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Abstract
Objection  We aimed to evaluate the role of bone scintigraphy (BS) which has long been the imaging modality of choice in 
prostate cancer (PCa) and performed a head-to-head comparison between BS, BS + SPECT/CT and 68 Ga-PSMA-PET/CT, 
for the detection of bone metastasis of PCa.
Methods  We evaluated 138 PCa patients who underwent BS and 68 Ga-PSMA PET/CT and SPECT/CT of 102 of 138 
patients. Images were interpreted retrospectively and areas of abnormally increased tracer uptake related to PCa were 
documented as benign, metastatic or equivocal. Equivocal uptakes were finally diagnosed based on a consensus review of 
correlative imaging. Patient- and lesion-based analysis was performed. Patients with superscan images were excluded from 
lesion-based analysis.
Results  At least one metastatic or equivocal uptake in skeleton was defined in 76 of 138 (55%) BS, in 33 of 102 (32.3%) 
SPECT/CT, and in 49 of 138 (35.5%) 68 Ga-PSMA PET/CT. 23 (16.7%) patients had also superscan findings on BS and 
68 Ga-PSMA PET/CT. For patient-based analysis, sensitivity, specificity, accuracy, PPV, and NPV were calculated as 91.1%, 
64.5%, 73.1%, 55.4% and 93.7% for BS; 95.5%, 82.7%, 86.9%, 72.8% and 96.2% for BS + SPECT/CT; 97.7%, 95.7%, 95.6%, 
91.6% and 98.8% for 68 Ga-PSMA PET/CT. For lesion-based analysis, sensitivity, specificity, accuracy, PPV, and NPV were 
53%, 63.9%, 60.1%, 42.8% and 71.8% for BS; 59.2%, 87.6%, 77.7%, 62.6% and 80% for BS + SPECT/CT; 96.4%, 98.1%, 
97.5%, 96.4% and 98.1% for 68 Ga-PSMA PET/CT.
Conclusion  This study has shown that 68 Ga-PSMA PET/CT overcomes the limitations of BS and proves superiority in 
detecting bone metastases, even in patients with SPECT/CT. Our findings present important implications that 68 Ga-PSMA 
PET/CT can replace BS in future practice.
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Introduction

Prostate cancer (PCa) remains one of the most common can-
cers in men and incidence is increasing in recent years [1, 2]. 
Due to the early detection of disease, most patients have a 
localized disease at initial diagnosis; however, distant metas-
tasis can occur in 35% of cases during follow-up [3]. Bone is 
the most common site of metastasis, detected in more than 
80% of PCa patients with a high risk of morbidity [4]. Bone 
scintigraphy (BS) has been widely used for the detection of 

bone metastasis in PCa, for several decades. Although bone 
scintigraphy has advantages such as low cost and whole-
body examination in single imaging, false-positive lesions 
are defined in almost 25% of patients and requires additional 
imaging for final diagnosis [5]. In addition to planar BS, 
SPECT/CT helps in evaluation of equivocal lesions and 
decreases false-positive rate [6]. Although, the diagnostic 
accuracy is improved with additional SPECT/CT, bone 
marrow metastasis, millimetric or lytic bone metastasis are 
usually missed with both modalities [7]. Besides that, flare 
phenomenon may cause false positivity on BS, due to osteo-
blastic response to healing bone metastases [8]. Recently, 
68 Ga-PSMA PET/CT has been introduced, using prostate-
specific membrane antigen (PSMA) as a target cell surface 
transmembrane protein, which significantly overexpressed 
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in most of the PCa cases [9]. 68 Ga-PSMA PET/CT has 
remarkable detection rates for metastasis of PCa, even at 
low PSA levels [10, 11]. Despite lack of definite evidence, 
68 Ga-PSMA PET/CT is rapidly being adopted into clini-
cal practice. Haran et al. reported that, there was a 45.7% 
decline in the use of bone scintigraphy for PCa staging, after 
the commence of 68 Ga-PSMA PET/CT in their clinic [12]. 
However, recent EAU Guideline (2019) recommends 68 Ga-
PSMA PET/CT for only biochemical recurrence (BCR) and 
still recommends BS for staging intermediate and high-risk 
PCa or restaging symptomatic patients, irrespective of serum 
PSA levels, based on the fact that limited published data 
are not clear [13]. Thus, we aimed to evaluate the role of 
BS which has long been the imaging modality of choice in 
PCa and performed a head-to-head comparison between BS, 
BS + SPECT/CT and 68 Ga-PSMA-PET/CT, for the detec-
tion of bone metastasis of PCa.

