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Abstract

Purpose: The aim of this study was to evaluate potential differences in “Glu-NH-CO-NH-Lys”
radio-labeled with [®®Ga]gallium N,N-bis[2-hydroxy-5-(carboxyethyl)benzyllethylenediamine-
N, N-diacetic acid ([GsGa]PSMA-HBED-CC) uptake in osteolytic, osteoblastic, mixed, and bone
marrow metastases in prostate cancer (PC) patients.

Procedures: This retrospective study was approved by the local ethics committee. Patients who
received [*®Ga]PSMA-HBED-CC positron emission tomography/computed tomography
(°8Ga]PSMA-PET/CT) with at least one positive bone metastasis were included in this study.
Only patients who have not received systemic therapy for their PC were included. Bone
metastases had to be confirmed by at least one other imaging modality or follow-up
investigation. The maximum standardized uptake value (SUV.x) and mean Hounsfield units
(HUnean) Of each metastasis were measured. Based on CT, each metastasis was classified as
osteolytic (OL), osteoblastic (OB), bone marrow (BM), or mixed (M).

Results: One hundred fifty-four bone metastases in 30 patients were evaluated. Eighty out of
154 (51.9%) metastases were classified as OB, 21/154 (13.6%) as OL, 23/154 (14.9%) as M,
and 30/154 (19.5%) as BM. The SUV .« for the different types of metastases were 10.6 + 7.07
(OB), 24.0 + 19.3 (OL), 16.0 + 21.0 (M), and 14.7 + 9.9 (BM). The SUV o« of OB vs. OL and OB
vs. BM metastases differed significantly (p < 0.025). A significant negative correlation between
HUmean @nd SUV .« (r= -0.23, p < 0.05) was measured.

Conclusions: [°®Ga]PSMA-HBED-CC uptake is higher in osteolytic and bone marrow metastases
compared to osteoblastic metastases. Information derived from [?3Ga]PSMA-PET and CT comple-
ment each other for the reliable diagnosis of the different types of bone metastases in PC patients.

Key words: Prostatic neoplasms, Osteoclastic, Osteoblastic, Osseous metastases, Bone
marrow metastases, Positron emission tomography, Computed tomography, Tracer uptake,
[®®Ga]PSMA-HBED-CC
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99MTechnetium-3,3-diphospho-1,2-propanedicarbonacid bone scan; CT, Computed tomogra-

phy; HU, Hounsfield unit

Introduction

Prostate cancer (PC) is the second most common cancer in
men worldwide and the most common cancer in males in
developed countries [1]. PC metastasizes mostly in bone
tissue, representing up to 90% of the overall metastases
number [2]. Bone metastases are a major cause of pain and
death in PC patients [3]. The metastatic pattern of PC bone
metastases has been described to be predominantly osteo-
blastic; however, also osteolytic, bone marrow, and mixed
metastases can be found [4, 5]. The mechanisms underlying
these differing metastatic patterns are not fully understood
yet. They are dependent on a dynamic cross talk between
metastatic cancer cells and bone tissue [5, 6]. Although most
PC metastases are radiologically classified as “osteoblastic,”
the underlying process within the bone metastases includes
simultaneously ongoing dysregulated processes of bone
resorption (osteoclastic activity) and bone formation (osteo-
blastic activity) [7-9]. Additionally, osteoclastic cells are, by
releasing growth factors out of the bone matrix, a key factor
during the growth and migration of PC cancer cells into
bone tissues [10]. One of the earliest pathways of PC
metastases is the infiltration of the bone marrow, which
leads to bone marrow metastases [11]. Bone marrow
metastases can represent the earliest detectable form of bone
involvement in PC patients. While computed tomography
(CT) has a high sensitivity and specificity for the detection
of osteoblastic metastases with high Hounsfield units (HU),
it has limitations in the detection of osteolytic and bone
marrow metastases [12, 13].

