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Abstract

Introduction: There are few randomized clinical trials in vascular cognitive impair-

ment (VCI). This trial tested the hypothesis that the PDE5 inhibitor tadalafil, a widely

used vasodilator, increases cerebral blood flow (CBF) in older peoplewith symptomatic

small vessel disease, themain cause of VCI.

Methods: In a double-blind, placebo-controlled, cross-over trial, participants received

tadalafil (20mg) and placebo on two visits≥7 days apart (randomized to order of treat-

ment). The primary endpoint, change in subcortical CBF, wasmeasured by arterial spin

labelling.

Results: Tadalafil increased CBF non-significantly in all subcortical areas (N= 55, age:

66.8 (8.6) years) with greatest treatment effect within white matter hyperintensities

(+9.8%, P = .0960). There were incidental treatment effects on systolic and diastolic

blood pressure (–7.8, –4.9mmHg; P< .001). No serious adverse eventswere observed.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations aremade.
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Discussion: This trial did not identify a significant treatment effect of single-

administration tadalafil on subcortical CBF. To detect treatment effects may require

different dosing regimens.

KEYWORDS

cerebral blood flow, clinical trials, PDE5, small vessel disease, tadalafil, vascular cognitive impair-
ment, vascular cognitive impairment and dementia

1 BACKGROUND

Small vessel disease (SVD) is a common cause of lacunar stroke and

vascular contributions to cognitive impairment and dementia.1,2 SVD

is common in older people, seen on brain magnetic resonance imaging

(MRI) as diffuse white matter hyperintensities (WMH), focal ischemic

lesions, andmicro-hemorrhages.2 SVD is associatedwith reducedcere-

bral blood flow (CBF) particularly in subcortical areas, including deep

greynuclei, subcorticalwhitematter, andwithinWMH.3–7 There is cur-

rently no disease-modifying therapy for SVD.2,8

CBF is regulated by multiple factors, including nitric oxide (NO).

Tonic endothelial NO activates guanylyl cyclase in overlying vascu-

lar myocytes, to drive cyclic guanosine monophosphate (cGMP) for-

mation, leading to myocyte relaxation and vasodilation. Cytoplasmic

cGMP is degraded by phosphodiesterase enzymes, in particular PDE5.

Potent, selectivePDE5 inhibitors (PDE5i) suchas sildenafil (Viagra) and

tadalafil (Cialis) are in routine use as vasodilators in erectile dysfunc-

tion and pulmonary arterial hypertension. PDE5i augment blood flow

in peripheral tissues and are well tolerated across dosing regimens.9,10

This study addressed the hypothesis that PDE5i increase CBF in older

people, particularly in the subcortical regions affected by SVD.11

PDE5 is present in human brain neurons12 and in vascularmyocytes

within subcortical white matter.13 Among PDE5i, tadalafil has a rela-

tively long plasma half-life (16 hours in healthy adults)14,15 with evi-

dence of brain penetration in rodents and primates.16,17 Tadalafil is

well tolerated and has beenwidely prescribedworldwide.9,10,14,15 This

article presents primary outcomes from a clinical trial with cross-over

design8,18 to determine whether a single administration of tadalafil

increases subcortical CBF.

2 METHODS

For ExpandedMethods please see supporting information.

This trial, Perfusion by Arterial Spin Labelling Following Single Dose

Tadalafil in Small Vessel Disease (PASTIS) was preregistered at http://

www.clinicaltrials.gov (Unique identifier: NCT02450253) and https://

eudract.ema.europa.eu (Unique identifier: 2015-001235-20). The data

supporting this report are available from the corresponding author

upon reasonable request.

