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Abstract: Objective: To evaluate the incremental value of prostate-specific antigen density (PSAD) beyond the Pros-
tate Imaging Reporting and Data System (PI-RADS) score and conventional magnetic resonance imaging (MRI) fea-
tures for predicting the highest International Society of Urological Pathology (ISUP) grade group at initial systematic
biopsy. Methods: This retrospective study included 171 patients with prostate cancer diagnosed by initial systematic
biopsy between February 2022 and February 2026. All patients underwent 3.0-T multiparametric MRI within 15
days before biopsy. The highest ISUP grade group across all biopsy cores was the primary outcome. A baseline
model, an MRI-extended model, and a combined model incorporating PSAD were sequentially developed using pro-
portional odds ordinal logistic regression. Internal validation was performed with 2,000 bootstrap resamples. Firth
logistic regression and sensitivity analyses were used to assess robustness. Results: The numbers of patients with
ISUP grade groups 1-5 were 26, 10, 9, 40, and 86, respectively; 135 patients (78.9%) had grade group >3. Median
PSAD increased from 0.20 ng/mL? in grade group 1 to 1.38 ng/mL? in grade group 5 (P<0.001). After adjustment
for age, PI-RADS score, MRI-suspected local progression, and multizonal involvement on MRI, each doubling of
PSAD was associated with higher ISUP grade group (odds ratio [OR], 2.04; 95% confidence interval [Cl], 1.59-2.62;
P<0.001). Adding PSAD significantly improved model fit (likelihood ratio x?>=37.83; P<0.001) and increased the
bootstrap-corrected ordinal C-statistic from 0.660 to 0.744. Paired out-of-bag analysis showed a median increase of
0.094 in the ordinal C-statistic (95% Cl, 0.012-0.171). The combined model achieved an out-of-bag area under the
receiver operating characteristic curve of 0.835 for grade group =3. The association remained robust after exclud-
ing patients with total prostate-specific antigen >100 ng/mL (OR, 2.36; 95% Cl, 1.68-3.29) and among patients with
PI-RADS scores <3 (OR, 2.60; 95% Cl, 1.46-5.58; P<0.001). Conclusions: PSAD was independently associated with
the highest biopsy ISUP grade group and provided incremental predictive information beyond PI-RADS and conven-
tional MRI features. PSAD may also aid in identifying patients with low PI-RADS scores but high pathological grade
groups, although external validation is required.

Keywords: Prostate cancer, prostate-specific antigen density, prostate imaging reporting and data system, ISUP
grade group, magnetic resonance imaging, systematic prostate biopsy

sis for risk stratification and clinical decision-
making [1, 2]. Among patients with prostate
cancer diagnosed at initial systematic prostate
biopsy, pre-biopsy clinical and imaging infor-
mation may facilitate a more comprehensive

Introduction

Prostate cancer is characterized by substan-
tial biological heterogeneity, with marked differ-
ences in progression risk, treatment strategies,

and prognosis across pathological grades. The
International Society of Urological Pathology
(ISUP) grade group is therefore a key indicator
of tumor aggressiveness and an important ba-

assessment of pathological risk.

Multiparametric magnetic resonance imaging
(mpMRI) and the Prostate Imaging Reporting
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and Data System (PI-RADS) are widely used
for prostate cancer detection and risk assess-
ment. The PI-RADS score primarily reflects the
likelihood that a lesion harbors clinically signifi-
cant prostate cancer [3]. MRI findings such as
extraprostatic extension and seminal vesicle
invasion may also provide imaging evidence for
local staging [4]. However, MRI assessments
do not always correspond with biopsy findings.
Discordant scenarios may occur, including posi-
tive MRI findings with negative biopsy results,
as well as prostate cancer detected at biopsy
despite negative or low-suspicion MRI findings
[5]. Consequently, reliance on PI-RADS scores
and conventional MRI features alone may result
in either underestimation or overestimation of
pathological risk.

Prostate-specific antigen density (PSAD), cal-
culated as the ratio of serum total prostate-
specific antigen to prostate volume, partially
accounts for the influence of prostate size on
PSA levels. Systematic reviews and meta-anal-
yses have shown that PSAD can further stratify
the risk of clinically significant prostate cancer
beyond prostate MRI, particularly in patients
with negative MRI findings or PI-RADS 3 lesions
[6]. PSAD and PI-RADS provide complementary
risk information, and their combined use may
improve the assessment of clinically significant
prostate cancer [7]. However, most previous
studies in patients with PI-RADS 3 lesions or
positive MRI findings have employed the pres-
ence of clinically significant prostate cancer as
a binary endpoint. The incremental value of
PSAD beyond PI-RADS scores and conventional
MRI features for predicting the full ordinal spec-
trum of ISUP grade groups 1-5, as well as its
potential role in identifying high-grade tumors
underestimated by MRI, remains incompletely
characterized [8, 9].

Accordingly, this retrospective study included
patients with prostate cancer diagnosed at ini-
tial systematic prostate biopsy and used the
highest ISUP grade group identified across all
biopsy cores as an ordinal outcome. Hierarchi-
cal models incorporating age, PI-RADS score,
conventional MRI features, and PSAD were
sequentially constructed to evaluate the incre-
mental value of PSAD in terms of model fit, dis-
crimination, and probabilistic predictive perfor-
mance. MRI-pathology phenotypes, subgroup
analysis of patients with PI-RADS scores <3,
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and sensitivity analyses were further used to
investigate the potential value of PSAD for addi-
tional risk stratification in patients with discor-
dant MRI and pathological risk profiles and to
assess the robustness of the findings.

Materials and methods
Study design and participants

This single-center retrospective study included
171 patients who underwent initial systematic
prostate biopsy at the First Affiliated Hospital
of Dali University between February 2022 and
February 2026, were histopathologically diag-
nosed with prostate cancer, and had complete
clinical, imaging, and pathological data.

