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Background: Transrectal contrast-enhanced ultrasound is an examination that can be used to diagnose and 
characterize prostate cancer by displaying tissue blood perfusion. To explore the value of transrectal contrast-
enhanced ultrasound combined with clinical factors in predicting prostate cancer bone metastasis.
Methods: We retrospectively analyzed transrectal contrast-enhanced ultrasound examination data, imaging 
examination data [single-photon emission computed tomography (SPECT)/computed tomography (CT), 
CT, magnetic resonance imaging (MRI), and/or bone scan], clinical laboratory data, and pathological 
Gleason score of 163 patients with prostate cancer. They were randomly divided into the modeling and 
validation data sets. A model for predicting prostate cancer bone metastasis was established by logistic 
regression in the modeling data set. The differentiation, consistency, and benefits of the model were verified 
using the validation data set. A nomogram of the prediction model for bone metastasis of prostate cancer was 
drawn.
Results: Among 163 patients with prostate cancer, 65 had bone metastasis. Total prostate-specific antigen, 
alkaline phosphatase, and the transrectal contrast-enhanced ultrasound parameter area under the curve 
were independently associated with prostate cancer bone metastasis, with OR values of 2.845, 2.839, and 
1.004, respectively. The area under the receiver operating characteristic curve of the prostate cancer bone 
metastasis prediction model was 0.804. In the training set, using a cutoff of 0.659, sensitivity was 52.8%, and 
specificity was 95.7%. In the validation set, using a cutoff of 0.659, sensitivity was 58.6%, and specificity was 
98.1%. The area under the curve of the validation set was 0.799. The Hosmer-Lemeshow goodness-of-fit 
test showed that the calibration ability of the validation set was not statistically different from the training set 
(P=0.136). The decision curve analysis showed that the model had high benefits.
Conclusions: The nomogram that includes the transrectal contrast-enhanced ultrasound parameter area 
under the curve and the clinical parameters total prostate-specific antigen, and alkaline phosphatase can be 
used to personalize the risk of prostate cancer bone metastases.
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Introduction

Prostate cancer (PCa) is a common malignant tumor in males 
in western countries. In 2018, there were 1,276,106 new 
cases of PCa and 358,989 deaths in the world, ranking 3rd in 
incidence (1,2). In China, the incidence of PCa is 60.3 per 
100,000, and the mortality rate is 26.6 per 100,000; it ranks 
7th in the incidence of male malignancies and 10th in the 
mortality rate (3). The most important cause of death in PCa 
is distant metastasis, causing organ failure or loss of function, 
leading to death. The most common distant metastatic site is 
bone. There is a lack of typical clinical manifestations of PCa 
in the early stage. Most patients with PCa are diagnosed with 
advanced stage and already have bone metastasis (4). The 
5-year survival rate of PCa patients with bone metastases is 
only 25%, while the median survival time is 40 months (5). 
Therefore, predicting PCa bone metastasis and conducting 
clinical intervention earlier should reduce the mortality of 
patients with PCa and improve their quality of life. 

At present, the clinical imaging studies for PCa bone 
metastasis are mostly focused on diagnosing and staging 
the lesions (6,7) and rely on positron emission tomography 
(8,9), which is not widely available in some areas of the 
world. The prediction of bone metastasis is mainly based on 
clinical, biochemical, and tumor markers (10,11). Transrectal 
contrast-enhanced ultrasound (TR-CEUS) is an examination 
that can be used to diagnose and characterize PCa (12,13). 
TR-CEUS is based on tumor neovascularization, a necessary 
condition for the formation, survival, and invasion of PCa 
(14,15). Through the nonlinear effect of microbubble 
vibration, TR-CEUS increases the signal-to-noise ratio, 
enables real-time dynamic observation of tissue perfusion, 
improves microvascular imaging of prostate tumors, and 
can distinguish tumor lesions from normal tissues, thus 
improving the detection rate of PCa (16). 

The occurrence of bone metastasis affects the choice 
of treatment for PCa. Identifying “high-risk” patients for 
bone metastases may allow patients to benefit from targeted 
therapy. The use of TR-CEUS parameters and clinical 
indicators to predict PCa with bone metastasis has rarely 
been reported. Therefore, this study explored the value of 
TR-CEUS combined with clinical factors in predicting PCa 
bone metastasis.

Methods

Study design and patients

This retrospective study was performed at the Department 

of Ultrasound Medicine of the Inner Mongolia People’s 
Hospital and included patients with PCa diagnosed between 
March 2016 and March 2019. The study was conducted in 
accordance with the Declaration of Helsinki (as revised in 
2013). The study was approved by the ethics committee of 
the Inner Mongolia Autonomous Region People’s Hospital, 
and individual consent for this retrospective analysis was 
waived. 

