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Abstract The arterial endothelium is a complex organ that
modulates vascular tone by release of various substances to
control perfusion. Endothelial function reflects vascular
ageing and health. Already at the earliest stages of
atherosclerosis the delicate balance between arterial con-
striction and relaxation is disturbed. Therefore, non-
invasive assessment of endothelial function is a means to
identify patients at increased cardiovascular risk, even at
levels of disease that cannot be identified with classical
imaging techniques that depict arterial wall and/or lumen or
with functional assessment of ischaemia. Currently, there is
an increasing interest in the early recognition of endothelial
dysfunction to streamline and optimise preventive thera-
peutic measures. In this article, several methods for the
assessment of endothelial function are briefly reviewed. In
particular, we discuss the fast bed-side assessment of
endothelial function by the reactive hyperaemia peripheral
arterial tonometry (RH-PAT) method.
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Introduction

The endothelium is a huge and complex organ that
modulates vascular tone to control the perfusion of tissues
and organs. Already at the very early stages of atheroscle-
rosis, the delicate balance between arterial constriction and
relaxation is disturbed. Therefore, at such levels of disease
which cannot be identified with classical imaging techni-
ques or functional assessment of ischaemia, non-invasive
assessment of endothelial function is a means to identify
patients at increased cardiovascular risk. Currently, there is
an increasing interest in the early recognition of endothelial
dysfunction to streamline and optimise preventive thera-
peutic measures. In this article, we discuss (patho)physio-
logical aspects of the endothelium and briefly review
several methods for the assessment of endothelial function
with a particular focus on the novel reactive hyperaemia
peripheral arterial tonometry (RH-PAT) method.

Function and dysfunction of the endothelium

The arterial endothelium is the inner layer of the vascular
wall. Its acts not only as a barrier between blood and the
subintima, but is a highly productive layer of cells. A
simple experiment performed by Robert Furchgott et al. [1]
showed that endothelial cells play an important role in
regulating vascular tone: in this experiment, the endothelial
layer of isolated arteries was removed before exposing the
arteries to acetylcholine, which did not lead to vasodilata-
tion. This experiment demonstrated that the endothelial
layer is required for the local control of the vasomotor tone.

The endothelium produces endothelium-derived relaxing
factor (EDRF), endothelium derived hyperpolarising factors
(EDHFs) and endothelium-derived contracting factors
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(EDCFs) to regulate perfusion. In native endothelial cells,
physiological stimuli (e.g. catecholamines, vasopressin, aldo-
sterone), platelet products (e.g. serotonin, adenosine diphos-
phate) and autocoids such as histamine and bradykinin cause
nitric oxide (NO) release. NO is an anti-atherosclerotic agent
that causes vasodilatation, inhibits production of endothelin
(a powerful vasoconstrictor), prevents LDL oxidation, and
limits smooth muscle proliferation. In addition, it reduces
platelet aggregation and prevents the adhesion and penetra-
tion of white blood cells into the vascular wall by inhibiting
expression of adhesion molecules on endothelial cells
(Fig. 1).

Under certain conditions the bioavailability of NO is
reduced, such as exposure to cigarette smoke, hypercholester-
olaemia, obesity, sleep apnoea, arterial hypertension, diabetes
mellitus, and chronic heart failure. The reduced bioavailability
of NO causes an inflammatory response and can lead to
endothelial dysfunction—the basic condition on which
atherosclerosis develops.

Anderson et al. [2] and Ludmer et al. [3] were the first to
evaluate endothelial function in the coronary circulation.
During local infusion of acetylcholine, they measured the
dilatation of coronary arteries on angiography. Acetylcho-
line causes NO release from healthy endothelial cells but
causes vasoconstriction in vascular segments with endothe-
lial dysfunction through stimulation of muscarine receptors.
Later Drexler et al. [4] refined this study by measuring
coronary flow velocity and coronary resistance with intra-
coronary Doppler wires. Several other studies used the
same technique to measure the endothelial response to a
wide range of other stimuli (including cold pressor testing)
and reached the same conclusions.

