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Abstract
Background—Autonomic abnormalities have been implicated in both diastolic dysfunction and
abnormal heart rate (HR) recovery; however, few studies have assessed whether diastolic
dysfunction is associated with abnormal HR recovery, and whether both modify exercise capacity.

Methods and Results—Exercise echocardiography with diastolic assessment was performed in
2826 patients with normal wall motion responses to symptom-limited exercise testing. HR
recovery was defined as the difference in HR from peak exercise to 1 minute in recovery;
abnormal HR recovery was defined as the lowest quartile. Mean HR recovery was 32±14 beats per
minute. Patients with diastolic dysfunction or abnormal HR recovery had lower exercise capacity,
and those with both had the lowest exercise capacity (p<0.0001 for comparison to normal
responses). Indices of abnormal diastolic function were correlated with abnormal HR recovery. In
multivariable analysis, after age, diastolic dysfunction (referent: normal diastolic function) was the
strongest predictor of abnormal HR recovery (adjusted OR 1.47; 95% CI 1.20-1.80) and
incrementally predictive of chronotropic incompetence (adjusted OR 1.42; 95% CI 1.16-1.74).

Conclusions—Diastolic dysfunction is independently associated with abnormal HR recovery
after symptom-limited exercise. Further studies are needed to determine if diastolic function
modifies the adverse outcomes observed in those with abnormal HR recovery.

Introduction
In health, heart rate (HR) drops rapidly after cessation of exercise as parasympathetic tone to
the sinoatrial node is enhanced and catecholamine levels drop. Abnormal HR recovery is
defined by a blunted reduction in HR after exercise and is independently associated with
increased morbidity and mortality1-5. HR recovery is considered to be a robust marker of
fitness, mediated in part by the autonomic nervous system1, 2, 5-7. In addition, HR recovery
has been shown to be similar to other traditional risk factors in its association with clinical
outcomes6, even among patients without overt cardiovascular disease3, and the association
of HR recovery with increased mortality is independent of systolic function, angiographic
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disease severity, or exercise capacity4, 8. However, the mechanisms and clinical correlates of
abnormal HR recovery are incompletely understood.

Normal diastolic function allows for left ventricular filling at rest and during exercise
without abnormal elevation of left ventricular filling pressures. Patients with heart failure
have impaired autonomic function and abnormal HR recovery, which are associated with
reduced exercise capacity9, 10. The autonomic nervous system affects cardiac myocyte
calcium handling11 and studies of HR variability have suggested that cardiac autonomic
abnormalities, as may be seen in patients with abnormal HR recovery9, are associated with
diastolic dysfunction12, 13. We hypothesized that diastolic dysfunction and abnormal HR
recovery are related, and sought to explore their relationship to one another and to exercise
capacity among patients undergoing symptom-limited testing by exercise echocardiography
who did not have evidence of myocardial ischemia.

Methods
We studied patients who underwent a clinically indicated stress echocardiogram and did not
have evidence of stress-induced wall motion abnormalities (i.e., negative stress imaging) at
the Mayo Clinic, Rochester, MN from January 2006 - December 2006. During this time
period, our stress echocardiography laboratory had implemented the Diastolic Function
Initiative, whereby in addition to assessment of wall motion response, we routinely assessed
left ventricular diastolic function and left ventricular filling pressures non-invasively in
patients undergoing an exercise echocardiography protocol. All patients in our analysis
performed symptom-limited treadmill exercise utilizing the standard Bruce protocol. The
study cohort comprised patients who were referred for exercise testing based on the
following reasons: 1380 (48.9%) for chest pain or shortness of breath, 625 (22.1%) with
multiple cardiovascular risk factors and suspected coronary artery disease, 272 (9.6%) for an
abnormal electrocardiogram, 239 (8.5%) for further evaluation of known coronary artery
disease, 238 (8.3%) for pre-operative risk stratification, and 72 (2.6%) for abnormal
coronary calcium study on computed tomography. Patients with missing HR data (n = 140),
non-sinus rhythm (n = 120), valvular heart disease (n = 76), poor image quality (n = 7),
reduced ejection fraction (<50%, n=88), or echocardiographic evidence of stress-induced
myocardial ischemia (n = 790) were excluded, leaving a final study population of 2826
patients.