2.1 Trial design, randomization, and endpoints

The trial received ethical approval from the UK National Research

Ethics Service (REC reference: 15/LO/0714). Within the UK, the

National Research Ethics Service, part of the National Health Service

(NHS)Health ResearchAuthority (https://www.hra.nhs.uk/) enacts the

principles of theDeclaration ofHelsinki (and subsequent amendments;

WorldMedical Association) formedical research involving human sub-

jects. Written informed consent was obtained from all participants or

their next of kin. Participants were enrolled by members of the trial

team and randomized to order of treatment (tadalafil 20 mg, placebo;

oral administration). The randomization list was generated in advance

by Sharp Clinical Services, Crickhowell, Powys, UK. Each participant

received, on two separate occasions—Visit#1 and Visit#2—a placebo

dose and a tadalafil 20 mg dose, which were identical in size, shape,

weight, and color. Two study visits were performed at least 7 days

apart, with blood pressure measurement, MRI scanning, and a battery

of cognitive tests up to 3 hours before and 3 to 5 hours after dosing

(see Figure 1A). Participants, care providers, and those assessing out-

comes were all blind to treatment allocation.

The primary endpoint was change in subcortical CBF, assessed in

three tissue types: deep gray matter nuclei (DGM), normal appearing

whitematter (NAWM), andWMH.Change inCBF for cortical graymat-

ter was a secondary endpoint.

The trial commenced September 4, 2015 (Figure 1B). Participants

were recruited from St George’s Hospital and local Participant Iden-

tification Centers. All visits, data management, and trial coordination

were performed at the St George’s site. The trial ended when the pre-

determined recruitment target wasmet (January 25, 2018).

2.2 Study population

All data were from older adults without known diagnosis of dementia,

with radiological and clinical evidence of symptomatic SVD. Inclusion

criteria were as follows: (1) radiological evidence of SVD, defined as:

MRI evidence of lacunar infarct(s) up to 15 mm maximum diameter

and/or confluent deep WMH (grade 2 or higher on the Fazekas

scale19); (2) clinical evidence of SVD defined as either: lacunar stroke

syndrome with symptoms lasting at least 24 hours, occurring at least

6 months prior to visit#1; or transient ischemic attack (TIA) last-

ing < 24 hours with limb weakness, hemi-sensory loss, or dysarthria

at least 6 months previously and with diffusion-weighted MRI per-

formed acutely showing lacunar infarction. If MRI was not performed

within 10 days of transient ischemic attack, a lacunar infarction in an

anatomically appropriate position as demonstrated on a subsequent

MRI was also deemed eligible; (3) age at least 50 years; and (4) imaging

of the carotid arteries in the previous 12 months, demonstrating less

than 70% stenosis in both internal carotid arteries or less than 50%

stenosis in both internal carotids if measured in previous 12 to 60

months. Exclusion criteria included: known diagnosis of dementia;

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
https://eudract.ema.europa.eu
https://eudract.ema.europa.eu
https://www.hra.nhs.uk/
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F IGURE 1 PASTIS trial design and recruitment. A, Trial design. For
Group 1, Treatment 1was tadalafil and Treatment 2 placebo, for
Group 2 vice versa. B, Recruitment to PASTIS. C, CONSORT diagram.
CONSORT, Consolidated Standards of Reporting Trials; MRI, magnetic
resonance imaging; PASTIS, Perfusion by Arterial Spin Labelling
Following Single Dose Tadalafil in Small Vessel Disease

cortical infarction (more than 15 mm maximum width); sys-

tolic blood pressure (SBP) < 90 mmHg; diastolic blood pressure

(DBP) < 50 mmHg; creatinine clearance < 30 mL/min; stroke or TIA

within the previous 6 months; concomitant use of PDE5i. A full list of

exclusion criteria is given in the published protocol.18

2.3 Study assessments

In the screening visit (“Visit 0″), informedconsentwasdocumentedand

education level and Montreal Cognitive Assessment (MoCA) scores

RESEARCH INCONTEXT

1. Systematic review: Brain vascular disease is a major

contributor to dementia, with few treatment options.

Phosphodiesterase inhibitors (PDE5i) are widely used

vasodilators in peripheral vascular disease. Hence,

we tested whether tadalafil, a brain-penetrant PDE5i,

changes deep brain blood flow.

