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Demonstration of Pathologic Coronary Flow Dynamics using
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[ts Potential Role in Clinical Decision-Making
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ABSTRACT

With advancements in high frequency transducers, transesophageal (TEE) and transthoracic Doppler echocar-
diography (TTE) are emerging as promising methods for the evaluation of coronary arteries. In addition to
visualizing images for the detection of stenosis of the proximal and distal coronary arteries, as well as various
kinds of coronary artery anomalies, the functional assessment through measurement of the coronary flow reserve
using TEE and TTE have become valuable and additive tools for coronary angiography that define only the
epicardial coronary arteries. Further efforts to develop new techniques, including real time 3D echocardiography,
in the anatomic and functional assessments of coronary artery disease should be undertaken. (Korean Circulation

J 2005;35:269—-281)
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Introduction

Coronary angiography is currently the standard me-
thod for assessing coronary artery disease. However,
the visual estimation of the anatomic severity of cor-
onary artery stenosis limits the information available
on coronary flow dynamics, and fails to adequately
predict its physiologic importance. Therefore, the sig-
nificance of the estimations of the coronary artery
flow and coronary flow reserve (CFR) have been emp-
hasized."?

Direct invasive measurements using Doppler flow
wires and catheters have provided a wealth of literature
on the pathophysiology of coronary flow dynamics. In
clinical practice, these techniques are rarely applied due
the time and expense required; therefore treatment is
based on anatomic measures. Non-invasive tools, such
as those described below, could change the standard
on which the treatment of coronary disease is based.

With the development of digital imaging capabilities,
the emergence of multiplane transducer, the cine loop
review and left sided contrast agents, transesophageal
Doppler echocardiography (TEE) has improved the
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visualization of the proximal coronary artery and enh-
anced the detection of its abnormalities, including ste-
nosis and anomalies.” In addition to visualizing the
proximal coronary artery, functional assessment th-
rough the measurement of CFR using TEE has become
a valuable and additive tool for coronary angiography
that defines only the epicardial coronary arteries.”

Recently, one emerging technique is now contribu-
ting to the evaluation of the pathophysiologic signifi-
cance of coronary artery disease in humans. Direct
echocardiographic assessment of coronary artery dis-
ease using transthoracic Doppler echocardiography
(TTE) was first described 17 years ago by Fusegima,”
but rapid progress in the field has only occurred over
the past few years. TTE is now emerging as a promi-
sing method for evaluating coronary artery disease.
After a period of training, the detection and measure-
ment of the distal left anterior descending coronary
artery (LAD) flow with TTE is feasible in more than
90 % of patients, and continuous efforts are being
made to noninvasively measure the epicardial coronary
artery flow® and CFR.*-%9

Identification of penetrating intramyocardial coro-
nary arteries (PICA) " tumor feeding vessels in met-
astatic intracardiac mass™ and the internal mammary
artery (IMA) flow™*" have been reported using TTE.
Although a recent study has reported the visualization
of the distal right coronary artery (RCA) ,*”® most lite-
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rature to date has examined the flow in the mid and
distal left LAD.

The aims of this review were to discuss the coronary
flow physiology and pathophysiology, to outline the
technical aspects of the coronary artery visualization
and flow measurement and to critique the current
literature in this field.

Flow Physiology in Normal and
Stenotic Coronary Arteries

The autoregulation of the coronary flow maintains
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Fig. 1. Flow dynamics in coronary stenosis. F: coefficient of viscous
friction loss, S: coefficient of separation loss, V: instantaneous velo-
city in the tube, L length.

a constant level of myocardial perfusion in the face of
changes in the driving pressure. When the mean aortic
pressure drops below 60 to 70 mmHg, the coronary
artery dilates to its full capacity, where auto regulatory
mechanisms cease to be effective. At this point, myo-
cardial perfusion becomes pressure dependent. Under
normal physiological conditions, 95% of the total cor-
onary resistance is determined by the small penetra-
ting arteries (so called “resistance vessels” [50-500 m])
and only 5% by the epicardial coronary arteries.'™

With normal coronary circulation, the basal coro-
nary flow increases four- to five-fold with stimuli, such
as intense exercise. The difference between the basal
coronary flow and peak flow under maximal vasodila-
tion represents CFR. CFR is usually expressed as the
ratio of the coronary flow under maximal vasodilation
to that under resting conditions. The basal coronary
flow pattern is influenced by the presence of cardiac
disease. For example, patients with long-standing hy-
pertension, with or without left ventricular hypert-
rophy, have higher baseline coronary flow velocities.
Baseline coronary flow velocity is an important deter-
minant of CFR. Patients with a higher basal coronary
flow velocity may have a diminished CFR.

