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A pre-specified model based on four kallikrein markers in
blood improves predictions of adverse pathology and
biochemical recurrence after radical prostatectomy
Alexander Haese1, Amy L. Tin2, Sigrid V. Carlsson2,3,4, Daniel D. Sjoberg2, Dirk Pehrke5, Thomas Steuber1, Hartwig Huland1,
Markus Graefen1, Peter T. Scardino3, Thorsten Schlomm5, Andrew J. Vickers2, Hans Lilja3,6,7,8 and Guido Sauter9

BACKGROUND: A pre-specified model based on four kallikrein markers in blood, commercially available as 4Kscore, predicts
Gleason Grade (GG) 3+ 4 or higher prostate cancer on biopsy. However, sampling error and variation in pathology reporting may
miss aggressive disease.
METHODS: The 4Kscore was measured in cryopreserved blood from 2330 men obtained before prostatectomy at a single
institution between 2002 and 2010. Adverse surgical pathology and biochemical recurrence (BCR) were pre-specified to be assessed
in all men, biopsy GG 3+ 3, and 3+ 4.
RESULTS: Adjusted for established clinical predictors, the 4Kscore was significantly associated with adverse pathology (OR 1.49;
95% CI 1.32, 1.67; p < 0.0001). Adding 4Kscore increased discrimination from (AUC) 0.672 to 0.718 and 0.644 to 0.659 within biopsy
GG 3+ 3 and 3+ 4, respectively. Higher 4Kscore was associated with higher risk of BCR (HR 1.16, 95% CI 1.06, 1.26; p= 0.001).
Adding 4Kscore improved the prediction of BCR (C-index 0.630–0.660) within GG 3+ 3, but not GG 3+ 4.
CONCLUSIONS: The 4Kscore can help guide the clinical decision whether additional risk assessment—such as confirmatory biopsy
—is needed to decide between active surveillance versus curative therapy. Evidence that the panel could influence management in
biopsy GG 3+ 4 is less strong and requires further investigation.
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BACKGROUND
Measurement of PSA in blood is the most common method to
screen men for prostate cancer, and has been shown to reduce
prostate cancer mortality. However, with its low specificity, most
men with moderately elevated PSA do not have aggressive
prostate cancer.1 Prostate biopsy is an invasive and uncomfortable
diagnostic procedure associated with non-trivial risks of complica-
tions, including rectal haemorrhage, urinary tract infection, sepsis
and hospitalisation.2,3 Moreover, the use of liberal criteria for
biopsy are associated with the risk of identifying low-grade
prostate cancer, which not only leads to the expense, inconve-
nience and anxiety of active surveillance, but often leads to
overtreatment. Developing methods to improve the specificity
and reduce the downstream harms of the PSA test is a major
public health priority.
If low-to-intermediate-risk cancer (Gleason 3+ 3 and 3+ 4) is

found on biopsy, the urologist faces challenging clinical decisions:
(i) for those with Gleason 3+ 3, whether or not to perform a

confirmatory biopsy or other risk assessment before recommend-
ing active surveillance,4,5 and (ii) for those with Gleason 3+ 4,
whether or not to recommend curative treatment—surgery or
radiation.
Prostate biopsy involves sampling the prostate and may

underestimate disease severity. Approximately 30–40% of men
with Gleason 3+ 3 on initial biopsy will have higher-grade cancer
in the prostatectomy specimen.6–8 More accurate assessment of
the nature of the cancer would increase both physician and
patient confidence in the safety of active surveillance, or
indications for immediate treatment.9,10

A statistical model based on a panel of 4K markers in blood-
total, free, intact PSA and hK2, commercialised by OPKO Health
Inc. (Miami, FL, USA) as the 4Kscore test can accurately predict
Gleason 3+ 4 or higher prostate cancer on biopsy.11–14 The
4Kscore has also been shown to predict prostate cancer death in
men followed for many years without screening.15,16 This suggests
that the 4Kscore might aid risk stratification in patients with
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low- and intermediate-risk cancer on biopsy. Our objective was to
assess the ability of the 4Kscore to predict adverse pathology at
prostatectomy—the gold standard for accurate histological
diagnosis—and BCR, with a focus on men diagnosed with Gleason
3+ 3 or 3+ 4 prostate cancer at biopsy.

