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Abstract
Background—It has been suggested that cognitive changes in response to T supplementation may
occur within an ideal range. The objective of this study was to compare the cognitive responses of
older, eugonadal men in whom moderate or large increases in serum testosterone levels was induced
by exogenous testosterone supplementation.

Design—Randomized, double-blind, placebo-controlled study with subsequent grouping of
participants according to average increase in circulating T from baseline.

Setting—Community dwelling participants.

Participants—Fifty-seven healthy, eugonadal, community dwelling male volunteers, mean age 67
years (± 11 years).

Interventions—Participants were randomized to receive weekly intramuscular (I.M.) injections of
either 50, 100 or 300mg T enanthate or placebo (saline) injection for six weeks. Cognitive evaluations
using a battery of neuropsychological tests were conducted at baseline, weeks 3 and 6 of treatment
and after 6 weeks of wash-out.

Main Outcome Measures—Performance on cognitive tests of verbal and spatial memory.

Results—Men with moderate increases in serum T and/or its metabolites demonstrated significant
improvements in verbal and spatial memory. In contrast, men with large or low increases in
circulating T levels, failed to demonstrate significant changes in memory.
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Conclusion—These results suggest that in healthy older men, beneficial changes in cognitive
function induced by T supplementation are most evident with moderate increases in T levels. Large
or no to low increases in T levels do not appear to appreciably effect cognition.
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INTRODUCTION
Age-related decline in testosterone (T) is associated with several physiologic changes including
decreased muscle mass and strength, osteoporosis and reduced sexual activity (Matsumoto
2002, Swerdloff & Wang 1993). The age-related decline in testosterone is also associated with
a progressive decline in cognitive abilities. Several retrospective epidemiological studies have
found declines in bioavailable or free testosterone to be associated with decrements in cognitive
functioning (Barrett-Connor et al. 1999, Moffat et al. 2002, Yaffe et al. 2002).

Studies examining T supplementation in older men have found evidence for a beneficial effect
on cognition (Cherrier et al. 2001, Cherrier et al. 2003, Cherrier et al. 2005, Gray et al. 2005,
Janowsky et al. 2000, Janowsky et al. 1994, Kenny et al. 2002). In contrast, other studies have
found no support for beneficial effects on cognition (Kenny et al. 2004, O'Connor et al.
2001, Sih et al. 1997, Wolf et al. 2000). It has been suggested that a positive relationship
between testosterone and cognition may exhibit an inverted U shape dose-response, such that
changes in cognition occur within a moderate dose range but not at high or low levels (Gouchie
& Kimura 1991, Hampson & Moffat 1994, Hogervorst et al. 2005, Moffat & Hampson 1996,
Muller et al. 2005, Shute et al. 1983). In the present study, we directly examined the role of
dose effects of T supplementation on cognition in a sample of healthy older men.

METHODS
Participants

Participants were healthy older men between the ages of 50 and 90 mean age 67 years (± 11
years) recruited from the community through flyers. The study protocol was approved by the
University of Washington Institutional Review Board and approved informed consent
procedures were followed. Participants underwent a screening visit to determine eligibility
including a physical exam, psychiatric and laboratory evaluation to exclude any significant
physical or medical illness. This included tests of liver function, hypertension, and prostate
disease (prostate specific antigen (PSA) level, and digital rectal exam (DRE)). Participants
with abnormal findings were excluded from the study. Participants also underwent a cognitive
screening examination consisting of the Mattis Dementia Rating Scale (DRS) to ensure that
participants were within the normal range for their age (Folstein et al. 1975, Mattis 1988).
Participants with scores at or below the recommended cut-off score (DRS 130 or lower) were
excluded from the study. Participants with a history of significant alcohol abuse, psychiatric
illness, head injury with loss of consciousness greater than 1 hour, or who were taking lupron,
finasteride, spironolactone or cimetidine, testosterone or dutasteride were excluded.
Participants with previous or current prostate cancer, elevated PSA levels, history of
myocardial infarction, abnormal renal or hepatic disease, sleep apnea, previous testosterone or
other androgen treatment, or other gonadal endocrine disorders were also excluded.

