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Abstract
Background—Risk models to predict prostate cancer on biopsy, whether they include only
prostate-specific antigen (PSA) or other markers, are intended for use in all men of screening age.
Yet the association between PSA and cancer likely depends on a man’s recent screening history.

Methods—To examine the effect of prior screening on prostate cancer risk prediction using a
previously reported four-kallikrein panel: total, free, and intact PSA, and kallikrein-related peptidase
2 (hK2). The study cohort comprised 1241 men in Gothenburg, Sweden, undergoing biopsy for
elevated PSA during their second or later visit for the European Randomized study of Screening for
Prostate Cancer. We calculated the predictive accuracy of a four-kallikrein panel.

Results—Total PSA was not predictive of prostate cancer. A previously published four-kallikrein
model increased predictive accuracy compared to total PSA and age alone (area-under-the-curve
[AUC] 0.66 vs. 0.51; p<0.001), but was poorly calibrated and missed many cancers. A model
developed with recently screened men gave important improvements in discrimination (AUC 0.67
vs. 0.56; p<0.001). Use of this model would reduce the number of biopsies by 413 per 1000 men
with elevated PSA, miss 60 of 216 low-grade (Gleason ≤6) cancers, but miss only 1 of 43 high-grade
cancers.

Conclusions—Prior participation in PSA-screening dramatically changes the performance of
statistical models predicting biopsy outcome. A four-kallikrein panel can predict prostate cancer in
men with a recent screening history, providing independent replication that multiple kallikrein-forms
contribute important diagnostic value in men with elevated PSA.
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Introduction
Death from cancer almost invariably results from disseminated disease; successful resection
of a tumor detected before it becomes disseminated should therefore prevent cancer-specific
mortality. Hence, early detection of cancer remains the one of the most promising strategies
for cancer control. For prostate cancer, a widespread early detection strategy involves analysis
of blood markers, with approximately 50% of American men at risk undergoing regular testing
for prostate specific antigen (PSA) 1. Indeed, interim reports from two large randomized studies
of PSA-based screening for prostate cancer were recently published2, 3. One showed a modest
20% reduction in cancer mortality for previously unscreened men participating in the European
Randomized Screening Study of Prostate Cancer (ESRPC)2. The current lack of mortality
reduction in the PLCO study could - at least in part - be attributed to wide use of PSA-screening
among the men both randomized to screening or selected as controls in the US3. For many
years, PSA was largely considered a binary test. Patients above a threshold level of PSA, such
as 4 ng/ml, are considered positive, and recommended for biopsy; patients with PSA below
the threshold are told that they are at low risk and not in need of further work-up 4.

Recent data have demonstrated some of the shortcomings of PSA as a basis for biopsy
decisions. The positive predictive value of an elevated PSA in the 20–30% range 4, implying
that a large number of men receive unnecessary biopsy. In addition, PSA is insufficiently
sensitive, such that men with low PSA may nonetheless harbor cancer 5. These findings have
prompted the search for new markers of prostate cancer. Using a data set from the Gothenburg
section of ERSPC, we recently reported that a panel of four kallikrein markers — total PSA,
free PSA, intact PSA and human kallikrein-related peptidase 2 (hK2) — was strongly predictive
of biopsy outcome in men with elevated PSA 6. We estimated that using the model to determine
referral to biopsy would reduce biopsy rates by 573 per 1000 men with elevated PSA and would
miss only a small number of cancers (42 per 1000 men with elevated PSA). Moreover, most
of the cancers missed were the low grade cancers most likely to constitute overdiagnosis.

Our initial results were based on the first round of the ERPSC, wherein a very small proportion
had been previously screened (~3%). It is therefore unclear how well our results would apply
to men undergoing regular screening. For example, an initial PSA test would identify both
recently developing cancers and those that were established for many years; a repeat test would
find only recent cancers as the long-established cancers had been removed from the risk set.
Accordingly, we hypothesize that PSA will have higher predictive value for initial than repeat
testing. Yet risk models to predict prostate cancer on biopsy, whether they include only PSA
or other markers, appear to be intended for use in all men of screening age, irrespective of
screening history. For example, the most well known model, the PCPT risk calculator 7, does
not include PSA screening history as an input.

In this study, we evaluate the predictive accuracy of PSA and of our published four-kallikrein
panel, developed on patients biopsied during their first visit of the ERSPC, when applied to
men biopsied during their second and subsequent visits. We then compare our results to a model
developed using the second and subsequent visit data set. The difference in results between
these two models will address the question of whether recent screening affects the properties
of statistical models for the prediction of prostate cancer.

