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Cerebrovascular Effects of Sildenafil in Small
Vessel Disease: The OxHARP Trial
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David J. Werring®®, Osian Liwyd®, Catriona Stewart’®, James Thomas

BACKGROUND: Vascular cognitive impairment due to cerebral small vessel disease is associated with cerebral pulsatility, white
matter hypoperfusion, and reduced cerebrovascular reactivity (CVR), and is potentially improved by endothelium-targeted
drugs such as cilostazol. Whether sildenafil, a phosphodiesterase-b inhibitor, improves cerebrovascular dysfunction is
unknown.

METHODS: OxHARP trial (Oxford Haemodynamic Adaptation to Reduce Pulsatility) was a double-blind, randomized, placebo-
controlled, 3-way crossover trial after nonembolic cerebrovascular events with mild-moderate white matter hyperintensities
(WMH), the most prevalent manifestation of cerebral small vessel disease. The primary outcome,assessed the superiority
of 3 weeks of sildenafil 50 mg thrice daily versus placebo (mixed-effect linear models) on midd|€-@erebral artery pulsatility,
derived from peak systolic and end-diastolic velocities (transcranial ultrasound), with noninferiority"t‘c?ci???éﬁ’t‘éi%ol 100 mg twice
daily. Secondary end points included-the following: cerebrovascular reactivity during inhalation of air, 4% and 6% CO, on
transcranial ultrasound (transcranial ultrasound-CVR); blood oxygen-level dependent—magnetic resonance imaging within
WMH (CVR-WMH) and normal-appearing white matter (CVR-normal-appearing white matter); cerebral perfusion by arterial
spin labeling (magnetic resonance imaging pseudocontinuous arterial spin labeling); and resistance by cerebrovascular
conductance. Adverse effects were compared by. Cochran Q.

RESULTS: In 65/75 (87%) patients (median, 70 years;79% male) with valid primary outcome data, cerebral pulsatility was
unchanged on sildenafil versus placebo (0.02, —0.01 to 0.05; P=0.18), or versus cilostazol (—0.01,—0.04 to 0.02; ~=0.36),
despite increased blood flow (A-peak systolic velocity, 6.3 cm/s, 3.5=9.07; £<0.001; A end-diastolic velocity, 1.98, 0.66—
3.29; P=0.004). Secondary outcomes improved on'sildenafil versus placebo for CVR-transcranial ultrasound (0.83 cm/s per
mm Hg, 0.23-1.42; P=0.007), CVR-WMH (0.07, 0-0.14; £=0.043), CVR-normal-appearing white matter (0.06, 0.00-0.12;
P=0.048), perfusion (WMH: 1.82 mL/100 g per minutes, 0.6-3.15; ~=0.008; and normal-appearing white matter, 2.12,
0.66-3.6; P=0.006) and cerebrovascular resistance (sildenafil-placebo: 0.08, 0.05-0.10; P=4.9x107%; cilostazol-placebo,
0.06, 0.03-0.09; P=5.1x107). Both drugs increased headaches (P=1.1x10%), while cilostazol increased moderate-severe
diarrhea (P=0.013).

CONCLUSIONS: Sildenafil did not reduce pulsatility but increased cerebrovascular reactivity and perfusion. Sildenafil merits
further study to determine whether it prevents the clinical sequelae of small vessel disease.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCTO3855332.
GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Sildenafil for Small Vessel Disease

Novelty and Significance

What Is Known?

+ Cerebral small vessel disease is associated with 30%
of ischemic stroke, 80% of hemorrhagic stroke, and
~40% of dementia but has no specific treatment.

* Small vessel disease is associated with cerebral pul-
satility, white matter hypoperfusion and reduced cere-
brovascular reactivity, and these mechanisms, and
associated clinical outcomes, may be improved by
drugs targeting the endothelium, such as isosorbide
mononitrate and cilostazol.

+ Sildenafil, a phosphodiesterase-5 inhibitor, is an effec-
tive systemic vasodilator that targets endothelial func-
tion, but its cerebrovascular effects and potential in
small vessel disease is unknown.

What New Information Does This Article

Contribute?

¢ In 75 patients with symptomatic cerebral small vessel
disease, sildenafil did not reduce cerebral pulsatility
compared with placebo but improved cerebrovascu-
lar reactivity, cerebrovascular resistance, and cerebral
blood flow.

+ This is the first study to demonstrate that targeting
endothelial function in small vessel disease improves
both cerebral blood flow and dynamic cerebrovascu-
lar function by combining transcranial ultrasound and
magnetic resonance imaging.

+ Sildenafil was noninferior to cilostazol and associated
with less side effects.

Cerebral small vessel disease is responsible for a large
population burden of disease due to stroke and cogni-
tive decline but has no specific treatment. Drugs that
target endothelial function have shown potential bene-
fitin preventing cognitive decline. Sildenafil (commonly
known as Viagra) is a well-tolerated, widely used vaso-
dilator but whether it has potentially beneficial cere-
brovascular effects is unknown. OxHARP trial (Oxford
Haemodynamic Adaptation to Reduce Pulsatility Trial)
was a classical, double-blind crossover trial where 75
participants with mild-moderate small vessel disease
and a prior minor stroke received placebo, sildenafil and
cilostazol in randomized order for 3 weeks each, with
at least a 1-week washout. Although sildenafil did not
reduce cerebral pulsatility on transcranial ultrasound
compared with placebo (the primary outcome), it did
improve endothelial function measured by cerebrovas-
cular reactivity on ultrasound and magnetic resonance
imaging, and improved cerebrovascular resistance and
perfusion. It was also noninferior to cilostazol which
did not significantly increase cerebrovascular reactiv-
ity compared with placebo and caused less diarrhea.
OxHARP, therefore, demonstrated the potential of a
new paradigm including detailed physiological testing
and combining ultrasound and magnetic resonance
imaging to identify drugs with potential benefits in
small vessel disease. Furthermore, it demonstrated
that sildenafil improves cerebrovascular dysfunction
and is a promising candidate for further clinical trials.