The inclusion criteria were as follows: (1) Un-
dergoing systematic prostate biopsy for the
first time; (2) Completion of 3.0-T multipara-
metric MRI within 15 days before biopsy, and
interpreted according to PI-RADS version 2.1;
and (3) Complete data on total prostate-spe-
cific antigen (tPSA), three-dimensional pros-
tate measurements, PI-RADS score, and biopsy
pathology, including a clearly documented Gle-
ason score and ISUP grade group. The exclu-
sion criteria were as follows: (1) A history of
previous prostate biopsy; (2) Receipt of pros-
tate cancer-related treatment before biopsy;
(3) Receipt of MRI-targeted biopsy or combined
systematic and MRI-targeted biopsy; and (4)
Incomplete key clinical, imaging, or pathologi-
cal data.

The study was approved by the Ethics Com-
mittee of the First Affiliated Hospital of Dali
University, which waived the requirement for
informed consent. The ethics approval number
was DFY20260205001.

MRI examination, prostate biopsy, and patho-
logical assessment

All patients underwent multiparametric MRI
using a 3.0-T MRI system (Toshiba Medical
Systems, Japan) within 15 days before biopsy.
MRI examinations were independently inter-
preted by two radiologists, each with more
than 10 years of experience in prostate MRI.
Disagreements were adjudicated by consen-
sus. The patient-level PI-RADS score was de-
fined as the highest score among all identified
lesions and was categorized as PI-RADS <3,
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PI-RADS 4, or PI-RADS 5 in the primary analy-
sis. MRI evidence of extraprostatic extension
or seminal vesicle invasion was defined as
MRI-suspected local progression. The anatomi-
cal zones involved by the lesions were recorded
on MRI, and involvement of at least two ana-
tomical zones was defined as MRI multizonal
involvement.

All patients underwent initial systematic pros-
tate biopsy without MRI-targeted biopsy. Bio-
psies were performed through either the tran-
srectal or transperineal approach. The total
number of biopsy cores, number of positive
cores, and pathological findings were recorded.
Biopsy specimens were routinely fixed, paraf-
fin-embedded, and stained with hematoxylin
and eosin. The specimens were evaluated by
pathologists at our institution with experience
in prostate pathology, and the pathological find-
ings were reported according to the Gleason
scoring system and ISUP grade group criteria.
Difficult cases were reviewed in accordance
with routine departmental practice. The high-
est Gleason score and corresponding ISUP
grade group identified across all biopsy cores
were recorded for each patient. The proportion
of tumor tissue in the biopsy core corresponding
to the highest ISUP grade group was recorded
for descriptive purposes only, not as a predictor.

Clinical variables, prostate volume, and PSAD
calculation

Data on age, body mass index (BMI), serum
total prostate-specific antigen (tPSA), and the
anteroposterior, transverse, and craniocaudal
diameters of the prostate were collected. All
three prostate diameters were measured in
centimeters. Prostate volume was calculated
using the ellipsoid formula:

Prostate volume (mL) = 0.52 x anteroposterior
diameter x transverse diameter x craniocaudal
diameter.

Prostate-specific antigen density (PSAD) was
calculated as the ratio of tPSA to prostate vol-
ume. For 53 patients, tPSA was recorded in
the hospital information system only as “>100
ng/mL’, and the exact values were unavailable.
Therefore, a value of 100 ng/mL was uniformly
imputed for PSAD calculation, without extrapo-
lation beyond this threshold. All subsequent
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references to PSAD indicate values calculated
according to this rule.

For regression analyses, PSAD was log-trans-
formed to base 2 [log,(PSAD)] and entered into
the models as a continuous variable. The
reported odds ratios therefore represent the
relative change in the odds of being classified
into a higher outcome category for each dou-
bling of PSAD. Descriptive statistics and graphi-
cal presentations used the original PSAD val-
ues and units, with logarithmic scales applied
to the PSAD axes where appropriate.

Study outcomes and MRI-pathology pheno-
types

The primary outcome was the highest ISUP
grade group identified across all biopsy cores,
analyzed as an ordinal outcome with five cate-
gories ranging from grade group 1 to 5. The
secondary outcome was an ISUP grade group
of >3.

To describe concordance between the PI-RADS
category and the highest biopsy ISUP grade
group, patients were classified into four pre-
specified MRI-pathology phenotypes. Patients
with PI-RADS <3 and ISUP grade group <2
were classified as concordant low, those with
PI-RADS <3 and ISUP grade group >3 as MRI-
underestimated, those with PI-RADS >4 and
ISUP grade group <2 as MRI-overestimated,
and those with PI-RADS >4 and ISUP grade
group =3 as concordant high. The association
between PSAD and ISUP grade group =3 was
further examined among patients with PI-RADS
<3 to evaluate the complementary value of
PSAD for risk stratification in patients with re-
latively low PI-RADS scores.

These operational categories were based on
prespecified thresholds for the PI-RADS cate-
gory and highest biopsy ISUP grade group,
and served solely to describe concordance
between MRI assessment and biopsy patholo-
gy and do not represent a formal clinical risk-
stratification system.

Model development and internal validation

The primary analysis was performed using pro-
portional-odds ordinal logistic regression. The
models were estimated across four cumulative
thresholds - ISUP grade group <1 versus >1, <2
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versus >2, <3 versus >3, and <4 versus >4 -
under the assumption that the regression
coefficient for each predictor was constant
across these thresholds. Model effects were
expressed as common odds ratios (ORs) with
95% confidence intervals (Cls), with an OR >1
indicating increased odds of being classified
into a higher ISUP grade group.

Three hierarchical models were prespecified.
Model 1 included age and PI-RADS category.
Model 2 added MRI-suspected local progres-
sion and MRI multizonal involvement to Model
1. Model 3 further incorporated PSAD into
Model 2. Age was modeled per 10-year in-
crease, and PI-RADS <3 was used as the re-
ference category. All predictors were prespeci-
fied on the basis of clinical relevance; no uni-
variable screening, stepwise regression, least
absolute shrinkage and selection operator se-
lection, or data-driven cutoff selection was
performed.

