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Neuromodulation of Inflammation to Treat
Heart Failure With Preserved Ejection
Fraction: A Pilot Randomized Clinical Trial
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Zain Ul Abideen Asad "=/, MD, MSc; Mary Beth Humphrey “*/, MD, PhD

BACKGROUND: A systemic proinflammatory state plays a central role in the development of heart failure with preserved ejection
fraction. Low-level transcutaneous vagus nerve stimulation suppresses inflammation in humans. We conducted a sham-
controlled, double-blind, randomized clinical trial to examine the effect of chronic low-level transcutaneous vagus nerve stimu-
lation on cardiac function, exercise capacity, and inflammation in patients with heart failure with preserved ejection fraction.

METHODS AND RESULTS: Patients with heart failure with preserved ejection fraction and at least 2 additional comorbidities (obe-
sity, diabetes, hypertension, or age >65 years) were randomized to either active (tragus) or sham (earlobe) low-level transcu-
taneous vagus nerve stimulation (20 Hz, 1 mA below discomfort threshold), for 1 hour daily for 3 months. Echocardiography,
6-minute walk test, quality of life, and serum cytokines were assessed at baseline and 3 months. Fifty-two patients (mean age
70.4+9.2 years; 70% female) were included (active, n=26; sham, n=26). Baseline characteristics were balanced between the
2 arms. Adherence to the protocol of daily stimulation was >90% in both arms (P>0.05). While the early mitral inflow Doppler
velocity to the early diastolic mitral annulus velocity ratio did not differ between groups, global longitudinal strain and tumor
necrosis factor-a levels at 3 months were significantly improved in the active compared with the sham arm (-18.6%+2.5% ver-
sus —16.0%+2.4%, P=0.002; 8.9+2.8 pg/mL versus 11.3+2.9 pg/mL, P=0.007, respectively). The reduction in tumor necrosis
factor-a levels correlated with global longitudinal strain improvement (r=—0.73, P=0.001). Quality of life was better in the active
arm. No device-related side effects were observed.

CONCLUSIONS: Neuromodulation with low-level transcutaneous vagus nerve stimulation over 3 months resulted in a significant
improvement in global longitudinal strain, inflammatory cytokines, and quality of life in patients with heart failure with preserved
ejection fraction.

REGISTRATION: URL: https:/www.clinicaltrials.gov; Unique identifier: NCT03327649.
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(HFpEF), one of the most vexing cardiovascu- has been described."® In fact, recent animal and
lar conditions, is a heterogeneous disease with human studies suggest that a systemic proinflamma-
distinct phenotypes, with differential response to tory state, produced by comorbidities, including dia-
therapy.'? Notably, a distinct phenotype of HFpEF, betes, obesity, and aging, plays a central role in the

Heart failure with preserved ejection fraction associated with diabetes, obesity, and inflammation
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CLINICAL PERSPECTIVE
What Is New?

We conducted a sham-controlled, double-
blind, randomized clinical trial to examine the ef-
fect of chronic low-level transcutaneous vagus
nerve stimulation on cardiac function, exercise
capacity, and inflammation in a subgroup of
patients with heart failure with preserved ejec-
tion fraction with a predominantly inflammatory-
metabolic phenotype.

¢ In this patient population, neuromodulation with
low-level transcutaneous vagus nerve stimu-
lation over 3 months resulted in a significant
improvement in global longitudinal strain, in-
flammatory cytokines, and quality of life.

What Are the Clinical Implications?

e Qur results support the emerging paradigm of
noninvasive neuromodulation to treat selected
patients with heart failure with preserved ejec-
tion fraction and provide the basis for further
randomized trials.

* The long-term adherence and efficacy of this
approach remain to be determined in future
studies.

