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Abstract

Objective: This study aimed to establish a new prognostic nomogram for bone metastasis in
patients with prostate cancer (PCa).

Methods: This study retrospectively analyzed clinical data from 332 patients diagnosed with PCa
from 2014 to 2019, and patients were randomly divided into a training set (n=184) and a
validation set (n = 148). Multivariate logistic regression analysis was used to establish a prediction
model based on the training set, and a nomogram was constructed for visual presentation.
The calibration, discrimination and clinical usefulness of the model were evaluated using the
validation set.

Results: Total prostate-specific antigen, clinical tumor stage, Gleason score, prostate volume,
red cell distribution width and serum alkaline phosphatase were selected as predictors to develop
a prediction model of bone metastasis. After evaluation, the model developed in our study
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exhibited good discrimination (area under the curve: 0.958; 95% confidence interval: 0.93-0.98),

calibration (U=0.01) and clinical usefulness.

Conclusions: The new proposed model showed high accuracy for bone metastasis prediction in

patients with PCa and good clinical usefulness.
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Introduction

Prostate cancer (PCa) is a common tumor
in men, and its incidence is gradually
increasing.! Owing to a lack of typical clin-
ical manifestations in the early stages, PCa
is usually diagnosed in the middle or late
stages when bone metastasis has developed.
Bone is a common metastatic site of PCa.>>
Once bone metastasis occurs, the survival
rate of patients is significantly reduced,
and their quality of life is decreased because
of bone-related events.”’ Bone scanning
with technetium-99m methylene diphosph-
onate (99m Tc-MDP) is the most common
examination used to detect bone metastases
of PCa before the development of apparent
clinical symptoms.* However, various
shortcomings limit its application in
patients with potential bone metastasis,
including high cost and overexposure,
because not all patients newly diagnosed
with  PCa have bone metastases.
Therefore, methods to identify patients
with PCa who require examination for
bone metastasis are urgently needed.

A clinical prediction model based on
PCa-related risk factors provides a useful
tool to screen patients with PCa and iden-
tify those who require examination for bone
metastasis.” To date, only a few PCa bone
metastasis models have been developed,
with markedly heterogeneous results.””’

One important explanation may be the
inconsistencies in the criteria for converting
continuous variables into categorical varia-
bles. As a result, the guidelines developed
by different associations, including
the European Association of Urology,
American Urological Association and
National Comprehensive Cancer Network,
regarding the examination of bone metasta-
sis in patients with PCa are not uniform.” In
addition, although the above prediction
models provide important value for PCa
bone metastasis screening, there are still
deficiencies, such as a small number of
risk factors and a lack of assessment regard-
ing clinical usefulness.

In this study, based on objective clinical
data, a new prediction model of PCa bone
metastasis was established. Total prostate-
specific antigen (tPSA), clinical tumor stage
(cTx), Gleason score (GS) values, prostate
volume (PV), red cell distribution width
(RDW) and serum alkaline phosphatase
(ALP) were screened as predictors. By eval-
uating the prediction model in the valida-
tion set, we found that the model had high
discrimination, calibration and clinical use-
fulness. In addition, the predictors included
in the model are routine detection indica-
tors of PCa, and the model avoids convert-
ing continuous variables into categorical
variables to ensure that complete informa-
tion is retained as far as possible.
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Materials and methods

Study population and design

The study retrospectively collected consec-
utive patients who were histologically diag-
nosed with PCa at a tertiary health care
center from 2014 to 2019. These patients
were randomly divided into a training set
for developing the model and a validation
set for evaluating the model. Patients who
were newly diagnosed with PCa for the first
time and had all clinical data records
required by the study were included, and
those who had a history of hormone thera-
py at the time of staging imaging or a his-
tory of 5-alpha reductase inhibitor use were
excluded. All patients underwent bone
scans using 99m Tc-MDP regardless of
baseline PCa characteristics. This was a ret-
rospective study, and no intervention was
performed in patients. Therefore, ethics
approval was not required. This study was
conducted in accordance with the
Declaration of Helsinki. Because of the ret-
rospective nature of this study, the require-
ment for patient informed consent was
waived, and the confidentiality of patient
data was protected. The reporting of this
study conforms to the STROBE statement.®

Outcome definition

As an outcome event in patients with
PCa, bone metastasis was diagnosed by a
positive bone scan. For patients with
ambiguous bone scans, computed tomogra-
phy and/or magnetic resonance imaging
were performed to further confirm the diag-
nosis of bone metastasis.

