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Introduction

Coronary flow reserve (CFR) represents
the capability of the coronary apparatus of
increasing blood flow under circumstances
involving increased metabolic needs1,2. CFR
can be reduced in two main conditions: the
presence of significant coronary stenosis
and abnormalities of microcirculation3,4. 

Nowadays, as CFR assessment is ac-
quiring a relevant role as an accurate indi-
cator of the functional significance of a coro-
nary stenosis, several methods have been
proposed to measure it. In previous studies
CFR was usually determined by measuring
the increase in coronary flow during a phar-
macologically induced maximal vasodila-
tion.

CFR evaluation during cardiac catheteri-
zation using Doppler intracoronary catheters
represents the gold standard of this analy-
sis4-6. Even if extremely accurate, this diag-
nostic approach is not widely used because of
its relevant cost and invasivity5. 

Transesophageal Doppler echocardiog-
raphy has been proposed as an alternative
method for CFR assessment in the proximal
left anterior descending coronary artery
(LAD) in resting conditions and after phar-
macological vasodilation7,8. Nevertheless,
this technique, although in combination with
contrast agents it shows a 69-89% success
rate of visualization of coronary flow, pre-
sents only a modest acceptance for large
scale assessment of CFR because of its se-
mi-invasive nature. 
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Background. The aim of this study was to evaluate if a reduced coronary flow reserve determined
by transthoracic echocardiography alone or combined with contrast agents may represent a predic-
tive index of significant left anterior descending coronary artery (LAD) stenosis.

Methods. Thirty-four patients (mean age 59 – 9 years) undergoing coronary angiography for coro-
nary artery disease were studied. Coronary stenosis was classified (according to visually determined
percent narrowing) as severe (> 75%), moderate (40 to 75%) and mild (< 40%). Coronary blood flow
velocities were recorded in each patient at baseline and after low-dose dipyridamole administration
by use of a 3.5 MHz transducer with a machine equipped with second harmonic capability and non-
directional color Doppler software. Coronary flow reserve was defined as the ratio of hyperemic to basal
diastolic peak velocity.

Results. Adequate Doppler recordings in the LAD were obtained by transthoracic echocardiogra-
phy in 26/34 patients (76%); the infusion of Levovistfi allowed for the visualization of LAD flow in a
further 7 patients, with an overall feasibility of 97%. Coronary flow reserve was significantly higher
in the group of patients with mild coronary lesions (2.3 – 0.3) than in patients with moderate (1.68 –
0.29, p = 0.0004) or severe (1.49 – 0.39, p = 0.0005) LAD stenosis.

Conclusions. By use of transthoracic echocardiography combined with contrast agents it is possi-
ble to visualize blood flow velocities in the LAD and to evaluate coronary flow reserve after dipyridamole
infusion with a non-invasive approach. Combined with angiographic findings, this diagnostic ap-
proach could be useful in giving additional information to assess the functional significance of a
stenotic coronary lesion.
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Recent studies have shown for the first time the
possibility of measuring CFR in a totally non-invasive
way using transthoracic Doppler echocardiography
(TTDE)9-11. A strict correlation between coronary flow
reserve obtained with this non-invasive approach and
Doppler intracoronary measurements has recently been
assessed6,12. Furthermore, there was an excellent agree-
ment for the identification of significant LAD stenosis
between a CFR cut-off value of 1.8-2 ratio calculated by
invasive Doppler wire measurement, and a CFR cut-off
point of 2 ratio non-invasively determined by TTDE13,14. 

The aim of our study was to analyze the success rate
of TTDE alone or in combination with contrast agents
in the detection of CFR in the distal portion of the LAD,
and to evaluate if a reduced CFR, determined in a non-
invasive way, may represent a predictive index of LAD
stenosis. 

Methods

Patients.Thirty-four consecutive and non-selected pa-
tients (31 males, 3 females, mean age 59 – 9 years) un-
dergoing coronary angiography for suspected or known
coronary artery disease were studied. The underlying car-
diac diseases were: previous (> 6 months) antero-sep-
tal myocardial infarction in 11 patients, previous (> 6
months) inferior myocardial infarction in 6 patients,
unstable angina in 6 patients, stable angina in 10 patients,
and hypertrophic cardiomyopathy in 1 patient. All drugs
with a cardiovascular effect were withdrawn the day be-
fore the echocardiographic study.

