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Sphenopalatine Ganglion Stimulation to Augment
Cerebral Blood Flow
A Randomized, Sham-Controlled Trial

Natan M. Bornstein, MD*; Jeffrey L. Saver, MD*; Hans-Christoph Diener, MD;
Philip B. Gorelick, MD; Ashfaq Shuaib, MD; Yoram Solberg, MD; Thomas Devlin, MD, PhD;
Thomas Leung, MD; Carlos A. Molina, MD; for the ImpACT-24 A Investigatorsf

Background and Purpose—Many patients with acute ischemic stroke are not eligible for thrombolysis or mechanical
reperfusion therapies due to contraindications, inaccessible vascular occlusions, late presentation, or large infarct core.
Sphenopalatine ganglion (SPG) stimulation to enhance collateral flow and stabilize the blood-brain barrier offers an
alternative, potentially more widely deliverable, therapy.

Methods—In a randomized, sham-controlled, double-masked trial at 41 centers in 7 countries, patients with anterior
circulation ischemic stroke not treated with reperfusion therapies within 24 hours of onset were randomly allocated to
active SPG stimulation or sham control. The primary efficacy outcome was improvement beyond expectations on the
modified Rankin Scale of global disability at 90 days (sliding dichotomy), assessed in the modified intention-to-treat
population. The initial planned sample size was 660 patients, but the trial was stopped early when technical improvements
in device placement occurred, so that analysis of accumulated experience could be conducted to inform a successor trial.

Results—Among 303 enrolled patients, 253 received at least one active SPG or sham stimulation, constituting the modified
intention-to-treat population (153 SPG stimulation and 100 sham control). Age was median 73 years (interquartile range, 64—
79), 52.6% were female, deficit severity on the National Institutes of Health Stroke Scale was median 11 (interquartile range,
9-15), and time from last known well median 18.6 hours (interquartile range, 14.5-22.5). For the primary outcome, improved
3-month disability beyond expectations, rates in the SPG versus sham treatment groups were 49.7% versus 40.0%; odds ratio,
1.48 (95% (I, 0.89-2.47); P=0.13. A significant treatment interaction with stroke location (cortical versus noncortical) was
noted, P=0.04. In the 87 patients with confirmed cortical involvement, rates of improvement beyond expectations were 50.0%
versus 27.0%; odds ratio, 2.70 (95% CI, 1.08-6.73); P=0.03. Similar response patterns were observed for all prespecified
secondary efficacy outcomes. No differences in mortality or serious adverse event safety end points were observed.

Conclusions—SPG stimulation within 24 hours of onset is safe in acute ischemic stroke. SPG stimulation was not shown
to statistically significantly improve 3-month disability above expectations, though favorable outcomes were nominally
higher with SPG stimulation. Beneficial effects may distinctively be conferred in patients with confirmed cortical
involvement. The results of this study need to be confirmed in a larger pivotal study.

ClinicalTrialRegistration—URL:https://www.clinicaltrials.gov. Uniqueidentifier: NCT03767192. (Stroke.2019;50:2108-2117.
DOI: 10.1161/STROKEAHA.118.024582.)
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See related article, p 1954 strategies. Two direct reperfusion therapies have shown ben-
In patients with acute ischemic stroke (AIS), reperfu- efit in randomized trials and are recommended in guidelines

sion is associated with better neurological outcomes and for the management of eligible patients with AIS' but both
anterograde reperfusion is the goal of current therapeutic have limitations. Intravenous thrombolysis use is limited by
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contraindications to lytic exposure in many patients, increased
rates of hemorrhagic transformation compared with untreated
patients, and low recanalization rates (30% of visualized ar-
tery occlusions).? Endovascular thrombectomy is constrained
by being limited to large vessel occlusions accessible by
thrombectomy devices, available only at advanced thrombec-
tomy-capable stroke centers, and risks of subarachnoid hem-
orrhage and infarcts in new territories.>* Therefore, there is a
need for a therapy that is safe and efficacious in an extended
time window, can be administered in frontline hospitals, does
not require advanced imaging for patient selection, and is not
associated with hemorrhagic transformation.