Non-invasive assessment of endothelial function:
rationale and early experience

Tests of endothelial function measure endothelial vasodilata-
tion in response to pharmacological agents (e.g. acethylcho-
line or adenosine) or to physiological stimuli such as
ischaemia induced by transient arterial occlusion. Several
studies have shown that peripheral endothelial dysfunction
correlates well with coronary endothelial dysfunction.
Accordingly, peripheral endothelial function may be consid-
ered as a surrogate marker of coronary endothelial function.

Fig. 1 Physiological role of
nitric oxide in healthy

endothelial cells
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As a consequence, non-invasive techniques have been
developed to measure the extent and severity of peripheral
endothelial dysfunction at a single point in time or during
serial studies with repetitive examinations.

The purpose of such tests is to assess vascular health in
large populations of subjects. Non-invasive techniques mea-
suring endothelial dysfunction may identify patients at risk of
developing premature atherosclerosis at a stage where lifestyle
changes or medical interventions could prevent or postpone
clinical events. Such examinations may be particularly
valuable as there is a relation between impaired
endothelium-dependent vasodilatation and future cardiovas-
cular events, as demonstrated by Suwaidi et al. [5] Halcox et
al. [6] even showed that an impaired endothelial function is
an independent risk factor of cardiovascular events.

Celermajer et al. [7, 8] was one of the first to perform
peripheral flow-mediated dilatation studies. He used ultra-
sound scanning of the brachial and femoral arteries at
baseline, during reactive hyperaemia, and after sublingual
application of nitroglycerine. He documented that there was
a lower flow-mediated vasodilatation in hypercholestero-
laemic study subjects, in adult smokers, and in subjects
with known coronary artery disease.

Mancini et al. [9] and Anderson et al. [10] showed that
endothelial dysfunction can be reversed by angiotensin-
converting enzyme inhibitors and statin therapy.

While arterial ultrasound assessment, as used in the
aforementioned studies, requires training and experience of
the operators to provide reliable and reproducible data,
reactive hyperaemia peripheral artery tonometry (RH-PAT)
is an operator-independent method.

Peripheral arterial tonometry

The RH-PAT method measures endothelial function by
assessing the finger pulse wave amplitude (PWA) with the
EndoPAT-2000 sensing device and finger plethysmographic
probes (Itamar Medical, Caesarea, Israel). The absence of
major muscle mass and the good perfusion of the finger
make it a suitable object for measuring changes in volume
of blood flow.

With an inflatable finger cuff, the vasculature of the
distal segment of the index finger is compressed to avoid
blood pooling and to assure even distribution of pressure
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Fig. 2 RH-PAT testing. Finger
probes are placed on both hands
and attached to the device by
sealed pneumatic tubing. The
beat to beat plethysmographic
data are displayed. The upper
tracing is from the side
undergoing hyperaemia and

the lower tracing is from the
contralateral arm
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along that segment (study arm). To control for systemic
effects, a cuff is placed on the contralateral finger
experiencing no hyperaemia (control arm).

Probes on the index fingers of both hands (study and
control arm) are inflated to a pressure of 10 mmHg below
the diastolic pressure, while sensors integrated in the cuffs
continuously record pressure in both fingers. After an
acclimatisation period of 10 min in a room controlled for
temperature and light, baseline measurements are recorded
during a period of 5 min prior to inducing an ischaemic
stimulus: a blood pressure cuff on the upper arm (study
arm) is inflated for 5 min to suprasystolic pressures. This
leads to NO release from the endothelium and consecutive-

Table 1 Peripheral arterial tonometry: advantages and disadvantages

ly to vasodilatation that is recorded by the sensors in the
finger cuff through beat-to-beat finger pulsed wave analysis
(PWA). Signals from both cuffs (study and control arm) are
graphically displayed on a computer screen after amplifi-
cation and filtering. After release of the blood pressure cuff
from the upper arm (study arm), the ratio of the pulse
amplitude to baseline of the hyperaemic finger is calculated
for each 30-second interval. Consecutively, that ratio is
divided by the corresponding ratio obtained in the control
arm (Fig. 2).

