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Abstract

Background: Inflammation plays a critical role in brain injury following acute ischemic stroke
(AIS). Transcutaneous auricular vagus nerve stimulation (taVNS) has shown anti-inflammatory
properties, but its efficacy in AIS remains unexplored. We investigated if taVNS could mitigate

post-AlS inflammation and its safety.

Methods: In this randomized, sham-controlled trial with blinded outcomes assessment, patients
with anterior circulation large vessel occlusion (LVO) AIS were assigned to twice-daily taVNS
or sham stimulation for five days or until discharge. Inclusion criteria: age >18 years, NIHSS >6,
anterior circulation LVO, and enrollment within 36-hours of last known normal. Primary
endpoints were changes in inflammatory biomarkers (interleukins (IL)-1p, 6, 10, 17a, and tumor
necrosis factor alpha (TNFa) on Days 0, 1, 3, 5, and 7, and taVNS safety). Secondary
exploratory endpoints included change in NIHSS, 90 day modified Rankin scale (mRS), and

safety (bradycardia, hypotension, infection, and death).

Results: Thirty-five patients (17 taVNS, 18 sham) were enrolled. The taVNS group showed a
significant rate of change in normalized aggregate pro-inflammatory cytokines and IL-6 levels
compared to sham (p=0.04 and p<0.001, respectively). Each 1 pg/mL reduction in IL-6
correlated with a 0.798-point improvement in NIHSS in the taVNS group (95% confidence
interval [0.077, 1.518], p=10.031]). IL-1pB, 10, 17a, and TNFa showed reduction in cytokine
levels, but did not reach statistical significance. There were no statistically significant differences

amongst mRS and safety outcomes between groups.



Conclusions: taVNS safely reduced post-AlS inflammation in anterior circulation LVO patients

with potential NIHSS improvements. These findings warrant further investigation in larger trials.

ClinicalTrials.gov ID: NCT05390580, https://clinicaltrials.gov/study/NCT05390580

MeSH Keywords: Ischemic stroke, large vessel occlusion, neuromodulation, vagus nerve

stimulation, inflammation
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Nonstandard abbreviations and acronyms
ANOVA: Analysis of Variance

AIS: Acute Ischemic Stroke

CRP: C-Reactive Protein

CT: Computerized Tomography

Hz: Hertz

ID: Identification Number

IFN: Interferon

IL: Interleukin

LKN: Last Known Normal

LVO: Large Vessel Occlusion

mA: milliampere

mRS: Modified Rankin Scale

MRI: Magnetic Resonance Imaging

NIHSS: National Institutes of Health Stroke Scale
taVNS: Transcutaneous Auricular Vagus Nerve Stimulator
TGF: Transforming growth factor

TICI: Thrombolysis in Cerebral Infarction Score
TNF: Tumor Necrosis Factor

us: microseconds

VNS: Vagus Nerve Stimulation

WBC: White Blood Cell



Introduction

Acute ischemic stroke (AIS) due to large vessel occlusions (LVOs) lead to disproportionate
morbidity and mortality without emergency treatment [1]. Unfortunately, even after successful
recanalization with mechanical thrombectomy, i.e., reperfusion of the primary vessel occluded
[Thrombolysis In Cerebral Infarction score (TICI ) 2B, 2C, or 3] [2], infarcts can continue to
increase in size or develop hemorrhagic transformation [3, 4], leading to poor outcomes,
highlighting the need for adjunct therapies to minimize ischemia progression and morbidity for
both recanalized and non-recanalized patients. Neuroinflammation has been recognized as an
important contributor to ischemic brain injury [5]. In the acute phase of AIS, inflammatory
biomarkers elevation, such as pro-inflammatory cytokines [e.g., interleukin (IL) 6 (IL-6)] [6-10],
are associated with exacerbating brain injury. Although ongoing trials are occurring in AIS, most
immunomodulatory drug trials so far have been disappointing due to limited efficacy and/or
medication side effects [11-14]. Thus, finding adjunct treatments that are easy to administer and

safe is of the utmost importance.

Vagal nerve stimulation (VNS) has been established to have anti-inflammatory effects in several
inflammatory conditions in animal models, including aneurysmal subarachnoid hemorrhage and
inflammatory bowel disease [15-18]. In animal models of cerebral ischemia and reperfusion
injury, VNS not only reduced infarct size, but also improved neurological outcomes [19-21]. In
practice, most FDA-approved VNS are currently administered through surgical implantation of
an electrode placed directly on the vagus nerve in the carotid sheath in the neck. While
appropriate for chronic conditions such as depression, epilepsy, and chronic stroke recovery [22],

implantable solutions are impractical in the emergent setting of AIS. In this context, noninvasive



transcutaneous auricular VNS (taVNS) offers a possible solution given its immunological effects
and extremely low morbidity [23, 24]. Based on encouraging animal studies in AIS,
demonstrated safety of taVNS in the critical care settings [25], and evidence of efficacy in
subarachnoid hemorrhage [26], we conducted the "Neuromodulation Using Vagus Nerve
Stimulation Following Ischemic Stroke as Therapeutic Adjunct" (NUVISTA) trial. This
prospective randomized sham-controlled with blinded outcomes clinical study aimed to quantify
the effect of taVNS on plasma inflammatory biomarkers in patients with LVO and explore its

impact on post-stroke patient outcomes.

Methods

Study population.

All patients with incident AIS due to LVO who were admitted to Barnes Jewish Hospital in St.
Louis, Missouri, between November 2022 and May 2024 were screened for eligibility. Inclusion
criteria included: age>18 years, acute anterior circulation LVO [Internal Carotid Artery (ICA),
Middle Cerebral Artery first branch (M1), Middle Cerebral Artery second branch (M2)], National
Institutes of Health stroke scale (NIHSS) score >6, pre-morbid modified Rankin scale (mRS) <2,
randomization <36 hours (hrs) from symptom discovery/last known normal (LKN), expected life
expectancy >3 months, and no active cancer or immunosuppressive/modulating therapy,
concomitant infections or inflammatory states (i.e. chronic autoimmune diseases), hypotension,
or bradycardia on arrival. The patient/family, the medical team, and the outcomes assessor were

blinded to which arm the patient was enrolled (Figure 1). Full /nclusion and Exclusion criteria

shown in Online Resource 1.
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Fig 1 Rationale and trial protocol. A. The proposed mechanism of taVNS in acute ischemic
stroke patients. Electrical stimulation of the auricular branch of the vagus nerve activates the
cholinergic anti-inflammatory pathway. When the dorsal vagal complex receives input from the
auricular branch of the vagus nerve, it activates efferent vagal fibers that project to the spleen.
This process suppresses the production and release of pro-inflammatory cytokines like TNF-

alpha, IL-1beta, and IL-6 and reduces central inflammation. B. Distribution of the auricular



branch of the vagus nerve on the outer ear [27]. C. Electrode placement for taVNS stimulation
and sham group stimulation. D. Inclusion and exclusion criteria. E. Timeline for treatment and

measurement of primary outcomes.

Protocol.

Patients were randomized to taVNS stimulation for 20 minutes every 12 hrs vs. sham electrical
stimulation according to the same schedule. Our basic stimulation parameters were: intensity —
0.5 mA, frequency — 25 Hz, and pulse width - 200 ps (Figure 1) [27]. Patients continued left ear
taVNS or left ear sham stimulation for five days (10 total stimulations), discharge, or death,
whichever came first, and received standard procedural and medical care. Full protocol and
device information shown in Online Resource 2a and CONSORT checklist [28] adherence as

per Online Resource 2b.

Assessment of patient characteristics and standard treatment.

Baseline patient characteristics were documented, including age, sex, race, smoking history,
comorbidities, admission baseline NIHSS, and pre-stroke modified Rankin Scale (mRS) score.
Each stroke event was characterized by laterality, occlusion type, and acute interventions.
Treatment documentation included thrombolytic administration and thrombectomy details. In
thrombectomy cases, reperfusion outcomes were assessed using the TICI score at the end of
thrombectomy [2]. This score was analyzed both as a semi-continuous measure of reperfusion

percentage and as a dichotomized outcome (successful reperfusion defined as TICI >2B) [2].
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Brain imaging and assessment of biomarkers of cerebral edema and infarct size as a baseline
variable.