Candidate predictors

Clinical data for potential predictors were
collected, including age, ¢Tx according to
the TNM 2002 staging system, GS and
PV. Data first recorded after hospitaliza-
tion, including serum calcium level (sCa),

serum phosphorus level (sP), RDW, ALP,
neutrophil/lymphocyte percentage (N/L)
and tPSA, were also evaluated. According
to the European Association of Urology’
and the American Urological Association
guidelines,’” tPSA was divided into
four categories (tPSA <4, 4<tPSA <10,
10 <tPSA <20 and tPSA >20), and GS
was divided into three categories (GS <6,
GS=7 and GS>8). The time interval
between hematological and imaging exami-
nations was 7 to 10 days.

Statistical analysis

The software programs Stata 15.0
(StataCorp LLC, College Station, TX,
USA) and R version 3.5.1 (www.r-project.
org) were applied for statistical analysis of
the relevant variables mentioned above.

For baseline characteristics, bivariate
analysis of continuous or ordered distribu-
tion variables was conducted by the
Wilcoxon rank-sum test, and bivariate
analysis of categorical variables was con-
ducted by the chi-squared test. All statisti-
cal tests were two-sided, and P-values of
<0.05 were considered significant.

In the training set, multivariate logistic
regression analysis was applied to screen
the predictors and develop prediction
models. The best model was selected by a
forward stepwise selection process with the
Akaike information criterion (AIC) as the
stop rule.!' The model was visually pre-
sented as a nomogram.

In the validation set, receiver operating
characteristic (ROC) analysis was used to
evaluate the discriminatory ability of the
developed model by the area under the
curve (AUCQC). In addition, the calibration
degree of the model was evaluated by cali-
bration curve analysis via the unreliability
U test. Moreover, decision curve analysis
(DCA) was used to evaluate the clinical use-
fulness of the model by the net benefits
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quantified under the differential threshold
probabilities.'?

Results

Clinical characteristics of patients in the
training and validation sets

This study evaluated 332 patients with PCa,
including 184 used as the training set and
148 used as the validation set. Among 332
patients with PCa, 151 patients suffered
from bone metastasis, with 82 cases in the
training set and 69 cases in the validation
set. In the two datasets, age, sCa, sP and
RDW were not significantly different
between the non-bone metastasis group
and the bone metastasis group. However,
tPSA, GS, ¢cTx and ALP showed significant
differences between the two groups (all
P<0.01), suggesting that patients with
bone metastases were more likely to have
high tPSA levels, high GS scores, and
advanced tumors (Table 1).

Risk prediction model development and
visual presentation

In the training set, multivariate logistic
regression analysis was applied to screen
predictors and develop models. Among all
developed models, the AIC value of the
model developed with c¢Tx, GS, tPSA,
ALP, RDW and PV as predictors (termed
model 1) was the lowest. Among them, the
P-values of RDW and PV were greater than
0.05. Considering that risk factors are not
necessarily predictive factors and that the
predictive model takes into account the
comprehensive predictive ability of all
selected factors, we initially considered
model 1 an ideal predictive model. To fur-
ther clarify whether the removal of RDW
and PV improved model 1, we established
model 2 without RDW and PV. We used
the AIC value as an indicator to screen
the prediction models. The AIC of model

2 was slightly higher than that of model 1,
suggesting that model 2 is inferior to model
1. A prediction model should have few inde-
pendent variables whenever possible.
Therefore, to clarify if the value of remov-
ing RDW and PV in model 2 exceeded the
value of the slight AIC difference between
the two models, the likelihood ratio (LR)
test was used to evaluate the potential
value of the two models. The results
showed a significant difference between
these two models (P <0.05), suggesting
that model 1 is better than model 2, despite
having two more independent variables
(Table 2). Therefore, we selected model 1
as the risk prediction model and visually
presented model 1 by establishing a nomo-
gram (Figure 1).

Evaluation of the risk prediction model

To evaluate model 1, discrimination, cali-
bration and clinical usefulness were validat-
ed by ROC analysis, calibration curve
analysis and DCA. In the training set, the
AUC was 0.936 (95% confidence interval
[CI], 0.90-0.97) (Figure 2a), which was
greater than the threshold of 0.75, indicat-
ing high discrimination and good perfor-
mance. The calibration plot showed good
agreement between the ideal reference line
and bias-corrected prediction (mean abso-
lute error =0.02). The unreliability U test
resulted in a P-value of 0.95 (U=-0.01)
(Figure 3), suggesting that the model was
well fitted. To further validate model 1, a
validation set was used to evaluate the dis-
crimination and calibration of model 1. The
AUC in the validation set was 0.958 (95%
CI, 0.93-0.98) (Figure 2b), and calibration
analysis showed that the U test resulted in a
P-value of 0.613 (U=0.01) (mean absolute
error = 0.04) (Figure 3). Both results further
demonstrated that model 1 has good per-
formance, discrimination and calibration.
Finally, to evaluate the clinical usefulness
of the model, we conducted DCA in the



Bai et al.