Procedures
Study Design—Participants who were not excluded from screening criteria, were randomly
assigned to one of four treatment groups. Assignment for each consecutively enrolled
participant was made by research pharmacists using a pre-determined assignment sheet that
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was created using a random number generator. Study personnel, investigators and subjects
were blind to treatment condition.

Fifty-seven healthy older men who met screening criteria reported to the University of
Washington General Clinical Research Unit or the Clinical Research Unit of the Veterans
Administration Puget Sound Health Care System (VAPSHCS) and received weekly
intramuscular (I.M.) gluteal injections of 50,100 or 300 mg testosterone enanthate (Delatestryl,
Manufactured for BTG Pharmaceuticals Corporation by Bristol-Myers Squibb, Princeton, NJ
08543) or placebo (saline) for six weeks. Cognitive testing was conducted at baseline and
repeated at weeks 3 and 6 of treatment and again after six weeks of no medication (washout).
Blood samples were taken to measure serum testosterone and estradiol levels by IFMA and
RIA (see below) Blood sampling and testing sessions occurred within 24-48 hours following
testosterone or placebo injection to capture peak testosterone levels. Therefore, cognitive
performance results reflect the effects of peak testosterone levels. Endogenous testosterone
levels measured at baseline, prior to the start of the study were in the slightly low to normal
range (5.4 - 34 nmol/L) and were not significantly different between groups. PSA and
hematocrit levels were measured at screening, week 4 of treatment and again at washout. Mean
PSA level of 1.54 (±1.2) ng/ml for all participants at the start of the study was within normal
limits (0-4 ng/ml). DRE was also conducted at screening and at the washout visit with no
abnormal findings.

Neuropsychological Test Measures—The cognitive test battery included a measure of
verbal and spatial memory. To help control for practice and learning effects, randomized,
comparable versions of each test were administered at each time point and participants
underwent an identical pre-baseline testing session prior to the actual baseline session.
Psychometrists, participants and investigators were blind to the treatment condition.

Puget Sound Route Learning Test: This test measured the ability to navigate a short route
within a room (Tiernan et al. 2004). The task used a 6'×24' piece of black flooring on which a
diamond pattern was placed using bright yellow tape. A particular route was indicated using
a bright red ribbon and the subject walked the route as shown. The ribbon was removed, and
the subject was asked to immediately retrace the route. Three trials were administered followed
by three trials of a new route using pictures placed on the floor as landmarks. A delayed recall
is administered after twenty minutes. Performance was assessed by calculating the number of
correct sequential units recalled summed across all landmark trials.

Word List Recall (Word List): Participants listened to a list of 12 words from the same
semantic category (e.g., articles of clothing), and then recalled as many of these words as
possible. The task was adapted from a previous task and allows for examination of both memory
and interference effects (Moscovitch 1994). The procedure was repeated for a total of 4 trials,
each containing different words drawn from the same semantic category. For the fifth trial 12
words from a new semantic category (e.g., types of furniture) were read and participants were
asked to recall these words. The total number of words recalled correctly on each trial was
recorded. Two aspects of the test were used in the analysis, total words recalled for last half of
the first four lists was used as a measure of memory and list one minus list four as a measure
of interference effects. Reliability of the test is generally good, including validity studies
conducted with brain injured patients and controls (Lezak 1995).

