Predicting the outcome of prostate biopsy:
comparison of a novel logistic regression-based

model, the prostate cancer risk calculator,
and prostate-specific antigen level alone
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OBJECTIVES

To develop a logistic regression-based model
to predict prostate cancer biopsy at, and
compare its performance to the risk
calculator developed by the Prostate Cancer
Prevention Trial (PCPT), which was based on
age, race, prostate-specific antigen (PSA)
level, a digital rectal examination (DRE),
family history, and history of a previous
negative biopsy, and to PSA level alone.

PATIENTS AND METHODS

We retrospectively analysed the data of 1280
@ who had a biopsy while enrolled in a

prospective, multicentre clinical trial. Of
these, 1108 had all relevant clinical and
pathological data available, and no previous
diagnosis of prostate cancer. Using the PCPT
risk calculator, we calculated the risks of
prostate cancer and of high-grade disease
(Gleason score >7) for each man. Receiver
operating characteristic (ROC) curves for the
risk calculator, PSA level and the novel
regression-based model were compared.

RESULTS

Prostate cancer was detected in 394 (35.6%)
men, and 155 (14.0%) had Gleason =7
disease. For cancer prediction, the area under
the ROC curve (AUC) for the risk calculator
was 66.79%, statistically greater than the AUC
for PSA level of 61.9% (P < 0.001). For
predicting high-grade disease, the AUCs
were 74.1% and 70.7% for the risk calculator

and PSA level, respectively (P=0.024). Thh
AUCs increased to 71.29% (P < 0.001) and
78.7% (P=0.001) for detection and high-
grade disease, respectively, with our novel
regression-based models.

CONCLUSIONS

ROC analyses show that the PCPT risk
calculator modestly improves the
performance of PSA level alone in predicting
an individual's risk of prostate cancer or
high-grade disease on biopsy. This predictive
tool might be enhanced by including
percentage free PSA and the number of
biopsy cores.
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INTRODUCTION

With revitalised debate about PSA level
thresholds and the declining frequency of
palpable prostate lesions, physicians and men
alike are often faced with a difficult decision
of whether to prompt either an initial or a
repeat prostate biopsy. There is no absolute
PSA value that assures that a man does not
have prostate cancer, as this risk lies on a
continuum of PSA values [1]. In addition,
changes in PSA level over time are more likely
to be informative than any single value [2].
However, absolute PSA thresholds continue to
be a central facet not only of PSA screening,
but also for referral to a urologist and for
taking a prostate biopsy.
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Many men face the prospect of prostate
biopsy with inadequate information about
their probability of having prostate cancer.
The decision to have a prostate biopsy might
be aided by algorithms that estimate an
individual's risk of having cancer detected.
In the last decade, several nomograms and
artificial neural networks have been
developed to predict prostate cancer, either
on initial or repeat biopsy [3-19]. In general,
these models have been based on PSA values,
a DRE and age, but have also used other
variables, including race, family history, year
of biopsy, prostate volume, number of needle
cores, percentage free PSA (0ofPSA), number
of previous negative biopsies and PSA
velocity. Although there has been significant

enthusiasm for the development of models
that integrate a few of these variables for
individualized risk prediction, none has gained
widespread acceptance.

Recently, investigators from the Prostate
Cancer Prevention Trial [20] (PCPT) developed
a risk calculator based on age, race, PSA, DRE,
family history, and history of a previous
negative prostate biopsy, using risk equations
created from multivariable logistic regression
models [21]. The risk of detecting prostate
cancer was predicted using PSA level, DRE,
family history and previous negative biopsy,
whereas the risk of detecting high-grade
disease (Gleason score >7) was predicted
using age at biopsy, PSA, DRE, race and
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previous negative biopsy. More recently, the
risk calculator was validated externally in a
screened population using the San Antonio
Center of Biomarkers of Risk of Prostate
Cancer (SABOR) cohort of the Early Detection
Research Network [22]. In the present studly,
we developed a novel logistic regression-
based model that incorporates %fPSA and
number of biopsy cores, and compared its
performance to the PCPT risk calculator and
to PSA level alone.