The inclusion criteria were (I) suspected for PCa 
based on digital rectal examination; (II) total prostate-
specific antigen (TPSA) ≥4 ng/mL; (III) underwent TR-
CEUS; (IV) underwent single-photon emission computed 
tomography (SPECT)/computed tomography (CT), CT, 
magnetic resonance imaging (MRI), and/or bone scan; 
and (V) complete clinical and biochemical data available, 
including age, serum TPSA, alkaline phosphatase (ALP), 
and pathological Gleason score. The exclusion criteria were 
(I) non-PCa patients; (II) incomplete clinical information; 
(III) lack of complete laboratory tests; (IV) incomplete 
pathological data; or (V) lack of CEUS, SPECT/CT, CT, 
MRI, and/or bone scan. 

The diagnostic criteria for bone metastasis were (I) 
patients diagnosed with PCa; (II) exclusion of bone 
metastases caused by other malignant tumors or primary 
malignant tumors of bone; (III) bone metastases were 
found by two or more imaging methods based on the 
comprehensive judgment of experienced imaging physicians 
based on the patient bone scan, SPECT/CT, CT, MRI, and 
other imaging examinations; and (IV) bone scan, SPECT/
CT, CT, and/or MRI follow-up of the suspicious lesion 
interval showed significant progression.

Transrectal ultrasound (TRUS) examination 

An IU22-G4 ultrasound system (Philips, Best, The 
Netherlands) equipped with a 5–9-MHz transrectal end-
scan probe with contrast function and QLAB analysis 
software (IU22-G4, Philips, Best, The Netherlands) were 
used for TR-CEUS. The prostate gland and peripheral 
area were thoroughly explored to see if the prostate capsule 
was intact, whether there were echogenic abnormalities, 
solid nodules, and check the blood flow distribution in the 
prostate and nodules.

Injectable sulfur hexafluoride (SF6) microbubbles 
(SonoVue, Bracco, Italy) were used. If there were no 
abnormalities in the conventional prostate TRUS, the 
largest transverse section was selected as the contrast 
observation level. If there were an abnormal echo zone 
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(nodule) and/or a rich blood supply layer in the prostate, 
the level of the abnormal echo zone (nodule) and/or the 
maximum cross-section of the blood supply was taken as the 
contrast observation level. After the probe was placed in the 
rectum and the prostate contrast plane was selected, 2.4 mL 
of SonoVue suspension was quickly injected into the elbow 
vein (t=0). The timing button of the contrast software was 
started to record the time. Then, 5 mL of 0.9% sodium 
chloride solution was quickly injected, and the microbubbles 
of the contrast plane were dynamically observed while 
the injection was being performed. During the perfusion 
process, the dynamic image length of each layer was 120 s. 
When the CEUS was completed, the recorded images were 
stored on the machine’s hard drive. When performing the 
CEUS, the planes with the most abundant blood supply 
and/or abnormal nodules were selected as the observation 
planes during the CEUS examination. When the planes 
with the most abundant blood supply and/or abnormal 
nodules were not in the same plane, a second contrast agent 
injection was required to observe the two planes. When 
the intra-prostate contrast microbubble echo disappeared, 
the next contrast injection and contrast examination were 
performed following the same procedure. During CEUS, 
the sound pressure was adjusted to 50 dB, the mechanical 
index was 0.07, the dynamic range was 65 dB, and the 
depth was 50 mm. The focus was set at the bottom of the 
image, and the instrument parameters of all patients were 
consistent.

Image analysis

Two CEUS-experienced sonographers used the QLAB 
contrast-enhanced ultrasonography software to analyze the 
CEUS data by replaying the CEUS process and analyzing 
the contrast’s perfusion characteristics and perfusion mode 
agent in the prostate. The analysis included selecting the 
target region, plotting the time-intensity analysis curve, 
and recording the peak intensity (PI), time to peak (TTP), 
rise time (RT), mean transit time (MTT), and area under 
the curve (AUC), wash-in slope (WIS), and intensity from 
peak to one-half time (HT). The region of interest (ROI) 
area was divided differently for each patient and selected 
according to the analysis of CEUS by two experienced 
sonographers. If there was an area of abnormal enhanced 
nodules, it was selected as the ROI area. In the case of 
diffuse enhancement or heterogeneous enhancement, the 
region with the most significant contrast enhancement was 
selected as the ROI area.

