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0052
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0052
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0052
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0053
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0053
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0053
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0054
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0054
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0054
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0054
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0055
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0055
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0055
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0055
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0056
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0056
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0056
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0056
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0057
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0057
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0057
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0057
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0058
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0058
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0058
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0059
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0059
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0059
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0060
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0060
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0060
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0061
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0061
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0061
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0061
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0061
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0062
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0062
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0062
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0062

Bone Metastasis in Prostate Cancer: Bone Scan Versus PET Imaging

115

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Zacho HD, Nielsen JB, Afshar-Oromieh A, et al: Prospective compari-
son of 68Ga-PSMA PET/CT, 18F-sodium fluoride PET/CT and diffu-
sion weighted-MRI at for the detection of bone metastases in
biochemically recurrent prostate cancer. Eur ] Nucl Med Mol Imaging
45:1884-1897, 2018

Radzina M, Tirane M, Roznere L, et al: Accuracy of 68Ga-PSMA-11?
PET/?CT and multiparametric MRI for the detection of local tumor
and lymph node metastases in early biochemical recurrence of prostate
cancer. Am J Nucl Med Mol Imaging 10:106, 2020

Asa S, Ozgur E, Uslu-Besli L, et al: Hybrid Ga-68 prostate-specific mem-
brane antigen PET/MRI in the detection of skeletal metastasis in patients
with newly diagnosed prostate cancer: Contribution of each part to the
diagnostic performance. Nucl Med Commun 44:65-73, 2022

Kairemo K, Kangasmiki A, Kappadath SC, et al: A retrospective com-
parative study of sodium fluoride Nal8F-PET/CT and 68Ga-PSMA-11
PET/CT in the bone metastases of prostate cancer using a volumetric
3-D radiomic analysis. Life (Basel) 12:1977, 2022

Liu F, Dong J, Shen Y, et al: Comparison of PET/CT and MRI in the
diagnosis of bone metastasis in prostate cancer patients: A network
analysis of diagnostic studies. Front Oncol 11:736654, 2021

Regula N, Kostaras V, Johansson S, et al: Comparison of 68Ga-PSMA
PET/CT with fluoride PET/CT for detection of bone metastatic disease
in prostate cancer. Eur ] Hybrid Imaging 6:5, 2022

Beheshti M, Vali R, Waldenberger P, et al: The use of F-18 choline PET in
the assessment of bone metastases in prostate cancer: Correlation with
morphological changes on CT. Mol Imaging Biol 11:446-454, 2009
Sanchez-Crespo A: Comparison of Gallium-68 and Fluorine-18 imag-
ing characteristics in positron emission tomography. Appl Radiat Isot
76:55-62, 2013

Chavoshi M, Mirshahvalad SA, Metser U, et al: 68Ga-PSMA PET in
prostate cancer: A systematic review and meta-analysis of the observer
agreement. Eur Nucl Med Mol Imaging 49:1021-1029, 2022
Domachevsky L, Bernstine H, Goldberg N, et al: Early 68GA-PSMA
PET/MRI acquisition: Assessment of lesion detectability and PET met-
rics in patients with prostate cancer undergoing same-day late PET/
CT. Clin Radiol 72:944-950, 2017

Eiber M, Rauscher I, Souvatzoglou M, et al: Prospective head-to-head
comparison of 11 C-choline-PET/MR and 11 C-choline-PET/CT for
restaging of biochemical recurrent prostate cancer. Eur J Nucl Med
Mol Imaging 44:2179-2188, 2017

Freitag MT, Radtke JP, Hadaschik BA, et al: Comparison of hybrid
68Ga-PSMA PET/MRI and 68Ga-PSMA PET/CT in the evaluation of
lymph node and bone metastases of prostate cancer. Eur ] Nucl Med
Mol Imaging 43:70-83, 2016

Huo H, Shen S, He D, et al: Head-to-head comparison of (68)Ga-
PSMA-11 PET/CT and (68)Ga-PSMA-11 PET/MRI in the detection of
biochemical recurrence of prostate cancer: Summary of head-to-head
comparison studies. Prostate Cancer Prostatic Dis 26:16-24, 2023
Evangelista L, Zattoni F, Cassarino G, et al: PET/MRI in prostate can-
cer: A systematic review and meta-analysis. Eur ] Nucl Med Mol Imag-
ing 48:859-873, 2021

Liu FY, Sheng TW, Tseng JR, et al: Prostate-specific membrane antigen
(PSMA) fusion imaging in prostate cancer: PET—CT vs PET—MRI. Br ]
Radiol 95:20210728, 2022

Rischpler C, Beck TI, Okamoto S, et al: 68Ga-PSMA-HBED-CC uptake
in cervical, celiac, and sacral ganglia as an important pitfall in prostate
cancer PET imaging. ] Nucl Med 59:1406-1411, 2018

Rasul S, Haug AR: Clinical Applications of PSMA PET examination in
patients with prostate cancer. Cancers (Basel) 14:3768, 2022

