
ORIGINAL ARTICLE

Autonomic Neuromodulation Acutely Ameliorates Left
Ventricular Strain in Humans

Nicole Tran1
& Zain Asad1

& Khaled Elkholey1 & Benjamin J. Scherlag1 & Sunny S. Po1 & Stavros Stavrakis1

Received: 4 August 2018 /Accepted: 5 December 2018 /Published online: 17 December 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Low-level transcutaneous vagus nerve stimulation at the tragus (LLTS) is anti-adrenergic. We aimed to evaluate the acute effects
of LLTS on left ventricular (LV) function and autonomic tone. Patients with diastolic dysfunction and preserved LV ejection
fraction were enrolled in a prospective, randomized, double-blind, 2 × 2 cross-over study. Patients received two separate, 1-h
sessions, at least 1 day apart, of active LLTS (20 Hz, 1 mA below the discomfort threshold) and sham stimulation.
Echocardiography was performed after LLTS or sham stimulation to assess cardiac function. A 5-min ECG was performed to
assess heart rate variability (HRV). Twenty-four patients were enrolled. LV global longitudinal strain improved by 1.8 ± 0.9%
during active LLTS compared to sham stimulation (p = 0.001). Relative to baseline, HRV frequency domain components (low
frequency, high frequency, and their ratio) were favorably altered after LLTS compared to sham stimulation (all p < 0.05). We
concluded that LLTS acutely ameliorates cardiac mechanics bymodulating the autonomic tone. Trial registration: NCT02983448

Keywords Neuromodulation . Transcutaneous vagus nerve
stimulation .Heart ratevariability .Diastolicdysfunction .Left
ventricular strain imaging

Abbreviations
HFpEF Heart failure with preserved ejection fraction
LV Left ventricle
HFrEF Heart failure with reduced ejection fraction
VNS Vagus nerve stimulation
LLTS Low-level transcutaneous vagus nerve stimulation
TENS Transcutaneous electrical nerve stimulation
GLS Global longitudinal strain
HRV Heart rate variability
HF High frequency
LF Low frequency

Introduction

Heart failure with preserved ejection fraction (HFpEF) has
become a major public health concern. Epidemiological stud-
ies have shown that the prevalence and hospitalizations related
to HFpEF are increasing [1, 2], and the growing elderly pop-
ulation is expected to further worsen these trends. Despite
normal or near-normal left ventricular (LV) ejection fraction,
the rates of morbidity and mortality among these patients are
high and similar to those of patients with heart failure with
reduced ejection fraction (HFrEF) [3, 4]. Unfortunately, no
pharmacologic therapy has been shown to improve morbidity
and mortality in patients with HFpEF [5]. Incomplete under-
standing of HFpEF pathophysiology and patient heterogene-
ity may account for the negative results of trials of pharmaco-
logic therapy in HFpEF [6]. Recent animal and human studies
suggest that a systemic pro-inflammatory state, produced by
comorbidities, including aging, plays a central role in the de-
velopment of HFpEF [7–9]. Importantly, patients with HFpEF
have impaired LV function, as assessed by LV strain [10]. In
addition, patients with HFpEF have marked autonomic dys-
function, characterized by increased activity of the sympathet-
ic nervous system and decreased activity of the parasympa-
thetic nervous system [11, 12]. Therefore, inflammation and/
or autonomic dysfunction may be important targets for the
treatment of HFpEF.

Vagus nerve stimulation (VNS) exerts prominent anti-
adrenergic and anti-inflammatory effects [13–15] and can be
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accomplished transcutaneously by stimulating the auricular
branch of the vagus nerve [16]. Using this approach, we and
others have shown that low-level transcutaneous VNS
(LLTS), at levels not causing bradycardia, can restore auto-
nomic imbalance and reduce inflammatory cytokine levels in
patients with atrial fibrillation [17], myocardial infarction un-
dergoing primary coronary intervention [18], and healthy vol-
unteers [19]. In this study, we hypothesized that short-term
LLTS may ameliorate cardiac mechanics and improve auto-
nomic balance in patients with diastolic dysfunction and pre-
served LVejection fraction. Notably, diastolic dysfunction is a
dominant feature in the majority of patients with HFpEF and it
has been argued that future trials should require echocardio-
graphic evidence of diastolic dysfunction [6].

