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Abstract

Introduction—Coronary microvascular dysfunction (MVD) may contribute to the pathogenesis 

of heart failure with preserved ejection fraction (HFpEF). Speckle-tracking echocardiography is a 

feasible and reproducible method for identifying abnormalities in left ventricular (LV) and left 

atrial (LA) function among HFpEF patients. By assessing myocardial flow reserve (MFR), 

positron emission tomography (PET) imaging enables quantitative assessment of coronary MVD. 

We hypothesized that, in patients with risk factors for HFpEF and normal epicardial perfusion on 

cardiac PET, abnormal MFR is associated with LV diastolic dysfunction (DD) and reduced LV and 

LA strain.

Methods and Results—Retrospective study of patients without a history of heart failure who 

underwent clinically indicated rest/stress cardiac rubidium-82 PET imaging and transthoracic 

echocardiography within 90 days. Global MFR was calculated as the ratio of global stress to rest 

myocardial blood flow. Standard echocardiographic measures of diastolic function were recorded. 

Global longitudinal LA and LV strain were measured with a two-dimensional speckle-tracking 

technique. Relationships between MFR, LA strain, and LV strain were assessed with univariate 

and multivariate linear regression. The relationships of MFR with DD and estimated LV filling 

pressure were assessed with analysis of variance and test for trend.

Seventy-three patients (age 64 ± 11 years, 52% male) were identified with no epicardial perfusion 

defect on cardiac PET and an ejection fraction ≥ 50% (63.6 ± 4.6%). All patients had evaluable 

diastolic function on echocardiography, while 68 had imaging sufficient for strain analysis. 
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Comorbidities were common [36% diabetes, 81% hypertension, 14% coronary artery disease 

(CAD), 34% chronic kidney disease (CKD), 22% paroxysmal atrial fibrillation, and 41% obesity 

(body mass index (BMI) ≥ 30 kg/m2)]. Decreased MFR was associated with LV DD (p = 0.02) and 

increased E/e′, an estimation of LV filling pressure [Low E/e′ (< 8) vs. High E/e′ (> 15), 

p<0.001]. MFR was associated with LA strain independent of age, gender, BMI, hypertension, 

CKD, diabetes, and CAD status (adjusted β = 2.6% per unit MFR, p = 0.046); however, MFR was 

only marginally related to LV strain.

Conclusions—In patients with normal ejection fraction, normal epicardial perfusion on PET 

imaging, and risk factors for HFpEF, decreased MFR was associated with DD, increased estimated 

LV filling pressure, and abnormal LA strain. These findings support the hypothesis that MVD 

contributes to cardiac functional alterations observed in HFpEF.
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Introduction

Heart failure with preserved ejection fraction (HFpEF), the clinical syndrome associated 

with diastolic dysfunction (DD), is a growing epidemic resulting in significant morbidity 

and mortality (1). Traditionally, HFpEF has been defined as an ejection fraction ≥ 50% in 

the setting of heart failure symptoms. Recent studies have suggested that HFpEF is as 

prevalent as HFrEF (heart failure with reduced ejection fraction) (2, 3). Nonetheless, the 

pathophysiology of HFpEF is incompletely defined and treatment options remain limited (4, 

5). Preclinical diastolic dysfunction (PDD) is defined as DD with normal ejection fraction 

without overt heart failure symptoms. PDD also is highly prevalent with rates exceeding 

25% in the general population. In addition, PDD is a risk factor for HFpEF and all-cause 

mortality (2). However, PDD does not completely explain HFpEF as the majority of patients 

with DD do not display symptoms of heart failure (6).

The pathogenesis of HFpEF has traditionally been ascribed to DD in the setting of 

longstanding hypertension. A modern paradigm for HFpEF pathogenesis proposes that 

multiple comorbidities, including diabetes, obesity, coronary artery disease (CAD), chronic 

obstructive pulmonary disease (COPD), anemia, and chronic kidney disease (CKD), 

contribute to a systemic pro-inflammatory state (7). This in turn leads to coronary 

microvascular endothelial inflammation resulting in increased production of reactive oxygen 

species and reduced nitric oxide bioavailability. Subsequent alterations in G-protein 

signaling lead to increased resting myocyte tension and promote cardiomyocyte hypertrophy. 