METHODS
Study design
This retrospective study included 2330 men with localised
prostate cancer undergoing radical prostatectomy at Martini-
Klinik in Hamburg, Germany, a tertiary referral centre, between
2002 and 2010. All biopsies were 10–12-core transrectal
ultrasound-guided biopsy using a standard template, with biopsy
and pathological evaluation conducted at the Martini-Klinik.
Kallikrein markers were measured in preoperative blood cryopre-
served at −80 °C. The rate of active surveillance at the time was
very low, with almost all patients treated shortly after diagnosis.
We excluded patients with missing pathology data at prostatect-
omy (n= 22), missing kallikrein measurements (n= 5) and
suspected non-specific analytical interference in kallikrein mea-
surements (n= 3).

Test methods
Sample aliquots were shipped to Dr. Lilja’s laboratory at Lund
University in Malmö, Sweden for measurements of kallikrein levels
conducted in 2016–2017 blind to outcome. Total and free PSA
levels were measured using the AutoDelfia 1235 automatic
immunoassay system using the dual-label DELFIA Prostatus
total/free PSA-Assay (Perkin-Elmer, Turku, Finland) calibrated
against the World Health Organization (WHO) 96/670 (PSA-WHO)
and WHO 68/668 (free PSA-WHO) standards. Intact PSA and hK2
were measured with F(ab’)2 fragments of the monoclonal capture
antibodies to reduce the frequency of non-specific assay
interference, as described in detail previously.17,18 To reduce
interobserver variability of pathologic specimen, all Gleason Grade
3+ 3 and 3+ 4 biopsies and prostatectomy specimens were read
at the Institute of Pathology of the University Clinic Hamburg
Eppendorf. Markers were assayed blind to clinical outcome and
vice versa.

Statistical methods
Adverse pathology at prostatectomy was defined by Brand et al.:19

primary Gleason pattern 4, any pattern 5 or non-organ-confined
disease: seminal vesicle invasion, ECE or lymph node invasion. BCR
was defined as a PSA level ≥0.20 ng/mL.
Logistic and Cox regression were used to study the associa-

tion between 4Kscore and adverse pathology and BCR,
respectively. Discrimination was assessed by the AUC for
adverse pathology and C-index for BCR, comparing the
improvement in discrimination by adding 4Kscore to a
preoperative clinical base model.
We first defined a clinical logistic model—age at blood draw,

total PSA, biopsy Gleason Grade (3+ 3 vs 3+ 4 vs 4+ 3 vs >4+ 3),
and clinical tumour stage (<T2b vs ≥T2b)—to predict adverse
pathology. Next, we calculated the 4Kscore—using the pre-
specified formula developed in the ProtecT cohort20—for each
patient. The 4Kscore-only model was defined using a univariate
logistic model to predict adverse pathology. Lastly, we defined a
full model by including both 4Kscore and the variables in the
clinical model, to predict adverse pathology. For all models, the
logit transformation of the 4Kscore was used. Since patients with
blood sample available prior to surgery were not representative of
the distribution of all radical prostatectomy patients at Martini-
Klinik, with a larger proportion having lower Gleason Grade, all
logistic models included sampling weights equal to the inverse of
the probability of patients with blood sample available based on
Gleason Grade.

To confirm whether the 4Kscore offers additional predictive
ability after adjusting for the clinical model, we reported the
estimates for the 4Kscore from the full model. The predictive
accuracy of the clinical model, 4Kscore-only model and the full
model was ascertained by calculating bootstrapped (using 200
bootstrap samples) optimism-corrected AUC, pre-specified to be
assessed in the two groups of men where a clinical decision needs
to be made: biopsy Gleason Grade 3+ 3 and 3+ 4, separately.
Clinical utility was assessed using decision-curve analysis.21

Sensitivity analyses included (i) using a more restrictive
definition of adverse pathology with ECE excluded from the
definition, (ii) defining the clinical model to include the number of
positive cores and millimetres of cancerous tissue on biopsy, (iii)
excluding patients with low 4Kscores who may have never had
been biopsied and diagnosed, had they received a 4Kscore, (iv)
incorporating transrectal ultrasound volume into the clinical
models and (v) excluding radical prostatectomy cases from 2002
to 2004, which were graded prior to the 2005 ISUP Modified
Gleason System, and therefore patients considered to have
pattern 3 disease may be regraded to pattern 4 on the modern
grading system. All possible combinations of adverse pathology,
clinical models and subgroups as defined above, were assessed.
To assess the association between 4Kscore and BCR, we