Head CT scans were obtained at baseline (within 12 hrs of last known normal) and follow-up,
including at 24 +/-12 hrs post-intervention. Baseline scans were available for 13 (76.5%)
treatment and 13 (72.2%) sham patients. All patients had at least one follow-up scan. Following
established protocols [29, 30], we analyzed the scans for measures of cerebral edema and infarct
size, including cerebral spinal fluid volume ratio and relative hemispheric volume to utilize as

baseline measures. We also assessed for hemorrhagic transformation and malignant edema.

Assessment of blood biomarkers of inflammation.

Assessment of blood biomarkers of inflammation was the primary outcome. Total blood levels
(pg/ml) of five cytokines were assessed: four ILs, specifically IL-1p, IL-6, IL-10, and IL-17a,
and tumor necrosis factor alpha (TNFa). White Blood Cell (WBC) counts (K/cumm) were also
measured. The full blood draw protocol can be found in Online Resource 2¢. All five cytokines
were measured at baseline (Day zero/<24 hrs) and every other day for the week thereafter (Day
1, Day 3, Day 5, and Day 7) or until hospital discharge. Protein concentrations were reported as
pg/mL. As a summary measure, the mean of the z-score for each of the five cytokines (hereafter
"cytokine score") was calculated. Z-scores were used to give similar weight to each cytokine, as
IL-6 pg/ml levels were much greater than the other cytokines and therefore dominated a
summary measure based on absolute values. All five cytokines were included together, rather
than excluding IL-10 due to its anti-inflammatory characteristics, based on preliminary analyses

that indicated this cytokine generally rises similarly to the other cytokines [31]; and we also
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analyzed pro-inflammatory cytokines in isolation. Cytokine quantification methods can be found

in Online Resource 2d [32].

Assessment of potential adverse effects.

Due to the potential cardiovascular effects of VNS [33], safety outcomes were monitored,
including hypotension (systolic blood pressure <80 mmHg) and bradycardia (heart rate <50 beats
per minute). Vital signs were recorded at multiple times around each stimulation session: 5
minutes before, every 5 minutes during, and 5 minutes after stimulation. Additionally, routine

vital sign monitoring was performed every 12 hrs throughout the hospital stay.

Assessment of neurological outcomes.

The NIHSS total score and subscores were assessed at presentation/admission and daily
thereafter until discharge or death, as well as on Day 30 +/- 7 days from LKN. Clinical
assessments were performed by NIHSS certified stroke coordinators, nurses, and providers and
documented in the medical record. The mRS was evaluated on Days 30 and 90 +/- 15 days from
LKN over the phone, utilizing the Joint Commission National Quality Measures [34]. Additional
clinical outcomes included hospital length of stay, while discharge disposition was categorized as
either favorable (home, home with health services, or inpatient rehabilitation) or unfavorable
(skilled nursing facility or long-term acute care hospital), or death before discharge. Patients
were followed for 105 days after admission or until death [34], with readmissions to the hospital
system and deaths at any location documented during this period. All vital status information and

death dates were verified through electronic medical records.
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Statistical analysis.

Statistical analyses were performed using Stata/MP version 18 (StataCorp LLC 2023, Statistical
Software, College Station, TX) and Python packages Scipy and Statsmodels. All continuous
variables were retained as continuous, except where noted. Multivariable regression was used to
examine treatment group associations with outcomes, except for rare secondary
outcomes/adverse effects. Following FDA recommendations [35], an intention-to-treat (ITT)
approach was implemented. Primary ITT analyses were conducted without transformation of

continuous outcome variables because >35 observations were available.

Statistical analysis of rate of change in WBC, cytokines, and neurological outcomes in taVNS vs.
sham treatment.

Longitudinal data were analyzed using mixed effects models per the FDA [36], with person as a
random effect, given multiple records per person. For cytokine models, assay plate was included
as an additional random effect. This approach accommodated irregularly timed points, less
restrictive missing data assumptions, and time-varying variables. To complement our primary
ITT approach, treatment also was handled as time-varying when noted, with assignment
occurring at randomization. All longitudinal models included treatment, time since LKN, and
their interaction term(s) as primary independent variables to test whether the pattern of change
over time differed between the taVNS and sham groups. Time was modeled quadratically for
WBC and cytokine outcomes to capture the known U-shaped associations with time [37] when
modeling these outcomes and linearly for in-hospital NIHSS scores based on panel data plots.
For NIHSS, a single model was constructed to estimate the rate of change (change in NIHSS per

day) in each of the two treatment groups and to formally test whether these rates were different.
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For 30-day NIHSS changes (vs. baseline) and 90-day mRS changes, we used the parallel model,
with actual assessment days scaled to standardize the evaluation period to 30 or 90 days,
respectively. We characterized the daily change in each WBC or cytokine outcome using a
similar model expanded to include the quadratic terms. Treatment-time interactions were tested
using likelihood ratio tests comparing models with and without interaction term (NIHSS, mRS)
or terms (WBC, cytokines), with significance at two-sided 0=0.05. These analyses were adjusted
for baseline covariates [38], including baseline NIHSS (except in NIHSS models, which included
this observation), time from LKN to thrombus removal time or recanalization attempt (groin
puncture time), and percent reperfusion (0-100%) based on TICI score [2] to obtain a single
semi-continuous measure. In sensitivity analyses, we also performed the analysis with a
dichotomized TICI scale (reperfused >2B, not reperfused <2B) or restricted data to the first five
days post-LKN (when most stimulations and hospitalizations had ended). Finally, we explored
whether any difference in longitudinal patterns between taVNS and sham depended on laterality,
occlusion type, or any of the a priori adjustment variables, i.e., whether any time-treatment
interaction depended on one of these three variables. Laterality was of particular interest due to
previous research suggesting differential VNS effects based on the side of stimulation [39, 40]
and its influence on NIHSS subscore patterns. Full model descriptions can be found in Online

Resource 2d.

Statistical analysis of difference in cytokine levels between taVNS and sham groups.
We conducted post-hoc t-tests to compare cytokine levels between groups on each day. We chose

to structure further analysis utilizing IL-6 based on prior literature suggesting IL-6 is a key
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cytokine associated with stroke outcomes and prior reduction of IL-6 with taVNS in aneurysmal

subarachnoid patients [26, 41].

Statistical analysis of the association between change in cytokines and change in clinical
outcomes.

We investigated the association between IL-6 levels and clinical outcomes, or their respective
changes, to understand the short- and long-term functional implications of reducing
inflammatory cytokines. We first verified if the reduced pro-inflammatory cytokine was
associated with improving neurological outcomes using regression with changes in NIHSS
scores as the dependent variable and changes in IL-6 as the independent variable. In this
analysis, we paired Day 3 and Day 5 NIHSS and IL-6 measurements based on the measured time
and then calculated the change by subtracting the baseline (first) measurement. To explore if this
relationship is treatment-dependent, we conducted the analysis separately for each treatment
group. Given that recanalization status following thrombectomy significantly influences
neurological outcomes, we verified if the relationship between inflammation and neurological
outcomes depends on recanalization status. To this end, a linear mixed model was used,
including IL-6 levels, treatment, the interaction between treatment and IL-6 levels, recanalization
status, and the interaction between recanalization status and IL-6 levels as predictors. We also
explored the relation between IL-6 and NIHSS overall, as well as change in IL-6 in relation to

mRS90 overall.

Statistical analysis of the Stroke Complications and Poor Outcomes (SCPO) in relation to

treatment.
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To test the hypothesis that taVNS reduces the incidence of complications and poor outcomes, the
total number of select complications and poor outcomes was modeled as a function of stroke
severity, quantified by the average NIHSS score over the first three days. SCPO were defined as:
hemorrhagic transformation, hemi-craniectomy, bradycardia, hypotension, infection,
readmission, and hospital poor disposition (i.e. nursing home or long-term acute care hospital).
In-hospital deaths were excluded from these analyses as all three patients who passed inpatient
(in the treatment group) were due to comfort measures. Given the ordinal nature of total
complications and poor outcomes, a generalized linear regression model with a Poisson link
function was employed. The model includes total complications and poor outcomes as dependent

variables and treatment and admission disability as predictors.

Results

Characteristics of participants.