Conversely, detailed assessment of the flow dyna-
mics in coronary artery stenosis is essential in the
understanding the pathophysiology of obstructive cor-
onary disease. In the presence of moderate to severe
coronary stenosis, a significant pressure-loss develops

Fig. 2. Demonstration of color and pulsed doppler signals of the coronary artery flow using TTE. A: distal LAD flow showing the tubular and
forward flow with homogenous red color. B typical biphasic pattern showing dominant diastolic flow and smaller systolic components. C: color
flow signal of PICA. D: pulsed doppler signal of PICA. LAD: left anterior descending coronary artery, PICA! penetrating intramyocardial coronary

arteries.
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across the stenosis, which causes reductions in the
coronary flow reserve and effective coronary flow to
the myocardium. The relationship between the flow
velocity in the artery and the pressure loss due to
arterial stenosis has been well documented.®** In ad-
dition to the relative percentage stenosis, geometric
features, such as the lesion length and shape, influence
the pressure loss across a lesion (Fig. 1) 5%

The CFR is influenced not only by the extent of
stenosis, but also by physiological variables, such as
myocardial hypertrophy, heart rate and preloading
state, etc.’” Blood pressure does not appear to affect
the magnitude of CFR as long as the pressures stay
within the autoregulatory range. Even in coronary
arteries with intermediate stenosis of 40 to 60%, the
increases in myocardial hypertrophy, heart rate or
preload decrease the CFR and produce myocardial isc-
hemia.®® In addition to stenosis of the epicardial cor-
onary artery, patients with left ventricular hypertrophy,
secondary to long-standing hypertension,®~”
vascular disease,””® aortic stenosis”™ or hypertrophic
subaortic stenosis,”® suffer from angina pectoris, even
though they have normal coronary arteries. The mec-
hanism responsible for the development of angina
pectoris in patients with normal coronary arteries
remains to be identified.

Measurements of the absolute coronary flow and
CEFR are very important for clinical decision making in
coronary arteries with diffusely decreased coronary flow
compared to the measurement of the relative CFR
using T1-201 SPECT.” In other words, measuring the
absolute CFR can better assess the functional impair-
ment of a coronary vessel. Measurements of the CFR
have gained wide acceptance as an additional diagnostic
approach to the decision making process for diagnostic
cardiac catheterization and coronary intervention.

micro-

Technical Aspects of Image Acquisition

Left anterior descending artery(LAD)

The distal LAD is visualized primarily in the long-
axis cross section, and the ultrasound beam is then
inclined laterally(Fig. 2A). The proximal LAD is vis-
ualized in the modified parasternal short-axis-view,
with the cross-sectional image of the aortic valve and
septal branch of LAD also visualized in the parasternal
short axis view at the mid-papillary muscle level. In
color Doppler flow mapping of the distal LAD, the
velocity range is set at 10-20 cm/sec. The color gain is
adjusted to provide the optimal range. The acoustic
window is around the midclavicular line of the fourth
and fifth intercostal space in the left lateral decubitus
position. The coronary blood flow is explored under
the guidance of color Doppler flow mapping, but does
not lie in the same position throughout the entire

cardiac cycle due to the translational motion. The
position of the coronary blood flow is more stable in
diastole. The probe angle and sample volumes are
adjusted in order to orient the Doppler signal parallel
to the coronary flow. In normal coronary arteries, the
color Doppler signals of the distal LAD show diastolic
dominant flow, with a smaller systolic component.
Such flow patterns are very similar to that of the
proximal LAD flow using transesophageal Doppler
echocardiography” and the flow pattern using Doppler
guide wire or Doppler catheter (Fig. 2B).”® Extravas-
cular compression during systole is likely to be res-
ponsible for the smaller systolic component.”