(penunuod)

100> 100> a1y
(086 ‘00°€H) 0L'SH (o£'8¥ ‘0€'€H) OF'SH (08'9% ‘00°€H) O1°SH (008 ‘00°TH) OE+¥ (4OI) ueipaw
o 990 T AQY
(011 ‘060) O1I'1 (011 ‘06°0) 00°I (011 ‘06'0) 01'I (01°1 ‘06°0) 00" (4OI) ueipaw
6€0 910 J/oww gs
(0£T ‘01D 0TT (0£T 017 05T (o£T 010 07T (0£T ‘01D 07T (4OI) ueipaw
620 1€0 Joww ‘®)s
(0029 ‘00°€Y) 0'FS (09779 ‘00°1€) O°L¥ (00°€£ ‘00°0%) 0'9S (00°19 ‘00'%€) S99 (4OI) ueipaw
S0°0 100 Tw Ad
(%217 SI (%000) 0 (%8601) 6 (%860) | NE =N
(%€8°L¥) €€ (%eLL1) ¥l (%£0°£9) SS (%59°21) 81 | o3eg
(%66'87) 0T (%79°69) SS (%€£2°07) £1 (%15¥%1) 9L | o3eg
(%S¥1) 1 (%99T1) 01 %zl | (%989) £ | @8e1g
100> 100> x|
(%91°18) 95 (%p¥'s€) 8T (%£6'78) 89 (%STLE) 8¢ 8<
(%¥881) €1 (%L6'L€) OF (%s8'S1) €1 (%67°5€) 9¢ L=
(%000) 0 (%85°97) 1T (%eT) | (%S+°£7) 8T 9>
100> 100> o)
(%00°001) 69 (%59°1€) ST (%8£'86) 18 (%0T°0%) 1+ 0z<
(%000) 0 (%58L0) TT (%) | (%S¥'L0) 8T 00l
(%000) 0 (%8270 81 (%0°0) 0 (%£5°€D) #T o1+
(%000) 0 (%eLL1) vl (%00) 0 (%18'8) 6 r>
100> 100> Tw/Bu “ySd3
(%90+8) 85 (%89%1) 65 (%6+°08) 99 (%15¥%1) 92 99
(%r6's1) 11 (%T€'50) 0T (%15°61) 91 (%6¥'S7) 9T 59>
0 8€0 Jeaf a3y
(0082 ‘00'69) 00'¥L (0092 ‘00°59) 00°TL (0082 ‘00°£9) 00°€L (0092 ‘00°59) 00°TL (4OI) ueipaw
800 170 Jeak a8y
69 6L 8 201 N
d dnoug |Ng dnous |yg-uoN d dnoug |Ng dnou8 |Jg-uoN sJ01284
189S UOnepIjeA 19s Sulured)
2Dd Yam sauaned jo sonslededeyd [BdIuUlD) | d|qeL



Journal of International Medical Research

Continued.

Table I.

Validation set

Training set

BM group

Non-BM group

BM group

Non-BM group

Factors

131.00 (95.00, 236.00)

76.00 (63.00, 87.00)

134.00 (100.00, 244.00)

79.00 (63.00, 93.00)

median (IQR)

N/L

<0.01

0.05

3.0 (2.30, 4.50)

2.20 (1.80, 3.80)

2.90 (2.30, 4.90)

2.70 (2.00, 3.90)

median (IQR)

prostate

Gleason score; cTx = clinical tumor stage; PV

interquartile range; tPSA = total prostate-specific antigen; GS

bone metastasis; IQR
volume; sCA = serum calcium; sP =serum phosphorus; RDW =red cell distribution width; ALP =alkaline phosphatase; N/L = neutrophil/lymphocyte percentage.

PCa = prostate cancer; BM

validation set (Figure 4). The results
showed that the model achieved a net ben-
efit across all threshold probabilities. When
the threshold probability was set to more
than 2%, model 1 obtained a better net ben-
efit and benefit in at least approximately 7
of 100 people and did not negatively affect
the interests of others. Together, these
results indicate that model 1 has good clin-
ical usefulness for predicting the bone
metastasis of PCa.