Biopsy

A Magnum automatic biopsy gun and disposable biopsy 
needle (model 18-20, a needle length of 20 cm) (Bard Biopsy 
Systems, Tempe, AZ, USA). Gleason’s score was analyzed 
by pathologists. According to the 2016 WHO Prostate 
cancer Classification Guidelines (17), Gleason score was 
divided into five grades: Grade 1: Gleason score ≤6; Grade 2: 
Gleason score 3+4 =7; Grade 3: Gleason score 4+3 =7; Level 
4: Gleason score 8 (including Gleason 3+5, Gleason 5+3 and 
Gleason 4+4); Level 5: Gleason scores 9 and 10 (including 
Gleason 4+5, Gleason 5+4 and Gleason 5+5).

Patient screening process

A total of 364 patients, whose serum TPSA levels were 
continuously ≥4 ng/mL and were suspected with PCa by 
clinical urologists, underwent TR-CEUS and prostate 
biopsy. Among them, 166 patients were pathologically 
confirmed with PCa (Figure 1). Except for three patients 
who gave up treatment, the remaining 163 patients 
underwent SPECT/CT, CT, and/or MRI and were 
included in the study. There were 65 patients with bone 
metastases and 98 without. The serum ALP and other 
clinical indicators were collected. The 163 patients were 
randomly divided into the training (n=82) and validation 
(n=81) sets.

Statistical analysis

The continuous variables were presented as means ± 
standard deviation or medians (ranges) and analyzed using 
the Mann-Whitney U-test or Student’s t-test, according 
to the Kolmogorov-Smirnov test for normal distribution. 
The categorical variables were presented using n (%) and 
were analyzed using Pearson’s chi-square test. Univariable 
meaningful variables were included in the logistic regression 
analysis to identify factors associated with bone metastasis; 
those with a P value ≤0.05 were included in the multivariable 
model. To construct a well-calibrated and discriminative 
nomogram for predicting bone metastasis, a model was 
developed in a training set and then validated in a validation 
dataset. SPSS 16.0 (IBM, Armonk, NY, USA) was used to 
generate a random number table to randomize the patients 
1:1 between the two sets. The 163 patients were randomly 
divided into the training (n=82) and validation (n=81) 
sets. A logistic regression model was used to construct the 
nomogram. In logistic regression, TPSA, ALP, and Gleason 
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grades were analyzed according to ordinal data, and other 
variables were analyzed according to continuous data (Table 1).  
Nomogram performance was quantified with respect to 
discrimination and calibration. Discrimination (the ability 
of a nomogram to separate patients with bone metastasis) 
was quantified using the area under the receiver operating 
characteristic (ROC) curve (AUC). Calibration was assessed 
graphically by plotting the relationship between actual 
probabilities and predicted probabilities using the Hosmer 

goodness-of-fit test. Calibration curves were also drawn to 
evaluate the concordance between predicted and observed 
probabilities. Decision curve analyses (DCA) were used to 
analyze the benefits performance. Comparative analysis of the 
diagnostic value of the model and single index was conducted 
according to Hanley & McNeil (18).

All tests were two-sided, and P≤0.05 was deemed 
significant. Statistical analyses were conducted using Stata 
(StataCorp LP, College Station, TX, USA) and the R 

Suspected prostate cancer patient
(n=363)

Patients with prostate cancer were 
included (n=167)

Non-prostate cancer patients were 
excluded (n=196)

Contrast-enhanced 
ultrasound

No PET/CT or MRI 
were excluded (n=4)

Validation dataset 
(n=81)

Bone metastasis 
(n=65)

Non-bone 
metastasis (n=98)

Training dataset 
(n=82)

Laboratory 
examination

Ultrasound

Biopsy

PET/CT or MRI

Random allocation

Figure 1 Study flowchart. PET, positron emission tomography; CT, computed tomography; MRI, magnetic resonance imaging.

Table 1 Variable assignment table 

Variable Values

Bone metastasis No bone metastasis =0; bone metastasis =1

TPSA <20 ng/mL =1; 20–30 ng/mL =2; >30 ng/mL =3

ALP <100 U/L =1; 100–150 U/L =2; >150 U/L =3

Gleason score ≤6 =1; 3+4 =2; 4+3 =3; 8 =4; 9–10 =5

TPSA, total prostate-specific antigen; ALP, alkaline phosphatase.
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programming language and environment version 3.4.1 
(http://cran.r-project.org).