Materials and methods

Patients

One hundred and thirty-eight patients with PCa who under-
went both BS and 68 Ga-PSMA PET/CT within 4 weeks 
of time span, between 2015 and 2019, were enrolled to this 
retrospective study. Mean age was 66 (range, 49–92 years), 
median PSA level of patients was 18.3  ng/ml (range: 
0.3–853) and median Gleason score (GS) was 8 (range: 
6–10). 68 Ga-PSMA PET/CT and BS were performed for 
staging in 77 patients and BCR in 61 patients. Additional 
SPECT/CT imaging was performed in 102 patients (73.9%). 
BS was performed before and after 68 Ga-PSMA PET/CT 
in 128 and 10 cases, respectively. Patient characteristics are 
given in Table 1. This retrospective study was approved by 
our institutional review board, and written informed consent 
was waived.

Bone scintigraphy and SPECT/CT

BS was performed 3 h after the intravenous injection of 
740 MBq (20 mCi) 99 m-Tc-MDP. Whole-body planar 
images were acquired at a table speed of 12 cm per minute 
using a 256 × 1024 matrix, by a dual head SPECT or a dedi-
cated SPECT/CT gamma camera (Discovery NM 630, GE 
Healthcare, Chicago, USA or NM/CT 670; GE Healthcare, 
Waukesha, USA) installed with low-energy, high-resolution 
collimators. Additional regional planar images and SPECT/
CT images were acquired, when there was suspicious find-
ings on planar BS. SPECT images were acquired 60 frames, 
20 s per frame over 360°, 128 × 128 matrix, with a body con-
toured scan. Images were reconstructed by iterative recon-
struction and reconstructed images were corrected for scatter 

and attenuation. Low-dose CT images were obtained with 
the protocol of 70 mA, 120 kV, pitch 1.375, tube rotation 
time of 0.5 s and a slice thickness of 1.25 mm. All imaging 
data were reviewed and processed on a Xeleris workstation 
(GE Healthcare).

68 Ga‑PSMA synthesis and PET/CT acquisition

We applied 68 Ga-PSMA labeling according to the protocol 
as described in the literature [14]. 68 Ga-PSMA PET-CT 
was performed at 45–60 min after the intravenous injection 
of approximately 185 MBq of 68 Ga-PSMA on a dedicated 
PET-CT scanner (Biograph TruePoint PET/CT; Siemens 
Healthcare. Erlangen, Germany). All patients were scanned 
from the top of the head through the upper thigh. Addition-
ally, late pelvic images were acquired in all patients. CT 
acquisition was performed on a spiral CT scanner, with a 
slice thickness of 4 mm and a pitch of 1. After CT scan, 
3D-PET images were acquired for 3 min per bed for lim-
ited whole-body imaging and late pelvic imaging. CT-based 
attenuation correction of the emission images was used. PET 
images were reconstructed by the iterative method using 
ordered-subset expectation maximization (OSEM; 2 itera-
tions and 8 subsets).

Image analysis

All images were reviewed blindly by two experienced 
nuclear medicine physicians. Areas of abnormally increased 

Table 1   Demographic and clinical characteristics of patients

Total patient number 138

Age Years
 Mean 68
 Range 47–91

Gleason score Number of patients (%)
 6 14 (10.2%)
 7 37 (26.8%)
 8 42 (30.4%)
 9 41 (29.7%)
 10 4 (2.9%)

PSA at time of scan ng/ml
 Median 18.3
 Range 0.3–853

Indication Number of patients (%)
 Staging 77 (55.8%)
 Biochemical recurrence 61 (44.2%)

PSA levels Number of patients (%)
 < 10 ng/ml 46 (33.3%)
 10–20 ng/ml 25 (18.1%)
 > 20 ng/ml 67 (48.6%)
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tracer uptake related to PCa were documented as benign, 
metastatic or equivocal for BS, BS + SPECT/CT and 68 Ga-
PSMA PET/CT, based on light of morphologic information 
on CT images. Lesion numbers and regions were defined for 
all imaging modalities. 1–3 bone metastases were defined as 
oligometastatic, 4–20 bone metastases were defined as mul-
timetastatic bone involvement. Scans with numerous bone 
metastases on skeleton (> 20) were defined as superscan. 
All equivocal uptakes in bone/bone marrow were finally 
diagnosed based on a consensus review of at least one cor-
relative imaging (BS, CT, MRI or 68 Ga-PSMA PET/CT) 
and clinical data at initial or follow-up visit, based on previ-
ously described flowchart reported by Werner et al. [15]. 
Histological verification was not performed for osseous 
metastasis. Patient-based analysis was performed based on 
the presence or lack of bone metastasis. Patients with meta-
static superscan were not included in lesion-based analysis 
due to the numerous bone metastases. In remaining patients, 
lesions with increased and equivocal uptake counted as posi-
tive for lesion-based analysis on BS, BS + SPECT/CT and 
68 Ga-PSMA PET/CT separately. Subgroup analysis were 
performed based on the clinic status of patients by dividing 
staging and BCR group.

