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Introduction

Abstract

Background: Traumatic cerebrovascular injury (TCVI), a common consequence
of traumatic brain injury (TBI), presents an attractive therapeutic target. Because
phosphodiesterase-5 (PDE5) inhibitors potentiate the action of nitric oxide
(NO) produced by endothelial cells, they are candidate therapies for TCVI. This
study aims to: (1) measure cerebral blood flow (CBF), cerebrovascular reactivity
(CVR), and change in CVR after a single dose of sildenafil (ACVR) in chronic
TBI compared to uninjured controls; (2) examine the safety and tolerability of
8-week sildenafil administration in chronic symptomatic moderate/severe TBI
patients; and as an exploratory aim, (3) assess the effect of an 8-week course of
sildenafil on chronic TBI symptoms. Methods: Forty-six subjects (31 chronic
TBI, 15 matched healthy volunteers) were enrolled. Baseline CBF and CVR
before and after administration of sildenafil were measured. Symptomatic TBI
subjects then completed an 8-week double-blind, placebo-controlled, crossover
trial of sildenafil. A neuropsychological battery and neurobehavioral symptom
questionnaires were administered at each study visit. Results: After a single dose
of sildenafil, TBI subjects showed a significant increase in global CVR compared
to healthy controls (P < 0.001, d = 0.9). Post-sildenafil CVR maps showed near-
normalization of CVR in many regions where baseline CVR was low, predomi-
nantly within areas without structural abnormalities. Sildenafil was well toler-
ated. Clinical Global Impression (CGI) scale showed a trend toward clinical
improvement while on sildenafil treatment. Findings: Single-dose sildenafil
improves regional CVR deficits in chronic TBI patients. CVR and ACVR are
potential predictive and pharmacodynamic biomarkers of PDES5 inhibitor ther-
apy for TCVL Sildenafil is a potential therapy for TCVIL.

to improve functional outcomes.® Despite success in ani-
mal models, all Phase III human clinical trials to date have

Traumatic brain injury (TBI), a major cause of death and
disability, annually accounts for 2.5 million Emergency
Department visits, 52,000 deaths and 92,000 survivors
with disability in the United States alone." It is estimated
that the prevalence of Americans with chronic TBI-related
disability is 5.3 million.>”® The magnitude of this problem
has led to extensive pre-clinical research and clinical trials

failed.” '® Consensus conferences have concluded that
biomarkers will be critical for the development of effective
TBI therapies targeted at injury-specific mechanisms.*'"
While the mechanisms responsible for functional defi-
cits after TBI are incompletely understood, substantial
data indicate that traumatic cerebrovascular injury
(TCVI) contributes to TBI-related disability. TCVI is a
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near universal pathologic finding in fatal TBL'* but has
also been detected in mild or moderate TBI cases.'” Vas-
cular injury is detected on MRI in 25-30% of mild TBI
cases imaged soon after injury.'®'> In animal TBI models,
TCVI is universally detected,'®* and persistent microcir-
culatory deficits correlate with behavioral and cognitive
deficits.'® The distribution of TCVI is diffuse and multi-
focal, and often noted at some distance from visible
lesions.'®2*2!

Cerebrovascular reactivity (CVR) is the change in cere-
bral blood flow in response to a vasodilatory stimulus
and is a measure of vascular reserve and microvascular
health.”” There are established methods to study CVR
non-invasively in humans including transcranial Doppler
(TCD), near infra-red spectroscopy (NIRS) with hyper-
capnia,” and MRI-Blood Oxygen Level Dependent (MRI-
BOLD) with hypercapnia challenge. In professional box-
ers, CVR is decreased in the first week after a fight, and
correlates with cumulative lifetime concussions.”* A meta-
analysis of CVR after sports concussion concluded that
CVR is decreased acutely.”® Our group has found that
MRI measures of CVR reliably distinguishes chronic TBI
from HC with the greatest effect size in the gray matter.*®
Furthermore, CVR maps show focal areas of decreased
CVR in regions with visible encephalomalacia as well as
in areas of normal structural parenchyma.

Because of the plasticity of the cerebral vasculature,
TCVI is an attractive target for intervention. Multiple
pharmacologic and non-pharmacologic therapies with
well-established medical indications promote blood vessel
repair and may prove beneficial as therapy for TCVI in
appropriately selected patients.”” >° Sildenafil is a potent
and specific inhibitor of cGMP-specific phosphodiesterase
(Phosphodiesterase 5, PDE5), thereby prolonging the ele-
vation of cGMP resulting from the induction of guanylyl
cyclase by nitric oxide (NO). Sildenafil is FDA-approved
for the treatment of erectile dysfunction and primary pul-
monary hypertension. In patients with microvascular dys-
function, vasodilation is impaired by the inability of
damaged endothelial cells to produce sufficient NO.
PDES5 inhibitors potentiate NO-dependent vasodilation by
prolonging the elevation of c¢cGMP. Sildenafil is under
active study in a variety of conditions associated with
microvascular  dysfunction.’’ >*  Sildenafil’s endothelial
repair properties have been studied in several conditions
associated with chronic diabetes.® In extensive pre- and
post-marketing use, it is safe and generally well-tolerated.

