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Abstract

Background—Chronotropic incompetence (CI) is common in heart failure with preserved 

ejection fraction (HFpEF) and is associated with impaired aerobic capacity. We investigated the 

integrity of cardiac β–receptor responsiveness, an important mechanism involved in exertional 

increases in HR, in HFpEF and control subjects.

Methods—Thirteen carefully screened HFpEF patients and 13 senior controls underwent 

exercise testing and graded isoproterenol infusion (ISO) to quantify cardiac β–receptor mediated 

HR responses. To limit autonomic neural influences on HR during ISO, dexmedetomidine and 

glycopyrrolate were given. ISO doses were increased incrementally until HR increased by 30 bpm. 

Plasma levels of ISO at each increment were measured by liquid chromatography with 

electrochemical detection and plotted against HR.

Results—Peak VO2 and HR (117 ± 15 vs 156 ± 15 bpm; p<0.001) were lower in HFpEF than 

senior controls. Cardiac beta-receptor sensitivity was lower in HFpEF compared to controls (0.156 

± 0.133 vs 0.254 ± 0.166 bpm/[ISO ng/ml]; p<0.001). Seven of 13 HFpEF subjects had β-receptor 

sensitivity similar to senior controls but still had lower peak HRs (122 ± 14 vs 156 ± 15 bpm; 

p<0.001).
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Conclusions—Contrary to our hypothesis, HFpEF patients displayed impaired cardiac β–

receptor sensitivity compared to senior controls. In the 7 out of 13 HFpEF patients with age-

appropriate β–receptor sensitivity, peak HR remained low suggesting impaired sinus node β-

receptor function may not fully account for low exercise HR response. Rather in some HFpEF 

patients, CI might reflect premature cessation of exercise prior to maximal sinus node activation.

Clinical Trial Registration—ClinicalTrials.gov; Unique Identifier: NCT02524145

Introduction

Heart failure with preserved ejection fraction (HFpEF) accounts for nearly 50% of heart 

failure diagnoses.1 One of the hallmarks of HFpEF is severe exercise intolerance, with peak 

VO2 decreased to values similar to those with heart failure with reduced ejection fraction 

(HFrEF). Chronotropic incompetence, an inability to increase heart rate, may be a factor in 

exercise intolerance by limiting increases in cardiac output. While the definition varies, 

approximately 30–50% of HFpEF patients are thought to have chronotropic incompetence 

manifested by a lower than predicted maximal HR during symptom limited exercise.2–4

Because increases in heart rate constitute an important component of the cardiovascular 

response to exercise, several studies have linked chronotropic incompetence with low peak 

VO2 in HFpEF and even advocated implantation of rate-responsive pacemakers to improve 

exercise tolerance.5 In addition to lower peak VO2, decreased heart rate reserve is an 

important prognostic marker and has been associated with increased risk of adverse clinical 

events.6

The mechanisms responsible for impaired chronotropic responsiveness in HFpEF remain 

unclear. It is difficult to differentiate the relationship between lack of heart rate response and 

poor exercise tolerance and whether there is truly a functional limitation to further sinus 

node stimulation. Alternatively, patients may stop exercising prematurely prior to maximal 

skeletal muscle activation due to excessive dyspnea and fatigue, driven primarily by rapid 

increases in pulmonary pressures from a stiffened left ventricle, in which case sinus node 

function should be preserved. We therefore tested sinus node function in HFpEF patients and 

senior controls by measuring intrinsic heart rate and heart rate responses to beta-

adrenoceptor stimulation. We hypothesized that there would be no differences between 

groups and that despite lower peak exercise heart rate, HFpEF patients would have similar 

intrinsic heart rates and β-receptor responsiveness to graded isoproterenol (ISO) infusion.

Methods

The authors will make the data, methods used in the analysis, and materials used to conduct 

the research available to any researcher upon reasonable request for purposes of reproducing 

the results or replicating the procedure.

Study recruitment

HFpEF patients were recruited from a university cardiology clinic. The Institutional Review 

Boards (IRB) of the University of Texas Southwestern Medical Center and Texas Health 

Resources approved all study procedures. This trial was registered on ClinicalTrials.gov 
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(NCT02524145) and was overseen by an independent data safety and monitoring board. All 

the subjects gave written informed consent to IRB-approved protocols before participating in 

research procedures. Subjects were invited to participate if they: 1) were older than 60 years 

of age; 2) had been hospitalized previously for heart failure; 3) had evidence of pulmonary 

congestion by chest x-ray or elevated cardiac filling pressures (pulmonary capillary wedge 

or left ventricular end-diastolic pressures > 16 mmHg); and 4) LV ejection fraction > 50%. 