Hormone Assays: Blood samples were drawn within 48 hours of injection to capture a peak
blood level at the time of cognitive testing. Samples were kept frozen in a −70 C degree freezer
until the completion of the study when all samples were included in the assays and processed
by Dr. Bremner's laboratory at the University of Washington. Serum estradiol and total
testosterone levels were analyzed with radioimmunoassay (RIA) and ImmunoFluorimetric
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assay (IFMA) respectively, according to standard procedures for each commercial kit.
Although studies examining the relationship between endogenous testosterone levels and
cognition have frequently used measures of free testosterone, we chose to measure total
testosterone as this has been shown previously to be a sensitive and valid measure for hormone
manipulation studies. Serum total testosterone was measured using the DELFIA IFMA kit
(Wallac OY, Turku, Finland) with sensitivity of 0.5 nmol/L and 4.5% intra assay co-efficient
of variation (CV) for a mid-range pool of samples. The normal range for the assay in Dr.
Bremner's laboratory is 7.6 – 22 nmol/L. Serum estradiol was measured by 3rd Generation
Estradiol RIA Kit (DSL-39100), from Diagnostic Systems Laboratory, in Webster, Texas with
sensitivity of 5.5 pmol/L and intra and inter-assay CVs for midrange measurements were 3.6
and 6.0%. The normal range for the assay is 76 - 353 pmol/L. Samples from each participant
were run in duplicate in the same assay to avoid inter-assay variability. Hormone levels reported
were the average of the duplicate samples.

Statistical Analyses—A mixed model ANOVA with original group assignment (placebo,
50, 100, 300mg) as the between factor and total testosterone levels at baseline, treatment (weeks
3 and 6 averaged) and washout as the repeated factor revealed a significant increase in T levels
in the 100mg group (F (8, 31) = 5.19, p<.01) and 300mg group (F (8, 31) = 22.14, p<.01)
compared to baseline and compared to placebo (F (3, 38) = 11.6, p<.01). Neither the placebo
group nor the 50mg group demonstrated a significant change in T levels compared to baseline
and the 50mg group did not have a significant difference in T levels compared to placebo. Due
to this lack of increase in the 50mg group and variability with regard to T levels with some
participants in the 50 mg group demonstrating a small increase from baseline with others
demonstrating no increase, participants were divided according to actual changes in serum T
level from baseline. Baseline T levels were subtracted from the average of serum T at weeks
3 and 6 to calculate the average increase in serum T concentration achieved during treatment.
Subjects were categorized as having no increase (change in serum T of 0 - 10 nmol/L, N= 22),
a moderate increase (change in serum T of 11 - 50 nmol/L, N=22), or a large increase (change
serum T of > 51 nmol/L, N=13) in serum T level during treatment. These cut-off values for
the groups were determined by using the mean plus one standard deviation for serum T change
scores for the placebo group (value of 10) and the 100mg group (value of 50). The no-change
group was comprised of 18 placebo and four 50mg subjects, the moderate-change group was
comprised of seventeen 100mg, two 300mg, three 50mg and the high change group was
comprised of eleven 300mg and two 100mg subjects. Although tertiles or quartiles is a method
that is typically used with studies of endogenous T levels, this method was not optimal for the
present study as tertiles and quartiles resulted groups containing both placebo participants along
with participants with significant changes in T levels from baseline. Confirmation of our
method for group assignment was provided by a regression analysis using age, baseline T
levels, original assigned condition, tertile and quartile group membership and group
membership using our informed method described above as predictor variables and change
from baseline in serum T levels as the dependent variable. Only our revised group membership
variable was a significant predictor of serum T change t=2.89, p<.01, ß=.642.

A repeated measures, Multivariate Analysis of Variance (MANOVA) was used with group as
the independent factor (moderate, large or no increase in T); weeks (baseline, treatment,
washout) as the repeated factor; and spatial memory (Route Test,) and verbal memory (word
list total and interference) as the dependent measures. Planned comparisons of treatment
compared to baseline were performed and post hoc comparisons were subjected to Bonferroni
correction. A MANOVA with the original group assignments (placebo, 50mg, 100mg and
300mg) as the group factor with weeks (baseline, treatment, washout) as the repeated factor;
and spatial memory (Route Test,) and verbal memory (word list) as dependent measures was
also conducted. A separate repeated measure MANOVA with groups as defined above and T,
estradiol, hematocrit and PSA (baseline, week 4 and week 12) as dependent measures with
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post hoc comparisons subject to Bonferroni correction were performed to determine changes
in serum hormone levels and safety measures. Cognitive test scores, serum T and estradiol
values for weeks 3 and 6 were averaged to create a single on treatment value. We did not expect
large differences between weeks 3 and 6 of treatment for these variables, and a statistical
examination of changes between week 3 and 6 confirmed this.