Enhancement of blood flow through collateral vessels
is an attractive alternative or complementary therapeutic
approach, yielding reperfusion of ischemic tissues via routes
other than recanalization of the directly supplying artery.
Patients with AIS with good collateral flow have been shown
to have lower rates of infarct expansion and improved func-
tional outcomes.**

The sphenopalatine ganglion (SPG) is the source of par-
asympathetic innervation to the anterior cerebral circulation.’
In preclinical studies, SPG stimulation led to arterial vasodila-
tation, increased ipsilateral cerebral blood flow, and augmen-
tation of cortical tissue perfusion.!® In preclinical models of
anterior circulation stroke, SPG stimulation reduced infarct
volume,'!? increased neuronal survival,” reduced damage
to the blood-brain barrier,'® and improved neurological out-
come!®® when started at various time points, including up to
24 hours from stroke onset.'*!3

In a single-arm feasibility study, SPG stimulation in 98
patients with AIS was safe and demonstrated potential effi-
cacy compared with historical controls, with nominally lower
disability levels and a higher rate of functional indepen-
dence at 3 months. A greater benefit was observed in patients
with aphasia, suggesting potential enhanced efficacy among
patients with cortical involvement.'*

The goal of the ImpACT-24A trial (Implant Augmenting
Cerebral blood flow Trial-24A) was further assessment of the
safety of neurostimulator implantation, and of the safety and
efficacy of SPG stimulation to enhance outcome in anterior
circulation patients with AIS up to 24 hours from onset.

Methods
Study Data Availability

The authors will deposit the control group data, analytic methods,
and study materials, one year after publication, in the VISTA (Virtual
International Stroke Trial Archive; http://www.virtualtrialsarchives.
org/vista/), to be maintained by VISTA as available for use by other
researchers; and additionally will make all their data, analytic meth-
ods, and study materials available to regulatory agency researchers
for purposes of reproducing the results.

Study Design and Participants
ImpACT-24A was a prospective, multinational, randomized, sham-
control, double-blind, adjunctive to standard of care, and parallel arm
trial. The study was performed in 41 centers in 7 countries. A list of
participating sites, investigators, and DSMB members is shown in
Tables I and II in the online-only Data Supplement.

The study included patients aged 18 to 85 years, with National
Institutes of Health Stroke Scale (NIHSS) scores between 7 and 18,
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clinical evidence of stroke in the anterior circulation, and ability to
start treatment up to 24 hours from stroke onset (time last known
well). Patients were excluded if they had radiological evidence of in-
tracranial hemorrhage, massive (>2/3 of middle cerebral artery terri-
tory), lacunar or posterior circulation acute infarcts, or were eligible
for treatment with intravenous thrombolysis or endovascular throm-
bectomy per national and institutional standard of care. Presence of
likely lacunar or posterior circulation infarcts was assessed based on
pattern of clinical deficits and location of early infarct signs, if present,
on initial computed tomography (CT) or magnetic resonance imaging.

The protocol was approved by health authorities and institu-
tional review boards in all participating countries and centers, and
written informed consent was obtained from all participants or their
legally authorized representatives. The study was registered at clini-
caltrials.gov (URL: https://www.clinicaltrials.gov. Unique identifier:
NCT00826059).

Randomization and Masking

The study design included an implantation phase and a randomized
treatment phase. All enrolled patients first underwent the neurostimu-
lator implantation procedure. Then, subjects in whom an implant was
placed proceeded to randomization in a 2:1 ratio to active SPG stim-
ulation arm or to sham stimulation. Patients in both groups received
medical therapy according to the standard of care for AIS throughout
their study participation.

Randomization was performed by the participating centers
through an Interactive Web-Based Randomization System using
block randomization with variable block size, stratified by stroke
severity (NIHSS strata). Patients, implanters, caregivers, outcome
assessors, and the sponsor were all blinded to treatment allocation.

Procedures

Implantation was a bedside, minimally invasive procedure in which the
neurostimulator electrode (23 mm long and 2 mm in diameter) was
implanted into the pterygopalatine canal near the SPG (Figure I in the
online-only Data Supplement). The procedure included 3 parts: (1)
locating the canal foramen; (2) preparing the canal for the insertion
of the neurostimulator using a set of rigid trocars (diameters, 1.0-2.0
mm); and (3) implanting the neurostimulator. An optic navigation
system was introduced after 143 implantations, aiming to improve the
rate of on-target neurostimulator placement. Certification to perform
implantations using this system included half-day training on a model.

After implantation, active/sham stimulation was administered in
daily 4-hour sessions, beginning immediately following the place-
ment procedure and continuing for 5 consecutive days. Active/sham
stimulation was induced by a transmitter placed on the patient’s face
over the pterygoid canal.”” To ensure treatment tolerability, actual/
sham stimulation parameters started at a low level and were incre-
mentally advanced until minor symptoms, such as tingling or discom-
fort occurred. If discomfort occurred before reaching the maximum
level, the stimulation level was reduced to reach each patient’s com-
fortable tolerance level. For blinding purposes, active and sham treat-
ments also included identical beeping and transmitter vibrations at
variable intensities. Zero current was delivered in the sham stimula-
tion in a masked manner.

