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Background. Although techniques for off-pump coro-
nary artery bypass grafting (CABG) are continually being
refined, angiographic follow-up studies have indicated a
higher rate of anastomoses-related stenoses than ex-
pected after traditional on-pump CABG. This study was
performed to evaluate the use of intraoperative epicar-
dial color Doppler ultrasound to quality-assess left inter-
nal mammary artery (LIMA) to left anterior descending
coronary artery (LAD) anastomoses performed on the
beating heart.

Methods. Twenty-four LIMA-to-LAD anastomoses
were evaluated with real-time epicardial ultrasound im-
aging using an ultrasound transducer positioned be-
tween the paddles of the stabilizer during off-pump
procedures. The length of the anastomosis (DA), diame-
ters of LIMA (DM), LAD at the toe of the anastomosis
(D1), and 5 mm distally to the anastomosis (D2) were
measured, and the ratios between these variables were
calculated. The flow velocity through the anastomoses
was visualized by color Doppler coding, and flow was
assessed with transit-time flowmetry.

Results. The epicardial color Doppler ultrasound al-
lowed accurate assessment of the anastomoses. Twenty-
three (96%) of the primary anastomoses were confirmed
as patent. Mean ratios of D1/D2, DA/D2, and DM/D2 were
0.89 � 0.13, 3.01 � 1.04 and 1.32 � 0.32, respectively. One
anastomosis had a stenosis more than 50% detected by
color Doppler ultrasound. After surgical revision, transit-
time flow increased from 22 to 40 mL/min.

Conclusions. Intraoperative color Doppler ultrasound
allowed adequate imaging for quality assessment of
LIMA-to-LAD anastomoses performed on the beating
heart. One anastomosis was revised due to a technical
error detected by epicardial color Doppler imaging. Epi-
cardial ultrasound scanning is a valuable tool for intra-
operative assessment of LIMA-to-LAD anastomoses dur-
ing off-pump coronary surgery.
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Early graft failure is a potential life-threatening com-
plication after coronary artery bypass grafting

(CABG) [1]. During off-pump CABG (OPCAB), the distal
anastomoses are performed under suboptimal conditions
and the incidence of technical abnormalities of distal
anastomoses requiring revision have been reported to be
as high as to 9.9% [2], reflecting the need for an intraop-
erative method capable of detecting anastomotic errors.
A reliable method for the assessment of the quality of
distal anastomoses after OPCAB could reduce the fre-
quency of graft occlusions caused by technical errors.
Ideally, the method should be able to detect technical
abnormalities intraoperatively, allowing instant revision
of the anastomosis.

Angiography has until now been considered as the
“golden standard” for assessment of anastomotic quality

and several authors have recommended the routine use
of early postoperative angiography [3]. Yet angiography
is a time-consuming procedure not available in most
operating rooms. The only widely recognized method of
assessing graft function intraoperatively is transit-time
flowmetry [4]. However, this method is of limited value
because the observed flow is influenced by several he-
modynamic variables such as blood pressure and vascu-
lar resistance.

Over the last 15 years several echocardiographic de-
vices for visualization of coronary arteries and graft
anastomoses have been tested in experimental models
and intraoperatively in humans [5–7]. Unfortunately
none of these devices have gained wide acceptance
mainly because of their many technical limitations. We
have previously reported our initial experience with a
new linear array 10-MHz transducer specially designed
for epicardial vascular ultrasound scanning during on-
pump CABG [8], demonstrating its feasibility to detect
and classify coronary artery stenoses. The severity score
correlated significantly with the grading obtained from
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preoperative angiograms. Furthermore, ultrasound im-
aging allowed evaluation of the morphology of the anas-
tomoses and a semiquantitative assessment of the flow
velocity at the anastomotic site [8].

Based on our previous positive experience with on-
pump CABG, we decided to test the device during
OPCAB procedures. The present study was designed to
establish a valid method of intraoperative quality-
assessment of left internal mammary artery (LIMA) to
left anterior descending artery (LAD) anastomoses with
epicardial color Doppler ultrasound during off-pump
surgery.

