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Structured summary

Objective: Roles for estradiol in modulating cognition in men remain uncertain. We assessed
the isolated effects of estradiol on cognition in men in the absence of testosterone.

Design: Randomised trial of transdermal estradiol 0.9mg daily, or matched placebo, for 6
months, hypothesizing that estradiol would improve verbal learning, verbal memory and
spatial problem solving over time.

Patients: Men receiving androgen deprivation therapy (ADT) for prostate cancer.
Measurements: Cognition was assessed by a tablet-based cognitive battery (Cogstate) at
baseline, month 1, month 3, and month 6. Anxiety and depression symptoms were assessed

using the Hospital Anxiety and Depression Scale.
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Results: 78 participants were randomised. Baseline mean scores were 21.0 (sd 4.1) for the
International Shopping List test (ISL), assessing verbal learning and memory (higher scores
better), and 60.4 (sd 19.5) for the Groton Maze Learning test (GML), assessing spatial
problem solving (lower scores better). There was no significant difference in performance
over time for the estradiol group versus the placebo group for the ISL, mean adjusted
difference (MAD) 0.7 (95% Cl -1.2 — 2.5), p=0.36, or the GML, MAD -3.2 (95% Cl -12.0 - 5.6),
p-0.53. There was no significant difference between groups over time in performance in any
other cognitive domain, or on depression or anxiety scores.

Conclusions: We found no major effects of estradiol on cognition in men with castrate
testosterone concentrations. Although the cognitive effects of ADT are debated, this study
suggests that any such effects are unlikely to be prevented by administration of estradiol.
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1. Introduction

The role of sex steroids in modulating cognition in men remains uncertain *. The predominant
male sex steroid, testosterone (T), acts as an agonist of the androgen receptor, via conversion
to dihydrotestosterone (DHT), a more potent androgen receptor agonist, and via aromatisation
to estradiol (E2) to act on estrogen receptors. In non-human mammals, the androgen receptor,
and all species of estrogen receptor, are expressed in the male brain, including in regions
important for memory and cognition such as hippocampus, prefrontal cortex, and amygdala .

The human male brain is also a site of local production of E2 from its substrate T, due to high
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expression of aromatase, including in the thalamus, hypothalamus, amygdala, and medulla >.
Actions of T in the male brain could therefore be mediated directly, via DHT, and/or via E2.
For eugonadal men, different laboratories, using sensitive and sophisticated test paradigms,
have reported causal evidence for modification of reward processing by short term high-dose
exogenous E2 * and correlational evidence for endogenous T concentrations in modulation of
parochial altruism > and behavioural flexibility °. Some animal and human studies suggest that
E2 treatment might improve aspects of cognition in androgen deprived males ’. However, in
RCTs assessing broad domains of cognition with standard tests, no effects of T treatment on
cognition in older men with low or low-to-normal serum T have been identified *°.

It has been reported that 69% of men receiving androgen deprivation therapy (ADT) for
prostate cancer decline in at least one cognitive domain **, although not all studies agree ****.
In a meta-analysis of 14 observational studies, ADT, typically induced with gonadotrophin-
releasing hormone (GnRH) analogues, was associated with worse visuomotor task
performance, but not with decrements in attention/working memory, executive functioning,
language, verbal memory, visual memory, or visuospatial ability **. A subsequent meta-
analysis of 2 prospective and 4 retrospective observational studies was inconclusive with
respect to an association between ADT and overall cognitive impairment (defined as decline
of at least 1.5 standard deviations on at least 2 tasks) **. These and other syntheses of the
literature have been hampered by different approaches to analysis, including focus on
individual domains or overall cognition, a diversity of cognitive tests employed, and a lack of
prospective studies, such that cognitive effects of ADT remain poorly defined *°.

There is suggestive evidence from a small observational study *® and a randomized controlled
trial (RCT) '/ that putative verbal memory and visual attention effects of ADT might improve
with E2 administration. In premenopausal women, 8 weeks of conjugated equine estrogen
treatment reversed deficits in verbal memory induced by 12 weeks of GhRH agonist

treatment *®. In aged male rats, E2 administration has been reported to improve spatial
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memory *°. A recent review called for additional studies of the effects of exogenous E2 on
cognition in androgen-deprived males 7.

ADT represents the only situation in which an ethical requirement for T replacement is absent
for prolonged periods, allowing any effects of exogenous E2 on cognition to be observed in
the absence of T. We conducted a randomised placebo-controlled trial of transdermal E2 in
men undergoing ADT, designed to assess the effect on fat mass and bone microarchitecture
over 6 months *°. This experimental design permitted us to observe the isolated effects of E2
on pre-defined domains of cognition, in the absence of T. We hypothesised that men
randomised to receive E2, compared to those randomised to receive placebo, would have
improved verbal learning and memory, and spatial problem solving over time.

