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Abstract
There is no method to objectively evaluate LV function from contrast-enhanced images. We tested the feasibility of evaluating regional LV function using power modulation imaging. In protocol 1, nine anesthetized closed-chest pigs were studied. Images were obtained during contrast infusion at baseline, during LAD occlusion and reperfusion. In protocol 2, images were obtained in 20 patients (14 wall motion abnormalities; 6 controls) during contrast enhancement. Off-line, frame-by-frame, semi-automated endocardial border detection was followed by color-encoding of endocardial motion followed by segmentation and calculation of regional fractional area changes. In all animals, coronary occlusions resulted in hypokinesis and decreased fractional area changes in LAD-related segments only, which were reversed during reperfusion. In patients, wall motion analysis was in agreement with an expert reader of dynamic images in 92.5% segments, with interobserver variability of 12.5%. Color-encoding of endocardial motion from contrast-enhanced power modulation images allows accurate quantitative assessment of regional LV function.

Introduction

Two-dimensional echocardiography allows noninvasive real-time visualization of left ventricular (LV) endocardial motion and wall thickening. Although this imaging modality is the most widely used to evaluate regional LV function, it is based on subjective and experience-dependent visual interpretation of dynamic images of the heart. To overcome this limitation, several methods have been proposed for the objective evaluation of regional wall motion  QUOTE "(1-13)" 
(1-13)
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. The use of these techniques in patients with poor echocardiographic images is limited, since these methods rely on the ability to visualize the endocardium and track its motion throughout the cardiac cycle. In such patients, ultrasound contrast media are used for LV cavity opacification and enhancement of the endocardial border to improve the assessment of LV function  QUOTE "(14;15)" 
(14;15)
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. However, to date, there is no method for the objective evaluation of either global or regional LV function applicable to contrast-enhanced images at this time.

Power modulation is a new imaging technique based on the non-linear reflective properties of echocardiographic contrast agents, which selectively enhances microbubble-generated reflections. We hypothesized that power modulation, when used with low energy ultrasound, may provide uniform LV cavity opacification suitable for endocardial border detection and quantification of regional LV function. Accordingly, this study was designed to: (1) develop a method for semi-automated endocardial border extraction from contrast enhanced power modulation images; (2) use the detected borders for color-encoding of systolic and diastolic endocardial motion, as a basis for an automated analysis of regional LV function; and (3) test the feasibility of this technique in an animal model of acute ischemia and in patients with wall motion abnormalities.

Methods

Power modulation imaging

Power modulation was developed to selectively enhance microbubble-generated reflections, while suppressing reflections from cardiac structures and tissues. To accomplish this aim, repeated pulses of different intensities are sent along each scan line (Figure 1). Assuming that cardiac tissue has linear reflective properties, two consecutive pulses of identical shape but two-fold difference in amplitude would result in identical reflections from the heart, other than the expected two-fold difference in the amplitude. Doubling the amplitude of the smaller reflection and subtracting it from the larger one would then result in a zero signal. In contrast, because of the non-linear reflective properties of microbubbles, the two pulses reflected by the contrast agent would be different from each other in their amplitude, phase and shape. A non-zero signal would therefore be the result of the same scaling and subtraction operations. Pixel intensity of the power modulation image reflects the amplitude of this signal.

Protocol 1

Experiments were carried out in 9 male farm pigs (21-26 kg). The protocol was approved by the Institutional Animal Care and Use Committee, in accordance with the guidelines of the National Institutes of Health. Animals were pre-treated with telazol (2.2 mg/kg, i.m.) and atropine sulfate (0.05 mg/kg, i.m.). Following intubation, pigs were mechanically ventilated (Drager, Telford, PA) and anesthetized with isoflurane (0.5-2.5% mixed with 100% oxygen). Respiration rates were set at 12-16 strokes/min with a tidal volume of 12-18 ml/kg. Animals were restrained in a supine position. Electrocardiogram, body temperature, noninvasive blood pressure, pulse oxymetry and expiratory CO2 were monitored throughout the experiment using a Cardiocap II monitoring system (Datex, Tewksbury, MA). Ear veins were used for intravenous lines. Lidocaine was administered as a bolus (1 mg/kg, i.v.), and then continuously infused (4 mg/kg/hr) throughout the experiment to prevent ventricular arrhythmias. 

