
Longitudinal Evaluation of Prostate-Specific Antigen Levels in
Men With and Without Prostate Disease

H. Ballentine Carter, MD, Jay D. Pearson, PhD, E. Jeffrey Metter, MD, Larry J. Brant, PhD,
Daniel W. Chan, PhD, Reubin Andres, MD, James L. Fozard, PhD, and Patrick C. Walsh, MD
Departments of Urology (Drs Carter and Walsh) and Laboratory Medicine (Dr Chan), The Johns
Hopkins University School of Medicine, James Buchanan Brady Urological Institute, The Johns
Hopkins Hospital; and the Laboratory of Clinical Physiology (Dr Andres) and the Longitudinal
Studies Branch (Drs Pearson, Metter, Brant, and Fozard), Gerontology Research Center,
National Institute on Aging, Baltimore, Md.

Abstract
Objective—To evaluate longitudinal changes in prostate-specific antigen (PSA) levels in men
with and without prostate disease.

Design—Case-control study of men with and without prostate disease who were participants in a
prospective aging study.

Setting—Gerontology Research Center of the National Institute on Aging; the Baltimore (Md)
Longitudinal Study of Aging.

Patients—Sixteen men with no prostate disease (control group), 20 men with a histologic
diagnosis of benign prostatic hyperplasia (BPH), and 18 men with a histologic diagnosis of
prostate cancer.

Outcome Measures—Multiple PSA and androgen determinations on serum samples obtained
from 7 to 25 years prior to histologic diagnosis or exclusion of prostate disease.

Results—Changesin androgen levels with age did not differ between groups. Control subjects
did not show a significant change in PSA levels with age. There was a significant difference in the
age-adjusted rate of change in PSA levels between groups (prostate cancer>BPH>control; P<.01).
At 5 years before diagnosis when PSA levels did not differ between subjects with BPH and
prostate cancer, rate of change in PSA levels (0.75 μg/L per year) was significantly greater in
subjects with prostate cancer compared with control subjects and subjects with BPH. Also, rate of
change in PSA levels distinguished subjects with prostate cancer from subjects with BPH and
control subjects with a specificity of 90% and 100%, respectively.

Conclusions—The most significant factor affecting serum PSA levels with age is the
development of prostate disease. Rate of change in PSA levels may be a sensitive and specific
early clinical marker for the development of prostate cancer.

PROSTATE-SPECIFIC ANTIGEN (PSA) is a serine protease produced by both benign and
malignant prostatic epithelium that can be measured in serum samples by immunoassay.1

Cross-sectional analysis of serum PSA levels in men with and without prostate discent
studies suggest that PSA may be useful in the early detection of prostate cancer,3,4 it is
known that PSA elevations occur in men with BPH2,5,6 and that men with prostate cancer
can have normal PSA levels.4-6 Therefore, based on cross-sectional studies, PSA elevations

Reprint requests to Department of Urology, Johns Hopkins Hospital, 403 Marburg, 600 N Wolfe St, Baltimore, MD 21205 (Dr
Carter)..

NIH Public Access
Author Manuscript
JAMA. Author manuscript; available in PMC 2012 October 01.

Published in final edited form as:
JAMA. 1992 April 22; 267(16): 2215–2220.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



are not specific for prostate cancer, and a normal PSA level does not exclude the presence of
cancer.

The longitudinal changes in PSA that occur with age in men with and without prostate
disease have not been reported previously. In addition, although it is well known that PSA is
under the influence of androgen,7,8 the influence of age-related decreases in androgen levels
on PSA has not been studied. To better understand the factors that affect PSA levels and
potentially improve the use of this valuable clinical marker in men with prostate disease, we
evaluated PSA levels in a longitudinal, casecontrol study.

