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Abstract
We previously reported that an accelerated decline in circulating testosterone level is associated with a higher risk of prostate
cancer (PCa). This study is to examine whether testosterone change rate is related to serum prostate-specific antigen (PSA)
concentration among PCa-free men. Longitudinal data were derived from electronic medical records at a tertiary hospital in the
Southeastern USA. PCa-free men with initial-PSA < 4 ng/mL and ≥ 2 testosterone measurements were included (n = 632). Three
PSAmeasures (peak, the most recent, and average PSA) during the study period (from first testosterone measurement to the most
recent hospital visit) were examined using multivariable-adjusted geometric means and were compared across quintiles of
testosterone change rate (ng/dL/month) and current testosterone level (cross-sectional). Mean (standard deviation, SD) age at
baseline was 59.3 (10.5) years; mean study period was 93.0 (55.3) months. After adjusting for covariates including baseline
testosterone, the three PSA measures all significantly increased across quintile of testosterone change rate from increase to
decline (peak PSA: quint 1 = 1.09, quint 5 = 1.41; the most recent PSA: quint 1 = 0.85, quint 5 = 1.00; average PSA: quint 1 =
0.89, quint 5 = 1.02; all Ptrend < 0.001). But current testosterone level was not associated with PSA levels. Stratified analyses
indicated men with higher adiposity (body mass index > 24.1 kg/m2) or lower baseline testosterone (≤ 296 ng/dL) were more
sensitive to testosterone change in regard to PSA. Among PCa-free men, accelerated testosterone decline might correlate with
higher serum PSA concentration. It will help to elucidate the mechanisms relating aging-accompanying testosterone dynamics to
prostate carcinogenesis.
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Introduction

Testosterone is essential for prostate development during early
life and maintains a tropic and differentiating effect through-
out childhood and adult life [1]. A normal level of testosterone
is important to maintain a high quality of life, including nor-
mal libido and sexual function, stable mood, muscle mass and
strength, normal bone mineral density, and fat metabolism [2].
However, testosterone level declines progressively with ag-
ing, resulting in a significant percentage (20–39%) of men
aged > 45 years have a testosterone level below the normal
range for adult men (280–800 ng/dL) recommended by the
American Association of Clinical Endocrinologist (AACE)
[3, 4]. Therefore, there is a growing awareness to compensate
the aging-accompanying testosterone decline through

* Kai Wang
nhkwa@channing.harvard.edu

1 Department of Epidemiology, University of Florida, Gainesville, FL,
USA

2 Department of Epidemiology and Nutrition, Harvard T.H. Chan
School of Public Health, 677 Huntington Avenue,
Boston, MA 02115, USA

3 Department of Biostatistics, University of Florida, Gainesville, FL,
USA

4 Department of Urology, University of Florida, Gainesville, FL, USA
5 National Medical Association and Research Group, Gainesville, FL,

USA

https://doi.org/10.1007/s12672-019-00369-y

/Published online: 16 October 2019

Hormones and Cancer (2019) 10:168–176

http://crossmark.crossref.org/dialog/?doi=10.1007/s12672-019-00369-y&domain=pdf
http://orcid.org/0000-0002-5614-5618
mailto:nhkwa@channing.harvard.edu


endogenous (e.g., physical activity) and/or exogenous mech-
anisms (e.g., testosterone replacement therapy).

A major concern for enhanced testosterone level is its as-
sociation with the risk of prostate cancer (PCa). Despite nu-
merous studies have been reported over the past several de-
cades [5–9], the relationship between testosterone and PCa
risk remains controversial. One possible explanation for this
long-lasting controversy is that most of the previous studies on
this relationship were based on testosterone level measured at
a cross-sectional time point, lacking a dynamic perspective.
Therefore, a dynamic theory stating that it is the aging-
accompanying dynamics in testosterone level, rather than
cross-sectional testosterone levels that impact PCa risk has
been proposed [10] and was supported in one of our recent
reports [11]. In that study, an annual testosterone decline of ≥
30 ng/dL (vs. < 30 ng/dL) in men was associated with more
than 5-fold increase in PCa risk. Another study by Xu et al.
[12] reporting that a younger age at which circulating testos-
terone declines to be below 350 ng/dL was associated with a
higher PCa risk also supported this dynamic theory.

