
IJC Heart & Vasculature 30 (2020) 100584
Contents lists available at ScienceDirect

IJC Heart & Vasculature

journa l homepage: www. journals .e lsevier .com/ i j c -hear t -and-vascula ture
Peripheral endothelial dysfunction is a novel risk factor for systolic
dysfunction and heart failure progression
https://doi.org/10.1016/j.ijcha.2020.100584
2352-9067/� 2020 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Abbreviations: BMI, body mass index; CAD, coronary artery disease; CV,
cardiovascular; EF, ejection fraction; HF, heart failure; LV, left ventricular; RH-
PAT, reactive hyperemia-peripheral arterial tonometry.
⇑ Corresponding author at: Department of Cardiovascular Diseases, Mayo College

of Medicine, 200 First Street SW, Rochester, MN 55905, USA.
E-mail addresses: riad.nrh@gmail.com (R. Taher), sara.jaskanwal@mayo.edu

(J.D. Sara), toya.takumi@mayo.edu (T. Toya), borlaug.barry@mayo.edu
(B.A. Borlaug), lerman.lilach@mayo.edu (L.O. Lerman), r_mahamid@rambam.
health.gov.il (A. Lerman).

1 Authors contributed equally to the manuscript.
Riad Taher a,1, Jaskanwal D. Sara b,1, Takumi Toya b,c, Barry A. Borlaug b, Lilach O. Lerman d, Amir Lerman b,⇑
a Internal Medicine Department and Department of Endocrinology, Rambam HealthCare Campus, Haifa, Israel
bDivision of Cardiovascular Diseases, Mayo Clinic College of Medicine and Science, Rochester, MN, USA
cDivision of Cardiology, National Defense Medical College, Tokorozawa, Saitama, Japan
dDivision of Nephrology and Hypertension, Mayo Clinic College of Medicine and Science, Rochester, MN, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Received 14 May 2020
Received in revised form 15 June 2020
Accepted 6 July 2020

Keywords:
Peripheral endothelial dysfunction
Heart Failure
Systolic dysfunction
Novel risk factor
Background: ACC/AHA guidelines recognize the progressive nature of heart failure (HF). Patients with risk
factors (Stage A) are at risk for developing asymptomatic cardiac dysfunction (Stage B), which may then
lead to symptomatic HF (Stage C). As such, therapies targeting abnormalities in stages A and B may pro-
tect against development of symptomatic HF. peripheral endothelial dysfunction (PED) is an independent
predictor of adverse outcomes in patients with stage C HF. The aim of the current study was to evaluate
whether PED might be associated with Stage B HF, where therapeutic interventions to prevent progres-
sion might be more efficacious.
Methods: We performed a retrospective cross-sectional analysis of patients who were referred for routine
cardiovascular evaluation that included an assessment of peripheral endothelial function with reactive
hyperemia-peripheral arterial tonometry. Individuals in this study underwent routine clinically indicated
echocardiography within 2 months of testing for PED. Patients with clinical HF were excluded.
Results: The study included 355 patients (mean age 51.5 ± 14.6 years, 231 (65.1%) female). There was a
significant association between PED and Stage B HF (Odds Ratio (OR) 6.38; P < 0.0001) that persisted after
stratifying by sex. In multivariate analyses PED was significantly associated with Stage B HF (OR 5.33;
P = 0.0038), and was also associated with progression to overt stage C HF (OR 4.63; P = 0.033).
Conclusion: Peripheral endothelial dysfunction is risk factor for Stage B HF, even in low risk individuals.
Further study is warranted to better understand the mechanistic basis of PED in HF to reduce the risk of
symptomatic progression.

� 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Heart failure (HF) is a debilitating syndrome that may is charac-
terized by stages progressing temporally from A (asymptomatic
with HF risk factors) to B (asymptomatic with cardiac structural
or functional remodeling) to C and D (symptomatic HF). Reduction
in left ventricular ejection fraction (EF) without symptoms is an
important constituent of Stage B HF. Therapies targeted to abnor-
malities present in Stage B, such as ACE-inhibitors, reduce the risk
of progression to stage C [1]. Identification of other novel modifi-
able risk factors that promote progression is of great importance
to reduce the overall burden of HF.

