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ABSTRACT
Chronotropic incompetence (CI) is generally defined as the inability to increase
the heart rate (HR) adequately during exercise to match cardiac output (CO) to
metabolic demands. In patients with heart failure (HF), however, this definition
is unsuitable since metabolic demands are unmatched to CO in both conditions.
Moreover, HR dynamics in HF patients differ from those in healthy subjects and
may be affected by beta‐blocking medication. Nevertheless, it has been
demonstrated that CI in HF is associated with reduced functional capacity and
poor survival. During exercise the normal heart increases both stroke volume
and HR, whereas in the failing heart contractility reserve is lost thus rendering
increases in CO primarily dependent on cardio‐acceleration. Consequently,
insufficient cardio‐acceleration due to CI may be considered a major limiting
factor in the exercise capacity of HF patients. Despite the profound effects of CI
in this specific population, the issue has drawn limited attention over the past
years and is often overlooked in clinical practice. This might partly be caused by
a lack of standardized approach to diagnose the disease, further complicated by
changes in HR dynamics in the HF population which render reference values
derived from a normal population invalid. Cardiac implantable electronic devices
(ICD; CRT) now offer a unique opportunity to study HR dynamics and provide
treatment options for CI by rate‐adaptive pacing using an incorporated sensor
that measures physical activity. This review provides an overview of disease
mechanisms, diagnostic strategies, clinical consequences and state‐of‐the‐art
device therapy for CI in HF.

Chronotropic Incompetence in Heart Failure

INTRODUCTION
The term chronotropic incompetence (CI) was introduced in 1975 by M.H.
Ellestad and M.K. Wan in a paper describing a high incidence of coronary events
observed after a reduced heart rate (HR) response during treadmill stress
testing.(1) Shortly after this observation it was found that a substantial part of
the heart failure (HF) population had impaired chronotropic response during
exercise testing.(2,3) Subsequently, in the 1980’s, pacemakers were equipped
with sensors of physical activity and rate‐responsive pacing emerged as a
therapeutic option for patients with CI. Despite interest on this topic in the
ensuing years, scientific focus in the field of HF shifted towards the other
component of cardiac output ‐ stroke volume (or ejection fraction). Currently,
implantable cardiac device technology is widely applied in the HF population,
with modern implantable cardioverter defibrillators (ICD) and cardiac
resynchronization therapy (CRT) devices offering the option for CI detection and
treatment using physiological sensors that measure metabolic need during
physical activity. Despite the high prevalence and significant impact of CI in the
HF population, it remains unrecognized in clinical practice. Device‐based
treatment options for the large proportion of the HF population implanted with
a cardiac device, might renew interest in the topic of CI.

HEART RATE DYNAMICS
In the normal heart, spontaneous depolarization of specialized pacemaker cells
in the sinoatrial node drives intrinsic HR which is approximately 100 beats per
minute (bpm). Modulation of the intrinsic HR by the autonomic nervous system
is the result of dynamic balance of sympathetic‐ and parasympathetic
influences.(4) While the parasympathetic nervous system predominates at rest,
slowing the HR to 70 bpm on average, exercise results in withdrawal of
parasympathetic and increase of sympathetic activity causing the heart to
accelerate. After termination of exercise, sympathetic withdrawal and increased
parasympathetic tone normally result in a rapid HR decline. During adult life, the
maximum achievable HR drops with age which is partly due to a reduced ß‐
adrenergic responsiveness decreasing the ability to augment the HR above the
intrinsic HR. However, the decline in peak HR mainly depends on a gradual
decline of the intrinsic HR.(5) The intrinsic HR can be assessed by autonomic
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denervation induced by dual pharmacological blockade of both the sympathetic
and parasympathetic pathways. Jose and Collison showed the intrinsic HR to
decrease approximately 0.5 bpm per year, a rate similar to the decrease of
maximum HR.(6)
CI is defined as the inability of the heart to increase its rate appropriate to
increased activity or demand.(7) In the dynamic process of HR regulation during
exercise, incompetence of heart rate response may either present as a delayed
heart rate increase, submaximal peak heart rate, heart rate instability during
exercise, or an inadequate heart rate recovery (figure 1).

Figure 1: Types of chronotropic incompetence during exercise testing. During
cardiopulmonary exercise testing, chronotropic incompetence may present as a submaximal
peak heart rate (A), delayed heart rate response (B), heart rate instability during the test (C),
or an inadequate heart rate recovery afterwards (D). Control curves and curves of
chronotropic incompetence (CI) are normalized for exercise time. Figure adapted from
reference 4 with permission.

Chronotropic Incompetence in Heart Failure

Traditionally, however, CI is diagnosed when a person reaches a significantly
lower maximum HR during maximal exertion in comparison with a group of age‐
matched controls. The reference value, the Age Predicted Maximal HR (APMHR),
is classically described by the equation of Astrand et al: [220 – age].(8) Several
cut‐off values have been proposed to define a pathological chronotropic
response, of which 80% of the APMHR (%pHR) is typically used. Although still
widely accepted, Astrand’s formula has been shown to overestimate maximal
HR in younger subjects, while underestimating it in older persons.(9) The exact
mechanisms of CI have not been elucidated, although factors contributing to CI
include sinus node dysfunction, ischemic heart disease, autonomic dysfunction
and LV dysfunction as will be discussed later.(10) Since the introduction of the
term CI in 1975, this phenomenon has repeatedly proved to be an independent
predictor of mortality in the general population,(1,11‐14)