Statistical analysis

Sensitivity, specificity, accuracy, positive predictive value 
(PPV), and negative predictive value (NPV) were calculated 
for patient- and lesion-based analysis. Receiver-operating 
characteristics (ROC) analysis including calculation of the 
area under the curve (AUC) was performed with MedCalc 
Software (Version 19.2.1) for diagnostic accuracy of imag-
ing modalities and comparison of ROC curves. p value lower 
than 0.05 was considered significant.

Results

According to imaging results, at least one metastatic or 
equivocal uptake was defined 76 of 138 (55%), 33 of 102 
(32.3%), and 49 of 138 (35.5%) patients in BS, BS + SPECT/
CT and 68  Ga-PSMA PET/CT scans, respectively. 23 
(16.7%) patients who had widespread bone metastases were 
interpreted as superscan with BS and 68 Ga-PSMA PET/CT. 
Details of metastatic and equivocal uptakes of all imaging 
modalities including final results are given in Table 2.

BS vs. BS + SPECT/CT: false‑positive/negative results

BS determined 97 equivocal uptakes in 30 of 76 patients. 50 
(51.5%) equivocal uptakes were revealed as benign patholo-
gies, and 14 (14.4%) equivocal uptakes interpreted as metas-
tasis in SPECT/CT. 33 of 97 uptakes remained equivocal, 
and in 22 of them SPECT/CT was not conclusive; thus, fur-
ther imaging was required. Finally, 30 of them were docu-
mented as benign and 3 of them as bone metastasis with cor-
relative imaging. False-positive uptakes were mostly located 
in vertebral column (43.1%) and ribs (29.5%) (Fig. 1).

In 16 of 138 patients (11.5%), 53 bone metastases were 
missed in BS. False-negative lesions were mostly located 
in vertebral column (39.5%) and pelvis (35.4%) (Fig. 2). 
SPECT/CT has revealed 7 metastatic lesions which were 
missed in BS, and the number of false-negative lesions was 
reduced to 46 in 10 patients (7.2%) with SPECT/CT.

68 Ga‑PSMA PET/CT: false‑positive/negative results

Four (2.8%) equivocal PSMA bone uptake required fur-
ther investigations in 138 68 Ga-PSMA PET/CT scans. 
False-positive PSMA uptake due to healing trauma in the 
ribs (n = 2), arthritic changes in the sacrum (n = 1) and 

Table 2   Number and location of metastatic or equivocal uptakes in bone, defined by planar bone scintigraphy, bone scintigraphy + SPECT/CT, 
68 Ga-PSMA PET/CT

Patients with superscan images were not included to this evaluation
SPECT/CT imaging was not availiable for all patients

Bone scintigraphy Bone scintigraphy + SPECT/CT 68 Ga-PSMA PET/CT Final diagnosis

Metastatic Equivocal Metastatic Equivocal Metastatic Equivocal Metastatic

Calvarium 0 4 0 1 1 0 1
Clavicle/scapula 0 4 0 1 0 0 0
Sternum 0 3 0 1 0 0 0
Ribs 7 26 13 10 24 2 25
Vertebral column 16 31 18 7 36 1 36
Pelvic bones 23 25 27 11 47 0 49
Extremities 0 4 2 2 1 1 2
All regions 46 97 60 33 109 4 113
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Fig. 1   An 87-year-old male who had radical prostatectomy 3  years 
ago was referred to our clinic due to biochemical recurrence (GS: 
4 + 4, PSA:5.17 ng/ml). Intense osteoblastic uptake in sacral fracture 
was detected in BS (a, b) and SPECT/CT (d, f). Beyond that equivo-
cal uptakes in cervical and thoracic vertebrae (b) in BS was inter-
preted as benign arthritic changes by SPECT/CT. The sacral uptake 
was interpreted as suspicious for pathologic fracture, due to the lack 

of any other bone metastasis which was explaining elevated PSA lev-
els. In 68 Ga-PSMA PET/CT (c), no PSMA uptake was detected in 
sacrum (e), interpreted as benign sacral fracture. However, intense 
PSMA uptake was detected in a pheriferally sclerotic lesion located in 
left iliac bone (g, yellow arrow), which was negative on BS + SPECT/
CT (a, b, f). 68  Ga-PSMA PET/CT defined benign and malign 
lesions accurately. Patient received salvage radiotherapy

