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Abstract: Objective: Coronary microvascular dysfunction (CMD) is a new frontier in cardiovascular disease and an 
important contributor to myocardial ischemia. A high prevalence of CMD is shown in heart failure, however, the 
cause-and-effect relationship between CMD and atrial fibrillation (AF) is unknown. We hypothesize that CMD is 
associated with AF and increases susceptibility to the co-existence of AF and heart failure with preserved ejection 
fraction (HFpEF). Methods: Our study examined the relationship between CMD, AF, and HFpEF in all patients who 
underwent invasive coronary physiology studies for assessment of chest pain or dyspnea. CMD was defined as im-
paired coronary flow reserve (CFR) without obstructive coronary disease. Results: A total of 80 patients (mean age 
60±12 years, 68.8% female, median follow up of 2.2 years) were studied. Patients with AF (61%) or HFpEF (62%), or 
both (71%) were more likely to have CMD than those patients without these conditions. Of the patients with AF and 
abnormal CFR, 91% had HFpEF. CMD was a predictor of AF with concomitant HFpEF (OR 4.38, P=0.02). Our clinical 
outcome analysis demonstrated that patients with CMD, AF or HFpEF had lower survival free of HF hospitalization 
than those patients without (P<0.05). AF (OR 5.5, P=0.02), diabetes, older age, female gender, and higher heart 
rate were predictors of CMD. Conclusion: CMD is highly prevalent in patients with AF with or without HFpEF. CMD 
is associated with poor clinical outcomes and the co-existence of AF and HFpEF. Understanding of the association 
between CMD and AF is important for developing an effective treatment strategy and the risk stratification for the 
prevention of AF in patients with CMD and vice versa.
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Introduction

Coronary microvascular dysfunction (CMD) is a 
new frontier in cardiovascular disease involving 
myocardial injury, nonobstructive and obstruc-
tive coronary artery disease (CAD), and heart 
failure with preserved ejection fraction (HFpEF) 
[1-4]. A growing body of literature indicates that 
CMD contributes substantially to the patho-
physiology of ischemic heart disease and the 
increased risk of adverse events [5, 6]. Recent 
non-invasive studies demonstrated a high prev-
alence of CMD in HFpEF patients and proposed 
possible association with atrial fibrillation (AF) 
[3, 7]. Yet, the cause-and-effect relationship 
between CMD and AF with or without HFpEF is 
not known. 

CMD is associated with attenuation of coronary 
flow augmentation in response to stress lead-
ing to demand-supply mismatch, and myocar-
dial ischemia [1-3]. The coronary microcircula-
tion embodies a complex series of compart-
ments and receptive to dynamic changes in 
myocardium. CMD is linked to sympathetic 
innervation, neuro-hormonal activation, and 
myocardial fibrosis which are known to have 
role in pathogenesis of AF and heart failure (HF) 
[1, 8-15]. Yet, it is unclear whether CMD causes 
AF or vice versa. AF and CMD are complex dis-
ease processes with multiple contributing clini-
cal and molecular factors. AF and CMD are 
associated with HF individually [1-4, 10-17]. AF 
and HF are dual epidemics with increasing inci-
dence and prevalence [15-18]. AF is the most 
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common sustained arrhythmia in clinical prac-
tice by affecting 9% of those ≥65 years of age 
[10, 18]. Patients with both AF and HFpEF have 
disproportionately poor cardiovascular out-
comes [10, 14, 15, 18]. Although there is a high 
prevalence of AF in HFpEF patients. The impact 
of CMD on AF or co-existence of AF and HFpEF 
has not been characterized. Also, there is no 
published data evaluating tripartite intricate 
relationship between CMD, AF and HFpEF. We 
propose that impaired myocardial perfusion 
with CMD can facilitate atrial remodeling and 
electrical instability to cause AF. Understanding 
of the pathogenic relation between CMD and 
AF in the presence and absence of HFpEF is 
important for risk stratification and manage-
ment of patients. Previous studies have dem-
onstrated high prevalence of CMD in HFpEF 
patients, as assessed by positron emission 
tomography, or Doppler echocardiography. 
However, obstructive CAD was not ruled out as 
a cause of the measured flow abnormalities, 
and measurements of microvascular resis-
tance was not performed in these studies [1-3, 
6, 15]. 