CHRONOTROPIC INCOMPETENCE IN CHRONIC HEART FAILURE
Exercise capacity in heart failure
Heart failure is characterized by the inability of the heart to maintain or increase
cardiac output (CO) during exercise to meet aerobic requirements. In chronic HF,
decreased CO leads to peripheral skeletal muscle wasting (catabolic state) and
worsening symptoms of early muscular fatigue and dyspnea during physical
activity.(15) The ‘gold standard’ for assessment of functional capacity is
cardiopulmonary exercise testing (CPET) with measurement of peak oxygen
consumption (pVO2).(16) pVO2 is calculated using Fick’s laws of diffusion and is
the product of CO and the arteriovenous oxygen difference (AO2 ‐ VO2). Acute
changes in oxygen consumption during physical activity are mainly dependent
on an increase in CO which is the product of HR and stroke volume (SV).
Comparing 237 chronic HF patients to 118 healthy age‐matched controls, Witte
and colleagues demonstrated that exercise capacity was markedly reduced in
HF, with a pVO2 difference of approximately 40% (HF: 20.1 vs. control: 34.4
mL/kg/min).(17) A similar shortfall in pVO2 is reported comparing healthy
controls and HF patients with preserved EF (HFpEF).(18‐22)
Whereas the normal heart increases both SV and HR during exercise,
contractility reserve is depressed in the failing heart thus rendering increases in
CO primarily dependent on cardio‐acceleration. Consequently, insufficient
cardio‐acceleration (i.e. CI) may be a major limiting factor in the exercise capacity
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of heart failure patients. Witte et al. found a linear correlation between change
in HR and pVO2 as illustrated in figure 2. This link between chronotropic response
and exercise capacity was confirmed by later studies.(23‐26)

Figure 2: Relation between change in heart rate and exercise capacity. Relation between
change in HR and peak oxygen consumption (pVO2) in HF patients with (grey circles) and
without (open circles) beta blocking medication, and non‐HF control subjects (black circles).
Similar correlations were demonstrated between HR change and pVO2 for each group (R 0.56,
p<0.001; R 0.60, p<0.001; R 0.53, p<0.001, respectively). However, whether CI is cause or
consequence of a limited exercise capacity cannot be distinguished. Figure reproduced from
reference 17 with permission.

Key studies investigating the effects of CI on exercise capacity in HF patients
show 12‐23% lower pVO2 values for CI patients compared to non‐CI HF patients
as summarized in table 1. Despite the clear association between CI and impaired
exercise capacity in HF patients, causality is debated. Moreover, the definition
of CI overlaps with the definition of HF, and it may be hard to distinguish
between the two. CI could also be considered a logical consequence of the
reduced exercise performance in advanced stages of HF. Whether CI is the cause
or the consequence of impaired exercise capacity is important, as CI now serves
as a potential therapeutic target for implantable cardiac device technology in HF
patients.

102

278

411

549

1045

Brubraker
et al.(24)
2006

Jorde et
al.(41)
2008

Al Naijar et
al.(23)
2012

Magri et
al.(26)
2012

Magri et
al.(42)
2014

74 (66‐78)
mild‐mod
72 (63‐80)
sev

58 ± 12

62 ± 11

65 ± 11

51 ± 10

69 ± 6

67 ± 11

Age
(years)

92%

82%

100%

66%

72%

N/A

69%

BB
(%)

39%
mild‐mod
61%
sev

mean
EF
28%

<0.8
chronotropic index

73%

69%

32%

<70% APMHR
<65%
HRR

84%

<80% APMHR
<80%
HRR

61%

<80% APMHR

16% mild
47% mod
36% sev
mean
EF
36%

42%

<80% APMHR

46%

23%

77% EF <30%

57% EF ≤35%

72%

43%

<80% APMHR

mean
EF
32%
<80%
HRR
<85% APMHR
or
<0.8
chronotropic index

CI present
(%)

CI
criteria

LV
dysf.

17.6 ± 6.0

17.1 ± 4.4

17.5 ± 4.4

18.2 ± 5.1

17.4 ± 4.8

21.1 ± 6.0

19.9 ± 5.8

14.6 ± 0.4

22.4 ± 4.8

21.2 ± 5.5

pVO2
no CI
(mL/kg/min)

15.0 ± 5.2

14.8 ± 4.1

14.9 ± 4.1

15.1 ± 4.2

14.4 ± 3.8

18.0 ± 5.6

15.4 ± 4.7

12.4 ± 0.8

17.8 ± 4.8

18.6 ± 5.3

pVO2
CI
(mL/kg/min)

‐15%
(p<0.001)

‐17%
(p<0.001)
‐17%
p<0.001
‐15%
(p<0.001)
‐13%
(p<0.001)

‐15%
(p<0.001)

‐23%
(p<0.001)

‐15%
(p=0.01)

‐12%
(p<0.001)
‐21%
(p<0.001)

∆ pVO2
CI vs no CI (%)

BB, beta blocker; LV dysf, left ventricular dysfunction; CI, chronotropic incompetence; pVO2, peak oxygen consumption; EF, ejection fraction;
APMHR, age predicted maximal heart rate; HRR, heart rate reserve; chronotropic index = HRR / metabolic reserve; N/A, not available

147

237

Witte
et al.(17)
2006

Jamil et
al.(25)
2016

Sample
size
(n)