Chen MY, Franklin A, Yaxley J, et al: Solitary rib lesions showing pros-
tate-specific membrane antigen (PSMA) uptake in pre-treatment stag-
ing 68Ga-PSMA-11 positron emission tomography scans for men with
prostate cancer: Benign or malignant? BJU Int 126:396-401, 2020
Song H, lagaru A, Rowe SP: 18F-DCFPyL PET acquisition, interpreta-
tion, and reporting: Suggestions after Food and drug administration
approval. ] Nucl Med 63:855-859, 2022

Hofman MS, Lawrentschuk N, Francis RJ, et al: Prostate-specific mem-
brane antigen PET-CT in patients with high-risk prostate cancer before

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

curative-intent surgery or radiotherapy (proPSMA): A prospective,
randomised, multicentre study. Lancet 395:1208-1216, 2020

Cho SY, Gage KL, Mease RC, et al: Biodistribution, tumor detection,
and radiation dosimetry of 18F-DCFBC, a low-molecular-weight
inhibitor of prostate-specific membrane antigen, in patients with meta-
static prostate cancer. ] Nucl Med 53:1883-1891, 2012

Wondergem M, Van Der Zant FM, Broos WA, et al: 18 F-DCFPyL
PET/CT for primary staging in 160 high-risk prostate cancer patients;
metastasis detection rate, influence on clinical management and pre-
liminary results of treatment efficacy. Eur ] Nucl Med Mol Imaging
48:521-531, 2021

Rauscher I, Krénke M, Kénig M, et al: Matched-pair comparison of
68Ga-PSMA-11?PET/?CT and 18F-PSMA-1007 PET/CT: Frequency of
pitfalls and detection efficacy in biochemical recurrence after radical
prostatectomy. ] Nucl Med 61:51-57, 2020

Werner RA, Derlin T, Lapa C, et al: 18F-labeled, PSMA-targeted radio-
tracers: Leveraging the advantages of radiofluorination for prostate
cancer molecular imaging. Theranostics 10:1, 2020

Giesel FL, Hadaschik B, Cardinale J, et al: F-18 labelled PSMA-1007:
Biodistribution, radiation dosimetry and histopathological validation
of tumor lesions in prostate cancer patients. Eur J Nucl Med Mol Imag-
ing 44:678-688, 2017

Alberts I, Mingels C, Zacho HD, et al: Comparing the clinical perfor-
mance and cost efficacy of [68 Ga] Ga-PSMA-11 and [18 F] PSMA-
1007 in the diagnosis of recurrent prostate cancer: A Markov chain
decision analysis. Eur J Nucl Med Mol Imaging: 1-10, 2021

Anttinen M, Ettala O, Malaspina S, et al: A prospective comparison of
18F-prostate-specific membrane antigen-1007 positron emission
tomography computed tomography, whole-body 1.5 T magnetic reso-
nance imaging with diffusion-weighted imaging, and single-photon
emission computed tomography/computed tomography with tradi-
tional imaging in primary distant metastasis staging of prostate cancer
(PROSTAGE). Eur Urol Oncol 4:635-644, 2021

Griinig H, Maurer A, Thali Y, et al: Focal unspecific bone uptake on
[18 F]-PSMA-1007 PET: A multicenter retrospective evaluation of the
distribution, frequency, and quantitative parameters of a potential pit-
fall in prostate cancer imaging. Eur ] Nucl Med Mol Imaging 48:4483-
4494, 2021

Dietlein F, Kobe C, Hohberg M, et al: Intraindividual comparison of
18F-PSMA-1007 with renally excreted PSMA ligands for PSMA PET
imaging in patients with relapsed prostate cancer. ] Nucl Med 61:729-
734, 2020

Seifert R, Telli T, Opitz M, et al: Unspecific 18F-PSMA-1007 bone
uptake evaluated through PSMA-11 PET, bone scanning, and MRI tri-
ple validation in patients with biochemical recurrence of prostate can-
cer. ] Nucl Med 64:738-743, 2023

Pienta KJ, Gorin MA, Rowe SP, et al: A phase 2/3 prospective multicen-
ter study of the diagnostic accuracy of prostate specific membrane anti-
gen PET/CT with 18F-DCFPyL in prostate cancer patients (OSPREY). ]
Urol 206:52-61, 2021

Wilson ZJ, Xu G, Tewari SO, et al: Comparison of PSMA-based (18)F-
DCFPyL PET/CT and Tc-99m MDP bone scan in detection of bone
metastasis in prostate cancer. Am J Nucl Med Mol Imaging 13:1-10,
2023

Rowe SP, Macura KJ, Mena E: PSMA-based [18 F|] DCFPyL PET/CT is
superior to conventional imaging for lesion detection in patients with
metastatic prostate cancer. Mol Imaging Biol 18:411-419, 2016

Szabo Z, Mena E, Rowe SP, et al: Initial evaluation of [18 F|] DCFPyL
for prostate-specific membrane antigen (PSMA)-targeted PET imaging
of prostate cancer. Mol Imaging Biol 17:565-574, 2015