We randomized 40 participants; after applying all study eligibility criteria, we excluded five
participants post-hoc and included 35 participants (17 treated, 18 sham) (Figure 1). Our cohort
was biracial: Caucasian (77.1%) and Black (22.9%); had a mean age of 67.7 years (SD 13.7),
and was 48.6% female. The baseline NIHSS was 16.4 (SD 6.6) for the treatment group and 15.7
(SD 4.4) for the sham group. The treated group had a higher burden of left-sided stroke (64.7%
vs. 44.4%), ICA occlusions (47.1% vs. 27.8%), and greater time from LKN to recanalization
(mean 13.2 hrs vs. 9.8 hrs) when compared to the sham group, but these differences were not
statistically significant. Thrombolytics were administered to just under half the cohort and
thrombectomy was attempted in the majority (94%), with 82% of the treated group and 89% of

the sham group achieving recanalization after thrombectomy (TICI >2B). The treated group had
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greater early edema at baseline, prior to the effects of treatment, as compared to the sham group
based on cerebrospinal fluid (CSF) changes, A CSF -26% vs. -13%, p=0.05. The mean time to
first stimulation from LKN was 22.8 hrs (SD 6.5) in the treated vs. 24.8 hrs (SD 6.2) in the sham

group (Table 1).

Longitudinal change in cytokines in relation to treatment group.

Across individual cytokines and the z score-based summary measures, differences in the pattern
of change over time between the treatment and sham groups were suggested in both our primary
analysis and the sensitivity analysis utilizing a time-varying exposure (treatment) variable (Table
2, Figure 2, and Online Resource 3). The greatest difference between the groups was observed
for IL-6. Without accounting for the lack of exposure prior to randomization, the treatment and
sham groups appeared much more similar than in the time-varying model. In this latter model,
the two groups diverged, with the groups having U-shaped associations similar in magnitude but
opposite in direction (upward U-shape for the treatment group and inverted U-shape for the sham
group, pinteracton = 0.0001). All other cytokines studied (i.e. IL-1p, IL-10, IL-17a, and TNFa) and
WBC, despite having different trajectories, did not reach statistical significance. The pattern of
change in normalized pro-inflammatory cytokines over time was also different according to both
assigned treatment group (pinteracton=0.01) or time-varying treatment (pinteracton=0.04) (Table 2 and
Figure 2). Looking at IL-6 specifically, levels were significantly lower in the taVNS treatment
group on Day 3 compared with the sham group [t =2.083, p = 0.045, N(taVNS)=16, N(sham) =
17, t-test, Cohen’s d = -0.726] (Figure 2B). Furthermore, normalized pro-inflammatory

cytokines were significantly lower in the taVNS treatment groups on Day 3, compared to the
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sham treatment group [t =-2.632, p=0.013, N(taVNS)=16, N(sham) = 17, t-test, Cohen’s d = -

0.917] (Figure 2F), but were not significantly different on Days 1, 5, and 7.
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Fig 2 Trajectory of the different cytokine levels individually and as a composite normalized
value by treatment vs sham group. P(interaction) is from the time-varying model and tests
whether there is a statistically significant difference in the cytokine level trajectory longitudinally
according to randomized treatment (sham before randomization and assigned treatment group for
all points after randomization). The P(interaction) in the time varying model showed a significant
difference amongst the trajectory IL-6 cytokine levels over days 0-7 when comparing treatment
vs sham. A,B, D. IL-1b, IL-6, and IL-17a levels for taVNS and sham treatment groups were
significantly lower in the taVNS treatment group on day 3 compared with the sham treatment
group, e.g. IL-6 [t =2.083, p = 0.045, N(taVNS)=16, N(sham) = 17, t-test]. The error bars in A-F

represent standard errors. F. Normalized pro-inflammatory cytokine (TNF-a, IL-1f, IL-17a, and
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IL-6) score over days 0-7 for taVNS and sham treatment groups (randomized on approximately
day 1 and treated through day 5, death, or discharge, whichever came earliest). Normalized pro-
inflammatory cytokine levels were significantly lower in the taVNS treatment group on day 3
compared with the sham treatment group [t =2.632, p = 0.013, N(taVNS)=16, N(sham) = 17, t-
test]. The P(interaction) in the time varying model showed a significant difference amongst the
trajectory of the normalized pro-inflammatory cytokine levels when comparing treatment vs

sham.

IL-6 and clinical outcomes.

Across combined treatment groups, changes in IL-6 demonstrated a correlation with Day 90
mRS scores (95% confidence interval (CI) for B_(IL-6) =[0.061, 0.177], p <0.001, z-test). For
the acute inpatient recovery period, a statistically significant relationship was also identified
between IL-6 and NIHSS scores (F-statistic = 5.276, p = 0.023, R? = 0.040), with an IL-6

coefficient of 0.252 (p = 0.023, t-test, n = 130).

Change in IL-6 and change in NIHSS by treatment group.

Changes in NIHSS scores were positively associated with changes in IL-6 levels, indicating
reduced pro-inflammatory cytokine levels were associated with improving neurological
outcomes (slope = 0.358, 95% CI =[0.055, 0.661], t =2.370, p =0.021, n = 57, t-test). The
regression performed separately for the two treatment groups showed significant positive
correlation between changes in IL-6 levels and changes in NIHSS scores in the taVNS group
(slope =0.798, 95% CI =[0.077, 1.518], t=2.286, p = 0.031, n = 26, t-test) and borderline

significant relationship in the sham group (slope = 0.330, 95% CI =[-0.029, 0.690], t = 1.881, p
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=0.070, n = 31, t-test). That is, for the taVNS treatment group, a 1 pg/mL reduction in IL-6 over

3 to 5 days was associated with a reduction of 0.80 points in NIHSS (Figure 3A). The model

incorporating subject random effect largely confirmed this finding; the association was

significant in the taVNS treatment group and non-significant in the sham treatment group

(Online Resource 4).
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Fig 3 A. Changes in NIHSS scores were significantly positively associated with changes in IL-6
levels in the taVNS treatment group, suggesting that reduced pro-inflammatory cytokine levels
were associated with improving neurological outcomes (slope = 0.798, 95% CI =[0.077, 1.518],
t=2.286, p=10.031, n = 26, t-test). The relationship between changes in NIHSS scores and
changes in IL-6 levels was not significant in the sham group (slope = 0.330, 95% CI = [-0.029,
0.690], t=1.881, p=10.070, n = 31, t-test). B. The positive association between change in IL-6
and change in NIHSS was greater among patients without recanalization. A 1 pg/mL increase in
IL-6 was associated with an additional 0.46-point increase in NIHSS scores in patients who did
not achieve recanalization compared with patients who did (z=-2.015, p=0.044, 95% CI =[0.012,
0.898]). C-E. Stroke complications and poor outcomes (SCPO) in the two treatment groups. C.
The mean initial stroke severity was higher in the taVNS group measured by average NIHSS for
Days 0 — 3. The right figure shows the occurrence of stroke complications and poor outcomes for
the two treatment groups, while excluding patients who died inpatient due to comfort measures
as they did not have time to develop inflammation related complications. D. Distribution of total
stroke complications and poor outcomes by treatment group. E. The relationship between total
SCPO and initial stroke severity for the two treatment groups. The 95% CI for the slope 3, is [-
0.018, 0.081] (z=1.264, p = 0.206). Total SCPO was significantly higher in the sham treatment
group (95% CI for the difference in intercept between the two treatment groups = [-1.680, -

0,058], z = -2.097, p = 0.036).

The relationship between IL-6 and NIHSS by recanalization status.
When we analyzed how recanalization status modulates the relationship between pro-

inflammatory cytokine IL-6 and NIHSS scores by including recanalization status and its
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interaction with IL-6, our analysis revealed that the positive association between change in IL-6
and change in NIHSS was greater among patients without recanalization. A 1 pg/mL increase in
IL-6 was associated with an additional 0.46-point increase in NIHSS scores in patients who did
not achieve recanalization compared with patients who did (z =-2.015, p = 0.044, 95% CI =
[0.012, 0.898], z-test (Figure 3B). In this model, i.e., while accounting for a possible interaction
between IL-6 and recanalization status, patients in the taVNS treatment group showed a trend
toward a stronger IL-6/NIHSS relationship, although this difference did not reach statistical

significance (95% CI of the slope difference = [0.002, 0.685], p = 0.051, z-test, t = 1.951).