Methods
Study Cohort

The design of the Swedish arm of the ERSPC in Gothenburg, Sweden has been previously
reported 6, 8. In brief, the study cohort consisted of a random sample of 19,911 men; ~62% of
all males living in Gothenburg, Sweden, who were born between 01/01/1930 and 12/31/1944.
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Approximately one-half were randomly selected to be invited to screening (n=9,957) and the
participation rate was 75% (n=7,510) in the screening arm. Following an initial PSA test, men
not diagnosed with cancer and aged <70 were invited for up to six additional biennial screens.
The current cohort includes screens conducted through 12/31/06. The rate at which participants
in the screening arm continued to undergo subsequent screening was very high, with 90% of
men participating in at least 3 screening rounds, until a cancer diagnosis, or age 70. Data were
obtained under a waiver approved by the medical ethics committee at the University of
Gothenburg. Men with an elevated PSA level in serum (defined as either ≥ 2.54 during 2005–
2006; 2.89 during 1999–2004; or 3.39 ng/ml during 1995–1998) were invited to undergo
subsequent clinical examination by an experienced urologist and were highly compliant
(≈89%). This examination consisted of transrectal ultrasound guided laterally directed sextant
biopsy and digital rectal examination (DRE). Biopsy specimens were evaluated by a single
pathologist, with tumors classified according to the 1997 International Union Against Cancer
staging system 9 and graded according to the Gleason grading system 10.

All biomarker measurements used for statistical analysis are in accordance with WHO
calibration standards. Laboratory methods were as for prior publication 6, with the exception
being that the measurement assays were changed in 2004 to reflect WHO PSA calibration
standards. A correction factor provided by the assay manufacturer was applied to
measurements taken in earlier years. Accordingly, the threshold for clinical examination varied
slightly between 2.54 and 3.39 ng/ml.

For the statistical analysis, the first screening round (‘round 1’) was defined as the first time
that the man participated in the study irrespective of calendar year. The second screening round
was defined as that occurring approximately two years after the first screening round; screening
rounds 3–6 were similarly defined.

The current analysis includes 1241 men biopsied during screening rounds 2–6 and who were
not biopsied in any previous screening round. Our main analysis includes only the first biopsy
for each participant. The findings are therefore applicable to recently screened men with an
elevated PSA and with no prior biopsy. High-grade cancer was defined as biopsy Gleason score
7 or higher. Figure 1 shows the flow of participants through the study. The PSA threshold that
prompted biopsy was 3.39 ng/ml in 6% (n=75), 2.89 ng/ml in 73% (n=902), and 2.54 ng/ml in
21% (n=264).

The principal aim was to determine whether the additional kallikrein markers (free PSA, intact
PSA, and hK2) could provide value additional to PSA when deciding whether a biopsy would
be advisable. We considered two settings: a laboratory sending blood results to a doctor and a
clinical consultation between a patient and a doctor following news of an elevated PSA.
Accordingly, the base model for the laboratory setting included age and total PSA; for the
clinical setting, the base model also included the DRE result (note, however, that only men
with elevated PSA underwent DRE). In all cases, the levels of markers used were those taken
closest to but before the time of the biopsy.

For the current analysis, we took two statistical approaches. First, we evaluated the performance
of the models previously developed for never screened men 6 when applied to men with a
recent screening history. To do this, we calculated the predicted probability of a positive biopsy
for each recently screened man from the previously developed models. We then computed the
AUC of each model for the recently screened men. Second, we hypothesized that recently
screened men differ from never screened men such that they require a different statistical
model. We therefore refit a multivariable model using the current sample as the data set 6. In
this analysis, all AUCs were calculated by repeated 10-fold cross validation. The models
previously developed for never screened men consisted of the same exact predictor variables
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as the models currently developed for recently screened men; the only difference between the
models was the estimated coefficients for each predictor, which results from fitting the models
in separate cohorts.

For all analyses, the point estimates of the AUCs were obtained by taking the bootstrap mean,
and confidence intervals for all AUCs were obtained from bootstrap percentile intervals, with
2000 bootstrap replications. To test for a difference between the AUCs, we calculated the
difference in the AUCs of the full and base models within each bootstrap replication. The null
hypothesis is that the difference in the AUCs equals zero; accordingly, a two-sided p-value to
test the null hypothesis is defined as the proportion of replications where the differences was
less than or equal to zero, multiplied by two. To examine the association between PSA and
risk of prostate cancer between men biopsied during round 1 (data from previous paper) and
those biopsied during screening rounds 2–6 (data from current paper), we fitted separate logistic
regression models by group, using only total PSA as the predictor variable. To account for any
non-linear relationships between biomarker levels and risk, the biomarkers were entered into
all models using restricted cubic splines with knots at the tertiles.

