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Abstract
Background Off-target central nervous system (CNS) effects are associated with androgen receptor (AR)-targeting treatments 
for prostate cancer. Darolutamide is a structurally distinct AR inhibitor with low blood–brain barrier penetration.
Objective We compared cerebral blood flow (CBF) in grey matter and specific regions related to cognition after darolutamide, 
enzalutamide, or placebo administration, using arterial spin-label magnetic resonance imaging (ASL-MRI).
Methods This phase I, randomized, placebo-controlled, three-period crossover study administered single doses of darolu-
tamide, enzalutamide, or placebo to 23 healthy males (aged 18–45 years) at 6-week intervals. ASL-MRI mapped CBF 4 h 
post-treatment. Treatments were compared using paired t-tests.
Results Drug concentrations during scans confirmed similar unbound exposure of darolutamide and enzalutamide, with 
complete washout between treatments. A significant localized 5.2% (p = 0.01) and 5.9% (p < 0.001) CBF reduction in the 
temporo-occipital cortices was observed for enzalutamide versus placebo and versus darolutamide, respectively, with no 
significant differences for darolutamide versus placebo. Enzalutamide reduced CBF in all prespecified regions, with signifi-
cant reductions versus placebo (3.9%, p = 0.045) and versus darolutamide (4.4%, p = 0.037) in the left and right dorsolateral 
prefrontal cortices, respectively. Darolutamide showed minimal changes in CBF versus placebo in cognition-relevant regions.
Conclusions Darolutamide did not significantly alter CBF, consistent with its low blood–brain barrier penetration and low 
risk of CNS-related adverse events. A significant reduction in CBF was observed with enzalutamide. These results may be 
relevant to cognitive function with early and extended use of second-generation AR inhibitors, and warrant further investiga-
tion in patients with prostate cancer.
Trial Registration Number NCT03704519; date of registration: October 2018.

Plain Language Summary
Androgens, or male sex hormones, bind to androgen receptors within prostate cells and can cause growth of prostate cancer. 
The treatment of prostate cancer often includes drugs that bind to androgen receptors, called androgen receptor inhibitors, 
keeping androgens from binding to the receptors and preventing prostate cancer growth. In clinical studies, these drugs may 
have adverse effects on the central nervous system, or brain, including dizziness, falls, and impaired thinking and problem 
solving. This study compared the effects of two androgen receptor inhibitors, darolutamide and enzalutamide, and placebo 
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on blood flow in the brain. Blood flow was measured by a type of magnetic resonance imaging in healthy men after receiving 
a single dose of treatment. Blood flow in the brain was reduced by enzalutamide compared with both placebo and darolu-
tamide. Darolutamide did not decrease brain blood flow. This lack of effect on brain blood flow is in line with preclinical 
studies that showed darolutamide’s limited ability to cross the blood–brain barrier, which is the naturally occurring barrier 
that protects the brain from harmful substances. In clinical studies of patients with prostate cancer treated with darolutamide, 
adverse effects on the brain have occurred in similar proportions of patients receiving darolutamide and placebo. In contrast, 
enzalutamide treatment has an increased risk of adverse effects on the brain versus placebo. The results of this study provide 
information on the effects of these androgen receptor inhibitors on brain blood flow that may be related to their adverse 
effects on the brain and its functioning.

Key Points 

This study evaluated the effect of darolutamide and enza-
lutamide on cerebral blood flow measured by arterial 
spin-labeled magnetic resonance imaging as a surrogate 
measure of the drugs’ brain penetration.

Consistent with low blood–brain barrier penetration, 
darolutamide showed no significant reduction in cerebral 
blood flow compared with placebo.

In contrast, enzalutamide significantly reduced localized 
cerebral blood flow in all prespecified regions.

1 Introduction

Androgen deprivation therapy (ADT) is the backbone of 
systemic therapy for prostate cancer; however, a range of 
cognitive and other central nervous system (CNS) changes 
have been associated with ADT [1, 2]. In clinical studies, 
CNS-related adverse events (AEs) such as seizures, dizzi-
ness, fatigue, falls, and impaired cognitive function have 
been reported with ADT as well as novel androgen receptor 
(AR) pathway-directed therapies [1, 3]. AR expression has 
been reported in neural areas, such as the prefrontal cortex 
and the mesocorticolimbic system, which are responsible for 
executive function [4, 5]. Cognitive impairments can lead to 
functional problems related to comprehension, concentra-
tion, and memory [6]. Thus, it is important that the impact of 
these AR-directed therapies on CNS-related AEs be identi-
fied and managed to ensure that patient safety and quality of 
life are maintained [1].