Recently, a new promising tracer specific for prostate
cancer cells was introduced into the diagnostic workflow of
PC patients. Glu-NH-CO-NH-Lys as a prostate-specific
membrane antigen (PSMA) radioligand labeled with
[°®Ga]Ga-N,N-bis[2-hydroxy-5-(carboxyetyhl)benzyl]-
ethylenediamine-N,N diacetic acid ([**Ga]PSMA-HBED-
CC) [14-16]. The high clinical value of this tracer for
lymph node staging and local recurrence detection in
positron emission tomography/CT ([**Ga]PSMA-PET/CT)
was demonstrated in several recent studies [17—19]. Differ-
ent studies have also demonstrated the potential of this
molecular probe for the detection of bone metastases [20,
21].

To the best of our knowledge, there is no data available
yet regarding the influence of the different types of bone
metastases (osteoblastic, osteolytic, mixed, bone marrow) on
the [**Ga]PSMA-HBED-CC tracer uptake in PET. The aim
of this study was to investigate potential differences in
[*®Ga]JPSMA-HBED-CC tracer uptake in the different types
of bone metastases in PC patients.

Methods
Study Population

This retrospective study was approved by the institutional
ethics review board of the Charit¢ University Hospital,
Berlin. Inclusion criteria were as follows: (1) patients with
confirmed prostate carcinoma and a [**Ga]PSMA-PET/CT
examination, (2) at least one bone metastasis was detected in
the osseous system, and (3) at least one other imaging
modality, confirming the diagnosis of bone metastases
([*°™Tc]technetium-3,3-diphospho1,2-propanedicarbonacid
bone scan (*’"Tc-DPD bone scintigraphy) or magnetic
resonance imaging (MRI)), was performed within 4 months
for validation. Exclusion criteria were as follows: (1) no
validation of bone metastasis through the best valuable
comparator (BVC) and (2) any type of therapy (androgen
deprivation therapy, chemotherapy, targeted therapy for
bone metastases, radiation of bone metastases) except local
radiation therapy of the prostate and prostate extirpation.
Thereby, therapy effects, which could result in the sclerosis
of bone metastases, were excluded. Metastases in the
radiation field, in cases of prostate radiation therapy, were
excluded from the analysis. Thereby, it was assured that only
therapy-naive bone metastases were investigated in our
study.

We extracted 719 patients from our imaging database
who underwent [**Ga]PSMA-PET/CT between January 24,
2013, and December 13, 2016. Out of these, 109 patients
were investigated with at least one other imaging modality in
between 4 months and received no therapy except local
prostate therapy. Two patients, containing two lesions, could
not be validated through BVC and thus were excluded from
this study. Thirty patients with at least one bone metastasis
were included in this study.

Tracer Acquisition

Gallium-68 was eluted from a standard germanium-68/
gallium-68 generator (Eckert & Ziegler Radiopharma
GmbH, Berlin, Germany). PSMA-HBED-CC (ABX GmbH,
Radeberg, Germany) was labeled with Ga-68 according to
the method described previously [14, 22].

Image Acquisition

PET/CT imaging was performed 52.8 + 23.9 min after
intravenous injection of 118.2 + 19.9 MBq of [**Ga]PSMA-
HBED-CC. No significant difference (»p > 0.05) in mean
acquisition time between the four subgroups osteoblastic,
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osteolytic, mixed, and bone marrow was found. Therefore,
no influence of different acquisition times on SUV ., was
assumed. All PET scans were acquired in a 3D acquisition
mode using a Gemini TF 16 Astonish PET/CT scanner
(Philips Medical Systems) [18]. The 3D lines of response
algorithm of the system software was used with default
parameter settings to reconstruct transaxial, sagittal, and
coronal slices (144 voxels with 4 mm?, isotropic). PET
images were acquired from vertex to mid-thigh. Ten to
fifteen bed positions were acquired at 1.5 min/bed position
with 50% overlapping. A low-dose CT acquired immedi-
ately before the PET scan was used for attenuation
correction, metastases classification, and anatomical map-
ping (120 kVp, 30 mAs).