Rowe SP, Li X, Trock BJ, et al: Prospective comparison of PET imaging
with PSMA-targeted 18F-DCFPyL versus Nal8F for bone lesion detec-
tion in patients with metastatic prostate cancer. J Nucl Med 61:183-
188, 2020

Nguyen TT, Bhosale PR, Xu G, et al: Comparison of PSMA-based 18F-
DCFPyL PET/CT and pelvic multiparametric MRI for lesion detection
in the pelvis in patients with prostate cancer. Am J Nucl Med Mol
Imaging 12:166, 2022


http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0063
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0063
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0063
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0063
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0063
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0064
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0064
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0064
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0064
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0065
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0065
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0065
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0065
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0066
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0066
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0066
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0066
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0066
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0067
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0067
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0067
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0038q
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0038q
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0038q
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0069
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0069
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0069
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0070
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0070
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0070
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0071
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0071
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0071
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0072
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0072
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0072
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0072
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0073
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0073
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0073
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0073
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0074
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0074
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0074
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0074
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0075
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0075
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0075
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0075
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0076
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0076
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0076
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0077
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0077
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0077
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0077
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0077
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0078
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0078
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0078
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0079
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0079
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0080
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0080
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0080
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0080
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0081
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0081
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0081
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0082
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0082
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0082
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0082
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0083
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0083
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0083
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0083
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0084
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0084
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0084
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0084
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0084
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0085
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0085
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0085
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0085
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0085
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0085
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0086
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0086
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0086
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0087
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0087
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0087
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0087
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0088
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0088
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0088
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0088
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0089
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0089
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0089
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0089
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0089
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0089
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0089
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0090
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0090
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0090
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0090
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0090
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0090
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0091
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0091
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0091
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0091
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0092
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0092
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0092
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0092
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0093
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0093
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0093
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0093
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0094
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0094
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0094
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0094
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0095
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0095
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0095
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0096
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0096
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0096
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0097
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0097
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0097
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0097
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0098
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0098
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0098
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0098

116

N. Mohseninia et al.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Wondergem M, van der Zant FM, Broos WA, et al: Matched-pair com-
parison of 18F-DCFPyL PET/CT and 18F-PSMA-1007?PET/?CT in
240 prostate cancer patients: Interreader agreement and lesion detec-
tion rate of suspected lesions. ] Nucl Med 62:1422-1429, 2021
Laudicella R, Spataro A, Croce L, et al: Preliminary findings of the role
of FAPi in prostate cancer theranostics. Diagnostics (Basel) 13:1175,
2023

Altmann A, Haberkorn U, Siveke J: The latest developments in imaging
of fibroblast activation protein. J Nucl Med 62:160-167, 2021

Lindner T, Loktev A, Giesel F, et al: Targeting of activated fibroblasts
for imaging and therapy. EJNMMI Radiopharm Chem 4:1-15, 2019

Li M, Younis MH, Zhang Y, et al: Clinical summary of fibroblast activa-
tion protein inhibitor-based radiopharmaceuticals: Cancer and
beyond. Eur ] Nucl Med Mol Imaging 49:2844-2868, 2022

Hamson EJ, Keane FM, Tholen S, et al: Understanding fibroblast acti-
vation protein (FAP): Substrates, activities, expression and targeting
for cancer therapy. Proteomics Clin Appl 8:454-463, 2014

Lamprecht S, Sigal-Batikoff I, Shany S, et al: Teaming up for trouble: Can-
cer cells, transforming growth factor-g1 signaling and the epigenetic cor-
ruption of stromal naive fibroblasts. Cancers (Basel) 10:61, 2018

Bu L, Baba H, Yoshida N, et al: Biological heterogeneity and versatility
of cancer-associated fibroblasts in the tumor microenvironment.
Oncogene 38:4887-4901, 2019

Egger C, Cannet C, Gérard C, et al: Effects of the fibroblast activation
protein inhibitor, PT100, in a murine model of pulmonary fibrosis.
Eur J Pharmacol 809:64-72, 2017

De Willige SU, Malfliet JJ, Janssen HL, et al: Increased N-terminal
cleavage of alpha-2-antiplasmin in patients with liver cirrhosis. ]
Thromb Haemost 11:2029-2036, 2013

Greifenstein L, Kramer CS, Moon ES, et al: From Automated synthesis
to in vivo application in multiple types of cancer: Clinical results with
[68Ga] Ga-DATA5m. SA. FAPi. Pharmaceuticals 15:1000, 2022

Kesch C, Yirga L, Dendl K, et al: High fibroblast-activation-protein
expression in castration-resistant prostate cancer supports the use of
FAPI-molecular theranostics. Eur ] Nucl Med Mol Imaging 49:385-
389,2021

