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Abstract

There is no evidence-based treatment for heart failure with preserved ejection fraction (HFpEF). 

While lower heart rates (HR) provide an unequivocal benefit for patients with HF with reduced EF, 

higher HR might convey important hemodynamic and substrate-modifying benefits in patients 

with diastolic dysfunction. In a prospective study of 20 stable outpatients with diastolic 

dysfunction and pacemakers, we evaluated the effects of a 4-week increase in the lower pacemaker 

rate to 80 beats per minute (bpm) followed by reversal to the previous lower HR setting from 

weeks 4 to 6. We assessed quality of life (MLHFQ), six-minute walk test (6MWT) and NT-

proBNP levels. Pacing at 80bpm significantly improved quality of life and the 6MWT (p≤0.05). 

There was a strong positive correlation between the pacing-induced changes in NT-proBNP and 

baseline QRS intervals (r2=0.31, p<0.01). Stratification by QRS duration revealed that pacing at 

80bpm led to −21±26% reduction in NT-proBNP in patients with QRS≤150ms, whereas 

QRS>150ms was associated with a 26±35% increase in NT-proBNP (p<0.01). Patients 

physiologically paced from the conduction system had a −46±26% reduction in NT-proBNP at 

80bpm as compared to 4±26% and 13±26% change with pacing from the right atrial appendage 

and right ventricular apical septum (pinteraction=0.04). In conclusion, increasing the lower rate 

setting of pacemakers to 80bpm in patients with diastolic dysfunction improves quality of life, 

functional capacity and NT-proBNP for those patients with a baseline QRS≤150ms. These 

findings suggest that higher HRs may provide meaningful benefits to patients with left ventricular 

diastolic dysfunction and HFpEF.
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INTRODUCTION

About half of the patients with heart failure have a normal or preserved ejection fraction 

(HFpEF) for which there is no evidence-based treatment.1-2 Because pharmacological heart 

rate (HR) lowering is beneficial in HF with a reduced ejection fraction (HFrEF), it is 

assumed that lower HRs also provide a benefit to patients with HFpEF.1,3 However, recent 

reports in other patient-populations with a normal EF suggest that pharmacological HR-

lowering is associated with adverse outcomes such as an increased risk of atrial fibrillation, 

heart failure and stroke.4-8 These counterintuitive outcomes are explained by reflected 

systemic pressure waves, which at lower HRs result in higher central blood pressures9. Also 

at lower HRs ventricular filling time is prolonged leading to increased ventricular filling 

pressures and wall stress.10 Meanwhile, pacing above the resting HR acutely lowers left 

ventricular filling pressures in HFpEF patients.11,12 Elevations in HR may also induce a 

beneficial myocardial substrate remodeling.13-15 For these reasons, we hypothesized that 

patients with HFpEF may derive a significant benefit from higher resting HRs which would 

be reflected in an improvement in symptoms, quality of life, functional capacity and lower 

NT-proBNP levels. In a clinical exploration of this concept we evaluated the effects of a 

temporary elevation in the resting HR in patients with pacemakers and evidence of left 

ventricular diastolic dysfunction.

METHODS

This study was conducted at the University of Vermont Medical Center (UVMMC) in 

Burlington, Vermont between 2017 and 2018. The protocol was approved by the UVM 

institutional review board. 1531 patients scheduled at the UVMMC Pacemaker Clinic were 

screened for the following inclusion criteria: (1) a DDD(R) mode pacemaker; (2) dyspnea on 

exertion; (3) echocardiogram that reported a left ventricular (LV) EF ≥50%; LV end-diastolic 

volume <80mL/m2, LV hypertrophy and left atrial dilation; (4) ability to perform a six-

minute walk test (6MWT); (5) stable on current medications without heart failure 

hospitalizations over 6 months and ≥18 years of age. Exclusion criteria: (1) Blood pressure 

>160/100mmHg; (2) creatinine >2mg/dL; (3) more than moderate valvular disease; (4) 

COPD on oxygen therapy; (5) aortic valve replacement within 1 year; (6) pacemaker with 

<6 months of battery life and (7) patient life expectancy <6 months. The enrollment criteria 

are similar to the REVAMP study (NCT03210402) that is testing the safety and feasibility of 

a nocturnal HR elevation to 100bpm. The screening resulted in 49 eligible patients of whom 

22 provided informed consent.

