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Testosterone supplementation improves
spatial and verbal memory in healthy

older men
M.M. Cherrier, PhD; S. Asthana, MD; S. Plymate, MD; L. Baker, PhD; A.M. Matsumoto, MD;

E. Peskind, MD; M.A. Raskind, MD; K. Brodkin, MD; W. Bremner, MD; A. Petrova, BS;
S. LaTendresse, BA; and S. Craft, PhD

Article abstract—Objective: To determine the relationship between exogenous testosterone administration and cognitive
abilities in a population of healthy older men. Background: Serum levels of total and bioavailable testosterone gradually
decrease with age in men and are associated with reductions in muscle mass, osteoporosis, decreased sexual activity, and
changes in cognition. Methods: Twenty-five healthy, community-dwelling volunteers, aged 50 to 80 years, completed a
randomized, double-blind, placebo-controlled study. Participants received weekly intramuscular injections of either 100
mg testosterone enanthate or placebo (saline) for 6 weeks. Cognitive evaluations were conducted at baseline, week 3, and
week 6 of treatment by use of a battery of neuropsychologic tests. Results: Circulating total testosterone was raised an
average of 130% from baseline at week 3 and 116% at week 6 in the treatment group. Because of aromatization of
testosterone, estradiol increased an average of 77% at week 3 and 73% at week 6 in the treatment group. Significant
improvements in cognition were observed for spatial memory (recall of a walking route), spatial ability (block construc-
tion), and verbal memory (recall of a short story) in older men treated with testosterone compared with baseline and the
placebo group, although improvements were not evident for all measures. Conclusions: The results suggest that short-
term testosterone administration enhances cognitive function in healthy older men. However, it remains unclear whether
these improvements in cognition are attributable to increased testosterone or estradiol levels, or both. The potential role of
testosterone vs its metabolites on cognition requires further research.

NEUROLOGY 2001;57:80–88

Serum levels of total testosterone, bioavailable tes-
tosterone (testosterone that is not bound to sex hor-
mone– binding globulin), and free testosterone
decrease with age in men.1,2 This gradual decrease is
associated with decreased muscle mass and strength,
osteoporosis, reduced sexual activity, and changes in
cognition.3 Testosterone replacement therapy in nor-
mal older men has shown benefits on body composi-
tion, bone mass, muscle strength, and sexual

functioning.4 In addition to peripheral physiologic ef-
fects, age-related declines in testosterone levels ap-
pear to affect spatial memory. Aging mice show a
progressive impairment of spatial learning and
memory related to decreases in plasma testosterone,
which can be reversed with testosterone administra-
tion.5 In healthy older men, declines in endogenous
testosterone levels have been found to correlate sig-
nificantly with declines in both visual and verbal

From the Departments of Psychiatry and Behavioral Sciences (Drs. Cherrier, Baker, Peskind, Raskind, A. Petrova, and S. LaTendresse) and Medicine (Drs.
Bremner, Asthana, Plymate, Matsumoto, and Brodkin), University of Washington Medical School, Seattle; Geriatric Research, Education, and Clinical
Center (Drs. Cherrier, Asthana, Plymate, Baker, Matsumoto, Peskind, Brodkin, and Craft) and Mental Illness Research, Education, and Clinical Center (Drs.
Peskind and Raskind), Veterans Administration Puget Sound Health Care System, Seattle, WA.
Supported in part by NIA award #K01 AG00858.
Received August 3, 2000. Accepted in final form April 3, 2001.
Address correspondence and reprint requests to Dr. Monique M. Cherrier, Department of Psychiatry, Box 356560, University of Washington Medical School,
1959 NE Pacific, Seattle, WA 98195; e-mail: cherrier@u.washington.edu

80 Copyright © 2001 by AAN Enterprises, Inc.



memory and verbal fluency (r 5 0.53, 0.52, and
0.45).6 However, studies examining the effects on
memory of exogenous testosterone administration in
older men have produced mixed results. A double-
blind, placebo-controlled study of older, hypogonadal
men given biweekly injections of 200 mg testosterone
cypionate found improvements in grip strength with-
out significant changes on memory measures.7 Simi-
larly, a study using a single, 250-mg testosterone
enanthate injection found no beneficial effects on
cognition assessed 1 week after the injection in a
group of healthy older men.8 However, it is not clear
from these studies whether testosterone levels were
robustly raised from baseline. In contrast, a study of
weekly 150-mg testosterone enanthate injections for
4 weeks reversed spatial working memory deficits in
healthy older men.9 Findings from these previous
studies are mixed but suggest that testosterone ad-
ministration in older men may have beneficial effects
on cognition and, in particular, effects on spatial
memory.

