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Objectives. Evaluation of left anterior descending coronary artery] LAD[flow by transthoracic Doppler
echocardiography] TTDE[lay allow assessment of anastomosis of the internal mammary artery! IMA[
grafted to the LAD. This study tested the feasibility of TTDE to evaluate anastomotic stenosis of the IMA
grafted to the LAD.
Methods. TTDE was performed in 66 patientls] 48 men and 18 women, mean age 67+ 10 yearsUwith
left or right IMA grafts to the LAD. The distal IMA flow at the anastomosis was visualized and the per-
centage stenosis was evaluated by the continuity equation using the anastomotic and pre-anastomotic flow
velocity measured by TTDE as well as by angiography. If the anastomotic flow was not visualized by
TTDE, the absence of augmented diastolic flow of the proximal IMA, by using the supraclavicular
approach, with diastolic to systolic mean velocity ratio[] 0.25 was considered as anastomotic occlusion.
Results. Anastomotic flow was visualized and the percentage stenosis was obtained by the continuity
equation in 50 patients. In 4 of the remaining 16 patients, the proximal IMA flow by TTDE showed the
occlusion pattern. In these 54] 82%[patients, the percentage stenosis by TTDE showed a significant corre-
lation with that by angiographil >[0 0.86, p[0 0.00010] In all the remaining 12 patients with the patent
proximal IMA pattern but without visualized anastomotic flow, the patency was confirmed by angiogra-
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phy.

Conclusions. TTDE enables direct visualization and quantitative evaluation of the anastomotic patency

in patients with IMA graft to the LAD.
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INTRODUCTION

The internal mammary arteriels] IMAChre widely
used for vessel grafts to the left anterior descending
coronary artery] LADCin patients with ischemic
heart disease.'” Evaluation of the patency of the
coronary artery bypass grafting] CABGL] with rela-
tion to patient outcome,”” usually requires invasive
angiography.®” Transthoracic Doppler echocardiog-
raphy] TTDE[tan evaluate proximal to middle
IMA flow, and is the only currently available non-
invasive method to evaluate the patency of the
graft.*”®” However, noninvasive methods are indi-
rect and with potential limitations.

Evaluation of the visualization of LAD flow by
TTDE has suggested the potential utility of this
method to enable both visualization and evaluation
of the flow in the distal IMA and the anastomosis
directly connected to the LAD.”'°“ By applying a
continuity equation using flow velocities at
prestenotic and stenotic regions, Doppler echocar-
diography can provide quantitative evaluation of
vessel stenosis in native coronary arteries.''"'?"
However, the feasibility of TTDE for direct visual-
ization and quantitative evaluation of the anasto-
motic patency between the IMA and the LAD has
not been fully investigated.

We hypothesized that TTDE enables noninvasive
and direct visualization of the flow through the
anastomosis between the grafted IMA and the LAD
in patients with CABG, which allows quantitative
evaluation of the anastomotic stenosis by continuity
equation with measurements of the flow velocities
at the pre-anastomotic and anastomotic regions. A
major problem with this hypothesis is that TTDE is
not expected to be feasible if the graft is occluded
and flow through the anastomosis is absent.
However, even in this situation, proximal IMA flow
velocities near the subclavian artery by TTDE can
still offer reliable information as to whether the
graft is occluded.*” Thus, TTDE could be expected
to be useful in evaluating graft patency, especially

ECoronary artery disease

EDoppler ultrasound

in patients with an IMA grafted to the LAD.
Therefore, the present study tested our hypothesis
in patients with CABG with an IMA grafted to the
LAD.

SUBJECTS AND METHODS

Study patients

The subjects consisted of 66 consecutive patients
U 48 men and 18 women, mean age 67+ 10 years[]
with recent or previous history of IMA grafted to
the LAD, who underwent both TTDE and coronary
angiography. Patients with sequential anastomoses
of the IMA to the LAD were excluded due to the
potential limitation to evaluate the patency using
proximal IMA flow. The clinical characteristics of
the patients are summarized in Table 1. Written
informed consent was obtained from all patients.

