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tion” is considered to be more broad sense, including 
a wide range of functional disorders of endothelial cells 
related to systemic responses. Vascular endothelial 
cells are directly affected by blood circulation and its 
circulating substances. Therefore, vascular endothelial 
function decreases with high blood glucose and blood 
lipid due to ingestion of meal. However, this is merely 
a physiological response and it recovers in about 4 to 
6 hours after a meal, so it is only a temporary decrease 
in vascular endothelial function. Meanwhile, chronic hy-
perglycemic conditions, excessive fluctuation of blood 
glucose in patients with diabetes, fasting hyperlipid-
emia and postprandial hyperlipidemia in patients with 
dyslipidemia decrease vascular endothelial function in 
fasting conditions. Notably, vascular endothelial func-
tion is decreased by smoking and lifestyle diseases such 
as hypertension, diabetes mellitus, dyslipidemia, ox-
idative stress excess state, inflammation, and/or sym-
pathetic hyperactivity. In these conditions, vascular en-
dothelial functions are decreased and atherosclerorsis 
progression is exacerbated (Figure 1). Vascular endothelial 
function of coronary arteries is known to be associat-
ed with myocardial ischemia [5,6]. In addition, vascular 
endothelial dysfunction is an early pro-arteriosclerotic 
change [7], and it is deeply related to an increase in fe-
tal events in ischemic heart disease and cerebrovascular 
disease [3,8-10].

Importance of Total Risk Management for 
Preventive Cardiovascular Disease

The main objective of the total risk management for 
atherosclerosis patients to prevent cardiovascular dis-

Introduction

Endothelium is a layer of the endothelial cells lining 
to the lumen of blood vessels, lymphatic vessels, the 
heart and other organs. Vascular endothelium is consid-
ered to be the largest endocrine organ in human body. 
Its total weight is about 1.5 kg, and it is responsible for 
maintaining homeostasis of the living body by exerting 
various functions. Cardiovascular disease is mainly in-
duced by atherosclerosis, which is produced by vascular 
inflammation [1]. Vascular endothelial dysfunction is an 
early stage of the onset of atherosclerosis, which affects 
the progression and onset of cardiovascular disease [2]. 
In the presence of coronary risk factors, vascular endo-
thelial cells are induced phenotypic changes and func-
tional changes, reduce the production and bioactivity of 
Nitric Oxide (NO), and thereby give a signal to contract 
the blood vessels, cause inflammation, and thrombus 
formation. Vascular endothelial dysfunction is known 
to be an independent risk factor for the onset of car-
diovascular events, with or without previous history of 
coronary artery disease [3,4].

Classical “vascular endothelial dysfunction” refers to 
abnormal vasorelaxation response to vasoactive sub-
stances such as acetylcholine and bradykinin. In recent 
years, it has become widely known that vascular endo-
thelial dysfunction is deeply involved in the pathophys-
iology of cardiovascular disease onset and progression, 
not only mere vasodilatory disorder but also vascular 
function as an endocrine organ for inflammatory con-
trol, immune response, and coagulation and hemostasis 
regulation. Therefore, “vascular endothelial dysfunc-
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Basically, cardiovascular diseases are mainly based 
on atherosclerosis progression induced coronary risk 
factors, like as smoking, hypertension, dyslipidemia, di-
abetes, and obesity. These risk factors induce endothe-
lial dysfunction, oxidative stress; coagulation cascade 
activation, inflammation and such a kind of morbidity 
stimulate atherosclerosis progression (Figure 3). To im-
prove these risk factors, lifestyle change is known to be 
one of the main approaches for cardiovascular disease 
prevention.

