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Exercise intolerance is the primary symptom of chronic diastolic heart failure (DHF). It is
part of the definition of heart failure and is intimately linked to its pathophysiology. Further,
exercise intolerance affects the diagnosis and prognosis of heart failure. In addition,
understanding the mechanisms of exercise intolerance can lead to developing and testing
rational treatments for heart failure. This article focuses on the fundamental principles of
exercise physiology and on the assessment, pathophysiology, and potential treatment of
exercise intolerance in DHF.

IMPORTANCE OF EXERCISE INTOLERANCE
Heart failure is defined as a syndrome in which cardiac output is insufficient to meet
metabolic demands. This definition implies that insufficient cardiac output will be expressed
symptomatically. Heart failure often may manifest by occasional episodes of acute
decompensation with overt systemic volume overload and pulmonary edema.1,2 Exertional
fatigue and dyspnea, however, are the primary chronic symptoms in outpatients, even when
well compensated and non-edematous, and whether associated with reduced or normal
ejection fraction (EF).3 In addition, these symptoms and other consequences of exercise
intolerance are potent determinants of health-related quality of life in patients who have
heart failure. Several investigators have reported that objective measures and even
subjective estimates of exercise tolerance are predictors of survival.4,5

Exercise intolerance can be quantified objectively using semiquantitative assessments, such
as interview (New York Heart Association [NYHA] classification) and surveys (Minnesota
Living with Heart Failure or Kansas City Cardiomyopathy questionnaires), and quantitative
methods, including timed walking tests (6-minute walk distance) and graded exercise
treadmill or bicycle exercise tests. Cardiopulmonary exercise testing on a tread-mill or a
bicycle ergometer provides the most accurate, reliable, and reproducible assessments of
exercise tolerance and yields multiple important outcomes, including metabolic equivalents,
exercise time, exercise workload, blood pressure and heart rate responses, and rate–pressure
product. Using commercially available instruments that perform automated concentration
and volume analyses of expired gas, one can assess simultaneously measures of oxygen
consumption (VO2), carbon dioxide generation, and ventilatory response both at rest and
during exercise. Patient effort is an important modifier of data quality and can itself be
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assessed simultaneously, objectively by expired gas analysis (as the respiratory exchange
ratio) and by the somewhat subjective but more easily obtained measures of perceived effort
by the Borg scale and percent age-predicted maximal heart rate.

Submaximal exercise is in some ways a more important outcome variable than peak exercise
capacity because it is more applicable to everyday life and is relatively independent of
effort. Submaximal exercise capacity can be assessed as the ventilatory anaerobic threshold
by expired gas analysis, using either the Wasserman-Whipp or the V-slope method.
Cardiopulmonary exercise testing measurements and expired gas analysis with automated,
commercially available instruments provides measures of both peak oxygen consumption
and of ventilatory anaerobic threshold that are valid and highly reproducible in elderly
patients who have DHF as well as in those who have systolic heart failure (SHF) (Fig. 1).
Another variable provided by these methods, the ventilation/carbon dioxide production (VE/
VCO2) slope, is a strong predictor of survival, independent of VO2.6 The VE/VCO2 slope is
abnormal in patients who have DHF, although it is not as abnormal as it is in those who have
SHF.7

Submaximal exercise performance also can be assessed by timed and distance walk tests.
These tests are simple to perform and are widely available. The authors have shown that the
6-minute walk distance is decreased considerably in elderly patients who have DHF. In
group data, the reduction is in proportion to both peak exercise oxygen consumption and
ventilatory anaerobic threshold. The authors’ published studies, however, suggest that 6-
minute walk testing has only modest accuracy for predicting peak exercise capacity in
individual patients compared with direct measurement with cardiopulmonary exercise
testing with expired gas analyses and also is not as reproducible.8

