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A b s t r a c t

This article introduces the use of Bayes probability
rule to calculate age and serum prostate-specific
antigen (PSA)-specific positive predictive values
(PPVs) for prostate cancer. The PPV is the conditional
probability of having prostate cancer, given a value of
PSA and a particular age group. The formulation uses
values of sensitivity obtained from previously reported
studies of more than 2,700 men with prostate cancer,
and it uses values of specificity obtained from
previously reported studies of more than 99,000 men
without prostate cancer. The formulation also
introduces the use of a population-based and age-
specific probability of prostate cancer, and for this it
relies on the National Cancer Institute–sponsored
Surveillance, Epidemiology and End Results data. The
Bayes PPV suggests that in younger men, cut points
defining an elevated PSA level should be raised rather
than lowered. The Bayes formulation also provides
estimates of the PPV for narrow intervals of PSA, and
these tabulated results may provide useful guidelines
for the implications of serum PSA levels at specific age
groups.

Prostate-specific antigen (PSA) was discovered during
the late 1970s,1 introduced as a serum test in 1980,2 and as a
serum test was demonstrated to be related positively to the
presence of prostate cancer.3-5 In 1986, the US Food and Drug
Administration approved its use for monitoring men with
prostate cancer. Subsequently, testing for serum PSA became
common in screening for prostate cancer, and in 1992, the
Food and Drug Administration approved its use for screening.

Now, serum PSA level combined with clinical symptoms,
digital rectal examination (DRE), and, sometimes, ultrasound
examination constitute the main ways to screen men for
prostate cancer. For men with abnormal screening results, nee-
dle biopsy of the prostate is used to diagnose the tumor, and
the serum PSA level is combined further with clinical staging
and grade to decide overall stage and choice of treatment.6

Thus, it is easy to understand how the serum PSA level could
be described as the ideal serum tumor marker7 and the major
“cause” of the increasing incidence of prostate cancer in the
1990s.8 However, some of the PSA-associated increase in
diagnosis of prostate cancer is thought to be overdiagnosis of
tumors that otherwise might go unnoticed during the men’s
lifetimes,9-11 and the serum PSA level has been criticized as
not specific.12,13 In fact, it is likely that in men with localized
cancer of the prostate, more of their serum PSA level is due to
benign tissues than to tumor.14,15 Finally, controversies contin-
ue regarding the ideal thresholds or cut points in serum PSA
level for deciding when to biopsy the prostate.

In my opinion, the first step needed to address uncertain-
ties regarding the use of the serum PSA level in screening is
to form an accurate and logically correct model for the posi-
tive predictive value (PPV) of serum PSA, that is, the proba-
bility of a man having cancer, given a particular value, or
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range of values, of serum PSA. In the past, the PPV was deter-
mined empirically from small to moderately sized data bases,
some of which were from single institutions. In what follows,
I consolidate the sensitivity and specificity data from large
numbers of previous studies and use Bayes theorem to calcu-
late the PPV. I also introduce the use of the underlying popu-
lation-based probability of prostate cancer as a necessary part
of estimating the PPV of the serum PSA level.

Materials and Methods

PPV and Bayes Rule

Although the sensitivity and specificity of the PSA level
for prostate cancer are common topics of concern, the condi-
tional probability of greatest interest to the patient and his
physician is the PPV. The PPV is defined as the probability of
disease, given that the laboratory test result is positive. For
serum PSA, PPV is the conditional probability P(Ca | PSA >
x), where x represents the cut point in serum PSA used to
define a positive result. Bayes rule16 tells us that PPV can be
written as ❚Equation 1❚:
P(Ca | PSA>x) =

P(PSA > x | Ca) * P(Ca)

P(PSA > x | Ca) * P(Ca) + P(PSA > x | B9) * P(B9)

On the right side of Equation 1 are 4 probability terms:
P(PSA > x | Ca) is the sensitivity of the serum PSA level;
P(Ca), the prior or underlying probability of prostate cancer,
that is, the probability without reference to serum PSA;
P(PSA > x | B9), the false-positive probability (FP) of PSA (ie,
FP or 1 – specificity); and P(B9), the prior or underlying prob-
ability of not having prostate cancer, which can be written as
1 – P(Ca).

Dividing the numerator and denominator of the right side
of Equation 1 by P(PSA > x | Ca) * P(Ca) and substituting sen-
sitivity, FP, and 1 – P(Ca) where appropriate allows Equation
1 to be simplified to ❚Equation 2❚:

P(Ca | PSA>x) = 1

1 + FP * (1 – P(Ca) )

Sensitivity * P(Ca)

Thus, if one can estimate FP, sensitivity, and P(Ca), then
one can use Equation 1 to estimate the PPV.