We hypothesize that sildenafil will potentiate CVR in
patients with chronic TBL. We further hypothesize that the
effect of sildenafil is greater in cortical regions where baseline
CVR is low (“CVR holes”). Furthermore we hypothesize that
chronic low-dose sildenafil will prove safe and well tolerated
in chronic TBI patients. Finally, as an exploratory
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hypothesis, we propose that sildenafil will prove beneficial
for improving chronic post-TBI symptoms.

Methods

Subjects

Adults between 18 and 55 years were consented and
enrolled under an IRB-approved Phase Ila clinical trial
(NCT01762475). Inclusion criteria for TBI subjects
included TBI 6 months to 10 years prior to enrollment
with any one of the following at the time of injury: Glas-
gow Coma Score between 3 and 12; post-traumatic amne-
sia > 24 h; or TBIl-related neuroimaging abnormality (on
CT or MRI). Exclusionary criteria included any penetrating
TBI, pre-existing disabling neurologic or psychiatric disor-
der, pregnancy, unstable pulmonary or vascular disorder,
allergy to sildenafil or contraindications to taking a selec-
tive PDE-5 inhibitor. Gender and age-matched individuals
with no history of TBI, pre-existing disabling disorders or
pregnancy were enrolled as healthy controls (HC). Each
subject underwent a baseline visit which included a history
and physical, baseline surveys including headache diagnos-
tic interview (HIT-6) and sildenafil side effect symptom
survey, brief neurocognitive testing and neurobehavioral
surveys, and MRI with CVR assessments before and
60 min after a single oral dose of sildenafil citrate 50 mg.
Symptomatic TBI subjects were defined, according to
DSM-IV-TR post-concussion syndrome criteria,” as those
with cognitive/memory dysfunction and at least 3 of the
following symptoms: fatigability, disordered sleep, head-
ache, vertigo/dizziness, irritability/aggression, anxiety/
depression/affective lability, and personality change. Symp-
tomatic TBI subjects were entered into an 8-week cross-
over, double-blind, placebo-controlled trial of sildenafil
25 mg twice daily with a 2-week washout in between the
two drug trial phases. After each drug trial phase, TBI sub-
jects underwent the same evaluation as at baseline, includ-
ing CVR before and after single-dose sildenafil (to assess
CVR and ACVR in response to PDE5 inhibitor), symptom
surveys (with HIT-6) and brief neuropsychological testing.
At each study visit, subjects were asked to guess what drug
phase they felt they had just completed (active drug or pla-
cebo), if they had experienced any adverse advents and if
they had any clinical change (improvement or worsening)
during the prior 8 weeks. The Clinical Global Impression
(CGI) scale was completed based on interview with the
examining study investigator (RDA, KK, CS, CM or EW).
The pharmacy randomized active drug versus placebo
administration. All research staff, including MRI technolo-
gists and psychometric technicians were blinded as to
group assignment, and the blind was not broken until all
subjects had completed the study.
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MRI imaging

MRI was performed on a Siemens Biograph mMR, fully
integrated 3T MRI/PET. T1 Magnetization Prepared
Rapid Gradient Echo (MPRAGE), Susceptibility weighted
imaging (SWI), T2- gradient echo sequences (GRE), Dif-
fusion weighted imaging (DWI), Diffusion tensor imaging
(DTI), Fluid-attenuated recovery (FLAIR),
pulsed Arterial Spin Labeling (ASL) and Magnetic Reso-
nance Imaging-Blood Oxygenation Level Dependent
(MRI- BOLD) sequences were acquired on each subject.

FLAIR images were acquired with the following param-
eters: TR/TE=9090/112 msec, inversion time = 2450 msec,
slice thickness = 3.0 mm. ASL images were acquired
using a pulsed sequence with the PICORE Q2TIPS label-
ing scheme. The following parameters were established
for the acquisition of 111 2D-EPI volumes: TR/TE =2700/
15 msec, T11/TI2 = 700/1800 msec.