2. Materials and Methods

We conducted a 6-month, randomised, double-blinded, placebo-controlled, parallel-group
trial at Austin Health, a tertiary referral hospital affiliated with The University of Melbourne.
Methods have been reported previously »°. Briefly, participants were recruited from
outpatient clinics from November 2017 to February 2020. Recruitment was then ceased
prematurely due to the COVID-19 pandemic. Men were eligible for the study if they had
been receiving GNRH agonists or antagonists for prostate cancer for a minimum of 4 weeks
to ensure nadir sex steroid concentrations at baseline, with that therapy intended to
continue for at least a further 6 months. Exclusion criteria included: impaired performance
status (Eastern Cooperative Oncology Group Performance Status (ECOG) > 2); history of
venous thromboembolism (VTE); breast cancer; systolic blood pressure > 160 or diastolic
blood pressure > 100; New York Heart Association class 3 or 4 angina or heart failure; stroke,
transient ischaemic attack, myocardial infarction, or angina within 12 months; current oral
glucocorticoid treatment; prior chemotherapy; alcohol or illicit drug abuse.

The trial protocol was approved by the Austin Health Human Research Ethics Committee

(HREC/16/Austin/98) and each participant provided written informed consent. The trial was
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preregistered with the Australian New Zealand Clinical Trials Registry (identifier
12614000689673). We followed the CONSORT checklist in reporting this randomised trial
(Supplementary Table).

Participants were randomly allocated, in a concealed fashion, to one of two intervention
groups: E2 gel 1 mL (0.9 mg) per day or matching placebo gel 1 mL per day. We previously
observed that E2 gel 0.9 mg daily increased the minimum serum E2 of men undergoing ADT
into the reference range for healthy older men **. Randomisation occurred as follows: first,
participants were stratified by ADT duration (<3 or > 3 months) and then by eligibility to
undergo brain MRI scanning (data to be reported separately); second, participants were
allocated by restricted randomisation, using a computer-generated randomisation scheme
in blocks of size 4, to E2 or placebo in a ratio of 1:1. This step was administered by clinical
pharmacists independent of trial investigators.

E2 gel was Sandrena™ 1 mg/g estradiol (Aspen Pharmacare, St Leonards, NSW Australia).
Placebo gel was a-gel™ (Fresenius Kabi, North Ryde, NSW Australia) and matched the E2 gel
for colour, smell, and consistency. E2 and placebo were re-packaged into identical 10mL
syringes by pharmacy, with instructions to apply 1mL each morning to the skin of the upper
arms or abdomen. The concealed treatment allocation maintained the blinding of
participants, investigators, and clinicians during treatment, with blinding maintained until

data analysis, after the database had been cleaned and locked.

Study visits were conducted at baseline, month 1, month 3, and month 6 of the intervention.

Gel syringes were collected each visit and residual volume recorded to assess adherence.
Adverse events were graded according to Common Terminology Criteria for Adverse Events
(CTCAE) version 4.03 ?2. Handedness was recorded based on the self-reported preferred
hand used for writing.

2.1 Cognitive battery
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At each study visit, cognitive scores in 6 domains were measured by a short cognitive battery
(Cogstate, New Haven, CT) delivered via tablet computer which automatically captured
reaction time and accuracy of performance. The battery took 20-30 minutes to complete,
depending on participant response times. The instructions for each task were read aloud using

a standard script by a single trained assessor (NR) who remained present during the

assessment. For each task, a familiarisation practice trial was presented before the scored task.

An entire practice battery was completed by each participant once, immediately prior to their
baseline assessment. The Cogstate battery does not demonstrate practice effects after the
second assessment *>**, For each task, standard completion and data integrity criteria were
applied. Tests that failed to meet completion criteria were excluded from the analysis.

The tasks, in order of testing, were as follows ***°:

1. International Shopping List (ISL), a test of verbal learning, memory, and recall. In each
of three rounds, 12 supermarket items were read aloud, and the participant was given 1
minute to recall them. The outcome measure was the total number of correct responses,
with a higher score indicating better performance (possible range 0-36).

2. Groton Maze Learning (GML), a test of executive function and spatial problem solving.
The participant was asked to find the hidden route through a maze formed by a 10 by 10
grid of tiles. The correct pathway from the top left tile to the bottom right tile contained
28 steps. Eligible moves were up, down, left, or right. A correct move was indicated by a
green tick, an incorrect move by a red cross. Following an incorrect move, the participant
had to press the previous correct tile, before making an alternative move. There were five
rounds. The outcome measure was the total number of errors made, with a lower score
indicating better performance.

