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Abstract
OBJECTIVES—Previous investigators have demonstrated the ability to use serum prostate-
specific antigen (PSA) levels to estimate prostate volume (PV) in men without prostate cancer;
however, the ability of additional clinical variables to further enhance PV estimation in these men
remains unclear. Motivated by this, we utilized two population-based samples of prostate cancer-
free men to develop and validate a novel, multivariable equation for estimating PV.

METHODS—We applied linear regression modeling to data from an 80% random sample
(n=366) of the baseline cohort from the Olmsted County Study of Urinary Symptoms and Health
Status among Men (OCS) to develop an equation for estimating PV in men without prostate
cancer. We then evaluated the predictive ability of this equation by comparing estimated and
measured PV values in three additional validation sets of men.

RESULTS—The final linear regression model included PSA, age, and weight as independent
predictors of PV. For prediction in baseline OCS men, the multiple correlation coefficients
increased from 0.62 PSA alone to 0.71 full model. Additionally, the area under the curve estimates
from the receiver operating characteristic curves increased from 0.79 PSA alone to 0.85 full model for
predicting PV >30 mL.

CONCLUSIONS—Our data suggest that PV can be estimated with easily obtained clinical
variables. Moreover, we demonstrate that age and weight can be added to PSA level to achieve
greater accuracy in predicting PV. This methodology may prove useful for estimating PV in men
in settings where costs and practicality preclude the use of imaging techniques.
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INTRODUCTION
Obtaining accurate measures of prostate volume (PV) is often important in clinical and
epidemiologic studies of benign prostatic enlargement and lower urinary tract symptoms as
PV has been associated with increased risk of acute urinary retention and need for treatment.
1,2 That being said, currently available techniques for assessing PV tend to be inappropriate
for large studies of healthy men. While digital rectal exams (DREs) are simple to perform
and are useful for estimating PV, authors of previous studies have indicated that this method
underestimates actual PV.3 Transrectal ultrasound (TRUS) or imaging techniques are
considered the gold standard for accurately assessing PV.4–6 Unfortunately, these
procedures are expensive, time consuming and uncomfortable, limiting their use for large-
scale epidemiologic studies. An alternative, less-invasive method of estimating PV would be
useful for research studies, particularly among men who do not have significant clinical
urologic symptoms.

Elevated serum prostate-specific antigen (PSA) levels are currently used clinically as a
screening tool for prostate cancer. In addition, investigators have also reported that serum
PSA levels show a positive correlation with PV,7–9 and therefore provide a means of
estimating PV among men without prostate cancer.10–15 Citing the reported correlation
between PSA and PV, previous authors have created simple equations for predicting PV
based on serum PSA level and age. To expand on these findings, we used data from a cohort
of community-based white men with no history of prostate cancer to develop and validate a
multivariable prediction model to estimate PV and further ascertained the utility of that
model in a community-based sample of cancer-free black men.

METHODS
Data from men participating in the Olmsted County Study of Urinary Symptoms and Health
Status among Men (OCS) and the Flint Men’s Health Study (FMHS) were used in the
analyses described for this report. These studies received approval from the Mayo Clinic,
Olmsted Medical Center and University of Michigan Institutional Review Boards.

The OCS is an ongoing cohort study of urologic conditions in a community population of
white men. Details of the study have been previously published.16,17 Briefly, the community
medical records of a random sample of potential participants were screened for indications
of prostate surgery, denervated or surgically treated bladder, urethral stricture, or debilitating
central nervous system disease. Following these exclusions, 3,874 men were invited to
participate, and 2,115 (55%) were enrolled in the cohort and completed surveys that
included questions similar to the American Urological Association Symptom Index
(AUASI). A 25% random sub-sample 476/537 (88%) participated in a full urologic exam
which included measurement of weight and height, a transrectal ultrasound (TRUS) to
measure PV, and a blood draw to measure serum PSA level.

The cohort has been followed biennially since 1990. Men who died or were lost to follow-up
were replaced during rounds 2 and 3. These replacement men (n=159) comprised the second
validation set of the predictive models (described below).

The FMHS cohort consists of a probability sample of black men from households located in
Genesee County, Michigan in 1996.18 Eligible men were stratified into ten-year age groups:
40–49, 50–59, 60–69, and 70–79. Subjects were ineligible if they reported a history of
prostate cancer or a prior operation on the prostate gland. A trained interviewer contacted
each sample household, identified 730 eligible subjects, and performed a detailed in-home
interview which included completion of the AUASI as well as demographic and other
lifestyle information. All participants were invited to participate in a comprehensive
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urologic examination, similar to that received by men participating in the OCS study. Of the
730 men, 379 (52%) completed the exam phase of the study. Men participating in this study
comprised the third validation set (described below).