excluded 195 patients with missing data on recurrence, and 71
men who underwent adjuvant treatment, defined as any
additional treatment within 6 months of surgery. Twenty-six
men who underwent salvage treatment prior to the recorded date
of BCR were considered to have had BCR at the time of treatment.
Among the remaining 2064 patients, we used a univariable Cox
regression model to assess the association, then created two
multivariable Cox models to ascertain whether 4Kscore offered
additional predictive ability after adjusting for a preoperative
prediction model (PSA, clinical stage and biopsy Gleason Grade)
and post-operative prediction model (PSA, Gleason Grade on
pathology, ECE, seminal vesicle invasion, lymph node invasion and
surgical margin status). We then assessed the association between
4Kscore and BCR in the preoperative setting among men with
biopsy Gleason Grade 3+ 3 and 3+ 4, separately, and evaluated
the discriminative accuracy by calculating the change in the C
index when including 4Kscore. An exploratory analysis assessing
whether the association between 4Kscore and outcomes differed
based on the expression of five molecular markers—ERG, PTEN,
EZH2, FOXA1 and HOXB13—in biopsy tissue is described in full in
the supplementary material with distribution of the molecular
markers shown in Supplementary Table 1 and the results shown in
Supplementary Tables 2–5. All statistical analyses were conducted
using STATA 15.0 (StataCorp, College Station, TX, USA) and R
version 3.5.1 (R foundation for Statistical Computing, Vienna,
Austria).

RESULTS
Patient characteristics are displayed in Table 1. The median age at
blood draw was 64 years (IQR 59, 67). Nearly two-thirds of men
who underwent prostatectomy had Gleason 3+ 3 cancer at
biopsy. A total of 709 men (30%) were found to have adverse
pathology. The estimated rate of adjuvant treatment in this cohort
was 21%.
On multivariable regression, 4Kscore was significantly asso-

ciated with adverse pathology, after adjusting for clinical variables
(OR 1.49; 95% CI 1.32, 1.67; p < 0.0001; Table 2). The results are
shown in Table 2, with all sensitivity analyses shown in
Supplementary Table 6a–6d. The optimism-corrected AUC for
the clinical model was 0.672 and 0.644 among patients with
biopsy Gleason 3+ 3 and 3+ 4, respectively. Adding 4Kscore to
the clinical model increased the AUC to 0.718 and 0.659,
respectively (Table 2). Sensitivity analyses did not importantly
change these findings, with clear evidence of benefit in biopsy
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Gleason 3+ 3 patients and smaller and less consistent benefit in
biopsy Gleason 3+ 4 disease (Table 2 and Supplementary
Table 7a–7d). Decision-curve analysis illustrated the improvement
in net benefit of the 4Kscore in appropriate ranges for a decision
threshold of 5–20% for biopsy Gleason 3+ 3, and to a lesser
extent, 20–60% for biopsy Gleason 3+ 4 (Fig. 1a, b). To better
illustrate its clinical relevance, Fig. 2 displays the risk of adverse
pathology by 4Kscore for men with biopsy Gleason 3+ 3 or 3+ 4,
highlighting the relevance of the 4Kscore for decisions about the
confirmatory biopsy and definitive treatment, respectively. The
clinical performance of proceeding with a confirmatory biopsy
among biopsy Gleason 3+ 3 men at various illustrative cut points
is shown in Supplementary Table 8. For example, performing a
confirmatory biopsy in men with a clinical+ 4Kscore risk greater
than 10% in 10,000 men would reduce the number of biopsies by
3086. Of these men avoiding confirmatory biopsy, 195/40 would
have adverse pathology with/without ECE.
Among the 2064 patients with available BCR data, 395 men

experienced BCR. The median follow-up time for those without
BCR was 7.9 years (IQR 6.0, 9.1). The rate of salvage treatment
within 1 year after surgery was 1.3% (95% CI 0.9%, 1.9%). Higher
4Kscore was associated with BCR on univariable analysis (HR 1.44;

95% CI 1.34, 1.54, p < 0.0001) and multivariable analysis after
adjusting for preoperative clinical factors (HR 1.16, 95% CI 1.06,
1.26; p= 0.001). The association between 4Kscore and BCR was
not significant after adjusting for post-operative variables (HR 1.00;
95% CI 0.90, 1.10; p= 0.9). Among men with biopsy Gleason 3+ 3
or 3+ 4 cancer, after adjusting for the preoperative nomogram,
the 4Kscore was statistically significantly associated with BCR in
men with biopsy Gleason 3+ 3 (HR 1.33; 95% CI 1.17, 1.52; p <
0.0001) but not in Gleason 3+ 4 (HR 1.09; 95% CI 0.92, 1.30; p=
0.3) (Table 3). Adding 4Kscore to the clinical model improved the
prediction of BCR (C-index 0.630–0.660) within biopsy Gleason 3
+ 3, but did not increase the C-index (0.620) among men with
biopsy Gleason 3+ 4.

