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Abstract
We collected clinical data from 308 prostate cancer (PCa) patients to investigate the clinical
characteristics and independent risk factors of bone metastasis (BM) and to establish a prediction model
for BM of PCa and determine the necessity of bone scans. Univariate and multivariate analyses were
performed based on age, biopsy Gleason score (BGS), clinical tumor stage (cTx), total prostate specific
antigen (tPSA), free prostate specific antigen (fPSA), fPSA/tPSA, prostate volume, alkaline phosphatase
(ALP), serum calcium and serum phosphorus. Moreover, 80 of the 308 PCa patients had a PI-RADS v2
score and were analysed retrospectively. The univariate analysis showed that the BGS, cTx, tPSA, fPSA,
prostate volume and ALP were significant. The multivariate logistic regression analysis showed significant
differences among the BGS, cTx, tPSA and ALP. Four cases should be highly suspected with BM: (i)
cTl-cT2, BGS ≤7, ALP >120 U/L and tPSA >90.64 ng/ml; (ii) cTl-cT2, BGS ≥8, and ALP >120 U/L; (iii)
cT3-cT4, BGS ≤7, and ALP >120 U/L; and (iv) cT3-cT4 and BGS ≥8. After the PI-RADS v2 score was
included in the model, the AUC of the prediction model rose from 0.884 (95% CI: 0.813-0.996) to 0.934
(95% CI: 0.883-0.986). This model may help determine the necessity of bone scans to diagnose BM for
PCa patients.
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Introduction
Prostate cancer (PCa) is the second most
common malignant tumour in males worldwide, with
approximately 1,111,700 new cases and 307,500 deaths
in 2012 [1]. Emerging evidence indicates remarkable
disparities in PCa epidemiology among different
ethnic groups [2, 3]. Currently, the incidence and
mortality rates in China are rapidly increasing [4]. Ren
et al. revealed different genetic characteristics of PCa
between Chinese and Caucasian men. Novel genetic
alterations in PCDH9 and PLXNA1 were associated
with disease progression [5]. PCa frequently

metastasizes to bone, and studies have shown that
bone metastases (BMs) have occurred in 13.3%-26% of
PCa patients at the first diagnosis in China, which is
far more than the rates of 3%-10% in European
countries and 3%-5% in the United States [6-8]. Once
BM occurs in a PCa patient, treatment is very limited
and the survival rate is greatly reduced [9]. Currently,
the technetium Tc 99m methylene diphosphonate (Tc
99m MDP) bone scan method is accepted as the
standard and is the most frequently used examination
to diagnosis bone metastasis in PCa [10]. Due to the
http://www.ijbs.com
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wide screening for tPSA in Europe and the United
States, the lesions of newly diagnosed patients are
often confined to the prostate tissue without other
organ invasion, and the incidence of BM is less than
10% [8]. However, new evidence shows that the rate of
PCa bone metastases has also increased in the US in
recent years [11]. Briganti et al. used a regression
model to predict the risk of bone metastasis in newly
diagnosed PCa patients for the first time [12]. This
model showed that some patients might not have to
undergo a bone scan to reduce the medical burden,
especially when the predicted value was less than
8.3%. Consequently, European and American
urological guidelines indicate that the conventional
bone scan examination is only suitable for patients
with suspected lesions but not for all newly diagnosed
PCa patients [10]. However, the Chinese Urology
Association Guidelines specify that a bone scan is
recommended once PCa is diagnosed [13], especially
for those with a tPSA ≥20 ng/ml and a BGS >7, which
is different from the European and American
urological guidelines. Therefore, many Chinese
patients undergo expensive bone scan examinations,
although only approximately half are actually
diagnosed with BM. In addition, most small hospitals
are not equipped with Tc 99m MDP equipment.
Moreover, because the specificity of the Tc 99m MDP
is as low as 57%, further judgement based on
computed tomography (CT) or magnetic resonance
imaging (MRI) is often required [14]. Numerous
studies have demonstrated that age, BGS, clinical
tumour stage (cTx), PSA, ALP, prostate volume,
serum calcium, and serum phosphorus may be factors
that influence PCa bone metastasis and thus can be
used to predict whether patients require a bone scan
[12, 15-17]. However, few studies have provided a
recommendation criterion suitable for Chinese PCa
patients [6, 13, 18], and these studies have lacked
external data validation. The Prostate Imaging
Reporting and Data System Version 1 (PI-RADS v1)
was published by the European Society of Urogenital
Radiology (ESUR) in 2012 and developed into the
PI-RADS v2 in 2015 by members of the PI-RADS
Steering Committee, several working groups with
international representation, and administrative
support from the American College of Radiology
(ACR) using the best available evidence and expert
consensus opinion [19]. The PI-RADS v2 was
designed to improve detection, localization,
characterization, and risk stratification in patients
with suspected cancer for treatment of naive prostate
glands, with an overall objective of improving patient
outcomes [19]. These guidelines can improve the early
diagnosis and treatment of PCa and reduce
unnecessary biopsies and treatment. Some studies
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have shown that the PI-RADS v2 has great value for
the diagnosis of clinically significant prostate cancer
(CS PCa) [20-22]. However, no evidence for its role in
the diagnosis of PCa bone metastasis has been
reported. Thus, we conducted a retrospective study to
determine the diagnostic correlations among age,
BGS, cTx, PSA, ALP, prostate volume, serum calcium,
serum phosphorus and BM in newly diagnosed PCa
patients in a local population in central China and
analysed the value of the PI-RADS v2 score in
predicting PCa bone metastasis.

