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Abstract. Coronary endothelial dysfunction is character-
ised by coronary vasoconstrictive responses to endotheli-
um-dependent vasodilators. It is associated with coro-
nary artery disease (CAD) and is considered an early
phase of coronary atherosclerosis. Patients with CAD
benefit from vigorous risk factor interventions and medi-
cal treatment, with a marked decrease in coronary events
and an improvement in survival that are not reported fol-
lowing revascularisation procedures. Therefore, early de-
tection of anatomical and functional changes in the coro-
nary vasculature due to atherosclerosis provides the basis
for integrated pharmacological, dietary and lifestyle
modifications to prevent cardiovascular events and re-
vascularisation procedures. The question arises as to
whether these alterations in regional myocardial tone can
be detected by any of the current non-invasive methods.
Several methods are reviewed. We consider that intracor-
onary ultrasonography is the most accurate method, but
non-invasive positron emission tomography and magnet-
ic resonance imaging technology is of growing impor-
tance for identifying endothelial dysfunction of early
coronary atherosclerosis.
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Introduction

Medical outcomes and resource utilisation may be op-
timised by early diagnosis of coronary artery disease

(CAD) and stratification of cardiac risk as the basis for
management. Physicians responsible for patients with
CAD face complex choices among multiple tests and be-
tween vigorous medical treatment alone and revasculari-
sation procedures, each of which has specific risks and
benefits [1]. While coronary arteriography and revascu-
larisation procedures are commonly used as the primary
treatment for CAD, recent randomised trials have shown
that with these procedures the risk of coronary events
and cardiac death is not reduced [2, 3, 4, 5, 6, 7]. By
contrast, vigorous medical and risk factor treatment
markedly reduces coronary events and improves surviv-
al. However, with either medical treatment or revascu-
larisation some risk of coronary events remains. The per-
ceptual problem is that coronary events during vigorous
medical treatment may be viewed as due to “not doing
anything”, a viewpoint favouring revascularisation pro-
cedures despite the aforementioned disappointing results.

Several reports have suggested that endothelial dys-
function occurs early in the development of coronary
atherosclerosis [8, 9, 10, 11, 12, 13] and is associated
with adverse outcomes not seen in subjects without en-
dothelial dysfunction [9, 14]. Normally, endothelium
plays a major role in thrombosis or thrombolysis, platelet
and leucocyte interactions at the vessel wall, control of
coronary blood flow and regulation of vascular tone and
growth [14]. Endothelial dysfunction contributes to dis-
ease states by mediating coronary vasospasm, vasocon-
striction, inflammation, leucocyte adhesion, thrombosis
and/or abnormal proliferation of vascular endothelium,
hypertension and atherosclerosis [8, 14, 15, 16, 17]. This
early stage of atherosclerosis, marked by endothelial
dysfunction, may last for years with a long silent phase
prior to the onset of symptoms or clinical manifestations
of occlusive disease. It is therefore important to identify
early CAD manifesting as endothelial dysfunction in
asymptomatic people in order to undertake vigorous pre-
ventive treatment in an individual at high risk.

This review addresses the benefits and limitations of
several anatomical, functional and biochemical imaging
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approaches for the assessment of endothelial dysfunction
as a marker of early CAD.

Normal endothelial function

Vascular endothelium is normally a one-cell-thick lining
of the coronary arterial wall. It responds to physical and
chemical stimuli, such as changes in haemodynamic
shear forces and blood-borne signals, by synthesising
and releasing a variety of vasoactive regulators. Sub-
stances released by the endothelium include nitric oxide,
endothelium-derived relaxing factor, prostacyclin, endo-
thelins, endothelial cell growth factor(s), interleukins,
adhesion molecules and fibrinolytic factors [14].

The endothelium has anticoagulant, antiplatelet and
fibrinolytic functions. In addition, the normal endotheli-
um plays an important role in vascular growth, leucocyte
adhesion, immunological regulation, metabolism of cir-
culating amines, lipoprotein metabolism and integration
or transduction of blood-borne signals [18]. Through its
vascular regulating functions, the endothelium also con-
trols coronary arterial smooth muscle tone in response to
pharmacological and physiologic stimuli [19].