2. Interpretation: This is the first randomized clinical trial

of a PDE5i in small vessel disease. Although the data did

not support a difference between single-administration

tadalafil and placebo with respect to subcortical blood

flow, a trend to augmented perfusion of white matter

hyperintensities (9.8%, P= .096) suggested that different

treatment regimens may have clinical benefit. Combina-

tion therapy may be required to over-ride cerebral blood

flow autoregulation.

3. Future directions: A future trial will require a different

treatment regimen in older people (age ≥ 65), with suf-

ficient power to detect 10% blood flow augmentation in

white matter hyperintensities.

HIGHLIGHTS

Single administration of the PDE5 inhibitor tadalafil:

∙ waswell tolerated in older people with symptomatic small

vessel disease.

∙ did not change cerebral blood flow (measuredwith arterial

spin labelling), despite reduced systolic bloodpressure and

diastolic blood pressure.

∙ trended enhanced perfusion within white matter hyperin-

tensities.

were recorded. In study visits (Visit#1, Visit#2), participants under-

went blood pressure measurements, a cognitive test battery,18 and

brain MRI. At the end of each study visit, and at least 3 hours post-

dosing, two blood samples (5 mL) were taken for full blood count and

analysis of tadalafil concentration.

2.4 MRI acquisition

Whole-brain perfusion MRI was acquired using a 3T scanner (Achieva

Dual TX MRI scanner, Philips Medical Systems,) at St George’s Uni-

versity Hospitals NHS Foundation Trust. Whole brain T1-weighted,

fluid attenuated inversion recovery (FLAIR), susceptibility-weighted

imaging (SWI), and pseudo-continuous arterial spin labelling (pCASL)

images (which included a proton-density weighted image) were

acquired. Full MRI acquisition protocol information is provided in
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F IGURE 2 Example of anatomical and cerebral blood flow (CBF) mapping, with tissue segmentation. A, Fluid-attenuated inversion recovery
(FLAIR) image at full resolution. B, FLAIR image co-registered to the CBFmap, with voxels re-sized to be equivalent to the pseudo-continuous
arterial spin labelling (pCASL) map. C, CBFmap, derived from pCASL. Calibration bar shows 0.0–80.0mL/min/100 g. D, Tissue segmentationmap
for CBF computation. Each voxel has been defined as either: cerebrospinal fluid (CSF), graymatter (GM), normal-appearing white matter (WM), or
white matter hyperintensity (WMH). E, F, Probability density functions of CBF values in voxels assigned as graymatter (E) or normal-appearing
white matter (F). For this participant, median CBFwas 51.3mL/min/100 g in graymatter and 21.8mL/min/100 g in normal-appearing white matter

supporting information. All MRI data were acquired from brain scans

performed on a Tuesday or Thursday, pre-dosing scans between the

hours of 10:00 a.m. and 12:00 p.m. and post-dosing scans 2:00 p.m.

to 5:00 p.m. The pCASL protocol was based on the consensus rec-

ommendations of the International Society for Magnetic Resonance

Medicine Perfusion study group and European ASL in Dementia

consortium20 using the Philips pCASL sequence in the scanner v5.3

software.

2.5 MRI analysis

Full MRI analysis information is included in the supporting infor-

mation and Figure S1 in supporting information provides an out-

line of the MRI data analysis pipeline. An average pCASL map

was separately computed for each pCASL data acquisition (exam-

ple in Figure 2) using oxford_asl (part of the FSL-BASIL toolset,

fsl.fmrib.ox.ac.uk/fsl/fslwiki/BASIL). CBF in each voxel was calculated

using the standard equation for pCASL.20

For each scanning session, T1-weighted images in native spacewere

segmented into gray matter, white matter, and cerebrospinal fluid

(CSF) tissue probability maps (Figure 2) using a modified form of the

standard Statistical Parametric Mapping (SPM v12, https://www.fil.

ion.ucl.ac.uk/spm/) described in our previous paper.21 WMHs were

delineated on FLAIR images (JIM software v7.0; Xinapse Systems Ltd).

