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ABSTRACT
Changes in prostate-specific antigen (PSA) values
are often reported as velocity or doubling time. We
compared the association of these two calculations
—at the time of PSA failure after primary treatment
for prostate cancer—with prostate cancer mortality.
From a source population of 1313 US Veterans with
prostate cancer, including 623 treated with curative
intent, the study population included 242 men
experiencing biochemical failure, 81 after surgery
and 161 after radiation therapy. Clinically relevant
calculations of PSA velocity (linear slope) and PSA
doubling time (logarithmic slope) were assessed for
their association with 11–16 years of mortality from
prostate cancer. Death due to prostate cancer
occurred in 52/242 (21.5%) men. Among men
receiving surgery, PSA velocity ≥1.0 ng/mL/year was
associated with increased prostate cancer mortality
(HR=4.2, p value=0.037), whereas doubling time
≤12 months did not confer risk (HR=1.0,
p value=0.95). Conversely, among patients receiving
radiation therapy, doubling time ≤12 months was
associated with increased prostate cancer mortality
(HR=2.4, p value=0.049), but velocity did not
confer a statistically significant risk (HR=3.8,
p value=0.19). When assessing risk of prostate
cancer mortality, PSA velocity can be more predictive
after surgery and PSA doubling time can be more
predictive after radiation therapy.

INTRODUCTION
The effectiveness of prostate-specific antigen
(PSA) as a screening test for prostate cancer is
controversial,1–3 yet PSA is regarded as a useful
tumor marker4 after a diagnosis of prostate
cancer and during subsequent treatment.
Specifically, PSA levels in a patient with prostate
cancer would be expected to decrease as tumor
burden is reduced or eliminated after primary
treatment with surgery or radiation therapy.
Conversely, subsequent increases in PSA are
often a harbinger of relapse of disease.

After treatment for prostate cancer with cura-
tive intent, PSA values can be judged against
threshold values used to determine biochemical
recurrence, also known as ‘PSA failure,’ with
negative implications regarding prognosis.4 5

Importantly, the specific threshold values differ,
based on whether surgery removes the entire
prostate gland, or radiation therapy is directed
at the prostate tumor. In clinical care, PSA
failure often triggers secondary therapy for

prostate cancer, including androgen deprivation
or salvage treatment, although such approaches
are either not considered curative or have a
modest impact on mortality. In research, PSA
failure is often used as a surrogate outcome,
implying a progression from PSA-defined recur-
rence to prostate cancer mortality. This
sequence of events may not occur, however, for
older men with competing causes of mortality.6

Rates of change or the ‘kinetics’ of PSA—
including velocity or doubling time—are used
as mathematical models to characterize PSA tra-
jectory.7 8 Such measures can be calculated
either before or after the diagnosis of, or treat-
ment for, prostate cancer. In the current
research, we examined clinical and methodo-
logical issues affecting PSA velocity and doub-
ling time, when determined at the time of PSA
failure among men who had received surgery
or radiation therapy as primary treatment, and
using prostate cancer mortality as the end point
of interest.

METHODS
Patients and clinical information
Among 64,545 male Veterans aged ≥50 years
receiving care in 1990 at any of nine
Department of Veterans Affairs (VA) facilities in
New England, 1313 had incident prostate
cancer during 1991–1995. Medical records
were available for 1270 men (96.7%), and a
comprehensive review of these records was
combined with a search of death registries.
Complete data were available for 1156 (91.0%)
men regarding date of treatment (‘zero-time’),9

type of treatment, and date/cause of death (if
applicable). The source population included
patients who used the VA as their primary site
for healthcare (minimizing non-VA testing of
PSA).10 For the current analyses, and from
among 623 men treated for curative intent, the
study population included the subset of 242
men with PSA failure (see below for definitions)
—including 81/225 (36.0%) men with failure
after surgery, combined with 161/398 (40.5%)
men with failure after radiation therapy.
Mortality was assessed from a minimum of
11 years to a maximum of 16 years, based on
data from the VA Patient Treatment File, the VA
Beneficiary Identifier Locator System, and the
National Death Index.10 Cause of death was
assessed and validated by a comprehensive
medical record review.10
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PSA in assessing prognosis
PSA usually becomes undetectable within 6 weeks after
prostatectomy, with the major source of PSA (the prostate
gland) having been removed. Detectable PSA following
prostatectomy most likely implies residual or recurrent
prostate cancer. A PSA cut-point of ≥0.2 ng/mL was the
most commonly used criterion among 53 definitions
reviewed by the American Urological Association (AUA)
guideline panel in 2007,11 but this value can identify PSA
failure that is clinically insignificant.12 Accordingly, a cut-
point for failure of ≥0.4 ng/mL has been recommended
after radical prostatectomy,13 14 and this value was used in
the current analyses.