All patients were informed of the purpose of the
study and gave informed consent. 

Transthoracic echocardiography.Echocardiographic
examinations were performed with an Acuson Sequoia
ultrasound system (Acuson Corporation, Mountain View,
CA, USA), using a transducer with second harmonic ca-
pability (1.7 MHz transmitting and 3.5 MHz receiving). 

The Sequoia ultrasound machine was equipped with
software for non-directional Doppler, with properties of
color Doppler modified setting the velocity range be-
tween 12 and 24 cm/s, thus reducing the pulse repetition
frequency. Unlike traditional Doppler, non-directional
Doppler was independent of the direction but dependent
on the quantity of blood flow in the vessel analyzed.
Compared to traditional Doppler echocardiography, this
method is less influenced by the aliasing and also more
sensitive in detecting low flow velocities and reduced
blood volumes. 

The visualization of the distal portion of the LAD
was performed using a modified foreshortened 2-cham-
ber view obtained by sliding the transducer superiorly
and medially from an apical 2-chamber position, in
order to reach the best alignment to the interventricu-
lar sulcus10-14. Subsequently, coronary blood flow in the
distal portion of the LAD was searched for under the

guidance of color Doppler flow mapping over the epi-
cardial part of the anterior wall (Fig. 1). 

A first attempt to record LAD flow was made in all
patients using a 3.5 MHz phased-array transducer with
second harmonic capability. Our choice to
use a low-frequency probe was related to the possibili-
ty of utilizing an echo-enhancing agent to improve the
Doppler signal in patients without an adequate color-cod-
ed blood flow12,16. As several patients in our study
showed a poor acoustic window, the use of a 3.5 MHz
rather than a 7 MHz transducer allowed a better evalu-
ation of the coronary flow Doppler signal. The contrast
agent used in our study was Levovistfi (SHU-508A,
Schering AG, Berlin, Germany  a suspension of galac-
tose and fatty acid in sterile water), administered by an
infusion pump into the right cubital vein, at a concen-
tration of 300 mg/ml and at an infusion rate of 1
ml/min10,12,17. 

With the sample volume positioned on the color sig-
nal of the LAD, the spectral Doppler of the LAD flow
showed the characteristic biphasic flow pattern with a
larger diastolic and a smaller systolic component (Fig. 2A).

Study protocol. Coronary blood flow velocities were
recorded in each patient under color-guided pulsed wave
Doppler at baseline and after dipyridamole administra-
tion (0.56 mg/kg over 4 min). All patients had continu-
ous heart rate, blood pressure and ECG monitoring. The
following coronary flow velocity parameters were record-
ed at baseline and after dipyridamole infusion: systolic
and diastolic peak velocities; systolic and diastolic ve-
locity-time integrals. For each parameter, the three high-
est spectral Doppler signals were averaged. CFR was de-
fined as the ratio of hyperemic to basal diastolic peak ve-
locity. Normal CFR was defined as > 2.0 on the basis of
previous studies10-14. 

All images were recorded on a magneto-optical disk

Figure 1. A modified foreshortened 2-chamber view, used to obtain the
best alignment to the interventricular sulcus. Color Doppler flow map-
ping in the interventricular sulcus (white arrow)allows for the visualization
of the distal left anterior descending coronary artery (yellow arrow),
identified as a red diastolic jet. LV = left ventricle.
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and analyzed later by two observers who were blinded
to clinical and angiographic results. Measurements were
made off-line by use of the built-in calculation package
of the ultrasound machine.

Coronary angiography. Coronary angiography was
performed within a week of echocardiographic study by
standard Judkins technique. Coronary arteries were ex-
amined by using multiple projections and stenoses were
classified according to quantitative angiography as se-
vere (> 75%), moderate (40 to 75%) and mild to no an-
giographic stenosis (< 40%). All coronary angiograms
were blindly read. 

Statistical analysis.Statistical analyses were performed
by a commercially available statistical package. Data
were expressed as mean values – SD. Student s paired
t test was used for statistical analysis. A p value of < 0.05

was considered statistically significant. Sensitivity and
specificity for CFR as a predictor of significant coronary
stenosis were calculated in the traditional manner.

Intraobserver variability was calculated and expressed
as the SD of the difference of the two readings divided
by the average value. To determine interobserver vari-
ability, the average value of the first observer was com-
pared with the reading of the second. Ob-
server variability was analyzed by a paired Students t test.
A probability level of < 0.05 was considered statistical-
ly significant.