An endothelium-derived relaxing factor (EDRF) was
first suggested by Furchgott and Zawadzki [20]. The bio-
logical effects of EDRF are mediated by nitric oxide
(NO), or by metabolite(s) closely related to NO. NO
maintains baseline vasodilation that counteracts intrinsic
arterial vasoconstrictor tone at rest in the coronary, sys-
temic and pulmonary circulations. NO release is stimu-
lated by increased flow and associated increased shear
stress on the endothelium and by bradykinin, thrombin,
acetylcholine, serotonin and a variety of other circulating
endogenous or exogenous agents. These agents increase
NO release by activating specific endothelial receptors in
coronary arterial smooth muscle cells that reduce intra-
cellular calcium concentration and lead to vasorelax-
ation.

Endothelial dysfunction

Experimental studies have shown that physical damage
to the endothelium leads to formation of atherosclerotic
plaque [9]. For example, experimental acute hyperten-
sion impairs endothelial integrity [21]. High LDL cho-
lesterol, low HDL cholesterol, active or passive cigarette
smoking, hypertension and diabetes are consistently as-
sociated with impaired endothelial physiology, even
among otherwise healthy subjects without overt athero-
sclerosis [14]. A family history of premature CAD is as-
sociated with abnormal endothelial function even in
young asymptomatic adults [22]. The various mecha-
nisms whereby these risk factors cause endothelial dam-
age are largely unknown; however, a common denomi-
nator for all these conditions is increased oxidative

stress, which has therefore been suggested as an impor-
tant cause of endothelial dysfunction.

Clinically, endothelial dysfunction may be manifest as
(1) vasospasm, (2) thrombus formation, (3) hypertension
and (4) atherosclerosis [23]. The exact mechanisms
whereby risk factors cause endothelial dysfunction are
largely unknown. However, after the atherosclerotic pro-
cess has been initiated, several cellular processes, such
as inflammation and lipoprotein oxidation within devel-
oping lesions, maintain endothelial damage and cause
progressive disease.

Endothelial dysfunction promotes the formation of
atherosclerotic lesions by several mechanisms, including
increased monocyte adherence to the vascular wall, en-
hanced cell membrane permeability to monocytes, mac-
rophages and lipoproteins which then accumulate in the
vessel wall, increased platelet adherence, and increased
smooth muscle cell migration and proliferation [18]. De-
creased production and/or local bioavailability of NO is
also characteristic of endothelial dysfunction. NO is a
vasodilator, inhibits platelet adherence and aggregation,
and suppresses smooth muscle proliferation and endothe-
lial cell-leucocyte interactions; therefore, decreased NO
activity contributes to the initiation and progression of
atherosclerotic lesions [18]. Endothelial vasodilator
function of the coronary microvessels is an important de-
terminant of myocardial perfusion during periods of in-
creased demand, and therefore microvascular endothelial
dysfunction may play a particularly significant role in
the pathogenesis of myocardial ischaemia [24].

In advanced or clinically manifest coronary athero-
sclerosis, endothelial dysfunction may reduce myocar-
dial perfusion and cause myocardial ischaemia. Many re-
ports have shown that cholesterol-lowering therapy de-
creases ischaemia [25, 26, 27, 28, 29, 30, 31, 32] and im-
proves cardiovascular survival in patients with coronary
atherosclerosis [33], despite only modest regression of
stenoses or plaque size by coronary arteriography [34].
The substantial improvement in clinical symptoms and
survival in the face of only small anatomical changes ap-
pears to be due to the beneficial effects of lipid lowering
on arterial function, improved coronary vasodilation,
plaque stabilisation and decreased risk of thrombosis, all
of which are closely related to improved endothelial
function.

Circulating markers of endothelial function

Endothelial injury releases various factors that can be
detected in the circulation as markers of endothelial dys-
function, as listed in Table 1.

Asymmetric dimethylarginine (ADMA) is an endoge-
nous competitive inhibitor of NO synthesis [35, 36, 37,
38]. In subjects with hypercholesterolaemia, high levels
of ADMA are associated with impaired endothelium-de-
pendent vasodilation and reduced urinary nitrate excre-
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tion rates [39], suggesting that increased plasma levels of
ADMA may be a circulating marker of endothelial dys-
function.

Subjects with coronary artery endothelial dysfunction
have increased endothelin-1 immunoreactivity [40, 41].
Since injury to vascular endothelial cells triggers release
of endothelin-1, circulating plasma endothelin levels
may be a marker of injured dysfunctional endothelium.