Study

Table 1. Key studies investigating the effects of CI on the exercise capacity in heart failure patients
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Pathophysiology of chronotropic incompetence
The modern pathophysiologic approach towards heart failure is based on the
‘neurohormonal model’.(27) This model describes activation of physiological
compensatory mechanisms after the initial decline of left ventricular (LV) pump
function in an attempt to maintain functional capacity. Increased myocardial
stretch of the failing heart induces release of natriuretic peptides, an initial
regulatory mechanism, followed by activation of the adrenergic (i.e.
sympathetic) signaling pathway and the renin‐angiotensin‐aldosterone system.
Natriuretic peptides increase HR directly by stimulating ionic currents of the
sinoatrial node myocytes.(28) Subsequently, increased cardiac filling pressures
lead to HR augmentation by activation of the cardiopulmonary baroreceptors
stimulating the adrenergic pathway.(29) Despite initially compensating for the
reduced cardiac output, this increases myocardial oxygen demand, ischemia and
oxidative stress. Moreover, high catecholamine levels induce peripheral
vasoconstriction and increase both pre‐ and afterload, generating additional
stress to the cardiac muscle. As HF progresses, this compensatory mechanism
gets increasingly activated for further support to the failing heart. Increased
catecholamines such as norepinephrine (NE) increase contractile function,
induce cardiac myocyte hypertrophy, and further increase HR. Concurrently,
chronic sympathetic over‐activation leads to downregulation and
desensitization of cardiac β‐receptors which is thought to be the main
mechanism of CI in HF patients.(30) This was illustrated for the first time by
Colluci et al.(31) In their study, HF subjects demonstrated NE peak levels during
exercise comparable to normal subjects, but the increase in HR for any given
increase in NE was markedly reduced. In addition, HR response after NE infusion
was markedly reduced in HF patients suggesting decreased β‐adrenergic
sensitivity of the sinoatrial node. This was confirmed by a later study in which
the ΔHR/ΔlogNE ratio, used as an index of sinoatrial node sympathetic
responsiveness, was shown to decrease progressively from mild chronic heart
failure to severe chronic heart failure.(30) Other studies by Bristow and
colleagues demonstrated that chronic adrenergic over‐activation in HF patients
leads to downregulation of β‐adrenergic receptor density in the
myocardium.(32‐35) Furthermore, heart failure is a state of increased
sympathetic tone and decreased vagal activity, which may lead to a
phenomenon of “accentuated antagonism”. This describes an interplay of

Chronotropic Incompetence in Heart Failure

sympathetic and parasympathetic effects where the impact of sympathetic
activation on HR decreases with increasing parasympathetic tone and
knowledge of both is essential to interpretation of HR responses.(36)
Recently, a pathophysiologic distinction was made between increased resting HR
and attenuated exercise HR response found in HF patients.(37) Benes et al.
studied the neurohormonal profiles in a group of 81 patients with advanced
systolic HF and 25 age‐, sex, and body‐size matched controls. Resting HR
correlated with markers of myocardial stress and inflammation, while HR
response during exercise was correlated with levels of NE and copeptin reflecting
neurohormonal overstimulation. In line with previous reports, sinus node
responsiveness to NE was diminished in the HF patients compared to the healthy
subjects. In summary, an imbalanced autonomic nervous system is mainly
accountable for limited HR modulation in HF patients. However, slowing of the
intrinsic HR by sinus node remodeling during the HF process might contribute to
the reduction in maximal HR, although this has not been scientifically
proven.(38)
Diagnosis of CI
A standardized approach to diagnosis of CI in HF is currently lacking. Instead,
multiple approaches have been proposed, each with associated advantages and
disadvantages. Traditionally, CI is diagnosed when a person reaches a
significantly lower maximum HR during exertion in comparison with a group of
age‐matched controls. However, the traditional [220 – age] formula for APMHR,
derived from a healthy population, does not apply to patients with
cardiovascular diseases (CVD) taking associated medications, as demonstrated
by Brawner et al.(39) In a cross‐validation group of patients with CVD, they
showed the [220‐age] equation to overestimate the maximal HR by 40±19 bpm.
Based on a sub‐study of the HF‐ACTION trial with 767 symptomatic HF patients
on beta‐blocking medication, Keteyian et al. formulated a two‐variable equation
for estimation of the APMHR in HF: [119 + 0.5(resting HR) – 0.5(age)]. This
formula was superior to the standard [220 ‐ age] equation although a standard
error of approximately 18 bpm remained present reflecting a substantial amount
of individual variation. Refining the APMHR formula improved prediction of peak
HR in the HF population and might be used in clinical practice as a reference
value during exercise testing. However, since most HF studies investigating
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clinical consequences of CI used the traditional [220 ‐ age] formula, cut‐off values
to diagnose CI using alternative equations are unknown. New studies are needed
to define equation‐specific cut‐off values for assessment of CI.
An alternative approach to evaluate chronotropic response is to relate peak
achievable HR to resting HR, the so‐called HR response, which is defined as the
difference between resting HR and peak HR at maximal exertion. Subsequently,
HR reserve (HRR) can be calculated by dividing HR response by the difference
between resting HR and APMHR: HRR = [(peak HR – resting HR) / (APMHR –
resting HR) * 100]. Usually a cut‐off value of 80% of the age‐predicted heart rate
reserve (%pHRR) is used to determine CI. The advantage of HRR is that it
measures HR dynamics rather than a static peak HR value during exercise. In
patients with severely elevated resting HR, however, HRR is decreased while
peak HR might be normal.
For each diagnostic approach to detect CI, the patient must reach maximal
exertion during the exercise test. Other reasons for test termination like chest
pain or orthopedic concerns render the result invalid. Since maximal exertion in
HF patients may be blunted by co‐morbidities, deconditioning, medication, or by
heart failure itself, it can be difficult to factor in exactly how much true
limitations in achievable HR play a role in this phenomenon. To quantify patient
effort in an objective way, respiratory gas exchange analysis can be used to
assess the respiratory exchange ratio (RER). This ratio, defined as VCO2/VO2,
increases during graded exercise until maximal exertion. Presently a cut‐off value
of ≥1.05 is generally accepted to ensure maximal exertion. In case of an RER
value of <1.05, an alternative approach to evaluate chronotropic response has
been proposed by Wilkoff and Miller.(40) They relate chronotropic response to
work rate (i.e. HRR / metabolic reserve = chronotropic index) during different
grades of exercise testing. The metabolic reserve is measured by metabolic
equivalents (METS) and is defined as (METSstage – METSrest) / (METSpeak –
METSrest). A chronotropic index <0.8 usually defines CI. Although this method has
the advantage of correction for physical fitness, it is not routinely used.