CNS-related AEs reported with AR inhibitors are thought 
to be associated with the penetration of the blood–brain 
barrier (BBB) by these drugs [7–10]. The AR inhibitors 
enzalutamide and apalutamide penetrate the BBB with a 
brain:plasma ratio of 27% and 62%, respectively, in mice [7, 

8]. In the phase III PROSPER trial of patients with nonmeta-
static castration-resistant prostate cancer (nmCRPC), enza-
lutamide was associated with an increased risk of fatigue, 
falls, dizziness, headache, mental impairment disorders, and 
seizures compared with placebo [11]. A meta-analysis found 
a significantly higher risk of anxiety, insomnia, headache, 
and restless leg syndrome in patients with metastatic CRPC 
receiving enzalutamide versus those receiving placebo [12]. 
In the phase III SPARTAN trial of patients with nmCRPC, 
fatigue, falls, and mental impairment disorders were 
reported more frequently in patients receiving apalutamide 
plus ADT compared with placebo plus ADT, and seizures 
were reported in two patients treated with apalutamide [13].

Darolutamide is a highly potent oral AR inhibitor that 
is structurally distinct from enzalutamide and apaluta-
mide [8]. Preclinical pharmacokinetic studies in male mice 
reported a very low BBB penetration of darolutamide with 
a brain:plasma ratio of 1.9–3.9% following oral doses of 
25, 50, or 100 mg/kg twice daily for 7 days, which was 
markedly lower than that observed with enzalutamide and 
apalutamide [8]. In an autoradiography study in male rats, 
in vivo tissue distribution after a single dose each of 10 mg/
kg 14C-labeled darolutamide, enzalutamide, or apalutamide 
revealed a tenfold lower brain:blood ratio of 14C-labeled 
darolutamide compared with the other two AR inhibitors 
(Fig. 1) [8, 14–16]. In the phase III ARAMIS trial of patients 
with nmCRPC, the incidence of AEs was similar for daro-
lutamide plus ADT and placebo plus ADT, including the 
CNS-related AEs of dizziness, impaired memory, cognitive 
disorders, and change in mental status [17, 18]. Fatigue was 
the only AE with an incidence > 10% in the darolutamide 
arm (13.2% vs. placebo, 8.3%). The incidence of AEs with 
darolutamide was generally lower than that reported with 
enzalutamide and apalutamide in the PROSPER and SPAR-
TAN trials [11, 13, 18].

The risk of drug-associated, CNS-related AEs is likely to 
be determined by the drug concentration in the brain after 
oral administration. This study investigated changes in cer-
ebral blood flow (CBF) using arterial spin-labeled (ASL) 
magnetic resonance imaging (MRI) as a proxy for brain pen-
etration of darolutamide, enzalutamide, and placebo. The 
ASL-MRI technique is a reliable and consistent measure 
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of resting-state CBF that can be used to assess change in 
CBF related to brain function following administration of a 
single-dose drug [19–22]. This technique has been applied 
to evaluation of CBF changes in individuals with mild cogni-
tive impairment in response to memory-encoding tasks as a 
potential biomarker in Alzheimer disease [23].

2  Materials and Methods

2.1  Study Design

This phase I, randomized, placebo-controlled, three-period 
crossover study (NCT03704519) consisted of a screening 
visit, three treatment periods, and a follow-up visit for all 
participants (Fig. 2). The screening visit occurred within 
35 days prior to the first treatment period and included 
screening MRI to assess for the presence of any structural 
variants or pathologic abnormalities. Each treatment period 
included a 1-day visit and a 42-day washout period, fol-
lowed by a visit within 7 days from the end of the washout 
period after the third period. After completing the screen-
ing, participants were randomly assigned, using a computer-
generated randomization list, to one of six different treat-
ment sequences in which a single oral dose of darolutamide 
300 mg (four tablets), enzalutamide 160 mg (four capsules), 
or placebo (four tablets) was administered approximately 

30 min after a standardized meal on day 1. A lower dose 
of darolutamide than the approved treatment dose (600 mg) 
was used to achieve unbound plasma concentrations com-
parable with enzalutamide.