Material and Methods

Patient Selection and Demographics
Twenty-four consecutive patients (17 men and 7 women;
63.1 � 8.0 years) scheduled for elective off-pump CABG
were included. Their clinical characteristics were stable
angina (CCS class II: 13, CCS class III: 11), one- or
two-vessel coronary disease, and mean left ventricular
ejection fraction of 0.70 � 0.10. The protocol was ap-
proved by the Regional Board of Ethics in Medical
Research. Informed consent was signed before inclusion.
All patients received a LIMA graft anastomosed to the
LAD and 13 patients received an additional graft (1
patient had a right internal mammary artery to the right
coronary artery, 1 patient had a radial artery graft to the
posterior descending artery, 1 patient had a saphenous
vein graft to right coronary, 3 patients received a saphe-
nous vein graft to posterior descending artery, and 2
patients a saphenous vein graft to a diagonal branch).

Surgical Technique
All operations were performed by the same surgeon
(R.H.). Median sternotomy was used in all cases. After
full heparinization (3 mg/kg), the LIMA was harvested
with its pedicle and a diluted solution of papaverine was
injected intraluminally. The activated clotting time was
not allowed to drift below 270 seconds. The LAD was
identified and snared with a 4-0 pledgeted polypropylene
suture (Prolene; Ethicon, Somerville, NJ) proximally to
the incision. After 3 to 5 minutes of ischemic precondi-
tioning, the snare was released and an epicardial stabi-
lizer was used to immobilize the target site chosen for
grafting. After the incision of LAD, an intracoronary
shunt (CardioThoracic Systems, Inc, Cupertino, CA) was
positioned into the vessel lumen and the coronary anas-
tomosis was performed using a continuous 7-0 or 8-0
(Prolene) suture. The LIMA pedicle was secured with two
epicardial stitches using 7-0 polypropylene on both sides.
After assessment of the graft, heparin was reversed with
protamine. The stabilizer was then removed.

Epicardial Ultrasound Scanning
After completing the LIMA-to-LAD anastomosis, with
the stabilizer still in place, epicardial color Doppler
scanning of the anastomosis was performed by means of
a linear array 10 MHz GE Vingmed transducer (foot-print

27.3 � 9.6 mm) connected to a GE Vingmed System FiVe
echocardiography unit (GE Vingmed, Horten, Norway)
[8]. With sterile gel as conduction medium, the sterilized
transducer was applied directly onto the epicardium
between the paddles of the stabilizer (Figure 1). Real-
time ultrasound images and storage of data for later
analysis were obtained within approximately 10 minutes
in each patient. The ultrasound images were stored as
digital data for later analysis using the Echo PAC soft-
ware (GE Vingmed).

The quality of the images was rated good when both
the anastomosis and the distal run-off in the coronary
artery could be well visualized. Images obtained from
anterior-posterior and transverse planes were used to
assess the quality and patency of the anastomosis. The
length of the anastomosis proper (DA), the diameters of
LIMA (DM), LAD at the toe of the anastomosis (D1), and
5 mm distally to the anastomosis (D2) were measured
(Figure 2). D2 was defined as the reference diameter; the
ratios D1/D2, DA/D2, and DM/D2 were calculated to
visualize the geometry of the anastomosis.

Transit-Time Flowmetry
Intraoperatively, before chest closure, graft flow was
measured with transit-time flowmetry (Medi-Stim But-
terfly Flowmeter, Oslo, Norway) using sterile gel as
conduction medium [2].

Fig 1. Intraoperative color Doppler scan of a left internal mammary
artery to left anterior descending coronary artery anastomosis per-
formed on beating heart with a 10 MHz GE Vingmed transducer.
With sterile gel as conduction medium, the ultrasound transducer
(arrow) was applied epicardially between the paddles of the
stabilizer.
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Statistical Analysis
Data normally distributed were described as arithmetic
mean and standard deviation (SD) was the measure of
variability. Skewness test was used to test the distribu-
tion of the data. Skewed data are presented as median
and range. A two-sampled Student’s t test was used to
evaluate differences in normally distributed continuous
data. Skewed distributed continuous data and categorical
data were analyzed with the nonparametric Mann-
Whitney test. Linear regression was used to evaluate the
correlation between LAD flow rate and the D1/D2 ratio. A
p value of less than 0.05 was considered statistically
significant. Statistical analyses were performed with the
NCSS program (Number Cruncher Statistical System,
Kaysville, UT).

Results

No postoperative mortality or myocardial infarctions
were observed. Epicardial scanning did not cause cardiac
arrhythmia or hemodynamic instability in any of the
patients. The transducer allowed an easy approach to the
LIMA-to-LAD anastomoses.