Each participant underwent MRI-BOLD sequences with
CVR hypercapnia measurements according to the methods
developed previously.?>*® Hypercapnia was induced via a

inversion

Douglas bag alternating between a flow of room air and 5%
carbon dioxide (CO,) mixed with room air every minute
for 7 min total while the MRI-BOLD images were acquired.
End-tidal CO, (EtCO,) was measured continuously using a
capnograph (Smith Medical, Model 9004). These condi-
tions (5% CO, for no longer than one minute at a time)
did not result in significant changes in mean arterial blood
pressure, heart rate, or oxygen saturation.”” The sequence’s
parameters were TR/TE = 2000/25 msec, flip angle=80°,
field of view=220 x 220 mm?, matrix= 64 x 64, 36 slices,
thickness=3.6 mm, no gap between slices, 210 volumes.

Data processing
ASL

Image data analyses were performed with the Statistical
Parametric Mapping software (SPM12) and ASL data pro-
cessing toolbox. The control and label ASL images were rea-
ligned and re-sliced to correct for head motion. They were
smoothed using an isotropic Gaussian kernel with a 4 mm
full-width at half-maximum. CBF images were reconstructed
using the ASL Data Processing Toolbox ASLtbx.

CVR

Images were spatially realigned and re-sliced to correct for
head motion with SPM (realign and re-slice toolbox). We
monitored six parameters (x, y, z translation and pitch,
toll and yaw) to assure correct co-registration. Scans from
2 subjects from whom head motion was not correctable
were not analyzed. The EtCO, measure was individually
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shifted to achieve the maximum correlation with the
BOLD signal due to the travel time between the lungs to
the cerebrovascular network. Voxel-by-voxel CVR maps
(in the units of % BOLD change/mmHg CO, change,
%/mmHg) were calculated based on a linear regression
between BOLD signal time courses and the vascular input
function (time shifted EtCO,), as previously described by
Lu et al.”® Global CVR is calculated as the mean voxel
CVR measure for the whole brain, and compartment
(white or gray matter) CVR is calculated as the mean
voxel CVR measure within the region of interest.

At baseline, the mean and standard deviation (SD)
EtCO, values were 39.9 (1.6) mmHg and rose to 49.0
(1.2) mmHg during hypercapnia. After sildenafil adminis-
tration, the mean (SD) initial EtCO, was 40.1 (1.5) and
rose to 48.6 (1.8) mm Hg during hypercapnia. There was
no difference in baseline EtCO, or AEtCO, between the
TBI and control groups (P > 0.2). The CVR (pre- and
post-sildenafil), CBF (pre-sildenafil only) and FLAIR
images were each co-registered with the MPRAGE images
using SPM12. ACVR was calculated as the difference in
the global CVR measures before and after a single-dose of
oral sildenafil 50 mg and ACVR maps were computed as
the difference in CVR maps before and after single-dose
sildenafil within a single imaging session.

Neurobehavioral assessments

A psychometrist administered a battery of neuropsycholog-
ical tests and neurobehavioral symptom surveys selected
from the TBI Common Data Elements, as follows: learning
portions of the California Verbal Learning Test (CVLT),
Word Reading subtest of the Wide Range Achievement
Test (WRAT), Trail Making Test (TMT) Parts A & B
(TMT-A, TMT-B, respectively), Digit Symbol and Symbol
Search subsets of the Wechsler Adult Intelligence Scale
(WAIS-1V), the Brief Symptom Inventory (BSI), and the
Rivermead Post Concussion Symptoms Questionnaire
(RPQ). Raw scores on the CVLT, WRAT, TMT, and
WAIS-IV were normalized for age and education.

Statistical analysis

The statistical analysis was performed with Matlab statistical
toolbox, using the Kolmogorov—Smirnov test for standard
normal distribution. If one dataset rejected the null hypothe-
sis at 5% significance level, we performed a Spearman rank
order correlation. Otherwise we performed Pearson linear
correlation. The correlation coefficient is associated with a
P-value testing the hypothesis of no correlation. The statisti-
cal analysis of independent samples was done with two inde-
pendent t-tests when the samples were normally distributed
and with Mann—Whitney U-test otherwise.
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Results

Demographics & TBI characteristics

Forty-six (31 TBI and 15 HC) age and gender-matched
subjects were consented, enrolled in the study and had
data available for analysis (Table 1). TBI subjects had a
mean (+ SD) age of 38 (£10) years (range 20-54). TBI
subjects were enrolled a median of 23 months post-injury
(range 6 months to 8.5 years). The majority (58%) of
TBIs occurred as a result of road traffic incidents. All but
three subjects had TBI-related neuroimaging findings on
initial cranial computerized tomography (CT), with
hematomas/hemorrhages (subdural, subarachnoid, and
intraparenchymal) and contusions the most common
abnormality. Five (16%) received neurosurgical interven-
tion (craniotomy or craniectomy) for their injury. All but
one TBI subject (whose TBI occurred in a combat setting)

Table 1. Demographics, TBI characteristics and Rivermead test
results.