Image Analysis

Visage 7.1 (Visage Imaging GmbH, Berlin, Germany) was
used for imaging analysis. PET images were independently
analyzed by two observers. Suspicious bone lesions were
examined in all three sectional planes (transversal, sagittal,
and coronal). A maximum of five lesions per body region
(skull, shoulder, humerus, sternum/rib, cervical spine,
thoracic spine, lumbar spine, hip, femur) was noted. A
PET lesion was regarded to be suspicious for bone
metastases if the standardized uptake value (SUV) was
higher than the surrounding background. Additionally, to
confirm the presence and the location of the metastases, all
metastases had to be located in the skeletal system in all
three sectional planes. A 2D region of interest (2D ROI) was
drawn around the metastases in the sectional plane with the
highest maximum SUV (SUV,,.x). The SUV threshold was
set to 0-10 for optimal standardization. Every metastasis
was visualized again in fused CT images. The CT window
was set to center, 500, and width, 1500 HU. Based on the
CT data set, each metastasis was classified to be osteoblastic
(HU higher compared to surrounding bone tissue, Fig. 1),
osteolytic (HU lower than surrounding bone tissue, Fig. 2),
mixed (lesion contained both characteristics), and bone
marrow metastases (on CT, no changes in the sclerotic
structure of the bone marrow could be delineated, Fig. 3).
Thus, metastases were divided into four groups: osteoblastic
(OB), osteolytic (OL), mixed (M), and bone marrow (BM)
metastases. Additionally, a 2D ROI was drawn around each
metastases in CT and the minimum, maximum, and mean
HU within the respective 2D ROI was noted. Drawing of 2D
ROI in PET images enabled the generation of the following
quantitative parameters.

SUV pax

The uptake of [68Ga]PSMA—HBED—CC was measured by the
SUVax in the respective 2D ROI. This parameter was
calculated according to the following formula:

935

SUVmax = Q1 x BW/Qinj

Q1 = Activity within the ROl in MBq / ml at the acquisition time
Qinj = decay-corrected injected dose at the acquisition time in MBq
BW = Body weight of the patient in kg

Best Valuable Comparator

As no histological confirmation of bone metastases was
available, a best valuable comparator (BVC) was created as
a reference standard. The BVC was based on a consensus
review of all available imaging studies (MRI, [**™Tc]DPD-
single-photon emission computed tomography and bone
scan, CT, follow-up [*®*Ga]PSMA-PET/CT). The mean
difference of days between the PET, MRI, and
[**™Tc¢]DPD-SPECT was 33.5 + 31.8 days.

If there was no indication of bone involvement at the
respective location through information of clinical follow-up
or other imaging studies, the PET-positive lesion was
regarded to be indeterminate. In those cases, the respective
lesions were excluded from this study.

Classification of Patient Groups Regarding
the Type of Osseous Metastases

For patient characterization, each patient was classified to
be part of one of the following groups depending on the
most prevalent type of osseous metastases that could be
detected in the osseous system of the patient: osteoblastic
(OB), osteolytic (OL), or bone marrow (BM). If no
“most prevalent” type of lesion could be defined in the
respective patients, the patient was classified as mixed
M).

Statistics

All values are given as mean * standard deviation. SPSS
24 (IBM, Armonk, USA) was used for statistical analysis.
The significance of differences in means of SUV,,,
acquisition time, and PSA levels between the OB and the
OL, M, and BM groups was calculated using the Mann-
Whitney U test. Correlations were tested with Spearman
rho correlation. Normal distribution was tested by using
the Kolmogorov-Smirnoff test. As multiple testing on
significance was used, the alpha level for statistical
significance was calculated through the Bonferroni-Holm
method. Therefore, the alpha level for OB vs. OL was
regarded to be statistically significant if its value was less
than 0.05; for OB vs. BM, less than 0.025; and for OB vs.
M, less than 0.0125.
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[68Ga]PSMA-PET

[¢8Ga]PSMA-PET/CT Magnification CT

Fig. 1 Example of an osteoblastic bone metastasis in the left Os ilium with a relatively low [*®Ga]PSMA-HBED-CC uptake.
Example of patient with a focal osteoblastic metastasis (arrow) in the dorsal part of the left Os ilium. a In the [*3Ga]PSMA PET,
only a relatively low [?®Ga]PSMA uptake can be visualized. b In the fused [(®Ga]PSMA PET/CT image, the low uptake of the
tracer colocalizes with an osteoblastic metastasis. The SUV,4x Of the bone metastasis was 3.0, and the HU ,can, Was 455. ¢ On
the CT image, the focal osteoblastic metastasis can be clearly visualized (magnification in c7). The BVC evaluation was based
on a follow-up [**™Tc]DPD-SPECT and rising PSA levels. Five further osseous metastases were detected in this patient.