Kratochwil C, Flechsig P, Lindner T, et al: 68Ga-FAPI PET/CT: Tracer
uptake in 28 different kinds of cancer. ] Nucl Med 60:801-805, 2019
Wu J, Wang Y, Liao T, et al: Comparison of the relative diagnostic per-
formance of [68Gal Ga-DOTA-FAPI-04 and [18F] FDG PET/CT for
the detection of bone metastasis in patients with different cancers.
Front Oncol 11:737827, 2021

Duan H, lagaru A: The use of advanced imaging in guiding the further
investigation and treatment of primary prostate cancer. Cancer Imag-
ing 22:45, 2022

Haendeler M, Khawar A, Ahmadzadehfar H, et al: Biodistribution and
radiation dosimetric analysis of [68Ga] Ga-RM2: A potent GRPR antag-
onist in prostate carcinoma patients. Radiation 1:33-44, 2020

Beer M, Montani M, Gerhardt J, et al: Profiling gastrin-releasing pep-
tide receptor in prostate tissues: Clinical implications and molecular
correlates. Prostate 72:318-325, 2012

Baratto L, Song H, Duan H, et al: PSMA- and GRPR-Targeted PET:
Results from 50 patients with biochemically recurrent prostate cancer.
J Nucl Med 62:1545-1549, 2021

Minamimoto R, Hancock S, Schneider B, et al: Pilot comparison of
(6)(8)Ga-RM2 PET and (6)(8)Ga-PSMA-11 PET in patients with
biochemically recurrent prostate cancer. J Nucl Med 57:557-562,
2016

Beheshti M, Taimen P, Kemppainen J, et al: Value of 68Ga-labeled
bombesin antagonist (RM2) in the detection of primary prostate cancer
comparing with [18F]fluoromethylcholine PET/CT and mpMRIL A
phase /Il study. Eur Radiol 33:472-482, 2023

Duan H, Baratto L, Fan RE, et al: Correlation of (68)Ga-RM2 PET with
postsurgery histopathology findings in patients with newly diagnosed
intermediate- or high-risk prostate cancer. ] Nucl Med 63:1829-1835,
2022

Baratto L, Song H, Duan H, et al: PSMA-and GRPR-targeted PET:
Results from 50 patients with biochemically recurrent prostate cancer.
J Nucl Med 62:1545-1549, 2021

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Minamimoto R, Sonni I, Hancock S, et al: Prospective evaluation of
(68)Ga-RM2 PET/MRI in patients with biochemical recurrence of pros-
tate cancer and negative findings on conventional imaging. J Nucl Med
59:803-808, 2018

Cucchiara V, Mapelli P, Ghezzo S, et al: The Role of 68Ga-PSMA- and
68Ga-DOTA-RM2 PET/MRI in the primary staging of high-risk prostate
cancer patients undergoing radical prostatectomy. Preliminary results of
a prospective, single center study 207:e882, 2022.

Mapelli P, Ghezzo S, Samanes Gajate AM, et al: (68)Ga-PSMA and
(68)Ga-DOTA-RM2 PET/MRI in recurrent prostate cancer: Diagnostic
performance and association with clinical and histopathological data.
Cancers (Basel) 14:334, 2022

Mapelli P, Ghezzo S, Samanes Gajate AM, et al: Preliminary results of
an ongoing prospective clinical trial on the use of (68)Ga-PSMA and
(68)Ga-DOTA-RM2 PET/MRI in staging of high-risk prostate cancer
patients. Diagnostics (Basel) 11:2068, 2021

Fogelman I: Skeletal uptake of diphosphonate: A review. Eur J Nucl
Med 5:473-476, 1980

Wootton R, Dore C: The single-passage extraction of 18F in rabbit
bone. Clin Phys Physiol Meas 7:333, 1986

Grant FD, Fahey FH, Packard AB, et al: Skeletal PET with 18F-fluo-
ride: Applying new technology to an old tracer. ] Nucl Med 49:68-78,
2008

Beheshti M, Mottaghy FM, Payche F, et al: (18)F-NaF PET/CT:
EANM procedure guidelines for bone imaging. Eur ] Nucl Med
Mol Imaging 42:1767-1777, 2015

Poulsen MH, Petersen H, Heilund-Carlsen PF, et al: Spine metastases
in prostate cancer: Comparison of technetium-99m-MDP whole-body
bone scintigraphy, [(18) Flcholine positron emission tomography
(PET)/computed tomography (CT) and [(18) F|NaF PET/CT. BJU Int
114:818-823, 2014

Pianou NK, Stavrou P, Evangelia Vlontzou M, et al: More advantages in
detecting bone and soft tissue metastases 18 from prostate cancer
using F-PSMA PET/CT. Hell J Nucl Med 22:6-9, 2019

Beheshti M, Rezaee A, Geinitz H, et al: Evaluation of prostate cancer
bone metastases with 18F-NaF and 18F-fluorocholine PET/CT. J Nucl
Med 57:555-60S, 2016

