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Abstract

BACKGROUND—The four-kallikrein panel and the Prostate Health Index (PHI) have been 

shown to improve prediction of prostate cancer compared to prostate-specific antigen (PSA). No 

comparison between the four-kallikrein panel and PHI has been presented.

OBJECTIVE—To compare the four-kallikrein panel to PHI for predicting prostate cancer in an 

independent cohort.

DESIGN, SETTING AND PARTICIPANTS—Participants were from a population-based cohort 

of PSA-tested men in Stockholm County. We included men (n=531) with PSA 3–15 ng/ml 

undergoing first-time prostate biopsy during 2010–2012.

OUTCOME MEASUREMENTS AND STATISTICAL ANALYSIS—Models were fitted to 

case status. We computed calibration curves, the area under the receiver-operating characteristics 

curve (AUC), decision curves, and percent saved biopsies.

RESULTS AND LIMITATIONS—The four-kallikrein panel showed AUCs of 69.0 when 

predicting any-grade prostate cancer and 71.8 when predicting high-grade cancer (≥Gleason 7). 
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Similar values were found for PHI: 70.4 and 71.1, respectively. Both models had higher AUC than 

a base model with PSA and age (p<0.0001 for both); differences between models were not 

significant. Sensitivity analyses including men with any PSA or a previous biopsy did not 

materially affect our findings. Using 10% predicted risk of high-grade prostate cancer by the four- 

kallikrein panel or PHI=39 as cutoff for biopsy saves 29% of performed biopsies to the cost of 

delayed diagnosis for 10% of the men with high-grade cancers. Both models showed limited net 

benefit in decision analysis. The main study limitation was lack of digital rectal examination data 

and biopsy decision being based on PSA information.

CONCLUSIONS—The four-kallikrein panel and PHI similarly improved discrimination when 

predicting prostate cancer and high-grade prostate cancer. Both are simple blood tests that can 

reduce the number of unnecessary biopsies compared to screening with total PSA, representing an 

important new option to reduce harm.
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INTRODUCTION

Numerous studies have addressed the limited diagnostic accuracy of PSA and yet it remains 

the only widely adopted biomarker for prostate cancer[1–4].

Although sensitivity to detect increased risk of metastasis or death from prostate cancer 

many years later may be unique[5], insufficient test specificity drives frequent prostate 

biopsying and a large proportion of benign biopsies. Several additional biomarkers have 

been suggested, none of which have reached widespread clinical use.

However, a few blood-based biomarkers have proved promising. Prostate Health Index is an 

algorithm including the PSA isoform [-2]proPSA with total and free PSA. It has been 

demonstrated to increase predictive performance in several ethnically diverse cohorts for 

predicting prostate cancer at biopsy or radical prostatectomy specimens[6–11].

Several other human kallikrein-related peptidases have been explored and a four-kallikrein 

panel including kallikrein-related peptidase 2 (hK2), intact PSA, free and total PSA have 

repeatedly been shown to predict prostate biopsy outcome in primarily European men with 

an elevated PSA and to save a substantial number of biopsies[12–16].

The four-kallikrein panel and PHI represent improved tests for prostate cancer that 

potentially can be of widespread clinical use. However, no study has compared the 

performances of these tests.

MATERIAL AND METHODS

Study design

This observational, prospectively collected study included men with blood samples drawn 

before a prostate biopsy resulting in cancer diagnosis (cases) or benign findings (controls). 

The study was designed to compare the diagnostic performance for predicting prostate 
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cancer using a base model containing total PSA and age, PHI, and the four-kallikrein panel, 

respectively.

Study population

Men referred to PSA-testing in laboratories in Stockholm County between 2010 and 2012 

were invited to the population-based cohort STHLM2 at the blood sampling visit. A total of 

26,712 men were included during the 22-month study period.

We selected all new prostate cancer cases in STHLM2 reported to the National Prostate 

Cancer Register and all men having a biopsy with benign findings reported after inclusion 

and before June 20, 2012. In the main analysis, only previously unbiopsied men with PSA 

3–15 ng/ml were included. Biopsies were decided on according to clinical practice, 

including information on PSA levels, DRE findings, prostate volume and family history. 

Biopsies were 10–12 core ultrasound-guided biopsies.

Laboratory analysis

Whole blood for plasma analysis was collected in separate ethylenediaminetetraacetic acid 

(EDTA) tubes without gel. Study samples were drawn at the local laboratory and transported 

to KI Biobank, Karolinska Institutet within 24 hours. After centrifugation plasma was 

aliquotted and stored at −80°C.

