
Wu Z, et al. J Investig Med 2017;0:1–5. doi:10.1136/jim-2017-000627 1

Abstract
Prostate-specific antigen (PSA) measurements after 
primary treatment reflect residual tumor burden 
among men with prostate cancer. Using a mixture 
model analysis, we identified distinct trajectories of 
post-treatment PSA measurements and evaluated 
their associations with prostate cancer mortality. 
The study sample included 623 US Veterans treated 
for prostate cancer with curative intent during 
1991–1995; 225 men received surgery and 398 
men received radiation therapy. Post-treatment PSA 
measurements over a 2-year period for each patient 
were evaluated in latent class mixture models 
using the SAS TRAJ procedure, and groups of men 
with distinct trajectories of PSA were identified. 
These groups were then assessed for associations 
with 10-year prostate cancer mortality using 
proportional hazards analysis. Analyses identified 
three distinct groups—representing patterns of 
both initial values and changes in PSA over time—
after surgery (n=172/31/14) and radiation therapy 
(n=253/103/22). Men in groups with patterns of 
higher (compared with the group with lowest) PSA 
values tended to have worse survival experience: HRs 
for prostate cancer mortality were 3.45 (P=0.18) 
and 22.7 (P<0.001) for surgery, and 2.70 (P=0.005) 
and 18.1 (P<0.001) for radiation therapy. The results 
indicate that PSA measurements after surgery or 
radiation therapy with curative intent include groups 
of men with a diverse spectrum of prognosis for 
prostate cancer mortality. Although contemporary 
PSA levels are lower than those observed in the 
study sample, the corresponding trajectory patterns 
may become evident shortly after the time of 
diagnosis and treatment.

Introduction
Prostate-specific antigen (PSA) was found 
initially to be useful as a tumor marker after men 
were diagnosed with prostate cancer.1 Despite 
subsequent adoption of PSA as a screening test, 
its effectiveness in reducing mortality remains 
controversial.2–4 Trends in measurements of 
PSA—often called PSA kinetics, and involving 
calculations such as velocity or doubling time—
can be described conceptually as representing 
a corresponding trajectory, both before5 6 and 
after7 8 primary treatment with curative intent. 
In clinical practice, calculations of PSA velocity 
and doubling time often involve laboratory 

values from two (or several) recent consecutive 
time points, with secondary treatment initi-
ated if a threshold value of PSA is exceeded. 
Although this approach is a relevant ‘moving’ 
assessment, it represents a limited use of avail-
able data.9 

Our objective, among men receiving primary 
treatment for prostate cancer, was to identify 
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Significance of this study

What is already known about this subject?
►► Although prostate-specific antigen (PSA) is 
controversial as a screening test, evidence 
supports its use as a tumor marker to 
assess prognosis after treatment for 
prostate cancer.

►► Trends in PSA measurements are typically 
reported as velocity or doubling time, 
but are often based on recent (eg, two or 
several) test results for a patient.

►► The trajectory of PSA—as the time 
course of this variable using all available 
measurements—can provide clinically 
relevant information regarding prognosis 
after primary treatment for prostate cancer.

What are the new findings?
►► Among men treated for prostate cancer 
with surgery or radiation therapy in the 
1990s, analyses identified three PSA 
trajectory patterns for each treatment 
modality.

►► During 10 years of follow-up, the worst PSA 
trajectories (ie, patterns with higher PSA 
values) were associated with increased risk 
of long-term prostate cancer mortality.

►► PSA trajectories can become evident soon 
after primary treatment.

How might these results change the focus 
of research or clinical practice?

►► Mixture model approaches, as a clustering 
procedure, can be useful in clinical research 
to identify discrete subpopulations of 
patients.

►► If replicated in contemporary study 
populations, prognosis among men 
receiving surgery or radiation therapy for 
prostate cancer can be inferred from early 
post-treatment PSA trajectories.

Copyright 2017 by American Federation for Medical Research (AFMR). 
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Table 1  Baseline characteristics of men (n=623) receiving 
primary treatment for prostate cancer and with multiple prostate-
specific antigen (PSA) tests

Characteristics
Surgery
(n=225)

Radiation
(n=398) P value

Total
(n=623)

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 0.83

 � Black 27 (12%) 42 (10.6%) 69 (11.1%)

 � White 198 (88%) 356 (89.4%) 554 (88.9%)

Comorbidity 
(Charlson)

<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 (7.7%) 71 (17.8%) 88 (14.1%)

Anatomic stage 0.04

 � Localized 221 (98.2%) 374 (94.0%) 595 (95.5%)

 � Regional 4 (1.8%) 24 (6.0%) 28 (4.5%)

 � Histologic 
grade

0.046

 � Well 57 (25.3%) 81 (20.4%) 138 (22.2%)

 � Moderate 147 (65.3%) 254 (63.8%) 401 (64.4%)

 � Poor 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%)
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and evaluate clinically relevant PSA trajectories among 
groups of patients, as determined by the magnitude and 
pattern of change of post-treatment PSA values. We sought 
specifically to (1) identify distinct groups of patients based 
on their PSA values (trajectories) during the initial 2 years 
post-treatment; and (2) evaluate associations between PSA 
trajectory groups and prostate cancer mortality over 10 
years. Although the data set analyzed is from early in the 
PSA era, the proposed methodological approach is still clin-
ically relevant.