Fig. 2   A 77-year-old male with newly diagnosed prostate cancer was 
referred to our clinic for initial staging (GS: 4 + 5, PSA:155 ng/ml). 
Despite the patient had high PSA level, only 3 equivocal uptakes in 
left 1st rib (d, yellow arrow), 8th thoracic vertebra (f, yellow arrow) 
and left iliac bone (j, yellow arrow) were detected in BS (a, b) and 
SPECT/CT (d, f, j) images. In 68  Ga-PSMA PET/CT (c), intense 
PSMA uptake in left 1st rib (e, yellow arrow), 8th thoracic vertebra 

(g, yellow arrow) and left iliac bone (k, yellow arrow) determined 
as bone metastases and additionally unknown PSMA avid metastatic 
lesions were detected in right glenoid (c, red arrow), ribs (c, blue 
arrows), 5th lumbar vertebra (i, red arrow), right iliac bone (i, yellow 
arrow) and multiple metastatic lymph nodes (a). Metastatic status of 
patient was upgraded from oligometastatic disease to limited multi-
metastatic disease and patient received systemic therapy
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medullary infarction (n = 1) in the femur were determined 
as false positive based on correlative imaging.

68 Ga-PSMA PET/CT missed 4 metastatic lesions in 
only 2 of 138 patients (1.4%). Missed lesions showed low 
or no PSMA uptake, but increased osteoblastic uptake 
which was determined in SPECT/CT (Fig. 3).

Patient‑based analysis

Patient-based analysis revealed a sensitivity, specific-
ity, accuracy, PPV, and NPV of 91.1%, 64.5%, 73.1%, 
55.4% and 93.7% for BS; 95.5%, 82.7%, 86.9%, 72.8% 
and 96.2% for BS + SPECT/CT; 97.7%, 95.7%, 95.6%, 
91.6% and 98.8% for 68 Ga-PSMA PET/CT, respectively. 
Accuracy of the diagnostic test as measured by ROC was 
significantly higher for 68 Ga-PSMA PET/CT than for BS 
(AUC:0.967 vs AUC:0.778, p ≤ 0.0001) and BS + SPECT/
CT (AUC:0.967 vs AUC:0.892, p = 0.0238); while, it was 
higher for BS + SPECT/CT than BS alone (AUC:0.892 
vs AUC:0.778, p = 0.0006). Details are given in Table 3.

Lesion‑based analysis

Superscan images were excluded in lesion-based analysis. 
Sensitivity, specificity, accuracy, PPV, and NPV were 53%, 
63.9%, 60.1%, 42.8% and 71.8% for BS; 59.2%, 87.6%, 
77.7%, 62.6% and 80% for BS + SPECT/CT; 96.4%, 98.1%, 
97.5%, 96.4% and 98.1% for 68 Ga-PSMA PET/CT for each 
lesion, respectively. Accuracy of the diagnostic test as meas-
ured by ROC was significantly higher for 68 Ga-PSMA PET/
CT than for BS (AUC:0.973 vs AUC:0.585, p ≤ 0.0001) and 
BS + SPECT/CT (AUC:0.973 vs AUC:0.725, p ≤ 0.0001), 
while higher for BS + SPECT/CT than BS alone (AUC:0.725 
vs AUC:0.585, p ≤ 0.0001). Details are given in Table 3.

Subgroup analysis

Staging group

In 77 patients, 17 patients had bone metastasis with 
61.53 ng/ml median PSA value. In 7 of 17 patients (41%), 
superscan findings were detected on all imaging modali-
ties. The remaining 60 patients had no bone metastasis 
and median PSA level of the patients was 17.6 ng/ml. For 

Fig. 3   A 70-year-old male who had radical prostatectomy 6  years 
ago was referred to our clinic due to biochemical recurrence (GS: 
4 + 3, PSA:12,3 ng/ml). In 68 Ga-PSMA PET/CT (c, e, g, i), sclerotic 
lesions located in right iliac bone (k, yellow arrow), right femur (o, 
yellow arrow) and right ischium (o, red arrow) had only mild PSMA 
uptake and a PSMA-negative sclerotic lesion in left ischium (m, yel-
low arrow) was also detected. Beyond that, BS (a, b) determined 
unknown metastatic lesions in 4th thoracic vertebra corpus (d, yellow 