PSA and free PSA were analyzed using Roche Modular E170 and [-2]proPSA was analyzed 

using UniCel DxI800 Immunoassay System analyzer (Beckman & Coulter, Brea, CA, 

USA), all at Karolinska University Hospital. Another aliquot of cryopreserved plasma was 

used to measure total and free PSA with the dual-label DELFIA Prostatus assay (Perkin-

Elmer, Finland), calibrated against WHO 96/670 and WHO 68/668 standards, hK2 and 

intact PSA at Wallenberg Research Laboratories, Department of Laboratory Medicine, 

Skåne University Hospital as previously described[17]. All analyses were performed blinded 

to biopsy result.

Register data

Historical PSA-test data, biopsy records and prostate cancer records were retrieved from the 

continuously updated STHLM0 database[18]. Briefly, this database consists of all men in 

Stockholm County who had at least one PSA analyzed since 2003 together with their biopsy 

records and prostate cancer history as recorded by the National Prostate Cancer Register. 

Pathology reports on all prostate biopsy results were retrieved. Participant data were 

matched against the National Cancer Registry and National Prostate Cancer Registry, both 

with coverage >93%, to obtain cancer status and clinical information[19].

Statistical methods

The base model contained age and total PSA and was modeled using logistic regression. The 

PHI score is calculated as [-2]proPSA/freePSA*√totalPSA[6]. The four-kallikrein panel was 

modeled using restricted cubic splines for total and free PSA to model possible non-linear 

relationships, as described previously[13]. The base- and 4K models were fitted to data from 

the UK ProtecT study. Separate models were created for the endpoint of prostate cancer and 
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high-grade cancer. These models were then used to predict the risks in the independent 

cohort collected within this study, thus providing entirely external assessments of all 

models.

Digital rectal exam (DRE) data was not available for the study cohort. High-grade cancer 

was defined as Gleason score ≥7. When assessing high-grade cancer, low-grade cancers 

were classified as controls (i.e. men with low-grade cancers were grouped together with men 

with benign biopsies).

Since men with total PSA levels exceeding 15 ng/ml will almost certainly be biopsied 

regardless of the blood concentrations of the other markers, we restricted the dataset to 

include only men with total PSA in the range 3–15 ng/ml for our main analyses. We 

performed sensitivity analyses on data restricted to PSA 2–10 as well as unrestricted for 

PSA (Appendix).

Since both the 4K and PHI models were developed for predicting results of a first-time 

biopsy, we included only biopsy naïve men in the main analysis. We present results where 

previously biopsied men were included in the Appendix.

No imputation on missing data was performed; we used a missing completely at random 

assumption. No significant deviations from this assumption were observed when testing for 

associations between missing values in the biomarkers and having a positive biopsy.

Predicted discrimination was visualized using receiver operating characteristics (ROC) 

curves and summarized using the area under the ROC curve (AUC). Confidence intervals 

and p-values when comparing AUC were calculated using the method of DeLong et al[20]. 

All p-values were based on two-sided hypotheses.

We used decision curve analysis to evaluate if the models improved accuracy and 

subsequent clinical management of patients[21]. Briefly, decision curve analysis graphically 

illustrates the net benefit obtained by using the predictive models in a patient by assuming 

that the threshold probability for having all prostate cancer or highgrade prostate cancer at 

which a patient would opt for biopsy is informative of how the patient weighs the relative 

harms of a false-positive and a false-negative prediction. This relationship is used to derive 

the net benefit of the model across different threshold probabilities. Plotting net benefit 

against threshold probability yields the “decision curve.”

Percent saved biopsies for one model in comparison to another was computed according to 

(TP1+FP1-TP2-FP2)/(TP1+FP1), where TP1, FP1, TP2, and FP2 denote the true and false 

positives for the two models.

We calculated calibration plots for 4K by plotting predicted risk versus observed proportions 

of cases for strata of the predicted risk. The PHI equation represents a simplified logistic 

regression model developed at Beckman Coulter[22] and is not formulated as a risk 

estimation. To assess the PHI score’s relation to risk in this particular dataset, we plotted 

PHI againstobserved proportions of cases in 10 strata of the PHI score.
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Statistical analysis was performed using Stata 11.2 (Stata Corp, College Station, TX) and 

R[23].

RESULTS

Clinical characteristics of the study population are listed in Table 1. 531 previously 

unbiopsied participants with PSA 3–15ng/ml were identified (271 cases and 260 controls). 

134 (49%) of the cases were characterized as Gleason grade ≥7. Cases were older than 

controls (mean age 66.0 vs. 64.6, p=0.04). Concentrations of free PSA and [-2]proPSA 

differed significantly between groups (p<0.001; p=0.038).

