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Research Interests
My research interests include the contribution of traditional risk factors (i.e.
hypertension, dyslipidemia, etc) to the lifetime risks of cardiovascular disease. More
recently, my research program has established the unique contribution of exercise on
the long-term risk for heart failure, particularly heart failure with preserved ejection
fraction.
Purpose and Overview
Despite the marked successes cardiovascular medicine has achieved regarding
coronary disease, the burden of heart failure in the community persists. Furthermore,
the burden of heart failure with preserved ejection fraction (HFpEF) now represents the
majority of the heart failure in the community. This represents an important problem
because currently there are no established therapies for this disorder. HFpEF is a
complex, heterogeneous disorder characterized by signs and/or symptoms of heart
failure, normal ejection fraction, and abnormal diastolic filling patterns. Because of the
failure of HFpEF treatment strategies, our approach at UT Southwestern has centered
on its prevention which requires a more comprehensive understanding of its natural
history. In particular, our work has established the contribution of normal variation of
exercise capacity in middle-age on the long-term risk for heart failure—particularly
HFpEF. Our work has also shown that the risks related to low fitness are modifiable,
however, the dose of exercise required to prevent heart failure appears higher than
current physical activity recommendations.
Objectives
1. To understand the rising prevalence of heart failure with preserved ejection fraction
(HFpEF), its diagnostic criteria, and its lack of established therapies.
2. To understand the phenotypic and pathophysiologic heterogeneity in HFpEF that
gives rise to its complex natural history.
3. To understand the contribution of exercise capacity in healthy, middle-aged adults
on the long-term risk for heart failure. This will be highlighted by a comprehensive
review of the phenotypic similarities between low exercise capacity and HFpEF.
4. To understand the unique role of exercise and its dose for the prevention of heart
failure.

Introduction
The 20th century has witnessed marked epidemiologic changes in the leading causes of
death, with marked declines in common infectious diseases (i.e. tuberculosis,
diphtheria, etc). This so-called “epidemiologic transition” has led to a dramatic increase
in the median survival in the population, increasing from 47 years in 1900 to nearly 80
years at the turn of the century. As a result of this transition and the aging of the
population, we have observed a consequent decline in the public health burden of
infectious disease and a parallel increase in the burden of non-communicable diseases
such as cancer and cardiovascular disease. Thus, both now and into the future, aging
and its associated diseases will dominate the needs of our health care system 1, 2.
Cardiovascular disease has undergone its own epidemiologic transition in the latter part
of the 20th century. From 1950 until now, coronary heart disease mortality has declined
by approximately 50%3. The explanation for this decline is well-established and can
largely be explained by marked change in population risk factor levels.4 In particular,
over the last 40-50 years, there has been favorable changes in health behaviors such
as smoking cessation and dietary changes with consequent, and marked, decreases in
serum cholesterol in the population.4
Heart Failure with Preserved Ejection Fraction: the new face of Heart Failure
While the incidence of atherosclerotic cardiovascular disease has decreased steadily
over the past 40 years, heart failure incidence has remained largely unchanged, and the
rate of heart failure hospitalization has increased (see Figure).3, 5, 6 Heart failure
currently affects approximately 5.8 million people and accounts for an estimated annual
healthcare cost of $34.8 billion.3

A more detailed analysis of the current heart failure epidemic reveals important issues
related to its prospect for treatment and prevention. In particular, the heart failure
epidemic is not one but two separate epidemics: the epidemic of heart failure with
reduced ejection fraction (HFrEF) and the epidemic of heart failure with preserved
ejection fraction (HFpEF).7 For decades it has been observed that there is a bimodal
distribution of ejection fraction among heart failure patients. In addition, the burden of
HFpEF has actually increased over the last 20 years. Data from Olmsted County
suggest that the prevalence of HFpEF has increased from approximately 30% of all
heart failure in the mid-1980s to well over 50% today8.

What is HFpEF?
HFPEF is a clinical syndrome of heart failure whereby the ejection fraction (EF) is
grossly normal (i.e. > 50%)9. It is strongly associated with age (mean age > 74 years)
and hypertension and is more common in women than in men (55% to 65% women).5, 6,
10
Some investigators have suggested that HFpEF is merely an early form of HFrEF
where hypertensive heart disease progresses from a pattern of concentric remodeling to
eccentric remodeling9. While there are data from certain minority populations (i.e.
African Americans) in which this appears to be a more common manifestation of the
natural history of left ventricular hypertrophy, the more consistent finding in the literature
confirms that HFpEF and HFrEF represent two distinct syndromes. This observation is
suggested from a large literature that has confirmed the presence of a unique
cardiovascular phenotype among patients diagnosed with HFpEF. For example, HFpEF
is characterized by a distinct myocardial ultrastructure with prominent cardiomyocyte
hypertrophy and associated increased resting tension 11. In addition, a unique isoform of

titin, a prominent cytoskeletal protein, has been observed in biopsy specimens from
HFpEF patients12.
The diagnostic criteria are well-established and require the presence of the following: (1)
signs and/or symptoms of heart failure, (2) normal or mildly reduced LV ejection fraction
(> 50%) and a normal LV volume (LV end diastolic volume < 97 mL/m 2, and (3) evidence
of abnormal LV relaxation, filling, diastolic distensibility, and/or diastolic stiffness 9. The
latter category can be fulfilled through the presence of either frankly abnormal markers of
diastolic function or intermediate levels of diastolic dysfunction combined with LV
remodeling, left atrial enlargement, or elevated cardiac biomarkers (i.e. BNP).