Nonstandard Abbreviations and Acronyms

E/A ratio of early to late mitral inflow
Doppler velocity
Ele’ early mitral inflow Doppler velocity to

the early diastolic mitral annulus velocity

’

e early diastolic mitral annulus velocity

GLS global longitudinal strain

HFpEF heart failure with preserved ejection
fraction

IL interleukin

LLTS low-level transcutaneous vagus nerve
stimulation

development of HFpEF.*" Therefore, attenuating the
proinflammatory state is an attractive therapeutic tar-
get for a subgroup of patients with HFpEF.

Vagus nerve stimulation exerts prominent anti-
inflammatory effects in multiple experimental models
of systemic inflammation and sepsis,2"" as well as in
humans with rheumatoid arthritis™ and atrial fiorillation
undergoing cardiac surgery.'®> Moreover, low-level trans-
cutaneous vagus nerve stimulation (LLTS), delivered
at the tragus of the ear, where the auricular branch of
the vagus nerve is located,* for just 1 hour, significantly
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suppressed atrial fibrillation and decreased systemic in-
flammatory cytokines.'®'® Importantly, we have recently
shown that LLTS ameliorated diastolic dysfunction in a
well-established animal model of HFpEF'" and acutely
improved left ventricular (LV) strain in humans.'® However,
the chronic effects of LLTS in patients with HFpEF re-
main unknown. In this randomized, sham-controlled,
double-blind study, we examined the effect of daily,
intermittent LLTS for 3 months on echocardiographic
markers, exercise capacity, and inflammatory cytokines
relative to sham stimulation, in patients with predomi-
nantly inflammatory-metabolic HFpEF phenotype.®

METHODS

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

Study Population

Patients with HFpEF, defined according to recent
guidelines'® as signs and symptoms of heart failure,
LV ejection fraction >40%, brain natriuretic peptide
>35 pg/mL, and echocardiographic evidence of dias-
tolic dysfunction (left atrial volume index >34 mL/m?,
early mitral inflow Doppler velocity to the early diastolic
mitral annulus velocity [E/e’] ratio >13, and early dias-
tolic mitral annulus velocity [e’] <9 cm/s), and at least 2
of the following 4 comorbidities: (1) age>65, (2) diabe-
tes, (3) hypertension, and (4) obesity (defined as body
mass index >30 kg/m?), were eligible for enrollment in
the study. The rationale for inclusion of patients with
these comorbidities was that by selecting a population
with prominent proinflammatory state (“inflammatory-
metabolic HFpEF phenotype™), the effectiveness of
LLTS would be enhanced. Patients were excluded
if they had any of the following: LV ejection fraction
<40%, significant valvular disorder (ie, prosthetic valve
or hemodynamically significant valvular diseases), re-
cent (<6 months) stroke, myocardial infarction or hos-
pitalization for heart failure, severe heart failure (class
IV), end stage kidney disease, recurrent vasovagal syn-
cope, history of vagotomy, pregnancy and sick sinus
syndrome, and second or third degree atrioventricular
block (without a pacemaker). The study was approved
by the University of Oklahoma Health Sciences Center
Institutional Review Board, and all patients provided in-
formed consent before enrollment in the study.

Randomization and Study Procedures

After informed consent, patients were randomly assigned
(1:1) to active or sham LLTS, stratified by sex. The rand-
omization sequence was created using randomly cho-
sen block sizes of 4 or 6 and was implemented through
the online REDCap data system. The Parasym device
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Parasym device

Active stimulation

Sham stimulation

Figure 1.

Device and location of active and sham stimulation.

A, The Parasym device was used for stimulation. B, For active stimulation, the ear clip was attached to the tragus, which is innervated
by the auricular branch of the vagus nerve. C, For sham control stimulation, the ear clip was attached to the earlobe, which is devoid

of vagal innervation.