Native space T1-weighted and FLAIR imageswere co-registered to the

average proton density-weighted image, to enable alignment of the T1-

weighted tissue probability andWMHmaps to the CBF data.

Each voxel in the CBF map was provisionally assigned to gray mat-

ter, NAWM, WMH, or CSF, based on the maximum tissue probability.

These provisional assignmentswere then entered as empirical priors in

ahiddenMarkov random fieldmodel and segmentation (FMRIB’sAuto-

mated Segmentation Tool, FAST)22 to provide an improved segmenta-

tion of gray andwhitematter tissue from theCBFmaps. This technique

reduces partial volume and tissue classification errors at the bound-

ary between gray and white matter, caused by the relative difference

between voxel sizes of the native pCASL and T1-weighted images. For

each participant at each scan session, median CBF values were calcu-

lated for total graymatter, NAWM, andWMH (example in Figure 2).

To determine CBF in DGM, the caudate, putamen, and thalamus

of both hemispheres were segmented on native space T1-weighted

images using FreeSurfer (v.5.3.0, https://surfer.nmr.mgh.harvard.edu/

fswiki/). Median CBF was calculated for each of these three deep gray

nuclei and the averageof thesemedian values reported asCBF inDGM.

https://www.fil.ion.ucl.ac.uk/spm/
https://www.fil.ion.ucl.ac.uk/spm/
https://surfer.nmr.mgh.harvard.edu/fswiki/
https://surfer.nmr.mgh.harvard.edu/fswiki/
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TABLE 1 Participant demographics for the study cohort

Participants who consented andwere randomized (N= 65) Participants who completed the protocol (N= 55)

Variable All

Placebo

followed by

tadalafil

Tadalafil

followed by

placebo All

Placebo

followed by

tadalafil

Tadalafil

followed by

placebo

N 65 32 33 55 25 30

Age (y) 66.7 68.0 65.5 66.8 67.9 65.9

(8.7) (8.4) (9.0) (8.6) (8.4) (8.9)

Age range (y) 52, 87 53, 87 52, 83 52, 87 53, 87 52, 83

Female/male 19/46 14/18 5/28 15/40 10/15 5/25

MoCA score 25.4 25.4 25.4 25.1 25.0 25.2

(3.4) (3.3) (3.6) (3.5) (3.4) (3.7)

Education (y) 12.8 (3.1) 12.7 (2.9) 12.8 (3.3) 12.7 (3.2) 12.7 (3.0) 12.7 (3.4)

Time from stroke to

consent (months)

16.0 15.3 16.8 14.6 14.9 14.3

(17.6) (12.0) (22.6) (12.1) (11.8) (12.8)

Modified Rankin score

(0/1/2/3/4/5–6)

18/26/16/3/2/0 7/13/10/2/0/0 11/13/6/1/2/0 16/20/14/3/2/0 5/10/8/2/ 11/10/6/1/

2/0 0/0 2/0 2/0 0/0 2/0

NIHSS (range 0–42) 1.0 1.0 1.0 1.0 1.0 0.5

[0.0, 2.0] [0.0, 2.0] [0.0, 2.0] [0.0, 2.0] [0.0, 3.0] [0.0, 2.0]

WMHvolume (mm3) NA NA NA 14,600 15,700 11,800

[7,200, 31,700] [9,200, 34,500] [6,800, 27,600]

Cerebral microbleeds,

total count

1 [0, 4] 1 [0, 4] 1 [0, 4] 1 [0, 4] 1.5 [0, 4] 1 [0, 4.5]

SBP (mmHg) 145 147 144 145 147 144

(16.6) (17.1) (16.4) (16.6) (18.7) (14.8)

DBP (mmHg) 81.0 81.0 81.0 79.9 79.2 80.5

(10.7) (9.6) (11.9) (10.7) (9.7) (11.6)

Notes: Data are reported as mean (SD), except for modified Rankin score (actual scores listed), NIHSS score, WMH volume, and cerebral microbleed counts,

which are reported as median [interquartile range]. Scoring in MoCA ranges from 0 to 30, with a score of 26 or higher indicating normal cognitive ability.