Methods

This was a prospective, randomized, double-blind, 2 × 2
cross-over study. Patients diagnosed with diastolic dysfunc-
tion by echocardiogram, according to current guidelines [20]
within 24 months of study enrollment, were eligible for en-
rollment in the study. In addition, patients were required to be
in sinus rhythm at the time of the study. Patients were exclud-
ed if they had any of the following: LV dysfunction (LVejec-
tion fraction < 40%), significant valvular disease (i.e., pros-
thetic valve or hemodynamically significant valvular dis-
eases), recent (< 6 months) myocardial infarction, severe heart
failure (class IV), recurrent vasovagal syncope, unilateral or
bilateral vagotomy, sick sinus syndrome (without a pacemak-
er), second- or third-degree AV block, bifascicular block or
prolonged PR (> 300 ms), and pregnancy or nursing. All pa-
tients received two separate, 1-h sessions, at least 1 day and up
to 1 week apart, of active and sham LLTS, with the sequence
of the sessions being randomized (Fig. 1a). Stimulation was
provided using a transcutaneous electrical nerve stimulation
(TENS) unit, attached to an ear clip electrode (Parasym de-
vice, Parasym Health, Inc., London, UK). In the active group,
the ear clip electrode was attached to tragus of the ear (Fig.
1b), whereas in the sham group, the electrode was placed on
the ear lobe, which is devoid of vagal innervation [21]. The
TENS unit was set at a pulse width of 200 μs and a pulse
frequency of 20 Hz. The stimulation amplitude was individu-
alized to 1 mA below the discomfort threshold. The titration to
the final stimulation amplitude occurred over 10 to 20 s and no
appreciable effects on the heart rate were observed during this
period. The patients were not aware which location corre-
sponds to the active vs. sham treatment. The investigators
assessing the outcomes were blinded to treatment assignment.
The study was approved by the Institutional Review Board of
the University of Oklahoma Health Sciences Center and all
patients provided informed consent prior to enrollment in the

study. The study design and timeline of events is summarized
in Fig. 1.

Echocardiography

Echocardiography (Acuson SC2000, Siemens) was per-
formed after 40 min of active or sham stimulation to assess
LV function by a board-certified echocardiographer, who
remained blinded to treatment assignment (Fig. 1a). Two-
dimensional parasternal long-axis, right ventricular inflow,
parasternal short-axis, and apical four (A4C), three (A3C),
and two chamber (A2C) views were obtained. Wall thickness
and chamber dimensions were measured in the parasternal
long-axis view. LV ejection fraction was calculated from
A4C and A2C views using the Simpson method. Based on
the 2016 update to the guidelines for assessment of left ven-
tricular diastolic function, we obtained peak tricuspid
regurgitant velocity, left atrial end-systolic volume index, mi-
tral annular tissue Doppler velocities (e’), and average E/e’
ratio [20]. Tricuspid regurgitant velocity was assessed in the
right ventricular inflow and right ventricular-focused A4C
views and the overall peak tricuspid regurgitant velocity was
reported. Left atrial end-systolic volume index was deter-
mined from atrially focused A4C and A2C views. Pulse-
wave Doppler was used to measure mitral inflow velocities
(E and A waves) in the A4C view and the E/A ratio was
calculated. Mitral annulus septal and lateral tissue Doppler
velocities (e’) were measured in the A4C view, as previously
described [20], and the E/e’ ratio was calculated. LV global
longitudinal strain (GLS), a sensitive and specific marker of
early impairment in LV long-axis function in HFpEF [10],
was measured through analysis of A4C, A3C, and A2C views
using the Siemens speckle-tracking algorithm (Acuson
SC2000 eSie VVI™). LV global circumferential strain was
measured through analysis of the parasternal short-axis view
at the mid-papillary level, using the same speckle-tracking
algorithm. All echocardiographic measurements were obtain-
ed offline and the investigators performing the off-line analy-
sis were blinded to treatment assignment.