In this study, we explored the relationship be-
tween exogenous testosterone administration and
spatial and verbal memory in a healthy older men
population by using a moderate replacement dose of
testosterone. We hypothesized that testosterone ad-
ministration would have a selective but beneficial
effect on memory improving both verbal and spatial
memory but would not necessarily affect language or
attention skills. A randomized, placebo-controlled,
double-blind design was used, with 6 weeks of treat-
ment followed by 6 weeks of washout. The study
design expanded on previously reported studies in
several areas. First, cognitive assessments were per-
formed within 24 to 48 hours after injection to cap-
ture peak levels of testosterone. The 100-mg weekly
testosterone enanthate dose reached a peak level
within 24 to 48 hours after injection and gradually
decreased to baseline or below baseline 7 days after
injection.10 Several previous studies have assessed
cognitive response to hormone manipulation during
trough hormone levels, when effects may be minimal
or absent. Second, because of possible rapid effects of
hormones, cognitive assessments were included early
in the treatment period at week 3 of treatment in
addition to week 6. Third, to assess possible selective
effects of androgens on spatial memory, a psycho-
metric battery was constructed to measure a wide
range of cognitive domains. Measures of spatial
memory, verbal memory, attention, and language
were included. This design allowed for the assess-
ment of change on cognitive domains expected to
change (e.g., spatial memory) along with cognitive
domains that were predicted to be unaffected (e.g.,
attention) as a control. No study has attempted to
measure a wide range of cognitive domains at vari-
ous time points of treatment while capturing peak
circulating hormone levels. Finally, some previous
studies have used the same test to assess change
from baseline, thus increasing the potential for
learning or practice effects to occur. Only tests suit-

able for assessment over multiple times (i.e., tests
with multiple, comparable versions) were included in
this study.

Methods. Participants. Participants were healthy older
men between the ages of 50 and 80 years recruited from
the community through flyers. The study protocol was ap-
proved by the University of Washington Institutional Re-
view Board, and approved informed consent procedures
were followed. Seventy-seven potential participants who
responded to posted flyers were given a brief phone screen.
Participants who were eligible according to the phone
screen were asked to come in for a more thorough screen-
ing visit, including a physical examination and psychiatric
and laboratory evaluation to exclude any relevant physical
or medical illness. This included tests of liver function,
hypertension, and prostate disease (prostate-specific anti-
gen [PSA] level), and digital rectal examination (DRE).
Participants with abnormal findings were excluded from
the study. Participants also underwent a cognitive screen-
ing examination consisting of the Mini-Mental State Ex-
amination (MMSE) and the Mattis Dementia Rating Scale
(DRS) to ensure that participants were within the normal
range for their age.11,12 Participants with scores at or below
the recommended cutoff score (MMSE 26 or lower, DRS
130 or lower) were excluded from the study. Participants
with a history of significant alcohol abuse, psychiatric ill-
ness, head injury with loss of consciousness, or who were
taking medications with any CNS effects or medications,
such as cimetidine, that block the androgen receptor were
excluded. Participants with previous or current prostate
cancer, elevated PSA levels, history of myocardial infarc-
tion, abnormal renal or hepatic disease, sleep apnea, previ-
ous testosterone treatment, or other gonadal endocrine
disorders were also excluded (figure 1).

Procedures. Study design. Participants who were not
excluded from screening criteria were randomly assigned
to the treatment group or placebo group. An examination
of previous hormone manipulation studies in a power anal-
ysis with medium effect size (0.35) and power (0.80) indi-
cated that a sample size of approximately 13 subjects per
group (treatment and placebo) would be sufficient to detect
changes in a mixed-model analysis of variance (ANOVA)
with two groups and two “on treatment” assessments. As-
signment for each consecutively enrolled participant was
made by using a predetermined assignment sheet that was
created with a random number generator. Psychometrists
who performed the cognitive testing were blinded to treat-
ment conditions. Nurses who administered the injections
were not blinded and were responsible for preparing sy-
ringes in advance to ensure blinded condition for subjects.
Investigators were blinded to condition.