Tissue plasminogen activator (TPA) and its primary
inhibitor, plasminogen activator inhibitor-1 (PAI-1),
maintain a physiological balance of fibrinolytic activity
in the bloodstream. Both TPA and PAI-1 production are
higher in atheromatous than in normal arteries [42, 43,
44], suggesting that increased TPA and PAI-1 levels may
reflect excessive endothelial cell stimulation and/or en-
dothelial damage, but they have poor specificity as
markers of endothelial dysfunction.

von Willebrand factor is a glycoprotein synthesised
by vascular endothelial cells that participates in the co-
agulation cascade and in the formation of platelet plugs
at sites of endothelial damage [45, 46]. Increased levels
of von Willebrand factor indicate endothelial activation
or stimulation associated with increased secretion of the
protein.

Binding of circulating leucocytes to the vascular en-
dothelium and leucocyte migration into the subendothe-
lial space are major processes in atherosclerosis [47, 48,
49, 50]. These events are mediated by a diverse family of
cellular adhesion molecules that are expressed on the
surface of vascular endothelial cells (Table 1). Circulat-

ing soluble forms of these adhesion molecules are elevat-
ed during inflammatory conditions and can be measured
using commercial immunoassays.

Intramyocardial heterogeneity of coronary
vasculature, flow and metabolism

Normal hearts demonstrate intramyocardial variation in
coronary vasculature, flow, metabolism and endothelial
function that blurs the definition of “normal” limits [51,
52, 53, 54, 55, 56]. Recognition and quantification of re-
gional heterogeneity are important since changes in het-
erogeneity occur early in coronary atherosclerosis
(Fig. 1). The pattern of heterogeneous myocardial perfu-
sion as well as its change after stress or with time re-
flects the cumulative anatomical and functional status of
the coronary vasculature and may serve both as a clinical
marker of early coronary atherosclerosis and as the basis
for early preventive treatment. Resting myocardial perfu-
sion defects that improve after dipyridamole may be
present in patients with arteriographically documented
mild, non-obstructive CAD without flow-limiting defects
[25].

When coronary perfusion pressure is reduced distal to
significant coronary artery stenoses, the transmural per-
fusion is impaired, resulting in potential ischaemia with
compensatory enhanced adenosine production and vaso-
dilation more in the sub-endocardium than in the sub-
epicardium [25, 53, 55]. With these changes in transmu-
ral perfusion heterogeneity, coronary arterial flow or av-
erage transmural absolute perfusion is less important for
predicting ischaemia or severity of stenoses than the rel-
ative transmural distribution of perfusion, i.e. the intra-
myocardial perfusion heterogeneity. Similarly, exercise
or pharmacological stress alters perfusion heterogeneity
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Table 1. Circulating markers of endothelial function and adhesion
molecules expressed on the surface of vascular endothelial cells
(markers of increased permeability to leucocytes and inflammato-
ry activation)

Circulating markers of endothelial function

Asymmetric dimethylargininea

Endothelin-1b

von Willebrand factorc

Tissue plasminogen activatord

Plasminogen activator inhibitord

Adhesion molecules
ICAM-1
VCAM-1
E-selectin
P-selectin

ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular
cell adhesion molecule-1
a Endogenous competitive inhibitor of NO synthase
b Endothelium-derived peptide with vasoconstrictor and mitogenic
properties
c Glycoprotein synthesised by vascular endothelial cells (marker of
“endothelial activation”)
d Proteins released by endothelial cells; markers of excessive en-
dothelial cell stimulation by thrombin and/or endothelial damage

Fig. 1. Flow heterogeneity and permeability (endothelial) changes
are most likely induced early during the course of exercise stress
in patients with stable or unstable ischaemic syndromes, before
the functional and metabolic abnormalities appear to produce isch-
aemic ST responses and anginal chest pain (modified from Fig. 3-
15 of [98])



both transmurally and regionally, reflecting correspond-
ing differences in intramyocardial microcirculatory vaso-
motion and metabolism.

Normally, intramyocardial perfusion varies over a
tenfold flow range at rest and a fivefold range during hy-
peraemia [54, 55]. Within each layer of the normal myo-
cardium, there is a high spatial variation of flow with
time [56]. By contrast, in diseased segments, myocardial
perfusion may become more homogeneous in affected
regions owing to more uniform compensatory vasodila-
tion. Similarly, in the well-perfused myocardium, local
myocardial oxygen consumption varies more than three-
fold between low- and high-flow areas [53]. However,
low-flow areas are not ischaemic since local lactate,

adenosine and ATP are comparable to mean flow areas
[53].