Chronotropic Incompetence in Heart Failure

Prevalence rates
Prevalence rates of CI in the HF population vary substantially dependent on
definition and cut‐off value used.(17,23‐26,41,42) Furthermore, prevalence
rates might be influenced by medication as will be discussed later. Most studies
determined CI by using either 80% of the APMHR or 80% of the HRR as a cut‐off
during cardiopulmonary exercise testing. Prevalence rates using APMHR vary
from 42% to 61% whereas rates are higher using HRR (72% to 84%, see table 1).
Recently, a large multicenter study examined 1045 HF patients and used several
APMHR and HRR cut‐off values to define CI.(42) Although patient characteristics
in this study are comparable to those mentioned above, reported prevalence
rates of CI are slightly higher with 64% using <80% APMHR and 88% using <80%
HRR. The effects of different cut‐off values for APMHR and HRR to calculate the
prevalence of CI are illustrated in figure 3. However, as stated earlier, reference
values used for APMHR of HRR pertain to the healthy population which may lead
to overestimation in the HF population.

Figure 3: Prevalence of chronotropic incompetence by measured peak heart rate and heart
rate reserve at different cut‐off values. Prevalence of chronotropic incompetence in the heart
failure population may vary dependent on the definition and cut‐off value used. %pHR:
percentage age‐predicted peak heart rate; %pHRR: percentage age‐predicted heart rate
reserve. Figure reproduced from reference 42 with permission.
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Prognosis
Several studies proved the presence of CI in the HF population to be a prognostic
marker of adverse events.(37,42,43) Dobre et al. performed a sub‐study in 1118
HF patients of the HF‐ACTION trial and found a HRR <60% during exercise testing
to be associated with increased all‐cause mortality and all‐cause
hospitalization.(43) Magri et al. investigated multiple definitions of CI in a cohort
of 1045 HF patients (figure 4).(42) The prognostic values of either percentage
APMHR (%pHR) or percentage HRR (%pHRR) were found to be highly dependent
on the cut‐off value used. A cut‐off value of 65% for %pHR and 70% for %pHRR
showed optimal results with each parameter being independently related to
cardiovascular mortality with a hazard ratio of 2.04 and 1.77, respectively.
Kaplan‐Meier curves for both definitions of CI are presented in figure 3.
However, the prevalence of CI was low for the %pHR <65% definition (17% CI)
whereas prevalence was high using the %pHRR <70% definition (77% CI). Despite
the clear association, no causal relationship has been proven between CI and
mortality in HF patients.

Figure 4: Survival of heart failure patients with and without chronotropic incompetence.
Kaplan‐Meier curves comparing cardiovascular mortality of heart failure patients with (black
line) and without (red line) chronotropic incompetence using cut‐off values of (A) 65% age‐
predicted peak heart rate (%pHR) and (B) 70% age‐predicted heart rate reserve (%pHRR). Each
variable was found to be an independent predictor of cardiovascular mortality (hazard ratio
2.04 and 1.77, respectively). Figure adapted from reference 42 with permission.