Though prostate-specific antigen (PSA)-based screening
for PCa is not recommended by the latest US Preventive
Services Task Force (USPSTF) guideline [13], PSA level is
still one important consideration in the decision-making of
prostate biopsy and estimation of prognosis [14–16]. Given
testosterone decline rate has been suggested to be associated
with PCa risk [10–12], whether it is also related to serum PSA
in PCa-free men is unknown. Addressing this question is of
great significance in elucidating the mechanistic role of tes-
tosterone dynamics in prostate carcinogenesis and improving
the prediction of prostate cancer.

In the current study, we applied a longitudinal design and
examined the association of testosterone change rate with se-
rum PSA among PCa-free men, using data derived from the
electronic medical records at a tertiary hospital in the
Southeastern USA. As part of our analytical strategy, testos-
terone measured at cross-sectional time points was also
analyzed.

Materials and Methods

Study Population and Sample

This study targeted PCa-free men with initial PSA < 4 ng/
mL. The study sample was nested in a hospital-based retro-
spective observational cohort consisting of menwith at least
one record of circulating testosterone test at a tertiary care
hospital in the Southeastern USA. For any man having one
or more records of total testosterone measurement in the
electronic medical records (EMR) system, all of his medical

records (up to the most recent hospital visit) were reviewed.
The reviewedmedical records included outpatient visits and
hospitalizations. A unique de-identified patient ID was used
to link the data of demographics, medical diagnoses, lab
results, drug prescription, and other clinical information.
In the current study, we included patients (1) without history
of PCa diagnosis throughout all hospital visits, (2) having
two or more testosterone measurements with at least
1 month apart (for measuring testosterone change over
time), (3) serum PSA level < 4 ng/mL at the first PSA mea-
surement during the study period (for exclusion of any un-
diagnosed PCa cases), and (4) without history of testoster-
one replacement therapy (TRT). For eligible participants,
date of his first testosterone measurement served as base-
line, and study period was defined to be the time interval
from baseline to the most recent hospital visit. A total of 632
participants with a mean (standard deviation, SD) study pe-
riod of 93.0 (55.3) months were included in this study, after
exclusion of 25 patients with baseline PSA ≥ 4 ng/mL, 285
with 1 testosterone measurement or > 1 testosterone mea-
surement but within 1month, 35 with history of TRT, and 45
with PCa diagnosis. The included medical records ranged
from January 1995 to October 2015.

This study has been performed in accordance with the
Declaration of Helsinki. The research protocol was approved
by the institutional review board at the University of Florida.

Circulating Testosterone Change Rate

The exposure of interest was the change rate in circulating
total testosterone level. We calculated average change per
month in testosterone level (ng/dL/month) as proxy of tes-
tosterone change rate. This variable was created in twoways
depending on the number of data points. For participants
with only two testosterone measurements, average change
in testosterone per month was calculated by firstly
subtracting baseline testosterone level from the second tes-
tosterone measurement, then dividing the difference by time
interval (months) between the two measurements. For par-
ticipants with more than two testosterone measurements, we
firstly regressed testosterone level to time interval (months)
between that testosterone measurement and baseline, then
took the beta regression coefficient (slope) as the testoster-
one change rate (ng/dL/month) for that participant. For this
variable, positive values indicated testosterone increase,
while negative values indicated testosterone decline.
During the study period, a mean (SD) of 4.3 (3.5) testoster-
one measurements had be conducted.

In addition to testosterone change rate, baseline testos-
terone level (analyzed as a covariate) and current testoster-
one level (the most recently measured testosterone level)
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were included as proxy of cross-sectional testosterone mea-
sures. Number of testosterone measurements and time inter-
val over these measurements were also included as covari-
ates in the modeling analysis to control for potential con-
founding effect.

Serum PSA Level

The outcome of interest was serum total PSA level. We ana-
lyzed PSA level in 3 measures: peak PSA, the most recent
PSA, and average PSA over the study period. The PSA levels
were log-transformed to account for skewed distribution and
analyzed as continuous variables. During the study period, a
mean (SD) of 4.8 (3.5) PSA measurements had be conducted.
Likewise, number of PSA measurements and time interval
over these measurements, as well as time interval between
the first PSA measurement and baseline were also included
as covariates in the modeling analysis to control for potential
confounding effect.