The Mayo Clinic institutional review board approved this retrospective study. The study was
supported by a grant from the Mayo Foundation. The authors are solely responsible for the
design and conduct of this study, all study analyses, editing, drafting, and final contents of
the manuscript.

Heart Rate Recovery
HR data was acquired from continuous electrocardiographic monitoring during exercise
testing. Blood pressure was measured by trained nurses at the end of each 3-minute stage on
the Bruce protocol using a sphygmomanometer with the cuff over the upper extremity and
auscultation of the brachial artery. One-minute recovery data for HR and blood pressure
were obtained after rapid positioning in the left lateral decubitus position after exercise14, 15.
Clinical data were abstracted from the medical record at the time of the stress
echocardiogram. HR recovery was defined as peak HR - 1 minute recovery HR. Abnormal
HR recovery was defined by the lowest quartile from our cohort (≤24 beats per min (bpm)).
Chronotropic response was assessed and derived as the proportion of HR reserve used at
peak exercise using the following formula: (HRpeak – HRbaseline)/(220 – age – HRbaseline) ×
10016, 17. Chronotropic incompetence was defined as a HR reserve (i.e., chronotropic index)
<0.817-19 or <0.62 if on beta-blockers20.

Gharacholou et al. Page 2

J Card Fail. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Echocardiographic Assessment
Echocardiographic assessment of diastolic function at rest included pulsed-wave Doppler
measurements of the early (E) and late (A) transmitral inflow velocities, deceleration time
(DT), early diastolic velocity of the medial (septal) mitral annulus (e') utilizing tissue
Doppler, non-invasive assessment of left ventricular filling pressures (E/e'), and left atrial
size. E/e' was also measured immediately post-exercise but after regional wall motion
assessment; post-exercise left ventricular inflow patterns were not assessed. Tissue Doppler
was not performed in patients with dense mitral annular calcification. Elevated left
ventricular filling pressure was defined as an E/e' ≥ 1521, 22. Left atrial volume was assessed
in biplane views and measured using the area-length method indexed to body surface area.
Resting diastolic function was graded as normal, mild dysfunction or moderate/severe
dysfunction and classified as such based on previously published definitions22, 23. Normal
diastolic function was defined as an E/A between 0.75 and 1.5, normal left atrial volume
index (<28ml/m2), and normal left ventricular filling pressure (E/e' <10). Mild diastolic
dysfunction included patients with an E/A of less than 0.75 and E/e'<10. Moderate/severe
diastolic dysfunction included patients with an E/A>1.5, left atrial volume index ≥28 ml/m2,
and E/e'≥10. Patients with a pseudonormal pattern were included in the moderate/severe
diastolic dysfunction group as all had left atrial volume indices ≥28 ml/m2. Patients with
mild or moderate/severe diastolic dysfunction were grouped as abnormal diastolic function
and compared to patients with normal diastolic function for the purposes of this study.

Statistics
Summary data for continuous variables are expressed as mean ± SD or median (25th-75th

interquartile range) if distributions were not Gaussian and counts/percentages for categorical
variables. Patients were stratified into 4 groups: 1) normal HR recovery and normal diastolic
function, 2) normal HR recovery and abnormal diastolic function, 3) abnormal HR recovery
and normal diastolic function, and 4) abnormal HR recovery and abnormal diastolic
function. Univariate analysis was performed using ANOVA and Pearson χ2. Distributions
that appeared skewed were tested with the Wilcoxon Rank Sum test. We defined HR
recovery as abnormal based on the lowest quartile of HR recovery in our study population,
an approach that has previously been used24. In addition, sensitivity analysis was performed
using a previously defined HR recovery cutpoint of ≤18 bpm15. We also analyzed HR
recovery data as a continuous variable to understand its relationship with diastolic function
and exercise capacity. These relationships are presented as the Pearson correlation
coefficient (r). Multivariable logistic regression was used to assess the independent
association of clinical and echocardiographic variables with abnormal HR recovery.
Stepwise backward variable selection techniques were used to assess model stability and
potential interactions. Baseline candidate variables significant in univariate analysis at
p<0.05 and entered into the model included: age, sex, diastolic dysfunction, hypertension,
wall motion score index at baseline, E/e' at baseline, beta blockers, left ventricular
hypertrophy, baseline systolic blood pressure, history of coronary artery disease, previous/
current smoking, and BMI>30kg/m2. Given their clinical relevance, we also entered ejection
fraction, left ventricular end diastolic dimension, and heart rate at baseline in the model. The
contribution of each variable to the outcome of abnormal HR recovery was reported using
its model χ2 and adjusted odds ratios. All analyses performed were two-sided and p was
considered significant at <0.05.