HFpEF subjects were excluded for body mass index > 40 kg/m2, eGFR < 30 ml/min/m2, 

severe chronic obstructive pulmonary disease (COPD), chronic atrial fibrillation, constrictive 

or restrictive cardiomyopathy, severe valvular disease or history of valvular surgery, if they 

were unable to perform exercise testing.

Control subjects were recruited from the Dallas Heart Study, a population-based cohort of 

over 6,000 individuals, enriched by a random sampling of employees of Texas Health 

Resources, a large healthcare provider in the Dallas-Fort Worth metroplex, as previously 

described. 7 Control subjects were excluded if they had a history of hypertension or elevated 

24-hour ambulatory blood pressure > 140/90 mmHg (Oscar 2, Suntech Medical), had a 

history of cardiovascular disease, diabetes, COPD, former or current cigarette smokers or 

had a body mass index (BMI) > 30 kg/m2. HFpEF and controls underwent screening 

maximal exercise stress echocardiography prior to enrollment and were excluded if they had 

evidence of coronary ischemia by ECG and echocardiography. AV-nodal agents (e.g. non-

dihydropyridine calcium channel blockers, beta-adrenoceptor blockers) were held for at least 

five half-lives prior to testing days. A small group of young, healthy, recreationally active 

controls were recruited to define normal chronotropic responses to isoproterenol infusion. 

These young controls did not undergo maximal exercise testing.

Exercise Testing

A modified Astrand-Saltin incremental treadmill protocol was used to determine peak 

exercise capacity and peak exercise heart rate. Both HFpEF and senior controls performed 

two lower intensity exercise workloads to quantify VO2 and heart rate at sub-maximal 

exercise. Measures of ventilatory gas exchange were made by use of the Douglas bag 

technique.8 Gas fractions were analyzed by mass spectrometry (Marquette MGA 1100), and 

ventilatory volume was measured by a Tissot spirometer. Maximum oxygen uptake was 

defined as the highest oxygen uptake measured from at least a 30 second Douglas bag. 

Cardiac output was measured using a modified acetylene gas re-breathing technique.9

Sinus node function

Sinus node function was quantified by the stimulation of cardiac β-receptors with increasing 

doses of intravenous ISO and measured as resultant increases in heart rate to directly 

measured ISO concentrations in plasma. All subjects were tested in a fasted state in the 

morning to limit diurnal influence on resting heart rate. To limit neural influences on sinus 

node function during ISO infusion, either from reflex tachycardia from potential 

vasodilation due to β−2 stimulation or activation of arterial baroreceptors due to increased 

stroke volume, dexmedetomidine (a central α−2 adrenoceptor agonist) followed by 

glycopyrrolate (a muscarinic cholinergic antagonist) were used to “denervate” the sinus node 

from extra-cardiac autonomic influence.10 Infusions were administered through a triple 
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lumen catheter placed in an antecubital or brachial vein. Heart rate (ECG) and finger cuff 

blood pressure (Nexfin, BMEye, Amsterdam, The Netherlands) were monitored 

continuously. An anesthesiologist was present during drug infusion to monitor for excessive 

sedation from dexmedetomidine. Oxygen saturations, respiratory rate, and end-tidal CO2 

levels were monitored continuously. A baseline blood sample was drawn after 20 minutes of 

supine rest prior to administration of any drugs.

Dexmedetomidine was given as a bolus (0.225 μg/kg) intravenously followed by an infusion 

at 0.5–0.7 μg/kg/hr for 20 minutes. The effectiveness of blockade of reflexive sympathetic 

noradrenergic outflows was determined by abolition of the late phase IIb recovery blood 

pressure during the Valsalva maneuver (30 mmHg for 20 seconds). Glycopyrrolate was then 

administered intravenously as a bolus (10 μg/kg) followed by a maintenance infusion at 7 

μg/kg/hr. The effectiveness of muscarinic blockade was confirmed by a blunting of 

baroreflex-cardiovagal increases in heart rate <10 bpm) during phase IIb through the release 

of the Valsalva maneuver. The persistence of cardiac autonomic blockade during ISO 

infusion was confirmed by measuring plasma norepinephrine levels at each stage of the 

infusion.