(Parasym, London, UK) was used to provide stimulation.
In the active group, the ear clip electrode was attached to
tragus, while in the sham group, it was attached to the ear
lobe, which is devoid of vagal innervation,"* as previously
described (Figure 1).'® The stimulation settings included
a pulse width of 200 ps and a pulse frequency of 20 Hz,
similar to our prior study in patients with atrial fibrillation.'®
The stimulation amplitude was individually titrated to 1 mA
below the discomfort threshold. Stimulation was applied
for 1 hour daily for 3 months by the patients themselves,
after individual training. Patients were requested to keep
a daily log with the time and duration of stimulation, am-
plitude settings, and any comments related to each daily
session. The device is also equipped with a treatment
time recorder, which provides the cumulative number of
hours used for stimulation, which was correlated with the
daily log, as an objective measure of adherence to the
stimulation protocol. In patients with pacemakers, we
tested the interaction between stimulation and the pace-
maker before enrollment in the study and did not observe
any interaction (no stimulation artifact was seen on the
pacemaker). Patients and investigators collecting study
measurements were blinded to the treatment allocation
to reduce bias. To achieve blinding of patients, the site of
active stimulation was not revealed to them. The clinical
coordinator, who did collect any study measurements,
was unblinded to treatment allocation and instructed the
patients on the proper use of the device.

Echocardiography was performed at baseline and at
3 months to assess cardiac function (Acuson SC2000,
Siemens). Two-dimensional long-axis and short-axis LV
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images were obtained and pulse-wave Doppler spec-
tra of mitral inflow (E and A waves) and mitral annulus
tissue Doppler spectra were recorded. LV longitudinal
and circumferential strain was obtained off-line using
a speckle-tracking algorithm (Acuson SC2000 eSie
VVI). A 6-minute walk test (a well-validated measure of
exercise capacity in heart failure)® was performed at
baseline and 3 months. Quality of life was assessed by
the Minnesota Living with Heart Failure Questionnaire?!
at the respective time points. To ensure rigor and avoid
bias, participants were encouraged to return for the 3-
month posttreatment assessment regardless of their
adherence status.

Blood samples (10 mL) were collected at baseline
and at 3 months for cytokine measurement. Patients’
serum was saved frozen and processed in batches of
10 to 12. The investigators performing the cytokine as-
says were blinded to group assignment. Inflammatory
cytokines, including tumor necrosis factor (TNF)-a and
interleukin (IL)-8, were measured using commercially
available multiplex assays (Ella, R&D systems).

Outcomes

The co-primary outcomes at 3 months were (1) the ratio
of the early mitral inflow Doppler velocity to the early di-
astolic mitral annulus velocity (E/e") and (2) global lon-
gitudinal strain (GLS). Secondary outcomes included
other echocardiographic parameters (early diastolic mi-
tral annulus velocity [g7], left atrial volume index, tricuspid
regurgitation Doppler velocity, ratio of early to late mitral
inflow Doppler velocity [E/A], global circumferential strain),
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6-minute walk distance, quality of life (assessed by the
Minnesota Living with Heart Failure Questionnaire,!
score 0 to 105, higher scores reflect worse quality of life),
brain natriuretic peptide levels, and serum cytokines. All
parameters were assessed by investigators who were
blinded to treatment assignment. Clinical outcomes and
adverse events were documented and then evaluated
by an independent safety committee.

Statistical Analysis

Categorical data are presented as percentages and con-
tinuous data as mean+SD. Baseline continuous data were
compared between groups using Student t test, while cat-
egorical data were compared between groups using Fisher
exact test. Continuous outcomes were compared between
groups using a mixed linear model, with 2 time points
(baseline, 3 months) and 3 terms included in the model
(group effect, time effect, and group by time interaction).
Significant interactions were followed by time trend analy-
ses stratified by intervention group. Logarithmic transfor-
mation using the natural logarithm was used as appropriate
to satisfy modeling assumptions. Analyses were based on
the intention-to-treat principle. Linear regression was used
to investigate the association between the change in GLS,
and the change in TNF-a and Pearson correlation coef-
ficient with 95% Cls were calculated. Statistical significance
was declared at 0.025 for the 2 co-primary outcomes and
at P<0.05 for all other data. All analyses were performed
using SAS version 9.4 (SAS Institute, Cary, NC).

