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Abstract: Androgen deprivation therapy (ADT) has been associated with adverse effects on the brain. ADT leads to
altered testosterone levels that may affect brain morphology as well as cognition. Considering the reliability of corti-
cal thickness (CT) as a marker of cognitive and brain changes, e.g., in Alzheimer’s disease, we assessed the impacts
of ADT on CT and working memory. Thirty men with non-metastatic prostate cancer receiving ADT and 32 patients
not receiving ADT (controls or CON), matched in age and years of education, participated in N-back task and quality-
of-life (QoL) assessments as well as brain imaging at baseline and prospectively at 6 months. Imaging data were
processed with published routines to estimate CT and the results of a group by time flexible factorial analysis were
evaluated at a corrected threshold. ADT and CON did not differ in N-back performance or QoL across time points.
Relative to CON, patients receiving ADT showed significantly higher frontopolar cortex (FPC) CT at 6-month follow-up
vs. baseline. Follow-up vs. baseline FPC CT change correlated negatively with changes in 2-back correct response
rate and in testosterone levels across all participants. In mediation analysis, FPC CT change mediated the associa-
tion between testosterone level change and 2-back accuracy rate change. Increases in FPC CT following 6 months of
ADT may reflect early neurodegenerative changes in response to androgen deprivation. While no significant impact
on working memory or QoL was observed over 6 months, further research of longer duration of treatment is war-
ranted to unravel the full spectrum of cognitive and neural consequences of ADT in prostate cancer patients.
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Introduction ADT during their illness [4, 5]. Despite its effi-

cacy, ADT is accompanied by multiple side

Prostate cancer is the second most frequently
diagnosed cancer and the fifth leading cause
globally (and second in the U.S.) of cancer-relat-
ed mortality in men [1]. The incidence rate for
prostate cancer has risen by 3% per year from
2014 through 2019 [2] and both localized
and metastasized prostate cancer has grown
steadily in prevalence over the years [3].

Androgen deprivation therapy (ADT) is widely
employed in the treatment of both localized
and advanced prostate cancer, with approxi-
mately 45% of diagnosed U.S. men receiving

effects, including cardiovascular, metabolic,
and sexual dysfunction, along with cognitive
impairment, all of which have significant im-
pact on patients’ quality of life [5-7]. Although
a significant concern to clinical outcome, the
presence or extent of ADT’s impact on cogni-
tive function in patients with prostate cancer
remains unclear [8], with reports suggesting
impairment [9, 10], no effects [11-13], or even
improvement [14]. Meta-analyses on the asso-
ciation between ADT and dementia, including
Alzheimer’s disease (AD), noted increased risk
of dementia/AD due to ADT in prostate cancer
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patients [7, 15, 16]. However, a recent large-
sample study did not find a significant associa-
tion between ADT and the development of AD in
men with prostate cancer [17].

Testosterone has been implicated in various
aspects of cognition, including memory, atten-
tion, spatial ability, and executive functions
[18]. Testosterone’s effects on cognition can
be illustrated in hypogonadism during aging
[19]. A study of aged male rats showed that
testosterone administration improves spatial
working memory possibly through its effects
on the hippocampus [20]. Castrated vs. intact
male rats demonstrated impaired spatial work-
ing memory, which was reversed by physiologi-
cal levels of testosterone replacement [21]. In
the radial arm maze, castrated rats committed
significantly more working memory errors than
did sham castrated rats [22]. In humans, tes-
tosterone supplementation improved working
memory, as tested with the Subject Ordered
Pointing Test, in older men [23]. In men with
newly diagnosed AD and hypogonadism, one
year of testosterone substitution vs. placebo
treatment resulted in improved visuospatial
ability [24]. Further, six weeks of testosterone
substitution vs. placebo treatment resulted in
better spatial and verbal memory performance
in men with mild cognitive impairment (MCI) or
AD [25]. Another study noted improved atten-
tion, executive function, and psychomotor sp-
eed after two-year of testosterone replacement
therapy in middle-aged hypogonadal men [26].
However, another study reported contrasting
findings in older adults with MCI and hypogo-
nadism, where physiological levels of testoster-
one substitution vs. placebo treatment did not
appear to improve visuospatial or overall cogni-
tive abilities [27]. A review of studies published
from 2000 to 2020 on the effects of testoster-
one replacement therapy on cognition in elderly
men found no significant effects of testoster-
one replacement on cognitive tests across
memory, attention, executive function, visuo-
spatial ability, working memory as well as the
global cognition-MMSE score in 13 out of 21
studies [28]. Thus, while the findings associat-
ing lower testosterone with cognitive dysfunc-
tion appears to be more robust, whether hor-
monal replacement remediates the deficits is
less clear.