Adjacent hierarchical models were compared
using likelihood ratio tests, and the Akaike
information criterion (AIC), Bayesian informa-
tion criterion (BIC), and Nagelkerke R? were
reported. The proportional-odds assumption
was assessed using a Brant test, and multi-
collinearity among predictors was evaluated
using variance inflation factors. The incremen-
tal contribution of each predictor was assessed
by sequentially removing individual predictors
from the full model and comparing the result-
ing nested models using partial likelihood ratio
X2 statistics.

A linear effect of log -transformed PSAD, cor-
responding to a doubling of PSAD, was pre-
specified as the primary functional form. The
association between PSAD and the highest
ISUP grade group was further examined using
a four-knot restricted cubic spline based on
log, (PSAD), with knots placed at the 5th, 35th,
65th, and 95th percentiles of its distribution.
The restricted cubic spline model was compar-
ed with the prespecified linear model using a
likelihood ratio test to assess the joint contri-
bution of the two nonlinear spline terms.

Internal validation was performed using 2,000
patient-level bootstrap resamples. Apparent
and optimism-corrected performance was esti-
mated for the ordinal C-statistic, ranked proba-
bility score (RPS), log loss, and Nagelkerke R2.
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Bootstrap samples that did not contain all five
ISUP grade groups were discarded and redrawn.

For each patient, predicted probabilities ob-
tained from bootstrap resamples in which that
patient was not selected were averaged to gen-
erate mean out-of-bag predicted probabilities.
These predictions were used to evaluate the
area under the receiver operating characteris-
tic curve (AUROC), average precision (AP), Brier
score, calibration intercept, and calibration
slope for ISUP grade group >2, >3, >4, and
grade group 5. The 95% Cls for these perfor-
mance measures were estimated using 2,000
patient-level bootstrap resamples. Calibration
curves were smoothed using mildly ridge-penal-
ized cubic splines and were used solely to illus-
trate the relationship between predicted prob-
abilities and observed outcomes. Given the
limited sample size, the dataset was retained
as a single cohort for development, rather
than randomly split into training and validation
sets.

Statistical and sensitivity analyses

Continuous variables are presented as medi-
ans with interquartile ranges and were com-
pared across ISUP grade groups using the
Kruskal-Wallis test. Categorical variables are
presented as counts and percentages and
were compared using a Pearson x? test based
on 20,000 permutations. Because all included
patients had complete data for the principal
clinical, imaging, and pathological variables,
no missing-data imputation was performed in
the primary analysis.

Sensitivity analyses were conducted by: (1)
Excluding patients with tPSA >100 ng/mL; (2)
Modeling the original PI-RADS score as a con-
tinuous variable per 1-point increase; (3) Ca-
tegorizing MRI lesion extent as no suspicious
lesion, single-zone involvement, or multizonal
involvement; (4) Restricting the analysis to pa-
tients who underwent transrectal biopsy; (5)
Additionally adjusting for biopsy approach and
total number of biopsy cores; and (6) Addi-
tionally adjusting for BMI. These analyses were
performed to assess the robustness of the
estimated PSAD effect across alternative mo-
del specifications and analytic populations.

Secondary analyses with ISUP grade group >3
as the outcome were performed using Firth
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penalized logistic regression. The overall model
included age, PI-RADS category, MRI-suspect-
ed local progression, MRI multizonal involve-
ment, and PSAD, whereas the model restricted
to patients with PI-RADS <3 included age and
PSAD. Both models additionally included an
indicator for whether the original tPSA record
was >100 ng/mL to account for differences in
tPSA recording; the effect of this indicator was
not interpreted clinically.

The 95% Cls for the PSAD effect were estimat-
ed using profile penalized likelihood, and P val-
ues were calculated using penalized likelihood
ratio tests. For the remaining covariates, 95%
Cls and P values were obtained using Wald
methods based on the Fisher information ma-
trix. No adjustment for multiple comparisons
was applied to the sensitivity analyses. All
tests were two-sided, and P<0.05 was consid-
ered statistically significant. Statistical analy-
ses were performed using Python version
3.12.13.

Results
Patient characteristics

A total of 171 patients were included. The
numbers of patients with highest ISUP grade
groups 1, 2, 3, 4, and 5 were 26, 10, 9, 40, and
86, respectively; 135 patients (78.9%) had
ISUP grade group >3. The median age was 72
years (interquartile range [IQR], 68-76 years),
the median tPSA level was 37.2 ng/mL (IQR,
15.6-100.0 ng/mL), the median prostate vol-
ume was 47.29 mL (IQR, 32.50-62.88 mL),
and the median PSAD was 0.82 ng/mL? (IQR,
0.34-1.73 ng/mL?).

PI-RADS <3, PI-RADS 4, and PI-RADS 5 were
recorded in 48 (28.1%), 50 (29.2%), and 73
(42.7%) patients, respectively. MRI-suspected
local progression was present in 70 patients
(40.9%), and MRI multizonal involvement was
present in 54 (31.6%). Transrectal and trans-
perineal biopsy were performed in 143 (83.6%)
and 28 (16.4%) patients, respectively.

Median PSAD rose from 0.20 ng/mL? in ISUP
grade group 1 to 1.38 ng/mL? in grade group
5, with a significant difference across grade
groups (P<0.001). PI-RADS category, MRI-su-
spected local progression and its component
findings, MRI lesion extent, number of positive
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biopsy cores, and the proportion of tumor tis-
sue in the core corresponding to the highest
ISUP grade group also differed across ISUP
grade groups (Table 1).

