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Non-invasive assessment of coronary flow and coronary
flow reserve by transthoracic Doppler echocardiography:
a magic tool for the real world
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Transthoracic Doppler echocardiography, introduced in the echo-lab in recent last years, to measure
coronary flow and coronary flow reserve, is a very attractive tool, totally non-invasive, and easily
available at bedside. This review summarizes the actual possibilities of this tool, its multiple potential
clinical applications and diagnostic insights, and its arising prognosis value, in coronary artery disease as
in various settings affecting the coronary microcirculation.
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Introduction

Several tools have already measured coronary flow and cor-
onary flow reserve (CFR), including coronary sinus thermodi-
lution, cardiac nuclear imaging, inert gas washout method,
cardiac magnetic resonance, and intracoronary Doppler
flow wire, for decades.1 However, these methods, although
helpful for research, have limited clinical applications,
being complex, time-consuming, expensive, not easily avail-
able, or invasive. Transthoracic Doppler echocardiography
(TDE), to measure coronary flow and CFR, is non-invasive,
easily available at bedside, not expensive, and without radi-
ation exposure, with multiple potential clinical appli-
cations.2–86 This review describes why the echo-lab should
reconcile clinicians to CFR, which is dimensionless, and
defined as the maximal increase in coronary blood flow (by
using a strong coronary vasodilator) above its basal level
for a given perfusion pressure.87

Technical considerations

The best sampling site of the coronary flow, for assessing the
functional significance of a stenosis, is the distal tract of the
vessel which could be easily obtained with TDE. Proximal to
the stenosis CFR may be normal as there are side branches
between the sampling site and the stenosis, which reflects

perfusion in normal territories. Furthermore, at the level of
the stenosis, coronary flow accelerates to compensate for
the lumen loss, which prevents reliable measurement of
CFR.46 Indeed, the resting flow aliasing at the site of the
stenosis has already been assessed using TDE, to diagnose cor-
onary stenosis, by comparing the adjacent segments.20,70,71

However, several factors, apart from the stenosis, could
modify baseline coronary flow velocity (see below), and
long segments of the tree should be visualized to detect the
site of a stenosis, which is time-consuming.70,71

The mid-distal part of the left anterior descending coron-
ary artery (LAD) could be visualized2–19,36 using TDE, in a
modified low parasternal view, with the patient in the left
lateral decubitus position. Briefly, from the short-axis para-
sternal view, the probe slides laterally in order to visualize
the anterior interventricular groove. The artery is searched
using colour Doppler flow mapping guidance, with a velocity
range defined from 12 to 16 cm/s. A slight anticlockwise
rotation of the transducer to obtain the best LAD long-axis
view is then performed (Figure 1). Blood flow velocity is
measured by pulsed wave Doppler echocardiography, using
a sample volume of 3–4 mm, placed on the colour signal in
the LAD, which is oblique. The angle correction is redundant
given that CFR is the ratio between hyperemic and baseline
flow velocity, and it is not affected by the actual flow vel-
ocity. However, the angle has to be kept as small as possible
(below 408). A more distal part of the LAD can be recorded in
a modified three-apical chamber view.

The posterior interventricular descending artery (PDA) is
visualized from a modified apical two-chamber view
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showing the posterior interventricular groove, adjacent to
the ostium of the coronary sinus.21–27 The distal part of
the circumflex coronary artery (CX) (or its marginal
branches) is searched on the epicardial layer of the basal
and mid-portion of the left ventricular lateral wall in the
apical four-chamber view.28,29 These arteries are searched
using colour Doppler mapping guidance with the same meth-
odology as for LAD (Figure 1).

The pattern of coronary flow velocity is biphasic with a
large diastolic predominance (Figure 1). However, it is
sometimes difficult to obtain complete Doppler spectral
envelopes throughout the cardiac cycle as a result of
cardiac motion. Therefore, only the diastolic component
of the flow is usually measured with the TDE.36,39,46,52

Blood flow velocity measurements are performed offline
by contouring the spectral Doppler signals, using the inte-
grated software package of the ultrasound system. Final
values of flow velocity represent an average of three
cardiac cycles.