After radiation therapy, with prostatic epithelium
affected by treatment, a gradual decline in PSA occurs
before reaching a post-treatment nadir. Owing to concerns
with a prior definition,15 16 the American Society for
Therapeutic Radiation Oncology (ASTRO) now recom-
mends a definition of PSA failure among patients treated
with radiation therapy of PSA greater than ‘absolute nadir
plus 2 ng/mL’17; this threshold value was used for the
current analyses.

Pragmatic considerations
Several decisions were made, related to pertinent clinical
issues, in evaluating the associations of interest. For
example, if a research infrastructure had been in place to
schedule PSA testing, then measurements might have been
spaced regularly in time. Instead, for the current study,
‘real-world’ PSA values obtained at any point during
routine clinical care were assessed. In particular, the PSA
values of interest for each patient had to have been
obtained between primary treatment and (as applicable)
failure time, secondary treatment, or the end of follow-up.

In this context, and to replicate clinical decision-making,
calculations were based on two consecutive PSA values at
the time of PSA failure. To avoid unstable mathematical
results, however, calculations were obtained only when
PSA tests were separated by more than 14 days; shorter
intervals were considered retesting, with the value closest
to failure time used. Each patient’s PSA velocity at failure
time was then determined as the change in PSA, in units of
ng/mL/year. Similarly, PSA doubling time at failure time
was determined as the calculated interval for PSA to
double in value, in units of months. (Of note, PSA doub-
ling time corresponds to velocity when calculated using the
natural logarithm of PSA values over time).

Conceptual considerations
For a given increase in PSA over a fixed time interval (ie,
constant velocity), the PSA doubling time is shorter
(smaller) with lower initial PSA values, because of the
smaller absolute change required for PSA to double in mag-
nitude (eg, a velocity of 1 ng/mL/year corresponds to a
doubling time of 12 months when initial PSA=1 ng/mL, vs
24 months when initial PSA=2 ng/mL). Accordingly, after
prostatectomy, when the PSA level is typically very low, the
predictive utility of a doubling time threshold can be
reduced. Conversely, for a given doubling time, the PSA
velocity is higher (larger) with larger initial PSA values,
because of the larger absolute change in PSA per unit of
time (eg, a doubling time of 12 months corresponds to a

velocity of 4 ng/mL/year when initial PSA=4 ng/mL, vs
2 ng/mL/year when initial PSA=2 ng/mL). Accordingly,
after radiation therapy, when the PSA level is usually rela-
tively high, the predictive utility of a velocity threshold can
be reduced. Also of note, the current analysis assumes a
therapeutic nil hypothesis9 for the secondary treatment of
prostate cancer. This approach includes a clinical assump-
tion that any (potential) impact of hormonal therapy on
prostate cancer mortality would not be affected by the
modality of primary treatment.

Statistical analysis
Each patient’s values for PSA velocity and doubling time at
failure time were compared to thresholds for velocity of
≥1 ng/mL/year, and for doubling time of ≤12 months, as
trajectories that implied a worse (‘poor’) prognosis. In sub-
sequent analyses, and separately for men receiving surgery
or radiation therapy, the association of PSA velocity or
doubling time with prostate cancer mortality (up to
16 years) was assessed using proportional hazard analysis;

Table 1 Baseline characteristics among men receiving
surgery or radiation therapy for curative intent and with
complete data (N=623)

Characteristic

Surgery
(N=225)
n (%)

Radiation
(N=398)
n (%)

p
Value*

Both
groups
(N=623)
n (%)

Age (years) <0.001
50–59 19 (8.4) 8 (2.0) 27 (4.3)
60–69 143 (63.6) 134 (33.7) 277 (44.5)
70–79 63 (28.0) 242 (60.8) 305 (49.0)
≥80 0 (0) 14 (3.5) 14 (2.2)

Race/ethnicity 0.83
African-American 25 (11.1) 42 (10.6) 67 (10.8)
All other 200 (88.9) 356 (89.4) 556 (89.2)

Comorbidity (Charlson
score)