METHODS
Study Groups

Three groups of men were identified from subjects participating in the Baltimore
Longitudinal Study of Aging (BLSA). The BLSA is an ongoing, long-term,prospective
aging study of the National Institute of Aging, Bethesda, Md, which has as its goal the study
of the processes of aging in humans.9 Since the BLSA was established in 1958, there have
been approximately 1500 male participants in the study. Participants are community-
dwelling volunteers who return approximately every 2 years for 2.5 days of physical
examinations and a battery of physiological, psychological, and medical tests. During these
visits, fasting and nonfasting serum samples are stored for current and future studies.
Participants are predominantly white and well educated. Previous analysis of this population
of men10 revealed the age-specific prevalence of prostate disease to be similar to that in the
white male population.11

Control Group
All active male participants between the ages of 55 and 90 years who participated in the
BLSA for at least 7 years were screened by one urologist (H.B.C.) during their routine
BLSA visit for the presence of symptoms or physical findings of BPH, as described by
Guess and colleagues.12 Between January 1990 and October 1990, approximately 200 men
returned for a routine BLSA visit. From these men, 16 subjects who did not have a prior
urologie history of disease and were thought to have no prostate disease were identified and
constituted the control group of subjects.

BPH Group
One hundred thirty-four men who had reported having a simple prostatectomy for BPH were
identified from 1459 male participants in the BLSA. Of the 134 men, there were 20 men
older than 60 years whose age was similar to the control subjects that met the following
criteria: (1) participation in the BLSA for at least 7 years prior to simple prostatectomy, (2)
confirmation of the pathologic diagnosis from simple prostatectomy, and (3) no previous
prostate surgery prior to simple prostatectomy. Pathologic diagnosis of BPH was confirmed
to decrease the possibility of unsuspected prostate cancer in this group of subjects.

Prostate Cancer Group
Thirty-seven men with the diagnosis of prostate cancer were identified from 1459 male
BLSA participants. Of the 37 men, there were 18 subjects older than 60 years whose age
was similar to the control and BPH groups that met the following criteria: (1) participation
in the BLSA for at least 7 years prior to diagnosis of prostate cancer, (2) confirmation of the
pathologic diagnosis of prostate cancer, and (3) no previous prostate surgery prior to
prostate cancer diagnosis. Clinical stage of the cancer was assigned as local or regional or
metastatic disease based on clinical examination, prostatic acid phosphatase determinations,
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bone scan results, and pathology reports from the treating urologist’s records. Elevations of
enzymatic acid phosphatase were considered as evidence of metastatic disease.

After identification of the study population, available serum samples from the BLSA serum
bank were analyzed for visits prior to the time of diagnosis. Serum samples were not
available for all subjects at each visit. Serum samples that had been stored at −70°C and not
previously thawed were identified by date of collection so that results could be related to the
date of diagnosis. The date of diagnosis for the control group was the date of exclusion of
prostatic disease. The date of diagnosis for the BPH and prostate cancer group was the date
of simple prostatectomy or histologie diagnosis of prostate cancer, respectively.

PSA Assay
All PSA determinations were made on routine serum samples using the Tandem-R
monoclonal immunoradiometric assay (Hybritech Inc, San Diego, Calif). According to the
manufacturer’s recommendations, the expected range for PSA in unaffected men using this
assay is zero to 3.99 μg/L. The interassay coefficient of variation was calculated from three
quality control samples (mean ± SD, percent of coefficient of variation): 0.84 μg/L± 0.063
μg/L, 7.5%; 2.9 μg/L±0.12 μg/L, 4%; and 40 μg/L± 1.6 μg/L, 4%. A mixed-effects
regression model (see “Statistical Analysis” section) using length of storage of serum
samples as an independent variable suggested that date of serum sample had no significant
affect on PSA levels

Serum Testosterone and Luteinizing Hormone Determinations
Total testosterone, free testosterone, and luteinizing hormone determinations were
performed in one laboratory (Hazleton Laboratories, Vienna, Va) by radioimmunoassay on
fasting serum samples taken in the morning. Hormone measurements were evenly spaced
over the time of follow-up prior to diagnosis.

Study Group Demographics
Table 1 shows the ages at diagnosis, years of follow-up, and number of serum
determinations for the three groups. For men in the BPH group, the median age at diagnosis
(75.9 years) was significantly greater than the median age of men in the control group (66.0
years). There were no significant differences in the years of follow-up and median number
of hormone measurements between the three groups. Subjects with local or regional prostate
cancer had a significantly greater number of PSA measurements than subjects in the control
and BPH groups.

