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ABSTRACT  
Despite the fact that up to half of all heart failure occurs  
in patients without evidence of systolic cardiac dys-
function, there are no universally accepted diagnostic 
markers and no approved therapies for heart failure with 
preserved ejection fraction (HFpEF). HFpEF, otherwise 
known as diastolic heart failure, has nearly the same 
grim prognosis as systolic heart failure, and diastolic 
heart failure is increasing in incidence and prevalence. 
Major trials have shown that many of the treatments that 
are salutary in systolic heart failure have no beneficial ef-
fects in diastolic heart failure, suggesting different under-
lying mechanisms for these two disorders. Even criteria 
for diagnosis of HFpEF are still debated, and there is still 
no gold standard marker to detect diastolic dysfunction. 
Here, we will review some promising new insights into 
the pathogenesis of diastolic dysfunction that may lead 
to new diagnostic and therapeutic tools.  

[Abbreviations: tetrahydrobiopterin, BH4 ;cardiac mag-
netic resonance, CMR; diabetes mellitus, DM; heart failure 
with preserved ejection fraction, HFpEF; cardiac myosin 
binding protein C, MyBP-C; nitric oxide synthase, NOS]
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INTRODUCTION

Heart failure is a major and growing public health problem 
in the United States affecting ~5 million patients in this 
country. Up to half of the 550,000 patients newly diagnosed 
with heart failure in each year have diastolic heart failure 
or heart failure with preserved ejection fraction (HFpEF). 
The disorder is the primary reason for 12 to 15 million of-
fice visits and 6.5 million hospital days each year.1 HFpEF 
is increasing in prevalence and incidence. Both systolic and 
diastolic heart failure has similar grim prognoses,2 and there 
are no approved therapies for diastolic heart failure.

What is diastolic dysfunction or diastolic heart failure?
Diastolic heart failure is a diagnosis of exclusion applied 
when a patient has heart failure symptoms, no evidence 
of other causes, and diastolic dysfunction. The disorder is 
thought to arise from impaired cardiac relaxation. While a 

considerable number of patients may have demonstrated 
diastolic dysfunction, a much smaller number suffer from 
heart failure. The determinants of progression from asymp-
tomatic dysfunction to overt heart failure are unknown, and 
many people remain without clinical symptoms of heart 
failure. Another area of investigation is the role of diastolic 
dysfunction in right heart failure syndromes.

Symptoms
The major signs and symptoms of diastolic heart failure are 
lung congestion accompanied with breathlessness, cough-
ing, tachypnea, dyspnea on exertion, or paroxysmal noc-
turnal dyspnea. Dyspnea on exertion is the sensation of 
difficult or uncomfortable breathing after a level of activity. 
Paroxysmal nocturnal dyspnea is a sensation of shortness of 
breath that awakens the patient, often after one or two hours 
of sleep and is usually relieved in the upright position. 

Diagnosis
The incidence of diastolic dysfunction is increasing, affect-
ing 15% percent of patients less than 50 years old and 50% 
of patients older than 70. Furthermore, there appears to be 
a gender bias towards women with approximately 75% pa-
tients with diastolic dysfunction being women. There are no 
specific blood markers of diastolic dysfunction, but there are 
some useful diagnostic tests.

Echocardiography
The fundamental requirements of the diagnosis are heart 
failure with a normal left ventricular ejection fraction (i.e. 
>50%). Suggestive of the diagnosis is the presence of left 
ventricular diastolic dysfunction. While the gold standard 
for diastolic dysfunction is thought to be derived from ven-
tricular pressure volume loops, this is generally an imprac-
tical measure. Commonly, echocardiography can be used 
to evaluate the characteristics of diastolic left ventricular 
relaxation, filling, and distensibility. Echocardiography has 
been used to assess the dimensional changes and abnormal 
diastolic function by E/A ratio (i.e. early to late left ventricu-
lar blood filling velocity as measured by Doppler flow across 
the mitral value in diastole). In early, mild diastolic dysfunc-
tion, impaired relaxation results in an inversion of the nor-
mal E/A ratio, increased mitral flow deceleration time, and 
increased isovolumic relaxation time, the time interval from 
closure of the aortic valve to onset of left ventricular filling. 
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In a second stage of diastolic dysfunction thought to be more 
severe, the pseudo-normal stage, the E/A ratio normalizes 
to E>A. Finally, patients can show a restrictive filling pat-
tern with the E/A ratio >2. Aside from blood flow velocity 
across the mitral valve during diastole, direct assessment 
of mitral annular displacement can be used as a marker of 
diastolic function. Diastolic dysfunction is accompanied by 
significant reductions in tissue mitral annulus early longi-
tudinal (E’) velocities and the ratio of early annulus to late 
annulus (E’/A’) velocities. Also, the ratio of early diastolic 
filling velocity to the early diastolic mitral annulus velocity 
(E/E’) has been reported to have the highest correlation with 
invasive hemodynamic measures of diastolic dysfunction 
and can predict LV filling pressures (E/E’ >15 suggests in-
creased filling pressures).3 Color Doppler echocardiography 
can be used to estimate the rapidity of movement of a wave 
of blood across the mitral valve, and slow flow velocity is an 
indication for diastolic dysfunction. 

Echocardiographic speckle tracking
Developing methods for diagnosis of diastolic dysfunction 
include assessing left ventricular relaxation directly. Speck-
le-tracking echocardiography is a new method that evalu-
ates myocardial deformation. In this technique distinct 
echocardiography patterns, speckles, are followed to assess 
wall motion. Speckle analysis can be used to assess radial, 
longitudinal, and circumferential displacement and strain. 
Decreased strain rate in diastole is consistent with diastolic 
dysfunction.