DISCUSSION
We assessed whether the 4K panel (commercialised by OPKO
Health Inc. as the 4Kscore test), helpful in detecting the
presence of high-grade cancer within the prostate before a
biopsy,20 could be expanded to help clinicians better predict the
presence of adverse pathology within the prostate in men with
biopsy grade 3+ 3 or 3+ 4 cancers. Such a tool could
substantially improve decision-making by clinicians and patients
with the decision of whether to have additional testing, such as
confirmatory biopsy, prior to active surveillance (among men
with biopsy grade 3+ 3 cancers), or to start active surveillance
or have immediate radical surgery (among men with biopsy
grade 3+ 4 cancers). We found that 4Kscore was strongly
associated with both adverse pathology and BCR among men
with biopsy Gleason 3+ 3, and improved the clinical utility of
preoperative risk models across an appropriate range of risk
thresholds. However, 4Kscore does not improve the value of
post-operative risk models and, therefore, does not appear
useful for counselling men after prostatectomy regarding the
likelihood of recurrence. These findings support the use of
the 4Kscore for biopsy decision-making as they suggest that,
where grade 3+ 3 or 3+ 4 is to be found, the 4Kscore obtained
at the time of biopsy decision-making could be used to make
subsequent decisions about clinical management.
Our findings are supported by several prior studies. We have

previously demonstrated that free PSA and hK2 enhance the
predictive accuracy of clinical models predicting adverse pathol-
ogy and BCR.22–25 In a cohort of 392 men from the Rotterdam arm
of the European Randomized Study of Screening for Prostate
Cancer treated with radical prostatectomy, predictions based on
levels of four kallikrein markers accurately distinguished between
pathologically insignificant and aggressive disease (addition of the
kallikrein panel increased the AUC to 0.84, p < 0.0005).26 In a
prospective multi-institutional study comprising 1312 men treated
with radical prostatectomy at 26 sites in the United States, Punnen
et al. showed that the 4Kscore was associated with Gleason score
and ECE in the prostatectomy specimen. However, the 4Kscore
was not found to improve the prediction of aggressive cancers
when added to clinical prediction models, possibly due to small
sample size.27

Regarding the utility of the 4Kscore in the active surveillance
setting, Lin et al. prospectively evaluated 718 men enrolled in the
multi-institutional Canary PASS trial, demonstrating that 4Kscore
improved predictions of high-grade prostate cancer at confirma-
tory biopsy, but did not add substantive predictive value at
subsequent surveillance biopsies.28 Similar findings were seen in a
Spanish study of 137 men on active surveillance, where 4Kscore
risk was associated with reclassification at confirmatory biopsy.
Among men with 4Kscore below 7.5%, reclassification to Gleason
3+ 4 was missed in 2 men (6%) with no reclassification to Gleason
4+ 3.29

With 2330 patients, the present study is the largest series
evaluating the role of the 4Kscore in predicting adverse pathology

Table 1. Patient and tumour characteristics.

N= 2330

Age at blood draw 64 (59, 67)

Total PSA 6.0 (4.3, 8.9)

Free PSA 0.94 (0.64, 1.40)

Intact PSA 0.48 (0.33, 0.73)

Days from blood draw to biopsy 0 (−39, 0)

Days from blood draw to radical prostatectomy 1 (1, 3)

hK2—kallikrein-related peptidase 2 0.08 (0.05, 0.11)

Biopsy Gleason Grade

3+ 3 1484 (64%)

3+ 4 524 (22%)

4+ 3 200 (8.6%)

>4+ 3 122 (5.2%)

Pathologic Gleason Grade

3+ 3 963 (41%)

3+ 4 1054 (45%)

4+ 3 256 (11%)

>4+ 3 57 (2.4%)

Extracapsular extension 430 (18%)

Seminal vesicle invasion 167 (7.2%)

Lymph node invasion 73 (3.1%)

Favourable pathology

pT2, N0, Pathologic Gleason Grade 3+ 3 914 (39%)

pT2, N0, Pathologic Gleason Grade 3+ 4 707 (30%)

Adverse pathology

pT2, N0, Pathologic Gleason Grade ≥4+ 3 110 (4.7%)

pT2, N1 2 (<0.1%)

pT3a, N0 405 (17%)

pT3a, N1 25 (1.1%)

pT3b–pT4, N0 121 (5.2%)

pT3b–pT4, N1 46 (2.0%)

Number of positive cores (N= 1798) 2 (1, 4)

