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Abstract

Purpose—Obesity may be associated with lower prostate-specific antigen (PSA) through
hemodilution. We examined the relationship between body mass index (BMI) and PSA by age in
men without prostate cancer from a longitudinal aging study to determine whether PSA needs to
be adjusted for BMI.

Materials and Methods—The study population included 994 men (4937 observations) without
prostate cancer in the Baltimore Longitudinal Study of Aging. Mixed effects models were used to
examine the relationship between PSA and BMI (kg/m?2) by age. Separate models were explored
in men with prostate cancer censored at diagnosis, for percent body fat measurements, for weight
changes with time, and adjusting for initial prostate size in 483 men (2523 observations) with
pelvic MRI measurements.

Results—In men without prostate cancer, BMI was not significantly associated with PSA after
adjusting for age (p=0.06). A 10 point BMI increase was associated with a PSA difference of
-0.03 ng/ml (95% CI, —0.40-0.49). Results were similar when men with prostate cancer were
included, when percent body fat was substituted for BMI, and after adjusting for prostate volume.
Longitudinal weight changes also had no significant association with PSA.

Conclusions—Consistent with prior studies, we found an inverse relationship between obesity
and serum PSA levels. However, the magnitude of the difference was small. Thus, adjusting PSA
for BMI does not appear warranted.
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INTRODUCTION

Prostate cancer and obesity are prevalent conditions among the aging male population. Data
from the National Health and Nutrition Examination Survey indicated that in 2001-2002,
65.7% of U.S. adults were overweight or obese, defined as a body mass index (BMI) of
25.0-29.9, and =30 kg/m?, respectively.l Among men aged =60 years, 73.9% had a BMI >
25 kg/mZ2. Also, approximately 1 in 6 men will be diagnosed with prostate cancer during his
lifetime.2 Numerous groups have investigated the relationship between obesity and prostate
cancer, and several studies have demonstrated a significant relationship of increased BMI
with more aggressive pathological features and worse treatment outcomes.3 4

A growing body of evidence suggests that obese men may have lower serum prostate-
specific antigen (PSA) levels. This pattern was reported in population-based studies of men
without prostate cancer® and in prostate cancer patients.®

A proposed mechanism for the relationship between obesity with a lower PSA is through
hemodilution. Specifically, Banez et al. reported that among men undergoing prostatectomy
at multiple institutions, the adjusted mean PSA concentration significantly decreased with
increasing BMI category (p<0.02 for all).8 Alternatively, obesity may affect PSA through
endocrine changes, such as its association with lower serum testosterone levels.”

If obesity does indeed lead to a clinically significant reduction in PSA, this would suggest
that perhaps the thresholds used in daily clinical practice should be adjusted based upon
BMI.8 By contrast, if the difference is not of sufficient magnitude, no adjustment would be
necessary.

We further examined the association between BMI and PSA levels in men with and without
prostate cancer in an aging study. Also, due to the longitudinal nature of our study, we
sought to characterize the relationship between weight changes over time with serum PSA,
and to correct for prostate volume in a subset of men.

MATERIALS AND METHODS

Study Cohort

The Baltimore Longitudinal Study of Aging (BLSA) is a prospective cohort study initiated
in 1958 by the National Institute on Aging. Details of the study protocol have been
previously described.® Briefly, participants undergo comprehensive medical examinations at
two year intervals. The study was approved by the Med Star Institutional Review Boards
and the Institutional Review Boards of the Johns Hopkins Medical Institutions, and written
informed consent was provided by all participants.

Each participant visit included a measurement of height and weight by a nurse or technician,
from which body mass index (BMI) was calculated in kg/m2. For participant visits before
1991, PSA levels were retrospectively measured using frozen serum samples stored at
—70°C. Beginning in 1991, PSA and DRE were also performed at each visit for male
participants for prostate cancer screening. The Tandem-R assay (Hybritech Inc., CA) was
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used for all PSA measurements. Prostate biopsy was recommended for a PSA level >4 ng/ml
or suspicious DRE findings. PSA Kinetics were not used as a trigger for biopsy.