For example, in ischemic heart disease patients, co-
operative total disease management is necessary to 
prevent cardiac events and heart failure progression 
(Figure 4). There are a lot of important factors that we 

ease progression is to reduce cardiac events and pre-
vent chronic heart failure, and also improve their quali-
ty of life. Risk factors can be divided into those that are 
useful in predicting risk and those that are useful targets 
for lowering risk (Figure 2). For cardiovascular preven-
tion and cardiovascular disease management to prevent 
secondary cardiac events, improving modifiable factors 
are very important. Among of them, favorable diet and 
increasing physical activities are critical modifiable risk 
factors.
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Figure 1: Endothelial function reflects atherosclerosis pro-
gression. Vascular endothelial function is decreased due 
to various factors such as smoking and physical inactivity, 
which are unfavorable for our health. Lifestyle diseases, 
such as hypertension, dyslipidemia, diabetes and obesity, 
induce vascular endothelial dysfunction. Vascular endotheli-
al dysfunction is considered to have potential prognostic val-
ue for the early detection of cardiovascular disease.
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Figure 2: Cardiovascular disease prevention with total risk 
management. Risk factors can be divided into those that are 
useful in predicting risk and those that are useful targets for 
lowering risk. 
ACE: Angiotensin-Converting Enzyme; PCI: Percutaneous 
Coronary Intervention; CABG: Coronary Artery Bypass Graft; 
ECG: Electrocardiography; ECHO: Echocardiography; ETT: 
Exercise Tolerance Test; CCTA: Coronary Computed Tomog-
raphy Angiography; SPECT: Single Photon Emission Comput-
ed Tomography; ABI: Ankle Brachial Index; PWV: Pulse Wave 
Velocity; FMD: Flow-Mediated Dilation; RH-PAT: Reactive Hy-
peremia-Peripheral Arterial Tonometry.
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Figure 3: Risk factors for atherosclerosis progression and 
cardiovascular disease.
Basically, cardiovascular diseases are mainly based on ath-
erosclerosis progression induced coronary risk factors, like 
as smoking, hypertension, dyslipidemia, diabetes mellitus, 
and obesity. With the progress of arteriosclerosis, ischemic 
heart disease develops, causing chronic heart failure as its 
terminal stage. Various mechanisms such as chronic inflam-
mation, excessive oxidative stress, vascular endothelial dys-
function are involved in the development and progression of 
arteriosclerotic diseases in combination.
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Figure 4: Total Disease Management for Cardiovascular 
Prevention.
In ischemic heart disease patients, cooperative total disease 
management is necessary to prevent cardiac events and 
heart failure progression. Even if medical doctors do spe-
cial coronary interventions, it never prevent future cardiac 
events in patients with ischemic heart diseases without ad-
equate disease management and patients’ education. ER: 
Emergency Room; PCI: Percutaneous Coronary Interven-
tion; CABG: Coronary Artery Bypass Grafting. 
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FMD and RH-PAT were significantly decreased and their 
predictive powers were almost the same. The authors 
concluded that RH-PAT could have fewer differences 
between examiners than FMD. In addition, according to 
a report of 115 hypertensive patients, RH-PAT reflect-
ed clearly the autonomic nervous activity by heart rate 
variability analysis compared to FMD [13]. From these 
results, FMD and RH-PAT should be regarded as seeing 
different responses even for the same vascular endo-
thelial function test. Therefore, we need to understand 
the difference between the two tests and consider uti-
lizing each of the advantages.

The reference value of %FMD is set to be 6% to 7% 
or more, and if it is less than 5%, it is judged that there 
is a significant decrease in vascular endothelial function. 
Although it can be judged that there is obvious cardio-
vascular endothelial dysfunction at RH-PAT index of less 
than 1.5, there are reports that it could be a significantly 
increase in cardiovascular events even if it is less than 
1.70 [14].

Current measurements of endothelial function via 
FMD vary due to technical and physiological factors. A 
negative correlation between %FMD and baseline ar-
tery size is recognized as a fundamental scaling prob-
lem, leading to biased estimates of endothelial function 
[15]. Another challenge of FMD is variability across cen-
ters and the requirement of highly qualified technicians 
to perform the procedure.