Visualization of LAD and anastomotic flow by

TTDE
Standard two-dimensional and Doppler echocar-

Table 100 Clinical characteristics of study patients

Number of patients 66
Male/female 48/18

Agél yrQd 460 84] 68+ 100
Symptomatic angina 28/66
Congestive heart failure 12/66
Previous myocardial infarction 21/66
Months after CABG 0.50 1401 22+ 580
Number of grafts 1051 2.6+ 0.90
Grafted vessel to the LAD

U O Left IMA to segment 7 13

O O Left IMA to segment 8 46

0 O Right IMA to segment 8 7

Native LAD diameter stenosik] %[]

Incidence of retrograde flow
0 O from LAD to IMA] %0

590 1000 91+ 140
@ 07500

100 meant SD.
CABGL coronary artery bypass grafting ; LADU left anterior
descending coronary artery ; IMA[ internal mammary artery.
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Fig. 1 Visualization and evaluation of the anastomotic flow between the internal mammary artery
graft and left anterior descending artery by transthoracic Doppler echocardiography! middle

2 panelsl]

The anastomosis between the grafted IMA and the LAD was visualized at the fourth or fifth intercostal
spackl left panell] Using the continuity equation with pre-anastomotic and anastomotic flow velocity mea-
sured by pulsed transthoracic Dopper echocardiography, anastomotic stenosis was evaluated as trace to
mild, which was confirmed by quantitative coronary angiographyl right panellin this patient. Color flow
image was rotated to unify image direction to angiography.

TTDE U transthoracic Dopper echocardiography ; Vpre-anast.lJ pre-anastomotic flow velocity ;
Vanasto.[] anastomotic flow velocity ; QCA ] quantitative coronary angiography. Other abbreviations as

in Table 1.

diography were performed with a digital ultrasound
systenh] HDI-5000, ATL Ultrasound, Bothell ;
Acuson Sequoia, Siemens, Mountain View[lising a
2 to 4MHz transducer, then middle to distal LAD
flow was evaluated with a 4 to 7MHz transducer.
By placing the transducer at the fourth or fifth inter-
costal space between the cardiac apex and the
parasternal area, the anterior interventricular
groove was visualized in the short axis view and
color flow mapping was applied to visualize the
distal LAD flow in the groove. Then, the transducer
was rotated counterclockwise to visualize the long
axis of the distal LAD flow. By shifting the trans-
ducer toward the left ventricular base, the distal to
middle LAD flow was visualized, and the anasto-
motic flow entering the LAD could be identified
U Fig. 10 The Nyquist limit was set in the range of
15 to 25 cm/sec to visualize relatively slow LAD
and IMA flow. After visualization of the anasto-
motic flow, flow velocities at the anastomosis and
pre-anastomosis at the distal IMA, which is approx-
imately 0.5 cm proximal from the anastomosis,
were measured by pulsed Doppler echocardiogra-
phy with a sample volume size of 1 mrh] Fig. 11 In
the presence of color aliasing at the anastomosis,
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indicating stenosis, a higher Nyquist limit was
applied to identify lesions with the fastest velocity.
If these velocities were too high, high pulse repeti-
tion frequency or continuous wave Doppler
echocardiography was used. Transducer position
and direction were adjusted to minimize the angle
between the Doppler beam and the IMA flow direc-
tion by color flow mapping as much as possible,
and an angle correction was performed when neces-

sary.

Evaluation of anastomotic stenosis by Doppler
echocardiography

Two methods were used to evaluate anastomotic
stenosis by TTDE.