TDE-CFR is defined as hyperemic diastolic mean (or peak)
flow velocity divided by baseline flow velocity (Figures
2 and 3). It is important to underscore that during adminis-
tration of the vasodilating agent, the transducer probe is in
the same position as baseline, and machine settings including

size of sample volume and velocity scale are not changed.
Other than stenosis, several factors could influence baseline
flow velocity including myocardial oxygen demand, vasodila-
tor or vasoconstrictor drug, vasomotor tone, regional left
ventricular mass,88 ageing,89 and the angle between the
Doppler beam and the artery. Hyperemic coronary flow
depends on total coronary resistance and is linearly corre-
lated to coronary perfusion pressure. The mean time
required to complete a CFR test is around 10–15 min.

A high-frequency transducer (5–7 MHz) is usually used to
visualize the mid-distal LAD which is close to the
chest.2,3,6 However, a low multifrequency transducer
(3.5 MHz) with a second harmonic capability is also useful
with contrast.4,36,39,61 The PDA and the CX are profound
and are visualized with a low-frequency transducer.21–29

Vasodilators for CFR measurement

The most commonly used vasodilator to assess TDE-CFR is
adenosine. Given its short half life (10 s) and rapid onset
of action, it allows CFR measurements more rapidly than
other vasodilators.90 Furthermore, because adenosine acts
mainly at the level of the microcirculation and does not
alter significantly the diameter of the coronary artery91

Figure 1 Illustration of artery visualization in each coronary territory using colour Doppler flow mapping, the mid-distal part of the LAD in a
modified parasternal view (in left), the PDA in a modified two-chamber view (middle), and the CX artery in the modified four-apical view (in
right) could be visualized. In each artery, the flow is biphasic with diastolic predominance (bottom).
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where the pulsed wave Doppler sample is positioned during
CFR measurement, the relative changes in velocity can be
used as a surrogate measures of flow (product of velocity
and cross-sectional area of the vessel).46 However, adeno-
sine, although safe, is contraindicated in bronchial asthma
or poorly tolerated in others due to side effects.92 Further-
more, intravenous adenosine at doses usually used to assess
CFR (0.14 mg/kg/min) does not produce a maximal hypere-
mic flow in minority of patients.90 In this subset of patients
and others, intravenous dobutamine could be a good
alternative to assess CFR during dobutamine stress echocar-
diography (DSE).37–39 CFR with DSE is obtained by calculating
peak diastolic flow velocity divided by baseline diastolic flow
velocity (Figure 4).37–39 However, dobutamine increases cor-
onary flow via different mechanisms as adenosine,93,94 and
CFR during DSE is not widely used. High-dose (0.84 mg/kg)
intravenous dypiridamole induces a CFR to the same
extent as intravenous adenosine, whereas a standard dose

(0.56 mg/kg) is less efficient.40 However, dypiridamole is
less compelling and flexible than adenosine given its
longer half-life for similar adverse effects. Nonetheless, it

Figure 4 TDE-CFR with dobutamine. The flow is recorded in the
distal LAD during DSE. There is a progressive increase of the flow
velocity during DSE with a final ratio (between peak and baseline)
of 3.6 in a patient with normal wall motion response with DSE at
100% of the predicted heart rate.

Figure 2 Illustration of TDE-CFR with adenosine in the LAD artery. Illustration of a low TDE-CFR in the distal LAD in a patient with atypical
chest pain who underwent LAD angioplasty in 2003 and was followed-up with TDE-CFR. In upper left, CFR has decreased dramatically
(CFR ¼ 1.9) compared with previous measurements, as it is summarized in the graph in bottom right. The coronary angiography shows a signifi-
cant proximal LAD stenosis (upper right). After successful angioplasty, CFR improves considerably (CFR ¼ 3.8, bottom left).