These scores have been adjusted for educational level (+1 if the participant had 12 or more years of education). SBP, DBP are the average over Visit#1 and

Visit#2.

Abbreviations: DBP, diastolic blood pressure; MoCA, Montreal Cognitive Assessment; NIHSS, National Institutes of Health Stroke Scale; SBP, systolic blood

pressure; SD, standard deviation;WMH, whitematter hyperintensities.

2.6 Statistical analysis

All analyses were based on the intention-to-treat principle (i.e., partici-

pantswere analyzed according to randomized treatment group regard-

less of whether they received the intended treatment). Change within

each treatment group was analyzed using paired sample t tests. Treat-

ment effects were defined as {(after-before tadalafil) – (after-before

placebo)}. Treatment effects on primary and secondary outcomeswere

analyzed using linear mixed effects models with fixed effects of base-

line value, treatment, visit, and random effect of subject. Models were

not corrected for age, blood pressure, or full blood count. Analyses

were conducted using R v.3.4.1 with the lme4 and lmerTest packages

(https://www.R-project.org/). No corrections were made for multiple

comparisons. P< .05 was considered significant.

3 RESULTS

Sixty-five individuals gave consent and were randomized, 59 com-

menced the protocol, 55 completed the protocol, and 53 had a full set

of usable CBF data (see CONSORT diagram, Figure 1C). There were

no significant demographic differences between those randomized and

those who completed the protocol (Table 1).

Ten participants experienced adverse events, eightwhile on placebo

treatment and two while on tadalafil (described in Table S1 in sup-

porting information). These included headache, nausea, sore throat,

knee pain, respiratory infections, a diabetic hypoglycemic event, a

panic attack in the MRI scanner. There were no serious adverse reac-

tions. The cohort were older adults (age range: 52–87 years, Table 1),

all of whom had symptomatic SVD with typical MRI manifestations.

https://www.R-project.org/


6 PAULS ET AL.

F IGURE 3 Distributions of change (after–before) after placebo or tadalafil for cerebral blood flow (CBF) and blood pressure. A-D, Change in
CBF (mL/min/100 g) in deep gray nuclei (A), normal-appearing white matter (B), white matter hyperintensities (C), and total graymatter (D). E,F,
Change in systolic blood pressure (SBP; E) and diastolic blood pressure (DBP; F) (mmHg). Box-whisker plots showmedian, interquartile range
(IQR), and full range. Asterisks indicatemean values. For each of the parameters presented, mean values are listed in Table 2. Individual data points
shown are> 3 IQR from themedian

Although the protocol permitted inclusion of TIA patients, in practice

all had a lacunar stroke event, verified onMRI. In all cases, Visit#1 took

place at least 6 months post-stroke. Visit#1 and Visit#2 were 20 (19)

days apart (mean [standard deviation (SD)]; range 7–117 days). Four

participants completed Visit#2 more than 30 days after Visit#1 (range

54–117 days). In blood samples taken 3 to 6 hours post-drug admin-

istration, plasma tadalafil concentration was 520 (160) nmol/L (range

300–980 nmol/L, n= 53).

Following tadalafil administration, CBF increased in all three sub-

cortical tissue types (DGM, NAWM, andWMH) as well as in total gray

matter (Figure 3A-D; Table 2). CBF also increased following placebo

in DGM, NAWM, and total gray matter, but not in WMH (Table 2).