Materials and methods
Study patients
This retrospective study collected three clinical
datasets from two centres. Dataset 1 included 308
consecutive PCa patients who were newly diagnosed
between January 2014 and November 2017 at the
Department of Urology, Zhongnan Hospital of
Wuhan University. Dataset 2 included 51 consecutive
PCa patients who were newly diagnosed between
January 2013 and December 2013 in the same centre.
Dataset 3 included 43 consecutive PCa patients who
were newly diagnosed between September 2016 and
February 2017 in the Department of Urology, Renmin
Hospital of Wuhan University. All patients were
diagnosed with PCa by biopsy guided with
transrectal ultrasound (TRUS). They had a complete
clinical data record, including age, BGS, cTx, PSA,
ALP, prostate volume, serum calcium, serum
phosphorus and bone scan results. Additionally, 80 of
the 308 PCa patients (2016.8-2017.11) had a PI-RADS
v2 score. The study used clinical information from the
patients and was approved by the Ethics Committee
at Zhongnan Hospital of Wuhan University (approval
number: 2015029). Informed consent was obtained
from all subjects. All methods used for analysis of the
clinical information were performed in accordance
with the approved guidelines and regulations of the
Department of Biological Repositories at Zhongnan
Hospital of Wuhan University.

Inclusion criteria
Diagnosed with PCa by prostate biopsy guided
with TRUS. (ii) Underwent a Tc 99m MDP bone scan,
and the result was judged by two nuclear medical
physicians with extensive experience. (iii) Had a
complete clinical data record.

Exclusion criteria
Prior 5-alpha reductase inhibitor medication
before the prostate biopsy. (ii) Bone injury or bone
metabolic disease history (i.e., bone tumour). (iii)
Acute or chronic urinary tract infections or urinary
retention. (iv) Prostate massage, TRUS, digital rectal
http://www.ijbs.com
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examination or urethral catheterization was
performed one week prior to admission. (v) Could not
determine whether the patient had a merger of bone
metastases or had no Tc 99m MDP result.

Outcomes and study design
BM was the primary outcome. The Tc 99m MDP
result was judged by two nuclear medicine physicians
with extensive experience. BM on the Tc 99m MDP
was defined as either orphaned or diverse asymmetric
areas of increased tracer uptake presence after
excluding patients with a bone injury or bone
metabolic disease history [23]. If the bone scan
findings were ambiguous, we used CT and/or MRI to
confirm the scintigraphy results. We sought a consult
from a senior physician when necessary. According to
the bone scan results, all patients were categorized
into the BM-positive and BM-negative groups.
Clinical dataset 1 was used to establish and evaluate
the prediction analysis model for PCa bone
metastasis, dataset 2 was used for cross-validation,
and dataset 3 was used for external data validation.
Additionally, 80 of the 308 patients (dataset 1) were
used to appraise the value of the PI-RADS v2 score in
predicting PCa bone metastasis.

Study variables
The TNM 2002 staging system was the guideline
for assigning the cTx [24]. The BGS referenced the
International Society of Urological Pathology (ISUP)
consensus conference on Gleason grading of prostatic
carcinoma [25]. The PI-RADS score referenced the
PI-RADS v2 [19], which was formulated by the ACR
in 2015 and published in European Urology in 2016.
The
prostate
volume
was
measured
by
transabdominal prostate ultrasound prior to the
prostate biopsy. The PSA, ALP, serum calcium, and
serum phosphorus levels were determined when
diagnosed.