An intracoronary balloon catheter (2.5 to 3.5 mm balloon diameter; Guidant, Santa Clara, CA) was introduced via the right femoral artery into the left anterior descending (LAD) coronary artery under fluoroscopic guidance. The balloon was positioned near the origin of the artery to maximize the perfusion territory affected by balloon inflations. Balloon size and pressure necessary for complete coronary occlusion were determined by angiographically assessing distal coronary flow during intracoronary injections of renografin (Hypaque-76, Nycomed, Princeton, NJ). At the end of the experiment, a lethal dose of pentobarbital sodium (120 mg/kg, i.v.) was given.

Transthoracic images were obtained using an S3 transducer (SONOS 5500, Agilent Technologies, Andover, MA) operating in a frequency range of 1 to 3 MHz. Left parasternal short axis views were obtained at the level of the papillary muscles. Power modulation was activated at low mechanical indices (0.1 to 0.2), with a gain of 65 to 75, pulse repetition frequency of 3.7, and low line density. The highest possible frame rate was achieved by using the smallest depth necessary to visualize the entire left ventricle, and by narrowing the sector. Contrast enhancement was achieved using continuous intravenous infusion of the contrast agent Definity (DuPont Pharmaceutical, North Billerica, MA), prepared according to the manufacturer’s instructions (4ml in 50ml normal saline solution). Infusion rate was optimized to result in dense and uniform opacification of the LV cavity (4.2 to 5.4 ml/min) without causing acoustic shadowing. 

Continuous image acquisition was used to allow tracking of regional endocardial motion throughout the cardiac cycle. Initially, power modulation images were acquired over three cardiac cycles under control conditions. Image acquisition was then repeated 30 sec after coronary occlusion, and once again after deflating the balloon, during reperfusion. To minimize cardiac translation, the ventilator was stopped during each image acquisition. All image sequences were acquired digitally and stored on magneto-optical disk for off-line review and computer analysis. 

Protocol 2

Data were obtained in adult patients with inadequate endocardial visualization in at least two contiguous segments. Exclusion criteria were pericardial effusion, the absence of normal sinus rhythm and abnormal interventricular septal motion caused by previous sternotomy, right ventricular pressure or volume overload, and/or left bundle branch block. The study group consisted of 20 patients (age, 62(17 years), including 9 with regional wall motion abnormalities due to coronary artery disease, 5 with global hypokinesis secondary to dilated cardiomyopathy, and 6 patients with normal wall motion. 

Apical four-chamber views were obtained. Contrast enhancement was achieved using 0.5 ml intravenous bolus injections of Optison (Mallinckrodt Medical, St. Louis, MO) in 15 patients, and continuous intravenous infusion of Definity (5 ml/min) in 5 patients who were asked to sign informed consent. Power modulation was activated with low mechanical index (0.1), and the highest possible frame rate (from 12 Hz to 19 Hz) depending on other settings, specific to each individual patient. Gain and compression were optimized to differentiate between the intensity of the power modulation signal in the LV cavity and the myocardial tissue. Images were continuously acquired during held end-expiration over one cardiac cycle and stored digitally on magneto-optical disk. 

Endocardial border detection

Digital images were first cropped to contain the LV cavity and the surrounding myocardial tissue (Figure 2,A). Cropped images were then analyzed frame-by-frame throughout the cardiac cycle. First, power modulation pixel values were extracted and redisplayed as gray scale pixel intensity, with values ranging from 0 to 255 (Figure 2,B). A binary image was then obtained by using a linear depth-dependent threshold to compensate for signal attenuation (Figure 2,C). Then, an “OPEN” morphological operation was applied to separate the LV cavity from the surrounding myocardial tissue (Figure 2,D). The image of the LV cavity was extracted by identifying the non-zero (i.e. white pixel) image component with the largest area (Figure 2,E). Automated filling was used to eliminate holes in the LV cavity, when necessary. The coordinates of the LV cavity perimeter pixels were then extracted and the resulting contour superimposed on the original image (Figure 2,F) to allow visual verification of the detected endocardial boundary. This analysis was implemented using commercial image analysis software (Matlab Image Processing Toolbox, The MathWorks Inc., Natick, MA).