Figure 1 shows the selection of the study population. First we identified all male BLSA
participants with concurrent PSA, height and weight measurements, including 999 men with
no history of prostate cancer. After excluding men with a PSA level >10 ng/ml (due to the
relatively high likelihood of undiagnosed prostate cancer increasing the potential for
misclassification), the final control population included 994 men with a total of 4937
observations. The mean number of BMI measurements per subject was 4.96 (range, 1 to 18).

In a subset of 979 BLSA participants (4610 observations), anthropometric measurements
were also available. To examine an alternate metric for adiposity, the body fat mass (in
kilograms) was calculated as follows: 0.39 (weight (kg) —0.13 height (cm) + 0.74 sagittal/
waist diameter (cm) + 4.81 In triceps skinfold thickness (cm) — 3.78.10 Calculations based
upon this formula have previously been shown to correlate well (r=0.93) with estimates
from dual x-ray absorptiometry.10

Concurrent PSA and BMI measurements were also available for 205 men diagnosed with
prostate cancer. We excluded measurements after diagnosis, leaving 179 men with height,
weight, and PSA measurements prior to a prostate cancer diagnosis.

Prostate Volume Measurement

Beginning in 1993, pelvic magnetic resonance imaging (MRI) was performed in men
without prostate cancer to further examine the association of aging and prostate growth.
Prostate volume was measured from the T2 axial images using a semi-automated image
analysis system, as previously described.1? In the current study population, a subset of 483
men (2523 observations) also had a prostate volume measurement from MRI.

Testosterone Measurements

Sex hormone data was available for 713 men (2771 observations) from the current study
population. These levels were measured between 7:00 and 9:30 a.m. following an overnight
fast, as previously described.12 We then calculated the free testosterone index as the molar
ratio of testosterone to sex hormone binding globulin.

Plasma volume calculation

Direct plasma volume measurements were not available in the BLSA. Accordingly, plasma
volume (PV) was estimated indirectly based on the following formulal3: PV (L) = body
surface area (BSA) x 1.670, wherein BSA (m?) = body weight (kg) %42° x height (m) 0725 x
0.2025. We also examined the interrelationship among PSA, BMI, and hematocrit as a
potential alternate surrogate for intravascular volume.

Statistical Analysis

First, mixed effects models were used to examine the regression of PSA on BMI while
controlling for initial age, time from the initial evaluation and date of evaluation. Mixed
effects models are flexible models that can be used to deal with multiple data collected from
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individuals, as seen with longitudinal and repeated measures!4. All models had the
following form: Log(Y; +1)= (B0+b;0)+ B1*initial agej+( B2+ bj2 )*time from initial.age;; +
(B3+bj3)*BMI + + B4*date;j+ ejj with Yjj being PSA for the ith evaluation and jth subject
and bj0 , bj2, and b;3 being the random effects for the intercept, slope over time and slope
for BMI for subject j.

In addition, in some models fixed terms were added for interactions between BMI with
initial age, and BMI with time from initial age. Models were compared sequentially with the
addition of terms to a baseline model containing initial age, time from initial age and date
with the random intercept using likelihood ratio tests. Similar models were developed for the
body fat measure. Another mixed effects model was used to examine the association
between PSA and plasma volume. In addition, separate mixed effects models were
performed with adjustment for initial prostate size in the subset of participants with prostate
volume measurements on MRI, and adjusting for testosterone in the subset with sex
hormone data.

Finally, we examined the association between PSA with weight changes over time for
participants with at least 2 concurrent PSA and weight measurements. For these models, we
first plotted BMI versus age. Based upon this distribution, we divided the population into
men aged <60 years and =60 years. Within these groups, mixed effects models were used to
examine the association between changes in PSA (ng/ml/year) with changes in weight (kg/
year) with random effects for subject and time. Separate mixed effects models were used to
examine the relationship between PSA changes with longitudinal changes in BMI in the
overall population adjusting for age and age squared. Similar models were also used to
examine the relationship between longitudinal PSA measurements with changes in percent
body fat and plasma volume. All statistical models were tested using the package Ime4 in R
(R. Development CoreTeam, http://www.R-project.org, version 2.9.0).

Table 1 shows the demographics of the primary study population (n=994), including the
men without prostate cancer.