Enrolled patients had a baseline visit (A) after which the lower HR setting was increased to 

80bpm. Following the cardiovascular exam at the beginning of the 4-week follow-up visit 

(B) the pacemaker setting was returned to the previous lower HR setting. This was followed 

by a repeat baseline assessment at 6 weeks (C) as shown in Figure 1. Each visit included a 

cardiovascular history, symptom assessment and physical exam to assess for signs or 

symptoms of heart failure and to solicit any subjective changes. A Minnesota Living with 

Heart Failure Questionnaire (MLHFQ), a NT-proBNP level, pacemaker interrogation and a 

6MWT (A and B visit only) was also obtained. Study participants and investigators were 

blinded to prior results. Patient baseline characteristics and baseline ECGs were obtained 
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from the electronic medical record. All echocardiograms were independently reviewed by a 

Level 3 certified echocardiographer using a volumetric (modified Simpson’s equation) EF 

assessment and guideline–based LV concentric remodeling and hypertrophy partition values.
16

Of the 22 patients enrolled in the study, 20 successfully completed the A and B visit, and 18 

patients completed all three visits. One patient who was enrolled and completed the study 

protocol was found to have an EF of 43% and was thus excluded from the analysis. One 

patient did not complete all 3 questionnaires and 2 patients were unable to perform the 

6WMT.

Descriptive statistics of the cohort are presented as means and standard deviations for 

continuous variables, and as numbers and percentages for categorical variables. Paired t-tests 

were used to compare NT-proBNP, 6MWT distance and MLHFQ scores between the 

intervention and baseline visits. Linear regression models were used to investigate for 

interactions of the relative changes in NT-proBNP and baseline characteristics. Two-sample 

t-tests were used to compare subgroups followed by a statistical sensitivity analysis using 

nonparametric rank testing. A nonparametric Kruskal-Wallis test was used to confirm the 

significance of the interaction of more than 2 groups followed by a Dunn’s test. Formal tests 

utilized a 5% significance level. Parametric p values are reported.

RESULTS

The baseline patient characteristics of the enrolled study population are listed in Table 1. 

The patient population was older with a high prevalence of hypertension and atrial 

fibrillation. Two patients were observed to be in atrial fibrillation during the first visit, one of 

which had chronic atrial fibrillation. Pacing sites included the right atrial appendage, right 

ventricular apical septum and physiologic pacing sites (His or Bachmann’s bundle). The 

echocardiographic assessments confirmed the presence of concentric LV hypertrophy, left 

atrial dilatation and LV diastolic dysfunction.

As shown in Figure 2 the MLHFQ composite score improved after being paced at 80bpm 

(baseline 34±19, 4wk 29±22, p=0.03). After returning the patients to the previous lower HR 

setting the MLHFQ scores worsened (6wk 36±23). The 6MWT improved after the patients 

had been paced at 80bpm for 4 weeks as compared to baseline (baseline 329±116m, 4wk 

350±127m, p=0.05) as shown in Figure 3. Although the mean NT-proBNP was nominally 

lower after being paced at 80bpm and returned to previous higher levels after lowering the 

HR these differences were not significant as shown in Table 2. When the relative changes of 