Lower testosterone may represent a risk of
dementia. The Baltimore Longitudinal Study of
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Aging showed that low testosterone levels at
baseline could predict the development of AD
during a 10-year period, such that every 10-unit
reduction in free testosterone increased the
risk of AD by 26% [29]. Another study examined
the association between free testosterone
level and episodic memory and the interaction
between free testosterone and the APOE-¢4
allele - a genetic risk factor for late-onset AD
[30] - in determining memory performance in a
community-based sample of middle-aged men
[31]. The study noted that in APOE-¢4 carriers,
free testosterone levels were positively associ-
ated with verbal episodic memory performance,
suggesting that APOE-¢4 status may elevate
the susceptibility of individuals with low testos-
terone to cognitive decline [31]. Another study
noted a negative association between total tes-
tosterone and AB42, a fibrillogenic 42-amino
acid B-amyloid peptide that can trigger neuro-
toxic events, including tau accumulation, neu-
roinflammation, neurodegeneration, and cogni-
tive impairment [32], as an early marker of AD
in patients with MCI [33]. Together, these find-
ings suggest a potential role of testosterone in
influencing cognition and potentially predicting
the onset of dementia during aging, although
the effects of diminishing levels of testosterone
may vary with age and likely other individual
factors.

Magnetic Resonance Imaging (MRI) offers a
non-invasive approach for assessing brain
structure and function. It is becoming an
increasingly important tool in the early detec-
tion and monitoring of MCI or AD [34]. In addi-
tion to gray matter volume (GMV), studies have
employed cortical thickness (CT) as a more reli-
able structural measure of atrophy due to the
low variability in the cytoarchitectural structure
of the gray matters, lesser susceptibility to
potential confounds, such as total intracranial
volume, and higher test-retest reliability [35].
Further, relative to GMV, CT appears superior in
distinguishing people with MCI/AD from con-
trols and demonstrating a substantial correla-
tion with AD pathology [36, 37]. Elderly patients
with MCI vs. healthy individuals showed wide-
spread cortical thinning (except for the occipital
cortex) that features most prominently in the
medial temporal lobe and inferior orbitofrontal
cortex [35]. Another study noted significant cor-
tical thinning in the temporal lobe but not in the
frontal, parietal, or occipital lobe in MCl vs. con-
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trols [38]. Early MCI patients exhibited medial
temporal lobe and insula cortical thinning,
whereas late MCI patients exhibited additional
thinning in the dorsolateral prefrontal cortex,
anterior and medial temporal cortex, temporo-
parietal association cortices, and precuneus,
as compared to healthy controls [39]. In anoth-
er study, people with verbal but not the visual
amnestic MCI presented with anterior and
medial temporal cortical thinning as compared
with healthy controls [40].

Notably, evidence also suggests a potential
inverted-U pattern in changes of CT, wherein CT
increases in the very early stages but subse-
quently decreases with the onset and progres-
sion of the diseases [41]. Higher CT observed
early in AD and related disorders may repre-
sent a response to disease pathology, including
neuroinflammation, and its compensatory neu-
ral hypertrophy, or a combination of these and
other processes that are not fully understood
[42, 43]. A recent study of preclinical AD, peo-
ple in stage 1 (AB+/tau-) had lower rates of
medial frontal cortical thinning compared to
those in stage O (AB-/tau-), whereas those in
stage 2/3 (AB+/tau+) showed higher rates of
medial temporal cortical thinning as compared
to both stage 0 and 1, in agreement with the
inverted-U shaped trajectory of cerebral mor-
phological changes in preclinical AD [44].
Another study of cognitively intact individuals
showed that higher baseline CT along with
greater mean white matter diffusivity predicted
AD-related cortical atrophy and decline in epi-
sodic memory 12 years later [45]. Thus, elevat-
ed CT, even in the absence of behavioral or
cognitive changes, may antedate subsequent
alterations in brain morphology and the onset
of cognitive decline. Together, these findings on
MCI/AD may help in unraveling the effects of
ADT on cognition and brain in prostate cancer
patients.

Indeed, following many studies of the impact
of chemotherapy and hormonal therapy on
brain structure and function in breast cancer
patients [46-49], investigators have employed
brain imaging to examine the effects of ADT on
brain and cognition in prostate cancer patients.
Previous studies of structural and functional
MRI showed that, compared to participants
who did not receive ADT, prostate cancer pa-
tients undergoing ADT did not differ in cognitive
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performance, but they showed decreases in
frontopolar, dorsolateral prefrontal, and prima-
ry motor cortical GMVs [11] and diminished
prefrontal cortical activity and connectivity dur-
ing cognitive control [5]. Whereas a cross-sec-
tional study did not find significant differences
between ADT and control patients on GMYV,
white matter lesions or cognition [50], we noted
with diffusion tensor imaging reduced fraction-
al anisotropy in the corpus callosum, thala-
mic radiation and corona radiata following
6-months of ADT [13]. Further, these white mat-
ter changes correlated with decline in psycho-
motor speed in ADT patients [13]. During six
months of ADT, structural connectivity did not
differ between prostate cancer patients and
healthy controls; however, patients performed
worse than healthy controls on verbal memory,
visuospatial learning, and visuospatial memory
[51]. These findings underscore the utility of
brain imaging in identifying the impact of hor-
monal therapy on brain structure and function
prior to cognitive or behavioral manifestations.
However, experimental design, e.g., cross-sec-
tional vs. longitudinal, clinical heterogeneity,
and comparison group may have led to less
than consistent findings.