These changes, along with collagen deposition related to ongoing inflammation, result in 

structural changes to the myocardium. In this way, coronary microvascular dysfunction 

(MVD) may represent the presence of this inflammatory process that predisposes patients to 

DD and HFpEF (7–11). This paradigm may also explain the observed relationship between 

inflammatory markers and HFpEF (12).
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Extensive literature has shown that HFpEF is more than simply DD, but is rather a syndrome 

involving multiple cardiac structural and functional alterations (4, 5, 13, 14). Speckle-

tracking strain echocardiography is a clinically feasible and reproducible method for 

identifying abnormalities in left ventricular (LV) and left atrial (LA) function. When 

compared to normal controls and patients with hypertensive heart disease, HFpEF patients 

have significantly lower longitudinal and circumferential LV strain, even after adjusting for 

measures of diastolic function. Reduced LA strain is prognostically important in HFpEF 

independent of LV strain, and effectively separates HFpEF patients from hypertensive 

controls without heart failure (15–19). The role of MVD in the development of these 

abnormalities is poorly understood.

The vasodilatory capacity of the entire coronary circulation can be assessed non-invasively 

using cardiac positron emission tomography (PET). Abnormal PET measured myocardial 

flow reserve (MFR) is associated with cardiovascular outcomes including cardiac death, 

nonfatal myocardial infarction, revascularization, and heart failure hospitalization (20).

In this study, we sought to evaluate the interplay between MVD, as assessed by MFR, and 

LA and LV function. We hypothesized that, in patients with normal epicardial perfusion on 

cardiac PET and normal ejection fraction, the presence of MVD is associated with DD and 

reduced LA and LV strain.

Methods

Study Design and Patient Selection

This was a retrospective study of 73 subjects (age ≥ 18 years) who underwent clinically 

indicated rest/stress cardiac rubidium-82 PET imaging and transthoracic echocardiography 

within 90 days at the University of Michigan from May 2013 to November 2014. All 

subjects were required to have an EF ≥ 50% on echocardiography and PET imaging as well 

as evaluable diastolic function on echocardiography. Subjects were excluded if PET imaging 

showed any evidence of an epicardial coronary perfusion defect. Subjects also were 

excluded for a prior history of heart failure, infiltrative cardiomyopathy, cardiac 

transplantation, or moderate-severe valvular disease. While some subjects had a history of 

paroxysmal atrial fibrillation (AF), all subjects were in sinus rhythm at the time of 

echocardiography. Using these criteria, 80 patients were identified using data from PET 

imaging reports. However, further chart review identified that 7 of these patients had a 

history of heart failure prior to or at the time of PET imaging. Therefore, 73 subjects met 

criteria for analysis. Subjects were assessed for the presence of the following characteristics 

and comorbidities: age, gender, medications, body mass index (BMI), hypertension, CAD or 

history of myocardial infarction (MI), diabetes, obesity, history of AF, and CKD. Clinical 

data were previously collected as part of the standard history prior to all cardiac PET studies. 

Missing or incomplete data were supplemented by chart review.

PET Imaging

Patients were studied with a whole-body PET-computed tomography scanner (Siemens 

mCT, Siemens Medical Imaging, Knoxville, TN) after an overnight fast. Patients refrained 
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from caffeine- and methylxanthine-containing substances and drugs for 24 hours before their 

scans. Myocardial blood flow was measured during rest and peak stress with rubidium-82 as 

a perfusion tracer, as described previously (21, 22). Briefly, after transmission imaging and 

beginning with the intravenous bolus administration of rubidium-82, list mode images were 

acquired for 7 minutes. Then, a standard intravenous infusion of regadenoson was given. At 

peak stress, a second dose of rubidium-82 was injected, and images were recorded in the 

same manner. Heart rate, blood pressure, and 12-lead ECG were recorded at baseline and 

every minute during and after pharmacologic stress.