The key concepts here are heterogeneity and the inte-
grated relations or effects of coronary vascular anatomy,
function and perfusion. For example, quantitative analy-
sis of the entire coronary arteriographic tree, including
its anatomical heterogeneity (Fig. 2), predicts the normal
coronary flow and flow reserve and on this basis the rel-
ative contribution of diffuse and segmental coronary ar-
tery narrowing to reduced myocardial perfusion and per-
fusion reserve in patients with CAD. This is reflected by
new concepts in perfusion imaging [25, 57, 58].

From this perspective, let us now review current
and/or novel imaging techniques for assessing coronary
endothelial dysfunction associated with abnormal coro-
nary vasculature, perfusion, perfusion reserve and me-
tabolism.

Imaging techniques for assessing endothelial
dysfunction

In vivo imaging of coronary endothelial dysfunction or
its effects can be done with invasive or non-invasive
techniques including quantitative coronary arteriography,
intracoronary ultrasonography, intracoronary Doppler
guidewire, venous occlusion plethysmography, function-
al magnetic resonance imaging, high-resolution ultraso-
nography, positron emission tomography and single-pho-
ton emission tomography (Table 2). Each technique has
unique advantages and limitations. Any technique, how-
ever, will become limited as the threshold for identifying
early coronary atherosclerosis is pushed to earlier and
earlier stages. Even post-mortem histological examina-
tion, if performed at an early enough stage, may leave
unresolved the question of whether atherosclerosis is
present and, if so, whether it is in a form that will even-
tually become clinically manifest. Furthermore, endothe-
lium may be dysfunctional as a result of either risk fac-
tors or heredity [25], and clinical CAD may be prevent-
able by lowering risk factors to below a certain thresh-
old.

Only very long-term follow-up of 10–30 years can
elucidate what constitutes the forerunner of clinical dis-
ease. Moreover, the outcome is dependent on which in-
terventions are made with respect to lifestyle and/or on
which medications are given. Consequently, interpreting
the importance of what we call endothelial dysfunction is
complex and demands integrated reasoning, extrapola-
tion and patient, very long-term observation inconsistent
with the pace of research necessary for funding. In es-
sence, the examination of earlier and earlier coronary
atherosclerosis becomes limited by a biological uncer-
tainty principle, i.e. as technology identifies mild athero-
sclerosis earlier, the prediction of or relation to clinical
outcomes becomes more uncertain but at the same time
more critical for establishing who needs lifelong treat-
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Fig. 2. A A simplified dichotomously branching myocardial flow
model (modified from Fig. 10-8 of [52]) in two-dimensional
space. Distribution of blood flow between daughter branches is
characterised by an asymmetry parameter γ (γ<0.50). Regional
flow after 2n terminal branches is: Fn=γk·(1–γ)n–k·F0 and k=0,...,n.
F0 is the total blood flow into the coronary vasculature and n is the
number of arterial branches. Gravity and physical-geometric prop-
erties of the vessels further complicate the model in three-dimen-
sional space. B Frequency distribution of regional flows in a net-
work with 15 arterial branches at rest and during adenosine stress.
Regional flows were normalised to mean flow (=1.0). Distribution
of regional flows was completely normal at rest (coefficient of
variation =40%) but was more homogeneous during pharmacolog-
ical stress (31%; data from sub-endocardial region of the antero-
septal wall in Fig. 3)



ment and what form that treatment should take. In one
sense, then, no technique will ever be completely ade-
quate for detecting mild or diffuse coronary atheroscle-
rosis because we do not know how to define it or pre-
cisely predict its outcome. However, current, more phys-
iologically and spatially accurate techniques for the early
diagnosis and management of coronary atherosclerosis
have advanced to the point where these issues have to be
considered.

Invasive coronary arteriography

Visually interpreted coronary arteriography is a poor
standard for assessing coronary atherosclerosis and en-
dothelial function. In vivo assessment of coronary endo-
thelial function in humans was first reported by Ludmer
and colleagues in 1986 [59]. The coronary artery diame-
ter was measured by quantitative angiography, before
and after intracoronary infusion of acetylcholine. In arte-
ries with preserved endothelial function, acetylcholine
stimulated the release of NO from endothelial cells, re-
sulting in vasodilation, whereas in subjects with endo-
thelial dysfunction, vasoconstriction was observed owing
to the direct smooth muscle constrictor effect of acetyl-
choline in the absence of endothelial influence. These
techniques have provided valuable insights into the risk

factors for endothelial dysfunction in coronary arteries
[60] and the role of endothelial dysfunction preceding
overt atherosclerosis [9], and have also facilitated the
prediction of long-term progression and cardiovascular
events [61, 62].