Results
HR Recovery and Diastolic Function

Clinical, echocardiographic, and exercise characteristics are shown by groups (Tables 1 and
2). Mean age was 58±13years and 46% were female; mean HR recovery was 32±14 bpm.
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Groups differed with regard to several baseline characteristics, including age, body mass
index (BMI), and comorbidities. Diastolic indices differed across groups as expected, based
on the categorization used in the study. Patients with abnormal HR recovery and/or diastolic
dysfunction displayed lower peak HR, lower exercise capacity (measured in metabolic
equivalents (METs)), and lower rate pressure product as compared to those with normal
responses. The association between exercise capacity and group remained statistically
significant (p<0.0001) after adjusting for age. Patients with abnormal diastolic function, as
compared to normal diastolic function, included a larger percentage with chronotropic
incompetence, even after accounting for beta blocker use (35% vs 23%, respectively,
p<0.0001). When patients not taking calcium channel blockers were also excluded,
chronotropic incompetence was more frequent in those with abnormal diastolic function as
compared to patients with normal diastolic function (33% vs 22%, respectively, p<0.0001).
HR recovery correlated with diastolic indices, including mitral DT (per 40 ms) (r=-0.13,
p<0.0001), left atrial volume index (r=-0.10, p<0.0001), E/A (r=0.30, p<0.0001), resting E/
e' (r=-0.20, p<0.0001), and resting e'(r=0.27, p<0.0001).

There were 19 patients (0.7%) who had normal filling pressures at rest (E/e'≤10) but had
elevated filling pressures (E/e'≥15) with exercise. HR recovery was inversely related to post
exercise E/e' (r=-0.20, p<0.0001). Significantly higher filling pressures at rest and post
exercise were observed in patients with abnormal HR recovery and/or abnormal diastolic
function when compared to patients with normal responses (Figure 1).

Impact of HR Recovery and Diastolic Function on Exercise Capacity
Exercise capacity and HR recovery were directly correlated overall (r=0.37, p=<0.0001),
and within each subgroup of diastolic function (r=0.29, p<0.001 for normal diastolic
function; r=0.27, p<0.001 for abnormal diastolic function). The relationship between
exercise capacity and diastolic function within successively higher quintiles of HR recovery
is shown in Figure 2. As expected, exercise capacity increased with increasing HR recovery;
however, patients with diastolic dysfunction had lower exercise capacity, as assessed by
METs achieved, as compared to patients with normal diastolic function within each HR
recovery quintile. This relationship was similar after accounting for both beta blocker and
calcium channel blocker use between diastolic function groups. After excluding those taking
beta blockers, patients with normal diastolic function had reduced exercise capacity when
HR recovery was abnormal as compared to when HR recovery was normal (9.6±2.5 METs
vs 11.2±2.5 METs, p<0.0001, respectively). After excluding those taking calcium channel
blockers, patients with normal diastolic function had reduced exercise capacity when HR
recovery was abnormal as compared to when HR recovery was normal (9.4±2.4 METs vs
11.1±2.5 METs, p <0.0001, respectively). Among those not taking beta blockers with
abnormal diastolic function, patients with normal HR recovery had greater exercise capacity
than patients with abnormal HR recovery (8.9±2.3 METs vs 7.9±2.1 METs, p<0.0001,
respectively). Similarly, in those not taking calcium channel blockers and having abnormal
diastolic function, patients with normal HR recovery had greater exercise capacity than
patients with abnormal HR recovery (8.9±2.3 METs vs 7.7±2.1 METs, p<0.0001,
respectively). The lowest exercise capacity was observed in patients with diastolic
dysfunction and abnormal HR recovery.

