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Abstract

Introduction: The use of risk calculators predicting clinically significant prostate cancer (csCaP) on biopsy reduces unnecessary biop-

sies and overdiagnosis of indolent disease compared to a Prostate Specific Antigen (PSA) strategy. Updating these tools using more specific

outcome measures and contemporary predictors could potentially lead to further reductions. Our objective was to assess clinical impact of

the 4 kallikrein (4K) score, the Rotterdam Prostate Cancer Risk Calculator (RPCRC), and the combination of both for predicting csCaP

based on the latest International Society of Urological Pathology grading system and cribriform growth pattern.

Materials and methods: Our prospective cohort consisted of 2,872 men from the first screening round in the European

Randomized Study of Screening for Prostate Cancer Rotterdam; biopsy indication PSA ≥ 3.0. The predictive performance of the 4Kscore,

RPCRC, and the combination of RPCRC with 4Kscore were assessed with area under the receiver operator characteristic curve (AUC)

and calibration plots. Decision curve analysis was used to evaluate the reduction of unnecessary biopsy and indolent CaP.

Results: The csCaP was present in 242 (8%) men, and indolent CaP in 578 (20%). The 4Kscore and RPCRC had similar high AUCs

(0.88 vs. 0.87; P = 0.41). The 4Kscore-RPCRC combination improved AUC to 0.89 compared to 4Kscore (P < 0.01) and RPCRC (P <
0.01). The RPCRC and 4Kscore reduced the number of Bx with 42 and 44, respectively, per 100 men at risk compared to a ≥PSA 3.0 strat-

egy without increasing missed csCaP. The RPCRC-4Kscore combination resulted in a slight additional net reduction of 3.3 biopsies

per 100 men.

Conclusions: The RPCRC and 4Kscore had similar reductions of unnecessary biopsies and overdiagnosis of indolent disease. Combina-

tion of both models slightly reduced unnecessary biopsies further. Gain in net benefit must, however, be weighed against additional costs

and availability of tests. � 2018 Elsevier Inc. All rights reserved.
Keywords: Clinical prediction model; Cribriform growth; European Randomized Study of Screening for Prostate Cancer; International Society of Urological

Pathology grading system; Kallikrein panel; Prostate cancer
Funding Disclosure: This research did not receive any specific grant from

funding agencies in the public, commercial, or not-for-profit sectors.

*Corresponding author. Tel.: +31 10 7032240; fax: +31 10 7035315.

E-mail address: j.f.m.verbeek@erasmusmc.nl (J.F.M. Verbeek).

https://doi.org/10.1016/j.urolonc.2018.11.021

1078-1439/� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Prostate Specific Antigen (PSA)-based prostate cancer

(CaP) screening is beneficial in terms of mortality reduc-

tion, however its main drawbacks are overdiagnosis and

overtreatment of indolent CaP [1]. A more and more used

strategy to limit overtreatment of indolent CaP cancer is the
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use of active surveillance as initial treatment [2]. To

improve screening efforts further, a balance must be found

between minimizing overdiagnosis, and optimizing the

timely detection of potentially deadly disease [3]. Prefera-

bly only men with a clinically significant CaP (csCaP)

should be identified and diagnosed. In addition, the thera-

peutic intervention of choice should have minimal impact

on quality of life, to maximize the gain in quality adjusted

life years.