According to our study,””*¥*? the average peak dia-
stolic velocity of the distal LAD was 21.2£7.9 cm/sec,
and the average percentage of diastolic duration of
coronary artery flow was 58.516.4% per RR interval
at resting within the physiological heart rate in healthy
subjects with normal coronary angiogram and normal
left ventricular function.

Right coronary artery(RCA)

For imaging the peripheral RCA flow, a lower
frequency transducer is required due to the distance
between the transducer and basal inferior cardiac wall.
The posterior descending branch of the distal RCA
may be visualized in the 2-chamber view adjacent to
the ostium of the coronary sinus. The patient should
be positioned in the left lateral decubitus position. The
ultrasound beam is then inclined laterally, or rotated,
to visualize the coronary blood flow close to the epi-
cardial layer of the proximal portion or midportion of
the posterior interventricular sulcus under color flow
mapping guidance. In a recent paper, the coronary
flow velocities were measured with a pulsed wave Dop-

pler using minimum angle correction (from 0 to 15
degrees) *2%

Penetrating intramyocardial coronary arteries(PICA)

In the supine or left lateral decubitus position, with
a broad-band (2.5 to 5.0 MHz) transducer placed at the
apical impulse, a standard apical 2- or 4-chamber 2-
dimensional image is obtained. The imaging depth is
decreased to between 3 and 5 cm. For color flow exa-
mination, a preset coronary program, with a very low
Nyquist limit (12 to 20 cm), and either a single (red)
or a two color map, is used. The probe should be posi-
tioned and the color gain optimized to maximize the
flow. Linear intramyocardial color Doppler signals may
be visualized perpendicular to the epicardial surface in
the myocardium just beneath the apical impulse(Fig.
2C).% Once the color flow signal had been optimized,
the transducer position was adjusted to minimize the
angle between the Doppler beam and the long axis of
the flow signal and to ensure that the pulsed Doppler
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sample volume (1.5 mm wide) was located within the
linear color Doppler signal for as much of the cardiac
cycle as possible. The pulsed Doppler signal of the intra-
myocardial coronary artery flow was identified as a cha-
racteristic diastolic predominant flow pattern (Fig. 2D).

Demonstration of Pathologic Flow Dynamics

Localized aliasing

In recent studies, the detection of localized
aliasing using color flow mapping was helpful in sear-
ching for the stenotic site. The increase in the coro-
nary blood flow velocity at the site of coronary stenosis
correlated closely with the degree of stenosis, as mea-
sured by quantitative coronary angiography. In previous
studies, the LAD flow was measured from the distal or
middle part of the LAD using modified long-axis apical
projection. The capability of TTE allows for flow mea-
surement in the proximal LAD.*”* Detection of lo-
calized color aliasing and measurement of the preste-
notic to stenotic mean diastolic velocity ratio in the
LAD using TTE are both useful in the noninvasive
diagnosis of restenosis after PTCA or stent implanta-
tion for LAD lesions (Fig. 3A, B).*”

24)29)33-35)

Rapid diastolic deceleration slope with systolic flow
reversal

Blood flow to previously ischemic myocardium is
sometimes profoundly reduced, which is known as
the ‘no reflow’ or ‘low reflow’ phenomenon. Kawamoto
et al.’? measured the diastolic deceleration time with
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a Doppler guide wire shortly after coronary inter-
vention in patients with acute myocardial infarction,
and found a short diastolic deceleration time was asso-
ciated with a worse wall motion recovery in the infarct
zone. Shintani et al.*® reported that the diastolic dece-
leration slope of diastolic coronary flow velocity using
TTE was steeper in patients with substantial no reflow
phenomenon than in those without, and patients with
a shorter deceleration half time (DHT) of the diastolic
coronary flow velocity had a poorer functional out-
come when associated with anterior myocardial infarc-
tion. A shorter DHT implies a steeper first decelera-
tion slope of the diastolic flow velocity wave form(Fig.
3C). A reduced myocardial blood pool may account
for this observation. During diastole in normal subjects,
the coronary blood flow predominantly fulfills the
intra-myocardial blood pool without an increase in
intra-myocardial pressure, which is why the slope of
the diastolic deceleration flow velocity is gradual in
both normal subjects and in patients with good reflow.
In the case of the no reflow phenomenon, the intra-
myocardial blood pool is reduced; and thus, the cor-
onary blood flow rapidly fills the reduced blood pool
so that the distal coronary pressure rapidly increases.
The increased distal pressure competes with the cor-
onary inflow, resulting in a rapid deceleration of the
diastolic flow velocity. A shorter DHT might be asso-
ciated with more extensive microvascular damage; and
therefore, the DHT measured with TTE could be a
useful predictor of myocardial viability after an acute
anterior myocardial infarction.’”