Twenty-five healthy older men who met screening crite-
ria reported to the Special Studies Unit of the Veterans
Administration Puget Sound Health Care System
(VAPSHCS) for weekly intramuscular injections of 100 mg
testosterone enanthate (Delatestryl, manufactured for
BTG Pharmaceuticals Corp. by Bristol-Myers Squibb,
Princeton, NJ) or placebo (saline). At these weekly visits,
blood samples were taken to measure serum testosterone
and estradiol levels by IFMA and radioimmunoassay (RIA)
(see below). Cognitive testing was conducted at baseline
and repeated at weeks 3 and 6 of treatment. Testing ses-
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sions occurred within 24 to 48 hours after testosterone or
placebo injection to capture peak testosterone levels for the
treated group. Therefore, cognitive performance results re-
flect the effects of peak testosterone levels. Thirteen partic-
ipants were randomized into the treatment group, and 12
participants were randomized into the placebo or control
group. See figure 1 for study procedures. The treatment
and placebo groups did not differ with regard to demo-
graphic variables (age and education). Endogenous testos-
terone levels measured at baseline, before the start of the
study, were in the low normal range for healthy older men
(15 to 20 nmol/L) and were not significantly different be-
tween groups. Normal range for young men is 22 6 4
nmol/L. PSA levels were measured at screen, at week 4 of
the study, and again at washout. The mean PSA level of

1.54 ng/mL for all participants at the start of the study
was within normal limits (0 to 4 ng/mL). DRE was also
conducted at screen and at washout visit, with no abnor-
mal findings (table 1).

Primary outcome measure. The primary outcome mea-
sure was a battery of cognitive tests assessing spatial abil-
ity and memory (spatial and verbal). These cognitive
domains were expected to change in response to androgen
manipulation. Secondary outcome measures of language
and attention were included in the comprehensive battery
as control measures, which were not expected to change in
response to hormone administration. Inclusion of both test
measures for cognitive domains expected to change and
control measures for cognitive domains not expected to
change were necessary to assess selective effects of hor-
mones. Comparable versions of each test were adminis-
tered at each time point. Psychometrists and participants
were blind to the treatment condition.

Spatial memory measures. Route Test. This test
measured the ability to navigate a short route within a
room and is based on previous route learning studies.13,14

The task used a 6324-foot piece of black flooring on which
a diamond pattern was placed with bright yellow tape. In
the non-landmark version, the examiner created a particu-
lar route on the grid by using a bright red ribbon. The
subject was asked to walk the route as shown. The ribbon
was removed, and the subject was asked to immediately
retrace the route without the ribbon. Three trials were
administered followed by three trials of a new route, using
pictures placed on the floor as landmarks. Then a delayed
recall of both routes was assessed after 20 minutes. Perfor-

Table 1 Demographic information

Demographics
T 100 mg/wk

(n 5 13)
Placebo
(n 5 12)

Age, y 65 (9) 70 (7)

Education, y 15 (3) 16 (3)

Dementia Rating Scale, total score* 140 (3) 140 (4)

Baseline total testosterone, nmol/L 20 (6) 19 (7)

Prostate-specific antigen, ng/mL† 1.37 (0.94) 1.72 (1.1)

Values expressed as mean (SD).

* Dementia Rating Scale total score: 144 possible points, with
138–144 in the normal range.

† Normal range, 0–4 ng/mL.

