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ORIGINAL RESEARCH

Angiotensin Receptor-Neprilysin Inhibitor 
Is Associated With Improved Cardiac 
Autonomic Function in Heart Failure
Andreas A. Boehmer , MD; Tim Schubert ; Moritz Rothe , MD; Christoph Keim; Lilli Wiedenmann ; 
Christian Ruckes , Dr. rer. physiol.; Lukas von Stuelpnagel , Dr.-ing.; Fabian Theurl , MD; 
Michael Schreinlechner , MD; Bianca C. Dobre, MD; Bernhard M. Kaess, MD; Axel Bauer , MD; 
Joachim R. Ehrlich , MD

BACKGROUND: Heart failure with reduced ejection fraction is associated with potentially deleterious imbalance of the cardiac 
autonomic nervous system. Sacubitril/valsartan (angiotensin receptor-neprilysin inhibitor [ARNI]) reduces cardiovascular mor-
tality and hospitalization for heart failure with reduced ejection fraction. Whether ARNI affects the cardiac autonomic nervous 
system has not been studied.

METHODS AND RESULTS: This investigator-initiated, prospective, single-center cohort study compared heart rate (HR) variability, 
HR, deceleration capacity, and periodic repolarization dynamics as noninvasive measures of the cardiac autonomic nervous 
system before and after initiation of ARNI therapy. Patients underwent standardized 12-lead Holter-ECG, echocardiography 
and laboratory testing before and 3 months after start of therapy. End points were changes in HR variability (SD of normal-
to-normal intervals, mean square of differences between consecutive R-R intervals), HR, deceleration capacity, and periodic 
repolarization dynamics as well as ventricular function and NT-proBNP (N-terminal pro-B-type natriuretic peptide). Of 63 
patients with heart failure with reduced ejection fraction enrolled, 48 (76.2%) patients were still on ARNI at follow-up. SD of 
normal-to-normal intervals increased from 25 to 36 milliseconds (P<0.001), mean square of differences between consecu-
tive R-R intervals increased from 12 to 19 milliseconds (P<0.001), HR decreased from 73±9 bpm to 67±4 bpm, (P<0.001), and 
deceleration capacity increased from 2.1 to 4.4 milliseconds (P<0.001). A trend for periodic repolarization dynamics reduc-
tion was observed (5.6 deg2 versus 4.7 deg2, P=0.09). Autonomic changes were accompanied by increased left ventricular 
ejection fraction (29±6% versus 40±8%, P<0.001) and reduced NT-proBNP (3548 versus 685 ng/L, P<0.001). Correlation 
analysis showed a significant relationship between volume-unloading (as evidenced by NT-proBNP reduction) and autonomic 
improvement.

CONCLUSIONS: Three months of ARNI therapy resulted in a significant increase in cardiac parasympathetic tone. The improve-
ment in autonomic properties may be mediated by “volume unloading” and likely contributes to the beneficial effects of ARNI 
in heart failure with reduced ejection fraction.
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Heart failure (HF) importantly contributes to mor-
tality in Western populations with its overall age-
related prevalence of ~1% to 2% and a 5-year 

survival rate of only ~40% to 50%.1–3 Mortality in HF 
with reduced ejection fraction (HFrEF) has been linked 
with dysfunction and imbalance of cardiac autonomic 
nervous system (CANS).4,5 Autonomic balance be-
tween the parasympathetic and sympathetic cardiac 
nervous system typically shifts toward sympathetic 
overactivity due to dysfunction of sympatho-inhibitory 
reflexes associated with increased end-diastolic pres-
sure and decreased stroke volume.6–9

An SD of normal-to-normal intervals (SDNN) 
<50 milliseconds identifies patients at high risk of death 
(51.4% per year).4 In addition, in patients post myocar-
dial infarction, CANS dysfunction is an established 

predictor of all-cause mortality.10–12 Deceleration ca-
pacity (DC, parasympathetic activity) and periodic re-
polarization dynamics (PRD, sympathetic activity) were 
identified as superior predictors for mortality after myo-
cardial infarction compared with left ventricular ejec-
tion fraction (LVEF) or conventional heart rate variability 
(HRV) parameters.10–12 Recently, 2 independent trials 
demonstrated that increased PRD predicts reduction 
in mortality associated with prophylactic implantation 
of cardioverter-defibrillators in patients with ischemic 
and nonischemic cardiomyopathy.13,14