Semiquantitative 17-segment visual interpretation of the gated myocardial perfusion images 

was performed by experienced observers using a standard 5-point scoring system (23). 

Summed rest and stress scores were calculated as the sum of individual segmental scores on 

the respective images, and their difference was recorded as a summed difference score. 

Based on these scores, all patients in this study had no evidence of an epicardial perfusion 

defect.

Absolute myocardial blood flow (MBF, mL/g/min) was computed from the dynamic rest and 

stress imaging series with commercially available software (Corridor4DM; Ann Arbor, MI) 

and previously validated methods (21, 22, 24). Automated factor analysis was used to 

generate blood pool (arterial input function) and tissue time-activity curves to a 2-

compartment tracer kinetic model, as described previously (24). Per-patient global 

myocardial flow reserve (MFR) was calculated as the ratio of absolute MBF at stress over 

rest for the entire left ventricle. MVD was defined as a MFR less than 2.0 as this cutoff has 

been used in prior studies (25–27). Quantification of MBF was independently performed by 

2 operators (M.K. and J.G.) on all studies; the average of the two measurements was used 

for analysis (Figure 1A).

Echocardiographic Analysis

Echocardiogram images for all 73 patients were reviewed by M.K. The following standard 

parameters of diastolic function were recorded: left atrial volume index, tricuspid 

regurgitation systolic jet velocity, mitral inflow peak E- and A-wave velocities as obtained 

by pulse wave Doppler (E/A ratio), tissue Doppler measurements of early diastolic mitral 

annular velocities, and estimated LV filling pressure (E/e′). Diastolic function was assessed 

for each patient in accordance with guidelines published by the American Society of 

Echocardiography (28). Briefly, DD was considered present if greater than two of the 

following were present: average E/e′ > 14, septal e′ velocity < 7 cm/s or lateral e′ velocity 

< 10 cm/s, tricuspid regurgitation systolic jet velocity > 2.8 m/s, and left atrial volume index 

> 34 ml/m2. If fewer than two of these parameters were present, diastolic function was 

considered normal. If exactly two of these abnormal findings were present, diastolic function 

was classified as indeterminate. Mitral inflow velocities were used along with these 

variables to assign DD grade in patients with DD (28). Using these four parameters, we also 

assigned a “DD score” based on each subject’s total number of abnormal parameters. 

DICOM files of echocardiogram images retrieved from the University of Michigan database 

archives were analyzed using vendor-independent speckle tracking software (EchoInsight, 

Epsilon Imaging Inc., Ann Arbor, MI, USA) (29). One cardiac cycle was selected for each 
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of the apical 4- and 2-chamber views. The endocardial border was traced manually and the 

region of interest was adjusted to cover the thickness of the wall (Figure 1B). Appropriate 

tracking was verified visually, and the software then generated global longitudinal strain 

curves derived from six LA segments (for global LA longitudinal strain) and six LV 

segments (for global LV longitudinal strain) in each view using the QRS complex as the 

reference point. Global LA strain was measured at the positive peak of the strain curve at the 

end of systole and reflected the reservoir function of the LA. The global strain values from 

the 4-chamber and 2-chamber views were averaged to give a biplane global value, and this 

value was used in subsequent analyses. Strain values were expressed as an absolute value of 

the percentage of longitudinal deformation (lengthening for LA strain and shortening for LV 

strain). Adequate tracking quality was required in at least three of the segments per view for 

images to be considered sufficient for strain analysis. In order to assess inter-observer 

variability of strain results, 15 randomly selected examinations were analyzed by another 

observer (S.H.), who was blinded to patient clinical data.

Statistical Analysis

The relationships between clinical characteristics and MFR were evaluated with t-testing or 

chi-square testing as appropriate for continuous or categorical variables. Relationships 

between MFR, LA strain, and LV strain were assessed with univariate and multivariate 

regression, adjusting for known or potential demographic and comorbidity-related 

predictors. The relationships of MFR with DD and estimated LV filling pressure were 

assessed with analysis of variance and a non-parametric test for trend across categories. 