Prognosis of HFpEF and the Failure of Multiple Clinical Trials
The response to therapies represents the most robust evidence that HFpEF represents a
unique syndrome. In contrast to the remarkable success story for the pharmacological
management of HFrEF, multiple, large-scale clinical trials in HFpEF patients have failed.
The PEP-CHF study13 was first major randomized controlled trial on the use of ACEI in
HFpEF. In this study, the use of perindopril to placebo in patients >70 years old with
LVEF >40% was associated with no clinical benefit. Similar results were shown for
angiotensin receptor blockers (ARBs) in the CHARM-preserved14 and I-PRESERVE15
trials. More recently, the role of aldosterone antagonism with spironolactone was
assessed in the Treatment of Preserved Cardiac Function Heart Failure with an
Aldosterone Antagonist (TOPCAT)16, ultimately showing no reduction in composite

primary outcome (death from cardiovascular causes, aborted cardiac arrest, or
hospitalization for HF).

While there are differences across these trials regarding patient characteristics, inclusion
criteria, and pharmacologic strategy, the consistent finding from these trials has been
that antagonism of the renin-angiotensin-aldosterone pathway has not modified the
natural history of HFpEF in the way that has been observed with HFrEF. The failure of
these trials, particularly the failure of aldosterone antagonism in TOPCAT, suggests
fundamental challenges to the current HFpEF paradigm.

Reevaluation of the Pathophysiology of HFpEF
The failure of clinical trials has provided a strong impetus to reconsider the HFpEF
syndrome in its entirety. In addition to the clinical trial results, several additional
observations have prompted the search for a more comprehensive understanding of this
disorder. First, it has been observed that diastolic dysfunction is exceedingly common in
otherwise healthy, asymptomatic, elderly adults. And second, as many as one-third of
patients with a confirmed diagnosis of HFpEF have no evidence of diastolic dysfunction
by non-invasive, echo imaging17.
Thus, it is now well-recognized that the HFpEF phenotype is characterized by the
combination of abnormal cardiac reserve across multiple domains, including not only
diastolic dysfunction, but also subtle abnormalities in systolic function, increased
vascular stiffness, abnormal peripheral oxygen extraction, and an increased burden of
non-cardiovascular comorbidities18. For example, the Rochester Epidemiology Project
demonstrated that although ventricular systolic stiffness was increased in both

hypertensive and HFPEF patients, myocardial contractility as measured by stresscorrected midwall shortening was decreased in patients with HFPEF but not in
hypertensive patients 19. More recently, myocardial deformation imaging using both
echocardiographic and MRI techniques have been established to characterize a
quantitative assessment of myocardial performance. This type of imaging, termed
myocardial strain imaging, can provide more sensitive measures of systolic function in
both the radial direction, circumferential direction, and longitudinal direction. It is now
well-appreciated that HFpEF patients have evidence of abnormal strain despite the
presence of a normal LV ejection fraction20.
Abnormal vascular stiffness has also been observed commonly in patients with HFpEF.
Given the near-universal presence of hypertension, the presence of abnormal vascular
stiffness is not unexpected. Specifically, in a landmark observation from David Kass’s
group at Johns Hopkins, abnormal vascular stiffness itself was shown to promote
abnormalities in diastole21. This observed interrelationship between abnormal vascular
stiffness and diastolic dysfunction represents compelling evidence for the role of vascular
stiffness in the pathophysiology of HFpEF.
The Future of HFpEF Treatment = Prevention
While the failure of HFpEF treatment is well-established, the explanation for this failure
remains unresolved. In addition to the issues related to its complex pathophysiology, the
natural history of HFpEF is particularly instructive. Multiple cohort studies and clinical
trials have reported that the prognosis of HFpEF, once present, is similar to HFrEF.
While this is true for overall mortality, a review of the causes of death among patients
with HFpEF reveals a high burden of non-cardiovascular mortality. In observational
data, the non-cardiovascular mortality rate approaches 50%22. In both clinical trials and
observational data, the non-CVD mortality rate is approximately twice as high in HFpEF
compared to HFrEF. More importantly, the more modifiable aspects of heart failure (i.e.
sudden death and heart failure hospitalization) are much less common in HFpEF
compared to HFrEF23. Thus, one very likely explanation for the failure of HFpEF
treatment trials is that HFpEF itself represents a high-risk condition characterized by a
high burden of non-modifiable substrate. Stated another way, the treatment of HFpEF
may not represent the most viable strategy going forward. Rather, the most effective
approach may represent a strategy based on the prevention of HFpEF.
The HFpEF Prevention Center here at UT Southwestern is based on the premise that a
a HFpEF prevention strategy must be based on a more comprehensive understanding of
its natural history. While this natural history is well-established in atherosclerotic
cardiovascular disease, the natural history of HFpEF remains poorly understood. In
particular, this approach has centered almost exclusively on traditional cardiovascular
risk factors such as hypertension, diabetes, and obesity. However, until recently,
relatively little attention has been given to the role of exercise capacity (or
cardiorespiratory fitness) levels across the lifespan and its impact on HFpEF risk. Given
the consistent finding of reduced exercise tolerance among patients with HFpEF, my
research program here at UT Southwestern has sought to characterize the impact of

exercise capacity/fitness across the lifespan on the burden of heart failure risk in later
life.