We initially calculated that a sample size of 72 patients
would provide >80% power to detect an absolute differ-
ence of 2.5 in the E/e’ ratio between the 2 groups at a
2-sided alpha level of 0.025 (adjusted for 2 co-primary
outcomes), assuming a baseline mean+SD E/e’ ratio
111+4.4?% and a 10% dropout rate. The same sample
size, under similar assumptions and a baseline GLS
16.1+2.2,2% would provide >90% power to detect an ab-
solute 1.8% difference in GLS between the 2 groups.'®

In October 2020, because of a slower than ex-
pected enrolliment rate, which was largely because of
COVID-19, the investigators, in collaboration with the
data and safety monitoring board, reviewed the base-
line data and original power calculations, and recal-
culated the sample size. Based on the revised power
calculations, a sample size of 52 patients provided
at least 80% power to detect a 2.5 absolute differ-
ence in the E/e’ ratio and a 1.8% absolute difference
in GLS between the 2 groups, at a 2-sided alpha level
of 0.025.

RESULTS

Study Population

Between January 2018 and September 2020, 132 pa-
tients were screened for eligibility and 52 were enrolled
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in the study. Among the 52 patients enrolled in the study,
26 (50%) were randomly assigned to LLTS and 26 (50%)
to sham (Figure 2). Two patients in each group withdrew
from the study. Therefore, a total of 48 patients with com-
plete data were included in the final analysis. The baseline
characteristics of the patients were balanced between
the 2 groups (Table 1). The majority of the patients were
elderly women, with prevalent hypertension, diabetes,
and obesity. No patient crossed over to the other group.

Adherence to the protocol of daily stimulation, defined
as <4 sessions missed on average per month, was 92%
at 3 months in both groups (P=1.0). The average stimu-
lation amplitude was 22.9+13.4 mA and 23.0£15.2 mAin
the active and sham group, respectively (P=0.98). There
were no differences in blood pressure or heart rate
between the active and sham group during follow-up
(137.8+16.5 mm Hg versus 134.9+16.1 mm Hg, respec-
tively, P=0.65 and 74.7+8.6 bpm versus 72.1+7.7 bpm,
respectively, P=0.38).

Co-primary Outcomes

The outcomes of the study are summarized in Table 2.
There were no baseline differences between the 2
groups. At 3 months, the E/e’ ratio was not significantly
different between the 2 groups (9.9+1.5 versus 10.5+1.5,
P=0.53, in the LLTS and sham groups, respectively;
Figure 3A). However, GLS was significantly improved with
active therapy over follow-up and it was significantly better
than the sham group at 3 months (-18.6%+2.5% versus
—16.0%=+2.4%, respectively, P=0.02; Figure 3B).

Secondary Outcomes

Echocardiographic markers of diastolic dysfunction,
including e’ velocity, E/A ratio, left atrial volume index,
and tricuspid regurgitation velocity, were not signifi-
cantly different between the 2 groups at 3 months
(Table 2). Six-minute walk distance did not differ be-
tween the 2 groups at 3 months (352.7+158.8 m ver-
sus 326.9+140.4 m, P=0.63, in the LLTS and sham
groups, respectively; Figure 4A). On the contrary,
quality of life, as assessed by the Minnesota Living
with Heart Failure Questionnaire, although improved
in both groups over time, was significantly better
in the LLTS group compared with the sham group
at 3 months (23.8+14.8 versus 36.6+14.8, respec-
tively, P=0.01; Figure 4B). Inflammatory cytokines,
including TNF-a and IL-8, were significantly lower in
the LLTS group compared with the sham group at
3 months (Figure 5). Brain natriuretic peptide did not
differ significantly between the 2 groups.