Sheikhbahaei S, Jones KM, Werner RA, et al: 18F-NaF-PET/CT for the
detection of bone metastasis in prostate cancer: A meta-analysis of
diagnostic accuracy studies. Annals of Nuclear Medicine 33:351-361,
2019

Agrawal A, Natarajan A, Mithun S, et al: Bone metastases in prostate
cancer—Gallium-68—labeled prostate-specific membrane antigen or
Fluorine 18 sodium fluoride PET/computed tomography—the better
tracer? Nucl Med Commun 43:1225-1232, 2022

Uprimny C, Svirydenka A, Fritz J, et al: Comparison of [(68)Gal
Ga-PSMA-11 PET/CT with [(18)F]NaF PET/CT in the evaluation
of bone metastases in metastatic prostate cancer patients prior to
radionuclide therapy. Eur J Nucl Med Mol Imaging 45:1873-1883,
2018

Sonni I, Minamimoto R, Baratto L, et al: Simultaneous PET/MRI in the
evaluation of breast and prostate cancer using combined Na[18F] F
and [18F]FDG: A focus on skeletal lesions. Mol Imaging Biol 22:397-
406, 2020

Tanaka K, Norikane T, Mitamura K, et al: Quantitative [(99m)Tc]
Tc-MDP SPECT/CT correlated with [(18)F]NaF PET/CT for bone
metastases in patients with prostate cancer. EJ]NMMI Phys 9:83,
2022

Kulshrestha RK, Vinjamuri S, England A, et al: The role of 18F-sodium
fluoride PET/CT bone scans in the diagnosis of metastatic bone disease
from breast and prostate cancer. J Nucl Med Technol 44:217-222,
2016

Bastawrous S, Bhargava P, Behnia F, et al: Newer PET application with
an old tracer: Role of 18F-NaF skeletal PET/CT in oncologic practice.
Radiographics 34:1295-1316, 2014

Kimura K, Kitajima K, Kawanaka Y, et al: Evaluation of 11C-choline
positron emission tomography/computed tomography for determining
treatment response in castration-resistant prostate cancer patients. Int J

Urol 29:1072-1078, 2022


http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0099
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0099
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0099
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0099
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref00100
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref00100
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref00100
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref00100
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0101
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0101
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0102
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0102
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0103
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0103
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0103
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0104
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0104
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0104
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0105
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0105
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0105
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0105
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0106
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0106
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0106
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0107
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0107
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0107
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0107
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0108
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0108
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0108
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0109
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0109
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0109
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0110
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0110
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0110
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0110
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0111
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0111
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0112
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0112
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0112
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0112
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0113
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0113
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0113
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0114
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0114
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0114
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0115
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0115
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0115
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0116
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0116
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0116
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0117
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0117
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0117
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0117
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0118
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0118
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0118
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0118
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0119
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0119
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0119
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0119
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0120
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0120
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0120
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0121
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0121
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0121
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0121
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0122
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0122
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0122
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0122
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0123
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0123
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0123
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0123
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0124
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0124
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0124
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0124
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0125
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0125
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0126
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0126
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0127
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0127
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0127
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0128
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0128
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0128
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0129
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0129
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0129
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0129
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0129
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0130
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0130
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0130
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0131
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0131
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0131
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0132
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0132
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0132
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0132
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0133
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0133
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0133
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0133
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0133
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0133
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0133
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0134
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0134
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0134
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0134
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0134
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0135
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0135
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0135
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0135
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0136
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0136
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0136
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0136
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0137
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0137
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0137
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0137
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0138
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0138
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0138
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0139
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0139
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0139
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0139

Bone Metastasis in Prostate Cancer: Bone Scan Versus PET Imaging

117

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Hara T, Kosaka N, Kishi H: PET imaging of prostate cancer using car-
bon-11-choline. J Nucl Med 39:990-995, 1998

Evangelista L, Guttilla A, Zattoni F, et al: Utility of choline positron
emission tomography/computed tomography for lymph node involve-
ment identification in intermediate-to high-risk prostate cancer: A sys-
tematic literature review and meta-analysis. J Nucl Med 63:1040-
1048, 2013

Shen G, Deng H, Hu S, et al: Comparison of choline-PET/CT, MRI,
SPECT, and bone scintigraphy in the diagnosis of bone metastases in
patients with prostate cancer: A meta-analysis. Skeletal Radiol
43:1503-1513, 2014

Guo Y, Wang L, Hu J, et al: Diagnostic performance of choline PET/CT
for the detection of bone metastasis in prostate cancer: A systematic
review and meta-analysis. Skeletal Radiol 13:¢0203400, 2018
Eschmann SM, Pfannenberg AC, Rieger A, et al: Comparison of 11C-
choline-PET/CT and whole body-MRI for staging of prostate cancer.
Nuklearmedizin 46:161-168, 2007

Conde-Moreno AJ, Herrando-Parrenio G, Muelas-Soria R, et al: Whole-
body diffusion-weighted magnetic resonance imaging (WB-DW-MRI)
vs choline-positron emission tomography-computed tomography
(choline-PET/CT) for selecting treatments in recurrent prostate cancer.
Clin Transl Oncol 19:553-561, 2017