Predictors of Abnormal HR Recovery
Table 3A shows the results of the multivariable logistic regression model evaluating factors
associated with abnormal HR recovery. Age (adjusted OR 1.75 per 10 year increment; 95%
CI 1.59-1.92) and diastolic dysfunction (adjusted OR 1.47; 95% CI 1.20-1.80) were the
strongest predictors of abnormal HR recovery. Other variables independently associated
with abnormal HR recovery included hypertension, beta blockers, female sex, previous/
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current smoker, and BMI > 30kg/m2 (overall model c-index = 0.738). Assessment of models
excluding non-significant factors was performed and showed similar results. A sensitivity
analysis using previously published cutoffs for abnormal HR recovery in patients
undergoing stress echocardiography (≤18 beats per min)4, 15 showed similar results;
diastolic dysfunction (referent; normal diastolic function) remained independently
associated with abnormal HR recovery (adjusted OR 1.37; 95% CI 1.06-1.79). To eliminate
confounding from beta blockers, we restricted the model to only patients not taking beta
blockers (n = 2042) to assess the association between diastolic dysfunction and abnormal
HR recovery. This model showed a similar magnitude of association between diastolic
dysfunction and abnormal HR recovery (adjusted OR 1.64; 95% CI 1.27-2.11) (Table 3B).
Similarly, when the model was restricted to those patients not taking calcium channel
blockers (n = 2572), there was a similar odds of having abnormal HR recovery in patients
with diastolic dysfunction (adjusted OR 1.44; 95% CI 1.16-1.78). Results were similar when
the lowest quartile of peak HR (i.e., <133 bpm) was modeled as the outcome of interest;
diastolic dysfunction remained an independent predictor of low peak HR. Although HR at
baseline was not significant in univariate analysis, when included in the multivariable model
as an additional covariate, diastolic dysfunction remained a significant independent predictor
of abnormal HR recovery. When diastolic function was added to the baseline clinical model,
the overall model chi-square was significantly increased from 310.4 to 325.0 (p<0.001).
Finally, given the inter-relationships between age, peak HR, and functional capacity, we
modeled the proportion of HR reserve used at peak exercise to determine factors
independently associated with chronotropic incompetence. In this multivariable model,
diastolic dysfunction was an independent predictor of chronotropic incompetence (adjusted
OR 1.42; 95% CI 1.16-1.74).

Discussion
We show that in patients without exercise-induced myocardial ischemia, resting diastolic
dysfunction is independently associated with abnormal HR recovery. Patients with abnormal
HR recovery, as compared to patients with normal HR recovery, were more likely to have
higher resting and post-exercise E/e' and other echo Doppler parameters of diastolic
dysfunction, including shorter DT, larger left atrial volumes, and lower medial e' values.
Diastolic dysfunction remained associated with abnormal HR recovery after adjusting for
baseline demographic, clinical, and echocardiographic characteristics. Furthermore, diastolic
dysfunction was associated with chronotropic incompetence, as defined using the more
rigorous definition of the proportion of HR reserve used during exercise. Moreover, the
lowest exercise capacity was observed in patients with both diastolic dysfunction and
abnormal HR recovery. These findings suggest that baseline diastolic dysfunction and
autonomic abnormalities, as represented by abnormal HR recovery and chronotropic
incompetence, are interrelated and likely contributory factors to impairment of exercise
capacity.

The current data identifies an independent association between diastolic dysfunction and
abnormal autonomic function, as represented by abnormal HR recovery and chronotropic
incompetence, in a large cohort of patients without evidence of ischemia by exercise
echocardiography. Prior studies have demonstrated an association between heart failure and
left ventricular systolic dysfunction to abnormal HR recovery4, 15, 25; however, an
association between diastolic function and abnormal HR recovery had remained unknown.
Interestingly, we observed that among patients with resting diastolic dysfunction, abnormal
HR recovery, as compared to normal HR recovery, was associated with higher E/e'. E/e'
usually remains the same or decreases with exercise, and this was observed in all groups
except in those with diastolic dysfunction and abnormal HR recovery. Abnormal autonomic
function, as represented by abnormal HR recovery, may help explain a subset of patients
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that develop elevated E/e' with exercise and, consequently, exercise intolerance. The patients
in our study all exercised on the Bruce protocol, thereby reducing the heterogeneity of
different exercise protocols. In addition, measurements of diastolic function were assessed
immediately prior to exercise rather than on a separate occasion. Such an approach is
preferable when evaluating diastolic parameters that may be susceptible to change
depending on loading conditions or clinical health status.