Covariates

A number of other variables with potential to confound the
association between testosterone and PSAwere also assessed.
These variables included age (years), race (White, Black, oth-
er), smoking status (current smoker, former smoker, never
smoke), body mass index (BMI) (< 25, 25 to < 30, ≥ 30 kg/
m2), family history of PCa (yes/no), and diabetes diagnosis
(yes/no).

Statistical Analysis

Characteristics of the study sample were assessed using de-
scriptive statistical methods, including mean, SD, and propor-
tions. Wald chi-square test for proportions and one-way
ANOVA for means were used to compare differences across
quintile of baseline testosterone level. We also estimated Ptrend

for continuous variables using Wald F-tests by modeling me-
dian value of baseline testosterone level by quintile.

We then estimated crude and multivariable-adjusted geo-
metric means of the three PSA measures (peak, the most
recent, and average) and 95% confidence intervals (CI)
across quintile of testosterone change rate. Multivariable-
adjusted geometric means were estimated using the predict-
ed margins from linear regression models controlling for
covariates as shown in Table 1, as well as baseline testos-
terone level in the models of testosterone change rate. We
evaluated the trend in geometric mean PSA levels across
testosterone change rate by modeling natural log-
transformed PSA level and testosterone change rate as a
single ordinal variable. Each participant was assigned the

median value within his quintile, and the statistical signifi-
cance was evaluated using Student’s t test. As an analytical
strategy, we also analyzed the relationships of current tes-
tosterone level as a proxy of cross-sectional testosterone
measure with the three PSA measures.

Additionally, stratified analyses were conducted by race
(White, Black) in dummy variables, adiposity (low: BMI at
or below the median of 24.10 kg/m2; high: BMI > 24.10 kg/
m2), age (young: at or below the median of 64 years; old: >
64 years), and baseline testosterone level (low: at or below the
median of 295.75 ng/dL; high: > 295.75 ng/dL). Interactions
were tested by including the main effect of testosterone
change rate, the stratification factor, along with a product term
of the two, the coefficient for which was evaluated by Wald
test.

All statistical analyses were performed using SAS 9.4
(SAS Institute, Cary, NC). P values < 0.05 (two-sided) were
reported as statistically significant.

Results

Characteristics of the Study Sample

Characteristics of the 632 men are presented in Table 1, over-
all and by quintile of baseline testosterone level. At baseline,
the participants had a mean (SD) age of 59.3 (10.5) years;
75.0% were White; almost half of them (46.1%) were current
or former smokers; 47.3% had a BMI < 25 kg/m2; 3.2% had a
family history of PCa; 13.1% had a history of diabetes. Mean
(SD) PSA at the first PSA measurement was 1.1 (0.8) ng/mL,
with a mean (SD) time interval of 12.3 (23.1) months between
baseline and the first PSA measurement.

Association of Cross-Sectional Testosterone Level
with PSA

Table 2 presents the crude and multivariable-adjusted geomet-
ric means of peak PSA, the most recent PSA, and average
PSA by quintiles of current testosterone level. After control-
ling for covariates, current testosterone level was positively
but marginally associated with the most recently measured
PSA (Ptrend = 0.049), whereas was not associated with peak
PSA (P trend = 0.965) or average PSA (Ptrend = 0.502).

Association of Testosterone Change Rate with PSA

Table 3 presents the crude and multivariable-adjusted geo-
metric means of the three PSA measures by quintile of tes-
tosterone change rate from increase to decline. After
adjusting for covariates including baseline testosterone

HORM CANC (2019) 10:168–176170



level, the three PSA measures all significantly increased
across quintile of testosterone change rate (increase to de-
cline) (peak PSA: quint 1 = 1.09, quint 5 = 1.41, Ptrend <
0.001; the most recent PSA: quint 1 = 0.85, quint 5 = 1.00,
Ptrend < 0.001; average PSA: quint 1 = 0.89, quint 5 = 1.02,
Ptrend < 0.001) (Fig. 1). Given the similar patterns of the
three PSA measures, we focused on peak PSA in stratified
analyses.