Endothelial dysfunction precedes atherosclerosis and indepen-
dently leads to adverse cardiovascular (CV) events [2]. Peripheral
endothelial function can be assessed noninvasively by measuring
the increase in digital blood flow following upper arm cuff occlu-
sion (reactive hyperemia index, RHI; EndoPAT) [3–5]. Peripheral
endothelial dysfunction (PED) has been shown to be associated
with stage C HF [6,7], where it is also a prognostic marker and
potential therapeutic target [8,9]. We previously demonstrated
that coronary microvascular endothelial dysfunction is present in
patients with stage B HF [10]. However, it is unknown whether
PED is a risk factor for stage B HF. Impaired endothelial-
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dependent vasodilation, measured using forearm blood flow in
response to intra-arterial methacholine, has been shown to be pre-
sent in individuals with mild HF (NYHA class I and II), suggesting
that endothelial dysfunction may be an early finding in HF [11].
We therefore hypothesized that the presence of PED, as detected
using RHI with EndoPAT, would be independently associated with
Stage B HF in a broad spectrum of patients, and that this would be
associated with progression to symptomatic HF.
2. Methods

2.1. Study population

The current study is a retrospective cross-sectional study.
Patients were referred by their primary physicians between Jan-
uary 17, 2006 and February 14, 2014 to Mayo Clinic for evaluation
of chest pain and/or CV risk that included an assessment of
microvascular PED. The decision to undergo testing for PED was
at the clinical discretion of the evaluating physician. Only the first
test for each patient was included in the final analysis.

Patients who underwent routine, clinically indicated echocar-
diographic evaluation for suspected cardiac disease, and who did
not have evidence of acute and/or chronic HF were included from
this study. Stage B HF was defined as an EF < 55% with no prior
clinical diagnosis of symptomatic HF [12]. The study was approved
by Mayo Clinic International Review Board.

2.2. Endothelial function assessment

Peripheral microvascular endothelial function was assessed
using RH-PAT in a designated quiet, temperature controlled and
uniformly lit room. Subjects were instructed to fast for 4-hours
prior to the study and to abstain from coffee or tobacco on the
day of the examination. All vasoactive medications were discontin-
ued for 24-hours prior to testing. A fitted blood pressure cuff was
placed on one arm, and the finger cuffs of the Endo-PAT 2000
device (designed by Itamar Medical Ltd, Caesarea, Israel) was
placed on the middle finger of each hand [13]. The EndoPAT
2000 is a Food and Drug Administration–approved noninvasive
device allows continuous recording of the Peripheral Arterial Tone
signal measured from the fingertip by recording finger arterial pul-
satile volume changes. The interpretation is operator independent.

The reactive hyperemia protocol consists of the following
sequence. A five-minute baseline measurement, after which a
blood pressure cuff on the test arm is inflated to 60 mmHg above
baseline systolic blood pressure, or at least 200 mmHg for five min-
utes (occlusion of pulsatile arterial flow confirmed by the reduc-
tion of the PAT tracing to zero) after which the cuff is deflated,
and the post-deflation PAT tracing is recorded for an additional
six minutes. The ratio of the PAT signal after cuff release to baseline
is calculated through a computer algorithm automatically normal-
izing for baseline signal, and indexed to the contralateral arm. A
calculated RH-PAT index � 2.0 is a clinically used cut-off value
for diagnosis of PED at Mayo Clinic and we have previously demon-
strated that RH-PAT index � 2.0 correlated with reduced exercise
capacity and greater dyspneic symptoms [14]. Several studies have
shown a good association between PED assessment using EndoPAT
and other methods, such as intra-arterial acetylcholine infusion
and brachial artery Doppler ultrasound following reactive hyper-
emia [15–17].

2.3. Patient information

Data was collected on demographic factors (sex and age), and
traditional CV risk factors, including hypertension, defined as a
known history of or treated hypertension; diabetes mellitus,
defined as a known history of or treated diabetes; dyslipidemia,
defined as a diagnosis of hyperlipidemia, treatment with lipid low-
ering therapy, elevated low density lipoprotein (LDL) cholesterol,
high triglycerides level or low high density lipoprotein (HDL)
cholesterol [18], smoking status and body mass index (BMI) using
BMI � 30 kg/m2 as the threshold to define obesity [19].