Statistical analysis
For dataset 1, the age, BGS, cTx, prostate volume,
and the PSA, ALP, serum calcium, and serum
phosphorus levels were compared between the two
patient groups with a two-sample t test or
Mann-Whitney test. tPSA was employed with a
natural logarithm due to dispersion of the tPSA levels.
Continuous variables were described as averages,
medians and ranges. The proportions of variables
between two groups were calculated with the
Chi-square test. Then, we compared the association
between the independent variables and the bone scan
results by univariate and multivariate logistic
regression analyses to determine the independent risk
factors of PCa bone metastasis. Considering the
differences in the guidelines concerning the BGS and
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cTx, the BGS was divided into ≤3+4 and ≥4+3 or ≤7
and ≥8 and the cTx was divided into cT1-cT2 and
cT3-cT4 or cT1-cT3 and cT4. We established five
multivariate logistic regression prediction analysis
models (models A, B, C, D, and E). ROC curves were
generated for the univariate and multivariate logistic
regression analyses, and the areas under the curves
were calculated and compared. The largest AUC
model was the best multivariate logistic regression
prediction analysis model. The Net Reclassification
Index (NRI) was used to evaluate the accuracy of the
prediction ability. A nomogram was generated for the
best model. A calibration curve was generated to
assess the degree of fit of the nomogram-predicted
probability with the actual probability. The cut-off
was set based on the value of the maximum sum of
the sensitivity and specificity on the best model curve.
A discriminative PSA level was calculated when this
cut-off together with other independent risk factors
was substituted into the regression model to
summarize a discriminant equation for the prediction
analysis model. According to the comparison between
the discriminant equation and bone scan results, some
high-risk PCa bone metastases could be analysed. The
analysis model was cross-validated using the
leave-one-out method with dataset 2. External data
validation was performed using dataset 3. The
PI-RADS v2 scores of 80 PCa patients were compared
with the Mann-Whitney test and Chi-square test to
analyse the averages and proportions between two
groups, respectively. Taking the best model as the
reference, we established model F (excluded the
PI-RADS v2 score) and model G (included the
PI-RADS v2 score divided into ≤4 and 5) with the
clinical data from these 80 PCa patients to compare
changes in the ROC curves. All statistical analyses
were performed with SPSS 16.0 and GraphPad Prism
5, and a p value <0.05 was considered statistically
significant.

Results
Patient characteristics
Of the 308 PCa patients, 183 were diagnosed
without BM and 125 with BM (40.6%). The
two-sample t test results showed that age, serum
calcium, and serum phosphorus were not influencing
factors of BM (p>0.05), whereas tPSA, fPSA,
fPSA/tPSA, prostate volume and ALP were
significantly different between the patients in the two
groups (p<0.05). The Mann-Whitney test showed that
the BGS and cTx were significant (p<0.05) influencing
factors of BM. The BM-positive group patients had
higher average PSA and ALP levels and prostate
volumes than the BM-negative group patients (p<0.05
http://www.ijbs.com
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for all comparisons). Furthermore, the BM-positive
group patients had a significantly higher BGS and cTx
than the BM-negative group patients (Table 1 and Fig.
1-2). The Chi-square test also showed that the cTx,

BGS and tPSA were significant influencing factors in
the composition ratio (p<0.05). However, fPSA/tPSA
and the prostate volume did not show significant
differences (p>0.05, Table 2).

Table 1. Univariate analysis for BM-negative and BM-positive patients.
Variables
Age/years, n (%)
Average/Median
(Range)
<60
60-69
70-79
≥80
BGS, n (%)
≤6
3+4
4+3
8-10
cTx, n (%)
T1
T2
T3
T4
tPSA(ng/ml), n (%)
Average/Median
(Range)
≤10.0
10.1-20.0
20.1-100.0
>100.0
Ln (tPSA) (ng/ml)
Average/Median
(Range)
fPSA (ng/ml)
Average/Median
(Range)
fPSA/tPSA, n (%)
Average/Median
(Range)
≤0.16
>0.16
Prostate volume (ml), n (%)
Average/Median
(Range)
≤30
30.1-60
60.1-90
>90
ALP (U/L), n (%)
Average/Median
(Range)
≤120
>120
Serum calcium (mmol/l), n
Average/Median
(Range)
<2.11
2.11-2.52
>2.52
Serum phosphorus (mmol/l), n
Average/Median
(Range)
<0.85
0.85-1.51
>1.51

All patients (n=308)

BM-negative group (n=183)

BM-positive group (n=125)

73.1±8.9/74
45-96
21 (6.8)
79 (25.6)
125 (40.6)
83 (26.9)

73.0±8.7/75
45-90
11 (6.0)
52 (28.4)
73 (39.9)
47 (25.7)

73.1±9.2/73
48-96
10 (8.0)
27 (21.6)
52 (41.6)
36 (28.8)

68 (22.1)
35 (11.4)
25 (8.1)
180 (58.4)

59 (32.2)
27 (14.8)
17 (9.3)
80 (43.7)

9 (7.2)
8 (6.4)
8 (6.4)
100 (80.0)

21 (6.8)
177 (57.5)
54 (17.5)
56 (18.2)

21 (11.5)
141 (77.0)
15 (8.2)
6 (3.3)

0 (0)
36 (28.8)
39 (31.2)
50 (40.0)

147.72±275.39/49.24
1.28-1921.22
40 (13.0)
56 (18.2)
112 (36.4)
100 (32.5)

53.51±76.11/21.18
1.91-477.13
38 (20.8)
50 (27.3)
69 (37.7)
26 (14.2)

285.64±383.38/132.67
1.28-1921.22
2 (1.6)
6 (4.8)
43 (34.4)
74 (59.2)

3.94±1.46/3.90
0.25-7.56

3.29±1.15/3.05
0.65-6.17

4.90±1.33/4.89
0.25-7.56

12.32±14.74/4.84
0.07-73.21

5.85±7.79/3.17
0.18-46.71

21.79±17.21/18.00
0.07-73.21

0.13±0.09/0.11
0.02-0.61
236 (76.6)
72 (23.4)