Measures of PV
Total PV for the OCS participants was measured via transrectal ultrasound (TRUS) using a
7.5 MHz biplanar endorectal transducer. In addition to assessing the echogenic pattern of the
prostate gland, three measurements were made to calculate the total volume of the prostate
assuming an ellipsoid shape.5

Similarly, total PV for the FMHS participants was also measured via TRUS (B&K Medical,
Denmark; Hitachi Medical Systems, Tarrytown, NY), and two urologists independently
measured prostate length, width, and height. If a measurement differed by more than 50%
between the two readers, a third independent expert measured the prostate again. The final
PV represents the mean volume calculated by the two closest volume estimates, assuming an
ellipsoid shape.18,19

Measures of PSA
Serum PSA levels for the OCS cohort were determined in one laboratory. Baseline samples
were tested with the tandem-R monoclonal chemi-radiometric PSA assay (Hybritech
Incorporated San Diego, California) according to manufacturer specifications. For the
second and third biennial rounds, samples were tested with the Abbott IMx assay (Abbott
Diagnostics, Abbott Park, Illinois). During this time period, the coefficient of variation
averaged 3–4% (GG Klee, personal communication). Serum samples were obtained prior to
any prostatic manipulations, including digital rectal examination and transrectal ultrasound.
We have previously reported that PSA determinations were consistent across different
assays and laboratories.20

Serum PSA levels for men in the FMHS were assayed using the Abbott AxSYM polyclonal-
monoclonal immunoassay (Abbott Diagnostics, Abbott Park, IL). The lower limit of
detection for this assay is reported to be 0.1 ng/mL.21

Anthropometric Measures
Participant weights were measured using a beam balance scale, while heights were measured
using a stadiometer without shoes. Measurements were obtained by trained study
coordinators using a standardized protocol.

Analyses
A split-sample design, with one estimation set and three validation sets was used. The
estimation set consisted of an 80% random sample of cancer-free men participating in the
baseline OCS (n=376). Using data from this estimation set, we performed least-squares
regression to estimate PV based on serum PSA level alone. Subsequently, we developed a
forward selection multivariable prediction model to select independent predictors of PV
using the following covariates: serum PSA level, age, weight, height, AUA symptom score
and all two-way interactions. Due to skewed distributions, PV and serum PSA measures
were natural log-transformed in all analyses.

Our first two validation sets consisted of the remaining 20% random sample of OCS
baseline men (n=100) and the OCS replacement men (n=159). The third validation set was
obtained from the FMHS (n=379). The equation from the estimation set was used to
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estimate PV in each of the three validation sets and the estimated results were compared
with the measured values. An approximate R2 for prediction was obtained from [1 – (sum of
squares for the prediction (observed – model predicted) error divided by the corrected total
sum of squares in the prediction data set)].22 Linear regression R2 values from the
estimation data set were compared to R2 values for prediction in the validation data sets.
Multivariable linear logistic regression models were used to determine area under the curve
estimates from the receiver operating characteristic (AUC ROC) curves predicting volume
>30 mL and volume >40 mL for each data set. Men with known prostate cancer were
excluded from all analyses.

RESULTS
Complete data were available for 466 (98%) men in the OCS baseline clinic subset, 149
(94%) of OCS replacement men, and 344 (91%) men from the FMHS. Baseline
characteristics of the participants in each of the data sets are shown in Table 1. OCS
replacement men were slightly younger, had smaller prostates, and lower serum PSA levels
than the other three cohorts. PV increases with PSA were greater for men who were older
and with higher baseline weight (Figure 1a and 1b).

The final linear regression model, based on data from 366 men in the baseline OCS cohort,
included log serum PSA (p<0.001), age (p<0.001), and weight (p<0.001) as independent
predictors of PV. Based on this model, estimated natural log (PV (mL)) = 2.25881 (standard
error (se)=0.13810) + 0.2385 (se=0.02079) natural log (serum PSA level (ng/mL)) + 0.0096
(se=0.00152) age (in years) + 0.0058 (se=0.00107) weight (kg). Hence, a man aged 62
years, weighing 74 kg with a serum PSA level of 2.1 ng/mL, had an estimated PV of 31.8
mL. The regression of log PV on log serum PSA level had a multiple correlation coefficient
(R) of 0.57 in the estimation data set, which increased to 0.65 when age and weight were
added to the prediction model.

When applied to the validation samples, the prediction R values were 0.71, 0.69, and 0.63
for the remaining baseline sample, OCS replacement men, and men from the FMHS,
respectively (all p<0.001) using the model based on log PSA, age and weight. The pooled
average standard deviation about the predicted line (root mean square error) was 0.28. The
percent of the variability (R2) using the validations data sets, as compared to the variability
explained by using the full prediction equation from the estimation data set was 54% vs.
51%, 54% vs. 48%, and 42% vs. 40%, for the remaining OCS baseline, OCS replacement
and FMHS validation data sets, respectively.