Because coronary artery disease (CAD) is the leading cause of
HF, its presence was categorized according to the following
scheme: i) no-known CAD, ii) non-obstructive CAD defined as
stenosis of <50% of any coronary artery, and iii) obstructive CAD
defined as history of percutaneous coronary intervention or coro-
nary artery bypass graft surgery, or coronary artery stenosis of
�50% in at least one coronary artery on coronary angiogram or
coronary computed tomography angiography. The Framingham
score was calculated in all patients (n = 300) who had the required
lab data available (total cholesterol and high-density lipoprotein
cholesterol levels) and who were in the acceptable age range
(19–74 years). Individuals were defined as having a low risk for
coronary disease events if the Framingham score was <10 [20].
Echocardiography findings were collected including left ventricu-
lar (LV) EF, and right ventricular systolic pressure, where available.
Data on laboratory information was also collected including fasting
glucose, hemoglobin A1C, lipid profile, and creatinine with which
estimated glomerular filtration rate was calculated using the
MDRD equation [21]. Information was also collected on medication
use, including aspirin, statins, anti-diabetic therapy and anti-
hypertensive therapy.

Data for conversion to clinically overt stage C HF was collected
in patients who continued to be followed up at Mayo Clinic. The
duration of follow-up was the period of time between testing for
PED and either the first description of clinically overt HF in the
medical chart or the last documented follow-up if the patient did
not develop HF.

2.4. Statistical analysis

Patients were categorized based on the presence of normal
peripheral endothelial function versus PED. The mean LVEF as well
as the frequency of Stage B HF (defined as a LVEF < 55%) was then
compared between groups among all patients and after stratifying
by sex, CAD status and Framingham based risk. Continuous vari-
ables are presented as a mean (standard deviation) where data is
normally distributed and as a median (quartile 1, quartile 3) for
skewed data. Categorical variables are presented as frequencies
(percentages). Differences between groups were analyzed using
Student’s t-test for continuous variables and chi-squared test for
proportions. A multivariate logistic regression analysis assessing
the association between PED and Stage B HF was undertaken after
adjusting for age, sex, BMI, Framingham based risk score and CAD
status. A sensitivity analysis using LVEF threshold of <40% was also
undertaken but did not constitute the primary analysis due to
small sample sizes.

The frequency of conversion to clinically overt stage C HF was
compared between patients with versus without PED. We under-
took a multivariate logistic regression analysis for the association
between PED and conversion to clinically overt stage C HF after
adjusting for sex, age, BMI, and the presence of CAD. Area under
the receiver operator curves were fitted for the relationship
between baseline PED and baseline stage B HF, and between base-
line PED and progression to clinically overt stage C HF in all
patients and after stratifying by sex. A Kaplan-Meier curve evaluat-
ing survival without clinically overt stage C HF in patients with
versus without PED was analyzed, and the log-rank test was used
to test for a significant difference between groups. P-values of less
than 0.05 were accepted as significant, and all tests were



Table1
Patient characteristics.

Characteristic Without PED (N = 195) With PED (N = 160) P value

Age - mean ± SD (yr) 50.9 ± 14.5 52.2 ± 14.7 0.403
Male sex - no./total no. (%) 59/195 (30.3) 65/160 (40.6) 0.042
Body mass index - mean ± SD 27.4 ± 5.8 29.3 ± 6.4 0.004
CAD status - no./total no. (%)
No known CAD 136/195 (69.7) 85/160 (53.1) 0.001
Non obstructive 19/195 (9.7) 20/160 (12.5) 0.409
Obstructive CAD 40/195 (20.5) 55/160 (34.4) 0.003

Framingham score�<10
All the individuals - no./total no. (%) 121/162 (74.7) 93/138 (67.4) 0.163
Men - no./total no. (%) 23/47 (48.9) 22/54 (40.7) 0.409
Women - no./total no. (%) 98/115 (85.2) 71/84 (84.5) 0.893