Method 1: If the anastomotic flow was visual-
ized by color flow mapping, a continuity equation
was applied to obtain the stenosisl] pre-anastomot-
ic vessel area[x[] pre-anastomotic mean flow
velocity[IT] anastomotic vessel area[ X[] anasto-
motic mean flow velocity[T1 Therefore, the per-
centage area stenosis at the anastomosis was calcu-
lated aks] 1[IIJ pre-anastomotic mean velocity/anasto-
motic mean velocity[Tx 100 %0 Fig. 10"

Method 2: If the anastomotic flow was not visu-
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Fig. 2 Relationship between proximal internal mammary artery flow velocity profile and the paten-

cy of the internal mammary artery graft

Color flow mapping was applied to visualize the proximal IMA flow near the subclavian artery] middle
panellby using the supraclavicular approachl left panell]l Augmented diastolic flow with diastolic to sys-
tolic mean velocity ratibl D/S[T] 0.25 suggested patent internal mammary artery graftl right-upper panell]
whereas absence of the augmentation suggests total occlusion of the graff] right-lower panell]

SCA [ subclavian artery. Other abbreviation as in Table 1.

66 patients with recent or previous CABG

I ]
Anastomotic flow Anastomotic flow

by color TTDE (+) by color TTDE (-)
n =50 n=16
l ¥

Proximal IMA flow profile

Continuity equation by pulsed TTDE

by pulsed TTDE [ ‘ 1
D/S <0.25 D/S = 0.25

Total occlusion Patent
n=4 n=12

l

Quantitative evaluation
(54/66) 82%

Qualitative evaluation
(12/66) 18%

Fig.3 Flow chart of the quantitative or qualitative
evaluation of the anastomotic stenosis by
transthoracic Doppler echocardiography
D/S 0O diastolic to systolic mean velocity ratio. Other
abbreviations as in Table 1, Fig. 1.

alized, it was difficult to judge whether this was
due to total occlusion with absent flow or subopti-
mal imaging despite the presence of the flow. A
previous study has demonstrated that absence of
augmented diastolic flow in the proximal IMA with
a diastolic to systolic mean velocity ratidl D/SIT]
0.25 represents total or advanced occlusion and the
D/S O 0.25 represents patent anastomosis in the
majority of patients.®” In patients without visualized
anastomotic flow, the proximal IMA D/SO 0.25

was considered to represent total occlusion of the
anastomosis and its presence was considered to re-
present patent anastomosis] Fig. 2[]

Therefore, the steps for the quantitative evalua-
tion of the anastomotic stenosis by TTDE included :
evaluation of the presence or absence of anastomot-
ic flow by color flow mapping; application of a
continuity equation to calculate the percentage
stenosis in the presence of visual anastomotic flow ;
and in the absence of visual anastomotic flow, qual-
itative evaluation of the graft occlusion by examin-
ing the proximal IMA flow pattern near the subcla-
vian artery] Fig. 31

In vitro validation of the continuity equation
applied to the junctional lesion

Although the continuity equation has already
been validated to quantify lumen stenosis,'*'*5t has
not been validated for junctional lesions such as
anastomosis between the IMA and the LAD.
Therefore, we performed an in vitro validation
study in a junctional lesion created using latex rub-
ber tubing with internal diameters between 40
2mml Fig. 400 The diameter of the latex rubber
tube which represented the native LAD was 4 mm.
The diameter of the tube to represent the proximal
IMA was 3 or 4mm and the distal diameter of this
tube to represent the distal IMA at the anastomosis
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Fig. 4 In vitro flow model of the native left anterior
descending artery and the internal mammary
artery flow
Abbreviations as in Table 1.

was 2 or 3mm. Combination of these tubes could
create 0%, 44%, 56%, and 75% anastomotic steno-
sis. Doppler Test Fluid Model 707, which is a dis-
persion of plastic particles in a glycerin water mix-
ture, was used for ultrasound scattering within the
tubes. The flow in the tube was pulsated by a roller
pumpl Masteflex Model No.7523-10, Yamamoto
Scientific Co.[J and the flow volumes of the tubes
were set for 10, 20, or 40 m//min to create a wide
spectrum of the flow volume through the tubes rep-
resenting native LAD and IMA graft flow. A com-
mercially available ultrasound systenh] Acuson
Sequoia, Siemens, Mountain Viewlhnd 7MHz
transducer were utilized to evaluate the flow veloci-
ty at the anastomosis and the pre-anastomotic site.
Percentage area stenosis was calculated by the con-
tinuity equation using the anastomotic and pre-
anastomotic flow velocity by pulsed Doppler
echocardiography.