arrow) and left transvers procesus (f, yellow arrow), right iliac crest 
(h, yellow arrow) and left ischium (l) in addition to right iliac bone (j, 
yellow arrow), right femur (n, yellow arrow) and right ischium (n, red 
arrow), which were correlated with SPECT/CT images. Metastatic 
status of patient was upgraded from oligometastatic disease to limited 
multimetastatic disease. Patient received systemic therapy; however, 
PSA increased under the therapy. In follow-up BS imaging, multiple 
new lesions were detected
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patient-based analysis; sensitivity, specificity, accuracy, PPV, 
and NPV were 88.2%, 63.3%, 68.8%, 40.5% and 95% for BS; 
88.2%, 81.6%, 83.1%, 57.6% and 96.1 for BS + SPECT/CT; 
100%, 96.6%, 97.4%, 89.4% and 100% for 68 Ga-PSMA 
PET/CT. Accuracy of the diagnostic test as measured by 
ROC was significantly higher for 68 Ga-PSMA PET/CT 
than for BS (AUC:0.983 vs AUC:0.758, p = 0.0003) and 
BS + SPECT/CT (AUC:0.983 vs AUC:0.850, p = 0.0160), 
and higher for BS + SPECT/CT than BS alone (AUC:0.8501 
vs AUC:0.758, p = 0.0209). For lesion-based analysis; sen-
sitivity, specificity, accuracy, PPV, and NPV were 38.8%, 
51.1%, 46.7%, 30.6% and 60% for BS; 42.8%, 81.8%, 67.8%, 
56.7% and 72% for BS + SPECT/CT; 100%, 97.7%, 98.5%, 
96.1% and 100% for 68 Ga-PSMA PET/CT. Accuracy of 
the diagnostic test as measured by ROC was significantly 
higher for 68 Ga-PSMA PET/CT than for BS (AUC:0.989 vs 
AUC:0.550, p ≤ 0.0001) and BS + SPECT/CT (AUC:0.989 
vs AUC:0.623, p ≤ 0.0001); while, no statistical differences 
were found between BS and BS + SPECT/CT (AUC:0.550 
vs AUC:0.623, p = 0.0761). Details are given in Table 4.

BCR group

In 61 patients, 28 patients had bone metastasis with 47.5 ng/
ml median PSA value. In 16 of 28 patients (57%), super-
scan findings were detected on all imaging modalities. The 
remaining 33 patients had no bone metastasis and median 
PSA level of the patients was 4.59 ng/ml. For patient-based 
analysis; sensitivity, specificity, accuracy, PPV, and NPV 
were 92.8%, 66.6%, 78.6%, 70.2% and 91.6% for BS, 100%, 
84.8%, 91.8%, 84.8% and 100 for BS + SPECT/CT; 94.4%, 
93.9%, 95%, 93.1% and 96.8% for 68 Ga-PSMA PET/CT. 
Accuracy of the diagnostic test as measured by ROC was 
significantly higher for 68 Ga-PSMA PET/CT than for 

BS (AUC:0.952 vs AUC:0.798, p = 0.036) and higher for 
BS + SPECT/CT than BS alone (AUC:0.924 vs AUC:0.798, 
p = 0.0406); while, no statistical differences were found 
between BS + SPECT/CT and 68  Ga-PSMA PET/CT 
(AUC:0.924 vs AUC:0.952, p = 0.534). For lesion-based 
analysis; sensitivity, specificity, accuracy, PPV, and NPV 
were 64%, 64.2%, 64.1%, 52.5% and 77.5% for BS; 71.8%, 
90.2%, 83.9%, 76.6% and 86% for BS + SPECT/CT; 93.7%, 
98.3%, 96.7%, 96.7% and 96.8% for 68 Ga-PSMA PET/CT. 
Accuracy of the diagnostic test as measured by ROC was 
significantly higher for 68 Ga-PSMA PET/CT than for BS 
(AUC:0.961 vs AUC:0.670, p ≤ 0.0001) and BS + SPECT/
CT (AUC:0.961 vs AUC:0.802, p ≤ 0.0001), and higher for 
BS + SPECT/CT than BS alone (AUC:0.670 vs AUC:0.802, 
p = 0.0001). Details are given in Table 4.

Additional findings of 68 Ga‑PSMA PET/CT

68 Ga-PSMA PET/CT defined at least one non-osseous 
metastasis in 43 patients (31.1%) who had no bone metas-
tasis. Overall, increased PSMA uptake was determined in 
prostate/prostatic bed in 107 patients (77.5%). Gross inva-
sion to the seminal vesicle, bladder or rectum was reported 
in 23 patients (16.6%). At least one PSMA-positive lymph 
node was defined in 61 patients (44.2%). Pelvic lymph nodes 
were defined in 58 patients (42%), abdominal lymph nodes 
were defined in 28 patients (20.2%) and supradiaphragmatic 
lymph nodes were defined in 17 patients (12.3%). Visceral 
metastases were detected in 8 patients (4.7%), located in 
lung (n: 7) and liver (n: 3). In addition, a suspicious brain 
uptake was determined as meningioma by MRI findings, 
and an incidental suspicious PSMA avid mass in kidney was 
revealed as renal cell carcinoma, histopathologically.