The clinical effects of the models were characterized by decision curve analysis 11. This method
estimates a “net benefit” for prediction models by summing the benefits (true positives) and
subtracting the harms (false positives), where the latter is weighted by a factor related to the
relative harm of a missed cancer vs. an unnecessary biopsy. The weighting is derived from the
threshold probability of prostate cancer at which a patient would choose to be biopsied. As this
threshold probability can vary from patient to patient, net benefit is calculated across a range
of probabilities; we chose 10–40% as a reasonable range. The interpretation of a decision curve
is straightforward: the model with the highest net benefit at a particular threshold probability
should be chosen. Correction for overfit was by repeated 10-fold cross-validation. All statistical
analyses were conducted using Stata 10.0 (StataCorp LP, College Station, TX).

Results
In total, 1241 participants received a first biopsy during screening rounds 2–6, of which 322
(26%) were diagnosed with prostate cancer (Table 1). The 1241 biopsied participants include
120 (10%) who, in an earlier screening round, had had an elevated PSA (≥3 ng/ml) but declined
biopsy; their initial elevated PSA levels ranged from 3 to 9 ng/ml, with 63% (n=75) being
between 3 and 4 ng/ml. As is typical among recently screened men, the overwhelming majority
of cancers diagnosed were Gleason 6 or less (n=269 or 84%), while 45 (14%) were Gleason 7
and only 8 (2%) were Gleason 8 or higher.

The predicted probability of a positive biopsy based on total PSA is shown in Figure 2,
separately for men biopsied during round 1 (data from previous paper) and those biopsied for
the first time during subsequent screening rounds (data from current paper). In unscreened men
with PSA ≥3 ng/ml, risk of cancer rises in parallel with increases in PSA above 3 ng/ml; for
men with prior PSA screens, the relationship between a PSA elevation beyond 3 ng/ml and
cancer risk is essentially flat. In other words, there was no significant relationship between
PSA and cancer risk in men with recent PSA screening and with a subsequently elevated PSA
(p=0.9). As might be expected, the distribution of total PSA differed markedly between the
two groups: 88% of previously screened men, but only 53% of those without prior screening,
had a total PSA in the range of 3–5 ng/ml (i.e. raised only slightly above the biopsy threshold);
conversely, 13% of unscreened men had high PSA (>10 ng/ml) compared to only 1% of those
previously screened.

We first evaluated the performance of the models previously developed for men without prior
screening, when they were applied to the recently screened men (Table 2). The base laboratory
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model, which included age and total PSA, had little if any discrimination for diagnosis of
prostate cancer in recently screened men (AUC 0.51; 95% confidence interval [95%CI] 0.49,
0.55). A statistically significant enhancement was observed when all new markers were
included in a multivariable model (AUC 0.66; 95% CI 0.62, 0.69). Similar enhancements were
observed for the clinical model, where DRE result was also included in the base model.

Using the full models developed with never screened men, we determined the number of
biopsies conducted and cancers identified per 1000 men with elevated PSA if these models
were used to make decisions as to which men with a recent screening history should be subject
to biopsy (Table 3). We used a threshold probability of 20%. That is, we assume that a
participant would agree to have a biopsy if his predicted probability was 20% or higher. This
value was chosen as it is slightly lower than the positive predictive value of a PSA ≥3 ng/ml
in this cohort (26%). Using the full models developed with never screened men, the number
of biopsies performed would be greatly reduced (by 730–850 per 1000 men with elevated PSA);
however, in doing so we would miss an important number of cancers (as many as 196, three-
quarters of the total), including many high-grade tumors (23, half of the total).

To overcome the poor decision analytic properties for the full models developed on recently
screened men when applied to recently screened men, we then developed new models for
prostate cancer diagnosis using the data from our current cohort of recently screened men. The
AUC of the laboratory base model (PSA and age) was 0.56 (upper limit of 95% CI 0.60) and
the clinical base model (also including DRE) was 0.62 (upper limit of 95% CI 0.66). These
AUCs were higher than those obtained when the models were developed with never screened
men, suggesting that the operating characteristics of total PSA differs between never screened
and recently screened men. The predictive accuracy of the full laboratory model was 0.67 with
lower limit of 95% CI 0.64 (0.11 higher than base model; p<0.001), and the full clinical model
was 0.70 with lower limit of 95% CI 0.66 (0.08 higher than base model; p<0.005), which were
similar to the increments obtained with the models developed with never screened men. Table
3 shows that the models developed with recently screened men have good decision analytic
characteristics: biopsying men according to the clinical full model would reduce the number
of biopsies by 41%, while missing 60 cancers out of 259 per 1000 (23%) and only 1 biopsy
Gleason 3+4 cancer of 43 high-grade cancers (biopsy Gleason ≥7). All of the 60 cancers missed
were clinical stage T1C.