Heart Rate Variability

At each visit, a 12-lead ECG was continuously monitored
throughout the study. In addition, serial 5-min ECGs at a sam-
pling rate of 1000 Hz were obtained for HRVanalysis at base-
line and after 1 h of stimulation, using a PC-based ECG ma-
chine (Fig. 1a). ECG was obtained in the supine position after
resting for 15 min. Patients were instructed to abstain from
coffee, smoking, and exercise for at least 6 h. Analysis and
interpretation of the HRV data was performed in a blinded
fashion using the Kubios software [22]. The following HRV
parameters were obtained by time domain analysis: (1) SDNN
[standard deviation of adjacent normal-to-normal (NN)
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intervals], (2) RMSSD (square root of the mean of the sum of
the squares of difference between adjacent NN intervals), and
(3) pNN50 (number of pairs of adjacent NN intervals differing
by more than 50 ms), and by frequency domain analysis: (1)
low-frequency (LF) power, (2) high-frequency (HF) power,
and (3) the LF/HF ratio [23]. The autoregressive method,
which is the preferred method for HF band calculation [24],
was used for frequency domain analysis. According to current
recommendations, both short- (5 min) and long- (24 h) dura-
tion ECG recordings are acceptable options for measuring
HRV; however, frequency domain analysis measures perform
better than time domain measures when short-duration record-
ings are examined [23]. Notably, the HF power overall reflects
parasympathetic activity and the LF power is considered a
measure of sympathetic activity, while the LF/HF ratio reflects
sympathetic to parasympathetic balance [25].

Statistical Analysis

Continuous variables are expressed as mean ± standard devi-
ation. Logarithmic transformation was performed when appli-
cable to achieve normality. Categorical variables are
expressed as percentages. Echocardiographic and HRV pa-
rameters were compared between active and sham stimulation
using a mixed linear model. Significant interactions were
followed by time-stratified analyses to investigate group ef-
fects. For all pair-wise testing, we adjusted for multiple com-
parisons using Tukey’s method. Linear regression models
were computed to assess the relationship between the change
in GLS during active vs. sham stimulation and the GLS during
sham stimulation, as well as the change in HRV parameters

during active vs. sham stimulation. Statistical significancewas
declared at p < 0.05.

The study was powered to detect a 20% relative change in
GLS with LLTS, assuming a baseline GLS of − 17.1 ± 2.0%
during sham stimulation, as seen in patients with hypertension
without HFpEF [10]. Under these assumptions, 24 patients
would provide at least 90% power to detect this difference in
a 2 × 2 cross-over design. Based on the observed baseline
GLS of − 21.2 ± 3.0% during sham stimulation, a sample size
of 24 patients provided 80% power to detect a difference of
1.8% between active and sham stimulation sequences.

Results

Thirty-five patients were screened for eligibility and eventu-
ally 24 patients were included in the study. The baseline char-
acteristics of the patients included in the study are shown in
Table 1. In summary, the majority of the patients (83%) were
hypertensive, 42%were diabetic, 50%were obese (body mass
index > 30 kg/m2), and 46% had a diagnosis of paroxysmal
atrial fibrillation. Notably, half of the patients had grade II or
greater diastolic dysfunction and 38% had heart failure.