To estimate sensitivity, I used previously published
results of serum PSA levels from patients with prostate cancer.
First, I consolidated the raw sensitivity data published in 4
large studies, each of which gave sufficient details by values
of serum PSA from 0 to 20 ng/mL and patient age in 3 groups:
50 to 59, 60 to 69, and 70 to 79 years.17-20 Then I summed
the numerators and denominators of the raw counts of
patients at each value of serum PSA, so that the final plots of
sensitivity vs serum PSA were derived from more than 2,700
men with prostate cancer. To obtain a continuous expression of

sensitivity as a function of serum PSA, I used a nonlinear least
squares algorithm21 to model the consolidated sensitivity data
using the sum of a gamma distribution function and an expo-
nential distribution function ❚Appendix 1❚.

I modeled the FP from previously published data for
serum PSA levels from patients without prostate cancer.
Specifically, I consolidated the raw false-positive data from 10
previously published studies, each of which gave sufficient
details to form distribution functions by values of serum PSA
from 0 to 20 ng/mL and patient age for the 3 age groups: 50
to 59, 60 to 69, and 70 to 79 years.17-20,22-27 When the pub-
lished specificity data were limited to fewer values of serum
PSA, I first verified that the published data for FP followed an
exponential distribution and then used an exponential fit to
extrapolate for the unpublished values of serum PSA. As
before, I summed the resulting numerators and denominators
of the counts of patients at each value of serum PSA, so that
the final plots of FP vs serum PSA level were derived from
more than 99,000 men without prostate cancer. To obtain a
continuous expression of FP as a function of serum PSA, I
used a nonlinear least squares algorithm21 to model the con-
solidated false-positive data with an exponential function
(Appendix 1).

Using Surveillance, Epidemiology, and End Results Data
to Estimate P(Ca)

Although previous publications of PPV for serum PSA
values have used values of P(Ca) obtained directly from their
data, it is preferable to obtain P(Ca) from a broader popula-
tion. Otherwise, the resulting PPV might not be generally
applicable. The National Cancer Institute–sponsored
Surveillance, Epidemiology, and End Results (SEER) data
provide estimates of P(Ca) for a broad population, and from
its Web site (http://canques.seer.cancer.gov/) devcan2001 pro-
gram, I obtained estimates of the cumulative incidence of
prostate cancer for men of ages 55, 65, and 75 years, respec-
tively, as 0.959%, 5.015%, and 11.947%. Dividing these val-
ues by 100 converts these percentages to probabilities, that is,
to values between 0 and 1.

PPV for a Range of Serum PSA Levels

Equations 1 and 2 are formulas for the PPV for prostate
cancer, given that serum PSA level exceeds a certain threshold
value, x. Consequently, these formulas can be used to evaluate
cut points in serum PSA levels to be used for further clinical
actions such as biopsy of the prostate. Of equal interest, how-
ever, to a patient with a particular level of serum PSA is the
PPV for a more narrow range of serum PSA levels. Suppose,
for example, we consider the interval of values in serum PSA
between x1 and x2. We symbolize this interval as I, which is
written as:

I = x1 < PSA ≤ x2
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Bayes rule tells us that the PPV of prostate cancer given
that PSA falls in the interval I can be written analogous to
Equation 1 as ❚Equation 3❚:

P(Ca | PSA in I) =
P(PSA in I | Ca) * P(Ca)

P(PSA in I | Ca) * P(Ca) + P(PSA in I | B9) * P(B9)

The rules of probability and simple algebra indicate that
the PPV for an interval of PSA values can be simplified to
❚Equation 4❚:

P(Ca | PSA in I) = 1

1 + {FP(x1) – FP(x2)} * (1 – P(Ca) ) 

{Sensitivity(x1) – Sensitivity(x2)} * P(Ca)

Results

Bayes Estimate of PPV at PSA Cut Points

❚Figure 1❚ shows the calculated PPV from Equation 2 for
various cut points in serum PSA levels and for the 3 age
groups (50-59, 60-69, and 70-79 years). In general, and as
expected, the curves demonstrate that when cut points in
serum PSA are low, the PPV is low, and when cut points are
high, the PPV is high. Furthermore, the 3 age group curves
generally are close to one another and demonstrate several
points of crossing. Nevertheless, the respective locations of
the 3 curves provide details that are not intuitively obvious. At
low cut points in serum PSA levels, the PPV is lowest for men
ages 50 to 59 years and highest for men ages 70 to 79 years,
and this difference reflects the effect of P(Ca), which is low-
est for the 50- to 59-year age group. On the other hand, at
higher PSA cut points, the calculated PPV is highest for men
ages 50 to 59 years, and this reflects the combination of low
false-positive rate for higher values of serum PSA in the 50-

to 59-year age group and high false-positive rate in older men
owing to their enlarged prostates. In this manner, the Bayes
approach logically reflects age effects on benign prostate tis-
sues combined with the age effects on the incidence of
prostate cancer.