Table 3   Diagnostic performance of BS, BS + SPECT/CT and 68 Ga-PSMA PET/CT based on overall bone involvement and metastatic lesions

Patient based (overall bone involvement) Metastatic lesion based

BS BS + 
SPECT/CT

PSMA PET/CT BS BS + 
SPECT/CT

PSMA PET/CT

Sensitivity 91.1% 95.5% 97.7% 53% 59.2% 96.4%
Specificity 64.5% 82.7% 95.7% 63.9% 87.6% 98.1%
Accuracy 73.1% 86.9% 95.6% 60.1% 77.7% 97.5%
PPV 55.4% 72.8% 91.6% 42.8% 62.6% 96.4%
NPV 93.7% 96.2% 98.8% 71.8% 80% 98.1%
AUC (95% CI) 0.778

(0.700–0.884)
0.892
(0.828–0.938)

0.967
(0.922–0.990)

0.585
(0.530–0.640)

0.725
(0.673–0.773)

0.973
(0.949–0.988)

p value BS vs. BS + SPECT/CT
p = 0.0006

BS vs. BS + SPECT/CT
p ≤ 0.0001

BS + SPECT/CT vs. PET/CT
p = 0.0238

BS + SPECT/CT vs. PET/CT
p ≤ 0.0001

BS vs. PET/CT
p ≤ 0.0001

BS vs. PET/CT
p ≤ 0.0001
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According to final diagnosis, 93 (67.4%) patients had 
no bone metastasis, 12 (8.7%) patients had oligometasta-
sis, 10 (7.2%) patients had multimetastasis and 23 (16.7%) 
patients showed metastatic superscan findings. 68 Ga-PSMA 
PET/CT altered the status of bone involvement in 5 patients 
(3.6%) by defining unknown bone metastasis (n: 3), and by 
upgrading to oligo/multimetastatic disease (n: 2), adjunct to 
BS + SPECT/CT findings. Additionally, 68 Ga-PSMA PET/
CT reduced false-positive results in 27 patients (19.5%) and 
detected non-osseous metastases in 43 patients (31.1%) who 
had no bone metastasis.

Discussion

Recent EAU Guideline (2019) recommends 68 Ga-PSMA 
PET/CT for only BCR and still recommends BS for staging 
intermediate- and high-risk PCa or restaging symptomatic 

patients, irrespective of serum PSA levels [13]. BS may be 
replaced by more sensitive tests in PCa staging; however, 
definite evidence is not present yet, according to EAU. Zacho 
et al. published a systematic review of the literature and con-
cluded that previous studies have limited clinical evidence 
for the use of 68 Ga-PSMA PET/CT in the evaluation of 
bone in PCa [16]. Thus, we performed a head-to-head com-
parison between BS, BS + SPECT/CT and 68 Ga-PSMA-
PET/CT, regarding the determination of bone metastasis of 
PCa. Based on our results, 68 Ga-PSMA PET/CT was supe-
rior to BS for patient-based analysis, with especially high 
specificity, accuracy and PPV, even in the cases with addi-
tional SPECT/CT. The sensitivity was 91.1–95.5%, favora-
ble for BS and BS + SPECT/CT for patient-based analyses; 
however, it decreased to 53–59.2% for lesion-based analyses, 
while it was 96.4% for 68 Ga-PSMA PET/CT. Since the 
number of bone metastases may change the therapy man-
agement, correct identification of all bone lesions is crucial. 

Table 4    Diagnostic performance of BS, BS + SPECT/CT and 68 Ga-PSMA PET/CT based on overall bone involvement and metastatic lesions 
for subgroup analysis

Patient based (overall bone involvement) Metastatic lesion based

STAGING
(n:77)

BS BS +
SPECT/CT

PSMA PET/CT BS BS +
SPECT/CT

PSMA PET/CT

Sensitivity 88.2 % 88.2% 100 % 38.8 % 42.8 % 100 %
Specificity 63.3 % 81.6 % 96.6 % 51.1 % 81.8 % 97.7 %
Accuracy 68.8 % 83.1 % 97.4 % 46.7 % 67.8 % 98.5 %
PPV 40.5 % 57.6 % 89.4 % 30.6 % 56.7 % 96.1 %
NPV 95 % 96.1 % 100 % 60 % 72 % 100 %
AUC (95% CI) 0.758 

(0.647–0.848)
0.850
(0.750–0.921)

0.983
(0.924–0.999)

0.550
(0.463–0.635)

0.623
(0.537–0.705)

0.989
(0.953–0.999)

p value BS vs. BS+SPECT/CT
p = 0.0209

BS vs. BS+SPECT/CT
p = 0.0761

BS+SPECT/CT vs PET/CT 
p = 0.0160

BS+SPECT/CT vs PET/CT 
p ≤ 0.0001

BS vs PET/CT
 p = 0.0003

BS vs PET/CT
p ≤ 0.0001

BCR
(n:61)