Model diagnostics and primary ordinal regres-
sion results

For Model 3, the global test of the proportion-
al-odds assumption yielded x?>=25.27 with 18
degrees of freedom (P=0.118), providing no
clear evidence of an overall violation of the
assumption. In predictor-specific tests, MRI
multizonal involvement reached statistical sig-
nificance (x?=8.28, df=3, P=0.041), suggesting
some degree of heterogeneity in its effect
across cumulative thresholds. No evidence of
a violation was observed for PSAD (x?=1.59,
df=3, P=0.662), and the direction of its asso-
ciation was consistent across all cumulative
thresholds. Variance inflation factors ranged
from 1.07 to 2.26, indicating no substantial
multicollinearity. Restricted cubic spline analy-
sis provided no clear evidence of a nonlinear
association between PSAD and the highest
ISUP grade group (likelihood ratio [LR] x2=
5.32, df=2, P=0.070); therefore, the prespeci-
fied linear effect per doubling of PSAD was
retained in the primary analysis.

Comparison of the hierarchical models showed
that adding MRI-suspected local progression
and MRI multizonal involvement significantly
improved model fit in Model 2 compared with
Model 1 (LR x2=10.98, df=2, P=0.004). The
AIC decreased from 439.1 to 432.1, the BIC
decreased from 461.1 to 460.4, and the
apparent Nagelkerke R? increased from 0.103
to 0.163. The subsequent addition of PSAD
further improved model fit in Model 3 com-
pared with Model 2 (LR x?=37.83, df=1, P<
0.001). The AIC decreased from 432.1 to
396.3, the BIC decreased from 460.4 to 427.7,
and the apparent Nagelkerke R? increased
from 0.163 to 0.346, indicating substantial
improvement in model fit and explained varia-
tion after PSAD was incorporated.

In Model 3, each doubling of PSAD was associ-
ated with a 2.04-fold increase in the odds of
being classified into a higher ISUP grade group
(OR, 2.04; 95% Cl, 1.59-2.62; P<0.001). PSAD
remained independently associated with the
highest ISUP grade group after simultaneous
adjustment for age, PI-RADS category, MRI-
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Table 1. Patient characteristics stratified by the highest ISUP grade group

- ISUP grade group 1 ISUP grade group 2  ISUP grade group 3  ISUP grade group 4  ISUP grade group 5
Characteristic Overall (n=171) g(n=2§‘) P g(n=10g) P g (n=9)g P g(n=4c;g) P g(n=86;g) P P value
Age, years 72.00 (68.00-76.00)  71.00 (62.25-73.75) 73.00 (70.50-79.00) 74.00 (71.00-76.00) 71.00 (68.75-76.00) 73.00 (68.00-77.00) 0.307
BMI, kg/m? 22.04 (20.20-24.32)  21.50 (19.85-24.02) 22.33(19.45-24.35) 21.63 (21.05-23.67) 21.57 (20.15-24.43) 22.17 (20.20-24.65) 0.969
tPSA, ng/mL 37.2 (15.6-100.0) 10.29 (7.36-21.79) 11.71 (7.74-27.41) 19.97 (13.04-37.25) 30.4 (15.3-100.0) 81.7 (35.0-100.0) <0.001
Prostate volume, mL 47.29 (32.50-62.88)  55.35(43.11-85.58) 37.03 (28.78-41.65) 51.17 (28.39-59.67) 47.26 (32.39-58.06) 48.28 (32.23-61.22) 0.211
PSAD, ng/mL? 0.82(0.34-1.73) 0.20 (0.13-0.40) 0.30 (0.21-0.89) 0.62 (0.33-0.76) 0.63(0.33-1.79) 1.38 (0.72-1.93) <0.001
Tumor involvement in the biopsy core with  60.00 (20.00-80.00) 20.00 (6.25-30.00) 55.00 (15.00-60.00) 50.00 (30.00-80.00) 70.00 (27.50-80.00) 70.00 (40.00-80.00)  <0.001
the highest ISUP grade group, %

Positive biopsy cores, n 8.00 (4.00-12.00) 2.00 (1.00-3.00) 5.50 (3.25-10.50) 6.00 (2.00-7.00) 6.50 (4.00-9.00) 11.00 (8.00-12.00) <0.001
Total biopsy cores, n 13.00 (12.00-15.00)  13.00 (12.00-15.50) 13.00 (12.00-14.00) 13.00 (12.00-19.00) 13.00 (12.00-15.25) 13.00 (12.00-14.00) 0.847
PI-RADS category 0.002
<3 48 (28.1) 15 (57.7) 4 (40.0) 4(44.4) 8(20.0) 17 (19.8)
4 50 (29.2) 9(34.6) 3(30.0) 1(11.1) 13 (32.5) 24 (27.9)
5 73 (42.7) 2(7.7) 3(30.0) 4 (44.4) 19 (47.5) 45 (52.3)
MRI-suspected local progression 70 (40.9) 2(7.7) 1(10.0) 1(11.1) 19 (47.5) 47 (54.7) <0.001
MRI-suspected extraprostatic extension 65 (38.0) 2(7.7) 1(10.0) 1(11.1) 15 (37.5) 46 (53.5) <0.001
MRI-suspected seminal vesicle invasion 36 (21.1) 0(0.0) 0 (0.0) 0 (0.0) 12 (30.0) 24 (27.9) 0.003
MRI lesion extent 0.003
No suspicious lesion 12 (7.0) 6(23.1) 1(10.0) 0(0.0) 4 (10.0) 1(1.2)
Single-zone involvement 105 (61.4) 17 (65.4) 6 (60.0) 9 (100.0) 22 (55.0) 51(59.3)
Multizonal involvement 54 (31.6) 3(11.5) 3(30.0) 0(0.0) 14 (35.0) 34 (39.5)
Biopsy approach 0.068
Transrectal 143 (83.6) 22 (84.6) 10 (100.0) 5 (55.6) 36 (90.0) 70 (81.4)
Transperineal 28 (16.4) 4(15.4) 0(0.0) 4(44.4) 4 (10.0) 16 (18.6)