In addition to its more common use to measure
changes in arterial size after administration of endotheli-
al pharmacological agents, advanced quantitative arteri-
ography of the entire arteriographic tree directly identi-
fies and quantifies early, diffuse coronary atherosclero-
sis. It utilises calibrated measurements of arteriographic
luminal sizes, arterial lengths, branching patterns and lo-
calised stenoses throughout the coronary tree in compari-
son to the normally expected arterial dimensions for the
size of each coronary arterial bed [25, 51, 62]. This tech-
nique can also be employed to calculate coronary flow
reserve and flow heterogeneity due to diffuse coronary
artery narrowing not apparent visually on the arterio-
gram based on integrated fluid dynamic analysis of the
entire coronary artery tree. This quantitative analysis of
the entire coronary tree has shown that diffuse 30%–35%
narrowing along the length of a coronary artery that is
not apparent visually decreases its calculated flow re-
serve to half or less of the normal value. In contrast, in-
dividual stenoses of 30%–35% that are visible on the ar-
teriogram have little effect on flow reserve [25, 51].

Major disadvantages of coronary arteriography are its
invasiveness, radiation exposure and the common use of
visual interpretation of regional narrowing. Analysis of
the entire coronary arteriographic tree requires speciali-
sed software, calibration of the cine system and substan-
tial knowledge of the technique and fluid dynamics if ac-
curate results are to be achieved.

Invasive venous occlusion plethysmography

Endothelial dysfunction can be considered a systematic
disorder, which can also be identified in peripheral vas-
culature. Infusion of endothelial-dependent and -inde-
pendent vasodilators in the brachial artery allows assess-
ment of endothelial function in the forearm microcircula-
tion by the measurement of changes in forearm flow us-
ing venous occlusion plethysmography techniques [63,
64]. Various drugs such as acetylcholine, methacholine,
carbachol, bradykinin, serotonin and substance P have
been used to assess endothelium-dependent vasodilation.
Commonly used protocols involve infusion of acetylcho-
line with an arginine analogue such as L-NG-monomethyl
arginine (NMMA), which competitively inhibits NO
synthesis. This combined pharmacological challenge al-
lows the determination of the NO-dependent component
of acetylcholine-stimulated flow. Disadvantages of ve-
nous occlusion plethysmography include its invasiveness
and the fact that it measures peripheral microcirculation
only.
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Table 2. Invasive or non-invasive techniques for the in vivo imag-
ing of coronary endothelial dysfunction or its effects

Invasive coronary arteriographya

Invasive forearm test – venous occlusion plethysmographyb

Invasive intracoronary ultrasonographyc and Doppler guidewired

Non-invasive functional magnetic resonance imaging (fMRI)e

and spectroscopy (MRS)
Non-invasive high-resolution ultrasonographyf

Non-invasive positron (PET)g and single-photon emission 
tomography (SPET)h

a Coronary artery diameter is measured
b Changes in forearm flow are measured
c Changes in arterial diameter are measured. Currently, the most
accurate invasive technique for identifying coronary atherosclero-
sis
d Coronary flow velocity and flow reserve are quantitatively mea-
sured. Pressure gradient can also be measured with a pressure
guidewire
e Anatomy, function and perfusion are quantitatively measured.
fMRI is a promising, high-resolution method for the assessment of
myocardial anatomy, function and perfusion, but is work-in-pro-
gress. Measurements of cellular integrity with MRS are also far
from clinical routine
f Peripheral arterial diameter is estimated
g Myocardial perfusion, perfusion reserve and metabolism are
quantitatively measured. PET is today’s gold standard for quanti-
tative assessment of absolute perfusion and metabolism
h Function, perfusion, perfusion reserve and metabolism are esti-
mated



Invasive intracoronary ultrasonography, 
Doppler guidewire and pressure guidewire

Intracoronary ultrasonography is the most accurate inva-
sive technique for identifying coronary atherosclerosis
[25]. The extent of atherosclerotic changes in angio-
graphically normal or almost normal coronary arteries
has been studied in patients with obstructive and non-ob-
structive CAD, high cholesterol levels [65], coronary va-
sospastic angina [66] and left ventricular hypertrophy
[67]. In addition, intracoronary ultrasonography is used
to follow changes in arterial diameter after intracoronary
injection of endothelial active agents for testing of endo-
thelial function [25].