Exploratory Analyses

We performed an exploratory analysis to examine the
association between the change in inflammatory cy-
tokines and the change in GLS. The interval changes
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132 patients assessed
for eligibility

80 patients excluded
27 did not meet criteria
53 declined to participate

52 patients underwent
randomization

26 patients were assigned
to active stimulation

2 patients withdrew consent

24 patients were included
in the primary analysis

26 patients were assigned
to sham stimulation

2 patients withdrew consent

24 patients were included
in the primary analysis

Figure 2. Screening and enrollment of patients.

in TNF-a levels were associated inversely with the
changes in GLS (=-0.73 [95% Cls, —0.86 to —0.55],
P=0.001; Figure 6), suggesting that a decrease in
TNF-a levels correlated strongly with an increase in the
absolute GLS values.

Clinical Outcomes

There were no deaths during the course of the study.
Two patients (1 in each group) were hospitalized for per-
sistent atrial fibrillation and underwent cardioversion.
One patient in the active group and 2 patients in the
sham group were hospitalized for heart failure (P=0.99).
There were no other device-related adverse events.

DISCUSSION

Currently, no pharmacological intervention has
been shown to improve morbidity and mortality in
HFpEF.2%23 |n this randomized, double-blind, sham-
controlled trial, we show for the first time that non-
invasive neuromodulation with LLTS improved LV
strain, inflammatory biomarkers, and quality of life
in patients with HFpEF. These results are consistent
with prior studies showing that LLTS improved car-
diac function in animals with HFpEF'” and humans
with diastolic dysfunction.'® The importance of these
findings is highlighted by recent evidence indicating
that LV systolic function, as assessed by LV strain,
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is abnormal in patients with HFpEF, when compared
with patients with hypertension without HFpEF.2*
Given that reduced LV strain has been associated
with adverse clinical outcomes irrespective of LV
gjection fraction,?® it is possible that improvement
in LV strain will result in improved clinical outcomes.
Our results provide the basis for the design of further
randomized clinical trials to evaluate the long-term ef-
ficacy of noninvasive neuromodulation on clinical out-
comes in patients with HFpEF.

Contrary to our hypothesis, we did not observe any
effect of LLTS on diastolic dysfunction. This is possibly
because of the existence of multiple mechanisms that
control myocardial stiffness, the substrate of diastolic
dysfunction, including titin hypophosphorylation and
deficient unfolding protein response, which in turn is
caused by systemic inflammation triggering expression
of inducible nitric oxide synthase in cardiomyocytes.?®
The degree to which each of these mechanisms con-
tributes to diastolic dysfunction in the individual pa-
tient remains unknown. Moreover, abnormalities in
echocardiographic markers of diastolic dysfunction,
including E/e’, reflecting elevated filling pressures, be-
come more pronounced during exercise.?” Therefore,
it is possible that the effect of LLTS could have been
masked by relatively preserved diastolic parameters at
rest. Likewise, we did not find any differences in brain
natriuretic peptide levels, possibly because the pa-
tients were well managed and did not seem to have
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Table 1. Baseline Characteristics of the Study Population
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Characteristic Active (n=24) Sham (n=24) P value
Age,y 69.8+8.8 70.3+9.1 0.84
Female sex, n (%) 16 (67) 16 (67) >0.999
Race, n (%) 0.94

Non-White* 5(21) 4(17)

White 19 (79) 20 (83)
Body mass index, kg/m? 34.5+7.4 37.2+8.2 0.26
New York Heart Association class, n (%) 0.76

Class lor Il 12 (50) 13 (44)

