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Summary

Background: Autonomic dysfunction and reduced exer-
cise tolerance are typical features of patients with congestive
heart failure (CHF). Baro-chemoreflex balance and organ re-
sponse may have a common role in conditioning exercise tol-
erance, ventilation, and chronotropic competence in patients
with CHF.

Hypothesis: We tested the hypothesis that there is a rela-
tionship between functional capacity and chronotropic com-
petence to exercise in CHF.

Methods: In all, 48 stable outpatients with CHF (age 65 ±
10 years, 41 men, NYHA class 2.1 ± 0, ejection fraction 31 ±
7%, peak VO2 16 ± 4 ml/kg/min) performed cardiopul-
monary exercise testing (CPX). Heart rate (HR) response to
exercise was assessed by the chronotropic index (CRI). The
CRI was calculated by the following formula: CRI = peak 
HR � rest HR/220 � age � rest HR � 100 (normal value
> 80%). The relationship of CRI to peak oxygen consumption
(VO2) and ventilation/carbon dioxide production (VE/VCO2)
ratio was examined. A group of 33 healthy controls under-
went CPX as well.

Results: The CRI correlated directly with peak VO2 (r =
0.638, p < 0.001) and inversely with VE/VCO2 (r = �0.492,
p < 0.001) in patients with CHF. A CRI < 78% identified pa-
tients with CHF and a peak VO2 < 20 ml/kg/min, area under
the receiver operating curve (AUROC): 0.76, 95% confidence
interval (CI) 0.60–0.92. A CRI < 74% predicted exercise hy-
perventilation in CHF (AUROC: 0.71 for VE/VCO2 > 30,

95% CI 0.53–0.88). The CRI was not significantly related ei-
ther to peak VO2 or to VE/VCO2 in the control group.

Conclusions: In patients with mild to moderate CHF, CRI
correlates with functional capacity. This relationship adds new
data on pathophysiologic grounds and supports the routine in-
corporation of CRI into CPX interpretation. 
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Introduction

Autonomic dysfunction and reduced exercise tolerance are
typical features of patients with congestive heart failure
(CHF).1–4 Autonomic dysfunction is characterized by im-
paired autonomic balance, with a reduction of vagal activity
and a prevalence of sympathetic activity.5, 6 Heart rate variabil-
ity and chronotropic competence are blunted due to beta-
adrenergic receptor downregulation and uncoupling of G pro-
teins.7–10 The cause of impaired autonomic balance in CHF 
is not clearly known. Recently, chemoreflex and baroreflex
functions have been investigated. Central chemoreceptors, lo-
cated in the brain stem, and peripheral chemoreceptors, locat-
ed in the mural carotid and aorta, regulate ventilatory response
to O2 and CO2 content. Chemoreflex activation increases 
ventilation, sympathetic activity, and pulmonic vasoconstric-
tion.11–13 Baroreceptors located in heart, lung, and arterial
bodies modulate heart rate (HR) and blood pressure. Barore-
ceptorial activity is blunted in CHF, leading to a reduction in
HR variability, bradycardia, and further increase in chemore-
ceptorial sensitivity because of the loss of antagonistic interac-
tion on chemoreflex activity.8, 14 In CHF, there is a strong in-
verse relationship between chemoreflex sensitivity that is in-
creased and baroreflex activity that is markedly depressed.11, 15

Metabolic changes during exercise activate muscular ergore-
ceptors that increase sympathetic, vasoconstrictive, and venti-
latory activation, contributing to exercise intolerance.16 Peak
oxygen consumption (VO2) is reduced and ventilatory re-
sponse to exercise is characterized by an elevated ventilation
relative to carbon dioxide production (VE/VCO2).17–20 Indices
of functional capacity correlate poorly with central hemody-
namics21 and cardiac noradrenaline spillover,2 suggesting that

Clin. Cardiol. 28, 25–29 (2005)

Address for reprints:

Alessandro Vallebona. M.D.
Department of Cardiology
Heart Failure Unit
Rapallo Hospital
Piazza Molfino 10
16035 Rapallo (Genoa), Italy
e-mail: avallebona@asl4.liguria.it

Received: June 24, 2004
Accepted with revision: September 27, 2004



Clin. Cardiol. Vol. 28, January 2005

baro-chemoreflex balance and tissue refractoriness may have
a role in conditioning exercise tolerance, ventilation, and
chronotropic competence.12, 22

We tested the hypothesis that there is a relationship between
functional capacity and chronotropic competence to exercise
in CHF.