A curve fit regression analysis was also performed to assess the linear and quadratic
relationships between T, estradiol and cognitive performance changes. A regression analysis
with age, education, change in T and estradiol as predictor variables and change verbal or
spatial memory performance as the dependent variable was conducted to examine strength of
association and predictive power for these variables.

RESULTS
Sixty five men gave informed consent and were screened for the study. Five participants
evidenced an elevated PSA, one participant evidenced an elevated calcium level, two subjects
declined to continue after screening visit due to scheduling or other conflicts. Fifty-seven men
with a mean age of 67 ± 11 years (range 50 – 85) met screening criteria and were randomized.
Mean education level was 16 years ± 2 years (range 12 – 19) and mean DRS score was 140
points ± 3 points (range 137 – 144). There were no significant differences between the groups
for age, education, or DRS.

MANOVA with (no change, moderate and high change groups) revealed an overall time by
condition interaction (F (8, 216) = 2.14, p<.05, partial eta squared =.08). Men who had a
moderate increase in serum T demonstrated a significantly better performance for both verbal
and spatial memory during treatment compared to the other groups (no change and large change
groups) and compared to baseline. This was due to a significant change over time in the
moderate group only (F (4, 51) = 5.81, p<.01, partial eta squared=.32) due to an increase (p<.
05) during treatment and washout compared to baseline for total points on the Route Test
(Figure 1a) and an increase (p<.05) during treatment compared to baseline for total words on
the Word List test (Figure 1b). The large and no increase groups did not demonstrate a
significant change from baseline for verbal or spatial memory. A significant between group
difference was also evident with the moderate increase group out-performing the no increase
group during treatment for both the Route Test (spatial memory) (F (2, 54) = 6.05, p<.01, partial
eta squared=.18) (Figure 1a) and Word List test (verbal memory) (F (2, 54) = 2.98, p<.05,
partial eta squared=.09) (Figure 1b). Interference effects (word list one minus four) did not
demonstrate a significant change from baseline or interaction effect for any groups. MANOVA
with original groups (placebo, 50, 1000 and 300mg) revealed a significant change over time
for the 300mg (F (4, 50) = 2.94, p<.05, partial eta squared=.19) and 100mg (F (4, 50) = 2.55,
p<.05, partial eta squared=.17) groups due to a significantly better performance on the route
test for the 100mg group during treatment compared to baseline (p<.05) and better performance
on the word list recall during treatment compared to baseline in the 300mg group (p<.05).

T and estradiol levels increased over time in the moderate (F (8, 32) = 5.4, p<.01) and large (F
(8, 32) = 24.9, p<.01) change groups. There was no significant change in T and estradiol levels
from baseline in the no-change group. There was a significant interaction effect (F (16, 66) =
5.13, p<.01) due to the increases in T and estradiol in the moderate and large increase groups
with no change in the no-increase group. Between group differences were also evident during
treatment for T during treatment (F (2, 39) = 32.12, p<.01) which was due to higher T levels
in the moderate and large increase groups compared to no-increase group (p<.01) and for
estradiol (F (2, 39) = 19.74, p<.01) which was due to higher estradiol levels in the moderate
and large increase groups compared to no-increase group (p<.01). PSA levels did not increase
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significantly at week 4 or washout compared to baseline. Hematocrit increased significantly
from baseline in the moderate and high groups (p<.01). (See Table 1).