0.14±0.08/0.11
0.04-0.48
138 (75.4)
45 (24.6)

0.13±0.10/0.10
0.02-0.61
98 (78.4)
27 (21.6)

49.97±34.02/41.35
10.71-307.32
90 (29.2)
137 (44.5)
56 (18.2)
25 (8.1)

47.63±34.38/38.71
11.96-307.32
66 (36.1)
71 (38.8)
31 (16.9)
15 (8.2)

53.40±33.32/46.91
10.71-253.34
24 (19.2)
66 (52.8)
25 (20.0)
10 (8.0)

106.67±115.15/74
18-857
254 (82.5)
54 (17.5)

71.62±22.24/69
18-204
180 (98.4)
3 (1.6)

157.99±166.23/99
30-857
74 (59.2)
51 (40.8)

2.17±0.17/2.18
1.07-2.63
99
204
5

2.18±0.18/2.20
1.07-2.63
51
128
4

2.15±0.15/2.15
1.80-2.58
48
76
1

1.08±0.22/1.06
0.45-2.97
26
276
6

1.07±0.24/1.05
0.45-2.97
18
161
4

1.10±0.17/1.09
0.17-1.68
8
115
2

p value
0.903

<0.001

<0.001

<0.001

<0.001

<0.001

0.045

0.015

<0.001

0.064

0.064
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Figure 1. The distribution ratio of each variable for patients with and without BM. (A) tPSA level, (B) fPSA/tPSA, (C) ALP level, (D) prostate volume, (E)
clinical tumour stage, (F) Gleason score.

Figure 2. The level of each variable for patients with and without BM. (A) tPSA level, (B) fPSA/tPSA, (C) ALP level, (D) prostate volume, (E) fPSA (*
p<0.05, ** p<0.01, *** p<0.001).
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Table 2. Chi-square test for BM factors (n=308).

BM-negative group
BM-positive group
χ2
p value

ALP (U/L)
≤120
180
74
78.774
<0.001

>120
3
51

Gleason score
≤7
≥8
103
80
25
100
40.250
<0.001

Clinical T stage
T1-T2
T3-T4
162
21
36
89
115.388
<0.001

tPSA (ng/ml)
≤20.0
>20.0
88
95
8
117
60.161
<0.001

fPSA/tPSA
≤0.16
>0.16
138
45
98
27
0.371
0.543

Prostate volume/ml
≤60
>60
137
46
90
35
0.314
0.575

Figure 3. ROC curves of variables for the prediction of bone metastasis in patients with prostate cancer. (A) Comparison of the ROC curve for each
single variable, (B) tPSA, AUC: 0.820 (0.772-0.867), (C) fPSA, AUC: 0.829 (0.781-0.876), (D) Gleason score, AUC: 0.713 (0.655-0.771), (E) clinical tumour stage,
AUC: 0.826 (0.777-0.876), (F) ALP, AUC: 0.726 (0.665-0.787).

As examples, Fig. 6A (i) shows the Tc 99m MDP
imaging of an 84-year-old BM-negative PCa patient
(no obvious Tc 99m aggregated to bone tissue), and
Fig. 6A (ii) shows the imaging of a 61-year-old
BM-positive PCa patient (extensive Tc 99m

aggregated to bone tissue, e.g., the pelvis, humerus
and skull). The white arrows in Fig. 6B (i, ii) indicate
the clear prostate tumour lesion but no obvious bone
tissue destruction in the 84-year-old BM-negative PCa
patient. The white arrows in Fig. 6B (iii, iv) show the
http://www.ijbs.com
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unambiguous prostate tumour lesion and obvious
bone tissue destruction in the 61-year-old BM-positive
PCa patient.
Of the 80 PCa patients, 39 were diagnosed
without BM and 41 with BM (51.3%). The
Mann-Whitney and Chi-square tests showed that the
PI-RADS v2 scores were significantly different (both
p<0.05, Fig. 6C and Supplementary Table S1) between
the two groups. The average PI-RADS v2 score of the
BM-negative group patients was 4.21 (close to 4),
whereas the average score of the BM-positive group
patients was 4.95 (almost 5) (Fig. 6C).
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1.003; 95% CI: 1.001-1.006, p=0.015), and ALP (OR:
22.033; 95% CI: 5.753-84.387, p<0.001). A nomogram
was generated to directly calculate the probability of
bone metastasis (Fig. 5A), and the calibration curve
showed the degree of height fitting of the
nomogram-predicted probability with the actual
probability (Fig. 5B).
The multivariate logistic regression analysis
results were summarized using the following
equation:
Logit (P) = -2.572 + 0.723GS + 2.418T + 0.003tPSA +
3.093ALP (120)

Univariate regression logistic analysis
The univariate regression logistic analysis
showed that the BGS, cTx, tPSA, ALP, and fPSA were
significant predictors of BM (p<0.001 for all
comparisons, Supplementary Table S2). ROC curves
were generated for these significant predictors. Fig. 3
shows that the AUCs were 0.820 (95% CI: 0.772-0.867,
p<0.001) for tPSA, 0.829 (95% CI: 0.781-0.876, p<0.001)
for fPSA, 0.713 (95% CI: 0.655-0.771, p<0.001) for BGS,
0.826 (95% CI: 0.777-0.876, p<0.001) for cTx, and 0.726
(95% CI: 0.665-0.787, p<0.001) for ALP. Considering
that a collinearity relationship existed between tPSA
and fPSA, we did not include fPSA in the multivariate
regression logistic analysis.