The average stimulation amplitude was 22.6 ± 5.8 mA and
21.8 ± 5.6 mA during sham and active LLTS, respectively
(p = 0.85). No change was seen in average heart rate during
stimulation. When comparing heart rate during vs. post stim-
ulation at baseline, no significant changes were observed in
either sham or active stimulation (sham: 72.5 ± 16.2 bpm vs.
72.5 ± 13.8 bpm, p = 0.91; and active: 70.1 ± 12.3 bpm vs.
69.3 ± 11.4 bpm, p = 0.63). Likewise, QT remained stable

Fig. 1 Schematic representation
of the study design and timeline
of events (a, b). Active low-level
transcutaneous vagus nerve stim-
ulation (LLTS) was accomplished
by attaching an electrode clip at
the tragus of the right ear (c)
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over the same period of time, during both sham and active
stimulation (sham: 400.9 ± 29.4 ms vs. 399.1 ± 29.1 ms, p =
0.8;3 and active 417.5 ± 26.1 ms vs. 421.5 ± 28.7 ms, p =
0.32). None of the patients reported any discomfort during
stimulation and no adverse effects occurred during the stimu-
lation period, or within a week after each session. GLS im-
proved by 1.8 ± 0.9% during active LLTS compared to sham
stimulation (− 23.0 ± 2.8% vs. − 21.2 ± 3.0%, respectively,
p = 0.001; Fig. 2). Importantly, this improvement in GLS with
active stimulation is similar in magnitude to the difference
between patients with HFpEF compared to those with hyper-
tensive heart disease [10, 26]. None of the other echocardio-
graphic parameters differed significantly between active and
sham LLTS (Table 2).

The results of the HRVanalysis are summarized in Table 3.
There was a significant time by treatment period interaction
(p < 0.001) for all three frequency domain HRV variables ex-
amined, indicating that these parameters changed differently
over time between the two treatment periods (active vs. sham
LLTS). The difference between sham stimulation and LLTS at
the end of the respective treatment period in all the three fre-
quency domain HRV parameters examined was statistically
significant. Specifically, HF was significantly higher after
1 h of active LLTS compared to sham stimulation (p =
0.001; Fig. 3a). Likewise, LF was significantly lower after
1 h of active LLTS compared to sham stimulation (p =
0.001; Fig. 3b). Finally, the LF/HF ratio, which reflects sym-
pathovagal balance [25], was favorably altered during LLTS
compared to sham stimulation (p = 0.002; Fig. 3c). None of
the time domain parameters differed significantly between
active and sham LLTS.

To understand the relationship of the improvement in GLS
during active LLTS with baseline LV strain, we modeled the
change in GLS during active vs. sham LLTS as a function of
baseline GLS (sham stimulation). Worse GLS during sham
stimulation, reflecting more advanced stage of LV longitudi-
nal dysfunction, was associated with a larger improvement in
GLS during active LLTS (p = 0.004; Fig. 4a). These findings
suggest that patients with worse GLS, at levels comparable to
those seen in patients with HFpEF [10], would derive more
benefit from LLTS. To correlate the change in strain with the
change in autonomic function, we modeled the difference in
GLS during active vs. sham stimulation as a function of the
difference in the LF/HF ratio during active vs. sham stimula-
tion. A larger change in LF/HF ratio during active vs. sham
stimulation was correlated positively with a larger improve-
ment in GLS during active vs. sham stimulation (p = 0.008;
Fig. 4b). These data suggest that improvement in autonomic
function during active stimulation was associated with im-
provement in cardiac mechanics.

Discussion

In this study, transcutaneous stimulation of the auricular
branch of the right vagus nerve at the tragus for 1 h resulted
in an acute improvement in LV longitudinal mechanics in
patients with diastolic dysfunction and preserved LV ejection
fraction. This improvement was associated with a favorable
change in sympathovagal balance. Importantly, the improve-
ment in LV strain was greater in those who had lower baseline
GLS (Fig. 4a), suggesting that patients with worse longitudi-
nal cardiac function, such as those with HFpEF [10], would
derive even more benefit from this treatment modality. This
proof-of-concept, first-in-human study suggests that non-
invasive neuromodulation using LLTS may be useful in the
treatment of HFpEF. These results are significant in light of