After inhibiting cardiac autonomic reflexes, ISO was infused intravenously continuously, 

with dosage increased every 6 minutes until heart rate increased by 30 beats per minute 

above the heart rate for each subject post-autonomic inhibition. The ISO infusion began at 

3.5 ng/kg/min and was then increased to 7, 14, and up 35 ng/kg/min until the heart rate 

target was met.11 Subjects were monitored for 15 minutes after all study drugs were stopped 

to ensure heart rate and blood pressure returned to baseline. ISO was dosed to ideal body 

weight12 to avoid large differences in dosing due to differences in body mass between 

groups.

At the end of each ISO infusion stage, blood was drawn from an antecubital vein on the arm 

opposite to the one used for infusion of the study drugs. Samples were centrifuged and 

plasma (frozen) sent to the National Institutes of Health for assays of plasma catecholamines 

as described previously.13 Plasma ISO levels were plotted against HR and the slope of this 

relationship was used to determine sinus node function and β-receptor responsiveness.

Statistical Analysis

Statistical analysis was performed using commercially available software (SAS version 9.2, 

SAS Institute). All reported variables are presented as means with standard deviations unless 

otherwise noted. Analysis assumptions were carefully evaluated, and results were robust to 

analyses with square root, rank, or log transformations. However, results were similar to 

untransformed analysis, therefore results based on raw data analysis are reported. A p value 

less than 0.05 was considered statistically significant. ANOVA was used to compare group 

differences between HFpEF, senior controls, and young healthy volunteer subjects. Because 

the peak ISO infusion rate was based on the individual’s heart rate response, Fisher’s exact 

test was used to determine group differences in achieving the peak ISO dose of 35 ng/kg/

min. Continuous end points from baseline to the 14 ng/kg/min dose were compared between 

groups by using mixed-effects model repeated-measures analysis. The repeated-measures 
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models included the intervention group factor (control versus HFpEF), plasma ISO level, 

and a group×ISO level interaction term.

Results

Subjects characteristics and exercise testing results

Baseline demographic data for HFpEF patients and senior control subjects are listed in table 

1. HFpEF patients had lower tissue Doppler relaxation velocities (e’ 5.7 ± 1.5 vs 7.8 ± 1.3 

cm/s; p=−0.001) and higher E/e’ ratios (14.2 ± 3.8 vs 8.9 ± 3.2; p=−0.008). There were no 

differences in E/A ratio. (Supplemental table 1) Approximately half of the HFpEF patients 

were diabetic. There were no significant differences in age and sex between groups. Peak 

VO2 was lower in HFpEF than senior controls both in absolute (1.32 ± 0.31 vs 1.73 ± 0.43 

L/min; p=0.013) and relative (13.5 ± 2.2 vs 22.9 ± 4.0 ml/kg/min; p<0.001) values. Peak 

respiratory exchange ratio (RER), blood lactate levels, and maximal ventilation were all 

significantly higher in senior controls than in HFpEF patients. Respiratory rate at the end of 

exercise in HFpEF patients was 37 ± 6 breaths/minute suggesting symptom limiting 

cessation of effort. Peak heart rate was lower in HFpEF by nearly 40 bpm (117 ± 15 vs 156 

± 15; p<0.001). Heart rate response to sub-maximal exercise was also blunted with lower 

heart rates at similar aerobic power compared to senior controls (Figure 1). Only 5 out of 13 

(38%) HFpEF patients achieved a heart rate greater than 80% predicted compared to all 13 

out of 13 the senior controls who did. Exercise performance variables were similar to those 

obtained during screening maximal exercise test to exclude provocable ischemia. 

(Supplemental table 2) HFpEF patients performed slightly better during the second maximal 

exercise testing session compared to their screening test with higher peak heart rate (117 vs 

108 bpm) and higher VO2 (13.5 vs 12.9 ml/kg/min).

Sinus Node Function

All subjects underwent dexmedetomidine and glycopyrrolate infusion to inhibit cardiac 

autonomic reflexes prior to ISO infusion. Figures 2 and 3 show the efficacy of sympathetic 

and parasympathetic blockade. Blood pressure recovery during phase IIb and blood pressure 

overshoot during phase IV after release of the Valsalva maneuver were both absent, 

indicating sympathetic inhibition (Figure 2). Heart rate acceleration just prior to release of 

the maneuver was attenuated, demonstrating inhibition of the reduction in parasympathetic 

tone normally responsible for cardio-acceleration during the Valsalva maneuver (Figure 3A).

