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Intraoperativ ultralyd som kvalitetskontroll ved apen hjertekirurgi 

Bakgrunn 
Avhandlingcn "Intraoperative ultrasound assessment in coronary artery bypass 
surgery - with special reference to coronary anastomoses and the ascending 
aorta" cr en evaluering av ultralyd som kvalitetskontroll ved undersokelse av bypass
arer til hjertets kransarterier, spesielt LIMA-LAD, samt aterosklerose i hovedpulsaren 
ved apen hjertckirurgi. Doktoravhandlingen er basert pa fern arbeider som aile er 
publisert i anerkjente internasjonale tidssskrifter. Arbeidet er en blanding av kliniske 
studier pa pasienter og dyreeksperimentelle studier .. 

Resultater 
I det forste cksperimentelle arbeidet demonstreres at dimensjonene i den opererte 
areforbindelsen pa hjertet varierer lite gjennom hjertesyklus. Dette funnel styrker 
betydningen av ultralyd som en enkel kvalitetskontroll ved koronar bypass-kirurgi. 

I et klinisk arbeid ble ulike deler av areforbindelsen pa hjertet (LIMA-LAD 
anastomosen) sammenlignet med bruk av ultralyd. Undersokelsen viste at avlopet i en 
areforbindelse kunne kvalitetssikres med ultralyd, og at operasjon pa et stillestaende 
hjerte ved hjelp av hjerte-lungemaskin ga et noe bedre resultat enn ved operasjon pa et 
bankende hjertc. 

I det tredje arbeidet ble en ny to-dimcnsjonal ultralyd modalitet, sakalt "blood
flow imaging (BFI)", sammenlignet med konvensjonell farge Doppler ultralyd i en 
dyreeksperimentell undersokelse av bypass-kirurgi. BFI ga vescntlig bedre 
fremstilling av bade retning og hastighet av blodstrommen i bypass-arer pa hjertets 
overflate. 

I den fjerde studien ble forste del av aorta undersokt med bade transosofageal 
ekkokardiografi og ultralyd-undersokelse dirckte pa aorta ( epiaortal ultralyd). 
Ultralyd av aorta direkte i operasjonsfeltet var best for a pavise og gradere 
aterosklerose i aorta ascendens. Dette kan derved tenkes a redusere faren ved apen 
hjertekirurgi hos pasienter som har atherosklerose i den forste del av hovedpulsaren. 

Det siste arbeidet er en pasient-kasuistikk som viser nytten av intraoperartiv 
kontroll av resultatet etter bypass-kirurgi. Ved kombinert bruk av ultralyd og 
blodstromsmaling ble det avslort at blodstrommen gikk feil vei i bypass-aren, noe 
som medforte umiddelbar kirurgisk korreksjon med godt resultat for pasienten. 

Gjennom eksperimentelle og kliniske undersokelser bidrar avhandlingen til a 
demonstrere at intraoperativ ultralyd-undersokelsc er et enkclt og nyttig redskap ved 
apen hjertekirurgi. 
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INTRODUCTION 

Coronary Artery Bypass Grafting (CABG) is the most common cardiovascular 

operation carried out in the world. About 350 000 and 3000 patients undergo CABG 

every year in the United States and Norway, respectively. Coronary artery by-pass 

surgery is indicated in selected groups of patients with significant stenosis and 

occlusion of the coronary arteries due to atherosclerotic disease. Through bypass 

surgery sufficient blood supply is delivered to the ischemic myocardium. 

Coronary artery bypass surgery 

Coronary surgery is usually performed on an arrested heart using cardio-pulmonary 

bypass (CPB) with the heart-lung machine, ie. on-pump coronary artery bypass 

grafting (CABG). The bloodless and motionless surgical field enables the surgeon to 

perform distal anastomoses with minimal risk of technical errors (1). The surgical 

result is of utmost importance since the success rate of coronary artery bypass grafting 

is determined by the long-term patency of the grafts. This depends mostly upon the 

quality of the distal anastomoses, particularly that between the left internal mammary 

artery (LIMA) and the left anterior descending artery (LAD) (2). 

Unfortunately there are drawbacks related to the use of CPB, particularly the 

systemic inflammatory response and the risk of brain damage by aortic atherosclerotic 

debris and air embolism (3). Major surgery triggers an inflammatory response. With 

the use of CPB, inflammation is increased by the contact between the patient's own 

blood and foreign material within the tubes and membranes of the CPB circuit. The 

inflammatory response develops very rapidly through the activation of the bradykinin 

and kallikrain systems, along with a disanangement of the coagulation cascade (4). 

Embolism of atherosclerotic debris is mainly caused by surgical manipulation 

of the ascending aorta during cannulation, cross-clamping and whilst performing the 

proximal anastomoses. Air embolism is mainly caused by incorrect manoeuvres of 

cannulation and insufficient deairing. Embolism is most ha1mful when it causes 
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occlusion of cerebral vessels. The consequences of embolism range from 

neurocognitive disorder to stroke (5-7). 

Coronary surgery on the beating heart, ie. off-pump CABG, is an alternative 

method, with the aim to reduce the risk of complications by avoiding aortic 

cannulation, cross-clamping and CPB (8). In beating heart surge1y the exposure of 

coronary vessels is obtained by application of stabilizers, directly on to the targeted 

native coronary artery or as an apical traction device to achieve a combination of 

hemodynamic stability and better exposure of the surface of the heart. 

Despite some possible advantages of off-pump vs. on-pump CABG, there is 

still an open debate regarding the quality of distal anastomoses with conflicting results 

on graft patency rates (8, 9). 

Quality control in coronary surgery 

Coronary artery bypass surgery has a two-fold purpose: 

a) Reduces symptoms and improves patients' quality oflife 

b) Increases life expectancy. 

In order to achieve these goals, it is necessary to apply a strategy tailored for each 

individual patient, to guarantee the best long-term patency of coronary artery bypass 

grafts. This strategy involves sound medical decision-making, a good surgical 

technique and a fine quality assessment. Further, each of these measures is applied at 

two different stages: preoperatively and intraoperatively. 

Pre-operatively, the surgeon decides whether the patient is suitable for on

pump or off-pump myocardial revascularization. The decision is based on several 

criteria such as the severity of coronary disease and its anatomy, left ventricular 

function, comorbidity and risk factors. 

Intra-operatively, an initial evaluation is carried out to assess the likely 

presence of atherosclerotic plaques on the ascending aorta, its location and degree. 

This assessment will bring the surgeon into fmiher operative planning, like the choice 

between on- and off-pump CABG, and whether to perform total arterial 

revascularisation to avoid manipulation of an atherosclerotic aorta. After the coronary 
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bypass grafting is completed and prior to chest closure, graft flow and the quality of 

distal anastomoses should be assessed to avoid any technical failure. Off-pump 

surgery is potentially associated with a higher rate of technical errors than 

conventional CABG, because distal anastomoses arc carried out towards a moving 

target on the beating heart. Early detection of a failed anastomosis enables the surgeon 

to perform a prompt revision of the graft, and may thereby effectively reduce the risk 

of postoperative mortality and morbidity (1 0). 

Background studies 

This thesis is a continuation of previous studies initiated at our institution in 1998. 

Briefly, the objectives and conclusions of these background studies are summarised 

below: 

In the first study epicardial ultrasound scanning with a new mini transducer 

was applied intra-operatively to evaluate coronary artery stenoses and the 

quality of distal graft anastomoses in on-pump CABG, with special emphasis 

to the left anterior descending artery (LAD). Epicardial colour Doppler 

ultrasound scanning with the new equipment was simple, fast, safe and 

allowed satisfactory imaging of coronary stenoses and graft anastomoses. 

Factors limiting the imaging quality were proximal lesions, intramyocardial 

vessels, vessel tortuosity, and extensive calcifications (11). 

The second study was performed to evaluate the use of intraoperative 

epicardial colour Doppler ultrasound for a quality assessment of the left 

internal mammary artery (LIMA) to left anterior descending coronary artery 

(LAD) anastomoses performed in off-pump CABG. This study concluded that 

intra-operative colour Doppler ultrasound allowed adequate imaging and 

quantitative analysis of off.pump LIMA-to-LAD anastomoses. One 

anastomosis was promptly revised due to a technical error detected by 

epicardial colour Doppler imaging (10). 
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The third study evaluated the correlation between intra-operative colour 

Doppler ultrasound assessment of off-pump LIMA-to-LAD grafts and the 

assessment by angiography at a mean of 8 months follow-up. The study 

conclusions were that anastomotic dimensions and patency of intra-operative 

colour Doppler ultrasound correlated significantly with those of selective 

coronary angiography at 8 months follow up (12). 

The encouraging results of these studies stimulated our group to carry out further 

research for the improvement of results in coronary artery bypass surgery. In 

detail our attention was focused into a better intra-operative quality assessment of 

coronary artery by-pass grafts and the ascending aorta by ultrasound. 
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OBJECTIVES OF THE INVESTIGATION 

Off-pump myocardial revascularization may reduce some of the risks and 

complications observed after on-pump coronary surgery. However, it is technically 

more demanding and holds a higher incidence of technical failure of the 

anastomoses. Further, in the immediate postoperative period the patients undergoing 

off-pump CABG have less platelet dysfunction and are assumed to have increased 

coagulation tendency compared to patients operated on-pump. This may reduce the 

patency of the anastomoses. 

I. A porcine model of coronary bypass surgery was run to test whether the cardiac 

cycle had an impact on the dimension of distal anastomoses in coronary surgery. 

The dimensions of the anastomosis of the internal mammary artery (LIMA) to the 

left anterior descending artery (LAD) were measured by means of B-mode and 

colour Doppler ultrasound. (Paper I) 

2. During a CABG operation the surgeon takes great care suturing the toe of the 

distal coronary anastomosis, because this is generally recognized as the most 

important part. A technical failure of this area will impair greatly forward blood 

flow causing a poor run-off. On the other hand less attention is given to the heel of 

the anastomosis. However, this area may be equally important, especially if there 

are major diagonal and septal branches located within the ischemic myocardium 

proximal to the anastomosis. Thus, we aimed to compare the dimensions of the 

toe and heel portion of the LIMA-LAD anastomosis and their relations during on

and off-pump CABG, by means of epicardial ultrasound. (Paper II) 

3. A novel 2-D ultrasound imaging modality named blood flow imaging (BFI) 

ameliorates colour Doppler imaging (CDI) by providing precise information on 

flow direction and velocity because it is not limited by angle-dependency or 

aliasing artefacts. Thus, our objective was to test the application of BFI versus 

CDI for visual assessment of blood flow patterns in the LIMA-LAD anastomosis 

in a porcine model. (Paper III) 
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4. There are some serious post-operative complications in coronary surgery among 

which cerebral ischemia causing neurological complications, ranging from 

neurocognitive disorders to stroke, is the most frequent. Cerebral ischemia is 

believed to occur mostly due to intraoperative embolisation of atheromatous 

plaques from the ascending aorta. Pre- or intra-operative diagnosis of the 

atheromatous aorta may guide the surgeon to use techniques reducing the risk of 

cerebral complications. In a group of patients operated upon of on-pump CABG, 

the atheromatous plaques in the ascending aorta were detected and their extension 

graded by means of epiaortic ultrasound and transesophageal echocardiography. 

The two modalities were compared to ascertain which one of the two was more 

reliable for routine intra-operative application. (Paper IV) 

5. Coronary subclavian steal syndrome (CSSS) is the phenomenon of retrograde 

flow (steal) through the pedicled LIMA which may occur after CABG due to 

concurrent proximal stenosis or occlusion of the ipsilateral subclavian artery. In a 

clinical report we present the case of CSSS with a pedicled LIMA, which was 

diagnosed and successfully treated during the primary operation by means of 

combined transit-time flowmetry and epicardial colour Doppler imaging. (Paper 

V) 
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Methodological consideration 

Surgical procedure 

a. Off-pump CABG (Paper I, II, III, V) 

Coronary bypass surgery on beating heart was performed fairly similarly in the 

clinical setting and in the porcine model. As the patients were operated upon by 

different surgeons over a long period of time, the surgical techniques and equipment 

applied varied over the years. 

All patients were operated under general anaesthesia. In the first seven patients 

access to the heart was through a small left anterolateral thoracotomy in the fourth or 

fifth intercostal space. Since 1998 median sternotomy was used in all cases. Since 

1999 Full heparinization (3 mg/kg) with activated clotting time (ACT) > 410 sec was 

given in most patients and in all animals. The left intemal mammary artery (LIMA) 

was harvested with its pedicle. The left anterior descending artery (LAD) was 

identified and snared with 4-0 pledgeted polypropylene suture proximal to the 

coronary arteriotomy. An epicardial stabilizer was applied to immobilize the coronary 

artery chosen for grafting. As an aid in exposing the left side of the heart, a deep 

pericardia! stitch and/or a vacuum stabilizer was applied to fascilitate this manoeuvre. 

An intracoronary shunt was also placed into the vessel lumen whenever needed. The 

coronary anastomosis was usually performed with a continuous 7-0 polypropylene 

suture. Following bypass grafting, the heart was repositioned into the pericardia! 

cradle. Heparin was pa1iially reversed with protamin following beating heart surgery. 

Postoperatively all patients were given acetyl salicylic acid (ASA) as life

long medication. 

b. On-pump CABG (Paper I, II, IV) 

Approach to the heart and LIMA harvesting was through a median stemotomy. All 

subjects had full heparinization (3 mg/kg) to achieve ACT > 410 sec. 

Cardiopulmonary bypass was instituted by cannulation of the ascending aorta and the 

right atrium. After aortic cross-clamping a crystalloid cardioplegia solution was 

infused into the aortic root and CPB was run at 34 °C systemic cooling. The coronary 

anastomoses were performed as in off-pump CABG. 
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Antithrombotic regimens in off-pump patients (Paper II, V) 

Throughout the years 1997-1998 all off-pump patients received 100 U/kg 

unfractionated heparin i.v. intraoperatively to reach ACT > 270 sec without reversal 

with protamine sulphate at the end of the operation. Since 1999 the patients were fully 

heparinised and the heparin was reversed to 1/3 of its activity with protamine sulphate 

after completion of the procedure. 

The antithrombotic regimen before year 2000 was as follows: Acetyl salicylic 

acid (ASA) 75-160 mg was prescribed up to the day of surgery, postoperatively 500 

ml of dextran were infused within 8 hours after surgery, ASA was continued at the 

preoperative dose and in addition low molecular weight heparin (LMWH) 

(enoksaparin 40 mg once daily) was administered. Since year 2000 all off-pump 

patients received a daily dose of clodipogrel 75 mg from postoperative day 1 for four 

weeks was added to the ASA, dextran and LMWH regimen. No loading dose of 

clopidogrel was administered. 

Animal research model (Paper I, III) 

Norwegian landrace pigs weighting 60-85 kg unde1went coronary bypass grafting of 

the LIMA-LAD under general anaesthesia and through median sternotomy, either 

with or without use of the heart-lung machine. The pigs were artificially ventilated 

through a tracheotomy tube. 

The pigs were premedicated with intramuscular azaperone 6 mg·kg- 1 and 

diazepam 0.15 mg·kg- 1
• Anaesthesia was induced with intravenous atropine 0.15 

mg·kg- 1
, ketamine 7 mg·kg- 1 and thiopentone 3 mg·kg- 1

• Maintenance infusions were 

of fentanyl 63 1-1g· kg- 1·min 1 and midazo1am 0.6 mg·kg- 1·min -I combined with 

isoflurane 1% in a 1:2 mixture of oxygen and air. 

All animals were treated in accordance with the Norwegian Animal Research 

Authority. The animals were acclimatized at the facility for a minimum of three days 

before the experiments and were sacrificed with an i.v. injection of potassium chloride 

at the end of the procedure. 
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Transit-time flowmetry (Paper 1-V) 

All the transit-time flow measurements (Medi-Stim Butterfly Flowmeter, Medi-Stim 

ASA, Oslo, Norway) of the coronary bypass grafts were performed intra-operatively. 

Following on-pump CABG the measurements were done after weaning from the 

extracorporeal circulation. The flow probe (3 or 4 mm) was placed close to the distal 

anastomosis. Unfortunately there are no well defined evidence-based cut-off values 

for an adequate flow, but three parameters are taken into consideration for a thorough 

assessment: 1) mean blood flow, 2) the pulsatility index, 3) the diastolic flow pattern. 

(8). 

The potential shortcoming of transit-time flowmetry lies in the fact that the 

flow depends on several physiologic variables, including blood pressure, peripheral 

vascular resistance and competitive flow from native vessels. Therefore, standard 

curves and flow values for different types of grafts and target vessels are not 

available. Standardization of flowmetry is difficult because of the large variability 

among different patients, as well as within the same patient. Thus, interpretation of 

flow findings is largely dependent on the surgeon's personal experience (13, 14). 

Intraoperative ultrasound methods 

a. Epicardial ultrasound (Paper I, II, III, V) 

After completion of the LIMA-LAD anastomosis and with the stabilizer still in place, 

epicardial ultrasound imaging of the anastomosis was done with aGE Vingmed Vivid 

7 ultrasound scanner and aGE i13L probe, in accordance to one of our previous 

reports (11). This probe is a linear array mini-transducer designed for intraoperative 

imaging with frequencies operating at 10-14 MHz. The ultrasound imaging system 

was optimized for high resolution colour flow imaging applications. With the use of 

gel as the conduction medium, the transducer was applied directly and gently on the 

anastomosis between the paddles of the stabilizer (Fig. 1). 



Fig. 1. 

Epicardial ultrasound 

imaging with a 

handheld mini

transducer applied 

upon the LIMA-LAD 

anastomosis during 

beating heart surgery. 
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Real time ultrasound images showing the complete anastomosis as well as the 

distal run-off were stored as digital data for later analysis. The morphology of the 

anastomosis was assessed by measuring its dimensions, such as the length of the 

anastomosis proper (DA), the LAD diameter at the toe (D1) and heel (D3) of the 

anastomosis, as well as 5-10 mrn distal to the toe (D2) (Fig 2). 