The study was conducted at a single study center in the 
UK (Center for Neuroimaging Sciences, Institute of Psychia-
try, Psychology, and Neuroscience at King’s College Hos-
pital, London). The protocol was reviewed and approved by 
the South Central—Berkshire Research Ethics Committee 
and the Medical and Healthcare Regulatory Authority before 
study initiation. The study was conducted in accordance with 
the ethical principles of the Declaration of Helsinki and the 
International Council for Harmonisation guidelines for Good 
Clinical Practice, and met all local legal and regulatory 
requirements. All participants provided written informed 
consent.

2.2  Study Population

Participants were healthy males aged 18–45 years with a 
body mass index within the range of 18.0–30.0 kg/m2. Par-
ticipants were excluded if they had known contraindication 
to MRI, structural variants or pathological abnormalities on 
screening period brain MRI, history of neurological or psy-
chiatric disorders, ongoing medical condition involving the 
vital organs, diagnosed malignancy within 5 years, or had 

Fig. 1  Brain distribution of 
 [14C]darolutamide,  [14C]enza-
lutamide, and  [14C]apalutamide 
at 8 h postdosing in male Wistar 
rats based on whole-body auto-
radiography [14]

Darolutamide 10 mg/kg
8 hours

[μg-eq/g]
Blood heart 0.870 -

970.08860.0niarB

Hypothalamus 0.0527 0.061

Darolutamide

Enzalutamide

Apalutamide

Enzalutamide 10 mg/kg
8 hours

[μg-eq/g]

Blood heart 4.03 -

708.052.3niarB

Hypothalamus 3.44 0.854

Apalutamide 10 mg/kg
8 hours

[μg-eq/g]

Brain-to-Blood
Ratio

Brain-to-Blood
Ratio

Brain-to-Blood
Ratio

Blood heart 2.15 -

748.028.1niarB

Hypothalamus 1.80 0.837
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received any medication that may influence the study objec-
tives within 2 weeks prior to the start of the study.

2.3  Study Procedures

ASL-MRI scans were performed on a GE Healthcare 
Discovery™ MR750 3 Tesla (T) scanner using a NOVA 
32-channel head coil at 4 h (± 30 min) postdose in the after-
noon on day 1 of each period. At each scanning visit, a 
three-plane localizer and a sagittal three-dimensional (3D) 
T1-weighted structural sequence covering the entire brain 
and skull were performed. Two ASL scans (about 6 min 
each) were acquired in the axial plane using a pseudoc-
ontinuous arterial spin-labeling sequence (pCASL) with a 
multishot, segmented 3D stack of axial spirals (eight arms) 
readout with a resultant spatial resolution of approximately 
2 × 2 × 3 mm. The two ASL scans were averaged to increase 
signal-to-noise ratio. Labeling time was 1800 ms (a train of 
Hanning-shaped radiofrequency pulses) with an unbalanced 
labeling scheme. The post-labeling delay was 2025 ms and 
four inversion pulses were collected during the post-label 
delay. Images were obtained in an interleaved fashion, with 
fast spin echo (echo time of 11.1 ms), producing 512 readout 
points per interleave, with eight interleaves in total and four 
control-label pairs.

Prior to analysis, all CBF images for each participant/
session were preprocessed using the standard unified 
segmentation-based pipeline in the Automatic Software 
for ASL Processing (ASAP) toolbox based on the statis-
tical parametric mapping software (SPM version 12) run 
in Matlab 17b [24–26]. The images were co-registered to 
the high-resolution T1-weighted structural image and then 

normalized to Montreal Neurological Institute (MNI) space 
via unified segmentation. In this process, the images were 
also upsampled to a resolution of 2 × 2 × 2 mm. Finally, the 
images were smoothed by an 8-mm smoothing kernel. One 
proton density image was collected at the end of the series 
for CBF quantification, which was performed in a blinded 
fashion following the current ASL consensus article [27]. 
To minimize bias due to variation in CBF in relation to the 
circadian rhythm effect, dosing of study drug occurred in the 
morning to allow the MRI scan to be consistently performed 
in the afternoon for each individual.