Baseline NE levels were highest in HFpEF subjects compared to senior and young controls 

(HFpEF vs senior vs young controls: 418 ± 223 vs 231 ± 75 vs 200 ± 101 pg/ml; p=0.009). 

After autonomic blockade, both senior and young controls had plasma NE levels below 100 

pg/ml, levels similar to patients with pure autonomic failure.14 NE levels in HFpEF post-

blockade were higher than either control group but the absolute response to autonomic 

blockade was not statistically different (group*stage p=0.74; group p<0.001, stage p<0.001). 

Levels of NE remained stable throughout the ISO infusion (group*stage p=0.88; group 

p<0.001, stage p=0.99) indicating withdrawal of sympathetic noradrenergic outflows (Figure 

3B).
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After autonomic blockade, heart rate (75 ± 14 vs 73 ± 9 bpm, p=NS) and blood pressure 

(MAP 88 ± 15 vs 92 ± 13 mmHg, p=0.46) were similar between the HFpEF and senior 

controls. At the 3.5, 7.0, and 14 ng/kg/min ISO infusion rates, plasma ISO levels were 

similar between the HFpEF and age-matched controls (group*stage p=0.12; group p=0.11, 

stage p<0.001).

More HFpEF patients than senior controls required escalation of the ISO infusion rate to 35 

ng/kg/min (8 out 13 vs 1/13; p=0.01 by Fisher’s exact test) to achieve the pre-specified 

increase in heart of 30 bpm. Figure 4 shows the heart rate response as a function of plasma 

ISO concentration. Young subjects had the highest heart rate response to increasing plasma 

ISO while HFpEF subjects had the lowest (group*ISO levels p<0.001; group p<0.001, ISO 

levels <0.001). Senior subjects ISO sensitivity was higher than HFpEF but lower than young 

controls consistent with age related declines in cardiac β-receptor function.15 Four out of the 

13 HFpEF subjects (31%) were unable to reach the heart rate target despite reaching the 

maximal protocol isoproterenol infusion rate of 35 ng/kg/min.

Relationship of Sinus Node Dysfunction and Maximal Exercise Heart Rate

The sinus node β-receptor sensitivity was defined as the slope of the heart rate and plasma 

ISO relationship and used to dichotomize HFpEF subjects as having either blunted or age 

appropriate sinus β-receptor responsiveness defined as a β-receptor sensitivity greater than 

the lowest senior control (Table 2). AV-nodal agent usage was similar in the two groups. As 

expected by design for this analysis, the heart rate/plasma ISO slopes of the HFpEF subjects 

with preserved slopes were similar to healthy controls (0.247 ± 0.111 vs 0.254 ± 0.166 

bpm/(ng/kg/min); p=0.92). HFpEF patients with blunted β-receptor function had slightly 

lower peak HR compared to those with preserved β-receptor function (111 ± 16 vs 122 ± 14 

bpm; p=0.2) suggesting some contribution of sinus node responsiveness to peak exercise HR 

in HFpEF patients. In contrast, peak heart rates in HFpEF subjects with preserved β-receptor 

function were still lower than senior controls (122 ± 14 vs 156 ± 15 bpm; p<0.001). An 

exploratory analysis was performed to identify factors associated with impaired sinus node 

function (Table 3). Although not reaching statistical significance, the strongest predictors of 

sinus node β-receptor dysfunction among HFpEF subjects were baseline plasma NE levels 

(standardized beta −0.39, p=0.18) and peak exercise heart rate (standardized beta 0.36, 

p=0.22).

Discussion

The main findings in this study were that, contrary to our hypothesis HFpEF patients had 

blunted heart rate responses to increasing plasma ISO concentrations indicating decreased 

sinus node β-adrenoceptor responsiveness. Approximately half of HFpEF patients though, 

had relatively preserved sinus node function but still had blunted increases in exercise heart 

rate, suggesting that impaired sinus node β-receptor function may not fully account for the 

low peak exercise heart rate response. Our findings provide new evidence regarding the 

mechanisms involved in chronotropic incompetence in HFpEF and the role for apparent 

sinus node dysfunction.
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Exercise intolerance is a common symptom in patients with HFpEF. While several altered 

hemodynamic parameters are manifest with exercise, a pooled meta-analysis of HFpEF 

exercise studies found the strongest associations with lower peak VO2 were reduced 