Note: Continuous variables are presented as median (first quartile-third quartile), and categorical variables as number (column percentage). Continuous variables were compared across groups using the Kruskal-Wallis test, and categorical
variables were compared using a permutation test based on the Pearson x? statistic with 20,000 permutations. All tests were two-sided. For patients whose tPSA was recorded in the hospital information system as “>100 ng/mL”, a value of 100
ng/mL was used for both descriptive analyses and PSAD calculation. BMI, body mass index; tPSA, total prostate-specific antigen; PSAD, prostate-specific antigen density; PI-RADS, Prostate Imaging Reporting and Data System; MRI, magnetic
resonance imaging; ISUP, International Society of Urological Pathology.
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Table 2. Effect estimates and fit indices for the three hierarchical proportional-odds ordinal logistic

regression models

Iltem Model 1

Model 2 Model 3

Regression effects, OR (95% Cl); P value
Age, per 10-year increase
PI-RADS 4 vs <3

1.19 (0.80-1.77); P=0.387 1.21 (0.81-1.80);

2.05 (0.97-4.34); P=0.062 1.54 (0.71-3.34);

3.93(1.91-8.11); P<0.001 1.84 (0.79-4.28); P=0.156 1.77 (0.74-4.23
)
)

P=0.362 1.04 (0.68-1.58); P=0.869
P=0.280 1.19(0.53-2.67); P=0.671

PI-RADS 5 vs <3 ( ); P=0.202
MRI-suspected local progression 2.92 (1.44-5.93); P=0.003 1.33 (0.61-2.93); P=0.476
MRI multizonal involvement 1.44 (0.71-2.90); P=0.308 1.17 (0.56-2.41); P=0.679
PSAD, per doubling 2.04 (1.59-2.62); P<0.001
Model fit and hierarchical comparisons

Log likelihood -212.563 -207.072 -188.157

AlC 439.1 432.1 396.3

BIC 461.1 460.4 427.7

Apparent Nagelkerke R? 0.103 0.163 0.346

Likelihood ratio test vs preceding model

x?=10.98; df=2; P=0.004  x?=37.83; df=1; P<0.001

Note: Regression effects are presented as common ORs with 95% Cls and P values. An OR >1 indicates increased odds of being classified into
a higher ISUP grade group. Model 1 included age and PI-RADS category. Model 2 additionally included MRI-suspected local progression and MRI
multizonal involvement. Model 3 further incorporated PSAD. The OR for PSAD is interpreted per doubling of PSAD. Lower AIC and BIC values indicate
relatively better model performance after accounting for both goodness of fit and model complexity. AIC, Akaike information criterion; BIC, Bayesian
information criterion; Cl, confidence interval; df, degrees of freedom; ISUP, International Society of Urological Pathology; MRI, magnetic resonance
imaging; OR, odds ratio; PI-RADS, Prostate Imaging Reporting and Data System; PSAD, prostate-specific antigen density.

suspected local progression, and MRI multizo-
nal involvement. None of the remaining predic-
tors reached statistical significance (Table 2
and Figure 1).

Internal validation and predictive performance

The apparent/optimism-corrected ordinal C-
statistics for Models 1, 2, and 3 were 0.637/
0.622, 0.685/0.660, and 0.763/0.744, respec-
tively. The corresponding RPS values were
0.674/0.701, 0.644/0.680, and 0.529/0.565;
log-loss values were 1.243/1.285, 1.211/
1.266, and 1.100/1.163; and Nagelkerke R?
values were 0.103/0.066, 0.163/0.105, and
0.346/0.287. In the paired out-of-bag analysis,
the median increase in the ordinal C-statistic
for Model 3 versus Model 2 was 0.094 (95%
Cl, 0.012-0.171), whereas the median differ-
ence in RPS (Model 3 minus Model 2) was
-0.119 (95% ClI, -0.200 to 0.002). These find-
ings indicate that the addition of PSAD im-
proved overall discrimination and generally re-
duced the RPS, although the 95% CI for the
RPS difference included zero (Table 3 and
Figure 2).

The out-of-bag AUROCs of Model 3 for pre-
dicting ISUP grade group =2, >3, >4, and gra-
de group 5 were 0.866, 0.835, 0.830, and
0.739, respectively. The corresponding AP val-

3700

ues were 0.974, 0.948, 0.934, and 0.641, and
the calibration slopes were 1.26, 1.10, 1.07,
and 0.75, respectively. Calibration slopes were
generally close to 1 for the first three cumula-
tive outcomes, whereas the lower slope for
grade group 5 suggested that the predicted
probabilities for the highest-grade outcome
may have been overly extreme (Table 4 and
Figure 3).

MRI-pathology phenotypes and sensitivity
analyses

Based on the prespecified combinations of
PI-RADS category and highest biopsy ISUP
grade group, 19, 29, 17, and 106 patients
were classified as concordant low, MRI-un-
derestimated, MRI-overestimated, and concor-
dant high, respectively. Among the 48 patients
with PI-RADS <3, 29 (60.4%) had ISUP grade
group =3. Median PSAD was numerically higher
in the MRI-underestimated group than in the
concordant-low group (0.71 ng/mL? [IQR, 0.34-
1.72] vs 0.20 ng/mL? [IQR, 0.11-0.40]) (Figure
4A and 4B).

After excluding the 53 patients with tPSA >100
ng/mL, 118 patients remained, of whom 83
had ISUP grade group >3. In the proportional-
odds ordinal logistic regression analysis, the
OR per doubling of PSAD was 2.36 (95% ClI,
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Figure 1. Adjusted associations of PSAD with the highest biopsy ISUP grade group in Model 3. A. Adjusted predicted
probabilities of ISUP grade groups 1-5 across PSAD levels among patients with PI-RADS <3; B. Adjusted predicted
probability of ISUP grade group >3 across PSAD levels according to PI-RADS category; C and D. Associations of PSAD
and PI-RADS category with the expected ISUP grade group in the absence and presence of MRI-suspected local
progression, respectively. Age was fixed at the overall median, and MRI multizonal involvement was set as absent.
PSAD was displayed from the 5th to the 95th percentile. The results shown are adjusted predictions derived from
the final fitted model. PSAD, prostate-specific antigen density; PI-RADS, Prostate Imaging Reporting and Data Sys-
tem; MRI, magnetic resonance imaging; ISUP, International Society of Urological Pathology.