PATHOPHYSIOLOGY OF EXERCISE INTOLERANCE
To understand the pathophysiology of exercise intolerance in DHF, the authors performed a
comparative study of maximal exercise testing with expired gas in 119 older subjects in
three distinct, well-defined groups: persons who had heart failure with severe left ventricular
(LV) systolic dysfunction (mean EF, 30%); persons who had isolated DHF (EF ≥50% and
no significant coronary, valvular, pericardial, or pulmonary disease and no anemia); and
age-matched controls.3 In comparison with the controls, peak exercise VO2 was severely
reduced in the patients who had DHF, to a degree similar to the reduction in those with SHF
(Fig. 2).3 Submaximal exercise capacity, as measured by the ventilatory anaerobic threshold,
was reduced in patients who had DHF versus those who had SHF, and this reduced exercise
capacity was accompanied by reduced health-related quality of life.3

By the Fick equation, peak VO2 during exercise is the product of cardiac output and
arteriovenous oxygen (A-VO2) difference, indicating that exercise intolerance is related to
one or both of these factors and to the variables that influence them. Measurement of peak
exercise VO2 and at least one of these other two factors (cardiac output or A-VO2
difference) allows one to calculate the remaining unknown factor and to begin to isolate
specific factors that contribute to exercise intolerance in individual patients and within
groups (Fig. 3).

Central Cardiac Response to Exercise
These principles were used to examine the determinants of exercise performance in normal
persons and in patients who had heart failure. A series of cardiopulmonary exercise studies
was performed using symptom-limited upright bicycle exercise with indwelling pulmonary
artery and brachial artery catheters and simultaneous expired gas analysis and radionuclide
ventriculography.9-17 Cardiac output was determined by the Fick principle for oxygen, and
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LV end-diastolic volume and end-systolic volume were calculated from the Fick stroke
volume and the radionuclide EF (LVEF).

In healthy young and middle-aged male and female volunteers, VO2 increases 7.7-fold from
rest to peak exercise during upright bicycle exercise,9,14 and this increase is achieved by a
3.2-fold increase in cardiac output and a 2.5-fold increase in A-VO2 difference. The increase
in cardiac output results from a 2.5-fold increase in heart rate and a 1.4-fold increase in
stroke volume. Stroke volume increases during low levels of exercise via the Frank-Starling
mechanism; during higher levels of exercise, stroke volume increases predominantly
because of increased contractility and even may decline slightly because of tachycardia and
limited filling time.

Aging is accompanied by reduced peak exercise VO2 caused by an age-related decline in
peak exercise cardiac output, heart rate, stroke volume, and LVEF.10,13 Thus, in normal
subjects, stroke volume and end-diastolic volume response are important contributors to the
increase in VO2 and cardiac output during upright exercise and are altered by normal aging
but not by gender.

This information regarding the physiology of exercise in normal persons and changes with
aging provides background for a series of studies the authors performed to understand the
cardiovascular and peripheral mechanisms of the reduced exercise capacity in patients who
have DHF. Invasive cardiopulmonary exercise testing was performed in seven patients who
had severe but stable chronic heart failure, six of whom had had at least one episode of
clinically and radiographically documented pulmonary edema.15 Patients had no significant
coronary artery disease detected by angiography, normal LVEF (≥ 50%), no wall motion
abnormalities, and no evidence of valvular or pericardial disease. Most, but not all, patients
had a history of hypertension and increased LV mass. Ten age-matched and gender-matched
healthy volunteers served as normal controls.

Patients who had DHF had marked exercise intolerance and a 48% reduction in peak oxygen
consumption. In patients and normal subjects, exercise was limited primarily by leg fatigue,
and dyspnea also was reported frequently.15 The peak respiratory exchange ratio was greater
than 1.10 and was similar in patients who had DHF and normal subjects, suggesting good
exercise effort in both groups. In both groups, arterial lactate concentration increased several
fold from rest to peak exercise. During submaximal exercise at 50 watts, where oxygen
consumption was similar in patients and controls, lactate concentration tended to be
increased in the patients compared with the normal subjects (2.2 ± 1.1 vs 1.4 ± 0.7 mmol/L).

At rest, there were no intergroup differences between the two groups in cardiac output,
central A-VO2 difference, stroke volume, or heart rate. Cardiac output was significantly
reduced in the patients at submaximal workloads, however, and was severely reduced by
41% at peak exercise (Fig. 4A). Central A-VO2 difference was increased by approximately
10% in the patients during the submaximal exercise, partially compensating for the reduced
cardiac index (Fig. 4B). At peak exercise, however, this mechanism was outstripped, and the
A-VO2 difference was reduced by 13%. In the patients, the change in cardiac output from
rest to peak exercise correlated closely with the increase in VO2 during exercise (r = 0.81;
P<.03).