Class Ill 12 (50) 11 (56)
Atrial fibrillation, n (%) 15 (63) 13 (54) 0.54
Coronary artery disease, n (%) 5 (21) 10 (42) 0.18
Diabetes, n (%) 10 (42) 11 (46) 0.76
Sleep apnea, n (%) 14 (58) 14 (58) >0.999
Hypertension, n (%) 23 (96) 23 (96) >0.999
Sick sinus syndrome, n (%) 8(33) 6 (25) 0.75
B-Blockers, n (%) 19 (79) 19 (79) >0.999
ACE inhibitors/ARBs, n (%) 15 (63) 16 (67) 0.75
Calcium channel blockers, n (%) 6 (25) 9(38) 0.48
Statins, n (%) 19 (79) 14 (58) 017
Spironolactone, n (%) 4(17) 3 (13) 0.65
Loop diuretics, n (%) 19 (79) 20 (83) 0.78
Systolic blood pressure, mm Hg 135.4+1741 134.8+25.2 0.94
Diastolic blood pressure, mm Hg 72.8+8.9 73.3+9.4 0.88
Heart rate, bpm 70.6+£10.6 71.9+11.7 0.40
Left ventricular ejection fraction, % 57.5+8.4 58.6+8.5 0.48
Sodium, mEg/L 140.6+2.5 140.1+241 0.75
Potassium, mEq/L 41+0.4 4.0+£0.3 0.77
Creatinine, mg/dL 1.2+0.6 1.3+0.9 0.86
Hemoglobin, g/dL 11.7+1.3 11.9+1.7 0.69

ACE indicates angiotensin-converting enzyme; ARB, angiotensin receptor blocker; and bpm, beats per minute.

*All non-White were Black, except one who was Pacific islander.

increased left atrial pressure, based on echocardio-
graphic indices, including E/e".

Our results are consistent with the well-characterized
anti-inflammatory effects of vagus nerve stimulation,
which are mediated through the cholinergic anti-
inflammatory pathway.®"" Importantly, we have shown
that improvement in LV strain was significantly cor-
related with a decrease in TNF-a levels, suggesting that
the 2 outcomes may be causally related. This notion is
supported by recent animal and human studies show-
ing that systemic and myocardial inflammation play a
central role in the development of diastolic dysfunction
and HFpEF.4"2829 Moreover, the anti-inflammatory ef-
fects of LLTS are characterized by a prominent memory
effect, whereby short periods of stimulation lead to a
long-lasting effect.'>18:80 The findings of our study clearly
illustrate this property and support the premise of pro-
viding short periods of stimulation to ameliorate cardiac
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function and clinical outcomes. It should be noted,
however, that the minimum duration of LLTS needed to
achieve an improvement in relevant clinical outcomes
remains unknown. Nonetheless, we cannot exclude an
immunomodulatory role of LLTS on the nonneuronal
cholinergic myocardial signaling pathway, which has
been shown to decrease proinflammatory monocyte
recruitment in the heart following tissue injury.®
Improving quality of life, among other clinical out-
comes in patients with HFpEF, remains an unmet
clinical need.?® Despite the limitations of quality of life
assessment, as an end point for clinical trials, a panel
of experts recently argued that demonstration of signif-
icant quality of life improvement could be a reasonable
target for novel therapies, if they have an acceptable
safety profile.?° In light of this notion, the finding that
LLTS improved quality of life over 3 months and that
the improvement was significantly greater compared
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Figure 3. Effect of treatment on the co-primary outcomes.

A, Changes in the ratio of the early mitral inflow Doppler velocity to the early diastolic mitral annulus velocity (E/e’). B, Changes
in global longitudinal strain (GLS). The absolute values of GLS are plotted. LLTS indicates low-level transcutaneous vagus nerve

stimulation; and ns, nonsignificant. *P<0.05.

with sham without significant adverse effects, is very
important. Further studies are required to establish the
long-term effect of LLTS on quality of life, as well as
other clinical outcomes.

The fact that HFpEF is a heterogeneous disease
may explain the failure of many previous trials to im-
prove outcomes in this patient population, consistent
with the notion that a “one-size-fits-all” approach may
not be effective in HFpEF.2%23 Prior studies identified
subgroups of patients with HFpEF, with distinct bio-
marker profiles, clinical characteristics, prognosis,
and response to therapy, highlighting the notion that
different subgroups may benefit from targeted inter-
ventions.">%2 Consistent with this notion, we targeted

a subgroup of patients with a patient population with
prominent proinflammatory state, based on their co-
morbidities, in order to enhance the efficacy of LLTS.
Our results suggest that targeting inflammation in this
specific subgroup with predominantly inflammatory-
metabolic HFpEF may be beneficial. Further refine-
ment of patient selection may result in an even larger
benefit of LLTS. This hypothesis needs to be tested in
a further prospective trial.