02 01 

I 
I 
I • 

DA 

I 
I 
I • 

DM 

LAD 

03 

Fig. 2. Sketch of an anastomosis between the left internal mammary artery graft 

(LIMA) and the left anterior descending artery (LAD). 
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b. Blood Flow Imaging versus Colour Doppler Imaging (Paper III) 

Blood Flow Imaging (BFI) is a real-time, ultrasound flow imaging modality able to 

visualize the blood flow in any direction of the image, not limited by velocity aliasing 

or the angle of the ultrasound beam, and therefore overcomes the fundamental colour 

Doppler imaging (CDI) limitations; i.e. angle-dependency and aliasing (15). This is 

achieved through the preservation and visualization of the speckle pattern originating 

from the blood signal echoes and is further explained in paper III. 

The speckle pattern is present inside the vessel lumen, but is normally not 

visible due to weak echoes from blood. The movement of this blood speckle pattern is 

correlated to the blood flow scatter movement, and is captured by imaging with a very 

high frame rate, more than 2000 1000 Hz in our recordings. Using slow motion 

display of subsequent speckle images, the movement of speckle pattern can be tracked 

by the human eye. 

The data acquisition with BFI is the same as for CDI. The two techniques have 

therefore been combined by modulating the parametric colour information in CDI 

with the speckle pattern. The combined modality includes both quantitative Doppler 

measurements as well as angle and velocity aliasing independent speckle movement. 

Thus, BFI provides a more intuitive display of the flow conditions requiring less 

interpretation than CDI images. 

c. Transesophageal echocardiography (Paper IV) 

After induction of general anaesthesia, transesophageal echocardiography (TEE) was 

carried out by a 5 MHz biplane TEE transducer (GE Vingmed, Horten, Nmway) 

connected to a GE Vingmed System FiVe or GE Vivid 7 (GE Vingmed, Horten, 

Norway). Images of the thoracic aorta were obtained in both transverse and 

longitudinal view planes by a cardiologist familiar with aortic transesophageal echo. 

d. Epiaortic ultrasound (EAU) (Paper IV) 

After median sternotomy and harvesting of the left internal mammary artery (LIMA), 

the ascending aorta from the aortic root to the origin of the brachiocephalic artery was 

scanned directly by the surgeon using aGE Vingmed i8.5L probe connected to aGE 

Vingmed Vivid 7 ultrasound scanner. The probe is a linear array transducer designed 
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for intraoperative imaging with frequencies of 8.5 MHz. A finger glove filled with 

sterile saline solution was used as ultrasound medium between the aortic wall and the 

probe. 

Images from longitudinal and transverse view planes were obtained and recorded 

together with TEE images for subsequent off-line evaluation. For the purpose of 

further analysis, the ascending aorta was divided into three sections: 

the proximal section was from the aortic annulus across the sinotubular junction 

and distally into the tubular portion just below the tract of the aorta overlapping 

the right pulmonary artery 

the middle section was considered as the tubular segment of the ascending aorta 

overlapping the right pulmonary artery 

the distal tubular section was defined from the upper limit of the middle section to 

the origin of the brachiocephalic artery 

The whole circumference of the aorta was divided into four segments: anterior, 

posterior, medial and lateral. Thus the ultrasound scanning of each ascending aorta 

comprised 12 areas (3 sections x 4 segments) as illustrated in fig. 3. 

Fig. 3. 

Sketch of the ascending 

aorta divided into 12 

segments for the purpose 

of analysing atheromatous 

degeneration of the aortic 

wall by means of epiaortic 

ultrasound 

Lateral 

Anterior 

/Posterior 

Medial 

DISTAL 

MIDDLE 
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The degree of atherosclerosis was graded according to the morphology of 

atheromatous plaques by a modified Montgomery scale for aortic lesions as presented 

in table 1 (16). 

Table 1. Modified Montgomery scale for aortic lesions: 

Grade 1 = normal 

Grade 2 = intimal thickening 

Grade 3 = atheroma < 4 mm 

Grade 4 =atheroma 2: 4 mm (Fig 4) 

Grade 5 =any mobile (a) or ulcerated atheroma (b). 

Intimal thickening was considered as a smooth non-protruding lesion of the 

intimal lining the entire lumen of the aorta. Atheroma was a localized lesion 

protruding into the lumen. The images were reviewed by a cardiac surgeon and a 

cardiologist; the consensus within the two was reached by giving the highest grade for 

each area detected. An example of grade 4 severe atherosclerosis of the ascending 

aorta as assessed by EAU is shown in fig. 4. 

Fig. 4. A grade 4 atherosclerotic plaque in the aorta is seen both in the transverse (B) 

and the longitudinal (B) view as assessed by EAU. A W=anterior wall; PW=posterior 

wall; RP A=right pulmonary artery. 
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Intraoperatively the surgeon adjusted his surgical technique (e.g. site of 

insertion of the aortic cannula, cross-clamp and placement of vein grafts) if 

information gathered from the ultrasound investigations indicated atheromatous aortic 

areas. 

Statistics 

General considerations 

Skewness test was used to assess the distribution of data. Data normally distributed 

are described as the arithmetic mean ± standard deviation (SD) as a measure of 

variability. Skewed data were presented as median with range. A P value < 0.05 was 

considered statistically significant. Most of the statistical analysis was canied out 

using the SPSS software (SPSS Inc, Chicago, Illinois). 

Special considerations 

Paper I 

Analysis of variance (ANOV A) for repeated measurements was used to assess the 

impact of the ultrasound modality (B-mode or colour flow image), the cardiac cycle 

(end-systole or end-diastole) and the sites of measurement (D 1, D2, D3 or DA) on the 

morphology of the anastomosis and the LAD. For variables significantly influencing 

the measured dimensions, we applied the paired t-test with Bonferroni correction 

according to the number of comparisons done, as post-hoc analyses for identification 

of the difference between values. 

Paper II 

Paired-samples t-test was used to compare the dimensions and ratios within the same 

group while independent-samples t-test was applied to compare dimensions and ratios 

between the two groups. 

Paper Ill 

Differences between the two modalities, BFI and CDI, were evaluated based on 

assessments of blood flow direction, aliasing and pulsatility. Statistical analysis was 

performed using the two-sided Wilcoxon signed rank test of paired measurements, 

with exact calculation of probabilities. Interobserver variability was calculated with 

the help of the interclass correlation coefficient. The statistical analysis was 
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performed with SPSS software and dot-plots were made using the Matlab numerical 

software (The Math Works, Natick, MA). 

Paper IV 

The results were presented as mean Montgomery grade ± SD for each area and 

method separately. The statistical significance of the observed difference in 

visualization between TEE and EAU for each single area was calculated from the 

McNemar's test for paired samples. The areas with comparable visualization were 

further studied to assess statistically the difference in detection and grading of 

atherosclerosis between the two methods. The identification of a normal or an 

atherosclerotic intima (Montgomery 2 2 score) was compared using McNemar's test, 

and the difference in Montgomery grading between TEE and EAU was analyzed by 

Wilcoxon's matched pairs signed rank sum test. 
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Summary of results 

Paper I 

In this study, we evaluated the effect of the cardiac cycle on the dimensions of the 

LIMA-LAD anastomosis as measured by EAU with the use of two ultrasound modes, 

two-dimensional ultrasound imaging (B-mode) and colour Doppler mode. There was 

no significant effect of the cardiac cycle on the LAD diameters at the toe (D I), heel 

(D3), anastomosis proper (DA) and downstream the native LAD (D2), neither by B

mode nor colour Doppler imaging. 

The B-mode imaging modality yielded larger diameters than the colour 

Doppler flow modality regardless of the phase of the cardiac cycle. However, the 

diameter of the LAD at the toe (Dl) was found similar by both ultrasound modes. 

On clinical grounds, provided the scanning is directed perpendicular to the 

vessel, this study showed that the surgeon may assess the morphology of an 

anastomosis without paying much attention to the phase of the cardiac cycle or the 

mode of ultrasound applied. B-mode imaging complies fully with the peristaltic 

movement of the artery, whereas colour filling more easily enters the vessel 

boundaries. 

B-mode images yielded more precise measurements because they provided a 

more detailed view of the anastomosis, enabling the surgeon to assess the intimal 

echo-pattern very clearly. The colour Doppler, however, evaluated graft patency with 

very useful information on the pattern and direction of blood flow within the 

anastomosis. 

Paper II 

The dimensions of LIMA-LAD anastomoses performed off-pump in 38 patients were 

compared to similar dimensions from 12 on-pump patients. The length of the 

anastomosis (DA), LAD diameters at the toe (Dl) and heel (D3) of the anastomosis, 

as well as the reference downstream LAD (D2) were measured in diastole by two

dimensional ultrasound imaging (B-mode ). As coronary artery dimensions differ 

between patients, we compared the ratios of the anastomotic dimensions to native 

vessel size between the two patient groups . 
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In off-pump patients, the dimension of the heel (D3) was smaller than the toe 

(Dl) (p=0.004). Both D3 and Dl were smaller than the run-off LAD (D2) (p<O.Ol). 

In off-pump patients the D3/D2 ratio was smaller than Dl/D2 (p =0.009), whereas 

these ratios were similar in on-pump patients. Although the D3/D2 ratio was smaller 

in off- than in on-pump patients (p =0.01), Dl/D2 was similar in the two groups. 

This study indicated that off-pump CABG may cause a narrowing of the 

coronaries, especially at the anastomotic heel. Further, as the heel position may have 

less priority compared to the toe of an anastomosis, we suggest that the anastomotic 

technique should be modified to improve its patency. 

Paper III 

Intraoperative ultrasound recordings of patent LIMA-LAD anastomoses were 

acquired from a porcine model (N=9). Three independent observers randomly 

evaluated colour Doppler imaging (CDI) and blood flow imaging (BFI) cine-loops 

with regards to different assessments of flow direction and velocity. Further, a 

selection of technical problems that might occur in clinical practice was induced in 

three pigs to investigate the resulting flow patterns. In all cases, reliable ultrasound B

mode and Doppler images could be obtained of the LIMA-LAD anastomosis. 

By B-mode ultrasound the D 1/D2 ratio in the initial nine anastomoses was 0.89 

± 0.17, indicating patent anastomoses and without any significant narrowing at the 

toe. The D 1/D2 ratio was 0.52, indicating a stenosis at the anastomotic toe, in an 

anastomosis made faulty by applying an extra deep stitch at the toe. BFI was found to 

provide an improved visual assessment of blood flow patterns in the LIMA-LAD 

anastomosis compared to CDI. The modality may therefore increase the certainty and 

efficiency of flow evaluation for intra-operative quality control in coronary surgery. 

As conventional Doppler information is also available, the BFI modality may replace 

CDI in the evaluation of anastomosis flow in the future. 

Paper IV 

A total of 60 patients scheduled for elective conventional CABG underwent both TEE 

and EAU of the ascending aorta. The two ultrasound techniques were compared in 

terms of their ability to detect and grade atheromas in the ascending aorta. 
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The number of areas that were sufficiently visualized for a reliable assessment 

were higher for EAU than TEE, 664/720 (92%) vs. 398/720 (55.3%) respectively 

(p<O.Ol). Overall detection rate of units with Montgomery grade::::_ 2 by EAU only vs. 

TEE only in the areas sufficiently visualized by both methods was 88/334 (26%) vs. 

37/349 (11 %), respectively. 

In detail, TEE was superior in detecting atheroma only in the anterior areas of 

the proximal segment of aoria. Further, TEE demonstrated fewer areas in the middle 

and almost no atheroma in the distal ascending aorta. In comparison, EAU detected 

almost similar numbers of diseased areas in all locations. 

The posterior segment was the area most influenced by atheromatous disease 

along the whole length of the ascending aorta, this feature reaching statistical 

significance (p<O.Ol). The anterior segment was the second most diseased portion. 

Taking all the sections of the ascending aorta together, EAU was superior in 

tracing areas and atheromas compared to TEE. Epiaortic ultrasound could detect five 

times grade 4 atheromas vs. TEE. Two areas with grade 5 were detected; these were 

only seen by EAU. 

Paper V 

In one patient a coronary subclavian steal syndrome (CSSS) occurred after 

completion of an off-pump CABG with a pedicled LIMA to the LAD. The steal 

phenomenon was diagnosed intraoperatively by means of combined transit-time 

flowmetry and epicardial ultrasound imaging. At the immediate revision, the LIMA 

was successfully anastomosed as a free graft to the ascending aorta so to avoid any 

further occurrence of CSSS. A postoperative MRI angiogram confirmed a moderate 

proximal stenosis of the left subclavian artery. 

This case report shows the usefulness of the combined application of transit

time flowmetry and epicardial ultrasound scanning in routine surgical practice. 
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General discussion 

Intraoperative assessment of coronary grafts and anastomoses 

With the exception of coronary artery bypass surgery, viriually all other procedures 

on the heart, including valve surgery and coronary stenting, are accompanied by 

perioperative evaluations to ensure an adequate technical result. There is currently no 

standardized intraoperative approach for the identification of technical errors of 

coronary grafts and anastomoses (i.e. angiography, ultrasound Doppler scanmng, 

transit-time flowmetry). Moreover the application of these methods is not routine 

clinical practice in most centres. 

Intraoperative coronary angiography 

Although angiography is considered the gold standard for the evaluation of coronary 

circulation, grafts and anastomoses, it has limitations as routine method of 

intraoperative control. Angiography is invasive and requires bulky and expensive 

equipments and these facilities are rarely available in operating theatres (17). 

Moreover, Hoi et a!. demonstrated that on-table angiograms can be difficult to 

interpret because not all findings are important for later patency. Optimal results on

table predicts good long-term results, whereas significant lesions on-table may have 

less impact on the follow-up results (18). However, if transcatheter valve 

replacements become routine clinical practice in the future, hybrid catheter suites will 

also be widely available for combined modalities of coronary intervention 

Transit-Time Flow Measurements 

Transit-time flowmetry (TTFM) is the most common intraoperative method used for 

the assessment of the patency of grafts and anastomoses. Transit-time flowmetry is 

based on the simple quantitative measurement of blood flow within the graft. 

Advantages of TTFM are an easy, plug-and-play application without pre-calibration 

and its reasonable cost. However, TTFM does not provide any anatomical information 

and can detect a technical failure only if there is a severe stenosis in the graft or in the 
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anastomosis. This is because it is dependent on several factors like systemic blood 

pressure, diameter of the target vessel, size of the distal arterial bed and residual 

antegrade flow in the target vessel (8,13,14). Finally, interpretation of measurements 

of blood flow of sequential grafts may be quite difficult with this method. 

Thermal coronmy artery imaging 

Thermal coronary artery imaging with an infrared camera was introduced by Suma 

and colleagues as a non-invasive method for evaluation of graft anastomoses during 

off-pump CABO operations (19). Unfortunately this technique detects grossly 

stenosed anastomoses only, and cannot be applied to intramyoeardial vessels or to 

grafts directed to target vessels at the back of the heart. 

Intraoperative fluorescence imaging technique 

Intraoperative fluorescence is a relatively new imaging technique. It is based on 

capture by a charge-coupled device video camera of fluorescence of Indocyanine 

Green (ICG) contrast medium, when illuminated with near-infrared light using laser 

energy projected from the SPY imaging system (Novadaq Technologies Inc., Toronto, 

Canada). 

The strengths of the technique are its simplicity and safety. It is minimally 

invasive because it does not require an arterial puncture and avoids the need for 

ionizing radiation. Further, its major attraction is that it provides information in a 

fashion similar to coronary angiography, with which the surgeon is familiar and can 

easily interpret. However, there are currently limitations to the technique. First, the 

technique is only semi-quantitative and divides assessment of graft flow into 

"excellent," "satisfactory," or "poor," and does not provide an exact measure of graft 

flow. Developments arc underway that will permit the imaging system to give 

quantitative flow measurements. Second, the technique only allows precise definition 

of anastomotic quality in around 75% of grafts. This is because depth of penetration 

of the laser beam is only around 1 mrn, and is therefore vulnerable to varying depths 

of the native coronary artery (e.g., when intramyocardial). For the same reason, 

imaging can only occur when the chest is open and pedicled conduits are less 
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visualized than skeletonized ones. A more powerful, pulsed laser might resolve these 

limitations, but should be balanced against the fact that the device intentionally uses 

low-power laser energy so as to avoid thermal myocardial damage (20). 

Epicardial ultrasound 

Over the last 15 years several devices for intraoperative ultrasound visualization of 

coronary arteries and graft anastomoses have been tested in animal experiments as 

well as in clinical studies. Unfortunately none of the early ultrasound devices gained 

wide acceptance mainly due to their many technical limitations. Previously, the main 

technical reason for this was the cumbersome and large size of the ultrasonic probe, 

which allowed only visualisation of the LAD, diagonals and the proximal right 

coronary artery, as well as limited imaging quality (21-23). Further, epicardial 

scanning could only be carried out when the patient was on CPB and the early

generation transducers were only able to provide black and white images. 

We have previously shown that a new generation epicardial imaging of 

coronary arteries and anastomoses with high frequency ultrasound is simple and safe 

(11 ). It has several advantages over angiography; it is non-invasive and requires no 

injection of contrast medium. Moreover, comparing epicardial ultrasound with 

angiography at an eight month follow-up showed that the former has a positive 

prognostic value (12). 

While transit time flowmetry is the most widely used method in the 

assessment of grafts, it does not give direct information about the anatomy of the 

anastomosis. Epicardial coronary imaging using high frequency ultrasound probes 

may aid the surgeon performing coronary artery bypass procedures by localizing the 

coronary artery segments underneath epicardial fat, identifying the site of coronary 

stenosis to be bypassed and assessing the quality of anastomoses (11). So far, the use 

of epicardial ultrasound has been most appreciated in off-pump CABG where 

technical errors are supposed to be more common. In addition, epicardial ultrasound 

may be of value in scanning the target coronary site for grafting in order to avoid 

calcified regions, stented areas or where there are septal perforators which can hinder 

the procedure (11). These perforators might not be well delineated by angiography. In 
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the present study, colour Doppler ultrasound, as well as further developments, have 

been valuable in the morphologic assessment of coronary anastomoses. 