Results

Characteristics of the patients

Among the 163 patients with PCa, 39.9% (65/163) 
had bone metastasis, and 60.1% (98/163) had no bone 
metastasis. In the training set, there were 36 cases of 
bone metastasis and 46 cases of no bone metastasis. In the 
validation set, 52 patients had bone metastasis, and 29 had 
no bone metastasis (Figure 1). Among the patients with 
bone metastasis, 72.3% showed dysuria, 3.1% showed 
hematuria, 10.8% showed urinary retention, 33.8% showed 
frequency and urgency of urination, and 26.2% reported 
bone pain. The proportion of hematuria in patients with 
bone metastasis was lower than in patients without bone 
metastasis, while the proportion of bone pain in patients 
with bone metastasis was higher than in patients without 
bone metastasis (P<0.05), while there was no significant 
difference in other symptoms between patients with and 
without bone metastasis. The specific clinical symptoms of 
the patients are shown in Table 2.

There were no significant differences in age and prostate 
volume between the two groups. Bone metastasis was 
associated with higher TPSA, ALP, and Gleason grades 
(Table 3). Table S1 shows the characteristics of the patients 
in the two sets.

TR-CEUS

The TR-CEUS parameters PI and AUC of patients with 
PCa with bone metastases were higher than in those 

without bone metastases, while the other parameters were 
not significantly different (Table 4).

Multivariable regression logistic analysis

The multivariable analysis showed that compared with 
TPSA <20 ng/mL, the risk of PCa bone metastases 
increased by 1.845 times for each 10-ng/mL increase in 
TPSA (because the OR value was 2.845, the increased risk 
is OR −1=1.845 times). Compared with ALP <100 U/L, 
each 50-U/L increase in ALP increased the risk of PCa 
bone metastases by 1.839 times (because the OR value was 
2.839, the increased risk is 1.839 times). For each AUC 
unit increase, the risk of bone metastasis increased by  
0.004 times in PCa patients (because the OR value was 
1.004, the increased risk is 0.004 times) (Table 5).

Nomogram

Figure 2 shows the nomogram predicting bone metastasis in 
patients with PCa. The top row shows the point assignment 
for each variable. Rows 2–4 indicate the variables included 
in the nomogram. For an individual patient, each variable 
is assigned a point value based on the characteristics. The 
points assigned to each of the three variables are summed, 
and the total points are indicated in row 5. 

Evaluation of the predictive model

The degree of discrimination of the model was evaluated 
using a ROC curve. In the training sample, the AUC of the 
model was 0.804 (Figure 3A). In the validation sample, the 
AUC of the model was 0.799 (Figure 3B), which has a high 

Table 2 Clinical symptoms of the patients

Symptoms

Training set Validation dataset All

No bone 
metastasis 

(n=46)

Bone 
metastasis 

(n=36)

No bone 
metastasis 

(n=52)

Bone 
metastasis 

(n=29)

No bone 
metastasis 

(n=98)

Bone 
metastasis 

(n=65)
P

Dysuria 36 (78.3) 24 (66.7) 40 (76.9) 23 (79.3) 76 (77.6) 47 (72.3) 0.446

Hematuresis 6 (13.0) 0 6 (11.5) 2 (6.9) 12 (12.2) 2 (3.1) 0.048

Urinary retention 6 (13.0) 5 (13.9) 9 (17.3) 2 (6.9) 15 (15.3) 7 (10.8) 0.407

Frequency and urgency of urination 22 (47.8) 12 (33.3) 24 (46.2) 10 (34.5) 46 (46.9) 22 (33.8) 0.097

Bone pain 3 (6.5) 5 (13.9) 2 (3.8) 12 (41.4) 5 (5.1) 17 (26.2) <0.001

All data are shown as n (%).

http://cran.r-project.org/
https://cdn.amegroups.cn/static/public/QIMS-21-365-Supplementary.pdf
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degree of discrimination. In the training dataset, using a 
cut-off value of 0.659, sensitivity was 52.8%, and specificity 
was 95.7%. In the validation dataset, using a cut-off value 
of 0.659, sensitivity was 58.6%, and specificity was 98.1%. 
The results showed that the predictive value of the bone 
metastasis model was higher than that of the single index. 

The results of the predictive value of the single indicators 
are shown in Table S2.

The validation dataset was evaluated using the Hosmer-
Lemeshow goodness-of-fit test to assess the predictive 
model’s calibration ability. The validation dataset’s 
calibration ability was not significantly different from the 

Table 3 Characteristics of the patients

Characteristics No bone metastasis (n=65) Bone metastasis (n=98) P

Age (years) 71.5±7.2 72.6±7.9 0.362

Volume (mL) 47.7 (35.3) 48.9 (34.4) 0.836

TPSA (ng/mL) 0.009

<20 30 (30.6) 8 (12.3)

20–30 18 (18.4) 9 (13.8)

>30 50 (51.0) 48 (73.8)

ALP (U/L) <0.001

<100 84 (85.7) 32 (49.2)

100–150 14 (14.3) 11 (16.9)

>150 0 (0.0) 22 (33.8)

Gleason 0.047

≤6 24 (24.5) 8 (12.3)

3+4 12 (12.2) 8 (12.3)

4+3 31 (31.6) 14 (21.5)

8 16 (16.3) 21 (32.3)

9–10 15 (15.3) 14 (21.5)

Continuous data are presented as mean ± standard deviation or median (interquartile range). Categorical data are shown as n (%). TPSA, 
total prostate-specific antigen; ALP, alkaline phosphatase.