Mortensen MA, Poulsen MH, Gerke O, et al: 18F-Fluoromethylcho-
line-positron emission tomography/computed tomography for diag-
nosing bone and lymph node metastases in patients with intermediate-
or high-risk prostate cancer. Clin Transl Oncol 7:119-123, 2019
Evangelista L, Cimitan M, Zattoni F, et al: Comparison between con-
ventional imaging (abdominal—pelvic computed tomography and
bone scan) and [18F] choline positron emission tomography/com-
puted tomography imaging for the initial staging of patients with inter-
mediate-tohigh-risk prostate cancer: A retrospective analysis. Scand ]
Urol 49:345-353, 2015

Souvatzoglou M, Eiber M, Takei T, et al: Comparison of integrated
whole-body [11C]choline PET/MR with PET/CT in patients with pros-
tate cancer. Eur J Nucl Med Mol Imaging 40:1486-1499, 2013
Luining W1, Meijer D, Dahele MR, et al: Nuclear imaging for bone
metastases in prostate cancer: The emergence of modern techniques
using novel radiotracers. Diagnostics (Basel) 11:117, 2021
Afshar-Oromieh A, Zechmann CM, Malcher A, et al: Comparison of
PET imaging with a 68 Ga-labelled PSMA ligand and 18 F-choline-
based PET/CT for the diagnosis of recurrent prostate cancer. Eur J
Nucl Med Mol Imaging 41:11-20, 2014

Schwenck J, Rempp H, Reischl G, et al: Comparison of 68 Ga-labelled
PSMA-11 and 11 C-choline in the detection of prostate cancer metasta-
ses by PET/CT. Eur J Nucl Med Mol Imaging 44:92-101, 2017

Oka S, Hattori R, Kurosaki F, et al: A preliminary study of anti-1-
amino-3-18F-fluorocyclobutyl-1-carboxylic acid for the detection of
prostate cancer. ] Nucl Med 48:46-55, 2007

Fuchs BC, Bode BP: Amino acid transporters ASCT2 and LAT1 in can-
cer: Partners in crime? in Seminars in cancer biology. Elsevier: Aca-
demic Press; Cambridge, Massachusetts 15:254-266, 2005

Ono M, Oka S, Okudaira H, et al: [14C] fluciclovine (alias anti-[14C]
FACBC) uptake and ASCT2 expression in castration-resistant prostate
cancer cells. Nucl Med Biol 42:887-892, 2015

Bin X, Yong S, Kong QF, et al: Diagnostic performance of PET/CT
using 18F-FACBC in prostate cancer: A meta-analysis. Front Oncol
9:1438, 2020

Chen B, Wei P, Macapinlac HA, et al: Comparison of 18F-Fluciclovine
PET/CT and 99mTc-MDP bone scan in detection of bone metastasis in
prostate cancer. Nucl Med Commun 40:940-946, 2019

Chen B, Wei P, Macapinlac HA, et al: Diagnostic performance of 18F-
fluciclovine in detection of prostate cancer bone metastases. Clin Nucl
Med 43:€226, 2018

Parent EE, Schuster DM: Update on 18F-fluciclovine PET for prostate
cancer imaging. ] Nucl Med 59:733-739, 2018

Li R, Ravizzini GC, Gorin MA, et al: The use of PET/CT in prostate can-
cer. Prostate Cancer Prostatic Dis 21:4-21, 2018

Schuster DM, Nanni C, Fanti S, et al: Anti-1-amino-3-18F-fluorocyclo-
butane-1-carboxylic acid: Physiologic uptake patterns, incidental

16l.

162.

163.

lo4.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

findings, and variants that may simulate disease. ] Nucl Med 55:1986-
1992, 2014

Liu 1], Zafar MB, Lai YH, et al: Fluorodeoxyglucose positron emission
tomography studies in diagnosis and staging of clinically organ-con-
fined prostate cancer. Urology 57:108-111, 2001

Hofer C, Laubenbacher C, Block T, et al: Fluorine-18-fluorodeoxyglu-
cose positron emission tomography is useless for the detection of local
recurrence after radical prostatectomy. Eur Urol 36:31-35, 1999

Nakai T, Okuyama C, Kubota T, et al: Pitfalls of FDG-PET for the diag-
nosis of osteoblastic bone metastases in patients with breast cancer.
Eur J Nucl Med Mol Imaging 32:1253-1258, 2005

Jadvar H: Prostate cancer: PET with 18F-FDG, 18F-or 11C-acetate,
and 18F-or 11C-choline. J Nucl Med 52:81-89, 2011

Fourquet A, Rosenberg A, Mena E, et al: A comparison of (18)F-
DCFPyL, (18)F-NaF, and (18)F-FDG PET/CT in a prospective cohort
of men with metastatic prostate cancer. ] Nucl Med 63:735-741, 2022
Bauckneht M, Capitanio S, Donegani MI, et al: Role of baseline and
post-therapy 18F-FDG PET in the prognostic stratification of meta-
static castration-resistant prostate cancer (mCRPC) patients treated
with radium-223. Cancers (Basel) 12:31, 2019