Results

On the basis of coronary angiography results, patients
were divided into three groups:
 Group 1 consisted of 13 patients (all males, mean age
60 – 10 years) with LAD stenosis > 75%. In this group,
8 patients had isolated LAD stenosis, 2 patients also
had right coronary stenosis, and 3 patients had three-ves-
sel coronary artery disease;
 Group 2 was composed of 6 patients (5 males, 1 female,
mean age 59 – 9 years), with LAD stenosis between 40
and 70%. In this group, 4 patients had isolated LAD
stenosis and 2 patients had also right coronary stenosis;
 Group 3 consisted of 14 patients (12 males, 2 females,
mean age 59 – 9 years) with mild to no angiographic
LAD stenosis. In this group, 4 patients had isolated
right coronary stenosis; 2 patients had isolated circum-
flex coronary stenosis; 6 patients had undergone percu-
taneous angioplasty of the LAD at least 1 month before
and the angiographic control did not underline hemo-
dynamically significant lesions; 1 patient with stable
angina and 1 patient with hypertrophic cardiomyopathy
had no angiographic stenosis.

Visualization of coronary flow. Under the guidance
of color Doppler flow mapping, adequate spectral
Doppler recordings of coronary flow in the distal portion
of the LAD were obtained by TTDE + second harmon-
ic imaging in 26/34 patients (76%) over a distance of 1
cm. The infusion of Levovistfi allowed for the visual-
ization of the LAD flow in a further 7 patients. In 1 pa-
tient, despite the infusion of contrast agent, blood flow
velocity during dipyridamole vasodilation was not
achieved. In all, the feasibility of CFR evaluation was
97%. 

Dipyridamole infusion. The variations of parameters
evaluated in the three study groups, produced by dipyri-
damole infusion, are summarized in table I.

Neither major adverse reactions nor anginal symptoms
occurred in any patients. Systolic and diastolic blood pres-
sure did not change at all. No patient showed ECG mod-
ifications after low-dose dipyridamole infusion.

Determination of coronary flow reserve.Blood flow

A

B

Figure 2. Echo-Doppler analysis of the left anterior descending coronary
artery flow at baseline (A) and during dipyridamole-induced hyperemia
(B). The coronary flow appears predominant during the diastolic phase
of the cardiac cycle. D = coronary diastolic flow; S = coronary systolic
flow.
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velocities were similar in the three groups at baseline.
However, after dipyridamole infusion blood flow ve-
locities increased (Fig. 2B) more in Group 3 than in
Group 2 and Group 1 (Table I). 

As a result, CFR, assessed in 33/34 patients in whom
the identification of the flow was achieved, was signif-
icantly higher in Group 3 than in Group 2 (2.3 – 0.3 vs
1.68 – 0.29, p = 0.0004) and Group 1 (2.3 – 0.3 vs 1.49
– 0.39; p = 0.0005). 

Identification of significant LAD stenosis.Consider-
ing a cut-off point of CFR < 2 for the detection of sig-
nificant LAD stenosis, in our population we correctly
identified 12/13 significant stenoses in Group 1 (92%);
in Group 2, 5/6 patients (83%) had a CFR value < 2; in
Group 3, only 1/13 patients (7%) had a CFR < 2. 

Therefore, a CFR < 2 had a sensitivity of 92% and a
specificity of 72% for the presence of significant 
(> 75%) LAD stenosis. 

Interobserver and intraobserver variability. Intraob-
server and interobserver variability for the measurement
of Doppler velocity recordings (diastolic and systolic peak
velocities, diastolic and systolic velocity-time integrals)
were 3.9 and 5.3% respectively.

Discussion

Echo-Doppler assessment of coronary flow.Recent use
of the last generation ultrasound systems, with a signif-
icant improvement in spatial resolution, allowed the
non-invasive identification of structures that, although lo-
cated a few centimeters under the anterior wall of the
chest, were previously too small to be visualized. This
is the case of the distal segment of the descending ante-
rior coronary artery, which usually presents a superficial
course, along the interventricular sulcus13,14.

A further improvement in the non-invasive visual-
ization of the distal segment of the LAD derived from the
use of both second harmonic technology and intra-

venously injected echocontrast agents, that, combined to-
gether, allow optimal detection of coronary flow in most
cases, improving Doppler signal-to-noise ratio in coro-
nary arteries10-14.