After the last treatment on day 5, CT or magnetic resonance im-
aging neuroimaging was performed to assess infarct lesion size and
detect potential hemorrhagic transformation. Also, the scan was used to
assess the attained implant position, rated by a central positioning eval-
uator, blinded to treatment group assignment. A neurostimulator was
rated as well-placed if it was within 5 mm of the pterygopalatine fossa.
After the day 5 imaging, the implant was removed with fine forceps.

Outcomes

The primary outcome was final global disability level on the modi-
fied Rankin Scale (mRS) at 3 months better than expectation (sliding
dichotomy analysis), assessed by each site’s masked evaluator.'®!”
Success in achieving improvement beyond expectation was defined as
an mRS score one or more points better (lower) than expected based
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on a prognostic model incorporating baseline NIHSS score, age,
and stroke side (Table III in the online-only Data Supplement). The
model was derived from outcomes of 1077 pooled individual patients
in control arms of 8§ clinical trials in the VISTA repository.'® The pro-
portion of patients with better than expected disability outcomes were
compared in the SPG stimulation and sham-control groups (sliding
dichotomy analysis).

Prespecified secondary clinical efficacy outcomes were (1) im-
provement above expectations (sliding dichotomy mRS) at 3 months
specifically among patients with aphasia at entry and (2) substantial neu-
rological recovery at 3 months (defined as NIHSS score <1 or improved
by =9 from baseline). Prespecified additional efficacy outcomes were
(1) stroke-related quality of life at 3 months according to the Stroke
Impact Scale-16 and (2) self-reported functional outcome assessed with
the Riks-Stroke (Swedish Stroke Register) assessment questions at 6
and 12 months. In addition, 2 commonly analyzed outcomes in acute
stroke trials were assessed as post hoc, exploratory efficacy end points:
(1) functional independence (mRS, 0-2) at 3 months and (2) the distri-
bution of disability outcomes at 3 months across all 7 mRS levels.

For safety analysis, adverse events were classified by the inves-
tigators as related or unrelated to the implantation/treatment. Safety
end points included a 3-month comparison between the active and
sham stimulation groups of (1) all serious adverse events; (2) neu-
rological deterioration, defined as an increase of 4 or more points on
the NIHSS related to any neurological event within the first 10 days
after stroke onset; (3) implantation complications; (4) stimulation-
related adverse events; and (5) mortality.

Statistical Analysis

The primary efficacy analysis was conducted in the modified inten-
tion to treat (mITT) population, which included all patients who re-
ceived at least one full active or sham treatment session during the
trial. Dichotomous end points were assessed using a ” test, and the
Stroke Impact Scale-16 efficacy end point was assessed using a 7 test.
The safety analysis population consisted of all subjects who had a
neurostimulator implanted.

Sample size projections assumed a true difference between the
treatment groups of 11.5% on the proportion of success in mRS score
outcomes, so that 390 patients in the SPG stimulation group and 195
patients in the Sham stimulation group would provide 80% power
to detect a statistically significant group difference group at a 2-way
alpha level of significance of 0.05. To adjust for interim analyses,
the total number of patients at the final analysis was 660. Power and
sample size calculations were performed by simulation, assuming
analysis with the 7 test. Interim analyses were planned when 200,
295, and 585 patients completed their 90-day follow-up. An inde-
pendent data and safety monitoring board monitored the overall study.

Heterogeneity of treatment effect was assessed in 6 prespecified
subgroups: presenting deficit severity (NIHSS), lesion extent Alberta
Stroke Program Early CT Score (ASPECTS), time from stroke onset,
sex, side, and stroke location (cortical versus noncortical). ASPECTS
assessment was done centrally by a neuroradiologist masked to treat-
ment group assignment. The confirmed cortical involvement (CCI)
subgroup was defined as patients with NIHSS score >10 and signs of
hypodensity or tissue swelling in at least one cortical region on initial
imaging according to the ASPECTS map (M1-M6 or insular cortex)."
For the secondary efficacy end point analysis in aphasic patients,
aphasia was considered present at entry if the NIHSS language subi-
tem score was >1. Additional sensitivity analyses were conducted in
the full ITT population; the on-target placement (OTP) population,
consisting of all patients with on-target neurostimulator placement and
at least one stimulation session; and the population with confirmed
anterior circulation infarcts on final imaging (excluding patients with
posterior circulation infarcts or no visualized infarcts).