Here, we hypothesize that CMD is associated 
with AF and increases susceptibility to the co-
existence of AF with HFpEF. To test this hypoth-
esis, we examined the relationship between 
CMD and AF with or without HFpEF by using 
invasive coronary physiology studies (ICPS) to 
diagnose CMD. ICPS with the assessment of 
coronary flow reserve (CFR) is a gold standard 
diagnostic test for CMD [1-3, 5, 6, 19-21]. Our 
study was performed in a registry of patients at 
our institution who have undergone an ICPS to 
assess CMD [2, 19]. To our knowledge, this is 
the first study investigating the link between 
CMD, AF and HFpEF by using ICPS and invasive 
measurement of CFR. We also studied the 
effect of CMD on clinical outcomes in patients 
with AF, HFpEF or both compared to control 
patients without AF or HFpEF.

Materials and methods

All consecutive patients who underwent -ICPS 
and had no obstructive CAD at the University  
of Chicago Medical Center (UCMC) between 
December 2014 and April 2019 were included 
in this study. The study was approved by the 
UCMC Institutional Review Board (#IRB14-
0927). A written informed consent was 

obtained from all patients. We excluded 
patients who did not consent to participate in 
the registry. All patients met indications for 
diagnostic catheterization by practice guide-
lines, with the indication of either angina or dys-
pnea. We analyzed the data on a prospectively-
collected registry of all patients who underwent 
ICPS with a focus on the clinical outcomes 
including mortality, HF hospitalization, clinical 
AF and HFpEF. In order to eliminate selection 
biases, all consecutive patients were included 
in this study. Patients with prior MI, prior CABG, 
severe valvular disease determined by baseline 
echocardiogram, obstructive CAD, prior cardiac 
transplantation, previous history of reduced 
left ventricular EF (≤35%) that has subsequent-
ly normalized, and HFpEF due to infiltrative dis-
orders such as amyloidosis and genetic cardio-
myopathies were excluded. Obstructive CAD 
was defined as a stenosis >50% in the left main 
coronary artery, >70% in a non-left main coro-
nary artery, or any stenosis with a fractional 
flow reserve of ≤0.80, and patients with hemo-
dynamically significant myocardial bridges.

Data collection

Data were abstracted from the electronic medi-
cal record containing complete records of all 
patients treated and followed at the UCMC. 
Demographic data, comorbidities, medica-
tions, and electrocardiograms were abstracted 
from the database and/or electronic medical 
record. Left ventricular ejection fraction (LVEF) 
and the presence of valve disease were deter-
mined by echocardiography within 90 days of 
the procedure. Incidence of AF during follow-up 
was determined by review of all ECGs, ambula-
tory event monitors and inpatient telemetry 
recordings. Using the standard definition, par-
oxysmal or non-paroxysmal AF including persis-
tent, long-standing persistent, and permanent 
AF were all included [10, 22, 23]. HFpEF was 
diagnosed if the patient had a LVEF ≥50%, had 
less than moderate valvular heart disease, and 
met Framingham criteria for HF and had a pul-
monary capillary wedge pressure of >15 mmHg 
or a left ventricular end diastolic pressure of 
>18 mmHg [24]. Outcome data were collected 
via phone call, office visits, and/or abstraction 
of the medical record quarterly for one year 
after the cardiac catheterization date. Survival 
was determined by obtaining the most recent 
date of contact between the patient and the 
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hospital. If no contact had occurred, the patient 
was contacted via phone. If the patient was no 
longer living at the time of follow-up, the date 
and cause of death was recorded. For a hospi-
talization to be considered a HF hospitalization, 
the patient had to meet Framingham Criteria 
for HF and HF had to be the primary reason for 
the hospitalization.