Further details of the calculated PPV are provided for
several cut points in ❚Table 1❚. For example, using a cut point
for a serum PSA of 1 ng/mL in men ages 50 to 59 years
implies that just 2% should have prostate cancer, whereas 98%
should not. For men ages 70 to 79 years, the same cut point of
1 ng/mL implies that 16% should have prostate cancer, where-
as 84% should not. Suppose further that one wanted a cut
point in serum PSA that implies that at least 15% of men with
a positive value would have prostate cancer and 85% or fewer
would not. For men 50 to 59 years old, the cut point expected
to meet this goal would be 5 ng/mL. On the other hand, for
men age 70 to 79 years, a PSA cut point as low as 1 ng/mL
would accomplish this goal. Thus, the Bayes algorithm using
P(Ca) and the sensitivity and false-positive rates of serum
PSA suggests higher, not lower, cut points for younger men.

Bayes Estimate of PPV for PSA Intervals

❚Table 2❚ shows calculated PPVs for various intervals in
serum PSA using Equation 4. The results demonstrate that
once again, the PPV rises with serum PSA levels for each age
group. At the lowest values of PSA, the PPV is highest for
men 70 years or older, reflecting once again the influence of
higher P(Ca) in older men. On the other hand, at higher levels
of serum PSA, the PPV becomes high regardless of age,
reflecting the strong regression relationship between mass of
tumor and serum PSA.15 When the serum PSA level exceeds
4 ng/mL, the PPV for prostate cancer becomes relatively uni-
form among the 3 age groups.

To partially validate the Bayes approach, I compared the
calculated Bayes PPV to the observed PPV reported by the
Rotterdam section of the European Randomized Study of
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❚Figure 1❚ Plot of Bayes calculated positive predictive value
(PPV) vs cut points in serum prostate-specific antigen (PSA)
level (ng/mL). The 3 lines are for the 3 age groups (50-59, 60-
69, and 70-79 years).

❚Table 1❚
Bayes Positive Predictive Values for Several Cut Points in
Serum PSA Values*

Age (y)

PSA Cut Point (ng/mL) 50-59 60-69 70-79

1 2 8 16
2 4 12 22
3 8 17 29
4 14 24 37
5 21 31 45
6 29 38 52
8 46 50 63

PSA, prostate-specific antigen.
* The entries are the probability of prostate cancer, given a serum PSA value that

exceeds the listed cut point, and the values were calculated from Equation 2. The
positive predictive values are given as percentages.
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Screening for Prostate Cancer (ERSPC).28,29 When the
ERSPC study began, men were evaluated by serum PSA level
and DRE, and by 2001, a total of 9,776 men had been
screened. Because the median age of the men in this part of
the ERSPC study was 63.2 years, I chose the SEER value of
P(Ca) for men aged 65 years and sensitivity and FP for men
in the age bracket 60 to 69 years. By using the same PSA
intervals reported by Schröder et al28 and Schröder and
Kranse,29 I compared the calculated PPVs with the reported
PPVs for these 9,776 men, and ❚Figure 2❚ shows the results. In
Figure 2, the calculated PPVs appear on the y-axis, the
observed PPVs appear on the x-axis, and the points show how
the PPVs compared with one another. The line shows where
perfect agreement would occur, and it demonstrates that

agreement between the Bayes PPV and the observed PPV
was close. For example, linear regression analysis demon-
strated a significant association between the Bayes PPV and
the observed PPV (t = 36; P ~ .000) with more than 99.6% of
the residual deviance explained.