In the present study, we used longitudinal
structural MRI to evaluate changes in cortical
thickness (CT) among prostate cancer patients
who received ADT, as compared with patients
who did not receive the treatment. The partici-
pants were evaluated both at baseline and at
six months of follow-up. We focused on working
memory and quality of life in clinical assess-
ment and performed whole-brain analyses to
characterize changes in CT in ADT vs. control
group with repeated measures analyses of
variance.

Methods
Participants and clinical profiles

This is a longitudinal study, and participants
were evaluated at baseline and prospectively
at 6-month follow-up. We followed our earlier
studies in patient recruitment and screening
[5, 12]. Patients aged 50 to 75 with biopsy-
proven prostate adenocarcinoma and no dis-
tant metastases were enlisted from the Me-
dical Oncology and Urology Clinics at the West
Haven VA Connecticut Healthcare System.
Consistent with the National Comprehensive
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Cancer Network and American Urological
Society guidelines, treatment decisions were
independent of the patient’s participation in
the study. ADT involved a six-month course of
medical castration with an LH-RH agonist
(Goserelin or Leuprolide) administered subcu-
taneously, following a lead-in period with Bi-
calutamide 50 mg daily. Controls (CON) con-
sisted of non-metastatic prostate cancer pa-
tients who had not received ADT. ADT and CONs
were matched based on age and level of educa-
tion. Exclusion criteria for both ADT and CON
included Eastern Cooperative Oncology Group
Performance Status >1, active second malig-
nancy, significant cardiovascular, liver, renal, or
neurological disease, use of investigational
drugs or contraindications for MRI, current sub-
stance (except nicotine) use disorders as veri-
fied by a urine test for illicit substances, history
of other Axis | psychiatric iliness, and history of
traumatic brain injury or concussions causing
loss of consciousness. A questionnaire inter-
view was conducted for all participants to
ensure MRI eligibility. Participants with prosta-
tectomy were at least 3 months post-surgery
before study entry. Those receiving radiation
underwent baseline assessment and MR scan
before treatment initiation and needed to be
fully recovered from acute radiation side effects
during follow-up assessments.

Among 90 candidates with non-metastatic
prostate cancer, 75 who had never been treat-
ed with ADT were enrolled in the study. Thirty-
five patients were scheduled for ADT and 40
patients served as CON. Thirty-two ADT and 35
CON completed both baseline and follow-up
assessments. However, 2 ADT and 3 CON were
excluded due to poor image quality. Thus, the
data from 30 ADT and 32 CON were included

in the analyses (Supplementary Figure 1).

The study was approved by the Human In-
vestigation Committee of the West Haven VA
and Yale University School of Medicine (Ref.
No.: HIC#2000020501) and was conducted in
accordance with Declaration of Helsinki. All
participants provided a written informed con-
sent prior to the study.

Study procedures and assessment of cogni-
tion and quality of life

All participants underwent evaluation for quali-
ty of life (QoL), working memory assessment
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with N-back task (outside the scanner), and
MRI at baseline and at 6-month follow-up. At
baseline, participants were also assessed
for global cognition using Montreal Cognitive
Assessment (MoCA).

Working memory is a form of short-term memo-
ry that provides temporary storage and mani-
pulation of information necessary for complex
cognitive tasks [52]. All participants underwent
evaluation with the N-back task, a widely used
paradigm to assess working memory [53]

(Supplementary Figure 2).

As a general measure of QoL, participants com-
pleted the Functional Assessment of Cancer
Therapy-Prostate (FACT-P) questionnaire at
baseline and at 6-month follow-up [54, 55]. The
cumulative score of FACT-P subscale scores
of physical, social, emotional, functional well-
being, and prostate cancer subscale score
formed the total QoL score.

Imaging protocol and data processing

Participants were scanned on a Siemens
3-Tesla scanner (Trio; Siemens AG, Erlangen,
Germany). Data for each participant consisted
of a single high-resolution T1-weighted gradi-
ent-echo scan: 176 slices; 1 mm?2 isotropic vox-
els; field of view = 256 x 256 mm; data acquisi-
tion matrix = 256 x 256; TR = 2530 ms; TE =
3.66 ms; bandwidth = 181 Hz/pixel; flip angle =
7°.