[*8Ga]PSMA-PET CT

f -

[¢8Ga]PSMA-PET/CT Maghnification CT
Fig. 2 Example of an osteolytic bone metastasis in the right Os ilium with a strong [®8Ga]PSMA-HBED-CC uptake. Example of
a patient with a focal osteolytic metastasis (thick arrow) in the dorsal part of the right Os ilium. a, b In the [*Ga]PSMA PET
image, an area with a strong [?3Ga]PSMA uptake is visualized. The SUVmax Of the lesion was 61.9, and the HUmean Was 87.8. ¢
The corresponding CT image shows a corresponding diffuse osteolytic lesion in the right part of the right Os ilium
(magnification c1, thin arrows).
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[8Ga]PSMA-PET
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[GSGa]pSMA_PET/CT Magpnification Follow-up CT

Fig. 3 Example of a bone marrow metastasis in a lumbar vertebral body with a strong [?®Ga]PSMA-HBED-CC uptake, which is
not visible on computed tomography. a—¢ Example of a patient with a bone marrow metastasis and associated strong
[68Ga]PSMA-HBED-CC uptake. a, b In the [*3Ga]PSMA PET/CT image, a focal strong PSMA uptake is visualized in the dorsal
part of the first lumbar vertebral body (black and white arrow). The metastasis had a SUV,ax of 29.1. ¢ On the CT image, the
PET-positive metastasis does not show any changes in the calcified bone marrow structure of the lumbar vertebral body
(magnification c7). The bone marrow metastasis would therefore have been missed on the CT data set. d In the follow-up CT
examination 18 months later, a clear osteoblastic bone metastasis can be visualized in this area on CT.

Results

Characterization of Bone Metastases in Patients
with Prostate Cancer

In total, 156 PET-positive lesions were detected. Out of
these, 154 lesions were confirmed through BVC (98.7%).
Two patients, containing two lesions, were regarded to be
indeterminate and thus were excluded from this study. For
a detailed evaluation of the distribution of the bone
metastases, see Table 1. In the OB, OL, and M groups,
the hip was the predominant region in which bone
metastases were detected (42 out of 124 metastases). For
the BM group, the rib/sternum region was the predominant
region in which bone metastases were detected (9 out of 30
metastases). In the humerus, only a small number of
osteoblastic metastases were detected (3 out of 154
metastases). Overall, the pelvis was the most prevalent
region for bone metastases (46 out of 154 metastases). The

second most prevalent region was the lumbar spine (33 out
of 154 metastases). The skull was the only region in which
no bone metastasis was detected.

For a detailed summary of the distribution of metastases
in the skeleton system, please refer to Table 1.

Patient Characteristics

Thirteen out of 30 patients demonstrated predominantly
osteoblastic metastases. Their mean age was
66.2 + 6.4 years, and their mean prostate-specific antigen
(PSA) level was 43.2 + 75.5 ng/ml. Five out of 30 patients
demonstrated predominantly osteolytic metastases. Their
mean age was 70.2 + 5.4 years. They had the highest PSA
level with 66.5 + 84.6 ng/ml (in comparison to OB, M, and
BM). Differences, however, did not reach statistical
significance (p > 0.05). Seven out of 30 patients demon-
strated predominantly mixed metastases, or they had no
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Table 1. Summary of anatomical distribution of bone metastases in patients
with prostate cancer

Location Type of metastasis

Osteoblastic  Osteolytic Mixed Bone marrow Total
Skull - - - - -
Scapula/clavicula 5 1 1 3 10
Humerus 3 - - - 3
Rib/sternum 15 1 2 9 27
Cervical spine 6 2 1 1 10
Thoracic spine 9 3 2 3 17
Lumbar spine 14 5 6 8 33
Hip 24 7 11 4 46
Femur 4 2 - 2 8
Total 80 21 23 30 154

This table summarized the distribution of bone metastases in the skeletal
system (rows) and the associated classification based on CT Hounsfield
units (columns). The column on the right represents the overall number of
bone metastases independent from their classification. The bottom row
represents the overall number of bone metastases independent from the body
region they were detected in. Most osseous metastases were detected in the
spine and the pelvis

—no findings in the respective body region, bone marrow bone marrow metastases

predominant type of metastases. Five out of 30 patients
demonstrated predominantly CT-negative bone marrow
metastases. For details, please refer to Table 2.