Inter-observer variability in strain measurements and MFR was assessed by calculating 

inter-observer intraclass correlations. Analyses were performed using STATA 10.0 

(StataCorp, College Station, TX).

Results

Patient Characteristics

Seventy-three patients (age 64 ± 11 years, 52% male) were identified with no history of 

heart failure, no epicardial perfusion defects on cardiac PET, and an LVEF ≥ 50% (63.6 

± 4.6%). Comorbidities including diabetes, hypertension, CAD, CKD, obesity, and 

paroxysmal AF were common as well as the use of cardiac medications (Table 1). Subjects 

had at least one of the following clinical indications for PET stress evaluation (Table 1): 

chest discomfort (64%), dyspnea (15%), arrhythmia/palpitations/syncope (27%), 

preoperative risk assessment (11%), and other (7%). Most PET scans and echocardiograms 

were performed in close temporal proximity with 63% within 1 week and 77% within two 

weeks of each other.

Myocardial Flow Reserve and Diastolic Dysfunction

All patients had evaluable diastolic function on echocardiography. Thirty-four patients 

(46%) had normal diastolic function, 26 patients (36%) had indeterminate diastolic function, 

and 13 patients (18%) had DD (grade 2, n=12; indeterminate grade, n=1, Tables 1 and 2). 

There were no patients with grade 1 or grade 3 DD. Decreased MFR was associated with the 

presence of DD (p = 0.02, p = 0.008 for trend across categories, Tables 1 and 2, Figure 2A). 

Konerman et al. Page 5

J Card Fail. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Independent of a subject’s diastolic function classification, when considering the four 

parameters used to determine diastolic function, lower MFR values were associated with 

subjects having an increased number of abnormal measures [p = 0.04 for trend across 

categories (DD score), Figure 3]. Decreased MFR also was associated with increased E/e′, 

an estimation of LV filling pressure [Low E/e′ (< 8) vs. High E/e′ (> 15), p<0.001; p < 

0.001 for trend across categories, Figure 2B]. The mean MFR was non-significantly lower in 

patients with pulmonary hypertension (defined as tricuspid velocity > 2.8 m/s; 2.1 vs. 1.9, p 

= 0.19) and left atrial enlargement (defined as left atrial volume index > 34 ml/m2; 2.1 vs. 

1.8, p = 0.30).

Left Atrial and Left Ventricular Strain and Diastolic Dysfunction

Decreased LA strain was associated with both the presence of DD (n = 66, p = 0.009, Figure 

4A) and indeterminate diastolic function (p = 0.008, p = 0.001 for trend across categories, 

Figure 4A). Similarly, increased left atrial volume index (n = 71) was associated with both 

the presence of DD (p < 0.001, Figure 4B) and indeterminate diastolic function (p < 0.001, p 

< 0.001 for trend across categories, Figure 4B). LA strain was not significantly correlated 

with LA volume index (r = −0.18). LV strain was not associated with either abnormal 

diastolic function (n = 68, p = 0.34) or indeterminate diastolic function (p = 0.44).

Myocardial Flow Reserve and Left Atrial and Ventricular Strain

Sixty-eight patients had imaging sufficient for strain analysis. MFR correlated moderately 

well with LA strain (n = 66, r = 0.50, p < 0.001, Figure 5A) and was associated with LA 

strain independent of age, gender, BMI, hypertension, CKD, diabetes, paroxysmal AF, and 

CAD status (n = 66, unadjusted β = 5% per unit MFR, p < 0.001; adjusted β = 2.6% per unit 

MFR, p = 0.046). MFR was only marginally related to LV strain (n = 68, r = 0.20, p = 0.104, 

Figure 5B) and failed to predict LV strain on univariate regression (unadjusted β = 0.9% per 

unit MFR, p = 0.104). The inter-observer intra-class correlations for LA and LV strain were 

0.99 (95% CI 0.96–1.00) and 0.69 (95% CI −0.15–0.90), respectively. The inter-observer 

intra-class correlation for MFR was 0.99 (95% CI 0.98–0.99).