Intracoronary Doppler guidewire provides direct
quantitative measurements of coronary flow velocity and
reserve [25, 68]. Absolute impairment of coronary flow
velocity reserve correlates better with non-invasive func-
tional measurements of stenosis severity than with ar-
teriographic percent narrowing [69]. In humans, im-
paired coronary flow reserve is associated with endothe-
lial dysfunction that improves with risk factor treatment.
Intracoronary Doppler guidewire is also used to test en-
dothelium-dependent vasodilation of resistance vessels
in patients with CAD [70] or with idiopathic dilated car-
diomyopathy [71].

More recently, the pressure guidewire has been used
to assess diffuse coronary atherosclerosis in the absence
of segmental narrowing by a distal to proximal pull back
recording of the pressure gradient along the length of a
coronary artery during adenosine-induced maximal coro-
nary flow [25]. This graded pressure fall along the length
of a diffusely narrowed coronary artery measured by in-
tracoronary pressure wire corresponds to the longitudi-
nal, base to apex perfusion gradient observed by positron
emission tomography due to diffuse coronary atheroscle-
rosis in the absence of flow-limiting stenoses [58]. Both
techniques identify early diffuse CAD not apparent on
coronary arteriograms as segmental stenoses.

The main drawbacks of these intracoronary tech-
niques are their invasiveness, their uncommon use in
clinical practice and the limited understanding that many
investigators have of the complex underlying fluid dy-
namics.

Functional magnetic resonance imaging

Functional magnetic resonance imaging (fMRI) is a
high-resolution non-invasive technique that does not re-
quire radionuclides or X-ray contrast agents for assess-
ment of regional myocardial perfusion and perfusion re-
serve. In order to assess myocardial perfusion, this tech-
nique uses an inversion recovery, snapshot fast, low an-
gle, short (FLASH) fMRI sequence, where a bolus flow
of the contrast agent (gadopentetate dimeglumine; Gd-
DTPA) is tracked through the myocardium (Fig. 3) [72,
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Fig. 3A, B. Hypertrophic cardiomyopathy is associated with both
attenuated endothelial and non-endothelial coronary perfusion re-
serve. The first-pass cardiac MRI demonstrates normal myocardial
perfusion (0.8 ml min–1 g–1) at rest (A) and decreased perfusion
(1.7 ml min–1 g–1) during adenosine (a smooth muscle vasodilator
and modulator of cardiac function) stress (B) after bolus injection
of polylysine Gd-DTPA in a 50-year-old male subject with sus-
pected hypertrophic cardiomyopathy [99] but angiographically
normal coronaries. The stress scan was performed 30 min after
resting injection. The white arrow (B) shows decreased perfusion
in the sub-endocardial region of the anteroseptal wall. Anterosep-
tal ejection fraction, wall motion and tissue thickening were also
abnormal. The results suggest the mechanism discovered by Depre
et al. [100], namely, the decrease in cardiac workload induces
similar patterns of gene response. This study was performed with
the co-operation of Drs. Petri Sipola, Johanna Kuusisto, Keijo
Peuhkurinen et al. at the Departments of Clinical Radiology and
Cardiology, Kuopio University Hospital



73, 74]. Methodologically, it is similar to a combined
first-pass and myocardial perfusion radionuclide study.
The first-transit, time-intensity curves of Gd-DTPA for
blood pool (left ventricular lumen or ascending/descend-
ing aorta) and for myocardial regions are measured, then
the blood and myocardial signal intensities are converted
to Gd-DTPA concentrations according to an in vitro cali-
bration curve [73]. The unidirectional transfer rate con-
stant for the uptake of Gd-DTPA into myocardium is
computed, based on Kety’s formula [73], as the product
of perfusion and extraction of Gd-DTPA across the cap-
illary membrane in ml min–1 g–1. The extraction is as-
sumed to be a constant, which is not true in reality. In-
creased flow decreases extraction.

High-resolution MRI potentially allows simultaneous
measurements of percent diameter stenoses in addition to
myocardial perfusion [75, 76, 77], with an edge-detec-
tion algorithm to objectively determine relative severity.
Results of MRI studies have demonstrated that regions
supplied by coronary arteries with <40% diameter steno-
ses have a significantly lower perfusion reserve than is
present in healthy volunteers [74].