TBI (n=31) HC (n=15) P

Age (years), mean + SD 379 +£ 102 379+72 0.99

Gender, % male 74 80 0.67

Education (years), 15.5 &+ 3.1 17.5 &+ 3.5 0.054

mean + SD

Employed- full or part 77 80

time (at enrollment), %

Time since TBI (months), 23 (14, 41) * *

median (IQR)

Road traffic incident (%) 58 * *

LOC > 30 min (%) 59 * *

Abnormal neuroimaging, 92 * *

CT or MRI (%)

Days in ICU (86% of TBI), 5(1,>14) * *

median (IQR)

Received Rehabilitation (%) 48 * *

GOS-E, median (IQR) 7 (6,7) * *

RIVERMEAD (total), 18 (8, 26) 1(0, 5) <0.0001

median (IQR)
RIVERMEAD 13, 16 (5, 23) 1(0, 5) <0.0001
median (IQR)
RIVERMEAD 3, 2(1,4) 0 (0, 0) <0.0001
median (IQR)

BSI (total), mean + STD 20+29 49 +£57 0.067
BSI Somatic, mean £ STD  0.13 £ 035 1.1+ 1.4 <0.01
BSI Depression, 1.1+ 1.8 2.2 +£35 0.23

mean + STD
BSI Anxiety, mean + STD 0.8 +£ 1.1 1.8 + 2.1 0.08

TBI, traumatic brain injury; HC, healthy control; SD, standard devia-
tion; IQR, interquartile range (25th and 75th); LOC, loss of conscious-
ness; CT, computerized tomography; MRI, magnetic resonance
imaging; ICU, intensive care unit; Inpt/Outpt, inpatient or outpatient;
GOS-E, Glasgow Outcome Scale-Extended; NSI, Neurobehavioral
Symptom Inventory; BSI, Brief Symptom Inventory.*, not applicable.
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were hospitalized acutely, stayed a median of 7 days in
the intensive care unit (ICU) and nearly half (48%)
received rehabilitation services (24% inpatient and 24%
outpatient). They had a median Glasgow Outcome Score-
Extended (GOS-E) of 7 (range 3-8) at study enrollment,
and the median score in the RPQ was 18 (range 7-43).
On study baseline MRI, 20 showed focal or multifocal
areas of encephalomalacia with T2 hyperintensities with
or without focal microhemorrhages, 4 with focal microhe-
morrhages only, 1 with a chronic subdural and focal
microhemorrhages, and 6 were read as normal (one
patient’s MRI was read as normal at study enrollment,
showing resolution of a subdural hematoma previously
imaged by CT). Eight subjects had volume loss or global
atrophy noted by a clinical neuroradiologist.

ACVR after single-dose sildenafil

All subjects were studied with MRI-BOLD with hypercap-
nia challenge before and after a single-oral dose of silde-
nafil 50 mg to calculate ACVR. The procedure was well
tolerated by both TBI and HC subjects without adverse
effects. Nearly all TBI subjects (28/31, 90%) experienced a
potentiation of CVR after administration of single-dose
sildenafil (mean CVR increase in 10.1% =+ 11.2%, see
Fig. 1A). We observed increased CVR in response to
sildenafil even among TBI patients whose baseline CVR
before sildenafil was comparable to measures in healthy
volunteers. In contrast, among healthy volunteers (14/15,
93%) single-dose sildenafil administration resulted in a
slight CVR decrease (—3.3% =+ 2.8%, see Fig. 1B). Quan-
titatively, mean baseline global CVR measures were 18.1%
lower among TBI subjects pre-sildenafil compared to gen-
der and age-matched controls, while mean post-sildenafil
global CVR measures were 8.2% lower among TBI sub-
jects compared to HC (Table 2).

Both baseline global CVR and ACVR measures are
good discriminators between TBI subjects and healthy
controls (Area Under the Curve (AUC) was 0.90 for base-
line CVR, and 0.89 for ACVR (Table 1). In addition, as
shown in Figure 1B, there was a good correlation between
the CVR deficit and the increase in CVR with sildenafil
(Spearman’s correlation = —0.628, P < 0.0001).