Sacubitril/valsartan (ARNI) reduces the risk of car-
diovascular mortality and HFrEF hospitalization15 and 
may even reduce the incidence of ventricular arrhyth-
mia and implantable cardioverter-defibrillator shocks 
in patients with HFrEF, suggesting “antiarrhythmic” 
properties.16

Sparse mechanistic data are available on how ARNI 
exerts its beneficial effects, and the influence of ARNI 
therapy on CANS is largely unknown. Accordingly, we 
hypothesized that initiation of ARNI would improve au-
tonomic function in patients with HFrEF.

METHODS
Study Design
The present trial was an investigator-initiated, prospec-
tive observational, single-center cohort study with 
predefined primary end points conducted at St Josefs-
Hospital (Wiesbaden, Germany) between October 
2020 and June 2022. We enrolled consecutive patients 
affected by HFrEF who were scheduled for initial ARNI 
therapy. Therapy was initiated in accordance with the 
current 2021 European Society of Cardiology guide-
line for the diagnosis and management of acute and 
chronic HF independently of this study.17 All patients 
provided written informed consent for study participa-
tion. The study was approved by the regional ethics 
committee (Landesaerztekammer Hessen, III/1/ker F 
9/2019), registered at clini​caltr​ials.​gov (NCT04587947), 
and followed the rules of the Declaration of Helsinki. 
The data that support the findings of this study are 
available in an anonymized form from the correspond-
ing author upon request.

Hypothesis and End Points
In light of a previous case report,18 we hypothesized 
that ARNI therapy positively influences CANS function 
as measured by a significant improvement in SDNN. 
Against this background, improvement in SDNN was 
chosen as the primary end point. Mean square of differ-
ences between consecutive R-R intervals (RMSSD), HR, 
DC, and PRD, as well as echocardiographic and neuro-
humoral (NT-proBNP [N-terminal pro B-type natriuretic 
peptide], ng/L) changes were analyzed secondarily.

CLINICAL PERSPECTIVE

What Is New?
•	 Angiotensin receptor-neprilysin inhibitor therapy 

leads to a favorable modulation of cardiac auto-
nomic nervous system by increasing parasym-
pathetic activity.

•	 Autonomic rebalancing is presumably mediated 
by “volume unloading” in response to angioten-
sin receptor-neprilysin inhibitor therapy.

What Are the Clinical Implications?
•	 The combination of improvement in struc-

tural cardiac function and autonomic cardiac 
properties may explain the reduction in ven-
tricular arrhythmias observed with angiotensin 
receptor-neprilysin inhibitor and contribute to 
reduced morbidity and mortality among treated 
patients with heart failure with reduced ejection 
fraction.

•	 The positive effect on autonomic properties 
provides additional support for the earliest pos-
sible use of angiotensin receptor-neprilysin in-
hibitor therapy in patients with heart failure with 
reduced ejection fraction.

Nonstandard Abbreviations and Acronyms

CANS	 cardiac autonomic nervous system
DC	 deceleration capacity
HRV	 heart rate variability
PRD	 periodic repolarization dynamics
RMSSD	 mean square of differences between 

consecutive R-R intervals
SDNN	 SD of normal-to-normal intervals
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Statistical Analysis
This study was designed to demonstrate an ARNI-
induced improvement in cardiac autonomic function. 
Based on preliminary HRV evaluation in patients with 
HFrEF at our center, we estimated mean SDNN in this 
cohort to be 30±12 milliseconds and defined a 10 mil-
liseconds increase (+33%) as a significant improve-
ment. For this purpose, a fixed sample size design 
was chosen. For a power of 80% with an alpha of 5% 
(2-sided) inclusion of 45 patients was required. With 
an anticipated dropout rate of 20%, expected loss-to-
follow-up rate of 10%, and a safety margin of 10%, this 
resulted in a sample size of 63 patients.