Stroke volume was reduced in the patients during submaximal exercise and was markedly
reduced (−26%) at peak exercise (Fig. 4C).15 Like-wise, heart rate was reduced by 18% in
patients compared with controls at peak exercise (Fig. 4D). The change in stroke volume
correlated well with the increase in cardiac output during exercise, suggesting that reduced
stroke volume was the primary factor for reduced cardiac output and for the 48% reduction
in peak VO2 in the patients who had DHF.
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A number of factors might contribute to the abnormal stroke volume response in the patients
(Fig. 5A-D). The LVEF and end-systolic volume index during rest and exercise were not
different from those in normal subjects (see Fig. 5A, B), confirming that systolic function
was within normal limits (see Fig. 5B). End-diastolic volume, in contrast, was reduced
markedly during exercise, resulting in a flattened curve that was similar to the abnormal
stroke volume response (see Fig. 5C). In the patients who had heart failure, the change in
end-diastolic volume from rest to peak exercise correlated strongly with the change in stroke
volume and in cardiac output.15

Pulmonary wedge pressure as an estimate of LV filling pressure was mildly increased in the
patients at rest and became severely increased during exercise (see Fig. 5D). Notably,
however, the change in pulmonary wedge pressure from rest to peak exercise did not
correlate significantly with the change in stroke volume or the increase in VO2 during
exercise. The LV end-diastolic pressure-volume ratio tended to be elevated in the patients at
rest and became markedly increased during exercise. The upward, left-shifted LV diastolic
pressure-volume relationship in the patients who had DHF (Fig. 6)15 indicates that the
patients did not use the Frank-Starling mechanism, probably primarily because of diastolic
LV dysfunction. In contrast, patients who have heart failure and reduced systolic function
have an operating pressure-volume relationship that is shifted upward and to the right during
exercise.18

Although these invasively assessed LV filling pressures offers key insights into exercise
intolerance, their invasive nature limits their overall utility. Noninvasive Doppler mitral
filling indices, particularly the more recently developed tissue Doppler indices, can give
insight into LV diastolic function. The time constant of isovolumic pressure decline (t) can
be estimated noninvasively by measuring the early diastolic velocity of the mitral annulus (E
′).19 Furthermore, the ratio of early LV diastolic filling velocity (E) to E′ correlates well
with invasively measured LV end-diastolic pressures.20 Notably, an increased E/E′ ratio at
rest has been correlated with maximal and submaximal exercise intolerance.21,22 In addition,
an increase in E/E′ during exercise correlates with exercise intolerance.23

Comparison of the exercise cardiovascular responses in the two different groups of patients
who had heart failure (those who had normal EFs15 and those who had reduced EFs11,13,15)
can be instructive. Both had severe exertional symptoms and objective evidence of exercise
intolerance, markedly reduced peak cardiac output and stroke volume, mildly reduced peak
heart rate, and slightly reduced peak A-VO2 difference (Fig. 7). Both groups also had mildly
increased resting and markedly elevated exercise mean pulmonary capillary wedge
pressures. The means by which LV stroke volume was reduced differed, however. In one
group patients had profound systolic contractile dysfunction and were able to use markedly
increased LV filling pressure to produce greater-than-normal use of the Frank-Starling
mechanism to compensate partially and maintain an increase in exercise stroke volume.11,13

In the other group, despite normal systolic contractile function and markedly increased LV
filling pressure,15 patients were unable to use the Frank-Starling mechanism to increase
stroke volume during exercise (see Fig. 7).24