While the global changes in CVR after single-dose
sildenafil are modest, local effects are much more robust.
Sildenafil does not potentiate CVR equally throughout
the brain. Rather its effect is specific to brain regions with
low baseline CVR measures (“CVR holes”, Fig. 2), and
most commonly normal CBF and structural imaging. We
found that within brain regions with co-localized low
CBF and CVR measures after pre-sildenafil hypercapnia
challenge, we measured CVR increases after sildenafil
administration (region 3, Fig. 2B5). The focal areas with
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Figure 1. Global CVR measures before and after 50mg of sildenafil
(figure 1-A). Each bar illustrates the mean value of global CVR for the
HC group (blue) and the TBI group (red). The black dots represent the
individual global CVR and each line represents the global CVR change
after sildenafil for a single subject. Figure 1-B shows the correlation
between the global CVR measure before sildenafil and the increase of
global CVR with sildenafil. The correlation (Spearman) between these
two measures is -0.628 (p<10™).

positive ACVR are associated with either visible
encephalomalacia on FLAIR imaging (region 1, Fig. 2B1)
or, more frequently, with no visible structural abnormal-
ity (region 1, Fig. 2C2). We further observed that silde-
nafil potentiated CVR primarily in regions of normal
appearing brain which had normal resting CBF but low
baseline CVR (region 4, Fig. 2B3 and region 2, Fig. 2C3).
In areas of focal cystic encephalomalacia or gliosis (region
2, Fig. 2B2), we usually noted low CVR and CBF without
a measurable increase in CVR after single-dose sildenafil.

Post-concussive symptoms and cognitive
function and relationship with baseline CVR
and ACVR

Despite having suffered moderate to severe injuries, most
subjects had made a good recovery. There was no differ-
ence in normalized neuropsychological testing scores
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(WRAT, WAIS, TMT-A and TMT-B, P > 0.1) between
TBI and HC. As expected, there was a significant differ-
ence between neurobehavioral symptom surveys (RPQ)
and TBI status (Table 1). Among TBI subjects, the rela-
tionship between neurobehavioral tests and symptom sur-
veys and ACVR measures was assessed (Table 3). There
was no correlation between normalized neuropsychologi-
cal test or symptom survey scores and baseline CVR or
ACVR measures.

Sildenafil safety and tolerability

Twenty-three symptomatic TBI subjects enrolled in the
18-week double-blind crossover trial and 21 completed.
No subject discontinued active drug during the trial. One
subject discontinued study drug during the placebo phase
because of transient palpitations and subjective visual
changes. Another subject never initiated the drug trial
because of study logistics. Daily sildenafil was not associ-
ated with headache worsening. Headache severity scores
increased by 6 or more points on the HIT-6 survey dur-
ing the sildenafil treatment arm in four subjects (18%),
decreased in 7 (31.8%) and remained unchanged in the
remaining 11 subjects; conversely headache severity scores
increased by > 6 points during the placebo phase in 4
subjects (17%), decreased in 3 (13%) and remained
unchanged in 16 subjects (Table 4). There was no differ-
ence in headache scores between the sildenafil and pla-
cebo-treatment phases (P = 0.99).

Neurobehavioral assessments and symptom
reports after 8-week sildenafil therapy

There was no statistically significant difference in neu-
ropsychological tests scores or symptom reports assessed
after 8 weeks of sildenafil treatment compared to those
after 8 weeks of placebo (data not shown). There was no
correlation between the change in neuropsychological test
scores between baseline and 8 weeks of sildenafil therapy
and baseline CVR (Table 5). There was a trend level cor-
relation between improvement in the TMT-A score after
sildenafil treatment and ACVR (Spearman’s r = 0.55,
P =0.028). There was also a trend toward improvement
in the anxiety component of the BSI-13 at the completion
of the sildenafil treatment phase and ACVR at the base-
line visit (Spearman r = —0.48, P = 0.057). These p val-
ues were not corrected for multiple comparisons.

Trend toward clinical benefit

From CGI survey responses, there was a trend toward
subjective clinical improvement at the end of 8-week
therapy with sildenafil. Among TBI subjects, 6/22 (27%)
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Table 2. Measures of global CVR, before and after single dose of
sildenafil 50 mg, for the HC and the TBI groups.

Global Global
CVR, before CVR, after
sildenafil sildenafil ACVR

HC (n = 15), 0.223 +£0.014 0.218 £ 0.017 —0.006 + 0.010

mean + SD
TBI (n = 31), 0.183 £ 0.028 0.200 + 0.026 0.017 £ 0.018

mean + SD
P value <0.0001 0.018 <0.0001
Cohen’s d 0.90 0.69 0.86
AUC 0.90 0.69 0.89

(95% Cl) (0.79, 1.0) (0.52, 0.86) (0.80, 0.98)

ACVR is the difference between global CVR measures before and
after single-dose sildenafil. The statistical differences between groups
are characterized with their P value (t-test), effect size (Cohen'’s d)
and area under the curve (AUC), with 95 confidence interval). HC,
healthy control; TBI, traumatic brain injury subject; CVR, cerebrovascu-
lar reactivity; C.I., confidence interval.