Blood samples were collected within approximately 
15 min following the completion of the MRI scan in periods 
1, 2, and 3 and on day 1 prior to study drug administration 
for periods 2 and 3. Plasma concentrations were measured 
for the individual diastereomers of darolutamide and enzalu-
tamide as well as their major metabolites keto-darolutamide 
and N-desmethyl enzalutamide.

2.4  Outcome Measures

The primary endpoints were the whole-brain analyses of 
voxel-by-voxel changes in global grey matter CBF derived 
from ASL-MRI at 4 h (± 30 min) post-treatment for the 
comparisons of enzalutamide versus placebo, darolutamide 
versus placebo, and enzalutamide versus darolutamide. Sec-
ondary endpoints were changes in mean CBF in prespecified 
regions of interest (ROIs) relevant to cognitive function (i.e., 
the hippocampus, frontal cortex, and amygdala) as measured 
by ASL-MRI at 4 h (± 30 min) post-treatment for the same 
comparisons as the primary endpoint.

26 male
healthy

volunteers
(23 full

completers)

At P3
D42 +7d

Screening and
enrollment Period 1 Period 2 Period 3 Follow-up

42 days 42 days

PK sampling (predose)

Single dose of study intervention

MRI (4h ± 30 min post dose)

PK sampling (after MRI)

Safety labs
Day 1 Day 1

42 days

Day 1

ENZA

DARO

PBO

DARO

ENZA

PBO

PBO

ENZA

DARO

PBO

DARO

ENZA

DARO

PBO

ENZA

ENZA

PBO

DARO

Fig. 2  Study design. Single doses of darolutamide 300 mg and enzalutamide 160 mg were administered. D/d day, DARO darolutamide, ENZA 
enzalutamide, MRI magnetic resonance imaging, P3 period 3, PBO placebo, PK pharmacokinetic
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Safety was assessed by physical examination, reporting of 
AEs, vital signs, 12-lead electrocardiogram, and blood and 
urine assessments prior to each dose of study drug.

2.5  Statistical Methods

Statistical sample size estimation was not performed for this 
study. A published estimate of the power needed to detect 
a modest 10% change in perfusion in a placebo-controlled 
crossover design (i.e., size of change we observed in the 
striatum following haloperidol administration) showed that 
12–18 participants would be sufficient to detect a significant 
change between visits [28]. The chosen sample size of 24 
participants was planned to be equally assigned to the six 
treatment sequences. For primary endpoint analyses, paired 
t tests were performed to evaluate differences within each 
participant in each voxel of the whole-brain CBF maps (i.e., 
global grey matter) for the comparisons of enzalutamide ver-
sus placebo, darolutamide versus placebo, and enzalutamide 
versus darolutamide. This approach removes the influence 
of interparticipant variability. Results were only considered 
significant if they survived whole-brain family-wise error 
correction (< 0.05) based on the cluster size. Clusters were 
defined using an uncorrected cluster-forming threshold of 
p < 0.005. All analyses controlled for the potential confound-
ing effects of drug-related changes in physiologic parameters 
(e.g., heart rate, systolic and diastolic blood pressure).

For secondary endpoint analyses, predefined ROI analy-
ses were carried out using regions relevant to cognition, and 
mean CBF values were extracted using the MarsBar ROI 
toolbox in SPM12 [25, 29]. ROIs were constructed a priori 
using the neuroimaging meta-analysis repository, Neuro-
Synth. Linear mixed-effects models based on Matlab 2017b 
[26] were used with physiology as a nuisance covariate to 

compare the mean CBF in each region following study drug 
administration. These data underwent the same analysis as 
described above, and the results were considered significant 
with a critical alpha of 0.05 (p < 0.05).

The potential effects of treatment sequence were analyzed 
using an analysis of variance (ANOVA) including sequence, 
period, and treatment as fixed effects and subject (sequence) 
as a random effect. Point estimates (least squares means) and 
exploratory 90% confidence intervals (CIs) were calculated 
for the three comparisons in each ROI. A sequence effect 
was detected if the hypothesis of no sequence effect was 
rejected by the F test at an alpha significance level of 0.05.