Methods
Patients and clinical information
In prior research approved by relevant institutional review 
boards, a source population of 64,545 male Veterans older 
than 50  years receiving outpatient care during 1989 or 
1990 at nine Veterans Affairs (VA) medical centers in New 
England was identified,10 and a search of pathology regis-
tries identified 1,313 men with incident prostate cancer 
diagnosed from January 1991 through December 1995. A 
comprehensive review of medical records and death regis-
tries, available for 1,270 men, determined each patient’s 
clinical characteristics and mortality follow-up. Complete 
data were available for 1,156 men regarding date of 

treatment (zero-time),11 types of treatment, and date/cause 
of death.

Six baseline characteristics were of interest, measured up 
to the time of primary treatment of prostate cancer: age 
and race (obtained from an outpatient database and from 
medical record review); tumor anatomic stage and histo-
logic grade (from biopsy and imaging tests); and medical 
comorbidity score and pretreatment PSA values (from 
medical record review). Vital status for each patient was 
determined through December 2006, using data from the 
VA Patient Treatment File, the VA Beneficiary Identifier 
Locator System, or the National Death Index.10 Mortality 
due to prostate cancer was identified by a comprehensive 
medical record review.10

Methodological considerations
At the nine VA medical centers involved, different criteria 
were used for clinical reporting of very low PSA values; 
some laboratories coded the lower limit of detection for 
PSA as 0.04 ng/mL, whereas others coded the minimal value 
as 0.1 ng/mL. This discrepancy could cause low PSA values 
to aggregate at the two corresponding threshold levels, 
and such a pattern would significantly affect the analysis 
by generating two clusters (one linked to 0.04 ng/mL, and 
the other to 0.1 ng/mL). Accordingly, all PSA measurements 
lower than 0.1 ng/mL were recoded as 0.1 ng/mL. (All 
affected men received surgery; PSA values for men receiving 
radiation therapy were larger than 0.1 ng/mL, and no data 
were reclassified.)

To avoid unstable mathematical results, calculations were 
based on PSA tests separated by more than 14 days; shorter 
intervals were considered retesting. In addition, results after 
prostatectomy (only) were assessed as of 6 weeks postproce-
dure, when PSA usually becomes undetectable; all postradi-
ation PSA values were included.

Although most VA-treated patients tend to remain in the 
VA healthcare system, the frequency of PSA testing tended 
to wane over the course of follow-up for some patients. 
In addition, information on PSA trajectory is most mean-
ingful in the period relatively soon after primary treatment. 
Accordingly, and seeking to balance clinical relevance with 
ample data for analyses, mixture model analyses (see below) 
were conducted for each patient over a period of up to 2 
years after initial treatment, or until secondary therapy 
(potentially affecting PSA) was documented. Using a parallel 
justification, prostate cancer mortality was assessed over 
10 years, providing a relevant period of virtually complete 
follow-up.

Statistical analyses
Baseline characteristics were compared using χ2 or χ2 
for linear trend tests, as appropriate. A mixture model12 
approach was used to identify groups of patients with 
similar longitudinal patterns of post-treatment PSA values, 
thereby characterizing PSA trajectories over time. (Of note, 
similar approaches have been used to identify trajectories 
describing recovery of urinary function after radical pros-
tatectomy,13 among other topics.) The TRAJ module of 
SAS V.9.314 was used for estimating group-based trajectory 
models, with different polynomial orders of time as model 
covariates. Natural logarithm transformations were used to 
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Figure 1  Mean values of prostate-specific antigen (PSA) values for clusters of patients after surgery (n=217), both on a natural 
logarithmic scale (A), and for the corresponding groups on an ng/mL scale (B). The y-axis on (B) includes mean PSA values up to 20 ng/mL, 
allowing for better visualization of results for groups 1 and 2; two data points (for group 3 only, at 18 and 21 months) are not shown.