Low cardiorespiratory fitness in middle age
Cardiorespiratory fitness, an objective measure of peak aerobic capacity determined by
maximal exercise test, has been known for decades to be strongly associated with both
CVD and non-CVD mortality. In a series of studies, we have observed consistent
associations between fitness and both short-term and lifetime risk for CVD mortality. In
general, fitness is lower in women than in men and declines linearly with age. Data from
the Baltimore Longitudinal Study of Aging suggests that this decline in fitness
accelerates with advancing age, decreasing by 10% per decade through middle-age and
decreasing by as much as 25% per decade in the elderly24. Because of these
established age- and gender effects, fitness levels are commonly categorized according
to age- and gender-specific thresholds, allowing comparison of fitness levels across
individuals. In general, adults are much more likely to be physically inactive. For
example, in the Cooper Center Longitudinal Study, 70% of low fit adults were
sedentary25.
It is well-established that low fitness is associated with a higher prevalence of obesity,
with nearly 40% of low fit adults categorized as obese. However, despite this
association, there remains a marked degree of heterogeneity in BMI levels across fitness
levels. In addition, the impact of fitness on cardiovascular risk is distinct from the impact
of obesity. The association between a risk factor and mortality diminishes across time
for several different reasons, including changes in the risk factor over time, downstream
treatment effects, and competing risks.26 While most traditional risk factors appear to
attenuate across longer periods of follow-up, other risk factors such as obesity confer the
greatest risk in the long-term because of their contribution to the development of
additional traditional risk factors in the future.27 In a recent study, we observed that the
association between low fitness and CVD mortality was relatively consistent in the shortterm, intermediate-term, and long-term—similar to most other traditional risk factors28.

Low fitness and long-term heart failure risk
Although the association between low levels of fitness and an increased risk for both
cardiovascular and non-cardiovascular disease mortality is well established, the
association between low fitness and non-fatal events is less well understood because
few datasets with measured physical fitness have followed participants for non-fatal
outcomes. Thus, in 2010, in collaboration with the Cooper Institute, I led the merging of
the Cooper Center Longitudinal Study with Medicare claims files, providing a wealth of
information regarding the natural history of low fitness29. We have observed a number of
seminal findings from this work. Most notably, we observed, for the first time, that low
fitness in middle-age was a robust determinant of long-term heart failure risk in a large
cohort of 20,642 healthy men and women with objectively measured fitness and a large
number of outcomes (832 acute MI hospitalizations and 1,052 heart failure
hospitalizations). In particular, we observed that the association between low fitness and
heart failure was several fold the observed association with atherosclerotic forms of
cardiovascular disease. Therefore, this study represents a substantial contribution to the
available literature on the association between fitness and non-fatal cardiovascular
events, providing novel insights into the contribution of low fitness in midlife to
cardiovascular risk at older ages. Since the publication of our paper, Khan et al.30 have
also reported a dose-dependent inverse association between cardiorespiratory fitness
and heart failure risk in a Finnish cohort of middle-aged men.

Heart Failure Risk vs. Acute MI Risk
According to Middle-age Fitness Levels
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While obesity has also been associated with an increased risk of HF in several large
cohort studies,31-35 our data suggest that the association between fitness and HF risk is
independent of BMI. We observed consistent associations between obesity and fitness
with heart failure risk in the CCLS. However, there was no evidence of an interaction
such that the association between fitness and HF risk was apparent across all levels of
BMI. As shown below, we believe that the mechanism through which low fitness
mediates its effects on HF risk are distinct and independent of obesity.
Association Between Fitness and Characteristic Abnormalities Observed in HFpEF
Non-invasive diastolic function and abnormal cardiac remodeling. Another potential
mechanism through which fitness in middle age might lower HFpEF risk in later life is
through more direct effects of exercise on cardiac structure and function. Diastolic
dysfunction and abnormal LV remodeling represent important intermediate phenotypes
in the natural history of symptomatic HFpEF. Athletes and individuals with higher levels
of physical activity have larger heart size and improved early diastolic filling. Similarly, in
a cross sectional analysis of healthy participants from CCLS, we observed a significant
inverse association between cardiorespiratory fitness levels and prevalence of diastolic
dysfunction and abnormal concentric remodeling36.