Angiographic evaluation of the IMA to LAD
anastomotic stenosis

All patients underwent coronary angiography
within 1 month after the TTDE study, using the
femoral approach and standard techniques. A dose
of 0.3 mg nitroglycerin was injected selectively into
each bypass graft. For the anastomotic site between
the IMA and the LAD, the percentage stenosis was
evaluated quantitatively using a computer-assisted
methodl Cardiovascular Measurement System ver-
sion 2.0, Medical Imaging System[] A selected cin-
ematic frame was digitized, and an automatic edge-
detection program determined the graft and coro-
nary artery contours by assessing brightness along
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the scan lines perpendicular to the center lines of
the graft. The image was calibrated on the basis of
the known size of the catheter, and the vessel diam-
eters were displayed for the length of the segment
analyzed. The minimum lumen diameter and the
percentage diameter stenosis were automatically
calculated."” The native LAD stenosis was also
quantitatively measured by the same method.

Reproducibility of measurements

Two independent observers repeated 10 measure-
ments of the percentage stenosis of the anastomosis
by TTDE. The differences between the two
observers were examined to estimate inter-observer
variability. Similarly, intra-observer variability was
calculated by the difference derived from the repe-
tition of 10 measurements by the same observer.

Statistics

All data are expressed as the mean valuex SD.
Relationships between continuous variables were
examined by linear regression analysis. A p
valueJ 0.05 was considered statistically signifi-
cant.

RESULTS

Incidence of quantitative evaluation of anasto-
motic stenosis by TTDEI Fig. 3[]

Anastomotic flow was visualized with TTDE in
50 of the 66 patientk] 76%0L] Failure to visualize
anastomotic flow in the remaining 16 patients was
due to total occlusion or technical difficulty in flow
visualization, as evaluation of proximal IMA flow
near the subclavian artery showed the total occlu-
sion pattern with D/ST 0.25 in 4 patients and the
patent pattern in the remaining 12 patients. In addi-
tion to the 50 patients with visual anastomotic flow
leading to the continuity equation, quantitative
evaluation was also considered possible in the 4
patients without visual anastomotic flow but with
the total occlusion pattern in the proximal IMA.
Therefore, quantitative evaluation by TTDE was
possible in 54 of 66] 82%[patients, and only quali-
tative evaluation was possible in the remaining 12

U 18%[patients.

Relationship between TTDE stenosis and angio-
graphic stenosis

In the 54 patients with quantitative evaluation by
TTDE, the percentage stenosis by TTDE correlated
significantly with that directly obtained by angiog-
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raphy] Fig. 500 Figs. 1, 6, and 7 show representa-
tive patients with no stenosis, severe stenosis, or
total occlusion both by TTDE and angiography. In
all the remaining 12 patients with the qualitatively
patent pattern of proximal IMA flow by TTDE, the
patency was confirmed by angiography with a per-
centage anastomotic stenosis of 8 to 58%] 15+
14%0
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y = 0.04 x2 +0.67x+0.47
r? = 0.86, p<0.001

Stenosis by angiography
=)
=

(] Occluded native LAD
O Stenotic but open native LAD

20 0 20 40 60 S0 100 (%)
Stenosis by TTDE

Fig. 5 Scatter graph demonstrating the significant cor-
relation between the anastomotic stenosis evalu-
ated by transthoracic Doppler echocardiogra-
phy and that by quantitative coronary angiogra-
phy
Abbreviations as in Table 1, Fig. 1.