Table 1 Baseline characteristics of the patients included in the study

Variable

Age (years) 68.3 ± 11.2

Male gender, n (%) 13 (54)

Race

Caucasian, n (%) 22 (92)

African American, n (%) 2 (8)

Body mass index (kg/m2) 31.6 ± 6.3

Diabetes, n (%) 10 (42)

Hypertension, n (%) 20 (83)

Sleep apnea, n (%) 3 (13)

Obesity (body mass index > 30 kg/m2), n (%) 12 (50)

Paroxysmal atrial fibrillation, n (%) 11 (46)

Hyperlipidemia, n (%) 9 (38)

Coronary artery disease, n (%) 3 (13)

Chronic kidney disease, n (%) 1 (4)

Heart failure, n (%) 9 (38)

NYHA class

I, n (%) 3 (33)

II, n (%) 5 (56)

III, n (%) 1 (11)

Diastolic dysfunction

Grade I, n (%) 12 (50)

Grade II, n (%) 10 (42)

Grade III, n (%) 2 (8)

Medications

Beta blockers, n (%) 15 (63)

ACE inhibitors/angiotensin receptor blockers, n (%) 17 (71)

Spironolactone, n (%) 2 (8)

Statins, n (%) 9 (38)

Systolic blood pressure (mmHg)* 130.2 ± 23.9

Diastolic blood pressure (mmHg)* 77.4 ± 13.4

Heart rate (bpm)* 73.1 ± 18.1

ACE angiotensin-converting enzyme

*Average of two visits
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the increasing number of patients with HFpEF [1, 2] and the
failure of pharmacological therapies to improve clinical out-
comes in this condition [5]. Although our study targeted pa-
tients with diastolic dysfunction rather than HFpEF, it has to
be acknowledged that diastolic dysfunction is a dominant fea-
ture in the majority of patients with HFpEF [6]. This favorable
effect in cardiac mechanics is possibly related to improvement
in autonomic function. As shown in Fig. 4b, the improvement
in cardiac mechanics was proportionate to the improvement in
autonomic function. The tragus of the ear is innervated by a
purely sensory (afferent) nerve, the auricular branch of the
vagus nerve [27]. Importantly, afferent vagal stimulation in-
hibits sympathetic activity [28]. In addition, functional mag-
netic resonance imaging studies indicated that stimulation of
the auricular branch of the vagus nerve leads to activation of
the ipsilateral nucleus tractus solitarius, which is the first cen-
tral relay of vagal afferents, resulting in stimulation of higher
order vagal projections in the brainstem and forebrain [29].

HFpEF, as well as its risk factors, including hypertension,
diabetes, and obesity, is associated with hyperactivity of the
sympathetic nervous system and impaired autonomic reflexes
[30, 31], which in turn lead to cardiac dysfunction [10]. In
light of evidence suggesting that acute (within minutes)
resensitization of adrenergic receptors occurs upon removal
of the increased sympathetic stimulation [32], we hypothesize
that LLTS-mediated, afferent vagal activation, which results in
reflex inhibition of central sympathetic output, leads to acute
resensitization of cardiac adrenergic receptors, which in turn
manifests as improvement in cardiac mechanics. It has been
recently shown that subthreshold VNS (not causing bradycar-
dia) exerts a modest positive effect on both cardiac inotropy
and lusitropy at low stimulation intensities, comparable to
those used in our study [33]. Nonetheless, the exact mecha-
nisms and the downstream mediators of this effect remain to
be determined.