<0.001

0 (none) 91 (40.4) 103 (25.9) 194 (31.1)
1 (mild) 70 (31.1) 131 (32.9) 201 (32.3)
2 (moderate) 47 (20.9) 93 (23.4) 140 (22.5)
≥3 (severe) 17 (7.6) 71 (17.8) 88 (14.1)

Anatomic stage 0.04
Localized (T1, T2) 221 (98.2) 374 (94.0) 595 (95.5)
Regional (≥T3) 4 (1.8) 24 (6.0) 28 (4.5)

Differentiation
(Gleason score)

0.046

Well (2–4) 57 (25.3) 81 (20.4) 138 (22.2)
Moderate (5–7) 147 (65.3) 254 (63.8) 401 (64.4)
Poor (8–10) 21 (9.4) 63 (15.8) 84 (13.5)

Baseline PSA† (ng/mL) <0.001
0 to <4.0 39 (17.3) 38 (9.5) 77 (12.4)
4.0 to <10.0 105 (46.7) 157 (39.5) 262 (42.1)
10.0 to <20.0 49 (21.8) 118 (29.6) 167 (26.8)
≥20.0 29 (12.9) 84 (21.1) 113 (18.1)
Unknown 3 (1.3) 1 (0.3) 4 (0.6)

*p Value is for the χ2 test comparing patients receiving surgery versus
radiation therapy.
†Of note, each patient had an average of 8.2 PSA tests done from zero-time to
failure.
PSA, prostate-specific antigen.
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HRs, p values, and 95% CIs were reported. As sensitivity
analyses, other common thresholds for PSA velocity and
doubling time were also evaluated.

RESULTS
As reported in earlier research,18 among 623 men receiving
primary treatment with curative intent, those receiving
surgery tended to be younger and have less comorbidity
and less extensive disease (anatomic stage, histological
grade, and baseline PSA values) compared with men receiv-
ing radiation therapy (table 1). Data from the medical
record review indicated that secondary treatment after PSA

failure was initiated in 40/81 (49.4%) men after surgery
and in 75/161 (46.6%) men after radiation therapy.

The associations of velocity and doubling time with pros-
tate cancer mortality are shown in table 2. Of note, the
sample size was reduced from N=242 to 233 participants,
after excluding three men after surgery, and six men after
radiation therapy, without two PSA values at the time of
failure. During follow-up, cause-specific mortality was
documented in 52/242 (21.5%) men, 10/81 (12.3%) after
surgery and 42/161 (26.1%) after radiation therapy. The
median time to death was 7.3 years after surgery and 5.6
after radiation therapy.

Among patients receiving surgery, men with a PSA
velocity greater than or equal to, versus less than, 1.0 ng/
mL/year were more than four times more likely to die of
prostate cancer (HR=4.2, p value=0.037, 95% CI 1.1 to
16.4), whereas doubling time less than or equal to, versus
greater than, the threshold of 12 months did not confer
risk of death (HR=1.0, p value=0.95, 95% CI 0.27 to
4.0).

Among patients receiving radiation therapy, men with a
PSA doubling time less than or equal to, versus greater
than, 12 months were almost 2½ times more likely to die
of prostate cancer (HR=2.4, p value=0.049, 95% CI 1.0
to 5.8), whereas increased velocity did not confer a statis-
tically significant impact (HR=3.8, p value=0.19, 95% CI
0.52 to 27.7).

Figure 1 shows results for representative patients in the
study. After surgery, although patients A and B both have

Table 2 Association of velocity* or doubling time† with
prostate cancer mortality among men with PSA failure and
pertinent data (N=233; see text for details)

HR p Value 95% CI

Surgery patients (N=78)
High velocity 4.2 0.037 1.1 to 16.4
Fast doubling time 1.0 0.95 0.27 to 4.0

Radiation therapy patients (N=155)
High velocity 3.8 0.19 0.52 to 27.7
Fast doubling time 2.4 0.049 1.0 to 5.8

*Calculation of ≥1.0 ng/mL/year used to define high velocity.
†Calculation of ≤12 months used to define fast doubling time.
PSA, prostate-specific antigen.