Figure 3 Illustration of TDE-CFR with adenosine in the CX and PDA arteries. In left, illustration of a normal TDE-CFR in the distal CX (CFR ¼
3.8) in a patient with normal angiographic CX territory. In right, TDE-CFR is 2.1 in the PDA artery in an asymptomatic patient with coronary
risk factors and an intermediate stenosis of the right coronary artery.
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is possible to assess wall motion simultaneously to coronary
flow during dypiridamole infusion41–43,68,77 as during dobuta-
mine infusion.37–39

Feasibility and variability of TDE-CFR

The feasibility of TDE-CFR for LAD artery is very high, with
more than 90% in experienced hands,2,4,5,7,36,41 and nearly
�100% with the use of intravenous contrast agents.5

Indeed, even in difficult cases (�10%), the use of low dose
of an intravenous contrast agent (one or repeated bolus of
0.1 ml of Sonovue) would help to improve visualization of
the colour Doppler signal and/or to obtain clear spectral
Doppler signals in the artery. The feasibility is less in the
PDA artery, between 54 and 86%,21–27 due to technical
limitations.

The measurements of TDE-CFR, in the LAD as in the PDA
arteries, are closely correlated with invasive measurements
using a Doppler flow wire.3,4,23,24,44,45 The feasibility of
TDE-CFR in the circumflex artery in our experience is more
challenging given the particular anatomy of this artery and
the poor resolution of the lateral wall. In fact, the distal
tract of the circumflex artery cannot be sampled easily
unless it is the PDA. However, in two recent Japanese
reports, the feasibility compared to nuclear cardiac
imaging was 72 and 73%,28,29 respectively.

The interobserver and intraobserver reproducibility of
TDE-CFRhavebeendescribed in various studies, not exceeding
�5 and 5%, respectively.36,39,61 However, few data reported
the intra-individual variability of TDE-CFR.8,9,47,48,61 In a
series of 10 volunteers who repeated TDE-CFR 3 weeks
apart, and in 11 patients who repeated the test 20 min
apart, we found that the between-measure interval of agree-
ment using the Bland-Altman method was from 210 to þ12%
and 29 to þ11%, respectively, indicating that individual
variability of TDE-CFR is low with adenosine.61 One study
demonstrated that in 14 patients the variability in the PDA is
also low with adenosine.23

Comparison with other stress tests

The accuracy of TDE-CFR with adenosine is not limited by
concurrent medication such as beta-blocking agents, the
patient’s ability to exercise, baseline wall motion, or ECG
abnormalities.46 It is less time-consuming, low cost than
other stress tests, easily and serially available, and
without irradiation. In contrast to wall motion analysis,
during stress echo, which is qualitative or semi-quantitative
and sometimes difficult to interpret, TDE-CFR provides a
quantitative interpretation of a Doppler signal (the magic
number, the measure of CFR). It is accurate for detecting
single-vessel disease but the assessment of multivessel
disease is more challenging compared with other stress
tests, because the feasibility is far from being equivalent
for each coronary territory.

The magic number

The cut-off value of 2 of CFR for detecting significant epicar-
dial coronary stenosis or to predict ischemia in the underlying
territory has been demonstrated in various studies.2,5–
7,21,36,49,64 A significant coronary stenosis induces a very
high proximal resistance to flow which is otherwise mainly

determined by the coronary microcirculation in the absence
of epicardial coronary stenosis. Even in patients with various
coronary risk factors which could influence the coronary
microcirculation, the cut-off value of ,2 of CFR is precise
with a high sensitivity (90%) and specificity (93%) for detecting
significant LAD stenosis.49 However, there is no clear cut-off
value when dealing with the coronary microcirculation.9,50–61

In patients with truly normal epicardial arteries, TDE-CFR
explores the coronary microcirculation, under stable haemo-
dynamic conditions.9,50–61 In this setting, the mean value of
CFR varies widely in different studies according to the popu-
lation studied,9,48,51,52 the presence and extent of risk
factors for vascular dysfunction,52–55 the concomitant
medical therapy,48,74,75 and the habits such as coffee or tea
intake,56 or even cigarette smoking57 and the type of meal58