Osteoblastic, Osteolytic, Mixed, and CT-Negative
Lesions

Eighty of 154 (51.9%) metastases were classified to be
osteoblastic, based on the CT data set. Osteoblastic lesions
demonstrated the lowest mean SUV,,,, with 10.6 + 7.1 with
a range of 2.3 to 34.5 (95% CI 9.1-12.2). An example of a
metastasis with a relatively low SUV ., and a high HU is
demonstrated in Fig. 1.

Twenty-one of 154 (13.6%) metastases were classified
to be osteolytic based on the CT data set. A mean SUV .,
of 24 + 19.3 with a range of 4.2-61.9 (95% CI 15.2-32.8)
was measured. An example of a metastasis with a
relatively high SUV,,.« and a low HU value is demon-
strated in Fig. 2.

Table 2. Patient characteristics regarding the different types of metastases
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Twenty-three of 154 (14.9%) metastases were classified
to be mixed. Their mean SUV,,,, was 16.0 + 21.0 with a
range of 2.8-104.4 (95% CI 6.9-25.0). This group of
metastases had the highest standard deviation.

For 30 of 154 (19.5%) metastases, no changes in the
sclerotic structure of the bone marrow could be delineated
on CT. Those metastases were classified as bone marrow
metastases. The mean SUV,,, of the BM group was
14.7 + 9.9 with a range of 2.7-48.4 (95% CI 11-18.4). An
example of a metastasis with a relatively high [**Ga]PSMA-
HBED-CC uptake and no correlate on CT images is
demonstrated in Fig. 3.

Comparison of Means of SUV .

A significant difference in means of SUV ., between the
osteoblastic and the osteolytic groups (p = 0.001; U = 451)
and between the osteoblastic and bone marrow groups
(p = 0.025; U = 866.5) was measured. Although the mean
SUVax of the mixed group was measured to be higher
compared to the OB group, no significant difference
(» = 037, U = 807) was detected. Additionally, no
significant difference for the following comparisons was
measured: OL vs. M, OL vs. BM, and M vs. BM (p > 0.05).
For a summary of the results, please refer to Table 3.
Figure 4 demonstrates a box plot depicting the SUV, .«
values of the different groups.

Correlations of SUV .. and HU,,,.,,, and HU,,
and HU,,;,

For testing the correlations between SUV ., and HU values,
only OB and OL metastases were analyzed. The assessment
was limited to these types of osseous metastases as mixed
metastases demonstrated a high variance of HU values. CT-
negative lesions (BM) were excluded as no corresponding
changes could be delineated on the CT images.One hundred
one out of 154 lesions were included in this analysis.
Spearman’s rho correlation of SUV ,.x and HU ¢, resulted
in a negative correlation coefficient of —0.23 (p < 0.05).
Figure 5 shows a scatter plot demonstrating the distribution

Type of metastases Age of the patients

PSA level (ng/ml) Number of patients

Mean SD Mean SD
Osteoblastic 66.2 6.4 43.2 75.5 13
Osteolytic 70.2 5.4 66.5 84.6
Mixed 68.7 7.7 52.2 58.5 7
Bone marrow 72.2 6.4 53.2 62.2 5
Total 68.5 6.5 50.8 68.3 30

This table summarizes the age of the patients and their PSA levels (ng/ml) with regard to the different types of bone metastases. The bottom row summarizes
the characteristics of all patients. No significant difference (p > 0.05) in PSA levels were measured between the different patient groups. Values are given as

mean with standard deviation
SD standard deviation
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Table 3. Summary of SUV .« values for the different types of bone metastases
Type of metastases Mean SUV .« SD Range 95% CI p-value