Regression analyses revealed estradiol as a significant predictor of verbal memory (F (4, 37)
=2.893, p<.05, ß=.481) with age, education, baseline T and change in T as non-significant
predictors. Regression analysis with change in spatial memory did not indicate a significant
predictor amongst age, education, baseline T, change in T or estradiol. A curve-fit analysis
revealed significant linear F(1,36) = 6.7, p<.01, multiple R = .397 and quadratic (slight inverted
U shape) F(2,35) = 5.14, p<.01, multiple R = .476 associations between change scores for Word
List recall and estradiol (log transformed) ß=.397-linear and ß=8.1 quadratic, and a trend linear
association (p<.07) between change scores for Route Test and testosterone (log transformed).
Scatter plots with best fit linear regression lines are shown in Figure 2 (a-d). Change scores for
cognitive tests were calculated by subtracting baseline scores from on treatment average (week
3 and 6).

DISCUSSION
In this study of brief T supplementation, improvements in verbal and spatial memory were
evident in men who demonstrated moderate increases in T levels during exogenous T
administration. In men with moderate increases, T levels were raised to the normal to high-
normal range for young men. Significant changes in cognition were not observed for the groups
with large or no to low increases in T levels,. Serum T levels in the large increase group were
raised into the supraphysiological range (Table 1).

Studies of endogenous testosterone and cognition in young men and women have reported
better performance in men with low compared to high T levels on spatial tasks such as paper
folding, mental rotation and mathematical reasoning and in women with high compared to low
T levels on these same tasks (Gouchie & Kimura 1991, Moffat & Hampson 1996). These
previous studies along with another previous report of a significant quadratic association
between endogenous T levels and spatial abilities, in the shape of an inverted U, have led many
to suggest that there is a non-linear dose-response relationship between T and cognitive abilities
(Gouchie & Kimura 1991, Hampson & Moffat 1994, Moffat & Hampson 1996, Muller et al.
2005, Shute et al. 1983). The inverted U-shaped relationship is described as optimal
performance occurring within a specified mid-range of T, but not at higher or lower levels.

Our results indicated a significant quadratic relationship between Word List recall and change
in estradiol levels, the linear relationship between these variables was also strong and only the
linear relationship between Route test and testosterone approached significance. Thus, we did
not find robust support for a quadratic or inverted U shaped relationship between change in
cognitive performance and change in T or estradiol levels. It is possible that previous studies
have found an inverted U shaped relationship due to the use of younger study samples of
combined men and women (Gouchie & Kimura 1991, Moffat & Hampson 1996). Also it is
important to consider the absolute hormone levels as these previous studies suggesting an
inverted U relationship used only endogenous levels which are no where near the range of T
levels in the present study achieved through supplementation. The range of testosterone levels
in these previous study samples is somewhat bi-modal with the endogenous T levels of women
clustering in the lower range and the T levels of the healthy young men clustering in the upper
range. In addition, many previous studies have examined endogenous hormone levels and
cognitive performance at one point in time. In contrast, the present study examined change
scores of T and estradiol in relationship to the change in cognitive performance in a sample of
healthy older men.

Studies of young, eugonadal men who are given exogenous T supplementation, thus raising
their T levels to the supraphysiologic range have been mixed with reports of improved verbal
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fluency and selective attention (Cherrier et al. 2002, O'Connor et al. 2001), decreased spatial
reasoning (O'Connor et al. 2001) or no change (Alexander et al. 1998, Bhasin et al. 2001). In
contrast, studies of T supplementation in young hypogonadal men have reported improved
verbal fluency (Alexander et al. 1998), and spatial and verbal memory (Cherrier et al. 2003).
Studies of older men, who may have lower T levels than young men have reported improved
spatial reasoning (Cherrier et al. 2001, Janowsky et al. 1994), working memory (Janowsky et
al. 2000), spatial and verbal memory (Cherrier et al. 2001, Cherrier et al. 2005) or no change
(Haren et al. 2005, Kenny et al. 2002). Discrepant findings from studies that utilize
hypogonadal versus eugonadal and young versus old subjects may be due to the large variation
in the end hormonal concentrations during treatment. T supplementation in hypogonadal men
generally results in a eugonadal state whereas T supplementation in healthy men may result in
a supraphysiological state. Also, the slow and progressive decline in hormone levels in older
adults may make some target organs such as the brain more responsive to hormone
supplementation in comparison to a young adult population. Gradually declining serum T
levels over time are associated with cognitive deficits in men, independent of education and
health status (Moffat et al. 2002).