Change in NIHSS by laterality

During hospitalization, NIHSS improvement rates were initially similar between treatment
groups, even when restricting to the first five days in sensitivity analysis, as shown in Online
Resource 5. A significant three-way interaction between treatment group, time, and laterality
was observed, with more rapid improvement noted in treated vs. sham patients with left sided
strokes, i.e., ipsilateral to the site of stimulation, but not right sided strokes. This three-way
interaction remained significant when we explored the effect of adding a parallel three-way
interaction for occlusion type. The laterality effect noted above was also seen in cytokines
generally and IL-6 most clearly demonstrated a difference between treatment groups for left

sided strokes (pinteraction=0.0005) (Online Resource 6).

Stroke Complications and Poor Qutcomes in relation to treatment
No adverse events directly attributable to taVNS were noted. Primary cardiac events were

observed more frequently in the sham group, including bradycardia (22.2% vs. 11.8%) and
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hypotension (11.1% vs. 0%). Hemorrhagic transformation was documented more frequently in
the sham group (16.7% vs. 5.9%). Other conditions that could be associated with inflammation
occurred at similar rates between groups (sham 27.8% vs. treatment 23.5%), including infections
(three in each group) and hemicraniectomy (one patient in each group), but none of these were
statistically significant. While in-hospital mortality was higher in the treatment group (17.6% vs.
0%), at the mRS 90-day mark, the treatment group had three deaths (17.6%), and the sham group
had two deaths (11.1%), and none of these findings were statistically significant. Those patients
who passed in the treatment group were statistically significantly older than those patients who
did not die [passed age 84.7 (SD 7.7) vs. alive age 64.5 (SD 3.6), p = 0.03], were on the trial on
average only 2.17 days, and all passed due to the family/patient’s wishes being congruent with
comfort measures only. In addition, overall poor dispositions were similar in the two groups and
good discharge dispositions were achieved in comparable proportions (treatment 70.6% vs. sham
77.8%). Hospital readmissions were recorded only in the sham group (16.7%). Although none of
these individual differences reached statistical significance (all p>0.60), we noted a trend when
taken in aggregate. Despite having higher stroke severity and larger infarct volumes, patients
treated with taVNS appeared to have less morbidity when excluding patients who died early after
admission (Figure 3 C-E). The generalized linear regression modeling total stroke complications
and poor outcomes as a function of treatment and admission disability showed that surviving
patients in the taVNS treatment group experienced significantly fewer complications and poor
outcomes than the surviving sham group (incidence rate ratio = 0.42, 95% CI =[0.19, 0.94], z = -
2.097, p=0.036) (Figure 3 and Table 3). When deaths were included in the analysis, surviving

patients in the taVNS treatment group experienced 51% fewer complications and poor outcomes
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than the surviving sham group, but the difference was non-significant (95% CI of the incidence

rate ratio = [0.24, 1.01], z=-1.921, p = 0.055).

Discussion

The NUVISTA trial demonstrated that taVNS, when added to standard medical care, safely and
effectively modulated the post-AlS inflammatory response in patients with anterior circulation
LVO strokes. Patients receiving taVNS within 36 hrs of symptom onset showed significantly
faster reductions in inflammatory cytokines, most notably in IL-6, in the first days following the
stroke onset after initiation of treatment. In addition, a reduction in IL-6 significantly correlated
with a reduction in neurologic deficit and may be more pronounced in patients with persistent
LVO or unsuccessful recanalization via thrombectomy. This randomized pilot trial demonstrated
that taVNS may aid in mitigating the inflammatory sequelae associated with AIS and may reduce

its associated neurologic complications and morbidity.

Although the study was not powered to detect differences in functional neurologic outcomes, we
have confirmed that elevated pro-inflammatory cytokines, in particular IL-6, are associated with
worsened functional outcomes, as previously reported in the literature [6-10, 42-44].
Furthermore, the taVNS treatment and sham groups were not balanced: the taVNS treatment
group had more proximal LVO locations, larger infarct sizes, longer times from LKN to
recanalization, worse reperfusion scores, and more early edema development than the sham
group. Despite these baseline imbalances between groups, we still saw an effect on inflammatory
biomarkers, highlighting the potential robustness of this intervention. Further, when clinical

outcomes were assessed relative to the change in IL-6, there were indeed differences between the
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taVNS-treated and sham groups, with treated surviving patients experiencing significantly fewer

complications and poor outcomes compared to the sham group.

Our findings demonstrate that taVNS treatment was associated with a greater correlation
between reduced IL-6 levels and improved NIHSS scores, with every 1 pg/mL decrease in IL-6
corresponding to a reduction of 0.798 points in NIHSS scores (95% CI =[0.077, 1.518]), as
compared to 0.330 (95% CI = [-0.029, 0.690]) reduction in the sham group. In addition, the
overall relationship between change in IL-6 and change in NIHSS may be stronger in patients
who did not have successful recanalization, suggesting that taVNS may offer additional
therapeutic benefit in cases where mechanical thrombectomy fails to restore blood flow. Taken
together, these findings suggest a potential role for taVNS as an adjunctive therapy and further
exploration in patients where standard recanalization strategies are unsuccessful or only partially

effective may be valuable.

The mechanisms of action of VNS and its impact on clinical outcomes may be pleiotropic. It is
postulated that taVNS leads to immunomodulation through neural pathways associated with the
cholinergic anti-inflammatory pathway, parasympathetic nervous system, and hypothalamic-
pituitary-adrenal (HPA) axis. Immunogenic stimuli activate vagal afferents terminating primarily
in the dorsal vagal complex. Ascending projections from the dorsal vagal complex reach the
paraventricular nucleus (PVN) and rostral ventromedial medulla (RVM). The arrival of these
incoming signals generates action potentials that travel from the brainstem to the spleen and
other organs. This culminates in T cell release of acetylcholine, which interacts with a7 nicotinic

acetylcholine receptors (a7 nAChR) on immunocompetent cells to inhibit cytokine release in



25

macrophages [45]. This is likely the mechanism explaining this study's reduction in
inflammatory cytokines. Transcutaneous auricular VNS can also positively impact
cardiovascular function through the sympathetic nervous system or efferent vagus nerve [46].
Furthermore, it can reduce blood-brain barrier permeability, cortical spreading depressions, and
improve regionalized plasticity [46, 47]. In aggregate, these pleiotropic effects may play a role in

reducing stroke complications and improving outcomes.

Interestingly, we saw differential effects of the stimulation depending on the laterality of the
stroke. In this study, we exclusively stimulated the left vagus nerve, which is a widely accepted
side, to avoid stimulation of cardiac centers [48]. Despite this practice, prior reports suggest that
stimulation may induce a more robust brain activation in the ipsilateral hemisphere [39, 40].
Although the differences we saw may be due to a limited-size study group, this should be

explored further in future trials.

This trial has notable strengths, including its randomized, blinded design and comprehensive
biomarker analysis. However, several important limitations warrant discussion. First, the small
sample size introduces the possibility that our findings, particularly the clinical outcomes, may
be subject to chance variation, though the consistency of cytokine changes provides some
reassurance. Second, as a single-center study not powered to detect clinical differences, these
results require validation through larger, multicenter trials. Third, fundamental questions remain
about optimal therapeutic parameters, including stimulation settings, treatment duration, and
most relevant physiologic and biomarker endpoints when utilizing taVNS. This is highlighted in

our trial by the Day 5 to 7 rises in some cytokine levels, which may be a rebound effect of
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stopping treatment, although an additional explanation could be that our sample size
decremented at those time points and stroke patients who were still in the hospital at that time
tended to be sicker. Finally, the focus on large vessel occlusion strokes limits the generalizability
of these findings to other stroke subtypes. These limitations highlight critical areas for future
investigation while providing a foundation for larger-scale studies of taVNS in acute ischemic

stroke.