Coronary physiology study

Coronary angiography and ICPS were per-
formed by using a standardized protocol as 
described previously [2, 28]. Briefly, left ven-
tricular end-diastolic pressure was measured 
using either a pigtail or Judkins right catheter 
with standard calibrated pressure transducers. 
A guide catheter was placed in the left main 
coronary artery and heparin was administered 
for a target activated clotting time of 250 sec-
onds or greater. Intracoronary nitroglycerin 
(100-200 μg) was injected through the guide 
catheter and a 0.014-inch Pressure X wire 
(Abbott) was calibrated and equalized to the 
guide catheter pressure and advanced to the 
distal two-thirds of the left anterior descending 
coronary artery. CFR and IMR were measured 
using commercially available software (RADI 
analyzer, Abbott) using the thermodilution  
technique with intravenous adenosine (140 
μg/kg/min) as the vasodilator. CFR was calcu-
lated using the ratio of hyperemic blood flow 
(1/Tmn, hyperemia) to resting blood flow (1/
Tmn, resting), or simply Tmn, resting/Tmn, 
hyperemia. IMR was calculated using the ratio 
of hyperemic mean distal coronary artery pres-
sure to hyperemic flow, or simply mean distal 
coronary artery pressure x Tmn, hyperemia. 
Abnormal values were defined as <2.0 for CFR 
and >23 units for IMR [2, 5]. CMD was defined 
as abnormal CFR in the absence of obstructive 
CAD [1, 2, 21].

Cardiac electrophysiology and imaging

All patients had a supine 12 lead ECG which 
was stored on a digital recording and archiving 
system (Cardiolab, GE Healthcare). ECGs were 
used to determine underlying rhythm and con-
duction intervals including P wave duration, PR 
interval, QRS duration and corrected QT inter-
val (QTc). P-wave duration and PR interval were 
measured in leads II and V1. A PR interval >200 
ms was considered prolonged. The measure-
ments were made by two physicians who were 

blinded to the patients’ characteristics. If there 
was inter-observer variation (>10 ms) in mea-
surements, an electrophysiologist who was 
also blind to the patients, measured the inter-
vals. Conduction disease, AF and other arrhyth-
mias were detected by review of all available 
cardiac recordings including ECGs, ambulatory 
event monitors and telemetry [22, 23]. Cardiac 
function and structure was evaluated by trans-
thoracic, Doppler, and tissue Doppler echocar-
diography by using the American Society of 
Echocardiography guidelines [25]. Two-di- 
mensional chamber quantification and Doppler 
parameters were obtained, measured, and 
analyzed using Intellispace (Phillips Healthcare) 
using the echocardiography guidelines for 
chamber quantification and diastolic dysfunc-
tion [26].

Statistical analysis

Continuous characteristics were expressed as 
means ± standard deviations or medians with 
interquartile ranges and compared with either 
Student’s t-tests or Mann-Whitney U (Wilcoxon) 
tests as determined by Shapiro-Wilk tests of 
normality. Categorical characteristics were 
expressed as relative counts and percentages 
and compared with Chi-square tests of associ-
ation or Fisher’s exact tests. Univariable and 
multivariable logistic regressions determined 
baseline clinical characteristics were associat-
ed with CMD, AF, HFpEF, and both HFpEF and 
AF. Kaplan Meier time-to-event analysis with 
the log-rank test for statistical significance was 
used to determine time to death or HF hospital-
ization for patients with and without abnormal 
CFR, and for patients with and without either 
HFpEF or AF. Tests were two-tailed and consid-
ered statistically significant with a p-value 
<0.05. All statistical analyses were conducted 
using STATA MP version 15 (College Station, 
TX).