3  Results

3.1  Participants

From October 2018 to October 2019, 26 healthy male sub-
jects were randomized to receive study drug, and 23 subjects 
completed all three treatment periods and were included in 
the analysis (Fig. 3). Subjects had a median age of 25 years 
(range 19–44) and a median body mass index of 23.6 kg/m2 
(range 18.4–30.4).

3.2  Pharmacokinetic Evaluation

Mean plasma concentrations of study drugs and metabolites 
were in the expected range, with geometric means of 941 ng/
mL for darolutamide and 2679 ng/mL for enzalutamide at 
approximately 4 h postdosing (Table 1). Unbound drug 
concentration is considered more relevant for the ability to 
penetrate the BBB and was calculated for both compounds 
with correction for differences in their pharmacokinetic 

Fig. 3  Participant disposition. 
Protocol deviation: subject did 
not meet study entry criteria 
because he was participating in 
another clinical trial at the same 
time. AE: Subject had cough of 
moderate intensity 2 days after 
receiving placebo and withdrew 
from further dosing. Other: 
subject emigrated and was no 
longer able to attend study vis-
its. A enzalutamide—placebo—
darolutamide, AE adverse event, 
B darolutamide—enzaluta-
mide—placebo, C placebo—
darolutamide—enzalutamide, D 
darolutamide—placebo—enza-
lutamide, E enzalutamide—
darolutamide—placebo, F 
placebo—enzalutamide—daro-
lutamide

A
n=4

B
n=4

C
n=4

D
n=5

n=4 n=4 n=4 n=4

n=4 n=4 n=4 n=4

n=4 n=4 n=4 n=4

E
n=4

F
n=5

n=4 n=5

n=4 n=3

n=4 n=3

Treated

Completed Period 1

Completed Period 2

Completed Period 3

Discontinued
n=1

(protocol
deviation)

Discontinued
n=2

(AE, other)

Screening failures
n=15

Completed follow-up
N=26

Screened
N=41

Randomized
N=26
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characteristics, including molecular weights, half-lives 
(darolutamide, 20 h; enzalutamide, 4 days) and protein bind-
ing (darolutamide, 92%; enzalutamide, 98%) [30, 31]. The 
respective unbound geometric mean concentrations were 
189 nmol/L for darolutamide and 115 nmol/L for enzaluta-
mide, which represent approximately 20% of the unbound 
concentration of both compounds observed at steady-state 
following administration of darolutamide 600 mg twice 
daily or enzalutamide 160 mg once daily (Fig. 4) [32]. There 
were no measurable predose concentrations of study drug at 
treatment periods 2 and 3, indicating complete washout of 
darolutamide and enzalutamide prior to the next study drug 
administration.

3.3  Primary Endpoint

Whole-brain grey matter (i.e., global grey mean) showed 
a 3.5% reduction in CBF for enzalutamide compared with 
placebo and a 3.3% reduction in CBF for enzalutamide com-
pared with darolutamide. There was no meaningful change 
in grey matter CBF for darolutamide versus placebo (0.1%). 
Whole-brain voxel-wise analysis found evidence in the tem-
poro-occipital cortices of statistically significant localized 

reductions in CBF of 5.2% (cluster-wise pFWEcorr = 0.019; 
cluster extent of 4442 voxels) for enzalutamide compared 
with placebo, and 5.9% (cluster-wise pFWEcorr < 0.005, 
cluster extent of 6740 voxels) for enzalutamide versus daro-
lutamide, but there was no significant CBF reduction for 
darolutamide compared with placebo (− 0.7%) (Fig. 5). 
Comparison of enzalutamide and darolutamide identified 
a significant reduction in temporo-occipital CBF, which 
extended into the right superior, middle, and inferior tem-
poral gyrus, the right middle and inferior occipital gyrus, the 
temporo-occipital area, and the right angular gyrus/tempo-
roparietal junction.