The raw 3D T1 images first underwent a manual
quality check and then were reoriented to set
the origin close to anterior commissure. Com-
putational Anatomy Toolbox (CAT version 12)
package in Statistical Parametric Mapping or
SPM12 [56] was employed to estimate the CT.
CT depicts the width of the gray matter ribbon
as the distance between its inner and outer
boundary. Utilizing a projection-based thick-
ness method [57], the surface pipeline in CAT
estimates initial CT and central surface in a
combined step, accommodating partial volume
information, sulcal blurring, and sulcal asym-
metries, without the need for explicit sulcus
reconstruction. Following this initial process,
spherical harmonics [58] are employed to rec-
tify topological defects, addressing anatomi-
cally incorrect connections between gyri or
sulci. Subsequently, surface refinement yields
the final central, pial, and white surface mesh-
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Table 1. Demographic and clinical characteristics of the patients

ADT (n = 30) CON (n=32) tBO/Fl,GOgXQ/XQ’ p
Age (yr) 67.13 + 6.57 66.59 + 6.84 0.32,0.753
Education (yr) 13.53 £ 3.29 14.65 £ 2.91 1.43, 0.160
MoCA score 25.03 £2.02 26.78 £ 2.16 3.28, 0.002
Cancer Staging Stage I: 2 Stage I: 8 6.58, 0.087

Stage II: 14 Stage II: 13

Stage Ill: 11 Stage IlI: 11

Stage IV: 3 Stage IV: O

Radiation: 96.67%
Cryoablation: 3.33%

Local therapy

Active Surveillance: 40.62%
Radiation: 15.62%

Surgery: 37.50%

Surgery + Radiation: 6.25%

Baseline FU

Baseline FU

T level (ng/ml) 3.72+151 0.16 + 0.07

3.94 +1.52 348+ 158 76.62,<0.001

Note: MoCA: Montreal Cognitive Assessment, T: testosterone, FU: follow-up. For T levels, the statistics reflect treatment x time
interaction, while for the other variables the statistics reflect two-sample t-tests of ADT vs. CON at the baseline. Staging follows
the current guidelines of the American Joint Committee on Cancer (AJCC) that include Gleason score in the staging.

es. Next, the resulting individual surfaces we-
re registered to standard 32k mesh for each
hemisphere using a spherical mapping with
minimal distortions [59], and smoothed using a
15 mm Gaussian kernel.

Statistical analyses of clinical, behavioral, and
imaging data

All statistical analyses of clinical and behavior-
al data were conducted with Stata (Stata Corp
LLC, Texas, USA). We used repeated measures
ANOVA with group (ADT/CON) as a between-
subject factor and time point (baseline/6-
month follow-up) as a within-subject factor to
assess the changes during follow-up from
baseline in longitudinal variables. The ANOVA
model was adjusted for baseline age, educa-
tion, and MoCA score. The results that met
two-tailed P<0.05 were considered statistically
significant.

We used CAT's flexible factorial modelling with
group (ADT and CON) and time (baseline and
6-month follow-up) as factors, and baseline
age, education and MoCA score as covariates
of no interest, to identify longitudinal changes
in CT between ADT and CON in repeated-mea-
sures analysis of variance (ANOVA). We exam-
ined clusters showing significant treatment
(ADT/CON) x time (baseline/follow-up) interac-
tions at voxel P<0.001, uncorrected and clu-
ster P<0.05 FWE, corrected, according to cur-
rent reporting standards [60], and extracted
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the cortical thickness (CT B) across all partici-
pants for further statistical analyses.

Results
Baseline clinical profile of the participants

At baseline, ADT and CON patients were compa-
rable in age, years of education, and testoster-
one levels (T-level) (t,, = 0.59, P = 0.559) (Table
1). MoCA score was significantly higher in CON
than in the ADT group at the baseline. In addi-
tion, we observed a significant treatment x
time interaction in T-level, as expected of the
effects of ADT (Table 1; Figure 1A).

Follow-up vs. baseline changes in N-back task
performance and quality of life did not differ
across groups

N-back task performance and QoL scores are
presented in Supplementary Table 1. In repeat-
ed measures ANOVA adjusted for baseline age,
education, and MoCA scores, treatment x time
interaction was not significant for N-back per-
formance or QoL score (Supplementary Table
2). Figure 1B shows bar plots of mean + SD of
2-back hit rates.

Increased cortical thickness in ADT during
follow-up

Flexible factorial analysis showed significant

treatment x time interaction in the left fronto-
polar cortex (FPC) (Figure 2A). We extracted the
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Figure 1. Baseline and 6-month follow-up (A) testosterone levels (ng/ml), (B) 2-back hit rate, and (C) frontopolar cor-
tical (FPC) thickness in CON (open bars) and ADT (solid bars). * Indicates significant follow-up vs. baseline changes.
Correlation between (D) 2-back hit rate change vs. FPC thickness change, (E) testosterone level change vs. FPC
thickness change, and (F) 2-back hit rate change vs. testosterone level change in all (ADT+CON) participants. Data
points in the scatter plots are shown as residuals, with baseline age, education, MoCA score as covariates; F: follow-
up, B: baseline, CT: cortical thickness.