Performance comparison

The predictive performance of the different models applied to unbiopsied men with PSA 3–

15ng/ml is shown in Table 2. For predicting high-grade prostate cancer, the four-kallikrein 

panel and PHI had AUCs of 71.8 (95% CI: 66.8–76.7) and 71.1 (66.0–76.2) respectively, 

both significantly higher than the base model (p<0.0001). For predicting all prostate cancer, 

the base model containing age and total PSA had an AUC of 54.5 (95% CI: 49.6–59.4). The 

AUC increased significantly to 69.0 (95% CI: 64.5–73.4) for the four-kallikrein panel, the 

corresponding AUC for PHI was 70.4 (95% CI: 66.1–74.8). Figure 2 shows the ROC-curves 

for predicting all prostate cancer and high-grade disease.

AUC of the PHI model did not differ significantly from the AUC of the four- kallikrein 

panel model when predicting high-grade cancer (p=0.77) or all cancer (p=0.52).

Relevant biomarkers in prostate cancer diagnostics should perform well in high sensitivity 

ranges. Thus, we explored the partial AUC in the sensitivity range 75–100% and there was 

no significant difference between the models when sensitivity exceeds 75% (Figure 2, 

shaded area; Table 2). .

The performances of the respective models in the datasets including previously biopsied 

men and men with any PSA were similar to the performances in the main analysis 

(Appendix Table A1–2). There was no significant difference when predicting high-grade 

disease. However, in these datasets, the AUC of PHI for predicting all cancer was higher 

than the four- kallikrein panel AUC (p=0.04 and p=0.02, respectively).

Saved biopsies, decision curve analysis, and calibration

Figure 3 shows the decision curves when predicting all and highgrade disease. The four-

kallikrein panel showed net benefit when the cutoff for biopsy exceeds 18% risk for all 

cancer and 8% risk for high-grade disease. The clinical utility of PHI was strongly 

dependent on the cut-off used; in this dataset we found that PHI cutoffs 25–30 had poor 

properties. However, cutoffs ranging from 30–40 did have clinical utility.

The four-kallikrein panel was well calibrated for predicting all prostate cancer and 

highgrade cancer (Appendix Figures A1–2). PHI was poorly calibrated to previously 

reported associations between PHI and observed risk for all cancer[24] and PHI cutoffs of 

25–30 corresponded to very low risks of high-grade disease (Appendix Figures A1–2).
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Both the four-kallikrein panel and PHI save biopsies, but to a cost of missing high-grade 

cancers (Table 3). The models save almost 30% of the biopsies to the cost of missing 10% 

highgrade cancers if using 10% risk of highgrade cancer as predicted by the four-kallikrein 

panel or PHI=39 as cutoff for biopsy.

DISCUSSION

We have compared the performance of two predictive models – Prostate Health Index (PHI) 

and a four kallikrein-panel – to each other and a base model when applied to previously 

unbiopsied men with intermediately increased PSA. We find that both PHI and the four-

kallikrein panel increase predictive accuracy compared to the base model and that the PHI-

model and the four-kallikrein panel perform similarly for predicting both high-grade disease 

and all cancer.

Lilja and colleagues have repeatedly demonstrated that the four-kallikrein panel improves on 

PSA, potentially saving approximately half of the biopsies to the cost of missing about every 

tenth to twentieth of the high-grade cancers if using a fixed risk-cutoff for biopsy at 20% all-

cancer risk. The AUC of the four-kallikrein panel when predicting outcome after first biopsy 

has been shown to be 0.71–0.76[12–16]. We validate these results in an independent cohort, 

where a four-kallikrein panel had an AUC for all prostate cancer of 0.69 in unbiopsied men 

with PSA 3–15ng/ml and were well calibrated for predicting prostate cancer. Using a 15% 

risk for high-grade cancer as cutoff, the model saves 44% of the biopsies to the cost of 

missing approximately 20% (29/134) high grade cancers. The fraction of missed high-grade 

cancers among the saved biopsies was 13.3% and 18.1% for the 15% and 20% risk cutoffs, 

respectively. It is unclear whether the somewhat poorer results of the 4K panel than 

previously reported are an effect of the higher prevalence of high grade cancers in the 

current dataset or the lack of DRE information.