3. Detection Test (DET), a test of processing speed, visual attention, and psychomotor
function. A playing card was displayed face-down in the centre of the screen. The card
turned face-up at irregular intervals with the participant asked to press the ‘yes’ key on

screen as soon as they detected the card had turned face-up. An error sound was played if
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the ‘yes’ key was pressed before the card had turned over. The test terminated after 35
correct responses. The outcome measure was the speed of performance, reported as the
mean of the log;, transformed reaction times for correct responses. A lower score
indicates better performance.

4. ldentification Test (IDN), a test of attention, psychomotor function, and information
processing speed. A playing card was displayed face-down in the centre of the screen.
Each time the card turned face-up it revealed either a black or red joker card. The
participant was asked to press the ‘yes’ key for a red card and the ‘no’ key for a black
card. An error sound played when an error was made. The task terminated after 30
responses. The outcome measure was the speed of performance, measured as the mean of
the log,o transformed reaction times for correct responses. A lower score indicates better
performance.

5. One Card Learning (OCL), a test of visual memory. A series of playing cards were
displayed, one at a time, in the centre of the screen. The participant was asked to choose
the ‘yes’ key or the ‘no’ key on screen to indicate whether each card had been displayed
previously. The participant was alerted to an error by an error sound. The outcome was
the accuracy of performance, measured as the arcsine square root of the proportion of
correct responses. A higher score indicates better performance.

6. One Back (ONB), a test of working memory and attention. A series of playing cards was
displayed, one at a time, in the centre of the screen. The participant was asked to choose
‘yes’ if the card displayed was the same as the previous card, or ‘no’ if the card displayed
was different to the previous card. The participant was alerted to an error by an error
sound. The test terminated after 31 correct responses. The outcome measure was speed of
performance, measured as the mean of the log,, transformed reaction times for correct
responses. A lower score indicates better performance.

7. Groton Maze Learning — Delayed Recall (GMR), a test of memory. The participant was
asked to complete the 28-step maze a final time at the end of the battery. The outcome

measure was the total number of errors with a lower score indicating better performance.
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8. International Shopping List — Delayed Recall (ISLR), a test of memory. The participant
was asked to recall the 12-item shopping at the end of the battery, on this occasion
without the items being read aloud. The outcome measure was the number of correct
items with a higher score indicating better performance.

2.2 Anxiety and Depression

At every study visit, anxiety and depression symptoms were assessed using the Hospital

Anxiety and Depression Scale (HADS) inventory *’. The HADS asks participants to rate 7

anxiety symptoms and 7 depression symptoms on a 0-3 Likert scale, based on how they have

been feeling over the previous week. Higher scores correspond to higher symptom intensity.

Anxiety and depression scores are separately totalled. Scores of 0-7 are considered normal, 8-

10 borderline abnormal, and 11-21 abnormal. Use of the HADS inventory has been validated

in medical patients as a cross-sectional screening tool and for tracking longitudinal changes in

anxiety and depression *®. The HADS inventory has been commonly used in studies of

prostate cancer .

2.3 Blood samples

Fasting morning pre-dose blood samples were drawn at each visit. Serum was stored at -80

degrees Celsius for batched analysis of sex steroid profile by liquid chromatography mass

spectrometry (LCMS/MS) *°. Limits of detection (LOD) and quantification (LOQ) were,
respectively, 11 pmol/L and 18 pmol/L for E2, and 0.03 nmol/L and 0.09 nmol/L for T. CVs
were 5-10% and 2-8% respectively, for within-run reproducibility at three levels of quality
control samples.

2.4 Study design and pre-specified outcomes

The pre-specified primary outcomes of this trial were total fat mass*® and total volumetric

bone density at the distal tibia (reported separately). Herein we report results for the pre-

specified secondary endpoints of task performance on the Cogstate battery and on
depression and anxiety symptoms assessed by the HADS.

2.5 Power Analyses
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Power calculations were based on the primary endpoints and required 43 participants per
group 2°. We aimed to recruit 54 participants per group, allowing for 20% attrition.