A non-invasive, FDA-approved device for measuring 
vascular endothelial function that work by measuring 
RH-PAT index is EndoPAT®. RH-PAT index measured 
by EndoPAT® has shown an 80% sensitivity and 86% 
specificity to diagnose coronary artery spasm when 
compared against the gold standard, acetylcoline angio-
gram [16]. This result suggests that this peripheral test 
reflects the physiology of the coronary endothelium. It 
has been tested in several clinical trials at multiple cen-
ters. To detect vascular endothelial function, EndoPAT® 
is easy to use, non user-dependent, good reproducibili-
ty, and analyzes automatically [17,18] (Figure 5). It was 
reported that RH-PAT response depends on nitric oxide 
from vascular endothelium [19]. RH-PAT index relates 
to cardiovascular risk factors and predicts cardiovascu-
lar events [18,20]. Vascular endothelial function could 
be measured as an effective indicator for cardiovas-
cular prevention in cardiac rehabilitation. RH-PAT has 
been tested in several clinical trials at multiple centers 
[18,21,22]. The results from clinical trials have shown 
that RH-PAT could be useful for risk evaluation, strati-
fication and prognosis of getting major cardiovascular 
events [18,20,23-26].

Who is the Culprit to Induce Vascular Endothelial 
Dysfunction?

Vascular endothelial dysfunction could be equal to 
vascular failure, which could not keep the balance of 

have to manage, like as, primary prevention, hospital 
and clinic cooperation, emergency room system, of 
course invasive therapy, Percutaneous Coronary Inter-
vention (PCI) and/or Coronary Artery Bypass Grafting 
(CABG), and also essential factors are cardiac rehabili-
tation and disease management for secondary preven-
tion. In addition to these systemic and seamless disease 
management processes, patients’ education for cardio-
vascular disease prevention plays an important role. 
Without disease management and patients’ education, 
even if medical doctors do special coronary interven-
tions, it never prevent future cardiac events in patients 
with ischemic heart diseases.

What is Vascular Endothelial Function?

Vascular endothelial dysfunction is a key event in 
the beginning of the development of atherosclerosis. 
Endothelial dysfunction is a predictor of stroke and 
heart diseases. Vascular endothelial function is consid-
ered to predict cardiac events in the future. According 
to a previous report, good endothelial function group 
has less cardiovascular events, compared to those of 
low endothelial function [11]. Normal functions of en-
dothelial cells include mediation of coagulation, platelet 
adhesion, immune function and control of volume and 
electrolyte content of the intravascular and extravascu-
lar spaces.

What’s wrong with endothelial dysfunction? Endo-
thelial dysfunction is associated with reduced anticoag-
ulant properties as well as increased adhesion molecule 
expression, chemokine and other cytokine release, as 
well as reactive oxygen species production from the en-
dothelium. These lead to inflammation and fibroblast 
migration and proliferation inside the vessel wall, all of 
which play important roles in the development of ath-
erosclerosis.

Vascular Endothelial Function Measurement

As one of the tool for visualization of patients’ effort, 
we can measure vascular endothelial function. There 
are two non-invasive methods to measure cardiovascu-
lar function in clinical settings. Flow-Mediated Dilation 
(FMD) using Brachial Artery Ultrasound Imaging (BAUI) 
is more traditional testing for vascular function and al-
ready has a lot of evidence. On the other hand, Reactive 
Hyperemia-Pulse Amplitude Tonometry (RH-PAT) is a 
relatively new method of vascular endothelial function 
and still accumulating clinical evidence. Although %FMD 
and RH-PAT index are considered to have a dominant 
positive correlation, it is thought that these two tests 
should not be the same because the principle of mea-
surement method and the measurement site are differ-
ent. Regarding the severity and complexity of coronary 
artery lesions, it was reported that vascular endothelial 
function measured by brachial artery FMD and RH-PAT 
in 80 patients with coronary artery disease [12]. In pa-
tients with multi-vessel disease or complex lesions, both 
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There are a lot of risk factors to induce endothelial func-
tion in our daily life (Figure 7).