Multivariate regression logistic analysis
In the multivariate analyses, the BGS, cTx, tPSA,
and ALP were the only independent predictors of BM
(p<0.05 for all comparisons, Table 3). Model A
combined the BGS (≤3+4; ≥4+3), cTx (cT1-cT2;
cT3-cT4), tPSA, and ALP and presented an AUC of
0.899 (95% CI: 0.863-0.935). Model B combined the
BGS (≤3+4; ≥4+3), cTx (cT1-cT3; cT4), tPSA, and ALP
and presented an AUC of 0.870 (95% CI: 0.829-0.911).
Model C combined the BGS (≤7; 8-10), cTx (cT1-cT2;
cT3-cT4), tPSA, and ALP and presented an AUC of
0.902 (95% CI: 0.868-0.937). Model D combined the
BGS (≤7; 8-10), cTx (cT1-cT3; cT4), tPSA, and ALP and
presented an AUC of 0.877 (95% CI: 0.838-0.916). The
AUC of model C was larger than that of models A, B
and D. Based on model C, the optimized model
(named model E) combined the BGS (≤7; 8-10), cTx
(cT1-cT2; cT3-cT4), tPSA, and ALP (≤120 U/L; >120
U/L) and presented an AUC of 0.910 (95% CI:
0.878-0.942), which was the largest AUC obtained
from the five models (Tables 3-4 and Fig. 4). The NRI
was 9.64% compared with model C (Z=2.014, p=0.044,
Supplementary Table S3). In the logistic regression
prediction analysis, model E remained independently
associated with a significantly increased risk of BGS
(OR: 2.060; 95% CI: 0.996-4.262, p=0.051), cTx (OR:
11.220; 95% CI: 5.520-22.804, p<0.001), tPSA (OR:

Table 3. Multivariate regression logistic analysis for BM-negative
and BM-positive patients (n=308).
Variables
Model A
BGS (≤3+4; ≥4+3)
cTx (T1-T2; T3-T4)
tPSA
ALP
Model B
BGS (≤3+4; ≥4+3)
cTx (T1-T3; T4)
tPSA
ALP
Model C
BGS (≤7; 8-10)
cTx (T1-T2; T3-T4)
tPSA
ALP
Model D
BGS (≤7; 8-10)
cTx (T1-T3; T4)
tPSA
ALP
Model E
BGS (≤7; 8-10)
cTx (T1-T2; T3-T4)
tPSA
ALP (≤120 U/L; >120
U/L)

B

S.E

p value

OR (95% CI)

0.816
2.459
0.003
0.020

0.395
0.353
0.001
0.006

0.039
0.000
0.015
0.000

2.261 (1.043-4.902)
11.693 (5.856-23.345)
1.003 (1.001-1.006)
1.021 (1.010-1.032)

1.066
2.473
0.004
0.020

0.367
0.502
0.001
0.005

0.004
0.000
0.005
0.000

2.905 (1.414-5.968)
11.864 (4.432-31.758)
1.004 (1.001-1.007)
1.021 (1.010-1.031)

0.791
2.431
0.003
0.021

0.365
0.355
0.001
0.005

0.030
0.000
0.015
0.000

2.205 (1.079-4.506)
11.368 (5.672-22.784)
1.003 (1.001-1.006)
1.021 (1.010-1.032)

1.068
2.437
0.004
0.021

0.338
0.503
0.001
0.005

0.002
0.000
0.007
0.000

2.909 (1.499-5.643)
11.441 (4.269-30.664)
1.004 (1.001-1.007)
1.022 (1.011-1.032)

0.723
2.418
0.003
3.093

0.371
0.362
0.001
0.685

0.051
0.000
0.015
0.000

2.060 (0.996-4.262)
11.220 (5.520-22.804)
1.003 (1.001-1.006)
22.033 (5.753-84.387)

Model A: BGS is for ≥4+3 compared to ≤3+4.
cTx is for T3-T4 compared to T1-T2.
Model B: BGS is for ≥4+3 compared to ≤3+4.
cTx is for T4 compared to T1-T3.
Model C: BGS is for 8-10 compared to ≤7.
cTx is for T3-T4 compared to T1-T2.
Model D: BGS is for 8-10 compared to ≤7.
cTx is for T4 compared to T1-T3.
Model E: BGS is for 8-10 compared to ≤7.
cTx is for T3-T4 compared to T1-T2.
ALP is for >120 U/L compared to ≤120 U/L.