Results
The study was conducted between first enrollment in February
2009 and final study visit in January 2011, with patient flow
as shown in Figure 1. Of the 327 patients enrolled in the

implantation phase, 6 exited before the implantation proce-
dure started, 18 had incomplete implantations without passage
of the neurostimulator into tissue, and 303 had implantations
completed and advanced to the randomized phase. Among
these 303 patients, 202 were randomized to SPG stimulation
group and 101 to sham stimulation. Of the 303 implantations,
229 (75.6%) were rated as well-placed. The correct placement
rate improved during the study, in part reflecting the introduc-
tion of the optic navigation system, from 66% among the first
100 placements to 88% among the last 100 placements (Figure
IT in the online-only Data Supplement). Overall, 177 (58%)
of implantations were by surgeons and anesthesiologists and
126 (42%) by neurologists. The rate of implantation by neu-
rologists increased with the introduction of the optic naviga-
tion system from 24% before optic guidance to 57% after optic
guidance (Table IV in the online-only Data Supplement). Given
the improving rate of OTPs, the trial Steering Committee, with
the agreement of the trial Data Safety and Monitoring Board,
stopped enrollment in the trial at the time of the first interim
analysis, so that open evaluation of accumulated patients could
be conducted, and a subsequent trial be launched with antici-
pated homogenously higher OTP rates.

In the SPG stimulation group, 153/202 (75.7%) of patients
received at least one active SPG stimulation session and were
included in the mITT population, including 145 who completed
at least 4 treatment sessions and 8 who completed <4, while
49 patients had off-target placements and consequently did
not receive actual SPG stimulation. Sham treatment was con-
sidered to have been delivered regardless of implant position.
Accordingly, in the sham stimulation group, 100/101 (99.0%)
of patients received at least one sham stimulation session and
were included in the mITT population, including 76 who had
OTP and 24 who had off-target placements, while 1 patient did
not receive any sham treatment. The resulting total number of
patients in the mITT population was 253 (153 in the SPG stim-
ulation group and 100 in the sham stimulation group).

Patient baseline characteristics are shown in Table 1.
Overall, in the mITT population, age was median 73 years
(interquartile range [IQR], 64-79), 52% were female, baseline
deficit severity on the NIHSS was median 11 (IQR, 9-15), and
time from last known well to first stimulation was median 18.6
hours (IQR, 14.6-22.4). Patient features were generally well
balanced, although a higher rate of atrial fibrillation and lesser
extent of ASPECTS early ischemic changes were noted in the
sham group. Day 5 imaging revealed that 12 mITT patients
(4.7%) had posterior circulation infarcts (rather than ante-
rior) and additional 12 (4.7%) had no final visualized infarct.
Baseline patient features in the full-ITT and the full-OTP pop-
ulations were similar to the mITT population (Table V in the
online-only Data Supplement).

Among the overall 303 randomized subjects, 298 com-
pleted the 90-day primary outcome follow-up assessment:
2007202 (99.0%) in the SPG stimulation group and 98/101
(97.0%) in the sham stimulation group. Among the 253
patients in the mITT population, in the SPG stimulation
group, 152 (99.3%) of 153 completed the 90-day follow-up,
and 1 (0.7%) had worst case mRS 6 imputed as no follow-up
available; in the sham stimulation group, 97 (97.0%) of 100
patients completed the 90-day follow-up, 2 (2.0%) had last
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Figure 1. Patient study flow diagram (CONSORT [Consolidated Standards of Reporting Trials] chart). SPG indicates sphenopalatine ganglion.

observation carried forward, and 1 (1.0%) had worst case mRS
6 imputed when no follow-up available (Figure 1). Rates of
completion for the longer term, 6 and 12 months, assessments
were lower (<75%), so the additional Riks-Stroke end point

was not formally analyzed. End of treatment patient blinding
assessment questionnaires indicated excellent maintenance of
patient blinding with regard to exposure to SPG or sham stim-
ulation (Table VI in the online-only Data Supplement).

Table 1. Baseline Demographic and Clinical Characteristics of Patients
mITT Population CCl Population

SPG Group Sham Group All PValue SPG Group Sham Group All PValue
N 153 100 253 50 37 87
Age, y (IQR) 73 (64-79) 74 (64-79) 73 (64-79) 0.22 74 (65-81) 74 (63-80) 74 (64-80) 0.90
Sex (female) 53.6% 51.0% 52.6% 0.69 62.0% 56.8% 59.8% 0.62
NIHSS (IQR) 11 (8-15) 11 (9-14) 11 (9-15) 0.50 14 (11-17) 14 (11-17) 14 (11-17) 0.45
Stroke side (left brain) 431% 52.0% 46.6% 0.17 46.0% 43.2% 44.8% 0.80
Prestroke mRS=1 9.8% 15.0% 11.9% 0.21 14.0% 13.5% 13.8% 0.95
Hypertension 75.2% 74.0% 74.7% 0.84 76.0% 78.4% 77.0% 0.79
Diabetes mellitus 32.0% 33.0% 32.4% 0.87 32.0% 51.4% 40.2% 0.07
Atrial fibrillation 26.1% 39.0% 31.2% 0.03 34.0% 64.9% 471% 0.004
ASPECTS (IQR) 7 (5-10) 8 (7-10) 8 (5-10) 0.01 5 (3-6) 7(3-9) 5(3-7) 0.36
Time from LKW to first 18.3 18.9 18.6 0.70 20.0 19.1 19.5 0.19
stimulation, h (IQR) (14.7-22.4) (14.4-22.5) | (14.6-22.4) (15.8-23.3) (14.8-21.9) | (15.3-23.0)