Table 3. Bootstrap internal validation performance of the three ordinal logistic regression models

Performance metric Model 1 Model 2 Model 3

Ordinal C-statistic (apparent/optimism-corrected) 0.637/0.622 0.685/0.660 0.763/0.744
RPS (apparent/optimism-corrected) 0.674/0.701 0.644/0.680 0.529/0.565
Log loss (apparent/optimism-corrected) 1.243/1.285 1.211/1.266 1.100/1.163
Nagelkerke R? (apparent/optimism-corrected) 0.103/0.066 0.163/0.105 0.346/0.287

Note: Values are presented as apparent performance/bootstrap optimism-corrected performance. Internal validation was per-
formed using 2,000 patient-level bootstrap resamples. Model 1 included age and PI-RADS category. Model 2 additionally in-
cluded MRI-suspected local progression and MRI multizonal involvement. Model 3 further incorporated PSAD. Higher ordinal
C-statistic and Nagelkerke R? values indicate better model performance, whereas lower RPS and log-loss values indicate smaller
prediction errors. MRI, magnetic resonance imaging; PI-RADS, Prostate Imaging Reporting and Data System; PSAD, prostate-
specific antigen density; RPS, ranked probability score.

1.68-3.29; P<0.001). The effect estimate for deled as a continuous variable, MRI lesion
PSAD remained stable when PI-RADS was mo- extent was alternatively categorized, the analy-
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Figure 2. Incremental information from the hierarchical models and results of bootstrap internal validation. (A) Par-
tial likelihood ratio X2 statistics for each predictor group in Model 3; (B) Apparent and bootstrap-corrected ordinal
C-statistics for Models 1-3; (C) Apparent and bootstrap-corrected ranked probability scores for Models 1-3; and (D)
Differences in performance between Model 3 and Model 2 across 2,000 paired out-of-bag bootstrap resamples.
The horizontal line indicates the median, the vertical capped line indicates the minimum-to-maximum range of the
paired out-of-bag bootstrap distribution, and the horizontal dashed line indicates no difference in performance be-
tween the two models. M1-M3, Models 1-3; RPS, ranked probability score; O0B, out-of-bag; Cl, confidence interval.

Table 4. Cumulative-threshold discrimination and calibration performance of Model 3 based on mean
out-of-bag predictions
Events, n/N Average precision Brier score Calibration Calibration
(%) / AUROC (95% C1) (§5°Z Cl) (95% Cl) intercept (95% Cl)  slope (95% Cl)
ISUP grade group >2 145/171 (84.8) 0.866 (0.794-0.922) 0.974 (0.955-0.988) 0.097 (0.071-0.126) -0.28 (-1.10-0.41)  1.26 (0.89-1.84)
ISUP grade group >3 135/171 (78.9) 0.835 (0.764-0.900) 0.948 (0.916-0.975) 0.123 (0.094-0.153) -0.04 (0.65-0.54)  1.10 (0.78-1.60)
ISUP grade group >4 126/171(73.7) 0.830 (0.763-0.889) 0.934 (0.896-0.964) 0.143 (0.114-0.174)  0.01(-0.51-0.48)  1.07 (0.78-1.49)
ISUP grade group 5 86/171 (50.3) 0.739 (0.660-0.812) 0.641 (0.547-0.756) 0.205 (0.173-0.240) ~ 0.06 (-0.27-0.41)  0.75 (0.49-1.09)

Note: The predictive performance of Model 3 was calculated using each patient’s mean out-of-bag predicted probabilities obtained from 2,000 bootstrap resamples. Values
in parentheses are 95% Cls estimated using 2,000 patient-level bootstrap resamples. The no-information baseline for average precision was the event prevalence at the
corresponding outcome threshold. Higher AUROC and average precision values and lower Brier scores indicate better predictive performance. The ideal calibration intercept
is 0, and the ideal calibration slope is 1. AUROC, area under the receiver operating characteristic curve; Cl, confidence interval; ISUP, International Society of Urological
Pathology.

Threshold

sis was restricted to patients undergoing tran- for biopsy approach, total number of biopsy
srectal biopsy, or further adjustment was made cores, or BMI; the corresponding ORs ranged
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Figure 3. Internally validated performance of Model 3 based on mean bootstrap out-of-bag predicted probabilities.
(A) Receiver operating characteristic curves for ISUP grade group >2, >3, >4, and grade group 5; (B) Corresponding
precision-recall curves, with horizontal dash-dotted lines indicating the event prevalence; (C) Calibration curves,
with the gray dashed line indicating ideal calibration; and (D) Matrix of mean predicted class probabilities for each
observed ISUP grade group. Patient-level predicted probabilities were calculated as mean out-of-bag predictions
obtained from 2,000 bootstrap resamples. ROC, receiver operating characteristic; AUROC, area under the receiver
operating characteristic curve; PR, precision-recall; AP, average precision; ISUP, International Society of Urological

Pathology.

from 2.02 to 2.21, with all P values <0.001
(Table 5 and Figure 4D). In the multivariable
Firth logistic regression analysis for ISUP gra-
de group >3, each doubling of PSAD remained
independently associated with the outcome
after adjustment for age, PI-RADS category,
MRI-suspected local progression, MRI multizo-
nal involvement, and the indicator for tPSA
recording status (OR, 1.99; profile penalized-
likelihood 95% ClI, 1.39-3.03; P<0.001), where-
as the remaining clinically evaluated covariates
were not statistically significant (all P>0.05;
Table 6).
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In the Firth logistic regression analysis re-
stricted to patients with PI-RADS <3, each
doubling of PSAD remained significantly associ-
ated with ISUP grade group >3 after adjust-
ment for age and the tPSA recording-status
indicator (OR, 2.60; profile penalized-likelihood
95% Cl, 1.46-5.58; P<0.001). This finding sug-
gests that PSAD may provide complementary
information for identifying pathological risk
among patients with relatively low PI-RADS
scores (Table 5 and Figure 4C, 4D). The direc-
tion of the PSAD association was consistent
across the primary ordinal analysis, secondary
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Figure 4. MRI-pathology phenotypes and robustness analyses of the PSAD effect. (A) Four MRI-pathology pheno-
types defined according to PI-RADS category and the highest biopsy ISUP grade group; (B) Distribution of PSAD
across the phenotypes, with the y-axis displayed on a logarithmic scale; (C) Association between PSAD and the
adjusted predicted probability of ISUP grade group >3 in the PI-RADS <3 subgroup; and (D) Odds ratios with 95%
confidence intervals per doubling of PSAD in the primary analysis, sensitivity analyses, and Firth logistic regression
analyses. The vertical dashed line indicates an odds ratio of 1. The result obtained after excluding patients with
tPSA >100 ng/mL is presented in Table 5. OR, odds ratio; Cl, confidence interval; PSAD, prostate-specific antigen
density; tPSA, total prostate-specific antigen; PI-RADS, Prostate Imaging Reporting and Data System; MRI, magnetic
resonance imaging; ISUP, International Society of Urological Pathology.