Effect of the cardiac cycle on LIMA-LAD anastomotic dimensions 

Small changes of coronary diameters during the cardiac cycle have been found using 

intravascular ultrasound (IVUS); a l 0 % increase was detected in healthy vessels (24), 

and a 2-12 % increase in atherosclerotic vessels (25-27). Although most of the 

coronary blood flow occurs in diastole, the systolic expansion of coronary vessels can 

be explained by the increase of the coronary intraluminal pressure during systole (25). 

In our study, no significant changes in diameter of the LAD at the heel (D3), 

toe (Dl), anastomosis proper (DA) or distally in the LAD (D2) during the cardiac 

cycle were detected. We believe that the different outcome was most likely due to the 

following two reasons: Firstly, epicardial imaging is not as sensitive as IUVS to 

discriminate very minor changes; a systolic increase of coronary diameter of about l 0 

% is equivalent to a 0.1-0.15 mm increase in diameter. Secondly, grafting of the LAD 

caused stiffness of the vessel wall, and this may well have reduced systolic expansion 

of the coronary artery, whereas IVUS measurements are usually taken on coronary 

vessels that have not undergone any surgical manipulation. 

B-mode imaging complies fully with the peristaltic movement of the artery, 

whereas colour filling more easily enters the vessel boundaries. Therefore, with the 

current standard ultrasound technology, we believe that B-mode yields more precise 

dimensional measurements because it gives a more detailed view of the anastomosis, 

enabling the surgeon to assess the intimal echo pattern easily, fast and clearly. The 

colour Doppler, however, enables the surgeon to evaluate graft patency because it 

provides useful information on the pattern and direction of blood flow within the 

anastomosis. 

On clinical grounds, provided the scanning is directed perpendicular to the 

vessel, our study on the cardiac cycle (paper I) showed that the surgeon can assess the 

morphology of an anastomosis without paying much attention to the phase of the 

cardiac cycle. This is supposed to be essential for wide acceptance of epicardial 

ultrasound in clinical practise. 
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Importance of the heel of the LIMA-LAD anastomosis as assessed by ultrasound 

The importance of the heel of the LIMA-LAD anastomosis is still far from being 

established. Our results from study II showed that the segment of the coronary artery 

involved in the anastomosis within the off-pump group underwent a degree of 

narrowing in comparison to patients operated on-pump. Both the toe (Dl) and the heel 

of the anastomosis (D3) had smaller diameters in relation to the native distal run-off 

point of the artery (D2) in patients operated off-pump vs. patients operated on-pump 

CABG, where this difference did not exist. Further analysis of the anastomotic 

dimensions in off-pump patients showed that the heel of the anastomosis (D3) was the 

site mostly affected by stenosis. These results are supported by a previous study using 

postoperative quantitative angiography at 14 ± 5 days which showed that the diameter 

of the heel portion of the anastomosis was significantly smaller than that of the toe 

portion (28). 

The reduction in the heel diameter is most probably related to technical issues. 

The importance of the toe must be emphasised because it is the exit point of the 

anastomosis to the ischemic myocardium so the surgeon pays more attention while 

suturing the anastomotic toe. On the other hand, the heel that represents the 

''posterior'' suture line of the anastomosis may easily be under-estimated. Further, 

this part is more difficult to repair if bleeding occurs. Hence, surgeons tend to place 

large suture bites at the heel and this might increase the rate of narrowing. 

It was only in off-pump patients that the segment of the coronary artery 

involved in the heel of the anastomosis had undergone significant nanowing. In other 

words, this was related to the beating heart technique since the same results were not 

found in the on-pump group. However, the better experience with on-pump surgery 

might have played a role since the off-pump cases also include our initial experience 

with this method. 

We do not know whether this reduction in the diameter of the heel has any 

significant clinical outcome. In cases of stenotic, but non-occluded coronaries, 

retrograde blood flow from the heel might compete with antegrade blood flow from 

the native coronary. However, since the retrograde flow from the heel occurs in 

systole whereas antegrade blood flow from the native coronary is mainly diastolic, 

both might synergize with each other. In cases where the stenotic coronary 
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anastomosis progresses to complete occlusion, the patent heel could eventually be of 

significance. 

A new ultrasound modality: Blood flow imaging versus Colour Doppler imaging 

The assessment of the LIMA-LAD anastomosis is a complex issue as it includes both 

flow pattern and evaluation of the dimensions of the anastomosis in relation to the 

distal run-off, specially the toe. The assessment of the direction of blood flow can be 

carried out by CDI. This method is dependent on colour interpretation, which in turn 

is influenced by the angle of the probe applied on to the anastomosis. In addition high 

blood flow-rates induce aliasing, making evaluation of flow direction less intuitive. 

The BFI method shows blood flow as speckle patterns that are not dependent on the 

angle given to the probe at the time the anastomosis is scanned and is not affected by 

aliasing. 

In study III visualization of blood flow direction was much enhanced by BFI 

compared to CFI, and this holds true for all conditions of flow which we encountered 

in our study. This was confirmed by the three observers that gave higher rates to BFI 

than CDI both in assessments of blood flow directions and its competitive patterns. 

As the BFI gives an intuitive impression of flow pattern and direction, this ultrasound 

modality is suggested to play an important role in future vascular imaging, 

Clinical implementation of intraoperative ultrasound imaging- a case report 

The case report presented in paper V shows the usefulness of transit-time flowmetry 

and epicardial ultrasound scanning for a rapid intraoperative diagnosis of coronary 

subclavian steal syndrome. CSSS may be a reason for early occurrence of angina after 

CABG; caused by retrograde blood flow (steal) from the LAD through the LIMA 

graft in patients with a left subclavian artery stenosis. Clinical features of subclavian 

arte1y stenosis are a difference of systolic blood pressure more than 20 mmHg 

between the arms, thrombo-embolism or ischemic pain to the arm. 

In our patient a weaker left radial pulse and a reduced blood pressure to the 

left arm were reported by a junior doctor. CSSS developed immediately after grafting 

the LIMA on to the LAD, but it was quickly diagnosed intraoperatively by flowmetry 

and epicardial ultrasound scanning, despite any ischemic ECG changes. The 

combined application of these two modalities was relevant because each of them 



30 

provided information, which coupled with those given by the other one, contributed to 

reach the diagnosis. 

As a result of a quick intraoperative diagnosis prompt surgical revision was 

carried out, avoiding intra- or postoperative complications to the patient. On the other 

hand, missing the diagnosis of CSSS at surgery would have exposed the patient to 

unpleasant consequences in the follow-up, such as early recurrence of angina, 

subclavian artery PTA, carotid-subclavian by-pass or redo CABG surgery. 

Assessment of atherosclerosis in the ascending aorta and clinical implications 

Traditionally, the assessment of atherosclerosis of the thoracic aorta is carried out by 

the surgeon by reviewing the preoperative chest X-ray and the plain cine-loop of the 

angiogram, whereas intraoperatively a simple visual inspection and finger tip 

palpation are the routine methods. Unfortunately, all these methods are inaccurate and 

grossly underestimate aortic atheromas. Computer tomographic scanning (CT) may 

provide further preoperative information on the presence, degree and location of 

plaques in the aorta, especially in 3D images. However, CT scan was demonstrated to 

be less sensitive than EAU in detecting atheromatous plaques in the ascending aorta; 

45 % vs. 60 % (29). Magnetic Resonance Imaging (MRI) is considered to have the 

same degree of sensitivity as transesophageal echocardiography (30), but has several 

disadvantages that reduce its application being less available, expensive and 

contraindicated in patients with implanted pacemaker/electro converter and with 

claustrophobia. 

Previous studies reported that EAU, in companson to TEE, was able to 

visualize satisfactorily the ascending aorta including the middle and distal parts (31, 

32). In a selected series of patients undergoing cardiac surgery, EAU visualized 

plaques in the ascending amia in 50 % of cases and led to a change in the procedure in 

24 % of cases because of atheromas (33). 

Our results, as presented in paper IV, confirmed previous observations as 

EAU provided a more enhanced visualization of the wall of the ascending aorta in its 

entire length, and this allowed a reliable assessment of the atheromatous plaques. 

Epiaortic ultrasound scanned a far higher number of areas (92.3%) of the wall of the 

entire ascending aorta than TEE (55.3%). 



31 

The degree of visualization by TEE varied according to sections and segments 

of the aorta; being highest proximally and decreasing in the distal ascending aorta, 

where imaging is made difficult or impossible due to the interposition of the airways 

between the oesophagus and the upper part of the ascending aorta. The distal part of 

the ascending aorta is a site of great intra-operative manipulation as the aortic CPB 

cannula and the cross-clamp are placed in this area. Thus, through scanning of the 

distal ascending aorta with precise information on the likely location, extent and 

degree of atheromatous plaques are necessary to avoid embolization of atheroma 

debris from the aortic wall. 

A further step of our study was the evaluation of the grading of atheromatous 

lesions by a modified Montgomery score in the areas sufficiently visualized by both 

EAU and TEE scanning. The two techniques were compared also. Compared to TEE, 

epiaortic ultrasound identified a higher number of areas with a Montgomery score 2: 2. 

Moreover a similar number of diseased areas were detected by EAU over the three 

sections and four segments of the aortic wall. The few areas which were better 

assessed by TEE were those in the proximal section, especially in the anterior site, 

and in the anterior and posterior segments of the middle section. TEE was superior in 

the proximal anterior areas because of the limited visualization by EAU due to the 

imprecise positioning of the EAU probe over the unfavourably confined anatomic 

location of the scanned areas. 

The application of EAU demonstrated the highest prevalence and severity of 

atheroma to be located in posterior segments of the ascending aorta, especially in the 

proximal section. The second most atheromatous segment was the anterior one, 

especially in the distal and proximal sections. The regional pattern of development of 

atheroma is probably determined by local variations in shearing forces and endothelial 

dysfunction (34). 

A "clean" aorta can undergo surgical manipulation like clamping, cannulation 

and stitching of proximal anastomoses with a very low embolic risk due to dislodged 

atherosclerotic debris. The clinical implications of our study arc important during 

surgery, as a careful placement of the aortic cross-clamp is relevant to avoid 

dislodgement and embolisation of atheromatous debris from the posterior aortic wall. 

When a heavily diseased posterior segment is demonstrated, a Fogarty cushion-shod 

clamp may be applied carefully, although not without risk. Unfortunately, 

atheromatous lesions of the anterior section of the aorta are more difficult to deal 
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with. The detection of their location enables the surgeon to avoid those particular 

areas or to revise the operative strategy by applying methods that reduces the 

likelihood of embolization of atheromas, i.e. off-pump technique, "no touch" 

strategy, single clamp technique, etc. 
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Conclusions 

1. The B-mode and colour Doppler imaging were not significantly influenced by the 

effects of the cardiac cycle during assessment of the LIMA-LAD anastomosis in an 

experimental animal model. Thus, for a thorough evaluation of a coronary distal 

anastomosis both modalities should be applied in addition to transit-time flowmetry. 

The B-mode may provide precise measurements of the anastomotic dimensions, 

whilst the colour flow should be applied to assess the flow pattern. Epicardial imaging 

of graft anastomoses may reliable and reach wide clinical application in the future. 

2. Off-pump CABG might have a stenotic effect on the coronary arteries, particularly 

at the heel of the anastomisis. Whether modifications to the suture technique may 

change the results remains to be explored in future prospective studies. 

3. Blood Flow Imaging is superior to colour Doppler imaging in the assessment of 

blood flow patterns through the LIMA-LAD anastomosis, specially the direction of 

blood flow. This is due to its ability to show blood flows as speckles which can be 

traced by the naked eye. The BFI modality is suggested to play an important role in 

future cardiovascular imaging. 

4. Epiaortic ultrasound is the investigation of choice for detection of atheromatous 

lesions of the ascending aorta because it allows a detailed grading of atheromas over 

the entire length of the ascending aorta. A "clean" aorta can undergo surgical 

manipulation like clamping, cannulation and stitching of proximal anastomoses with a 

low embolic risk. If atherosclerotic plaques with the risk of embolic events are 

identified, the surgeon is given the opportunity to revise the operative strategy and in 

case of coronary surgery, beating heart surgery may be preferred. 

5. The combined application of transit time flowmetry and epicardial ultrasound 

imaging was pivotal in the intraoperative diagnosis and treatment of a coronary 

subclavian steal syndrome avoiding further and dangerous consequences to the 

patient. This is an example on how intraoperative imaging may be implemented into 

clinical practice of coronary surgery. 
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Final remarks and further developments 

Over the last years we have demonstrated the efficacy, usefulness and reliability of 

epicardial ultrasound scanning of coronary arteries and anastomoses. From the cardiac 

cycle study (paper I), we concluded that B-mode yields more precise measurements 

because it gives a more detailed view of the anastomosis, enabling the surgeon to 

assess the intimal echo pattern very clearly. Colour Doppler imaging provides 

important information on the pattern and direction of blood flow within the 

anastomosis and further into the run-off vessels. 

For a thorough evaluation of a coronary distal anastomosis, both B-mode and 

colour flow imaging should be applied in addition to flowmetry: colour flow with the 

aim of assessing anastomotic patency, and B-mode to provide precise measurements 

of the anastomosis dimensions. The introduction of BFI may further enhance the 

clinical application of intraoperative cardiovascular ultrasound. 

In a case report we have also shown the usefulness of the combined 

application of transit-time flowmetry and epicardial ultrasound scanning for a quick 

intraoperative diagnosis of coronary subclavian steal syndrome, avoiding technical 

failure and dangerous consequences to the patient. 

We have believed that future intraoperative evaluation of coronary grafts and 

anastomoses will consist of a combined approach of flowmetry and epicardial 

ultrasound, which has recently been developed with collaboration by our research 

group. The introduction of new transducers for epicardial imaging of very small 

dimensions together with further improvements in imaging technology may also 

enhance the widespread usc of epicardial scanning in cardiac surgery. In CABO 

patency of grafts is assessed by flow analysis, whereas ultrasound is applied to detect 

anastomotic failures more directly. As the cardiac cycle in an experimental study did 

not play any significant role in the assessment of epicardial ultrasound, epicardial 

imaging of graft anastomoses may be done rapidly and reliably and reach wide 

clinical application in the future. 

A summary of the potential role of epicardial imaging m coronary surgery ts 

presented in Tab 1. 



Table 1. The potential role of intraoperative epicardial imaging in cardiac 

surgery 

1. Localization of coronary artery embedded in epicardial fat 

2. Visualization of the coronary artery underneath fibrotic scar tissue 

3. Delineation of the intramural course of a coronary artery 

4. Intraoperative assessment of the site and severity of coronary stenosis 

5. Selection of arteriotomy site for bypass grafting 

6. Localisation and extcntion of stents and dissection following PCI 

7. Assessment of the integrity of distal coronary tree beyond an obstruction 

8. Assessment of coronary anastomoses and grafts 

9. Identification of the extent of coronary artery involvement in aortic dissection 

10. Assessment of cardiac anatomy in congenital hea1i surgery 

11. Epiaortic evaluation of the ascending aorta in cardiac surgery 

12 Guidance in emerging novel surgical procedures for coronary artery disease 
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ABSTRACT 
Anastomosis of the left internal mammary artery to the left anterior descending artery 
was performed in 9 pigs to evaluate the effect of changes in the cardiac cycle and 
the choice of ultrasound mode on assessment of graft morphology. The length of the 
anastomosis and the diameters of the left anterior descending artery at the toe and 
heel of the anastomosis, as well as downstream, were measured in end-systole and 
end-diastole with both B-mode and color Doppler imaging. None of the diameters 
were influenced by the cardiac cycle using either ultrasound mode. B-mode yielded 
larger diameters at all points except the toe of the anastomosis. It was concluded 
that provided the scanning is perpendicular to the vessel, the morphology of an 
anastomosis can be assessed without paying much attention to the phase of the cycle 
or the mode of ultrasound applied. 

INTRODUCTION 
The success of coronary artery bypass grafting (CABO) 
is determined by the long-term patency of the graft. This 
depends mainly on the quality of distal anastomoses, 
particularly that between the left internal mammary 
artery (LIMA) and the left anterior descending artery 
(LAD).' Although off-pump CABO may reduce some of 
the risks and complications related to on-pump CABO, 
it is technically more demanding and carries a higher 
risk of technical failure. 2 Thus, quality control of distal 
anastomoses before completion of the operation is of the 
utmost importance, particularly during off-pump CABO. 
Detecting an anastomotic error enables the surgeon to 
revise the anastomosis, and so reduce postoperative 
morbidity and mortality3 

Distal anastomoses can be evaluated intraoperatively 
by graft flow measurements or by direct visualization 
using ultrasound scanning or angiography. Transit-time 
flowmetry is the most common intraoperative method 
used to assess coronary bypass grafts, but it is not very 
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sensitive as blood flow is influenced by resistance in the 
peripheral coronary circulation. This technique detects 
a technical failure only if there is severe stenosis in 
the graft or at the site of anastomosis46 Epicardial 
imaging of coronary arteries and anastomoses with 
high frequency ultrasound is simple and safe.' It has 
several advantages over angiography; it is noninvasive, 
requiring no injection of contrast medium. 8 Moreover, 
comparing epicardial ultrasound with angiography at 
the 8-month follow-up has shown that the former has 
excellent prognostic value-' B-mode (Figure I) and 
color-flow (Figure 2) imaging allow visualization of the 
anastomosis and its components (coronary artery and 
graft conduit) as well as the bloodstream 7 However, 
the best modality for determining the morphology of 
the anastomosis has not been investigated. Moreover, the 
effects of the cardiac cycle on the coronary arteries are 
largely unknown. Hence, we assessed the morphology 
of LIMA-LAD anastomoses in the pig together with the 
changes induced by the cardiac cycle, using B-mode and 
color Doppler ultrasound scanning. 
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scan mammary artery-
left anterior descending artery anastomosis in longitudinal view 
by B-mode. The anterior and posterior intimal echo patterns are 
shown by arrows. The intimal echo pattern indicates that the 
ultrasound beam is perpendicular to the le ft anterior descend ing 
artery intima. The le ft internal mammary artery is seen top 
right and the flow direction is to the left of the picture. 