For several decades, multivariable prediction tools have

been constructed with the aim of selectively predicting the

presence of csCaP on biopsy [4−6]. The Rotterdam Pros-

tate Cancer Risk Calculator (RPCRC) is an example of

these and is available as an app. It was developed on the

basis of the Rotterdam section of the European Randomized

Study of Screening for Prostate Cancer (ERSPC). The

RPCRC has demonstrated its value in predicting CaP risk

and in avoiding unnecessary testing [4,7,8]. However, risk

calculators are not perfect and with the development of

new biomarkers, potential updates, and adaptations to the

models remain a topic of ongoing research [9]. Last year,

we improved the RPCRC with a better understanding of

disease burden by incorporating the latest International

Society of Urological Pathology (ISUP) grading system,

and invasive cribriform tumor (CR) and intraductal carci-

noma (IDC) growth patterns. We found a considerable

decrease in unnecessary prostate biopsies and overdiagnosis

of potentially indolent disease [10]. These growth patterns

subdivide indolent and csCaP within the Gleason score 7

(3 + 4) CaP [11]. Also the 2014 ISUP grading of CaP pro-

vided more accurate stratification of tumors than the previ-

ous system [12]. The ISUP grading Gleason score 6 and

below CaP were condensed in a single ISUP grade 1 cate-

gory and Gleason score 7 CaP were split into 2 categories,

ISUP grade 2 for Gleason score 7 (3 + 4) and ISUP grade 3

for Gleason score 7 (4 + 3). Furthermore, now all CR and

glomeruloid pattern carcinoma are included in the Gleason

grade 4 pattern, whereas IDC has been excluded from

grading.

In the field of novel biomarkers for CaP detection, the

4-kallikrein (4K) panel comes forth in outperforming total

PSA and consists of total PSA, fPSA, intact PSA, and kalli-

krein-related peptidase 2 (hK2) [13]. The 4K panel,

together with clinical parameters (age and outcome of digi-

tal rectal examination [DRE]) have been combined into a

multivariable model (4Kscore). In several large prospective

studies, the 4Kscore considerably reduced unnecessary

biopsies without missing many csCaP [13−16]. These find-
ings and continuous improvements may further improve

the promoted risk-adapted strategy in the prediction of

csCaP for an individual patient [17]. The aim of this study

was to evaluate the clinical impact of the 4Kscore, RPCRC,

and the combination of both in predicting the improved def-

inition of csCaP based on the latest ISUP grading system

and inclusion of cribriform growth pattern in Gleason

4 CaP.
2. Materials and methods

2.1. Patients

We studied men who were biopsied due to a PSA ≥
3.0 ng/ml in the first round of the screening program of the

European Randomized Study of Screening for Prostate

Cancer (ERSPC) section Rotterdam [11]. The inclusion

period for the randomized screening trial was November

1993 to March 2000; the detailed protocol and ethical

approval has been described previously [4]. We included

3,028 men who received sextant biopsies solely on the basis

of an elevated PSA (PSA ≥3.0 ng/ml). We did not include

men with PSA <3.0 ng/ml who had abnormal DRE or

hypoechogenic lesion on transrectal ultrasound (TRUS).

This cohort was also used in a previously published

4Kscore validation study [15]. Clinical measurements (age,

PSA, DRE, and prostate volume) were obtained prospec-

tively.

In 2015, the prostate biopsy slides were re-evaluated in

order to adapt to the 2014 ISUP grading system and to

record CR and/or IDC components [10,11]. The urogenital

pathologist and 2 pathologists in training were blinded to

patient information and biopsy outcome. The primary out-

come was detection of csCaP on biopsy defined as ISUP

grade 2 CaP with CR/IDC plus all CaP with ISUP grade

≥3. Secondary outcome was the detection of indolent CaP

defined as ISUP grade 1 or 2 without CR/IDC [10]. We

excluded 114 men whose 4K panel could not be measured

due to insufficient frozen blood samples, and 42 men whose

histopathology slides could not be re-evaluated. Total of

2,872 men could be used in the analysis.
2.2. The 4K panel

The 4K panel (total PSA, free PSA, intact PSA, and

human kallikrein-related 2) was measured in frozen serum

samples at the Wallenberg Research Laboratories, Depart-

ment of Laboratory Medicine, Lund University, University

Hospital UMAS in Malm€o, Sweden, using the dual-label

DELFIA Prostatus total/free PSA-Assay (Perkin−Elmer,

Turku, Finland) [13].
2.3. Risk prediction models

The RPCRC was applied to provide the probabilities

of csCaP and indolent CaP on a biopsy. These probabili-

ties were calculated by the developed multinomial logis-

tic regression analysis with PSA, prostate volume

estimated through DRE, DRE abnormalities, and age as

predictors [10]. Since no data on prostate volume

assessed with DRE was available in this validation

cohort, the available TRUS-assessed prostate volume was

recoded into 3 volume classes as can be estimated by

DRE [7]. TRUS-assessed volumes <30 cc were recoded

as 25 cc, volumes between 30 and 50 cc as 40 cc, and
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volumes >50 cc as 60 cc. The effect of interobserver vari-

ability of DRE volume estimation on the performance of

the RPCRC was externally validated and was negligible

due to substantial agreement in DRE volume estimation.