ASPECTS indicates Alberta Stroke Program Early CT Score; CCl, confirmed cortical involvement; IQR, interquartile range; LKW, last known well; mITT, modified
intention to treat; mRS, modified Rankin Scale; and NIHSS, National Institutes of Health Stroke Scale.
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In the mITT population, rates of the primary efficacy end
point of improvement beyond expectations at 90 days for SPG
versus sham stimulation were 49.7% versus 40.0%; odds ratio
(OR, 1.48 [95% CI, 0.89-2.47]; P=0.13). A similar response
pattern was seen in the mITT population for all secondary and
additional/exploratory efficacy outcomes, as well as the full
mRS distribution at 90 days (Table 2, Figure 2, Table VII and
Figure IITA in the online-only Data Supplement). In the full ITT,
OTP, and confirmed anterior circulation infarct mITT sensitivity
populations, results were directionally similar, with mildly lower
between-group differences in nominal rates of the primary end
point for the full ITT and OTP populations (Tables VIII and IX
in the online-only Data Supplement) and mildly higher between-
group differences for the confirmed anterior circulation infarct
mITT population (Table X in the online-only Data Supplement).

Evidence of heterogeneity of treatment effect was detected
in 1 of the 6 prespecified subgroup analyses (Figure 3). While
no significant differences were noted for presenting deficit se-
verity (NIHSS), lesion extent (ASPECTS), time from stroke
onset, sex, brain side, a significant treatment interaction was
noted with cortical versus noncortical infarct location (interac-
tion, P=0.04). Benefit on the primary end point was enhanced in
the CCI population, with rates of improvement beyond expec-
tations for SPG versus sham stimulation 50.0% versus 27.0%;
OR, 2.70 (95% CI, 1.08-6.73); P=0.03. A similar response pat-
tern, though with mildly smaller absolute differences in out-
comes, was seen for all secondary and additional/exploratory
efficacy outcomes in the CCI population, as well as the full
mRS distribution at 90 days (Table 2, Figure 2, Table VI and
Figure I1IB in the online-only Data Supplement). No treatment
benefit was observed in the complementary non-CCI group,
which showed improvement beyond expectations in SPG
versus sham stimulation 49.5% versus 47.6%; OR, 1.08 (95%
CI, 0.58-2.02); P=0.81 and functional independence (mRS,
0-2) 46.6% versus 50.8%; OR, 0.85 (95% CI, 0.45-1.58);

P=0.60. The CCI population, compared with non-CClI patients,
had more severe neurological deficits (median NIHSS score,
14 versus 9; P<0.0001) and more extensive infarct signs on
imaging (median ASPECTS 5 versus 10; P<0.0001). Baseline
features in the CCI population were well balanced across treat-
ment groups except for more frequent atrial fibrillation in the
sham group (Table 1).

Evaluable CT or MR day-5 imaging in the mITT popula-
tion were available for 141/153 (92.1%) of SPG stimulation
patients and 92/100 (92.0%) of sham stimulation patients.
Day 5 ASPECTS scores in both treatment arms were me-
dian 6 IQR (3-8), despite smaller infarcts at baseline in the
sham arm (median, 8 versus 7 and IQR, 7-10 versus 5-10).
ASPECTS infarct growth scores from baseline to day 5 in
SPG versus sham stimulation patients were median 0 (IQR,
0-3) versus median 1 (IQR, 0-2); P=0.78. In the CCI popu-
lation, ASPECTS infarct growth scores from baseline to day
5 in SPG versus sham stimulation were median 0 (IQR, 0-2)
versus median 1 (IQR, 0-4); P=0.02.