PATIENTS AND METHODS

We used the data from 1280 consecutive men
scheduled for biopsy who had been previously
enrolled in one of two prospective,
multicentre clinical trials which studied
complexed [23] and %fPSA [24], respectively
(1995-2001). Serum PSA and 9%fPSA levels
were measured in all men before a DRE and
TRUS. Most men were referred and biopsied
because of a suspicious DRE and/or abnormal
PSA level. The studies were approved by the
institutional review boards at all study sites,
and all participants provided written informed
consent. Of the 1280 men, 1108 (87%) men
had all relevant clinical and pathological data
available and no previous diagnosis of
prostate cancer, and were included in the
present study.

Clinical and pathological features were
compared between the men diagnosed with
cancer and those not diagnosed with cancer
using the chi-square test for categorical
variables and Wilcoxon Mann-Whitney

test for continuous variables. A similar
comparison was made between men
diagnosed with high-grade disease (Gleason
score >7) and those not diagnosed with
cancer or with low-grade disease (Gleason
<6). The %fPSA results are expressed as a
percentage of total PSA calculated as
((fPSAftotal PSA) x 100).

For predicting the prostate biopsy results, race
was coded as 0 (not African-American) or 1
(African-American); DRE as 0 (negative or
normal) or 1 (suspicious for cancer); family
history as 0 (no) or 1 (yes); and previous
negative prostate biopsy as 0 (no previous
biopsy) or 1 (one or more previous biopsies,
all negative for cancer) as described by
Thompson et al. [21]. Age at prostate biopsy
and the natural log of PSA (InPSA) were
treated as continuous variables. Logistic
regression analysis was used to determine the
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Characteristic

Age at biopsy, years
Mean (sb)
Median (range)
PSA level, ng/mL
Mean (SD)
Median (range)
0ofPSA
Mean (sb)
Median (range)
Race, n (%)
White
Black
other
DRE
Normal/not suspicious
Abnormal
Family history of cancer
No
Yes
Previous negative prostate biopsy
No
Yes
Number of cores at prostate biopsy
<9
10-12
>12
Prostate biopsy result
Benign
Low-grade cancer (Gleason <6)
High-grade cancer (Gleason >7)
Clinical stage
T
T2a
T2b
T3

odds ratio, 95% Cl and P values using the six
variables, as explained above, with %fPSA
(<15 vs 215) and number of biopsy cores
(<9, 10-12 or >12).

Using the risk equations formulated from
the inverse logistic functions previously
published from the PCPT data [21], we
calculated the risks of prostate cancer and of
high-grade disease for each patient. To
quantify the predictive accuracy of the risk
calculator, receiver operating characteristic
(ROC) curves for the risk calculator, PSA level
alone and the multivariable model were
generated and plotted as the false-positive
rate (1 - specificity) vs sensitivity. The areas
under the ROC curves (AUC) for the risk
calculator, PSA level alone and the
multivariable model were compared using
the test for equality.

Value TABLE 1
The clinical and
63.2 (8.4) pathological characteristics
64 (32-92) of the 1108 men
8.4 (26.4)

5.4 (0.35-759.3)

14.5 (7.0)
13.4 (2.7-61.1)

942 (85.0)
89 (8.0)
77 (6.9)

915 (32.6)
193 (17.4)

861 (77.7)
247 (22.3)

851 (76.8)
257 (23.2)

168 (15.2)
887 (80.1)
53 (4.8)

714 (64.4)
239 (21.6)
155 (14.0)

214 (54.5)

123 (31.3)
42 (10.7)
14 (3.6)

RESULTS

The clinical and pathological characteristics of
the 1108 men are summarized in Table 1; of
the 1108 men assessed, prostate cancer was
detected in 394 (35.6%) and 155 (14.0%) had
high-grade disease. Table 2 compares men
with cancer to those without using the chi-
square and Wilcoxon-Mann-Whitney tests.
Men without cancer were significantly more
likely to be young (P< 0.001) and not African-
American (P=0.002), and to have a lower PSA
level (P< 0.001), a normal DRE (P < 0.001), no
family history of prostate cancer (P= 0.006), a
higher %fPSA (P< 0.001) and fewer needle
biopsy cores (P < 0.001). The proportion with
a previous negative prostate biopsy was
similar among the two groups (P=0.272).
Men with high-grade prostate cancer,
compared with those with no or low-grade
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TABLE 2 Comparison of risk factors in men with and without prostate cancer