OB vs. OL OB vs. M OB vs. BM
Osteoblastic 10.6 7.1 2.3-34.5 9.1-12.2 <0.05 >0.0125 <0.025
Osteolytic 24.0 19.3 4.2-61.9 15.2-32.8
Mixed 16.0 21.0 2.8-104.4 6.9-25.0
Bone marrow 14.7 9.9 2.7-48.4 11.0-18.4
Total 14.0 13.3 2.3-104.4 11.9-16.2

The mean SUV ., values are demonstrated in combination with the different metastatic classifications of bone metastases. The three columns on the right
demonstrate p values based on the Mann-Whitney U tests, comparing mean SUV,,,, of osteoblastic vs. osteolytic, osteoblastic vs. mixed, and osteoblastic vs.
bone marrow metastases. Standard deviation, range, and 95% confidence intervals are given for the respective SUV ., values.

OB osteoblastic, OL osteolytic, M mixed, BM bone marrow metastases, SD standard deviation, C/ confidence interval

of HUcan and SUV . values. The SUV,., and HU,;,
were demonstrated to have a negative correlation coefficient
of —0.198 (p < 0.05). The correlation of SUV ;,,x and HU,,«
was not significant with a correlation coefficient of —0.160

(p =0.11).

Discussion

This study demonstrated several novel findings for the
characterization of bone metastases in PC patients by
[**Ga]PSMA-PET/CT: (1) An increased [**Ga]PSMA-
HBED-CC uptake can be measured in all types of bone
metastases; (2) osteolytic and bone marrow lesions demon-
strated a significantly higher [*®Ga]PSMA-HBED-CC up-
take compared to osteoblastic lesions; and (3) the
[*¥Ga]PSMA-HBED-CC SUV,,.. value of bone metastases
demonstrates a significantly negative correlation with the
corresponding HU ¢, value.

These results are clinically relevant as they underline that
[*®Ga]PSMA-PET and CT work synergistically for the
detection of bone metastases in PC patients. [**Ga]PSMA-
PET shows the highest signal in bone marrow/osteolytic
metastases, while CT demonstrates the highest Hounsfield
units in osteoblastic metastases. Additionally, the results of
this study could be relevant for the planning of PSMA-based
therapies in patients with bone metastases, as especially
bone marrow/osteolytic metastases seem to express PSMA.

Development of Bone Metastases
in Patients with Prostate Cancer

Bone metastases are the most frequent type of metastases in
PC patients and represent the major cause of pain and death
in this patient collective [2, 3]. Different types of bone
metastases, including osteoblastic and osteolytic metastases,
can be observed in PC patients. The pathobiological reasons
for these different metastatic patterns are not fully elucidated
yet [5, 6]. Although most bone metastases are associated
with an osteoblastic appearance on conventional x-ray and
CT, it was suggested that a rapid tumor progression is
associated with predominantly osteolytic metastases [23].

Additionally, different studies suggested that osteolytic
processes represent a relatively early event in the bone
invasion process of metastatic prostate cancer cells [11, 24—
26]. It was also shown that osteoclastic activity in bone
metastases can be observed prior to osteoblastic activity [3,
27, 28]. Based on these studies, it is assumed that the overall
metastatic process in PC patients starts with predominantly
osteolytic metastases, which are also an indicator for fast
tumor growth. During further development, these metastases
develop into a predominantly osteoblastic type of
metastases.

The general assumption that prostate cancer is predom-
inantly associated with osteoblastic metastases may have
originated from the relatively late time points of the
diagnosis and the imaging techniques used in the past.
These imaging techniques include x-ray radiography, CT,
and [**™Tc]DPD bone scintigraphy, which are all inherently
more sensitive for the detection of osteoblastic metastases
[12, 13, 29, 30].

Nowadays, sensitive detection methods such as high-
resolution 3T MRI or guided prostate biopsies enable the
detection of prostate cancer at an early stage of development.
As a result of this, more and more osteolytic metastases are
detected in this patient collective [5, 23]. Therefore, novel
imaging techniques which enable the early reliable detection
of osteolytic metastases are needed.