before the test. Ageing is also an important factor affecting
CFR by increasing baseline flow velocity without change in
hyperaemic flow velocity.89 For example, the mean value of
CFR is 5.9+1 in endurance athletes,59 4.5+0.9 in healthy
male subjects with a mean age of 26 years,56 and 3.3+0.4
in elderly people with a mean age of 66 years.36 In women
without coronary risk factors, sexual hormones also influence
CFR which increases significantly during the follicular phase
than the menstrual phase [4.8+0.4 vs. 3.7+0.8] and
decreases after the menopause.9 In a study population, the
comparison of CFR before and after an event, or before and
after a therapeutic intervention, or to a control group is the
usual way to interpret the value of CFR. For example, in
patients with aortic stenosis and normal coronary angiogram,
undergoing aortic valve replacement, the mean CFR is 1.8+
0.5, and 6 months after surgery it increases significantly to
2.6+0.7.60 In patients with tako-tsubo cardiomyopathy,
CFR is transiently impaired with a mean value of 2.2+0.3
at the acute phase, and 2.9+0.3 after the recovery (P ,

0.01).61 Acute cigarette smoking in healthy young smokers
induced marked reduction in CFR from 3.6+0.6 to 2.8+
0.7.57 In patients with pre-hypertension, TDE-CFR is impaired
compared to controls but higher than hypertensive (2.5+0.5
vs. 2.9+0.5 vs. 2.2+0.5, respectively).52 In the subgroup of
patients with angina-like chest pain and with no evidence of
obstructive epicardial coronary atherosclerotic plaques (syn-
drome X), a reduction of TDE-CFR has been shown, compared
to a control group, suggesting that coronary microvascular
dysfunction is a plausible cause of angina (microvascular
angina).63

Indications for coronary flow and CFR by TDE

A lot of potential indications for non-invasive evaluation of
coronary flow and CFR have been demonstrated in the pre-
vious years in various settings, and Table 1 presents these
various conditions.

Intermediate coronary stenosis

Evaluation of patients with angiographic intermediate coron-
ary artery stenosis is challenging. Neither visual assessment of
an angiogram nor quantitative coronary angiography can
accurately predict the significance of most intermediate ste-
noses (50–70%).95 As resting coronary flow is preserved until
severe narrowing occurs (85% stenosis), CFR declines earlier
when stenosis is still moderate (40–50%). This progressive
decrease in vasodilator reserve resulting in reduction in
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hyperaemic blood flow with increasing stenosis severity has
been demonstrated in animal models and human
beings.87,96 TDE-CFR is a very useful tool to assess the func-
tional significance of such stenoses and for deferring revascu-
larization (when CFR . 2), given its high negative predictive
value to detect ischemia, either with DSE (97%)36 or with
nuclear cardiac imaging.65 In patients with intermediate ste-
nosis, TDE-CFR reduction is located upstream in the classical
ischemic cascade, and it can well detect stenosis that is
unable to induce wall motion abnormalities during stress
echo.68 In patients with a wide range of stenosis, other
studies have demonstrated the usefulness of TDE-CFR for
detecting significant coronary stenosis, compared to nuclear
perfusion imaging,7 wall motion assessment,41,42 and invasive
Doppler flow wire.3,4,6,23 At the end of the spectrum, coron-
ary sub-occlusion could also be detected by TDE showing a
damped CFR.66

Angioplasty and restenosis

When TDE-CFR is ,2 during follow-up after angioplasty, the
restenosis in the LAD is detected with high sensitivity (from

78 to 89%) and specificity (from 90 to 93%).8,44,64 These
values are identical to those obtained with stress tests
such as stress echocardiography or nuclear perfusion
imaging. The cut-off value of 2 for CFR at a time point is
useful but probably less sensitive than its evolution over
time to detect restenosis after angioplasty or the pro-
gression of an intermediate stenosis in a given patient.
Like other tools, such as the mean gradient in patients
with valvular prosthesis, a reference value of CFR should
be established in a given patient to assess the follow-up in
this setting.