In addition, there was a good correlation between the

TRUS-assessed volume and DRE-estimated volume [18].

The 4Kscore is an algorithm constructed from the 4K

panel and clinical parameters. Originally, a laboratory

model and clinical model were developed by Vickers et

al. [13]. The clinical model consists of the 4K panel, age,

and DRE outcome (4Kscore). A blinded dataset for out-

come has been sent to the 4Kscore developers in order to

receive the 4Kscore probability of csCaP on biopsy. To

update the RPCRC with the 4Kscore, we first recalibrated

the 4Kscore by re-estimating the intercept and slope of

the linear predictor, and, subsequently, we added the

4Kscore as a predictor [19].
2.4. Statistical analysis

The predictive performance of each risk model was eval-

uated according to the area under the receiver operator

characteristic curve (AUC). Correction for overestimation

was done by bootstrapping techniques using 1,000 samples.

Differences in AUCs were tested after calculation of the

standard error of the AUC with the DeLong method [20].

Calibration was assessed by grouping men by deciles of

absolute risk. The observed and expected counts of incident

CaP cases in each decile were compared for deviance and

significance calculated according to the Hosmer−Leme-

show statistic [21]. Finally, reduction of unnecessary biopsy

by 4Kscore, RPCRC, and combination of both was assessed

with decision curve analysis and the net benefit (NB) for-

mula [22]. The additional reduction of unnecessary biopsy
Table 1

Patient and tumor characteristics stratified to groups without and with indolent or c

Characteristic No CaP

n = 2,052 (72%)

Age, y, median (IQR) 66 (62−70)
Kallikrein panel, ng/ml, median (IQR)

PSA 4.8 (3.9−6.4)
Free PSA 1.1 (0.8−1.5)
Intact PSA 0.5 (0.4−0.7)
hK2 0.07 (0.05−0.09)

Prostate volume, ml, median (IQR) 48 (38−63)
Abnormal DRE, n (%) 424 (21)

ISUP, n (%)

Grade 1 −
Grade 2 −
Grade 3 −
Grade 4 and 5 −

CR/IDC presence, n (%) −

IQR = Interquartile range; Indolent CaP = International Society of Urological P

clinically significant CaP = ISUP grade ≥3 or ISUP grade 2 with presence of CR/
without missing any csCaP for the 4Kscore, RPCRC, and

the 4Kscore-RPCRC combination compared to the defaults

strategy (biopsy PSA ≥ 3.0 ng/ml) was calculated with the

net avoided false positives formula per 100 men at risk:
DNB
oddsðTÞ � 100, where DNB is the NB difference between the