Safety outcomes in the lead safety population, compris-
ing the 303 patients who had a neurostimulator implanted,
are shown in Table 3. Serious adverse events with SPG versus
sham stimulation were 30.2% versus 35.6%; OR, 0.78 (95%
CI 0.47-1.30); P=0.34. Mortality rates were 12.9% versus
15.8%; OR, 0.78 (95% CI 0.40-1.54); P=0.48. There were
no serious adverse events related to stimulation, and no symp-
tomatic intracranial hemorrhages were reported in the SPG
stimulation arm. Rates of neurological deterioration were
identical in both groups (9.9%). Two serious adverse events
(0.6%) were classified as related or possibly related to the
implantation—one epistaxis and one torn extraction thread
resulting in a surgical procedure to remove the implant. In
both, the patients recovered fully. Mechanical implant failures
occurred in 13/303 (4.3%), including implant cracks/breaks/
sealing breach in 7 (2.3%) and torn threads in 6 (2.0%).

Table 2. Primary, Secondary, and Additional/Exploratory Efficacy Outcomes at 90 Days

miITT Population (N=253) CCI Population (N=87)
SPG Sham Abs. | 0dds Ratio SPG Sham Abs. 0dds Ratio

Outcomes Stimulation | Stimulation = Diff. (95% ClI) PValue @ Stimulation = Stimulation = Diff. (95% Cl) PValue
Primary end point

Improvement above expectations 49.7% 40.0% 9.7% 1.48 0.13 50.0% 27.0% 23.0% 2.70 0.03

(sliding dichotomy mRS) (0.89-2.47) (1.08-6.73)
Secondary end points

Substantial neurological recovery |  41.1% 33.7% 7.4% 1.37 0.24 46.0% 25.0% | 21.0% 2.56 0.047

(NIHSS score <1 or improved >9) (0.81-2.33) (1.00-6.52)

Improvement above expectations 58.3% 43.8% 14.6% 1.80 0.13 64.0% 29.4% 34.6% 4.27 0.03

(in patients with aphasia) (0.84-3.88) (1.13-16.05)
Additional/exploratory end points*

Stroke-related qualify of life 52.8 49.6 3.2 1.16 0.52 43.6 31.0 12.6 1.83 0.13

(SIS-16) (0.74-1.83) (0.84-3.89)

Functional independence (mRS, 41.2% 40.0% 1.2% 1.05 0.85 30.0% 21.6% 8.4% 1.55 0.38

0-2) (0.63-1.75) (0.58-4.18)

Abs. Diff. indicates absolute difference; CCI, confirmed cortical involvement; mITT, modified intention to treat; mRS, modified Rankin Scale; NIHSS, National Institutes
of Health Stroke Scale; SIS-16, Stroke Impact Scale-16; and SPG, sphenopalatine ganglion.
*Stroke-related quality of life was a prespecified additional efficacy end point; functional independence was a post hoc, exploratory end point.
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Figure 2. Full distribution of 3-month (90-day)
modified Rankin Scale (mRS) outcomes over
all 7 levels. A, modified intention to treat (mITT)
population; and B, confirmed cortical involve-
ment (CCI) population. SPG indicates spheno-
palatine ganglion.

Discussion

In this sham-controlled, randomized trial, stimulation of the
SPG within 24 hours after onset of AIS did not show a sta-
tistical difference in increasing the rate of disability improve-
ment beyond expectations at 3 months. There was no evidence
of safety concerns. Numerically, outcomes above expectations
were 9.7% higher in the SPG stimulation group, and higher
rates of favorable outcome did reach nominal statistical signif-
icance among patients with confirmed cortical infarcts.

Possible efficacy was further supported by directionally
consistent findings across the prespecified secondary effi-
cacy outcomes of functional independence and stroke-related
quality of life at 3 months as well as post hoc analyses of
bodily self-care or better at 3 months and shift across all 7

mRS levels of disability at 3 months. Additionally, rates of
off-target placement of neurostimulators were high initially
but improved throughout the study, including after introduc-
tion of an optical navigation system. Conversely, while rates
were low, device and thread breaks did occur, suggesting fra-
gility of the tested neurostimulator and the desirability of a
more robust design.

The findings from this study accord with prior investiga-
tions. Observational studies have shown that collateral blood
flow is associated with good clinical outcome in patients with
AIS.*814 In addition, smaller prior trials of other collateral en-
hancement techniques, induced hypertension and partial aortic
occlusion, have shown directionally favorable, albeit not sta-
tistically significant, effects on functional outcomes.?**> Prior