Figure 2. mammary artery
left anterior descending artery anastomosis in longitudinal view. 
The left internal mammary artery is top ri ght and the direction 
of blood fl ow is to the left of the picture. 

PATIENTS AND METHODS 
Nine pigs weighing 60- 85 kg underwen t LIMA
LAD grafting under general anesthesia at the animal 
experim ental laborato ry a t Trondhe im Un ive rsit y 
Hospital. Seven pigs had off-pump CA BG, and 2 had 
LIMA grafting under cardiopulmonary bypass. Al l 
operat ions were carried out by the same surgeon (RH). 

Animals received humane ca re in acco rdance with the 
European Convention on Animal Care and the Norwegian 
national regulations; the Norwegian Ethics Committee on 
Animal Research approved the protocol. All pigs were 
premedicated with intramuscular azaperone 6 mg·kg·' 
and diazepam 0.15 mg·kg·' . Anes thes ia was induced w ith 
intravenous atropine 0.15 mg·kg· ', ketam ine 7 mg·kg·', 
and thiopentone 3 mg·kg·'. Maintenance infusions were of 
fentanyl631-lg·kg·'·min·' and midazolam 0.6 mg·kg·' ·min·' 
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combined with isofturane I% in a I :2 mixture of oxygen 
and a ir. The pigs were artificiall y ventil ated through a 
tracheotomy tube. 

After a med ian sternotomy and full heparinization 
(3 mg·kg ') , the LIMA was harvested with its pedicle , 
and prepared. The LAD was identifi ed and snared 
with 4/0 pledgeted polypropylene suture proximal to 
the coronary arteriotomy. After 3-5 min of ischemic 
preconditioning, the snare was released and an Axius 
X pose access device (Guidant, Santa Clara, CA, USA) and 
an Ax ius vacuum stabilizer were applied to pull the heart 
and immobilize the LAD si te chosen for grafting. After 
arteriotomy, an Ax ius coronary shunt was placed in to the 
vesse l lumen. The coronary anastomos is was performed 
with a continuous 7/0 polypropylene suture, aiming to 
create a patent anastomos is without technical fa ilure. 
The snare was applied aga in to the LAD proximal to the 
anastomosis. Following ep icardial ultrasound assessment 
of the anastomoses, the apical stabilizer was removed 
and the heart placed back into the pericardium. 

For on-pump LIMA-LAD anastomosis, the approach 
to the heart, LIMA harvesting, and heparini zation were 
the same as in the off-pump group. Cardiopulmonary 
bypass was instituted by cannulation of the left axi ll ary 
artery and the right atrium . After aortic cross clamping, 
crystalloid cardioplegia solution was in fused into the 
aortic root. The coronary anastomosis was performed with 
a cont inuous 7/0 polypropylene suture. The snare was 
applied aga in to the LAD proximal to the anastomosis . 
The 2 pigs were easi ly weaned off cardiopulmonary 
bypass without inotropic support so that LIMA-LAD 
scanning could be carried out. 

After comple tion of the LIMA-LAD anastomos is and 
with the stabilizer sti ll in place, epicardial ultrasound 
imaging was performed with a GE Vingmed Vivid 7 
(GE Vingmed Ultrasound, Harten, Norway) ultrasound 
scanner and aGE i 13L probe. This probe is a linear-array 
mini-transducer designed for intraoperative imaging, 
operating at frequencies of I 0-14 MHz. The ultrasound 
system was optim ized fo r high-resolution color-flow 
imaging appli ca tions and achi eved a frame rate of 
16 frames per second . Us ing ge l as the conduction 
medium, the transducer was gently applied directly on 
the anastomosis, between the paddles of the stabi lizer. 
Rea l-time ultrasound images of the complete anastomosis 
as we ll as the di stal run-off were stored as digital data 
for later ana lys is. The morphology of the anastomos is 
was assessed by measuring its dimensions (Figure 3): the 
length of the anastomosis proper (DA), the LAD diameter 
at the toe (D I) and heel (D3) of the anastomosi s, and 
5- 10 mm distal to the toe (D2). The electrocardiogram 
was recorded continuously together with the images and 
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D2 Dl D3 

Figure 3. Diagram of the left internal mammary artery-left 
anterior descending artery anastomosis: diameters of the left 
anterior descending artery at the toe of the anastomosis (D 1 ), 
5-10 mm distal to the toe (D2), and at the heel (D3), DA = 
diameter of the anastomosis proper. 

was used to define diastole. Intraoperatively and before 
the epicardial ultrasound, graft flow was monitored by 
transit-time flowmetry (Medi-Stim Butterfly Flowmeter, 
Medi-Stim AS, Oslo, Norway). 

The results are presented as mean± I standard deviation. 
Analysis of variance (ANOVA) for repeated measurements 
was used to assess the impact of the ultrasound modality 
(B-mode or color-flow), the cardiac cycle (end-systole 
or end-diastole), and the sites of measurement (DI, 
D2, D3, or DA) on the morphology of the anastomosis 
and the LAD. For variables significantly influencing 
the measured dimensions, we applied the paired t test 
with the Bonferroni correction, according to the number 
of comparisons carried out, as post hoc analyses for 
identification of the difference between values. Ap value 
less than 0.05 was considered significant. The statistical 
analysis was canied out using SPSS version 12 software 
(SPSS Inc, Chicago, IL, USA). 

RESULTS 
All animals remained hemodynamically stable throughout 
the operation, as confirmed by a satisfact01y mean arterial 
pressure of 76 ± 6.3 mm Hg. The mean systolic blood 
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pressure was Ill ± 8.1 mm Hg and the mean diastolic 
blood pressure was 57± 6.6 mm Hg. All 9 LIMA-LAD 
anastomoses were satisfactory and found to be fully patent 
by both ultrasound modalities. 

There was no significant effect of the cardiac cycle on 
LAD diameters Dl, D2, D3, and DA by either B-mode or 
color Doppler imaging (p = 0.989 by A NOVA; Table I). 
B-mode imaging yielded larger diameters than color-flow 
Doppler, regardless of the phase of the cardiac cycle 
(p :S 0.0001 by ANOVA). B-mode showed larger LAD 
diameters at the heel (D3) and downstream LAD (D2), 
as well as a longer anastomosis (DA) than that observed 
in color Doppler imaging. The diameter of the LAD at 
the toe was found to be similar with both ultrasound 
modes (Table 2). 

DISCUSSION 
Although porcine coronmy arteries have been measured 
by epicardial ultrasound, this study used the best available 
technology, emphasizing key technical aspects to obtain 
good quality images and reliable measurements.' Small 
changes in coronmy diameters during the cardiac cycle 
have been found using intravascular ultrasound (IVUS); 
a I 0% increase was detected in healthy vessels and a 
2%-12% increase in atherosclerotic vessels. 10 13 Although 
most of the coronary blood flow occurs in diastole, the 
systolic expansion of coronary vessels can be explained 
by the increase in coronmy intraluminal pressure during 
systole. 10 Instantaneous recording of coronary flow and 
pressure along with IVUS measurements of coronary 
internal diameters have demonstrated that systolic 
expansion is preceded by an increase in intraluminal 
pressure and a maximal increase in diameter occurring in 
mid to late systole. In our study, no significant changes 
in the diameter of the LAD at the heel, toe, anastomosis 
proper, or distally were detected during the cardiac cycle. 
We believe that the different outcome was most likely 
due to the following reasons. Firstly, epicardial imaging 

Table I. Diameters of LIMA-LAD Anastomoses in End-Systole and End-Diastole in B-mode and Color Doppler 

B-Mode Measurement (mm) Color-Flow Measurement (mm) 
Measurement N Systole Diastole p* Systole Diastole p* 

Dl 45 2.11 ± 0.33 2.10±0.30 3.33 2.10 ± 0.39 1.96 ± 0.35 1.68 
D2 45 2.30 ± 0.39 2.40 ± 0.70 2.96 2.18 ± 0.38 2.10 ± 0.35 0.808 
D3 45 2.04 ± 0.58 2.19±0.47 2.66 1.89 ± 0.43 1.88 ± 0.38 7.76 
DA 45 3.37 ± 0.46 3.40 ± 0.41 6.22 3.19 ± 0.43 2.91 ± 0.52 0.0723 

*Refers to the difference between measurements in systole and diastole after the Bonferroni correction. D I = diameter 
of LAD at the toe of the anastomosis, D2 = diameter of LAD 5-l 0 mm distal to the toe of the anastomosis, D3 = 

diameter of anastomosis at the heel, DA = diameter of the anastomosis proper, LAD = left anterior descending artery, 
LIMA = left intemal mammary artery. 
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Table 2. Mean (Systolic and Diastolic) Diameters of LIMA-LAD Anastomoses in B-mode and Color Doppler 

Mean Diameter (mm) 
Measurement N B-mode Color-Flow p* 

Dl 45 2.08 ± 0.20 2.00 ± 0.23 0.5 
D2 45 2.35 ± 0.43 2.12 ± 0.29 0.004 
D3 45 2.14±0.36 1.88 ± 0.31 0.004 
DA 45 3.39 ± 0.31 3.05 ± 0.33 < 0.01 

*Refers to the difference between measurements in B-mode and color-Oow after the Bonferroni correction. Dl = 
diameter of LAD at the toe of the anastomosis, D2 = diameter of LAD 5-l 0 mm distal to the toe of the anastomosis, 
D3 =diameter of the anastomosis at the heel, DA = diameter of the anastomosis proper, LAD= left anterior descending 
artery, LIMA = lett internal mammary artery. 

is not as sensitive as IVUS to discriminate vety minor 
changes; a systolic increase of coronmy diameter of I 0% 
is equivalent to a 0.1-0.15-mm increase in diameter. 
Secondly, grafting of the LAD caused stiffness of the 
vessel wall, and this may well have reduced systolic 
expansion of the coronary artery, whereas IVUS 
measurements were taken on coronary vessels that had 
not undergone any surgical manipulation. 

The color-flow image mode showed a slightly longer 
DA measurement in systole than in diastole. This 
morphological difference between the two phases of 
the cardiac cycle might be attributable to distension of 
the LIMA wall secondary to the increase in intraluminal 
pressure that occurs in the distal part of the mammmy 
artery in systole. This hypothesis is supported by the 
results of an IVUS study demonstrating elongation and 
thinning of the vessel wall during systole.' Nonetheless, 
the length of the anastomosis proper is usually adequate 
throughout the cardiac cycle and is not likely to impair 
blood flow through the LIMA-LAD anastomosis. Changes 
in the dimensions of the coronary vessel wall during the 
cardiac cycle may be more accurately detected by IVUS, 
as this technique is better for visualizing the complete 
internal circumference of the vessel by transverse view 
plane and synchronous measurement of intracoronary 
blood pressure. On the other hand, intraoperative 
epicardial scanning is much easier to perform than 
IVUS, because the latter entails sophisticated equipment 
and invasive manipulations that greatly limit its routine 
application. 

On clinical grounds, provided the scanning is directed 
perpendicular to the vessel, this study showed that the 
surgeon can assess the morphology of an anastomosis 
without paying much attention to the phase of the 
cardiac cycle or the mode of ultrasound applied. B-mode 
imaging complies fully with the peristaltic movement of 
the artery, whereas color filling more easily enters the 
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vessel boundaries. Therefore, we believe that B-mode 
yields more precise measurements because it gives a more 
detailed view of the anastomosis, enabling the surgeon to 
assess the intimal echo pattem vmy clearly. Color Doppler, 
however, enables the surgeon to evaluate graft patency 
because it provides very useful information on the pattem 
and direction of blood flow within the anastomosis. For 
a thorough evaluation of a coronary distal anastomosis, 
both B-mode and color-flow imaging should be applied 
in addition to flowmetry; color-flow with the aim of 
assessing anastomotic patency, and B-mode to provide 
precise measurements of the anastomosis dimensions. 

We believe that future intraoperative evaluation of 
coronmy grafts and anastomoses will consist of the 
combined approach of flowmetry and epicardial 
ultrasound. Patency of grafts is assessed by flow analysis, 
whereas ultrasound is applied to detect anastomotic 
failures. In this animal study, the cardiac cycle did not 
play any significant role in the assessment by epicardial 
ultrasound. Thus, ifthis is confirmed clinically, combined 
flowmelry and epicardial ultrasound has the potential for 
complete graft assessment in CABG surgery. 
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Abstract 
Aim. Effects of off-pump CABG on LIMA-LAD anastomotic dimensions vs. on-pump CABG assessed by epicardial 
ultrasound imaging. Material and methods. LIMA-LAD anastomoses were performed off-pump in 38 patients and on-pump 
in 12. Intra-operative imaging was by aGE Vivid 7 ultrasound scanner and il3L transducer. Length of the anastomosis 
(DA), LAD diameters at the toe (D1) and heel (D3) of the anastomosis, the reference downstream LAD (D2) were 
measured in diastole by two-dimensional imaging (B-mode). Relationships between these dimensions were compared 
between on- and off-pump patients. Results. In off-pump patients, D3 dimension was smaller than D1 (p =0.004). Both D3 
and D1 were smaller than D2 (p <0.01). Ratio D3/D2 was smaller than D!ID2 (p =0.009). In on-pump patients, these 
ratios were similar. D3/D2 ratio was smaller in off- than in on-pump patients (p =0.01), D!ID2 were similar in the two 
groups. Conclusion. Off-pump CABG may cause a narrowing of the coronaries, especially at the anastomotic heel. The 
anastomotic technique at the heel may have to be modified to improve its patency. 

Key words: Epicardial ultrasound, Coronary graft assessment, LIMA-LAD anastomosis 

Patency of the distal graft anastomoses after cor
onary artery bypass grafting (CABG) especially that 
between the left internal mammary artery and the 
left anterior descending artery (LIMA-LAD), is the 
most important determinant of operative success 
and long-term patient survival (1). Off-pump CABG 
is becoming an established alternative method for 
this anastomosis with the aim of reducing post
operative complications of the cardiopulmonary 
bypass machine, especially the neurological and 
somatic ones (2). However, as surgery on the beating 
heart is technically demanding, anastomotic errors 
are more likely to occur than with on-pump CABG, 
possibly as high as 9.9% (2). Hence it is important to 
monitor the quality of the anastomosis before the 
end of the operation. 

Intraoperative monitoring can be done by flow 
measurement of the graft or by direct visualisation 
of the anastomosis by ultrasound scanning or 

angiography. Although transit-time flowmetry is the 
most common intraoperative method used, it is not 
very sensitive, as blood flow is influenced by 
resistance in the peripheral coronary circulation. 
Thus it detects a technical failure only if there is 
severe stenosis in the graft or anastomosis ( 4-6). 

Even though intraoperative angiography is used 
for evaluation of the LIMA-LAD anastomosis, it has 
proved non-practicable since it needs fixed equip
ment that is both expensive and bulky (6); it is also 
invasive. Moreover, at 3 months it produced a high 
rate of false-negative results compared with follow
up angiography; hence it has a low predictive value 
(3). 

Intraoperative fluorescence imaging technique is 
based on capture, by a charge-coupled device video 
camera, of fluorescence ofindocyanine Green (ICG) 
when illuminated with near infrared light using laser 
energy from the SPY imaging system (Novadaq 
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Technologies Inc., Toronto, Canada). It is safe, 
simple, rapid and repeatable imaging technique for 
intraoperative assessment of coronary grafts. How
ever, this technique is semiquantitative until now 
and can not provide objective measurements and 
since it uses laser, it can not visualise a depth of more 
that 1-mm. Another disadvantage is poor imaging of 
the anastomosis morphology. 

Intra-operative epicardial ultrasound using high 
frequency ultrasound probe is a new method of 
evaluating LIMA-LAD anastomosis. It is considered 
very sensitive, non-invasive, not time consuming and 
safe (7). Furthermore, comparison between epicar
dial ultrasound and angiography at 8 months showed 
that the ultrasound examination had a positive 
prognostic value (8). 

A recent study of the heel of the LIMA-LAD 
anastomosis, the site of the proximal suturing 
showed it to be the place most likely to become 
stenosed during surgery (9). In this study we aimed 
to evaluate and compare LIMA-LAD anastomoses 
in off- vs. on-pump CABG with special reference to 
the dimensional relations of the heel and the toe 
using intraoperative epicardial ultrasound. 

Materials and methods 

Off-pump patients 

Thirty-eight consecutive patients scheduled for elec
tive off-pump CABG were included; their clinical 
characteristics are shown in Table I. Patients had l
or 2- vessel coronary disease and the average number 
of distal anastomoses was 1.74±0.5 per patient 
(range 1-3). All patients received a LIMA graft 
anastomosed to the LAD. Nineteen patients received 
an additional vein graft; 11 patients received a 
saphenous vein graft (SVG) to the diagonal branch, 
seven received a SVG to a right coronary artery, and 
one received a SVG to the marginal branch. 

On-pump patients 

Twelve consecutive patients scheduled for elective 
on-pump CABG were included; their clinical char
acteristics are presented in Table I. Patients had 2- or 

Table I. Patients' clinical characteristics. 

Off-pump 38 patients On-pump 12 patients 

Male/Female 
CCS class: 

I 
II 
III 
IV 

Previous MI 
Mean EF 

29/9 

16 
9 

10 

70%±11 

9/3 

9 
3 

65%±10 

3- vessel coronary disease and all received a LIMA 
graft anastomosed to the LAD. The average number 
of distal anastomoses was 3.6 per patient. Nine 
patients received a SVG to the diagonal branch, 11 
patients received a SVG to the right coronary artery, 
and 11 received a SVG to the marginal branch. 

The same surgeon (RH) operated upon all 
patients in both groups. The Norwegian Regional 
Committee in Medical Research approved the re
search protocol. 