Once the distal segment of the LAD is identified, by
use of the sample volume of pulsed wave Doppler with-
in the vessel lumen, it is possible to analyze the coronary
artery flow, that presents a biphasic pattern at rest (Fig.
1), with a smaller systolic and a greater diastolic com-
ponent4,19,20. This physiological pattern expresses low-
er coronary resistance and a better gradient of pressure
between the aorta and the left ventricle during the dias-
tolic phase of the cardiac cycle. 

In accordance with previous studies6,12, in our per-
sonal experience we observed a higher success rate of
non-invasive visualization of the distal portion of the LAD
using a 3.5 MHz probe with second harmonic capabil-
ities rather than a 7 MHz transducer. This is the result of
the use of both new color Doppler software of Acuson
Sequoia, whose color Doppler properties were modified
setting the velocity range between 12 and 24 cm/s, and
of second harmonic technology, that allowed a 76%
success rate of visualization of LAD flow. Therefore, in
our study, the use of non-directional Doppler alone al-
lowed for an adequate visualization of the LAD flow in
a large percentage of patients, in contrast to previous stud-
ies9,12, which usually used echo-enhancing agents in all
patients. On the other hand, the use of an in-
travenously injected echocontrast agent such as Levovistfi

further improved the success rate of CFR assessment,
with a final value of 97%. 

Coronary flow reserve analysis.As shown by other
authors4-6,21,22, various methods have previously been
used to assess CFR. However, they were either inva-
sive (Doppler flow wire, selective catheterization of the
coronary sinus), semi-invasive (transesophageal echo-
cardiography), or highly expensive (positron emis-
sion tomography). Conversely, CFR evaluation by
TTDE combined with second harmonic imaging is a
totally non-invasive, easily repeatable and non-ex-
pensive technique, largely used now in many echo

Group 1 (n=12) Group 2 (n=6) Group 3 (n=14)

Baseline Dipyridamole p Baseline Dipyridamole p Baseline Dipyridamole p

Age (years) 60 – 10 59 – 9 59 – 9
Heart rate (b/min) 75 – 7 90 – 4 0.0001 62 – 13 82 – 14 0.02 67 – 11 83 – 13 0.002
DPV (m/s) 0.43 – 0.18 0.62 – 0.24 0.05 0.34 – 0.05 0.58 – 0.2 0.01 0.35 – 0.12 0.79 – 0.26 0.0005
SPV (m/s) 0.26 – 0.12 0.2 – 0.06 NS 0.22 – 0.03 0.32 – 0.07 0.009 0.21 – 0.07 0.43 – 0.18 0.0004
DVI (m) 0.15 – 0.05 0.19 – 0.06 NS 0.14 – 0.04 0.2 – 0.02 0.0085 0.14 – 0.05 0.24 – 0.06 0.0007
SVI (m) 0.06 – 0.03 0.08 – 0.03 NS 0.05 – 0.01 0.07 – 0.02 0.05 0.04 – 0.02 0.09 – 0.03 0.0001

CFR 1.49 – 0.39 1.68 – 0.29 2.3 – 0.3

Table I. Clinical and echo-Doppler data of the three patient groups at baseline and after dipyridamole-induced hyperemia.

CFR = coronary flow reserve (as ratio between DPV after dipyridamole infusion and DPV at baseline); DPV = diastolic peak velocity;
DVI = diastolic velocity-time integral; SPV = systolic peak velocity; SVI = systolic velocity-time integral.
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laboratories. 
In our study we chose intravenous dipyridamole

rather than other coronary vasodilators to induce hy-
peremia during CFR assessment for two main reasons.
First, dipyridamole is less expensive and more readily
available than other vasodilators such as adenosine.
Second, even if dipyridamole infusion usually induces
maximal coronary flow velocities later than adenosine
(dipyridamole 287 – 101 s; adenosine  55 – 34 s), the
vasodilatory effect is more persistent23. Since in the
study we limited our use of the echo contrast enhancer
to 7 patients (24%), the prolonged coronary vasodilation
allowed for an accurate detection of the coronary flow
in all patients.

In accordance with previous studies10-14, a CFR val-
ue < 2 was able to identify in our population a signifi-
cant LAD stenotic lesion (> 75%) in 12/13 patients, while
a CFR > 2 identified 93% of patients without a signif-
icant LAD stenosis.