Treatment effects of tadalafil on CBF were modest and not signifi-

cant: 0.11 mL/min/100 g in DGM (P = .881), 0.33 mL/min/100 g in

NAWM (P = .458), 0.95 mL/min/100 g in WMH (P = .0960), and

0.56 mL/min/100 g in total gray matter (P = .456). The highest treat-

ment effect was in WMH, representing a 9.8% increase in CBF. There

was no significant effect of group allocation (tadalafil at Visit#1 and

placebo at Visit#2, or vice versa). No significant carry-over effect was

detectable in any of the statistical models (P > .180 for all treatment–

period interactions).

As incidental findings, there were modest but significant treatment

effects on SBP (–7.8 mmHg, P < .001) and DBP (–4.9 mmHg, P < .001)

in post hoc analyses (Figure 3E-F; Table 2).

4 DISCUSSION

This article reports primary outcomes from the first double-blind, ran-

domized placebo-controlled clinical trial of PDE5i treatment on CBF

in older people with SVD. The main finding was that single administra-

tion of tadalafil did not significantly increase CBF relative to placebo in
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TABLE 2 Effect of placebo, tadalafil, and treatment effect on CBF and blood pressure

Variable

Pre-dose value,

placebo; mean

(SD)

Pre-dose value,

tadalafil; mean

(SD)

Change following

placebo;mean(95%

CI)

Change following

Tadalafil.Mean(95%

CI)

Treatment

effect.Mean

(95%CI)

Deep graymatter CBF

(mL/min/100 g)

24.2

(6.1)

24.5

(7.0)

1.75

(0.74, 2.76)

P= .0010

1.79

(0.71, 2.88)

p=0.0016

0.11

(−1.27, 1.48)

p=0.881

Normal appearing whitematter

CBF (mL/min/100 g)

13.5

(4.5)

13.5

(5.2)

0.80

(0.14, 1.47)

P= .0185

1.15

(0.49, 1.80)

p=0.0009

0.33

(−0.54, 1.21)

p=0.458

Whitematter hyperintensities

CBF (mL/min/100 g)

9.5

(5.6)

9.4

(5.9)

0.32(–0.48, 1.12)

P= .424

1.29

(0.21, 2.38)

p=0.0203

0.95

(−0.15, 2.05)

p=0.0960

Total graymatter CBF

(mL/min/100 g)

33.0

(7.8)

33.4

(8.7)

2.05

(0.93, 3.17)

P= .0006

2.54

(1.48, 3.61)

p<0.0001

0.56

(−0.90, 2.02)

p=0.456

SBP (mmHg) 145

(16.0)

145

(15.6)

2.9

(–0.6, 6.4)

p= 0.107

−5.0

(−8.6,−1.4)

p=0.0068

−7.8

(−11.8, -3.9)

p=0.0004

DBP (mmHg) 80.6

(8.6)

79.6

(9.4)

0.6

(–1.6, 2.7)

P= .619

−4.0

(−6.0,−2.0)

p=0.0002

−4.9

(−7.3,−2.4)

p=0.0003

Notes: Changes are presented with effect estimate, 95% confidence intervals, and associated P-values. SBP and DBP data were derived from post hoc

exploratory analyses (not prespecified endpoints). P-values were not adjusted for age or sex. Analyses were based on 55 participants who completed the

protocol. One participant had incomplete placeboCBFdata and one other incomplete tadalafil CBF data, hence n=53 for CBF data. For SBP andDBP, n=55.

Abbreviations: CBF, cerebral blood flow; CI, confidence interval; DBP, diastolic blood pressure; SBP, systolic blood pressure; SD, standard deviation.

subcortical tissue or in total gray matter (which is dominated by corti-

cal gray matter). As an incidental finding, tadalafil decreased SBP and

DBP relative to placebo.

The dose of tadalafil (20 mg) was within the range licensed for pre-

scribing (5–40 mg) and between the dose typically prescribed in erec-

tile dysfunction (5–10mg) and that used in clinical trials for pulmonary

arterial hypertension (40 mg). Tadalafil-dependent reduction in blood

pressure confirmed active plasma concentrations of drug. The plasma

concentrations recorded were consistent with previous pharmacoki-

netic studies.14,15 Based on the published brain:plasma ratio of approx-

imately 1:10 in rodents and experimental primates,16,17 brain tadalafil

concentration in the range 30 to 100 nmol/L is estimated for the par-

ticipants in PASTIS. Hence, brain tadalafil levels in this trial were likely

to be at least 6-fold above the concentration required for half-maximal

PDE5 inhibition (pharmacological IC50 values in the range 1–5nmol/L).