2.6 Statistical Analysis

Cogstate test battery scores were used on their transformed normative scales and are reported
as means (with standard deviations, sd). Welch’s t-test was used for between-group
comparisons of the baseline scores and other normally distributed data. For non-normally
distributed data, we used two-samples Wilcoxon’s test, and for proportions, chi-squared test,
or Fisher’s exact test with low numbers. In the RCT, we assessed the treatment effect of E2
administration over placebo over 6 months on cognition and mood. The primary analysis was
intention to treat including all subjects that were randomised as per their assigned group. Per
protocol analysis was additionally done as a sensitivity analysis including only subjects that
completed the trial and adhered to the protocol. Trial outcomes are reported as the mean
adjusted difference (MAD) between the E2 group and placebo group, surrounded by a
profiled 95% confidence interval, over the course of the trial. The significance level was
tested as a single p value over all time points. MADs and p values were determined with the
use of repeated measures mixed effects models including interaction of time point with
treatment group (the treatment effect), treatment group, time points, strata of ADT duration
(<3 or > 3 months) and baseline values of the respective variable as fixed effects, and subject
as a random effect **. For sex steroid analysis, values below the limit of detection (LOD) were
assigned the value of the LOD/v/2 *2. A two-sided p-value of <0.05 was considered indicative
of statistical significance. Because the various outcomes were inter-correlated, no adjustments
for multiple testing were made. Analyses were performed with the R statistical base package
(version 4.0.4 for Mac) and the added packages Ime4 1.1-26 and effects 4.1-4 3333,

3. Results

255 men had preliminary assessments for eligibility and 39 were randomised to each
intervention. The flow of participants assigned to E2 or placebo through each phase of the

study, reasons for non-randomisation, and protocol violations are shown in Figure 1. The
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final screened participant was not randomised because the human research ethics
committee ordered cessation of new clinical trial visits due to the COVID-19 pandemic. In
the placebo group one participant withdrew from the trial, due to anxiety about attending
study visits in the context of the pandemic, 38 completed the trial, and 37 completed the
Cogstate battery at the 6-month visit. In the E2 group, one man withdrew (failed to attend
study visits) and another became unwell due to new onset brain metastases, such that 37
men completed follow up.

Baseline characteristics by group are shown in Table 1. Overall, median duration of ADT at
baseline was 4.4 months (IQR 2-10), median baseline testosterone was 0.3 nmol/L
(interquartile range 0.2; 0.5) and median baseline E2 was 82 pmol/L (interquartile range 62;
101). Serum E2 increased in the E2 group over 6 months compared to the placebo group,
MAD 207 pmol/L (95% CI 123 —292), p<0.001 (Figure 2).

3.1 Cognitive battery

Baseline performance was similar in the E2 and placebo groups (Table 2). The main outcome
measures for this study were total number of correct words recalled across 3 trials on the ISL
test and total number of errors made across 5 trials on the GML test. In the overall cohort,
baseline mean scores were 21.0 words (sd 4.1) for ISL and 60.4 errors (sd 19.5) for GML. In
the RCT, there was no significant difference in performance over time for the E2 group
versus the placebo group for ISL, assessing verbal learning and memory, MAD 0.7 words
(95% Cl -1.2 — 2.5), p=0.36, or for GML, assessing spatial problem solving, MAD -3.2 errors
(95% Cl -12.0 - 5.6), p-0.53. There was no significant difference between groups in
performance on any of the other cognitive tests (Table 2).

For ISL, in the overall cohort, we observed higher (better) recalled word count over time
(p<0.001), at 6 months by 2.6 words (95% CI 1.3 —3.9). For GML, in the overall cohort, we
observed lower (better) total error count over time (p=0.02), at 6 months -5.6 errors (95% Cl

-11.8 — 0.63), compared to baseline.
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There was no significant interaction of treatment group with ADT duration on cognitive test
performance.

3.2 Hospital Anxiety and Depression Scale

In the overall cohort, mean baseline depression score was 3.0 (sd 2.3) and mean baseline
anxiety score was 3.9 (sd 3.4). In the RCT, there was no significant difference in depression
score over time between E2 and placebo groups, MAD -0.1 (95% Cl -1.1 — 1.0), p=0.98.
Similarly, there was no significant difference in anxiety score over time between E2 and
placebo groups, MAD -0.3 (-1.4 — 0.7), p=0.25 (Table 3). In the overall cohort, we observed a
small increase in depression score over time (p=0.004), at 6 months MAD 0.8 (95% Cl 0.1 —
1.6), compared to baseline. For anxiety, we observed no time-related effect in the overall
cohort.

3.3 Per protocol analysis

In a sensitivity per-protocol analysis excluding men with protocol violations (Figure 1),
cognitive and mood outcomes were similar (data not shown).

3.4 Adverse events

There were no serious adverse events detected other than prostate cancer progression
which occurred in two participants in the placebo arm and one participant in the E2 arm.
Two participants in the E2 arm ceased the intervention because of adverse effects on the
breast. Incident CTCAE grade 1 or grade 2 gynaecomastia was twice as common in the E2
arm (44% versus 21%).