Cardiac magnetic resonance (CMR) imaging
Recently, CMR imaging has been used to evaluate diastolic 
dysfunction. This technology provides the excellent spatial 

resolution, visualization of mitral valve inflow velocity, and 
pulmonary veins blood flows. With myocardial tagging (a 
pulse sequence that amounts to marking specific locations 
on the myocardium that can be followed in time), diastolic 
myocardial strain rate can be calculated. Delay and prolonged 
strain rates are related to relaxation impairment. 

MECHANISM AND THERAPEUTIC APPROACHES

Research is shedding new light on the mechanism of diastolic 
dysfunction, and these new insights might lead to improved 
diagnostics and specific therapies. American Heart Associa-
tion/American College of Cardiology guidelines recommend 
treatment of hypertension, maintenance of sinus rhythm, 
prevention of tachycardia, venous pressure reduction,  
and prevention of myocardial ischemia.4

Epidemiological risk factors for diastolic dysfunction 
include age, hypertension, atrial fibrillation, and diabetes 
mellitus. Of note, diastolic dysfunction is observed in about 
40% of patients with diabetes.5 These risk factors have con-
siderable overlap with atherosclerosis, which suggested that 
these two conditions might have similar pathology.  This 
idea was reinforced by the observation that β-blockers, an-
giotensin converting enzyme inhibitors (ACE inhibitors), 
angiotensin receptor blockers (ARBs), and aldosterone an-
tagonists, all salutary in systolic heart failure, have no ben-
eficial effect in diastolic heart failure. These observations 
suggested that systolic and diastolic heart failure represent 
fundamentally different pathologies. 

To begin to address the underlying pathology, we developed  
two unique mouse models of isolated diastolic dysfunction 
by inducing hypertension or glucose intolerance in the mice. 
Just like in blood vessels, nitric oxide made by nitric ox-

ide synthase (NOS) is thought to 
contribute to cardiac relaxation. 
Hypertension-induced diastolic 
dysfunction was accompanied by 
cardiac tetrahydrobiopterin (BH4; 
a co-factor in NOS) depletion, 
NOS dysfunction, a depression 
in myofilament cross-bridge ki-
netics, and S-glutathionylation of 
cardiac myosin binding protein C 
(MyBP-C).(6, 7) BH4 supplemen-
tation was able to ameliorate di-
astolic dysfunction by preventing 
glutathionylation of MyBP-C and 
by reversing changes of myofil-
ament properties that occurred 
during diastolic dysfunction. 
MyBP-C glutathionylation cor-
related with the presence of di-
astolic dysfunction. Our results 
suggest that by depressing S-glu-
tathionylation of MyBP-C, BH4 
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Figure 1. A possible mechanism and marker for diastolic dysfunction.  

Hypertension and diabetes lead to cardiac oxidation and S-glutathionylation of cardiac myosin binding 

protein-C (MyBP-C), a cardiac contractile protein.  This leads to impaired relaxation, and modified 

MyBP-C in the blood may represent a biomarker for diastolic dysfunction.
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ameliorates diastolic dysfunction by reversing a decrease in 
cross-bridge turnover kinetics. These data provide evidence 
for modulation of cardiac relaxation by post-translational 
modification of myofilament proteins. In the same model, 
we found that ranolazine, a drug used now for angina, was 
able to ameliorate diastolic dysfunction. This effect was a 
result of ranolazine acting directly on the myofilaments.6 
Recently, we have demonstrated a similar pathology occurs 
in a mouse model of type II diabetes mellitus, and a mito-
chondria-target anti-oxidant is useful in reversing diastolic 
dysfunction.8 In this same study, glucose control alone was 
ineffective in reversing diastolic dysfunction. In prelimi-
nary studies, we have found that modified MyBP-C can be 
measured in blood and is elevated in patients with diastolic  
dysfunction (Figure 1).

Despite these promising observations, it appears that 
age-associated diastolic dysfunction may be a distinct pa-
thology involving myocardial fibrosis. In a senescence-accel-
erated mouse model, diastolic dysfunction was accompanied 
by fibrosis that arose in conjunction with an increase in 
pro-fibrotic cytokines.9 This model suggests that there may 
be more than one form of diastolic dysfunction and that 
age-associated dysfunction would have distinctly different 
biological markers and treatments than hypertension or  
diabetes-associated diastolic dysfunction.

SUMMARY

In summary, diastolic heart failure occurs in approximately  
half of all heart failure cases. This type of heart failure is 
caused by a failure of the myocardium to relax properly. Car-
diac diastolic dysfunction and subsequent heart failure ap-
pear to be distinct pathological entities from systolic heart 
failure. Diastolic dysfunction is accompanied by cardiac 
oxidation and oxidative modification of a cardiac contrac-
tile protein, MyBP-C (Figure 1). Oxidation of this protein 
appears to result in increased sensitivity to calcium and 
delayed and incomplete relaxation. Treatments that inhibit 
oxidation such as BH4 and mitochondria-target antioxidants 
can treat diastolic dysfunction caused by hypertension or di-
abetes mellitus. Levels of modified MyBP-C may represent a 
new blood test for the presence of diastolic dysfunction and 
a marker of therapy. These observations suggest that physi-
cians may be able to diagnose diastolic heart failure more 
accurately and dispense specific therapies in the future.
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