In conclusion, the NUVISTA trial demonstrates that taVNS safely modulates post-AIS
inflammation in anterior circulation large vessel occlusion, with reductions in IL-6 correlating
with improved NIHSS in the days following stroke. These findings support further investigation

of taVNS as a potential adjunctive therapy through larger, multicenter trials.
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Table 1. Baseline characteristics of participants and adherence to randomized treatment,

by treatment group, NUVISTA

Treatment Sham
N=17 N=18
Demographics n (%) n (%)
Age, years
Mean (SD) 68.1 (SD 15.2) 67.3 (SD 12.5)
Range 37-96 45-90
Sex (female) 7(41.2) 10 (55.6)
Race
Caucasian 15 (88.2) 12 (66.7)
Black 2 (11.8) 6 (33.3)
Comorbidities/functioning at LKN
Smoking
Never 4 (23.5) 6 (33.3)
Former 4(23.5) 7 (38.9)
Current 9(52.9) 5(27.8)
Baseline mRS
0 13 (76.5) 15 (83.3)
1 2 (11.8) 1(5.6)
2 2 (11.8) 2 (11.1)
Comorbidities
Hypertension 14 (82.4) 14 (77.8)
Hyperlipidemia 11 (64.7) 13 (72.2)
Type 2 diabetes 7(41.2) 7 (38.9)
Carotid disease 4(23.5) 3(16.7)
Intracranial atherosclerosis 2 (11.8) 0(0)
Atrial arrythmia (Atrial fibrillation or
flutter) 6 (35.3) 9 (50.0)
Coronary artery disease 3(17.7) 3(16.7)
Congestive heart failure 2 (11.8) 5(27.8)
Kidney issues 3(17.7) 8(44.4)
Cerebral ischemia 1(5.9) 3(16.7)
Intracranial hemorrhage 0(0) 1(5.6)
Other® 6 (35.3) 3(16.7)
Stroke characteristics and severity
Laterality
Right 6 (35.3) 10 (55.6)
Left 11 (64.7) 8(44.4)

Maximum severity occlusion




M2 4 (23.5) 5(27.8)

Ml 5(29.4) 8(44.4)

ICA 8(47.1) 5(27.8)
Baseline (first) NIHSS, mean (SD) 16.4 (SD 6.6) 15.7(SD 4.4)

Standard stroke treatments

Lytics (tPA) 7(41.2) 8 (44.4)
Thrombectomy 16 (94.1) 17 (94.4)
Time from LKN to recanalization attempt,
hours, mean (SD) 13.2 (SD 11.1) 9.8 (SD 10.6)
TICI score

N/A (no thrombectomy) 1(5.9) 1(5.6)

0 0(0) 1(5.6)

2a 2 (11.8) 0(0)

2b 7(41.2) 3(16.7)

2c 5(29.4) 5(27.8)

3 2 (11.8) 8(44.4)
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Percent reperfusion, mean (SD)®
Imaging-assessed infarct characteristics
A CSF (edema) in the first 36 hrs®

Cytokine levels, mean (SD)

76.0 (SD 27.1) 83.8 (SD 31.5)

-0.26 (-26%) -0.13 (-13%)

IL1B 1.3(SD 1.1) 1.4 (SD 1.6)
IL6 5.4 (SD 3.9) 5.5(SD 3.7)
IL10 0.63 (SD 0.49) 0.66 (SD 0.80)
IL17a 2.8(SD 3.2) 2.8(SD 3.9)
TNFa 1.5(SD 1.3) 1.1 (SD 1.0)
Mean z-score! 0.003 (SD 0.79) -0.04 (SD 0.99)
Mean z-score® without IL-10 (SD) 0.0007 (SD 0.81) -0.07 (SD 0.90)
Experimental taVNS

Time between LKN and first intervention

(hours), mean (SD) 22.8 (SD 6.5) 24.8 (SD 6.2)

Number of stimulations, mean (SD) 8.24 (SD 2.77) 7.33 (SD 3.20)
<7 5(SD 29.4) 7 (SD 38.9)
7t09 2 (SD 11.8) 3(SD 16.7)
All 10 10 (SD 58.8) 8 (SD 44.4)

Reason stimulation incomplete

Died in hospital/hospice 3(17.6) 0(0)
Transitioned to comfort measures only
(alive) 1(5.9) 1(5.6)
Rapid improvement/early discharge 2 (11.8) 3(16.7)
Potential side effect 0(0) 3(16.7)
Device malfunction 0 (0) 2 (11.1)
Other 1(5.9) 1(5.6)
N/A (completed all 10 stimulations) 10 (--) 8 (--)

2 Other comorbidities not categorized, include the following among the treatment groups (sham,
taVNS): aortic thrombus (0, 1); protein C deficiency (0, 1); poly substance abuse (1, 0); essential
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thrombocythemia (1, 0); methamphetamine use (1; 0); seizure (1, 0); obstructive sleep apnea (1,
0); lung cancer (1, 0); peripheral arterial disease, poly substance abuse, history of ventricular
thrombus (0, 1).

® We estimated the approximate percent reperfusion based on the TICI score (0% for TICI 0,
25% for TICI 1, 37.5% for TICI 2a, 77.5% for TICI 2b, 95% for TICI 2c, and 100% for TICI 3)
[2] to obtain a single semi-continuous measure.

¢ Mean of the z-score for each of the five cytokines.

4 Baseline scans were available for 13 (76.5%) treatment and 13 (72.2%) sham patients, with all
subjects having a follow up 24 +/- 12 hrs scans. ACSF was defined as difference in CSF in the
affected hemisphere when comparing the follow up scan to the baseline and is a marker of
cerebral edema [29, 30].

Abbreviations: CSF = Cerebrospinal fluid; hrs = hours; IL = interleukin; LKN = last known
normal; mRS = modified Rankin scale; NIHSS = National Institutes of Health Stroke Scale; SD
= standard deviation; TICI = thrombolysis in cerebral infarction; TNF = tumor necrosis factor.
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Table 2. Blood biomarkers of inflammation in relation to time from last known normal, by

treatment

Adjusted? difference in cytokine per specified

time unit (95% CI)

Time-varying

Biomarker Treatment Time unit Primary model treatment
WBC count”
Treatment Days -0.025 (-0.494, 0.444) -0.914 (-1.687,-0.141)
Days squared -0.002 (-0.060, 0.056)  0.082 (0.0004, 0.163)
Sham Days -0.062 (-0.482, 0.358)  -0.050 (-0.455, 0.356)
Days squared -0.011 (-0.061, 0.039) -0.014 (-0.062, 0.035)
Interaction p-value? 0.60 0.14
IL1p¢
Treatment Days -0.390 (-0.821, 0.041)  -0.222 (-0.903 ,0.460)
Days squared 0.048 (-0.016, 0.111)  0.030 (-0.057, 0.116)
Sham Days 0.379 (-0.031, 0.788)  0.327 (-0.047, 0.702)
Days squared -0.060 (-0.119, -0.001) -0.055 (-0.111, 0.002)
Interaction p-value? 0.04* 0.24
IL6¢
Treatment Days 0.956 (-1.412,3.323)  -4.099 (-7.655, -0.543)
Days squared -0.189 (-0.535, 0.158)  0.372 (-0.078, 0.823)
Sham Days 4.102 (1.848, 6.355) 4.323 (2.369, 6.277)
Days squared -0.560 (-0.887, -0.234) -0.585 (-0.878, -0.292)
Interaction p-value! 0.11 0.0001*
IL10¢
Treatment Days -0.098 (-0.308, 0.112)  -0.078 (-0.412, 0.255)
Days squared 0.016 (-0.014, 0.047)  0.014 (-0.028, 0.057)
Sham Days 0.180 (-0.019, 0.380)  0.150 (-0.034, 0.333)
Days squared -0.026 (-0.055, 0.002) -0.023 (-0.050, 0.005)
Interaction p-value! 0.14 0.25
IL17a¢
Treatment Days -0.795 (-1.874,0.284)  -0.158 (-1.864, 1.547)
Days squared 0.110 (-0.048, 0.268)  0.041 (-0.175, 0.257)
Sham Days 0.553 (-0.473,1.578)  0.432 (-0.506, 1.370)
Days squared -0.078 (-0.226, 0.071)  -0.065 (-0.206, 0.076)
Interaction p-value? 0.21 0.57
TNF-a¢
Treatment Days -0.244 (-0.545, 0.058)  -0.120(-0.597, 0.357)
Days squared 0.031 (-0.014, 0.075)  0.018 (-0.043, 0.078)
Sham Days 0.302 (0.014, 0.590) 0.225 (-0.038, 0.488)
Days squared -0.046 (-0.088, -0.004) -0.037 (-0.077, 0.002)

Interaction p-value?