noted a clinical improvement during the sildenafil treat-
ment phase, and of those 2/22 (9%) noted much or very
much improvement. One of the two patients who noted
significant improvement during active drug treatment
described dramatic subjective improvement in process-
ing speed, memory and cognitive functioning. The other
patient reported that he felt mentally clearer, and had
improved sleep and decreased headaches. In contrast,
only 2/22 (9%) noted any clinical improvement during
the placebo phase, and neither rated the effect as being
much or very much improved. 11/22 (50%) noted no
changes clinically during either active drug or placebo
phase. A Fisher test gave a relative risk of benefit of 4.00
(95% confidence interval 0.95-16.8, P = 0.069). We did
not find that participants who had lower CVR at base-
line or those who experienced a larger ACVR after silde-
nafil were more likely to have reported a subjective
benefit.

Efficacy of blinding

Two TBI subjects complained of erectile dysfunction at
baseline. Neither noted improved sexual function after
either 8-week drug phase, either sildenafil or placebo.
While on active drug, 14 of 22 (64%) guessed correctly
that they were taking sildenafil, but for multiple different
reasons: decreased headache (4), flushing and rhinitis (3),
improved memory (2), improved sexual function (despite
no report of erectile dysfunction at baseline) (1), increased
headache (1), improved sleep (1), and nausea (1) or mus-
cle aches (1). The remaining eight either could not distin-
guish any differences between the two drug phases or their
guess was not recorded. During the placebo phase, one
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participant incorrectly guessed that he was on active drug
because of subjective improved sexual function.

Discussion

TCVI, a relatively understudied endophenotype of TBI, is
an attractive target for therapeutic intervention as there
are multiple well established pharmacologic and non-
pharmacologic therapies which improve blood vessel
injury and promote vascular health. Candidate pharmaco-
logic therapies targeted at improving cerebrovascular
function include PDE-5 inhibitors, 3-hydroxy-3-methyl-
glutaryl coenzyme-A (HMG-CoA) reductase inhibitors,
high-density lipoprotein (HDL) mimetics, and peroxi-
some proliferator-activated receptor- gamma (PPAR-y)
agonists, among others.””** Non-pharmacologic therapies
targeted at improving vascular function include aerobic
exercise, dietary interventions, and nutraceuticals such as
omega-3 fatty acids.?®

While the pathogenesis of vascular injury after TBI has
not been completely elucidated, there is evidence of trau-
matic cerebral microvascular injury by histochemical and
ultrastructural studies even in brain regions remote from
the focal inju1'ies.13’21’40 In healthy endothelial cells, NO is
the primary endogenous vasodilator and exerts its
vasodilatory effects through increased intracellular cyclic
guanosine monophosphate (¢cGMP). PDE5 inhibitors, like
sildenafil, extend the action of normally short-lived cGMP
and improve microvascular function when endothelial
cells fail to produce sufficient NO. Furthermore, in studies
on stroke animal models, sildenafil appears to have angio-
genic properties in addition to its immediate vasodilatory
effects.*’ * Sildenafil enters the brain readily and is a good
candidate therapy for TCVI because of these vasodilatory
and microvascular reparative properties.

In this study, we used MRI to investigate an individual’s
response to a single dose of a selective PDE-5 inhibitor
and its potential as a biomarker of TCVI in chronic mod-
erate and severe TBI. Furthermore, we carried out a dou-
ble-blind crossover trial of sildenafil 25 mg twice daily in
TBI patients to assess its safety and tolerability and, in an
exploratory fashion, to detect any clinical benefit. Measur-
ing the CVR response to hypercapnia to assess microvas-
cular function allows us to use a stimulus independent of
neuronal activity, thus directly measuring microvascular
function independent of neuronal metabolism.*®