Off-pump LIMA-LAD 

After median sternotomy and full heparinization 
(3 mg/kg), a pedicled LIMA graft was harvested. 
The activated coagulation time was not allowed to 
fall below 270 s. The LAD was identified and snared 
with 4-0 pledged polypropylene suture (Prolene, 
Ethicon, Somerville, NJ) proximal to the coronary 
arteriotomy. After 3-5 min of ischemic precondition
ing, the snare was released and an epicardial 
stabiliser (Guidant, Santa Clara, CA, USA) was 
applied to immobilise the LAD site chosen for 
grafting and another apical stabiliser (Guidant) was 
applied to pull the heart. After arteriotomy an 
intracoronary shunt (Guidant) was positioned into 
the vessel lumen. The coronary anastomosis was 
performed with a continuous 7-0 or 8-0 polypropy
lene suture (Prolene). The LIMA pedicle was 
secured with an epicardial stitch on each side. 
Following epicardial ultrasound assessment of the 
anastomoses, the action of heparin was reversed with 
protamine and the apical stabiliser removed and the 
heart was placed back into the epicardial cradle. 

On-pump LIMA-LAD 

The approach to the heart, LIMA harvesting and 
heparinization were the same as in the off-pump 
group. The patients were fully heparinized (3 mg/kg) 
and the ACT was not allowed below 480 s. Cardi
opulmonary bypass was instituted by cannulation of 
the ascending aorta and the right atrium. After aortic 
cross-clamping a crystalloid cardioplegia solution 
was infused into the aortic root. The coronary 
anastomosis was performed with a continuous 7-0 
polypropylene suture (Prolene). The LIMA pedicle 
was secured with an epicardial stitch on each side. 
Following epicardial ultrasound assessment of the 
anastomoses, the patients were weaned from the 
heart-lung machine and the operation continued as 
usual. 

Epicardial ultrasound scanning 

After completion of the LIMA-LAD anastomosis 
and with the stabiliser still in place, two-dimensional 



(B-mode) epicardial ultrasound imaging of the 
anastomosis was done with an ii3L MHz linear 
array GE Vingmed transducer connected to a GE 
Vingmed System FiVe or a GE Vivid 7 ultrasound 
scanner (GE Vingmed, Harten, Norway). This 
probe is a linear array mini-transducer (footprint 
27.3 x 9.6 mm) designed for intraoperative imaging 
with frequencies operating at I 0-14 MHz. With the 
use of gel as conduction medium, the transducer was 
applied directly onto the epicardium between the 
paddles of the stabiliser. Real time ultrasound 
images showing the complete anastomosis as well 
as the distal run-off were stored as digital data for 
later analysis with the EchoPAC software (GE 
Vingmed). The ultrasound imaging and storage of 
data were obtained within approximately 5---10 min 
for each patient. 

The quality of the anastomosis was rated good 
when both the anastomosis and the distal run-off in 
the coronary artery could be well visualised. The 
images obtained from the anterior-posterior and 
transverse planes were used to assess the quality 
and patency of the anastomosis. Only the images 
presenting the toe and the heel where the intima is 
shown clearly were considered because it guaranteed 
that the beam was perpendicular to the tissue (10). 
The dimensions ofDI, D2, D3, DA, and DM were 
measured, see Figure I. The Dl/D2, D3/D2, Dl/D3 
and DM/DA ratios were also calculated to assess the 
geometry of the anastomosis. Ideally these ratios 
should be as close to I as possible, as described in 
our previous study (II). The ECG was recorded 

Figure I. Two-dimensional (B-mode) ultrasound image of the 
UNi.A-lAD anastomosis in longitudinal view. D 1: diameter of the 
LAD at the toe of the anastomosis. 02: diameter of the LAD 5-10 
mm distal to the toe of the anastomosis. 03: diameter of the LAD 
at the heel of the anastomosis. DA: length of the anastomosis 
proper. DM: diameter of the left mammary artery graft. 
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continuously on the monitor together with the 
images and was used for defining diastole. In the 
on-pump patients, epicardial imaging was done 
before termination of cardiopulmonary bypass. 

Transit-time jlowmetry 

Intraoperatively and prior to epicardial ultrasound, 
graft flow was controlled with transit-time flowmetry 
(Medi-Stim Butterfly Flowmeter, Medi-Stim AS, 
Oslo, Norway) with sterile gel as the conduction 
medium. In on-pump patients the flow measure
ments were done after weaning the patient from the 
heart-lung machine. 

Statistical analysis 

Data normally distributed are described as the 
arithmetic mean± standard deviation and range. 
Paired-samples t-test was used to compare the 
dimensions and ratios within the same group while 
independent-samples t-test was applied to compare 
dimensions and ratios between the two groups. A 
p-value < 0. 05 was considered statistically signifi
cant. The statistical analysis was carried out using 
the SPSS software version 13 (SPSS Inc, Chicago, 
Illinois). 

Results 

No operative mortality and no myocardial infarction 
occurred. Images of the LIMA-LAD anastomoses 
were rated good in all patients but six in the off
pump group and all but one in the on-pump group. 
In these seven cases the image quality did not allow 
measurements of anastomotic dimensions at the heel 
position. Thus, a total of 32 off-pump and II on
pump patients were considered for final analysis. 
Mean LIMA transit-time flow in the off-pump group 
was 29.8±16.9 mllmin with a pulsatility index of 
2.2±0.4, whereas it was 34.4±16.2 mllmin with a 
pulsatility index of 3.1 ± 0.8 in the on-pump group. 

Coronary artery and anastomotic dimensions by 
off- vs. on-pump technique are presented in Table II. 
In the off-pump group, the dimension of the heel 
(D3) was significantly smaller than the toe (D I) 
(p =0.004). Both D3 and Dl were smaller than the 
reference LAD (D2) (p <0.01). These dimensions 
did not differ in the on-pump patients. 

The ratios of the anastomotic dimensions by off
vs. on-pump technique are presented in Table III. 
The ratio of the heel to the distal run-off LAD (D3/ 
D2) was smaller than the ratio between the toe and 
the run-off LAD (DI/D2) (p =0.009). When com
pared in on-pump patients, these ratios were similar. 
Further, the D3/D2 ratio was smaller in off-pump 
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Table II. Different dimensions (em) of the LIMA-LAD anastomo
sis in off- and on-pump CABG patients considered for final 
analysis. 

Off-pump (em) On-pump (em) 
n ~32 n~11 p 

D1 0.15±0.04" 0.17 ±0.03' 0.158 
(0.10-0.26) (0.13-0.23) 

D2 0.16±0.03" 0.17 ±0.04g 
(0.12--D.26) (0.12--D.24) 0.348 

D3 0.14 ±0.02° o. 18 ±o.o5" 
(0.10-0.19) (0.11--D.28) 0.007 

DM 0.19±0.06d 0.16±0.03' 
(0.12-0.40) (0.12--D.19) 0.009 

DA 0.44±0.14' 0.38 ±0.11' 
(0.21-1.00) (0.22--D.64) 0.136 

(D 1: diameter of the LAD at the toe of the anastomosis; D2: 
diameter of the LAD 5-10 mm distal to the toe of the anastomosis; 
D3: diameter of the LAD at the heel of the anastomosis; DA: 
length of the anastomosis proper; Dm: diameter of the mammary 
artery graft). 
Values (em) are presented as mean ±standard deviation; values in 
brackets represent the range. 
0 VS. \a VS. C, b VS. c, d VS. c: p <0.01. 
rvs. g' rvs. \ g vs. h: NS. 
IV$,): p <0.01. 

than in on-pump patients (p =0.01), whereas D1/ 
D2 were similar in the two groups. 

Discussion 

Our results show that the coronary artery segment 
involved in the anastomosis of the off-pump group 
underwent a certain degree of narrowing in compar
ison to patients operated on-pump. In patients 
operated on beating heart, both ends of the anasto
mosis; the toe (D1) and the heel (D3), had smaller 
diameters compared to the distal run-off LAD (D2), 

Table III. Ratios of different dimensions of the LIMA-LAD anas
tomosis in off- and on-pump CABG patients considered for final 
analysis. 

Off-pump On-pump 
N~32 N~ll p 

Dl/D2 0.94±0.11' 0.98±0.09° 0.23 
(0.75--1.17) (0.83-1.11) 

D3/D2 0.85 ±0.16b I .06 ±0.22d 0.01 
(0.52-1 .25) (0.85-1 .64) 

DM/DA 0.46±0.15 0.41 ±0.15 0.79 
(0.17 ··0.92) (0.04--D.57) 

(D 1: diameter of the LAD at the toe of the anastomosis; D2: 
diameter of the LAD 5-10 mm distal to the toe of the 
anastomosis; D3: diameter of the LAD at the heel of the 
anastomosis; DA: length of the anastomosis proper; DM: dia
meter of the mammary artery graft.) 
Values are presented as mean± standard deviation; values in 
brackets represent the range. 
a vs. 0 : p <0.01, c vs. ct: NS. 

which represent the reference native coronary artery. 
This difference was not seen in patients operated 
on-pump. Further, the heel (D3) is smaller in off
pump than in on-pump patients. Thus, is assumed 
that this might be related to the beating heart CABG 
technique, since the same results were not found in 
the on-pump group. 

The analysis of the anastomotic dimensions in off
pump patients showed that the heel of the anasto
mosis (D3) was the site mostly affected by stenosis 
compared to the toe of the anastomosis (D 1). 
Moreover, the diameter of the toe was significantly 
reduced as well. These results are supported by a 
previous study using postoperative quantitative an
giography at 14 ± 5 days for patients operated on
and off-pump, showing that the diameter of the heel 
portion of the CABG anastomosis was significantly 
less than that of the toe portion (9). This reduction 
in the heel dimension is most likely related to 
technical issues. The importance of the toe may be 
over-emphasised because it is the anterior exit point 
of the anastomosis to the ischaemic myocardium; on 
the other hand, the heel represents the posterior 
suture line of the anastomosis and is the part that is 
more difficult to repair if bleeding occurs. Hence 
surgeons may tend to take relatively bigger bites at 
the heel site of the anastomosis, so increasing the 
stenosis rate. 

As far as ratios are concerned, off-pump anasto
motic ratios were smaller than the on-pump ones. In 
particular the D3/D2 ratio in off-pump patients 
reached the lowest score indicating the occurrence 
of narrowing at D3, whereas all the remaining ratios, 
especially those of on-pump patients, were much 
closer to the ideal value of 1. We do not know 
whether this reduction in the diameter of the heel 
has any unfavourable outcome on clinical grounds, 
therefore it deserves further long-term evaluation. 

In the light of our results, we would suggest that 
the surgical technique might need to be modified in 
off-pump patients. For coronary artery anastomosis, 
the continuous suture technique is generally used 
because it is easy to perform, there is less anasto
motic leakage, and it is quicker than the interrupted 
suture technique. However, the purse-string effect 
carries a potential risk of anastomotic stenosis, which 
does not occur with the interrupted suture technique 
(12). When performing the running suture techni
que one should be very cautious using small bites 
both at the toe and heel with the 7-0 or 8-0 tread and 
avoid hard pulling which may cause a snaring effect. 

An alternative mechanical interrupted suture de
vice (U-Clip device, Medtronic Inc.) has been 
designed presented to eliminate the need for standard 
suture management, knot tying, and surgical assis
tance. Despite the inherent difficulties, a multicenter 



study showed that the use of the U-Clip device 
resulted in excellent long-term graft patency and 
anastomotic quality as objectively assessed by use of 
quantitative, 6-month postoperative angiographic 
analysis (13). Whether widespread use is possible, 
taking into account the increased cost will depend on 
clinical outcome from future studies. 

We also found that the diameter of the LIMA graft 
(DM) is smaller than that of the anastomosis proper 
(DA) in both groups. This might be determined by 
the surgeon to create an optimal angle of the 
anastomosis; alternatively, it is related to some 
spasm in the LIMA graft. 

Visualisation of the anastomosis by epicardial 
ultrasound imaging was satisfactory and simple. 
However, high quality imaging of the heel showing 
vessel wall intima clearly was more difficult than 
looking at the toe of the anastomosis as seven out of 
50 LIMA-LAD anastomoses were excluded to avoid 
unreliable measurements. 

As explained in a previous report, we chose to 
make the measurements in the two-dimensional 
(B-mode) imaging modality as this was shown to 
be more reliable than colour-Doppler for doing these 
measurements (10). We also chose to do the 
measurements in the diastolic phase of the cardiac 
cycle to standardise the measurements. However, in 
a later experimental study, we found that the cardiac 
cycle does not affect these measurements (1 0). 

Limitations of the study are the non-randomised 
design; nonetheless patients' clinical characteristics 
make the two groups quite homogenous. Further
more it must be recognised that the study includes 
LIMA-LAD anastomoses in off-pump surgery per
formed at the early stages of our series with off
pump CABG and was thus part of our evolving 
experience. 

Conclusion 

Off-pump CABG might have a narrowing effect on 
the coronary arteries, especially at the heel position. 
The technique of anastomosis at the heel may have 
to be modified to improve its patency. However, the 
clinical significance of this is still to be explored. 

l G H T ~ 
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Blood Flow Imaging: A New Two-Dimensional 
Ultrasound Modality for Enhanced Intraoperative 

Visualization of Blood Flow Patterns in 
Coronary Anastomoses 

Lasse Lovstakkcn, MSc, PhD, Khalid S. Ibrahim, MD, Nicola Vitale, MD, PhD, 
Siren Torsvik Henriksen, MSc, !dar Kirkeby-Garstad, MD, PhD, Hans Torp, MSc, PhD, 

and Rune Haavcrstad, MD, PhD, Trondheim, Norway 

Objectives: The study's objective was to evaluate a novel two-dimensional ultrasound imaging modality 
termed "blood flow imaging" (BFI) for intraoperative assessment of blood flow patterns in coronary 
anastomoses. The BFI rnodality extends color Doppler imaging (CD!) with information on flow direction and 
velocity that is not limited by angle dependency or aliasing artifacts. 

Methods: Intraoperative ultrasound recordings of patent left internal rnammary artery-left anterior descend
ing anastomoses were acquired from an experimental porcine model (N = 9). Three independent observers 
randomly evaluated CD! and BFI cineloops with regard to different assessments of flow direction and 
velocity. Further, a selection of technical problems that rnight occur in clinical practice was induced in three 
pigs to investigate the resulting flow patterns. 

Results: The BFI modality was found to provide an improved visual assessment of blood flow patterns in the 
left internal mammary artery-left anterior descending anastomosis compared with CD!. 

Conclusion: The modality may therefore increase the certainty and efficiency of flow evaluation for 
intraoperative quality control in coronary surgery. 

Keywords: Coronary artery bypass grafting surgery, Intraoperative quality control, Colour-doppler 
imaging, Blood flow imaging 

The long-term survival of patients after coronary artery bypass 
grafting is directly related to the patency of distal anastomoses. 1 

Modern coronary bypass series reported peri operative graft occlu· 
sion rates as high as I I%, 1•

2 especially for off-pump coronary 
artery bypass grafting, which is technically more demanding2 The 
construction of a technically perfect anastomosis at the time of 
surgery is therefore an important determinant of graft patency. 
However, there is currently no standardized method or common 
clinical practice regarding intraoperative graft assessment, that is, 
angiography, ultrasound imaging, and transit-time flowmetry. AI· 
though the latter is the most widely used, it does not provide 
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imaging of the anastomosis and may not be reliable unless there is 
a severe graft stenosis. 

Epicardial imaging with high-frequency ultrasound is a reliable, 
simple, and safe method of intraoperative assessment of coronary 
grafts and anastomoses-' In previous studies we have reported on the 
clinical applications of epicardial B·mode and color Doppler imaging 
(CD1) 3

•
4 High-frequency B·mode ultrasound satisfactorily visualized 

the coronary anastomoses and allowed for measurements of the 
anastomosis and grafted coronary artery dimensions4 Moreover, a 
comparison between the evaluation of coronary anastomoses by 
intraoperative epicardial ultrasound and angiography at 8 months' 
follow-up demonstrated that the former had a positive prognostic 
values 

Imaging of blood flow patterns in the anastomosis after com· 
pletion provides an important source of information regarding 
graft patency. In previous studies, color Doppler ultrasound meth· 
ods have been used to map the blood flow within the anastomo· 
ses 6 .7 However, these Doppler-based methods are only able to 
visualize the flow velocity component parallel to the ultrasound 
beam and are further limited by a maximum measurable velocity 
before aliasing phenomena occur/ which frequently obscure the 
color Doppler information. The angle dependency of CD! was 
studied in the context of anastomosis flow by Vera et al, 8 who 
through computer simulations reported how a more accurate and 
accessible image of flow conditions in an anastomosis could be 
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- - obtaineclbyrh·epom;ryal--uf-th-e-two~imerrsiona+-directicms-of- -----U/trasound-assessment-f}~-the-1-IMA-LAD-anastomosis. In all 
flow. nine pigs, epicardial ultrasound assessment of the anastomosis was 

A new real-time ultrasound flow imaging modality termed "blood carried out with the LAD snared proximally from the anastomotic 
flow imaging" (BFI) has recently been introduced. With BFI the blood site, with the intention to simulate the standard condition of a graft 
flow in any direction of the image plane can be visualized without anastomosis placed distal to a significant stenosis. Furthermore, in 
velocity aliasing limitations9 Further, by combining this new three pigs, after assessment of the standard condition, an untoward 
technique with conventional color Doppler measurements, the situation that might occur in clinical practice was experimentally 
best properties of both modalities may be used. With this in mind, created in each pig, referred to as special cases I, 2, and 3: 
the aim of the present study was to evaluate the application of BFI 
versus CD! for assessment of blood flow patterns of the left 
internal mammary artery-left anterior descending (LIMA-LAD) 
anastomosis in a pig model. 

MATERIALS AND METHODS 

A total of nine pigs (weight 60-85 kg) underwent grafting of the LAD 
with LIMA under general anaesthesia. Seven pigs underwent opera
tion via off-pump, whereas two pigs had LIMA grafting on cardiopul
monary bypass. All operations were carried out by the same surgeon 
(R.H.). The animals received good care in accordance with the 
European convention on animal care and the Norwegian national 
regulations, and the Norwegian Ethics Committee on animal research 
approved the protocol. 