Results

Overall study population

A total of 80 consecutive patients (mean age 
60±12 years and median age 60 years (inter-
quartile range 53-68) who underwent ICPS 
were included in this study. The study popula-
tion included a majority of women (69%) and 
African Americans (AA) (73%). There were 
22.5% patients with AF and 50% patients with 
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Table 1. Baseline characteristics among patients with and without 
coronary microvascular disease

Characteristics All Patients 
(n=80)

Abnormal 
CFR (n=34)

Normal CFR 
(n=46)

P 
Value

Age, years + SD 60±12 60±12 60±12 0.98
Women, % 68 74 64 0.39
African-American, % 73 68 78 0.31
Hypertension, % 80 79 80 0.95
CKD, % 29 38 22 0.12
Dyslipidemia, % 71 71 71 0.96
COPD, % 37 35 38 0.82
Diabetes, % 43 56 33 0.045
Angina, % 66 53 76 0.04
AF, % 23 32 15 0.07
HFpEF, % 50 62 41 0.07
NYHA class ≥III, % 16 24 11 0.14
BMI, kg/m2 33 37 31 0.049
BMI >30.0, % 66 73 61 0.27
BNP, pg/dL 130 173 77 0.10
LVEF, % 63±7 62±7 63±7 0.32
LVEDP, mmHg 13±6 15±6 12±5 0.05
MAP, mmHg 91 91 93 0.16
LAVI, mL/m2 26±9 27±12 25±6 0.53
Non-obstructive CAD, % 17 21 15 0.54
CFR (median (IQR)) 2.5 (1.6-3.7) 1.6 (1.3-1.7) 3.4 (2.6-5.2) --
AV Block, % 13 12 14 1
PAC, % 6 6 7 1
PR interval, ms 164 166 160 0.81
P wave duration, ms 116 121 112 0.30
LA Duration, ms 62±17 64±17 61±16 0.40
QRS interval, ms 86 86 86 0.28
QTc interval, ms 440 448 433 0.03
Heart rate, bpm 70 78 67 0.008
Abbreviations: CFR, indicates coronary flow reserve; CKD, chronic kidney disease; 
COPD, chronic obstructive lung disease; AF, atrial fibrillation; HFpEF, heart failure 
with preserved ejection fraction; NYHA, New York Heart Association; BMI, body mass 
index; BNP, B-natriuretic peptide; LVEF, left ventricular ejection fraction; LVEDP, left 
ventricular end diastolic pressure; MAP, mean arterial pressure; LAVI, left atrial vol-
ume index; CAD, coronary artery disease; AV, atrio ventricular; PAC, premature atrial 
contraction; LA, left atria.

HFpEF. Abnormal CFR, a marker of CMD, was 
found in 34 patients (42.5%) in study group. 
There was nof those AA). In the HFpEF sub-
group, 73% were female (63% of tho o gender 
(64% versus 74% women, P=0.39) or race (78% 
versus 68% AA, P=0.31) difference regarding 
the incidence of CMD in our study. In patients 
with AF, 61% were female (64% se AA). In 
patients with both AF and HFpEF, 64% were 
females (50% were AA females). Detailed base-

line characteristics of the 
overall study population 
grouped by abnormal CFR 
are provided in Table 1. 
Underlying clinical condi-
tions and demographic da- 
ta were comparable bet- 
ween patients with normal 
CFR and those with abnor-
mal CFR. Diabetes and an- 
gina were more common  
in patients with abnormal 
CFR. The average BMI was 
higher in patients with 
abnormal CFR, but there 
was no difference in preva-
lence of obesity between 
the two groups. Abnormal 
index of microvascular re- 
sistance (IMR) was more 
common in patients with 
abnormal CFR. The average 
QTc interval was longer and 
the average heart rate high-
er in patients with abnormal 
CFR.

Relationship between AF, 
HFpEF and CMD

Detailed baseline charac-
teristics of the study groups 
based on AF and HFpEF are 
displayed in Table 2. There 
was significant AF and HF- 
pEF association as HFpEF 
was present in 78% of pa- 
tients with AF versus 42% 
without AF (P=0.007). Pa- 
tients with AF were older 
(65.7±12.6 versus 58.3± 
11.1; P=0.02), had a higher 
average B-type natriuretic 
peptide (BNP), and had a 