In this study, we added LV strain imaging to traditional
echocardiographic parameters of LV function, as it has been
shown to be a powerful predictor of clinical outcomes in pa-
tients with HFpEF [34]. In addition, GLS and its deterioration
were associated with major adverse cardiac events in a popu-
lation comparable to our study, such as asymptomatic patients
with hypertensive heart disease, independent of the presence
of traditional clinical parameters or LV hypertrophy [35].
Subendocardial myocardial fibers are oriented longitudinally
and contribute primarily to longitudinal myocardial mechan-
ics [36]. These fibers are also the most susceptible to ischemia
and hypoperfusion. GLS is therefore ideal to screen for sub-
clinical myocardial disease in diverse populations, including
those with hypertensive heart disease, diabetes, and obesity
[34]. Identification of LV dysfunction before the onset of dis-
ease in at-risk populations, including those with hypertensive
heart disease, diabetes, and obesity, would allow implementa-
tion of therapies to halt the progression of disease. In our
study, GLS was the only echocardiographic parameter which
was significantly different when LLTS was applied compared

Fig. 2 Comparison of the effect of LLTS on global longitudinal strain
(GLS) during active vs. sham stimulation. a Active LLTS resulted in a
significant improvement in GLS (p = 0.001) compared to sham stimula-
tion. bRepresentative example of left ventricular strain analysis (apical 4-

chamber view) showing the effect of LLTS (lower panel) compared to
sham (upper panel) on the same patient. There was a decrease in GLS
from − 19.3 to − 23.1%, which represents a favorable change

Table 2 Echocardiographic parameters

Variable Sham LLTS p value

Global longitudinal strain (%) − 21.2 ± 3.0 − 23.0 ± 2.8 0.001

Global circumferential strain (%) − 31.3 ± 5.6 − 30.9 ± 5.7 0.82

LVejection fraction (%) 66.9 ± 5.7 65.46 ± 5.08 0.35

LV diameter (cm) 4.5 ± 0.6 4.51 ± 0.52 0.91

LV septum diameter (cm) 1.2 ± 0.3 1.2 ± 0.4 0.80

LV posterior wall diameter (cm) 1.1 ± 0.2 1.1 ± 0.2 0.91

E velocity (cm/s) 74.1 ± 19.0 75.2 ± 20.0 0.52

A velocity (m/s) 79.3 ± 18.1 81.0 ± 22.1 0.74

E/A ratio 0.95 ± 0.43 0.97 ± 0.37 0.75

Average e’ velocity (cm/s) 7.9 ± 2.0 8.5 ± 2.0 0.56

Average E/e’ ratio 9.6 ± 4.2 9.3 ± 2.9 0.78

Peak TR velocity (m/s) 2.6 ± 1.5 2.5 ± 1.4 0.66

LA diameter (cm) 5.6 ± 0.9 5.7 ± 1.1 0.57

LA volume index (ml/m2) 28.6 ± 10.4 31.2 ± 12.9 0.29
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to sham stimulation. Notably, acute changes in LV strain, but
not other echocardiographic parameters, have been demon-
strated after excessive alcohol ingestion [37] and during hyp-
oxic breathing [38].

Autonomic imbalance, characterized by increased sympa-
thetic nerve activity, is significantly associated with and may
contribute to the development of diastolic dysfunction in
humans [11, 30]. Importantly, VNS, even at subthreshold levels
not causing bradycardia, exhibits antiadrenergic properties, by
injuring the sympathetic neurons in the stellate ganglia [39, 40].
In addition, VNS attenuated cardiac remodeling and suppressed
sympathoexcitation in a guinea pig model of pressure overload
[15]. In this study, we have shown that 1 h of LLTS ameliorates
cardiac mechanics and favorably alters the sympathovagal bal-
ance, by enhancing parasympathetic tone and decreasing sym-
pathetic tone. These results are consistent with a previous study,
in which LLTS delivered for 15 min improved autonomic bal-
ance in healthy volunteers [19]. In the same study, there was an
inverse relationship between baseline autonomic dysfunction
(assessed by the LF/HF ratio) and the effect of LLTS (assessed
by the change in LLTS ratio), indicating that worse higher LF/
HF ratios predict a greater decrease in LF/HF during LLTS,
similar to our findings (Fig. 4b). Notably, a significant associa-
tion between cardiac function, as assessed by GLS, and auto-
nomic function, as assessed by HRV parameters, has been pre-
viously shown in patients with hypertension [41] and scleroder-
ma [42]. Frequency domain, but not time domain parameters
changed significantly with LLTS. This is somewhat expected as
we only used 5 min ECG recordings, given that time domain
analysis has higher variability with shorter (5 min) durations
and frequency domain analysis measures perform better than
time domain measures when short-duration recordings are ex-
amined [23].