The FDA-approved PHI-index is the commercially available application of [-2]proPSA 

measurements. There is evidence that PHI-models increases discriminative accuracy 

between patients with and without prostate cancer, especially in the PSA-range 2–10ng/

ml[6]. Lazzeri and colleges recently showed that a PHI-based model yielded an AUC of 

0.71 (0.67–0.75) for predicting cancer in first biopsy, compared to a base model’s AUC of 

0.65 (0.61–0.69)[10,11]. We find that the PHI-model adds predictive performance to the 

base model, showing an AUC of 0.70 and 0.71 when predicting all and high-grade cancer. 

The model saves biopsies and misses high-grade cancers in the same range as the four-

kallikrein panel. In high sensitivity ranges, PHI seems to discriminate somewhat better than 

the four-kallikrein panel for predicting all prostate cancer (Figure 2A). In this dataset, 

commonly used cutoffs (PHI 25–30) correspond to low risk of high-grade disease and were 

of limited clinical value. Again, this may be because PHI is intended for use only in patients 

with a negative DRE. PHI-values between 35–40 had better properties as illustrated by 

given example of PHI=39 (Figure 3, Table 3), also being in line with recent guidelines from 

the National Comprehensive Cancer Network[25].

We find that the four-kallikrein panel and the PHI-model perform comparably well for 

predicting high-grade prostate cancer. Including previously biopsied men or men with PSA 
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outside the 3–15ng/ml range did not alter performance materially for either 4K or PHI, 

indicating robustness of the models. From a clinical point of view this is reassuring since 

previous biopsy status may not always be known and since the models potentially are of 

value also for deciding on prostate biopsy in men with PSA outside the 3–15 range.

Our study has several strengths. First, we use a contemporary, well-characterized cohort 

with men giving blood for PSA-analysis. From this cohort we included all men who had a 

first-time prostate biopsy with cancer or benign findings. This means that our results reflect 

a relevant, contemporary clinical setting. Second, we use EDTA-plasma throughout the 

laboratory analyses, providing stable and easy-to-handle samples. Third, we validate the 

results of previous studies of biomarker models in an entirely independent cohort, giving our 

study external validity. Fourth, we explore biomarker models readily incorporated in clinical 

practice, lending clinical applicability. Fifth, we demonstrate improvement of clinical 

decision-making by saved biopsies when introducing the biomarker models. From a 

pragmatic viewpoint, all explored models are potential alternatives in a biopsy decision 

situation. Being simple blood-tests, both models offer logistical advantages compared to 

urine tests demanding DRE or tissue based tests.

However, our study is not devoid of limitations, the most prominent being that (i), all 

biopsies were based on PSA and clinical information (this limitation is in fact shared with 

virtually all studies of prostate cancer, being ethically problematic to biopsy a large group of 

men with PSA < 3); (ii), we had no access to DRE data, prostate volume, or family history, 

which often are considered in a biopsy decision. PHI was developed primarily for men with 

benign DRE and the commercialized four-kallikrein model includes DRE information. The 

effect of this could be that this study underestimates the discrimination of the four-kallikrein 

panel and the calibration of PHI. (iii) Since free-to-total PSA ratio is quite commonly used 

in Sweden, we would expect biomarker models including this variable (i.e. both PHI and the 

four-kallikrein panel) to do relatively less well. (iv) the study population is ethnically 

homogenous, and (v), Gleason scores were missing for some of the participants, possibly 

diluting any differences between the models in predicting high-grade disease.

CONCLUSIONS

The four-kallikrein panel and PHI similarly improved discrimination when predicting 

prostate cancer and high-grade prostate cancer. Both are simple blood tests that can reduce 

the number of unnecessary biopsies compared to screening with total PSA, representing an 

important new option to reduce harm.
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APPENDIX

Table A1

Performance of models predicting prostate cancer when applied to a cohort of 897 men of 

which 707 were not previously biopsied (455 controls and 442 prostate cancer cases of 

which 221 with high-grade cancer).

Model

All cancer High-grade cancer

AUC CI (95%) p (vs base) AUC CI (95%) p (vs base)

 Base model 62.8 (59.2–66.4) - 68.4 (64.3–72.5) -

 4K-panel* 74.9 (7.17–78.1) <0.0001 78.5 (75.1–82.0) <0.0001

 PHI 77.5 (74.5–80.5) <0.0001 79.0 (75.5–82.5) <0.0001

AUC comparison: PHI vs 4K-panel 0.22 0.81
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The base model includes age and total PSA. 4K-panel includes age, total PSA, free PSA, human Kallikrein 2 and intact 
PSA. PHI includes total PSA, free PSA and [-2]proPSA. Cancers with Gleason ≥7 defined high-grade cancer. AUC = area 
under the curve; PSA = prostate-specific antigen
*
The 4K-panel risks for patients who underwent a previous biopsy were recalibrated using a 10-fold cross validated Bayes 

factor.