Nonstandard Abbreviations and Acronyms

cSVD cerebral small vessel disease

CVR cerebrovascular reactivity

ECLIPSE Effect of Cilostazol in Acute Lacunar
Infarction Based on Pulsatility Index
of Transcranial Doppler

LACI-1 Lacunar Intervention 1

LACI-2 Lacunar Intervention 2

ISMN isosorbide mononitrate

MCA middle cerebral artery

MRI magnetic resonance imaging

OxHARP Oxford Haemodynamic Adaptation to
Reduce Pulsatility

PDE3i phosphodiesterase 3 inhibitor

PDES5i phosphodiesterase b inhibitor

Pl pulsatility index
TCD transcranial ultrasound

TREAT-SVD  Effect of Amlodipine and Other
Blood Pressure Lowering Agents on
Microvascular Function in Small Ves-
sel Diseases

WMH white matter hyperintensity

2
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damage to the small vessels of the brain. It is evident

on magnetic resonance imaging (MRI) in over half
of people over 65" as dilated perivascular spaces, lacu-
nar strokes, microbleeds, or white matter hyperintensities
(WMHs), with WMH being the most prevalent manifes-
tation of cSVD responsible for significant morbidity.? It
causes up to 30% of ischemic strokes, 80% of hemor-
rhagic strokes,® and 40% of all-cause dementia, but there
is no specific treatment* due to a limited understanding
of the pathophysiology of cSVD®¢ and few clinical tri-
als.” ¢SVD is strongly associated with midlife hyperten-
sion and its long-term consequences,? including reduced

Cerebral small vessel disease (cSVD) is due to chronic
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white matter perfusion®; increased arterial stiffness';
and resulting increased cerebral arterial pulsatility.'” Pul-
satility is particularly strongly associated with cSVD,'? is
highly reproducible and parallels disease progression.'
cSVD is also strongly associated with endothelial dys-
function, manifested as blood-brain barrier breakdown'’
and reduced cerebrovascular reactivity (CVR).® These
modifiable physiological outcomes provide short-term
targets to support translational mechanistic trials.'*

Drugs targeting endothelium-dependent vasodila-
tation are leading candidates to reduce harm in cSVD.
Isosorbide mononitrate (ISMN) improved CVR in a
26-patient pilot trial,’ and improved cognitive outcomes
in 363 patients in the LACI 2 trial (Lacunar Intervention-2)
feasibility trial.'® The PDES3i (phosphodiesterase 3 inhibi-
tor) cilostazol reduced cerebral pulsatility 90 days after
lacunar stroke'” and reduced recurrent stroke risk in
patients with cSVD within multiple large RCTs.'® In con-
trast, the recent TREAT-SVDs trial (Effect of Amlodipine
and Other Blood Pressure Lowering Agents on Micro-
vascular Function in Small Vessel Diseases) found no dif-
ference in the physiological effects of amlodipine versus
atenolol or losartan on CVR in sporadic cSVD.'® However,
mechanistic trials in cSVD have largely assessed single
physiological outcomes, limiting understanding-of their
physiological effects.

PDEDbis (phosphodiesterase-b “inhibitors) “increase
smooth muscle cGMP in response to endothelial. NO
release?® and improve endothelial dysfunction-in erectile
dysfunction, pulmonary arterial hypertension, and Raynaud
disease. By enhancing the smooth muscle response to
endothelial NO, they are predicted to improve blood flow
and increase CVR, while vasodilatation could reduce blood
pressure augmentation,?'? improve dampening of the arte-
rial waveform, and thus reduce pulsatility. They have been
associated with reduced dementia in large populations®
and amyloid-independent benefits in animal models,* but
there are no mechanistic studies of their sustained hemo-
dynamic effect in cSVD.2®%* However, given the wide-
spread use of PDEDI, their excellent tolerability, minimal
interactions with established preventative treatments and a
biologically plausible mechanism, they are good candidates
to reduce the clinical sequelae of cSVD.

The OxHARP trial (Oxford Haemodynamic Adaptation
to Reduce Pulsatility) randomized, double-blind, placebo-
controlled crossover clinical trial established a physiolog-
ical paradigm to test the effects of sildenafil on cerebral
arterial pulsatility and CVR in patients with symptomatic
mild to moderate small vessel disease, testing superiority
compared with placebo and noninferiority to cilostazol.

METHODS

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Circulation Research. 2024;135:00-00. DOI: 10.1161/CIRCRESAHA.124.324327
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Proposals should be directed to alastairwebb@ndcn.ox.ac.uk;
to gain access, data requestors will need to sign a data access
agreement.

Study Design

OxHARP was a double-blind, randomized, placebo-controlled,
3-way crossover phase 2 trial with physiological end points,?”
which ran from July 11,2019 to the last visit of the last patient
on December 6,2022, with a 6-month pause due to the COVID-
19 pandemic from March to September 2020. All procedures
were performed at the Wolfson Center for Prevention of Stroke
and Dementia. OXHARP is sponsored by the University of
Oxford, approved by the UK Health Research Authority and
South Central, Oxford C Research Ethics Committee (19/
SC/0022), and is registered with https://www.clinicaltrials.
gov (NCT03855332). The study protocol has been published
previously.?’