Chronotropic Incompetence in Heart Failure

Alternatively, delayed heart rate recovery after cessation of exercise can be used
as a prognostic marker although this measure not necessarily reflects CI. Several
studies showed that HR recovery after CPET can be used as a prognostic marker
for mortality in HF patients.(44,45) The optimal cut‐off values found in these
studies, however, are inconsistent ranging from a decline of 4 to 12 bpm.(44‐46)
Moreover, resting HR itself can be used to predict adverse events.(47‐49) In
chronic HF patients of the CHARM study, baseline resting HR in those with sinus
rhythm was associated with increased mortality, with every 10 bpm increase
associated with increases of 8% in all‐cause mortality.(50) A recent study by Vazir
et al. in a cohort of chronic HF patients showed that changes in resting HR over
time can predict adverse outcome, such that a rise in HR was found to be
associated with elevated risk and a drop in HR with reduced risk.(51) Given these
findings, HR dynamics (i.e. peak HR, HR recovery, resting HR) might be used for
risk stratification of HF patients in current practice.
Medication effects
Drug therapies are the cornerstone of treatment in chronic HF. Multiple types of
HF medication can potentially confound assessment of CI, including beta
blockers, selective sinoatrial node inhibitors and anti‐arrhythmic drugs. Effects
of beta blocking medication have received most scientific interest over the
years.(52) Several large‐scale studies showed that the use of beta blocking
therapy is associated with CI in the HF population(17,23,53), irrespective of
medication dosage.(26) Cessation of beta blocking therapy subsequently
increases peak HR during exercise but does not fully normalize chronotropic
response as shown by Hirsh et al.(54) In contrast with these findings, a study by
Jorde et al. could not demonstrate a difference in beta‐blocking therapy usage
between CI and non‐CI patients with severe HF.(41) It could be speculated that
the beta‐blocking effect on CI becomes less pronounced in advanced stages of
the disease. In line with this concept, a relatively large medication effect was
observed in healthy subjects after administration of beta blockers, with a 16‐25%
reduction in peak HR during exercise.(55)
Although CI is linked to poor clinical outcome, reducing HR by therapeutic agents
shows a paradoxical beneficial effect on survival. Underlying mechanisms for
these contrasting results are only partially understood. Beta blockers which
antagonize the activated sympathetic system reduce both resting‐ and peak HR.
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Slowing resting HR reduces mortality in patients with heart failure. In a meta‐
analysis of 23 beta‐blocker HF trials including a total of 19.000 patients, mortality
benefit was related to the magnitude of resting HR reduction.(56) In contrast,
lowering peak HR (i.e. induction of CI) is associated with unfavorable outcome.
Hung and colleagues demonstrated in a large population of 64.549 patients that
%pHR was inversely associated with all‐cause mortality, but beta‐blocker
treatment significantly attenuated this relation.(53) Patients on beta‐blocking
therapy who achieved 65% pHR showed a similar adjusted mortality rate as
those not on beta‐blocking therapy who achieved 85% pHR. Accordingly, CI in a
patient taking beta‐blocking medication may not reflect the same hazard as in
one without, because of the cardio‐protective role of beta‐blockers.
The relatively new therapeutic agent ivabradine, a selective sinoatrial node
inhibitor, proved to be beneficial for HF patients in the landmark SHIFT trial.(57)
This double‐blind randomized controlled trial included 6505 patients with a
resting HR over 70 bpm despite optimal medical therapy (90% on beta‐blockers)
and showed the addition of ivabradine to reduce resting HR as well as the risk of
cardiovascular events. In a 24‐h holter ECG sub‐study among 602 patients, a
significant improvement in HR variability and various parameters of
parasympathetic activity was demonstrated after 8 months of additional
treatment of ivabradine compared to placebo.(58) Another sub‐study with 275
patients undergoing echocardiography demonstrated reduced effective arterial
elastance (i.e. cardiac afterload) as an underlying hemodynamic mechanism of
isolated HR reduction which may contribute to the beneficial outcome of
ivabradine‐treated patients with heart failure.(59) Scientific data assessing the
effect of ivabradine on peak HR during exercise are scarce. Two small‐scale
studies found ivabradine treatment to be beneficial for the exercise capacity of
HF patients,(60,61) but one of them found peak HR during exercise to increase
after ivabradine therapy(60) whereas peak HR was decreased in the other.(61) A
recent publication by Jamil et al. presented a series of investigations including
an interventional randomized crossover study investigating the effects of
ivabradine on exercise capacity in chronic HF patients.(25) In twenty‐six patients
with sinus rhythm, a single‐dose of ivabradine 7.5 mg reduced resting HR and
peak HR during exercise, without affecting the HR rise or exercise capacity. The
effect of ivabradine on chronotropic response is therefore uncertain. Lastly,
exercise capacity can be improved by the combination of beta‐blockers and
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ivabradine in comparison to beta‐blockers alone. In the CARVIVA HF trial with
131 HF patients, ivabradine as well as the combination of carvedilol plus
ivabradine after 12 weeks of treatment improved exercise capacity and quality
of life, but carvedilol alone did not.(62)
Heart failure with preserved ejection fraction
HFpEF is characterized by increased LV filling pressures due to diastolic
dysfunction which becomes especially overt during exercise.(63) Increased filling
pressures lead to activation of the sympathetic pathway, similar to the
pathophysiology of HF with reduced ejection fraction (HFrEF). Borlaug et al.
compared exercise capacity of HFpEF patients and hypertensive cardiac
hypertrophy matched controls.(18) Their results indicate that exercise capacity
was more depressed in HFpEF patients which could not be ascribed to relaxation
abnormalities. Significant differences in chronotropic response and vasodilator
reserve were found indicating autonomic dysfunction in HFpEF patients. In
agreement with these findings, a recent paper by Kosmala et al. showed
chronotropic responses to be gradually impaired during progressive stages of
HFpEF.(64) Whether reversal of the CI improves exercise capacity in HFpEF
patients is uncertain, as increases in HR may compromise LV filling in these
patients with prolonged relaxation. It could be speculated that CI functions more
as a compensatory protective mechanism in HFpEF patients. The RESET study
was designed to evaluate the effect of HR augmentation by rate‐adaptive pacing
in patients with mild to moderate HFpEF, but unfortunately this trial was
suspended due to lack of enrollment.(65)
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Heart transplant recipients
Iatrogenic CI in heart transplant recipients, as a result of autonomic denervation,
is considered to be an important determinant of a limited exercise capacity
following heart transplantation. However, HR dynamics tend to improve over the
first post‐operative year by a concomitant decrease of resting HR and increase
of peak HR together with an increase of pVO2.(66) This partial reversal of CI may
be due to increased sensibility of the graft sinus node to circulating
catecholamines, or by sympathetic re‐innervation of the graft.(67) When resting
HR remains higher than 100 bpm, these patients are at higher risk for mortality
compared to those with resting HR lower than 100 bpm.(68) Endurance training
as well as rate‐adaptive pacing may improve chronotropy and physical fitness
level in heart transplant recipients as will be discussed below.(69,70)

THERAPIES FOR CHRONOTROPIC INCOMPETENCE IN HEART FAILURE
Exercise training
Exercise training improves cardiorespiratory fitness in HF patients with both
reduced and preserved EF.(71) Improvements in fitness level are associated with
changes in markers of autonomic function including HR variability and HR
recovery.(72,73) In a study by Keteyian and colleagues, a total of 51 HF patients
were randomized to an exercise program of approximately 72 half‐hour training
sessions over 24 weeks, or control group.(74) Seventy‐eight percent of the
patients in the exercise group tested positive for CI (%pHR <85%) during baseline
testing. In the exercise group, peak HR increased ~7% whereas it remained
unchanged in the control group. Comparing CI and non‐CI patients in the exercise
group, the former achieved a ~10% increase in peak HR and a ~14% increase in
pVO2 after the training program whereas peak HR and pVO2 were relatively
unchanged in non‐CI patients. Changes in HR reserve were strongly correlated to
changes in pVO2 (R 0.75). On the other hand, no changes were found in the ratio
of HR reserve to norepinephrine reserve, suggesting sinoatrial node sympathetic
responsiveness to be unaltered. These results indicate that exercise training
improves chronotropic responsiveness in HF patients with CI, but specific
mechanisms remain unclear.