End diastolic stiffness These findings are also supported by the mechanistic studies from
Levine et al. that have demonstrated an increased end-diastolic ventricular stiffness
among participants with sedentary lifestyle and low cardiorespiratory fitness, similar to
that observed among patients with HFpEF37. Adequate ventricular chamber compliance
is important to allow cardiac filling at low pressures as well as to increase cardiac output
via the Frank-Starling mechanism. Higher LV stiffness is associated with higher diastolic
filling pressures after cardiac loading and may impair LV end-diastolic volume
augmentation with exercise, leading to reduced exercise intolerance and dyspnea.

Taken together, these findings suggest that low fitness levels are associated with a
greater prevalence of concentric remodeling and abnormalities in LV diastolic properties,
which could lead to a greater risk for heart failure, specifically HFpEF at a later age.
Systolic function abnormalities Recently, there has been an interest in characterizing the
contributions of subtle abnormalities in systolic function towards pathogenesis and
progression of HFpEF with studies identifying significant impairment in peak systolic
strain patterns among HFpEF patients20. Furthermore, unpublished preliminary work
from our group has also identified an inverse association between cardiorespiratory
fitness levels and degree of impairment in peak systolic circumferential strain among
participants of the Dallas Heart Study38. These findings suggest that subtle abnormalities
in systolic function may also contribute towards the progression from low
cardiorespiratory fitness stage to HFPEF among sedentary adults.
Arterial Stiffness Low cardiorespiratory fitness is also associated with increased arterial
stiffness similar to what is observed among HFpEF patients39. Increased arterial stiffness
leads to increased LV afterload and limits the augmentation in cardiac output during
exercise and may play a role in pathophysiology of heart failure with preserved ejection
fraction among sedentary and low fit adults.

Cardiovascular and non-cardiovascular comorbidities One potential mechanism
through which low cardiorespiratory fitness and physical inactivity might be associated
with long-term risk for HFpEF is through its effects on cardiovascular and noncardiovascular risk factors. Low cardiorespiratory fitness is associated with increased
downstream prevalence of cardiovascular risk factors, such as diabetes mellitus,
hypertension, and obesity that might promote the development of HFpEF in older age
directly. Similarly, low mid-life cardiorespiratory fitness is also associated with a greater
antecedent burden of chronic non-cardiac co-morbidities, which in turn predisposes to a
greater risk for HFpEF in later life25. However, in a recent CCLS-medicare follow-up
study we observed that lower midlife fitness was associated with a higher risk for heart
failure hospitalization independent of and across all levels of chronic disease burden
suggesting that the pathway through which higher fitness levels in middle age confer a
lower risk for HF hospitalization decades later in older age is at least in part independent
of the development of future established heart failure risk factors40.
Low Cardiorespiratory fitness and risk for HFpEF: Is it modifiable?
Recent studies have reported a significant association between changes in physical
activity and cardiorespiratory fitness levels and risk for heart failure.
In a Framingham heart study analysis, the investigators observed a significant increase
in risk for heart failure among participants who had a decline in their physical activity
levels between two consecutive examinations.41Similarly, in a recent study from the
CCLS, we have demonstrated that 1 MET improvement in cardiorespiratory fitness over
a period of 4.4 year follow-up was associated with a 17% reduction in HF risk at a later
age.40 Taken together, these observational study findings suggest that low fitness
associated risk of HF may be modifiable and exercise training in sedentary middle age
individuals could be an effective strategy to reduce the burden of heart failure in later life.
Exercise Training for HFpEF prevention: How much is enough?
While several epidemiological studies have reported that leisure time physical activity
and recreational exercise is associated with significant reduction in heart failure risk, the
dose of exercise training required to significantly reduce HF risk remains incompletely
understood. In a recent dose response meta-analysis, we observed that participants
engaging in guideline recommended minimum levels of physical activity (500 METmin/week, 2008 US Federal Guidelines) had only modest reductions in heart failure risk
(<10%) and doses of physical activity in excess of current guideline recommended levels
are required to significantly reduce heart failure risk (19% at 1000 MET-min/week and
34% at 2000 MET-min/week).42 These findings are further supported by the recently
published mechanistic data by Bhella, et al.43 which demonstrated that life-long moderate
to high dose exercise training can significantly prevent most of the decrease in LV
compliance and distensibility observed with sedentary aging.

Apart from dose, the intensity of exercise training associated with optimum
cardiovascular benefit remains uncertain. There is a substantial body of evidence
suggesting that higher intensity exercise—compared to moderate intensity—is
associated with lower risk for cardiovascular morbidity and mortality. 44-46 In addition,
exercise-training trials have reported nearly a two-fold greater improvement in peak VO2
with high intensity aerobic interval training compared to moderate intensity training.47-50
Furthermore, a recent study observed that compared with moderate intensity training,
high intensity aerobic interval training was associated with a significant improvement in
diastolic function, systolic strain pattern and cardiorespiratory fitness in sedentary
patients with type-2 diabetes mellitus who are at an increased risk for future HFpEF. 51
Taken together, these data suggest that high intensity aerobic interval training may
represent a more effective exercise training strategy for HFpEF prevention.
A recent follow up study from the Framingham Heart Study demonstrated that the
inverse association between higher levels of physical activity and heart failure is
consistent for HFpEF but not HFrEF41, suggesting that low physical activity and fitness
levels may preferentially predispose to an increased risk for HFpEF over HFrEF at a later
age. This notion is further supported by recent work from our group and others that have
shown notable similarities in phenotypic characteristics associated with low fitness and
HFpEF.