Stratified Analysis

Multivariable-adjusted geometric mean of peak PSA by tes-
tosterone change rate (ng/dL/month) stratified by race, adipos-
ity, age, and baseline testosterone level is shown in Table 3.
The association between testosterone change rate and peak
PSA level was significant for the White (Ptrend < 0.001), but
not for the Black (Ptrend = 0.520); marginally significant for

Table 1 Characteristics of the participants and comparison across quintile of total testosterone level at baseline, 632 prostate cancer-free men with
initial-PSA < 4 ng/mL

Quintile of testosterone level at baseline (ng/dL)

Overall 20.0 to < 193.0 193.0 to < 265.0 265.0 to < 342.5 342.5to < 477.0 477.0–1500.0

N 632 128 123 130 131 120

Age, years

Mean (SD) 59.3 (10.5) 60.1 (11.9) 59.1 (9.0) 59.1 (11.0) 58.6 (10.0) 59.7 (10.6)

Race, %

White 75.0 71.1 78.1 73.9 74.1 78.3

Black 10.3 9.4 8.9 10.0 13.0 10.0

Other 1.7 1.6 2.4 2.3 0.8 1.7

Unknown 13.0 18.0 10.6 13.9 12.2 10.0

Smoking status, %

Current smoker 5.7 10.9 3.3 2.3 4.6 7.5

Former smoker 40.4 35.2 39.0 44.6 39.7 43.3

Never smoke 34.8 28.9 39.8 34.6 40.5 30.0

Unknown 19.2 25.0 17.9 18.5 15.3 17.2

Body mass index, %

< 25 47.3 43.9 44.1 44.6 51.5 52.5*

25 to < 30 16.0 19.5 11.4 17.7 17.6 13.3

≥ 30 18.8 30.5 23.6 14.6 11.5 14.2

Unknown 17.9 6.1 21.0 23.1 19.5 20.0

Family history of prostate cancer, % 3.2 3.1 3.2 3.1 2.7 3.9

Diabetes, % 13.1 27.5 17.2 8.8 6.8 5.1*

No. of testosterone measurements

Mean (SD) 4.3 (3.5) 5.2 (3.9) 4.9 (4.1) 4.4 (3.8) 3.7 (2.7) 3.4 (2.1)*†

Time interval between first and most recent testosterone measurement, months

Mean (SD) 61.4 (50.1) 47.9 (46.8) 54.8 (50.3) 61.6 (62.0) 76.7 (50.1) 65.8 (46.7)*†

No. of PSA measurements

Mean (SD) 4.8 (3.5) 4.0 (2.9) 4.8 (3.8) 4.7 (4.0) 5.4 (3.3) 5.1 (3.4)*†

Time interval between first and most recent PSA measurement, months

Mean (SD) 57.5 (48.5) 43.2 (42.1) 54.0 (49.8) 54.9 (50.3) 70.1 (46.9) 65.1 (49.1)*†

Time interval between baseline and first PSA measurement, months

Mean (SD) 12.3 (23.1) 14.5 (27.4) 9.2 (15.9) 9.5 (17.2) 15.9 (28.4) 12.0 (22.9)

PSA, prostate-specific antigen; SD, standard deviation

*Test for differences among quintiles of testosterone level at baseline fromWald chi-square test for proportions or one-way ANOVA for means, P < 0.05
†Ptrend was calculated by modeling continuous covariates and median value of baseline testosterone by quintile and Ptrend < 0.05
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participants with high adiposity (BMI > 24.10 kg/m2)
(Ptrend = 0.059), but not for those with low adiposity (≤
24.10 kg/m2) (Ptrend = 0.298); significant for participants with
low baseline testosterone level (≤ 295.75 ng/dL) (Ptrend <
0.001), but not for those with high baseline testosterone level
(> 295.75 ng/dL) (Ptrend = 0.305); and significant for both the
young (≤ 59 years) (Ptrend < 0.001) and the old (> 59 years)
(Ptrend < 0.001).

Discussion

Expression of the PSA gene has been extensively studied as
a model androgen-regulated gene [17, 18], but the associa-
tion of circulating testosterone level with serum PSA is still

ill defined. Most of the reported studies investigating this
association have been conducted using simultaneously
measured testosterone and PSA at cross-sectional time point
[7–9, 19]. But using cross-sectional design to study the as-
sociation of testosterone with PSA is limited considering
the substantial aging-accompanying changes in testosterone
level [20, 21]. In recent years, there has been a growing
interest in studying the longitudinal profile of testosterone
change in relation to the prostate health [10–12, 22–24]. In
the current study among PCa-free men with initial-PSA <
4 ng/mL, we found evidence that an accelerated testosterone
decline was associated with higher serum PSA level
(Table 4).