Figure 3 gives decision curves for our models. Although results are close for very risk-averse
men — those who would opt for biopsy for risks of cancer below 15% — the net benefit of
the four-kallikrein panel model for previously screened men is superior to the alternative
strategies of either biopsying all men, no men, or biopsying on the basis of total and free PSA,
across the full range of threshold probabilities for both clinical and laboratory models. The
models developed with never screened men and applied to recently screened men had net
benefits that were generally inferior to those of the new models and were particularly poor
where threshold probabilities were low.

We performed a sensitivity analysis to investigate whether our results depended on the biopsy
scheme used for the ERSPC. Participants underwent a transrectal ultrasound guided laterally
directed sextant biopsy, which may have missed cancers that could have been detected with
an extended biopsy scheme. To examine the effect of biopsy scheme, we considered the results
of repeat biopsies among those with an initial negative biopsy: we assumed that cancers
detected initially with an extended biopsy would have been detected with repeat sextant
biopsies within 4 years of the initial biopsy. The sensitivity analyses included 802 participants
with an initial biopsy before 12/31/2002; these participants were eligible for a subsequent
biopsy in the 4-year period ending 12/31/2006 (the last screen date in the data set). In this
subgroup, 609 (76%) had an initial negative biopsy. Approximately 40% (248/609) had a
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subsequent biopsy within 4 years, which was positive in 91 men (37%). This increase in positive
biopsy rates is broadly comparable to what has been reported for direct comparisons between
sextant and more extended biopsy 12–14. The analysis was repeated considering those 91
participants as positive at their initial biopsy. This resulted in a predictive accuracy that was
slightly lower, but importantly the enhanced predicted accuracy contributed by use of the full
kallikrein model was unchanged (laboratory model: base 0.52 vs full 0.66, increment=0.14;
clinical model: base 0.55 vs full 0.67, increment=0.12; both p<0.01). These results clearly
indicate that the models are likely to be robust, independent of the biopsy scheme.

Discussion
We have found that a panel of four kallikrein forms can help predict the result of prostate biopsy
in men with an elevated PSA who were subject to recent screening. The increment in predictive
accuracy compared to a base model of total PSA and age was similar between our original
publication (increase in AUC of 0.152 6) and this data set (increase of 0.110). As no data from
the original publication were included in this data set, we take our results as providing an
independent replication.

Nonetheless, our findings support our hypothesis that the predictive accuracy of total PSA
changes dramatically for men who have undergone recent screening. The predictive accuracy
of age plus total PSA was 0.68 when applied to men who had never been screened 6, compared
to only 0.56 — little better than a coin flip — in our current, equally highly representative
screening study cohort. This finding is similar to that of Eggener et al, who report an AUC of
0.58 for a model including age and PSA in men undergoing regular screening 15. This AUC is
slightly higher than our finding, largely because Eggener et al’s cohort included a wider range
of ages. The AUC of PSA alone in our cohort was 0.51, compared to 0.52 for Eggener et al.
(data from authors).

The dramatically altered relationship between PSA and prostate cancer risk in recently screened
men who had elevated PSA during subsequent screening rounds has important consequences
for statistical modeling. In men who have been recently screened, a PSA ≥3 ng/ml likely
increases risk of cancer 4, 7; however, rises above 3 ng/ml do not appear to increase risk further
(Figure 2). A statistical model developed on unscreened men has reasonable discrimination
when applied to those recently screened; in other words, those with higher risks from the model
are indeed more likely to harbor cancer than those with lower risks. However, the model is
poorly calibrated, in other words, the absolute level of risk is inaccurate. As a result, only about
1 in 3 men have a predicted risk from the model in excess of 20%, such that use of this threshold
as a criterion for biopsy would miss approximately 75% of cancers.