Anesthesia and Operative Technique 

All pigs were premedicated with intramuscular azaperone 6 mg 
kg- 1 and diazepam 0.15 mg · kg- 1

. Anaesthesia was induced with 
intravenous atropine 0. IS mg kg- 1

, ketamine 7 mg · kg- 1, and 
thiopentone 3 mg- kg- 1

• Maintenance infusions were fentanyl63 J.Lg 
· kg- 1 

· min- 1 and midazolam 0.6 mg · kg- 1 ·min-' combined with 
isoflurane I% in a I :2 mixture of oxygen and air. The pigs were 
artificially ventilated through a tracheotomy tube. 

Off-pump LIMA-LAD. After median sternotomy and full hepa
rinization (3 mg · kg- 1 ), the LIMA was harvested with its pedicle and 
prepared. The LAD was identified and snared with 4-0 pledgeted 
polypropylene suture (Prolene, Ethicon, Somerville, NJ) proximal to 
the coronary arteriotomy. After 3 to 5 minutes of ischemic precon
ditioning, the snare was released and an Axius Xpose Access Device 
and Axius Vacuum Stabilizer (Guidant, Santa Clara, CA) were ap
plied to pull the heart and immobilize the LAD site chosen for 
grafting. After arteriotomy, an Axius coronary shunt (Guidant) was 
placed into the vessel lumen. The coronary anastomosis was per
formed with a continuous 7-0 polypropylene suture (Prolene) with 
the aim of creating patent anastomoses without technical failures. The 
snare was applied again to the proximal LAD for the measurement of 
transit-time LIMA flow using a Medi-Stim Butterfly flowmeter (Medi
Stim ASA, Oslo, Norway). 

On-pump LIMA-LAD. The approach to the heart and LIMA har
vesting and heparinization were as in the off-pump group. Cardio
pulmonary bypass was instituted by cannulation of the left axillary 
artery and the right atrium. After aortic crossclamping, crystalloid 
cardioplegia was infused into the aortic root. The coronary anasto
mosis was performed with a continuous 7-0 polypropylene suture 
(Prolene) with the intention to create a patent anastomosis without 
technical failures. The two pigs were easily weaned from cardiopul
monary bypass without inotropic support so that LIMA-LAD scan
ning could be carried out. The snare was applied again to the 
proximal LAD for the measurement of transit-time LIMA flow using 
the Medi-Stim Butterfly flowmeter. 

I. In one pig the LAD was unsnared mimicking an anastomosis constructed 
distal to a nonsignificant stenosis. 

2. By placing an extra deep stitch at the toe of the anastomosis, a failed 
stenotic anastomosis occurred in the second pig. 

3. The LAD was snared distally to the anastomotic site in the third pig to 
reproduce an anastomosis placed proximally to a significant stenosis. 

At the end of the procedure, the apical stabilizer was removed and 
the heart was placed back into the pericardia! cradle. 

Ultrasound Image Acquisition 

The epicardial ultrasound images of the LIMA-LAD anastomoses 
were acquired using a Vivid 7 ultrasound scanner (GE Vingmed, 
Harten, Norway) equipped with an i 13L linear array probe (GE 
Healthcare, Waukesha, WI) operating at frequencies of 7 to 14 MHz. 
The Axius Vacuum Stabilizer (Guidant, Santa Clara, CA) was used 
during epicardial imaging of the anastomosis in both off- and on
pump cases, the latter after weaning from bypass circulation. The 
epicardial imaging procedure (left) and a representative B-mode 
image (right) are shown in Figure I. 

For each B-mode recording, color Doppler and BFI data were 
stored. Cineloops using the two flow imaging modalities being 
evaluated were generated off-line from the same data recording, 
which allowed fair comparisons. 

Blood Flow Imaging 

BFI is a real-time ultrasound flow imaging modality that is able to 
visualize the blood flow in any direction of a two-dimensional image 
plane and that is not limited by velocity aliasing. The method thereby 
overcomes two fundamental limitations of CDI that often obscure 
the Doppler velocity information. 

The visualization of blood flow in BFI is based on the enhancement 
and visualization of the ultrasound speckle pattern from blood signal 
echoes. This speckle pattern is present inside the vessel lumens but is 
normally not visible because of the weaker echoes from blood 
compared with the surrounding tissue structures. In BFI, the blood 
scatterer speckle pattern is produced by wall filtering as used in CDI 
to attenuate signal from tissue. 

Movement of the blood speckle pattern between irnage acquisi
tions correlates to the movement of blood scatterers and can be 
captured by imaging with a high frarne rate. In BFI this frarne rate is 
achieved by using bearn interleaving techniques in which smaller 
regions of the image are acquired separately, a technique that is also 
used in CD! to maximize the overall frame rate for a given user
chosen pulse repetition frequency. The frarne rate of each image 
region acquired then equals the user-chosen pulse repetition fre
quency, typically I 000 to 2 500 Hz in our recordings. One complete 
image frame is built by merging several contiguous irnage regions 
acquired subsequently in time. 

After image acquisition, N speckle images are available for each 
irnage region (six in our recordings). These N speckle images are 
displayed simultaneously for all regions over the time it takes to 
acquire the next complete frame of data. The speckle images are 



journal of the American Society of Echocardiography 
Volume 2 1 Number 8 

L0vstakken et al 97 1 

Figure 1 Left: Epicardial ultrasound imaging . A stabilized area around the LIMA-LAD anastomosis is imaged using a Vivid? 
ultrasound scanner (GE Vingmed Ultrasound, Harten , Norway) and high -frequency i13L linear array (GE Health care, Waukesha, WI). 
Right: B-mode image of the LIMA to LAD coronary anastomosis as obtained in the study. Diameter measurements indicated were 
used to determine the quality of the anastomosis. LIMA , Left internal mammary artery; LAD, left anterior descending. 

thereby displayed in slow motion, which a llows the human eye to track 
the speckle pattern movement in the image plane in real-time. To look 
at the detailed blood movement, the display frame rate can be slowed 
down in replay cineloops as in CDI for in-depth inves tigations. 

The data acquisition in BFI is similar to that used for CD I, and the 
two techniques have been combined to include both quantitative 
co lo r Doppler images and the qualitative angle- and aliasing-indepen
dent speckl e visualization. As several speckle images are produced for 
each color Doppler image, the imaging frame rate of the speckle 
information is substantially higher compared with the Doppler infor
mation given in CDI (sixfold in our recordings). 

The BFI technique shares similarities with the more established 
B-Flow moda li ty 10 in that both moda li ties d isplay speckle images of 
blood. However, the image acquisition scheme and display are 
sign ificantly different. The frame rate requ ired for the acq uisition and 
d isplay of the blood speckle movement is not provided in the B-Fiow 
modality. 

Ultrasound Image Analysis 

The ultrasound images were rated good when the LIMA-LAD 
anastomosis and the proximal LAD and dista l run-off could be well 
visualized by the B-mode and CDI mode in the longitudinal plane. An 
example of the B-mode image quality obtained is shown in Figure I, 
where dimensions used to validate the quali ty of the anastomosis are 
also indicated5 The anastomosis was considered technically satisfac
tory if the following measurements cou ld be decided: the length of 
the anastomosis proper (D A), diameters of the LAD at the toe of the 
anastomosis (D 1 ), and 5 to I 0 mm dista lly to the anastomosis (D2). 

D2 was defined as the reference diameter and a ratio D ,ID2 was 
ca lculated; a D 1 / D2 value around I indicates a patent anastomosis 
without any stenosis at the toe5 

To compare the qualitative differences of BFI and CDI cineloops, 
both modalities were assessed by three independent observers, all 
fam iliar with CDI and the concept of BFI. C ineloops using CDI and 
BFI from the nine experiments with standard condition were pre
sented to the observers in random order, and different aspects related 
to fl ow direction and velocity dynamics were eva luated for both 
modal ities. The following questions were asked: 

Question I : Based on the fl ow information presented, to what 
degree of certa in ty can you assess the direction of flow: 

a) from the LIM A to the dista l part of the LAD? 
b) from the LIMA to the proximal part of the LAD? 
Question 2: Based on the fl ow information presented, to what 

degree of certa inty can you assess competitive flow in the anastomosis? 
Question 3: Based on the flow information presented, to what 

degree of certainty are you able to assess flow pulsatility? 
Question 4: Based on the flow info rmation presented, to what 

degree are you influenced by velocity aliasing in assessing: 
a) fl ow direction? 
b) fl ow velocity? 

To quantify the visual evaluation of the observers a visual analogue 
sca le was used, where each observer eva luation was rated between 0 
and I 00, and a va lue of I 00 equaled the best score. For question 4a 
and b regarding the influence of velocity aliasing, the sca le was 
reversed so that the method least influenced by a lias ing was given a 
higher score. 

Statistical Analysis 

The general null hypothesis for the different observer eva luations was 
that there was no difference between C DI and BFI fo r the assessment 
of fl ow in the anastomosis. Statistical analysis was performed usi ng 
the exact Wilcoxon signed-rank test fo r paired measurements. The 
outcome of the evaluations was d isplayed in dot-plots. The statistical 
analysis and plotting were performed using the numeric MA TLAB 
softwa re with the statistical toolbox (The Math Works, Natick, Mass). 

RESULTS 

Because the BFI modality is best appreciated through cineloops, we 
encourage the reader to download example movie clips from the jour
nal online service (http:/ / joumals.elsevierhealth.com/periodicals/ymje/ 
home) where BR and CDI cineloops are presented side by side (Videos 
I to 4) (Supplementary content). 
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Figure 2 Standard imaging case of a technically perfect and 
fully patent LIMA-LAD anastomosis imaged with BFI. The 
artifacts in the color image related to angle dependency and 
velocity aliasing (solid arrows). The direction of the flow as 
observed by BFI (dashed arTows). LIMA, Left internal mammary 
artery; LAO, left anterior descending ; BFI, blood flow imaging. 
~ View video cl ip online. 

Quality of the Ultrasound Images and LI MA-LAD 
Anastomoses 

In all cases, reliable ultrasound B-mode and Doppler images cou ld be 
obtained of the LIMA-LAD anastomosis. Less than one minute was 
used by a trained surgeon to acqui re useful images, whereas good
quality images for post-processing were acquired within approxima
tively 3 minutes. 

A ll nine anastomoses were rated good and patent by B-mode 
ultrasound measurements as described above. Mean transit-time flow 
of LIMA grafts was 34.7 :':: 4.2 mUmin, at a mea n arteria l blood 
pressure of 76 :':: 6.3 mm Hg. The mean measurements of these 
anastomoses were as follows: DA = 3.4 :':: 0.3 mm; D, = 2. 1 :':: 0.2 
mm; D 2 = 2.4 :':: 0.4 mm. The D /D2 ratio was 0.89 :':: 0.17 mm, 
indicating patent anastomoses and without any sign ificant narrowing 
at the toe. 

In specia l case number 2, the mean measurements of this pur
posely failed anastomosis were as follows: D A = 2.2 mm; D 1 = 1.1 
mm; D 2 = 2. 1 mm. The D /D2 ratio was 0.52, indicating a stenosis 
at the anastomotic toe. 

Comparisons of Ultrasound Modalities 

In Figure 2 and Video I , a BFI image of the standard case with a 
technically perfect and patent anastomosis is shown. In this case, a 
significant occlusion is induced proximally in the LAD by snaring 
Artifacts in the color Doppler image information for this example, 
relating to the limitations of angle dependency and velocity aliasing, 
are indicated by solid arrows, and the dashed arrows indicate the 
movement of the speckle pattern as observed by BFI. 

The resu lts of the eva luations made by the three observers are 
presented in Figure 3. The corresponding Pvalues as calculated using 
the Wi lcoxon signed-rank test are given for each observer eva luation. 
A difference in favor of BFI can be observed with regard to median 
visua l ana logue scale scores. A nonsignificant result was found only 
for observer 2 in the assessment of fl ow from the LIMA graft directed 
into the distal LAD. 
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Figure 3 Dot p lots presenting the visual analogue scores of the 
three observers when evaluating BFI versus CDI for the assess
ment of flow in the standard case (technically patent} LIMA-LAD 
anastomosis (N = 9}. The corresponding Wilcoxon signed-rank 
test P values for each individual observer are shown for each 
evaluation. LAO, Left anterior descending; CO/, color Doppler 
imaging; BF/, blood flow imaging. 

Special Cases 

Case 1. The image of an anastomosis without proximal snaring of the 
LAD using BFI is shown in Figure 4 and Video 2. Complex flow patterns 
resulting from this competition were observed within the anastomosis. 

Case 2. The image of a stenosed anastomosis using BFI is show n in 
Figure 5 and Video 3. In the systolic phase of the ca rdiac cycle, an 
increased flow rate was observed passing through the LIMA proxi
mally into the LAD, caused by the increased resistance of the stenosis 
(pre-stenotic flow patterns}. In the diastolic phase of the cardiac cycle, 
jet-like post-stenotic flow patterns were observed, as well as the 
formation of turbulence and small edd ies distal to the stenosis. 

Case 3. The image of a distally snared anastomosis using BFI is 
shown in Figure 6 and Video 4. A substantial increased flow rate from 
the LIMA directed proximally into the LAD was observed. 

DISCUSSION 

With the exception of coronary artery bypass surgery, virtually all 
other interventions on the heart, including heart valve surgery and 

coronary stenting, are usually accompanied by diagnostic imaging on 
completion to ensure a satisfactory result. There is currently no 
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Figure 4 BFI image of the LIMA-LAD anastomosis with the LAD unsnared. Because no significant stenosis exists either proximally 
or distally in the LAD, competitive downstream flow could be observed (dashed arrows). LIMA, Left internal mammary artery; LAD, 
left anterior descending. ~ View video clip online. 

Figure 5 Stenosed LIMA-LAD anastomosis imaged with BFI. In the diastolic phase of the cardiac cycle (as shown here), jet flow 
through the stenosis in the toe of the anastomosis and flow turbulence and eddies distally to the anastomosis could be observed 
(post-stenotic flow patterns). In systole, an increased flow rate could be seen proximally into the LAD that can be attributed to the 
increased flow resistance because of the stenosis (pre-stenotic flow patterns). BFI, blood flow imaging; LIMA, left internal mammary 
artery; LAD, left anterior descending. ~ View video clip online. 

standard imaging method for intraoperative assessment in coronary 
surgery. 

Intraoperative ultrasound has shown potential for clinica l use in 
coronary artery bypass surgery, J.s and both B-mode tissue imaging 

and color Doppler flow imaging has been used to provide reliable 
information for the evaluation of the anastomosis geometry through· 
out the complete ca rdiac cycle. 1 1 In addition to the evaluation of the 
anastomosis geometry, the evaluation of fl ow patterns inside the 
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Figure 6 BFI image of the LIMA-LAD anastomosis with a distal snare on the LAD. Because of the distal occlusion, an increased flow 
rate from the LIMA directed proximally into the LAD could be observed (dashed arrows). BFI, Blood flow imaging; LIMA, left internal 
mammary artery; LAD, left anterior descending . ~ View video clip online. 

anastomosis is important. Idea lly, when the anastomosis is correctly 
placed distal to a significant stenosis, the blood shou ld run smoothly 
from the graft through the anastomosis and into both the distal and 
proximal segments of the coronary vessel, providing adequate blood 
supply to the ischemic myocardium. The small dimensions of the 
vessels involved ( 1·2 mm) coupled with the dynamic changes in the 
cardiac cycle increase the complexity of the flow fields, which 
requires both a high spatial resolution and a high frame rate for 
adequate imaging. 

An epicardial stabilizer is usually used for performing the distal 
anastomosis off-pump. Subsequently the imaging is performed with 
the same stabilizer in place. An apical stabilizer is also recommended 
during imaging if the bypass operation is performed with the use of a 
heart-lung machine, but imaging can also be performed without an 
apical stabi lizer by manually stabilizing the heart before wean ing off 
the hea rt-lung machine. 

Genera lly, the time required to obtain reliable images were within 
I minute, whe reas for recording good-qua li ty images, 2 to 3 minutes 
might be needed. It is easy to train a surgeon to obta in good images, 
and it does not require much knowledge in ultrasound. However, a 
technician, an anesthetist, o r a cardiologist is needed outside the 
sterile field to handle the ultrasound unit. 

In this study we compared CD\ with the BFI modality, which in 
addition to Doppler images, provides a qua litative visualization of the 
movement of blood that is not affected by angle dependencies o r 
velocity aliasing. For intraoperative assessment, one can argue that the 
use of the information presented in the color images is mainly 
qua litative, that is, to get an impression of overall fl ow patterns in the 
anastomosis. In this respect, the BFI modality may provide a more 
intuitive and detailed image of fl ow with less demand on interpreta
tion. This was supported by the independent observer eva luations of 
different aspects related to imaging of fl ow directio n and velocity 
dynamics. The new modality more adequately portrayed the com-

plex flow in the anastomosis and may therefore increase the certainty 
and effi ciency of flow assessment in the operating room. 

The evaluation of fl ow direction in the anastomosis is important to 
validate satisfactory blood flow from the graft to the ischemic areas of 
the myocardium. A near perpendicular angle and the tortuous nature 
of the coronary artery versus the ultrasound beam may lead to 
unreliable Doppler measu rements and an image that is prone to 
different interpretations because of angle dependencies. Specifica lly, 
the detailed flow path around the anastomotic toe and heel are 
considered hard to evaluate on the basis of color Doppler images9 

We asked the observers to eva luate the modalities with respect to 
imaging of flow directed from the LIMA dista lly and proximally into 
the LAD, and with respect to competitive fl ow in the anastomosis. As 
evident from Figu re 5, the BFI modality was generally rated higher 
than CD\ with regard to these aspects. All results were statistica lly 
significant, with the exception of one observation in the evaluation of 
distal flow d irection. 