TTDE

In vitro validation of the continuity equation in
the junctional lesion

Percentage stenosis by the continuity equation
with Doppler echocardiography showed a signifi-
cant and good correlation with the actual stenosis
without major influences from the variability in the
flow volume of tubes representing the LAD and the
IMAI 20 0.99, p0 0.0001; Fig. 801

Reproducibility

The inter-and intra-observer variabilities for the
measurement of percentage stenosis by TTDE were
3.5+ 1.7% and 2.1+ 1.7%, respectively.

DISCUSSION

The present study demonstrated that quantitative
evaluation of the anastomotic stenosis of IMA
grafts to the LAD is feasible by TTDE in most
patients using a continuity equation with visual
anastomotic flow or by the demonstration of a total
occlusion pattern in the proximal IMA. In the
remaining patients, a qualitative but still reliable
evaluation of the patency by TTDE was feasible.

Reliability of continuity equation in the junc-
tional lesion

The significant correlation between the lumen

Angiography

Pre-anastomosis

Left IMA mm,m %ﬂi ZZ 4

—w

K ast0m051s ;

Y

v

Distal LAD

Stenosis by TTDE U 960J Stenosis by QCA [ 94[0J

Fig. 6 Representative patient with severe anastomotic stenosis
Anastomotic stenosis was evaluated as severe by transthoracic Doppler echocardiographi! left panelChsing
the continuity equation with pre-anastomotic and anastomotic flow velocity] middle panellhnd also by
quantitative coronary angiographyl right panelll Color flow imagkl left panelCwas rotated to unify image
direction to angiography! right panelll
Abbreviations as in Table 1, Fig. 1.
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Angiography

anastomosis

Total occlusion of the IMA

Fig. 7 Representative patient with total occlusion of the internal mammary artery graft
The anastomosis was evaluated as total occlusion with diastolic to systolic mean velocity ratidl D/SCT 0.25
U middle panelCht the proximal internal mammary artery flow! left panellby transthoracic Doppler echocar-

diography and also by angiography] right panell]

Abbreviations as in Table 1, Fig. 1.
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Stenosis by continuity equation by Doppler echocardiography

Fig. 8 Scatter graph showing a significiant correlation
between percentage stenosis by the continuity
equation with Doppler echocardiography
applied to the junctional lesion and the actual
stenosis
Abbreviations as in Table 1.

stenosis by echocardiographic continuity equation
and actual stenosis in the vitro flow model, which
created similar hemodynamics to the anastomosis
between the IMA and the LAD, confirmed the reli-
ability of the continuity equation in the in vivo
lesion. LAD stenosis without significant pressure
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fall allows occasional development of retrograde
flow from LAD to IMA.""In a previous study, the
incidence of the retrograde flow was frequerit] 5/13
or 38%[bnly with LAD stenosis[] 50% and was
very rare in patients with significant LAD stenosis
with percentage diameter stenosis[] 50% or only
3%l 3 of 87 patients[1'"In the present study, all
patients had significant stenosis or occlusion of
middle to proximal LAID] percentage diameter
stenosis of 59 to 1001 91+ 14 by angiography
U Table 10 In addition, all patients presented con-
tinuous antegrade flow at the anastomosis from
IMA to LAD throughout systole and diastole by
Doppler echocardiography] Table 11 Therefore,
application of the continuity equation to the evalua-
tion of anastomotic stenosis in the present patients
with significant LAD stenosis or occlusion and
continuous antegrade flow throughout systole and
diastole by Doppler echocardiography seems to be
reasonable.

The percentage stenosis by TTDE with the conti-
nuity equation indicates area stenosis, whereas
stenosis by angiography indicates diameter steno-
sis. Therefore, the stenosis obtained by TTDE
could be greater than that by angiography. On the
other hand, the spatial flow velocity profile in the
cross sectional plane of the vessel is not uniform
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with the greatest velocity in the center if the steno-
sis is absent or only mild, as is typically present in
the pre-anastomotic region, whereas the spatial
velocity profile is more uniform if the stenosis is
significant,”® as is typically observed at the anasto-
motic site. In this case, the mean pre-anastomotic
flow velocity is overestimated by TTDE and the
continuity equation can underestimate the stenosis.
These two opposing effects resulted in a relatively
linear and equal relationship between the degree of
stenosis by TTDE and that by angiography in the
present study.