Statistical Analysis
A mixed-effects regression model13 was used to test the hypothesis that, after controlling for
the effect of age at diagnosis, PSA values increase faster in subjects with prostate cancer
compared with subjects with BPH or those without prostate disease.14 The model includes
random effects to account for the natural heterogeneity in PSA values and the rate of change
in PSA within the population. This heterogeneity would be expected due to uncontrolled
factors affecting when the diagnosis was made and affecting the rate of progression of
prostate cancers. Since the a priori hypothesis was that PSA levels would increase faster in
the subjects with cancer than in the subjects with BPH or control subjects, one-tailed tests
were used.

Several potential rules for detection of prostate cancer were developed based on the
distributions of the observed rates of change in PSA levels in the diagnostic groups. One
criterion was the rate of change in PSA between two consecutive visits (PSAR = [PSAt–
PSAt–1]/[Yearst–Yearst–1]). Since the rate of change between two consecutive visits is
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subject to random measurement error and fluctuations in the rate of change, a second
criterion was the running average of the rate of change over three consecutive visits (PSAR2
= [PSARt + PSARt–1]/2).

The sensitivity (true positives/[true positives+false negatives]) and specificity (true
negatives/[true negatives+false positives]) of the detection criteria were compared by
calculating the binomial probability of obtaining distributions equal to, or more deviant than,
the observed distribution assuming the null hypothesis that the two rules had equal
sensitivities or specificities.15

RESULTS
Hormone Levels

The mean serum hormone levels (free testosterone, total testosterone, and luteinizing
hormone) were within the normal range for these tests in all groups (data not shown). A
mixed-effects regression model using as independent variables age at entrance into the
study, length of follow-up, and diagnostic group, revealed no differences in hormonal rates
of change among the groups with age (results not shown). As expected, testosterone levels
decreased with age and luteinizing hormone levels increased with age.

Changes in PSA
Observed PSA levels are shown for each participant in all groups as a function of age (Fig 1)
and as a function of years prior to diagnosis for subjects with prostate cancer (Fig 2). The
observed rate of change in PSA levels μg/L per year) and rate of change estimated from the
mixed-effects model are given in Table 2. Subjects with prostate cancer had significantly
greater rates of change in PSA levels than those without prostate cancer up to 10 years
before diagnosis.

A mixed-effects regression analysis (Fig 3) revealed significant differences in the rate of
change in PSA levels between all groups (metastatic cancer>local or regional
cancer>BPH>control; P<.01). The PSA levels increased slowly over time in the control
group but did not reach statistical significance. Compared with the gradual increase in PSA
levels seen in subjects with BPH, subjects with prostate cancer had an exponential increase
in PSA levels approximately 10 years before diagnosis.

Differentiation Between Study Groups
One (6.3%) of 16 control subjects, 8 (40%) of 20 subjects with BPH, and 14 (78%) of 18
subjects with prostate cancer had at least one PSA measurement greater than 4.0 μg/L (Figs
1 and 2). In four men with local or regional prostate cancer, no PSA level was greater than
4.0 μg/L. No control subject or subject with BPH had a serum PSA level of greater than
10.0 μg/L. The PSA value closest to the time of diagnosis differed significantly between the
study groups (prostate cancer>BPH>control) as shown in Table 3. The difference in PSA
levels between subjects with local or regional prostate cancer and those with BPH
disappeared at 5 years before diagnosis (Table 3). In contrast, the rate of change in PSA was
significantly greater for subjects with local or regional prostate cancer compared with those
without prostate cancer at 5 to 10 years before diagnosis (Table 2).

The sensitivity and specificity of single PSA levels and rate of PSA change in differentiating
between subjects with and without prostate cancer are shown in Table 4 together with the
time prior to diagnosis when cancers were detected using various detection criteria. When a
rate of change in PSA levels between two consecutive visits (PSAR) was 1.0 μg/L or greater
per year or an average rate of change between three consecutive visits (PSAR2) of 0.75 μg/
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L or greater per year was compared with single PSA measurements in the detection of
prostate cancer, there was no significant difference in sensitivity. Using the detection
criterion of a PSA level of 4.0 μg/L or greater resulted in detection of 78% of prostate
cancers at a median of 4.9 years prior to diagnosis for subjects without metastatic disease.
An average rate of change (PSAR2) of 0.75 μg/L or greater per year detected 72% of
prostate cancers a median of 2.6 years prior to diagnosis for subjects without metastatic
disease. The average rate of change in PSA levels of 0.75 μg/L or greater per year was more
sensitive as a criterion of prostate cancer detection when PSA was 4.0 μg/L or greater than
when PSA was less than 4.0 μg/L (Table 4).