Figure 1. Participant flow and study design sheet.
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mance was assessed by calculating the number of correct
sequential units summed across all trials. This test has
been shown to have good reliability in both young and old
populations and validity when compared with other route
tests and in comparison of brain-injured with controls.13

Spatial Array Learning Test (SALT). This measure of
spatial memory was adapted from the Visual Spatial
Learning Test.15 Participants were shown seven unique
figures in a particular pattern placed on a grid. The subject
was allowed to look at the designs and placement briefly
and then asked to choose the correct designs from eight
distractor designs and to place them in the correct position
on the grid. This procedure was repeated for a series of five
trials and after a 20-minute delay. Number of correct to-
kens placed in the correct location was recorded for each
trial and summed across trials. Reliability and validity
assessed in an older adult population is very good.15

Oculomotor delayed response (OMDR). This measure
of memory for spatial location involves immediate or work-
ing memory at short delays (a time-limited form of mem-
ory mediated by prefrontal cortex in which information is
held actively on-line) and declarative memory at delays of
30 seconds.16,17 Participants were required to focus on a
central fixation point on a computer touch screen. While
participants remain fixated, a cue appeared in one of 32
possible locations at a 4.5-inch radius from a central fixa-
tion point for 100 ms, a duration too brief for any eye
movements to occur. The screen cleared and a series of
single digits replaced the central fixation point. Partici-
pants were required to read each digit aloud during a
delay period of 10 seconds or 30 seconds. After the delay,
participants touched the place on the computer screen
where they remembered seeing the cue. Responses were
recorded in X and Y coordinates, and degree of displace-
ment was calculated as the distance in millimeters be-
tween the actual target and the participant’s response.
Test–retest reliability in humans has not been established,
although validity in comparison with other spatial memory
measures is good.16,17

Verbal memory measures. Proactive interference
(PI). Participants listened to a list of 10 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.18 The procedure was re-
peated for a total of four trials, each containing different
words drawn from the same semantic category. For the
fifth trial, 10 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. Normal adults recall
progressively fewer words across trials 2 through 4 be-
cause of the build-up of interference from the semantically
similar preceding items. Reliability of the test is generally
good, including validity studies conducted with brain-
damaged patients and controls.19

Story Recall. The Story Recall task was modeled on
the Wechsler Memory Scale–Revised (WMS-R) and mea-
sured memory for aurally presented contextual material.
Participants listened to two brief narratives, each contain-
ing 25 informational bits, and were asked to recall as much
as possible immediately after hearing each story and after
a 20-minute delay.20 Total number of words recalled from
both stories was summed for immediate and delayed re-

call. Delayed recall was divided by immediate recall to
obtain a savings score or a percentage of information re-
tained. Reliability and validity of WMS-R, WMS-III Logi-
cal Memory, and this modified version are very good.20–24

Spatial ability measure. Block Design. This test is
based on the Wechsler Adult Intelligence Scale–Revised
(WAIS-R), Block Design subtest and measures partici-
pants’ ability to analyze and construct abstract figures
from their component parts.25 The subject is shown indi-
vidual red and white designs on paper and asked to con-
struct the design by using nine three-dimensional blocks
with red and white sides. Time to completion is recorded
for each design, with an upper limit of 3 minutes per
design. There are nine total designs, with three designs
per difficulty level (easy, moderate. and hard). Total time
for hard designs was summed for analysis. Reliability and
validity of the WAIS-III Block Design subtest are well
established.26

Selective attention measure. Stroop Color Word Inter-
ference Task. This task was based on the original version
and used three trials, for which total reading time and
errors were recorded.27 The first condition (word reading)
required participants to read 100 color words (red, green,
blue), presented in rows on a sheet of paper, as quickly as
possible. The second condition (color naming) required par-
ticipants to name the color of 100 colored blocks presented
in rows on a sheet of paper. In the third condition (color
word interference), stimuli consist of color names that are
printed in discordant colors (e.g., the word blue printed in
green letters). Participants were asked to name the ink
color of the printed words and are thus required to inhibit
the reading of the words themselves. Because only the
interference trial is a measure of divided attention, total
time for trial three was used as the dependent measure.
The test has shown good reliability and validity when ex-
amined in closed head–injured individuals compared with
controls.19

Verbal ability measure. Verbal fluency. The verbal
fluency measure is based on the Controlled Oral Word
Association Test (COWAT) and is sensitive to verbal dys-
function and frontal lobe functioning. Participants were
asked to verbally generate as many words beginning with
a particular letter (e.g., P) within a 60-second period.28 Two
trials were administered with two different letters. The
total number of words generated was recorded for each
letter and summed. Test–retest reliability in an older pop-
ulation is good (0.70; 0.71) and validity studies using factor
analysis suggest that it loads on a factor of abstract mental
operation and language.19,29

