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NE OF THE MOST COMMON

cancer screening activities

in the United States is the

measurement of prostate-
specific antigen (PSA) levels for the early
detection of prostate cancer. In 2001, ap-
proximately 75% of men in the United
States aged 50 years and older reported
that they had previously undergone PSA
screening and 54% have reported regu-
lar PSA screening.'? Prostate cancer
screening with PSA has been controver-
sial, as no studies have proven that this
strategy reduces mortality from pros-
tate cancer.” After almost 2 decades of
PSA screening in the United States, mor-
tality from prostate cancer has de-
creased, but it is unknown if the mor-
tality reduction is due to screening or to
other factors such as treatment effi-
cacy.*® Of concern relative to a causal in-
terpretation is that prostate cancer mor-
tality rates have declined in countries
where PSA screening is uncommon.” In
the United States, regions with differ-
entrates of prostate cancer screening and
treatment have similar rates of disease-
specific mortality.'
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Context Three fourths of US men older than 50 years have been screened with prostate-
specific antigen (PSA) for prostate cancer.

Objective To estimate the receiver operating characteristic (ROC) curve for PSA.

Design, Setting, and Participants Calculation of PSA ROC curves in the placebo
group of the Prostate Cancer Prevention Trial, a randomized, prospective study con-
ducted from 1993 to 2003 at 221 US centers. Participants were 18 882 healthy men
aged 55 years or older without prostate cancer and with PSA levels less than or equal
to 3.0 ng/mL and normal digital rectal examination results, followed up for 7 years
with annual PSA measurement and digital rectal examination. If PSA level exceeded
4.0 ng/mL or rectal examination result was abnormal, a prostate biopsy was recom-
mended. After 7 years of study participation, an end-of-study prostate biopsy was rec-
ommended in all cancer-free men.

Main Outcome Measures Operating characteristics of PSA for prostate cancer de-
tection, including sensitivity, specificity, and ROC curve.

Results Of 8575 men in the placebo group with at least 1 PSA measurement and
digital rectal examination in the same year, 5587 (65.2%) had had at least 1 biopsy; of
these, 1225 (21.9%) were diagnosed with prostate cancer. Of 1213 cancers with
Gleason grade recorded, 250 (20.6%) were Gleason grade 7 or greater and 57 (4.7 %)
were Gleason grade 8 or greater. The areas under the ROC curve (AUC) for PSA to
discriminate any prostate cancer vs no cancer, Gleason grade 7 or greater cancer vs no
or lower-grade cancer, and Gleason grade 8 or greater cancer vs no or lower-grade
cancer were 0.678 (95% confidence interval [Cl], 0.666-0.689), 0.782 (95% Cl,
0.748-0.816), and 0.827 (95% Cl, 0.761-0.893), respectively (all P values <.001 for
AUC vs 50%). For detecting any prostate cancer, PSA cutoff values of 1.1, 2.1, 3.1,
and 4.1 ng/mL yielded sensitivities of 83.4%, 52.6%, 32.2%, and 20.5%, and speci-
ficities of 38.9%, 72.5%, 86.7%, and 93.8%, respectively. Age-stratified analyses
showed slightly better performance of PSA in men younger than 70 years vs those 70
years or older with AUC values of 0.699 (SD, 0.013) vs 0.663 (SD, 0.013) (P=.03).

Conclusion There is no cutpoint of PSA with simultaneous high sensitivity and high
specificity for monitoring healthy men for prostate cancer, but rather a continuum of
prostate cancer risk at all values of PSA.
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A potential explanation for these ob-
servations may be due to the charac-
teristics of PSA measurement as a
screening test. In general, prostate bi-
opsy has not been recommended un-
less PSA levels exceed a threshold value,
generally 4.0 ng/mL, with slightly lower
values recommended recently by some
authors.'"'? We have reported that as
many as 15% of men with a PSA value
less than 4.0 ng/mL have prostate can-
cer and that 15% of these cancers are
high grade.”® With an understanding
that the performance characteristics of
a screening test play an important role
in determining its efficacy and effi-
ciency, we report the receiver operat-
ing characteristic (ROC) curve for PSA.