%}

Fig. 3. Demonstration of pathologic coronary artery flows using TTE. A! localized aliasing from orange to blue at the stenotic site, with a curved
front of the flow convergence proximal to the lesion. B peak blood flow velocity in the normal segment (blue arrow) is <20 cm/s, increasing to >70
cm/s within the stenotic lumen (yellow arrow). The increase in velocity suggested by the aliasing could be confirmed by pulsed doppler sampling. C:
rapid deceleration slope of the diastolic velocity, with systolic reversal flow (arrow). D: flow with blue color, suggesting retrograde flow at the anterior
apex. E! pulse doppler signals of retrograde flow. F: profoundly reduced diastolic peak velocity, with a prolonged deceleration slope.
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Retrograde flow

The noninvasive diagnosis of total coronary occlu-
sion before coronary angiogram has been difficult,
especially in patients without anginal symptoms, vent-
ricular dysfunction or ECG changes. TTE permits non-
invasive and quantitative measurements of the cor-
onary blood flow velocity beyond the totally occluded
arterial segments. The presence of collateral flow can
be inferred when retrograde blood flow is detected
distal to the site of a total occlusion (Fig. 3D, E).

Retrograde flow in the LAD using TTE was a highly
sensitive and specific finding in the noninvasive diag-
nosis of total LAD occlusion has been observed.’” After
the occlusion of a major epicardial coronary artery,
blood flow to the previously supplied myocardium must
arrive through the coronary collateral vessels. The re-
trograde blood flow velocity distal to the totally oc-
cluded coronary vessel represents a collateral flow to
the occluded region. TTE allows for noninvasive and
quantitative measurements of the coronary blood flow
velocity beyond the totally occluded arterial segments.
However, caution is required since the occluded LAD,
which is filled through the uncommon collateral ch-
annels, such as high-lateral branch or conus branch,
may have normal antegrade flow in the midportion of

the LAD.

Flow damping-slow flow

Crowley et al.?? reported that patients with severe
stenosis demonstrated profound reduction in the dias-
tolic component of the blood flow velocity in the
distal LAD compared to those with less severe stenosis.
With stenosis, the phasic pattern of coronary flow was
partly damped out (Fig. 3F). The reduction observed
in the diastolic flow velocity distal to the stenoses may
be due to the greater effect of the stenosis severity on
the blood flow during a period of low distal (intra-
myocardial) vascular resistance than when the distal
vascular resistance is high.'®” Logan'® reported that
the flow decreased with increasing degree of stenosis
only when the distal resistance was low, which was
almost independent of the degree of stenosis (except in
regions of very severe stenosis) when distal resistance
was relatively high. In clinical situations, the percen-
tage of luminal narrowing read from the coronary
angiogram is often used as the gold standard for des-
cribing stenosis severity. However, the coronary angio-
gram images only internally outlines the vessels, thus
the diffuse coronary narrowing cannot be expressed by
the percentage of narrowing. Also, several problems
have arisen with this conventional evaluation method
because of the various factors that may contribute to

generating the pressure-loss across the coronary stenosis.

With regard to the above, the flow damping mea-
sured with TTE distal to the stenotic segment reflects

not only the percentage of the stenosis diameter, but
also other geometrical factors, such as the length and
complexity of stenotic lesions.