Why does endothelial dysfunction occur in patients 
with hypertension, dyslipidemia, diabetes mellitus, and/or 
obesity? It was reported that excess visceral adipose tis-
sue worsens the vascular endothelial function measured 
by RH-PAT in type 2 diabetes mellitus and postprandial 
hyperglycemia [27,28]. On the other hand, measurement 
of endothelial function may prove critical to assess which 

normal vascular conditions (Figure 6). Vascular endo-
thelial dysfunction can result from and contribute to 
several disease processes, as occurs in hypertension, 
dyslipidemia, diabetes, collagen diseases like as Beh-
cet's disease, septic shock, and it can also result from 
environmental factors, such as from smoking tobac-
co products and exposure to air pollution. Endothelial 
dysfunction is more prevalent in shift workers, a group 
known to have a higher risk for cardiovascular diseases. 
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Figure 5: Endothelial function measured by EndoPAT®.
EndoPAT® is used to measure especially microvascular endothelial function as an effective indicator of disease management 
for cardiovascular prevention [17].
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Figure 6: Endothelial dysfunction.
Endothelial dysfunction is equal to vascular failure, which cannot keep the balance of normal vascular conditions.
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Coffee polyphone is expected to have anti-arterio-
sclerotic effect. It has been reported that vascular endo-
thelial function measured by RH-PAT was significantly 
improved by coffee polyphenol intake in the 75 g oral 
glucose tolerance test [32]. On the other hand, it is re-
vealed that vascular endothelial function measured by 
FMD decreased as an acute effect when caffeinated 
coffee were given compared with decaffeinated cof-
fee [33]. However, it has been reported that %FMD 
improved dose-dependently in decaffeinated espresso 
coffee [34]. In the case of ingesting in the long term, it 
seems preferable to take coffee rich in coffee polyphe-
nols and avoid excessive intake of caffeine that causes 
increasing blood pressure and excessive activation of 
the sympathetic nerve system.

Treatment of hypertension and hypercholesterol-
emia are also critical; the major pharmacological inter-
ventions to improve endothelial function in those set of 
patients are statins, and renin angiotensin system inhib-
itors, (such as ACE inhibitors and angiotensin II recep-
tor antagonists). Therefore, endothelial function testing 
might have potential prognostic value for the early de-
tection of cardiovascular disease (Figure 1). Clinical trials 
in the recent years have demonstrated the feasibility of 
translating this measurement to the clinical practice in 
prevention for atherosclerosis progression. Statins have 
major pleiotropic anti-inflammatory and anti-oxidative 
effects besides the cholesterol reduction effect. These 
immune-modulatory effects of statins may explain why 
some patients improve their endothelial function with 
those drugs.

Vascular Endothelial Glycocalyx

According to previous papers, a protective gel-like 
coating layer of vascular endothelium, vascular endo-
thelial glycocalyx is impaired in conditions such as Dia-

sets of patients are improving their endothelial function. 
For example, a positive relationship exists between the 
consumption of trans fats (commonly found in hydroge-
nated products such as margarine and shortening) and the 
development of endothelial dysfunction.

How Can We Improve Our Vascular Endothelial 
Function?

So, what should we do to improve endothelial func-
tion? Endothelial function can be improved significantly 
by exercise, smoke cessation, weight loss in overweight 
or obese persons, and improved diet (Figure 7). For ex-
ample, the Mediterranean diet, which consists of mono 
saturated fats from olive oil, pasta, fruits, vegetables, 
fish, whole grains, legumes/nuts, and moderate alcohol 
consumption, is considered to be good for our health. 
In the meal mainly using olive oil, FMD of 3 hours af-
ter meal was significantly lower than that of meal using 
canola oil or salmon oil, and the blood triglyceride lev-
els and %FMD had a negative correlation [29]. Because 
too much oxidized cholesterol induced by overheating 
decreases vascular endothelial function, there is a high 
possibility that omega-9 rich oleic acid, which is less 
oxidized even when heated, and less heated Mediter-
ranean diet may be good factors to preserve favorable 
conditions in vascular endothelial function. When ome-
ga-3 unsaturated fatty acid was given to patients with 
a family history of diabetes for 12 weeks, vascular en-
dothelial function measured by FMD was significantly 
improved (9.1 ± 5.8% vs. 11.7 ± 4.4%, P = 0.02) and ac-
companied by significantly decreasing blood triglycer-
ide levels and inflammatory biomarkers [30]. In the 
meta-analysis based on 16 studies, it has been found 
that omega-3 unsaturated fatty acids increased FMD by 
2.30% (95% CI: 0.89-3.72%, P = 0.001), at a dose ranging 
from 0.45 to 4.5 g/d over a median of 56 days [31].
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Figure 7: Risk and benefit factors for vascular endothelial function.
Vascular endothelial function could be critical to assess which sets of patients are improving their endothelial function. DM: 
Diabetes Mellitus; HT: Hypertension; DL: Dyslipidemia.
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factors are high glucose, excessive low glucose, and 
inflammations, which damage and perturb be vascu-
lar endothelial glycocalyx. Vascular endothelial glyco-
calyx damage is associated with vascular endothelial 
dysfunction, which induces reduced NO bioavailabili-
ty, increased excessive ROS production, inflammatory 
cytokine release, platelet adherence, coagulation, and 
leukocyte adhesion (Figure 9). Cell adhesion molecules 
are over-expressed in glycocalyx-damaged vascular en-
dothelial cells. Then, directly attached leukocytes on 
vascular endothelial cell surface are easily migrated in 
the vascular wall in damaged glycocalyx-induced loose 
of cell-cell junctions. It’s one of the initial steps of the 
development of atherosclerosis. Unfortunately, we can-
not see this image in living person. So we measure en-
dothelial function as an indirect indicator for vascular 
endothelial glycocalyx.