An unexpected finding was significant CBF elevation in DGM,

NAWM, and total gray matter following placebo treatment. There was

no effect of order of treatment (group allocation). Considering total

gray matter, where the signal–noise ratio for CBF measurement is

highest, the post-placebo increase was evident in 41 (72%) partici-

pants who received placebo. This appears a high proportion for a true

placebo effect. Alternatively, the observation may reflect diurnal CBF

variation, possibly mediated by circadian changes in circulating hor-

mones, vasomotor tone, or psychological arousal. Cyclical variations in

hemodynamic parameters, includingCBF, are reported in experimental

animals23 and in human subjects.24–27 This unexpected finding empha-

sizes theneed for aplacebogroup in studiesofCBF, evenwherea cross-

over design is used. Future trials should specify the time of day for CBF

measurement.

Tadalafil-mediated treatment effects onCBFwere small (range 0.4–

9.8% across tissue types) and non-significant (Table 2). As gray mat-

ter CBF data have high signal–noise and statistical power, the findings

suggest that tadalafil-mediated gray matter CBF changes are unlikely,

at least in a single-dosing regimen. Failure of target engagement is

unlikely, as brain tadalafil concentration is estimated to be high and

PDE5 is present in vascular myocytes of older people.13 The great-

est treatment effect was within WMH, equivalent to a 9.8% increase

(P = .0960, Table 2). This finding raises two questions. First, is this a

true increase (and our finding a false negative)? This trial was designed

to detect treatment effects of 15% or more.18 To confidently detect a

9.8% increase in perfusion of white matter tissue would require a sub-

stantially larger cohort. Second, what would be the clinical impact of

a 9.8% increase in WMH blood flow? Such an increment, if confirmed,

would at least indicate that small vessels withinWMHare amenable to

pharmacotherapy. Previous studies support the concept that CBF reg-

ulation within WMH differs from surrounding NAWM.3,5,6 Given the

nonlinear relationbetweenbrainperfusionand tissuedamage, it is con-

ceivable that such a modest elevation in local blood flow could be ben-

eficial. In other tissues, chronic PDE5i treatment produced therapeu-

tic myocardial remodeling in heart failure28 and in pulmonary arterial

hypertension.29 Post hoc analyses revealed a trend for greater post-

tadalafil CBF change with increasing age (Figure 4). It appears reason-

able to speculate that putative PDE5i-mediated effects on CBFmay be

most apparent in older persons, at least 65 years of age.
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F IGURE 4 Change in cerebral blood flow (CBF) after placebo or tadalafil as a function of age. Change in CBF in total graymatter (A), and
normal-appearing white matter (B). Lines of best fit are shown for placebo (solid line), or tadalafil (dashed line) or for all data points (gray line)