METHODS

The Prostate Cancer Prevention Trial,
conducted from 1993 to 2003 at 221 US
centers, randomized 18 882 men aged
55 years or older with a normal digital
rectal examination result and PSA level
less than or equal to 3.0 ng/mL to re-
ceive either finasteride or placebo for
7 years."* Measurement of PSA levels
and digital rectal examination were per-
formed annually. Measurements of PSA
levels were performed in a central labo-
ratory using the Tandem E assay (Hy-
britech; Beckman Coulter Inc, Fuller-
ton, Calif) until 2000, when this was
replaced with the Access assay (Beck-
man Coulter). A prostate biopsy with
a minimum of 6 cores was recom-
mended if PSA levels exceeded 4.0
ng/mL or the digital rectal examina-
tion result was suspicious for cancer.
At the end of 7 years all participants not
previously diagnosed with cancer were
requested to undergo an end-of-study
prostate biopsy within 90 days of the
randomization anniversary date. Race
was defined because of the greater im-
pact of prostate cancer on African
American men; race was self-reported
by the participants using categories de-
fined by the National Institutes of
Health. All participants provided writ-
ten informed consent, and the study
was approved by the institutional re-
view boards of the participating insti-
tutions.
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Two groups of participants were ana-
lyzed. Verified participants were de-
fined as those who underwent pros-
tate biopsy and had had a PSA
measurement and digital rectal exami-
nation within 1 year previous to their
biopsy. For individuals with multiple
biopsies the last biopsy was used; all
analyses were repeated using instead the
first biopsy and confirmed results. Un-
verified participants were defined as
those without a prostate biopsy over the
course of the trial; for this group, the
last PSA measurement available with an
accompanying digital rectal examina-
tion result within the year was used for
analysis.

The operating characteristics are sum-
marized in terms of the sensitivity and
specificity for cutoff values of PSA and
the calculated ROC curve for prostate
cancer vs no prostate cancer. To exam-
ine the operating characteristics of PSA
for detecting more-aggressive, higher-
grade disease, the operating character-
istics for Gleason grade 7 or greater pros-
tate cancer vs Gleason grade less than 7
or no prostate cancer, and Gleason grade
8 or greater prostate cancer vs Gleason
grade less than 8 or no prostate cancer
were also calculated. The sensitivity is de-
fined as the proportion of cases with a
PSA value exceeding each cutoff value,
and the specificity as the proportion of
noncases with a PSA value equal to or
below each cutoff value. The ROC curve
isaplot of 1-specificity vs sensitivity for
all cutoff values in the range of PSA lev-
els observed. A test of the null hypoth-
esis that the area under the ROC curve
(AUCQ) is 50% was performed using the
Wilcoxon rank sum test.

A confirmatory ROC analysis for
prostate cancer vs no prostate cancer
was performed by adding unverified
participants to biopsy-verified partici-
pants and using a verification bias ad-
justment.!>!* To perform the adjust-
ment, a Markov Chain Monte Carlo
algorithm using the covariates age, fam-
ily history of prostate cancer (0=no;
1=yes), current digital rectal examina-
tion result (O=negative or normal;
1=positive indicating suspicion for can-
cer), and PSA level was used to esti-
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Table 1. Characteristics of Participant
Population

No. (%)
I 1
Verified  Unverified
(n =5587) (n=2988)
Age, y*
<60 38(0.7) 176 (5.9
60-64 1163 (20.8) 704 (23.6)
65-69 1755 (31.4) 832 (27.8)
=70 2631 (47.1) 1276 (42.7)
Race
White 5342 (95.6) 2776 (92.9)
African American 11(0.2) 10 (0.9)
Other 234 (4.2) 200 (6.7)
Missing 0 2(0.1)
Family history
of prostate cancer
No 4658 (83.4) 2591 (86.7)
Yes 929 (16.6) 397 (13.3)
Previous prostate
cancer
No 4362 (78.1) NA
Yes 1225 (21.9) NA

Abbreviation: NA, not applicable.
*Age at last biopsy for verified participants and age at last
PSA test for unverified participants.

mate the probability of cancer and to
impute the missing disease status in-
dicator for each of the unverified par-
ticipants.'” The algorithm essentially
weights the unknown disease statuses
for the unverified participants by what
was observed for similar verified cases.
Similar ROC curves with and without
verification bias adjustment indicate a
lack of verification bias. The program
was executed in the C programming
language. P<<.05 was used to deter-
mine statistical significance.