Vascular Endothelial Function as an Indicator 
for Disease Management

We use RH-PAT to measure especially microvascular 
endothelial function as an effective indicator of disease 
management for cardiovascular prevention. In ischemic 
heart disease patients, 4-week exercise intervention in 
cardiac rehabilitation significantly improved RH-PAT in-
dex in those patients (Figure 10).

Ezetimibe is a cholesterol lowering drug to inhibit 
cholesterol absorption from intestine for patients with 
hypercholesterolemia. Six-month Ezetimibe monother-

betes Mellitus (DM), dyslipidemia, and Chronic Kidney 
Disease (CKD) [35]. Glycocalyx is also an important reg-
ulator of endothelial cell-cell junctions. It was report-
ed that widespread loss of the endothelial glycocalyx 
links albuminuric kidney disease with systemic vascular 
dysfunction [36]. Moreover, glycocalyx degradation in-
stantly results in notable myocardial tissue edema [37]. 

What’s the role of vascular glycocalyx? Vascular endo-
thelial glycocalyx forms the interface between the vessel 
wall and the bloodstream, maintains the colloid osmotic 
gradient of the vascular barrier, and acts as a barrier to 
cell adhesion, plasma protein and water retention. In addi-
tion, vascular endothelial glycocalyx provides binding sites 
for Antithrombin III (AT III), tissue factor pathway inhibi-
tors, lipoprotein lipase, Vascular Endothelial Growth Fac-
tor (VEGF), Fibroblast Growth Factor (FGF), extracellular 
Superoxide Dismutase (ecSOD), and hyaluronic acid mol-
ecules. It is thought that vascular endothelial glycocalyx 
acts as a shear stress sensor [38]. Healthy glycocalyx under 
physiological condition is considered to increase Nitric Ox-
ide (NO) synthesis and protect endothelial cells from ROS 
and other inflammatory factors in blood stream (Figure 8). 
Vascular endothelial cells coated by the glycocalyx could 
play roles sufficiently and it may improve vascular endo-
thelial function. Therefore, we hypothesize that one of the 
key regulator of vascular endothelial function is vascular 
glycocalyx [39].

Vascular endothelial glycocalyx is easily damaged by 
oxidized-low density lipoprotein [40]. Other damaging 
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Figure 10: Exercise improved vascular endothelial function.
Four-week exercise with 30-minute walk per day significantly improved RH-PAT  index (n = 27).