4. Discussion

In this trial, 6-months of transdermal E2 gel 0.9mg/d for men with castrate circulating T
concentrations had no effect, compared to placebo, on verbal learning and memory or on
spatial problem solving, or on any other domain of cognition, as assessed across 8 tasks as
part of a validated cognitive battery. Participants in this trial were not selected for subjective

or objective neuropsychological symptoms and performed comparably to age-matched
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norms (Table 2) 3> For ISL and GML, we observed scores that were marginally
(approximately 10%) better at 6 months than at baseline. This was unexpected because the
Cogstate battery is reported to be free of learning effects, and we were anticipating
deterioration in performance over time on ADT. It is unknown whether these observed
overall cohort differences represent an effect of or adaption to T depletion over time,
another effect of prostate cancer or its management, or regression to the mean.

Although clinically meaningful changes in ISL and GML test scores have not been clearly
defined, the changes in the overall cohort observed over 6 months are very small. By
comparison, the baseline mean ISL test scores in well-characterised cohorts of healthy older
adults and age-matched individuals with amnestic mild cognitive impairment and
Alzheimer’s disease were, respectively, 25.1 (sd 4.5) words, 17.6 (5.3) words, and 11.0 (5.2)
words?®. In healthy individuals, mean ISL score is 27.0 (sd 5.3) words in the 18-34 year age
group and 23.0 (sd 4.7) words in the 70-79 year age group. In a cross-sectional comparison
of 393 cognitively normal late-middle aged individuals and 78 demographically matched
individuals with clinical or pre-clinical mild cognitive impairment from the Wisconsin Registry
for Alzheimer’s Prevention, GML test total errors were 51.8 (sd 16.3) and 62.7 (sd 17.0)
respectively®®. Normative data for the GML test show that there is an increase in total errors
from 40.9 (sd 15.3) in the 18-34 year age group to 64.4 (26.2) in the 70-79 year age group™.
The results of our study do not exclude benefits of E2 on cognition of small to medium effect
size, but for comparison, the differences between these published cohorts of healthy
younger and healthy older individuals and between healthy late middle-aged or older adults
and demographically matched cohorts with mild cognitive impairment, are of medium to
large effect size.

Few other experiments have been designed to allow assessment of the effect of E2 on
cognition in men in the absence of T. A small study (n=18) observed men with castrate-

resistant prostate cancer switching from a GnRH agonist to second-line experimental
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therapy with high dose transdermal E2 (six 100mcg/24h patches worn concurrently),
sufficient to maintain castrate T concentrations *°. These men were compared over 4 weeks
to healthy aged-matched controls and controls with prostate cancer receiving standard ADT.
Verbal memory was worse in men receiving ADT compared to controls and improved only in
the group switched to E2. However, a 12-week randomized, controlled trial (RCT) (n=21) of
low dose oral E2 (1mg/d) in men receiving ADT did not support the hypothesis of improved
verbal memory with this intervention®’. In a 9-week RCT (n=23) of oral E2 (Img/d) in men
receiving a GNRH agonist for prostate cancer, the E2 group improved on a test of visual
attention but not in 14 of 16 other neurocognitive measures, some testing overlapping
cognitive processes *’. Observational studies in transfeminine individuals have not observed
a consistent cognitive effect of E2 treatment *%.

Other experiments in humans, while not designed to allow direct observation of E2 effects in
the absence of T, have been consistent with a lack of short-term cognitive effects of changes
in sex steroid concentrations. In a 6-week placebo-controlled experiment, in which groups of
healthy younger and older men were randomised to ADT for 6 weeks with or without T
replacement, with or without aromatase inhibition, there were no effects on cognition from
global castration (T-/E2-) or isolated E2 deficiency (T+/E2-) '°. In another 8-week study of
experimentally induced hypogonadism in healthy men and women, the expected sex
difference in spatial task performance persisted during hypogonadism, suggesting that it is
unlikely to be influenced by short term changes in any sex steroid *°. This study did not
reproduce the female advantage in verbal fluency at baseline making it difficult to interpret
the lack of sex difference during conditions of hypogonadism. Notably, major randomised
trials of T supplementation in men with age-related low or low-normal T but not organic

8940 These data

hypogonadism have not demonstrated improvements in cognitive function
suggest that any effects of sex steroids in men are likely to be small and might only be

detected in circumstances of reduced cognitive reserve. Our study, the design of which
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allowed direct observation of the isolated of E2 effects on cognition, is consistent with these
results.

The absence of effects of E2 observed here does not preclude important enduring effects of
E2 on brain development in men, nor was this trial designed to evaluate proposed
neuroprotective effects of E2. Pre-clinical data have suggested a potential role for E2 in
preventing dementia *, but clinical evidence has not aligned with this. In a UK cohort of over
30,000 men with over 133,000 person-years of follow-up, ADT exposure was not associated
with an increased future risk of dementia *?, although other large observational analyses
have reported this association **.