Myocardial Flow Reserve and HFpEF-Related Comorbidity Burden

A patient’s burden of HFpEF-related comorbidities (obesity, hypertension, CAD/MI, 

diabetes, paroxysmal AF, and CKD) was significantly associated with decreased MFR (p < 

0.001 for trend across categories, Figure 6).

Discussion

The pathophysiology of HFpEF is complex involving multiple cardiac structural and 

functional alterations (4, 5, 13–16). Microvascular endothelial inflammation and 

dysfunction, secondary to HFpEF risk factors, are hypothesized to be critical factors in the 

development of HFpEF (7–11). This study found HFpEF risk factor burden to be inversely 

related to MFR, further implicating these risk factors in MVD. Previous imaging studies 

have associated reduced MFR with HFpEF. Kato et al. (2016) found that MFR as measured 

by MRI was significantly lower in HFpEF patients compared to patients with LVH and 

controls (30). Over 75% of HFpEF patients had an abnormal MFR (MFR<2.5) and abnormal 
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MFR was also associated with elevated levels of brain natriuretic peptide (30). Similar 

findings have also been demonstrated with PET (31). Finally, invasive measures of MVD are 

also altered in HFpEF (32).

In this study of patients with risk factors for HFpEF but without heart failure, abnormal 

MFR was associated with DD, increased estimated LV filling pressure, and abnormal LA 

strain. MVD may signify the presence of ongoing microvascular inflammation that promotes 

increased myocyte tension, myocyte hypertrophy, and interstitial fibrosis as previously 

hypothesized (7, 8). These changes could contribute to increasing myocardial stiffness and 

subsequent deterioration of LA function. Microvascular inflammation may also contribute to 

left ventricular DD and increased left ventricular filling pressure which also promote LA 

remodeling and dysfunction.

PDD is a known risk factor for the development of HFpEF (2). However, the relationship 

between PDD and HFpEF is not fully understood as not all patients with PDD go on to 

develop HFpEF and not all patients with HFpEF meet criteria for DD (2, 33, 34). The 

observed relationship between MFR and DD in this study suggests that MVD may 

contribute to DD. A recent post-mortem study found that myocardium from HFpEF patients 

had significantly lower microvascular density and significantly increased myocardial fibrosis 

(9), supporting a mechanistic connection between MVD and DD. (7, 9). Of note, MFR was 

also inversely related to E/e′, which has been correlated with invasively measured LV end-

diastolic pressure and pulmonary capillary wedge pressure in HFpEF patients (35). 

Consequently, MVD may be connected to increased LV filling pressure as a mechanism for 

its contribution to HFpEF symptoms.

Abnormal LA function has also been implicated in the development of HFpEF (13, 15, 34, 

36). Specifically, LA strain is significantly lower in patients with HFpEF compared to those 

with PDD; it has been shown to provide independent and incremental diagnostic value over 

clinical and conventional echocardiographic parameters when distinguishing HFpEF patients 

from hypertensive controls (15, 37). While our study excluded HFpEF patients, we have 

demonstrated an association between abnormal MFR and this important alteration of LA 

function associated with HFpEF. Further research is necessary to determine whether MVD 

affects LA function directly or through its effect on left ventricular diastolic function. The 

relationship between MVD and LA strain may help explain recent data demonstrating that 

LA reservoir strain is associated with pulmonary vascular resistance, cardiac output, and 

exercise tolerance as well as cardiovascular outcomes in HFpEF patients (38).

Interestingly, there was no association between LV strain and MFR in our study. The 

relationship between LV strain and PDD has not been well described. Because 

microvascular inflammation is hypothesized to lead to LV DD, MVD may not be associated 

with this parameter of LV systolic function. It is possible that abnormal LV systolic function 

occurs further along in the disease pathway as LV strain has been shown, using several 

different modalities, to distinguish patients with HFpEF from those with PDD and normal 

controls (15, 16, 37, 39–41). Our study was unable to evaluate this as patients with a history 

of heart failure were excluded.
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Noninvasive ischemia evaluations are commonly obtained for patients at risk for or with 

HFpEF. Abnormal MFR may serve as a means of identifying patients with PDD at greater 

risk for developing HFpEF. In addition, MFR could be used in the phenotyping of HFpEF 

patients which may facilitate the discovery of targeted therapies for the condition (5, 42–46). 