Discussion

The PPV is the conditional probability of prostate cancer,
given that the serum PSA level falls within a critical range of
values. Consequently, it must follow Bayes rule, because this
is the nature of conditional probabilities. Nevertheless, the
accuracy of the Bayes PPV depends on the accuracy of the 3
probabilities it uses: the false-positive rate of serum PSA, the
sensitivity of serum PSA, and the underlying a priori probabil-
ity of prostate cancer. For the false-positive rate to be accurate,
it must be obtained from a broad population of men without
prostate cancer. For the sensitivity to be accurate, it must be
obtained from a broad population of men with prostate cancer.
For P(Ca) to be accurate, it must be obtained in an unbiased
manner from the population at large. Thus, estimates of each
of these 3 values might involve some error. ❚Table 3❚ summa-
rizes the nature of several potential errors and gives the correc-
tion required and the effect the correction would have on the
calculated PPV.

Although the false-positive estimates used herein came
from large studies of specificity of serum PSA levels in men
thought not to have prostate cancer, few had prostate biopsies,
and none had had their prostates removed. Thus, an unknown
number of them could have had occult prostate cancer, which
some have estimated to involve as many as 15% of men with-
out an abnormal serum PSA or DRE result.30,31 If autopsy
results are used, the rate could be as high as 30%.32 The effect
of these undiagnosed cases on the false-positive rate is a mat-
ter for conjecture. For example, some men with very large
prostates, high values of serum PSA, and low volumes of
prostate cancer might have been included in specificity stud-
ies because biopsies missed their tumors. Such men constitute
the first line of Table 3, and subtracting them from the speci-
ficity studies would lower the distribution of FP and raise the
calculated PPV. Alternatively, some men with small prostates
and small volumes of tumor may have had such low values of
serum PSA and no abnormality found by DRE that they were
included in specificity studies because they did not undergo
biopsy. These constitute the second line in Table 3, and sub-
tracting them from the specificity studies would raise the dis-
tribution of FP and lower the calculated PPV. This category of
error has been termed selection bias or verification bias.33,34

In contrast with studies of specificity, studies of sensitiv-
ity undoubtedly comprise men with prostate cancer, that is,
they are not contaminated by men who do not have tumor. The

❚Table 2❚
Bayes Positive Predictive Values for Serum PSA Falling Within
Intervals*

Age (y)

PSA Interval (ng/mL) 50-59 60-69 70-79

1-2 0.06 0.3 1
2-3 0.4 1 2
3-4 2 4 3
4-5 6 9 8
5-6 13 16 17
6-7 20 25 29
7-8 26 32 42
8-9 32 39 51
9-10 36 44 58

10-20 56 54 65

PSA, prostate-specific antigen.
* The entries are the probability (%) of prostate cancer, given a serum PSA value that

occurs within the listed interval, and the probabilities were calculated from
Equation 4.
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❚Figure 2❚ Plot of Bayes calculated positive predictive value
(PPV) vs observed PPV (x-axis) obtained from the Rotterdam
study (see text). The points are the results, and the line
demonstrates where perfect agreement between the values
of PPV would occur.
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question to consider is how accurately their values of serum
PSA represent all men with prostate cancer, especially
because an elevated serum PSA level often was the reason for
performing a biopsy. If studies of sensitivity of serum PSA
excluded men with cancer and low serum PSA (third line of
Table 3), then addition of these unrecognized cases to studies
of sensitivity would lower the sensitivity and decrease the cal-
culated PPV. If some cases were underdiagnosed because too
few core biopsy specimens were obtained (fourth line of Table
3), then the corrective effect on the distribution of sensitivity
could be increased, decreased, or remain the same depending
on their values of serum PSA.

A method for correcting specificities and sensitivities of
serum PSA levels for selection bias was introduced by Begg
and Greenes33 and applied to prostate cancer by Punglia et
al,34 but I did not use it here for several reasons. The method
assumes that the decision to biopsy the prostate is condition-
ally independent from the presence of prostate cancer, an
assumption that may not be justified. The method discards
useful information by combining the distribution functions of
serum PSA for control and patient populations. Although the
method uses logistic regression to estimate PPV among the
study patients who underwent biopsy, it does not use the a pri-
ori probability of prostate cancer in the population. Finally, the
method assumes that the derived logistic model for PPV can
be applied to men who did not undergo biopsy.

Regarding the last line of Table 3, epidemiologic studies
of large populations such as the SEER study might have
underdocumented the presence of prostate cancer, once again
because of occult prostate cancer, so that a correction to
increase P(Ca) would, in turn, increase PPV.