Hormone assays. Blood samples were drawn weekly at
the time of clinic visit, approximately 7 days after injec-
tion. For cognitive testing appointments, hormone levels
were drawn immediately after cognitive testing that oc-
curred 24 to 48 hours after injection. Samples were kept
frozen in a 256 °C freezer until the completion of the
study, when all samples were included in the assays. Se-
rum estradiol and total testosterone levels were analyzed
with RIA according to standard procedures for each com-
mercial kit. Testosterone assays were run with a DELFIA
testosterone kit (Wallac OY, Gaithersburg, MD), with sen-
sitivity of 0.5 nmol/L and 4.5% intra-assay variability. 17b-
Estradiol was measured with the ImmunuChem double-
antibody kit (ICN Biomedicals, Inc., Costa Mesa, CA), with

July (1 of 2) 2001 NEUROLOGY 57 83



36.7 pmol/L sensitivity and 6.75 intra-assay variability.
Samples from each participant were run in duplicate in
the same assay to avoid interassay variability. Hormone
levels reported were the average of the duplicate samples.

Statistical analyses. The primary outcome measure
was to assess differences between the treatment group and
the placebo group during two on treatment time-points on
a battery of neuropsychological tests measuring memory
and spatial ability. A repeated measures, multivariate
analysis of variance (MANOVA) was used with group as
the independent factor (treatment vs placebo) and weeks
(baseline, weeks 3 and 6) as the repeated factor, spatial
ability (Block Design), spatial memory (SALT, Route Test,
OMDR), and verbal memory (PI and Story Recall) were
dependent measures. Planned comparisons of on treat-
ment time points (weeks 3 and 6) compared with baseline
were performed, and post hoc comparisons were subjected
to Bonferroni correction. Secondary outcome measures in-
cluded measures of cognitive domains that were not ex-
pected to change from androgen manipulation (verbal
fluency, Stroop test). A repeated measures MANOVA was
used with group as the independent factor (treatment vs
placebo) and weeks (baseline, weeks 3 and 6) as the re-
peated factor, and attention (Stroop) or language (verbal
fluency) as dependent measures. Circulating plasma hor-
mone levels were assessed using a repeated measures
MANOVA, with group as the independent factor (treat-
ment vs placebo), weeks (baseline, weeks 3 and 6) as the
repeated factor, and total testosterone and total estradiol
as the dependent measures. Information from the washout
visit (week 12) was not included in the analysis for two
reasons: 1) the primary study question was to assess
whether manipulation of circulating hormone levels in
healthy older men resulted in subsequent changes in cog-
nitive functioning, which can be assessed by evaluating
baseline and on treatment time points; and 2) recent evi-
dence indicates that changes in cognition from hormone
manipulation do not return to baseline levels but remain

or continue to change in the same direction after cessation
of hormone treatment.30

Results. Primary outcome measure. Repeated-measures
MANOVA, with group as the independent factor (treatment
vs placebo) and weeks (baseline, weeks 3 and 6) as the re-
peated factor, and spatial ability (Block Design), spatial
memory (SALT, Route Test, OMDR), and verbal memory
(proactive interference and Story Recall) as dependent mea-
sures indicated a significant omnibus multivariate effect of
weeks (F[7,12] 5 4.78), but no significant interaction effect.
Significant change across weeks occurred in the treatment

Figure 2. Mean total time in seconds to complete Block
Design at baseline and weeks 3 and 6 of treatment.
Striped or gray bars represent the testosterone-treated
group, and open bars represent the placebo group. SE bars
represent standard error of measurement. The asterisk lo-
cated between bars indicates a significant difference be-
tween groups (placebo and testosterone treated). The
asterisk and line above bars indicates a significant change
from baseline in the testosterone-treated group at week 6
(*p , 0.05).

Figure 3. Mean savings score on Story Recall, a measure
of verbal memory, at baseline and weeks 3 and 6 of treat-
ment. Savings score is the number of exact words recalled
from the story after a 20-minute delay divided by the
number of words recalled immediately after hearing the
story. Therefore, savings score represents the percentage of
information recalled. Striped or gray bars represent the
testosterone-treated group, and open bars represent the
placebo group. SE bars represent standard error of mea-
surement. Asterisks and lines above bars indicate signifi-
cant changes from baseline in the testosterone-treated
group at weeks 3 and 6, as indicated by the lines (*p , 0.05).