Smoking (past or current) - no./total no. (%) 67/195 (34.4) 61/160 (38.1) 0.462
Obesity (BMI � 30 kg/m2) - no./total no. (%) 54/195 (27.7) 71/160 (44.4) 0.001
Dyslipidemia - no./total no. (%) 126/195 (64.6) 120/160 (75.0) 0.035
Type 2 diabetes - no./total no. (%) 13/195 (6.7) 20/160 (12.5) 0.06
Hypertension - no./total no. (%) 90/195 (46.2) 78/160 (48.8) 0.626
Echocardiography findings
LVEF (%), median (IQR) 64.0 (60.0–66.00) 61.5 (58.8–65.0) 0.001
LVEF range 40–75 35–75
LVEF < 55% - no./total no. (%) 5/195 (2.6) 23/160 (14.4) <0.0001
Diastolic dysfunction - no./total no.

R
(%) 40/189 (21.2) 42/152 (27.6) 0.212

RVSP - no./total no. (%), mean ± SD 27.0 ± 5.1 27.4 ± 6.2 0.576
Medications - no./total no. (%)
Aspirin 88/195 (45.1) 89/160 (55.6) 0.049
Statins 75/195 (38.5) 74/160 (46.3) 0.139
Metformin 9/195 (4.6) 15/160 (9.4) 0.076
Sulfonylurea 2/195 (1.0) 4/160 (2.5) 0.284
Insulin 4/195 (2.1) 3/160 (1.9) 0.905
DPP4 inhibitors 1/195 (0.5) 1/160 (0.6) 0.885
Pioglitazone 1/195 (0.5) 3/160 (1.9) 0.226
ACE inhibitors/ARB’s 49/195 (25.1) 49/160 (30.6) 0.249
Beta blockers 68/195 (34.9) 70/160 (43.8) 0.088
CCB 37/195 (19.0) 44/160 (27.5) 0.057
Any diuretics 32/195 (16.4) 35/160 (21.9) 0.198

Lab data- no./total no. (%), mean ± SD
NT-Pro BNP (pg/mL) 33 /195 (16.9), 70.0 (30.2–163.3) 45/160 (26.6), 81.5 (43.0–151.5) 0.246
FPG (mg/dL) 180/195 (92.3), 99.4 ± 22.0 143/160 (89.4), 101.0 ± 19.3 0.474
HBA1C (%) 52/195 (26.7), 5.7 ± 0.9 66/160 (41.3), 5.7 ± 0.8 0.928
Total cholesterol (mg/dL) 169/195 (86.7), 191.3 ± 51.4 146/160 (91.3), 186.0 ± 45.8 0.338
LDL cholesterol (mg/dL) 166/195 (85.1), 107.6 ± 43.5 144/160 (90.0), 104.5 ± 38.6 0.5
HDL cholesterol (mg/dL) 169/195 (86.7), 58.2 ± 18.2 147/160 (91.9), 54.5 ± 18.0 0.069
Non HDL cholesterol (mg/dL) 169/195 (86.7), 133.1 ± 51.2 146/160 (91.3), 131.6 ± 45.9 0.783
Triglycerides (mg/dL) 169/195 (86.7), 102 (75–150) 147/160 (91.9), 114 (75–182) 0.130
Creatinine (mg/dL) in women 125/195 (64.1), 0.85 ± 0.19 89/160 (55.6), 0.84 ± 0.17 0.692
Creatinine (mg/dL) in men 55/195 (28.2), 1.02 ± 0.18 59/160 (36.9), 1.08 ± 0.28 0.171
eGFR (mL/min/1.73 m2) 181/195 (92.8), 76.4 ± 18.1 147/160 (91.9), 78.4 ± 20.3 0.349

� Framingham score was calculated in individuals with all the required lab data (total cholesterol and high density lipoprotein cholesterol levels) and who were in the
acceptable age range (19–74 years).R
Total number of patients in whom diastolic function was evaluated.

