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Background: Prior to safely adopting risk stratification tools, their performance must be tested in
an external patient cohort.
Objective: To assess accuracy and generalizability of previously reported, internally validated,
prebiopsy prostate cancer antigen 3 (PCA3) gene-based nomograms when applied to a large,
external, European cohort of men at risk of prostate cancer (PCa).
Design, setting, and participants: Biopsy data, including urinary PCA3 score, were available for 621
men at risk of PCa who were participating in a European multi-institutional study.
Intervention: All patients underwent a 10-core prostate biopsy. Biopsy indication was based on
suspicious digital rectal examination, persistently elevated prostate-speciﬁc antigen level (2.5–10
ng/ml) and/or suspicious histology (atypical small acinar proliferation of the prostate, >/= two
cores affected by high-grade prostatic intraepithelial neoplasia in ﬁrst set of biopsies).
Measurements: PCA3 scores were assessed using the Progensa assay (Gen-Probe Inc, San Diego, CA,
USA). According to the previously reported nomograms, different PCA3 score codings were used. The
probability of a positive biopsy was calculated using previously published logistic regression
coefﬁcients. Predicted outcomes were compared to the actual biopsy results. Accuracy was calculated
using the area under the curve as a measure of discrimination; calibration was explored graphically.
Results and limitations: Biopsy-conﬁrmed PCa was detected in 255 (41.1%) men. Median PCA3
score of biopsy-negative versus biopsy-positive men was 20 versus 48 in the total cohort, 17 versus
47 at initial biopsy, and 37 versus 53 at repeat biopsy (all p  0.002). External validation of all four
previously reported PCA3-based nomograms demonstrated equally high accuracy (0.73–0.75) and
excellent calibration. The main limitations of the study reside in its early detection setting, referral
scenario, and participation of only tertiary-care centers.
Conclusions: In accordance with the original publication, previously developed PCA3-based nomograms achieved high accuracy and sufﬁcient calibration. These novel nomograms represent robust
tools and are thus generalizable to European men at risk of harboring PCa. Consequently, in presence of
a PCA3 score, these nomograms may be safely used to assist clinicians when prostate biopsy is
contemplated.
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Introduction

After exclusion of 184 patients due to missing clinical variables,
621 patients remained for analyses.

Early prostate cancer (PCa) detection has become feasible
through the advent of serum prostate-specific antigen (PSA).
However, PSA is characterized by a low PCa specificity
(especially in the range of 4–10 ng/ml), while only about 25%
of men suspicious of harboring PCa have a positive biopsy [1].
Thus, men with benign findings at biopsy possibly have to
face further unnecessary biopsies, causing anxiety, discomfort, and complications in patients and increasing health care
expenses. New diagnostic markers may circumvent PSA’s
low specificity. In this context, a promising candidate
urinary marker is prostate cancer gene 3 (PCA3). In 1999,
Bussemakers et al first reported that PCa tissue highly
expresses the noncoding differential display code 3 (DD3)
messenger ribonucleic acid (mRNA) [2]. A time-resolved
fluorescence (TRF) real-time polymerase chain reaction
method was subsequently employed by Hessels and
coworkers to evaluate the applicability and clinical value
as an additional urinary diagnostic test [3]. They measured
mRNA of DD3PCA3 in urine sediments after digital rectal
examination (DRE) prior to prostate biopsy. Using a PCA3 cutoff (200  10 3 copies) to discriminate prostate biopsy
outcome, PCA3 outperformed established clinical parameters
such as PSA and yielded a negative predictive value of 90%
and an area under the curve (AUC) of 0.72. Subsequently,
based on the work of Grosskopf et al, a commercially
available PCA3 assay was developed [4]. Using this assay,
multi-institutional European and US studies reported that
the probability of a positive repeat biopsy increases with
rising PCA3 score. Furthermore, they demonstrated that the
PCA3 score was superior to PSA and percent free PSA for
predicting repeat biopsy outcome and that it may be
indicative of clinical stage and PCa significance [5–9].
Moreover, Chun et al recently demonstrated that PCA3
fulfills most stringent statistical criteria of a novel
diagnostic marker [10]. In their analysis, PCA3 represented
an independent, as well as informative, marker capable of
increasing multivariable predictive accuracy as postulated
by Kattan [11,12]. Consequently, they developed a set of
PCA3 nomograms to predict biopsy outcome. Within these
nomograms, combining PCA3 result with established risk
factors is related to a multivariable diagnostic accuracy gain
of 3–5%. However, a strong limitation of these new risk
stratification tools stems from internal validation. Goldstandard validation within an external patient cohort to
truly assess accuracy and calibration of these novel tools has
never been performed.
To address this issue, this study evaluates accuracy,
performance, and generalizability of previously published
PCA3-based nomograms using an external multi-institutional
patient cohort.
2.