Cytokine z-score®
Treatment

Days

0.04*

-0.168 (-0.433, 0.096)

0.26

-0.240 (-0.661, 0.181)
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Days squared  0.021 (-0.018, 0.060)  0.030 (-0.024, 0.083)

Sham Days 0.339 (0.088, 0.590) 0.304 (0.072, 0.536)
Days squared -0.049 (-0.086, -0.013) -0.046 (-0.080, -0.011)

Interaction p-value! 0.03* 0.07

Cytokine z-score w/o IL10

Treatment Days -0.165 (-0.416, 0.086)  -0.259 (-0.659, 0.140)
Days squared 0.018 (-0.019, 0.055)  0.029 (-0.021, 0.080)

Sham Days 0.356 (0.117, 0.595) 0.323 (0.103, 0.544)
Days squared -0.052 (-0.087,-0.017) -0.049 (-0.082, -0.016)

Interaction p-value’ 0.01* 0.04*

# Adjusted for time from LKN to recanalization (or similar reference time), percent reperfusion,
and baseline NIHSS as fixed effects, in addition to plate and patient as random effects in a mixed
model with the specified cytokine as the outcome, or patient only as a random effect with WBC
count as the outcome.

®Based on 279 measurements: 136 WBC measurements from 17 patients in the treatment group
(42 before randomization and 94 after randomization) and 143 measurements from 18 patients in
the sham group, with treatment as randomly assigned (primary model) or as time-varying
variable prior to randomization and per assignment after randomization (time-varying treatment
model).

¢ Based on 132 measurements for each cytokine: 63 cytokine measurements from 17 patients in
the treatment group (14 before randomization and 49 after randomization) and 69 measurements
from 18 patients in the sham group, with treatment as randomly assigned (primary model) or as
time-varying variable prior to randomization and per assignment after randomization (time-
varying treatment model).

d Interaction between treatment and time from LKN, to test whether the pattern of association
between time and the biomarker (coefficients for days and days squared) differs according to
treatment. Obtained from likelihood ratio test comparing the model with two interaction terms
(days and treatment; and days squared and treatment) and all main effects terms to a model with
all main effects terms.

¢Mean of the z-score for each of the five cytokines, as an overall summary measure.

* Significant value

Abbreviations: CI = confidence interval; IL = interleukin; LKN = last known normal (prior to
stroke); NIHSS = National Institutes of Health Stroke Scale; TNF = tumor necrosis factor; WBC
= white blood cell



Table 3. Adverse Events and Secondary Outcomes

Treatment Sham
N=17 N=18 Unadjusted
n (%) n (%) p-value
Cardiac Events
Bradycardia 2(11.8) 4(22.2) Pexact = 0.66
Hypotension 0 (0.0) 2 (11.1) Pexact = 0.49
Adverse Events
Infection 3(17.7) 3(16.7) Pexact = 1.00
Hemicraniectomy 1(5.9) 1(5.6) Pexact = 1.00
Hemorrhagic transformation 1(5.9) 3 (16.7) Pexact = 0.60
Other secondary outcomes
Early discharge due to improvement 2 (11.8) 3 (16.7) Pexact = 1.00
Discharge disposition® Pprrend = 0.24
Good 12 (70.6) 14 (77.8)
Poor 2 (11.8) 4(22.2)
Died before discharge® 3(17.7) 0 (0)
Readmitted to hospital 0(0) 3 (16.7) Pexact = 0.23
mRS at 30 days,® mean (SD) 3.63 (1.82) 2.83(1.92) prrend = 0.21
0 1(6.3) 2 (11.1)
1 1(6.3) 5(27.8)
2 3 (18.8) 0(0)
3 1(6.3) 3(16.7)
4 5(31.3) 4(22.2)
5 2 (12.5) 3(16.7)
3 (18.8) 1(5.6)
Missing 1(-) 0(-)
mRS at 90 days,® mean (SD) 3.27 (2.15) 2.78 (2.07) ptrend = 0.50
0 2 (13.3) 4(22.2)
1 2 (13.3) 2 (11.1)
2 2(13.3) 1(5.6)
3 1(6.7) 4(22.2)
4 3 (20.0) 3(16.7)
5 2 (13.3) 2 (11.1)
6 3 (20.0) 2 (11.1)
Missing 2(-) 0(-)
Length of stay among patients
discharged alive and not to hospice,
days, mean (SD) 8.01 (4.16) 8.91 (5.34) Ppirend = 0.59

2Good disposition includes home or inpatient rehabilitation facility; poor disposition includes

long term care hospital, skilled nursing facility.
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® We excluded inpatient death from poor disposition to restrict to those patients who would have
had time for an inflammatory response to be the cause of the death. Those patients who passed in
the treatment group were statistically significantly older than those patients who did not die
[passed age 84.7 (SD 7.7) vs alive 64.5 (SD 3.6), p = 0.03], were on the trial on average only
2.17 days, and all passed due to the family/patient’s wishes being congruent with comfort
measures only.

¢ Percentages shown among those without missing data. mRS at 30 days excludes one participant
from the treatment group lost to follow-up; mRS at 90 days also excludes one additional
participant from the treatment group. The two patients who died in the sham group, one bounced
back due to atrial fibrillation with rapid ventricular response leading to cardiac arrest and the
other patient’s cause of death was not able to be identified due to lack of access to their external
medical record.

Abbreviations: mRS = modified Rankin scale; SD = standard deviation
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INFORMED CONSENT DOCUMENT

Project Title: Neuromodulation Using Vagus Nerve Stimulation Following Ischemic Stroke as
Therapeutic Adjunct (NUVISTA)

Principal Investigator: Osvaldo Laurido-Soto, MD
Research Team Contact:  Osvaldo Laurido-Soto, MD

Email: ojlaurido-soto@wustl.edu
Work Phone: 314-273-3294

If you are the legally authorized representative providing consent the word “you” in this document refers
to the person you represent.

This consent form describes the research study and helps you decide if you want to participate. It
provides important information about what you will be asked to do during the study, about the risks and
benefits of the study, and about your rights and responsibilities as a research participant. By signing this
form you are agreeing to participate in this study.

WHAT IS THE PURPOSE OF THIS STUDY?

This is a research study. We invite you to participate in this research study because you have presented
to the hospital with an acute ischemic stroke due to a large vessel occlusion. An acute ischemic stroke
due to a large vessel occlusion is a clot inside the head in one of the main vessels/arteries in the brain. It
can occur for many reasons, which include: age, high blood pressure, diabetes, bad cholesterol, and
potential heart irregular rhythms, among others.

The purpose of this research study is to better understand the role of inflammation in recovery from an
acute ischemic stroke, and to see if electrical stimulation to the ear can improve outcomes. Previous
research has shown that the inflammation markers in our blood increase after an acute ischemic stroke,
and that this inflammation may lead to worse outcomes. Stimulating the vagus nerve, which has a
branch that runs in the outer ear, has been shown to reduce inflammation in the body. Our team wants to
measure your inflammatory markers throughout your hospital stay, and provide either the current
standard medical therapy or daily ear stimulation in addition to current standard medical therapy to
determine if there is a difference in recovery. If you are assigned to the stimulation arm of this study,
you will have a daily electrical stimulation applied to your vagus nerve through a device placed on your
ear for five days. You may also be assigned to a “control” group. If you are assigned to the “control”
group, you will still be fitted with the device, but no electrical current will be applied through the device.

Auricular transcutaneous vagus nerve stimulation is approved by the U.S. Food and Drug
Administration for epilepsy, refractory depression, and obesity. However, the use of auricular
transcutaneous vagus nerve stimulation is considered investigational in this study.
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WHAT WILL HAPPEN DURING THIS STUDY?

Following enrollment in the study, your medical record will be reviewed to obtain some important
details about your acute ischemic stroke, and your medical history prior to this hospitalization. The
details recorded by the research team will include the severity of your stroke (both based on your
imaging and your physical exam on arrival to the hospital). It will also include information about the
location of the occlusion that is identified on your imaging, how much brain tissue is damaged and at
risk, and how you are treated during your hospital stay. With regards to your medical history, the
research team will review the medical record and document your medical history. The research team
will also review your medications you take at home.