Relationship between PSA with BMI, Plasma Volume, and Hematocrit

Figure 2 shows the relationship between BMI and PSA in healthy controls. Overall, BMI
was not significantly associated with PSA after adjusting for age (p=0.06) within an
individual over time. Based on our model, a 10 point increase in BMI would be associated
with a decrease in PSA of —0.03 ng/ml (95%, Cl —-0.40 to 0.49). A model including PSA
measurements from 179 men diagnosed with prostate cancer had similar results (data not
shown). As shown in Figure 3a, there was a significant inverse relationship between PSA
and plasma volume in controls (p=0.01). However, there was no significant relationship
between age adjusted PSA and hematocrit. Adding hematocrit to the model did not affect the
relationship between PSA and BMI, but when plasma volume plus hematocrit were included
in the model the relationship between PSA and BMI was diminished (data not shown).
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Relationship between PSA and Percent Body Fat

Next we performed mixed effects models using percent body fat rather than BMI as the
measure for adiposity. Although percent body fat was significantly associated with PSA
after adjusting for age in men without prostate cancer (p=0.000059), the magnitude of this
effect was also modest. Per each 1% increase in percent body fat, the associated change in
PSA was —0.0046 ng/ml. After considering the random effect for percent body fat, the PSA
was 0.0044 ng/ml lower per percent increase in body fat (p=0.003).

Relationship between PSA and BMI considering prostate volume

Among the men with pelvic MRI measurements, the mean initial prostate volume was 32.6
+ 19.1. In this subset, there was no significant relationship between BMI and PSA by initial
age and time, either before (p=0.61) or after (p=0.42) adjustment for prostate volume. The
addition of an interaction term between body size and prostate volume did not improve the
relationship (p=0.62). As expected, prostate volume was significantly related to PSA
(p<0.0001) and remained significant when adjusted for BMI (p<0.0001).

Relationship between PSA and BMI considering testosterone

Among men with sex hormone measurements, the mean testosterone was 425 + 104 ng/dl,
and the mean free testosterone index was 6.2 + 3.2 across all observations. In this subgroup,
a significant relationship was observed between PSA and BMI (coefficient —0.011, t=—-3.75,
p=0.0002) when adjusted for initial age and time. With the addition of testosterone and free
testosterone index to the model, the coefficient for BMI was —0.010 (t= -3.10).

Relationship between changes in PSA with changes in BMI, percent body fat, and plasma

volume

Figure 3b shows the distribution of BMI by age in men without prostate cancer. Based upon
this distribution, the population was classified into men aged <60 and =60 years to examine
the relationship between changes in BMI with changes in PSA (Figures 4a/b). Despite
substantial variability in weight changes (with some participants gaining or losing more than
5 kglyear), there was no significant relationship with PSA changes in men aged <60 or =60
years.

In the overall population, adjusting for age and age squared, changes in BMI had a
marginally significant relationship with changes in PSA (coefficient —0.008, p=0.046).
Similarly, changes in percent body fat were significantly associated with changes in PSA
adjusting for age (coefficient —0.013, p=0.005). However, we did not find a significant
association between plasma volume changes and PSA changes over time (coefficient
-0.011, p=0.13).

DISCUSSION

Numerous prior studies have examined the relationship between PSA and BMI.%: 6. 15.16 For
example, Baillargeon et al. reported a significant inverse association between PSA and BMI
in men from the San Antonio Center for Biomarkers of Risk (SABOR) for prostate cancer
study.® After adjustment for age and race, the mean PSA levels were 1.01, 0.95, 0.91, 0.81,
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and 0.69 ng/ml for men with a BMI <24.9, 25.0-29.9, 30.0-34.9, 35.0-39.9, and =40,
respectively (p<0.0001).

Similar results were reported in men from the placebo group of the Prostate Cancer
Prevention Trial.1> Specifically, Kristal et al. reported on 3441 men with no evidence of
prostate cancer on empiric biopsies performed at the end of the 7 year study. The PSA level
was approximately 0.21 ng/ml lower among participants with a BMI =35 compared to
normal weight men (BMI <25 kg/cm?).