Imaging Modalities for the
Visualization of the Different Types
of Bone Metastases

Different imaging modalities are available for the visualiza-
tion of bone metastases. The most reliable modalities
currently used in clinical practice are computed tomography
(CT), magnetic resonance imaging (MRI), positron emission
tomography (PET), single photon emission computed to-
mography (SPECT), and hybrid modalities such as PET/CT
and SPECT/CT.

In CT, osteoblastic metastases demonstrate higher Houns-
field units compared to surrounding bone marrow, while
osteolytic metastases are associated with lower Hounsfield
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Fig. 4 Box plots demonstrating SUV,,.x values of the different types of bone metastases. Box plots demonstrate the
distribution of SUV .« values for the different types of bone metastases. A significant difference was measured between
osteoblastic metastases and bone marrow (CT-negative) metastases (p = 0.025) and between osteoblastic and osteolytic
metastases (p < 0.05). No significant difference was found between osteoblastic and mixed metastases (p > 0.0125). The
annotation of the y-axis contains SUV,,o« values with a break in between 60 and 100.

units. CT was shown to be especially sensitive for the
detection of osteoblastic metastases, as they can be detected
as a focal bright spot in the surrounding bone tissue. The
sensitivity and specificity of CT for the detection of
osteolytic metastases seem to be slightly lower, compared
to osteoblastic metastases [12, 13]. In MRI, the detection of
especially osteoblastic metastases can also be challenging as
this type of metastases can only be visualized with a
negative or dark signal in the different MRI sequences.

A recently introduced probe, [*®*Ga]PSMA-HBED-CC,
could help to improve the sensitivity and specificity of the
detection of bone metastases [19]. The binding of the Ga-68-
labeled small-molecule PSMA inhibitor Glu-NH-CO-NH-
Lys(Ahx)-HBED-CC is based on its high affinity to the
prostate specific membrane antigen (PSMA). PSMA is a
transmembrane protein expressed predominantly in prostate
cells and especially in prostate cancer cells [14].

To the best of our knowledge, no previous studies
specifically evaluated the potential of [*®*Ga]PSMA-PET
for the visualization the different types of bone metastases.

This could be relevant for the clinical staging of patients but
also for the evaluation for radioligand therapy based on the
expression of PSMA [31].

Potential of [I?SGa]PSMA-PET_
for the Visualization of the Different
Types of Bone Metastases

For an optimal therapy planning in PC patients, it is of
high importance to reliably detect development of bone
metastases as early as possible. Bone marrow metastases
are thought to represent the earliest type of bone
metastases. In this type of metastases, no reaction of the
calcified structures in the bone marrow to the invasion of
tumor cells is detectable on CT yet [23, 32]. This study
demonstrated that [*®Ga]PSMA-PET enables the reliable
detection of this type of metastases with a relatively high
SUV hax- Based on [°8Ga]PSMA—PET, this type of metas-
tases could be detected prior to the development of a
morphological correlate in CT (Fig. 3).



Janssen J.-C. et al.. PSMA Uptake in Bone Metastases

1400

1200
X
X X Osteoblastic metastases
1000
X % + Osteolytic metastases
X X
800 | xxXx X %
c X X x
B X x X
£ 600 | % ¥ X=X
=2 x X
T X x x X Xy
400 x % 5 x
X
X
% e K X ~
w0 | ReBET X
X
s X XXQ * . . . *
* *
0 * + g
10 20 30 40 50 60 70
-200
SUVmax

Fig. 5 Scatter plot demonstrating the association of the
SUVpax value with the HU,an value. The scatter plot
demonstrates the association of the SUV,.x value derived
from PET with the HUpean value derived from CT. The
osteoblastic metastases are represented by a cross sign,
the osteolytic metastases by a square. It can be appreciated
that osteolytic metastases are associated with lower HUyean
values and higher SUV .« values compared to the osteo-
blastic metastases. The annotation of the x-axis contains
SUVhax Values; the annotation of the y-axis shows HUqean
values.