Color-encoding of endocardial motion

The following procedure was used to color-encode endocardial motion. In protocol 1, the short axis view images were analyzed using a fixed reference system. In protocol 2, the apical views were analyzed using a floating reference system designed to correct for cardiac translation by realigning each frame according to the position of the calculated centroid of the LV cavity area  QUOTE "(6;16)" 
(6;16)
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. The end-diastolic (ED) and end-systolic (ES) frames were identified by the largest and smallest LV cavity areas, respectively. Two partial sequences of frames were analyzed separately, to represent the systolic phase (from the ED to the ES frame) and the diastolic phase (from the ES to the following ED frame). For each phase, a logical “XOR” operation was applied step-by-step to each pair of consecutive frames (Figure 3, left panels). This operation resulted in a binary image of only non-overlapping pixels (Figure 3, center). A logical “AND” operation was performed between this binary image and the image with the larger LV cavity in each pair, resulting in a binary display of inward endocardial motion in systole and outward motion in diastole (Figure 3, top, right). The same logical “AND” operation, when applied to the image with the smaller LV cavity in each pair, was used to display paradoxical endocardial motion, i.e. outward in systole and inward motion in diastole (Figure 3, bottom, right). Subsequently, two composite color-encoded images of systolic and diastolic endocardial motion were created by combining data obtained from each image pair. Pixels reflecting endocardial motion in the expected direction were assigned different colors depending on the frame number, i.e. the timing of motion in the cardiac cycle. Red color was assigned to pixels where only paradoxical (dyskinetic) wall motion was detected.

Quantitative analysis of regional LV wall motion

Parasternal short axis color-encoded images of endocardial motion were segmented using the centroid of the ED LV cavity as the origin of segmentation. A manually determined anatomic landmark, representing the junction between the right ventricular free wall and the inter-ventricular septum  QUOTE "(6;11;17)" 
(6;11;17)
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, was selected on the original ED frame and used as the zero degree line. The left ventricle was then divided into six 60° wedge-shaped sectors, corresponding to the standard segmentation scheme of the LV short axis view  QUOTE "(18)" 
(18)
.

In the apical four-chamber view, the manually determined distal apical endocardium in the original ED frame and the computed centroid of the ED LV cavity were used to define the long-axis, which divided the LV into two sections. In each section, a wedge shaped sector was defined between the long axis and a line connecting the centroid with the manually determined insertion point of the mitral valve leaflets, thus excluding mitral valve motion from the analysis. Each sector was then divided into three equiangled segments, creating a total of six segments originating from the cavity centroid  QUOTE "(13)" 
(13)
. 

In each segment, pixels of each color, representing the incremental area change occurring between two consecutive frames, were counted. Regional fractional area change in percentage of ED area was calculated in each segment by normalizing the incremental area change by the corresponding segmental ED area, and displayed as a stacked color histogram  QUOTE "(13)" 
(13)
.

Data comparisons

In protocol 1, data obtained during coronary occlusion and reperfusion in each animal were compared with those obtained under control conditions. Changes in the thickness of the color band in the color-coded images of systolic and diastolic endocardial motion were visually examined on a regional basis. In addition, the effects of ischemia and reperfusion were quantitatively assessed by studying the variations in regional fractional area changes throughout the experimental phases.

In protocol 2, dynamic power modulation images were reviewed by an experienced echocardiographer who classified them according to normal or abnormal wall motion on a segment-by-segment basis. These data were used as the “gold standard” for comparisons. Color-encoded images of systolic endocardial motion and the corresponding histograms were examined by two independent observers who interpreted wall motion as abnormal in segments where thinning of the color band and reduced fractional area change were noted. These observers were blinded to dynamic loops and unaware of the “gold standard” interpretation. Inter-observer variability of the detection of wall-motion abnormalities was studied by comparing the interpretations of the two observers. 

Statistical analyses

In protocol 1, systolic and diastolic data obtained for all animals during each experimental phase (baseline, coronary occlusion and reperfusion) were averaged and displayed in composite stacked histograms of regional fractional area change (mean(SD). For each segment, differences between experimental phases were tested using two-way analysis of variance with repeated measures, and were considered significant for p<0.05 versus control.

In protocol 2, segments classified as normal or abnormal by the “gold standard” technique as well as by each of the two readers of the systolic color-encoded images were counted. Inter-observer variability was assessed by calculating the percent of segments classified identically by the two readers. The interpretations of each reader were compared to the “gold standard” by counting the concordant (true positive and true negative) as well as discordant (false positive and false negative) segmental wall motion abnormalities. The mean of the segment counts provided by the two readers was used to calculate the sensitivity, specificity and accuracy of this technique against the considered “gold standard”.