Acute coronary syndrome, myocardial infarction

Few studies have tested the usefulness of TDE-CFR to
predict recovery of left ventricular regional function in
patients with reperfused anterior myocardial infarction
(MI).14,16 However, TDE-CFR has not really been validated
in this situation, and the best time to perform TDE-CFR
after reperfused acute MI is questionable given the
dynamic and complex anatomic and functional change that
occurred in the coronary microcirculation in this setting.
A particular coronary flow pattern with a short diastolic
deceleration time (DDT) of flow velocity, an early systolic
retrograde flow, and diminished systolic anterograde flow
is suggestive of the no reflow phenomenon, early after
reperfused acute MI (Figure 5).15,17,18 Immediately after
the successful primary angioplasty in patients with first
anterior MI (,24 h), a DDT of ,185 ms detects the no
reflow better than the TIMI frame count, the absence of
ECG ST resolution, and peak creatine kinase-MB in one
study,18 and a DDT of .600 ms on day 1 predicts improve-
ment of regional LV systolic function at 1 month in another
study.15 A systolic flow reversal (�10 cm/s and �60 ms)
identified 48 h after reperfusion in a recent report has a
100% positive predictive value to detect irreversible myocar-
dial damage, and it seems more specific than DDT and peak
creatine kinase.17 However, recent papers criticized the
importance of reduced DDT and systolic flow reversal to
identify no reflow.46,97 According to these papers, this
pattern might be the result of wall motion artefact. The
recanalization of intramural perforators emerging from the
LAD reflects adequate reperfusion in patients with acute
MI, and the recanalization score is the best predictor of
recovery of LV function, in a multivariate model including
the TIMI frame count.11

Bypass grafts

The patency of coronary bypass grafts and their anastomosis
could be easily evaluated with TDE using various views
coupled with colour Doppler flow mapping (Figure 6).34,35

The flow pattern of the distal part of a graft is usually bipha-
sic with a diastolic predominance (similar to a native coron-
ary artery). In cases of graft dysfunction, the diastolic
component is reduced or disappears. The flow reserve
gives complementary information about the status of the
graft.34 However, as several factors including a competitive
flow from the native artery could influence measurements
performed in the graft alone, and may be misleading, the
best sampling site to explore the entire arterial conduit is
the distal part of the native coronary artery downstream
to the anastomosis of the graft.35

Table 1 Various settings in which TDE-CFR and flow velocity
measurements can be useful

Measurement of flow velocity
Diagnosis of reperfusion in the acute phase of myocardial

infarction11,13

Evaluation of no reflow after recanalization of myocardial
infarction15,17,18

Diagnosis of severe coronary stenosis (the diastolic component
of the flow D is decreased compared to the systolic
component S; ratio D/Sa)10,73,86

Diagnosis of upstream coronary occlusion (reverse diastolic
flow)31–33

Evaluation of intra-aortic balloon pumping67

Evaluation of coronary bypass graft34,35

Understanding the physiology and pathophysiology of various
conditions76,83

Measurement of TDE-CFR
Diagnosis of significant coronary stenosis (CFR , 2): sensitivity
�89% and specificity �93% for LAD2,5,21,49 and sensitivity �88%
and specificity �90% for PDA21,25–27

Follow-up after coronary angioplasty8,44,64

Evaluation of coronary stenosis of intermediate severity36,65

Assessment of viability, prediction of improvement of regional
left ventricular function after myocardial infarction14,16b

Evaluation of coronary bypass graft34,35

During stress echocardiography: coupling the perfusion and
function (dobutamine or dipyridamole)37–39,41–43,68

Evaluation of the coronary microcirculation
Hypertension, cardiomyopathies, valvular heart
diseases12,48,51,52,55,60,61,72

Understanding the physiology and pathophysiology of various
conditions9,53,56–59,63,81,82,84

Evaluation of a therapeutic intervention48,60,69,74,75

Prognosis-risk stratification (dilated cardiomyopathy,
cardiac transplantation, coronary artery disease)68,77–79

aD/S , 1.5–1.6 when left ventricular systolic function and size are
normal and D/S , 1.8 in the setting of left ventricular dilatation and sys-
tolic dysfunction (all in sinus rhythm).

bCFR . 1.5, 24 h after reperfusion predict recovery of regional LV
function with a sensitivity of 91% and specificity of 94% in a study of
29 patients with anterior myocardial infarction.
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Prognostic value of CFR