More recently, Bafiez et al. reported significantly lower PSA levels in obese men, despite a
similar mean adjusted PSA mass.® Based on these results, they suggested that hemodilution
may account for the consistent findings of a lower PSA level with increasing adiposity.
Indeed, numerous studies have demonstrated higher intravascular volume in obese
individuals, substantiating the biological plausibility of this observation.1”

Finally, Chia et al. recently examined the association between BMI and PSA in Chinese
male participants in Singapore Prostate Awareness Week.1® Among men with a BMI <18.5,
18.5-24.9, 25-29.9, and =30, the median PSA levels were 1.02, 1.01, 0.91, and 0.82 ng/ml.

In the current study, we similarly found a significant inverse relationship between PSA with
percent body fat, and a trend toward lower PSA with increasing BMI (p=0.06). Moreover, as
in the study by Bafiez and colleagues®, we found a significant decrease in PSA with
increasing plasma volume.

The notion of a lower PSA with increasing BMI has generated considerable interest in the
urological community, in light of numerous studies demonstrating more aggressive prostate
cancer in obese men.3 4 Specifically, there is concern that lower PSA levels from obesity-
related hemodilution may lead to ascertainment bias, whereby obese men are diagnosed with
prostate cancer at a later stage with correspondingly worse outcomes.® Accordingly, some
groups have suggested investigation into the use of BMI-adjusted PSA cutpoints.®

However, statistical significance does not always translate into clinical significance. Indeed,
the magnitude of the difference in PSA level with increasing BMI was small in our study. A
substantial 10 point increase in BMI was associated with a PSA reduction of only 0.03
ng/ml in the current study. Similarly, each 1% increase in body fat was associated with a
decrease in PSA of 0.004 ng/ml. Consistent with the conclusions of another study by
Hutterer et al.18, these results suggest that adjustment of PSA for BMI may not be
warranted.

A limitation of our study is that measurements of PSA, BMI, percent body fat, testosterone
and prostate size were only available for a proportion of BLSA participants. A second
limitation is that direct measurements of plasma volume were not performed in the BLSA.
Although prior studies have estimated plasma volume based upon the body surface area,
these methods of calculation may not be accurate particularly in obese men.1® As an
alternate indicator of volume status, we also used models including hematocrit.
Nevertheless, similar to others we could not directly address the true relationship between
PSA and plasma volume directly.® Another limitation is that the majority of BLSA
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participants were Caucasian. However, the SABOR study involving a multi-ethnic
population-based sample did not find any evidence of effect modification by race (p=0.73)
on the association between PSA and BMI.2

An important strength of our study is that height and weight were directly measured at
participant visits, rather than relying upon self-reported data. Estimates based upon self-
report tend to overestimate height and underestimate weight.29 In addition, percent body fat
was available in the majority of participants, enabling an assessment of the relationship
between PSA with other measurements of adiposity. Finally, due to the longitudinal nature
of the BLSA, serial measurements of height, weight, and PSA were available for many
participants, allowing us to examine changes over time.

CONCLUSIONS

Percent body fat had a significant inverse relationship with the serum PSA concentration and
a trend toward decreasing PSA with increasing BMI, possibly related to hemodilution.
Nevertheless, the magnitude of the PSA reduction is small, suggesting that adiposity-
adjusted PSA thresholds are not warranted.
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Figure4.

Changes in PSA by weight changes (a) for men below age 60 years, and (b) for men age 60
years and above. The boxes represent IQR, with the horizontal line within the box indicating
the median. The vertical dashed lines represent 1.5 times the IQR, and circles represent
outliers >1.5 times the IQR. Numbers above the x-axis represent the number of observations

in each weight change category.
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Demographics of the cancer-free study population (n=994) at the initial visit. (SD= standard deviation)

Table 1

Mean (SD) | Median (Range)
Age (years) 52.0 (16.3) | 51.4 (19.9-92.0)
Weight (kg) 81.7 (13.0) | 80.1 (49.8-152.1)
Height (m) 176.5(7.0) | 176.3 (151.2-197.6)
BMI (kg/m?) 26.2(3.6) | 25.6(18.2-43.0)
PSA (ng/ml) 1.2 (1.3) 0.7 (0-9.0)
# Observations per subject | 5.0 (3.3) 4 (1-18)
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