Materials and methods

2.1.

Patient populations

The study cohort consisted of 805 men from a European multiinstitutional trial who were subjected to either initial or repeat biopsy.

2.2.

Clinical evaluation

All men included in our study cohort had been referred for prostatic
reevaluation. Biopsy indication was based on suspicious DRE, persistently elevated PSA (2.5–10 ng/ml), and/or suspicious histology (atypical
small acinar proliferation, >/= two cores affected by high-grade prostatic
intraepithelial neoplasia in ﬁrst set of biopsies). All men had complete
information on age, PSA level, DRE, prostate volume, history of previous
biopsy, and urinary PCA3 score. In all men, 10- core systematic, laterally
directed, transrectal ultrasound (TRUS)–guided biopsy was performed.
PSA levels were measured before DRE and TRUS. DRE ﬁndings were
classiﬁed as normal or suspicious. TRUS-derived total prostate volume was
calculated using the prolate ellipse formula (0.52  length  width 
height), as described earlier [13]. First-catch urine samples were collected
following a DRE as described by Groskopf et al [4]. Urine samples were
processed and tested to quantify PCA3 mRNA and PSA mRNA concentrations using the Progensa assay (Gen-Probe Inc, San Diego, CA, USA). The
following formula was used to calculate PCA3 assay score: (mRNA PCA3) /
(mRNA PSA)  1000. Biopsy specimens were evaluated by an experienced
uro-pathologist at each participating site. Gleason score was assigned
according to the recommendation of Amin et al [14].

2.3.

Statistical analyses

To test accuracy and calibration of the previously published PCA3
nomograms, external validation using the predetermined regression
coefﬁcients was performed according to different PCA3 codings. The AUC
of the receiver operator characteristic analysis was used to quantify
accuracy of each PCA3 model in each biopsy setting. The extent of
nomogram over- or underestimation was explored graphically within
loess calibration plots. All statistical tests were performed using S-PLUS
Professional, v.1 (MathSoft Inc, Seattle, WA, USA). All tests were twosided with a signiﬁcance level of 0.05.

3.

Results

Patient characteristics are shown in Table 1. Overall, PCa was
detected in 41.1% (n = 255) of patients. As shown in Fig. 1A,
median PCA3 score was 29 (range: 1–301). Median PCA3 score
was significantly higher in patients with PCa versus patients
without PCa (48 vs 20, p < 0.001). Overall, PSA levels ranged
from 1.0 to 82.7 ng/ml (mean and median: 7.3 and 6.1 ng/ml,
respectively) and DRE was suspicious in 16.9%. Increasing age
and PSA level, suspicious DRE, and decreasing prostate
volume were associated with PCa at biopsy with statistically
high significance ( p < 0.001).
Of all men, 75.2% (n = 467) compared with 24.8% (n = 154)
underwent an initial versus repeat biopsy. Initial biopsy
revealed PCa in 40.5% (n = 189) of patients. Median PCA3
score on initial biopsy was 25 (range: 1–301). Median PCA3
score was significantly higher in patients with PCa compared
with patients without PCa (47 vs 17, p < 0.001) (Fig. 1B).
Median PSA level was 5.6 ng/ml (range: 1–57.2 ng/ml).
Higher age, increasing PSA level, suspicious DRE, and
decreasing prostate volume were statistically significantly
associated with PCa at initial biopsy ( p < 0.001).
At repeat biopsy PCa was diagnosed in 42.9% (n = 66)
men. Median PCA3 score was 45 (range: 1–289) and was
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Table 1 – Risk factors comparing biopsy-negative and biopsy-positive men
Variables

Validation cohort (n = 621)
Total

Patients, No. (%)
Age, yr
Mean
Median
Range
PSA (ng/ml)
Mean
Median
Range
DRE, No. (%)
Suspicious
Unsuspicious
Total prostate volume (ml)
Mean
Median
Range
Previous biopsy session, No. (%)
No
Yes
Gleason score
3 + 3
3+4
4+3
4 + 4
PCA3 assay score (%)
Mean
Median
Range
 17
>17
24
>24
35
>35

621 (100)

PCa negative

PCa positive

366 (58.9)

255 (41.1)

p value
–
<0.001

63.0
63
35–90

62
62
38–83

64.5
65
35–90
<0.001

7.3
6.1
1–82.7

6.5
5.8
1.0–22.4

8.4
6.6
2.4–82.7

105 (16.9)
516 (83.1)