FPC CT B and in post-hoc test showed sig- and in all participants, and with change in
nificant follow-up vs. baseline change (i.e., T-level in all participants (Table 2). None of the
increased CT) in ADT (t,, = 5.88, P<0.001) but other correlations were significant (Table 2).
not in CON (t,, = 1.59, P = 0.122). Figure 1C

shows bar plots of mean + SD of FPC CT B's. In Frontopolar cortex thickness change mediated
another pos-hoc analysis, we used baseline the association between working memory and
FPC CT as an additional covariate (other covari- testosterone level changes

ates: age, education, MoCA score), and showed

significant treatment x time interaction (F

— We are specifically interested in assessing im-
1,60

26.01, P<0.001). pact of T-level changes on cognition and the

neural correlates of the impact. We observed
Changes in frontopolar cortex thickness cor- significant correlations amongst FPC CT
related with changes in working memory and change, 2-back hit rate change, and T-level
testosterone levels change at follow-up vs. baseline across all par-

ticipants (Figure 1D-F). We thus performed
We evaluated whether the follow-up vs. base- mediation analyses to examine the inter-rela-
line change in FPC CT B correlated with the tionship of the three variables. We tested all 6
changes in N-back performance metrices or possible models and noted complete media-
the change in QoL score in ADT, CON, and all tion for the models: 2-back hit rate difference
(ADT+CON) participants. Follow-up vs. baseline — CT difference — T-level difference and
change in FPC CT B significantly and negatively T-level difference — CT difference — 2-back hit
correlated with 2-back hit rate change in CON rate difference; and partial mediation for the
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Figure 2. A. The left frontopolar cortex (FPC) thickness showed significant treatment x time interaction at voxel
P<0.001 uncorrected and cluster P<0.05 FWE in repeated measures ANOVA with baseline age, education and
MoCA as covariates. B. FPC thickness change mediated the association between testosterone level change and
2-back hit rate change across all (ADT+CON) participants. Cortical regions were identified using Desikan-Killiany
(DKA40) cortical atlas [71]. The statistics reported in the mediation model include beta coefficients (B), p-values.

model: 2-back hit rate difference — T-level
difference — CT difference (Supplementary
Table 3). As the two models with 2-back hit rate
difference (i.e., performance outcome) as the
independent variable was conceptually unten-
able, only the model T-level difference — CT
difference — 2-back hit rate difference with
complete mediation is considered valid (Figure
2B).
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Analysis in matched sample replicated the
findings in original sample

We repeated the analyses in demographically
matched ADT (n = 30) and CONs (n = 28)
(Supplementary Table 4). Following the original

findings, testosterone (Supplementary Figure
3A), but not the 2-back hit rate (Supplementary

Figure 3B) showed significant treatment x time

Am J Cancer Res 2024;14(7):3652-3664
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Table 2. Association between the frontopolar cortical thick-
ness change (follow-up minus baseline) and changes in N-back
performance metrics and testosterone levels (follow-up minus

duration may lead to impairment
in QoL, working memory, and
other cognitive functions.

baseline) . . .
The FPC is considered an impor-
ADT CON All (ADT+CON) tant region for working memory,
r P r p r P amongst other cognitive pro-
0-back hit rate -0.16 0.414 0.009 0.962 0.06 0.649 cesses, including planning and
1-back hit rate -0.004 0.983 -0.24 0.214 -0.13 0.334 management of multiple behav-
2-back hit rate -0.22 0.268 -0.53 0.003* -0.39 0.002* ioral goals [62-65]. We did not
0-back RT -0.08 0.675 -0.05 0.795 -0.02 0.856 observe significant follow-up vs.
1-back RT -0.05 0.778 -0.13 0502 -0.09 0.458 baseline changes in working
2-back RT 0.058 0.771 -0.19 0.312 -0.07 0.584 memory accuracy or reaction
QoL 0.14 0.489 -0.09 0.656 0.06 0.624 time in patients undergoing ADT.
Testosterone level -015 0464 -016 0394 -045 <0o00ix  1owever the changes in FPC CT

Note: *P<0.05 Pearson regression with baseline age, years of education, and

MoCA score as covariates.

interaction. We also noted significant treat-
ment x time interaction for FPC CT (F ., =
19.19, P<0.001) (Supplementary Figures 3C,
4A). Further, we observed significant correla-
tions amongst FPC CT change, 2-back hit rate
change, and T-level change at follow-up vs.
baseline across all participants (Supplemen-
tary Figure 3D-F), and a trend-level significance
in mediation effects for the model: 2-back hit
rate difference — CT difference — T-level dif-

ference (Supplementary Figure 4B).