Methods

Subjects

Consecutive, stable patients with CHF referred for ambu-
latory visit between January 1999 and December 2003 were
enrolled. Inclusion criteria were chronic symptomatic heart
failure (New York Heart Association [NYHA] II or III), left
ventricular ejection fraction (LVEF) ≤40%, clinical stability,
and no changes in medical therapy for at least 6 months.
Exclusion criteria were atrial fibrillation, beta-blocking treat-
ment, myocardial infarction, or heart surgery or hospitaliza-
tion during the preceding 6 months, effort angina, limitation to
exercise because of ischemic electrocardiographic (ECG)
changes, inferior limb arteriopathy, primary valvular disease,
permanent pacemakers, clinically relevant pulmonary disease,
anemia (hemoglobin < 12 g/dl), and neoplasia. All enrolled
patients underwent echocardiography to evaluate LVEF (cal-
culated by mean of the modified Simpson’s rule).23 A Sonos
5500® sonographer (Hewlett Packard, Andover, Mass., USA)
with 2.5–3.5 MHz transducer was utilized. Patients were sub-
mitted to cardiopulmonary exercise testing (CPX) within 1
week after echocardiographic examination and stratified in
Weber class A (peak VO2 >20 ml/kg/min), class B (16–20 ml/
kg/min), and class C (<16 ml/kg/min).24 The etiology of heart
failure was considered ischemic in patients with critical coro-
nary stenosis at previous coronary angiography (> 50% lumi-
nal diameter) or previous myocardial infarction, and nonis-
chemic in the others. Cardiopulmonary exercise testing was
also performed in 33 body mass index-matched volunteers
without history of heart or lung disease.

Cardiopulmonary Exercise Testing

All tests were performed in the morning using a bicycle er-
gometer. After a minute of warming up period at 0 W, a 10
W/min incremental protocol was started. Ventilation, oxygen
uptake, and carbon dioxide production were monitored on line
by a Jaeger Oxycon Delta® gas measuring system (version 4.3,
Mijnhardt, Bunnik, The Netherlands). Calibration with refer-
ence gases was performed immediately prior to each test. A
standard 12-lead ECG was recorded continuously. Patients
were encouraged to exercise until they experienced limiting
dispnea or fatigue. Ventilatory anaerobic threshold (VAT) was
determined by the ventilatory equivalent for VO2 or by the V-
slope method.25 Peak VO2 was defined as the highest O2 con-
sumption obtained during the test, and peak VE/VCO2 was
defined as the value of the ventilatory equivalent for VCO2 at
the time of the peak VO2. Resting HR was defined as the low-

est HR recorded in the upright position before exercising and
peak HR the highest HR obtained during exercise. Chrono-
tropic index (CRI) was calculated by the following formula:
CRI = peak HR � rest HR/220 � age � rest HR � 100.26

Special effort was taken in patients to perform symptom-limit-
ed exercise testing, in controls to attain physical exhaustion.
All patients underwent a preliminary CPX 2 to 60 days before
the study and they were familiar with the test. Variability of
peak VO2 was <10% compared with the preliminary test.

Statistical Analysis

Continuous variables are given as mean ± standard devia-
tion (SD). Student’s t-test, analysis of variance (ANOVA), and
chi-square tests were used where appropriate to analyze clini-
cal and functional patient characteristics. The relationship of
CRI to peak VO2 and VE/VCO2 was examined by Pearson’s
correlation. The area under the receiver operating characteris-
tic curve (AUROC) was utilized for discrimination of the high-
est accuracy with peak VO2 < 20 ml/kg/min and VE/VCO2

>30 as the response variables. P values <0.05 were considered
significant. All analyses were performed with the Statistical
Package for Social Sciences (SPSS) 10.0 for Windows (SPSS,
Inc., Chicago, Ill., USA).