Limitations of fMRI are its restricted availability, the
number of assumptions of the perfusion model, errors in
calculation of the true arterial input function and the use
of breath-holding to suppress respiratory motion, which
limits the maximal duration of scanning and/or precludes
use of fMRI in some patients. The “black-blood” tech-
nique and other fast MRI applications may provide direct
plaque imaging as well as coronary arteriograms [75, 76,
77]. However, even using high-quality arteriograms, cor-
rect edge detection to the resolution required is difficult;
there is a consequent substantial variation in the reliabili-
ty of quantitative coronary arteriography in addition to
the limitations of percent diameter narrowing as a mea-
sure of severity. These limitations also apply to MRI
techniques that remain to be validated for clinical use.

Non-invasive high-resolution ultrasonography

Endothelial function may be studied non-invasively in
the peripheral conduit arteries, using high-resolution ex-
ternal vascular ultrasound. In this method, arterial diam-
eter is measured in response to an increase in shear
stress, which causes endothelium-dependent dilatation,
and in response to sublingual nitroglycerin, an endotheli-
um-independent dilator. The brachial arterial dilator re-
sponse to shear stress has been shown to be due mainly
to endothelial release of NO [78].

Being non-invasive, the ultrasound method has been
applied widely to asymptomatic subject groups, includ-
ing children and young adults. By using this test, endo-
thelial dysfunction has been demonstrated in asymptom-
atic children and young adults with risk factors for ath-
erosclerosis, such as hypercholesterolaemia and cigarette
smoking [79].

Disadvantages of high-resolution ultrasonography are
the technical difficulty of obtaining reliable measure-
ments, which requires a skilled sonographer, and meth-
odological errors within individuals. The results of bra-
chial artery ultrasonography have been reported to corre-
late with invasive testing of coronary endothelial func-
tion [80] and with the extent or severity of coronary ath-
erosclerosis [81]. Although it is possible that endothelial
function measured at one site of the arterial tree reflects
the situation at other sites, this hypothesis needs further
testing. Consequently, the major problem in the brachial
artery test remains extrapolation of the results to the cor-
onary circulation.

Positron emission tomography

Positron emission tomography (PET) permits non-inva-
sive quantitation of relative or absolute myocardial per-
fusion by measuring blood flow at rest and after dipyrid-
amole or adenosine, coronary blood flow and flow re-
serve (defined as the ratio of maximal flow to basal
flow). Recent studies have shown that myocardial perfu-
sion reserve measured using oxygen-15 labelled water or
nitrogen-13 labelled ammonia is reduced in non-stenotic
arteries of patients with arteriographic disease in other
coronary arteries, in asymptomatic subjects with hyper-
cholesterolaemia, in patients with diabetes and in pa-
tients with borderline hypertension [12, 82, 83, 84, 85,
86, 87]. These findings suggest that this impairment in
coronary reactivity is an early marker of subclinical cor-
onary atherosclerosis associated with endothelial dys-
function.

The exact defect in myocardial vasodilatory function
responsible for the blunted response after dipyridamole is
unknown, but the latter may be due to dysfunction of en-
dothelial cells and/or smooth muscle cells of the macro-
and/or the microcirculation. In addition to its direct
smooth muscle effect, the increased shear stress caused
by increased flow after intravenous dipyridamole may
normally release vasodilating substances from the endo-
thelium that elicit more prominent vasodilation with pre-
served endothelial function [88, 89] but impaired vasodi-
lation with endothelial dysfunction. The myocardial flow
response to dipyridamole or adenosine may therefore be
regarded as an integrated measure of coronary reactivity
including vascular smooth muscle relaxation and endo-
thelial function, both of which may become disturbed in
the early stages of atherosclerosis. In addition, PET is
useful for following responses to lifestyle modification
and pharmacological treatment of atherosclerosis [12, 26,
28, 30, 31]. More recently, it has been suggested that rest-
ing perfusion defects on PET (Fig. 4) which improve af-
ter dipyridamole may be markers of endothelial dysfunc-
tion before flow-limiting stenoses are present [25, 31].

The major disadvantages of PET are its high cost, its
limited availability and radiation exposure.
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Single-photon emission tomography (SPET)

Single-photon emission tomography (SPET) techniques
with thallium-201 and technetium-99m labelled tracers
are used to assess relative perfusion reserve by compar-
ing the regional perfusion of ischaemic regions with the
presumably normally perfused reference regions. Be-
cause coronary atherosclerosis and endothelial dysfunc-
tion may be macroscopically diffuse, assessment of the
relative perfusion reserve by SPET imaging may not

identify early disease [90, 91], normal images being ob-
tained despite reduced absolute perfusion or perfusion
reserve. On the other hand, SPET has shown improve-
ment in the perfusion defects of patients with flow-limit-
ing stenoses undergoing risk factor treatment [27, 31,
32].