Indirect evidence for the influence of circulating andro-
gen on PSA comes from the observation that men receiving

Table 2 Crude and adjusted
geometric means of peak PSA,
the most recent PSA, and average
PSA during the study period by
quintile of current testosterone
level, 632 prostate cancer-free
men with initial-PSA < 4 ng/mL

Current testosterone level (ng/dL) N Crude

(95% CI) (ng/mL)

Multivariable-
adjusted

(95% CI) (ng/mL)*

Peak PSA

Quint 1, 3.0 to < 236.0 132 1.13 (0.99, 1.28) 1.29 (1.22, 1.36)

Quint 2, 236.0 to < 333.0 124 1.26 (1.11, 1.43) 1.25 (1.19, 1.32)

Quint 3, 333.0 to < 421.0 129 1.48 (1.31, 1.67) 1.31 (1.23, 1.39)

Quint 4, 421.0 to < 529.0 122 1.44 (1.27, 1.64) 1.34 (1.26, 1.41)

Quint 5, 529.0 to 1374.0 125 1.18 (1.04, 1.33) 1.26 (1.19, 1.33)

Ptrend
† 0.590 0.965

The most recent PSA

Quint 1, 3.0 to < 236.0 132 0.77 (0.66, 0.89) 0.90 (0.86, 0.93)

Quint 2, 236.0 to < 333.0 124 0.96 (0.85, 1.09) 0.93 (0.90, 0.96)

Quint 3, 333.0 to < 421.0 129 1.10 (0.98, 1.24) 0.98 (0.94, 1.02)

Quint 4, 421.0 to < 529.0 122 1.07 (0.95, 1.20) 0.98 (0.95, 1.02)

Quint 5, 529.0 to 1374.0 125 0.88 (0.78, 1.00) 0.95 (0.91, 0.99)

Ptrend
† 0.216 0.049

Average PSA

Quint 1, 3.0 to < 236.0 132 0.84 (0.75, 0.95) 0.97 (0.93, 1.02)

Quint 2, 236.0 to < 333.0 124 1.00 (0.89, 1.13) 0.98 (0.94, 1.02)

Quint 3, 333.0 to < 421.0 129 1.13 (1.02, 1.25) 1.01 (0.97, 1.05)

Quint 4, 421.0 to < 529.0 122 1.10 (0.98, 1.23) 1.01 (0.97, 1.05)

Quint 5, 529.0 to 1374.0 125 0.88 (0.79, 0.98) 0.95 (0.91, 0.99)

Ptrend
† 0.695 0.502

PSA, prostate-specific antigen; CI, confidence interval

*Adjusted for race (White, Black, other, unknown); age (years), body mass index (< 25, 25 to < 30, ≥ 30,
unknown), smoking status (current smoker, former smoker, never smoke, unknown), family history of prostate
cancer (yes/no), and diabetes (yes/no) at baseline; number of testosterone measurements, time interval (months)
over all testosterone measurements, number of PSA measurements, time interval (months) over all PSA mea-
surements, and time interval (months) between baseline and the first PSA measurement
†Ptrend was calculated by modeling log-transformed PSA concentration and median value of the testosterone
measure by quintile
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androgen deprivation therapy for PCa experience a decline
in serum PSA level [9]. However, evidence for the associa-
tion of testosterone to PSA among cancer-free men has been
limited. A cross-sectional study based on the National
Health and Nutrition Examination Survey (NHANES) re-
ported that among men without history of PCa, serum total
testosterone was positively associated with serum PSA [9].
However, a pooled analysis of 18 prospective epidemiolog-
ical studies on hormones and PCa found that, among con-
trols, total testosterone and PSA were not correlated (7143
men, r = 0.08, P > 0.05) [25]. In our current analysis of tes-
tosterone and PSA, we also found that the concurrently
measured testosterone and PSA were not associated; how-
ever, we found testosterone decline rate was positively as-
sociated with PSA level. To our knowledge, this is the first

study reporting the association between circulating testos-
terone change rate and serum PSA level. This finding is in
line with our previous finding that an accelerated testoster-
one decline was associated with a higher PCa risk [11].