No. of Subjects Odds Ratio P (interaction)
7-10 118 1.02 [0-48 - 2:15]
NIHSS 11-14 71 2-10 [0-81 - 5-44] 0-20
15-18 64 * d 2:69 [0-77 - 9-44]
ccCl 87 R .08 - 6
Stroke Location 270 [ =-C7E] 0-04
Non-CCl 166 1-08 [0-58 - 2:02]
8-10 111 R 150 - 2-
ASPECTS 505][0;50522:20] 022
0-7 89 2:21[0-86 - 5-71]
Right 135 - 68 - 2-
Brain Side g 1-41 [0-68 - 2.93] 070
Left 118 g 1 1-71[0-82 - 3-56]
Time from LKW <18 117 1-21 [0-57 - 2:55] 040
to Tx >18 136 1.76 [0-87 - 3-57]
133 B -08 - 4
Sex Female 2-23 [1-08 - 4-58] 013
Male 120 0-95 [0-46 - 1-98]
r —
01 Favors Control 1 Favors SPG Stimulation 10

Figure 3. Forest-plot of prespecified subgroups in the modified intention-to-treat population. ASPECTS indicates Alberta Stroke Program Early CT Score;
CCl, confirmed cortical involvement; LKW, last known well; and NIHSS, National Institutes of Health Stroke Scale.
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Table 3. Safety Outcomes

Outcomes SPG Group N=202 Sham Group N=101 0dds Ratio (95% Cl) PValue

SAEs
Al 61 (30.2%) 36 (35.6%) 0.78 (0.47-1.30) 0.34
Implantation-related 0(0.0%) 2 (2.0%) NA 0.21
Treatment-related 0(0.0%) 3(3.0%) NA 0.06
Symptomatic intracranial hemorrhage* 0(0.0%) 1(1.0%) NA 0.72
Neurological deteriorationt 20 (9.9%) 10 (9.9%) 1.00 (0.45-2.22) 1.00
Mortality 26 (12.9%) 16 (15.8%) 0.78 (0.40-1.54) 0.48

SAE indicates serious adverse events; and SPG, sphenopalatine ganglion.
*Symptomatic intracranial hemorrhage SAEs were defined as SAEs of neurological worsening of any degree assessed by the local clinician-

investigator as causally related to intracranial hemorrhage of any degree.

tAn increase of 4 or more points on the National Institutes of Health Stroke Scale related to any neurological event within the first 10 days

after the onset of stroke.

preclinical studies have demonstrated that SPG stimulation is
a particularly potent method to enhance collateral flow, aug-
menting cerebral perfusion, stabilizing the blood-brain bar-
rier, reducing infarct size, and improving functional outcome
in preclinical stroke models when administered up to 24 hours
after stroke onset.'*!3

This study was the first randomized study assessing the
safety and potential benefit of collateral flow augmentation by
SPG stimulation for treatment of acute stroke patients. The
study was stopped after enrollment of one-half of the origi-
nally planned population due to advances in guidance tech-
nology that took place over the course of the trial. The optical
guidance system, introduced after enrollment of the first 47%
of mITT population patients, led to substantial increases in the
rate of on-target neurostimulator placement as the trial pro-
gressed, making later-enrolled patients increasingly less com-
parable to early enrolled patients. The InpACT-24A Steering
Committee, therefore, deemed it advisable to end the current
study and analyze its results, so that a subsequent study with
a uniformly high OTP rate could be conducted to more au-
thoritatively interrogate the efficacy of SPG stimulation. As a
result, although initially intended as a definitive pivotal trial,
the current study was halted at a moderate sample size and
was underpowered to conclusively confirm or disconfirm ben-
eficial effects of SPG stimulation on functional outcome, but
adequate to probe for signals of potential benefit. The favor-
able point estimates for functional outcomes in the current
study easily surpass conventional test thresholds for futility,?
indicating it is desirable for SPG stimulation to proceed to a
definitive pivotal trial using advanced placement techniques.

Interpretation of the efficacy findings in the current trial
must take into account the different study populations in
which analyses were conducted. The mITT lead analytic
population was selected to maximize informativeness about
treatment effect, containing all patients who received at least
one of the planned stimulation sessions in both the SPG and
sham stimulation groups. This population showed moderate
signals of potential benefit. Two baseline features differed be-
tween treatment groups in the mITT population but in a coun-
tervailing manner. Atrial fibrillation, which would tend to be
associated with worse outcomes, was more common in the
sham group; conversely, more extensive ischemic changes on

initial brain imaging, which would tend to be associated with
worse outcomes, was more common in the SPG stimulation
group. The full ITT population includes patients in the SPG
arm who did not receive effective SPG stimulation due to sub-
optimal neurostimulator placement. As expected, signals of
treatment benefit are attenuated in this population. The OTP
population includes only patients who had correct placement
and received at least one of the planned stimulation sessions.
As the size of the Sham stimulation group is lower in the OTP
than mITT population, analytic power is reduced. However,
point estimates suggested effect size magnitudes similar to
that observed in the mITT population.