Variable No cancer Cancer P

No. of patients 714 394

n (%):

Age, years <0.001*
<50 55 (7.7) 15 (3.8)
51-60 239 (33.5) 114 (28.9)
61-70 309 (43.3) 168 (42.6)
>70 11 (15.5) 97 (24.6)

Race 0.002*
White 606 (84.9) 336 (85.3)
Black 47 (6.6) 42 (10.7)
Other 61 (8.5) 16 (4.1)

PSA level, ng/mL <0.001*
<25 125 (17.5) 31(7.9)
2.6-4 142 (19.9) 48 (12.2)
4.1-10 341 (47.8) 227 (57.6)
>10 106 (14.8) 88 (22.3)

DRE <0.001*
Normal 617 (86.4) 298 (75.6)
Abnormal 97 (13.6) 96 (24.4)

Family history of cancer 0.006"
No 573 (80.2) 288 (73.1)
Yes 141 (19.8) 106 (26.9)

Previous negative prostate biopsy 0.272*
No 541 (75.8) 310 (78.7)
Yes 173 (24.2) 84 (21.3)

Calculated risk of prostate cancer, % <0.001+
Mean (SD) 40.6 (14.1) 50.0 (16.1)

Median (range)

39.9 (6.2-85.4)

47.3 (7.1-99.1)

Number of cores at prostate biopsy <0.001*
<9 134 (18.8) 34 (8.6)
10-12 549 (76.9) 338 (85.8)
>12 31 (4.3) 22 (5.6)

%fPSA <0.001*
<15 388 (54.3) 278 (70.6)
215 326 (45.7) 116 (29.4)

*chi-square; tWilcoxon-Mann-Whitney rank-sum test.

disease, had statistically significant
differences in age (P< 0.001), race
(P=0.008), PSA level (P<0.001), DRE
(P=0.006), %fPSA (P< 0.001) and number
of needle cores (P=0.001); there were no
differences in family history of prostate
cancer (P=0.079) or in previous negative
prostate biopsy (P=0.154; data not shown).
The PCPT calculated risk was associated with
an increasing risk of prostate cancer. The
calculated risk was greater among those with
prostate cancer (median 47.3%, 7.1-99.1%)
than among those not diagnosed with
prostate cancer on biopsy (median 39.9%,
6.2-85.4%; P< 0.001).
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On multivariable logistic regression analyses,
independent predictors of a biopsy positive
for prostate cancer (and for high-grade
disease) were an elevated In(PSA), low %fPSA,
advanced age, abnormal DRE findings,
African-American race, positive family history,
and more biopsy cores, whereas a previous
negative biopsy was protective. Table 3
summarizes the odds ratios, 95% Cl and

P values for the multivariable logistic
regressions combining these eight variables.

For predicting prostate cancer, the ROC
analyses showed an AUC for the risk
calculator of 66.7%, statistically greater than
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FIG. 1. ROC curves for PSA, the PCPT risk calculator
and a novel logistic-regression based model for
predicting: a, prostate cancer; and b, high-grade
prostate cancer (Gleason score 27).
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the AUC for PSA of 61.9% (P < 0.001; Fig. 1a).
Adding the data on the number of biopsy
cores and 9%fPSA, the AUC for the
multivariable logistic regression model
increased to 71.2% (P < 0.001). For predicting
high-grade disease, the AUCs were 74.1%
and 70.7% for the risk calculator and PSA,
respectively (P=0.024; Fig. 1b). This increased
to 78.7% for the multivariable logistic
regression model (P < 0.001).

As the PCPT risk calculator was developed
with older men, we tested its performance
characteristics for men aged =50 years and
found that its accuracy did not improve.
When men aged <50 years were excluded, the
AUCs for predicting prostate cancer using the
risk calculator and PSA alone were 65.99% and
61.0%, respectively (P< 0.001). For predicting
high-grade disease, the corresponding AUCs
were 73.7 and 70.5 (P=0.047).