Given the association of MFR with brain natriuretic peptide in one study (30) and E/e′ in 

our study, MFR may have prognostic significance in PDD and HFpEF similar to these 

known prognostic markers (35, 47). It is not yet clear whether MFR would predict clinical 

outcomes in patients with PDD and HFpEF; therefore, prospective, outcome-based studies 

should be pursued. As these questions are addressed, it will be imperative to understand 

which comorbid conditions contribute most to MVD, and whether aggressively treating 

these comorbidities could potentially slow or even reverse the disease process (48). We 

recognize that both PET MFR and especially strain imaging may not be widely available to 

become part of routine clinical care for these patients. However, these technologies may 

improve our understanding of HFpEF pathophysiology.

Limitations to this study include the fact that this was a small, retrospective, cross-sectional 

single-center study. This study should not be viewed as an evaluation of HFpEF patients as 

we evaluated only patients with PDD and risk factors for HFpEF. Echocardiographic 

measures were only obtained at rest; therefore, we were unable to assess for changes in these 

measures with stress. Lastly, we are not yet able to determine to what degree abnormal MFR 

is secondary to primary changes in the microvasculature or instead a reflection of increased 

left-ventricular filling pressures at rest and/or with exercise.

Conclusions

In patients with an LV ejection fraction ≥ 50%, no significant valvular disease, and no 

perfusion defects attributable to epicardial stenotic disease on cardiac PET imaging, MFR 

was inversely related to DD and was independently associated with LA strain. These 

observations support the hypothesis that MVD contributes to the pathophysiology of HFpEF.
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Manuscript Highlights

• Coronary microvascular inflammation may contribute to the development of 

HFpEF

• Myocardial flow reserve, measured by cardiac PET, assesses microvascular 

function

• Decreased myocardial flow reserve is associated with diastolic dysfunction

• Decreased myocardial flow reserve is associated with left atrial dysfunction

• Myocardial flow reserve is related to comorbidity burden in those at risk for 

HFpEF
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Figure 1. 
Examples of PET Myocardial Flow Reserve (A) and Left Atrial Strain (B) Imaging

Konerman et al. Page 13

J Card Fail. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Relationships between Myocardial Flow Reserve, Diastolic Function (A), and 
Estimated Left Ventricular Pressure (B)
box: interquartile range; line: mean values; whiskers: upper and lower adjacent values.
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Figure 3. Relationship between Myocardial Flow Reserve and Total Number of Abnormal 
Diastolic Function Parameters
box: Diastolic dysfunction score based on presence of the following four factors: average 

E/e′ > 14, septal e′ velocity < 7 cm/s or lateral e′ velocity < 10 cm/s, tricuspid 

regurgitation systolic jet velocity > 2.8 m/s, and left atrial volume index > 34 ml/m2.

Konerman et al. Page 15

J Card Fail. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Relationships between Left Atrial Strain (A), Left Atrial Volume Index (B), and 
Diastolic Function
box: interquartile range; line: mean values; whiskers: upper and lower adjacent values; dots: 

outlier values.
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Figure 5. Relationships between Myocardial Flow Reserve and Left Atrial (A) and Left 
Ventricular (B) Strain
line: best fit; gray area: 95% confidence interval.
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Figure 6. Myocardial Flow Reserve by Burden of HFpEF-Related Comorbidities
Abbreviations: HFpEF: heart failure with preserved ejection fraction.

box: interquartile range; line: mean values; whiskers: upper and lower adjacent values.
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Table 1

Baseline Characteristics

All Patients
(n = 73)

MFR ≥ 2.0
(n = 31)

MFR < 2.0
(n = 42)

Demographics

Age, yrs 64 ± 11 60 ± 11 68 ± 9*

Male, n (%) 38 (52%) 16 (52%) 22 (52%)