Table 4 Contrast-enhanced ultrasound parameters

Parameters Non-bone metastasis Bone metastasis P

PI (dB) 7.30 (3.00) 7.88 (4.72) 0.022 

MTT (s)  25.67 (13.50) 27.39 (13.07) 0.304 

AUC (dBs) 403.95 (200.32) 433.07 (308.92) 0.003 

HT (s) 36.80 (14.90) 40.51 (20.83) 0.427 

WIS (s) 1.38 (0.94) 0.91 (0.92) 0.150 

TTP (s) 24.20 (8.97) 24.84 (8.84) 0.891 

RT (s) 6.54 (3.30) 6.96 (3.88) 0.197 

All data are shown as median (interquartile range). PI, peak intensity; MTT, mean transit time; AUC, area under the curve; HT, intensity from 
peak to one-half time; WIS, wash-in slope; TTP, time to peak; RT, rise time.

https://cdn.amegroups.cn/static/public/QIMS-21-365-Supplementary.pdf
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Table 5 Logistic regression to identify risk factors of bone metastases of PCa in the training dataset

Indicators
Univariable analysis Multivariable analysis

β Odds ratio (95% CI) P β Odds ratio (95% CI) P

Age −0.013 0.987 (0.936–1.041) 0.639 – – –

Volume 0.001 1.000 (0.991–1.010) 0.963 – – –

Gleason 0.231 1.260 (0.885–1.794) 0.199 – – –

PI 0.216 1.241 (1.051–1.466) 0.011 – – –

MTT 0.019 1.019 (0.979–1.061) 0.348 – – –

HT 0.011 1.011 (0.981–1.042) 0.479 – – –

WIS 0.199 1.221 (0.783–1.904) 0.379 – – –

TTP 0.003 1.003 (0.952–1.057) 0.906 – – –

RT 0.053 1.054 (0.956–1.162) 0.288 – – –

TPSA 1.075 2.929 (1.386–6.188) 0.005 1.045 2.845 (1.237–6.540) 0.014

ALP 1.136 3.116 (1.481–6.554) 0.003 1.043 2.839 (1.198–6.725) 0.018

AUC 0.004 1.004 (1.001–1.006) 0.003 0.004 1.004 (1.001–1.007) 0.007

Constant – – – −6.136 – –

PCa, prostate cancer; CI, confidence interval; PI, peak intensity; MTT, mean transit time; HT, intensity from peak to one-half time; WIS, 
wash-in slope; TTP, time to peak; RT, rise time; TPSA, total prostate-specific antigen; ALP, alkaline phosphatase; AUC, area under the 
curve.

Points

TPSA

AUC

ALP

Total points

Linear predictor

Risk of bone metastasis
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0 1100 1300100 300 500 700 900
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0.1 0.3 0.5 0.7 0.9

Figure 2 Nomogram predicting bone metastasis in patients with PCa. The top row shows the point assignment for each variable. Rows 
2–4 indicate the variables included in the nomogram. For an individual patient, each variable is assigned a point value based on the 
characteristics. The points assigned to each of the three variables are summed, and the total points are indicated in row 5. The bottom row 
shows the probability of the patient having bone metastasis. TPSA 1, 2, and 3 respectively represent <20, 20–30, and >30 ng/mL. ALP 1, 
2, and 3 respectively represent <100, 100–150, and >150 U/L. PCa, prostate cancer; TPSA, prostate-specific antigen; AUC, area under the 
curve; ALP, alkaline phosphatase.
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training dataset (P=0.136) (Figure 4). On the DCA, the 
nomogram showed a superior net benefit (Figure 5).

Representative cases

Two representative patients are presented in Figure S1 (low 
nomogram score and no bone metastasis) and Figure S2 
(high nomogram score and bone metastases).

Discussion

TR-CEUS is an examination that can be used to diagnose 
and characterize PCa by displaying tissue blood perfusion. 
The use of TR-CEUS parameters and clinical indicators 
to predict PCa with bone metastasis has rarely been 
reported. This study aimed to explore the value of TR-
CEUS combined with clinical factors in predicting PCa 
bone metastasis. The results strongly suggest that the 
nomogram that includes the TR-CEUS parameter AUC 

and the clinical parameters TPSA and ALP can be used to 
personalize the risk of PCa bone metastases.