Circulating testosterone level in males has been demon-
strated to fall substantially with aging, particularly after the
age of 40 [26], and a dramatic decline in circulating testos-
terone level has been suggested to increase the expression of
AR [22]. PSA, a single-chain 33-kD glycoprotein serine
protease, is synthesized almost exclusively by the prostate
epithelium in human [17], and the expression of PSA gene is
positively regulated by AR [17]. Given these, an increased
AR expression might mediate the association between an
accelerated testosterone decline and upregulated PSA ex-
pression [27]. In addition, our finding is also in line with

Table 3 Crude and adjusted
geometric means of peak PSA,
the most recent PSA, and average
PSA during the study period by
quintile of testosterone change
rate, 632 prostate cancer-free men
with initial-PSA < 4 ng/mL

Testosterone change rate (increase to decline) (ng/dL/
month)§

N Crude

(95% CI) (ng/
mL)

Multivariable-
adjusted

(95% CI) (ng/mL)*

Peak PSA

Quint 1, 5.9 to 172.4 124 1.03 (0.91, 1.16) 1.09 (1.03, 1.14)

Quint 2, 1.4 to < 5.9 131 1.30 (1.16, 1.46) 1.25 (1.19, 1.32)

Quint 3, −0.2 to < 1.4 124 1.41 (1.25, 1.59) 1.31 (1.24, 1.38)

Quint 4, −1.7 to < − 0.2 126 1.46 (1.29, 1.67) 1.41 (1.33, 1.50)

Quint 5, −95.6 to < − 1.7 127 1.28 (1.12, 1.46) 1.41 (1.34, 1.49)

Ptrend
† 0.003 < 0.001

The most recent PSA

Quint 1, 5.9 to 172.4 124 0.83 (0.73, 0.93) 0.85 (0.82, 0.89)

Quint 2, 1.4 to < 5.9 131 0.95 (0.84, 1.06) 0.94 (0.91, 0.97)

Quint 3, −0.2 to < 1.4 124 0.99 (0.88, 1.12) 0.95 (0.91, 0.99)

Quint 4, − 1.7 to < − 0.2 126 1.02 (0.89, 1.18) 0.98 (0.95, 1.02)

Quint 5, − 95.6 to < − 1.7 127 0.95 (0.83, 1.09) 1.00 (0.97, 1.04)

Ptrend
† 0.069 < 0.001

Average PSA

Quint 1, 5.9 to 172.4 124 0.85 (0.76, 0.96) 0.89 (0.85, 0.93)

Quint 2, 1.4 to < 5.9 131 0.97 (0.87, 1.08) 0.98 (0.95, 1.02)

Quint 3, −0.2 to < 1.4 124 1.02 (0.92, 1.14) 0.99 (0.96, 1.03)

Quint 4, −1.7 to < − 0.2 126 1.08 (0.96, 1.22) 1.02 (0.98, 1.06)

Quint 5, −95.6 to < − 1.7 127 1.00 (0.88, 1.13) 1.02 (0.98, 1.07)

Ptrend
† 0.030 < 0.001

PSA, prostate-specific antigen; CI, confidence interval

*Adjusted for race (White, Black, other, unknown); age (years), body mass index (< 25, 25 to < 30, ≥ 30,
unknown), smoking status (current smoker, former smoker, never smoke, unknown), family history of prostate
cancer (yes/no), diabetes (yes/no), and testosterone level at baseline; number of testosterone measurements, time
interval (months) over all testosterone measurements, number of PSA measurements, time interval (months) over
all PSA measurements, and time interval (months) between baseline and the first PSA measurement
†Ptrend was calculated by modeling log-transformed PSA concentration and median value of the testosterone
measure by quintile
§ Positive and negative values indicate increase and decline in testosterone levels, respectively
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human study on finasteride, which has been demonstrated to
have a marked inhibitive effect on PSA expression [28] as
well as to reduce the age-related testosterone decline [29]. It
is highly possible that the finasteride-induced slowdown in
aging-accompanying testosterone decline is one of the
mechanisms in the finasteride-PSA relationship. But more
studies are needed to replicate this finding and elucidate
pertinent mechanisms.