Exercise Training Prescription for HFpEF prevention: Does one size fit all?
Prior studies have observed a substantial amount of variability in the change in fitness in
response to supervised exercise training.52-54 In a recent sub-analysis from the DREW
study, we reported that approximately 30% of obese, hypertensive, sedentary
postmenopausal women, who are at increased risk for HFpEF, experienced no
improvement in cardiorespiratory fitness after 6 months of moderate intensity exercise
training.55 We also observed that presence of LV hypertrophy and adverse LV
remodeling were independent predictors of non-response to moderate intensity exercise
training. 55These findings have important implications for exercise training programs
implemented among sedentary middle-aged adults to prevent HFpEF. First, it highlights
the importance of early initiation of exercise training interventions in at risk participants
before development of significant abnormalities in LV structure and function. Second, It
highlights the need for more targeted, personalized interventions with higher intensity
and/or dose of exercise training, or using specific modalities, such as a combination of
resistance and endurance training, to improve fitness among at risk participants with
underlying LV hypertrophy and adverse remodeling, which puts them at highest risk for
HFpEF as well as non-response to conventional moderate intensity exercise training.
Exercise Training in Patients with clinical HFpEF: is it too late to exercise?
Apart from its potential role as a novel and effective tool for HFpEF prevention, exercisetraining can also used a therapeutic strategy for management of patients with
established HFpEF. In a recent meta-analysis, we demonstrated that exercise training is
associated with significant improvements in cardiorespiratory fitness and quality of life
among HFpEF patients. 56 Furthermore, we did not observe any significant improvement
in left ventricular diastolic function with exercise training among these patients.
Moreover, exercise training in HFpEF patients has not been associated with an
improvement in cardiac output or measures of LV afterload (arterial stiffness). 57-59Taken
together, the available literature suggests that exercise training may improve exercise
tolerance through peripheral mechanisms leading to an improved oxygen extraction in
the active skeletal muscles. 57, 59 This is in contrast to the favorable effects of exercise
training on LV structure, function and afterload that are reported among sedentary but
otherwise healthy participants.37, 51, 60-62
Conclusion
Low cardiorespiratory fitness is an independent and modifiable risk factor for heart
failure. Furthermore, findings from recent studies done by our group and others suggest
that low fitness is more strongly associated with a greater increase in risk for HFpEF as
compared with HFrEF. Exercise training is an effective tool for fitness improvement
among sedentary low fit adults and is associated with favorable changes in cardiac
structure and function that may delay progression from a low fit state to clinical HFpEF.

References:
1.
2.
3.

4.
5.
6.
7.
8.
9.

10.
11.
12.

13.
14.

Fries J. Aging, natural death, and the compression of morbidity. N Engl J Med.
1980;303:130-135
Fries JF. Measuring and monitoring success in compressing morbidity. Annals of
Internal Medicine. 2003;139:455-459
Roger VL, Go AS, Lloyd-Jones DM, Benjamin EJ, Berry JD, Borden WB, Bravata DM,
Dai S, Ford ES, Fox CS, Fullerton HJ, Gillespie C, Hailpern SM, Heit JA, Howard VJ,
Kissela BM, Kittner SJ, Lackland DT, Lichtman JH, Lisabeth LD, Makuc DM, Marcus
GM, Marelli A, Matchar DB, Moy CS, Mozaffarian D, Mussolino ME, Nichol G, Paynter
NP, Soliman EZ, Sorlie PD, Sotoodehnia N, Turan TN, Virani SS, Wong ND, Woo D,
Turner MB. Heart disease and stroke statistics--2012 update: A report from the
american heart association. Circulation. 2012;125:e2-e220
Ford ES, Ajani UA, Croft JB, Critchley JA, Labarthe DR, Kottke TE, Giles WH, Capewell
S. Explaining the decrease in u.S. Deaths from coronary disease, 1980-2000. N Engl J
Med. 2007;356:2388-2398
Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL, Redfield MM. Trends in
prevalence and outcome of heart failure with preserved ejection fraction. N Engl J
Med. 2006;355:251-259
Bhatia RS, Tu JV, Lee DS, Austin PC, Fang J, Haouzi A, Gong Y, Liu PP. Outcome of
heart failure with preserved ejection fraction in a population-based study. N Engl J
Med. 2006;355:260-269
Borlaug BA, Redfield MM. Diastolic and systolic heart failure are distinct phenotypes
within the heart failure spectrum / response to borlaug and redfield. Circulation.
2011;123:2006-2014
Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL, Redfield MM. Trends in
prevalence and outcome of heart failure with preserved ejection fraction. New
England Journal of Medicine. 2006;355:251-259
Paulus WJ, Tschope C, Sanderson JE, Rusconi C, Flachskampf FA, Rademakers FE,
Marino P, Smiseth OA, De Keulenaer G, Leite-Moreira AF, Borbely A, Edes I, Handoko
ML, Heymans S, Pezzali N, Pieske B, Dickstein K, Fraser AG, Brutsaert DL. How to
diagnose diastolic heart failure: A consensus statement on the diagnosis of heart
failure with normal left ventricular ejection fraction by the heart failure and
echocardiography associations of the european society of cardiology. Eur Heart J.
2007;28:2539-2550
Dhingra A, Garg A, Kaur S, Chopra S, Batra JS, Pandey A, Chaanine AH, Agarwal SK.
Epidemiology of heart failure with preserved ejection fraction. Current heart failure
reports. 2014;11:354-365
van Heerebeek L, Borbely A, Niessen HW, Bronzwaer JG, van der Velden J, Stienen
GJ, Linke WA, Laarman GJ, Paulus WJ. Myocardial structure and function differ in
systolic and diastolic heart failure. Circulation. 2006;113:1966-1973
Paulus WJ, Tschope C. A novel paradigm for heart failure with preserved ejection
fraction: Comorbidities drive myocardial dysfunction and remodeling through
coronary microvascular endothelial inflammation. J Am Coll Cardiol. 2013;62:263271
Cleland JG, Tendera M, Adamus J, Freemantle N, Polonski L, Taylor J. The perindopril
in elderly people with chronic heart failure (pep-chf) study. Eur Heart J.
2006;27:2338-2345
Yusuf S, Pfeffer MA, Swedberg K, Granger CB, Held P, McMurray JJ, Michelson EL,
Olofsson B, Ostergren J. Effects of candesartan in patients with chronic heart failure