Results

In protocol 1, in all animals, short axis power modulation images obtained during contrast infusion showed consistent and uniform LV cavity opacification. Coronary occlusions resulted in visible regional wall motion abnormalities in the LAD perfusion territory, which were reversed during reperfusion. No changes in heart rate were noted between experimental phases (control 93(20, occlusion 94(20, and reperfusion 94(19 bpm). Image retrieval, reformatting, review and analysis required between 3 to 5 minutes per cardiac cycle. In all animals, semi-automated endocardial border detection from power modulation images allowed good quality tracking of the endocardium throughout the cardiac cycle, verified by superimposition of the detected contours on the original images. Statistical analysis was performed on data obtained in 8 animals since one pig was excluded due to incomplete data acquisition.

Examples of color-encoded images obtained in one animal in systole (top) and diastole (bottom) under control conditions, during coronary occlusion and reperfusion are shown in Figure 4. In the LAD-related segments (anterior, anteroseptal and septal), coronary occlusion resulted in a decrease in motion, evidenced by the narrowing of the color band, both in systole and diastole. In contrast, the inferior and posterior segments showed slightly augmented endocardial motion, reflected by the increased width of the color band. During reperfusion, wall-motion in all segments appeared to be restored to control levels. 

Figure 5 shows stacked histograms of regional fractional area change obtained by analyzing the images in Figure 4. This analysis allowed quantitative assessment of the effects of ischemia and reperfusion on regional systolic and diastolic endocardial motion. The ischemia-induced decrease in wall-motion in the LAD territory was confirmed by a decrease in the corresponding regional fractional area changes, which was reversed during reperfusion. Interestingly, the timing of diastolic wall-motion during reperfusion was different from control, showing a shift in the timing of diastolic events, such that most LV expansion occurred later in diastole. This change is reflected by the thinning of the blue layers, corresponding to early filling, and thickening of the green layers, corresponding to late filling.

Figure 6 presents the summary of the regional LV wall motion analysis obtained from the entire group of animals at the different experimental phases. In both systole and diastole, ischemia caused a significant decrease in regional fractional area change in the anterior and anteroseptal segments. These changes resolved during reperfusion. Composite data of all animals also confirmed the trend of decrease in early LV filling in reperfusion in the LAD territory, depicted by the thinner dark blue layer in the diastolic histograms, although this finding did not reach statistical significance.

In protocol 2, in all patients, contrast infusion resulted in consistently and uniformly opacified LV cavity in the apical four-chamber view. Figure 7 shows three examples of systolic color-coded images and relevant stacked histograms obtained in patients with different wall motion patterns. The color-coded image obtained in the normal subject showed color bands of relatively uniform thickness representing normal wall motion. In contrast, the patient with apical hypokinesis showed marked thinning of the color bands at the apex. The patient with dilated cardiomyopathy showed similar thinning in all segments, representing global hypokinesis. The corresponding histograms of fractional area changes confirmed these findings quantitatively.

Out of 120 segments studied in 20 subjects, 75 were scored as normal and 45 as abnormal by the “gold standard” technique. Table 1 shows the number of segments classified as normal and abnormal by the two independent observers of color-coded images. Their interpretations were in agreement in 105/120 segments, corresponding to inter-observer variability of 12.5%. Despite the individual differences between the two observers, each of them classified 111/120 (92.5%) segments in agreement with the “gold standard”. Based on the mean of the two observers, the sensitivity of our technique was 91.1%, specificity 93.3% and overall accuracy 92.5%.

Discussion

Echocardiographic assessment of endocardial motion and wall thickening is the most widely used noninvasive method for the detection of regional LV dysfunction caused by coronary artery disease  QUOTE "(19;20)" 
(19;20)
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. To overcome the subjective nature of the visual interpretation of dynamic images of the heart, which is at the basis of this methodology, different approaches for objective evaluation of regional wall motion have been proposed. Color kinesis, a real time technique based on a time-sensitive color encoding of pixel transitions between blood and myocardial tissue, has been shown to allow on-line, objective, automated quantification of LV endocardial motion in patients with good endocardial definition  QUOTE "(12;13;21-26)" 
(12;13;21-26)
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. However, in patients with poor image quality, where LV cavity opacification with contrast media is required to improve endocardial visualization and tracking, color kinesis is not applicable. In fact, currently there are no tools to automatically detect the endocardial border and quantify either global or regional LV function from contrast-enhanced images.