Although the differences among basal coronary ve-
locities of the three groups were not significant, we ev-
idenced a trend versus higher diastolic velocities at
baseline in patients with significant LAD stenosis (Group
1). This fact may be the result of reduced resistance of
the microcirculatory bed that could counterbalance the
increased resistance to flow at rest caused by the steno-
sis, but limits its capability of further increasing flow dur-
ing infusion of a vasodilating agent2,24. 

Of interest, in the group of patients with moderate
LAD stenosis, the mean value of CFR was significant-
ly lower than in the group without significant LAD le-
sions, while the differences between Group 2 and Group
1 were not significant: there is an overlapping value be-
tween the other two groups. However, the concern re-
garding the approach of this study is to compare a func-
tional variable such as CFR with morphologic criteria
such as a visually determined percent narrowing of a sin-
g le vessel. Since it is generally accepted that deci-
sions concerning coronary interventions should be com-
bined with the evidence of cardiac ischemia25,26, the
use of coronary physiologic data such as CFR3, in ad-
dition to coronary angiography and provocative stress
tests, may be useful to facilitate clinical evaluation.
Therefore, the assessment by TTDE of a CFR value <
2 in 5/6 patients of Group 2 gave a more severe func-
tional significance than the anatomical one provided
by angiography to the coronary stenosis.

As a result, CFR evaluation, combined with mor-
phological information given by angiography, may be use-
ful to evaluate the therapeutic approach also of coronary
lesions considered hemodynamically non-significant. 

Future advances.Non-invasive assessment of CFR by
TTDE + second harmonic imaging might represent a use-
ful technique to follow up patients undergoing coronary
angioplasty to the LAD. In our study population, 6 pa-
tients underwent coronary angioplasty to the LAD, and
a periodical check of their non-invasively determined

CFR is being performed. 
The administration of a second dose (0.84 mg/kg) of

dipyridamole at the end of the CFR evaluation might al-
low for the completion of the standard protocol of phar-
macological stress echocardiography, thus providing
new information about myocardial wall motion also in
segments independent of the LAD. As a result, a new
echocardiographic pharmacological stress test proto-
col might be performed, able to analyze not only left ven-
tricular wall motion abnormalities, but also the functional
significance of a coronary lesion. 

Study limitations. Our population included
a large number of patients with coronary artery dis-
ease, and only one patient with hypertrophic car-
diomyopathy. In this patient CFR might be impaired as
a result of a microcirculatory bed disease, which could
limit coronary flow increase after infusion of a vasodi-
lating agent. On the other hand, 2 patients
of Group 2 with previous myocardial infarction, de-
spite the presence of a non-significant (< 70%) coronary
stenosis, showed a reduced CFR, which may be due to
a post-necrotic microcirculatory impairment27,28.

CFR assessment can be invalidated if measurements
are performed at the stenosis site or in a collateral
branch. 

Comparative, invasive data on CFR using Doppler
sensor-tipped angioplasty guide wires were not per-
formed. Nevertheless, initial comparison has already
been assessed by others11, showing a close agreement be-
tween non-invasive and invasive measurements.
On the other hand, non-invasive CFR evaluation could
underestimate CFR values obtained by Doppler flow wire
in the case of large θ ang les. Therefore, it is essential
for correct assessment of CFR to achieve a θ ang le <
30 , or, if larger, to keep it constant during the exam at
baseline and after dipyridamole infusion. In fact, for the
purpose of CFR evaluation, the absolute velocity was not
needed because CFR was a ratio between 2 velocities.
Furthermore, in our study there was no significant dif-
ference between the θ ang les at baseline and during in-
duced vasodilation.

In conclusion, by use of TTDE equipped with non-
directional Doppler combined with second harmonic
imaging it is possible to:
 visualize blood flow velocities in the LAD with or with-
out intravenous contrast enhancement using a non-in-
vasive approach;
 evaluate CFR in the LAD as the ratio of blood veloc-

ity flow at baseline and after low-dose dipyridamole ad-
ministration (0.56 mg/kg over 4 min);
 give additional information in assessing the function-

al significance of a stenotic lesion in the epicardial vas-
cular bed of the LAD. 

Combined with coronary angiographic findings,
this diagnostic approach could be useful not only in
planning the further invasive or non-invasive treatment
of LAD stenosis, but also in estimating its long-term
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prognosis. 
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