After adjustment for age, PI-RADS category,
MRI-suspected local progression, and MRI mul-
tizonal involvement, each doubling of PSAD
was associated with a 2.04-fold increase in
the odds of being classified into a higher ISUP
grade group. Adding PSAD substantially im-
proved model fit and explained variation, and
increased the bootstrap optimism-corrected
ordinal C-statistic from 0.660 to 0.744. In the
paired out-of-bag analysis, the median increa-
se in the ordinal C-statistic was 0.094. The RPS

binary analysis, sensitivity analyses, and the
PI-RADS <3 subgroup analysis, supporting the
incremental pathological risk information pro-
vided by PSAD beyond PI-RADS and conven-
tional MRI features.

Discussion

In this study, the highest ISUP grade group
identified at initial systematic prostate biopsy
was analyzed as an ordinal outcome to evalu-

ate the incremental value of PSAD beyond the
PI-RADS score and conventional MRI features.
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also generally decreased, although the 95% ClI
for the difference included zero. Collectively,
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Table 5. Primary, secondary, and sensitivity analyses of the association between PSAD and ISUP grade group

Analysis ISUP grade  ponp or (95% Cl) P value Model
group =23, n

Primary analysis: PSAD 171 135 2.04 (1.59-2.62) <0.001 Ordinal logistic regression
Excluding patients with tPSA >100 ng/mL 118 83 2.36 (1.68-3.29) <0.001 Ordinal logistic regression
PI-RADS modeled per 1-point increase 171 135 2.04 (1.59-2.61) <0.001 Ordinal logistic regression
MRI lesion extent modeled as none/single-zone/multizonal involvement 171 135 2.02 (1.57-2.59) <0.001 Ordinal logistic regression
Restricted to transrectal biopsy 143 111 2.21(1.65-2.95) <0.001 Ordinal logistic regression
Additional adjustment for biopsy approach and total number of biopsy cores 171 135 2.03 (1.58-2.60) <0.001 Ordinal logistic regression
Additional adjustment for BMI 171 135 2.17 (1.69-2.80) <0.001 Ordinal logistic regression
Secondary outcome: ISUP grade group =3 171 135 1.99(1.39-3.03) <0.001 Firth logistic regression
PI-RADS <3 subgroup: ISUP grade group >3 48 29 2.60 (1.46-5.58) <0.001 Firth logistic regression

Note: All ORs for PSAD are interpreted per doubling of PSAD. The ordinal logistic regression analyses used the highest biopsy ISUP grade group, ranging from 1 to 5, as the outcome; the
column “ISUP grade group =3, n” indicates only the number of patients meeting this threshold within each analytic sample. Unless otherwise specified, the covariate structure of the
primary model was retained. Analyses with ISUP grade group >3 as the outcome were performed using Firth logistic regression. For PSAD in the Firth models, 95% Cls were estimated
using profile penalized likelihood, and P values were obtained using penalized likelihood ratio tests. No adjustment for multiple comparisons was applied to the sensitivity analyses.
BMI, body mass index; Cl, confidence interval; ISUP, International Society of Urological Pathology; MRI, magnetic resonance imaging; OR, odds ratio; PI-RADS, Prostate Imaging Report-
ing and Data System; PSAD, prostate-specific antigen density; tPSA, total prostate-specific antigen.
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Table 6. Multivariable Firth logistic regression analysis for ISUP

In the present study, Model 2

grade group >3 significantly outperformed Mo-
Predictor OR (95% Cl) P value del 1in tﬁrms of model f'tl' 'l'(‘/ﬁ?';
Age, per 10-year increase 1.21 (0.66-2.19) 0.538 cating that conventiona

features provided incremental
PI-RADS 4 vs <3 1.18 (0.43-3.22) 0.751 . .

information. The subsequent
PI-RADS 5 vs <3 2.95 (0.84-10.31) 0.091 addition of PSAD further im-
MRI-suspected local progression 1.88 (0.49-7.15) 0.355 proved model fit and discrimi-
MRI multizonal involvement 0.84 (0.27-2.66) 0.771 nation, and PSAD had the larg-
PSAD, per doubling 1.99 (1.39-3.03) <0.001 est partial likelihood ratio x2

Note: The outcome was highest biopsy ISUP grade group >3. The analysis included
171 patients, of whom 135 met the outcome. The model included age, PI-RADS
category, MRI-suspected local progression, MRI multizonal involvement, PSAD, and
an indicator for tPSA recorded as >100 ng/mL. The latter was included solely for
technical adjustment and is therefore not shown. The OR for PSAD is interpreted
per doubling of PSAD. For PSAD, the 95% Cl was estimated using profile penal-
ized likelihood, and the P value was obtained using a penalized likelihood ratio
test; Wald methods were used for the remaining predictors. Cl, confidence interval;
ISUP, International Society of Urological Pathology; MRI, magnetic resonance imag-
ing; OR, odds ratio; PI-RADS, Prostate Imaging Reporting and Data System; PSAD,
prostate-specific antigen density; tPSA, total prostate-specific antigen.

these findings suggest that PSAD provides
additional information on pathological grade
beyond PI-RADS and conventional MRI fea-
tures, particularly by improving overall dis-
crimination across ISUP grade groups.