Figure 2  Mean values of prostate-specific antigen (PSA) for clusters of patients after radiation therapy (n=378), both on a natural 
logarithmic scale (A) and on an ng/mL scale (B) with clusters 1 and 2 combined to form group 1 (see text). The y-axis on (B) includes mean 
PSA values up to 100 ng/mL, allowing for better visualization of results for groups 1 and 2; two data points (for group 3 only, at 4 and 17 
months) are not shown.
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normalize the PSA values, given a skewed distribution of 
measurements, and months were used as the time covariate. 
Maximum likelihood estimation was used to obtain model 
parameters, and models with 1–6 mixture components were 
fitted separately. For both the postsurgery and postradiation 
study populations, several candidate models—varying the 
number of clusters or ‘groups’—were ranked according to 
Bayesian information criterion (BIC) values, with a smaller 
absolute value indicating better fit. If BIC values were 
similar, clinical judgment was used to select the optimal 
number of groups.

After model selection, posterior probabilities of group 
membership were calculated, and each patient was then 
assigned to the group with the highest posterior probability 
of membership. Model validation was conducted by calcu-
lating the Jaccard coefficient15—a stability index, ranging 
from 0 to 1, indicating similarity between bootstrapped 
(n=50) samples.

In subsequent analyses, and separately for men receiving 
surgery or radiation therapy, the association of PSA group 

membership with prostate cancer mortality was assessed 
using proportional hazard analysis. Give the limited 
number of outcomes, as well as the focus of this research, 
covariates were not included in the models. Stratified 
Kaplan-Meier survival curves were plotted; HRs, P values 
and 95% CIs were reported. Finally, in a descriptive analysis 
of the derived groups, we report on the median and IQR 
values for the last pretreatment and first post-treatment 
PSA results; these prominent measurements help to inform 
initial post-treatment assessments in clinical settings.

Results
Baseline characteristics and overall outcomes
Among 643 men receiving prostatectomy or radiation 
therapy with curative intent, 623 (97%) had multiple 
follow-up PSA values, representing the study population 
for our analysis. The median age was 70 years old; most 
of the patients were white (n=556, 89%), with a median 
PSA value of 8.9 ng/mL (IQR 5.6–16.7) at diagnosis. When 
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Table 2  Associations of group membership with prostate 
cancer mortality

Effect HR P value 95% CI

Surgery patients (n=217)

 � Group 2 versus 1 3.45 0.18 0.58 to 20.6

 � Group 3 versus 1 22.7 <0.001 5.42 to 95.5

Radiation patients* (n=378)

 � Group 2 versus 1 2.70 0.005 1.35 to 5.40

 � Group 3 versus 1 18.1 <0.001 8.26 to 39.8

*Four initial clusters were combined into three groups; specifically, the two 
lowest clusters were combined into group 1.

Figure 3  Survival after surgery (A;  n=217) and radiation therapy (B; n=378) based on group membership, reflecting prostate-specific 
antigen trajectories, as shown in figure 2.

Original research

stratified by treatment, patients receiving radiation therapy 
(compared with patients receiving surgery) tended to be 
older, with more comorbidity and more extensive disease as 
reflected by anatomic stage, histologic grade, and baseline 
PSA values (see table 1). During a median follow-up of 11.9 
(IQR 8.0–13.5) years after surgery, and 8.9 (IQR 4.9–12.1) 
years after radiation therapy, median values  of 12 (IQR 
8–17) and 13 (IQR 8–19) PSA test results, respectively, 
were documented. During this post-treatment follow-up 
period, prostate cancer mortality was identified in 58/623 
(9.3%) men, including 10/225 (4.4%) after surgery and 
48/398 (12.1%) after radiation therapy, with a median time 
to death of 7.7 (IQR 6.8–9.0) years after surgery and 5.1 
(IQR 3.1–8.9) years after radiation therapy.

PSA trajectories
Focusing on patients with available PSA values during the 
initial 2-year window after primary treatment, analyses 
were based on n=217 men after surgery and n=378 men 
after radiation therapy (n=595 total); 28 men with PSA 
values available only after the 2-year period were excluded. 
Reflecting clinical practice in 1991–1995, early in the ‘PSA 
era’, the median PSA values were 7.4 ng/mL for patients 
receiving surgery and 10.0 ng/mL for patients receiving 
radiation therapy; the median age was 67 years for patients 
receiving surgery and 72 years for patients receiving 
radiation.

For men receiving surgery, the optimal mathematical 
output of the TRAJ procedure generated three initial clus-
ters, with 172 (79.3%), 31 (14.3%), and 14 (6.4%) patients. 
The Jaccard coefficients for these groups were 0.83, 0.98, 
and 0.88, respectively. As shown in figure  1A, and with 
PSA on a natural logarithmic scale, the mean PSA values 
in group 1 were stable at low levels throughout follow-up, 
whereas the mean PSA values in group 2 were low initially 
but increased afterwards. The  mean PSA values in group 
3 were elevated during the 2-year follow-up period. These 
distinctions are shown on a conventional scale for PSA in 
figure  1B, with an upper limit of 15 ng/mL on the y-axis 
used to provide better visualization of low values.