Discussion

ADT has been associated with physiological,
metabolic, and cognitive side effects, which
can potentially impact the quality of life (QoL) of
prostate cancer patients [61]. Here, we showed
that N-back working memory and QoL did not
appear to be significantly influenced by ADT for
a duration of 6 months. With structural brain
imaging, we observed higher cortical thickness
(CT) of the frontopolar cortex (FPC) in patients
undergoing 6 months of ADT, but no changes in
patients who did not receive ADT. Further, the
changes in FPC CT at follow-up vs. baseline
were significantly and negatively correlated
with changes in 2-back correct response rate
and testosterone level across all participants.
In mediation analysis, FPC CT change mediated
the association between testosterone level
and 2-back accuracy rate changes. These find-
ings support the impact of ADT on the brain,
potentially reflecting neurodegenerative chang-
es early during the course of treatment. It
remains to be seen whether ADT for a longer
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correlated negatively with 2-back
accuracy rate change across all
participants (ADT+CON). That is,
an increase in thickness corre-
sponds to decrease in working memory accu-
racy. This association seems to be driven more
by the CON than by ADT group, possibly sug-
gesting that, first, changes in CT transpires dur-
ing this time period of cancer diagnosis and/or
aging in prostate cancer patients, including
those who did not receive ADT, and second, the
pathophysiological processes elicited by an-
drogen deprivation (chemical castration) may
have obscured inter-subject variability such
that the correlation was less detectable in the
ADT group. A question concerns why increases
in FPC thickness were associated with impair-
ment in working memory. We speculated that
this may have to do with the unique roles of the
FPC in managing multiple behavioral goals. In
an earlier study of non-human primates, unlike
other prefrontal cortical lesions, circumscribed
FPC lesions did not impair primates’ ability to
learn task-switching during an analog of the
Wisconsin Card Sorting Task [65]. Rather, FPC-
lesioned monkeys were more successful than
control animals at remembering the relevant
rule across experimentally imposed distrac-
tions involving either an intervening secondary
task or a surprising delivery of free reward. The
FPC may be specialized for disengaging execu-
tive control from the current task and redirect-
ing resources to explore new opportunities or
goals [65]. Thus, monkeys with FPC lesions
were able to perform the task better without
“having to be” distracted by the intervening
stimuli. The current findings of elevated FPC
thickness in six months and of negative correla-
tion between FPC thickness and memory per-
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formance appear to reflect this unique role of
the FPC. With FPC engaged to a great extent,
participants are perhaps more vulnerable to
the intervening non-target stimuli in the N-back
task.

Here, higher FPC cortical thickness in prostate
cancer patients following 6-month of ADT may
indicate hypertrophy in a cognitive brain region,
in response to neuroinflammation or other, less
understood pathological changes that also
occur in cognitively normal elderly [42-44].
Notably, this morphometric change mirrors the
findings in people with early stages of MCI and
AD [41]. For instance, in cognitively normal
elderly at different stages of preclinical AD,
those in stage O (AB-/tau-) had higher rates of
medial frontal cortical thinning compared to
those in stage 1 (AB+/tau-), whereas those in
stage 2/3 (AB+/tau+) showed higher rates of
medial temporal cortical thinning as compared
to both stage 0 and 1 [44]. Another study
showed that early preclinical stage of AD, esti-
mated at 20 to 15 years before symptom onset,
was characterized by an increase in occipitopa-
rietal cortical thickness, which was followed by
cortical thinning in later, symptomatic stages.
Further, this pattern of cortical thickness
changes aligned with the cerebrospinal fluid
(CSF) p-Tau AD marker [66]. A more recent
study observed that greater baseline cortical
thickness was associated with higher odds
(odds ratio = 1.65) of progressing to MCl over a
12-year period [45]. Thus, the increase in corti-
cal thickness as observed here may indicate
early morphometric brain changes due to ADT,
which might reverse its course with longer
duration of ADT.

We also noted significantly reduced testoster-
one levels in ADT vs. CON for 6 months follow-
up. This was expected as ADT works by reduc-
ing the levels of testosterone [67]. Across all
participants, the follow-up vs. baseline changes
in testosterone level correlated with both FPC
thickness and 2-back accuracy rate changes.
These findings are consistent with testoster-
one’s role in cognitive functioning [19, 68] and
supporting brain structure and function [11,
69]. Adding to our earlier report of prefrontal
cortical volumetric changes as a result of ADT
[11], the current findings highlighted the im-
pact of altered testosterone levels induced
by ADT on FPC thickness. Additionally, we ob-
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served with mediation analyses that testoster-
one levels can influence working memory
through changes in FPC thickness. Thus, al-
tered testosterone levels can impact cognitive
functioning by altering brain morphology. Long-
term consequences of such alterations remain
to be studied.