Heart Rate Response to Exercise
Decreased heart rate response also contributes to the reduced cardiac output at peak exercise
and thus to reduced peak exercise VO2. Indeed, chronotropic incompetence has been a
frequent finding during cardiopulmonary exercise studies in SHF, but data were lacking for
older patients and particularly for those who had normal EFs. Therefore, the authors
compared heart rate and expired gas analyses responses in elderly patients who had DHF
with those in a group of age- and gender-matched patients who had SHF and in healthy
normal controls. Using the most standard definition of chronotropic incompetence, the
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authors found that chronotropic incompetence was present in 20% to 25% of older patients
who had heart failure, that the prevalence was similar in patients who had DHF and those
who had SHF, that the presence of chronotropic incompetence contributed significantly to
the degree of exercise intolerance, measured as maximal VO2, and that this contribution was
independent of medications, including beta-adrenergic antagonists (Fig. 8).25 The important
contribution of chronotropic incompetence to exercise intolerance in patients who had DHF
was confirmed by Borlaug and colleagues,26 who studied a cohort of primarily elderly,
African American women who had hypertension and heart failure with a preserved EF. They
reported that significant reductions in the rate of heart rate increase during exercise were
primary contributors to reduced peak cardiac index and maximal exercise VO2 (Fig. 9). The
implication of this finding merits further investigation and has therapeutic implications.

Central and Peripheral Vascular Contributions to Exercise Intolerance
Abnormal afterload and abnormal ventricular-vascular coupling may contribute to the
abnormal Frank-Starling response seen in the patients who have DHF. Nearly all such
patients (88%) have a history of chronic systemic hypertension.27-29 In animal models,
diastolic dysfunction develops early in systemic hypertension, and LV diastolic relaxation is
sensitive to increased afterload,30-35 which can impair relaxation, leading to increased LV
filling pressures and decreased stroke volume and could lead to symptoms of dyspnea and
congestion.1,2,33

In animal models and in humans, chronic systolic hypertension accelerates and magnifies
the age-related increase in fibrotic thickening of the aortic wall and resultant increase in
aortic stiffness, which is a major determinant of LV after-load and ventricular-vascular
coupling.36,37 To determine whether abnormally decreased aortic distensibility contributes
to the severe exercise intolerance in heart failure with normal EF, the authors performed
MRI and maximal exercise testing with expired gas analysis in a group of elderly patients
who had isolated DHF, as defined earlier, with young healthy subjects and age-matched
healthy subjects as normal controls. The patients who had DHF had severe exercise
intolerance that was associated with increased pulse pressure and concentric hypertrophic
LV remodeling. Thoracic aortic wall thickness was increased 50%, and there was markedly
decreased aortic distensibility (Fig. 10). In univariate analysis, decreased aortic distensibility
correlated closely with severely decreased peak exercise VO2 (Fig. 11).38 In multivariate
analysis, decreased aortic distensibility was the strongest independent predictor of reduced
exercise capacity. These data support a potentially important role of increased aortic
stiffness, caused by underlying aging and amplified by chronic hypertension, in the
pathophysiology of chronic heart failure symptoms.39

Peripheral arteries must dilate early during exercise to accommodate and facilitate the
conveyance of increased nutritive blood flow to working skeletal muscle. Multiple lines of
evidence suggest that in patients who have SHF this response is impaired and contributes to
exercise intolerance and that this impairment is modifiable with exercise training and other
interventions.40-43 The authors examined the flow-mediated arterial dilation (FMAD)
response to ischemia-induced by 3- to 5-minute cuff inflation in the femoral artery in elderly
patients who had DHF, patients who had SHF, and normal age-matched controls using
phase-contrast MRI. They also performed cardiopulmonary exercise testing with expired gas
analysis.44 Cardiopulmonary exercise testing again demonstrated severe exercise intolerance
in the patients who had DHF that was similar in degree to that in patients who had SHF. The
patients who had SHF had severely reduced femoral FMAD compared with normal subjects.
In the patients who had DHF, however, the FMAD was relatively preserved and did not
differ significantly from that in normal controls (Fig. 12). Thus, the authors concluded that
abnormal FMAD was not present in DHF and was not a significant contributor to the severe
exercise intolerance in these patients.
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Primary Cause of Symptoms of Exercise Intolerance; Skeletal Muscle; Other Factors
Despite the many physiologic exercise studies that have been performed in patients who
have heart failure, uncertainty remains regarding the final stimulus that causes patients to
stop exercising at lower workloads than healthy subjects.45-48 It had been thought that
increased exercise pulmonary wedge pressure and stimulation of pulmonary J-receptors
cause reflex hyperventilation and hypoxia leading to the sensation of severe dyspnea,
causing the patient to stop exercise prematurely. About 50% of heart patients who have
either SHF or DHF, however, discontinue exercise primarily because of general fatigue or
leg fatigue rather than because of dyspnea. In addition, investigators have demonstrated that
arterial hypoxia does not occur during exercise in patients who have heart failure and that
excess ventilation is related to pulmonary hypoperfusion and reduced cardiac output rather
than elevated LV filling pressures.16,49 Furthermore, exercise intolerance, as measured
objectively by peak VO2, is unrelated to invasively measured pulmonary capillary wedge
pressures, including in patients who have DHF.15 The decreased exercise cardiac output
probably causes skeletal muscle hypoperfusion, a potent stimulus for early anaerobic
metabolism, and subsequent generation of muscle lactate and other metabolites that could
produce the sensation of peripheral and central fatigue.50,51 Indeed, in the studies that
reported lactate production during exercise, the production of lactate in persons who had
heart failure was abnormal compared with that in normal persons.3,15