Wieneke et al. [92] compared patients with angio-
graphically unobstructed coronary arteries with and
without stress perfusion defects using 201Tl. The patients
with abnormal perfusion images showed a significantly
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Fig. 4. Improved myocardial
perfusion revealed by dipyrida-
mole PET after 10 months of
intense lifestyle and pharmaco-
logical treatment. The baseline
study shows diffuse disease
with a base to apex, longitudi-
nal perfusion gradient after di-
pyridamole, as previously de-
scribed [58], in addition to re-
gional perfusion defects. After
intense treatment, these abnor-
malities substantially resolved,
suggesting soft resorbable
plaques and functional restric-
tion of coronary flow reserve at
baseline rather than fixed struc-
tural stenoses

Fig. 5. Representative patient
who demonstrated disappear-
ance of redistribution and im-
provement of thallium perfu-
sion abnormality on L-arginine
test [93] (with permission of
the American Society of Nucle-
ar Cardiology)



lower increase in coronary flow on intracoronary Doppler
after intracoronary injection of the endothelial-dependent
vasodilator acetylcholine. Perfusion defects on radionu-
clide imaging occurred only if coronary flow velocity re-
serve as measured by intracoronary Doppler was signifi-
cantly reduced in the corresponding perfusion area.

In the study by Fujita et al. [93], patients with angina
pectoris and normal coronary arteries underwent exercise
201Tl imaging without medication (baseline) and after in-
travenous administration of L-arginine (2.5 mmol/kg for
30 min) (Fig. 5). In 7 of the 12 patients whose 201Tl re-
distribution disappeared after L-arginine, the percent in-
crease in serum L-citrulline concentration during exer-
cise was significantly larger than that in the remaining
five patients (18% vs 0.9%, P<0.01). The epicardial cor-
onary vasoconstriction in response to acetylcholine was
also greater in the first group (28% vs 11%, P<0.05). Ex-
ogenous L-arginine improved myocardial perfusion dur-
ing exercise, probably via increasing production of nitric
oxide.

The main shortcomings of myocardial perfusion
SPET are relatively poor spatial resolution, low count
statistics and attenuation artefacts that preclude both
identification of mild to moderate perfusion abnormali-
ties of early CAD and assessment of absolute perfusion
and perfusion reserve.

Clinical implications

Endothelial dysfunction is considered an early phase of
coronary atherosclerosis, or as due to risk factors associ-
ated with CAD. While there are few studies on the out-
comes in patients with endothelial dysfunction due to
mild or diffuse CAD without flow-limiting stenoses,
their results are suggestive. Suwaidi et al. [94] followed
for 28 months 157 patients with CAD who were divided
into three groups on the basis of their response to acetyl-
choline: group 1 (n=83), patients with normal endotheli-
al function; group 2 (n=32), patients with mild endotheli-
al dysfunction; and group 3 (n=42), patients with severe
endothelial dysfunction. During follow-up, none of the
patients from groups 1 and 2 had cardiac events, whereas
six patients (14%) with severe endothelial dysfunction
had ten cardiac events, including myocardial infarction,
coronary revascularisation and cardiac death.

Schachinger and co-workers [15] assessed coronary
vasoreactivity in 147 patients with non-obstructive CAD
over a median follow-up period of 7.7 years. They also
found that impaired endothelial and endothelium-inde-
pendent coronary vasoreactivity was associated with a
significantly higher incidence of cardiovascular events.
The results of these studies support the hypothesis that
endothelial dysfunction plays a role in the progression of
coronary atherosclerosis and clinical events.

Consequently, it is important to develop further non-
invasive methods for (a) identification of patients with

endothelial dysfunction or mild or diffuse CAD and (b)
assessment of the response to aggressive risk factor
treatment by lifestyle modification and the use of choles-
terol-lowering agents [57, 94]. “Absolute” quantitation
of regional perfusion changes and more sophisticated an-
alyses of relative perfusion with PET [58], SPET or
fMRI are promising. Development of specific tracers for
targeting atherosclerotic lesions and for specific endothe-
lial cell membrane receptors [95, 96] and the use of mag-
netic resonance spectroscopy [97] to measure endothelial
function and cellular integrity are interesting avenues for
further research, but their clinical application is currently
remote. Preliminary reports suggest that non-invasive
fMRI, PET and intracoronary techniques are of growing
importance for the identification of endothelial dysfunc-
tion as an early marker of coronary atherosclerosis and a
basis for risk factor treatment.
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