Nohria et al. [11] demonstrated that the hyperaemic
response in healthy volunteers in the RH-PAT assessment
depends on endothelial NO release, which occurs between

Advantages

Disadvantages

» Non-invasive technique is applied without risk for patients
« Compact analysis system can be used in ambulatory settings
« Highly reproducible measurements are obtained

* Minimal operator training is required

 Autonomic nervous system and fever could influence measurements
* Environmental conditions (e.g. room temperature) could be of influence
* Pulsatile changes (and not volume changes) are measured

* Sensitive probes are required (single-use)

@ Springer



Neth Heart J (2013) 21:214-218

217

60 to 120 s after deflation of the blood pressure cuff. Recently,
Hamburg et al. [12] showed that the maximum hyperaecmic
response can be measured 90 to 120 s after cuff deflation.
The reactive RH-PAT index is calculated as the ratio of the
mean hyperaemic PWA over a period of 1 min, beginning at
60 s after cuff deflation, divided by the baseline PWA (mean
baseline measurements during 3.5 min) and normalised to the
concurrent measurements from the control arm. By use of
ROC curve analysis, an RH-PAT index of 1.35 was identified
as the best threshold to discriminate between normal and
abnormal endothelial function with a sensitivity and specific-
ity for detection of coronary endothelial dysfunction of 80%
and 85%, respectively.

Peripheral arterial tonometry and vascular function

Bonetti et al. [13] measured coronary endothelial dysfunction
invasively with acetylcholine and compared measurements
with data obtained from RH-PAT, demonstrating a lower RH-
PAT index in patients with proven coronary endothelial
dysfunction.

A direct correlation with ultrasound assessment of
flow-mediated dilatation (FMD) of the brachial artery—a
well-established endothelial function test—was reported
by Kuvin et al., who examined 89 patients by both
brachial FMD and RH-PAT [14]. This study revealed a
significant correlation between brachial FMD and RH-
PAT index (r=0.55, P<0.0001). This and other studies
show that the RH-PAT index correlates with the number of
cardiovascular risk factors, similar to relations that have
been shown for brachial artery FMD [14, 15]

Hamburg et al. [12] assessed the relation between
traditional and metabolic risk factors and RH-PAT in 1957
study subjects from the Framingham Third Generation
Cohort Study; they found a lower RH-PAT index to be
related with diabetes mellitus, increased body mass index,
hypercholesterolaemia, smoking and increased age, but not
to arterial hypertension. The aforementioned studies estab-
lished RH-PAT as a valuable method for the assessment of
endothelial function, even in large study cohorts. The
method is currently being used in various studies, among
others a subpopulation of the RESPONSE trial [16, 17], at
the Thoraxcentrum Twente in Enschede.

Advantages and limitations of RH-PAT

Assessment with RH-PAT has advantages over the ultra-
sound assessment of brachial FMD (Table 1). It requires
minimal training and is largely operator independent as
automated calculation of RH-PAT index minimises interop-
erator variability. The day to day variability is small, as

reported by Bonetti et al. [18] in a study including 28
patients with coronary artery disease. Reisner et al. [19]
also preformed a similar study in which 113 healthy
volunteers underwent vascular function testing on two
consecutive days under similar controlled conditions. The
mean hyperaemia indices were 0.56+0.38 and 0.54+0.37
respectively for days 1 and 2 (p=0.53). Repeated RH-PAT
measurements, performed 4 weeks apart by Haller et al.
[20] in 44 children with diabetes mellitus, demonstrated an
acceptable reproducibility (p=0.0025).

The vascular tone of the fingers is highly responsive to the
state of the autonomous nervous system as well as the
temperature of the study room. Therefore, RH-PAT examina-
tions have to be performed in a well-controlled environment
(study room). However, there is limited knowledge about the
effect of circadian variation or food intake on RH-PAT
measurements.

Conclusions

Endothelial function reflects vascular ageing and health,
and can be studied non-invasively to identify patients at
increased risk of cardiovascular events. As RH-PAT is an
operator-independent, highly reproducible method that
correlates well with other established non-invasive
methods for the assessment of endothelial function, it
may facilitate surrogate endpoint studies that address
changes in endothelial function.
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