Because the choice of analysis form based on pre-
liminary normality tests can seriously affect the cali-
bration of small samples,19 all variables were instead 
analyzed by a permutation test with 10 000 repetitions 
comparing mean values at baseline and follow-up. 
Pearson correlation method was used to analyze the 
(in)dependency of possible effects. Significance level 
was set at 0.05.

Given their general lack of normal distribution, HRV 
and NT-proBNP values are presented as median and 
interquartile ranges (IQR). All other parameters are 
presented as mean±SD. Statistical analyses were 
performed using R version 4.3.2 (R Core Team 2021), 
PRISM software version 9 (GraphPad™, San Diego, 
CA) and SPSS version 28 (IBM™, Armonk, NY).

Inclusion and Exclusion Criteria
Patients >18 years of age with HFrEF (defined as LVEF 
≤40%17) and an indication for ARNI therapy were in-
cluded in the study after providing written informed 
consent. Exclusion criteria were contraindication for 
ARNI therapy, atrial fibrillation, presence of cardiac im-
plantable electronic device, lack of consent capacity, 
or concomitant study participation.

Baseline Examination and Follow-Up
Immediately before initiation of ARNI therapy (<7 days), 
transthoracic echocardiography and blood sampling 
were performed in addition to measurement of HRV 
(SDNN and RMSSD), HR, DC, and PRD.

ECG recordings were obtained with a 12-lead 
Holter-ECG device (SpiderView; MicroPort CRM, 
Paris, France), corresponding memory cards, and 
BlueSensor VL ECG electrodes (Ambu, Bad Nauheim, 
Germany). To obtain measurements at rest and under 
autonomic stimulation, ECG measurements were re-
corded in supine position (30 minutes) followed by 
standing position (10 minutes).

The following echocardiographic parameters were 
evaluated: LVEF, LV stroke volume index, LV end-
diastolic volume index (LVEDV index), left ventricular 
end-systolic volume index (LVESV index), left atrial 

end-systolic volume index, degree of mitral regurgita-
tion, tricuspid annular plane systolic excursion, pulmo-
nary artery pressure, and right ventricular/pulmonary 
arterial coupling (calculated by tricuspid annular plane 
systolic excursion/pulmonary artery pressure).

Follow-up was performed at 3 months. In order to 
account for environmental differences, baseline and 
follow-up recordings were obtained in an identical set-
ting at the same time of the day with at least 2 hours 
after meal intake. In order to additionally avoid unin-
tended influences on CANS (eg, due to exertion on the 
way to the examination room), autonomic measure-
ment was first initiated after 10 minutes of rest in a lying 
position and all patients were instructed to take their 
medication regularly.

Technical Aspects of HRV, DC, and PRD 
Analysis
CANS function can be assessed noninvasively by 
analysis of biosignals recorded from the body sur-
face.20 SDNN represents an estimate of overall HRV 
(with parasympathetically-mediated respiratory sinus 
arrhythmia being the primary source in short-term 
resting recordings). RMSSD reflects beat-to-beat vari-
ance in HR and represents the primary HRV measure 
used to estimate parasympathetic-mediated changes 
in HRV.20,21

DC and PRD represent advanced digital biomarkers 
related to parasympathetic and sympathetic dysreg-
ulation that can be applied for mortality risk stratifi-
cation following myocardial infarction.10–12 DC detects 
predominantly parasympathetic tonic influences at the 
level of the sinus node and is calculated by detecting 
anchor points (RR intervals that are longer than the 
previous one), aligning segments of same size at the 
anchors (phase rectification), signal averaging, and 
quantifying DC.10 Reference values for DC divide pa-
tients into 3 risk levels with respect to mortality after 
myocardial infarction: high risk (≤2.5 milliseconds), in-
termediate risk (2.6 to 4.5 milliseconds), and low risk 
(>4.5 milliseconds).10

PRD is an electrocardiographic phenomenon 
whose determination is based on vector electrography 
methods and reflects low-frequency undulations of 
ventricular repolarization instability. Experimental stud-
ies suggest that low-frequency undulations are caused 
by efferent phasic sympathetic nerve activity.22 Thus, 
PRD demonstrates an expression of efferent sympa-
thetic activity at the level of the ventricular myocar-
dium.11 PRD is not subject to HRV or respiratory sinus 
arrhythmia and values ≥5.75 deg2 identify patients at 
high risk of death after myocardial infarction.11