Based on the extensive experience in seeking to understand exercise intolerance in patients
who have SHF, it is likely that several factors in addition to those discussed previously may
contribute to exercise intolerance in patients who have DHF. Such potential contributors
include anemia (which is highly prevalent in DHF, as it is in SHF),52 and skeletal muscle
bulk, fiber type, and function.11,42,53-61 There have been particularly compelling findings
regarding skeletal muscle remodeling in SHF11,56,62-73 but there are no data regarding
skeletal muscle remodeling in DHF. Skeletal muscle could be an even more relevant factor
in DHF than in SHF, given increasing data regarding the role of skeletal muscle atrophy and
dysfunction in older patients who have a variety of disabling chronic syndromes. This area
seems to be a particularly promising area for future investigation.74-78 In addition, the
amount of adipose tissue between skeletal muscle bundles seems to be a potential modifier
of skeletal muscle function and of exercise capacity as well. This area probably will also be
a fruitful area for future research, particularly because skeletal muscle bulk and function
seem to be potentially modifiable through nutrition and exercise interventions.79

INTERVENTIONS TO IMPROVE EXERCISE TOLERANCE
During exercise in normal subjects, systolic and pulse pressure increase substantially, and
this response is magnified by increased arterial stiffness. Data from animal models suggest
that the exercise-related increase in systolic blood pressure is mediated, in part, by exercise-
induced increases in circulating angiotensin II. Indeed, in a randomized, double-blind,
placebo-controlled cross-over trial, angiotensin receptor blockade reduced the exaggerated
exercise increase in systolic and pulse pressures, resulting in significantly improved exercise
treadmill time and quality of life (Fig. 13).80

In a group of patients who had NYHA class III heart failure and presumed diastolic
dysfunction (EF >50%), Aronow and Kronzon81 showed that the angiotensin-converting
enzyme inhibitor enalapril significantly improved functional class, exercise duration, EF,
diastolic filling, and LV mass.

In hypertrophic cardiomyopathy, a disorder in which diastolic dysfunction is common,
verapamil seems to improve symptoms and objectively measured exercise capacity.82-85

This agent also improves ventricular vascular coupling and exercise performance in aged
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individuals who have hypertension.86 In laboratory animal models calcium antagonists,
particularly dihydropyridines, prevent ischemia-induced increases in LV diastolicstiffness87

and improve diastolic performance in pacing-induced heart failure.88-90 Negative inotropic
calcium antagonists significantly impair early relaxation,90-94 however, and in general have
shown a tendency toward adverse outcome in patients who have SHF.90 Nonetheless, Setaro
and colleagues95 examined 22 men (mean age, 65 years) who had clinical heart failure
despite an EF greater than 45% in a randomized, double-blind, placebo-controlled cross-
over trial of verapamil. There was a 33% improvement in exercise time, and there also were
significant improvements in clinicoradiographic heart failure scoring and peak filling rate.