higher prevalence of chronic kidney disease 
(CKD) and chronic obstructive pulmonary dis-
ease (COPD) than those patients without AF. 
Prevalence of atrioventricular block (AVB), and 
premature atrial contractions (PAC) were more 
common in AF patients, and PR interval and P 
wave duration were longer in AF patients. A 
trend was observed with AF patients having a 
higher prevalence of abnormal CFR than 
patients without AF (61% versus 37%, P=0.07; 
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Table 2. Comparisons of Groups According to AF or HFpEF
Characteristics AF (n=18) No AF (n=62) P Value HFpEF (n=40) No HFpEF (n=40) P Value
Age, years + SD 66±13 58±11 0.02 64±10 56±12 0.001
Women, % 61 70 0.45 73 64 0.42
AA, % 61 77 0.23 78 69 0.41
Hypertension, % 89 77 0.34 93 67 0.004
CKD, % 50 23 0.03 45 13 0.002
Dyslipidemia, % 72 70 0.89 85 56 0.005
COPD, % 67 28 0.003 48 26 0.04
Diabetes, % 39 44 0.69 58 28 0.009
Angina, % 50 70 0.11 50 82 0.003
HFpEF, % 78 42 0.007 35 10 0.007
NYHA class ≥III, % 28 13 0.16 30 3 0.001
BMI, kg/m2 36 32 0.08 37 30 0.002
BMI >30.0, % 78 62 0.22 82 50 0.003
BNP (pg/dL) 1221 114 0.001 161 33 0.003
LVEF, % 62±7 63±6 0.62 62±6 63±8 0.73
LVEDP, mmHg 15±4 13±6 0.13 16±5 10±5 <0.001
MAP, mmHg 91 92 0.43 91 92 0.51
LAVI, mL/m2 30±14 25±7 0.055 27±11 24±6 0.18
Non-obstructive CAD, % 18 17 1 14 21 0.42
Abnormal CFR, % 61 37 0.07 53 33 0.07
CFR (median) 1.7 (1.4-3.8) 2.5 (1.7-3.7) 0.13 1.8 (1.5-3.3) 2.6 (1.8-4.3) 0.051
AV Block, % 33 7 0.009 13 14 1
PAC, % 22 2 0.01 10 3 0.36
PR interval, ms 182 159 0.01 164 154 0.41
P wave, ms 132 112 0.01 116 112 0.09
LA Duration, ms 69±22 60±15 0.10 66±19 58±14 0.04
QRS interval, ms 88 86 0.32 86 86 0.91
QTc interval, ms 451 437 0.57 449 428 0.01
Heart rate, bpm 68 70 0.48 73 68 0.04
Abbreviations: CFR indicates coronary flow reserve; CKD, chronic kidney disease; COPD, chronic obstructive lung disease; AA, 
African American; AF, atrial fibrillation; HFpEF, heart failure with preserved ejection fraction; NYHA, New York Heart Association; 
BMI, body mass index; BNP, B-natriuretic peptide; LVEF, left ventricular ejection fraction; LVEDP, left ventricular end diastolic 
pressure; MAP, mean arterial pressure; LAVI, left atrial volume index; CAD, coronary artery disease; AV, atrio ventricular; PAC, 
premature atrial contraction; LA, left atria.

Table 2). Also, there was a trend towards 
patients with abnormal CFR having higher rates 
of AF than those patients with normal CFR (32% 
versus 15%, P=0.07; Table 1). Similarly, 
patients with HFpEF were older (64.2±10.1 ver-
sus 55.7±11.9; P=0.001), had higher average 
BNP, and had a higher prevalence of HTN, CKD, 
dyslipidemia, COPD, diabetes, angina and obe-
sity than those patients without HFpEF (Table 
2). AF was documented in 35% of patients with 
HFpEF versus 10% without HFpEF (P=0.007). 
Average LVEDP (P<0.001) and heart rate 
(P=0.04) were higher in HFpEF patients. ECG 
showed longer left atrial (LA) duration and QTc 

interval in HFpEF patients than in those patients 
without. Patients with AF (61%) and patients 
with HFpEF (62%) or both (71%) were more like-
ly to have abnormal CFR than those patients 
without these conditions. Of the patients with 
AF and abnormal CFR, 91% had HFpEF.