Osteolytic metastases also demonstrated a strong
uptake of [*®*Ga]PSMA-HBED-CC, which was higher
compared to osteoblastic metastases. The high uptake of
[*®Ga]PSMA-HBED-CC could be related to a fast tumor
growth associated with an increased expression of PSMA
and an increased neovascularization of this type of bone
metastases. Additionally, a higher number of viable
tumor cells in osteolytic and bone marrow metastases,
compared to osteoblastic metastases, could explain this
difference. A possible explanation for the reduced
[*®Ga]PSMA-HBED-CC uptake of osteoblastic metasta-
ses is the increased calcification of this type of
metastases and therefore the smaller percentage of vital
tumor cells. Overall, the higher uptake of [**Ga]PSMA-
HBED-CC seems to be associated with a higher grade of
malignancy and cell turnover of osteolytic and bone
marrow metastases compared to osteoblastic metastases.
In this context, this study also demonstrated a negative
correlation between HU,.,, and SUV,,... Those results
underline and confirm our findings, since osteoblastic
metastases are associated with high HU values and
osteolytic lesions with low HU values. The SUV,.«
between osteoblastic and mixed metastases, however, did
not differ significantly.

This study demonstrates that [**Ga]PSMA-PET and
CT work synergistically for the detection of metastases
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in PC patients since the strongest [*®*Ga]PSMA-PET
signal was found in bone marrow/osteolytic metastases
while CT demonstrates the highest Hounsfield units in
osteoblastic metastases. This underlines that in
[**Ga]PSMA-PET/CT, the reader of the image data sets
has to specifically focus on the different types of bone
metastases in the different imaging modalities to achieve
the highest sensitivity and specificity for the detection of
metastases in PC patients.

Regarding a radioligand therapy approach based on
['""Lu]PSMA therapies [31, 33, 34], a previous study
demonstrated that the pretherapeutic [**Ga]PSMA-HBED-
CC SUV,.x value showed a mild correlation with the
therapeutic uptake of ['7"Lu]PSMA [35]. Based on this
study, it was hypothesized that predominantly osteolytic
or bone marrow metastases could be more responsive to
a treatment with ['”’Lu]PSMA. However, a recent study
did find a trend but not a significant correlation of
pretherapeutic [°®*Ga]PSMA-HBED-CC uptake values
with therapeutic ['"’Lu]PSMA uptake [36]. Based on
currently available data, no clear conclusion can be
drawn regarding this issue. Further studies are now
warranted, investigating which collective of patients with
which type of metastases benefits most from ''’Lu-
PSMA therapy.

Limitations

This study is limited by being retrospective. Furthermore,
the investigated bone metastases were not validated by
histology. To overcome this limitation, the BVC was
created. A comparable approach has been taken in other
studies concerning the investigation of metastases with
PET [21, 37, 38]. To confirm the validity of the BVC
used in this study, a subgroup analysis of 24 patients
with the most reliable indicators of metastases (MRI,
follow-up PET, malign fractures) was performed. No
significant difference regarding the conclusions drawn in
our manuscript was found between this group and the
other patients included in our study. Nevertheless, the
BVC does not represent a perfect reference standard.
Different reports are available regarding the cases of
false positive PSMA uptake which can also be false
positive in CT or [*™Tc]DPD-SPECT (e.g., healing
fractures, hemangioma, and Paget disease) [39-41].
Keeping this in mind, there is a chance of
misinterpreting lesions especially in a small number of
patients in this study with no MRI or follow-up PET
available. On the other hand, specificity values for
[**Ga]PSMA-PET evaluating bone metastases were re-
ported to be 98.8-100% [21] and the high interobserver
correlation of Fleiss’ kappa = 0.88 for bone metastases
[42] suggests a high reliability of [**Ga]PSMA-PET in
skeletal staging of PC patients.
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Conclusion

[*®Ga]JPSMA-HBED-CC uptake is higher in osteolytic and
bone marrow metastases compared to osteoblastic metasta-
ses. Therefore, information derived from [*®*Ga]PSMA-PET
and CT complement each other for the reliable diagnosis of
bone metastases in PC patients. Future prospective studies
are warranted to investigate the relationship between in vivo
[*®Ga]JPSMA-HBED-CC uptake and the histological malig-
nancy grades of PC bone metastases.
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