4.1 Strengths and limitations of the study

This was a rigorously conducted randomised double-blinded controlled trial. We used a
cognitive test battery that has been validated for longitudinal assessment and is free of
significant practice effects *>. However, our study was not powered to detect effects of E2 of
small to moderate effect size on the cognitive tasks assessed, and it made no assessment of
sexual cognition (sexual fantasies or thoughts) which is reportedly modified by E2 in men ’.
We selected an E2 dose that was previously shown in men receiving ADT to produce
minimum serum E2 concentrations within the reference range for healthy older men !, In
this trial, achieved E2 concentrations in the E2 group at 6 months were similar to those in
our previous study, median 265 pmol/L (interquartile range 188 — 385). Smoothed age-
specific reference ranges for Australian men, using the same E2 assay, have been reported
as 37-195 pmol/L (men < 65 years), 22-165 pmol/L (75-85 years) and 22-173 pmol/L (>85
years) *. We have therefore achieved trough serum E2 concentrations at or above those
seen in healthy eugonadal older men. Peak serum E2 concentrations, not measured in this
study, could have been substantially higher. However, the relationship between serum E2
concentrations and estrogen effects in the brain in men with castrate T, is unknown. Given

that 50-75% of E2 in men is derived from extragonadal aromatisation of T, serum E2
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concentrations in eugonadal men reflects spill over from aromatase-produced E2 in
peripheral tissues **. The intervention in this study may therefore represent a sub-
physiological E2 replacement in tissues with high aromatase activity such as the brain.
Moreover, as has been observed with transdermal E2 preparations in women, serum E2
concentrations show variability, as previously observed in our pilot study *'. Our study was
not designed to determine reasons for such variability, but differences in transcutaneous
absorption and metabolism of E2 are likely to play a role. Of note, a study of T gel has
concluded that baseline participant characteristics account for only a small fraction of the
substantial variance in on-treatment T concentrations®, although whether the same applies
to E2 is not known. However, clear separation of E2 concentrations between groups, and
reductions in bone turnover markers and higher incidence of nipple tenderness in the E2
group are consistent with estrogen effects in the men assigned to E2.

4.2 Significance and conclusions

We used an experimental paradigm that allowed effects of E2 on cognition in the absence of
Tin older men to be investigated over 6 months. Despite restoring circulating E2 to
concentrations at least as high as those seen in eugonadal men, we detected no effect of E2
on a cognitive task performance battery over 6 months. These results align with the only
two previous RCTs examining this intervention, both of which were smaller and of shorter
duration. Taken in the context of the wider literature, it seems likely that short term effects
of E2 on cognition in men, if present, are subtle. Although cognitive effects of ADT are
debated, this study suggests that any such effects are unlikely to be prevented by a strategy
of E2 administration.
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6. Tables
Table 1: Baseline characteristics