Figure 1 Prostate-specific antigen (PSA) velocity and doubling time in representative situations after primary treatment. Surgical
scenarios include (A) ‘good’ velocity=0.51 ng/mL/year (and ‘poor’ doubling time=5.3 months) in a patient who lived and (B) ‘poor’
velocity=1.3 ng/mL/year (and ‘poor’ doubling time=2.6 months) in a patient who died. Radiation scenarios include (C) ‘good’ doubling
time=18.3 months (and ‘poor’ velocity=3.5 ng/mL/year) in a patient who lived and (D) ‘poor’ doubling time=5.1 months (and ‘poor’
velocity=7.3 ng/mL/year) in a patient who died. Horizontal dashed lines indicate treatment-based and patient-specific (as appropriate)
thresholds for biochemical failure; ‘died’ refers to death due to prostate cancer.
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‘poor’ doubling times, the velocity threshold of ≥1 ng/mL/
year (patient B) was linked with prostate cancer mortality.
After radiation therapy, although patients C and D both
have ‘poor’ velocity, the doubling time threshold of
≤12 months (patient D) was linked with prostate cancer
mortality.

Sensitivity analyses using threshold velocities of 0.75,
1.5, and 2.0 ng/mL/year, and threshold doubling times of
3, 6, and 24 months, found a similar pattern (data not
shown). Results were also comparable when secondary
treatment was added to the model (data not shown).

DISCUSSION
On the basis of patterns of PSA change, definitions of PSA
failure, and calculations of velocity and doubling time, our
study suggests that post-treatment associations of PSA
kinetics with prostate cancer mortality can vary consider-
ably. We found (see table 2) that velocity was more predict-
ive than doubling time among men after surgery, and
doubling time outperformed velocity among men after
radiation therapy. Any given patient may deviate from these
patterns for various reasons, but mathematical properties
have been demonstrated to affect results obtained in a real-
world clinical setting.

The differing mathematical properties of velocity and
doubling time provide the opportunity for calculations
with discordant prognostic implications. As shown by rep-
resentative patients (figure 1), the predictive value of a
doubling time threshold can be reduced in post-
prostatectomy situations, when low PSA values are typically
observed. Conversely, the predictive value of a velocity
threshold can be reduced in postradiation situations, when
higher PSA values are typically observed.

Evaluating the literature on PSA kinetics is beyond the
scope of this work. As an overview, however, articles can
be subdivided conceptually into studies evaluating changes
in PSA over various time periods: prior to diagnosis; after
diagnosis but before treatment; after initiating active sur-
veillance; after primary treatment; after biochemical
failure; or after secondary treatment. In addition, studies
can employ various mathematical calculations of PSA
kinetics, but not necessarily comparing velocity and doub-
ling time. The study population may include men postsur-
gery or postradiation therapy or both—with or without
comparing results across treatment groups. Thresholds for
abnormal values can be established in advance, or identified
during analyses (with a risk of overfitting the data such that
the results are not reproducible).

Various review articles address aspects of our research
topic, such as one stating that ‘the calculation of PSA vel-
ocity and doubling time is far from straightforward’19—a
point of emphasis we noted in the Methods section.
Challenges include the particular mathematical construct
selected, as well as the decision of how to select among
numerous PSA values when tests are obtained at irregular
intervals. Although our focus differs from prior research
articles, some reports provide specific insight on the topic
we studied. For example, and consistent with our find-
ings, one study20 of men after radical prostatectomy
found that PSA velocity, but not doubling time, was asso-
ciated with a positive bone scan as the outcome of
interest.

Limitations of the current research include a modest
number of prostate cancer deaths, and selecting the two
most common (among various) options for assessing PSA
kinetics (ie, we did not compare numerous definitions of
velocity and doubling time).19 Also, from a broad perspec-
tive, the impact of PSA trajectory should be considered
along with other clinical and laboratory factors, and our
analysis recognizes that hormonal treatment is not consid-
ered to be curative. Among strengths of the current work,
the study included multiple sites and real-world data
collection, as well as ‘expected’ rates of surgery, radiation,
secondary treatment, and mortality. Importantly, we
assessed popular calculations of velocity and doubling time
simultaneously. As another methodological strength, most
prior studies had not simultaneously assessed patient
groups receiving surgery and radiation therapy, whereas we
did. Finally, the outcome of interest was cause-specific
mortality, as confirmed by chart review.

Our findings provide insight on how biology affects clin-
ical inferences that are made on the basis of mathematical
calculations of PSA kinetics. In the setting of patients being
followed after primary treatment for prostate cancer, the
current results inform clinicians that PSA velocity and
doubling time are not interchangeable. When assessed at
the time of biochemical failure, and when evaluated for a
relationship with prostate cancer mortality, PSA velocity
can be more predictive after surgery and PSA doubling
time can be more predictive after radiation therapy.
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