models and the default strategy; T = risk threshold. By

inversing DNB
oddsðTÞ, it was possible to assess whether the reduc-

tion of unnecessary biopsies would outweigh the costs asso-

ciated using the models [23]. Baseline characteristics were

tested with the nonparametric Kruskal−Wallis test for con-

tinuous variables, and with chi-square for categorized val-

ues. P values < 0.05 were taken to indicate statistical

significance. Statistical computations were performed with

R, version 3.4.0 (R Foundation for Statistical Computing,

Vienna, Austria).
3. Results

Baseline characteristics of the 2,872 men stratified by

biopsy outcome are presented in Table 1. A total of 578

(20%) indolent CaP cases and 242 (8%) csCaP cases were

detected. Men with csCaP had higher 4K values (P < 0.01),

smaller prostate volume (P < 0.01), and more abnormal

digital rectal findings (P < 0.01) compared to men without

CaP. The 4Kscore and RPCRC predicted csCaP with a sim-

ilar high AUC (0.88 vs. 0.87; P = 0.41). The 4Kscore-

RPCRC combination improved AUC to 0.89 compared to

4Kscore (P < 0.01) and RPCRC (P < 0.01), as shown in

Fig. 1. At a 5% risk threshold, the 4Kscore-RPCRC combi-

nation had a sensitivity of 88% and specificity of 71%. Cali-

bration was assessed with the Hosmer−Lemeshow test and

indicated a good calibration of the combined 4Kscore with

RPCRC (P = 0.09), see Appendix Fig. A.1.
linically significant prostate cancer

Indolent CaP

n = 578 (20%)

Clinically significant

CaP n = 242 (8%)

66 (62−70) 69 (64−72)

5.5 (4.0−7.9) 9.8 (4.9−17.0)
1.0 (0.7−1.4) 1.1 (0.7−1.9)
0.5 (0.4−0.7) 0.7 (0.4−1.1)
0.08 (0.05−0.11) 0.11 (0.07−0.18)
39 (29−48) 36 (29−48)
201 (35) 167 (69)

364 (63) −
214 (37) 48 (20)

82 (34)

112 (46)

− 158 (65)

athology (ISUP) grade 1 or ISUP grade 2 without presence of CR/IDC;

IDC; DRE = digital rectal examination



Fig.1. Receiver operating characteristic for RPCRC, 4Kscore, and the combined risk calculators predicting csCaP; the black dots display the 5% risk thresh-

olds; sensitivity, and specificity are displayed. AUC = area under the curve of the receiver operating characteristic; 4K = 4-kallikrein; RPCRC = Rotterdam

Prostate Cancer Risk Calculator.
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3.1. Decision curve analysis

The 4Kscore and the 4Kscore-RPCRC combination have

a higher NB compared to the RPCRC at threshold probabil-

ities ≥5%, Fig. A.2. Applying a risk threshold of 5% with

the use of the RPCRC, 4Kscore, and 4Kscore-RPCRC mod-

els would result in 65%, 66%, and 66% less biopsies

respectively, and would miss 16%, 14%, and 14% indolent

CaP, respectively in those men not biopsied. All risk calcu-

lators would equally miss the diagnosis of high grade can-

cers with 2% in those men not receiving prostate biopsy

compared to a PSA ≥ 3.0 ng/ml strategy. Table 2 shows the

numbers of reduced biopsies, missed CaP diagnoses, and

net true reduction of biopsies for the different risk calcula-

tors using a risk threshold range of 4% to 10%. In terms of

NB, at 5% threshold, the RPCRC reduced the number of

Bx with 42 per 100 men at risk compared to a PSA

≥3.0 ng/ml strategy, without missing more csCaP cases.
For 4Kscore, the net true biopsy reduction was 44 per 100

men at risk. By combining the 4Kscore with RPCRC, an

additional 3.3 biopsies per 100 men at risk could have been

avoided, i.e., to avoid 1 unnecessary biopsy, the 4Kscore

should be applied to 30 men. The price of the 4Kscore is

estimated to range from $400 to $1,100 (personal commu-

nication with OPKO Health, Inc). In our study, setting the

costs of the prediagnostic work-up would increase with

$12,000 to $33,000 to avoid 1 additional unnecessary

biopsy.

4. Discussion

As compared to a “biopsy all men with a PSA ≥ 3.0 ng/

ml” strategy, our results show that basing the decision to

biopsy on the RPCRC or the 4Kscore gives an equal reduc-

tion (approximately two-third) in the number of biopsies

and the rate of overdiagnosis. The combination of 4Kscore



Table 2

Performed and reduced numbers of biopsy, delayed prostate cancer diagnosis, and net true reduction in biopsies for the RPCRC, 4Kscore, and combination of

both models compared to the standard strategy (PSA ≥ 3.0 ng/ml), with different thresholds for csCaP

Threshold Number of biopsies Number of indolent cancers Number of high-grade cancers Additional net

true reduction of

biopsies compared to

Clinical significant CaP Performed Reduced Detected Not detected

(% reduced biopsies)

Detected Missed diagnosis

(% reduced biopsies)

PSA ≥ 3.0

(£100 men)

RPCRC

(£100 men)

Biopsy all 2,872 0 578 0 242 0

4%

RPCRC-Cribriform 1,142 1,730 (68%) 317 261 (15%) 213 29 (2%) 35.0 Ref.