Discussion

Recently, with the extension of the human
lifespan, the incidence of tumors has grad-
ually increased."” PCa is a common neo-
plastic disease in elderly men. With
advanced age, the incidence of PCa gradu-
ally increases."'* Therefore, the monitoring
of PCa in men, especially elderly men, is
particularly urgent. Although PCa grows
slowly compared with most other tumors,
it is impossible to completely cure the
tumor in the elderly. Furthermore, when
bone metastasis occurs in PCa, it signifi-
cantly reduces the survival rate and quality
of life for patients because of bone-related
events.'*!> Therefore, clarifying the situa-
tion of bone metastasis in patients with
PCa is urgently needed to avoid delayed
treatment.

At present, bone scanning using 99m Tc-
MDP is an important method to detect
bone metastasis in patients with PCa.*
Although bone scans help identify bone
metastases as soon as possible for patients
newly diagnosed with PCa,'® not all
patients require a bone scan. Excessive
examination not only increases the financial
burden for patients and insurance providers
but also increases the associated exposure
risks. To address these issues, identifying
patients with PCa who require bone metas-
tasis detection is essential. A risk prediction
model based on various risk factors is an
effective method for screening high-risk
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Table 2. Multivariate analysis in the training set.
Model | Model 2

Variables B S.E P OR  95% CI Variables B SE P OR  95% ClI
cTx 1.6l 044 <0.01 501 212to 1187 cTx 145 041 <0.01 428 191 to 9.58
GS 0.93 0.40 0.02 254 .16 to 5.58 GS 097 039 001 264 1.22to057I
tPSA 3.19 1.09 <0.01 2425 2.86to 20598 tPSA 303 1.05 <0.01 2067 264to l6l.6l
ALP 0.0l 0.00 0.02 1.0l 1.00 to 1.0l ALP 0.0l 0.00 0.05 1.0l 1.00to 1.0l
RWD —0.08 0.05 0.11 092 0.83to 1.02
PV 0.01 0.01 0.16 1.0l 0.99 to .04
AIC <0.05%

Model | 128.75

Model 2 130.75

B=regression coefficient; OR=o0dds ratio; Cl=confidence interval; AIC=Akaike’s information criterion; tPSA=total
prostate-specific antigen; GS=Gleason score; RDW= red cell distribution width; ALP=alkaline phosphatase; cTx=clinical
tumor stage; S.E=standard error of the mean; PV=prostate volume.

*AICs between model | and model 2 were compared by the likelihood ratio test.

. 0 10 20 30 40 50 60 70 80 90 100
Points i P e S P i T S ST U L VSR TP PR TPl Wi S P S e Gl
(4-10] =20
tPSA e L .
=4 - (10-20]
Gleason —
=6 =8
T4
cTx . TQ. . ),
T T3
ALP . T v T r 1 : ! : ,
(o] 200 400 600 800 1000 1200 1400 1600 1800
RDW e T S e e
80 70 60 50 40
PV r T T T T T T T T T T T d
0 S50 150 250 350 450 550
Total Points r T T T T T T T T T T T 1
(8] 20 40 60 80 100 120 140 160 180 200 220 240
Risk of bone metastasis
0.1 05 09

Figure 1. Nomogram to predict bone metastasis in patients with PCa. The points for each predictor were
calculated by drawing a straight line from the patient’s variable value to the axis labeled “Points”. The sum is
converted to a probability of bone metastasis in the lowest axis.

PCa, prostate cancer; tPSA, total prostate-specific antigen; RDW, red cell distribution width; ALP, alkaline
phosphatase; cTx, clinical tumor stage; PV, prostate volume.

patients with bone metastasis. To date,
based on risk factors related to the bone
metastasis of PCa, such as clinical stage,
PSA, ALP, GS, sCa and others, multiple
risk prediction models for bone metastasis
have been developed to identify patients
with PCa who need to be scanned for

bone metastasis.”’ These studies have

stratified the risk of bone metastasis in
patients with PCa. Although the developed
models significantly improved the ability to
assess the risk of bone metastases, their use
is limited by several factors: 1) Few candi-
date predictors were included in these
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Figure 2. ROC analysis for evaluating the discrimination of model |. (a) ROC in the training set. The AUC
was 0.936 (95% ClI, 0.90-0.97). (b) ROC in the validation set. The AUC was 0.958 (95% ClI, 0.93-0.98)
ROC, receiver operating characteristic curve; AUC, area under the ROC curve; Cl, confidence interval.
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Figure 3. Calibration curve analysis for evaluating the calibration of model I. (a) Calibration curve in the
training set. Mean absolute error =0.02. (b) Calibration curve in the validation set. Mean absolute

error =0.04. The X-axis is the predicted probability, and the Y-axis is the actual probability. The logistic
calibration curve represented by the black solid line was closer to the ideal reference line represented by the
gray solid line, suggesting that model | performed well.