BS BS +
SPECT/CT

PSMA PET/CT BS BS +
SPECT/CT

PSMA PET/CT

Sensitivity 92.8 % 100 % 94.4% 64 % 71.8 % 93.7 %
Specificity 66.6 % 84.8 % 93.9 % 64.2 % 90.2 % 98.3 %
Accuracy 78.6 % 91.8 % 95 % 64.1 % 83.9 % 96.7 %
PPV 70.2 % 84.8 % 93.1 % 52.5 % 76.6 % 96.7 %
NPV 91.6 % 100 % 96.8 % 77.5 % 86 % 96.8 %
AUC (95% CI) 0.798 

(0.675–0.890)
0.924
(0.827–0.976)

0.952
(0.864–0.990)

0.670
(0.598–0.737)

0.802
(0.738–0.857)

0.961
(0.922–0.984)

p value BS vs. BS+SPECT/CT
p = 0.0406

BS vs. BS+SPECT/CT
p = 0.0001

BS+SPECT/CT vs. PET/CT 
p = 0.534

BS+SPECT/CT vs. PET/CT 
p ≤ 0.0001

BS vs. PET/CT
 p = 0.036

BS vs. PET/CT
p < 0.0001
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According to lesion-based analysis, 68 Ga-PSMA PET/CT 
had excellent results for correct identification of lesions, 
compared to BS and BS + SPECT/CT, including all diag-
nostic parameters.

Pyka et al. reported a study with 126 patients and reported 
that 68 Ga-PSMA PET/CT outperforms BS for detection 
of overall bone involvement in PCa, with 100% sensitiv-
ity and 87.1% specificity; while, BS has 84.6% and 45.2%; 
BS + SPECT has 88.5% and 51.6% sensitivity and specific-
ity, respectively, when all equivocal uptakes are accepted as 
positive in patient-based analysis [17]. A possible explana-
tion for the higher specificity in our study maybe the higher 
proportion of SPECT/CT images (73.9%) compared to the 
study by Pyka et al. (45.2%) and all SPECT images in our 
study were performed on a dedicated SPECT/CT with inte-
grated CT images, unlike the study by Pyka et al. The diag-
nostic accuracy of 68 Ga-PSMA PET/CT was statistically 
higher than BS and BS + SPECT in that study, similar to 
our results. However, they found no statistical differences 
in diagnostic accuracy of BS and BS + SPECT, unlike our 
study.

False-positive osteoblastic uptake due to benign bone 
pathologies is the most common pitfall of BS that requires 
further imaging and decreases diagnostic accuracy [5]. 
Additionally, flare phenomenon may cause false positivity in 
BS, due to the consisting osteoblastic healing processes after 
therapy [8]. In the present study, specificity, accuracy and 
PPV markedly increases with additional SPECT/CT, due to 
the contribution of anatomic and morphologic information 
of CT. However, 68 Ga-PSMA PET/CT was still superior 
to BS + SPECT/CT, with limited number of false-positive 
patients, similar to a previous study by Janssen et al. [18]. 
False-positive lesions defined by BS were mostly localized 
to vertebral column and ribs, where the benign osteoblastic 
uptakes are mostly seen due to the trauma or benign degen-
erative changes. In present study, limited number of patients 
had false-positive lesions with mild PSMA uptake on 68 Ga-
PSMA PET/CT, diagnosed as benign bone pathologies. 
In the literature, non-metastatic PSMA uptake in bone is 
reported in several case reports [19–22]. Increased vascu-
larity can cause the PSMA uptake, and it should be aware 
of these pitfalls when interpreting 68 Ga-PSMA PET/CT. 
Beyond that, several studies reported the impact of androgen 
deprivation therapies, which can alter the PSMA expres-
sion of metastases based on the short or long term of usage 
[23–25]. However, the outcomes of reported studies are 
controversial. In fact, 68 Ga-PSMA PET/CT can accurately 
evaluate therapy response without being affected by flare 
phenomenon of therapies, unlike BS imaging, according to 
the reported studies [26, 27].

Until now, all large retrospective series of BS results were 
mostly correlated with other imaging before using 68 Ga-
PSMA PET/CT scan. According to an epidemiologic study 

in North America, sensitivity, specificity, accuracy, PPV, 
and NPV were reported as 90.8%, 76.3%, 76.5%, 5.7% and 
99.8% for BS, respectively [5]. Although the reported sen-
sitivity of BS was high, bone marrow metastasis, millimet-
ric or lytic bone metastasis is easily missed with BS [7]. 
Yuminaga et al. recently reported a study, which investi-
gated PSA failure in 384 post-prostatectomy patients with 
68 Ga-PSMA PET/CT, CT and BS, and revealed that 68 Ga-
PSMA PET/CT detected bone metastasis in 6.7% of patients 
with negative BS [28]. In our cohort, BS totally missed 53 
lesions in 11.5% of patients. SPECT/CT reduced the number 
of missing lesions to 46 in 7.2% of patients; while, 68 Ga-
PSMA PET/CT defined all missing lesions correctly. On the 
other hand, 68 Ga-PSMA PET/CT missed only 4 metastatic 
lesions in 2 patients who were described as metastatic by 
SPECT/CT with increased osteoblastic activity. It is known 
that up to 10% of prostate cancers appear not to express 
PSMA glycoprotein [29], and should be remembered that 
false negativity of 68 Ga-PSMA PET/CT can occur rarely.