At baseline testing, global CVR and ACVR measures
reliably differentiate chronic TBI from HC subjects. Silde-
nafil administration in HC did not result in positive
ACVR (Fig. 1B), rather a paradoxical minor CVR
decrease was noted. This is attributable to desensitization
of the cerebral microvasculature after administration of a
second hypercapnia challenge within a short time period
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Figure 2. Structural, CBF and CVR maps from 1 HC and 2 TBI patients. Structural (FLAIR), CBF and CVR maps of one healthy control (A1 to
A5), one TBI subject with focal gliosis (B1 to B5), and one TBI subject with no structural abnormality (C1 to C5). CBF and pre-sildenafil CVR maps
were acquired before sildenafil administration. Post-sildenafil CVR maps were acquired one hour after single dose of sildenafil 50mg. ACVR is the
difference between the post-sildenafil and the pre-sildenafil CVR maps. All images were co-registered and re-sliced with the structural image
(FLAIR). Regions of visible encephalomalacia (region B2) typically showed low CBF, low CVR, and low ACVR. We interpret these findings as
indicating that in regions with extensive microvasculature damage, there is insufficient NO produced to allow potentiation by sildenafil. More
commonly in regions where there is no visible encephalomalacia noted on FLAIR (such as in regions B4, C1, and C2) CBF may be normal or low,
but CVR is low, a robust ACVR is noted. We interpret these findings as indicating that, in these areas without structural abnormality, some NO is
produced by damaged endothelial cells, insufficient to produce normal vasodilation to the hypercapnia stimulus, but enough to produce normal
or near-normal vasodilation with the addition of NO enhancement by PDES5 inhibition.

(<1 h in our study experimental design). In contrast, we
found a uniform potentiation of CVR (positive ACVR)
among chronic TBI subjects, reflecting the near universal
presence of cerebral microvascular dysfunction (Fig. 1A).
We observed this potentiating response even among TBI
subjects whose global CVR measures did not differ

significantly from those of the healthy controls. This sug-
gests that TBI patients may benefit from PDE5 inhibitor
therapy even when their baseline CVR is normal. Two
TBI patients (<10%) failed to show a positive ACVR.
These may be patients who did not have TCVI and exhib-
ited negative ACVR after sildenafil as did the uninjured
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Table 3. Spearman’s correlations, between global CVR, ACVR, neu-
ropsychological test scores and symptom outcomes.

Global CVR (Before

Sildenafil) ACVR
Correlation Sig. Correlation Sig.
coefficient (2-tailed) coefficient (2-tailed)
WRAT —0.054 0.774 0.062 0.742
WAIS 0.120 0.522 0.331 0.069
T™MT A —0.194 0.295 0.266 0.148
T™MT B —0.084 0.654 0.044 0.815
CVLT —0.033 0.860 0.193 0.297
GOS-E —0.011 0.954 —0.022 0.908
RIVERMEAD3 0.075 0.689 0.034 0.857
RIVERMEAD13 0.270 0.142 0.062 0.740
BSI (total) 0.409 0.025 —0.282 0.132
Somatic 0.270 0.149 —0.248 0.187
Depression 0.168 0.374 —0.092 0.630
Anxiety 0.305 0.101 —0.293 0.117

WRAT, Wide Range Achievement Test; WAIS-PSI, Wechsler Adult
Intelligence Scale-Processing Speed Index; TMT, Trail Making Test;
GOS-E, Glasgow Outcome Scale-Extended; CVLT, California Verbal
Learning Test; BSI, Brief Symptom Inventory. Sig., Significance
(P value). Bolded values indicate significance with p less than 0.05 or
trend towards significance.

controls. TBI is a heterogeneous disease, and it is likely
that some patients may have no or very low degrees of
TCVI. Such patients may not be good candidates for
TCVI-directed therapies.

While nearly all TBI subjects had abnormalities detect-
able on structural imaging (MPRAGE, FLAIR, or SWI),
most of the regions of abnormally low CVR or high ACVR
appeared in normal-appearing brain (Fig. 2). CVR and
ACVR measures show asymmetry in the chronic TBI popu-
lation that reliably differentiates them from HC subjects. As
noted in Figure 2B1, in cases with focal lesions visible on
structural images, ACVR increases were prominent around,
rather than within, these areas of encephalomalacia. One
interpretation of these results is that in areas of focal injury,
the local microvasculature has been sufficiently impaired so
that it no longer carries sufficient blood flow or produces
sufficient NO, resulting in the observed focal deficits in

PDE-5 Inhibitor Potentiates CVR in Chronic TBI

Table 5. Correlation between change in neuropsychological test and
symptom survey scores at baseline and after 8 weeks of sildenafil and
ACVR (change in global CVR) after single dose of sildenafil.

Spearman P value
WRAT —0.01 0.98
WAIS 0.20 0.47
TMT-A 0.55 0.028
TMT-B —0.01 0.98
CVLT 0.16 0.56
BSI som 0.06 0.82
BSI dep -0.19 0.47
BSI anx —0.48 0.057
BSI global —0.31 0.24
RIVERMEAD 3 0.07 0.80
RIVERMEAD 13 -0.29 0.28
Headache (Rivermead) -0.16 0.57
Headache (interview) -0.36 0.17

WRAT, Wide Range Achievement Test; WAIS, Wechsler Adult Intelli-
gence Scale; TMT-A, Trail Making Test Part A; TMT-B, Trail Making
Test Part B; CVLT, California Verbal Learning Test; BSI, Brief Symptom
Inventory; som, somatic; dep, depression; anx, anxiety. Bolded values
indicate significance with p less than 0.05 or trend towards signifi-
cance.