An individual evaluation of HR, HRV, DC, and PRD 
was carried out with the help of SMARTlab (Medical 
University Hospital Innsbruck, Austria).
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RESULTS
Patient Population
We enrolled 63 consecutive patients, of whom 9 pa-
tients had to discontinue ARNI therapy due to sympto-
matic hypotension or other intolerance and 6 patients 
withdrew consent. Apart from a lower proportion of 
men (60% versus 88%, P=0.03), there were no differ-
ences in baseline characteristics between these 15 pa-
tients compared with the 48 (76%) patients who were 
still on ARNI therapy at follow-up (Table S1).

Therefore, the analysis was based on data obtained 
from the 48 subjects who completed follow-up. Mean 
age was 66±12 years, 88% were male, and 63% had 
underlying ischemic cardiomyopathy. Baseline charac-
teristics are displayed in Table 1.

Compared with the initial dose after inclusion, 
ARNI dose was significantly increased at follow-up 
(106±24 mg versus 183±88 mg, P<0.001). There was 
no difference in the dosage of concomitant HF medi-
cations between baseline and follow-up: beta blocker 
(rate of maximum beta-blocker dose: 0.38±0.3 versus 
0.41±0.26, P=0.22), sodium-glucose cotransporter-2 
inhibitor (5±6 mg versus 6±6 mg, P=0.44), loop diuret-
ics (5±5 mg versus 5±5 mg, P=0.82), or mineral recep-
tor antagonist (29±13 mg versus 26±15 mg, P=0.46).

Heart Rate Variability, Heart Rate, and 
Blood Pressure
The primary end point was achieved as evidenced by a 
significant increase in SDNN with ARNI therapy at rest 
[25 milliseconds (IQR 18–37 milliseconds) versus 37 milli-
seconds (IQR 25–55 milliseconds), P<0.001] and in stand-
ing position [25 milliseconds (IQR 18–32 milliseconds) 

versus 36 milliseconds (IQR 27–50 milliseconds), 
P<0.001; Figure  1A]. Primary end point achievement 
was accompanied by a significant increase in RMSDD 
[supine: 12 milliseconds (IQR 7–19 milliseconds) versus 
19 milliseconds (IQR 12–29 milliseconds), P<0.001; stand-
ing position: 10 milliseconds (IQR 7–14 milliseconds) ver-
sus 15 milliseconds (IQR 10–20 milliseconds), P<0.001; 
Figure 1B] and decrease in HR (supine: 73±9 bpm versus 
67±4 bpm, P<0.001; standing position: 80±9 bpm versus 
75±11 bpm, P<0.001; Figure 2C).

Systolic (RRsys) and diastolic (RRdia) blood pressure 
significantly decreased after 3 months of ARNI therapy 
(RRsys: 135±19 mm Hg versus 113±14 mm Hg, P<0.001 
and RRdia: 81±14 mm Hg versus 68±14 mm Hg, 
P<0.001).

Deceleration Capacity and Periodic 
Repolarization Dynamics
DC was significantly increased at rest (2.1 milliseconds 
[IQR −0.6 to 4.4 milliseconds] versus 4.4 milliseconds 
[IQR 2.4–6.9 milliseconds], P<0.001) and in stand-
ing position (2.2 milliseconds [IQR 0.5–3.3 millisec-
onds] versus 2.6 milliseconds [IQR 1.4–5 milliseconds], 
P=0.02; Figure 2A). A trend for a decrease in PRD under 
resting conditions was observed (supine: 5.6 deg2 [IQR 
3.5–10.7 deg2] versus 4.7 deg2 [IQR 2.6–8.5 deg2], 
P=0.09; Figure 2B) whereas no difference was found in 
standing position (8.4 deg2 [IQR 5.5–13.7 deg2] versus 
8.8 deg2 [IQR 5.9–11.8 deg2], P=0.69).

A sensitivity analysis comparing PRD values be-
tween patients with ischemic cardiomyopathy and 
nonischemic dilated cardiomyopathy can be found in 
Figures S1 and S2.