Therefore, the present study demonstrated the
feasibility of TTDE for the noninvasive evaluation
of the anastomotic stenosis or patency of the IMA
graft to the LAD.

Relationships to previous studies

Since the initial recording of the coronary flow
velocity using TTDE,”” TTDE has been used to
evaluate multiple aspects of coronary pathophysiol-
ogy, such as the noninvasive evaluation of epicar-
dial coronary artery stenosis,'”” coronary vasodila-
tor response,'’”*'” coronary obstruction with collat-
eral flow,”” intramyocardial small coronary artery
flow dynamics,”**”the nature of coronary reperfu-
sion in acute myocardial infarction,”” and others.
In relation to this study, the feasibility of using a
modified continuity equation to evaluate epicardial
coronary artery stenosis,'”” visualization and quali-
tative evaluation of the anastomotic patency of the
IMA grafted to the LAD,”" and the feasibility of
determining the proximal left IMA flow pattern by
TTDE for the evaluation of the anastomotic paten-
cy of the left IMA graft have all been demonstrat-
ed.” The present study confirmed the feasibility of
TTDE to evaluate coronary and IMA pathophysiol-
ogy and further demonstrated its utility in the direct
visualization and quantitative evaluation of the
anastomotic patency in patients with IMA graft to
the LAD.

Intra-operative Doppler echocardiographic stud-
ies have demonstrated the feasibility of the Doppler
technique to detect anastomotic stenosis.?’”*"” This
intra-operative technique enables early detection of
anastomotic stenosis, and potentially allows re-
grafting to be undertaken during the same surgery,
which can prevent or minimize the need for a sec-
ond surgical procedure at a later date. The present
study confirmed the feasibility of the Doppler tech-
nique to evaluate the degree of anastomotic steno-

sis, and further demonstrated the utility of postop-
erative noninvasive Doppler examination to allow
serial evaluation even in the chronic phase.

Limitations

In the present study, patients were limited to
those with IMA graft to the LAD. Patients with
venous or other artery grafts to the LAD were not
included. In addition, the feasibility of TTDE to
evaluate bypass grafts to the right coronary or the
left circumflex artery was not tested, because
TTDE is especially suited to evaluate the LAD
flow. Although the present study demonstrated the
feasibility of using TTDE for the quantitative eval-
uation of anastomotic patency or stenosis in most
patients with IMA graft to the LAD, the quantita-
tive evaluation was not feasible in 12 of 66 patients
due to technical difficulties in visualizing the anas-
tomotic flow despite the presence of the flow by
angiography. Further advances in imaging technol-
ogy with or without the addition of contrast agents
are required to overcome these limitations.”®” The
continuity equation to evaluate the anastomotic
stenosis cannot be applied to patients with back and
forth flow through the anastomosis, which frequent-
ly develops in patients with native LAD stenosis
O 50%.">'® Therefore, the method used in this
study may not be suitable for patients with IMA
grafted to LAD with only modest stenosis. The
angle between the Doppler beam and flow direction
can be different between the anastomosis and the
pre-anastomotic site. We tried to visualize the flow
direction at both anastomosis and pre-anastomosis
sites by color Doppler echocardiography and
applied different angle correction when the angle
difference was clear. However, the whole flow
stream from pre-anastomotic site to anastomosis is
occasionally difficult to visualize. In the present
study, the pre-anastomotic flow velocity was evalu-
ated at the distal or proximal IMA approximately
0.5cm proximal to the anastomosis. Therefore,
long lesions causing anastomotic stenosis or a mid-
dle IMA lesion may not be accurately evaluated by
the present method, although such lesions are rela-
tively rare. Notwithstanding these limitations, the
present study demonstrated the feasibility of using
TTDE for the direct visualization and quantitative
evaluation of anastomotic flow and stenosis in most
patients with IMA graft to the LAD.
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