The prognostic impact of TDE-CFR is emerging as recent
studies relied on the bad outcome in patients with low
CFR measured in the LAD with different cardiac dis-
eases.68,77–79 A reduced CFR (,2, using dipyridamole) is
an independent predictor of unfavourable outcome in
patients with non-ischemic dilated cardiomyopathy, during
a median follow-up of 22 months.77 A reduced TDE-CFR
(,2.6, using adenosine) is the main independent predictor
of major adverse cardiac events (relative risk ¼ 3.1) in a
series of 66 heart transplantation patients, during a mean
follow-up of 19+5 months.78 In 329 patients with known
or suspected coronary artery disease, a reduced CFR
(�1.92 using dipyridamole) is an independent indicator of
a worse prognosis despite having a negative stress echocar-
diography by wall motion criteria.68 The 36 months event-
free survival is 68% vs. 98% for patients with a preserved
TDE-CFR. In patients with an angiographic LAD stenosis of
intermediate severity (50–70%), a TDE-CFR of .2 confers a

good prognosis during a mean follow-up of 15 months.79

To summarize, the assessment of TDE-CFR in these different
settings can be useful in risk stratification, but whether
improving CFR in such diseases and other with coronary
microvascular dysfunction would influence positively the
prognosis remains to be established. Furthermore, there is
no general agreement about the prognostic value of
reduced CFR in patients with angiographically normal coron-
ary arteries.46,98 The coronary flow velocity pattern is also
of prognostic value. Twelve to 48 h after reperfused first
anterior MI, DDT of �600 ms predicts not only LV remodel-
ling, but is an independent predictor of in hospital
complications.80

TDE-CFR at bedside to reconcile the researcher
and the clinician

Non-invasive coronary flow and CFR is highly feasible, repro-
ducible, accurate, and easily available at bedside, after a

Figure 5 Illustration of the coronary flow pattern in a patient with an intra-aortic balloon pumping and a no reflow. Phasic coronary flow
velocity (CVF) during 1:2 balloon pumping in a 70-year-old woman with reperfused anterior myocardial infarction complicated by ventricular
septal rupture. Diastolic CVF is enhanced during balloon inflation as seen in the first, third, and fifth beats (left and right panel). However, in
left panel, the balloon is inflated too late as suggested by the notch between diastolic deceleration flow and augmentation flow. In right
panel, after optimal timing of balloon inflation: the diastolic flow augmentation coincides with the upstroke of diastolic acceleration flow
velocity. In both panels, a no reflow is strongly suggested by the coronary flow pattern with a rapid deceleration of the diastolic component
and an early systolic retrograde flow.

Figure 6 Left internal mammary artery graft to the LAD. Illustration of the distal part of a left internal mammary artery graft to the LAD and
its anastomosis visualized with color Doppler flow. The respective flow velocities recorded with pulsed wave Doppler in the distal graft and in
the distal LAD show a normal flow pattern. In the LAD proximal to the anastomosis, there is a retrograde flow as the proximal LAD is occluded.
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period of training. It has been performed in a lot of situations,
helps to understand the pathophysiologic insight, and is
useful in clinical practice in various settings as coronary
artery disease.51,52,61,72,77,81–85 It compares favourably with
invasive Doppler flow wire,3,4,23,24,44,45 nuclear cardiac
imaging,7,28,47 stress echocardiography,36,62 and myocardial
contrast echocardiography.63,99 As CFR could improve with
various therapy or lifestyle change,9,48,51,54,56,60,74,75

increasing CFR would be a new target for treatment. Apart
from the difficulty to assess multivessel disease, the ana-
tomic information about the coronary tree is not routinely
available with current technology. More technical advance-
ments on ultrasound machine and transducer technology
allow in routine practice direct visualization of the coronary
plaque and its content; emergence of new vasodilating
agents easier to use and with less adverse effects,92 increase
the feasibility of TDE-CFR (hyperventilation caused by adeno-
sine could prevent reliable measurement of CFR in some
cases); and the development of three-dimensional echocar-
diography, analyses the coronary artery anatomy100 and its
vasodilating capacity;101 all of these future developments
are the next step to improve and expand this fascinating
tool to all the coronary territories.