RESULTS

0f9459 men randomized to the placebo
group of the study, 8575 had a PSA value
and digital rectal examination result
available for analysis; characteristics of
these participants are shown in TABLE 1.
Of these 8575 participants, 5587 (65.2%)
had at least 1 biopsy performed during
the 7 years of the study, with a respec-
tive PSA and digital rectal examination
result available. The participants who
were verified were more likely to be older,
to have a family history of prostate
cancer, and to be white than those who
did not undergo a biopsy (P<<.001). Of
the participants who underwent biopsy,
1225 (21.9%) had prostate cancer
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(Table 1). Of 1213 cancers with Glea-
son grade recorded, 250 (20.6%) were
Gleason grade 7 or greaterand 57 (4.7%)
were Gleason grade 8 or greater.
Prostate-specific antigen values and
digital rectal examination results for
placebo group participants who did
and did not undergo prostate biopsy
are shown in TABLE 2. Participants
who did not undergo prostate biopsy
were more likely to have PSA values
less than or equal to 4.0 ng/mL and

|
Table 2. Prostate-Specific Antigen (PSA)
Values and DRE Results Used in Calculation
of the Receiver Operating Characteristic
Curve

No. (%)
[ 1
Verified Unverified
(n=5587) (n=2988)
PSA >4.0 ng/mL
DRE result
Abnormal 60 (1.1) 11 (0.4)
Normal 577 (10.3) 95 (3.2)
PSA =4.0 ng/mL
DRE result
Abnormal 497 (8.9) 82 (2.7)
Normal 4453 (79.7) 2800 (93.7)

DRE indicates digital rectal examination.

negative digital rectal examination
results (P<<.001).

The performance characteristics of
PSA for detecting prostate cancer of any
grade, Gleason grade 7 or greater, and
Gleason grade 8 or greater are shown
in the FIGURE and TABLE 3. For detect-
ing any grade of cancer, the ROC curve
for verified participants only (AUC,
0.682; 95% CI, 0.664-0.699) is nearly
identical to that corrected for verifica-
tion bias (AUC, 0.678; 95% confi-
dence interval, 0.666-0.689), so re-
sults are shown only after verification
bias adjustment. Although the AUC is
significantly better than 50% (P<<.001),
a clear-cut decision rule for prostate bi-
opsy based on PSA values would be
challenging to derive from these data.
On one hand, the commonly used cut-
off value of 4.1 ng/mL would have a
6.2% false-positive rate (1-specific-
ity) but would detect only 20.5% of can-
cer cases (sensitivity). To improve can-
cer detection, the cutoff could be
lowered to 1.1 ng/mL, thus detecting
83.4% of cancer cases, but would sub-
ject 61.1% of men without cancer to

]
Figure. Receiver Operating Characteristic Curve for Prostate-Specific Antigen (PSA)
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AUC indicates area under the receiver operating characteristic curve.
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prostate biopsy. The recently recom-
mended cutoff of 2.6 ng/mL would de-
tect only 40.5% of cancer cases. Scan-
ning the first 3 columns of Table 3
shows that there is no single cutoff that
would simultaneously yield both high
sensitivity and high specificity.