Table A2

Performance of models predicting prostate cancer when applied to a cohort of 691 men with 

PSA 3–15 ng/ml of which 531 were not previously biopsied (370 controls and 321 prostate 

cancer cases of which 156 with high-grade cancer).

Model

All cancer High-grade cancer

AUC CI (95%) p (vs base) AUC CI (95%) p (vs base)

 Base model 52.0 (47.7–56.3) - 56.7 (51.6–61.8) -

 4K-panel* 71.1 (67.3–75.0) <0.0001 73.2 (68.8–77.5) <0.0001

 PHI 72.2 (68.5–76.0) <0.0001 71.8 (67.2–76.5) <0.0001

AUC comparison: PHI vs 4K-panel 0.59 0.52

*
The 4K-panel risks for patients who underwent a previous biopsy were recalibrated using a 10-fold cross validated Bayes 

factor.

Table A3

Performance of models predicting prostate cancer when applied to a cohort of 521 

previously unbiopsied men with PSA 2–10 ng/ml (269 controls and 252 prostate cancer 

cases of which 117 with high-grade cancer). The most commonly used PSA cut-off for 

biopsy in Sweden is 3ng/ml. It should therefore be noted that the men with PSA between 2 

and 3 may represent an atypical population.

Model

All cancer High-grade cancer

AUC CI (95%) p (vs base) AUC CI (95%) p (vs base)

 Base model 55.2 (50.3–60.2) - 59.9 (54.4–65.5) -

 Four-kallikrein panel 69.1 (64.6–73.6) <0.0001 70.5 (65.3–75.7) <0.0001

 PHI 69.6 (65.1–74.1) <0.0001 69.9 (64.5–75.3) <0.0001

AUC comparison: PHI vs four-kallikrein 
panel

0.84 0.81

Figure A1. 
Left panel. Calibration plot when using 4K to predict risk for all cancer in the STHLM2 

cohort of 531 previously unbiopsied men with PSA 3–15 ng/ml. Yellow region shows 95% 
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confidence interval. The red line illustrates perfect calibration. Right panel. Solid black line: 

Association between PHI and observed risk for all cancer in the STHLM2 cohort of 531 

previously unbiopsied men with PSA 3–15 ng/ml. Yellow region shows 95% confidence 

interval. Dashed black line: Association between PHI and observed risk for all cancer in the 

STHLM2 cohort of 397 previously unbiopsied men with PSA 4–10 ng/ml. Red line: 

Previously reported association between PHI and observed risk in a cohort of 445 men with 

PSA 4–10 ng/ml27.

Figure A2. 
Left panel: Calibration plot when using 4K to predict risk for highgrade cancer in the 

STHLM2 cohort of 531 previously unbiopsied men with PSA 3–15 ng/ml. Yellow region 

shows 95% confidence interval. The red line illustrates perfect calibration. Right panel: 

Association between PHI and observed risk for highgrade cancer in the STHLM2 cohort of 

531 previously unbiopsied men with PSA 3–15 ng/ml. Yellow region shows 95% 

confidence interval.
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PATIENT SUMMARY

PSA screening is controversial due to limitations of the test. We found that two blood 

tests, PHI and the four-kallikrein panel, performed similarly and could both aid in 

decision-making in Swedish men undergoing a prostate biopsy.
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TAKE HOME MESSAGE

Two new blood tests called the four-kallikrein panel and PHI similarly improved 

discrimination in predicting any-grade and high-grade prostate cancer.

Compared to screening with PSA, these new markers may help reduce harms like 

unnecessary biopsies and overdetection.
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Figure 1. 
Flowchart of study design
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Figure 2. 
Receiver operating characteristics (ROC) curves depicting the accuracy of five models in 

predicting prostate cancer (left) and high-grade prostate cancer (Gleason ≥7; right) in 531 

previously unbiopsied men with PSA 3–15 ng/ml (260 controls and 271 prostate cancer 

cases of which 134 with high-grade cancer).

The base model includes age and total PSA. The four-kallikrein panel model includes age, 

total PSA, free PSA, human Kallikrein 2 and intact PSA. PHI includes total PSA, free PSA 

and [-2]proPSA. Shaded area marks sensitivity above 75%. PSA = prostate-specific antigen.
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Figure 3. 
Decision curve analysis showing the effect of the four-kallikrein panel and PHI on the 

detection of prostate cancer and high-grade prostate cancer. Clinical net benefit for the 

models is plotted against the risk threshold at which a patient or clinician would opt for 

biopsy. As comparison, the gray line represents the strategy of biopsying all men, and
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