Participants

OxHARP aimed to include 75 participants with a previous
cryptogenic or lacunar stroke or TIA requiring secondary pre-
ventative treatment, with mild to moderate WMH evident on
their most recent clinical brain imagj"j,’g within the past 6 years
(Fazekas score on MRI or modified Bléfnow score on CT of
1-3 <60.or 1-4 >60), allowing for 15% drop out. Inclusion
and exclusion-criteria-are provided in Supplemental Material.
Following referral from stroke services or identification via a
research ‘registry, potential participants were screened, pro-
vided face-to-face written consent, and gave demographic,
clinical, and cognitive data. Transcranial ultrasound was per-
formed at screening to confirm adequate temporal bone win-
dows for measurement of cerebral pulsatility index (PI). The
full inclusion-criteria_have been reported previously?” All par-
ticipants without a contraindication to MRI'were consecutively
invited to join the MRI substudy. This initially aimed to recruit
30 participants to be scanned on sildenafil and placebo but the
trial was amended to recruit up to a further 30 participants to
undergo MRI on all 3 treatments in May 2020. Participants who
did not tolerate MRI were eligible to continue with transcranial
ultrasound (TCD) alone.

Randomization

The sequence of drug treatments was randomly allocated pre-
treatment by study number by the manufacturing pharmacy,
stratified by MRI substudy. Medications were dispensed by the
clinical trial pharmacy independently of the blinded study team,
in scheduled treatment packs containing over-encapsulated,
identical medications. All participants, researchers, and study
physicians were blinded to drug allocation. To assess unblind-
ing, men were asked about change in sexual activity and
tumescence. The drug allocation code was held by the dispens-
ing trial pharmacy in case of serious adverse events requiring
medical intervention.

Procedures

Potential participants underwent a telephone screening fol-
lowed by a face-to-face screening visit at least 1 week later.
The baseline assessment was completed either at screening
or within 1 month. A standardized demographic, clinical and
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medication history, and clinical examination were performed by
a study physician, including baseline cognitive testing (Montreal
Cognitive Assessment, digit-symbol coding task, and fluid
intelligence task), blood tests, and ECG. At baseline and all
follow-up visits, a standardized physiological assessment was
performed. MRI was performed at follow-up visits in the MRI
substudy.

Following each visit, participants received treatment in ran-
domized order with overencapsulated, double-blind medica-
tion. Each treatment lasted for 3 weeks, starting with either
thrice-daily placebo, thrice-daily sildenafil 25 mg, or twice daily
cilostazol 50 mg with a placebo dose at midday. After 1 week,
the dose was doubled by taking 2 tablets at each dose, unless
limited by side effects. There was a minimum 1-week wash out
between drugs. Assessments were performed on the final day
of treatment.

Physiological ~assessments were performed in a
temperature-controlled laboratory (21-23°C) after 20-minute
supine rest, timed to be 30 minutes after observed admin-
istration of trial medication in clinic. Middle cerebral artery
(MCA) flow velocity was assessed by transcranial ultrasound
via the transtemporal window to derive the primary outcome:
Gosling pulsatility index ([peak systolic velocity—end-diastolic
velocity]/mean flow velocity). The principal secondary outcome
was CVR, assessed during bilateral TCD monitoring of the MCA
with concurrent ECG, noninvasive blood pressure monitoring
calibrated to an oscillometric brachial reading (FMS, Finometer
Midi), and end-tidal carbon dioxide monitoring (etCO,, AD
Instruments Gas Analyser ML206). After 10 minutes rest, CVR
was assessed during 2-minute alternating periods of inhalation
of medical air, 4% CO, and 6% CO.,, delivered via a respiratory
circuit with a well-sealed, noninvasive ventilation mask. Aortic
blood pressure was-determined by radial-artery applanation
tonometry (Sphygmocor).?”

After completion of physiological testing, participants in the
MRI substudy underwent structural MRl including T1, FLAIR,
susceptibility-weighted imaging, and diffusion tensor imaging,
distributed between the first 2 MRI visits. CVR on MRI was
assessed at each MRI follow-up on multiband blood oxygen-
level-dependent MRI with whole brain acquisition every 800
ms, with perfusion imaging with pseudocontinuous arterial spin
labeling. Details of the imaging protocol have been reported
previously.?” During CVR, participants breathed medical air
or 6% CO, (balance medical air) in 2 sets of 2-minute alter-
nating periods, delivered by the same respiratory circuit used
during CVR assessment with TCD. Throughout imaging, par-
ticipants had continuous noninvasive monitoring of etCO, (AD
Instruments Gas Analyser ML206), respiratory motion, oxygen
saturations, and continuous blood pressure.

Outcomes

The primary outcome was Gosling MCA-PI ([peak systolic
velocitiy—end-diastolic velocity]/mean flow velocity) on tran-
scranial ultrasound, derived from the average of 3 manually
measured peak systolic and 3 end-diastolic velocities, from
each of 2 recordings, reviewed, and quality assessed by 2
blinded reviewers (AJSW. and J.T). Where both MCA-PI
recordings were of similar quality, with no measurement arti-
facts and a similar mean velocity (within 10%), an average
was taken. Otherwise, the higher quality recording was used.
Disagreements between reviewers were resolved by a panel

4 July 5,2024
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discussion. The secondary outcome was CVR on TCD, with
the optimal side selected by the same process as for MCA-P|,
with 2 blinded reviewers (AJ.SW. and O.L.). This was defined
as change in mean flow velocity per mm Hg change in etCO,
from the B-coefficient from a linear model between the etCO,
value during inhalation of medical air, 4% and 6% CO, and
mean MCA flow velocity, after correction for phase delay by
cross-correlation with piecewise cubic Hermitte interpolation.
Tertiary outcomes included effects of each drug on aortic blood
pressure, on the physiological measurements used to derive
the primary and secondary outcomes (peak systolic velocitiy,
end-diastolic velocity, and mean cerebral blood flow velocity)
and on the relationship between them as a measure of cere-
brovascular resistance, estimated as the cerebrovascular con-
ductance index (cerebrovascular conductance index=mean
cerebral blood flow velocity/aortic MBP).