PI-RADS stratifies the risk of clinically signifi-
cant prostate cancer according to lesion char-
acteristics across different MRl sequences.
Nevertheless, substantial heterogeneity can
remain within the same PI-RADS category. MRI
features such as lesion volume, shape, and
dimensions may provide information beyond
the PI-RADS category and may further influ-
ence the detection of clinically significant pros-
tate cancer [10, 11]. MRI findings of extrapros-
tatic extension and seminal vesicle invasion
primarily reflect local anatomical progression
rather than pathological grade itself [12]. Stu-
dies of discordance between PI-RADS 5 le-
sions and targeted biopsy findings have shown
that MRI interpretation, lesion localization, and
biopsy sampling may all contribute to discrep-
ancies between MRI and pathological findings
[13]. Thus, although PI-RADS and conventional
MRI features are clinically important, they do
not fully capture the risk of higher pathological
grade.

PSAD is calculated as the ratio of serum tPSA
to prostate volume and incorporates prostate
size into the interpretation of PSA, thereby pro-
viding a gland-size-adjusted risk measure [14].
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among the included predic-
tors. This finding does not
imply that PI-RADS or conven-
tional MRI features lack value;
rather, it suggests that PSAD
and MRI information may part-
ly overlap while also provid-
ing complementary informa-
tion. Notably, among the 48
patients with PI-RADS <3, 29
(60.4%) had ISUP grade group
>3. Median PSAD was numerically higher in
the MRI-underestimated phenotype than in
the concordant-low phenotype, and within the
PI-RADS <3 subgroup, each doubling of PSAD
remained significantly associated with ISUP
grade group >3. Previous multicenter studies
have likewise shown that the risk of clinically
significant prostate cancer among patients
with PI-RADS 3 lesions increases with higher
PSAD. Other studies have also reported that
combining PSAD with PI-RADS improves risk
assessment for clinically significant prostate
cancer across specific PSA ranges and PI-RADS
categories [15-17]. These findings suggest that
PSAD may provide useful complementary infor-
mation for patients with relatively low PI-RADS
scores who nevertheless require further as-
sessment of pathological risk.

Patient-level bootstrap resampling was used
for internal validation, thereby avoiding the loss
of information that would have resulted from
randomly splitting a sample of 171 patients
into separate training and validation sets. Pre-
vious methodological studies have shown that,
in limited samples, model performance esti-
mates obtained from a single random split may
be highly uncertain, whereas resampling meth-
ods such as bootstrap validation or repeated
cross-validation are generally more appropri-
ate than reliance on a single data partition [18,
19]. Evaluation of prediction models should
also consider discrimination, calibration, and
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overall prediction error rather than relying sole-
ly on the apparent AUROC [20]. In this study,
Model 3 showed good out-of-bag discrimina-
tion for ISUP grade group =2, >3, and >4, with
calibration slopes generally close to 1. By con-
trast, performance was weaker for grade group
5, for which the AUROC was lower and the cali-
bration slope was 0.75. A calibration slope
below 1 generally indicates overly extreme pre-
dicted probabilities, which may reflect model
overfitting or sampling instability. The predict-
ed probabilities for the highest ISUP grade
group should therefore be interpreted cau-
tiously [21].

After patients with tPSA >100 ng/mL were
excluded, the OR for each doubling of PSAD
was 2.36, which was similar in direction and
magnitude to the primary estimate. The PSAD
effect also remained stable when PI-RADS was
modeled as a continuous variable, MRI lesion
extent was coded differently, the analysis was
restricted to patients undergoing transrectal
biopsy, or additional adjustment was made for
biopsy approach, total number of biopsy cores,
or BMI. These findings argue against the pri-
mary conclusion being driven by a particular
method of handling high tPSA values, variable
coding, or biopsy approach. Nevertheless, sen-
sitivity analyses demonstrate consistency ac-
ross alternative analytical settings only; they
cannot eliminate potential bias inherent in a
retrospective study or substitute for indepen-
dent external validation.

This study has several limitations. First, it was
a single-center retrospective study that includ-
ed only patients with complete data who were
diagnosed with prostate cancer at initial sys-
tematic biopsy; patients with negative biopsy
findings were not included. Accordingly, the
results reflect the conditional distribution of
the highest ISUP grade group conditional on
biopsy-confirmed prostate cancer and should
not be extrapolated to the general population
being considered for prostate biopsy. Second,
tPSA was recorded only as “>100 ng/mL” in 53
patients, and a value of 100 ng/mL was used
to calculate PSAD. This approach may have
compressed differences among patients with
very high tPSA levels. Although the sensitivity
analysis produced consistent findings, the influ-
ence of this data limitation cannot be com-
pletely excluded. Third, the highest ISUP grade
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group was determined from systematic biopsy
specimens and may have been affected by
tumor heterogeneity and sampling error; it
therefore cannot fully substitute for the final
pathological grade obtained from radical pros-
tatectomy specimens. Fourth, the sample size
was limited, the distribution across ISUP grade
groups was imbalanced, and only internal vali-
dation was performed. The stability and gener-
alizability of the findings therefore require con-
firmation in independent cohorts with appro-
priate sample-size planning.

In conclusion, among patients with prostate
cancer diagnosed at initial systematic prostate
biopsy, PSAD was independently associated
with the highest biopsy ISUP grade group and
provided incremental risk information beyond
the PI-RADS score and conventional MRI fea-
tures. PSAD may be particularly useful for
identifying patients with relatively low PI-RADS
scores but higher biopsy ISUP grade groups.
Future studies should externally validate these
findings in larger, more diverse independent
cohorts with broader disease spectra and fur-
ther assess whether incorporating PSAD pro-
vides meaningful benefits for clinical decision-
making and patient outcomes.
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