Laboratory Studies

Initial lab work already obtained by the intensive care or progressive care unit team will be reviewed.
Additional blood samples will also be taken to measure the level of several inflammatory markers on the
first day of enrollment. This blood work will be repeated approximately every 2 days during the course
of your hospital stay. This blood work may require a needle stick, similar to how other blood samples
are drawn, or may be sampled from a line already in place without a new stick. Each set of lab draws
will require approximately 2 teaspoon of volume, and the total volume required will depend on the
duration of your hospital stay. For example, if you are in the hospital for 5 days, a total of 24 cc blood
will be collected over this time period. For some patients, additional blood tests may be drawn a second
time on these days after treatment with ear stimulation. Therefore, the total volume over the duration of
hospitalization would be higher but less than 10 to 12 teaspoons of blood over 2 weeks. There is a
possibility that you may also be enrolled on an observational study called “MAESTRO”, IRB#
202110028. If blood was already drawn for this study we might share the blood samples instead of
drawing new blood.

Genetic Research

Genes are a unique combination of molecules (called DNA) that we inherit from our parents. There are
millions of tiny differences in our genes. These differences may make us more or less likely to develop
certain diseases or conditions or to have certain characteristics. Genetic research involves studying the
differences in genes and DNA between individuals. This type of testing creates information that is as
unique to you as your fingerprint.

We will study the relationship of your genes to your response to the intervention with the auricular
transcutaneous vagus nerve stimulation and see if this is related to a difference in stroke size and
functional recovery.

Ear Stimulation

You will be randomly assigned to treatment with electrical stimulation to different parts of the ear.
Electrical stimulation to the part of the Ear that has the branch of the vagus nerve (intervention) or the
part that has the great auricular nerve (sham).. This means that the part of the ear to be treated will be
determined purely by chance, like flipping a coin. You will have a 50/50 chance of being in any one of
the study groups. You will be “blinded”, which means you will not know which of these groups you are
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assigned to.

The device that will provide stimulation is the transcutaneous auricular Vagus Nerve Stimulation
(taVNS) device by Sotarix Medical©. It is a portable transcutaneous electrical nerve stimulation unit.
This small device is connected to the ear with adhesives, which will be applied to the left ear during the
treatment periods. The treatment period with the device will last 20 minutes, and will occur twice each
day during your stay in the hospital. The most common negative side effect of the stimulation is redness
or irritation at the site, although this is uncommon with the length and amount of stimulation we will
use. Our team will be trained to provide the stimulation and inspect the area of stimulation daily to
ensure there is no redness or irritation. Further stimulation will not be applied if irritation is noted.

Before, during, and after the ear stimulation your vital signs (like your heart rate, and your blood
pressure) will be monitored and recorded. Monitoring devices will already be in place while you are in
the Intensive Care Unit or Neurological Care Unit, and this study will not require any new monitoring
devices to collect this information.

This stimulation device is FDA approved for the treatment of epilepsy (seizures), depression, and
obesity, but is not approved for the treatment of subarachnoid hemorrhage.

Follow-up

You will be required to attend a follow up appointment at 30 days following your discharge from the
hospital (or longer depending on physician availability). This follow up appointment will be either in-
person, by phone, or via telemedicine. This will be either your normal scheduled visit if it is at 30 days
or a scheduled appointment coordinated by us. If it is a scheduled appointment coordinated by us outside
standard of care, you will be eligible for $25 compensation in the form of a gift card. You are eligible
for a $50 check payment upon completion of this initial follow up visit. The check will be mailed to
your home address upon completion of the visit. You will also be required to participate in a brief
telephone call at 90 days to assess your functional status. The research team will review the normally
scheduled visits you attend following your hospitalization to better understand the long-term impact of
the stimulation on outcomes. The information obtained will include disability assessment results, and
physical exams performed. The study team will continue to access these records for up to two years
following your initial hospitalization.

Will vou save my research information to use in future research studies?

We would like to use the data we are obtaining in this study for studies going on right now as well as
studies that are conducted in the future. These studies may provide additional information that will be
helpful in understanding acute ischemic strokes due to large vessel occlusion, or other diseases or
conditions, including research to develop investigational tests, treatments, drugs or devices that are not
yet approved by the U.S. Food and Drug Administration. It is unlikely that what we learn from these
studies will have a direct benefit to you. There are no plans to provide financial compensation to you
should this occur. By allowing us to use your data you give up any property rights you may have in the
data.

Your data will be stored without your name or any other kind of link that would enable us to identify
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which sample(s) or data are yours. Therefore, it will be available for use in future research studies
indefinitely and cannot be removed.

HOW MANY PEOPLE WILL PARTICIPATE?

Approximately 80 people will take part in this study conducted by investigators at Washington
University

HOW LONG WILL I BE IN THIS STUDY?

If you agree to take part in this study, your involvement will last for the duration of your hospitalization,
and any follow-up appointments that occur in the 2 years following your hospitalization for your acute
ischemic stroke.

WHAT ARE THE RISKS OF THIS STUDY?

You may experience one or more of the risks indicated below from being in this study. In addition to
these, there may be other unknown risks, or risks that we did not anticipate, associated with being in this
study.

Likely / Common
e None

Less Likely / Less Common

Life Threatening

e None
Serious

e None
Mild

e Skin irritation/redness at the site of stimulation

Rare

Life Threatening
e None
Serious
e Bradycardia (slow heart rate)
e Hypotension (low blood pressure)
Mild
e Discomfort or pain during the stimulation period

Blood Drawing

The blood draw may cause bleeding, bruising, or pain. Some people become dizzy or feel faint. There is
also a rare risk of infection.
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Risks of Genetic Research

There may be information obtained from the genetic testing that indicates that you, or potentially a
family member (since we inherit genes from our parents, and pass genes on to our children) are at risk
for a particular disease or condition. For example, genetic sequencing may indicate that an individual is
more prone to develop certain types of cancer or other types of diseases, (e.g. Alzheimer’s or other
inherited diseases).

If made available to persons or agencies outside of our research group, information about genetic test
results could affect your employment or insurance. For instance, employers, insurers, or others may use
this information when making decisions about you or your family members regarding employment,
insurance, or other benefits.

While the data developed for this study is being stored without traditional identifiers (stored only with
coded ID numbers, no names), there may be ways of linking the genetic materials back to you. Because
your DNA is unique to you, it is possible that someone could look at the information in the DNA
database and compare it to information in another database, and use that to identify you. This is difficult
to do and is very unlikely to happen.

There is a federal law called the Genetic Information Nondiscrimination Act (GINA). In general, this
law makes it illegal for health insurance companies, group health plans and employers with greater than
15 employees to discriminate against you based on your genetic information. However, it does not
protect you against discrimination by companies that sell life insurance, disability insurance or long
term-care insurance.

Breach of Confidentiality

One risk of participating in this study is that confidential information about you may be accidentally
disclosed. We will use our best efforts to keep the information about you secure, and we think the risk
of accidental disclosure is very small. Please see the section in this consent form titled “How will you
keep my information confidential?” for more information.

WHAT ARE THE BENEFITS OF THIS STUDY?

You may or may not benefit from being in this study.

However, we hope that, in the future, other people might benefit from this study because it could give us
new treatment strategies for acute ischemic strokes due to large vessel occlusion.

WHAT OTHER TREATMENT OPTIONS ARE THERE?

Before you decide whether or not to be in this study, your doctor will discuss the other options that are
available to you. Instead of being in this study, you could receive the currently accepted standard care
for acute ischemic stroke alone. Please note, the addition of treatment with the vagus nerve stimulator
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does not prevent you from receiving all of the normally available and recommended medications and
therapies currently used for subarachnoid hemorrhage.

WILL IT COST ME ANYTHING TO BE IN THIS STUDY?

You will not have any additional costs for being in this research study. You and/or your medical/hospital
insurance provider will remain responsible for your regular medical care expenses.

WILL I BE PAID FOR PARTICIPATING?

You may be paid for being in this research study. You are eligible for a $50 check payment upon
completion of in-hospital interventions. This check will be mailed to your home address after the in-
hospital interventions have been completed. You are also eligible for $50 check payment upon
completion of your first follow up visit after your discharge from the hospital. This check will be mailed
to your home address after the first follow up visit after your discharge has been completed.