Some authors reported that TPSA could be considered 
an independent risk factor to evaluate the propensity 
for PCa to metastasize (19). This study found that when 
using TPSA <20 ng/mL as a reference, the proportion 
of patients with PCa and bone metastases was increased 
in the patients with TPSA 20–30 and >30 ng/mL. The 
multivariable analysis showed that the TPSA levels of 
20–30 and >30 ng/mL were independent risk factors 
for PCa with bone metastases. For each unit increase 
of TPSA, the risk increased by 1.845 times. TPSA can 
induce osteoclast precursor cell apoptosis to promote 
osteoblast growth and reduce osteoclasts, promoting 
PCa bone metastasis (20). The prevalence of bone 
metastases in PCa patients with TPSA ≥20 ng/mL  
was 14.0–26.5%, and the sensitivity and specificity of 
TPSA ≥20 ng/mL for predicting bone metastasis were 
86.5% and 41.2%, respectively (21). In 2010, the National 
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Figure 3 The receiver operating characteristics (ROC) curves of the training (A) and validation (B) datasets. 
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models in which the predicted probabilities are identical to the actual probabilities. 
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Comprehensive Cancer Network (NCCN) pointed out that 
T1 stage PCa patients with TPSA >20 ng/mL were eligible 
for whole-bone scans (22). The American Urological 
Association (AUA) indicated that patients with localized 
PCa should have a whole bone scan if TPSA >20 ng/mL (23). 
In this study, whole bone scans were performed on 125 PCa 
patients with TPSA ≥20 ng/mL, and bone metastases were 
found in 45.6% (57/125). Therefore, only using TPSA as a 
reference for bone scanning would cause a waste of medical 
resources. Therefore, this study attempted to use multiple 
high-risk factors for PCa bone metastasis to predict bone 
metastasis risk and confirm whether it is more effective than 
a single index.

In this study, ALP was divided into <100, 100–150, and 
>150 U/L. As the ALP level increased, the proportion 
of bone metastasis patients increased. The risk of bone 
metastases in PCa patients increased by 1.839 times when 
ALP increased by 50 U/L. Previous studies have also 
shown that high ALP is often accompanied by a high bone 
metastasis risk (24). Chen et al. (25) found that ALP can be 
used as a grouping standard at 120 U/L, combined with 
TPSA, Gleason, and clinical tumor stage, to construct a 
risk assessment model for bone metastasis suitable for the 
Chinese population. In this study, 35 patients with bone 
metastases had a Gleason score of ≥8, accounting for 53.8% 
of all patients with bone metastases. As the Gleason score 
increased, the proportion of patients with PCa with bone 
metastases increased. Chen et al. (19) showed that the 
proportion of bone scan positivity in PCa patients with 
Gleason ≥8 points increased; in 45 patients with PCa with 
bone metastases, there were as many as 75.6% (34/45) 
patients with a Gleason score ≥8; of the 35 patients without 
bone metastases, only six had a Gleason score ≥8 (19). 
Nevertheless, the Gleason score in this study was not an 

independent predictor of PCa bone metastasis. Li et al. (26)  
also found that low serum testosterone and prostate 
puncture Gleason scores could not be used as independent 
factors to predict PCa bone metastasis risk. Serum ALP and 
TPSA can effectively predict bone metastasis of PCa. The 
Gleason score reported by the previous study is not the same 
for predicting the accuracy of PCa with bone metastasis. In 
practice, the clinical outcomes of PCa with the same Gleason 
score and similar histological type are often different. 
When the Gleason score of ≥8 is used as the cut-off value 
for predicting bone metastasis of PCa, the sensitivity and 
specificity are only 54.2% and 71.5%, and the area under 
the ROC curve is only 0.68 (27). In a patient with PCa bone 
metastases after radical prostatectomy, the Gleason sum in 
prostatectomy specimens was not associated with bone scan 
positivity. TPSA elevation after radical prostatectomy is a 
more important predictor of bone metastasis progression 
than the preoperative Gleason score (28). Although Gleason 
is often used to predict patient outcomes, Gleason grades 
can also be heterogeneous in or between different tumor 
foci due to the presence of multifocal lesions in PCa. The 
value of combining other indicators to predict PCa bone 
metastases remains to be further studied.