Prostate volume on TRUS (N= 2261) 44.0 (33.0, 58.3)

All values are median (IQR) or frequency (proportions).
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at radical prostatectomy. It is also the first study to evaluate the
utility of the 4Kscore for the endpoint of BCR.
One limitation of this study is that detailed biopsy pathology

with the number of positive cores and millimetres of cancerous
tissue was available for 58% of the cohort. Moreover, the
percentage of Gleason 4 was lacking in most Gleason 3+ 4
biopsies. As quantitative Gleason grading provides substantial
prognostic information in Gleason 3+ 4 carcinomas,30 the
impact of the 4Kscore may be dampened. However, the findings
from sensitivity analyses that included detailed biopsy pathol-
ogy data were similar to the main findings. This suggests that
the 4Kscore adds important information about the risk of
adverse pathology above and beyond that contained in detailed
reporting of biopsy pathology, such as the number of cores and
tumour length, which is not routinely reported by pathologists.
A second possible limitation is that our study was restricted to a
single centre. Our findings on Gleason 3+ 3, related to
confirmatory biopsy, replicate those of a prior study;28 our
findings on treatment decision-making in Gleason 3+ 4 disease
require further investigation. Finally, our cohort and results are
in the pre-MRI era, and the association between 4Kscore,
outcomes and MRI is not fully established and requires further
research.

CONCLUSION
The 4Kscore strongly predicts adverse pathology and BCR in men
with low-grade cancer on biopsy. In practice, the 4Kscore, along
with additional tests such as MRI, could assist physicians and their
patients in making the critical clinical decision for Gleason 3+ 3
cancers: whether to engage in additional risk assessment, such as
a confirmatory biopsy, before initiating active surveillance.
Evidence that the 4Kscore improves decision-making in biopsy
Gleason 3+ 4 cancer (e.g. active surveillance vs definitive
treatment) is less strong, but worthy of further study, especially
in cohorts with low volume of Gleason pattern 4.

Table 2. Association between 4Kscore and adverse pathology on multivariable analysis, with optimism-corrected area under the curve (AUC)a.

Cohort Sample size Odds ratiob 95% CIb p valuec Clinical Clinical+ 4Kscore Only 4Kscore

Primary analysisd

All biopsy Gleason Grades 2330 1.49 1.32,1.67 p < 0.0001 – – –

Biopsy Gleason Grade 3+ 3 1484 1.73 1.47,2.04 p < 0.0001 0.672 0.718 0.717

Biopsy Gleason Grade 3+ 4 524 1.32 1.10,1.59 p= 0.003 0.644 0.659 0.652

Sensitivity analysise

All biopsy Gleason Grades 1359 1.43 1.23,1.67 p < 0.0001 – – –

Biopsy Gleason Grade 3+ 3 789 1.55 1.27,1.89 p < 0.0001 0.651 0.724 0.724

Biopsy Gleason Grade 3+ 4 356 1.20 0.97,1.48 p= 0.10 0.677 0.686 0.632

Sensitivity analysisf

All biopsy Gleason Grades 1359 1.29 1.10,1.52 p= 0.002 – – –

Biopsy Gleason Grade 3+ 3 789 1.64 1.33,2.03 p < 0.0001 0.625 0.753 0.760

Biopsy Gleason Grade 3+ 4 356 1.25 0.98,1.60 p= 0.073 0.616 0.642 0.636

aAUC for models in all biopsy Gleason Grades was not calculated since blood sample available prior to surgery was not representative of the distribution of all
radical prostatectomy patients at Martini-Klinik.
bOdds ratios are for a one-point increase when taking the logit of the 4Kscore.
cp value presented from multivariable logistics in the corresponding analyses/cohort.
dDefinition of adverse pathology includes ECE, and the clinical model consists of age, PSA, clinical stage and Gleason Grade on biopsy.
eAs per primary analysis, except that the clinical model also includes the number of positive cores on biopsy, and tumour length on biopsy.
fAs per primary analysis, except that the definition of adverse pathology excludes ECE, and the clinical model also includes the number of positive cores on
biopsy, and tumour length on biopsy.
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Fig. 1 Decision curve analysis based on Gleason Grade. The
decision curve analysis compares the net benefit of the clinical +
4Kscore model (blue or dark grey dashed line), clinical-model (green
or light grey dashed line), treat-all (orange or light grey solid line),
and treat-none (horizontal red or grey solid line) strategies among
biopsy (a) Gleason Grade 3+ 3 patients and (b) Gleason Grade 3+ 4
patients.
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