Conflict of interest: none declared.
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70. Krzanowski M, Bodzoń W, Brzostek T, Nizankowski R, Szczeklik A. Value
of transthoracic echocardiography for the detection of high-grade cor-
onary artery stenosis: prospective evaluation in 50 consecutive patients
scheduled for coronary angiography. J Am Soc Echocardiogr 2000;13:
1091–9.

71. Saraste M, Vesalainen RK, Ylitalo A, Saraste A, Koskenvuo JW, Toikka JO
et al. Transthoracic Doppler echocardiography as a noninvasive tool to
assess coronary artery stenoses—a comparison with quantitative coron-
ary angiography. J Am Soc Echocardiogr 2005;18:679–85.

72. Kim HK, Kim YJ, Sohn DW, Park YB, Choi YS. Transthoracic echocardio-
graphic evaluation of coronary flow reserve in patients with hyper-
trophic cardiomyopathy. Int J Cardiol 2004;94:167–71.

73. Daimon M, Watanabe H, Yamagishi H, Kuwabara Y, Hasegawa R, Toyoda T
et al. Physiologic assessment of coronary artery stenosis without stress
tests: noninvasive analysis of phasic flow characteristics by transthor-
acic Doppler echocardiography. J Am Soc Echocardiogr 2005;18:949–55.

74. Kawata T, Daimon M, Hasegawa R, Teramoto K, Toyoda T, Sekine T et al.
Effect on coronary flow velocity reserve in patients with type 2 diabetes
mellitus: comparison between angiotensin-converting enzyme inhibitor
and angiotensin II type 1 receptor antagonist. Am Heart J 2006;151:
798.e9–15.

75. Fujimoto K, Hozumi T, Watanabe H, Shimada K, Takeuchi M, Sakanoue Y
et al. Effect of fluvastatin therapy on coronary flow reserve in patients
with hypercholesterolemia. Am J Cardiol 2004;93:1419–21, A10.

76. Crowley JJ, Dardas PS, Harcombe AA, Shapiro LM. Transthoracic Doppler
echocardiographic analysis of phasic coronary blood flow velocity in
hypertrophic cardiomyopathy. Heart 1997;77:558–63.

77. Rigo F, Gherardi S, Galderisi M, Pratali L, Cortigiani L, Sicari R et al. The
prognostic impact of coronary flow-reserve assessed by Doppler echo-
cardiography in non-ischaemic dilated cardiomyopathy. Eur Heart J
2006;27:1319–23.

78. Tona F, Caforio AL, Montisci R, Gambino A, Angelini A, Ruscazio M et al.
Coronary flow velocity pattern and coronary flow reserve by
contrast-enhanced transthoracic echocardiography predict long-term
outcome in heart transplantation. Circulation 2006;114(Suppl. 1):
I49–55.

79. Meimoun P, Tcheuffa JC, Louzoun V, Benali T, Sayah S, Luycx-Bore A
et al. Prognosis value of transthoracic coronary flow reserve in patients
with proximal LAD stenosis of intermediate severity. Eur J Echocardiogr
2006;7(Suppl. 1):pS184 (abstract 1074).

80. Katayama M, Yamamuro A, Ueda Y, Tamita K, Yamabe K, Ibuki M et al.
Coronary flow velocity pattern assessed noninvasively by transthoracic
color Doppler echocardiography serves as a predictor of adverse
cardiac events and left ventricular remodeling in patients with acute
myocardial infarction. J Am Soc Echocardiogr 2006;19:335–40.

81. Pizzuto F, Voci P, Mariano E, Puddu PE, Spedicato P, Romeo F. Coronary
flow reserve of the angiographically normal left anterior descending
coronary artery in patients with remote coronary artery disease. Am J
Cardiol 2004;94:577–82.

82. Pizzuto F, Voci P, Puddu PE, Chiricolo G, Borzi M, Romeo F. Functional
assessment of the collateral-dependent circulation in chronic total cor-
onary occlusion using transthoracic Doppler ultrasound and venous ade-
nosine infusion. Am J Cardiol 2006;98:197–203.