Vascular endothelial function is improved by a DPP-4 
inhibitor, teneligliptin, in patients with DM. Three-month 
teneligliptin administration significantly improved vascular 
endothelial function, which was related to improvement of 
HbA1c from 7.6 to 6.9% [43]. In diabetes patients, LV dia-
stolic dysfunction is an important risk factor to induce heat 
failure progression. 3-month teneligliptin administration 

apy improved ET function by 15% increase [41]. When 
we added ezetimibe in dyslipidemia patients treated 
with atorvastatin, ezetimibe add-on therapy with ator-
vastatin improved endothelial function, too [42]. Ox-
LDL is a strong inducer of vascular endothelial function; 
therefore the cholesterol absorbance inhibitor could be 
improving vascular endothelial function.
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computerized tomographic angiography (OR 5.98, 95% 
CI 03.29-10.88; P < 0.001) and 1-year MACE (OR 15.207, 
95% CI 2.00-115.33; P < 0.01). RH-PAT index may have 
clinical utility in triaging patients in the CPU and in pre-
dict 1-year MACE.

Vascular Endothelial Function and Heart Failure

In Japan and many other developed countries, the 
rapid increase in chronic heart failure is becoming a 
social problem accompanied by the increase number 
of aged people. The proportion of Heart Failure with 
preserved left ventricular Ejection Fraction (HFpEF) pa-
tients among patients with heart failure increases with 
age [46]. Although the cause of HFpEF is not complete-
ly elucidated, it may be caused by vascular endothelial 
dysfunction of microvessels in the heart [47].

Vascular Endothelial Function and Thrombosis

Virchow’s triad consists of blood flow stagnation, hy-
percoagulability, and vascular endothelial dysfunction, 
and is known as risk factors for Venous Thromboembo-
lism (VTE). As well as vascular endothelial dysfunction, 
blood flow stagnation reduces vascular endothelial 
function by decreasing shear stress, and PGI2 (Prostacy-
clin) production reduction by vascular endothelial dys-
function promotes platelet aggregation and blood coag-
ulation. In other words, constituent factors of Virchow’s 
triad are the result of vascular endothelial dysfunction. 
From such a viewpoint, vascular endothelial function 
test is considered to be useful for risk stratification and 
prognostic prediction of onset of Deep Vein Thrombosis 
(DVT) and intra-atrial thrombus formation in atrial fibril-
lation [48]. Vascular endothelial glycocalyx-targeting 
therapeutics is considered to be useful to detect anti-
thrombogenic capacity and treat damaged vasculatures 
[49].

Cardiac Rehabilitation and Vascular Endothelial 
Function

Cardiac rehabilitation is a program designed for car-
diovascular disease prevention and treatment. It includes 
physical exercise, lifestyle changes, education and emo-
tional support. There are 3 phases in cardiac rehabilitation. 
Phase I, acute phase of cardiac rehabilitation, is fully rec-
ognized in its usefulness to prevent cardiovascular disease 
recurrence and improve Patient’s Quality of Life (QOL). In-
stead of this, phase II to III, chronic phase (intermediate to 
maintenance phase) of cardiac rehabilitation, is not com-
mon in many countries. Because of medical budget limita-
tion and difficulty to evaluate their efficacy. In such a situa-
tion, how to evaluate the efficacy of cardiac rehabilitation 
in chronic phase, especially as a short-term evaluation? For 
patients, visualization of their effort or lifestyle change is 
essential to keep their motivation to prevent cardiovas-
cular disease progression. Vascular endothelial function is 
considered to predict cardiac events in the future. We use 
RH-PAT to measure vascular endothelial function as an ef-

improves LV diastolic function in almost half of our study 
patients. The improvement of RH-PAT index measured by 
EndoPAT is significantly associated with decrease of E over 
e prime (E/e'), which means improvement of LV diastolic 
function. It suggests that the therapy may improve LV di-
astolic function associated with microvascular endothelial 
function improvement in patients with diabetes.

Vascular Endothelial Function and Cardiovas-
cular Risks

According to a previous paper about EndoPAT in 
Framingham Third Generation Cohort participants, RH-
PAT index was related to multiple traditional and meta-
bolic cardiovascular risk factors [18]. Their findings sup-
port further investigations to define the clinical utility 
and predictive value of digital pulse amplitude. Further-
more, Dr. Rubinstein, et al. has been shown that RH-PAT 
predicts cardiovascular adverse events, a combination 
of cardiac death/myocardial infarction/coronary revas-
cularization and cardiac hospitalizations in patients with 
low Reactive Hyperemia Index (RHI) [20]. Their cut off 
ratio of the natural Logarithmically-scaled LRHI (L_RHI) 
is 0.4. RH-PAT was reported to add incremental predic-
tive ability to traditional risk factors for prognosis of 
CAD patients successfully treated with statins [44].