Blood oxygen-level—-dependent-CVR images were prepro-
cessed (MCFLIRT, BO unwarping [BBR], high-pass temporally
filtered at 300 s and brain extracted). Regions of interest were
defined conservatively by segmentation of T1 images by tis-
sue type (fMRIB Software Library, FSL: FAST/FIRST), erosion
by 1 voxel and segmentation into white matter hyperintensities
(WMH) and normal-appearing white matter (FSL:BIANCA), fol-
lowed by registration to structuralv_gna standard space (FLIRT
and FNIRT). Phase delays betweer fecarded etCO, and each
voxel time series were estimated by cross-correlation to the
maximum r? (Matlab, in-house software) and phase-shifted by
piecewise cubic Hermitte interpolation. Associations between
phase-shifted etCQ, time series and each voxel are determined
by general linear models on a voxel-wise basis (Matlab) and
by FEAT (FSL), expressing CVR as the average percentage
change in blood oxygen-level-dependent response per mm Hg
change-in-etCO, across-all-voxels-in-the-regions of interest
(normal-appearing white matter and WMH). In a sensitivity
analysis, the average voxel-wise, within-individual difference for
each MRI outcome is determined following registration to stan-
dard space. WMH volume on MRI was quantified for OxHARP
trial scans from FLAIR images (BIANCA, FSL).

Safety and adverse events were assessed face-to-face by
a study physician at each visit, including standardized assess-
ment of the most frequent adverse events (headache, flushing,
edema, breathlessness, lightheadedness, visual disturbance,
bruising/bleeding, diarrhea, and priapism). All adverse events
were reviewed by the study chief investigator (A.W.) for assign-
ment of severity and causality, before unblinding. SAEs were
reported to the independent DSMB within 24 hours, and the
DSMB met every 6 months for a blinded review of recruit-
ment and adverse events rates, with unblinded data review if
requested.

Statistical Analysis

The primary drug comparisons used mixed-effect linear mod-
els, adjusted for age, sex, visit order, and allocation randomiza-
tion sequence, with the primary study outcome defined as the
difference between sildenafil versus placebo on cerebral pul-
satility (MCA-PI). Secondary outcomes included CVR on TCD
and CVR in WMH and normal-appearing white matter on MRI.
Noninferiority of sildenafil versus cilostazol on MCA-PI was
assessed by the lower margin of the Cl compared with the pre-
defined noninferiority threshold (0.08 for MCA-PI). Cilostazol
was compared with placebo as for the primary outcome. The

Circulation Research. 2024;135:00-00. DOI: 10.1161/CIRCRESAHA.124.324327
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primary analysis used mixed-effect linear models to allow for
missing data due to medication side effects and increased time
intervals due to COVID. Mediation analysis was used to assess
whether drug effects on cerebral transcranial ultrasound indi-
ces were mediated by effects on aortic blood pressure, and
whether CVR on MRI was mediated by effects on the MCA.
Rates of adverse events were compared across all treatments
in participants receiving all 3 treatments by Cochran Q, with
post hoc pairwise comparisons by McNemar test. All analyses
were performed in R, Matlab or Stata. The protocol and statisti-
cal analysis plan have been published previously. The funder
of the study had no role in study design, data collection, data
analysis, data interpretation, or writing of the report.

RESULTS

Of 92 potential participants screened face-to-face, 17
participants were not eligible due to comorbidities (Fig-
ure 1), while 2 randomized participants withdrew before
receiving any medication. Thirty-five participants con-
sented to 3 MRIs, 30 to 2 MRIs, and 10 participants
only to TCD assessment. Sixty-five (89%) participants
had primary outcome data, 63 (86%) had valid data for
the CVR comparison by TCD and 43 (59%) had valid
data for sildenafil versus placebo_on MRI (Figures 1
and 2). The OxHARP population had ‘a median-age of
70, the majority were men (78%) and had a previous

Sildenafil for Small Vessel Disease

stroke (600%), with nearly equal participants with mild
(53%) versus moderate (26%) or moderately severe
(20%) white matter hyperintensities (Table 1). Partici-
pants opting only to undergo physiological testing were
slightly older, with lower CVR and cerebral blood flow
velocities.

There was no significant difference between the
effect of sildenafil and placebo on MCA-PI (Table 2;
Figure 3), including when analyzed as difference from
baseline. Sildenafil was noninferior to cilostazol (upper
Cl1=0.02 compared with the noninferiority threshold of
0.08), but there was a significant increase in MCA-PI
on cilostazol versus placebo (Table 2; Figure 3). There
was no evidence of a carry over effect with no asso-
ciation or interaction with randomization order or visit
number.

Sildenafil significantly increased TCD-CVR in the MCA
compared with placebo (P=0.0071; Table 2; Figure 3).
This was consistent with increased CVR on sildenafil ver-
sus placebo on MRI within white matter hyperintensities
and normal-appearing white matter, after adjustment for
confounders (Figure 4; Tables S8%and S4), although with
only a trend to increased CVR innadjtisted comparisons
(Table S3). Effects on parenchymal reactivity on MRI may
have-been partially-mediated by effects on the middle
cerebral artery, but with only borderline significance

[ Enrollment }

Assessed for eligibility (n=92)

Excluded (n=17)

+ Not meeting inclusion criteria (n=15)
+ Declined to participate (n=2)

+ Other reasons (n=0)

Allocation

Randomized (n=75)

A4

v

Allocated to physiological tests only (n=11)
+ Received any allocated interventions (n=11)
+ Did not receive allocated intervention (n=0)

Allocated to 2 MRI scans (n=30)
+ Received any allocated intervention (n=30)
«+ Did not receive allocated intervention (n=0)

Allocated to 3 MRI scans (n=35)
+ Received any allocated intervention (n=33)
+ Consent withdrawn (n=2)

Follow-Up ] I

Analvsis l l

Completed all interventions (n=10)
Completed no interventions (n=0)
Completed 1 interventions (n=1)