The operating characteristics of PSA
measurement improve for detection of
higher-grade disease, as shown in the
Figure and Table 3. The AUCs for Glea-
son grade 7 or greater and Gleason grade
8 or greater cancer are 0.782 (95% con-
fidence interval, 0.748-0.816) and 0.827
(95% confidence interval, 0.761-
0.893), respectively. For each PSA cut-
off value, the test is more sensitive for
higher-grade disease (Table 3). The stan-
dard cutoff of 4.1 ng/mL detects 50.9%
of highest-grade (Gleason grade =8) dis-
ease. Lowering the cutoff to 1.6 ng/mL
would increase sensitivity for highest-
grade disease to 90% at the expense of
decreasing the specificity to 53.5%. To
examine the impact of age on PSA per-
formance, men younger than 70 years
(n=2956) were compared with men aged
70 years and older (n=2631). For the
younger than 70 years vs 70 years and
older age ranges, PSA measurement per-
formed slightly better for younger men
with AUC values of 0.699 (SD, 0.013)
and 0.663 (SD, 0.013), respectively
(P=.03). Sensitivity and specificity for
PSA measurement in these 2 age ranges
are provided in Table 3. The AUC for
PSA measurement in men with normal
digital rectal examination results was
0.684 (SD, 0.010) vs 0.662 (SD, 0.024)
for men with abnormal results (P=.38).

COMMENT

The Prostate Cancer Prevention Trial
provides the first large-scale opportu-
nity to evaluate the operating charac-
teristics of PSA measurement in a pro-
spective-screening setting. The ability
to do so results from a unique aspect
of the trial—the protocol recommen-
dation for universal verification by pros-
tate biopsy for all men at the end of the
study, regardless of PSA levels and digi-
tal rectal examination findings. Previ-
ous studies have retrospectively esti-
mated sensitivity and specificity.'® Other
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prospective screening studies have gen-
erally performed a prostate biopsy only
in those men with PSA levels above 4.0
ng/ml and consequently have been sub-
ject to verification bias. Punglia et al*
attempted to correct for verification
bias, but the conditions necessary for
verification bias adjustment were not
strictly satisfied since the study proto-
col did not require prostate biopsy in
men with negative test results.

Itis important to recognize the unique
nature of this study population. At en-
rollment, all participants had PSA val-
ues of 3.0 ng/mL or less and were older
than 54 years (mean age, 62 years), an
age similar to that of participants in pre-
vious screening studies.' The partici-
pants in the current trial anticipated
semiannual visits and annual examina-
tions for 7 years of study. By selecting a

OPERATING CHARACTERISTICS OF PROSTATE-SPECIFIC ANTIGEN

healthier, more compliant population,
with generally low initial PSA values,
these criteria could affect generalizabil-
ity of the estimates of performance char-
acteristics of PSA measurement to the
general population.

The high frequency of cancer in men
with PSA levels less than 4.0 ng/mlL,
previously reported from the Prostate
Cancer Prevention Trial, implies that
the use of PSA measurement for early
detection of prostate cancer may re-
sultin delayed detection with the com-
mon 4.0 ng/mL cutoff.”> However, test
performance may differ in men who
have not had previous screening or who
have clinically important disease.”® We
found sensitivity to increase within the
subset of higher-grade cases. Among
men with Gleason grade 8 and higher,
the sensitivity of the standard PSA cut-

off of 4.1 ng/mL was 50.9%, consider-
ably greater than the 20.5% sensitivity
observed among all cases. By compari-
son, Gann et al'® found a 73% sensitiv-
ity for PSA measurement among symp-
tomatic cancer cases diagnosed within
the 4 years following their serum draw.
Cases in the series by Gann et al had
never undergone clinical PSA testing,
whereas all participants in the current
study had PSA levels less than or equal
to 3.0 ng/mL and a negative digital rec-
tal examination result at study enroll-
ment. Because of repeated screening,
cases in our series were more likely to
be diagnosed at an early stage in their
disease progression.

This analysis of the operating char-
acteristics of PSA measurement may help
explain several observations regarding
PSA screening and trends in prostate can-

|
Table 3. Sensitivity and Specificity for Prostate Cancer and High-Grade Disease, by Cutpoints of Prostate-Specific Antigen (PSA) and by Age*
Gleason Grade =7 (n = 250) Gleason Grade =8 (n = 57)

vs Gleason Grade <7 vs Gleason Grade <8
or No Cancer (n = 5325) or No Cancer (n = 5518)

Any Cancer (n = 1225)
vs No Cancer (n = 4362)