Vascular Endothelial Function and Coronary 
Artery Disease

Dr. Matsuzawa, et al. reported that RH-PAT index 
predicts the presence of Ischemic Heart Disease (IHD), 
especially non-obstructive coronary artery disease [24]. 
Vascular endothelial dysfunction was found in half of 
women with chest pain, in the absence of overt block-
ages in large coronary arteries, termed as coronary mi-
crovascular dysfunction. In addition, the authors pub-
lished another data about EndoPAT, in which RH-PAT 
index predicts cardiovascular events [14]. Advanced en-
dothelial dysfunction was significantly correlated with 
near future cardiovascular events in high-risk patients. 
Kaplan-Meier analysis for the probability of cardiovas-
cular events in CAD patients based on median value 
was L_RHI 0.501. This physiological vascular measure-
ment improved risk discrimination when added to the 
Framingham risk score, BNP, and the Synergy between 
PCI with Taxus and Cardiac Surgery score (SYNTAXsc). 
According to a recent paper, vascular endothelial func-
tion measured by RH-PAT is an independent predictor 
of 1-year adverse clinical outcome in coronary athero-
sclerosis patients hospitalized in the emergency de-
partment Chest Pain Unit (CPU) [45]. Regarding the 20 
patients who developed Major Adverse Cardiovascular 
End-point (MACE) out of consecutive 300 subjects, RHI 
≤ the median was associated with higher 1-year MACE 
(13% vs. 0.7%, P < 0.001) compared to RHI > the median. 
Multivariate analysis demonstrated that RHI ≤ the medi-
an is an independent predictor of coronary atheroscle-
rosis lesions in the CPU patients underwent coronary 
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(2001) Endothelial dysfunction, oxidative stress, and risk of 
cardiovascular events in patients with coronary artery dis-
ease. Circulation 104: 2673-2678.

5.	 Hasdai D, Gibbons RJ, Holmes DR Jr, Higano ST, Lerman 
A (1997) Coronary endothelial dysfunction in humans is as-
sociated with myocardial perfusion defects. Circulation 96: 
3390-3395.

6.	 Zeiher AM, Krause T, Schachinger V, Minners J, Moser 
E (1995) Impaired endothelium-dependent vasodilation of 
coronary resistance vessels is associated with exercise-in-
duced myocardial ischemia. Circulation 91: 2345-2352.

7.	 Lerman A, Zeiher AM (2005) Endothelial function: Cardiac 
events. Circulation 111: 363-368.

8.	 Targonski PV, Bonetti PO, Pumper GM, Higano ST, Holmes 
DR Jr, et al. (2003) Coronary endothelial dysfunction is as-
sociated with an increased risk of cerebrovascular events. 
Circulation 107: 2805-2809.

9.	 Schachinger V, Britten MB, Zeiher AM (2000) Prognos-
tic impact of coronary vasodilator dysfunction on adverse 
long-term outcome of coronary heart disease. Circulation 
101: 1899-1906.

10.	Halcox JP, Schenke WH, Zalos G, Mincemoyer R, Prasad 
A, et al. (2002) Prognostic value of coronary vascular endo-
thelial dysfunction. Circulation 106: 653-658.

11.	Yeboah J, Folsom AR, Burke GL, Johnson C, Polak JF, et 
al. (2009) Predictive value of brachial flow-mediated dilation 
for incident cardiovascular events in a population-based 
study: The multi-ethnic study of atherosclerosis. Circulation 
120: 502-509.

12.	Woo JS, Jang WS, Kim HS, Lee JH, Choi EY, et al. (2014) 
Comparison of peripheral arterial tonometry and flow-medi-
ated vasodilation for assessment of the severity and com-
plexity of coronary artery disease. Coron Artery Dis 25: 
421-426.