Results

Forty-eight patients with CHF (41 men, age 65 ± 10 years,
NYHA class 2.1 ± 0, EF 31 ± 7%, peak VO2 16 ± 4 ml/kg/
min) were evaluated. Patients treated with beta blockers (n =
10) discontinued the treatment 1 week before enrollment. The
baseline characteristics of patients and controls are shown in
Table I. Clinical characteristics of patients with preserved

26

TABLE I Baseline characteristics of patients and controls

Patients Controls p Value

Number of patients 48 33
Age (years) 65 ± 10 61 ± 8 <0.05 
Gender (M/F) 41/7 19/14
NYHA class 2.1 ± 0
LVEF (%) 31 ± 7
CAD (n, %) 27 (56)
VO2 (ml/kg/min) 16 ± 4.0 21 ± 5.0 <0.000
VE/VCO2 34 ± 6.2 28 ± 3.5 <0.000
CRI value (%) 59 ± 22 75 ± 17 < 0.01
Exercise time (min) 8 ± 3 11 ± 4.5 < 0.01
Amiodarone (n, %) 5 (10)
Digoxin (n, %) 19 (39)
ACE inhibitors (n, %) 46 (95)

Abbreviations: M = male, F = female, NYHA = New York Heart
Association, LVEF = left ventricular ejection fraction, CAD = coro-
nary artery disease, VO2 = peak oxygen consumption, VE/VCO2 =
peak ventilation/carbon dioxide production ratio, CRI = chronotrop-
ic index, ACE = angiotensin-converting enzyme. 
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functional capacity (Class A) and reduced exercise capacity
(Classes B and C) were not significantly different (Table II).
Patients in Classes B and C were more frequently unable to
sustain prolonged exercise; the CRI was significantly reduced
and VE/VCO2 was higher with respect to Class A (Table III).
Peak VO2, VE/VCO2, and CRI were significantly different in
patients and controls (see Table I). No correlation of CRI with
peak VO2 (p = 0.22) or VE/VCO2 (p = 0.11) was found in the
control group. In patients with CHF, CRI directly correlated

with peak VO2 (r = 0.638, p < 0.001, Fig. 1) and inversely with
VE/VCO2 (r �0.492, p < 0.001, Fig. 2). No significant cor-
relation of CRI was found with age (p = NS), therapy with
digoxine (p = NS), or amiodarone (p = NS). Receiver operat-
ing characteristic curves (ROC) show the sensitivity and speci-
ficity of the CRI in predicting peak VO2 < 20 ml/kg/min and
VE/VCO2 >30. The AUROC for a CRI value <78% was 0.76
(95% confidence interval [CI]: 0.60–0.92) showing a sensitiv-
ity of 100% and a specificity of 63% for predicting peak VO2

< 20 ml/kg/min (Fig. 3). For predicting VE/VCO2 > 30 with a
CRI value <74%, the AUROC was 0.71 (95% CI: 0.53–0.88),
still demonstrating good discriminatory power (sensitivity
72%, specificity 69%, see Fig. 4).

Discussion

Our data demonstrate that the CRI is significantly related
to peak VO2 and VE/VCO2 in patients with CHF. In healthy
adults, the normal CRI value is 1.00, and chronotropic incom-
petence has been defined by a CRI value < 0.80.27 On the ba-
sis of our data, in stable moderately symptomatic patients
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TABLE II Clinical characteristics of patients according to function-
al class

Class A Class B Class C p Value

VO2 (ml/kg/min) 23 ± 2 17 ± 1 12 ± 2
(A vs. B + C)

Patients (n) 8 24 16
Age (years) 58 ± 9 67 ± 11 64 ± 10 NS
Gender (M/F) 8/0 20/4 13/3 NS
NYHA 2 ± 0 2 ± 0 2.2 ± 0.4 NS
LVEF (%) 37 ± 4 31 ± 7 28 ± 8 0.04
CAD (n, %) 3 (37) 14 (58) 10 (62) NS
Amiodarone (n, %) 0 1 (0.4) 4 (25) NS
Digoxin (n, %) 2 (25) 10 (41) 7 (43) NS
ACE inhibitors (n, %) 8 (100) 23 (95) 15 (93) NS

Abbreviations as in Table I. 