NT-proBNP were evaluated for potentially interacting baseline variables such as age, gender, 

patient size, baseline QRS duration, lead position and ventricular pacing burden revealed a 

strong association between the relative NT-proBNP changes and QRS duration (r2=0.31, 

p<0.01), as shown in Figure 4. Stratification by QRS duration of <150ms was associated 

with a 21±26% reduction in NT-proBNP after being paced at 80bpm, as compared to 

patients with a QRS ≥150ms who had a 26±35% increase in NT-proBNP (p<0.01). Reversal 

to the lower HR had the opposite effect (p=0.03). Lead position had an important impact on 

the changes in NT-proBNP. Patients who were physiologically paced from the conduction 
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system (Bachmann’s and/or His bundle) demonstrated a - 46±26% reduction in NT-proBNP 

at 80bpm as compared to a 4±26% and 13±26% increase with pacing from the right atrial 

appendage or the right ventricular apical septum (pinteraction=0.04). The impact of ventricular 

pacing burden is shown in Figure 5. Patients with a high ventricular pacing burden had 

beneficial effects on NT-proBNP levels if they were paced from the His bundle or had a 

shorter QRS duration. Non-obese patients (BMI<30) had significantly lower NT-proBNP 

levels with pacing at 80bpm when compared to obese patients (BMI≥30).

Pacing at 80bpm was not associated with any obvious adverse effects or arrhythmias and 

upon study completion five patients (25%) requested to have their lower rate setting 

permanently increased citing the following reasons: “felt more lively”; “more active with 

less napping”; “more perky”; “more pep” and “less winded”. Among these patients, the 

mean age was 76±9 years, BMI 29±4 and 60% were female. The mean QRS duration was 

124±43ms and 80% were paced from the right atrial appendage or from the conduction 

system.

DISCUSSION

In this prospective exploratory study, we found that patients with preclinical and overt 

HFpEF and pacemakers experienced a reduction in heart failure symptoms and 

demonstrated an improved functional capacity after increasing the lower HR setting to 

80bpm. In patients with shorter QRS durations this was associated with lower NT-proBNP 

levels. The benefits from a higher HR reversed after lowering the HR to previous baseline 

levels. These findings suggest that higher HRs may provide a meaningful benefit to patients 

with diastolic dysfunction and HFpEF.

Proposing to use higher HRs as a treatment for heart failure may, at first glance, appear ill-

advised, as it breaks with longstanding clinical paradigms. Typical concerns are that high 

HRs have been associated with adverse outcomes.17 Moreover, pharmacological HR 

lowering with beta-blockers and ivabradine provide unequivocal benefits to patients with 

HFrEF.1,3,17 Under the assumption that they may provide some benefit beta-blockers are 

also commonly used in HFpEF.18,19 However, contemporary trials that examined clinical 

outcomes on HR lowering medications in related patient populations with a normal EF have 

unexpectedly revealed adverse outcomes.4-8 This resulted in a downgrade of beta-blockers 

as a preferred treatment in hypertension. Additionally, there is also an emerging recognition 

that pharmacological HR lowering is detrimental in patients with coronary artery disease 

with a normal EF as this was found to be associated with an excess in heart failure and atrial 

fibrillation. 7,8,20,21

Contrary to a commonly held belief that higher HRs result in higher filling pressures, it has 

been repeatedly demonstrated that atrial pacing acutely reduces filling pressures in resting 

patients with a normal EF, including those with heart failure.11,12 Higher HRs also 

accelerate relaxation, through an increased activity of the calcium pump of the 

sarcoplasmatic reticulum.22 This lusiotropic effect of HR is preserved in isolated contracting 

myocardium from patients with HFpEF despite an intrinsic prolongation of relaxation.23 

Lower HRs on the other hand result in a slowed relaxation and prolonged LV filling that 
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results in higher filling pressures, wall stress and NT-proBNP levels as evident in historic 

beta-blocker studies.10,24

Another conceptual benefit of an HR elevation is that it provides a trigger for ventricular 

remodeling which can only be accomplished through reorganization of the extracellular 

matrix. Experimental models of prolonged tachycardia demonstrated that this process 

effectively reduces myocardial fibrosis, a finding that was recently confirmed in a human 

biopsy study.13,15,25 These mechanisms may combine to improve left ventricular 

compliance.15 Prior to the current study, we performed a safety and feasibility evaluation in 

patients with diastolic dysfunction and established that an automated nocturnal HR elevation 

to 100bpm was well tolerated and safe.26

Without evidence-based guidance, the lower HR setting of pacemakers is typically left at 