Figure 4. Mean total points correct on the Route Test, a
measure of spatial and navigational memory at baseline
and weeks 3 and 6 of treatment. Striped or gray bars rep-
resent the testosterone-treated group, and open bars repre-
sent the placebo group. A total of 72 points were possible.
SE bars represent standard error of measurement. Aster-
isks located between bars indicate a significant difference
between groups (placebo and testosterone treated) (*p , 0.05).
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group only (F[7,12] 5 4.189). Planned comparisons between
on treatment (weeks 3 and 6) and baseline (week 0) for each
test revealed significant changes for Block Design at week 6
(F[1,7] 5 6.14); Story Recall at week 6 (F[1,7] 5 6.62), and

OMDR at week 6 (F[1,7] 5 17.4). Subsequent pairwise com-
parisons revealed significant improvement in the treatment
group for Block Design at week 6 (figure 2); Story Recall at
week 6 (figure 3), and both treatment and placebo group at
week 6 for OMDR. Univariate, between-group comparisons
revealed significant difference between groups on the Route
Test at week 3 (F[1,18] 5 5.22), with treatment group outper-
forming the placebo group (figure 4); and significant differ-
ence between groups on Block Design at week 6 (F[1,18] 5
5.88), with treatment group outperforming placebo group (see
figure 2). No significant differences between groups were
noted at baseline. An examination of means for the treat-
ment group at washout visit showed no large increases or
decreases in performance for SALT, PI, verbal fluency, or
Stroop. Block Design and Story Recall performance returned
to baseline levels, and Route Test performance remained im-
proved at on treatment levels.

Secondary outcome measures. Repeated-measures
MANOVA, with group as the independent factor (treat-
ment vs placebo) and weeks (baseline, weeks 3 and 6) as
the repeated factor, and attention (Stroop) or language
(verbal fluency) as dependent measures, indicated no sig-
nificant omnibus multivariate effect of group, weeks, or
group-by-week interaction. Planned comparisons and pair-
wise comparisons were nonsignificant.

Hormone measures. Repeated-measures MANOVA
was performed with group as the independent factor
(treatment vs placebo), weeks (baseline, weeks 3 and 6) as
the repeated factor, and total circulating testosterone and
estradiol levels as the dependent measure. Omnibus mul-
tivariate comparison of group (F[2,20] 5 22.29), weeks
(F[4,18] 5 38.4), and week-by-group interaction (F[4,18] 5
32.9) were all significant. Multivariate examination of
weeks showed significant differences between baseline and
weeks 3 (F[2,20] 5 35.6) and 6 (F[2,20] 5 24.1), with sig-
nificant change across weeks evident for treatment group
only (F[4,18] 5 68.2). Subsequent pairwise comparisons
indicated significant differences between baseline and
weeks 3 and 6 for treatment group only for both testoster-
one and estradiol. Univariate comparisons of group showed
significant differences between groups at weeks 3
(F[1,21] 5 74.8) and 6 (F[1,21] 5 50.1) for testosterone,
and at weeks 3 (F[1,21] 5 18.3) and 6 (F[1,21] 5 17.1) for
estradiol (figures 5 and 6). No significant differences be-
tween groups were evident for baseline measures. Testos-
terone levels were raised from an average of 20 6 11
nmol/L in the treatment group to the range of healthy
young men (44 6 5 nmol/L). PSA levels significantly in-
creased at week 4 compared with baseline in the treatment
group (F[2,21] 5 5.54). However, as expected, PSA levels
returned to baseline at washout visit, with no significant
differences between screen and washout. One participant
with a near-borderline PSA at the start of the study (3.5
ng/mL) had an elevated PSA at week 4 (4.1 ng/mL) and
was subsequently discontinued from the study.