- Withdrew (incidental medical - 1)

Completed all interventions (n=25)
Completed no interventions (n=1)

- Withdrew (Side effects- 1)
Completed 2 interventions (n=4)

- Withdrew (side effects - 3; COVID - 1)

Completed all interventions (n=25)
Completed no interventions (n=1)
Withdrew (Side effects - 1)
Completed 1 interventions (n=3)
Withdrew (Side effects - 3)
Completed 2 interventions (n=4)
Withdrew (Side effects - 3, admin - 1)

TCD (after exclusions due to data quality):
- MCA-PI:SvPn=9;SvCn=8.
CVR-TCD: SvPn=9,SvCn=9

TCD (after exclusions due to data quality):
MCA-PI: SvPn=28,SvCn=25.
CVR-TCD: SvPn=27,SvCn =24,

MRI-CVR: SvPn=20

- § patient didn't tolerate MRI
- 2 scanner dysfunction / MRI not available
- 2 data quality

TCD (after exclusions due to data quality):
MCA-Pl: SvPn=28, SvCn=24
CVR-TCD:SvPn=26; SvCn=22

MRI-CVR: SvPn=22

- 4 patient didn't tolerate MRI
- 2 scanner dysfunction / MRI not available
- 0 data quality

Figure 1. Consort flow diagram.

CVR-TCD indicates cerebrovascular reactivity; MRI, magnetic resonance imaging; and MCA-PI, middle cerebral artery pulsatility index.
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Screening

Identify Eligible Participants:

1. Previous research participants providing
consent for contact for future studies

2. Direct referrals from clinicians

3. Research database for consent to be
contacted

Screening phone-call ,patient invited and PIS
sent in advance

l

Screening Visit:
Review eligibility
Detailed explanation of trial

Medical History & Examination —
Blood tests / Pregnancy Test / ECG
Review medical records (if necessary)

Drug Allocation

Sequence Drug 1 Drug 2 Drug 3
1 Sildenafil ~ Placebo  Cilostazol
2 Sildenafil  Cilostazol  Placebo
3 Cilostazol  Sildenafil  Placebo
4 Cilostazol  Placebo  Sildenafil
5 Placebo  Sildenafil Cilostazol
6 Placebo  Cilostazol  Sildenafil

1 weeks Drug 2 —low dose
v

2 weeks Drug 2 — full dose

Figure 2. Study flow diagram.

BP indicates blood pressure; and MRI, magnetic resonance imaging. *Note that participants will only go up to the full dose if they are not on

omeprazole.

(Table S4). There was no significant difference between
sildenafil and cilostazol on TCD-CVR (+0.47; P=0.14). In
addition to the increased magnitude of CVR with silde-
nafil, there was a more rapid CVR response to carbon
dioxide with sildenafil versus placebo (Figure 2; Table
S4). There was no difference between cilostazol with

6 July 5, 2024

either placebo or sildenafil on MRI (Tables S3 and S4;
Figures S4 and Sb), but the study was underpowered
for the comparison of cilostazol and placebo on MRI,
with only 15 participants having MRI scans on both. In
other tissues, CVR was greater with sildenafil than pla-
cebo in superficial gray matter, deep grey matter, and the

Circulation Research. 2024;135:00-00. DOI: 10.1161/CIRCRESAHA.124.324327



202 ‘TT aunr uo Aq Bio'sfeulnofeye)/:dny wolj pepeojumoq

Webb et al

Table 1. Clinical Characteristics of Population Included in
the Oxford Haemodynamic Adaptation to Reduce Pulsatility
Trial

Variables All participants
n 75
Age, y 70 (7.7)
Male 59 (78)
Diabetes 5 (6)
Hypertension 57 (76)
Smoker 8 (10)
White 74 (98)
Alcohol, units 10 (1-20)
Event

TIA 30 (40)

Stroke 45 (60)
WMH severity

Mild 40 (53)

Moderate 20 (26)

Moderate to severe 15 (20)
Systolic BP, mm Hg 127 (18)
Diastolic BP, mm Hg 70 (10)
MoCA 27 (25-28)
Pulsatility index 1.00 (0.16)
CVR-TCD, cm/s per mm Hg 6.9 (2.3)
PSV, cm/s 79.1 (17)
EDV, cm/s 32.1(8.4)

BP indicates blood pressure; CVR-TCD, cerebrovascular reactivity on
transcranial ultrasound; EDV, end-diastolic velocity; MoCA; Montreal cognitive
assessment; PSV, peak systolic velocity; TIA, transient ischemic attack; and WMH,
white matter hyperintensity.

brainstem (Table S3). There was no evidence of a carry-
over effect for any analyses with no association or inter-
action with randomization order or visit number.

Although sildenafil and cilostazol did not reduce
MCA-PI, both drugs increased MCA peak systolic
and end-diastolic velocities compared with placebo,
with no difference between the drugs (Table 2; Figure
S2). In contrast, there was a significant reduction in
aortic SBP with both drugs but only sildenafil signifi-
cantly reduced aortic DBP versus both placebo (—4.6
mm Hg; P=3.4x107%) and cilostazol (—3.7 mm Hg;
P=0.0003), although effects on cerebral blood flow
velocity was not mediated by aortic effects (Table S4).
As a result, both drugs reduced cerebrovascular resis-
tance (Table 92).