Abbr eviations: PED - peripheral endothelial dysfunction, SD - Standard deviation, CAD - Coronary artery disease, DLP - Dyslipidemia, DPP4- Dipeptidyl peptidase4, ACE-
Angiotensin converting enzyme, ARB- Angiotensin receptor agonist, CCB - Calcium channel blockers, NT-Pro BNP - N-terminal pro brain natriuretic peptide, FPG - Fasting
plasma glucose HBA1C- glycated hemoglobin, LDL- low density lipoprotein, HDL - High density lipoprotein eGFR- estimated glomerular filtration rate (based on MDRD
equation [21]).
P value of less than 0.05 (statistically significant) is in bold.
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two-sided. All statistical analyses were performed using JMP 9
software (SAS Institute, Inc., Cary, NC, USA).
3. Results

Microvascular PED testing was performed 722 times. After
excluding patients for repeated testing (n = 44), those with clini-
cally overt stage C HF (n = 9), and patients for whom echocardiog-
raphy was unavailable (n = 314), 355 patients were included in this
study. Supplemental Fig. 1 shows the flowchart of the patients in
the study. In the final study cohort, 231 (65.1%) were female, and
the mean age was 51.5 ± 14.6 years.

Two hundred fourteen (71.3%) patients had a Framingham
score < 10, out of 300 patients who were aged between 19 and
74 years and in whom there was complete data that allowed for
determination of the Framingham score; 169 (84.9%) out of 199
women compared to 45 (44.6%) out of 101 men (P < 0.0001).
Patients’ baseline characteristics are summarized in Table 1.

Patients with PED (N = 160, 45.1%) had a higher BMI, percentage
of males, and percentage of combined non-obstructive and
obstructive CAD, compared to patients without PED. Mean LVEF
was also lower in patients with PED compared to those without
PED (60.5 ± 6.8% vs 62.8 ± 5.2%; P = 0.0005). There was no signifi-
cant difference in RVSP and percentage of individuals with dias-
tolic dysfunction, as documented in the echocardiogram report,
between groups. Comparison of baseline characteristics between
patients with and without echocardiographic assessment is sum-
marized in Supplemental Table 1.

Patients who underwent echocardiography had more signifi-
cant coronary artery disease and hypertension. NT-proBNP at base-
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line was higher in patients who underwent echocardiography than
patients who didn’t undergo echocardiography.
3.1. The association between PED and HF

Reactive hyperemic index was significantly correlated with
LVEF (r = 0.19, P = 0.0004). In a univariate analysis, there was a sig-
nificant association between PED, categorized as a binary variable,
and Stage B HF (Odds Ratio (OR): 6.38; P < 0.001). This relationship
persisted in all groups after stratifying by sex and the presence of
CAD. After stratifying by Framingham risk score, the association
only persisted in individuals with a low Framingham score (<10)
(Supplemental Table 2a). Consistent with these findings, PED cat-
egorized as a continuous variable using reactive hyperemic index
was also significantly associated with Stage B HF (Supplemental
Table 2b). If an LVEF < 40% was used as part of the diagnostic cri-
teria for ALVSD, only 2 out of 355 (0.6%) individuals displayed
Stage B HF, so further evaluation was not possible due to sample
size.

The area under the receiver operator curve for an RH-PAT
index � 2.0 in discriminating Stage B HF with an LVEF < 55% in
all patients was 0.76 (sensitivity 0.58, specificity 0.82). In men,
the area under the curve was 0.74 (sensitivity 0.51, specificity
0.85), and in women the area under the curve was 0.75 (sensitivity
0.61, specificity 0.80) (Fig. 1A–C).

Supplemental Table 3a shows the results of a multivariate
analysis for the association between PED and Stage B HF adjusted
for age, sex, BMI, Framingham based risk score (<10 vs. others)
and presence of any documented CAD. The variables selected
included: age, sex, BMI and CAD status. These variables were
selected as each could influence progression to stage C HF. Given
the small number in the study sample, and the limitations that this
would lead to in the number of variables we could select, we chose
only the most relevant clinical factors and CAD status rather than
each CV risk factors. Stage B HF was significantly associated with
PED in all patients (OR 5.33; P = 0.0038). With the same multivari-
ate analysis after stratifying by sex, this association was found to
be significant only among women. Consistent with these findings,
PED categorized as a continuous variable using reactive hyperemic
index was also significantly associated with Stage B HF in a multi-
variate analysis adjusting for age, sex, BMI, Framingham based risk
score (<10 vs. others) and presence of any documented CAD (Sup-
plemental Table 3b).
Fig. 1. Area under the receiver operator curve for the relationship between
peripheral endothelial dysfunction and stage B heart failure at baseline. Area under
the receiver operator curve for the relationship between peripheral endothelial
dysfunction defined as an Reactive-Hyperemia Peripheral Arterial Tonometry
index � 2.0 and stage B heart failure at baseline in all patients (A), in men (B),
and in women (C).
3.2. The association between PED and progression of HF