Defining the normal range of diastolic coronary flow
velocity in the distal LAD for clinical decision making
is very important in differentiating normal from pa-
thologic flow. Even though the definition of the nor-
mal value for the distal LAD flow remains to be settled,
due to various factors affecting the baseline coronary
flow velocity, an extremely slow diastolic velocity of
less than 13 cm/sec may suggest the pathologic flow
dynamics are impairing the myocardial perfusion.*®
Recently, the authors’® confirmed these findings us-
ing non-invasive techniques in patients with significant
stenosis of the LAD of more than 70%. The peak dias-
tolic velocities were 13.4+5.5, 15.1£6.8 and 22.1%
11.8 cm/s in 5 patients with TIMI 1 flow, 18 with TIMI
2 flow and in those with TIMI 3 flow, respectively
(p<0.01 versus TIMI grade 1 and grade 2 flow, respec-
tively) .* A peak diastolic velocity less than 13 cm/s had
a sensitivity and specificity of 58 and 91%, respectively,
for identifying lesion types B2 and C using the ACC/
AHA guideline.*®

Furthermore, the measurement of the distal flow
velocity after reperfusion in patients with acute myo-
cardial infarction is useful in characterizing reflow.
The thrombolysis in Myocardial Infarction (TIMI) trial
flow grading system is the gold standard for assessing
coronary patency.lm) Recent investigations demons-
trated that mortality and left ventricular function were
no better among patients with TIMI grade 2 flow than
in those with TIMI 0 and 1 flows."™?™® This finding
indicates that the angiographic assessment of coronary
patency does not necessarily reflect the optimal myo-
cardial reperfusion in characterizing reflow. Nakamura
et al.'% reported less diastolic dominant phasic flow,
using Doppler guide wire, even after the establishment
of widely patent arteries, which may be involved in
extensive microcirculation damage, and a low diastolic
systolic velocity ratio was significantly related to angio-
graphic slow flow. Therefore, the assessment of the
coronary flow velocity using TTE after reperfusion is a
promising new approach for determining the adequacy
of reperfusion and therapeutic strategies for the treat-
ment of patients with acute anterior myocardial in-
farction.

Until now, the clinical significance of the baseline
coronary flow velocity has been underestimated. Co-
ronary angiography demonstrates the phenomenon
of “slow dye progression” in patients with angina-like
chest pain and nonstenotic coronary arteries. Although
this phenomenon has been observed by every expe-
rienced angiographer, only a few reports'™ " have been
published, and the underlying mechanisms as well as
its clinical significance are still unclear. Tambe et al.'®”
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suggested an abnormally high small-vessel resistance as
the cause of slow flow, but their conclusions were based
only on indirect evidence, namely the absence of signi-
ficant epicardial coronary artery disease in patients with
angina pectoris. Goel et al.""” reported that patients with
slow flow constitute a definite subset within the wide
spectrum of syndrome X, and that this phenomenon
could be used as a marker for myocardial ischemia.
Therefore, further study of coronary hemodynamics
using TTE in patients with the slow dye progression
phenomenon and nonstenotic coronary arteries seems
justified.

Predominant systolic flow at anastomosis site of graft
vessel

With the patient in the left lateral position, using a
low left parasternal window, long-axis images of the
left ventricle can be obtained. The imaging depth sh-
ould be reduced to visualize the interventricular sulcus
anterior to the right ventricular outflow tract. Using
combined 2-dimensional imaging and color flow map-
ping, a left IMA graft can be identified as a tubular
structure, with color flow directed from base to apex.
Once the position of the left IMA has been identified,
intraluminal flow signals are obtained using pulsed
Doppler. The rate of direct visualization of native IMA
was can be as high as 100%.”” Transthoracic echocar-
diographic visualization of a left IMA graft in pub-
lished studies has varied from 70 to 95%.7"

In the native internal mammary artery, the flow is
dominant during systole, and only low-velocity profiles
are recorded during diastole. Patent IMA grafts show a
gradual transition in the flow pattern from predo-
minant systolic velocity proximally (at the origin from
the subclavian artery) to predominant diastolic velocity
distally (immediately proximal to the anastomosis with
the native coronary artery.) ™" At the distal anasto-
motic site of an IMA graft without significant stenosis,
the typical pulsed Doppler flow pattern is similar to
that of the coronary artery with a predominant dias-
tolic component(Fig. 4A). When an IMA graft develops
stenosis, low velocity profiles are recorded during dias-
tole, with an increase in the systolic component (Fig. 4B).