Consistent with effects on TCD markers of cerebral
blood flow, sildenafil increased cerebral perfusion at
baseline on ASL-MRI (Figure 2; Tables S3 and S4) in
white matter hyperintensities, normal-appearing white
matter, gray matter, and brainstem. It did not reduce the
arterial arrival time of blood. There was no significant
change in cerebral perfusion or arrival time with cilostazol
versus either sildenafil or placebo (Table S4).
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Sildenafil was associated with an increased incidence
of headaches compared with placebo, but these head-
aches were mostly mild (Table 3). Headache was also
more common with cilostazol than placebo, and more
frequent with cilostazol than sildenafil. Participants on
sildenafil reported a clinically evident change in sexual
function, with increased tumescence (sildenafil, 29%;
cilostazol, 1.56%; placebo, 0%; P=1.14x1078) that may
have affected blinding. Cilostazol was associated with an
increased incidence of diarrhea compared with placebo
or sildenafil, including episodes reported as moderate to
severe diarrhea. There were no serious adverse events
during the study but there was 1 episode of clinically rel-
evant bleeding on cilostazol, due to bleeding from preex-
isting diverticular disease. Although both drugs were well
tolerated overall, there was a trend to more participants
stopping medication due to adverse effects on cilostazol
(P=0.08) with 6 (9.2%) participants stopping due to side
effects on cilostazol (3 due to headache; 3 due to diar-
rhea), 1 (1.5%) patient on sildenafil and 2 (2.9%) partici-
pants on placebo.

DISCUSSION e
In~75 participants-with mild-moderate WMH, sildenafil
did not reduce pulsatility in the MCA but improved CVR
on TCD, whereas cilostazol did not. However, both silde-
nafil, and cilostazol increased cerebral blood flow on TCD
and reduced cerebrovascular resistance, with increased
cerebral blood flow velocities and concurrent reductions
in aortic systolic and diastolic blood pressure. The MRI
substudy demonstrated consistently. improved hemody-
namic function with sildenafil compared with placebo
with improved CVR magnitude and speed of response
and an increase in cerebral perfusion. Both drugs were
well tolerated despite an increased rate of mild head-
ache, but cilostazol was associated with an increase in
clinically relevant diarrhea and a nonsignificantly greater
drop-out rate.

Sildenafil inhibits intracellular PDED, prevents break-
down of cGMP and thus enhances the vascular smooth
muscle response to endothelial NO release. Its hemo-
dynamic effects in OxHARP are consistent with the
expected effects of other leading candidate drugs for
cSVD. ISMN targets the NO-PDE-cGMP pathway by
increasing NO release, increased CVR in the small, pilot
LACI-1 trial (Lacunar Intervention-1),"® and improved
cognitive outcomes at 1 year in the LACI-2 (Lacunar
Intervention-2) feasibility study, but effects on pulsatil-
ity, resistance, and absolute blood flow have not been
assessed.'® Similarly, cilostazol targets PDE3 causing
vasodilatation through increased cAMP levels in vascu-
lar smooth muscle and has pleiotropic effects on anti-
platelet function and increases heart rate. It reduced the
risk of recurrent stroke in ¢cSVD in addition to standard
antiplatelet therapy,'® improved CVR in LACI-1, reduced
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Table 2. Differences Between Sildenafil, Placebo, and Cilostazol on Cerebral Pulsatility, Cerebrovascular Reactivity, and

= Associated Physiological Measures

E Sildenafil vs placebo Cilostazol vs placebo Sildenafil vs cilostazol

il-.I:nJ n 65 P value 60 P value 59 P value

—g' MCA blood flow

b= MCA-PI 0.02 (—0.01 to 0.05) 0.18 0.03 (0 to 0.06) 0.028 —0.01 (—0.04 to 0.02) 0.36

E PSV, m/s 6.30 (3.53 to0 9.07) 1.8x107° 6.42 (3.53 to 9.31) 2.8x107° —0.12 (—3.00 to 2.76) 0.98
EDV, m/s 1.98 (0.66 to 3.29) 0.0038 1.53 (0.16 to 2.9) 0.031 0.45 (—0.92 to 1.81) 0.52
MF, m/s 3.41 (1.72t0 5.11) 0.00013 3.18 (1.41 to 4.95) 0.00061 0.23 (—1.563 to 1.99) 0.8
CVCi, m/s per mm Hg 0.08 (0.05 to 0.1) 4.9x1078 0.06 (0.03 to 0.09) 5.1x107° 0.02 (—0.01 to 0.05) 0.17
Aortic SBP, mm Hg —7.8 (—11.06 to —4.55) 7.0x10°° —7.47 (—10.86 to —4.08) 3.3x10°° —0.33 (—3.71 to 3.05) 0.85
Aortic DBP, mm Hg —4.6 (—6.45 to —2.75) 3.4x10°° —0.9 (—2.83 to 1.03) 0.36 —3.7 (—5.63 to —1.78) 0.0003

Cerebrovascular reactivity

CVR-TCD, m/s per mm Hg | 0.83 (0.23 to 1.42) 0.0071 0.41 (—=0.21 to 1.02) 0.20 0.42 (—0.2 to 1.04) 0.18
CVR-WMH, %/mm Hg 0.07 (0.00 to 0.14) 0.043 0.06 (—0.15 to 0.28) 0.56 0.01 (—0.19 to 0.22) 0.91
CVR-NAWM, %/mm Hg 0.06 (0.00 to 0.12) 0.048 0.04 (—0.10t0 0.18) 0.54 0.03 (—0.14 to0 0.2) 0.74

Mean differences for the first agent minus the second agent are shown, with 95% Cls and P values determined by mixed effects linear models, adjusted for age,
gender, visit, and randomization order. Results are shown for MCA-PI, peak (PSV), trough (EDV), and (MFV/aortic mean BP; CVCi); and CVR as linear change in MFV
per change in end-tidal CO, on (TCD; m/s per mm Hg), and on BOLD MRI (%/mm Hg) in WMH and NAWM. CVCi indicates cerebrovascular conductance index; CVR,
cerebrovascular reactivity; DBP, diastolic blood pressure; EDV, end-diastolic velocity; MCA-PI, middle cerebral artery pulsatility; MFV, mean cerebral blood flow velocity;
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NAWM, normal-appearing white matter; SBP, systolic blood pressure; TCD, transcranial ultrasound; and WMH, white matter hyperintensity.

cerebral pulsatility after lacunar stroke in ECLIPSE trial
(Effect of Cilostazol in Acute Lacunar Infarction-Based
on Pulsatility Index of Transcranial Doppler) and reduced
functional decline in LACI-2."” Furthermore, as intracere-
bral hemorrhage was not increased, these benefits are
likely to be due to its hemodynamic rather than-antiplate-
let effects.?® Therefore, although sildenafil did not reduce
cerebral pulsatility in OXHARP, it demonstrated similar
hemodynamic effects to ISMN and cilostazol on CVR in
LACI-1, and showed additional benefits on cerebral per-
fusion and cerebrovascular resistance, suggesting that it
has at least a similar potential for clinical benefit.