Stratified analyses suggest some potential modifiers of the
association between testosterone change rate and PSA. In
race-stratified analysis, the association was significant
(Ptrend < 0.001) only among White men. But considering the
small sample size in the stratum of Black males, further study
is needed to replicate this finding. A significant association
(Ptrend < 0.001) was observed in both young and old men,
suggesting the positive association between testosterone de-
cline rate and PSA might persist for a long time during life-
time. Also, the association was significant only in high-
adipose men but not in the low-adipose, significant only in
hypogonadal men but not in eugonadal men. Given low tes-
tosterone level is widely reported to be associated with in-
creased fat mass [30], the two findings are mutually verified
and suggest that obese and/or hypogonadal men might be
more sensitive to testosterone decline in regard to the prostate
health.

There are several strengths and limitations in our study.
First, the data were extracted from medical records, thereby
avoiding the probability of recall bias. Second, to our
knowledge, this is the first study exploring the association

of testosterone change rate with serum PSA. Also, results of
this study were robust because we simultaneously analyzed
cross-sectional level and longitudinal change in circulating
testosterone, and comprehensively analyzed three PSA
measures as outcomes. However, our study has several lim-
itations. First, we used linear regression in calculating tes-
tosterone change rate, but obviously testosterone change is
hard to be linear under the impact of lifestyle factors. But
due to the limitation of electronic medical records data, we
were only able to adjust for BMI but not for other lifestyle
factors impacting testosterone level. Thus, bias cannot be
ruled out without a more rigorously designed study. Second,
the study sample was from patients with two or more tes-
tosterone measurements, which may not be random.
Though we have limited the included patients to be PCa-
free throughout the entire study period and have baseline
PSA of < 4 ng/mL to improve their comparability with the
general population, caution is still needed in generalizing
our study conclusion. Third, in the current study, even
though the increase in circulating PSA level was statistically
significant based on P values, the level increase between the
lowest and highest quintiles was marginal, e.g., from 1.09
(95% CI, 1.03–1.14) to 1.41 (95% CI, 1.34–1.49). More
studies are needed to further explore the biological signifi-
cance and clinical relevance of such a marginal PSA
increase.

Despite these limitations, the current study, for the first
time, reports that an accelerated decline in circulating tes-
tosterone level was associated with a higher serum PSA, and

Fig. 1 Multivariable-adjusted
geometric means (95%
confidence interval) of peak
prostate-specific antigen (PSA),
the most recently measured PSA,
and average PSA during the study
period by quintile of testosterone
change rate (increase to decline),
632 prostate cancer-free men with
initial-PSA < 4 ng/mL
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Table 4 Multivariable-adjusted geometric means of peak PSA during the study period by quintile of testosterone change rate stratified by race,
adiposity, age, and baseline testosterone level, 632 prostate cancer-free men with initial-PSA < 4 ng/mL

Testosterone change rate (increase to decline) (ng/dL/month) N Mean (95% CI) (ng/mL) Ptrend
Δ Pinteraction

¶

Race, White*
Quint 1, 5.9 to 172.4 83 1.12 (1.05, 1.19) < 0.001 0.839
Quint 2, 1.4 to < 5.9 96 1.34 (1.26, 1.43)
Quint 3, − 0.2 to < 1.4 95 1.27 (1.20, 1.35)
Quint 4, − 1.7 to < − 0.2 104 1.42 (1.33, 1.52)
Quint 5, − 95.6 to < − 1.7 96 1.45 (1.37, 1.53)

Race, Black*
Quint 1, 5.9 to 172.4 11 1.11 (0.91, 1.36) 0.520 0.533
Quint 2, 1.4 to < 5.9 17 1.20 (1.08, 1.33)
Quint 3, − 0.2 to < 1.4 12 1.24 (1.00, 1.53)
Quint 4, − 1.7 to < − 0.2 11 1.20 (0.95, 1.51)
Quint 5, − 95.6 to < − 1.7 14 1.19 (1.05, 1.36)

Low baseline adiposity (BMI ≤ 24.10 kg/m2)†

Quint 1, 5.9 to 172.4 39 1.24 (1.06, 1.45) 0.298 0.211
Quint 2, 1.4 to < 5.9 55 1.36 (1.25, 1.49)
Quint 3, − 0.2 to < 1.4 60 1.50 (1.34, 1.67)
Quint 4, − 1.7 to < − 0.2 70 1.57 (1.41, 1.74)
Quint 5, − 95.6 to < − 1.7 61 1.28 (1.15, 1.43)