chronotropic reserve and exaggerated increase in pulmonary capillary wedge pressure.16 In 

healthy subjects, heart rate increases nearly 2–3 fold with maximal exercise, which is largely 

responsible for the 3–4 fold increase in cardiac output. Because of the large contribution of 

increasing heart rate to increased cardiac output during exercise, impairments in heart rate 

reserve can lead to lower peak VO2 and exertional intolerance. Two clinical trials have 

attempted to address whether increases in exercise heart rate via rate-adaptive pacing 

improves peak VO2 and functional capacity in HFpEF. The first trial – RESET5, was 

stopped early due to low enrollment while the second – RAPID-HF NCT02145351 is 

ongoing.

It is not clear whether the blunted increase in HR in HFpEF patients is the cause of the 

reduced exercise intolerance, or rather secondary to premature cessation of exercise for other 

reasons. The etiology and mechanisms underlying chronotropic incompetence in HFpEF are 

not well understood. Heart rate responses to exercise depend on autonomic outflows 

(“central command”), reflex responses to skeletal muscle activation (the “exercise pressor 

reflex”), systemic hemodynamic changes, sinus node function, parasympathetic withdrawal 

and beta-adrenoceptor responsiveness. Pre-clinical models suggest central command may be 

heightened in models of heart failure and hypertension, which may lead to heightened 

exercise pressor responses.17, 18 Few studies have assessed these pathways in HFpEF. Our 

study provides new insight into sinus node function and adrenoreceptor responsiveness in 

HFpEF and their contribution to chronotropic incompetence.

Sinus node function

Intrinsic heart rate, or the heart rate free of autonomic influences was identical between the 

HFpEF and age equivalent senior control groups. Resting intrinsic sinus node function 

therefore seems to be unaffected in HFpEF. This finding is in contrast to HFrEF where 

previous studies suggest changes in sinus node morphology in addition to prolongation of 

the intrinsic sinus cycle lengths.19

β-receptor sensitivity

Previous studies utilizing 123I-metaiodobenzylguanidine (123I-MIBG) cardiac neuroimaging 

have shown correlations between faster “washout” rates and lower peak exercise heart rate.20 

Faster 123I-MIBG washout has also been correlated with worsened diastolic function and 

NYHA functional status.21 These results suggest that sympathetic signaling to the 

myocardium is not only preserved but heightened and suggests β-receptor desensitization 

rather than autonomic failure is the primary culprit for decreased heart rate reserve. These 

physiologic changes mirror those observed in patients with HFrEF where chronic elevations 

in circulating NE levels lead to down regulation of β-receptor concentrations and function.22 

Our finding that HFpEF patients with blunted β-receptor sensitivity have higher plasma NE 

levels is consistent with this concept. Patients with blunted sensitivity achieved slightly 

lower peak HR compared to patients with preserved receptor sensitivity suggesting impaired 

sinus node responsiveness may account for some degree of lower peak HR in these HFpEF 
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patients. The presence of preserved sinus node responsiveness however did not alleviate 

chronotropic incompetence. Peak HR in patients with preserved receptor function were still 

lower than controls by ~ 35 bpm.

In the context of normal intrinsic heart rates and nearly half of HFpEF subjects having age 

appropriate β-receptor sensitivities despite low peak exercise heart rates, our findings raise 

the possibility of an alternative explanation for apparent chronotropic incompetence – that 

patients stop exercise prior to reaching maximal metabolic work. Ventilatory and metabolic 

data from the exercise testing supports this possibility that HFpEF patients stop exercising 

prematurely prior to maximal activation of exercising skeletal muscle mass for reasons other 

than a true limitation of cardiac output. Peak minute ventilation,and lactate were 

significantly lower in HFpEF compared to senior controls, findings similar to other reports 

of HFpEF exercise studies.23, 24 In addition, HFpEF patients achieved a peak AVO2 

extraction that was approximately 15% lower than controls, suggesting premature cessation 

of exercise and effort prior to maximal skeletal muscle activation. While these parameters 

are effort-dependent, all subjects were pushed to maximal, exhaustive effort on two separate 

days with similar cardiopulmonary testing results. Although RER was lower than controls, 

RER is an unreliable marker of peak effort and can vary widely at maximal exercise.25 Other 

markers of symptom limiting exercise (e.g. peak respiratory rate) were elevated.