In previous trials of PDED inhibitors, a single dose after
lacunar stroke demonstrated a nonsignificant increase
in white matter perfusion on MRI in 55 participants in
PASTIS,?® while in 20 participants in ETLAS-1, there was
improved cerebral oxygenation but no change in TCD
parameters or peripheral endothelial function.?® However,
neither trial tested CVR and both used single drug doses.
Only 1 study in Becker muscular dystrophy used longer
courses of a PDEDi, and also demonstrated an improve-
ment in cerebral perfusion on MRI.% Furthermore, while
cilostazol reduced cerebral pulsatility in ECLIPSE,'” and
both cilostazol and ISMN-improved CVR in LACI-1,"®
no trials have measured systemic aortic hemodynamics,
cerebral perfusion, and CVR with TCD and MRI in the
same population. As such, the mechanisms of any clinical
benefit have largely been assumed.

Early studies regarded cerebral pulsatility as prin-
cipally a measure of distal resistance due to a reduc-
tion in end-diastolic velocity.*® However, despite a weak
relationship with absolute aortic pressures, cerebral pul-
satility is particularly dependent on aortic pulsatility,®
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W
dampened in transit to the brain.'? It, therefore, reflects
vascular stiffening-and augmentation of aortic pressures
by both peripheral wave reflection?” and the Windkes-
sel effect, with additional modification by the heart rate.®?
As. such, vasaodilatation would be expected to reduce
aortic and thus cerebral pulsatility. However, sildenafil
did not reduce cerebral pulsatility in OxHARF, despite
reducing cerebrovascular resistance. This reflected a
balanced increase in both PSV and end-diastolic veloc-
ity, and 'suggests that pulsatility was principally due to
aortic stiffening than distal resistance,™ with no signifi-
cant reduction in wave reflection and augmentation of
central pressures.?’ This is in contrast to the ECLIPSE
trial where 90 days of cilostazol slightly reduced MCA-PI
after lacunar stroke, potentially due to adaptive changes
over a longer treatment duration.'”” However, the limited
effects of vasodilatation on pulsatility implies that alter-
native interventions may be required to reduce cerebral
pulsatility, such as increasing heart rate.®? In contrast, the
reduction in cerebrovascular resistance and increased
cerebral blood flow demonstrate that sildenafil did
induce cerebral vascular smooth muscle cell relaxation,
despite the blood-brain barrier. Furthermore, in reduc-
ing both DBP and increasing mean cerebral blood flow
velocity, it reduced distal resistance to a greater degree
than large vessel vasodilatation. This is supported by the
lack of a mediating effect of sildenafil on aortic pres-
sures in the indirect effect on mean cerebral blood flow
velocity. Sildenafil also increased both the gain and
speed of the cerebrovascular response to CO,,. Although
this mechanism is mediated by reducing extracellu-
lar pH independent of the endothelium, the improved
CVR with sildenafil demonstrates improved efficacy of
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Figure 3. Differences between
sildenafil, cilostazol, and placebo on
middle cerebral artery (MCA) blood
flow, pulsatility, and reactivity on
transcranial ultrasound.

The mean, within-individual difference

for the first drug vs the second is

shown with 95% Cls for the following:

A, MCA pulsatility index (MCA-PI). B,
Cerebrovascular reactivity from the
B-coefficient from a linear model for

the association between end-tidal CO,
and mean flow velocity (cerebrovascular
reactivity [CVR]). C, Mean MCA flow
velocity (MFV). D, Cerebrovascular
conductance jindex (CVCi—MFV/aortic
MBP). Différencesrajeshown for sildenafil
minus placebo (S*P)idenafil minus

0.00

-0.05

MCA Mean Velocity (cm s-1)
A =)

-6

Cerebral Conductance Index (cm s-1 mmHg-1) O

Sildenafil Cilostazol  Sildenafil Sildenafil

vs Placebo vs Placebo vs Cilostazol

Cilostazol  Sildenafil
vs Placebo vs Placebo vs Cilostazol

H—

cilostazol (S-C), and cilostazol minus
placebo (C-P).

vasodilatation and potentially improved compensation for
impaired endothelium-dependent stimulation of VSMCs.

A central role for hypoperfusion and impaired cere-
bral endothelial function in cSVD is suggested by strong
associations between cSVD and reduced cerebral blood
flow in the white matter?® falling cerebral blood flow
velocities on TCD with age, increased cerebral arterial
pulsatility,'#39% impaired CVR** and a moderate reduc-
tion in progression of WMH with intensive blood pressure
control.® Cognitive decline is also associated with hypo-
perfusion, postural hypotension® and low diastolic blood
pressure and thus diastolic flow.?” Therefore, the improve-
ment in cerebral blood flow and endothelial function in
cSVD with sildenafil implies it can reverse the hemody-
namic dysfunction in cSVD and thus could improve clini-
cal outcomes. Furthermore, OxHARP identified potential
biomarkers of treatment effects that may be applicable in
clinical practice. CO,-dependent CVR is technically chal-
lenging but cerebral blood flow velocity and cerebrovas-
cular conductance index are easily measured in centers
able to perform transcranial ultrasound, while perfusion
MRI is available in most clinical centers.