Accordingly, we recommend that different statistical models be used to predict the risk of
prostate cancer, depending on whether a man has been subject to recent screening. PSA would
be strongly weighted in a model applied to an unscreened man, but not in the model to be
applied to a man with recent PSA tests. This view has not been incorporated in published
statistical models for prostate cancer. Indeed, of 36 prostate cancer prediction models described
in a recent review16, none appears to take PSA screening history into account. The best known
and most widely used prediction tool, the “PCPT risk calculator”, was developed using data
from the Prostate Cancer Prevention Trial 7. Although the inputs for the model include race,
family history, DRE, age and PSA, it is the PSA level and DRE that drive risk. Our data, as
well as those of Eggener et al., suggest that PSA level does not discriminate recently screened
men with cancer from those without cancer at biopsy.

The results of the ERPSC suggest that although PSA screening can reduce prostate cancer
mortality, this comes at a high cost in terms of the number of men needing to be screened,
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biopsied and treated to prevent one death2. Our data on the kallikrein panel suggests an
approach for shifting the benefit to harm ratio of PSA screening. Not only would use of the
panel reduce the number of biopsies by 30 – 40%, but the vast majority of the small number
of cancers that would be missed would be the low stage, low grade, cancers typically thought
to constitute overdiagnosis.

Although our study independently replicates the higher predictive accuracy of the kallikrein
panel compared to PSA alone, our new statistical models for previously screened men have
not been independently validated. We therefore plan to evaluate our models in other ERSPC
cohorts.

Conclusions
We have found that adding information on kallikreins other than PSA can help predict the
result of biopsy in men with elevated PSA who have a recent screening history. Our models
can therefore be used to determine which men should be advised to have biopsy and which
might be advised to continue screening, but defer biopsy until there was stronger evidence of
malignancy. The predictive accuracy of PSA alone is dramatically affected by screening
history, and we therefore recommend that different predictive models be used for men with
and without recent PSA tests. This recommendation has considerable implications for current
predictive models, none of which appear to incorporate information on recent screening history.
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Figure 1.
Flow of participants
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Figure 2.
Predicted probability of a positive biopsy by total PSA, separately for men biopsied during the
first round (never screened: grey lines) and for those biopsied for the first time during
subsequent screening rounds (recently screened: black lines). Dashed lines are 95% confidence
intervals.
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Figure 3.
Decision curves, showing the estimated clinical benefit of various biopsy strategies. Panels A
and B: Laboratory models. Thick grey line: biopsy all men. Thick black line: biopsy no man.
Thin black line: biopsy on the basis of the laboratory kallikrein model (age, total PSA, free
PSA, intact PSA, and hK2). Dotted line: biopsy on the basis of free PSA, total PSA and age.
Grey dashed line: biopsy using the laboratory kallikrein model developed for unscreened men.
Panels C and D: Clinical models. Thick grey line: biopsy all men. Thick black line: biopsy no
man. Thin black line: biopsy on the basis of the clinical kallikrein model (age, DRE, total PSA,
free PSA, intact PSA, and hK2). Dotted line: biopsy on the basis of free PSA, total PSA, age
and DRE. Grey dashed line: biopsy using the clinical kallikrein model developed for
unscreened men.
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Table 1

Characteristics of 1241 participants who underwent biopsy in rounds 2–6 of the ERSPC Gothenburg

Cancer detected on biopsy

No Yes

N=919 N=322

Age at biopsy (years) 63 (60, 66) 64 (61, 67)

Round of biopsy

 2 296 (32%) 72 (22%)

 3 268 (29%) 88 (27%)

 4 168 (18%) 75 (23%)

 5 85 (9%) 47 (15%)

 6 102 (11%) 40 (12%)

Previous elevated PSA and refused biopsy 89 (10%) 31 (10%)

Total PSA (ng/ml) 3.51 (3.11, 4.15) 3.51 (3.11, 4.29)

Free PSA (ng/ml) 0.74 (0.59, 1.00) 0.69 (0.51, 0.90)

Intact PSA (ng/ml) 0.39 (0.28, 0.52) 0.39 (0.25, 0.52)

Human kallikrein 2 (ng/ml) 0.046 (0.029, 0.066) 0.055 (0.038, 0.081)

Abnormal DRE 55 (6%) 69 (21%)

Biopsy Gleason grade

 ≤6 n/a 269 (84%)

 7 n/a 45 (14%)

 ≥8 n/a 8 (2%)

Clinical stage

 T1C n/a 252 (78%)

 T2A n/a 48 (15%)

 T2B n/a 9 (3%)

 T2C n/a 4 (1%)

 T3 n/a 8 (2%)

 Unknown n/a 1 (0.3%)

DRE, digital rectal examination
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