Although we did not perform right heart catheterization during exercise in the current study 

population, one possible mechanism leading to a premature termination of effort is a rapidly 

rising pulmonary capillary wedge pressure (PCWP). If PCWP could be acutely lowered with 

a reduction in the sensation of extreme dyspnea, HFpEF patients might be able to exercise to 

higher intensities and achieve higher peak heart rates. To date, no trial has tested whether 

lowering cardiac filling pressures leads to improved exercise performance and peak VO2. 

Studies using inhaled nitrite have shown reductions in PCWP but did not test whether 

patients could achieve higher exercise intensities.26

Study strengths and limitations

The main strength of the study was measuring plasma ISO levels rather than relying on 

infusion rates. This approach minimized individual differences in plasma ISO concentrations 

and “overdosing” HFpEF subjects due to differences in body mass. Furthermore, the 

establishment of autonomic blockade ensured that the responses to ISO were a direct 

function of β-receptor function, and not masked by autonomic reflex adjustments. The 

primary limitation of this study reflects the rigorous selection criteria for HFpEF and 

excluded conditions that could potentiate chronotropic incompetence, namely chronic 

kidney disease severity greater than stage 4 and individuals with pre-existing conduction 

disease (e.g. LBBB). Although we studied a relatively small number of subjects, the 

differences we observed between HFpEF and senior controls in measures of chronotropic 

incompetence and β-receptor sensitivity were robust and highly statistically significant. 

During autonomic blockade, HFpEF patients had persistently elevated NE levels and may 

not have had effective suppression of noradrenergic outflows. Inadequate blockade would 

bias towards the null hypothesis with higher adrenergic outflow causing increased heart rate 

response from isoproterenol induced vasodilation. Lastly, we were underpowered to identify 
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determinants of reduced β-receptor sensitivity within HFpEF subjects and these findings 

should be interpreted with caution.

Conclusion

Cardiac β–receptor responsiveness in HFpEF patients is impaired compared to senior 

controls while intrinsic heart rate is normal. Despite this group difference, about half of 

HFpEF subjects have normal β–receptor sensitivity, yet peak exercise heart rate remained 

blunted suggesting that impaired sinus node β-receptor function does not account for low 

peak exercise heart rate response. Rather, premature cessation of exercise and not deficient 

β-receptor responsiveness may account for lower peak heart rate. Future studies targeting 

factors responsible for premature cessation of exercise, specifically lowering cardiac filling 

pressures, may reduce apparent chronotropic incompetence and improve exercise tolerance.
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Refer to Web version on PubMed Central for supplementary material.
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What is new?

Exercise intolerance and low peak VO2 are common in patients with heart failure with 

preserved ejection fraction and thought to be due to chronotropic incompetence – an 

inability to increase heart rate to match increases in metabolic stress. We investigated the 

integrity of cardiac β–receptor responsiveness, an important mechanism involved in 

exertional increases in HR. HFpEF patients had reduced cardiac β–receptor 

responsiveness compared to controls suggesting impaired β–receptor function may 

contribute to chronotropic incompetence in some HFpEF patients.
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What are the clinical implications?

Chronotropic incompetence is common in HFpEF. It is not clear whether the blunted 

increase in HR in HFpEF patients is the cause of the reduced exercise intolerance, or 

rather secondary to premature cessation of exercise for other reasons. Our study findings 

suggest some HFpEF patients have reduced β–receptor responsiveness which may 

contribute to lower peak exercise heart rate. Not all HFpEF displayed abnormal β–

receptor function raising the possibility that chronotropic incompetence may not reflect 

sinus node dysfunction per se but rather alternative causes for exercise intolerance.
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Figure 1: 
Differences in heart rate response as a function of increasing metabolic work in HFpEF and 

control subjects. Heart rate responsiveness to increasing exercise intensities is blunted in 

patients with HFpEF compared to senior controls. Error bars represent standard error.
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Figure 2: 
Representative example of continuous blood pressure associated with the Valsalva maneuver 

before (A) and after (B) autonomic blockade in the same individual. The asterisks align with 

start of the Valsalva and the cross denotes release of Valsalva. After autonomic blockade, 

pressure recovery is abolished during phase IIb with attenuation of phase IV blood pressure 

overshoot upon release of Valsalva.
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Figure 3: 
Panel A: Change in heart rate just prior to the onset of Valsalva to phase III release before 