TABLE III Functional characteristics of patients according to func-
tional class

Class A Class B Class C p Value

VAT reached (n,%) 7 (87) 17 (70) 9 (56) NS
VE/VCO2 (ratio) 28 ± 3.7 33 ± 5.8 40 ± 5.7 < 0.001
Exercise time (min) 12 ± 2.2 9 ± 2.6 6 ± 2.3 < 0.001 
CRI value (%) 83 ± 10 72 ± 17 49 ± 23 < 0.01

Abbreviation: VAT = ventilatory anaerobic threshold.
Other abbreviations as in Table I.
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FIG. 1 Correlation between chronotropic index (CRI) and peak
oxygen consumption (VO2).
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FIG. 2 Correlation between chronotropic index (CRI) and peak
ventilation/carbon dioxide production (VE/VCO2).
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FIG. 3 Receiver operating characteristic curve of CRI < 78% for the
determination of peak VO2 < 20 ml/kg/min. AUROC = area under
the receiver operating characteristic curve, CI = confidence interval.
Other abbreviations as in Figure 1.
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with CHF, a CRI value < 78% is associated with impaired
functional capacity (peak VO2 < 20 ml/kg/min), whereas a
CRI < 74% is associated with a minimally increased ventila-
tory response (VE/VCO2 > 30). The direct relationship of
chronotropic response to exercise with oxygen uptake could
be mostly explained by the direct relationship between car-
diac output and HR. In the failing heart, because the increase
in cardiac output is largely dependent on an increase in HR,
chronotropic incompetence will produce severe limitation to
effort capacity.28 On the other hand, the relationships of CRI
with VO2 and VE/VCO2 in CHF support the hypothesis that
the autonomic nervous system has a role in conditioning both
functional impairment and chronotropic incompetence. An
important contribution to the increase in HR during exercise
has been demonstrated to be of neural origin.29 The sympa-
thetic activation, more than sustaining cardiac output and
maintaining an efficient peripheral circulation when pump
failure occurs, ends by exhausting target organs as well as the
cells of the sinus node. The elevated levels of VE/VCO2 have
been explained by two principal mechanisms: an increase in
dead space relative to tidal volume because of pulmonary hy-
poperfusion, ventilation/perfusion mismatching, and lung re-
strictive changes, and the increased production of CO2 due to
buffering of lactic acid by HCO3.19, 30 However, the increased
ventilatory drive could be a response to an abnormal stimulus
rather than merely a consequence of pulmonary involve-
ment.31 Increased chemoreflex sensitivity is a common find-
ing in CHF, and activation of chemoreceptors increases ven-
tilation and pulmonic vasoconstriction.11, 13 According to
Clark et al.,31 excessive ventilation could be a cause and not a
consequence of increased dead space. The relationship be-
tween ventilatory competence, chronotropic response, and
aerobic capacity that we observed supports the hypothesis of
a unique pathophysiologic model driven by autonomic dys-
function. The inappropriate hyperventilatory response associ-
ated with the inappropriately low chronotropic response may
represent the worsening of CHF, characterized by exhaustion
of autonomic compensatory mechanisms and organ refrac-
toriness as a consequence of sustained sympathetic and che-
moreflex overactivity.

Study Limitations

The study included patients on therapy with digoxin and
amiodarone; however, no correlation of the CRI was found
with treatment. Furthermore, chronotropic competence was
assessed by an index that is unrelated to age and physical fit-
ness and takes resting HR into account.26, 27

To compare all indices at peak exercise, the VE/VCO2 ratio
was analyzed at peak and not at anaerobic threshold;32 how-
ever, peak and VAT values of VE/VCO2 have been found to
correlate strongly.26

Patients were primarily in mild to moderate heart failure,
based on their oxygen consumption; consequently, the CRI
discriminated well the mildly reduced peak VO2 (< 20 ml/kg/
min). Further studies are needed on patients with advanced
heart failure.

Conclusions and Clinical Implications

In CHF, the chronotropic response to exercise correlates
with functional capacity: the greater the reduction in CRI, the
greater the impairment in functional capacity (peak VO2 < 20
ml/kg/min). Reduced CRI likely expresses the progression of
autonomic dysfunction and the worsening of heart failure. The
relationship adds new data on pathophysiologic grounds, sup-
porting the hypothesis that the autonomic nervous system has
a role in conditioning functional impairment of CHF and con-
firming chronotropic competence as one of the major mecha-
nisms to preserve exercise capacity in these patients. Func-
tional evaluation of CHF should include an analysis of HR
response to exercise. If our observations will be confirmed and
the prognostic power of CRI extended, another interesting,
simple, and powerful index will be available for risk stratifica-
tion in patients with CHF.