Changes in CBF following PDE5i administration have been reported

in older people with brain disease,30–32 though the results were quite

diverse. In older male subjects with a history of ischemic stroke (com-

bining large vessel and lacunar subtypes), a mosaic of changes in

regional CBF followed tadalafil treatment31. Sildenafil also gave a

mosaic of regional CBF changes in men with erectile dysfunction.30 In

subjects with mild cognitive impairment (MCI), diagnosed clinically as

“early Alzheimer’s disease (AD),” there was a small (8%) elevation of

global CBF following acute administration of sildenafil (50 mg).32 All

these studies lacked a placebo-treated control group,30–32 hence small

PDE5i-dependent effects cannot be distinguished from confounding

factors, such as diurnal CBF changes.27 Healthy young adults showed

no change in CBF following acute PDE5i treatment.33,34 In young

adult male patients with Becker muscular dystrophy, 4 weeks of silde-

nafil treatment produced a small increase in cerebrovascular reactivity

(1.6%) though CBF did not change significantly.35

Other vasoactive agents that have been tested in older people,

either with documented hypertension or with a history of SVD, include

angiotensin-converting enzyme inhibitors,36,37 angiotensin receptor

antagonists,38,39 beta-adrenoceptor blockers,36 and calcium channel

antagonists.40 All reduced systemic blood pressure without significant

effects on CBF. Most of these prior studies used drug treatment

for at least 2 weeks in small cohorts (8–28 participants). In a larger

study of 67 hypertensive older people with SVD, either intensive or

standard ambulatory blood pressure–lowering treatment achieved

27 mmHg or 8 mmHg fall in SBP, respectively.41 After 3 months of

treatment, there was no significant change in global CBF from baseline

in either group, and no difference in CBF between the intensive and

standard treatment groups.41 There are exceptions to this pattern. A

modest, significant increase in gray matter CBF (9.5%) was reported

in older hypertensive patients following intensive blood pressure

lowering, relative to those on usual blood pressure treatment.42 In

AD patients, 6 months of treatment with the calcium antagonist

nilvadipine suppressed blood pressure with no change in global CBF,

though post hoc analyses showed a substantial (20%) increase in

hippocampal CBF.43

The present results and the bulk of published data36–41,44 sup-

port the view that CBF autoregulation is maintained following

drug treatment, even in older people with manifest SVD. The

present findings support the safety of tadalafil in older people

with SVD. Sustained CBF augmentation may require a combination of

interventions.45,46

The interplay among hypertension, SVD, and cognitive decline

is an area of high interest. A recent large study (SPRINT-MIND)

compared intensive to standard blood pressure–lowering (target

SBP < 120 mmHg, < 140 mmHg, respectively).47 While there was no

difference in the primary outcome of incident dementia (median treat-

ment duration3.3 years), intensive treatment significantly reduced risk

ofMCI and the combined risk ofMCI or probable dementia.47 In a sub-

group withMRI data,WMH volume increase was significantly lower in

the intensive treatment group (between-group difference: 540 mm3,

P < .001).48 These findings support an earlier study (PROGRESS)

in which blood pressure lowering (using an angiotensin-converting

enzyme inhibitor combined with a diuretic) reduced WMH accumula-

tion and lowered the risk of cognitive decline.46 Recent meta-analyses

support a beneficial effect of midlife blood pressure lowering.49 Over-

all, these findings suggest that cognitive impairment due to SVD may

be tractable to intensive antihypertensive strategies.

This study has strengths. First, it recruited a well-characterized

cohort with clinical and MRI evidence for symptomatic SVD. Second,

CBF maps were derived from a long pCASL sequence (20 minutes), all

performed on a single MRI scanner. Third, sufficient participants were

recruited to attain the predetermined statistical power.

This study also has limitations. First, only a single administration

of tadalafil was examined. While this was anticipated to attain the

expectedbiological effect of near-completePDE5 inhibition, additional

effects could emerge from a longer dosing regimen. Second, relatively

young participants were included (age ≥50 years, Table 1). Of the

55 who completed the protocol, 22 (40%) were aged < 65 years. As

tadalafil does not affect CBF in young, healthy adults,33,34 this may

have diluted a possible treatment effect. Third, only resting CBF was

measured. It may be that PDE5i affects changes in cerebrovascular
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reactivity in response to a stimulus (such as a visual image, breath-

holding, or motor task).35

5 CONCLUSION

This study found insufficient evidence to support a significant differ-

ence between single-dose tadalafil (20 mg) and placebo with respect

to increase in resting subcortical CBF.Modest reduction in blood pres-

sure was observed and did not result in hypoperfusion in SVD. A trend

to augmented WMH perfusion suggests that PDE5i treatment, possi-

bly of longer duration, may yield clinical benefit.
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