A number of limitations need to be considered.
First, the study involved a small sample, and
the results would need to be replicated. On the
other hand, we wish to emphasize that the
imaging results were obtained at a corrected
threshold and would likely be robust. Second,
working memory represents one aspect of cog-
nitive functions. Studies are needed to employ
a more comprehensive battery of neuropsycho-
logical tests and other neural metrics to fully
investigate potential cognitive dysfunction in
prostate cancer patients receiving ADT [70].
Third, although we assessed cortical thickness
changes in the current study, future research
should consider other valuable MRI metrics,
including the resting-state metrices, e.g., ampli-
tude of low frequency fluctuations (ALFF) and
functional connectivity (FC). Finally, as patients
may undergo ADT for a longer duration, the cur-
rent findings should be considered as specific
to patients with only 6 months of exposure to
ADT. A longer follow-up would allow us to deter-
mine the longitudinal validity of elevated fronto-
polar CT and its potential association with cog-
nitive dysfunction.

In summary, our study reveals that 6 months of
ADT leads to increases in FPC thickness, poten-
tially indicating early neurodegenerative chang-
es in response to hormonal treatment, in
prostate cancer patients. Testosterone level
changes were associated with alterations in
FPC thickness and working memory across all
participants, highlighting the role of testoster-
one in cognitive functions and brain structure.
While no significant impact on working memory
or quality of life was observed over six months,
research over longer duration of treatment is
warranted to unravel the full spectrum of cogni-
tive and neural consequences of ADT in pros-
tate cancer patients.
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Supplementary Figure 1. Study timeline. Note: Treatment for the patients followed current guidelines and were
independent of the current study. Three patients of the ADT group had previously undergone surgery. ADT: androgen
deprivation therapy, CON: control, MRI: magnetic resonance imaging, QoL: quality of life, LH-RH: luteinizing hormone
releasing hormone, RT: radiation therapy. Treatment decisions for all participants followed current National Compre-
hensive Cancer Network and American Urological Society practice guidelines and were independent of participation
in this research protocol. Thus, the enrollment was not random. Briefly, therapeutic interventions for prostate cancer
depend on a number of factors, most importantly the extent of tumor staging (with stage I-lll indicating disease
affecting part or whole of the prostate and stage IV indicating disease spreading outside the prostate) and the
Gleason score (with higher score indicating more poorly differentiated and prognostically more aggressive disease).
Only patients with localized prostate cancer without distant metastatic spread were invited to participate. Aside from
symptoms related to prostatic enlargement, this patient group is usually asymptomatic from their cancer. Gleason
scoring is a histologic grading system for prostate adenocarcinomas used for risk stratification and is not a reflec-
tion of a patient’s general health and performance status. Patients in the control group (CON) had never received
any hormonal therapy and were either on active surveillance or treated with surgery or radiation alone. Patients
with localized prostate cancer who were scheduled to undergo radiation therapy followed by at least 6 months of
adjuvant ADT and patients starting ADT for biochemical recurrence without evidence for any metastatic disease
were recruited to the ADT arm (ADT).
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Supplementary Figure 2. N-back working memory task. A stream of fifteen phonologically distinct letters appears
in sequency each for a duration of 500 ms and with an inter-stimulus-interval of 1500 ms. There are three differ-
ent conditions: O-, 1-, and 2-back, differing in working memory load. In the O-back trials, participants identified a
pre-specified target (e.g., letter “E”); in the 1- and 2-back trials, there is no fixed target; in contrast, a letter that is
the same as the one 1- and 2-time steps back represents the target, respectively. Participants were instructed to
response as accurately and as fast as possible. N-back task was administered at baseline and 6-month follow-up
outside the scanner. Each subject completed 3 sessions of the task, with each session containing two each of O-,
1-, and 2-back blocks, the order of which was counter-balanced across sessions. Each block began with an informa-
tion screen showing the “working memory load” for that block (5 s) and contained 24 trials, with one-third showing
a target. Correct response rate and reaction time, averaged across blocks and sessions, each for O-, 1- and 2-back
trials, serves as an outcome measure of N-back performance.

Supplementary Table 1. N-back performance and QoL score (mean * SD) in ADT and CON at base-
line and six-month follow-up

Variables - ADT - CON
Baseline Follow-up Baseline Follow-up

0-back hit rate 96.03 £ 10.06 96.25 + 6.89 99.77 £ 0.70 96.35+9.71
1-back hit rate 86.03 + 11.86 79.76 +21.81 89.65 + 13.78 89.36 + 18.28
2-back hit rate 63.01 + 18.47 59.77 + 17.87 67.85 +21.37 67.11 £ 21.47
0-back RT 525.71 + 101.60 542.87 + 69.46 506.22 + 97.50 513.78 + 88.48
1-back RT 640.24 £ 121.48 658.37 + 109.21 613.69 + 162.59 632.07 + 150.08
2-back RT 782.38 £ 190.81 758.70 £ 194.69 712.41 + 177.96 714.75 + 161.75
QoL 111.33+18.34 111.26 + 18.52 124.06 + 17.43 122.87 + 20.12