Our results should be examined in light of prior
clinical studies of anti-inflammatory agents in HFpEF.
Two prior studies of IL-1 receptor antagonist in pa-
tients with HFpEF resulted in mixed results with re-
gard to aerobic exercise capacity, despite reductions
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Figure 4. Changes in functional outcomes during the 3 months of treatment.
A, 6-minute walk distance. B, Minnesota Living with Heart Failure Questionnaire (MLHFQ) score. LLTS indicates low-level
transcutaneous vagus nerve stimulation; and ns, nonsignificant. *P<0.05.
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Figure 5. Changes in inflammatory biomarkers during the 3 months of treatment.
A, Tumor necrosis factor (TNF)-a. B, Interleukin (IL)-8. LLTS indicates low-level transcutaneous vagus nerve stimulation; and ns,

nonsignificant. *P<0.05.

in C-reactive protein in both studies.®*%* It should
be noted that the small sample size of these stud-
ies limited their power to detect a difference be-
tween groups, thus hindering their interpretation.
Consistent with these trials, our study did not find a
statistically significant difference in exercise capacity
between groups. Notably, recent evidence suggests
that exercise performance in patients with HFpEF
may be significantly influenced by extracardiac fac-
tors.®® It is also possible that different mechanisms
are involved in different clinical outcomes in patients
with HFpEF and a specific treatment may not result in
improvement in all surrogate markers and/or clinical
outcomes.®®

sl o o LLTS
1 Sham

A (GLS)

-5.0 I 1 1 1
-1.0 -0.5 0.0 0.5 1.0

A (logTNF-a)

Figure 6. Linear association between the interval change
of TNF-a and the change in absolute GLS.

Logarithmic transformation of TNF-a was performed to satisfy
the modeling assumptions. The association was significant, with
54% of the variation in the change in GLS being explained by the
changein TNF-alevels (r=-0.73, R?>=0.54, P=0.001). GLS indicates
global longitudinal strain; LLTS, low-level transcutaneous vagus
nerve stimulation; and TNF-a, tumor necrosis factor a.
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Limitations

This study has several limitations. First, the small sam-
ple size did not allow for assessment of clinical out-
comes, but rather we focused on surrogate markers.
Second, by design, we included a subgroup of pa-
tients with HFpEF, with a predominantly inflammatory-
metabolic phenotype. Therefore, our results may not
be applicable to all patients with HFpEF. However,
these results highlight the notion that a personalized
approach to treatment of HFpEF may be required to
improve clinical outcomes. Third, we did not examine
exercise diastolic function or hemodynamics. It was
previously shown that HFpEF is characterized by im-
paired hemodynamics and diastolic function during
exercise.?” Therefore, we cannot exclude that a differ-
ent response would have been observed had we per-
formed assessment during exercise. Fourth, we used
empiric stimulation parameters, based on our experi-
ence with previous human studies.'®'® |t is possible
that optimization of stimulation parameters could have
resulted in a more pronounced effect of LLTS. Finally,
because of the short follow-up of the study, the long-
term adherence and efficacy of this approach remains
to be determined in future studies, involving longer-
term follow-up.

CONCLUSIONS

Neuromodulation with LLTS over 3 months resulted in
a significant improvement in GLS, quality of life, and
TNF-q, but not E/e’ ratio, in a subgroup of patients with
HFpEF, with predominantly inflammatory-metabolic
phenotype. Our results support the emerging paradigm



Stavrakis et al

of noninvasive neuromodulation to treat selected pa-
tients with HFpEF and provide the basis for further ran-
domized trials.
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