You will be asked to provide your social security number (SSN). You may also need to provide your
address if a check will be mailed to you. You should receive payment between 3 and 6 weeks upon
completion of the follow-up study visit If a follow-up appointment is scheduled by us outside standard
of care, you will be eligible for $25 compensation in the form of a gift card.

WHO IS FUNDING THIS STUDY?

The University and the research team are not receiving payment from other agencies, organizations, or
companies to conduct this research study.

WHAT IF I AM INJURED AS A RESULT OF THIS STUDY?

Washington University investigators and staff will try to reduce, control, and treat any complications
from this research. If you feel you are injured because of the study, please contact the investigator at
314-296-0016 and/or the Human Research Protection Office at 1-(800)-438-0445.

Decisions about whether payment for medical treatment for injuries relating to your participation in
research will be made by Washington University. If you need to seek medical care for a research-related
injury, please notify the investigator as soon as possible.

HOW WILL YOU KEEP MY INFORMATION CONFIDENTIAL?

Other people such as those indicated below may become aware of your participation in this study and
may inspect and copy records pertaining to this research. Some of these records could contain
information that personally identifies you. We will keep your participation in this research study
confidential to the extent permitted by law.
e Government representatives (including the Office for Human Research Protections) to complete
federal or state responsibilities
e The U.S. Food and Drug Administration
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e Hospital or University representatives to complete Hospital or University responsibilities

e Information about your participation in this study may be documented in your health care records
and will be available to anyone with access to your health care record, including your health
insurance company. This information may also be released as part of a release of information
request.

e The last four digits of your social security number may be used in hospital or University systems
to track billing information for research procedures.

e Washington University’s Institutional Review Board (a committee that oversees the conduct of
research involving human participants) and the Human Research Protection Office. The
Institutional Review Board has reviewed and approved this study.

e Any report or article that we write will not include information that can directly identify you.
The journals that publish these reports or articles require that we share your information that was
collected for this study with others to make sure the results of this study are correct and help
develop new ideas for research. Your information will be shared in a way that cannot directly
identify you.

To help protect your confidentiality, we will limit access to your personal health information to the
fewest number of necessary researchers. We will use a de-identified method of recording your data, so
that your name or other identifiers are not linked with the collected data. We will also implement the use
of encrypted devices for storage of all data.

A description of this clinical trial will be available on http://www.ClinicalTrials.gov, as required by U.S.
Law. This Web site will not include information that can identify you. At most, the Web site will

include a summary of the results. You can search this Web site at any time.

Are there additional protections for my health information?

Protected Health Information (PHI) is health information that identifies you. PHI is protected by federal
law under HIPAA (the Health Insurance Portability and Accountability Act). To take part in this
research, you must give the research team permission to use and disclose (share) your PHI for the study
as explained in this consent form. The research team will follow state and federal laws and may share
your health information with the agencies and people listed under the previous section titled, “How will
you keep my information confidential?”’

Once your health information is shared with someone outside of the research team, it may no longer be
protected by HIPAA.

The research team will only use and share your information as talked about in this form or as permitted
or required by law. When possible, the research team will make sure information cannot be linked to
you (de-identified). Once information is de-identified, it may be used and shared for other purposes not
discussed in this consent form. If you have questions or concerns about your privacy and the use of your
PHI, please contact the University’s Privacy Officer at 866-747-4975.

Although you will not be allowed to see the study information, you may be given access to your health
care records by contacting your health care provider.
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If you decide not to sign this form, it will not affect
e Your treatment or the care given by your health provider.
e Your insurance payment or enrollment in any health plans.
e Any benefits to which you are entitled.
However, it will not be possible for you to take part in the study.

If you sign this form:
e You authorize the use of your PHI for this research
e This authorization does not expire.
e You may later change your mind and not let the research team use or share your information

(you may revoke your authorization).

e To revoke your authorization, complete the withdrawal letter, found in the Participant section
of the Human Research Protection Office website at
https://hrpo.wustl.edu/participants/withdrawing-from-a-study/ or you may request that the
investigator send you a copy of the letter.

o Ifyou revoke your authorization:

= The research team may only use and share information already collected for
the study.

* Your information may still be used and shared as necessary to maintain the
integrity of the research, for example, to account for a participant’s
withdrawal from the research study or for safety reasons.

=  You will not be allowed to continue to participate in the study.

IS BEING IN THIS STUDY VOLUNTARY?

Taking part in this research study is completely voluntary. You may choose not to take part at all. If
you decide to be in this study, you may stop participating at any time. Any data that was collected as
part of your participation in the study will remain as part of the study records and cannot be removed.

If you decide not to be in this study, or if you stop participating at any time, you won’t be penalized or
lose any benefits for which you otherwise qualify.

What if I decide to withdraw from the study?

You may withdraw by telling the study team you are no longer interested in participating in the study or
you may send in a withdrawal letter. A sample withdrawal letter can be found at
https://hrpo.wustl.edu/participants/withdrawing-from-a-study/ under Withdrawing from a Research
Study.

Will I receive new information about the study while participating?

If we obtain any new information during this study that might affect your willingness to continue
participating in the study, we’ll promptly provide you with that information.
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Can someone else end my participation in this study?

Under certain circumstances, the investigator might decide to end your participation in this research
study earlier than planned. This might happen for no reason or because it is considered unsafe for you to
continue in the study, because funding for the study has ended, or because the sponsor has decided to
stop the research project.

WHAT IF I HAVE QUESTIONS?

We encourage you to ask questions. If you have any questions about the research study itself, please
contact: Osvaldo Laurido-Soto, MD at 314-273-3294. If you experience a research-related injury, please
contact: Osvaldo Laurido-Soto, MD at 314-273-3294.

If you have questions, concerns, or complaints about your rights as a research participant, please contact
the Human Research Protection Office at 1-(800)-438-0445, or email hrpo@wustl.edu. General
information about being a research participant can be found on the Human Research Protection Office
web site, http://hrpo.wustl.edu. To offer input about your experiences as a research participant or to
speak to someone other than the research staff, call the Human Research Protection Office at the number
above.

This consent form is not a contract. It is a written explanation of what will happen during the study if
you decide to participate. You are not waiving any legal rights by agreeing to participate in this study.
As a participant you have rights and responsibilities as described in this document and including:
e To be given enough time before signing below to weigh the risks and potential benefits and
decide if you want to participate without any pressure from the research team or others.
e To understand all of the information included in the document, have your questions answered,
and receive an explanation of anything you do not understand.
e To follow the procedures described in this document and the instructions of the research team to
the best of your ability unless you choose to stop your participation in the research study.
e To give the research team accurate and complete information.
e To tell the research team promptly about any problems you have related to your participation, or
if you are unable to continue and wish to stop participating in the research study.

Your signature indicates that this research study has been explained to you, that your questions have
been answered, and that you agree to take part in this study. You will receive a signed and dated copy
of this form.

Do not sign this form if today’s date is after EXPIRATION DATE: 02/03/26.

(Signature of Participant) (Date)
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(Participant's name — printed)
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Legally Authorized Representative’s Name and Relationship to Participant:

Do not sign this form if today’s date is after EXPIRATION DATE: 02/03/26.

(Participant’s name — printed)

(Signature of Legally Authorized Representative) (Date)

(Name of Legally Authorized Representative — printed) (Relationship to Participant — printed)

Who should sign as the Legally Authorized Representative (LAR)?
If the participant has a legal guardian or attorney-in-fact this individual must sign as the LAR.

If there 1s no legal guardian or attorney-in-fact the individuals listed below may sign in order of priority.

(1) Spouse unless the participant has no spouse, or is separated, or the spouse is physically or mentally
incapable of giving consent, or the spouse's whereabouts is unknown or the spouse is overseas;

(2) Adult child,

(3) Parent;

(4) Brother or sister;

(5) Relative by blood or marriage.

Statement of Person Who Obtained Consent

The information in this document has been discussed with the participant or, where appropriate, with the
participant’s legally authorized representative. The participant has indicated that they understand the
risks, benefits, and procedures involved with participation in this research study.

(Signature of Person who Obtained Consent) (Date)

(Name of Person who Obtained Consent - printed)
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