Table 4. Compare with models A, B, C, D and E (n=308).
Model
Model A
Model B
Model C
Model D
Model E

Sensitivity
0.840
0.664
0.832
0.728
0.848

Specificity
0.880
0.945
0.880
0.863
0.869

AUC (95% CI)
0.899 (0.863-0.935)
0.870 (0.829-0.911)
0.902 (0.868-0.937)
0.877 (0.838-0.916)
0.910 (0.878-0.942)
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Figure 4. ROC curves of the multivariate regression logistic analysis models. (A) Comparison of ROC curves for models A-E. (B) Model A, AUC: 0.899
(0.863-0.935), (C) model B, AUC: 0.870 (0.829-0.911), (D) model C, AUC: 0.902 (0.868-0.937), (E) model D, AUC: 0.877 (0.838-0.916), (F) model E, AUC: 0.910
(0.878-0.942).

If the BGS is ≤7, then the GS=0; if the BGS is ≥8,
then the GS=1. If the cTx is cT1-cT2, then T=0; if the
cTx is cT3-cT4, then T=1. If the ALP is ≤120 U/L, then
the ALP (120)=0; if the ALP is >120 U/L, then the ALP
(120)=1. Each point on the ROC curve of model E had
a Logit(P) value. The cut-off value was selected with
the value of the maximum sum of sensitivity and
specificity on the curve, which was calculated as
Logit(P)=0.834, with a sensitivity of 84.8% and
specificity of 86.9%.
Then, the multivariate logistic regression
prediction analysis model was transformed to the

following discriminant equation:
D = -3.406 + 0.723GS + 2.418T + 0.003tPSA + 3.093ALP (120)

If D>0, then we judge that BM has occurred. If
D≤0, then we judge that BM has not occurred.

Analysis of the prediction model discriminant
equation
A discriminative PSA level was calculated when
this cut-off together with other independent risk
factors was substituted into the regression model.
Table 5 shows the comparison between the
discriminant equation and the bone scan results. The
http://www.ijbs.com
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following four cases should be highly suspected of
BM: (i) cTl-cT2, BGS ≤7, ALP >120 U/L and tPSA
>90.64 ng/ml; (ii) cTl-cT2, BGS ≥8, and ALP >120
U/L; (iii) cT3-cT4, BGS ≤7, and ALP >120 U/L; and
(iv) cT3-cT4 and BGS ≥8.
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82.8% (Supplementary Table S5). We compared our
prediction model with other published prediction
models [6, 12, 26] and found that the AUC from our
model was the largest (Supplementary Table S6).
Taken together, the results show that our established
model exhibits high accuracy and stability and is well
generalized for other independent datasets.
Table 5. Comparison between the discriminant equation results
and bone scan results (n=308).
cTx

BGS

ALP

tPSA

D

1-2

≤7

≤120

≤987.03
>987.03
≤90.64
>90.64
≤777.50
>777.50
N
≤286.24
>286.24
N
≤76.71
>76.71
N

≤0
>0
≤0
>0
≤0
>0
>0
≤0
>0
>0
≤0
>0
>0

>120

3-4

8-10

≤120

≤7

>120
≤120

8-10

>120
≤120
>120

Bone scan
Positive (%)
7
0 (0)
1
5 (100)
15
0
8 (72.7)
4
2 (100)
5 (100)
18
28 (71.8)
32 (100)

Negative (%)
98 (93.3)
0
0 (0)
0
61 (80.3)
0
3
6 (60.0)
0
0
4 (18.2)
11
0

Appraisal of the value of the PI-RADS v2 score
in predicting PCa bone metastases
Of the 80 PCa patients, the multivariate analyses
showed that the BGS, cTx, tPSA, ALP and PI-RADS v2
score were independent predictors of BM (p<0.05 for
all comparisons). Model F combined the BGS (≤7;
8-10), cTx (cT1-cT2; cT3-cT4), tPSA, and ALP (≤120
U/L; >120 U/L) and presented an AUC of 0.884 (95%
CI: 0.813-0.996). Model G combined the BGS (≤7; 8-10),
cTx (cT1-cT2; cT3-cT4), tPSA, ALP (≤120 U/L; >120
U/L), and PI-RADS v2 score (≤4; 5) and presented an
AUC of 0.934 (95% CI: 0.883-0.986). The AUC of
model G was larger than that of model F (Fig. 6D).
Figure 5. The nomogram and calibration curve developed for model
E. (A) Nomogram. To estimate the risk of BM, the points for each variable
were calculated by drawing a straight line from a patient’s variable value to the
axis labelled “Points”. The score sum is converted to a probability in the lowest
axis. (B) Calibration curve. The nomogram-predicted probability is plotted on
the x-axis, and the actual probability is plotted on the y-axis. Mean absolute
error=0.03.