15.

16.

17.
18.
19.

20.

21.
22.
23.

24.
25.
26.

27.
28.

and preserved left-ventricular ejection fraction: The charm-preserved trial. Lancet.
2003;362:777-781
Massie BM, Carson PE, McMurray JJ, Komajda M, McKelvie R, Zile MR, Anderson S,
Donovan M, Iverson E, Staiger C, Ptaszynska A. Irbesartan in patients with heart
failure and preserved ejection fraction. New England Journal of Medicine.
2008;359:2456-2467
Pitt B, Pfeffer MA, Assmann SF, Boineau R, Anand IS, Claggett B, Clausell N, Desai AS,
Diaz R, Fleg JL, Gordeev I, Harty B, Heitner JF, Kenwood CT, Lewis EF, O'Meara E,
Probstfield JL, Shaburishvili T, Shah SJ, Solomon SD, Sweitzer NK, Yang S, McKinlay
SM. Spironolactone for heart failure with preserved ejection fraction. New England
Journal of Medicine. 2014;370:1383-1392
Bursi F, Weston SA, Redfield MM, Jacobsen SJ, Pakhomov S, Nkomo VT, Meverden
RA, Roger VL. Systolic and diastolic heart failure in the community. JAMA.
2006;296:2209-2216
Sharma K, Kass DA. Heart failure with preserved ejection fraction: Mechanisms,
clinical features, and therapies. Circ Res. 2014;115:79-96
Borlaug BA, Lam CS, Roger VL, Rodeheffer RJ, Redfield MM. Contractility and
ventricular systolic stiffening in hypertensive heart disease insights into the
pathogenesis of heart failure with preserved ejection fraction. J Am Coll Cardiol.
2009;54:410-418
Kraigher-Krainer E, Shah AM, Gupta DK, Santos A, Claggett B, Pieske B, Zile MR,
Voors AA, Lefkowitz MP, Packer M, McMurray JJ, Solomon SD, for the PI. Impaired
systolic function by strain imaging in heart failure with preserved ejection fraction. J
Am Coll Cardiol. 2013
Kawaguchi M, Hay I, Fetics B, Kass DA. Combined ventricular systolic and arterial
stiffening in patients with heart failure and preserved ejection fraction: Implications
for systolic and diastolic reserve limitations. Circulation. 2003;107:714-720
Lam CS, Donal E, Kraigher-Krainer E, Vasan RS. Epidemiology and clinical course of
heart failure with preserved ejection fraction. Eur J Heart Fail. 2011;13:18-28
Zile MR, Gaasch WH, Anand IS, Haass M, Little WC, Miller AB, Lopez-Sendon J,
Teerlink JR, White M, McMurray JJ, Komajda M, McKelvie R, Ptaszynska A, Hetzel SJ,
Massie BM, Carson PE. Mode of death in patients with heart failure and a preserved
ejection fraction: Results from the irbesartan in heart failure with preserved
ejection fraction study (i-preserve) trial. Circulation. 2010;121:1393-1405
Fleg JL, Morrell CH, Bos AG, Brant LJ, Talbot LA, Wright JG, Lakatta EG. Accelerated
longitudinal decline of aerobic capacity in healthy older adults. Circulation.
2005;112:674-682
Willis B, Gao A, Leonard D, DeFina L, JD B. Midlife fitness and the burden of chronic
conditions in later life. Arch Intern Med. 2012;in press
Berry JD, Dyer A, Carnethon M, Tian L, Greenland P, Lloyd-Jones DM. Association of
traditional risk factors with cardiovascular death across 0 to 10, 10 to 20, and >20
years follow-up in men and women. The American Journal of Cardiology.
2008;101:89-94
Dyer AR, Stamler J, Garside DB, Greenland P. Long-term consequences of body mass
index for cardiovascular mortality: The chicago heart association detection project
in industry study. Annals of Epidemiology. 2004;14:101-108
Vigen R, Ayers C, Willis B, DeFina L, Berry JD. Association of cardiorespiratory
fitness with total, cardiovascular, and noncardiovascular mortality across 3 decades
of follow-up in men and women. Circ Cardiovasc Qual Outcomes. 2012;5:358-364

29.
30.