Echocardiographic Findings and Blood 
Samples
Echocardiography demonstrated a significant in-
crease in LVEF (29±6% versus 40±8%, P<0.001), LV 
stroke volume index (24±7 mL/m2 versus 27±7 mL/m2, 
P<0.001), and tricuspid annular plane systolic excur-
sion, representing an estimation of right ventricular 
function (19±5 mm versus 21±4 mm, P<0.001) along 
with a significant reduction in LVEDV index (86±28 mL/
m2 versus 71±24 mL/m2, P<0.001), LVESV index 
(62±25 mL/m2 versus 44±22 mL/m2, P<0.001), left 
atrial end-systolic volume index (38±10 mL/m2 versus 
31±10 mL/m2, P<0.001), visual degree of mitral regur-
gitation (1.3±0.9 versus 0.7±0.7, P<0.001; vena con-
tracta: 3 mm±2.5 mm versus 1.4±1.7 mm, P<0.001), 
and pulmonary artery pressure (42±11 mm Hg versus 
26±13 mm Hg, P=0.01). Right ventricular/pulmonary 
arterial -coupling (tricuspid annular plane systolic 
excursion/pulmonary artery pressure), an index of 
the relationship between right ventricular contrac-
tility and right ventricular afterload, was increased 

Table 1.  Baseline Characteristics of Patients Included in 
the Study

Parameter

Age, y 66±12

Male sex 42 (88%)

Ischemic cardiomyopathy 30 (63%)

Nonischemic dilatative cardiomyopathy 18 (37%)

Arterial hypertension 29 (60%)

Coronary artery disease 34 (71%)

Diabetes 14 (29%)

Hyperlipidemia 15 (31%)

Chronic obstructive pulmonary disease 7 (15%)

Obstructive sleep apnea syndrome 1 (2%)

Peripheral arterial disease 7 (13%)

Previous stroke 7 (15%)

Impaired renal function (glomerular filtration rate<60 mL/
min)

16 (33.3%)

Active smoker 24 (50%)

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 16, 2024



J Am Heart Assoc. 2024;13:e033538. DOI: 10.1161/JAHA.123.033538� 5

Boehmer et al� ARNI Improves Cardiac Autonomic Function in HFrEF

(0.47±0.19 mm/mm Hg versus 1.08±0.72 mm/mm Hg, 
P=0.004), indicating a significant improvement in right 
ventricular hemodynamics (Table 2).

These findings were accompanied by reduced 
plasma NT-proBNP levels (3548 ng/L [IQR 1953–
6710 ng/L] versus 685 ng/L [IQR 281–1135 ng/L]; 
P<0.001) and increased hemoglobin (12.5±2.1 g/
dL versus 13.9±1.7, P<0.001) and hematocrit levels 

(38±7% versus 42±5%, P<0.001). Serum creatinine 
values remained unaffected (1.2±0.4 mg/dL versus 
1.2±0.3 mg/dL, P=0.60). Figure 3 illustrates the struc-
tural and autonomic effects of 3-month ARNI therapy 
demonstrated in this study.

To investigate whether changes in CANS after ARNI 
therapy were related to improvement in structural-
cardiac properties (expressed by improvement in LVEF) 
or cardiac volume status (expressed by NT-proBNP), 
correlation analysis was performed based on changes 
before and after ARNI therapy at rest. Whereas no as-
sociation was found between the improvement in CANS 
function and LVEF, a significant relationship between 
improvement in NT-proBNP and changes in SDNN, 
RMSSD, and HR were demonstrated (Table 3).

DISCUSSION
Main Findings
The present study demonstrated increases in HRV and 
DC as well as decreases in HR after initiation of ARNI, 
suggesting augmentation of parasympathetic tone. 

Figure 1.  Comparison of heart rate variability (SDNN [A], 
RMSSD [B], and HR [C]) in supine and standing position at 
baseline and after 3 months of ARNI therapy.
ARNI indicates angiotensin receptor-neprilysin inhibitor 
sacubitril/valsartan; BASE, baseline; FU, follow-up; HR, heart 
rate; RMSSD, mean square of differences between consecutive 
R-R intervals; and SDNN, SD of normal-to-normal intervals.