High baseline adiposity (BMI > 24.10 kg/m2)†

Quint 1, 5.9 to 172.4 52 1.05 (0.96, 1.14) 0.059 0.358
Quint 2, 1.4 to < 5.9 46 1.36 (1.23, 1.50)
Quint 3, − 0.2 to < 1.4 42 1.22 (1.05, 1.42)
Quint 4, − 1.7 to < − 0.2 44 1.36 (1.20, 1.55)
Quint 5, − 95.6 to < − 1.7 50 1.12 (1.01, 1.25)

Young (baseline age ≤ 59 years)‡

Quint 1, 5.9 to 172.4 58 0.93 (0.87, 1.00) < 0.001 0.627
Quint 2, 1.4 to < 5.9 59 1.13 (1.05, 1.21)
Quint 3, − 0.2 to < 1.4 77 1.04 (0.97, 1.14)
Quint 4, − 1.7 to < − 0.2 68 1.26 (1.17, 1.36)
Quint 5, − 95.6 to < − 1.7 62 1.27 (1.19, 1.36)

Old (baseline age > 59 years)‡

Quint 1, 5.9 to 172.4 66 1.22 (1.15, 1.30) < 0.001 0.627
Quint 2, 1.4 to < 5.9 72 1.48 (1.39, 1.58)
Quint 3, − 0.2 to < 1.4 47 1.67 (1.58, 1.77)
Quint 4, − 1.7 to < − 0.2 58 1.58 (1.47, 1.70)
Quint 5, − 95.6 to < − 1.7 65 1.66 (1.57, 1.75)

Low baseline testosterone (≤ 295.75 ng/dL)§

Quint 1, 5.9 to 172.4 97 1.05 (0.99, 1.11) < 0.001 0.172
Quint 2, 1.4 to < 5.9 87 1.31 (1.22, 1.40)
Quint 3, − 0.2 to < 1.4 52 1.31 (1.18, 1.45)
Quint 4, − 1.7 to < − 0.2 43 1.37 (1.25, 1.51)
Quint 5, − 95.6 to < − 1.7 37 1.41 (1.29, 1.55)

High baseline testosterone (> 295.75 ng/dL)§

Quint 1, 5.9 to 172.4 27 1.20 (1.07, 1.35) 0.305 0.172
Quint 2, 1.4 to < 5.9 44 1.29 (1.20, 1.40)
Quint 3, − 0.2 to < 1.4 72 1.54 (1.42, 1.66)
Quint 4, − 1.7 to < − 0.2 83 1.43 (1.34, 1.52)
Quint 5, − 95.6 to < − 1.7 90 1.37 (1.30, 1.44)

PSA, prostate-specific antigen; CI, confidence interval

*Adjusted for age (years), body mass index (BMI; < 25, 25 to < 30, ≥ 30, unknown), smoking status (current smoker, former smoker, never smoke,
unknown), family history of prostate cancer (yes/no), diabetes (yes/no), testosterone level at baseline; number of testosterone measurements, time
interval (months) over all testosterone measurements, number of PSA measurements, time interval (months) over all PSA measurements, and time
interval (months) between baseline and the first PSA measurement
†Cut-point at median BMI. PSA adjusted for race (White, Black, other, unknown) and the covariates in the footnote * except BMI
‡Cut-point at median baseline age. PSA adjusted for within-stratum age (years), race (White, Black, other, unknown), and the covariates in the footnote *
except age (years)
§ Cut-point at median baseline testosterone level. PSA adjusted for race (White, Black, other, unknown) and the covariates in the footnote * except
testosterone level at baseline
ΔPtrend was calculated by modeling log-transformed PSA concentration and median of testosterone change rate (increase to decline) by quintile
¶Pinteraction was calculated by modeling the main effects of testosterone change rate and stratification factor, along with a term for their product, the
coefficient for which was evaluated by conducting a Wald test
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men with high adiposity and/or low baseline testosterone
level might be more sensitive to this association. It will help
to elucidate the mechanisms re lat ing the aging-
accompanying testosterone dynamics to risk of prostate
carcinogenesis.
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