31.
32.
33.
34.
35.
36.

37.

38.
39.
40.

41.

42.
43.

Berry JD, Pandey A, Gao A, Leonard D, Farzaneh-Far R, Ayers C, Defina L, Willis B.
Physical fitness and risk for heart failure and coronary artery disease. Circ Heart
Fail. 2013
Khan H, Kunutsor S, Rauramaa R, Savonen K, Kalogeropoulos AP, Georgiopoulou VV,
Butler J, Laukkanen JA. Cardiorespiratory fitness and risk of heart failure: A
population-based follow-up study. European journal of heart failure. 2014;16:180188
Kenchaiah S, Evans JC, Levy D, Wilson PWF, Benjamin EJ, Larson MG, Kannel WB,
Vasan RS. Obesity and the risk of heart failure. New England Journal of Medicine.
2002;347:305-313
He J, Ogden LG, Bazzano LA, Vupputuri S, Loria C, Whelton PK. Risk factors for
congestive heart failure in us men and women: Nhanes i epidemiologic follow-up
study. Archives of Internal Medicine. 2001;2001:996-1002
Hubert HB, Feinleib M, McNamara PM, Castelli WP. Obesity as an independent risk
factor for cardiovascular disease: A 26-year follow-up of participants in the
framingham heart study. . Circulation. 1983;67:968-977
Chen YT, Vaccarino V, Williams CS, Butler J, Berkman LF, Krumholz HM. Risk factors
for heart failure in the elderly: A prospective community-based study. American
Journal of Medicine. 1999;106:605-612
Hu G, Jousilahti P, Antikainen R, Katzmarzyk PT, Tuomilehto J. Joint effects of
physical activity, body mass index, waist circumference, and waist-to-hip ratio on
the risk of heart failure. Circulation. 2010;121:237-244
Brinker SK, Pandey A, Ayers CR, Barlow CE, DeFina LF, Willis BL, Radford NB,
Farzaneh-Far R, de Lemos JA, Drazner MH, Berry JD. Association of
cardiorespiratory fitness with left ventricular remodeling and diastolic function:
The cooper clinic longitudinal study. Journal of American College of Cardiology.
2014;In press
Fujimoto N, Prasad A, Hastings JL, Arbab-Zadeh A, Bhella PS, Shibata S, Palmer D,
Levine BD. Cardiovascular effects of 1 year of progressive and vigorous exercise
training in previously sedentary individuals older than 65 years of age. Circulation.
2010;122:1797-1805
Pandey A, Ayers C, Matulevicius S, Das S, RM P, JA DL, JD B. Relationship of
cardiorespiratory fitness and adiposity with left ventricular systolic strain in
middle-age adults. AHA Scientific Sessions. 2015
Pandey A, CR A, Shah SJ, Drazner MH, Levine BD, JA DL, RM P, JD B. Association of
cardiorespiratory fitness with non-invasive measures of arterial and ventricular
stiffness: The dallas heart study AHA Scientific Sessions. 2014
Pandey A, Patel M, Gao A, Willis BL, Das SR, Leonard D, Drazner MH, de Lemos JA,
DeFina L, Berry JD. Changes in mid-life fitness predicts heart failure risk at a later
age independent of interval development of cardiac and noncardiac risk factors: The
cooper center longitudinal study. Am Heart J. 2015;169:290-297 e291
Kraigher-Krainer E, Lyass A, Massaro JM, Lee DS, Ho JE, Levy D, Kannel WB, Vasan
RS. Association of physical activity and heart failure with preserved vs. Reduced
ejection fraction in the elderly: The framingham heart study. Eur J Heart Fail.
2013;15:742-746
Pandey A GS, Khunger M, Kumbhani D, Mayo H, De Lemos J, Berry J. Dose response
relationship between physical activity and risk of heart failure: A meta-analysis.
Circulation (in press)
Bhella PS, Hastings JL, Fujimoto N, Shibata S, Carrick-Ranson G, Palmer MD, Boyd
KN, Adams-Huet B, Levine BD. Impact of lifelong exercise "dose" on left ventricular

44.
45.
46.
47.

48.

49.

50.

51.

52.
53.

54.
55.

56.