3.4  Secondary Endpoints

Analysis of prespecified ROIs relevant to cognition showed 
consistent reductions in CBF with enzalutamide compared 
with darolutamide or placebo, but minimal changes for the 
comparison of darolutamide and placebo (Table 2). In the 
left dorsolateral prefrontal cortex, a significant reduction in 
CBF was observed for enzalutamide versus placebo (3.9%; 
p = 0.045) [Fig. 6]. In the right dorsolateral prefrontal cortex, 
a significant reduction was observed for enzalutamide versus 

Table 1  Geometric mean (% coefficient of variation) of total pharmacokinetic concentrations of all analytes in plasma

CV coefficient of variation, LLOQ lower limit of quantification, MRI magnetic resonance imaging
a In periods 2 and 3 on day 1 at predose, a pharmacokinetic sample was drawn to assess drug level at the end of the respective washout period; 
therefore, these values are assigned to the treatment of the previous period in this table

Geometric mean (%CV) 
concentration at study times

Enzalutamide (ng/mL) N-desmethyl 
enzalutamide (ng/
mL)

Darolutamide (ng/mL) (S,R)-darolu-
tamide (ng/
mL)

(S,S)-darolu-
tamide (ng/
mL)

Keto-daro-
lutamide 
(ng/mL)

Post MRI (n = 24) 2679 (31%) 102 (60%) 941 (38%) 187 (45%) 745 (41%) 2076 (43%)
42 Days postdose  [predose]a 

(n = 16)
<  LLOQb <  LLOQb < LLOQ < LLOQ < LLOQ < LLOQ

Darolutamide Enzalutamide 

C
on

ce
nt

ra
tio

n 
(n
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ol

/L
)
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Darolutamide
300 mg

Enzalutamide
160 mg

C4h unb (nmol/L), 189 115
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x
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geometric mean

Fig. 4  Observed unbound plasma concentration of darolutamide 
and enzalutamide post-MRI (C4h unb). Single doses of darolutamide 
300  mg and enzalutamide 160  mg were administered. Box: 25th to 
75th percentile; horizontal line: median; χ: geometric mean; verti-
cal lines extend from the box to a distance of at most 1.5 interquar-

tile ranges and any value more extreme is plotted separately. C4h unb 
unbound plasma concentration at 4  h postdose, %Cav ss,unb unbound 
plasma concentration as a percentage of average steady-state concen-
tration, MRI magnetic resonance imaging
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darolutamide (4.4%; p = 0.037). Notable CBF changes that 
did not reach statistical significance included enzalutamide 
versus darolutamide in the left dorsolateral prefrontal cor-
tex (− 2.9%) and enzalutamide versus placebo in the right 
dorsolateral prefrontal cortex (− 3.4%). Consistent reduc-
tions in localized CBF were observed for the left and right 
hippocampus, both anterior and whole, for enzalutamide 
compared with placebo and enzalutamide compared with 
darolutamide, but the differences did not reach statistical 
significance. Differences in CBF in the dorsolateral prefron-
tal cortex and hippocampus between darolutamide and pla-
cebo were negligible and not significant. After correction for 
multiple comparisons, no statistically significant differences 
were observed in any of the predefined ROIs, and no effects 
of treatment sequence were found in the ROIs.

3.5  Safety

The study drugs were well tolerated. Fifteen of 26 subjects 
(57.7%) experienced at least one AE of mild or moderate 
intensity, with 25.0%, 29.2%, and 28.0% of subjects expe-
riencing AEs after receiving darolutamide, enzalutamide, 

and placebo, respectively. Eight AEs in six subjects (23.1%) 
were considered study drug-related and occurred in all three 
treatment groups: headache for darolutamide and enzaluta-
mide, and headache and dizziness for placebo. One subject 
experienced an unrelated serious AE (cerebral infarction) 
that occurred after he had completed study drug adminis-
tration for all three periods, and one subject experienced 
an unrelated AE (cough), which led to discontinuation of 
study drug. No clinically relevant changes in safety labo-
ratory values, vital signs, or electrocardiogram parameters 
were observed at any time during the study.