I 1 I 1 [ 1
Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity

PSA, ng/mL
1.1 83.4 38.9 92.8 37.0 94.7 35.9
1.6 67.0 58.7 84.4 54.8 89.5 53.5
2.1 52.6 72.5 75.6 67.3 86.0 65.9
2.6 40.5 81.1 67.2 76.5 78.9 751
3.1 32.2 86.7 57.6 82.3 68.4 81.0
4.1 20.5 93.8 40.4 90.0 50.9 89.1
6.1 4.6 98.5 13.2 97.8 26.3 97.5
8.1 1.7 99.4 4.8 99.0 10.5 99.0
10.1 0.9 99.7 2.4 99.5 5.3 99.5
Age <70y
1.1 82.6 43.2 92.7 39.1 96.3 38.0
1.6 66.6 62.0 84.7 57.7 96.3 56.4
2.1 54.8 72.8 75.0 68.9 92.6 67.6
2.6 451 80.8 66.1 771 88.9 75.9
3.1 37.3 85.0 54.0 81.8 741 80.8
4.1 27.7 91.7 42.7 89.0 59.3 88.1
6.1 5.7 97.5 15.3 97.3 33.3 97.1
8.1 2.5 99.1 5.6 99.0 14.8 98.9
10.1 1.3 99.4 2.4 99.4 3.7 99.3
Age =70y
1.1 81.4 37.6 92.9 34.6 93.3 33.6
1.6 68.3 551 841 51.5 83.3 50.2
2.1 53.9 68.5 76.2 65.5 80 64.0
2.6 42.0 78.3 68.3 75.8 70 74.2
3.1 34.3 85.2 61.1 82.9 63.3 81.3
4.1 211 92.9 38.1 91.2 43.3 90.1
6.1 5.0 98.6 11.1 98.2 20 98.0
8.1 1.5 99.1 4.0 99.1 6.7 99.0
10.1 0.7 99.7 2.4 99.7 6.7 99.7

*Twelve cancer cases did not have Gleason grade recorded and are omitted from the grade-related comparisons. For any cancer vs no cancer, n = 2956 for age <70 years and
n = 2631 for age =70 years; for the grade-related comparisons, n = 2950 for age <70 years and n = 2625 for age =70 years.
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cer diagnosis and mortality in the United
States since 1985. That many prostate
cancers, including high-grade tumors,
are missed at low levels of PSA could
explain the discrepancy between the rate
of PSA screening and the change in pros-
tate cancer mortality over the past 15
years of intensive PSA screening. The
delay in diagnosis of high-grade tumors
until PSA levels exceed current thresh-
old “normal” values could also explain
why there is a 35% risk of subsequent
treatment after radical prostatectomy,
presumably due to disease recur-
rence.”! However, lowering the thresh-
old would have 2 consequences:
increased biopsy rates and the possibil-
ity of increased detection and treat-
ment of biologically inconsequential can-
cers. Currently, men in the United States
have a 17.3% lifetime risk of prostate can-
cer diagnosis, while the lifetime risk of
prostate cancer death is 3%.%* An inher-
ent property of all screening tests is that
they disproportionately enhance the
detection of slower-growing cancers,
because more-aggressive tumors have a
greater likelihood of becoming clini-
cally apparent between screenings.”
While lowering the PSA threshold is

likely to increase the detection of such
aggressive cancers atan earlier stage, the
unavoidable tradeoff is the increased
detection of biologically inconsequen-
tial cancers.

The implications of this analysis are
substantial. Prior to clinical use of bio-
markers or other tests for cancer screen-
ing, properly designed validation stud-
ies are essential. A multistep process for
validation is currently used by the Early
Detection Research Network of the Na-
tional Cancer Institute.?* While pros-
tate cancer is not unique, it has a vari-
able natural history, ranging from
markedly aggressive to indolent. Con-
sideration should be given to the devel-
opment of biomarkers that incorporate
disease prognosis. Finally, it will be a
challenge to the medical community to
change the long-held notion that there
is a “normal” PSA level. Patients and
health care professionals must be reedu-
cated that there is a continuum of risk
and no clearly defined PSA cutpoint at
which to recommend biopsy. It will be
the patient, in concert with his health
care professional, who will ultimately
have to weigh the sensitivity-specificity
tradeoffs in combination with the un-

certain natural history of the disease to
determine whether further evaluation
with a prostate biopsy is appropriate.
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