Placebo group Estradiol group P

(n=39) (n=39) Value

Age (years) mean (sd) 72.1 (+/-6.7) 71.7 (+/-1.8) 0.82
Non-white race n (%) 0 2 (5%) 0.49
Left-handed n (%) 4 (10%) 2 (5%) 0.67
ECOG n (%) 0.73
0 35 (90%) 35 (90%)
1 3 (8%) 3 (8%)
2 1 (3%) 1 (3%)
Educational (years) mean (sd) 14.4 (+/- 4.8) 14.4 (4.7) 0.91
Body mass index (kg/m2) median (IQR) 29.2 (27.4;32.0) 28.2 (26.3;32.7) 0.79
Prostate cancer stage n (%) 0.82
Localised 13 (33%) 10 (26%)
Locally advanced 6 (15%) 10 (26%)
Local recurrence 1 (3%) 1 (3%)
MO 9 (23%) 7 (18%)
Metastatic CSPC 10 (26%) 10 (26%)
Metastatic CRPC 0 (0%) 1 (3%)
PSA median (IQR) 0.17 (0.04;0.89) 0.24 (0.04;2.03) 0.49
Prostatectomy n (%) 18 (46%) 13 (13%) 0.36
Radiotherapy (previous or concurrent) n | 34 (87%) 31 (80%) 0.54
(%)
Prior course of ADT n (%) 5 (13%) 3 (8%) 0.71
ADT duration at baseline (months) 4.7 (2.1,9.9) 4.0 (2.0;8.8) 0.59
median (IQR)
Planned ADT duration n (%) 0.84
6 months 5 (13%) 3 (8%)
12 months 0 1 (3%)
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18 months 8 (21%) 6 (15%)
24 months 8 (21%) 14 (36%)
36 months 2 (5%) 1 (3%)
Indefinite 15 (38%) 13 (33%)
Undefined 1 (3%) 1 (3%)
Smoking status n (%)
Current n (%) 2 (5%) 0 0.49
Ex-smoker n (%) 19 (49%) 20 (51%) 1.0
Never smoked n (%) 18 (46%) 19 (49%) 0.82
Pack years median (IQR) 6.0 (0.0;17.5) 5.0 (0.0;16.5) 0.85
Alcohol (standard drinks/week) median 3(L;7) 5(1;8) 0.60
(IQR)
Medical comorbidities n (%)
Diabetes 7 (18%) 5 (13%) 0.75
Hypertension 31 (79%) 25 (64%) 0.44
Chronic liver disease 1 (3%) 1 (3%) 1
Stroke 0 1 (3%) 1
IHD 4 (10%) 9 (23%) 0.22
Heart Failure 1 (3%) 0 1
CKD 3 5 (13%) 3 (8%) 0.46
CKD >3 0 0 1
Medications n (%)
GnRH agonist 35 (90%) 36 (92%) 1
GnRH antagonist 5 (13%) 3 (8%) 1
Anti-androgen 2 (5%) 2 (5%) 1
Testosterone (nmol/L) median [IQR] 0.30.2;0.4] 0.3[0.2;0.5] 0.76
Estradiol (pmol/L) median [IQR] 83 [61;100] 82 [67;102] 0.56
ADT, androgen deprivation therapy
CKD, chronic kidney disease
CSPC, castrate sensitive prostate cancer
CRPC, castrate resistant prostate cancer
ECOG, Eastern Cooperative Oncology Group Performance Status
GnRH, gonadotrophin-releasing hormone
IHD. Ischaemic heart disease
PSA, prostate specific antigen
Table 2: Cognitive battery results
TEST Normative Placebo E2 group MAD (E2 vs Overall
Mean (sd)* group (n=39) Placebo) (95% | P value
(n=39) Mean (sd) Cl)
Mean (sd)
HIGHER SCORE BETTER
International Shopping 23.0 (4.7)
List 21.6 (3.4) 20.5(4.7) | 1.3(-0.6-3.1)
(total correct) 22.9 (4.0) 23.1(4.9) | 1.6 (-0.3-3.5)
0 months 22.7 (4.9) 23.2(4.1) | 0.7(-1.2-2.5) 0.36
1 month 24.1 (5.2) 23.8 (4.4)
3 months
6 months
International Shopping 75(2.4)
List Recall (total correct) 6.1(2.4) 6.2 (2.5) 0.3(-0.7-1.3)
0 months 7.8 (2.3) 8.1(2.4) -0.1(-1.1-0.9) 085
1 month 7.7(24) 7.6 (2.5) 0.3(-0.7-1.3) '
3 months 7.9 (2.8) 8.2 (2.2)
6 months
One Card Learning 0.95 (0.13)
(accuracy?) 0.91(0.11) | 0.94 0.01 (-0.04 -
0 months 0.98 (0.10) | (0.09) 0.05) 0.98
1 month 0.96 (0.12) | 1.01 0.01 (-0.04 -
3 months 0.97 (0.11) | (0.10) 0.06)
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6 months 0.99 0.01 (-0.04 -
(0.11) 0.06)
1.00
(0.11)
LOWER SCORE BETTER
Groton Maze Learning 64.4 (26.2)
(total errors) 56.2 (18.7) | 64.6 -4.4(-13.2-4.4)
0 months 52.3(15.2) | (19.7) -6.7 (-15.6 — 2.2)
1 month 57.9(21.2) |57.3 -3.2(-12.0-5.6)
3 months 53.1(18.8) | (17.1) 0.53
6 months 61.0
(19.5)
60.7
(22.8)
Groton Maze Learning 13.4 (6.3)
Recall 9.30(6.24) | 11.7 -2.3(-5.1-0.5)
(total errors) 9.68 (6.19) (7.73) -1.0 (-3.8-1.8)
0 months 8.71(5.50) | 10.5 -1.2(-4.0-1.6)
1 month 8.60 (4.62) | (4.21) 0.46
3 months 10.5
6 months (4.64)
9.52
(5.14)
Identification 2.75(0.09)
(speed®) 2.74(0.06) | 2.76 -0.00 (-0.02 —
0 months 2.74 (0.07) | (0.06) 0.02)
1 month 2.75(0.06) | 2.76 -0.01 (-0.04 -
3 months 2.75(0.06) | (0.09) 0.01) 0.78
6 months 2.75 0.00 (-0.02 —
(0.04) 0.02)
2.76
(0.07)
Detection 2.58 (0.11)
(speed®) 2.58(0.08) | 2.63 -0.04 (-0.08 -
0 months 2.62 (0.11) (0.11) 0.01)
1 month 2.62(0.13) | 2.63 -0.03 (-0.07 -
3 months 2.63(0.10) | (0.10) 0.02) 0.36
6 months 2.64 -0.03 (-0.08 —
(0.13) 0.01)
2.64
(0.13)
One Back 2.94 (0.10)
(speed?) 2.96 (0.10) | 2.97 -0.01 (-0.04 —
0 months 2.96 (0.09) | (0.10) 0.02)
1 month 2.94(0.08) | 2.96 -0.01 (-0.04 -
3 months 2.95(0.10) | (0.11) 0.02) 0.86
6 months 2.95 -0.00 (-0.03 -
(0.08) 0.02)
2.95
(0.09)