To further examine the relationship between hormone
levels and cognitive function, Pearson correlation coeffi-
cients were calculated between cognitive measures and
testosterone and estradiol levels taken at the time of test-
ing. Significant correlations were observed between story
recall savings score and estradiol and testosterone levels
at week 6 of treatment. Selective attention as measured by
the Stroop test showed a significant positive correlation

Figure 5. Mean serum total testosterone levels (nmol/L) in
treatment and placebo groups at baseline and weeks 3 and
6 of treatment. Striped or gray bars represent the
testosterone-treated group, and open bars represent the
placebo group. SE bars represent standard error of mea-
surement. Asterisks located between bars indicate signifi-
cant differences between groups (placebo and testosterone
treated). Asterisks and lines above bars indicate signifi-
cant changes in the testosterone-treated group at weeks 3
and 6 compared with baseline, as indicated by the lines
(**p , 0.01, *p , 0.05). Significant interaction effect was
also evident.

Figure 6. Mean serum total estradiol levels (pmol/L) in
treatment and placebo groups at baseline and weeks 3 and 6
of treatment. Striped or gray bars represent the testosterone-
treated group, and open bars represent the placebo group. SE
bars represent standard error of measurement. Asterisks lo-
cated between bars indicate significant differences between
groups (placebo and testosterone treated). Asterisks and lines
above bars indicate significant changes in the testosterone-
treated group at weeks 3 and 6 compared with baseline, as
indicated by the lines (**p , 0.01, *p , 0.05). Significant
interaction effect was also evident.
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with estradiol levels at week 6, and verbal fluency showed
a significant negative correlation with estradiol levels at
week 3 of treatment (table 2). Because of multiple individ-
ual correlation calculations, correlation results must be
interpreted with caution.

Discussion. Our results indicate that healthy
older men show improvements in spatial and verbal
memory and spatial abilities in response to short-
term testosterone treatment. Although improve-
ments were not evident for all measures, our results
are consistent with previous findings of improved
spatial abilities and spatial memory in response to
testosterone administration.9,31 These improvements
were not evident for all cognitive domains, such as
selective attention or language, suggesting that in-
creases in serum testosterone or estradiol have selec-
tive or specific effects on memory and spatial
abilities. The improvement in verbal memory may be
considered clinically significant, because a 4 to 8%
savings score increase represents a 1 to 2 standard
deviation improvement as measured by a widely
used clinical measure of verbal memory.21

Improved spatial memory was not found for all
spatial memory measures. Significantly improved
spatial memory was observed on the Route Test but
not for spatial memory as measured by the SALT.
Although modest improvements were noted on the
OMDR, these were observed for both the treatment
group and the placebo group. Therefore, improve-
ment on the OMDR cannot be considered a signifi-
cant improvement beyond an observed practice
effect. It is possible that task demands unique to
each test may be differentially affected by changes in

hormones. For example, the Route Test requires a
three-dimensional recall of spatial information (i.e.,
a walking route) in the absence of verbal informa-
tion. In contrast, success on the SALT can be
achieved with a nonspatial (i.e., verbal) strategy or a
combination of these. A verbal strategy is difficult
and unlikely to be used while navigating and recall-
ing a walking route. Consistent with these results,
studies of exogenous testosterone administration
have shown improvements in spatial memory and
spatial abilities, and a lack of improvement for vi-
sual memory tasks.7,9,31 These results provide further
evidence for a specific role of testosterone on spatial
memory and spatial abilities. Several lines of evi-
dence suggest that testosterone has a selective effect
on spatial abilities. Male rats compared with female
rats show larger and more asymmetric cell layers in
the hippocampus, which underlies spatial memory
and navigation.32 Neonatal exposure of female rats to
testosterone results in a more masculine (larger
more asymmetrical) hippocampus with regard to
size.33 These organizational changes likely reflect dif-
ferential effects of gonadal hormones on place and
landmark systems in the hippocampus and can be
reversed with early hormonal manipulation.34 In hu-
mans, men tend to use a more spatial navigational
strategy (e.g., geometric cues) when solving maze
tasks, whereas women tend to use visual detail cues
(e.g., landmarks).16,35

Changes in verbal memory in response to testos-
terone administration have not been previously re-
ported. One possible explanation for these intriguing
results is that they may be attributable to the rise in

Table 2 Pearson product-moment correlations between cognitive measures and serum testosterone (T) and estradiol (E2) levels taken at
the time of testing

Cognitive domain/test

Week 3 Week 6

T, nmol/L E2, pmol/L T, nmol/L E2, pmol/L

Spatial memory

Route test 0.278 0.126 0.234 0.024

OMDR 0.057 20.030 20.184 20.218

Spatial Array Learning Test 20.131 20.345 0.018 20.118

Verbal memory

Story Recall 0.204 0.246 0.454* 0.596†

Proactive interference 0.075 20.208 0.161 20.115

Constructional ability

Block Design 20.090 0.114 20.389 20.164

Language

Verbal fluency 20.137 20.420* 0.233 20.055

Attention

Stroop 20.006 0.202 0.060 0.468*

* p , 0.05.
† p , 0.01.