Twenty-three (96%) anastomoses were fully patent
according to color Doppler imaging (Figure 3), with
median transit-time flow rate 29 mL/min and a range
from 7 to 72 mL/min. Measurements of D1, D2, DA, and
DM, as well as the ratios D1/D2, DA/D2, and DM/D2 are
presented in Table 1. No statistically significant differ-
ence was observed between D1 and D2 in the entire
group. All other dimensions and ratios were significantly
different from each other (Table 1). No significant corre-
lation was observed between LAD flow and the D1/D2

ratio (r2 � 0.05, p � 0.1). Nine anastomoses (38%) with
D1/D2 less than 0.9 (mean 0.79 � 0.14) had a minor
intraluminal echo-dense protrusion observed at the toe.

To assess whether a decreased D1/D2 ratio could limit
graft flow, we decided to compare LIMA-to-LAD flow
between patients with D1/D2 ratio below the mean value
(0.89) with the graft flow observed in patients with a
D1/D2 above the mean value. No difference in LIMA-to-
LAD flow was observed between D1/D2 more than 0.89
versus D1/D2 less than 0.89 [27 (16 to 69) mL/min versus
22 (7 to 72) mL/min, respectively; p � 0.57]. In one
anastomosis the D1/D2 ratio was 0.43, and a large echo-
dense protrusion as well as an increased flow velocity
were observed in the color Doppler image on longitudi-
nal and transverse views. Despite a transit-time flow rate
of 22 mL/min, the ultrasound findings were suggestive of
a more than 50% stenosis at the toe of the anastomosis.
Revision of the anastomosis revealed an intimal flap in
the LAD. After revision, the transit-time flow rate in-
creased to 40 mL/min.

Comment

The present study demonstrates that epicardial color
Doppler scanning with a new 10 MHz GE Vingmed
transducer provides satisfactory visualization of LIMA-
to-LAD anastomoses, allowing accurate measurements

Fig 2. Details of the left internal mammary artery to left anterior
descending coronary artery anastomosis, viewed in the anterior-pos-
terior plane, assessed by epicardial color Doppler ultrasound. (IMA
� internal mammary artery; LAD � left anterior descending coro-
nary artery; DA � length of the anastomosis proper; DM � diame-
ter of left internal mammary artery.)

Fig 3. Intraoperative color Doppler ultrasound of a satisfactory left
internal mammary artery to left anterior descending coronary artery
anastomosis. There are no signs of stenosis. The D1/D2 ratio is 1.
(DA � length of the anastomosis proper; DM � diameter of left
internal mammary artery.)

Table 1. Measurements of the LIMA-to-LAD Anastomosis
Assessed by Epicardial Ultrasound Scanning in the Anterior-
Posterior Plane

Measurement Value (mean � SD)

D1 0.15 � 0.05 cm
D2 0.16 � 0.4 cm
DA 0.49 � 0.15 cm
DM 0.22 � 0.06 cm
D1/D2 0.89 � 0.13
DA/D2 3.01 � 1.01
DM/D2 1.31 � 0.32

No statistically significant difference was observed between D1 and D2 in
the entire group. All other dimensions as well as ratios were significantly
different from each other (D1 versus D2, NS; D1 versus DA, p � 0.001; D1
versus DM, p � 0.001; D2 versus DA, p � 0.001; D2 versus DM, p � 0.001;
DA versus DM, p � 0.001; D1/D2 versus DA/D2, p � 0.001; D1/D2 versus
DA/D2, p � 0.001; DA/D2 versus DM/D2, p � 0.001).

LIMA � left internal mammary artery; LAD � left anterior descend-
ing coronary artery; D1 � diameter of LAD at the toe of the anasto-
mosis; D2 � diameter of LAD 5 mm distally to the anastomo-
sis; DA � length of the anastomosis proper; DM � diameter of
LIMA.
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of the length of the anastomosis proper (DA), diameters
of LIMA (DM), LAD at the toe of the anastomosis (D1),
and 5 mm distally in the downstream LAD (D2). Further-
more, we were able to detect a stenosis in the anastomo-
sis presenting with a normal transit-time flow pattern.
Epicardial scanning did not cause cardiac arrhythmia or
hemodynamic instability in any of the patients.

A patent LIMA-to-LAD graft is the single most impor-
tant determinant of long-term and event-free survival
and imperfect graft anastomoses have a poor long-term
patency after CABG [9, 10]. Epicardial color Doppler
scanning allows an accurate assessment of the LIMA-to-
LAD anastomoses and provides three important pieces of
information: visualization of the anastomosis and its
components (LAD and LIMA); measurement of the
length of the anastomosis proper as well as the diameters
of the LAD downstream and the LIMA; and color Dopp-
ler assessment of blood flow velocity at the anastomotic
site. The necessary measurements were obtained easily
without risk of any complications, are not time consum-
ing, and provide important information about the geom-
etry and the flow pattern of the anastomosis.