83. Celik S, Dagdeviren B, Yildirim A, Gorgulu S, Uslu N, Eren M et al. Deter-
minants of coronary flow abnormalities in obstructive type hypertrophic

cardiomyopathy: noninvasive assessment by transthoracic Doppler echo-
cardiography. J Am Soc Echocardiogr 2004;17:744–9.

84. Galiuto L, Lotrionte M, Crea F, Anselmi A, Biondi-Zoccai GG, De Giorgio F
et al. Impaired coronary and myocardial flow in severe aortic stenosis is
associated with increased apoptosis: a transthoracic Doppler and myo-
cardial contrast echocardiography study. Heart 2006;92:208–12.

85. Youn HJ, Park CS, Cho EJ, Jung HO, Jeon HK, Lee JM et al. Left bundle
branch block disturbs left anterior descending coronary artery flow:
study using transthoracic Doppler echocardiography. J Am Soc Echocar-
diogr 2005;18(10):1093–8.

86. Okura H, Fuyuki H, Kubo T, Iwata K, Taguchi H, Toda I et al. Noninvasive
diagnosis of ischemic and nonischemic cardiomyopathy using coronary
flow velocity measurements of the left anterior descending coronary
artery by transthoracic Doppler echocardiography. J Am Soc Echocar-
diogr 2006;19:552–8.

87. Gould KL, Lipscomb K. Effects of coronary stenoses on coronary flow
reserve and resistance. Am J Cardiol 1974;34:48–55.

88. Vernon Anderson H, Stockes MJ, Leon M, Abu-Hawala SA, Stuart Y,
Kireeide RL. Coronary artery flow velocity is related to lumen area
and regional left ventricular mass. Circulation 2000;102:48–54.

89. Czernin J, Muller P, Chan S, Brunken RC, Porenta G, Krivokapitch J et al.
Influence of age and hemodynamics on myocardial blood flow and flow
reserve. Circulation 1993;88:62–9.

90. Wilson R, Wyche K, Christensen BV, Zimmer S, Laxson DD. Effects of ade-
nosine on human coronary arterial circulation. Circulation 1990;82:
1595–606.

91. Sudhir K, MacGregor JS, Barbant SD, Foster E, Fitzgerald PJ, Chaterjee K
et al. Assessment of coronary conductance and resistance vessel reac-
tivity in response to nitroglycerin, ergonovine, and adenosine: in vivo
studies with simultaneous intravascular two-dimensional and Doppler
ultrasound. J Am Coll Cardiol 1993;21:1261–8.

92. Hendel RC, Bateman TM, Cerqueira MD, Iskandrian AE, Leppo JA,
Blackburn B et al. Initial clinical experience with regadenoson, a
novel selective A2A agonist for pharmacologic stress single-photon emis-
sion computed tomography myocardial perfusion imaging. J Am Coll
Cardiol 2005;46:2069–75.

93. Barbato E, Bartunek J, Wyffels E, Wijns W, Heyndricks GR, De Bruyne B.
Effects of intravenous dobutamine on coronary vasomotion in humans.
J Am Coll Cardiol 2003;42:1596–601.

94. Bartunek J, Wijns W, Heyndrickx GR, De Bruyne B. Effects of dobuta-
mine on coronary stenosis physiology and morphology: comparison
with intracoronary adenosine. Circulation 1999;100:243–9.

95. Topol EJ, Nissen SE. Our preoccupation with coronary luminology: the
dissociation between clinical and angiographic findings in ischemic
heart disease. Circulation 1995;92:2333–42.

96. Di Carli M, Czernin J, Hoh CK, Gerbaudo VH, Brunken RC, Huang SC et al.
Relation among stenosis severity, myocardial blood flow, and flow
reserve in patients with coronary artery disease. Circulation 1995;91:
1944–51.

97. Voci P, Pizutto F, Romeo F. The slippery slope. Eur Heart J 2004;25:
1480–2.

98. Voci P, Pizutto F, Romeo F. Coronary flow reserve assessment: reply: the
ghost of microcirculation. Eur Heart J 2005;26:849–50.
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