Chronotropic Incompetence in Heart Failure

Detection of Chronotropic Incompetence by implantable electronic devices
Technological advances in sensor technology and pacing algorithms for
conventional bradycardia‐pacemakers have now been integrated into
implantable electronic devices for the HF population, such as ICD and CRT
devices. In line with international guidelines, a substantial part of the HFrEF
population is currently equipped with these devices, which offers the unique
opportunity to study HR dynamics. Recently, the group of Wilkoff introduced the
Heart Rate Score (HRSc), a novel device histogram‐based marker of chronotropic
performance.(75,76) The HRSc is defined as the percentage of all sensed and
paced atrial events in the single tallest 10 bpm histogram bin. For example, when
all events occur in the 60‐70 bpm bin, the HRSc is 100%. When events are
distributed over a wider range with rates below 60 bpm and over 70 bpm, the
HRSc becomes lower. Using a cut‐off value of 70%, Wilkoff et al. demonstrated
that the HRSc independently predicted 5‐year mortality in a large population of
57.893 ICD and 67.929 CRT‐D patients.(76) These findings do not necessarily
indicate a causal relationship between reduced HR dynamics and poor prognosis,
as reduced HRSc may also reflect decreased levels of physical activity in sicker
patients. As a measure for CI, HRSc has not been compared to regularly used
measures such as %pHR and HRR. In contrast with previously discussed measures
for CI, however, HRSc assessment does not require maximal exertion and might
provide an alternative for the diagnosis of CI. In patients without an implanted
device, the HRSc can be obtained using holter monitoring.
Rate‐adaptive pacing using activity sensors
In 1967, rate‐adaptive pacing was introduced as a pacemaker feature for
patients with CI to restore “physiological” HR response to daily physical
activities.(77) Rate‐adaptive pacemakers control HR using a single activity
sensor, or a combination of sensors. The accelerometer (XL) is the oldest and
most widely used sensor that measures postural changes and body movements
during physical activity. The XL offers rapid response to exercise with high sensor
reliability, but specificity is low and the sensor is relatively unresponsive to forms
of exercise where the upper body remains in a static state, such as cycling. Also,
exercise intensity might be under‐ or overestimated, as walking down the stairs
generates similar HR increases as walking up the stairs. Other sensors use more
physiological surrogates of physical exercise such as shortening of the QT interval
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or changes in right ventricular impedance during the cardiac cycle (CLS, closed
loop stimulation).(78) These measures are surrogates for the inotropic state and
offer high specificity for physical exertion and good sensor reliability, but with
moderate speed of response and moderate proportionally to metabolic
needs.(79) Another physiological approach to measure metabolic activity is by
measuring respiratory minute ventilation (MV) which offers high specificity,
good proportionality to metabolic needs, high sensor reliability, but with
moderate speed of response.(79) Since no single sensor is flawless in the
imitation of sinus node behavior, different sensors with complementary
characteristics may be combined. The most common combination includes an
activity sensor to induce a rapid response to exercise, and a metabolic sensor
(i.e. QT interval, CLS, or MV) that provides a delayed but proportional and stable
acceleration to sustained exercise and deceleration during recovery. A combined
approach with blended XL and MV sensors restored chronotropic response more
favorably than a XL sensor alone in CI pacemaker patients in the LIFE study.(80)
Rate‐adaptive pacing and prognosis
When applying rate adaptive pacemaker therapy to a patient, a clear distinction
should be made between ventricular stimulation and atrial stimulation. It is well
known that right ventricular pacing results in ventricular desynchronization
which reduces LV stroke volume, therefore increases in HR by ventricular pacing
do not necessarily translate to an increase in CO.(81) Wilkoff et al. showed in the
Dual Chamber and VVI Implantable Defibrillator (DAVID) trial that programming
dual chamber rate‐adaptive (DDDR) pacing with an atrioventricular interval
~180ms resulted in nearly 60% ventricular pacing.(82) This was associated with
a significant increase in adverse events compared to ventricular backup pacing
and the trial was prematurely stopped. Atrial pacing, on the other hand,
maintains physiological ventricular activation and preserves mechanical
synchrony. In the DAVID II trial, fixed‐rate atrial (AAI‐70) pacing resulted in
similar survival compared to ventricular backup‐only pacing and was considered
a safe therapy.(83) A recent study among 1.154 CRT‐D patients with HRSc ≥70%
from the ALTITUDE population showed that rate‐responsive pacing (DDDR) using
an accelerometer lowered the HRSc from 88% to 78%.(75) This decrease in HRSc
was associated with a significant survival benefit compared to a group of
matched patients without rate‐adaptive pacing (DDD), see figure 5. In non‐CI
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patients with HRSc <70%, on the other hand, there was no survival benefit of the
DDDR over DDD pacing. Despite these promising results, further validation in a
randomized controlled trial setting is needed. These findings indicate that
appropriate (i.e. CI) patient selection is important for rate‐adaptive pacing
therapy to be a potential successful therapy. It might also explain why Martin et
al. found no benefit in all‐cause mortality and heart failure morbidity of DDDR
pacing compared to DDD mode in an unselected population of 1.433 CRT
patients in the multi‐center PEGASUS CRT trial.(84)