Minor intraluminal protrusions at the toe were ob-
served in nine of the anastomoses with a D1/D2 ratio of
less than 0.9. Incongruence or a slight bulging at the
edges of the vessel walls where the graft and the LAD are
joined together may explain these findings. However, no
major changes in blood velocity were observed at these
sites. Anastomoses may develop temporary edema, he-
matoma, and spasm, and some angiographic follow-up
studies have suggested that some FitzGibbon B lesions
seen with immediate or early postoperative angiography
have spontaneously resolved at later coronary angiogra-
phy [9, 11]. Transit-time flowmetry has been widely used
to evaluate the quality of distal anastomoses after CABG.
However, the lowest acceptable flow value in the LIMA
graft has not been not defined and graft revision has been
advised when flow ranges from 5 to 20 mL/min [4, 12].
This wide range indicates that the mean graft flow alone
is not a reliable measurement for graft assessment, un-
less the stenosis is more than 75% to 90% [13, 14]. The
only anastomosis with a marked stenosis observed in the
present study was detected by epicardial imaging in a
patient with a LIMA transit-time flow rate of 22 mL/min.
During surgical revision, an intimal flap at the toe of the
anastomosis was detected. After revision LIMA flow
increased to 40 mL/min. Intimal flap is a well-known
technical failure of the anastomosis, along with thrombo-
sis, stenosis at the heel, coronary dissection, LIMA dis-
section, and vessel stenosis distal to the graft [4, 15, 16].
The epicardial color Doppler scanning technique used in
the present study may be considered the only method
able to identify all these problems, and may accordingly
offer an important tool for detecting anastomotic errors
leading to early graft failures.

Concern has been raised regarding the use of tempo-
rary snares and shunts because of the potential risk of
endothelium alteration [17]. We were not able to detect
any LAD lesion caused by snares or intraluminal shunts
with intraoperative epicardial color Doppler scanning.

However, our patient cohort will undergo angiographic
follow-up to evaluate whether stenosis at these sites
develop over time.

Previous experimental and clinical studies have dem-
onstrated that the assessment of the technical adequacy
of bypass grafts may be enhanced by the use of epicardial
echocardiography [5–7, 18, 19]. The main reason why
epicardial echocardiography has not gained more popu-
larity is the large size of the ultrasonic probe, allowing
only the visualization of LAD, diagonals, and proximal
right coronary artery [5–7, 18, 19]. Coronary branches
located laterally or at the back of the heart could be
scanned only during CPB because the dislocation of the
heart caused hemodynamic instability. When performing
OPCAB through a median sternotomy, the heart is ex-
posed with pericardial stitches and modern stabilizers,
allowing epicardial scanning of coronary vessels also on
the inferior and lateral walls. In the present study we
emphasized quality assessment of LIMA-to-LAD anasto-
mosis. However, the design of the transducer allows
epicardial imaging of all areas, and we plan to use it for
assessing all distal anastomoses with the stabilizer still in
place in future studies.

The early-generation transducers were able to provide
only tissue images. In this study the color Doppler
modality was obtained as a semiquantitative measure.
Although color Doppler imaging may be given as an
absolute velocity with the device used in our study, this
measurement is still not reliable intraoperatively in a
clinical setting because of difficulties in adjusting for the
angle created between the transducer and the blood flow
within the vessels. The latter problem points out that the
technology of intraoperative color Doppler imaging in
off-pump coronary surgery still needs further develop-
ment, and the prognostic value of graft patency has yet to
be evaluated by follow-up angiography. The introduction
of this new transducer for epicardial imaging of small
vessels with color Doppler features may enhance the
widespread use of epicardial scanning in coronary artery
surgery.

Conclusions
The present study demonstrated that epicardial color
Doppler scanning with the new 10 MHz GE Vingmed
transducer provides visualization of LIMA-to-LAD anas-
tomoses that allows accurate measurements of the anas-
tomosis. All these measurements are easily obtained
without risk of any complications, are not time-
consuming, and provide important information about the
geometry and flow pattern of the anastomosis. The intro-
duction of this new transducer for epicardial imaging of
small vessels with color Doppler features may enhance
the widespread use of epicardial scanning in coronary
artery surgery.
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