Thus, most of the errors that could affect the calculated
PPV are due to undetected cases of cancer. The questions to
ponder are just how important such missed cases are and
how seriously the resulting errors affect the calculated PPV,
especially if the involved tumors would not be diagnosed
during the lifetime of the patient. Some suggest that even
many conventionally diagnosed cases of cancer are over-
diagnosed.11 Thus, there is no easy answer to questions
about which cases of prostate cancer need to be diagnosed
and which do not. For the moment, the best way to view the

collected studies of specificity and sensitivity used here is
that they comprise, respectively, men without and with car-
cinoma of the prostate as diagnosed by conventional meth-
ods, that is, diagnosed via the combination of serum PSA,
DRE, clinical symptoms, and routine biopsy procedures. In
this way, the results of Equations 2 and 4 should be viewed
as providing reasonable estimates of PPV for conventional-
ly diagnosed prostate cancer.

Regardless of the aforementioned issues, I believe that
the relative trends suggested in Tables 1 and 2 are not likely to
be affected by errors in diagnosis. These trends do not favor
the lowering of cut points in serum PSA for younger men as
some have suggested.34-37 Instead the results imply that lower-
ing the PSA cut point will result in many biopsies of the
prostate on men unlikely to have prostate cancer, and they val-
idate the observations of Schröder et al28 and Schröder and
Kranse29 that when the serum PSA level is between 1 and 1.9
ng/mL, 2,663 biopsies would be required to detect 96 patients
with tumor.

In this study, I used Bayes rule and just 3 explanatory
variables to calculate the PPV of prostate cancer. These 3 are
the value of serum PSA, the patient’s age group, and the
underlying population-based probability of prostate cancer.
However, the PPV undoubtedly depends on more than these 3
variables. For example, variables such as race, family history,
prostate gland volume, results of DRE, percentage of free
serum PSA, and previous biopsy findings also are impor-
tant.13,19,38-40 For a single additional factor such as race, all one
need do is to repeat the process described in the methods sep-
arately for each race. In other words, one needs only to collect
the data for sensitivity, FP, and P(Ca) in race- and age-specif-
ic groups and apply the methods described herein to achieve
race- and age-specific versions of Equations 2 and 4.

For more variables, the straightforward use of Bayes rule
can become unwieldy unless the additional variables are sta-
tistically independent of one another—an unlikely event for
variables significantly related to PPV. Perhaps the best way to
deal with the overall multivariable problem is to use logistic
regression to model the probability of prostate cancer directly
as a function of serum PSA level, patient age, race, and other
key explanatory variables in some study population.38,39 The

❚Table 3❚
Errors in PPV

Study Type Cause Correction PPV

Specificity Undiagnosed cancer in men with high PSA level Decrease FP Increase
Specificity Undiagnosed cancer in men with low PSA level Increase FP Decrease
Sensitivity Undiagnosed cancer in men with low PSA level Decrease sensitivity Decrease
Sensitivity Undiagnosed cancer in men with few core biopsy specimens Unknown Unknown
Population Undiagnosed cancer Increase P(Ca) Increase

FP, false-positive probability; P(Ca), prior or underlying probability of prostate cancer; PPV, positive predictive value; PSA, prostate-specific antigen.
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underlying, population-based P(Ca) then also can be included
as a potential explanatory variable.

❚Appendix 1❚

I modeled sensitivity as ❚Equation A1❚:
Sensitivity = γ * (1 – Fg) + (1 – γ) * exp(–θ * PSA)
Here, γ is a coefficient with a value between 0 and 1, and

Fg is a gamma distribution function written mathematically as
❚Equation A2❚:

Fg = ∫ (λ)n
(PSA)n exp(–λ * PSA) dPSA

Γ(n)

Γ(n) is the gamma function, and γ and n are the parame-
ters for the gamma distribution function Fg. In Equation A1, θ
is a parameter that is always positive.

I modeled FP as ❚Equation A3❚:
FP = exp(– α * PSA )
Here, α is always positive.
The least squares fitting algorithm resulted in the follow-

ing estimates for the parameters of the preceding equations:

False-Positive 
Sensitivity* Probability†

Age Range (y) γγ n λλ θθ αα

50-59 0.832 8.50 1.50 0.0618 0.762
60-69 0.793 7.01 0.966 0.0617 0.483
70-79 0.695 10.6 1.19 0.0656 0.382

* γ, n, λ, and θ are the parameters used in the Equation 1 model for a continuous
function of sensitivity vs serum PSA cut point.

† α is the parameter used in the Equation 4 model for a continuous function of FP vs
serum PSA cut point.

The following figures demonstrate how well the models
fit, respectively, the consolidated sensitivity data and consoli-
dated FP data for the 3 age groups (50-59, 60-69, and 70-79
years). In the figures, the points are the observed data, and the
smooth lines are the fit provided by the models.
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