DISCUSSION

Risk stratification is essential for
comprehensive patient counselling and
evidence-based decision-making. As the PSA
level is limited by poor specificity and the DRE
by poor sensitivity, algorithms that estimate
an individual's risk of having prostate cancer
detected might aid the decision to have a
prostate biopsy. In the present study of 1108
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men, we externally validated the PCPT risk
calculator, comparing its performance to PSA
alone and to a novel, logistic regression-based
model which included %fPSA and number of
biopsy cores. The risk calculator gave a
modest improvement in the performance
characteristics of PSA alone in predicting an
individual's risk of prostate cancer or high-
grade disease. Our novel regression-based
model further improved the predictive
accuracy, with AUCs of 71.2% and 78.7% for
predicting prostate cancer and high-grade
disease, respectively.

Not surprisingly, multivariable regression
showed that increasing age, increasing PSA
level, low 9%fPSA, abnormal DRE, African-
American race, positive family history,
increasing number of biopsy cores and no
previous negative prostate biopsy indicate an
increasing risk of detecting prostate cancer
and high-grade disease on biopsy. It was also
apparent that adding a more specific PSA
variant (%fPSA) enhanced the AUC compared
with the PCPT risk calculator, and that the
probability of finding prostate cancer on
biopsy depends on the extent of sampling.
Our model was similar to previously reported
regression-based nomograms and artificial
neural networks, the AUCs for which are
69-88% [5,7-10,18,21].

The study by Thompson et al. [21] reported
AUCs for predicting prostate cancer of 70.2%
and 67.8% for the risk calculator and PSA
alone, respectively; the AUC for the risk of
high-grade disease was 69.8% [21]. They
clearly stated 'the independent risk factors of
family history, DRE result, and previous
prostate biopsy did not appreciably improve
the sensitivity and specificity of PSA level!

In the external validation using the SABOR
cohort [22], the AUC for the risk calculator
was 65.5%, similar to that for PSA alone
(64.0%). Despite a modest to no improvement
over the predictive accuracy of PSA alone,
both reports advocate the widespread use of
this online calculator ‘incorporating the
current best panel of risk factors' [21,22]. We
show here that the PCPT risk calculator again
performs with only a modest improvement
over PSA alone, and that %fPSA and number
of biopsy cores can be included in the panel of
risk factors, as each improves on the
predictive accuracy.

We also found that the PCPT risk calculator
tended to overestimate the risk of high-grade
disease, especially in older, African-American

Variable OR (95% Cl)

P TABLE 3

Prostate cancer

African-American race 1.89 (1.17-3.08)

Age 1.03 (1.01-1.05)
In(PSA) 1.69 (1.37-2.08)
Family history 1.74 (1.28-2.38)
DRE 2.42 (1.72-3.41)

2.03 (1.45-2.84)
0.56 (0.40-0.78)
1.95 (1.46-2.61)

Number of biopsy cores
Previous negative biopsy
%fPSA (<15 vs 215)
High-grade disease

African-American race 2.23 (1.22-4.07)

Age 1.05 (1.02-1.07)
In(PSA) 2.40 (1.79-3.20)
Family history 1.80 (1.17-2.75)
DRE 1.95 (1.23-3.08)

2.22 (1.33-3.70)
0.40 (0.24-0.65)
2.84 (1.80-4.49)

Number of biopsy cores
Previous negative biopsy
9%fPSA (<15 vs >15)

men. For example, an 85-year-old African-
American man with a normal DRE, no family
history, no previous biopsy and a serum PSA
level of 6.0 ng/mL had calculated risks of
prostate cancer and high-grade disease of
43% and 419%, respectively. This suggests that
the risk of this man having Gleason <6 disease
is only 2%. If that same man's PSA level was
8.0 ng/mL, his corresponding calculated risks
would be 49% and 50%. Interestingly, in the
present study cohort, there were 13 (1.2%)
men whose calculated risk of high-grade
disease was greater than their calculated risk
of having any prostate cancer. This inaccuracy
might stem from a lack of African-American
men and men with elevated serum PSA levels
in the PCPT cohort.