INormative mean and standard deviation are derived from the Cogstate normative dataset™. They are
presented here for illustration. Formal statistical comparisons were not made with the normative
dataset. The normative dataset is aggregated from multiple studies of healthy adults performed in 5
continents. This dataset is divided into age groups. Data for 70-79 year-olds is presented, which, for
each test, is very similar for the data for the 60-69 and 80-89 year age groups.

Zaccuracy of performance measured as the arcsine square root of proportion of correct responses

*speed of performance measured as the mean of the log;, of the reaction time for correct responses in
milliseconds

Abbreviations:

MAD, mean adjusted difference
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Table 3: Hospital Anxiety and Depression Scale results

group (n=39)
Mean (SD)

Placebo E2 group
(n=39)

Mean (SD)

Mean adjusted
difference (E2 vs
Placebo) (95% CI)

Overall P
value

Depression Score

0 months 3.0(2.4) 3.0(2.2) -0.2(-1.2-0.8)

1 month 3.0(2.7) 2.6 (2.2) -0.2(-1.2-0.9) 0.98
3 months 3.4(3.2) 3.0(2.8) -0.1(-1.1-1.0)

6 months 3.7 (3.6) 3.4 (3.5)

Anxiety Score

0 months 3.1(3.0) 4.7 (3.5) -1.0 (-2.02 to -0.0)

1 month 3.6 (3.6) 4.0 (3.3) -0.5(-1.46-0.1) 0.25
3 months 3.4(3.1) 4.5 (3.9) -0.3(-1.35-0.7)

6 months 3.4 (3.4) 4.6 (4.0)

7. Figure legends

Preliminary assessment (n=255)

L

Sereened (n=151)

Ineligible:

- Antiresorptive (=5}

- Wenous thrombosmbolism (n=3)

- @ral glucocorticoid (=2}

- ECOG = 2 {n=2)

- Lumbar spine metastasis (n=2)

- Alcohol abuse [n=2)

- Recent cardiovascular ewent (n=2)
- Nliterate (n=1)

- Planned ADT durstion < & manths {n=12]
- Prier or planned chemotherapy (n=10]

- Pricr enralment in incompatible trisl (A=1)

r

| Declined to participsts (n=30)

| Unakble to procesd due to COVID-19 (n=1) |

| Randomised (n=73)

Allocation

| Allocated to Placebo (n=29)

| | Allocated to Estradiol (n=33)

l

Analysis baseline

| Completaed all baseline assessments (n=39)

| | Completad all baseline assessments (n=29) |

Mo cognitive battery
®  Technical error [n=2)
*  COVID-19 [n=1)

Lost to follow wp:

Na cognitive battery

Assessed at month 1 (n=29)
Completed all month 1 assessments (n=36)

*  Technical error (n=1)

#  Brain metastases (n=1)

Analysis month 1

Assessed at month 1 (n=23)
Completed all month 1 assessments (n=37)

Protocol viclations:
*  Coased ADT (n=2)

Mo cognitive battery:

*  COVID-19 [n=1)

*  Scheduling problem (n=1)

Lost to follow up:
®  Withdrew (n=1)

Mo cognitive battery:
*  COVID-19 {n=1)

Assessed at month 3 (n=39)
Completed all month 2 assessments [n=27)

Analysis month 3

Assessed at month 3 [n=37)
Completed all month 3 assessments [n=26)

Lost to follow up:
*  Withdrew [n=1)

Protocol viclations
*  Ceased ADT (n=1)

No cognitive battery:

* <758 gel adherence (n=2)

*  Technical error (n=1)

Protocol viclations:
*  Coased ADT {n=1)

adverse event [n=2)

*  Cessedintervention due to

*  Disallowed medication (n=2)

Assessed at month & (n=23)
Completed all month 6 assessments [n=37)

Figure 1: CONSORT flow diagram
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Analysis month &

Assessed at month 6 (n=27)
Completed all month & s [n=37)
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Estradiol (E2)
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Figure 2: Adjusted mean and 95% confidence interval of serum estradiol
concentration (pmol/L) by group and study visit. Mean adjusted difference, E2 group

versus placebo group, 207 pmol/L (95% Cl 123 — 292), p<0.001.
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