Our results represent one of the earliest studies to characterize cognitive response to variable
increases in serum T levels in a sample of healthy older men. Our results suggest that moderate
increases in T levels and/or its metabolites results in beneficial effects on verbal and spatial
memory. Larger or supraphysiological increases in T levels did not result in further
improvements in cognition. These results have implications for future studies of T
supplementation in older hypogonadal men and men with existing cognitive difficulties such
as mild cognitive impairment or Alzheimer's disease. Use of a T dosage that produces moderate
increases in circulating T levels into the physiological or modest supraphysiological range may
also help to reduce potential side effects such as polycythemia (Basaria & Dobs 1999). Overall,
adverse effects of T supplementation, for this brief treatment period were minimal. Hematocrit
increased significantly during treatment in both men who demonstrated moderate and large
increases in serum T. PSA did not change significantly in any group. Both PSA and hematocrit
should always be included in studies or clinical applications of T supplementation as safety
measures, and increases for either or both would suggest strong consideration for stopping
treatment.

Although findings of improved verbal and spatial memory in men who had moderate increases
in T levels induced by T treatment is promising, these results will need to be replicated in a
larger sample size. Our study examined healthy older men, at the period of peak testosterone
levels, and who had a relatively short period of treatment. Thus, it is possible that longer-term
T supplementation in a group of older hypogonadal men may result in even greater cognitive
improvements. Use of a T formulation with more stable pharmacokinetics such as gel
formulations may result in greater cognitive improvements as the serum T level would be
elevated or stable for a longer period of time. As recommended by a recent Institute of Medicine
report, both short- and long-term studies are needed to assess the overall physiological and
clinical consequences of testosterone supplementation on safety and biological outcome
variables as well as cognitive function, quality of life and other clinical outcomes (Liverman
& Blazer 2004).
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Figure 1a.
Mean total points correct on the Route Test, a measure of spatial and navigational memory.
Figure 1b. Mean total points correct on Word List recall, a measure of verbal memory. Diamond
represents men who demonstrated no change in serum T (0-10 nmol/L) during treatment.
Square represents men who demonstrated a moderate increase in serum T (11-50 nmol/L)
during treatment. Triangle represents men who demonstrated a large increase in serum T (>
50 nmol/L) during treatment. Error bars represent standard error of measurement. Men with a
moderate increase in serum T levels evidenced a significant improvement on the Route test
during treatment and at washout compared to baseline (*p<.05) and compared to men who had
no increase or a large increase in serum T levels (*p<.05) (1a). Men with a moderate increase
in serum T levels during treatment also demonstrated a significant improvement on the Word
List test compared to baseline (*p<.05) (1b). There was no significant change from baseline
for Route Test or Word list in the no or large increase groups.
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Figure 2.
(a-d). Scatter- plots and best fit regression lines depicting the relationship between the change
in testosterone from baseline (log transformed) for the top two figures and change from baseline
performance on (a) Route test (top left) and (b) Word list (top right). For the bottom two figures,
change in estradiol from baseline (log transformed) and change from baseline performance on
(c) Route test (bottom left) and (d) Word list (bottom right). Asterisk indicates significant linear
regression line F(1,36) = 6.7, p<.01, multiple R = .397.
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