Vital Signs

Resting heart rate, beats/min 72 ± 13 66 ± 9 77 ± 14*

Resting systolic blood pressure, mm Hg 143 ± 26 134 ± 23 151 ± 26*

Body mass index, kg/m2 30.1 ± 7.9 29.5 ± 6.1 30.5 ± 9.0

PET Indications

Chest discomfort, n (%) 47 (64%) 27 (87%) 20 (48%)*

Dyspnea, n (%) 11 (15%) 6 (19%) 5 (12%)

Arrhythmia/palpitations/syncope, n (%) 20 (27%) 13 (42%) 7 (17%)

Preoperative evaluation, n (%) 8 (11%) 1 (3%) 7 (17%)

Other, n (%) 5 (7%) 0 (0%) 5 (12%)*

Comorbidities

Coronary artery disease, n (%) 10 (14%) 3 (10%) 7 (17%)

Hypertension, n (%) 59 (81%) 21 (68%) 38 (90%)*

Diabetes mellitus, n (%) 26 (36%) 8 (26%) 18 (43%)

Chronic kidney disease (GFR < 60 mL/min), n (%) 25 (34%) 4 (13%) 21 (50%)*

Obesity (body mass index ≥ 30 kg/m2), n (%) 30 (41%) 12 (39%) 18 (43%)

Paroxysmal atrial fibrillation, n (%) 16 (22%) 4 (13%) 12 (28%)

Medications

ACE Inhibitor or Angiotensin Receptor Blocker, n (%) 20 (27%) 8 (26%) 12 (28%)

Beta Blocker, n (%) 33 (45%) 16 (52%) 17 (40%)

Calcium Channel Blocker, n (%) 18 (25%) 4 (13%) 14 (33%)*

Aspirin, n (%) 35 (48%) 14 (45%) 21 (50%)

Nitrate, n (%) 3 (4%) 1 (3%) 2 (5%)

Statin, n (%) 33 (45%) 13 (42%) 20 (48%)

Loop Diuretic, n (%) 11 (15%) 4 (13%) 7 (17%)

Thiazide Diuretic, n (%) 5 (7%) 0 (0%) 5 (12%)*

Echocardiography

Ejection fraction, % 63.6 ± 4.6 63.1 ± 3.3 63.9 ± 5.4

Left ventricular end-diastolic diameter, mm 46.8 ± 5.2 47.1 ± 4.0 46.5 ± 6.0

Left atrial end-systolic diameter, mm 40.1 ± 6.0 38.9 ± 5.0 41.0 ± 6.7

Left atrial end-systolic volume index, ml/m2 32.9 ± 11.3 28.9 ± 9.5 36.0 ± 11.8
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All Patients
(n = 73)

MFR ≥ 2.0
(n = 31)

MFR < 2.0
(n = 42)

Relative wall thickness 0.46 ± 0.1 0.41 ± 0.08 0.46 ± 0.12

LV mass index, g/m2 91.6 ± 25.0 82.5 ± 25.4 98.3 ± 22.7

E wave velocity, cm/s 80.8 ± 27.0 74.0 ± 18.2 85.9 ± 31.4

A wave velocity, cm/s 83.1 ± 26.3 73.9 ± 19.1 89.8 ± 28.9

Septal e′ velocity, cm/s 7.2 ± 2.8 7.8 ± 2.8 6.8 ± 2.8

Lateral e′ velocity, cm/s 9.0 ± 3.4 10.0 ± 3.4 8.3 ± 3.3

Average E/e′ 11.2 ± 5.3 9.1 ± 2.7 12.8 ± 6.1*

TR velocity > 2.8 m/s 14 (19%) 3 (10%) 11 (26%)

Normal diastolic function 34 (46%) 19 (61%) 15 (36%)*

Indeterminate diastolic function 26 (36%) 9 (29%) 17 (40%)