Evaluation of the prediction model
Dataset 2, which was collected over a different
time period, was used for cross validation of our
established prediction model. The results showed that
the sensitivity was 78.9% and the specificity was
84.4% (Supplementary Table S4). To validate the
stability of the model, external data validation was
performed with dataset 3, which was independently
collected in another hospital. The results showed that
the sensitivity was 78.6% and the specificity was

Discussion
Several epidemiological studies have shown that
PSA screening programmes can assist with early
detection of PCa [27, 28]. Due to incomplete early
detection of PSA in China, the incidence of PCa is
significantly lower than that of Europe and the United
States, but the rate of BM at first diagnosis is higher.
BM significantly affects patients’ treatments and
prognoses. Currently, Tc 99m MDP remains the most
sensitive diagnostic bone scan method and is the
accepted standard and most frequent examination for
detection of PCa bone metastasis. Despite its high
accuracy in detecting bone lesions, not all PCa
patients have an equal risk of bone metastasis when
diagnosed. More than half of PCa patients do not
show BM at the bone scan diagnosis. Numerous
guidelines have been devoted to identifying
http://www.ijbs.com
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subgroups of patients who can safely omit bone scans
(Supplementary Table S7); however, multicentre large
sample studies of bone metastasis in Chinese PCa
patients are rare [6, 12-13, 15-18]. The Chinese
Urology Association (CUA) guidelines specify that a
bone scan is recommended once PCa is diagnosed
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[13], especially for those with a tPSA ≥20 ng/ml and a
BGS >7. However, a bone scan may be omitted for an
asymptomatic patient with a tPSA <20 ng/ml and a
BGS ≤3+4, as indicated in the European Association of
Urology (EAU) guideline [10].