Figure 2.  Effect of ARNI therapy on autonomic markers.
Comparison of DC (A) and PRD (B) in supine and standing 
position at baseline and after 3 months of ARNI therapy. ARNI 
indicates angiotensin receptor-neprilysin inhibitor sacubitril/
valsartan; BASE, baseline; DC, deceleration capacity; FU, follow-
up; and PRD, periodic repolarization dynamics.
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These results were accompanied by an improvement 
in left and right ventricular function and reduction in 
plasma NT-proBNP levels representing a potentially 
beneficial modulation of CANS by ARNI therapy.

Autonomic Tone and Ventricular 
Arrhythmias
CANS plays an integral role in the development of ven-
tricular arrhythmias, particularly in patients with myo-
cardial infarction or HFrEF.23 Sympathetic excitation 
can precipitate ventricular tachyarrhythmias and para-
sympathetic activation can be protective.24 HRV as a 
measure of autonomic tone has been extensively in-
vestigated and impaired HRV is a marker of increased 
mortality in patients with HFrEF4,5 and a significant pre-
dictor of mortality and cardiovascular events even in 
the absence of cardiovascular disease.25,26

The PARADIGM-HF (Angiotensin-Neprilysin Inhibition 
Versus Enalapril in Heart Failure)-Trial demonstrated su-
periority of ARNI therapy in patients with HFrEF regarding 
risk of cardiovascular mortality and HFrEF hospitalizations 
compared with enalapril.15 These benefits have been at-
tributed primarily to the properties of ARNI to promote 
cardiac reverse remodeling, improve systolic LV function, 
and possibly reduce fibrosis burden.27–29

In PARADIGM-HF the majority of deaths were sud-
den cardiac and these were significantly reduced by 
treatment with ARNI.30 De Diego et al reported a sig-
nificantly lower incidence of ventricular arrhythmia and 
implantable cardioverter-defibrillator shocks in patients 
with HFrEF after switching from angiotensin-converting 
enzyme inhibitor or angiotensin receptor blocker to 
ARNI therapy.16

Potential Underlying Mechanism

In patients with HFrEF, the increase in sympathetic 
outflow with a simultaneous decrease in parasympa-
thetic HR modulation is primarily attributed to a dys-
function of sympatho-inhibitory reflexes8: Although the 
arterial baroreflex control of sympathetic nerve activity 

appears to be intact in human HF,6 cardiopulmonary 
baroreceptor reflexes may be impaired in the context 
of previous myocardial infarction, potentially less stim-
ulated with decreasing inotropy, or altered by ventricu-
lar dilatation and thus further impair reflex sympathetic 
inhibition.8,9

According to our results, ARNI therapy may lead to 
a restoration of sympatho-inhibitory reflexes, increased 
parasympathetic influence, and thus autonomic rebal-
ancing. This ARNI effect on CANS balance is poten-
tially mediated by “volume unloading” as suggested by 
the following results:

	 1.	 Significant decrease in NT-proBNP. The (NT-pro) 
BNP concentration is known to positively correlate 
with a patient’s volume status,31,32 with LVEDV/
LVESV indices and myocardial wall stress.33 A 
reduction in BNP can therefore be interpreted 
as an expression of “volume unloading.” This 
assumption is supported by the observed in-
crease in hematocrit.

	 2.	 Significant increase in HRV and DC. Atrial 
stretching results in decreased total HRV 
(SDNN) and parasympathetic components of 
HRV.34 Similarly, ventricular wall stress is associ-
ated with depressed HRV.35 Volume overload is 
associated with impaired HRV in patients with 
chronic kidney disease on hemodialysis and nor-
malization of volume status results in improved 
HRV.36 In our study improvement in HRV (SDNN, 
RMSSD) was significantly related to volume un-
loading, as evidenced by NT-proBNP reduction.

	 3.	 Significant decrease in LVEDV index and LVESV 
index and an increase in LVEF and LV stroke vol-
ume index. Decreased LV dilatation and increased 
inotropy may “reset” cardiopulmonary barorecep-
tors and restore sympatho-inhibitory reflexes.