Figure 5: Rate‐adaptive pacing improves survival in heart failure patients with chronotropic
incompetence diagnosed using a heart rate score. In CRT patients with chronotropic
incompetence measured by a heart rate score (HRSc) ≥70%, reprogramming the device from
DDD mode to DDDR mode (i.e. rate‐adaptive pacing on) improved (i.e. lowered) the HRSc and
was associated with improved survival (Hazard Ratio 0.74, p<0.001). AF: atrial fibrillation.
Figure reproduced from reference 75 with permission.
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Rate‐adaptive pacing and exercise capacity
Assuming a causal link between CI and the limitation in exercise capacity in HF
patients, reversal of CI by rate‐adaptive pacing should increase exercise capacity.
Conflicting results exist on this topic. Studies investigating effects of rate‐
adaptive pacing on exercise capacity in HF patients with CI are summarized in
table 2. Tse and colleagues were the first to report a small interventional study
providing rate adaptive pacing to 20 HF patients with CRT who tested positive
for CI (APMHR <85%).(85) Eleven patients with severe CI, reflected by APMHR
<70%, achieved significantly higher peak HR and pVO2 during exercise with rate‐
adaptive pacing on compared to off, whereas patients 70‐85% APMHR did not
(Figure 6). The authors conclude that in HF patients with severe CI, rate‐adaptive
pacing using CRT provides incremental benefit on exercise capacity. Recently,
these findings were confirmed in a study by Palmisano et al. investigating effects
of rate‐responsive pacing in 60 HF patients with CRT who underwent
atrioventricular junction ablation because of permanent refractory atrial
fibrillation.(86) These patients with iatrogenic CI demonstrated an acute
improvement in walking distance during 6MWT when rate‐responsive pacing
was applied using an accelerometer. Walking distance improved linearly in
relation to the increases in HR during rate‐responsive pacing. Contradictory
results were found by Sims and colleagues who studied 13 HF patients with CRT
and severe CI (<70% APMHR) in a randomized double‐blind crossover pilot
study.(87) In nine patients, peak HR increased by approximately 20% and was
associated with a 5% improvement of 6MWT distance. However, pVO2 did not
differ between DDDR and DDD mode. In the remaining four (31%) patients, the
DDDR mode using default settings did not result in rate‐adaptive pacing. Other
studies investigating the effects of rate‐adaptive pacing in less severe stages of
CI showed disappointing effects on exercise capacity in HF patients. Thielen et
al. performed a small‐scale study investigating the effects of rate‐adaptive
pacing in 14 CRT patients with CI (<85% APMHR) and performed
echocardiographic examination during CPET.(88)

20

14

10

13

79

60

Tse et
al.(85)
2005

Thielen et
al.(88)
2008

Passman
et al.(89)
2009

Sims et
al.(87)
2011

Jamil et
al.(25)
2016

Palmisano
et al.(86)
2017

70 ± 12

74 ± 8

59 ± 16

57 ± 14

62 ± 3

65 ± 3

Age
(years)

mean
EF
40%

mean
EF
33%

sinus
rhythm
(n=53)
atrial
fibrillation
(n=26)

biv.
pacing

mean
EF
17%

mean
EF
24%

mean
EF
31%

mean
EF
28%

LV
dysf.

sinus
rhythm

sinus
rhythm

sinus
rhythm

sinus
rhythm

Rhythm

100% ‘iatrogenic’ CI
after AV nodal ablation

no CI criteria

<70% APMHR

no CI criteria

<85% APMHR

70‐85% APMHR
(n = 9)

<70% APMHR
(n = 11)

CI
criteria

CRT

various

CRT

dual
chamber
ICD

CRT

CRT

device
type

accelerometer
VVIR mode

unknown sensor
unknown mode

unknown sensor
DDDR mode

accelerometer
AAIR mode

unknown sensor
DDDR mode

accelerometer
DDDR mode

activity sensor /
pacemaker mode

6MWT

CPET

6MWT
/ CPET

CPET

Doppler
echocardiography
/ CPET

CPET

endpoints

~8% increase 6MWT distance
(p<0.001)

unchanged pVO2
(p=ns)

unchanged pVO2
(p=ns)

~5% increase 6MWT distance
(p=0.05)
unchanged pVO2
(p=ns)

unchanged pVO2
(p=ns)

~15% increase CO
(p=0.001)
unchanged pVO2
(p=ns)

unchanged pVO2
(p=ns)

~20% increase pVO2
(p<0.05)

results

LV dysf, left ventricular dysfunction; CI, chronotropic incompetence; EF, ejection fraction; APMHR, age predicted maximal heart rate; CRT, cardiac
resynchronization therapy; pVO2, peak oxygen consumption; CPET, cardiopulmonary exercise testing; CO, cardiac output; ICD, implantable cardiac
defibrillator; 6MWT, six minute walking test; biv, biventricular; AV, atrioventricular

Sample
size
(n)

Study

Table 2. Studies investigating the effects of rate‐adaptive pacing on exercise capacity in heart failure patients with CI
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Figure 6: Rate‐adaptive pacing restores chronotropic response and exercise capacity in heart failure patients with severe chronotropic
incompetence. Rate‐adaptive pacing in CRT patients with CI (age‐predicted peak heart rate <85%) increased peak HR during exercise (A), but
did not have any incremental benefit on exercise capacity (B). In patients with severe CI (age‐predicted peak heart rate <70%), rate‐adaptive
pacing increased both peak HR (A) and exercise capacity (B). White and ruled bars represent DDD mode without and with atrioventricular
interval adaptation, respectively (i.e. no rate‐adaptive pacing); black bars represent DDDR mode (i.e. rate‐adaptive pacing). Figure adapted
from reference 85 with permission.