Figure 6. Appraisal of the value of the PI-RADS v2 score in predicting PCa BM. (A) i. Tc 99m MDP imaging of an 84-year-old BM-negative PCa patient. ii.
Tc 99m MDP imaging of a 61-year-old BM-positive PCa patient. (B) i. The white arrows indicate a clear prostate tumour lesion in the 84-year-old BM-negative PCa
patient. ii. The white arrows indicate no obvious bone tissue destruction in the 84-year-old BM-negative PCa patient. iii. The white arrows show an unambiguous
prostate tumour lesion in the 61-year-old BM-positive PCa patient. iv. The white arrows show obvious bone tissue destruction in the 61-year-old BM-positive PCa
patient. (C) i. The distribution ratio of the PI-RADS v2 score. ii. The average PI-RADS v2 score. (D) i. Comparison of ROC curves for models F and G, ii. Model F,
AUC: 0.884 (0.813-0.996), iii. Model G, AUC: 0.934 (0.883-0.986).
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The National Comprehensive Cancer Network
(NCCN) indicates that cT1 PCa patients with a tPSA
>20 ng/ml, cT2 PCa patients with a tPSA >10 ng/ml,
cT3-cT4 patients or patients with a BGS ≥8 are
appropriate for a bone scan [29]. The American
Urological Association (AUA) indicates that clinically
localized PCa patients, those with a tPSA >20 ng/ml,
locally advanced PCa patients or patients with a BGS
≥8 should take a bone scan [30]. The European Society
for Medical Oncology (ESMO) stated that a bone scan
was unnecessary for cT1-cT2a patients and those with
a BGS <7 and tPSA <10 ng/ml [31]. Briganti et al.
suggested that performing a bone scan was more
important for intermediate-risk (cT2-cT3, BGS >7, and
tPSA >10 ng/ml) and high-risk PCa patients (BGS ≥8)
[12]. McArthur et al. stated that a bone scan could be
safely omitted for newly diagnosed PCa patients with
a BGS <8 and a tPSA <20 ng/ml [32]. These studies
were based on studies of Western populations.
However, the clinical characteristics of PCa bone
metastases in Asian populations, including Chinese
patients, showed an obvious disparity with those of
Western patients. Tanaka et al. demonstrated that PCa
patients should be strongly suspected of having BM if
they had a BGS ≥4+3 and tPSA >50 ng/ml [17] in a
retrospective study with 857 Japanese patients. Wang
et al. [6] studied 501 Chinese patients and suggested
that a bone scan was needed for all cT4 PCa patients,
cT1-cT3 PCa patients with a BGS ≤3+4 and a tPSA
>132.1 ng/ml, and cT1-T3 patients with a BGS ≥4+3
and tPSA >44.5 ng/ml. These findings are closely
similar to those of this study. Lin et al. [18] stated that
bone scintigraphy was recommended for patients
who had a higher risk of BM, as indicated by a tPSA
≥20 ng/ml or BGS ≥8. The value of a bone scan is
limited for PCa patients with a tPSA ≤20 ng/ml and
BGS ≤7. However, these studies made no further
distinction between the cTx, BGS, tPSA and serum
ALP and lacked external data validation. Considering
the differences in the guidelines and studies of the
BGS and cTx, we divided the BGS into ≤3+4 and ≥4+3
or ≤7 and ≥8 and the cTx into cT1-cT2 and cT3-cT4 or
cT1-cT3 and T4. We established four multivariate
logistic regression prediction analysis models (models
A-D). The areas under the curves were calculated and
compared. The results showed that the AUC of model
C was larger than that of models A, B, and D. In other
words, patients with a BGS of 8-10 had a significantly
higher risk than those with a BGS ≤7, and the risk of
patients with a cTx of cT3-cT4 was far higher than that
of patients with cT1-cT2. To facilitate the discriminant
analysis, we converted ALP into stratified variables
according to the Chi-square test results and the
guidelines. Based on model C, we established an
optimized model named model E. The AUC of model
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E was 0.910, which was the largest of the five models.
The NRI of model E was 9.64% compared with model
C, which indicated that the prediction ability of the
model had improved and that the proportion of
correct classification had increased by 9.64%. The
difference between models C and E was not
significant, possibly because the sample size was not
sufficient. A nomogram was generated to directly
calculate the probability of BM, which is a convenient
method for patients and doctors to judge BM. In the
nomogram calibration curve, the predicted
probability compared with the actual probability
showed a degree of height fitting. Based on
comparison of the discriminant equation results with
the bone scan results, the following four cases should
be highly suspected of having BM: (i) cTl-cT2, BGS ≤7,
ALP >120 U/L and tPSA >90.64 ng/ml; (ii) cTl-cT2,
BGS ≥8, and ALP >120 U/L; (iii) cT3-cT4, BGS ≤7, and
ALP >120 U/L; and (iv) cT3-cT4 and BGS ≥8. The
cross-validation and external data validation proved
that our established model had high accuracy and
stability and was well generalized for other
independent datasets. Therefore, we concluded that
the BGS, tPSA, cTx, and ALP were independent risk
factors for PCa bone metastasis in Chinese patients.
Prediction model E can help determine whether a
bone scan is needed when diagnosing BM for Chinese
PCa patients.
The PI-RADS v2 is a new imaging system
formulated by the ACR in 2015 that has been
popularized in many countries for the diagnosis of
prostate by MRI. The system is designed to improve
the detection of CS PCa. The PI-RADS v2 defines
clinically
significant
cancer
based
on
pathology/histology as a BGS ≥7 (including 3+4 with
a prominent but not predominant Gleason 4
component) and/or a volume ≥0.5 cc and/or
extra-prostatic extension (EPE) [19]. The assessment is
based on the probability that combined mpMRI
findings on T2W, DWI, and DCE correlate with the
presence of a clinically significant cancer for each
lesion in the prostate gland [20]. The system uses five
categories as follows: PI-RADS 1: very low (clinically
significant cancer is highly unlikely to be present);
PI-RADS 2: low (clinically significant cancer is
unlikely to be present); PI-RADS 3: intermediate (the
presence of clinically significant cancer is equivocal);
PI-RADS 4: high (clinically significant cancer is likely
to be present); and PI-RADS 5: very high (clinically
significant cancer is highly likely to be present) [19].
The PI-RADS v2 recommends that a biopsy should be
considered for PI-RADS 4 or 5 but not for PI-RADS 1
or 2 [19]. Clearly, the PI-RADS v2 provides some
proposals for prostate biopsies no clear advice on
whether a bone scan is needed. The great value of the
http://www.ijbs.com
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PI-RADS v2 for the diagnosis of CS PCa has been
confirmed by some studies [13, 21-22], but it is
somewhat disappointing in terms of its ability to
predict clinically significant disease. No evidence of
its role in the diagnosis of PCa bone metastases has
been reported, even though these clinically significant
cancers, such as PI-RADS 4 or 5, are more prone to
BMs. In this study, the average PI-RADS v2 score
significantly differed between the BM-negative group
(4.21) and the BM-positive group (4.95). A higher
PI-RADS v2 score indicated a greater probability that
the patient would be diagnosed with CS PCa, which
induced a higher risk of BMs. After the PI-RADS v2
score was included in the model, the AUC of the
prediction model rose from 0.884 (95% CI: 0.813-0.996)
to 0.934 (95% CI: 0.883-0.986). Thus, the PI-RADS v2
score may have great value for improving the
prediction of BM.
The BGS, cTx, tPSA, ALP and PI-RADS v2 score
may represent the parameters of prostate pathology,
urinary
surgery,
tumour
biomarkers,
bone
metabolism biomarker and prostatic imaging. For
urologists, when judging whether or not BM has
occurred, multiple factors should be referenced rather
than relying only on the Tc 99m MDP. Of course, due
to the small amount of data, more cases are needed for
further study. In addition, because of the limitation of
inclusion criteria, this study is only applicable to the
majority not all PCa patients at the first diagnosis.

Conclusions
The BGS, tPSA, cTx, and ALP are independent
risk factors of PCa bone metastasis in Chinese
patients. This prediction model can help determine
whether a bone scan is needed when diagnosing BM
for a Chinese PCa patient. The PI-RADS v2 score may
be a new factor to predict bone metastasis in human
PCa.
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System; ROC: Receiver Operating Characteristic; Tc
99m MDP: Technetium Tc 99m Methylene
Diphosphonate; tPSA: Total Prostate Specific Antigen;
TRUS: Transrectal Ultrasound.
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