Considered a blunted return of parasympathetic activation post-exercise, abnormal HR
recovery is a marker of autonomic dysfunction1, 5. Similarly, impaired sympathetic/
parasympathetic balance has been postulated as the mechanism behind chronotropic
incompetence1, which is of prognostic significance in a broad population of patients. In
addition, impairment of cardiac vagal tone has been shown to predict mortality in
asymptomatic patients and in those undergoing stress testing8, 15, 26. As a prognostic marker,
HR recovery is a predictor of mortality after accounting for left ventricular systolic function
and angiographically documented coronary artery disease severity4, 15. Autonomic
abnormalities have been associated with diastolic dysfunction in a small group of patients
with diabetic cardiomyopathy12 and have been identified in patients with heart failure and
preserved ejection fraction9, 10, 27. This relationship may be related to the influence of the
autonomic nervous system on calcium handling in cardiomyocytes11-13, which can affect
pressure relaxation and calcium cycling kinetics28. Our results, which identify an association
between diastolic dysfunction and abnormal HR recovery, are notable given that previous
studies assessing the relationship between HR recovery as a predictor variable and clinical
outcome did not consider diastolic parameters when assessing confounders of HR
recovery4, 6, 8, 15. The degree to which the autonomic nervous system contributes to diastolic
dysfunction, including whether HR recovery and diastolic dysfunction are modifiable
markers or mediators of risk, requires further study.

A negative correlation between resting left ventricular filling pressure (E/e') and HR
recovery in patients with heart failure and preserved ejection fraction undergoing
cardiopulmonary exercise testing has been shown, although comprehensive diastolic
function assessment was not performed29. Fang et al. noted diastolic dysfunction was
associated with impaired exercise capacity in diabetic patients while normal HR recovery
was associated with preserved diastolic function as measured using tissue Doppler30.
Borlaug et al. identified impairment of HR response, specifically HR deceleration and
blunted baroreflex response, in previously hospitalized patients with heart failure and
preserved ejection fraction, indicating the presence of autonomic dysfunction in these
patients when compared to a hypertensive reference group with similar comorbidities9.
Given the morbidity of heart failure, particularly the subtype with preserved ejection
fraction, cardiac devices that modulate sympathovagal balance using carotid sinus
stimulation are being evaluated31. Along similar mechanistic principles, vagus nerve
stimulators have been tested in phase II studies in patients with symptomatic heart failure
and left ventricular dysfunction32. Our finding that diastolic dysfunction is associated with
both abnormal HR recovery and chronotropic incompetence suggests a potential mechanistic
link to the impairments in cardiac and autonomic reserve that lead to symptomatic heart
failure in patients with diastolic dysfunction27.

The complex relationship between HR control and the parasympathetic nervous system is
reflected in numerous modulators of parasympathetic function, second messenger systems,
and calcium cycling33. Parasympathetic activation has been associated with cardioprotection
and favorable left ventricular remodeling, while alterations of parasympathetic control,
mediated primarily by the vagus nerve, have been observed early in the course of left
ventricular dysfunction33, 34. Given the challenges of treating diastolic dysfunction and the
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absence of effective therapies for diastolic heart failure, modulation of parasympathetic and
sympathetic balance may indirectly enhance diastolic function, and this merits future study.

Limitations
Exercise capacity was measured by estimated METs, which is less precise compared with
expired gas analysis, and duration of exercise was symptom-limited and not maximal, as is
often the case in clinical evaluation. Although ethnic information was not available, our
study population was mostly white and of European ancestry, thus findings may not be
readily generalizable to other populations. Although we report rates of calcium channel
blocker use at baseline, we do not have information regarding the relative frequency of
nondihydropyridine calcium channel blocker usage in patients; this could confound peak HR
and HR recovery values. We excluded patients with stress induced regional wall motion
abnormalities as myocardial ischemia could confound the assessment of the relationship
between diastolic function and abnormal HR recovery; however, we cannot definitively
exclude the possibility that ischemia may have been a factor in some patients given that
exercise echocardiography has imperfect sensitivity.