Circulation Research. 2024;135:00-00. DOI: 10.1161/CIRCRESAHA.124.324327

There were limitations to this trial. First, the study
was principally designed to test the superiority of
sildenafil over placebo. Therefore, there were fewer
MRI scans planned on cilostazol treatment and test-
ing was commonly performed in the afternoon. As a
result, observed administration of the final medication
dose ensured that tests were performed at approximate
peak serum concentrations of sildenafil but not peak
concentrations of cilostazol as afternoon testing would
occur after mid-day placebo. However, steady-state
serum concentrations should have been achieved due
to its longer half-life and a significant therapeutic effect
would still be expected. Nonetheless, these factors may
have reduced sensitivity to the effects of cilostazol.
Second, treatment only lasted 3 weeks. Although this
is the longest treatment duration in any randomized trial
of a PDEDBi in ¢SVD it is still unable to assess longer-
term adaptive changes. Third, the population included
few participants with vascular cognitive impairment
and too few women for sex-specific analyses, limiting
generalizability to these populations. Fourth, OxHARP
did not assess effects on blood-brain barrier integrity,
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3 Figure 4. Differences between

B CVR -Response time sildenafil and placebo on
cerebrovascular reactivity (CVR) and
cerebral blood flow on magnetic
resonance imaging (MRI).

The mean, within-individual difference

on MRI for sildenafil minus placebo is
shown on a voxel-wise basis, following
registration to standard MNI space and
Gaussian smoothing. Results are shown as
follows. A, CVR as percentage change in
BOLD per mm Hg end-tidal CO,,. B, CVR
response: difference in time delay between
end-tidal carbon dioxide monitoring and
BOLD signal in seconds. C, Difference in
perfusion on ASL, in milliliter per minutes
per 100 g. DyDiffergtite in arrival time of
blood flow during AL seconds.

C Perfusion (ASL-MRI)
.

2‘

D Arrival time

a key measure of endothelial dysfunction in cSVD.®  improvement with sildenafil does not prove that this will
Fifth, despite observational associations between result in clinical benefits in reducing the risk of stroke
WMH with hypoperfusion and reduced reactivity, their ~ or cognitive decline. Any potential clinical benefit of

Table 3. Side Effects Reported on Each Drug

Drug’ Headaches | Flushing Edema Breathless | Faintness Visual Bruising Diarrhea

Any symptoms

Placebo 4(5.8) 0(0) 4(5.8) 0(0) 1(1.4) 1(1.4) 1(1.4) 5(7.2)
Sildenafil | 12 (18)* 4(5.9) 2 (2.9) 1(1.5) 8(12) 6 (8.8) 4 (5.9) 10 (15)
Cilostazol 26 (40)% 3 (4.6) 6(9.2) 1(1.5) 5 (7.7) 2(3.1) 6(9.2) 19 (29)t
Pvalue 1.1x10* 0.16 0.34 0.61 0.025 0.072 0.066 0.0031

Moderate to severe

Placebo 1(1.4) 0 (0) 0 (0) 0 (0) 0 (0) 1(1.4) 1(1.4) 0 (0)
Sildenafil 0(0) 0(0) 1(1.5) 1(1.5) 2(2.9) 1(1.5) 2(2.9) 2(2.9)
Cilostazol 1(1.5) 0 (0) 0(0) 0 (0) 0(0) 0(0) 0 (0) 7 (11)*
Pvalue 0.61 0.37 0.37 0.14 0.61 0.37 0.013

Frequency (%) of each side effect reported on direct questioning is given. P values for frequency across all 3 drug exposures are derived
by Cochran Q. Post hoc comparisons vs placebo drug are derived by Mcnemar test: Only headaches were significantly more frequent for
cilostazol vs sildenafil (P=0.008).

“A<0.05.

tR<0.01.

+A<0.001.
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sildenafil in improving these measures will need test-
ing in future trials. Finally, cilostazol was more rapidly
titrated than in LACI-2, which may have affected tol-
erability and resulted in reduced compliance. However,
OxHARP has unique strengths. It was the largest physi-
ologically guided phase 2 trial in this population; it used
multimodal, extended physiological testing with TCD
and MRI to define the underlying mechanisms; and it
used rigorous blinding, overencapsulated placebo, and
a crossover design.

Overall, the improved cerebrovascular dynamics with
sildenafil provide a new potential treatment to prevent
progression of cSVD that needs testing in clinical tri-
als. Although further analysis of the tertiary outcomes in
OxHARP (autonomic function, cerebral autoregulation,
peripheral vascular reactivity, and interactions with blood
biomarkers) may inform the mechanistic basis for the
changes in cerebrovascular hemodynamics, the similar
or greater physiological effects of sildenafil to cilostazol
and ISMN warrants a trial to test its effects on cognitive
and functional outcomes in ¢cSVD. Furthermore, in addi-
tion to identifying new treatments, it is necessary to iden-
tify short-term biomarkers of treatment efficacy that can
guide future clinical treatments. Future trials in all rel-
evant cSVD populations should therefore ideally-include
both physiological testing and fluid biomarkers, with har-
monized outcome measures agreed-across trials:

CONCLUSIONS

Sildenafil did not reduce cerebral pulsatility compared
with placebo, but it increased CVR and reduced cerebro-
vascular resistance, aortic blood pressure, and increased
cerebral blood flow. It was noninferior to cilostazol in all
comparisons, which reduced cerebrovascular resistance
but did not improve CVR. Sildenafil was also better tol-
erated. The extensive physiological testing in OxHARP,
therefore, provides a new paradigm to test the mecha-
nisms underlying cSVD and assess potentially beneficial
candidate drugs. Finally, trials of the clinical efficacy of
sildenafil in cSVD are warranted.
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