4Kscore 1,196 1,676 (58%) 370 208 (12%) 218 24 (1%) 37.5 2.5

4K+RPCRC-Cribriform 1,151 1,721 (60%) 361 217 (13%) 219 23 (1%) 39.9 4.9

5%

RPCRC-Cribriform 1,011 1,861 (65%) 285 293 (16%) 209 33 (2%) 41.9 Ref.

4Kscore 978 1,894 (66%) 322 256 (14%) 211 31 (2%) 44.4 2.5

4K+RPCRC-Cribriform 975 1,897 (66%) 318 260 (14%) 212 30 (2%) 45.2 3.3

7.5%

RPCRC-Cribriform 772 2,100 (73%) 226 352 (17%) 189 53 (3%) 48.5 Ref.

4Kscore 724 2,148 (75%) 246 332 (15%) 198 44 (2%) 53.4 4.9

4K+RPCRC-Cribriform 711 2,161 (75%) 245 333 (15%) 200 42 (2%) 55.7 7.2

10%

RPCRC-Cribriform 613 2,259 (79%) 182 396 (18%) 178 64 (3%) 56.4 ref

4Kscore 582 2,290 (80%) 203 375 (16%) 187 55 (2%) 60.6 4.2

4K+RPCRC-Cribriform 576 2,296 (80%) 190 388 (17%) 191 51 (2%) 62.2 5.8

Bold values indicates the risk thresholds for detection of csCaP with the different models.

4K = 4-kallikrein; PSA = Prostate Specific Antigen; RPCRC = Rotterdam Prostate Cancer Risk Calculation.
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and RPCRC slightly further reduced the number of unnec-

essary biopsies without missing additional csCaP diagno-

ses.

As both the 4Kscore and the RPCRC showed similar

reduction of unnecessary biopsies and overdiagnosis of indo-

lent CaP in our study cohort, other aspects should be consid-

ered when evaluating clinical usefulness. Factors that are

important to consider are e.g., burden to the patient, availabil-

ity of the test, and costs. Both risk calculators use PSA, age,

and DRE findings. The risk calculators differ in estimation of

prostate volume: the 4Kscore uses the 4K panel (total PSA,

free PSA, intact PSA, and human kallikrein-related 2) as a

proxy for prostate volume [15], where the RPCRC estimates

the prostate volume based on DRE (prostate volume is cate-

gorized as <30, 30−49 and ≥50 cm3) [8]. Here, it should be

noted that a DRE volume estimation is a subjective procedure

while PSA (sub forms) measurements are objective and in

principle independent of the experience of the executor. Since

both risk calculators require blood and DRE, the burden to

the patient is therefore similar for both approaches and outpa-

tient clinic costs are comparable to both risk calculator

approaches. In terms of test-availability the 4K panel is not

available in certain areas (e.g., Europe) and requires sending

the blood to an external laboratory for analysis, which

involves logistics and additional costs. The price of the 4K

panel is estimated to range from $400 to $1100. The RPCRC

is freely available on the internet or purchasable as an app for

1.99 dollar.
Besides comparison of the models we fused both models

to optimize csCaP prediction, and found that the 4Kscore

needs to be applied to 30 men to avoid 1 man getting an

unnecessary biopsy compared to the RPCRC alone. A

detailed cost effectiveness study was outside the scope of this

research, however, on estimation prediagnostic work-up

would increase up to $12,000 to $33,000 to avoid 1 additional

unnecessary biopsy. A recent cost-effectiveness study in the

United States showed a reduction in health care costs by

applying 4Kscore before biopsy compared to biopsy all

patients referred to a urologist with suspicion of having CaP

in a theoretical cohort [24]. Most likely, a larger cost reduc-

tion could be achieved when applying a freely available risk

stratification tool. In addition, it would be of value to perform

cost-effectiveness studies within a primary care setting where

initial risk stratification with the RPCRC could be (and actu-

ally is in the Netherlands [25]) applied.