Clinical predictors of the associations between 
AF, CMD and HFpEF, and overall outcome

A univariate logistic regression model demon-
strated that older age, HFpEF, CKD, COPD, ele-
vated BNP, AVB, PAC, prolonged P wave dura-
tion and PR interval are predictors of AF in this 
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Table 3. Logistic regression model for atrial 
fibrillation and/or heart failure
A. AF
Characteristics OR (95% CI) P value
Age 1.06 (1.0-1.1) 0.02
CKD 3.36 (1.1-10.0) 0.03
COPD 5.18 (1.6-16) 0.004
HFpEF 4.85 (1.4-16.4) 0.01
BNP 1.00 (1.0-1.0) 0.03
AV Block 6.88 (1.6-28) 0.007
PAC 2.49 (1.05-5.9) 0.04
PR interval 1.03 (1.0-1.05) 0.005
P wave 1.06 (1.0-1.1) 0.009
B. HFpEF
Characteristics OR (95% CI) P value
Age 1.07 (1.02-1.1) 0.003
HTN 6.17 (1.6-23.8) 0.008
CKD 3.36 (1.1-10.1) 0.03
Dyslipidemia 4.38 (1.5-12.8) 0.007
COPD 2.62 (1.02-6.7) 0.046
Diabetes 3.44 (1.35-8.8) 0.01
Angina 0.22 (0.08-0.6) 0.004
NYHA class ≥III 16.3 (2.0-132) 0.009
BNP 1.01 (1.0-1.0) 0.04
BMI 1.09 (1.0-1.1) 0.004
P wave 1.03 (1.0-1.07) 0.054
LA duration 1.03 (1.0-1.07) 0.05
C. Concurrent AF and HFpEF
Characteristics OR (95% CI) P value
Age 1.07 (1.01-1.14) 0.02
CKD 6.56 (1.89-22.73) 0.003
COPD 4.05 (1.20-13.63) 0.02
Angina 0.21 (0.06-0.72) 0.01
NYHA class ≥III 3.96 (1.06-14.8) 0.04
BNP 1.00 (1.0-1.0) 0.03
LAVI 1.10 (1.01-1.19) 0.03
Abnormal CFR 4.38 (1.24-15.48) 0.02
PAC 2.07 (1.01-4.25) 0.046
P wave 1.05 (1.00-1.10) 0.04
LA duration 1.06 (1.01-1.10) 0.02
Abbreviations: AF indicates atrial fibrillation; HFpEF, heart 
failure with preserved ejection fraction; OR, odds ratio; 
CI, confidence interval; CKD, chronic kidney disease; 
COPD, chronic obstructive lung disease; NYHA, New York 
Heart Association; BNP, B-natriuretic peptide; LAVI, left 
atrial volume index; CFR, coronary flow reserve; AV, atrio 
ventricular; PAC, premature atrial contraction; LA, left 
atria.

population (P<0.05, Table 3A). HFpEF was 
associated with older age, HTN, CKD, hyperlip-

idemia, COPD, diabetes, absence of angina, 
high NYHA class, BNP, P wave duration, and LA 
duration (P<0.05, Table 3B). There were sever-
al univariate predictors of AF in HFpEF patients 
including older age, CKD, COPD, angina, NYHA 
Class ≥III, abnormal CFR, enlarged LA, elevated 
BNP, PAC, prolonged P wave duration and LA 
conduction delay (P<0.05, Table 3C). Abnormal 
CFR was a predictor of HFpEF with concomitant 
AF (HR 4.38, P=0.02). Multivariate logistic 
regression analysis demonstrated predictors  
of CMD include abnormal IMR (OR=8.78, 
p=0.001), AF (OR=5.50, P=0.02), diabetes 
(OR=3.77, P=0.035), higher heart rate 
(OR=1.05, P=0.02), female gender (OR=0.25, 
P=0.053), and older age (OR=0.96, P=0.16). 
The long-term survival and HF hospitalization 
were evaluated in our study population. Patients 
with abnormal CFR were associated with lower 
survival free of HF hospitalization at one-year 
compared to those with normal CFR during a 
median of 2.2 years follow up (70.8% versus. 
92.8% in 1-year, P=0.01) (Figure 1). Also, 
patients with either HFpEF or AF had lower sur-
vival free of HF hospitalization at one-year com-
pared to patients with neither HFpEF nor AF 
(71.9% versus 100% in 1-year, P=0.001).