Estimation of Coronary Flow
Reserve(CFR) Using TTE

Technical aspect

The change in the coronary flow velocity in the
epicardial coronary artery, not the coronary flow volume,
is measured, although assessment of CFR is ideal for
the estimation of coronary microcirculation. However,
changes in the coronary flow velocity during drug-in-
duced hyperemia have been alternatively used for ass-
essment of CFR because the coronary flow velocity
correlates well with the coronary flow.

In the measurement of the CFR using TTE, dipyri-
damole and adenosine have been used as vasodilating
agents. After obtaining the baseline coronary flow
velocity, dipyridamole is infused at a rate of 0.56 mg/
kg/min for 4 minutes. Peak vasodilating activity is
obtained 2 to 4 minutes after the cessation of dipyrid-
amole infusion. Alternatively, adenosine can be infused
intravenously, inducing rapid onset of vasodilation,
resulting in briefer examination periods comparable
with those of dipyridamole. The coronary flow velo-
cities are measured before and immediately after the
cessation of the adenosine infusion. The CFR is ex-
pressed as the ratio of the peak diastolic flow velocity
during maximal vasodilation to that of the basal dias-
tolic flow velocity (Fig. 5).

Clinical application

The measurement of the CFR using TTE was applied
primarily in patients with normal coronary angiogram
and chest pain, such as hypertrophic cardiomyopathy
and aortic stenosis.””*?P*) Having proven the
close relationship between the noninvasive and invasive
methods,”®? it has been applied to evaluate the
severity of stenosis,“mm)w evaluate the improvement
in the coronary flow after interventional treatment,
such as balloon angioplasty and stent insertion, and
for the early detection®® of restenosis. Intracoronary
Doppler has been introduced to optimize the results of
percutaneous coronary intervention,lm)m) but it has
shown surprisingly high rates of impaired CFR after
balloon angioplasty or stenting (50 and 30% respec-

[ 1

components. B: pulsed doppler signals recorded from the occluded IMA graft, showing systolic dominant flow, similar to a native internal mammary

artery. IMA! internal mammary artery.
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tively), even in the absence of residual angiographic
stenosis."™® This phenomenon is explained by two com-
plicating theories: microvascular stunning, where the
microcirculation is not able to increase flow; or reac-
tive hyperemia, where a high post-ischemic baseline
flow velocity masks the normal reserve. Invasive CFR
is obtained after multiple balloon inflation, injection
of a contrast agent and the administration of vasoac-
tive drugs that may produce immediate post-proce-
dural vasomotion instability."”"*”

After stenting, a decrease in the post-procedural
baseline velocity was found, although intracoronary
Doppler showed the same pre-procedural and post-
procedural baseline values."” Coronary stenosis may
induce flow acceleration or turbulence, or both, even
at rest.'”) After stent implantation, the laminar flow
may be restored and the velocity reset toward normal
reference values.”” Accordingly, recovery of CFR after
successful stenting is related to the normalization of
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both the baseline and hyperemic flow velocities, indi-
cating adequate lumen enlargement and normal vas-
cular conductance have been obtained. Since the int-
racoronary Doppler was performed immediately after
the intervention, it may not reflect the actual CFR.
Measurement of the CFR using TTE several days after
the intervention may provide more accurate informa-
tion on the coronary hemodynamics.

Pizzuto et al.”” found a CFR of less than 1.0 in pa-
tients with severe LAD stenosis. This finding was in
agreement with the experimental work of Gould et
al,'”? which showed hyperemia to disappear in 88 to
93% vessel stenosis. According to several studies using
TTE, P95 the cut-off value of the CFR is gene-
rally accepted to be less than 2.0 for predicting LAD
stenosis of more than 70%.