When a single PSA level of 4.0 μg/L or greater was used as a criterion for prostate cancer
detection, 40% of subjects with BPH were incorrectly classified as having cancer
(specificity, 60%) (Table 4). However, when an average rate of change of 0.75 μg/L or
greater per year was used as the criterion for prostate cancer detection, only 10% of subjects
with BPH were misclassified (specificity, 90%). The average rate of change criterion
yielded a significantly better specificity than a single PSA level of 4.0 μg/L or greater(P = .
03). Inaddition, theaverage rate of change rule maintained a high level of specificity both
when PSA levels were below and above 4.0 μg/L.

COMMENT
Previous cross-sectional studies have shown that prostate disease is an important factor
affecting PSA levels.2 However, there are other important questions that remain
unanswered: (1) the influence of age on changes in PSA in men without prostate disease, (2)
the influence of age-related decreases in androgen levels on PSA, and (3) the magnitude of
changes in PSA that occur with the development of prostatic disease over time. Knowledge
of these factors that affect PSA is important to better use PSA measurements in men with
prostate disease.

In this study we have demonstrated that the increasing prevalence of prostate disease that
occurs with age is the most important factor affecting PSA levels in men. In men thought to
have no evidence of prostate disease (control group), the rate of change in PSA was lower
than in subjects with prostate disease and was not significantly different from 0.0 μg/L per
year. This is consistent with the concept that PSA is produced by prostatic epithelium and
that epithelial cell death and growth are balanced in men without prostate disease.16 This
results in relatively little change in prostate size with age17 in these men after puberty. In the
control group, one subject had a higher rate of change in PSA than the other control subjects
(Fig 1). Since this group of men was screened by medical history and physical examination
only, it is possible that underlying prostatic disease was undetected in this individual.
Withdrawal of androgens in men with prostate disease results in a decrease in PSA levels
presumably as a result of the androgen dependence of prostatic epithelium.7 In this study,
androgen levels do not appear to account for the difference in PSA changes between men
with and without prostate disease since the change in androgen levels with age did not differ
among the groups.

The magnitude of changes in PSA were significantly different in the three groups of men in
this study. In men with BPH, the increase in PSA was gradual up to the time of diagnosis
(Fig 3). This is consistent with the fact that PSA levels increase proportionately with
increases in weight of BPH tissue.2 Autopsy studies also suggest a prostate doubling time of
10 years or more in men with BPH.17 The observed differences in rates of change in PSA
levels among men with BPH (Fig 1) may reflect the known histologie heterogeneity of BPH.
BPH is a heterogeneous disease that is characterized histologically by a variable degree of
stromal and epithelial hyperplasia. Thus, men with a predominance of epithelial hyperplasia
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would be expected to have greater increases in PSA during periods of epithelial proliferation
than those men with primarily stromal hyperplasia. It is also possible that some of the
subjects with BPH that have PSA changes similar to subjects with cancer may represent
individuals with undetected prostate cancer.

We hypothesized that men with prostate cancer would have a greater change in serial PSA
levels compared with men who had BPH based on several clinical observations. It has been
shown that serum PSA levels increase directly with the volume of prostate cancer.2

Furthermore, on a volume-for-volume basis, prostate cancer is thought to contribute 10
times more to serum PSA concentrations than benign tissue.18 Finally, the doubling time of
prostate cancer19 is estimated to be 100 times faster than for benign tissue.17 We found an
exponential increase in PSA concentration (Fig 3) in subjects with prostate cancer 5 to 10
years prior to diagnosis, which is consistent with the known increase in PSA that occurs
with increasing tumor volume and the kinetics of tumor growth. The observed differences in
the rate of PSA change between subjects with prostate cancer (Figs 1 and 2) is consistent
with the known variability in the biologic behavior of prostate cancers. Four men with local
or regional disease demonstrated minimal change in PSA concentrations with levels
remaining below 4.0 μg/L up to the time of diagnosis. Whether men with prostate cancer
and minimal PSA change have biologically different tumors than men with greater changes
in PSA is currently unknown.