	 4.	 Decrease in blood pressure and HR. Because a 
reduction in blood pressure (causing a decrease 
in vascular wall stretch detected by arterial baro-
receptors) usually leads to an increase in HR,37 
our results with evidence of a decrease in HR 

Table 2.  Echocardiographic Findings Before and 3 Months After Initiation of ARNI Therapy

Parameter Baseline Follow-up P value

Left ventricular ejection fraction, % 29±6% 40±8% <0.001

Left ventricular stroke volume index, mL/m2 24±7 27±27 0.001

Left ventricular end-diastolic volume index, mL/m2 85±27 70±25 <0.001

Left ventricular end-systolic volume index, mL/m2 60±22 44±22 <0.001

Mitral regurgitation (grade) 1.3±0.9 0.7±0.7 <0.001

Tricuspid annular plane systolic excursion, mm 19±5 21±4 <0.001

Pulmonary artery systolic pressure, mm Hg 42±11 26±13 0.01

Right ventricular/pulmonary arterial coupling, mm/mm Hg 0.47±0.19 1.08±0.72 0.004

Left atrial end-systolic volume index, mL/m2 38±10 31±10 <0.001
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suggest an increase in parasympathetic activity 
and possibly restoration of sympatho-inhibitory 
influences. This effect may be baroreceptor me-
diated against the background of an increased 
stroke volume (LV stroke volume index).37,38

Consistent with our results, the PROVE-HF 
(Prospective Study of Biomarkers, Symptom 
Improvement, and Ventricular Remodeling During 
Sacubitril/Valsartan Therapy for Heart Failure) Trial 

demonstrated that ARNI therapy resulted in significant 
reductions in LVEDV index, LVESV index, and left atrial 
volume index (and thus volume unloading) over a 12-
month period.39

The sympathetic inhibition postulated in our hypoth-
esis is supported by the results of Bunsawat et al. who 
demonstrated a significant decrease in muscular sym-
pathetic nerve activity (a nonpharmacological measure 
of baroreflex sensitivity40) in patients with HFrEF after 
2 months of ARNI therapy.41 In addition, Lorgis et  al. 

Figure 3.  Schematic representation of structural and autonomic cardiac effects of 3-month ARNI therapy.
LAESV indicates left atrial end-systolic volume; LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; 
LVESV, left ventricular end-systolic volume; LVSV, left ventricular stroke volume; NT-proBNP, N-terminal pro B-type natriuretic 
peptide; PASP, pulmonary artery systolic pressure; RMSSD, mean square of differences between consecutive R-R intervals; RV/PA, 
right ventricular/pulmonary arterial coupling; SDNN, SD of normal-to-normal intervals; and TAPSE, tricuspid annular plane systolic 
excursion.
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showed a significant correlation between impaired 
HRV and elevated NT-proBNP levels in patients post 
infarction.42

However, it must be considered, that the overall 
advantage of ARNI-induced improvement in cardiac 
function is most likely due to a complex interplay of 
multiple interrelated mechanisms exhibited by its com-
ponents sacubitril and valsartan. These may include 
the observed volume-unloading39 with associated au-
tonomic and neurohumoral remodeling (NT-proBNP 
reduction39,43 and renin-angiotensin-aldosterone-
system inhibition44) as well as reverse cardiac remodel-
ing including reduction in cardiac fibrosis, hypertrophy, 
and inflammation.27,45–47 In this context the advantage 
of ARNI-induced volume unloading over diuretics may 
be explained as chlortalidone and furosemide for ex-
ample, have been shown to activate renin-angiotensin-
aldosterone-system and increase sympathetic nerve 
activity, both of which are known to play a central role 
in HFrEF progression.48–50

Periodic Repolarization Dynamics and Power 
Spectral Density

There may be several reasons for the absence of sig-
nificant PRD changes. On the one hand, PRD is not a 
simple measure of sympathetic activity but most likely 
reflects sympathetic influence on LV myocardium, that 
is, a combination of stimulus (sympathetic activity) and 
substrate (scar, fibrosis, inhomogeneous innervation). 
On the other hand, the aforementioned ventricular 
substrate for PRD (eg, fibrosis) remains stable between 
baseline and follow-up.33,39,42,51 In this context, patients 
with nonischemic dilated cardiomyopathy, who pre-
sumably have less myocardial scar tissue compared 
with patients with ischemic cardiomyopathy, showed 
a numerical greater decrease in PRD under rest-
ing conditions (7.4 to 5.2 deg2 versus 5.1 to 4.2 deg2, 
Figure  S1). However, the difference is not significant 
(P=0.90) and must be interpreted with caution.