13.	Tomiyama H, Yoshida M, Higashi Y, Takase B, Furumoto T, 
et al. (2014) Autonomic nervous activation triggered during 
induction of reactive hyperemia exerts a greater influence 
on the measured reactive hyperemia index by peripheral 
arterial tonometry than on flow-mediated vasodilatation of 
the brachial artery in patients with hypertension. Hypertens 
Res 37: 914-918.

14.	Matsuzawa Y, Sugiyama S, Sumida H, Sugamura K, Noza-
ki, et al. (2013) Peripheral endothelial function and cardio-
vascular events in high-risk patients. J Am Heart Assoc 2: 
e000426.

15.	Maruhashi T, Soga J, Fujimura N, Idei N, Mikami S, et al. 
(2013) Relationship between flow-mediated vasodilation 
and cardiovascular risk factors in a large community-based 
study. Heart 99: 1837-1842.

16.	Bonetti PO, Pumper GM, Higano ST, Holmes DR Jr, Kuvin 
JT, et al. (2004) Noninvasive identification of patients with 
early coronary atherosclerosis by assessment of digital re-
active hyperemia. J Am Coll Cardiol 44: 2137-2141.

17.	Celermajer DS (2008) Reliable endothelial function testing: 
At our fingertips? Circulation 117: 2428-2430.

18.	Hamburg NM, Keyes MJ, Larson MG, Vasan RS, Schnabel 
R, et al. (2008) Cross-sectional relations of digital vascular 
function to cardiovascular risk factors in the Framingham 
Heart Study. Circulation 117: 2467-2474.

19.	Nohria A, Gerhard-Herman M, Creager MA, Hurley S, Mitra 
D (2006) Role of nitric oxide in the regulation of digital pulse 
volume amplitude in humans. J Appl Physiol 101: 545-548.

fective indicator of disease management, including cardiac 
rehabilitation. In regard to stretching exercises, RH-PAT 
index was significantly higher immediately after the ex-
ercise than before, which was accompanied by increasing 
of high-frequency components (HF, 0.15-0.40 Hz) of heart 
rate variability as an indicator of parasympathetic nervous 
activities, and transcutaneous Oxygen Pressure (tcPO2) on 
the right Foot and Chest ratio (Foot-tcPO2/Chest-tcPO2) 
[50]. Cardiac rehabilitation with 4-week stretching exer-
cises induced a significant increase in the RH-PAT index 
and significant decreases in serum levels of von Willebland 
Factor (vWF), Malondialdehyde-modified Low-Density Li-
poprotein cholesterol (MDA-LDL), reactive oxygen species, 
and fibrinogen concentrations [51]. Cardiac rehabilitation 
exercise training program of moderate intensity (3 session/
week on a bicycle at 60-70% of Heart Rate Reserve (HRR) 
for 3 months, followed by one session/week until 1-year 
follow-up) improved cardiopulmonary function measured 
by cardiopulmonary exercise stress test and endothelial 
function measured by RH-PAT in women in breast cancer 
[52]. In contrast, a 12-week supervised cardiac rehabilita-
tion program with 3 sessions per week at an intensity of 
80% of HRR, improved endothelial function assessed by 
FMD but not by RH-PAT in patients with coronary heart 
disease [53]. In general, effects of aerobic exercise can be 
obtained with 40-60% of HRR, and effect of anaerobic ex-
ercise is primarily obtained at 60% of HRR and above. Since 
exercise intensity of cardiac rehabilitation usually aims at 
40-60% of HRR, anaerobic exercise effects might be exam-
ined mainly in the study.

Conclusions

Vascular endothelial function may be useful indica-
tors in primary prevention of cardiovascular diseases, 
especially in participants who has accumulating coro-
nary risk factors. Since cardiovascular endothelial dys-
function is also detected in patients with heart failure, 
it is expected to play an important role as a prognostic 
predictor for cardiovascular events. Moreover, vascular 
endothelial function could be a target for comprehen-
sive disease management for cardiovascular disease 
prevention. “A man is as old as his arteries” (William 
Osler: 1849-1919), vascular endothelial function is an 
integrated index showing the health of blood vessels, 
and keeping the vascular endothelial function in good 
condition leads to the health of the living body.
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