Supplementary Table 2. Treatment (ADT vs. CON) and time (follow-up vs. baseline) main and interac-
tion effects of N-back performance and QoL scores: repeated measures ANOVA

. Group Time Treatment x time

Variables

F-value p-value F-value p-value F-value p-value
O-back hit rate 0.43 0.515 1.35 0.250 1.76 0.189
1-back hit rate 0.65 0.425 1.56 0.216 1.29 0.259
2-back hit rate 0.01 0.934 0.85 0.359 0.33 0.565
0-back RT 0.62 0.432 0.94 0.337 0.14 0.709
1-back RT 0.04 0.254 1.33 0.254 0.00 0.994
2-back RT 0.96 0.331 0.17 0.677 0.26 0.612
QoL 6.16 0.016* 0.10 0.747 0.08 0.773

Note: *P<0.05 adjusted for baseline age, years of education, and MoCA score.

Supplementary Table 3. Mediation model $ and p values (X/M/Y: independent/mediating/depen-
dent variable with baseline age, education, MoCA as covariate)

X M Y P. p . -

X—=M M—-Y X=Y Direct X —Y IndirectX =Y
CT diff 2-back diff T-diff -66.03, 0.001 0.02,0.214 -9.66,<0.001 -8.41, 0.001 -1.25, 0.245
CT diff T-diff 2-back diff -9.66, <0.001 1.28,0.214 -66.03,0.001 -53.64,0.015 -12.38, 0.236
2-back diff CT diff T-diff -0.002, NO.OO1 -8.42,0.001 0.04, 0.012 0.02,0.214 0.02, 0.021**
2-back diff T-diff CT diff 0.04, 0.012 -0.02,0.001 -0.002,0.001 -0.002,0.015 -0.0006, 0.048*
T-diff CT diff 2-back diff -0.02,<0.001 -53.64,0.015 2.41,0.012 1.28,0.214 1.13, 0.038**
T-diff 2-back diff CT diff 2.41,0.012 -0.002,0.015 -0.02,<0.001 -0.02, 0.001 -0.004, 0.081

Note: **complete and *partial mediation.
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Supplementary Table 4. Demographic and clinical characteristics of the patients matched in demo-
graphics

ADT (n = 30) CON (n =28) TSG/FLSGg”/xZ, p
Age (yr) 67.13 + 6.57 66.32 + 7.00 0.46, 0.651
Education (yr) 13.53 £ 3.28 14.92 £ 3.00 1.43, 0.160
MoCA score 25.03 £ 2.02 25.96 + 1.71 1.88, 0.064
Cancer Staging Stage I: 2 Stage I: 6 5.14, 0.162

Stage II: 14 Stage II: 12

Stage IlI: 11 Stage IlI: 10

Stage IV: 3 Stage IV: O
Local therapy Radiation: 96.67% Active Surveillance: 46.63% -

Cryoablation: 3.33% Radiation: 14.28%

Surgery: 35.71%
Surgery + Radiation: 3.57%
Baseline FU Baseline FU
T level (ng/ml) 3.72+151 0.16 + 0.07 3.94 +1.52 3.48 +1.58 98.37.62, <0.001

Note: MoCA: Montreal Cognitive Assessment, T: testosterone, FU: follow-up. For T levels, the statistics reflect treatment x time
interaction, while for the other variables the statistics reflect two-sample t-tests of ADT vs. CON at the baseline. Staging follows
the current guidelines of the American Joint Committee on Cancer (AJCC) that include Gleason score in the staging.
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Supplementary Figure 3. Baseline and 6-month follow-up (A) testosterone levels (ng/ml), (B) 2-back hit rate, and
(C) frontopolar cortical (FPC) thickness in CON (open bars) and ADT (solid bars). * Indicates significant follow-up vs.
baseline changes. Correlation between (D) 2-back hit rate change vs. FPC thickness change, (E) testosterone level
change vs. FPC thickness change, and (F) 2-back hit rate change vs. testosterone level change in all (ADT+CON)
participants. Data points in the scatter plots are shown as residuals, with baseline age, education, MoCA score as
covariates; F: follow-up, B: baseline, CT: cortical thickness.
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B =-52.31, p = 0.030

FPC CT change

B =-0.02, p<0.001 [

Testosterone level B=232,p=0.019

2-back hit rate
change

Mediated: B = 1.15, p = 0.053 change
Unmediated: g = 1.17, p = 0.284

Supplementary Figure 4. A. The left frontopolar cortex (FPC) thickness showed significant treatment x time interac-
tion at voxel P<0.001 uncorrected and cluster P<0.05 FWE in repeated measures ANOVA with baseline age, educa-
tion and MoCA as covariates. B. FPC thickness change mediated (at trend significance) the association between
testosterone level change and 2-back hit rate change across all (ADT+CON) participants. Cortical regions were

identified using Desikan-Killiany (DK40) cortical atlas [71]. The statistics reported in the mediation model include
beta coefficients (B), p-values.