40 (10.9)
326 (89.1)

65 (25.5)
190 (74.5)

48.0
44
10–148

52.6
47.2
12.4–148

41.3
38
10–132

467 (75.2)
154 (24.8)

278 (76.0)
88 (24)

189 (74.1)
66 (25.9)

<0.001

<0.001

0.60

–

–

–
146 (57.3)
67 (26.3)
21 (8.2)
21 (8.2)
<0.001

45.8
29
1–301
195
426
264
357
347
274
–

(31.4)
(68.6)
(42.5)
(57.5)
(55.9)
(44.1)

32.6
20
1–215
163
203
208
158
256
110
–

64.7
48
4–301

(44.5)
(55.5)
(56.8)
(43.2)
(69.9)
(30.1)

32 (12.5)
223 (87.5)
56 (22.0)
199 (78.0)
91 (35.7)
164 (64.3)
–

<0.001
<0.001

<0.001

PCa = prostate cancer; PSA = prostate-speciﬁc antigen; DRE = digital rectal examination; PCA3 = prostate cancer antigen 3.

significantly higher in patients with PCa versus those
without (53 vs 37; p = 0.002) (Fig. 1C). Serum PSA levels in
men at repeat biopsy ranged from 1.8 to 82.7 ng/ml (mean
and median: 7.3 and 6.1 ng/ml, respectively). Except for age
and suspicious DRE, higher PSA level, lower prostate
volume, and higher PCA3 score were significantly associated
with PCa at repeat biopsy ( p < 0.01).
Table 2 displays accuracy estimates in the external
validation cohort (n = 621) stratified according to four
different PCA3 codings. The AUCs were 0.73 versus 0.75
versus 0.74 versus 0.74 when continuously coded versus
cut-off 17 versus cut-off 24 versus cut-off 35 for PCA3 were
used.
Fig. 2A–D displays nomogram calibration plots of the
previously developed models stratified according to PCA3
coding, as applied to the external validation data set. On
each calibration plot, the predicted probability of the
previously reported nomogram is represented on the x-axis
and the actual proportion of biopsy-proven PCa is repre-

sented on the y-axis. The 458 line indicates perfect
agreement between predicted probability and observed
proportion of PCa. Within the external validation cohort,
equally excellent calibration of all investigated PCA3
codings is demonstrated, virtually overlapping the 458 line
of perfect prediction.

Table 2 – External validation accuracy estimates
Variables
Age,
Age,
Age,
Age,

PSA,
PSA,
PSA,
PSA,

DRE,
DRE,
DRE,
DRE,

Accuracy
PV,
PV,
PV,
PV,

prevBx
prevBx
prevBx
prevBx

+
+
+
+

PCA3 (cc)
PCA3-17
PCA3-24
PCA3-35

0.73
0.75
0.74
0.74

PSA = prostate-speciﬁc antigen; DRE = digital rectal examination; PV =
prostate volume; prevBx = history of previous biopsy (yes vs. no); PCA3
score = prostate cancer antigen 3 score; PCA3-17 = PCA3 assay score
threshold 17; PCA3-24 = PCA3 assay score threshold 24; PCA3-35 = PCA3
assay score threshold 35.
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[(Fig._1)TD$IG]

Fig. 1 – Box plots of median PCA3 assay scores with comparison of biopsy negative and biopsy positive men in total (A), initial biopsy (B) and repeat biopsy
(C) cohort.
PCA3 = Prostate cancer gene 3; PCa = prostate cancer.

4.

Discussion

Novel clinical markers have been intensively studied over the
past decade to improve early PCa diagnostic specificity.
Urinary PCA3 represents a novel urinary marker that holds
great promise. For example, in recent studies PCA3 demonstrated superior specificity over PSA [5–7,15]. Consequently,
PCA3’s clinical application could potentially reduce the
proportion of men exposed to unnecessary biopsy as well
as biopsy-related morbidity and health care expenses.
Therefore, Chun et al developed novel, internally validated,
PCA3-based nomograms, where PCA3 statistically significantly improved accuracy of biopsy outcome prediction [10].
As indicated by work of Steyerberg et al comparing different
methods of internal validation with regard to discriminative
ability, calibration, and overall accuracy, the bootstrap
technique used by Chun et al seems superior to other
internal validation techniques such as split sample or cross
validation [16]. However, even though the bootstrap validation method has been applied, clinicians may be reluctant to