The full model performed better than PSA alone at predicting which men had a PV >30 mL
and >40 mL (Table 2). Overall, the AUC ROC ranged from 0.76 to 0.85 for the model
predicting PV >30 mL with PSA alone and consistently increased to over 0.80 when age and
weight were added to the prediction equation. The AUC ROC for the models predicting PVs
>40 mL were ≥0.79 for both models. To minimize |sensitivity – specificity| in prediction of
PV >40 mL, age-specific cut-points were serum PSA >1.3 ng/mL, >2.0 ng/mL and >2.2 ng/
mL for men in their 50’s, 60’s and 70’s, respectively. At these cut-points, sensitivity and
specificity were 70% for men in their 50’s and increased to 80% for men in their 60’s and
70’s.

COMMENT
The ability to obtain accurate estimates of PV without the need for invasive, uncomfortable
TRUS procedures has the potential to increase participation rates in research studies and
thereby reduce concerns regarding potential participation bias.
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Related to this, previous investigators have shown that PSA can be used to estimate PV. In
this report, we confirm that PSA level is the single strongest predictor of PV; however, age
and weight can be added to the prediction model to further enhance the accuracy of PV
prediction. More importantly, we show that our multivariate prediction model maintains a
higher level of accuracy compared to PSA alone when applied to three separate validation
data sets, including a population of community-based black men.

Our study results are in agreement with previous studies that have estimated PVs from PSA
levels. Roehrborn and colleagues have previously found, in a sample of 4,448 men with
benign prostatic hyperplasia, that serum PSA level predicted PV with an AUC ROC of 0.76
for PV greater than 40 mL with age-specific cut-points of PSA >1.6 ng/mL, >2.0 ng/mL and
>2.3 ng/mL for men in their 50’s, 60’s and 70’s, respectively.10 In a community-based
sample of Dutch men, serum PSA level was also found to be the strongest predictor of PV
and a more accurate predictor than DRE,11 with an AUC ROC of 0.86 for PV greater than
40 mL. In studies of Korean men, serum PSA level was predictive of PV >40 mL with an
AUC ROC of >0.80; however, the serum PSA thresholds for detecting a PV >40 mL were
lower than in white men.12,15

In this study, we also saw a consistent 10% improvement in the percent of variability
explained when using the full predictive model compared to serum PSA level alone. While
the level of discrimination using serum PSA level alone was in the range considered to be
reasonable or acceptable in detecting men with a prostate volume >30 mL (AUC ROC range
from 0.76 to 0.85),23 the level of discrimination increased with the inclusion of age and
weight in the model to a good to excellent area under the curve level (0.81 to 0.91).23

Multiple techniques were used to assess the validity of the prediction model. The sign and
magnitude of the empirically-derived model coefficients were reasonable and there was little
difference in the model coefficients in the validation models as compared the coefficients in
the estimation model (data not shown). Additionally, there was only a small decrease in the
percent of explained variability in the actual data, as compared to that from the prediction
equation, which provides evidence that the least squares model can be used in prediction.
However, we also note that although approximately half of the variability in PV (as
measured by TRUS) may be explained by these three variables, half the variability remains
unexplained.

Strengths of this study include the ability to measure serum PSA level and PV in a
community-based sample of white men and a split-sample design which allowed for two
validation data sets from the same population of men. Additionally, a third data set allowed
for validation in a community-based sample of black men. Further generalizability may be
limited as additional racial groups were not assessed and men with known prostate cancer
were excluded. Finally, our model may not be applicable to specially selected clinical-based
samples with different baseline characteristics.

CONCLUSION
These data suggest that prostate volume can be estimated with easily obtained clinical
variables. While our data confirm that serum PSA level is the single strongest predictor of
prostate volume, we demonstrate that age and weight can be added to serum PSA level to
achieve greater accuracy when estimating prostate volume. In cases where the goal is to
determine whether the prostate is enlarged, serum PSA tests, along with routine clinical
exam measures (age and weight), and provided formulas offer an easy, cost-effective, and
less-invasive mechanism to estimate prostate volume.
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Figure 1.
Figure 1a. Predicted PV versus serum PSA level by age decade based on OCS baseline men
(80%; Figure 1b. Predicted PV versus serum PSA level by weight tertiles based on OCS
baseline men (80%).
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Table 2

Area under the curve (AUC) estimates from the receiver operating characteristic curves predicting prostate
volume >30 or >40 mL

Estimation Data Set

Remaining OCS Baseline Men (20%)

Validation Data Sets

FMHS MenOCS Baseline Men (80%) OCS Replacement Men

n = 366 n = 100 n = 149 n = 344

AUC (std err) AUC (std err) AUC (std err) AUC (std err)

Volume >30 mL

 PSA alone 0.76 (0.03) 0.79 (0.04) 0.85 (0.05) 0.79 (0.02)

  PSA, weight, age 0.81 (0.02) 0.85 (0.04) 0.91 (0.03) 0.83 (0.02)

Volume >40 mL

 PSA alone 0.88 (0.02) 0.86 (0.04) 0.97 (0.01) 0.79 (0.04)

 PSA, weight, age 0.89 (0.02) 0.89 (0.04) 0.98 (0.01) 0.85 (0.03)
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