Strengths of our study are the large population-based

sample size, prospectively collected measurements of risk

factors allowing for updating, and a contemporary pathol-

ogy review including the latest ISUP scoring system. The

ERSPC section Rotterdam cohort on which both models

were originally developed was used to enable a fair com-

parison between the two risk prediction models [13]. To

our knowledge, there is no other large population-based

sample size available including the detailed pathological

grading and data on the 4K pattern. Limitations of our study

are that we did not have the actual DRE estimated prostate
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volume available in this cohort, the DRE estimated prostate

volume was derived using the TRUS based volume. The

DRE based volume estimate approach is externally vali-

dated in a clinical setting and showed good concordance

[18]. In addition, using volume classes has no effect in dis-

criminatory ability as was confirmed in the development of

models with a urinary molecular biomarker-based score

[26]. The ERSPC section Rotterdam cohort represents two

decades ago first-time screened men, who are predomi-

nantly white and received sextant biopsies. Sextant biopsies

are known to detect less CaP than the present standard of

12-core based transrectal ultrasound biopsy procedures

[27], thus it might have under-represented the CaP detec-

tion rate. However, in multiple contemporary clinical set-

tings with 12-core TRUS biopsies, the RPCRC showed

good predictive performance [28,29]. A comparable situa-

tion holds for the 4Kscore which is also partly developed

on similar cohorts reflecting old practices, including, next

to the currently used Dutch ERSPC cohort, the Swedish

ERSPC data [13]. Also the 4Kscore performs well after

external validation in a contemporary clinical setting [30].

Although our comparison is based on prediction tools that

are (partly) based on cohorts from two decades ago, this

comparison is still relevant for today’s clinical practice.

This is even confirmed by external validation in cohorts

where multi-parametric Magnetic resonance imaging

(mpMRI) targeted biopsies were applied [31]. Individual-

ized risk assessment on having a biopsy detectable CaP

including mpMRI Prostate Imaging Reporting and Data

System (PI-RADS) score and clinical data can result in a

considerable reduction of unnecessary biopsies [32]. Hence,

biomarkers and mpMRI results could be combined to opti-

mize upfront risk prediction. It must however be noted that

long-term outcomes like e.g., metastatic disease and/or CaP

death are not available for a detection pathway driven on

individual risk and mpMRI targeted biopsy. The European

Association of Urology guidelines recommend that a clini-

cal risk prediction tool should be incorporated in the deci-

sion-making process, as the “one-size-fits-all” approach

with a PSA cutoff does not provide a good balance between

reduction of CaP morbidity, mortality, and overdiagnosis

of indolent CaP [17]. A recent head-to-head comparison of

the most well-known prediction tools showed that the

ERSPC RPCRC is superior in identifying those men at risk

for csCaP compared to Prostate Cancer Prevention Trial

and Sunnybrook risk calculators [33]. Continuous updating

of these existing prediction models will refine the balance

between harms and benefit, as previously demonstrated

with further refining the definition of csCaP [10], by incor-

porating the latest ISUP grading system [12]. Still future

research is necessary by combining novel biomarkers, MRI

findings, and the latest Gleason grading modifications (crib-

riform architecture) to fully assess the potential of the cur-

rently available prediction tools in contemporary clinical

trials to reduce the detection of those CaP that will never
become life-threatening as well as those CaP deemed suit-

able for active surveillance [11].
5. Conclusion

The RPCRC and 4Kscore had similar reductions of unnec-

essary biopsies and overdiagnosis of indolent CaP. Combina-

tion of both models slightly further reduced unnecessary

biopsies. Given that the improvement in clinical impact was

marginal, adding additional risk factors and biomarkers asso-

ciated with CaP risk remains a tradeoff where aspects such as

costs and patient burden are important considerations. More

research is needed to validate the updated model in indepen-

dent, contemporary, and various populations.
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