4  Discussion

This is the first study using CBF, as assessed by ASL-MRI, as 
an indirect measure of brain penetration between ARIs, daro-
lutamide and enzalutamide, and placebo. ASL-MRI is a non-
invasive technique for assessing tissue perfusion by measuring 
blood flow. This technique identified greater central effects on 
brain physiology with enzalutamide relative to placebo and 
darolutamide. Significantly reduced CBF was observed with 

Fig. 5  Localized change 
in whole-brain grey matter 
cerebral blood flow in the 
temporo-occipital cortices. Data 
presented are mean ± standard 
error of the mean. Colored 
areas in three-dimensional 
brain figures indicate regions of 
significant difference in regional 
CBF between a pair of study 
interventions. These images 
are family-wise error-corrected 
statistical maps derived from 
all participants overlaid on an 
anatomic image. A cluster-
forming threshold of p < 0.005 
uncorrected was used. All 
measures were corrected for 
physiologic covariates (i.e., 
heart rate, systolic and diastolic 
blood pressure). CBF cerebral 
blood flow
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Table 2  Cerebral blood flow in the global grey matter and predefined regions of interest by treatment and differences between treatments

Negative percentage difference values indicate a reduction in CBF following drug administration (i.e., placebo > drug); positive values indicate 
drug-related increases (i.e., drug > placebo) in CBF
CBF cerebral blood flow, FWE family-wise error, L left, R right
a Using voxel-based analysis of whole-brain grey matter
b Statistically significant (pFWE < 0.05)
c Statistically significant (p < 0.05 prior to Bonferroni correction for multiple comparisons)

Region Darolutamide Placebo Enzalutamide Placebo−darolutamide Daroluta-
mide−enzalu-
tamide

Placebo−enzalutamide

mL/100 g/min mL/100 g/min mL/100 g/min % Difference % Difference % Difference

Primary endpoints (whole-brain grey matter)
 Global grey  meana 55.4 55.5 53.5 − 0.14 − 3.32 − 3.46
 Temporo-occipitala 68.1 67.6 64.0 0.73 − 5.91b − 5.22b

Secondary endpoints (predefined regions)
 Anterior cingulate 66.4 66.0 64.1 0.71 − 3.59 − 2.89
 L amygdala 51.6 51.4 50.3 0.31 − 2.44 − 2.13
 R amygdala 50.5 50.9 49.0 − 0.70 − 3.02 − 3.70c

 L dorsolateral prefrontal 
cortex

56.0 56.5 54.3 − 0.99 − 2.92 − 3.87c

 R dorsolateral prefrontal 
cortex

58.0 57.4 55.5 1.00 − 4.39c − 3.43

 Dorsomedial prefrontal 
cortex

57.2 57.1 55.5 0.21 − 2.90 − 2.70

 L ventrolateral prefrontal 
cortex

64.1 64.3 62.5 − 0.31 − 2.38 − 2.68

 R ventrolateral prefrontal 
cortex

61.0 60.8 59.0 0.29 − 3.28 − 2.99

 Ventromedial prefrontal 
cortex

63.3 62.8 61.0 0.79 − 3.58 − 2.80

 L anterior hippocampus 51.2 50.9 49.6 0.64 − 3.12 − 2.50
 R anterior hippocampus 49.3 49.6 48.2 − 0.73 − 2.28 − 2.98
 L whole hippocampus 51.2 50.9 49.6 0.57 − 3.04 − 2.49
 R whole hippocampus 48.9 49.2 47.6 − 0.59 − 2.57 − 3.15
 L parahippocampal gyrus 50.4 50.3 48.8 0.36 − 3.17 − 2.82
 R parahippocampal gyrus 48.6 49.1 47.7 − 0.97 − 1.79 − 2.73
 L ventral striatum 57.2 57.4 55.8 − 0.34 − 2.46 − 2.78
 R ventral striatum 57.1 57.7 56.1 − 0.89 − 1.83 − 2.70

56.3

54.3

56.0

50

55

60

Placebo Enzalutamide Darolutamide

C
B

F 
(m

L/
10

0 
g/

m
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)
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Fig. 6  Region of interest analysis of cerebral blood flow changes in 
the left dorsolateral prefrontal cortex. Colored area in the 3D brain 
figure represents the brain area, which was prespecified from an atlas. 
Data presented are mean ± standard error of the mean CBF for the 

colored region depicted in the 3D brain figure for each treatment con-
dition. aFor enzalutamide versus placebo, t(22) = 2.06; p = 0.045. 3D 
three-dimensional, CBF cerebral blood flow
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enzalutamide compared with darolutamide or placebo, while 
no meaningful difference in CBF was observed between daro-
lutamide and placebo, indicating less penetration of darolu-
tamide into the brain. These results are consistent with prior 
preclinical studies that showed a tenfold lower BBB penetra-
tion of darolutamide versus enzalutamide [8, 14–16]. These 
data are also in line with the clinical safety profile of darolu-
tamide, which shows similar incidence of CNS-related AEs 
between darolutamide and placebo in patients with nmCRPC 
[17, 18]. In the ARAMIS study, fatigue was reported in 13.2% 
of patients receiving darolutamide and 8.3% of those receiv-
ing placebo; rates of mental-impairment disorder (2.0% vs. 
1.8%) and dizziness, including vertigo (4.5% vs. 4.0%), were 
minimally different between treatment groups [18].