Assessment of the CFR before and after coronary
angioplasty may be useful in detecting early restenosis,
which may serve as an index of outcome for the pro-
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Fig. 5. Measurement of the CFR using TTE. A! pulse doppler signals of the distal LAD at rest. B: systolic and diastolic coronary flow velocities
markedly increase after adenosine infusion. The CFR is calculated as the ratio of the hyperemic peak diastolic velocity (PDV) after the intravenous
infusion of Adenosine to that of the resting PDV. The CFR in this patient is 3.78. LAD: left anterior descending coronary artery, CFR: coronary
flow reserve.

Fig. 6. The measurement method of the PICA-CFR. A: color do
maximal hyperemia. C & D: the PICA-CFR is calculated as the ratio of the hyperemic peak diastolic velocity (PDV) after the intravenous infusion of
adenosine to that of the resting PDV. PICA-CFR! coronary flow reserve of penetrating intramyocardial coronary artery, PDV: peak diastolic velocity.
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cedure. CFR measurement using TTE may be decisive
for the functional assessment of intermediate lesions
to find clear-cut arguments in favor of or against the
indication for coronary intervention. It can also be
used for the early detection of endothelial dysfunction
since atherosclerotic acceleration changes after the
cardiac transplantation.

New measurement method of CFR using TTE
Recently, the measurement method of PICA-CFR
was introduced (Fig. 6). Measurement of the PICA-
CFR showed more than a 90% success rate compared
to that of CFR measurement of the epicardial coro-
nary arteries using TTE.™ In this study, the group with
apical hypertrophy had significantly higher baseline

coronary flow velocities of the PICA and lower PICA-
CFR than those of the control group. Performing me-
asurements of PICA-CFR, closer to the site of root
arteries, which were previously measured in the distal
epicardial coronary arteries, may be helpful in recog-
nizing the influential factors that decrease the CFR,
which may offer insight into the spectrum of coronary
physiology in diseased myocardium.

Conclusions

TTE is emerging as a promising method for evalua-
ting coronary artery disease. After a period of training,
the detection and measurement of the distal LAD flow
with TTE is feasible in more than 90 % of the patients.

)

©)

)

Fig. 7. Schematic representation of pathologic flow patterns using TTE. Al normal flow pattern of distal LAD showing biphasic flow, with dominant
diastolic and smaller systolic components. B: retrograde flow suggesting filling via collateral circulation in the total occlusion of the LAD. C: slow
flow, with a profoundly reduced diastolic velocity and prolonged deceleration slope. D: high velocity flow within the stenotic lumen. E: the rapid
deceleration slope of the diastolic velocity and systolic flow reversal, suggesting extensive microvascular damage after an acute anterior myocardial
infarction. F: systolic dominant flow at the anastomuosis site of the IMA graft, suggesting occlusion of the graft vessel. LAD: left anterior descending

coronary artery, IMA! internal mammary artery.

Fig. 8. Real time 3D images of the coronary artery. A: the arrow shows the cut section of ostium of left coronary artery. B: the arrow shows the mid
portion of the RCA. C: the arrow shows the cut section of the stent inserted at the proximal LAD. RCA! right coronary artery, LAD: left anterior
descending coronary artery.
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Fig. 9. An example of reconstructed coronary artery flow using freehand 3D Echocardiography with rotational scanning.

Using TTE, with a high frequency transducer and sp-
ecial setting of low Nyquist limits, the pathologic flow
dynamics of LAD were demonstrated, as follows (Fig. 7) :

Retrograde flow suggests filling via the collateral
circulation in the total occlusion of LAD. Not only the
abnormally low velocity, but also the abnormally high
velocity, suggested pathological conditions of the cor-
onary artery at resting. Furthermore, extremely slow flows
predict severe and diffuse atherosclerotic narrowing of
the LAD, resulting in myocardial ischemia. A short
DHT of the diastolic coronary flow velocity measured
by TTE might be associated with more extensive mic-
rovascular damage after an acute anterior myocardial
infarction. A systolic dominant flow pattern at the ana-
stomosis site predicts the occlusion of graft vessels. A
CFR of less than 2.0 predicts stenosis of more than
70%.

Live 3D visualization of the coronary artery (Fig.
8) 2 and free hand 3D reconstruction of the coronary
artery flow using TTE (Fig. 9) could be valuable supple-
ments to 2D TTE in the assessment of the anatomic
and functional severity of coronary artery disease in
the near future.
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