57.

compliance and distensibility. Journal of the American College of Cardiology.
2014;64:1257-1266
Lee IM, Sesso HD, Oguma Y, Paffenbarger RS, Jr. Relative intensity of physical
activity and risk of coronary heart disease. Circulation. 2003;107:1110-1116
Schnohr P, Marott JL, Jensen JS, Jensen GB. Intensity versus duration of cycling,
impact on all-cause and coronary heart disease mortality: The copenhagen city
heart study. European journal of preventive cardiology. 2012;19:73-80
Tanasescu M, Leitzmann MF, Rimm EB, Willett WC, Stampfer MJ, Hu FB. Exercise
type and intensity in relation to coronary heart disease in men. Jama.
2002;288:1994-2000
Ismail H, McFarlane JR, Nojoumian AH, Dieberg G, Smart NA. Clinical outcomes and
cardiovascular responses to different exercise training intensities in patients with
heart failure: A systematic review and meta-analysis. JACC. Heart failure.
2013;1:514-522
Nybo L, Sundstrup E, Jakobsen MD, Mohr M, Hornstrup T, Simonsen L, Bulow J,
Randers MB, Nielsen JJ, Aagaard P, Krustrup P. High-intensity training versus
traditional exercise interventions for promoting health. Med Sci Sports Exerc.
2010;42:1951-1958
Rognmo O, Hetland E, Helgerud J, Hoff J, Slordahl SA. High intensity aerobic interval
exercise is superior to moderate intensity exercise for increasing aerobic capacity in
patients with coronary artery disease. Eur J Cardiovasc Prev Rehabil. 2004;11:216222
Wisloff U, Stoylen A, Loennechen JP, Bruvold M, Rognmo O, Haram PM, Tjonna AE,
Helgerud J, Slordahl SA, Lee SJ, Videm V, Bye A, Smith GL, Najjar SM, Ellingsen O,
Skjaerpe T. Superior cardiovascular effect of aerobic interval training versus
moderate continuous training in heart failure patients: A randomized study.
Circulation. 2007;115:3086-3094
Hollekim-Strand SM, Bjorgaas MR, Albrektsen G, Tjonna AE, Wisloff U, Ingul CB.
High-intensity interval exercise effectively improves cardiac function in patients
with type 2 diabetes mellitus and diastolic dysfunction: A randomized controlled
trial. Journal of the American College of Cardiology. 2014;64:1758-1760
Bouchard C, Rankinen T. Individual differences in response to regular physical
activity. Med Sci Sports Exerc. 2001;33:S446-451; discussion S452-443
Hautala AJ, Makikallio TH, Kiviniemi A, Laukkanen RT, Nissila S, Huikuri HV, Tulppo
MP. Cardiovascular autonomic function correlates with the response to aerobic
training in healthy sedentary subjects. American journal of physiology. Heart and
circulatory physiology. 2003;285:H1747-1752
Skinner JS, Jaskolski A, Jaskolska A, Krasnoff J, Gagnon J, Leon AS, Rao DC, Wilmore
JH, Bouchard C, Study HF. Age, sex, race, initial fitness, and response to training: The
heritage family study. Journal of applied physiology. 2001;90:1770-1776
Pandey A, Ayers C, Blair SN, Swift DL, Earnest CP, Kitzman DW, Khera A, Church TS,
Berry JD. Cardiac determinants of heterogeneity in fitness change in response to
moderate intensity aerobic exercise training: The drew study. Journal of the
American College of Cardiology. 2015;65:1057-1058
Pandey A, Parashar A, Kumbhani DJ, Agarwal S, Garg J, Kitzman D, Levine BD,
Drazner M, Berry JD. Exercise training in patients with heart failure and preserved
ejection fraction: Meta-analysis of randomized control trials. Circulation. Heart
failure. 2015;8:33-40
Kitzman DW, Brubaker PH, Herrington DM, Morgan TM, Stewart KP, Hundley WG,
Abdelhamed A, Haykowsky MJ. Effect of endurance exercise training on endothelial

58.

59.

60.
61.

62.

function and arterial stiffness in older patients with heart failure and preserved
ejection fraction: A randomized, controlled, single-blind trial. Journal of the
American College of Cardiology. 2013;62:584-592
Fujimoto N, Prasad A, Hastings JL, Bhella PS, Shibata S, Palmer D, Levine BD.
Cardiovascular effects of 1 year of progressive endurance exercise training in
patients with heart failure with preserved ejection fraction. American heart journal.
2012;164:869-877
Haykowsky MJ, Brubaker PH, Stewart KP, Morgan TM, Eggebeen J, Kitzman DW.
Effect of endurance training on the determinants of peak exercise oxygen
consumption in elderly patients with stable compensated heart failure and
preserved ejection fraction. Journal of the American College of Cardiology.
2012;60:120-128
Arbab-Zadeh A, Perhonen M, Howden E, Peshock RM, Zhang R, Adams-Huet B,
Haykowsky MJ, Levine BD. Cardiac remodeling in response to 1 year of intensive
endurance training. Circulation. 2014;130:2152-2161
Kokkinos PF, Narayan P, Colleran JA, Pittaras A, Notargiacomo A, Reda D,
Papademetriou V. Effects of regular exercise on blood pressure and left ventricular
hypertrophy in african-american men with severe hypertension. N Engl J Med.
1995;333:1462-1467
Montero D, Roche E, Martinez-Rodriguez A. The impact of aerobic exercise training
on arterial stiffness in pre- and hypertensive subjects: A systematic review and
meta-analysis. International journal of cardiology. 2014;173:361-368