Our results should be examined in the context of the recent
trials of VNS for systolic heart failure [43–45]. Two of the
studies (INNOVATE-HF [43] and NECTAR-HF [44]) failed
to meet their clinical endpoints, whereas ANTHEM-HF [45]
demonstrated efficacy. Notably, the three studies differed sig-
nificantly in terms of stimulation protocols. Mechanistic studies
have suggested that the optimal stimulation parameters for
VNS are at the point at which afferent and efferent fibers are
activated in a balanced manner (Bneural fulcrum^). At the neu-
ral fulcrum, VNS results in a neutral heart rate response, be-
cause the afferent-driven decreases in central parasympathetic
drive are counteracted by direct activation of the cardiac para-
sympathetic efferent projections to the intrinsic cardiac auto-
nomic nervous system and the heart [33, 46]. Extrapolating
the canine data to humans, Ardell et al. [46] indicated that the
stimulation parameters of ANTHEM-HFwere very close to the
target therapeutic zone for optimal effects during VNS, thus
explaining its favorable outcome, in contrast to the other two
aforementioned studies, whose stimulation parameters were not
optimized to achieve therapeutic effects. It is reasonable to
speculate that our study engaged vagal fibers close to the target
therapeutic zone. In light of the differential effects of different
stimulation parameters on cardiac physiology [46], more re-
search needs to be directed towards optimizing the stimulation
parameters for neuromodulation therapy.

Limitations

This was a small, proof-of-concept, short-term study designed
to establish the first evidence of the acute effects of LLTS on LV
function in humans and provide the basis for the design of
human studies using this modality to target HFpEF. Longer
term assessment is needed before translating this modality into

Table 3 Heart rate variability
analysis Variable Sham LLTS p value*

Baseline 1 h Baseline 1 h

Time domain**

SDNN (ms) 3.0 ± 0.2 3.1 ± 0.2 3.1 ± 0.2 3.1 ± 0.2 0.57

RMSSD (ms) 2.9 ± 0.2 3.0 ± 0.2 3.0 ± 0.2 3.1 ± 0.2 0.82

pNN50 (%) 1.8 ± 0.5 1.8 ± 0.4 1.6 ± 0.4 1.2 ± 0.4 0.29

Frequency domain

Total power (ms2)** 6.0 ± 0.4 6.2 ± 0.4 6.1 ± 0.4 6.2 ± 0.5 0.62

LF (ms2)** 5.3 ± 0.4 5.7 ± 0.4 5.5 ± 0.4 5.4 ± 0.4 0.01

HF (ms2)** 4.7 ± 0.4 4.8 ± 0.4 4.9 ± 0.5 5.0 ± 0.5 0.38

LF (n.u.) 62.5 ± 4.4 68.0 ± 4.3 61.7 ± 4.5 58.6 ± 4.5 0.001

HF (n.u.) 37.3 ± 4.5 31.8 ± 4.3 38.2 ± 4.4 41.3 ± 4.4 0.001

LF/HF 2.2 ± 0.4 3.1 ± 0.4 2.1 ± 0.4 1.8 ± 0.4 0.002

n.u. normalized units

*Comparison between sham and LLTS at 1 h

**Log-transformed values to achieve normality
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therapy for HFpEF. In addition, we included patients with dia-
stolic dysfunction on initial screening echocardiogram, both
with and without clinical HFpEF. However, if anything, includ-
ing low-risk patients, would be expected to diminish the mag-
nitude of the effect seen, as suggested by the fact that the effect
of LLTS was stronger in those with the lowest baseline GLS
(Fig. 4a), therefore, we expect that our findings would apply to
HFpEF patients. Although the primary endpoint of the study
was met, it should be acknowledged that the magnitude of the