studies. As a result, they do not fully reflect
the characteristics of bone metastasis or
form the basis for an optimal model. 2)
Excessive conversion of continuous varia-
bles into categorical variables decreases
the predictive accuracy of the prediction
model. 3) Although the classification of
multiple predictors to stratify the risk of
bone metastasis is highly convenient for
clinical application, inconsistencies in iden-
tifying bone metastasis risk from multiple
associations show that variable

classification loses important information
and increases the heterogeneity of results.
A nomogram is a relatively intuitive pre-
sentation form for prediction models and
has been widely used in the field of tumor
risk prediction. Although a nomogram for
the bone metastasis of PCa has been devel-
oped, the study included few candidate pre-
dictors and lacked evaluation of clinical
usefulness.” In addition, prediction factors
were screened according to the P-value,
which resulted in the exclusion of several
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Figure 4. Decision curve analysis for evaluating clinical usefulness. The X-axis is the probability threshold.
When a probability threshold is used as the cutoff value, the corresponding Y-axis value indicates the net
benefit value, suggesting how many people per 100 people will benefit without negatively influencing other
patients. The blue vertical dashed line is when 2% is used as the probability threshold, and the blue hori-
zontal dashed line shows the net benefit value (~47%). The red vertical dashed line is when 100% is used as
the probability threshold, and the red horizontal dashed line shows the corresponding net benefit value

(~7%).

important prediction factors and reduced
the predictive ability of the model. In our
study, we included 10 candidate predictors,
which is significantly more than previous
studies. Most candidate predictors are risk
factors for PCa and bone metastasis.'” 2!
Whether tPSA is a risk factor remains to
be verified.”>”* However, during prediction
model development, predictors are not nec-
essarily risk factors. Therefore, tPSA was
selected to develop the model in this
study. Finally, six predictors, including
cTx, tPSA, GS, PV, ALP and RDW, were
selected to develop model 1. Moreover, we
developed model 2 with four of the above
predictors (cTx, tPSA, GS and ALP) with
P < 0.05 and compared it with model 1. The
addition of PV and RDW (both P> 0.05)
improved the prediction ability of model 1
compared with model 2, indicating that
these two predictive factors have important
value for the prediction ability of the model.
ROC curve analysis showed that the AUC
of model 1 in the training set was 0.936, and

calibration curve analysis in the training set
showed that model 1 had high calibration.
These findings suggest that model 1 devel-
oped in this study has a satisfactory and
effective predictive ability for the training
set. To further validate model 1, a valida-
tion set was applied. The AUC of model 1
was higher in the validation set than that in
the training set and significantly higher
than that of a model developed in a previ-
ous study (AUC =0.91).” Additionally, cal-
ibration curve analysis further showed good
calibration of our model in the validation
set. Finally, we evaluated the clinical useful-
ness of the model by DCA and found that
when >2% was used as the predicted
probability cutoff value, at least approxi-
mately 7 out of 100 people would benefit,
indicating that it obtains a greater net ben-
efit and has higher clinical usefulness.
Therefore, the prediction model developed
in our study is superior to the previously
developed prediction model of bone metas-
tasis in PCa.
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Although the bone metastasis risk pre-
diction model developed in our study has
good performance and fitness, there are
some limitations. First, the data were col-
lected from a single center, and external ver-
ification was not performed. Second,
although more candidate predictors were
included in our study compared with previ-
ous studies, we did not include new risk
factors as candidate predictors, such as
the Prostate Imaging Reporting and Data
System score. Additionally, based on the
trend of big data, the use of multiomics to
build prediction models will greatly
improve the accuracy of prediction. Third,
the data in this study were not used to val-
idate the published model to directly assess
the pros and cons of each model.

Conclusion

In our study, several risk factors for PCa
and bone metastasis, including tPSA, cTx,
GS, ALP, PV and RDW, were identified as
predictors to construct a prediction model
for bone metastasis in patients with PCa.
The model shows high discrimination, cali-
bration and clinical usefulness and will con-
tribute to the successful screening of
patients with PCa who require bone metas-
tasis detection.
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