Otis-Chapados S, Goulet CR, Dubois G, et al: (18)F-fluorodeoxyglu-
cose positron emission tomography/computed tomography (PET/CT)
is accurate for high-grade prostate cancer bone staging when compared
to bone scintigraphy. Can Urol Assoc ] 15:301-307, 2021

Malaspina S, Ettala O, Tolvanen T, et al: Flare on [18F] PSMA-1007?
PET/?CT after short-term androgen deprivation therapy and its corre-
lation to FDG uptake: Possible marker of tumor aggressiveness in treat-
ment-naive metastatic prostate cancer patients. Cancers (Basel)
50:613-621, 2023

Pietrzak AK, Czepczynski R, Wierzchoslawska E, et al: Detection of the
prostate cancer bone metastases: Is it feasible to compare 18F-fluorocho-
line PET/CT, 18F-fluorodeoxyglucose PET/CT and 99mTc—methyl
diphosphonate bone scintigraphy? Cancers (Basel) 15:242-247, 2018
Gillies RJ, Kinahan PE, Hricak H: Radiomics: Images are more than
pictures, they are data. Radiology 278:563-577, 2016

Choi JY: Radiomics and deep learning in clinical imaging: What should
we do? Nucl Med Mol Imaging 52:89-90, 2018

Yip SS, Aerts HJ: Applications and limitations of radiomics. Phys Med
Biol 61:R150, 2016

Kendrick J, Francis R, Hassan GM, et al: Radiomics for identification
and prediction in metastatic prostate cancer: A review of studies. Front
Oncol 11:771787, 2021

Aktolun C: Artificial intelligence and radiomics in nuclear medicine:
Potentials and challenges. Eur J Nucl Med Mol Imaging 46:2731-
2736, 2019

Sharma N, Sharma R, Jindal N: Machine learning and deep learning
applications-a vision. Glob Transit Proc 2:24-28, 2021

Shin HC, Roth HR, Gao M, et al: Deep convolutional neural networks
for computer-aided detection: CNN architectures, dataset characteris-
tics and transfer learning. TEEE Trans Med Imaging 35:1285-1298,
2016

Higashiyama S, Yoshida A, Kawabe J: Study of the usefulness of bone
scan index calculated from 99m-technetium-hydroxymethylene
diphosphonate (99mTc-HMDP) bone scintigraphy for bone metastases
from prostate cancer using deep learning algorithms. Curr Med Imag-
ing 17:89-96, 2021

Han S, Oh JS, Lee JJ: Diagnostic performance of deep learning models
for detecting bone metastasis on whole-body bone scan in prostate
cancer. Eur ] Nucl Med Mol Imaging 49:585-595, 2022

Zhao Z, PiY, Jiang L, et al: Deep neural network based artificial intelli-
gence assisted diagnosis of bone scintigraphy for cancer bone metasta-
sis. Sci Rep 10:17046, 2020

Papandrianos N, Papageorgiou E, Anagnostis A, et al: Bone metastasis
classification using whole body images from prostate cancer patients
based on convolutional neural networks application. PLoS One 15:
e0237213, 2020

Liao CW, Hsieh TC, Lai YC, et al: Artificial intelligence of object detec-
tion in skeletal scintigraphy for automatic detection and annotation of
bone metastases. Diagnostics (Basel) 13:685, 2023


http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0140
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0140
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0141
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0141
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0141
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0141
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0141
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0142
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0142
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0142
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0142
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0143
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0143
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0143
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0144
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0144
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0144
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0145
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0145
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0145
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0145
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0145
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0145
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0146
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0146
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0146
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0146
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0147
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0147
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0147
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0147
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0147
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0147
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0147
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0148
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0148
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0148
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0149
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0149
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0149
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0150
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0150
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0150
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0150
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0151
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0151
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0151
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0152
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0152
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0152
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0153
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0153
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0153
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0154
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0154
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0154
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0155
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0155
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0155
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0156
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0156
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0156
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0157
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0157
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0157
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0158
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0158
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0159
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0159
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0160
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0160
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0160
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0160
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0161
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0161
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0161
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0162
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0162
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0162
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0163
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0163
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0163
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0164
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0164
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0165
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0165
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0165
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0166
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0166
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0166
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0166
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0167
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0167
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0167
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0167
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0168
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0168
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0168
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0168
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0168
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0169
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0169
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0169
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0169
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0169
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0170
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0170
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0171
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0171
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0172
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0172
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0173
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0173
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0173
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0174
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0174
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0174
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0175
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0175
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0176
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0176
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0176
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0176
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0177
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0177
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0177
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0177
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0177
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0178
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0178
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0178
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0179
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0179
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0179
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0180
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0180
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0180
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0180
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0181
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0181
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0181

118

N. Mohseninia et al.

182.