In a randomized, cross-over, blinded trial, Little and colleagues96 compared the calcium-
channel antagonist verapamil with the angiotensin receptor antagonist candesartan using the
outcomes of peak exercise blood pressure, exercise time, and quality of life. Although both
agents blunted the peak systolic blood pressure response to exercise, only candesartan, but
not verapamil, improved exercise time and quality of life.96

In a subsequent trial with a similar randomized, cross-over, blinded design, the diuretic
hydrochlorothiazide was compared with the angiotensin receptor antagonist losartan using
the outcomes of peak exercise blood pressure, exercise time, and quality of life.97 Although
both agents blunted the peak systolic blood pressure response to exercise, only losartan, but
not hydrochlorothiazide, improved exercise time and quality of life.97

The addition of low-dose spironolactone (12.5-50 mg daily) to standard therapy has been
shown to improve exercise tolerance in patients who have severe SHF. Aldosterone
antagonism has numerous potential benefits in patients who have DHF, including LV
remodeling, reversal of myocardial fibrosis, and improved LV diastolic function and
vascular function.98-100 Few data, however, are presently available regarding aldosterone
antagonism in DHF. In one small study, low-dose spironolactone was well tolerated and
seemed to improve exercise capacity and quality of life in older women who had isolated
DHF.101 In another, spironolactone improved measures of myocardial function in
hypertensive patients who had DHF.102

Glucose cross-links increase with aging and diabetes and cause increased vascular and
myocardial stiffness. Alagebrium, a novel crosslink breaker, improved vascular and LV
stiffness in dogs. In a small, open-label, 4-month trial of this agent in elderly patients, LV
mass, quality of life, and tissue Doppler diastolic function indexes improved (Fig. 14), but
there were no significant improvements in exercise capacity or aortic distensibility, the
primary outcomes of the trial.103 A variety of other agents and strategies for this syndrome,
including a selective endothelin antagonist, are being evaluated currently or are under
consideration.

The substantial chronotropic incompetence seen in patients who have DHF and its
correlation with reduced exercise capacity described earlier provides a rationale for
electronic pacing interventions to improve exercise capacity. Indeed, one modest-sized
single-center study using such a strategy demonstrated substantially improved exercise
performance in selected patients who had hypertensive LV hypertrophy with supranormal
systolic ejection and distal cavity obliteration and who experienced debilitating exertional
fatigue and dyspnea.104 These data merit confirmation in larger, multicenter, randomized,
controlled trials.

Thus, a variety of pharmacologic and other interventions in small studies have shown
improvements in exercise tolerance with verapamil,95 enalapril,81 angiotensin receptor
antagonism,80,96 and aldosterone antagonism.101 It should be remembered that in patients
who have SHF, some types of pharmacologic interventions that improve exercise tolerance
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have had paradoxical effects on long-term survival.105,106 Therefore the VE/VCO2 slope
during exercise, which is a powerful predictor of survival independent of VO2, should be
included in future intervention trials of exercise tolerance.6

Aerobic exercise training has the potential to improve a variety of key abnormalities in
patients who have heart failure and normal EF, including LV diastolic compliance, aortic
distensibility, blood pressure, and skeletal muscle function.72,107,108 Indeed, in SHF, aerobic
exercise training has been shown to improve exercise tolerance, probably by favorable
effects on multiple factors.17,109,110 A recent report indicates that LV diastolic compliance is
preserved in older masters athletes compared with their age-matched and young
counterparts, suggesting that exercise training may be beneficial in DHF as well.111 A
preliminary report indicates that exercise training improves exercise tolerance and quality of
life in older patients who have heart failure and normal EF.112 A recent report from a
clinical exercise rehabilitation program suggests that exercise training also may benefit
patients who have DHF.113 Although the role of exercise training in the clinical
management of this syndrome remains to be defined, it would seem prudent to recommend
regular, moderate physical activity as tolerated, as is the accepted practice in SHF. The
effect of exercise training on survival in patients who have SHF is being examined in a
large, multicenter, randomized, controlled trial sponsored by the National Institutes of
Health (HF-ACTION). Presently, there is no trial examining mortality and exercise training
in patients who have heart failure and normal EF.