In our subgroup analysis, the sensitivity and specificity 
of BS and BS + SPECT/CT were higher in BCR group com-
pared with staging group, especially in lesion-based analy-
sis. In staging group, the sensitivity and specificity were 
reduced to 38.8% and 51.1% for BS; 42.8% and 81.8% for 
BS + SPECT/CT in lesion-based analysis; while, 68 Ga-
PSMA PET/CT has 100% sensitivity and 97.7% specificity. 
68 Ga-PSMA PET/CT had significantly higher diagnostic 
power than BS and BS + SPECT/CT for both staging and 
BCR group, according to lesion-based analysis. In the 
patient-based analysis, 68 Ga-PSMA PET/CT was only 
superior to BS, when the SPECT/CT was not performed. 
Our patient profile was heterogenous including different 
PSA levels and stages. The proportion of superscan images 
was mostly detected in BCR group. Therefore, the diagnos-
tic impact of 68 Ga-PSMA PET/CT on detection of bone 
involvement was limited in BCR group when SPECT/CT 
was used. Soydal et al. also performed subgroup analysis in 
PCa patients, and reported poor sensitivity and specificity 
for BS, 50% and 19.2% in staging group; and 33.3% and 40% 
in BCR group, when all equivocal uptakes are accepted as 
positive in patient-based analysis [30]. In that study, SPECT/
CT was not performed conversely to our study, and diagnos-
tic performance of BS was found limited. According to our 
results, 68 Ga-PSMA PET/CT seems to be more useful for 
both staging and BCR of PCa patients, by defining lesions 
accurately comparing with BS including SPECT/CT.

Overall, 68 Ga-PSMA PET/CT altered the therapy man-
agement by defining unknown bone metastasis or upgrad-
ing bone involvement to oligo/multimetastasis in 3.6% of 
the patients, by decreasing false-positive rate in 19.5% of 
the patients, and by detection of non-osseous metastases in 
31.1% of the patients with no bone metastasis. 68 Ga-PSMA 
PET/CT correctly determined non-osseous metastasis of 
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PCa, as a prominent advantage compared to BS, owing to 
excellent diagnostic power in detecting bone involvement 
of PCa. Large series of 68 Ga-PSMA PET/CT findings 
reported high numbers of non-osseous metastasis of PCa and 
pointed out that non-osseous metastases were mostly under-
diagnosed by routine imaging modalities [10, 11, 31]. In the 
present study, 68 Ga-PSMA PET/CT defined at least one 
non-osseous metastasis, in 43 patients without bone metas-
tasis. Overall, lymph node metastasis was defined in 44.2% 
of the patients whereas visceral metastases were defined in 
4.7% of total patients. Incidentally, PSMA avid meningi-
oma and renal cell carcinoma were detected by 68 Ga-PSMA 
PET/CT. Even well-designed cost-effective studies are not 
published yet, 68 Ga-PSMA PET/CT seems to be useful and 
cost effective in appropriate patient, by avoiding incorrect 
therapies and reducing the waste of money and resources, 
according to a recently published review [32]. Based on 
our results, 68 Ga-PSMA PET/CT seems more beneficial 
in detecting metastasis for patients with none or oligo bone 
metastases, instead of widespread metastatic disease (super-
scan) and BS had no contribution to 68 Ga-PSMA PET/CT, 
unless tumors had no PSMA expression which is very rare.

The main limitation of the present study was the lack of 
histopathological verification for metastatic lesions which 
was not possible due to the practical and ethical reasons. 
The other limitation was the retrospective design of analysis 
and heterogeneous patient profile with different PSA level 
and GS.

Conclusion

The purpose of this study was to evaluate the potential of 
68 Ga-PSMA PET/CT to overcome the limitations of BS 
which has long been the imaging of choice in PCa despite 
its poor specificity. This study has shown that 68 Ga-PSMA 
PET/CT not only overcomes these limitations and proves 
superiority in detecting bone metastases, but also shows 
non-osseous metastases which can alter patient management. 
In this regard, our findings present important implications 
that 68 Ga-PSMA PET/CT can replace BS in future practice.

Funding  The authors have no financial or personal relationships with 
other people or organizations that could inappropriately influence this 
work.
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