183.

184.

185.

186.

187.

188.

189.

Hsieh TC, Liao CW, Lai YC, et al: Detection of bone metastases on
bone scans through image classification with contrastive learning. J
Pers Med 11:1248, 2021

Ntakolia C, Diamantis DE, Papandrianos N, et al: A lightweight convo-
lutional neural network architecture applied for bone metastasis classi-
fication in nuclear medicine: A case study on prostate cancer patients.
Healthcare (Basel) 8:493, 2020

Liberini V, Laudicella R, Balma M, et al: Radiomics and artificial intelli-
gence in prostate cancer: New tools for molecular hybrid imaging and
theragnostics. Eur Radiol Exp 6:27, 2022

Lindgren Belal S, Larsson M, Holm J, et al: Automated quantification of
PET/CT skeletal tumor burden in prostate cancer using artificial intelli-
gence: The PET index. Eur J Nucl Med Mol Imaging: 1-11, 2023

Perk T, Bradshaw T, Chen S, et al: Automated classification of benign
and malignant lesions in 18F-NaF PET/CT images using machine
learning. Phys Med Biol 63:225019, 2018

Zhao Y, Gafita A, Vollnberg B, et al: Deep neural network for automatic
characterization of lesions on 68Ga-PSMA-11 PET/CT. Eur J Nucl Med
Mol Imaging 47:603-613, 2020

Hinzpeter R, Baumann L, Guggenberger R, et al: Radiomics for detect-
ing prostate cancer bone metastases invisible in CT: a proof-of-concept
study. Eur Radiol 32:1823-1832, 2022

Acar E, Leblebici A, Ellidokuz BE, et al: Machine learning for differenti-
ating metastatic and completely responded sclerotic bone lesion in

190.

191.

192.

193.

194.

195.

prostate cancer: A retrospective radiomics study. Br ] Radiol
92:20190286, 2019

Papp L, Spielvogel CP, Grubmiiller B, et al: Supervised machine learn-
ing enables non-invasive lesion characterization in primary prostate
cancer with [(68)Ga]Ga-PSMA-11 PET/MRI. Eur J Nucl Med Mol
Imaging 48:1795-1805, 2021

Cysouw MC, Jansen BH, van de Brug T, et al: Machine learning-based
analysis of [(18)F]DCFPyL PET radiomics for risk stratification in primary
prostate cancer. Eur ] Nucl Med Mol Imaging 48:340-349, 2021
Moazemi S, Khurshid Z, Erle A, et al: Machine learning facilitates hot-
spot classification in PSMA-PET/CT with nuclear medicine specialist
accuracy. Diagnostics (Basel) 10:622, 2020

Moazemi S, Erle A, Liitje S, et al: Estimating the potential of radiomics
features and radiomics signature from pretherapeutic PSMA-PET-CT
scans and clinical data for prediction of overall survival when treated
with (177)Lu-PSMA. Diagnostics (Basel) 11:186, 2021

Saule L, Radzina M, Liepa M, et al: Diagnostic scope of (18)F-PSMA-
1007 PET/CT: Comparison with multiparametric MRI and bone scin-
tigraphy for the assessment of early prostate cancer recurrence. Am ]
Nucl Med Mol Imaging 11:395-405, 2021

Vagnoni V, Brunocilla E, Bianchi L, et al: State of the art of PET/CT
with 11-choline and 18F-fluorocholine in the diagnosis and follow-up
of localized and locally advanced prostate cancer. Arch Esp Urol
68:354-370, 2015


http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0182
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0182
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0182
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0183
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0183
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0183
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0183
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0184
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0184
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0184
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0185
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0185
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0185
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0186
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0186
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0186
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0187
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0187
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0187
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0188
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0188
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0188
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0189
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0189
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0189
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0189
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0190
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0190
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0190
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0190
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0191
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0191
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0191
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0192
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0192
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0192
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0193
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0193
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0193
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0193
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0194
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0194
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0194
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0194
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0195
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0195
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0195
http://refhub.elsevier.com/S0001-2998(23)00057-0/sbref0195

	Bone Metastasis in Prostate Cancer: Bone Scan Versus PET Imaging
	Introduction
	Planar Bone Scintigraphy
	Planar Bone Scintigraphy Using 99mTc-Diphosphonates

	Single-Photon Emission Computed Tomography
	SPECT Using 99mTc-Diphosphonates
	SPECT Using 99mTc-PSMA
	Quantitative SPECT/CT Imaging
	Positron Emission Tomography
	Tumor-Specific Agents
	68Ga-PSMA
	18F-PSMA
	68Ga-FAPI
	68Ga-RM2

	Bone-Seeking Agents
	18F-NaF

	Cell Metabolism Radiotracers
	11C/18F-Choline

	18F-Fluciclovine (18F-FACBC)
	18F-FDG
	Radiomics and Artificial Intelligence

	Conclusion
	Declaration of Competing Interest
	References