Acknowledgments

The authors thank Rita Gouthier and Ivana Nicchia for their
valuable technical assistance.

References

1. Packer M: The neurohormonal hypothesis: a theory to explain the mecha-
nism of disease progression in heart failure. J Am Coll Cardiol 1992;20:
248–254

2. Notarius CF, Azevedo ER, Parker JD, Floras JS: Peak oxygen uptake is not
determined by cardiac noradrenaline spillover in heart failure. Eur Heart J
2002;23:800–805

3. Lang CC, Rayos GH, Chomsky DB, Wood AJJ, Wilson JR: Effect of sym-
pathoinhibition on exercise performance in patients with heart failure.
Circulation 1997;96:238–245

4. Mancini DM, Eisen H, Kussmaul W, Mull R, Edmunds LH, Wilson JR:
Value of peak exercise oxygen consumption for optimal timing of cardiac
transplantation in ambulatory patients with heart failure. Circulation 1991;
83:778–786

5. Floras JS: Clinical aspects of sympathetic activation and parasympathetic
withdrawal in heart failure. J Am Coll Cardiol 1993;22:72A–84A

28

0.75

0.50

0.25

0.00

1.00

0.00 0.25 0.50 0.75 1.00

1-Specificity
AUROC = 0.71

(95% CI 0.53–0.88)

S
en

si
tiv

ity

FIG. 4 Receiver operating characteristic curve of CRI <74% for the
determination of VE/VCO2 >30. Abbreviations as in Figures 2 and 3.



A. Vallebona et al.: Heart rate response to exercise in heart failure

6. Adamopoulos S, Piepoli M, McCance A: Comparison of different methods
for assessing sympathovagal balance in chronic congestive heart failure sec-
ondary to coronary artery disease. Am J Cardiol 1992;70:1576–1582

7. Guzzetti S, Cogliati C, Turiel M, Crema C, Lombardi F, Malliani A: Sympa-
thetic predominance followed by functional denervation in the progression
of chronic heart failure. Eur Heart J 1995;16:1100–1107

8, Mortara A, La Rovere MT, Signorini MG: Can power spectral analysis of
heart rate variability identify a high risk subgroup of congestive heart failure
patients with excessive sympathetic activation? A pilot study before and af-
ter heart transplantation. Br Heart J 1994;71:422–430

9. Galinier M, Pathak A, Fourcade J, Androdias C, Curnier D, Varnous S,
Boveda S, Massabuau P, Fauvel M, Senard JM, Bounhoure JP : Depressed
low frequency power of heart rate variability as an independent predictor of
sudden death in chronic heart failure. Eur Heart J 2000;21:475–482

10. Colucci WS, Ribeiro JP, Rocco MB, Quigg RJ, Creager MA, Marsh JD,
Gauthier DF, Hartley LH: Impaired chronotrophic response to exercise in
patients with congestive heart failure. Circulation 1989;80:314–323

11. Ponikowski P, Chua TP, Piepoli M, Ondusova D, Webb-Peploe K, Harring-
ton D, Anker SD, Volterrani M, Colombo R, Mazzuero G, Giordano A,
Coats AJS : Augmented peripheral chemosensitivity as a potential input to
baroreflex impairment and autonomic imbalance in chronic heart failure.
Circulation 1997;96:2586–2594

12. Narkiewicz K, Pesek CA, van de Borne PHJ, Kato M, Somers VK: En-
hanced sympathetic and ventilatory response to central chemoreflex activa-
tion in heart failure. Circulation 199;100:262–267

13. Chua TP, Clark AL, Amadi AA, Coats AJS: Relation between chemosensi-
tivity and the ventilatory response to exercise in chronic heart failure. J Am
Coll Cardiol 1996;27:650–657

14. Wang W, Chen JS, Zucher ICH: Carotid sinus baroreceptor sensitivity in ex-
perimental heart failure. Circulation 1990;81:1959–1966

15. Ellenbogen KA, Mohanty PK, Szentpetery SS, Thames MD: Arterial
baroreflex abnormalities in heart failure, reversal after orthotopic cardiac
transplantation. Circulation 1989;79:51–58