CNS-related AEs are thought to be associated with the 
brain penetration of drugs [3, 7–10]; therefore, these data 
suggest that darolutamide has low potential to cause CNS-
related AEs that can impact a patient’s daily life. Signifi-
cant reductions in CBF after enzalutamide treatment were 
localized, in part, to the temporo-occipital regions, which 
have several important cognitive and perceptual roles. For 
example, the superior temporal gyrus is integral to auditory 
processing [33], the temporoparietal junction is associated 
with the attentional network [34], and the angular gyrus is an 
integration hub, combining multisensory inputs for problem 
solving and attentional orientation [35]. Although causality 
is beyond the scope of this experiment, these functions are 
integral to daily life, and aberrant functioning arising from 
AR-directed therapy is not desirable. Several of the ROIs 
investigated in our study (hippocampus, amygdala) have 
been recently shown to have high AR-RNA expression using 
regional homogeneity and functional connectivity methods, 
highlighting increased interest in this area of study [36].

Altered CBF in the right amygdala and the dorsolateral pre-
frontal cortex after enzalutamide treatment is consistent with 
prior research, suggesting a role for androgen changes (via 
hypogonadism or gonadectomy) in reducing executive func-
tioning and in the presence of mood disorders [5]. The dorso-
lateral prefrontal cortex is prominently involved in executive 
functioning, including the representation of task goals held 
in memory for the internal evaluation of one’s performance 
[37, 38] and control of cognitive processes for planning and 
reasoning [39]. Thus, the demonstration of altered CBF within 
this area has the potential to reduce oxygenation and impact 
executive functioning. In addition, decreased blood flow in 
the dorsolateral prefrontal cortex has been noted in depressed 
individuals, suggesting a negative impact on emotional regula-
tion [40]. This finding is supported by a previous paper that 
identified higher scores on the Patient Health Questionnaire-9, 
a measure of depression, in individuals with metastatic CRPC 
treated with enzalutamide versus abiraterone [41].

The three-way crossover design of this study allowed 
intrasubject comparison of the effects of darolutamide and 

enzalutamide on brain perfusion, with the placebo providing 
a measure of amplitude of noise relative to the study drugs. 
The use of six treatment sequence groups avoided the poten-
tial bias of a fixed dosing sequence. However, the study was 
limited by a population that consisted of subjects who were 
younger than those who are traditionally affected with prostate 
cancer. An older population would be of interest as increasing 
age has been linked to greater BBB permeability [42]. The 
advantage of investigating all three treatments in a crossover 
design resulted in the limitation of single-dose administration 
for all treatments. With single-dose administration, the full 
exposure of enzalutamide and darolutamide, as observed dur-
ing steady-state, could not be achieved in plasma. Administra-
tion, dose, and imaging time were selected to reach similar 
unbound concentrations of both compounds after single-dose 
administration, reflecting the relationship at steady-state. The 
unbound plasma concentrations at the time of the MRI scan 
were approximately 20% of the average steady-state con-
centrations for both compounds. The data indicate that the 
observed effect on CBF changes after single-dose administra-
tion may be even more pronounced when steady-state concen-
trations are reached. The impact of these changes in CBF on 
behavior and cognitive function after continuous treatment 
also warrants further investigation.

5  Conclusion

Enzalutamide significantly reduced CBF compared with 
both placebo and darolutamide, while darolutamide was 
not associated with significant reductions in localized CBF 
compared with placebo. These results support preclinical 
evidence showing low BBB penetration of darolutamide. 
Treatment-induced reduction in CBF may translate into 
changes in brain activity in areas, such as the frontal cortex, 
that may be relevant to cognitive function (e.g., executive 
function, memory, and anxiety). Further investigation in 
patients with prostate cancer is warranted.
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