Conclusions
Resting diastolic dysfunction is independently associated with abnormal HR recovery, a
marker of autonomic dysfunction and adverse clinical outcome. This suggests that
abnormalities in autonomic function may contribute to impairment of diastolic performance
in disease states, such as hypertensive heart disease, aging and heart failure. Future studies
evaluating factors associated with HR recovery, or HR recovery as a predictor of clinical
outcomes, should take baseline diastolic function assessment into account. This would
provide a greater understanding as to whether diastolic abnormalities modify or interact with
the adverse outcomes observed among patients with abnormal HR recovery. Further
investigation is needed to determine if novel treatments currently under investigation to
enhance autonomic balance might improve diastolic function.
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Figure 1.
Left ventricular filling pressures (E/e') at rest and stress across groups stratified by HR
recovery and diastolic function. Higher resting and stress filling pressures were seen in
groups with abnormal HR recovery and/or abnormal diastolic function compared to patients
in the group with normal indices for both. E/e' remained the same or decreased with
exercise, except in those with diastolic dysfunction and abnormal HR recovery in which
case it increased with exercise. Between group comparisons to the group with normal HR
recovery and normal diastolic function (referent) for E/e'at rest and E/e' at stress were
significant at p≤0.001. Abbreviations: HR = heart rate.
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Figure 2.
The relationship between exercise capacity, as measured in metabolic equivalents, and
diastolic function across quintiles of HR recovery. Patients with normal diastolic function
(clear boxes) had greater exercise capacity within higher quartiles of HR recovery as
compared to patients with abnormal diastolic function (shaded boxes) who had an attenuated
exercise capacity despite increase in HR recovery. Boxes represent 25th-75th percentile and
medians are denoted by the line within the boxes. The tails on either end of the boxes denote
10th-90th percentile. All pairwise comparisons between normal and abnormal diastolic
function within each HR recovery quintile were significant at p<0.0001. Abbreviations: bpm
= beats per minute.
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Table 3A
Multivariable regression of baseline variables associated with abnormal heart rate
recovery in patients without exercise echocardiographic evidence of ischemia*†

Variables Model χ2 Adjusted Odds Ratio (95% Confidence Interval) p value

Age, per 10 year 133.1 1.75 (1.59-1.92) <0.0001

Any diastolic dysfunction (vs normal diastolic function) 13.9 1.47 (1.20-1.80) 0.0002

Hypertension 8.7 1.36 (1.11-1.66) 0.003

Beta blockers 7.2 1.32 (1.08-1.63) 0.007

Previous/current smoker 7.4 1.29 (1.07-1.55) 0.007

Female sex 6.5 1.27 (1.06-1.53) 0.011

BMI>30kg/m 4.4 1.23 (1.01-1.50) 0.036

Table 3B. Multivariable regression of baseline variables associated with abnormal heart rate recovery in patients not on beta blockers
and without exercise echocardiographic evidence of ischemia†

Variables Model χ2 Adjusted Odds Ratio (95%
Confidence Interval)

p value

Age, per 10 year 69.3 1.63 (1.45-1.82) <0.0001

Any diastolic dysfunction (vs normal
diastolic function)

14.5 1.64 (1.27-2.11) 0.0001

Hypertension 8.2 1.40 (1.11-1.76) 0.004

Previous/current smoker 6.1 1.32 (1.06-1.66) 0.01

Female sex 2.9 1.22 (0.97-1.52) 0.09

BMI>30kg/m 0.8 1.12 (0.88-1.43) 0.36

*
Wall motion score index at rest, E/e' at rest, left ventricular hypertrophy, baseline systolic blood pressure, history of coronary artery disease, were

associated with abnormal heart rate recovery in univariate analysis but not in multivariable analysis.

Ejection fraction, left ventricular end diastolic dimension, and heart rate at baseline were not significant in univariate analysis.

†
model c-index 0.738

†
model c-index 0.719
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