Documented follow-up, including a clinically indicated echocar-
diogram, was not available in 125 patients (35.2%). Patients with-
out follow-up were significantly younger, had a lower frequency
of hypertension, diabetes mellitus and coronary artery disease,
had lower values of NT-proBNP, and better renal function com-
pared to those who were underwent follow-up (Supplemental
Table 4). There were no significant differences in the percentage
of patients without follow-up or in the duration of follow-up
between those with versus without Stage B HF. Among those
who were followed-up, 15 (6.5%) developed stage C HF. Of these
patients, 3 out of 15 had an RH-PAT index > 2.0, and the remaining
12 had an RH-PAT index � 2.0 at baseline.

The presence of PED was significantly associated with progres-
sion to overt stage C HF in all individuals (OR 5.19; 95% CI 1.44–
18.72; P = 0.006). This association remained significant after
adjusting for age, sex, BMI and CAD status (OR 4.63; 95% CI 1.13–
18.97; P = 0.033). The area under the receiver operator curve for
an RH-PAT index < 2.0 in discriminating overt stage C HF at



Fig. 2. Area under the receiver operator curve for the relationship between
peripheral endothelial dysfunction and clinically overt stage C heart failure at
follow-up in all patients. Area under the receiver operator curve for the relationship
between peripheral endothelial dysfunction defined as an Reactive-Hyperemia
Peripheral Arterial Tonometry index � 2.0 and clinically overt stage C heart failure
at follow-up in all patients (A), in men (B), and in women (C).

Fig. 3. Kaplan-Meier curve showing survival without overt stage C heart failure in
all patients with versus without peripheral endothelial dysfunction. Patients with
RH-PAT index � 2.0 showed significantly decreased survival without overt stage C
heart failure compared to patients with RH-PAT index > 2.0 (log-rank P = 0.014).
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follow-up was 0.74 (sensitivity 0.80, specificity 0.56). In men, the
area under the curve was 0.87 (sensitivity 1.00, specificity 0.50),
and in women the area under the curve was 0.61 (sensitivity
0.57, specificity 0.58) (Fig. 2A–C). There was a significant difference
in survival without overt stage C HF in patients with versus with-
out PED (log rank test P = 0.014) shown with Kaplan-Meier curves
in Fig. 3.
4. Discussion

This study demonstrates for the first time that PED is a risk fac-
tor for stage B HF. Even after adjusting for confounding variables,
there was a significant association between PED and stage B HF.
Importantly, the presence of PED was significantly associated with
progression from stage B to overt symptomatic (stage C) HF. Fur-
ther study is warranted to determine the mechanisms by which
endothelial dysfunction may leads to ventricular dysfunction and
symptomatic HF and to explore how it might be treated to prevent
or mitigate this progression.
4.1. The association between HF and PED

The association between PED and overt (Stage C) HF has been
shown in several studies. In one study [6] consisting of 362
patients with HFrEF who were followed for 3 years, a significant
association was found between PED and HF-related events includ-
ing the composite of CV death and HF hospitalization. In another
study [7], baseline PED predicted HF-related hospitalization in
patients who had implanted cardiac resynchronization therapy
for HF. In patients with stage C HF with preserved EF (HFpEF),
reduced RH-PAT index was also shown to be an independent pre-
dictor of CV events [8].

Importantly, the association between PED and stage B HF has
not been previously reported. The current study is the first to eval-
uate this relationship in a large sample of individuals at low risk of
cardiac disease. We show that PED is associated with stage B HF,
and its presence discriminates stage B HF well in both sexes, high-
lighting a potential link between peripheral endothelial function
and the detection and prognostication of the early stages of HF.
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4.2. The mechanism of the association between HF and PED

Stage C HF, irrespective of the presence of CAD, is associated
with endothelial dysfunction due to reduced levels of synthesis,
release and/or response to nitric oxide [22–24]. Impaired nitric
oxide-mediated vasodilatory reserve contributes to exercise intol-
erance by increasing left ventricular afterload and abnormal skele-
tal muscle signaling [14,25]. Lack of endothelium-derived nitric
oxide signaling may be associated with reduced capillary density
in cardiac muscle through insufficient activation of vascular
endothelial growth factor leading to systolic dysfunction [26].
Impaired endothelium-mediated vasodilation in HF is a general-
ized abnormality that occurs both in the peripheral and coronary
circulation [27].