Ultrasound assessment of changes in blood fl ow velocity, turbu
lence, and flow pulsatility is importan t to detect stenoses and abnor
ma l changes in fl ow resistance. Pulsa tility measurements have been 
used for the evaluation of fl ow conditions. 12 Although the speckle 
visualization technique provided by BFI is not based on quantified 
blood velocities, re lative velocities in different parts of an image and 
throughout the cardiac cycle are well visualized. In fact, all observers 
rated BFI as superior in the assessment of flow pulsatility, which 
indicates that the speckle movement in BFI provides a display with a 
higher dynamic range of velocities. This may have potential benefits 
when assessing highly dynamic fl ow as seen in the coronary arteries. 

Because of the high dynamics of the fl ow through the anastomosis, 
aliasing artifacts obscured the Doppler information in all clips at some 
stages of the cardiac cycle. Different pulse-repetition frequencies 
were used in the image recordings as presented to the observers, and 
the Doppler velocity range and amount of aliasing present in the 
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images therefore varied. Because the color images were identical for 
both CD! and BFI in the clips generated offline, an equal amount of 
aliasing was present for both modalities. When asked how influenced 
they were with aliasing when assessing flow direction and velocity, 
the observers were consistently less influenced when the BFI speckle 
movement was included. This advantage of BFI may reduce the need 
to adapt the velocity scale during intraoperative evaluation of flow in 
the coronary arteries and anastomoses. 

In ultrasound imaging, the demands of frame rate often compromise 
the image quality. This becomes particularly relevant when imaging the 
coronary arteries because of their small dimensions and the high flow 
dynamics. In our BFI application, six speckle images were generated for 
each color image. This six-fold increase in frame rate provided more 
information of the flow in the LIMA-LAD anastomosis, and an increase 
in spatial resolution was also confirmed applicable while retaining a 
sufficiently smooth display of flow information. 

The results from the observer evaluation of flow conditions in the 
standard cases are expected also to be applicable clinically. The 
properties of BFI were further examined in three special cases in 
which realistic abnormalities had been induced, so that the observer 
evaluations can be put into perspective of what might happen in a 
clinical setting. When the LAD is left unsnared, flow from the 
proximal part of the LAD can be observed mixing with the LIMA 
flow in the anastomosis. Such competitive flow patterns might be an 
indication of placement of the graft below a nonsignificant stenosis. In 
the stenosed case, an increased flow into the proximal LAD in the 
systole and an accelerated stenotic flow in the diastole were clearly 
visualized. Further, in the post-stenotic flow, jet-like flow qualities and 
flow turbulence could be observed. For the distally snared anastomo
sis, the directional flow information provided by BFI clearly visualized 
an increased amount of blood moving from the LIMA proximally 
into the LAD. 

STUDY LIMITATIONS 

Because no gold standard is available to provide a reference regarding 
flow conditions, the evaluations were based on expert opinions, and 
the results must be viewed in light of this. Although all observers were 
experts in interpreting color flow images, they had different profes
sional backgrounds that may have influenced the results. In this study 
only LAD anastomoses were investigated. For other less-accessible 
coronary arteries, a sufficient image quality for the evaluation of 
anastomosis patency may be more difficult to obtain. This aspect 
should be further investigated. 

CONCLUSIONS 

The BFI modality offers new information about flow conditions in the 
LIMA-LAD anastomosis not readily available using CD I. Because BFI 
is not limited by angle dependencies, a more intuitive and instant 
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appreciation of flow conditions can be obtained in the operating 
room. As conventional Doppler information is also present, the BFI 
modality may replace CD! in the evaluation of anastomosis flow in 
the future. The BFI modality may also have potential for improved 
imaging of flow in other areas of cardiac surgery, for example, in valve 
surgery and aortic dissection. Further investigations should be per
formed to establish this potential. 
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Abstract 

Aims: Intra-operative grading of atheromatous plaques in the ascending aorta by epiaortic ultrasound (EAU) and transesophageal 
echocardiography (TEE) in patients who have undergone CABG. 
Methods and results: Sixty patients scheduled for elective CABG were prospectively enrolled to undergo intra-operative TEE and EAU 
ultrasound scanning of the ascending aorta. The ascending aorta was divided into three sections; proximal, middle and distal, and four 
segments; anterior, posterior, medial and lateral. Degree of atherosclerosis was graded according to a modified Montgomery scale. 

Epiaortic ultrasound was unable to provide images for a reliable assessment in 56 areas (7.7%; 56/720) vs 322 non-visualized areas by 
TEE (44.7%; 298/720) (p<O.O l). Out of 563 areas that scored::> 2, EAU visualized 379/720 areas (52.6%), whereas TEE visualized 184/720 
areas (25.5%) (p<O.OI). EAU mean scores were significantly higher for the mid (p=O.OOOI) and distal (p=0.05) sections and for the 
posterior segment (p<O.OI) vs TEE. TEE had a higher mean score than EAU in the anterior segment. When all EAU areas were grouped the 
posterior segment reached a significantly higher mean score (p<O.OI), and the anterior segment was the second mostly diseased. 
Conclusions: EAU is the intra-operative investigation of choice because it allowed a detailed grading of atheromatous lesions over the entire 
length of the ascending aorta. Accurate grading by TEE was restricted only to those areas that could be sufficiently visualized. TEE has a 
reduced power of investigation that limits its use, especially in the distal ascending aorta, a site of great surgical manipulation. 
© 2007 Elsevier Ireland Ltd. All rights reserved. 
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1. Introduction 

Coronary artery bypass grafting (CABO) surgery is the 

cardiac operation most frequently performed worldwide 

because of its excellent results in the long-tenn. Unfortunately 

there are some post-operative complications among which 

cerebral ischemia is the most frequent [ 1]. Cerebral ischemia is 

a broad definition of all the neurological complications, ranging 

from neurocognitive disorders to stroke, that may occur in the 
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early postoperative time. The rate of neurocognitive disorder is 

estimated between 0.4 and 60% of patients, according to the 

definition and methods applied for its diagnosis [I]. Stroke has 

a rate of occwTence up to 9% (2-7], and it is considered one of 

the most serious complications after coronary surgery. 

Cerebral ischemia is believed to be mostly due to intra

operative embolisation of atheromatous plaques from the 

ascending aorta [8-1 0]. Manipulation of the ascending aorta is 

required for cannulation, cross-clamping and suturing of 

proximal anastomoses. Pre- or intra-operative diagnosis of the 

atheromatous am1a may decrease the incidence of cerebral 

complications (5]. In one study, the use of intra-operative EAU 

aided changing the planned surgical strategy in 28% of the 

patients: 24% were converted from on-pump CABO to 
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Lateral 

Anterior 

Medial 

DISTAL 

MIDDLE 

Fig. I. Tmnsverse ancllongituclinal pmiition of the ascending aorta into three 
sections (proximal, middle, distal) and four segments (antetior, posterior, 
lateral, medial) for purposes of the ultrasound analysis. 

OPCAB, and it influenced the choice ofthe amiic cannulation, 
cross-clamping, and proximal anastomosis site in 4% of the 
patients [II], while in another study TEE aided major and 
minor changes in 26% of patients who underwent otl~pump 
CABG [12]. Scanning of the ascending aotia can be carried out 
by means of computed tomography (CT) or magnetic res
onance (MRI) scans, by trans-esophageal echocardiography 
(TEE) and more recently by cpiaortic ultrasound (EAU). 

Computer tomography scan has been demonstrated to be 
less sensitive than EAU in detecting atheromatous plaques in 
the ascending aorta [ 13], whereas MRI is considered to have 
the same degree of sensitivity as TEE [ 14]. Unfmiunately MRI 

has several disadvantages that reduce its application, as being 
expensive and it is contt·aindicated in patients with claustro
phobia. At the present time TEE and EAU are the techniques of 
choice for intra-operative detection of atheromatous plaques in 
the ascending aorta [15,16]. According to these studies EAU 
provided better visualization of the distal portion of the 
ascending amia, whereas TEE showed better images of the 
proximal pmi ofthe amia. Nonetheless, none of the techniques 
have been tested so far with regard to precise grading of aortic 
atheroma and detailed direct comparisons have not been 
repmied. Most studies have simply assessed the presence or 
absence of atheroma with or without calcifications [ 4-6]. 

The purpose of the present study was to improve the intra
operative grading and assessment of atheromatous plaques in 
the ascending aorta by means of EAU and TEE in patients 
undergoing CABG, with the aim to ascertain which of the two 
modalities are more reliable for routine intra-operative use. 

2. Materials and methods 

A total of 60 patients scheduled for elective CABG were 
prospectively enrolled at the two cardiac centers participating 
in the study from 1998 to 2005. The patients were predom
inantly males ( 46; 76.6%) with a mean age of69.6± I 0.4 years. 
Four patients had a history of a cerebro-vascular accident 
(6.6%) and one patient had a carotid miery stenosis (1.6%). 
The patients were chosen on the basis of availability of both 
equipment and trained personnel on the day of surgery. Each 
patient underwent TEE and EAU of the ascending aotia. The 
study protocol was approved by the Regional Medical Ethics 
Committee on Human Research at the two institutions. 

3. Ultrasound methods 

3. I. Transesophageal echocardiography 

After induction of general anesthesia, TEE was carried out 
by a 5-MHz biplane TEE transducer (GE Vingmed, Horten, 
Norway) connected to a GE Vingmed System FiVe or GE 

Fig. 2. Epiaortic ultrasound scanning of the middle section of the ascending aorta: cross- (A) and longitudinal section views (8). In both views the grade 4 
atheroma lesion of the aorta anterior wall is clearly visible. Ath gr 4 =atheroma grade 4; AW =anterior wall; PW =posterior wall; RPA =right pulmonary artery. 
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Table I 
Number of areas sufficiently visualized for reliable assessment by EAU and 
TEE (McNemar's test) 

Distal Middle Proximal 

EAU TEE p EAU TEE jJ EAU TUo jJ 

Anterior 55 0.0001 55 58 0.375 56 59 0.375 

IF60 

Lateral 55 0.0001 55 19 0.0001 56 58 0.688 
n~60 

Medial 55 0.0001 55 20 0.0001 56 58 0.688 
n~60 

Posterior 55 0.0001 55 58 0.375 56 58 0.688 
n~60 

Total 220 10 220 !54 224 233 

Vivid 7 (GE Vingmed, Horten, Norway). The TEE was per
fonned by a cardiologist with experience in evaluation of the 
thoracic aorta with the aim to optimize images of the ascending 
aorta in both transverse and longitudinal view planes. 

3.2. Epiaortic ultrasound 

After median stemotomy and harvesting of the left internal 
mammary m1ety (LIMA), the ascending am1a from the aortic 
root to the origin of the brachio-cephalic artery was scanned 
directly by the surgeon using a GE Vingmed i8.5L probe 
connected to aGE Vingmed Vivid 7 ultrasound scanner (GE 
Vingmed, Horten, Norway). The probe is a linear array 
transducer designed for intra-operative epiaot1ic imaging 
with fi·equencies of 8.5 MHz. It has a foot-print dimension of 
43 mm x 17 mm. A finger of a surgical glove filled with sterile 
saline solution was used as ultrasound medium between the 
am1ic wall and the probe. The distance between the probe and 
the anterior aortic wall was around 2 em. 

EAU and TEE images from longitudinal and transverse 
view planes were obtained and recorded on 0.5-in S-VHS 
videotapes for subsequent off-line evaluation. 

3.3. Ultrasound analysis 

For the purpose of analysis, as adopted in a previous study 
( 17], the ascending am1a was divided into three sections: the 

Table 2 

proximal section was ti"om the aortic annulus to right below 
the tract of the aot1a overlapping the right pulmonary m1ety, 
the middle section was considered as the segment of the 
ascending am1a overlapping the right pulmonary artery, and 
the distal section was defined from the upper limit of the 
middle section to the origin of the brachiocephalic artery. 
The whole circumference of the am1a was divided into four 
segments: anterior, posterior, medial and lateral; see Fig. 1. 
Thus the ultrasound scanning of each ascending aorta 
comprised 12 areas (3 sections x 4 segments), for a total of 
720 units (60 patients x 12 areas) at the end of the study. 

The degree of atherosclerosis was graded according to the 
morphology of atheromatous plaques by the Montgomety scale 
modified with the aim to detail aot1ic lesions [7]. The scale was 
as follows: grade 1 =nmmal; grade 2=intimal thickening; 
grade 3=atheroma<4 mm; grade 4=atheroma>4 mm; 
grade 5 = any mobile (a) or ulcerated atheroma (b). Thickening 
was considered as a smooth non-proh·uding lesion of the intima 
lining the entire lumen of the aorta. Atheroma was a localized 
lesion proh1.1ding into the lumen. 

The images were reviewed by a cardiac surgeon and two 
cardiologists; the consensus within the three assessors was 
reached for each area detected. 

Intra-operatively the surgeon adjusted his surgical 
technique (e.g. site of insertion of the aortic cannula, cross
clamp and placement of vein grafts) if information gathered 
from the ultrasound investigations indicated atheromatous 
aortic areas. 

3.4. Statistical analysis 

Results were presented as mean Montgomery grade± 
standard deviation (SO) for each area and method separately. 
The statistical significance of the observed difference in 
visualization between TEE and EAU for each single area was 
calculated from the McNemar's test for paired samples. The 
areas with comparable visualization were fut1her studied to 
assess statistically the difference in detection and grading of 
atherosclerosis between the two methods. The identification 
of a nonnal or an atherosclerotic intima (Montgomery 2- 2 
score) was compared using the McNemar's test, and the 
difference in Montgomery grading between TEE and EAU 

Survey of areas scoring a Montgomety grade;;::::: 2; areas sufficiently visualized by both EAU and TEE or by one method only (McNemar's test) 

Area Total number of areas with Number of areas identified Likelihood of random 

Montgomery grade ~ 2 by one method only distribution 

N EAU TEE EAU TEE f! 

Proximal 
Anterior 55 34 46 14 0.004 

Lateral 54 25 18 14 0.167 

Medial 54 28 21 13 0.167 

Posterior 54 45 33 14 0.004 

Middle 
Anterior 54 30 20 18 0.078 

Posterior 54 42 18 26 0.0001 
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Table 3 
Comparison of severity grading in areas sufficiently visualized by both EAU and TEE (paired comparison: Wilcoxon's test) 

Area Pts EAU TEE EAU vs TEE 

Montgome1y grade Montgomety grade EAU>TEE EAU<TEE EAU~TEE 

Proximal 
Anterior 55 21 28 31 
Lateral 54 29 23 36 17 

Medial 54 26 25 0 33 19 
Posterior 54 37 0 21 27 

Middle 
Anterior 54 24 26 0 34 20 

Posterior 54 12 35 4 0 36 18 
Total 14 15 

was analyzed by Wilcoxon's matched pairs signed rank sum 
test. A p value< 0.05 was considered significant. The an
alysis was can·ied out using the SPSS software version 14 
(SPSS Inc., Chicago, Illinois). 

4. Results 

There was no operative mottality or myocardial infarction 
in any patient. Patients received a mean of3.7± 1.1 distal and 
1.9±0.8 proximal anastomosis/patient. In one patient the 
procedure had to be converted to on-pump beating heatt 
CABG to avoid cross-clamping because of grade 4 aottic 
atheroma, see Fig. 2. One patient developed left hemiparesis 
on post-operative day I despite having only a grade 2 aortic 
atherosclerosis. 

The number of units that were sufficiently visualized for a 
reliable assessment by EAU was 664/720 (92%) vs TEE 398/ 
720 (55.3%) (p<O.OI). In detail, the aortic areas visualized 
by EAU were equally distributed over the three sections and 
four segments, whereas most of the areas not visualized by 
TEE were in the distal and middle part of the ascending aotta 
(see Table 1). 

In those areas sufficiently visualized by both EAU and 
TEE, the overall number of areas recognized with a Mont
gomery grade > 2 by only one of the two methods was: EAU 
88/334 (26%) vs TEE 37/349 (II%), see Table 2. In detail, 
TEE was more sensitive in detecting atheroma in the antetior 
areas of the proximal segment of aorta only, showing few areas 
in the middle and almost no atheroma in the distal ascending 
aorta. In comparison, EAU detected almost similar numbers of 
diseased areas in all locations. 

Table 4 
Comparison of total number of units in the ascending aorta with a modified 
Montgomery score ;;::: 2 as assessed by EAU vs TEE scanning 

Total units investigated EAU TEE 

Grade 2 720 314 149 

Grade 3 720 31 25 

Grade 4 720 25 
Grade 5 720 

12 

0 

19 

----

p 

0 20 30 0.004 

13 6 35 0.175 

14 33 0.088 

0 19 28 0.020 

22 24 0.006 

31 21 0.0001 

104 so 

With regard to the severity of atheroma graded by the 
modified Montgomery criteria in areas sufficiently visual
ized by both methods (Table 3), TEE scored higher only in 
the proximal anterior area while EAU scored higher in all 
others although to a variable statistical power. 

Taking all the sections of the ascending aotta together, 
EAU was superior in tracing atheromatous areas than TEE. 
Epiaortic ultrasound detected a far higher number of grade 4 
atheromas than TEE; 25 vs 5, respectively. In addition the 
two atheromatous areas graded 5 were detected by EAU only 
(see Table 4). 

The Bland-Altman test of agreement reflected the 
mismatch between lesion scores using the two ultrasound 
scanning techniques. These data suggest that the extent and 
degree of atheromatous lesions in the ascending aorta may be 
underestimated by TEE (Fig. 3). 

The mean severity of atheroma in all the twelve areas of 
the ascending amta scanned by EAU is illustrated in Fig. 4. 
The posterior section was the most atheromatous along the 
whole length of the ascending amta, this feature reaching 
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Fig. 3. Bland-Altman plot of atheromatous lesion scores by EAU vs TEE. 
Transesophageal echocardiography underestimates the extent and degree of 
lesions in the ascending aorta. 