Additional observations from the current trial can usefully
inform design of subsequent pivotal trials of SPG stimulation
and potentially of collateral enhancement treatments gener-
ally. Particularly noteworthy was the presence of modifica-
tion of treatment effect by stroke location. Beneficial effects
of SPG stimulation appeared substantial for patients with
confirmed cortical infarcts but attenuated for patients with
noncortical infarcts. This observation accords with physio-
logical studies that have demonstrated that collateral enhance-
ment more greatly increases perfusion to cortical and internal
border-zone regions than to deep, periventricular arterial ter-
ritories.”** Collateral arterial networks in the human brain
are most robust in the circle of Willis and superficial lepto-
meningeal arteries supplying the cortical layers than at the
level of small penetrating arteries.’ This potential heteroge-
neity of treatment effect suggests that subsequent pivotal trials
should consider enriching for patients with confirmed cortical
infarcts or prespecifying coprimary population analysis in the
subset of enrolled patients with cortical strokes.

The relatively late time from onset to treatment start in
the current study, a median of over 18 hours from last known
well, is noteworthy. In subgroup analysis, there was no het-
erogeneity of treatment effect between patients treated up to
18 hours and patients treated between 18 and 24 hours, sug-
gesting beneficial effects of SPG stimulation may accrue with
treatment start throughout the first 24 hours after onset. This
finding accords with preclinical showing benefits of stimula-
tion of the SPG up to 24 hours from stroke onset, including
blood-brain barrier stabilization and edema reduction,'® met-
abolic normalization,”® and reduced infarct size.'° Potential
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mechanisms by which SPG stimulation could be beneficial
when started in this time window and continued through 5
days including salvage of persistent ischemic penumbra tis-
sue'>* and stabilization of the blood-brain barrier deterring
vasogenic edema and cerebral herniation.'

The safety observations from the current trial were reas-
suring. Implantation was associated with serious adverse
events in only 1 of every 167 patients implanted, and the 2
events that did occur (epistaxis and a minor surgical procedure
to remove a stimulator with a torn thread) were not associated
with any persisting injury. SPG stimulation was not associated
with any increase in serious adverse events, symptomatic in-
tracranial hemorrhage, or mortality. However, the occurrence
of device and thread breaks, though infrequent, do indicate
the desirability of a structurally more robust neurostimulator
design. An implant with stronger mechanical structure extrac-
tion thread could better withstand mechanical forces during
implantation, and moreover, allow more efficient implantation
without the use of trocars.

This study has additional limitations besides those already
discussed. First, a small proportion of patients had posterior
circulation rather than anterior circulation infarcts on final im-
aging. Additional patients had no confirmed infarct on final
imaging, and a few of these may have actually had nonisch-
emic events. These patient groups introduced noise into the
study, and treatment effects increased in magnitude when they
were excluded in sensitivity analysis. Second, the absence of
vessel imaging to identify presence or absence of large ves-
sel occlusion and of penumbral imaging to identify patients
with or without salvageable penumbra constrains insights into
physiological characteristics of patients who will or will not
respond to SPG stimulation. Advanced vessel and penumbral
imaging were not widely employed in routine clinical practice
at the time of study conduct. Third, this study evaluated SPG
stimulation as a standalone therapy, rather than a treatment
delivered concomitantly with intravenous tPA (tissue-type
plasminogen activator) or with endovascular thrombectomy.
Confining the study population to nonreperfusion therapy
patients permitted clear delineation of the safety and effi-
cacy of SPG stimulation alone. Future studies in intravenous
thrombolytic and endovascular thrombectomy populations are
desirable to explore distinctive efficacy and safety effects in
those populations. Fourth, nonplacement and off-target place-
ment of implants complicated study interpretation. The higher
rates of on-target implantation with newer guidance tech-
nology introduced in latter study stages should reduce this
difficulty in future studies. Fifth, the publication of this full
report of study results was unduly delayed from the time of
the final follow-up visit. Sixth, the accuracy of neurostimula-
tor placement was determined by imaging at end of the treat-
ment course, on day 5, in the current study. In future studies, if
techniques to improve rates of correct initial neurostimulator
placement are not fully effective, it could be helpful to per-
form imaging check of placement success at the start of the
course, permitting repositioning of off-target devices.

In conclusion, SPG stimulation within 24 hours of onset
is safe in AIS. SPG stimulation was not shown to statistically
significantly improve 3-month disability above expectations,
though favorable outcomes were nominally higher with SPG

SPG Stimulation for Acute Ischemic Stroke 2115

stimulation beneficial effects may distinctively be conferred
in patients with confirmed cortical involvement. The results of
this study need to be confirmed in a larger pivotal study.
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