OMDR 5 oculomotor delayed response.
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estradiol levels occurring in response to testosterone
administration, because the estradiol levels showed
a significant positive correlation with the savings
score. Significant improvements in verbal recall have
been found in healthy older women and patients
with AD receiving estrogen replacement treat-
ment.36,37 In men, exogenous increases in estrogen
have been shown to improve verbal memory for a
paired associate learning task, a task that generally
favors women.38 In the current study, improved ver-
bal recall was noted for savings score on the story
recall test, but not for verbal memory as measured
by the PI test. This may be because of attention and
executive function demands inherent in the PI test,
because no improvements in the treatment group
were noted for the Stroop test, a measure of selective
attention, and a positive correlation was found be-
tween estradiol levels and poorer performance on the
Stroop. It is also possible that increased testosterone
affects storage or consolidation of verbal information
as opposed to retrieval, which would result in a rela-
tive greater improvement on story recall compared
with the PI test.

Androgen effects on memory may be mediated
through several mechanisms. First, the hippocam-
pus, which underlies spatial abilities and declarative
memory, contains both testosterone receptors and es-
trogen receptors.32,39 Therefore, testosterone may
have direct effects on the hippocampus through
the androgen receptor as well as indirect effects
from aromatization to estradiol interacting with
estradiol receptors.40 Both types of estrogen recep-
tors, ERa and ERb, have been found in the rat
hippocampus, and recent in vivo estrogen-binding
studies suggest that estrogen is likely involved in
cognition and neuroprotection in the hippocampus
and basal forebrain.41,42 Behavioral effects of ERa
knockout mice also suggest that estrogen has ef-
fects on learning and memory, although the rela-
tive importance of ERa vs ERb receptors is yet
unknown.43

Second, there is some evidence that gonadal ste-
roids may act through nongenomic mechanisms. Go-
nadal steroids have been shown to have rapid effects
on the excitability of hippocampal pyramidal cells,44

and recent studies indicate that gonadal steroids can
act via the cell surface through interaction with spe-
cific neurotransmitter receptors.45-47 Overall, it is
likely that gonadal steroids act through both
genomic and nongenomic mechanisms, creating a
unique intracellular cross-talk.47,48

Although these results will need to be further rep-
licated, they provide a rationale for further studies
examining the effects of gonadal steroids on mood
and cognition, particularly in healthy older men and
women who experience natural declines in hormones
from aging. It is unclear whether the observed im-
provements in verbal and spatial memory and spa-
tial abilities are attributable to testosterone or
estradiol from aromatization or both. Therefore, fur-
ther studies will need to examine the relative contri-

bution of testosterone vs estradiol on cognition in
men. Finally, our findings of improved verbal and
spatial memory in response to testosterone also pro-
vide a strong rationale for examining the effects of
gonadal steroids in patients with AD who experience
significant impairments in memory. However, a re-
cent, double-blind, placebo controlled, multicenter
trial of hormone replacement therapy (HRT) in
women patients with AD with hysterectomies did not
show cognitive benefits for the HRT group as com-
pared with placebo.49 The results of this study are
difficult to interpret, because only patients with AD
with hysterectomies or with both hysterectomy and
oophorectomy were included, and Premarin, the form
of HRT used, contains many different forms of estro-
gen and may not be the most potent form of estrogen
available. In contrast, a recent, double-blind,
placebo-controlled study using 17b-estradiol, a po-
tent form of estrogen, found cognitive improvements
in verbal memory and attention in women with AD.36

However, the treatment period was brief, and cogni-
tive improvements were observed in verbal memory
and attention as measured by objective and sensitive
psychometric tests. Clearly, further research is
needed to better elucidate the relationship between
hormones and cognition.
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