Discussion

Our unique study presents several original find-
ings. 1) There is significant association between 
CMD and AF with or without HFpEF. 2) CMD is 
highly prevalent in patients with AF. 3) CMD is a 
predictor of concomitant AF and HFpEF. 4) CMD 
and AF or HFpEF are associated with higher risk 
of mortality and HF hospitalization. 5) There 
was no significant sex- and race-based differ-
ence in the relationship between CMD, AF and 
HFpEF. 6) AF, diabetes, older age, female gen-
der, and higher heart rate were predictors of 
CMD.

Recent studies showed high prevalence of CMD 
in HFpEF patients without excluding underlying 
obstructive CAD [1-3, 6, 15]. In PROMIS HFpEF 
study CFR was measured indirectly with ade-
nosine stress echocardiography [3] and the 
study was unable to exclude coronary artery 
atherosclerosis as potential reason for impaired 
CFR (<2.5) in the HFpEF patients. Authors stat-
ed that systematic coronary angiography in all 
patients to exclude epicardial CAD and invasive 
coronary assessment of the index of microvas-
cular resistance would have been difficult in a 
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study the size of PROMIS, but both could have 
added an additional dimension to the evalua-
tion of CMD in HFpEF. In our study, all of our 
patients underwent coronary angiography and 
ICPS. We measured CFR and IMR directly with 
ICPS for diagnosis of CMD and also exclusion of 
macrovascular CAD in our patients. Indeed, 
CMD diagnosis with CFR measurement by using 
ICPS is the gold-standard. All of our patients 
underwent ICPS with the measurements of CFR 
and IMR in addition to coronary angiogram for 
CAD and left ventricular end diastolic pressure 
measurement. Importantly, obstructive CAD 
was ruled out in our study, whereas non-inva-
sive determination of CFR does not rule this 
out. We defined CMD with abnormal CFR (<2.0) 
in the absence of obstructive CAD [1, 2, 5].

Here we provide evidence of the clinical asso-
ciation between AF and CMD in the presence or 
absence of HFpEF. This has a major clinical 
implication for cardiovascular health. Our find-
ings can guide novel strategies for the preven-
tion AF and/or CMD. By using invasive CFR 
measurements, our study shows significant 
association of CMD and AF in a population in 
which women and minority patients are well-
represented. The majority of our patients with 
AF (85%) had CMD and one third of the patients 
with CMD were found to have AF. Almost all 
patients with AF and CMD (91%) had HFpEF. 
Thus, there was a strong association between 
CMD and AF with concomitant HFpEF. We also 
found that CMD is associated with higher risk 
of mortality and HF hospitalization compared to 
those without CMD. Similarly, patients with AF 
or HFpEF showed lower survival free of HF hos-

pitalization. AF with and without HFpEF was 
associated with older age, CKD, COPD, elevat-
ed BNP, angina, NYHA Class ≥III, enlarged LA, 
AVB, PAC and prolonged P wave duration. 
Abnormal CFR was a predictor of AF with con-
comitant HFpEF in our study population. These 
clinical predictors are useful for the risk stratifi-
cation and management of the patients.