A  n o m o g r a m  i s  a  m o d e l  t o o l  t h a t  c o m b i n e s 
clinical outcomes with relevant factors. By adding the 
corresponding scores of related factors, the probability of 
occurrence of clinical outcomes can be obtained, and the 
probability of occurrence of the outcomes can be predicted 
for individuals, which has been applied to various diseases 
such as breast cancer, thyroid cancer, and PCa (29-31). 
In this study, the parameters of ultrasound contrast were 
explored. Combined with clinical indicators such as TPSA 
and ALP, a simple prediction model of bone metastasis of 
PCa was established to predict the risk of bone metastasis 
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Figure 5 Decision curve analysis. The horizontal solid red line represents the assumption that no patients will experience bone metastasis, 
and the solid blue line represents the assumption that all patients will experience bone metastasis.
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in patients with PCa. High-risk PCa can be found in the 
“first stop”. When patients with a predicted high risk are 
found, attention should be paid to the occurrence of bone 
metastases, and a whole bone scan should be recommended. 
When the predicted value is lower, it is recommended that 
the doctor make a comprehensive judgment in combination 
with other imaging examinations and clinical indicators 
and perform a whole-bone scan if necessary. Although this 
model has a high positive predictive value because PCa 
is a heterogeneous tumor, when the predicted risk value 
is ≤25.0%, the model still has a missed diagnosis rate of 
8.7–12.2%. Therefore, in future research, it is necessary to 
explore the combination of other indicators and imaging 
methods to reduce the missed diagnosis rate of the model.

Our model had a high degree of discrimination in both 
the training dataset and the validation dataset. The AUCs 
were 0.804 and 0.799, respectively. The validation dataset 
also passed the calibration test, indicating that the model 
has a high degree of discrimination and better consistency. 
Besides, the decision analysis curve in this study showed 
that the model benefits patients in actual clinical diagnosis 
and treatment.

This study has limitations. This study was a single-center 
retrospective study performed at a tertiary reference hospital 
for PCa. A selection bias is inevitable, leading to 60.1% of the 
patients having total prostate-specific antigen (TPSA) levels 
>30 ng/mL. In addition, the number of patients in the bone 
metastasis group was small. The results require a multicenter 
large-sample randomized study for validation.

Conclusions

The TR-CEUS parameter AUC and clinical parameters 
TPSA and ALP are independent risk factors for predicting 
bone metastasis of PCa. The model established using these 
three factors can be used for an individualized assessment of 
the risk of bone metastasis in PCa patients.
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Supplementary

Figure S1 Patient with prostate cancer, 59 years old, with TPSA at 17.9 ng/mL, ALP at 115.8 U/L, and pathological Gleason score 4+3 =7 points. (A) TR-CEUS 
showed diffuse low enhancement of the prostate. (B) Analysis using the QLAB software in the prostate showed RT of 2.75 s, PI of 7.41 dB, MTT of 11.57 s, AUC of 
229.25 dBs, HT of 17.96 s, WIS of 2.41 dB/s, and TTP of 14.94 s. The bone metastasis model had a score of 48 points, a bone metastasis risk of 46%, and a low risk of 
bone metastases. (C) A whole-bone scan was performed 3 h after intravenous injection of 99mTc-MDP. The scan included front and rear image acquisition. The whole 
bone scan image was clear and symmetrical, and no suspicion of metastasis was observed. TPSA, total prostate-specific antigen; ALP, alkaline phosphatase; TR-CEUS, 
Transrectal contrast-enhanced ultrasound; RT, rise time; PI, peak intensity; MTT, mean transit time; AUC, area under the curve; HT, intensity from peak to one-half 
time; WIS, wash-in slope; TTP, time to peak.
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Figure S2 Patient with prostate cancer, 67 years old, with TPSA of 44.74 ng/mL, ALP of 121.7 U/L, and pathological Gleason score 5+5 =10 points. (A) TR-CEUS 
showed diffuse high enhancement of the prostate. (B) Analysis using the QLAB software in the prostate showed RT of 9.75 s, PI of 12.65 dB, MTT of 40.48 s, AUC of 
1,053.45 dBs, HT of 62.85 s, WIS of 1.16 dB/s, and TTP of 18.87 s. The bone metastasis model had a score of 110 points and a bone metastasis risk of >90%. The risk 
of bone metastasis was high. (C) A whole-bone scan was performed 3 h after intravenous injection of 99mTc-MDP. The scan included front and rear image acquisition. 
The whole bone scan image was clear, bilaterally symmetrical. There were multiple radioactive abnormalities in the skull base, sternum, bilateral ribs, spine, pelvis, 
and proximal femur. TPSA, total prostate-specific antigen; ALP, alkaline phosphatase; TR-CEUS, Transrectal contrast-enhanced ultrasound; RT, rise time; PI, peak 
intensity; MTT, mean transit time; AUC, area under the curve; HT, intensity from peak to one-half time; WIS, wash-in slope; TTP, time to peak.
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Table S1 Analysis of bone metastasis in the training and validation sets