(baseline) and during autonomic blockade in HFpEF, senior and young controls. After 

autonomic blockade, all groups demonstrated blunted (<10 bpm) rise in heart rate signifying 

decreased cardiac parasympathetic activity. Panel B: Plasma norepinephrine (NE) levels 

during isoproterenol infusion. HFpEF patients had higher baseline NE levels compared to 

young and senior controls (418 ± 223 vs 231 ± 75 vs 200 ± 101 pg/ml; p = 0.009) but had 

similar relative drop after blockade (p = 0.74). NE levels remained steady for all groups (p = 

0.88) during ISO infusion reflecting stable and persistent withdrawal of sympathetic 

noradrenergic outflows. Both young and senior controls had NE levels below 100 pg/ml 

after autonomic blockade, consistent with sympathetic withdrawal. Error bars are standard 

error of mean.
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Figure 4: 
Change in heart rate as a function of plasma isoproterenol (ISO) levels in HFpEF, senior and 

young controls. HFpEF subjects had the lowest change in heart rate with increasing levels of 

plasma isoproterenol (p<0.001). Error bars are standard error of the mean.
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Table 1:

Demographic and Exercise Performance Data

HFpEF (n=13) Senior Controls (n=13) p value

Age (yr) 68 ± 6 71 ± 4 0.13

Women, n (%) 7 (54%) 6, (46%) 1.0

Body Mass Index (kg/m2) 34.6 ± 4.1 27.1 ± 3.9 <0.001

Weight (kg) 99.1 ± 17.0 77.5 ± 11.7 <0.001

Diabetes mellitus, n (%) 7 (54%) 0 (0%) <0.001

Medications

ACEi/ARB, n (%) 5 (38%) 0 (0%)

Beta-blocker, n (%) 12 (92%) 0 (0%)

Calcium-channel blocker, n (%) 5 (38%) 0 (0%)

Loop diuretic, n (%) 11 (85%) 0 (0%)

Exercise variables

Peak heart rate (bpm) 117 ± 15 156 ± 15 <0.001

% Predicted heart rate 77 ± 9 102 ± 10 <0.001

Peak stroke volume (ml/m2) 45.2 ± 8.7 42.8 ± 9.1 0.49

Peak cardiac output (L/min/ m2) 5.2 ± 0.9 6.8 ± 1.1 0.001

Peak VO2 (L/min) 1.32 ± 0.31 1.73 ± 0.43 0.013

Peak VO2 (ml/kg/min) 13.5 ± 2.2 22.9 ± 4.0 <0.001

Peak AVO2 difference (ml/dL) 11.7 ± 2.0 13.7 ± 2.0 0.022

Respiratory Exchange Ratio (RER) 1.03 ± 0.10 1.12 ± 0.08 0.021

Peak Lactate (mmol/L) 3.6 ± 1.7 5.9 ± 1.8 0.007

Peak Ventilation (L/min) 53.6 ± 12.6 73.9 ± 21.5 0.012
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Table 2:

Clinical Characteristics by Beta-Receptor Function in HFpEF

Blunted Preserved p value

Subjects, n 6 7

Sinus β-receptor sensitivity (bpm/(ngISO/kg/min)) 0.050 ± 0.050 0.247 ± 0.111

Age (years) 68 ± 6 67 ± 6 0.77

Women, n (%) 3 (50%) 4 (57%) 0.59

Diabetes mellitus, n (%) 4 (67%) 3 (43%) 0.43

Norepinephrine Baseline 488 ± 232 359 ± 214 0.32

Peak Heart Rate (bpm) 111 ± 16 122 ± 14 0.20

% Predicted heart rate 75 ± 13 80 ± 8 0.41

Peak VO2 (ml/min/kg) 13.7 ± 2.4 13.3 ± 2.3 0.77

Peak Stroke Volume (ml) 100 ± 18 94 ± 19 0.59

Peak AVO2 difference (%) 11.6 ± 2.8 11.8 ± 1.4 0.87

Peak RER 1.06 ± 0.08 1.01 ± 0.11 0.34

Peak lactate (mmol/L) 3.4 ± 1.1 3.7 ± 2.0 0.75

Group characteristics in HFpEF subjects with blunted or preserved sinus node function.
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Table 3:

Univariate Predictors of β-receptor Sensitivity in HFpEF

Standardized Beta Coefficient p value

Norepinephrine Baseline −0.39 0.18

Peak Heart Rate (bpm) 0.36 0.22

Diabetes 0..27 0.38

Peak VO2 −0.051 0.88
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