Diastolic dysfunction 13 (18%) 3 (10%) 10 (24%)*

Global left atrial longitudinal strain, % 28 ± 7 32 ± 7 25 ± 6*

Global left ventricular longitudinal strain, % 16 ± 3 17 ± 2 16 ± 4

Positron Emission Tomography

Resting myocardial blood flow, mL/min/g 1.72 ± 0.56 1.38 ± 0.51 1.98 ± 0.46*

Stress myocardial blood flow, mL/min/g 3.23 ± 0.90 3.53 ± 0.97 3.01 ± 0.80*

Myocardial flow reserve, stress/rest ratio 2.02 ± 0.72 2.66 ± 0.60 1.55 ± 0.32*

Continuous values expressed as mean ± one unit standard deviation.

Strain expressed as absolute value of percentage of longitudinal deformation.

Abbreviations: ACE: angiotensin-converting enzyme; MFR: myocardial flow reserve; PET: positron emission tomography.

*
p < 0.05 for comparison between MFR < 2.0 and ≥ 2.0.
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Table 2

PET and Echocardiographic Measurements by Diastolic Function

Characteristic Normal
(n = 34)

Indeterminate
(n = 26)

Abnormal
(n = 13)

Positron Emission Tomography

Total resting myocardial blood flow, mL/min/g 1.66 ± 0.55 1.62 ± 0.55 2.11 ± 0.48*

Total stress myocardial blood flow, mL/min/g 3.48 ± 0.90 2.86 ± 0.82 3.32 ± 0.88*

Myocardial flow reserve, stress/rest ratio 2.26 ± 0.81 1.91 ± 0.56 1.63 ± 0.49*

Echocardiography

Ejection fraction, % 62.5 ± 4.81 64.0 ± 3.75 65.4 ± 5.19

Left ventricular end-diastolic diameter, mm 46.0 ± 4.06 48.2 ± 5.91 45.8 ± 6.33

Left atrial end-systolic diameter, mm 37.7 ± 4.49 41.4 ± 5.41 43.7 ± 8.27*

Left atrial end-systolic volume index, ml/m2 25.0 ± 6.00 38.6 ± 10.9 42.5 ± 8.52*

Relative wall thickness 0.44 ± 0.10 0.44 ± 0.10 0.54 ± 0.09*

LV mass index, g/m2 82.3 ± 19.4 96.1 ± 26.0 107.0 ± 27.5*

E wave velocity, cm/s 75.9 ± 21.2 74.2 ± 23.7 107.1 ± 32.8*

A wave velocity, cm/s 73.2 ± 20.7 84.7 ± 27.5 84.8 ± 28.4*

Septal e′ velocity, cm/s 8.18 ± 2.70 6.76 ± 3.24 5.87 ± 1.35*

Lateral e′ velocity, cm/s 10.6 ± 3.17 8.13 ± 3.44 6.57 ± 1.86*

Average E/e′ 8.70 ± 2.55 10.9 ± 3.04 18.4 ± 7.39*

TR velocity > 2.8 m/s 0 8 (31%) 6 (46%)*

Global left ventricular longitudinal strain, % 17 ± 2 16 ± 4 15 ± 3

Global left atrial longitudinal strain, % 31 ± 7 25 ± 7 24 ± 4*

Continuous values expressed as mean ± one unit standard deviation.

Strain expressed as absolute value of percentage of longitudinal deformation. Abbreviations: LV: left ventricle; MFR: myocardial flow reserve; TR: 
tricuspid regurgitation.

*
p < 0.05 for analysis of variance across diastolic function grades.

J Card Fail. Author manuscript; available in PMC 2019 February 01.


	Abstract
	Introduction
	Methods
	Study Design and Patient Selection
	PET Imaging
	Echocardiographic Analysis
	Statistical Analysis

	Results
	Patient Characteristics
	Myocardial Flow Reserve and Diastolic Dysfunction
	Left Atrial and Left Ventricular Strain and Diastolic Dysfunction
	Myocardial Flow Reserve and Left Atrial and Ventricular Strain
	Myocardial Flow Reserve and HFpEF-Related Comorbidity Burden

	Discussion
	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1
	Table 2