16. Piepoli M, Clark AL, Volterrani M, Adamopoulos S, Sleight P, Coats AJS:
Contribution of muscle afferents to the hemodynamic, autonomic, and ven-
tilatory responses to exercise in patients with chronic heart failure, effects of
physical training. Circulation 1996;93:940–952

17. Opasich C, Pinna GD, Bobbio M, Sisti M, Demichelis B, Febo O, Forni G,
Riccardi R, Riccardi PG, Capomolla S, Corbelli F, Gavazzi L: Peak exercise
oxygen consumption in chronic heart failure: Toward efficient use in the in-
dividual patient. J Am Coll Cardiol 1998;31:766–775

18. Corrà U, Mezzani A, Bosimini E, Scapellato F, Imparato A, Giannuzzi P:
Ventilatory response to exercise improves risk stratification in patients with
chronic heart failure and intermediate functional capacity. Am Heart J 2002;
143:418–426

19. Wasserman K, Zhang YY, Gitt A, Belardinelli R, Koike A, Lubarsky L,
Agostoni PG: Lung function and gas exchange in chronic heart failure.
Circulation 1997;96:2221–2227

20. Francis DP, Shamim W, Ceri Davies LC, Piepoli MF, Ponikowski P, Anker
SD, Coats JS : Cardiopulmonary exercise testing for prognosis in chronic
heart failure: Continuous and independent prognostic value from VE/VCO2

slope and peak VO2. Eur Heart J 2000;21:154–161
21. Fink LI, Wilson JR, Ferraro N: Exercise ventilation and pulmonary wedge

pressure in chronic stable congestive heart failure. Am J Cardiol 1986;57:
249–253

22. Buller NP, Poole Wilson PA: Mechanism of the increased ventilatory re-
sponse to exercise in patients with chronic cardiac failure. Br Heart J 1990;
63:281–283

23. American Society of Echocardiography Committee on standards, subcom-
mittee on quantitation of two dimensional echocardiograms: Recommenda-
tions for quantitation of the left ventricle by two dimensional echocardiogra-
phy. J Am Soc Echo 1989;2:358–367

24. Weber KY, Janicki JS: Cardiopulmonary exercise testing for evaluation of
chronic cardiac failure. Am J Cardiol 1985;55:22A–31A

25. Meyer K, Hajric R, West Brook S, Samek L, Lehmann M, Schwaibold M,
Betz P, Roskamm H: Ventilatory and lactate threshold determinations in
healthy normals and cardiac patients: Methodological problems. Eur J Appl
Physiol 1996;72:387–393

26. Robbins M, Francis G, Pashkow FJ, Snader CE, Hoercher K, Young JB,
Lauer MS: Ventilatory and heart rate responses to exercise and better pre-
dictors of heart failure mortality than peak oxygen consumption. Circulation
1999;100:2411–2417

27. Lauer MS, Okin PM, Larson MG, Evans JC, Levy D: Impaired heart rate re-
sponse to graded exercise, prognostic implications of chronotropic incom-
petence in the Framingham heart study. Circulation 1996;93:1520–1526

28. Litchfield RL, Kerber RE, Benge JW, Mark AL, Sopko J, Bhatnagar RK,
Marcus ML: Normal exercise capacity in patients with severe left ventricu-
lar dysfunction: Compensatory mechanisms. Circulation 1982;66:129–134

29. Dela F, Mohr T, Jensen CMR, Haahr HL, Secher NH, Sorensen FB, Kjaer
M: Cardiovascular control during exercise, insights from spinal cord injured
humans. Circulation 2003;107:2127–2133

30, Metra M, Dei Cas L, Panina G, Visioli O: Exercise hyperventilation chronic
congestive heart failure and its relation to functional capacity and hemody-
namics. Am J Cardiol 1992;70:622–628

31. Clark AL, Volterrani M, Swan JW, Coats AJR: The increased ventilatory re-
sponse to exercise in chronic heart failure: Relation to pulmonary pathology.
Heart 1997;77:138–146

32. Wasserman K, Hansen JE, Sue DY, Whipp BJ, Casaburi R: Measurements
during integrative cardiopulmonary exercise testing. In Principles of
Exercise Testing and Interpretation, p. 156. Philadelphia: Ed. Williams and
Wilkins, 1999

29