Recent data suggest that measurement of serum PSA concentrations may allow earlier
detection of prostate cancer.3,4 However, men with BPH have PSA elevations in 21% to
86% of cases,2,5,6 and men with prostate cancer have normal PSA levels in 21% to 35% of
cases.4-6 Therefore, PSA elevations are not specific for prostate cancer, and a normal PSA
level does not exclude the presence of cancer. This is reflected in the 78.7% sensitivity and
59.2% specificity using a PSA of 4.0 μg/L or greater as a detection criterion in a recent
prostate cancer screening study.4 Using the same criterion for prostate cancer detection we
found a 78% sensitivity and a 60% specificity in this case-control study. When we used a
prostate cancer detection criterion based on the average rate of change in PSA between three
consecutive visits (PSAR2≥0.75 μg/L per year), we found no difference in the sensitivity of
prostate cancer detection compared with the use of a PSA of 4.0 μg/L or greater. However,
the use of this rate of change criterion in prostate cancer detection significantly increased the
ability to differentiate between subjects with BPH and prostate cancer (specificity, 90%).
More importantly, the rate of change rule maintained a high degree of specificity at PSA
levels both below and above 4.0 μg/L. Thus, serial PSA measurement and assessment of the
rate of change in PSA concentrations may allow the physician to differentiate between those
men with BPH and prostate cancer. This may identify more accurately the men who will
benefit from further diagnostic tests, such as prostatic ultrasound and/or biopsy. Since BPH
is more prevalent than prostate cancer, differentiation between men with prostate cancer and
BPH would avoid subjecting a large number of men with lower PSA levels to unnecessary
workup and the psychological trauma associated with cancer suspicion.

There is an approximate 10% day-to-day variation in PSA levels that may explain some of
the variability in PSA measurements observed in subjects with BPH. This variation would
mean that an increase in PSA concentrations of 0.75 μg/L would be more likely to represent
a true change for men with lower baseline PSA levels compared with those with higher
baseline PSA levels. However, despite this PSA variation, we observed a similar specificity
for rate of change in cancer detection when PSA values were less than 4.0 μg/L or 4.0 μg/L
to 10.0 μg/L (Table 4). This may be due to the use of three consecutive PSA measurements
in the determination of rate of change (average rate of change) that “dampens out” some of
the variability in repeated measurements.
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The changes in PSA levels observed in this case-control study may not be representative of
changes that occur in all men being monitored by PSA levels in clinical practice. In this
study, PSA measurements were performed on stored serum samples and not on
consecutively collected samples over many years as would be the case in clinical practice
where the interassay variation might be greater. Greater interassay variation could decrease
the specificity of serial PSA measurements and evaluation of the rate of change in PSA in
clinical practice. Furthermore, the limited number of subjects in this study requires that a
large prospective study verify our results to establish if rate of change in PSA might be of
use in clinical practice. However, since subjects with BPH in our study all presumably had
symptoms severe enough to warrant surgery, the rate of change in PSA in men with less
severe voiding symptoms may be lower. If this proves to be true, the use of rate of change in
PSA may be even more specific in an unselected population of patients with BPH.

In summary, the changes that occur in PSA with age and the magnitude of the change appear
to be primarily dependent on the development of prostate disease with age. Because the rate
of change in PSA appears to be greater in men with prostate cancer compared with men
without the disease, and because this change may occur at a time when the disease is not
clinically evident, serial measurement of PSA may be a useful clinical marker of prostate
cancer. This information is important in designing prospective clinical trials to evaluate
prostate cancer screening. The questions of who may benefit from serial measurements of
PSA, at what age, and at what intervals will require further study.
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Fig 1.
Observed data on prostate-specific antigen (PSA) levels μg/L) plotted as a function of age
for each individual in the three diagnostic groups (solid lines). The broken horizontal line
marks the single PSA criterion of 4.0 μg/L The PSA values at visit closest to diagnosis are
indicated for individuals who progress beyond a PSA value of 14 μg/L.
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Fig 2.
Observed data on prostate-specific antigen (PSA) levels μg/L) plotted as a function of years
before diagnosis for each individual subject with cancer (local or regional and metastatic).
The PSA values at visit closest to diagnosis are indicated for individuals who progress
beyond a PSA value of 14 μg/L
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Fig 3.
Average curves (±95% confidence intervals) of prostate-specific antigen levels μg/L) as a
function of years before diagnosis for three diagnostic groups estimated from a mixed-
effects model assuming an age of diagnosis of 75 years.
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