We have previously demonstrated that endothelial dysfunction
in the coronary microvasculature is present in patients with stage B
HF [10]. Thus, given the central role for nitric oxide bioavailability
and activity in the assessment of PED using indices such as RH-PAT
for example [28], the association shown in the current study
between PED and stage B HF could be related to the potential role
of nitric oxide to the pathophysiology of LV systolic dysfunction
and the progression of HF from its early stages. The mechanism
underpinning the observed relationship between PED and stage B
HF remains uncertain. Nevertheless, the current study supports
the concept that a reduced EF, even in the absence of symptomatic
or clinically overt HF, is linked to impaired nitric oxide function
that can be identified in clinical practice as a reduced RH-PAT sug-
gestive of PED. These patients may benefit from the initiation of
therapy targeted at the nitric oxide pathway to address endothelial
dysfunction and in turn potentially mitigate the progression to
overt HF, though further study is needed to explore this possibility.

4.3. The importance of early diagnosis of depressed LVEF

In the Cardiovascular Health Study, echocardiography was per-
formed in 5,649 subjects [12], 7.3% of which had stage B HF defined
by low LVEF without symptoms. Compared to a normal LVEF, those
with stage B HF displayed an increased risk of incident HF, CV mor-
tality, and all-cause mortality, albeit with a lower risk compared to
individuals with symptomatic LV systolic dysfunction. The risk was
highest in patients with the greatest severity of LV dysfunction
[29]. In the MESA study, individuals with asymptomatic reduction
in LVEF were 8-times more likely to develop Stage C HF and mor-
tality was 2-fold greater [30]. In the SOLVD trial, individuals with
reduced LVEF randomized to placebo progressed developed stage
C HF at an annual rate of 9.7% [1]. Treatment with enalapril
reduced the rate to 6.7%. This finding underlines the value of proac-
tive treatments targeted to the pathophysiology that drives pro-
gression toward symptomatic HF, and forms the basis for the
recommendation from the ACC/AHA consensus guidelines to treat
patients with depressed LVEF with ACE-inhibitor (or ARB) and beta
blockers.

The current strategy is to also identify and mitigate other car-
diotoxic exposures that could drive HF progression, such as alco-
hol, illicit drugs, or oncologic treatments. The current data reveal
a new and potentially important role for identifying and treating
PED, which may also hold promise to help reduce the burden of
HF progression. The current data call for additional studies to bet-
ter understand the progression and the potential role of novel
treatments targeting PED in this cohort.

4.4. Study limitations

To our knowledge, this is the first study investigating the asso-
ciation between PED and stage B HF in a large sample of low-risk
individuals undergoing evaluation for chest pain and/or CV risk.
However, the current study has several limitations, including its
retrospective nature and the definitions used for symptomatic
and asymptomatic HF. Nevertheless, we did review all clinical
reports for each patient included in this study to confirm that the
patients were not deemed to have any HF symptoms either at
the first evaluation, or after echocardiography. All reports were
summarized by supervising senior physicians in the cardiovascular
division in Mayo Clinic. Further limitations include the fact that an
evaluation for microvascular PED was performed at the discretion
of the evaluating physician and not according to prospective study
protocol, and limited follow-up in a significant proportion of
patients although there were no significant differences in the dura-
tion of follow-up between those with and those without Stage B
HF. Further study is required to confirm these findings with
prospective evaluation and pre-specified follow up visits.

5. Conclusions

The current retrospective study demonstrates that PED is inde-
pendently associated with Stage B HF defined by asymptomatic
reduction in LVEF, and that endothelial dysfunction also predicts
progression to overt stage C HF. The clinical and potential thera-
peutic implications of these findings need to be clarified with lar-
ger studies.
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