Indicators
Training set (n=82) Validation dataset (n=81)

Non-bone metastasis Bone  metastasis P Non-bone metastasis Bone metastasis P

Age (years) 72.5±7.9 71.7±8.7 0.643 70.4±6.5 73.7±6.7 0.035 

Volume (mL) 39.4 (33.2) 51.6 (28.4) 0.077 55.6 (34.5) 47.2 (44.6) 0.084 

TPSA (ng/mL) 0.007 0.384 

<20 13 (28.3) 1 (2.8) 17 (32.7) 7 (24.1)

20–30 7 (15.2) 5 (13.9) 11 (21.2) 4 (13.8)

>30 26 (56.5) 30 (83.3) 24 (46.2) 18 (62.1)

ALP (U/L) <0.001 <0.001

<100 38 (82.6) 22 (61.1) 46 (88.5) 10 (34.5)

100–150 8 (17.4) 3 (8.3) 6 (11.5) 8 (27.6)

>150 0 (0.0) 11 (30.6) 0 (0.0) 8 (27.6)

Gleason 0.458 0.130 

≤6 8 (17.4) 5 (13.9) 16 (30.8) 3 (10.3)

3+4 7 (15.2) 5 (13.9) 5 (9.6) 3 (10.3)

4+3 17 (37.0) 8 (22.2) 14 (26.9) 6 (20.7)

8 9 (19.6) 11 (30.6) 8 (15.4) 10 (34.5)

9–10 5 (10.9) 7 (19.4) 9 (17.3) 7 (24.1)

PI 6.61 (3.59) 7.98 (5.15) 0.024 7.63 (2.59) 7.88 (3.52) 0.347 

MTT 25.25 (14.52) 28.15 (10.44) 0.230 25.34 (9.73) 26.06 (17.00) 0.961 

HT 37.08 (19.94) 40.99 (16.5) 0.372 36.52 (11.33) 38.37 (23.29) 0.902 

WIS 1.3 (0.87) 1.13 (1.18) 0.644 1.46 (0.82) 0.87 (0.73) 0.009 

TTP 25.48 (8.91) 24.57 (7.74) 0.667 23.84 (9.32) 25.1 (10.23) 0.879 

RT 6.84 (3.27) 6.84 (3.54) 0.837 6.29 (3.13) 7.27 (4.53) 0.157 

AUC 390.74 (232.04) 485.61 (423.64) 0.010 404.66 (190.00) 410.67 (285.4) 0.146 

Continuous data are presented as mean ± standard deviation or median (interquartile range). Categorical data are shown as n (%). PI, peak intensity; MTT, mean 
transit time; AUC, area under the curve; HT, intensity from peak to one-half time; WIS, wash-in slope; TTP, time to peak; RT, rise time; TPSA, total prostate-specific 
antigen; ALP, alkaline phosphatase.
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Table S2 ROC curve analysis of individual indicators in the training and validation sets

Variable

Training set (n=115) Validation dataset (n=48) All (n=163)

AUC  
(95% CI)

Sensitivity Specificity Youden
AUC  

(95% CI)
Sensitivity Specificity Youden

AUC  
(95% CI)

Sensitivity Specificity Youden P*

PI 0.647  
(0.553–0.734)

65.31 60.61 0.259 0.502  
(0.354–0.650)

62.50 18.75 0.188 0.606  
(0.527–0.682)

26.2 95.9 0.221 <0.001

AUC 0.680  
(0.587–0.764)

42.86 98.48 0.413 0.510  
(0.361–0.657)

56.25 25.00 0.188 0.636  
(0.557–0.710)

36.9 98.0 0.349 <0.001

Gleason 0.609  
(0.514–0.699)

51.02 71.21 0.222 0.632  
(0.480–0.766)

62.60 62.50 0.250 0.612  
(0.533–0.687)

53.9 68.4 0.222 <0.001

ALP 0.672  
(0.578–0.757)

30.61 100.00 0.306 0.809  
(0.669–0.908)

68.75 87.50 0.563 0.707  
(0.630–0.775)

50.8 85.7 0.365 0.006

TPSA 0.620  
(0.524–0.709)

75.51 45.45 0.21 0.613  
(0.705–0.930)

68.75 56.25 0.250 0.624  
(0.545–0.699)

73.9 49.0 0.228 <0.001

*, compared with model. AUC, area under the curve; CI, confidence interval; PI, peak intensity; AUC, area under the curve; ALP, alkaline phosphatase; TPSA, total 
prostate-specific antigen.
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