SUMMARY
Even when stable and non-edematous, patients who have heart failure and normal EF have
severe, chronic exercise intolerance. The pathophysiology of exercise intolerance in this
syndrome is incompletely understood but probably is multifactorial. Presently available data
suggest that important contributors include decreased LV diastolic compliance, decreased
aortic distensibility, exaggerated exercise systolic blood pressure, relative chronotropic
incompetence, and possibly anemia and skeletal muscle remodeling. Because it is a primary
determinant of quality of life, can be quantified objectively, is reproducible, and is
modifiable, exercise intolerance is an attractive therapeutic target. A number of
pharmacologic and other interventions seem to improve exercise intolerance in DHF.
Although it is unknown whether these interventions will be accompanied by improved
survival, the parallel outcome of improved quality of life supports the clinical relevance of
exercise performance outcomes.
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Fig. 1.
Excellent reproducibility of peak exercise VO2 in older patients who have heart failure,
including those who have LVEF. (Top panel) Group data. (Bottom panel) 15-Second
averaged data from a representative patient. (From Marburger CT, Brubaker PH, Pollock
WE, et al. Reproducibility of cardiopulmonary exercise testing in elderly heart failure
patients. Am J Cardiol 1998;82:905-9; with permission.)
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Fig. 2.
VO2 during peak exhaustive exercise (left panel) and during submaximal exercise at the
ventilatory anaerobic threshold (right panel) in age-matched normal subjects (NO), elderly
patients who have heart failure caused by systolic dysfunction (SD), and elderly patients
who have heart failure with normal systolic function, that is, presumed diastolic dysfunction
(DD). Exercise capacity is severely reduced in patients who have DHF compared with
normal controls (P<.001), to a degree similar to the reduction in patients who have SHF.
Overall, peak exercise VO2 was 33% lower in the women than in the men (not shown).
(Data from Kitzman DW, Little WC, Brubaker PH, et al. Pathophysiological
characterization of isolated diastolic heart failure in comparison to systolic heart failure.
JAMA 2002;288(17):2144-50.)
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Fig. 3.
Potential mechanisms of exercise intolerance from the factors of the Fick equation. EDV,
enddiastolic volume; ESV, end-systolic volume.
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Fig. 4.
Cardiovascular function assessed by invasive cardiopulmonary exercise testing in patients
who have heart failure and normal systolic function (open boxes) and age-matched normal
controls (closed boxes). The primary components of the Fick equation for VO2, cardiac
output, and A-VO2 difference are shown in panels A and B, respectively. The components
of cardiac output, stroke volume, and heart rate are shown in panels C and D. The X-axis is
exercise workload in kilopounds/min (kpm); 150 kpm is equivalent to 25 W. (From Kitzman
DW, Higginbotham MB, Cobb FR, et al. Exercise intolerance in patients with heart failure
and preserved left ventricular systolic function: failure of the Frank-Starling mechanism. J
Am Coll Cardiol 1991;17:1065-72; with permission. Copyright © 1991, American College
of Cardiology.)
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Fig. 5.
The components of the LV stroke volume response during exercise, LVEF, end-systolic
volume, end-diastolic volume, and LV filling pressure are shown in panels A-D. Not shown
are systolic and mean arterial pressures, which were not different between groups. The key
is the same as in Fig. 4. (From Kitzman DW, Higginbotham MB, Cobb FR, et al. Exercise
intolerance in patients with heart failure and preserved left ventricular systolic function:
failure of the Frank-Starling mechanism. J Am Coll Cardiol 1991;17:1065-72; with
permission. Copyright © 1991, American College of Cardiology.)
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Fig. 6.
LV diastolic function assessed by invasive cardiopulmonary exercise testing. The key is the
same as in Fig. 4. The pressure-volume relationship was shifted upward and leftward at rest.
In the patients undergoing exercise testing, LV diastolic volume did not increase despite the
marked increase in diastolic (pulmonary wedge) pressure. Because of diastolic dysfunction,
failure of the Frank-Starling mechanism resulted in severe exercise intolerance. (From
Kitzman DW, Higginbotham MB, Cobb FR, et al. Exercise intolerance in patients with heart
failure and preserved left ventricular systolic function: failure of the Frank-Starling
mechanism. J Am Coll Cardiol 1991;17:1065-72; with permission. Copyright © 1991,
American College of Cardiology.)
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Fig. 7.
Comparison of characteristic central and peripheral cardiovascular response to exercise in
patients who have heart failure associated with severe LV systolic dysfunction (HFpEF)
versus normal LVEF. See text for discussion. CO, carbon dioxide; EDV, end-diastolic
volume; ESV, end-systolic volume; PCWP, pulmonary capillary wedge pressure; RER,
respiratory exchange ratio; SV, stroke volume. (Data from Refs.11,12,15)
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Fig. 8.
Peak exercise VO2 (y-axis, in mL/kg/min) in patients who have heart failure with and
without chronotropic incompetence (CI). Patients who have chronotropic incompetence
have more severe exercise intolerance, suggesting a contributory role for CI. (Adapted from
Brubaker PH, Joo KC, Steward KP, et al. Chronotropic incompetence and its contribution to
exercise intolerance in older heart failure patients. J Cardiopulm Rehab 2006;26:86-9; with
permission.)
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Fig. 9.
Heart rate acceleration during exercise in controls (Con) and patients who have heart failure
and preserved EF (HFpEF). (From Borlaug BA, Melenovsky V, Russell SD, et al. Impaired
chronotropic and vasodilator reserves limit exercise capacity in patients with heart failure
and a preserved ejection fraction. Circulation 2006;114:2144; with permission.)
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Fig. 10.
Data and images from representative subjects from healthy young persons, healthy elderly
persons, and elderly patients who have diastolic heart failure (HF). Maximal exercise
oxygen consumption (VO2max), aortic distensibility at rest, and the LV mass:volume ratio
are shown. Patients who have DHF have severely reduced exercise tolerance (VO2max) and
aortic distensibility and increased aortic wall thickness (arrows). (Adapted from Hundley
WG, Kitzman DW, Morgan TM, et al. Cardiac cycle dependent changes in aortic area and
aortic distensibility are reduced in older patients with isolated diastolic heart failure and
correlate with exercise intolerance. J Am Coll Cardiol 2001;38(3):796-802; with permission.
Copyright © 2001, American College of Cardiology.)