Another method for estimating autonomic cardiac 
tone is power spectral density analysis (Table  S2). 
However, power spectral density provides an imprecise 
approximation of autonomic tone and is significantly 

affected by respiratory rate.21,52 Interpretation of power 
spectral density may be challenging, because the low-
frequency domain (0.04–0.15 Hertz) does not—as is 
often assumed—represent sympathetic nervous sys-
tem, but is composed of approximately half sympa-
thetic and half parasympathetic influences. In contrast, 
the high-frequency domain (0.15–0.40 Hertz) does not 
represent vagal tone but indicate vagal modulation of 
the HR.21 The complex composition of low frequency 
and high frequency, including the nonlinear relation-
ship between sympathetic and parasympathetic 
nervous systems, indicate that low frequency/high fre-
quency ratio does not reflect an adequate measure of 
sympathetic-parasympathetic balance.52 Given these 
limitations and uncertainties, DC and PRD may repre-
sent preferable parameters.10,13,14

Previous Studies on Autonomic Tone With 
ARNI Therapy
There are only few studies investigating the influence 
of ARNI on CANS and results are heterogeneous. 
Such divergence may result from individual hetero-
geneity of CANS but also from small case numbers 
included in previous studies.53,54 Whereas Pastor-
Pérez et al. were unable to detect any difference in 
autonomic cardiac tone 3 months after initiation of 
ARNI therapy in their cohort of 21 patients, we dem-
onstrated highly significant results for a particularly 
parasympathetic modulation of CANS. Reasons for 
the differences to our results despite similar ARNI 
doses may include the limited number of patients 
studied, the healthier collective in terms of autonomic 
function (baseline SDNN 42 milliseconds versus 
25 milliseconds), and the high proportion of patients 
(50%) on amiodarone, which is known to possibly in-
duce a suppression of HRV.54,55

In agreement with our results, Giallauria and col-
leagues found a significant improvement in HR recov-
ery in 134 patients after 12 months of ARNI therapy.54 
HR recovery within the first minute after exercise is 
primarily seen as an expression of parasympathetic 
influences56 and is a strong independent predictor of 
all-cause mortality when restricted.57

Table 3.  Correlation Analysis Regarding Relationship Between Autonomic Function, LVEF, and NT-proBNP

Pearson correlation LVEF Pearson correlation NT-proBNP

SD of normal-to-normal intervals 0.09 P=0.55 −0.45 P=0.002

mean square of differences between 
consecutive R-R interval

0.125 P=0.40 −0.37 P=0.011

Heart rate −0.08 P=0.58 −0.39 P=0.008

Deceleration capacity 0.03 P=0.82 −0.18 P=0.23

NT-proBNP −0.20 P=0.17 / /

LVEF indicates left ventricular ejection fraction; and NT-proBNP, N-terminal pro B-type natriuretic peptide.
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Limitations
Given the exploratory nature of this study, the sam-
ple size was small. HRV does represent an indirect 
estimate of cardiac autonomic function with limita-
tions driven by influence of respiration and changes 
in HR. The precise mode of how ARNI affects HRV 
parameters cannot be addressed by this study and 
may be confounded by concomitant improvements in 
cardiovascular status. In addition, confounding influ-
ences on autonomic system at baseline and follow-up, 
which could have partially distorted the results, cannot 
be completely ruled out. Although we tried to reduce 
these to a minimum by standardizing the measure-
ments as much as possible, coffee consumption, anx-
iousness/excitement, and physical exertion may have 
had an influence despite the 10-minute rest phase be-
fore initiation of the measurement. Furthermore, 88% 
of the patients included were male and the results may 
therefore not apply to women.

CONCLUSIONS
Initiation of ARNI therapy modulates CANS with evi-
dence of parasympathetic activation, an effect most 
likely induced by cardiac volume unloading. The com-
bination of improvements in structural and autonomic 
properties may provide explanation for the beneficial 
effects observed with ARNI in HFrEF.
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