Recent studies indicated that CMD contributes 
to HFpEF pathophysiology directly through car-
diomyocyte stiffening and diffuse interstitial 
fibrosis, as well as indirectly through exercise-
induced myocardial ischemia and LV systolic 
and diastolic dysfunction [1, 27]. However, the 
effect of CMD in AF pathogenesis and its 
molecular mechanism are unclear. Myocardial 
fibrosis is a potential common pathway for AF, 
CMD and HFpEF [1, 8-17, 27-34]. We and others 
proposed that CMD may cause atrial myocardi-
al disease with possible fibrosis and inflamma-
tion that may facilitate atrial substrate for AF 
[22, 23, 27-34]. A small clinical study showed 
impaired myocardial hyperemic perfusion 
reserve in persistent lone AF by using positron 
emission tomography which was partially 
reversible with restoring sinus rhythm [7]. The 
authors suggested that CMD in these patients 
was linked to the arrhythmia, sympathetic 
innervation, neurohormonal activation, endo-
thelial dysfunction, or myocardial remodeling. 
Here, our study demonstrates that CMD is 
associated with AF. Mechanisms of the associ-
ation between CMD, AF and HFpEF are not 
known. Arrhythmogenic atrial electro-anatomi-
cal remodeling is critical in development of AF 
which is triggered by multiple clinical or molec-

Figure 1. Kaplan-Meier curves demonstrate the time to survival and hospitalization based on coronary flow reserve 
(CFR) (A) and atrial fibrillation (AF) with heart failure with preserved ejection fraction (HFpEF) (B).
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ular factors including stretch, neurohormonal 
activation, and oxidative stress. Myocardial 
perfusion is essential to contractility and elec-
trical stability. As a result, CMD may have a role 
in facilitating atrial remodeling and electrical 
instability. Atrial electro-anatomical remodeling 
with AF and HFpEF is associated with meta- 
bolic dysregulation, energy depletion, oxidative 
stress, inflammation and fibrosis [28-34]. A 
recent study of evaluating epicardial fat vol-
ume, a surrogate for microvascular inflamma-
tion, in patients with HFpEF demonstrated that 
fat volume correlates to presence of AF and 
diabetes, supporting the hypothesis that CMD 
can be a pathogenic link between HFpEF and 
AF [34]. Whether CMD causes AF is not known. 
However, it is known that AF occurs in up to 
one-half of patients with HFpEF and effects the 
clinical outcome [15, 18, 35, 36]. Our recent 
studies in both mouse and human atria demon-
strated progressive atrial remodeling in the 
coexistence of AF and HF that included atrial 
enlargement, cardiomyocyte loss, fibrosis and 
heterogeneous conduction [22, 23, 29-31]. 
CMD can provide insight into the mechanism of 
atrial remodeling in relation to AF and HFpEF.

The strengths of our study include 1) evaluating 
complex relationships between AF, CMD and 
HFpEF, 2) using the gold-standard diagnostic 
test for CMD with CFR measurement by using 
ICPS and excluding obstructive CAD, 3) A low 
cutoff for CFR (<2.0) improved specificity for 
the diagnosis of CMD and 4) representation of 
women and minorities in the study population 
including AA women. Diagnostic accuracy of 
CMD in our study is an important aspect for the 
evaluation of the association between CMD in 
AF and HFpEF. We ruled out obstructive CAD, 
which could potentially confound non-invasive 
assessment for CMD. In other studies, CFR was 
measured indirectly by using positron emission 
tomography or cardiac magnetic resonance 
imaging or Doppler [3, 6, 7]. Although the sam-
ple size and low event rate are limitations of 
this study, given the nature of CMD diagnosis 
with invasive coronary study, sample size is 
equitable for the analysis. Minor insufficiencies 
or variation may have occurred in the data col-
lection. Prevalence of subclinical AF before the 
ICPS may have been higher.

In conclusion, our study reveals that there is 
significant association between CMD and AF, 
especially with concomitant HFpEF. CMD is 

highly prevalent in patients with AF and HFpEF, 
and affects clinical outcomes. Evaluation of 
CMD in patients with AF and vice versa is a rea-
sonable strategy for early detection and treat-
ment patients these disease processes, par-
ticularly in patients with HFpEF. Thus, our study 
has significant clinical implication for risk strati-
fication and management of patients with AF 
and/or CMD in addition to scientific advance-
ment in the field. Ultimately, our findings will 
help to improve AF- and CMD-related morbidity 
and mortality by facilitating early diagnosis and 
prevention of AF and CMD.
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