Kitzman and Groban Page 24

Cardiol Clin. Author manuscript; available in PMC 2013 June 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 11.
There is a close relationship between peak exercise VO2 (horizontal axis) and proximal
aortic distensibility (vertical axis) in a group of 30 subjects (10 healthy young persons, 10
healthy elderly persons, and 10 elderly patients who have DHF). Each symbol represents the
data from one participant. (From Hundley WG, Kitzman DW, Morgan TM, et al. Cardiac
cycle dependent changes in aortic area and aortic distensibility are reduced in older patients
with isolated diastolic heart failure and correlate with exercise intolerance. J Am Coll
Cardiol 2001;38(3):796-802; with permission. Copyright © 2001, American College of
Cardiology.)
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Fig. 12.
Flow-mediated arterial dilation (FMAD) of the femoral artery by phase-contrast MRI in
normal subjects, elderly patients who have heart failure and normal EF (HFNEF), and
patients who have heart failure and reduced EF (HFREF). FMAD is severely reduced in
HFREF but is relatively preserved in HFNEF compared with age-matched healthy normal
subjects. (From Hundley WG, Bayram E, Hamilton CA, et al. Leg flow-mediated arterial
dilation in elderly patients with heart failure and normal left ventricular EF. Am J Physiol
Heart Circ Physiol 2007;292(3):H1427-34; with permission.)
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Fig. 13.
Plots of peak systolic blood pressure (BP) and exercise duration during baseline, during
placebo administration, and during losartan administration in a randomized, controlled,
cross-over trial. Treatment with the angiotensin II antagonist losartan increased exercise
time. (From Warner JG, Metzger C, Kitzman DW, et al. Losartan improves exercise
tolerance in patients with diastolic dysfunction and a hypertensive response to exercise. J
Am Coll Cardiol 1999;33:1567-72; with permission. Copyright © 1999, American College
of Cardiology.)
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Fig. 14.
Effect of alagebrium on LV mass seen by MRI (top panel) and E′ seen by tissue Doppler
imaging (TDI) in older patients who have DHF. (From Little WC, Zile MR, Kitzman DW, et
al. The effect of alagebrium chloride (ALT-711), a novel glucose cross-link breaker, in the
treatment of elderly patients with diastolic heart failure. J Card Fail 2005;11(3):191-5; with
permission.)

Kitzman and Groban Page 28

Cardiol Clin. Author manuscript; available in PMC 2013 June 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