Limitations from our retrospective study
include the potential for selection bias.
Despite the many men assessed from several
institutions, the cohort might not be
representative of the general population of
the USA undergoing screening for prostate
biopsy. Men in the present cohort were
referred for possible prostate biopsy and their
characteristics might be different from those
of a screening population. In addition,
verification bias might also be present; as the
present men were enrolled for clinical
indications (unlike in the PCPT, in which end-
of-study biopsies were taken), the operating
characteristics of PSA were evaluated in a
cohort over-represented by men with an
elevated PSA level. Thus, our model is ideal for
men identified at high risk and referred for
possible prostate biopsy. As always, prostate

Multivariable logistic
regression for predicting
prostate cancer and high-
grade disease

0.009
0.001
<0.001
<0.001
<0.001
<0.001
0.001
<0.001

0.009
<0.001
<0.001

0.007

0.004

0.002
<0.001
<0.001

biopsies are limited by the extent of sampling
and do not perfectly reflect the true disease
status, as up to 30% of clinically significant
cancers might be missed on biopsy [25-27]. In
the present study, family history was defined
as positive or negative, with no information
on the degree of relation to the individual
whose risk was calculated. It might be
possible that men enrolled in a prostate
cancer study could report a higher incidence
of a positive family history (potentially in a
more distant relative); this effect would
underestimate the effect of having a
first-degree relative with prostate cancer.
Information on the timing of the previous
negative biopsy relative to the repeat biopsy
was not available and was thus not
considered.

However, the present cohort more closely
resembles the target population (of men and
of clinically significant tumours). The PCPT
cohort used to create the risk calculator is
likely to be enriched in small-volume, low-
grade cancers, as it excluded men who had a
PSA level of >3.0 ng/mL at enrolment. In fact,
only 631 (11.4%) had a PSA level of >4.0 ng/
mL at the time of biopsy. Another important
distinction is in the biopsy regimen, as =80%
of the men in the PCPT study had sextant
biopsies, whereas in the present study only
10.5% had six or fewer cores and 84.8% had
>10 cores taken. As the PCPT predictive model
was based on sextant biopsy information, it
must be updated according to the current
standard of extended biopsy schemes. In our
multivariable model, the number of biopsy
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cores was indeed found to be an independent
predictor of detecting prostate cancer and
high-grade disease, and thus is more
appropriate for use in contemporary men.

Since the introduction of PSA screening,
there has been a significant increase in the
proportion of men newly diagnosed with
clinically localized, low-risk prostate cancer.
Although PSA remains the most commonly
used serum biomarker for prostate cancer,

it has clearly led to an increasing number of
prostate biopsies, and the over-diagnosis and
over-treatment in some cases of prostate
cancer. As indicated by the results of the PCPT
and others, a single PSA value cannot
accurately identify men with and without
prostate cancer. PSA is instead associated
with a range of risk and there is no lower limit
at which there is no risk of prostate cancer.
Thus, the interpretation of an individual PSA
value remains a distinct challenge. The
importance of clinical recommendations
using PSA levels is amplified by the potential
impact on millions of men annually.

Certainly, the decision to take a prostate
needle biopsy should integrate numerous
clinicopathological features, in addition to the
most recent PSA level, including the age, race,
PSA kinetics, %fPSA, DRE results, family
history, previous needle biopsy findings, and
psychosocial factors such as the degree of
anxiety and aversion to a cancer diagnosis,
treatment or complications. Until molecular
biomarkers with improved operating
characteristics are developed, clinicians and
patients will often be faced with a difficult
decision due to flawed and limited prognostic
information. This can be improved by
multivariable, regression-based prediction
tools, which provide a relatively bias-free
estimate of an individual's risk with improved
predictive accuracy, as compared to mental
predictions even by expert clinicians [19,28].

We found that the PCPT risk calculator
modestly improves the performance of PSA
alone in predicting an individual's risk of
prostate cancer or high-grade disease on
biopsy. Our novel regression-based model
had an improved predictive ability by
incorporating %fPSA and number of biopsy
cores.
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