use these novel PCA3-based nomograms because they could
still argue that their clinical applicability and generalizability
has never been demonstrated in real patients. Therefore,
external validation of this set of nomograms is necessary to
display their true clinical applicability and generalizability
quantified as overall accuracy and calibration.
To address this obvious limitation, we present the first
external validation study of these recently developed PCA3based nomograms in a large European multi-institutional
patient cohort. Methodologically, each individual patient in
the external data set was exposed to the set of previously
developed PCA3 nomograms using the originally derived
regression coefficients. External validation calculates risk
probabilities of a positive biopsy to assess their accuracy,
comparing predicted probability versus observed proportion of PCa in each patient. Subsequently, this ratio is
graphically explored in a so-called calibration plot, which
enables the clinician to investigate a model’s weakness
expressed as deviations from the 458 line. This line displays
perfect agreement between predicted and observed

[(Fig._2)TD$IG]
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Fig. 2 – Nomogram calibration plots within external validation cohort stratified to various prostate cancer gene 3 (PCA3) coding.
AUC = area under the curve (= predictive accuracy); PCA3(cc) = PCA3 assay score continuously coded; PCA3-17 = PCA3 assay score threshold 17; PCA324 = PCA3 assay score threshold 24; PCA3-35 = PCA3 assay score threshold 35.

probabilities of biopsy outcome. Deviations from this line
are interpreted as over- or underestimations of the
predictive model, which are crucial to investigate prior to
the use of any predictive model in routine clinical practice.
Our external validation findings demonstrate that accuracy depending on PCA3 coding ranged from 0.73–0.75
(Table 2). These accuracy estimates compare excellently with
the original report, in which accuracy ranged from 0.70–0.73.
Moreover, external calibration virtually overlaps the 458 line
of perfect prediction, indicating an almost perfect agreement
between predicted and observed probability of PCa at biopsy
(Fig. 2A–D). Taken together, overall external validation in a
large European multicenter cohort demonstrates good
accuracy and almost perfect calibration.
However, several limitations must be acknowledged.
First, despite these excellent external validation findings in
European patients, further studies have to be conducted to
reconfirm the demonstrated generalizability of this set of
diagnostic nomograms. Especially, as Steuber et al demonstrated earlier, PCa clinical characteristics between
European and North American men may substantially differ
[17]. Therefore, external validation within a North American cohort is still lacking. Moreover, mostly tertiary referral
centers have been included in our analyses. Thus, external
validation in a community-based cohort may also be
relevant. Similar to the original report, it is important to
note that all patents included in this study were exposed to
early detection and were not part of a screening effort.

Therefore, the findings of this study do not expand to
screening cohorts. This truly interesting question must be
separately addressed in future trials. Second, from a clinical
viewpoint it may be argued that a mixed PCA3 biopsy model
may not be as useful as biopsy-specific models. However, it
must be emphasized that the original reported PCA3
nomograms were based on patients subjected to either
an initial or a repeat biopsy. While the diagnostic impact of
all implemented risk factors is precisely adjusted for a
mixed biopsy population using the original regression
coefficients, the impact or weight of each risk factor differs
according to biopsy scenario. Therefore, from a clinical and
methodologic viewpoint, complementary biopsy scenariospecific PCA3-based models may result in even more
accurate biopsy outcome predictions as demonstrated
earlier [18]. Lastly, despite having been shown to be of
diagnostic value as a so-called novel diagnostic marker, it
remains under investigation how a clinician should interpret an actual PCA3 score. For example, whether PCA3
should be used as a continuous coded variable or whether
risk stratification of men into low-, intermediate-, or highrisk categories based on a single PCA3 cut-off value are
important questions.
Our findings clearly demonstrate that PCA3 represents an
important complimentary marker to established risk
factors. Future studies need to address the multivariable
approach in which PCA3 values are characterized according
to clinical parameters (eg, initial vs repeat biopsy or PSA
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strata) to identify those men who truly benefit from this
additional novel marker.

[2] Bussemakers MJ, van Bokhoven A, Verhaegh GW, et al. DD3: a new

5.

[3] Hessels D, Klein Gunnewiek JMT, van Oort I, et al. DD3 PCA3-based

prostate-speciﬁc gene, highly overexpressed in prostate cancer.
Cancer Res 1999;59:5975–9.

Conclusions

We report the first external validation of PCA3-based
nomograms demonstrating robustness, accuracy, and
applicability in a large European multi-institutional patient
cohort. Therefore, the previously reported set of nomograms may help clinicians in counseling and confirming
biopsy indication in European men in presence of a PCA3
value.
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