60bpm. If the discussed mechanisms are indeed at play, raising the lower HR setting of a 

pacemaker could provide a long-term hemodynamic benefit that would be expected to result 

in symptom alleviation with a potential for improvements in functional capacity. Particular 

attention was given to the analysis of NT-proBNP levels as these have been demonstrated to 

predict long term outcomes in HFpEF.27 The pacing-induced changes in NT-proBNP levels 

were most apparent when stratified by baseline QRS intervals. In patients with shorter QRS 

durations the higher HR led to a reduction in NT-proBNP. This effect was most apparent in 

patients with pacing leads in either the Bachmann’s bundle and/or the His bundle. By 

contrast, NT-proBNP levels increased in patients with a wider QRS and a high ventricular 

pacing burden from the right ventricular apical septum, presumably due to pacing-induced 

ventricular dyssynchrony. This may indicate that patients with a wider QRS are at risk for 

adverse long-term effects if paced at higher HRs. Our findings are in line with a recent study 

demonstrating that His-bundle pacing may reduce heart failure hospitalizations, mortality 

and other outcomes as compared to standard right ventricular pacing.28 Our data also 

suggests that the atrial pacing site may be important as well. Bachmann’s bundle pacing 

generates a P wave that has an axis and duration nearly identical to sinus P waves and was 

found to decrease the incidence of atrial fibrillation in patients with sinus node dysfunction 

when compared with standard right atrial appendage pacing.29 Conceivably, this could be 

due to a more physiological intra and interatrial conduction that minimizes atrial 

dyssynchrony.

We did not expect that several patients requested to return to a higher HR setting after 

completion of the study. After consultation with the patient’s primary cardiologist we either 

followed through with the patient request or recommended that the patients first try to 

discontinue HR lowering medications.

Efforts were made to reduce bias with regards to the collection of the qualitative and 

subjective data. For example, study participants and investigators were blinded to prior 

MLHFQ results. Nonetheless, effective blinding of study participants and investigators is 

difficult, if not impossible to accomplish when the HR is changed. However, the changes in 

NT-proBNP levels are objective and the reported variations of natriuretic peptide levels in 

stable heart failure patients are relatively low.30
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In summary, a 4 week increase in the lower pacing rate to 80bpm in patients with diastolic 

dysfunction appears to improve symptoms, quality of life and functional capacity, without 

any obvious adverse effects. Improvements in NT-proBNP levels were demonstrated in 

patients with a QRS <150ms and physiologic pacing from the conduction system. 

Prospective studies in larger populations will be necessary to confirm our findings and 

investigate if the short-term benefits of a higher HR translate into long-term improvements 

in outcomes in patients with diastolic dysfunction and HFpEF.
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Figure 1. Study Design
MLHFQ = Minnesota Living With Heart Failure Questionnaire
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Figure 2. Change in Minnesota Living with Heart Failure Questionnaire (MLHFQ) scores after 
lower pacing rate was increased at 80bpm.
Panel A depicts improvement in MLHFQ scores at 80bpm as compared to baseline, 

followed by the subsequent worsening of MLHFQ scores when the lower pacing rate was 

returned to baseline (B).
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Figure 3. 
Change in six-minute walk test (6MWT) distance after lower pacing rate was increased at 

80bpm as compared to baseline.
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Figure 4. 
Relationship of relative change in NT-proBNP and baseline QRS duration after lower pacing 

rate was increased to 80bpm.
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Figure 5. Relative change in NT-proBNP after lower pacing rate was increased to 80bpm as 
compared to baseline among ventricular-paced patients.
The annotated numbers represent the baseline QRS intervals in milliseconds.
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Table 1.