222 K.S. Ibrahim eta/. I International Journal of' Cardiology 128 (2008) 218-223 

MED 1.69 > 0.77 1.56 ± 0.76 1.56 "' 0.71 1.9~ ± 0.76 0.008 
PROX 1.77 ·!: 0.79 1.52 + 0.63 1.59 + 0.65 2.07,1:0.74 <0.0001 

jl________,,, 0.82 0.86 0.41 0.72 

Fig. 4. Overall grading of atheromatous lesions in the ascending aorta by 
EA U mean scores. The cross-matching of the three sections (proximal, 
middle, distal) and four segments (anterior, posterior, medial, lateral) divides 
the aorta in 12 square-shaped areas. 

statistical significance (p < 0.0 I). The anterior segment was 
the second most diseased pm1ion. 

5. Discussion 

The first step of our study was to assess the number of 
areas sufficiently visualized by each of the two techniques as 
it has been shown that EAU visualized more areas than TEE 
[5,7]. Our results confirmed previous observations because 
EAU provided a more enhanced visualization of the wall of 
the ascending am1a in its entire length and this allowed a 
reliable assessment of the atheromatous plaques. Epiam1ic 
ultrasound scanned a far higher number of areas along the 
am1ic wall (92.3% of the entire ascending aot1a) than TEE 
(only 55.3%). The degree of visualization by TEE varied 
according to sections and segments of the aot1a; being 
highest proximally and decreasing to the distal ascending 
am1a where imaging is difficult or impossible due to the 
interposing airways between the oesophagus and the upper 
pm1 of the ascending aot1a [ 15]. This "blind spot" is a 
limitation of TEE that may be solved by the usc of an am1ic 
view technique [ 16]. The distal part of the ascending aorta is 
a site of great intra-operative manipulation as the aortic CPB 
cannula and the cross-clamp are placed in this area. Thus 
thorough scanning of the distal ascending aot1a with precise 
information on the likely location, extent and degree of 
atheromatous plaques are necessary to avoid embolization of 
atheroma debris from the aortic wall. 

As far as grading of the atheromatous disease in the 
sufficiently visualized areas of the ascending am1a was 
concerned, EAU identified a higher number of areas with a 

Montgomery score :2 2 compared to TEE. Epiaot1ic ul
trasound scanning identified almost a similar number of 
diseased areas over the visualized areas. On the other hand 
TEE presented with some differences according to the areas 
being investigated. The areas which were better assessed by 
TEE were only those in the proximal anterior area. The 
diseased proximal anterior areas were better detected by TEE 
than by EAU because a thorough EAU scanning of the 
proximal-anterior area requires surgical dissection of the fat 
pad covering the am1ic root for correct placement of the 
ultrasound probe. Removing the fat pad offthe aortic root is 
not usually carried out in CABG surgery as it is unnecessary. 
The higher yield of positive diagnoses in the anterior and 
posterior segments than in lateral segments may in part be 
due to the better axial than lateral resolution of ultrasonic 
imaging. 

A fut1her step of our study was the evaluation of the 
atheroma grading severity in the sut1lciently visualized areas 
as assessed by Montgomety grade by both EAU and TEE 
scanning and comparing the two techniques. Wilcoxon test 
gave us a good oppot1unity to detect in which areas were 
EAU superior and in which it was inferior to TEE. TEE was 
only superior in the proximal anterior areas, this is probably 
related to the limited visualization by EAU at these areas. 

Finally the Bland-Altman method was used to test whether 
there was agreement between TEE and EAU with the aim to 
find out whether one of the two techniques underestimated 
atheromatous lesions. We did confirm that TEE under
estimates the extent and degree of aortic wall lesions. 

Using EAU, we observed the highest prevalence and 
severity of atheroma in the postetior segments of the ascending 
am1a, especially in the proximal section. The second most 
atheromatous segment was the anterior one, especially in the 
distal and proximal sections. The regional pattern of 
development of atheroma is determined initially by local 
variations in shearing forces and endothelial dysfunction [ 15]. 
We observed lower mean scores in the lateral and medial 
segments, probably because the EAU probe had to be placed in 
a suboptimal position (i.e. not perpendicular to the am1ic wall) 
because of restricted space due to the peticardium (laterally) or 
the pulmonmy artery (medially). In their extensive study [ 18], 
Linden et al. concluded that the distal-medial area was the one 
with fewest atherosclerotic lesions. However, we tend to 
believe that this finding may be int1uenced by the reduced 
power of EAU to investigate this area due to a suboptimal 
placement of the probe. 

The clinical implications of our study are important during 
an operation when a careful placement of the cross-clamp is 
relevant to avoid dislodgement and embolisation of athero
matous debris from the inner am1ic wall. When a heavily 
diseased posterior segment is demonstrated, a Fogarty 
cushion-shod clamp may carefully be applied. Unfortunately 
atheromatous lesions of the anterior section of the aorta are 
more difficult to deal with, but identifying their location 
enables the surgeon to avoid those pm1icular areas or to adopt 
all the technical options that have the aim of reducing a likely 
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embolization of atheromas (i.e. off-pump technique, "no 
touch" strategy, single clamp technique, distal aortic arch 
cannulation, etc.). 

In conclusion, epiaortic ultrasonic scanning is the intra
operative investigation of choice to detect aortic atheroma, 
because it is superior in its ability to screen the entire length of 
the ascending aorta and provide a detailed grading oflesions. 
Grading by TEE is restricted to those areas that can be 
visualized, and it is most limited in the distal ascending aotta 
which is a site of great surgical manipulation. Cardiac surgeons 
who wish to employ ultrasonic imaging to detect atheroma 
before aortic cross-clamping and bypass circulation, so that 
they can use its results to modify operative techniques and 
minimise the risk of atheroembolism, should use epiaortic 
scanning rather than transesophageal echocardiography. 

References 

[I J Dijk D, Keizer AMA, Diephuis JC, Duurand C, Vos LJ, Hijrnan R. 
Neurocognitive dysfunction after coronary artery bypass surgery: a 
systematic review. J Thorac Cardiovasc Surg 2000;120:632-9. 

[2] Bucetius J, Gummert JF, Borger MA, et a!. Stroke after cardiac 
surgery: a risk factor analysis of 16,184 consecutive adult patients. Ann 
Thorac Surg 2003;75:472-8. 

[3] Fmmento RJ, Malley C, Bennett-Guerrero E. Stroke after cardiac 
surgery: a retrospective analysis of the effect of aprotinin dosing 
regimens. Ann Thorac Surg 2003;75:479-84. 

[4] Barzilai B, Marshal GW, Saftitz EJ, Kouchoukos N. Avoidance of 
embolic complications by ultrasonic characterization of the ascending 
aorta. Circulation !989;80(supp 1):1 275-9. 

[5] Royse C, Royse A, Blake D, Grigg L. Screening the thoracic aorta for 
atheroma: a comparison of manual palpation, transesophageal and 
epiaortic ultrasonography. Ann Thorac CardioVI!SC Surg 1998;4(6). 

[6] Stem A, Tunick PAA, Culliford AT, et a!. Protmding aortic arch 
atheroma: risk of stroke eluting heart surgery with and without aortic 
arch endarterectomy. Am Heart J 1999;138:746-·52. 

[7] Wilson MJ, Boyd SYN, Lisagor PG, Rubal BJ, Cohen DJ. Ascending 
aortic atheroma assessed intraoperatively by epiaortic and transeso
phageal echocardiography. Ann Thorac Surg 2000;70:25-30. 

[8] Barbut D, Lo YW, Hmtman GS, et a!. Aortic atheroma is related to 
outcome but not numbers of emboli during coronary bypass. Ann 
Thorac Surg 1997;64:454-9. 

[9J Bergman P, Hadjinikolaou L, Linden J. Aortic atheroma is related to 
number of particulates captured by intra-aortic filtration in CABG. Eur 
J Cardiothorac Surg 2002;22:539-44. 

[I OJ Barbut D, Yao FSF, Lo YW, et a!. Determination of size of aortic 
emboli and embolic load dtning coronary arte1y bypass grafting. Ann 
Thorac Surg 1997;63:1262-7. 

[I 1] Bolotin G, Domany Y, Perini LD, et a!. Use of intraoperative epia<Hiic 
uih·asonography to delineate aortic atheroma. Chest 2005; 127(1 ): 
60-5. 

[12] Gurbuz AT, Hecht ML, Arslan AH. Intraoperative transesophageal 
echocardiogmphy modifies strategy in off-pump coronary a1iery 
bypass grafting. Ann Thorac Surg 2007;83(3):1035-40. 

[13] Bergman P, Linden J, Forsberg K, Ohman M. Preoperative CT or 
intraoperative epiaotiic ultrasound for the diagnosis of atherosclerosis 
of the ascending aorta? Heart Surg Fomm 2004;7(3):E245-9A. 

[ 14] Fayed ZA, Nahar T, Fallon JT, eta\. In vivo magnetic resonance evaluation 
of atherosclerotic plaques in the human thoracic amta: a comparison with 
h·ansesophageal echocardiography. Circulation 2000;1 01:2503-9. 

[15] Wareing HI, [)avila-Roman YG, Barzilai B, Murphy SF, Kouchoukos 
NT. Management of the severely atherosclerotic ascending aorta during 
cardiac operations. J Thorac Cardiovasc Surg 1992;103:453-62. 

[ 16] van Zaane B, Nierich AP, Buhre WF, Brandon Bravo Bminsma GJ, 
Moons KG. Resolving the blind spot of transoesophagea! echocardi
ography: a new diagnostic device for visualizing the ascending amia in 
cardiac surgery. Br J Anaesth Mar 2 2007;98(4):434-41 [Epub 2007]. 

[ 17] Davila- Roman YG, Phillips KJ, Daily BB, Davila RM, Kouchoukos 
NT, Brazilai B. Intraoperative transesophageal echocardiography and 
epiaortic ultrasound for assessment of atherosclerosis of the thoracic 
aorta. J Am Coli Cardia! 1996;28:942-7. 

[ 18] Linden JVD, Hadjinikolaou L, Bergman P, Lindblom D. Postoperative 
stroke in cardiac surgery is related to the location and extent of 
atherosclerotic disease in the ascending aorta. JAm Coil Cardiol2001 ;38: 
131-5. 



Paper V 





International Journal of Angiology 15:110-112 (2006) 
DOl: 10.1007/s00547-006-2065-y 

Quick Intraoperative Diagnosis of Coronary Subclavian Steal Syndrome 
after CABG by Transit· Time Flowmetry and Epicardial Ultrasound 
Imaging: Case History 

Khalid Ibrahim, M.D./•2 Nicola VItal, M.D., Ph.D./ ldar Kirkeby-Garstad, Rune Haaverstad, M.D., Ph.D.1
•
2 

'Institute of Circulation and Medical Imaging, Norwegian University of Science and Technology, Trondheim, Norway, and 'Department of 
Cardiothoracic Surgery, Trondheim University Hospital, Trondheim, Norway 

Introduction 

The left internal mammary artery (LIMA) remains the 
conduit of choice in coronary artery bypass grafting 
(CABG) surgery because of its documented long-term 
patency [1,2]. Coronary subclavian steal syndrome 
(CSSS) is the phenomenon of retrograde flow (steal) 
through the pedicled LIMA which may occur after 
CABG due to concurrent proximal stenosis or occlusion 
of the ipsilateral subclavian artery [3]. It was first rec
ognized as a cause of early recurrent angina following 
CABG in 1974 (4), and may have an incidence of up to 
3-4% [5]. 
Several clinical features may lead to the diagnosis of 

CSSS after CABG with the pedicled internal mam
mary artery; occurrence of early recurrent angina often 
increased by ipsilateral arm movement, ischemia of the 
ipsilateral arm along with reduction of systolic blood 
pressure of6!0mmHg, cerebral ischemic events or bruits 
over the subclavian artery [6, 7]. 
Aortic arch and coronary angiograms are the golden 

standards for diagnosis of CSSS, as the former shows 
late filling of the left subclavian artery through the circle 
of Wills, whereas the latter demonstrates retrograde flow 
in the internal mammary artery [8]. Treatment of CSSS 
is either by percutanous transluminal angioplasty (PTA) 
or surgery [9-12] of the subclavian artery stenosis. 
In this report we present a case of CSSS after CABG 

with a pedicled LIMA which was diagnosed during the 
primary operation by means of combined transit-time 
flowmetry and epicardial ultrasound imaging. At the 
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immediate revision, a free LIMA-graft was successfully 
anastomosed to the ascending aorta so as to avoid any 
of the complications of CSSS. 

Case History 

A 61-year-old, hypertensive male patient with stable angina was 
referred for elective CABO due to a 70% LAD stenosis at its origin 
that was not suitable for a PTCA. On clinical examination after 
admission to our department, the left radial pulse was slightly weaker 
than the right one; blood pressure was 170/80 in the right and 130/70 in 
the left arm. However, the patient did not complain of ischemic deficits 
to his left arm. 

At operation, off-pump grafting of a pedicled LIMA onto the LAD 
was performed. At the end, transit-time flowrnetry (Medi-Stim flow
meter, Oslo, Norway) and epicardial ultrasound imaging were carried 
out as routine intraoperative graft assessment after off-pump CABO at 
our institute [13]. Transit-time ftowrnetry is a Doppler ultrasound 
method used to assess graft patency on the basis of mean graft flow 
and derived values, such as the pulsatility index. It is the most widely 
used method to assess the patency of bypass grafts intraoperativelv due 
to its simplicity and reliability. The epicardial imaging was obtained by 
aGE i 13L (I 3 MHz) linear array transducer connected to aGE Vivid 7 
ultrasound scanner. (Vingrned GE, Harten, Norway). The transit-time 
flow rate in the LIMA graft was -14 ml/min without any LAD 
snaring, but increased up to 40 ml/min when the LAD was snared 
proximal to the anastomosis. Epicardial color Doppler imaging 
showed retrograde flow through the LIMA graft (Fig. I) that turned 
antegrade when the LAD was snared proximal to the anastomosis 
(Fig. 2). A quick diagnosis of a coronary subclavian steal syndrome 
was reached. 

Immediate surgical revision was carried out by ligating and cutting 
the LIMA graft proximally and anastomosing its top-end to the 
ascending aorta as a free aorta-coronary conduit. Control-flow mea
surement in the LIMA graft was 39 ml/min. Epicardial ultrasound 
imaging confirmed normal.antegrade blood flow through the anasto
mosis (Fig. 3). The postoperative course was uneventful and the pa
tient was discharged home. A postoperative MRI angiogram showed a 
proximal stenosis of the left subclavian artery (Fig. 4). The patient is 
free of angina and without any CSSS complications I year after sur
gery. 
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F1g. 1. Epicardial color Doppler imaging showing the steal phenomenon. 
The blue color shows the blood flowing retrograde into the LIMA (arrows). 
This observation was supported by the mean flow measurement of -14 mlf 
min in the pedicled LIMA graft (see inserted flowmetry diagram). 

Fig. 2. After snaring the LAD proximally, epicardial color Doppler 
imaging showed the antegrade LIMA flow passing distally through the 
anastomosis (arrows). The mean LIMA flow rate was 41 ml/min (see 
inserted flowmetry diagram). 

Ill 

Fig. 3. Epicardial color Doppler imaging after creating a free LIMA graft 
as an aorto-coronary conduit. The antegrade flow direction in the graft 
and anastomosis is confirmed by the red color and the mean flow rate is 
39 m!fmin (see inserted flowmetry diagram). 

Fig. 4. The contrast-enhanced Tl-weighted 3D MR angiography is 
showing irregular vessel contours in the left subclavian artery (arrow) 
indicating a stenosis. 
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Discussion 

This case report shows the usefulness of transit-time 
fiowmetry and epicardial ultrasound scanning for a 
quick intraoperative diagnosis of coronary subclavian 
steal syndrome. CSSS may be a reason for early occur
rence of angina after CABG; this is caused by retrograde 
blood flow (steal) from the LAD through the LIMA 
graft in patients with a left subclavian artery stenosis. 
Clinical features of subclavian artery stenosis are a dif
ference of systolic blood pressure more than 20 mmHg 
between the arms, thrombo-embolism or ischemic pain 
to the arm. Diagnosis is made by color Doppler ultra
sound or angiography. 

In our patient a weaker left radial pulse and a reduced 
blood pressure to the left arm were reported by a junior 
doctor. Unfortunately, these signs were initially left 
unnoticed and the patient underwent CABG without 
any further investigation for a subclavian artery steno
sis. CSSS developed immediately after grafting the 
LIMA onto the LAD, but it was quickly diagnosed in
traoperatively by transit-time fiowmetry and epicardial 
ultrasound scanning despite no ECG ischemic changes. 
The combined application of these two investigations 
was relevant because each of them provided informa
tion, which coupled with those given by the other one, 
contributed focusing the diagnosis. Transit-time flow
metry demonstrated impaired flow rate within the graft 
whereas epicardial imaging enabled visualization of the 
anastomosis and \retrograde blood flow from the LAD 
through the LIMA. Of note, when proximal snaring of 
the LAD was applied, the change of direction of the 
blood flow through the anastomosis with a sudden in
crease of its rate were clearly demonstrated by the 
ultrasound scanning and transit-time flowmetry, 
respectively. As a result of a quick intraoperative diag
nosis, prompt surgical revision was carried out, avoiding 
intra- or postoperative complications to the patient. On 
the other hand, missing the diagnosis of CSSS at surgery 
would have exposed the patient to very unpleasant 
consequences in the follow-up, such as early recurrence 
of angina, an aortic arch and selective coronary angio
gram followed by subclavian artery PTA or carotid
subclavian bypass or redo CABG surgery. 
In conclusion, both transit-time flowmetry and 

eoicardial color Doppler ultrasound are useful in 

K. Ibrahim et al.: (.JWCK lntraoperauv< 

coronary surgery, especially when applied together 
These two investigations are reliable, easy and rapid tc 
apply and safe for the patient. The combined applica· 
tion of transit-time flowmetry and epicardial ultra· 
sound imaging was pivotal in the intraoperativ€ 
diagnosis and treatment of a coronary subclavian stea 
syndrome avoiding further and dangerous conse· 
quences to the patient. 
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