both CBF and CVR along with the absence of measurable
ACVR after sildenafil administration. The endothelial cells
in these regions are either absent or so physiologically dam-
aged that they fail to produce sufficient NO in response to
hypercapnia to allow vasodilation even when NO signaling
is potentiated by PDE5 inhibition. In contrast, we identi-
fied areas with normal appearing structure and CBF, but
with focally decreased CVR and positive ACVR. These areas
were commonly adjacent to regions of encephalomalacia
on structural imaging, but also occurred in areas distant
from focal lesions. We interpret these findings as indicating
that the microvasculature in these regions has normal or
near-normal density, but has been sufficiently damaged so
that it cannot vasodilate normally in response to a hyper-
capnia challenge. After a single dose of sildenafil, its physio-
logic response is improved by PDE-5 inhibition, because
the drug potentiates the endothelial derived NO. While the
global ACVR is modest (Fig. 1), the ACVR produced by

Table 4. Headache severity scores from the Rivermead post-concussion symptoms questionnaire (RPQ) and the Headache Impact Test-6 (HIT-6)

for 31 TBI subjects.

Mean (SD) Median
Baseline Active drug Placebo Baseline Active drug Placebo
RPQ headache score 1.9(1.2) 1.7 (1.3) 1.7 (1.4) 2 2 2
HIT-6 score 48 (12) 48 (11) 50 (13) 45 47 49

The scores were obtained at baseline, after 8 weeks of placebo and after 8 weeks of active drug (sildenafil). Each score is characterized by its

mean, standard deviation (in parenthesis) and median.
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sildenafil in focal areas of endothelial dysfunction is quite
robust, usually >10% and resulting in near-normalization
of CVR in those regions.

Among chronic TBI subjects, oral sildenafil 25 mg twice
daily was safe and well tolerated. No subject withdrew
because of sildenafil adverse effects. Since headache is very
common in chronic TBI subjects and is also the most
common side effect of sildenafil treatment (occurring in
up to 16% of users for other indications),*® our study was
designed to carefully assess headache prevalence and sever-
ity before and during sildenafil treatment. Headaches were
more common among the TBI subjects than in HC, but
headache burden, as measured by the HIT-6, did not
increase during the 8-week sildenafil treatment phase. No
trial participant dropped out because of headache, but a
larger study is necessary to determine its frequency and
impact in chronic TBI patients. While almost two-thirds
of patients guessed correctly when they were taking active
drug, the reasons were generally unrelated to the well-
known effect of sildenafil on erectile dysfunction. Since so
many patients correctly identified the phase of the study
when they were taking active drug, it is difficult to assess a
possible placebo effect. Future studies with larger sample
sizes will look at the relationship between subjective bene-
fit and global and regional ACVR.

There was no significant correlation between neuropsy-
chological test performance or symptom self-report
between the TBI subjects and CVR or ACVR measures. It
is not surprising that the relationship between global CBF,
CVR, and ACVR with neurobehavioral symptoms and
neuropsychological performance is weak or absent. It is
likely that analysis of regional abnormalities in cerebrovas-
cular parameters will be needed to identify relationships
with particular cognitive functions. Large sample sizes and
sophisticated multivariate models will be required to fully
assess the relationship between global and regional CBF,
CVR, and ACVR and outcome after TBI. The study was
not powered to detect a clinically significant benefit, but
the correlation between ACVR and improvement in pro-
cessing speed (TMT-A) and anxiety symptoms after
8 weeks of sildenafil therapy needs to be studied further.

Our sample size was too small to evaluate the effect of
non-TBI related co-morbidities (such as hypertension) on
CBF and CVR. We did exclude participants older than
55 years, as CVR is known to decrease in older individu-
als. Since older individuals are at high risk for TBI, future
studies will be needed to explore the relationship between
pre-morbid vascular risk factors and TCVIL

In summary, this study shows that ACVR in response
to a single dose of sildenafil, a dynamic measure of
microvascular function, is a sensitive biomarker of TCVI.
Further, in this Phase Ila clinical trial, sildenafil 25 mg
twice daily was well tolerated, and was not associated

K. Kenney et al.

with increased headaches. The study was not designed to
determine the timing, dose, and length of therapy for
maximal efficacy. Finally, while larger studies are required
to determine the role of sildenafil as therapy for TCVI,
our findings support the use of CBF, CVR, and ACVR to
screen for patients who may benefit from a vascular
reparative therapy, and as a marker of target engagement
and response to therapy.
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