Baseline Patient Characteristics (n = 20)

Patient Data Echocardiography

Age (years) 79.0±8.4 Left ventricular ejection fraction 61±6%

Female 11 (55%) Septum (mm) 13±1

Height (cm) 166±10 Posterior wall (mm) 12±1

Weight (kg) 86±16 Left ventricular end diastolic diameter (mm) 46±11

Body mass index (kg/m2) 31±6 Left ventricular end-systolic diameter (mm) 30±8

Body surface area (BSA) (m2) 2.0±0.2 Relative wall thickness 0.6±0.4

Lower pacing rate (bpm) 61.4±3.5 Left ventricular mass (g) 220±66

Heart rate (bpm) 70±12 Left ventricular mass/BSA (g/m2) 110±27

Systolic blood pressure (mmHg) 134±14 Left ventricular end diastolic volume (LVEDV) (mL) 77±23

Diastolic blood pressure (mmHg) 71±9 Left ventricular end systolic volume (mL) 30±13

Baseline QRS interval (ms) 134±50 LVEDV/BSA (ml/m2) 39±11

Sinus node dysfunction 14 (70%) Left atrial volume (ml) 69±21

AV conduction disease 6 (30%) Left atrial volume/BSA (ml/m2) 34±13

Right atrial appendage paced 8 (40%) E-wave peak velocity (cm/sec) 92±32

His/Bachmann’s bundle paced 5 (25%) A-wave peak velocity (cm/sec) 88±35

Right ventricular apical septum paced 7 (35%) Ratio of mitral peak velocity of early filling (E) to early diastolic 
lateral mitral annular velocity (E/e'med) 17±8

Coronary artery disease 8 (40%) Ratio of mitral peak velocity of early filling (E) to early diastolic 
lateral mitral annular velocity (E/E'lat) 13±6

Hypertension 17 (85%) Pulmonary arterial systolic pressure (mmHg) 36±9

Diabetes mellitus 6 (30%)

Atrial fibrillation 13 (65%)

Stroke 1 (5%)

Beta-blocker 12 (60%)

ACE-inhibitor/Angiotensin Receptor Blocker 12 (60%)

Diuretic 7 (35%)

Anticoagulant 8 (40%)

Calcium channel blocker 5 (25%)
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Table 2.

Comparison of NT-proBNP levels (pg/mL)

QRS Duration Pacing Site BMI

 All 
patients 
(n = 19)

p 
value

< 150ms 
(n = 12)

≥ 150ms 
(n = 7)

p 
value

RA* (n = 
8)

Physiologic
† 

(n = 4)
RV

‡
 (n = 

7)
p 

value
< 30 (n = 

10)
≥ 30 (n = 

9)
P 

value

Visit A 
(Baseline) 915±920 1029±1114 719±437 0.5 484±449 1363±1033 1152±1150 0.21 1159±1164 644±469 0.23

Visit B 
(80bpm) 815±731 729±791 963±643 0.51 495±439 781±775 1201±875 0.18 843±851 785±620 0.87

A-B 
Absolute 
Change in 
NT-
proBNP

−100±452 0.35 −300±410 243±294 <0.01 12±143 −582±410 49±554 0.04 −316±466 141±301 0.02

Visit C
# 

(Baseline)
911±922 868±1037 1015±648 0.78 366±181 1352±1465 1254±824 0.12 1082±1116 668±528 0.38

B-C 
Absolute 
Change in 
NT-
proBN P

53±493 0.66 139±546 −151±284 0.28 −74±345 572±692 −143±254 0.04 239±495 −211±377 0.04

A-C 
Absolute 
Change in 
NT-
proBN P

−78±475 0.51 −161±512 123±331 0.27 −110±379 −11±576 −84±587 0.95 −78±531 −77±422 0.99

Values are mean ± SD

*
RA = Right atrial appendage pacing

†
physiologic = His/Bachmann’s bundle pacing

‡
RV = Right ventricular apical septum pacing

#
As one patient did not complete visit C, all analyses involving data from visit C included n = 18 patients
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