For men receiving radiation therapy, the optimal mathe-
matical output of the TRAJ procedure generated four initial 
clusters, with 55 (14.6%), 198 (52.4%), 103 (27.2%), 
and 22 (5.8%) patients. The Jaccard coefficients for these 
groups were 0.89, 0.90, 0.87, and 0.85, respectively. As 
shown in figure  2A, with PSA again on a natural loga-
rithmic scale, the mean PSA levels in the two lowest value 
clusters decreased over the first year, and then kept rela-
tively constant at low levels (ie, both with natural logar-
tithm (ln) PSA values  <0 in later months, corresponding 
to PSA  <1.0 ng/mL) thereafter. These two low-PSA clus-
ters were therefore subsequently combined, based on clin-
ical judgment and in favor of parsimony. The next highest 
cluster (with actual PSA values in the single-digit range) 
was retained independently, as was the highest cluster (with 
actual PSA values in the double-digit range). These distinc-
tions are shown on a conventional scale in figure 2B, with 
an upper limit of 100 ng/mL on the y-axis used to provide 
better visualization of relatively lower values.

Prostate cancer mortality
Patients in groups with higher PSA trajectories had worse 
prostate cancer survival, and assessments of group member-
ship and prostate cancer mortality had mostly statisti-
cally significant (unadjusted) associations (see table 2 and 
figure  3A,B). Specifically, and with group 1 as the refer-
ence, postsurgery patients had an HR of 3.45 (95% CI 
0.58 to20.6; P=0.18) for group 2, and 22.7 (95% CI 5.42  on A
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to 95.5; P<0.001) for group 3. (Survival curves for groups 
2 and 3 cross due to small numbers of participants, but 
an overall pattern is evident.) After radiation therapy, and 
with group 1 as the reference, HRs were 2.7 (95% CI 1.35 
to 5.40; P=0.005) for group 2 and 18.1 (95% CI 8.26 to 
39.8; P<0.001) for group 3.

Additional analyses
Sensitivity analyses were conducted without the 2-year and 
10-year time  frames, respectively, for determining group 
membership and the association of group membership with 
mortality. These results were similar (data not shown).

Discussion
Among men receiving primary treatment for prostate 
cancer, analyses using latent class mixture models generated 
a clinically relevant number of PSA trajectories (groups) 
that were stable after bootstrap resampling. In addition, 
survival analyses among the men in postsurgery and postra-
diation groups indicated a significantly different mortality 
experience corresponding to each cluster. Overall, patients 
with worse (higher) PSA trajectories tended to have higher 
hazards of dying from prostate cancer.

The current results—showing that patients with worse 
trajectories of PSA are more likely to die from prostate 
cancer—suggest that early recognition of different under-
lying ‘types’ of prostate cancer, in terms of aggressiveness, is 
feasible. Of note, the trajectories were identified using data 
from the 1990s, when primary treatment was administered 
for patients with higher PSA values than are observed in 
current practice. In addition, evaluation for metastases was 
largely accomplished using CT and bone scan imaging, and 
adjuvant/neoadjuvant hormone therapy was not commonly 
used—given that randomized evidence of its effectiveness 
was  not yet available.16 These 'older' practice patterns 
yielded a wider range of PSA values to evaluate for trajec-
tory patterns, yet the underlying biology of prostate cancer 
would be unaffected. As evidence of the representativeness 
of our analyses, data from the same time period17 show 
prostate cancer mortality similar to our findings, in contrast 
to more recent studies.18

Strengths and limitations of the current research include 
a well-characterized study population, although with a 
modest number of prostate cancer deaths and corresponding 
wide CIs for results. The study population was assembled 
early in the PSA era, as discussed above, and the analyses 
focused on one (of many possible) methods of clustering 
longitudinal PSA measurements. We also did not evaluate 
the direct impact of treatment on mortality, but therapies 
delivered in a contiguous region, within a national health-
care system, can be expected to have a comparable impact. 
Also as mentioned above, recent evidence18 confirms 
that prostate  cancer mortality after treatment is currently 
considerably lower than we found, presumably attributable 
to advances in patient care. Such reports support the rele-
vance of our findings, in that our approach helps to identify 
post-treatment patients at risk for mortality.

As a separate issue, and from a broad perspective, the 
impact of PSA trajectory should always be considered along 
with other clinical and laboratory factors of each patient. 
In the current context, the study population was assembled 

from multiple sites, the analyses were based on data from a 
thorough medical record review, and the assessment of PSA 
kinetics rigorously evaluated attributes of cluster stability. 
Finally, our results should be replicated in a more contem-
porary study population.

In the setting of patients being followed after primary 
treatment for prostate cancer, the current results confirm 
clinicians’ experience that post-treatment PSA trajectory is 
predictive of prostate cancer mortality. The corresponding 
patterns (clusters) of PSA measurements become evident 
early in a patient’s clinical course.
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