effect was modest. Nonetheless, the change in GLS between
LLTS and sham is comparable to the difference between pa-
tients with HFpEF compared to those with hypertensive heart
disease [10, 26]. In addition, HRVanalysis using the FFTmeth-
od did not yield positive results. However, it has been previous-
ly shown that the autoregressive method used in our study is the
preferred method for HF band calculation [24]. We only eval-
uated a fixed set of stimulation parameters for LLTS in our
study (frequency 20 Hz, pulse duration 200 μs, amplitude

Fig. 3 Effect of active vs. sham
LLTS on measures of heart rate
variability. a Low frequency (LF).
bHigh frequency (HF). c Ratio of
LF to HF (LF/HF ratio). All three
parameters were favorably altered
after 1 h of active LLTS compared
to sham stimulation
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1 mA below the discomfort threshold), which were selected
empirically, based on the favorable response to simulation in
our previous study in patients with atrial fibrillation [17]. These
parameters likely activated vagal afferent fibers [33, 46]. As the
selection of stimulation parameters is a critical factor for deter-
mining the efficacy of autonomic neuromodulation therapies
[46], future studies should systematically evaluate the impact
of different stimulation protocols on the observed outcomes.
We did not make any more recordings after stopping stimula-
tion. Therefore, we cannot comment on any memory effects of
LLTS. However, based on other evidence suggesting that both
the antiarrhythmic [47] and the anti-inflammatory [48] effects
of VNS exhibit memory, it is reasonable to speculate that mem-
ory exists also for its effects on cardiac mechanics and HRV.
Finally, we did not examine any biomarkers in this study, or
measures of autonomic tone other than HRV. Nonetheless, a
recent study has shown that sympathetic tone, as assessed by
muscle sympathetic nerve activity, as well as the LF/HF ratio,
was significantly decreased by LLTS (frequency 30 Hz, pulse
duration 200 μs, just below the sensory threshold) in healthy
volunteers [19].

Clinical Implications

In this first-in-man, proof-of-concept study, we demonstrated
that LLTS results in a significant improvement in myocardial
longitudinal function as measured by GLS in patients with
preserved LV ejection fraction. As myocardial longitudinal
function measured by GLS has been shown to be a powerful
and independent predictor of clinical outcomes in patients
with diabetes [49], hypertension [35], and HFpEF [34], we
propose that LLTS may be a potential promising treatment
for HFpEF. This study forms the basis for the design of further
studies to evaluate the efficacy of LLTS as a novel therapy for
HFpEF. Notably, the stimulation voltage used to achieve
LLTS was below patient discomfort threshold, and

significantly below the cardiac threshold, suggesting that this
therapy could be well tolerated and safe in the ambulatory
setting. Importantly, it has been previously demonstrated that
vagal afferent fibers can be activated at approximately 20% of
the bradycardia threshold [33]. In addition, we have recently
shown in humans with atrial fibrillation that the discomfort
threshold is approximately 60% of the bradycardia threshold,
while stimulation at 50% of the bradycardia threshold resulted
in a significant decrease in inflammatory cytokines and atrial
fibrillation duration [17]. Further chronic studies in ambulato-
ry patients with HFpEF are warranted to evaluate the efficacy
of this treatment modality in this population.

Conclusions

In this study, we demonstrated for the first time in humans that
LLTS acutely ameliorates LV longitudinal mechanics and fa-
vorably alters sympathovagal balance in patients with diastol-
ic dysfunction and preserved LVejection fraction. Our results
support the use of LLTS as a possible therapy for patients with
HFpEF. Further larger-scale investigations are necessary to
confirm our results.
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