300
Chapter 12

Chronotropic Incompetence in Heart Failure

First, patients underwent CPET in DDD mode for baseline measurements and
after an interval of at least 24 hours this was repeated in DDDR mode. It was
demonstrated that rate‐adaptive pacing increased peak HR and CO during
exercise, however, acute increases in cardiac performance had no direct effect
on exercise capacity (i.e. pVO2). These findings suggest that peripheral muscle
adaptations are needed to utilize the additional oxygen supply and underline the
importance of a time interval between CPETs sufficient to facilitate adaptation
(the so‐called “training effect”). In another small‐scale study by Passman and
colleagues, 10 patients with HF and dual‐chamber ICDs underwent a single‐
cross‐over study protocol with randomization to atrial rate adaptive (AAIR)
pacing or ventricular backup (VVI) pacing.(89) In this study, CI was not part of the
inclusion criteria and peak HR at baseline was found to be relatively high ‐ 130
bpm on average. During AAIR stimulation, peak HR was significantly increased
but no significant difference in pVO2 was observed. Recently, Jamil et al.
published on the effects of CI on exercise capacity in an observational study,
followed by an interventional study examining the effects of HR augmentation
using rate‐adaptive pacing.(25) In this randomized crossover study, 79 patients
were enrolled with symptomatic HF and moderate‐to‐severe LV dysfunction (EF
≤45%) implanted with various cardiac devices. Of these patients, 53 were in sinus
rhythm and 26 had atrial fibrillation (AF). The presence of CI was not required
for participation in the study but using the <0.8 cut‐off for chronotropic index
(HRR / metabolic reserve), 84% of the patients tested positive for CI during CPET.
Subjects were tested on 2 occasions, 1 week apart, and were randomly assigned
to rate‐adaptive pacing mode on or off. The authors do not state the type of
activity sensor used or the pacemaker mode programmed. Sensor sensitivity was
set to maximum, and the upper rate during rate‐adaptive pacing was set to
APMHR [220 – age]. Peak HR demonstrated a significant increase during rate
adaptive pacing in both the sinus rhythm and AF group. In the AF group, there
was a trend towards improving pVO2 (p=0.058), but in the sinus rhythm group
pVO2 remained unchanged (p=0.350). The authors conclude that CI seems to be
a bystander rather than a contributor to exercise intolerance in this group of
unselected patients with CHF. However, there are several limitations in this
study. A proportion of patients that participated in the study lacked CI and the
percentage of right ventricular pacing during rate‐adaptive pacing is unknown.
Moreover, rate‐adaptive pacing settings might have been too aggressive by
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using an upper rate of [220 ‐ age]. Kindermann et al. elegantly demonstrated
that restoring chronotropic response to the APMHR [220 ‐ age] reference value
yields suboptimal effects on both cardiac performance and exercise capacity.(90)
In this study, the optimal upper rate limit was determined in 49 pacemaker
patients using CPET and Doppler echocardiography. It was shown that the
optimal upper rate limit in HF patients (EF ≤45%) was approximately 75% of
APMHR. Finally, the time interval of 1 week between CPET might have been too
short in the Jamil study to enable a training effect, as discussed previously.
Future studies should address the following: (i) appropriate (i.e. CI) patient
selection; (ii) use of the most accurate available activity sensors; (iii) optimal
rate‐adaptive pacing settings (sensor sensitivity, upper rate limit); and (iv)
recognition of the time period necessary to facilitate peripheral adaptation after
changes in device settings (the training effect).

ONGOING STUDIES
Ongoing trials in the field of CI focus primarily on effects of rate‐adaptive pacing
on exercise capacity in HF patients. In their study, Zhang and colleagues aim to
assess the effect of rate‐adaptive atrial (AAIR) pacing treatment for patients with
HF and CI on exercise tolerance and quality of life.(91) Another prospective,
randomized, single‐blind cross‐over study by Hsu et al. investigates effects of
rate‐adaptive pacing using an accelerometer compared to the CLS activity sensor
in CRT‐D patients.(92) In the Rate‐Adaptive Atrial Pacing In Diastolic Heart Failure
(RAPID‐HF) trial, the effects of rate‐adaptive pacing using a dual‐chamber
pacemaker will be assessed in HFpEF patients.(93) Lastly, the Rate Adaptive
Atrial Pacing in Heart Failure Patients with Chronotropic Incompetence
(ADAPTION) trial conducted by our group aims to assess the ability of minute
ventilation (MV) sensor driven rate‐adaptive pacing to restore functional
capacity and quality of life in HF patients with CI.(94) Patients implanted with a
dual‐chamber ICD are tested for CI based on the HRSc provided by the device.
Sixty‐five patients diagnosed with CI will enter a double blind randomized cross‐
over study and will be randomized in a 1:1 fashion to either AAIR pacing function
on or off (DDI‐50). After 3 months, the pacing mode will be switched to the
opposite mode for another time period of 3 months. Both quality‐of‐life scores
and six‐minute walk distances will be compared between the groups.
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SUMMARY
Chronotropic incompetence is defined as the inability of the heart rate to
increase adequately in response to exercise. CI has a high prevalence in the HF
population and is associated with reduced functional capacity and poor survival.
Although the underlying mechanisms for CI in HF are not fully understood, the
imbalanced autonomic nervous system that is chronically shifted towards the
sympathetic pathway has been shown to reduce β‐adrenergic responsiveness,
resulting in a reduced heart rate response to exercise. Since contractility reserve
is lost in the failing heart, insufficient cardio‐acceleration (i.e. CI) may be a
limiting factor in the exercise capacity of HF patients. Despite the potential
importance of CI in this population, the issue has drawn limited attention and is
often unrecognized in clinical practice. This is in part due to the lack of a
standardized approach to diagnose CI. Chronotropic response can either be
analyzed by assessment of peak HR or HR reserve (i.e. the change from resting
HR to peak HR) using a maximal exercise test, preferably in combination with
respiratory gas exchange analysis to ensure maximal exertion. While HR reserve
reflects HR dynamics in contrast to static peak HR measurement, both markers
yield similar prognostic value. To define an abnormal response (i.e. CI), peak HR
should be compared to a HF population specific APMHR reference value. Specific
formulas to calculate APMHR for the HF population have been derived, but are
rarely used and may require further refinement with respect to HF severity.
Consequently, a ‘gold‐standard’ approach for diagnosis of CI in heart failure is
still lacking. Despite the clear association between CI and impaired exercise
capacity in HF patients, causality is uncertain. Whether CI is the cause or the
consequence of impaired exercise capacity is important, as CI now serves as a
potential therapeutic target using implantable cardiac device technology in HF
patients. A substantial part of the HF population is presently equipped with an
implanted device offering the unique opportunity to study HR dynamics and
deliver pacemaker therapy. Rate‐adaptive pacing has shown favorable effects on
both exercise capacity and survival in a well selected subset of HF patients with
manifest CI. Advances in device technology by incorporating additional
physiological activity sensors and the detection of CI using a device histogram‐
based (HRSc) score might improve future treatment of CI in the HF population.
To improve understanding of CI, future experimental studies in a randomized
controlled setting should be encouraged.
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