Our hypothesis was that the recently developed technique of power modulation imaging, which was designed to enhance the detection of ultrasound contrast agents, could potentially improve the visualization of the endocardial borders. Accordingly, in this study we tested the feasibility of using contrast enhanced power modulation images for semi-automated endocardial border extraction and subsequent color-coding of systolic and diastolic endocardial motion to allow quantitative assessment of regional LV function.

Study design

In Protocol 1, we used a pig model of acute myocardial ischemia, wherein power modulation images acquired under control conditions, during coronary occlusion and subsequent reperfusion, were analyzed to test the ability of our newly developed technique to detect changes in regional LV function. These changes were judged by visual examination of the color-coded images of endocardial motion and quantitative analysis of regional fractional area changes. To avoid the loss of data quality because of analog recording, images were stored in a digital format. Settings were kept unchanged throughout the experiment to eliminate gain dependency. 

In protocol 2, we tested the feasibility of applying our technique to contrast enhanced power modulation images obtained in human subjects. To achieve this goal, we studied patients with wall motion abnormalities and subjects with normal LV function, who required LV opacification in order to visualize the endocardium throughout the cardiac cycle. The results of our analysis were compared with the conventional methodology, in order to determine the usefulness of this approach for the objective assessment of wall motion abnormalities.

Analysis techniques

Digital acquisition allowed us to analyze power modulation color overlays separately from the gray-scale components of the underlying ultrasound images, which could otherwise contaminate the patterns of contrast enhancement. Our observation that power modulation images provided more uniform LV cavity enhancement than the conventional gray-scale images throughout the cardiac cycle was the basis for the assumption that these images could be used for automated endocardial border detection. Depth-dependent thresholding, for additional off-line correction of time-gain compensation, provided an adaptive, data-sensitive way to separate between LV cavity and myocardial tissue. This approach has been found particularly useful in the presence of contrast media, with essentially different attenuation properties from blood and myocardial tissue  QUOTE "(27)" 
(27)
. Followed by morphological operations, this procedure allowed the objective extraction of the visualized endocardial borders in all datasets.

Our choice of a fixed reference system in the short axis view and a floating reference in the apical view was made based on the results of previous studies. Parisi et al found that, in the short-axis view, a fixed rather than floating reference system better localized segmental contraction defects  QUOTE "(2)" 
(2)
, while Grube et al described the superiority of a floating reference system in the apical view  QUOTE "(28)" 
(28)
. These results were further confirmed by Schnittger at al who found that a floating system with correction for translation was useful in the apical four-chamber view  QUOTE "(6)" 
(6)
. Accordingly, to correct for cardiac translation in the apical view, color-encoding of endocardial motion was performed after realigning the centroid of the LV cavity area in each consecutive frame. Thus, translation, which is known as a major limitation of the real-time color kinesis technique 

(13) QUOTE "(13)" , was intrinsically overcome by our technique.  Also, color-coding of systolic and diastolic endocardial displacement in a single cardiac cycle allowed us to reduce potential sources of error (i.e. heart rate variations, changes in probe orientation and imaging plane), which could be introduced if ejection and filling were analyzed from different beats, as is the case with the on-line color kinesis software. 

Segmentation was performed following the schemes recommended by the American Society of Echocardiography  QUOTE "(18)" 
(18)
 as implemented in our previous studies  QUOTE "(13;26)" 
(13;26)
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 to respect coronary perfusion territories. To quantify the magnitude of endocardial motion, regional fractional area change in percent of segmental end-diastolic area was computed, which allowed intersegmental comparisons regardless of geometric differences between segments.

Interpretation of results

Our animal data obtained during acute ischemia and reperfusion confirmed the hypothesis that contrast enhanced power modulation images are suitable for objective endocardial border extraction and quantification of regional LV function. Color-encoded images and corresponding stacked histograms of regional fractional area change allowed the quantification of the effects of ischemia on regional systolic and diastolic endocardial motion in the perfusion territory of the occluded coronary artery. In addition to control data obtained from the ischemic segments at baseline, perfusion territories of other coronary arteries provided a simultaneous reference for comparison. Similar results were obtained in both systolic and diastolic phases, confirming the location and extent of the wall-motion abnormalities. Moreover, the trend towards delayed diastolic wall-motion observed during reperfusion could possibly reflect either incomplete recovery of LV function or reperfusion injury  QUOTE "(29;30)" 
(29;30)
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Color-encoded images and stacked histograms obtained in patients with normal wall motion confirmed the presence of intersegmental differences in endocardial excursion  QUOTE "(4-6;12;31)" 
(4-6;12;31)
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 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00+C:\5CDocumenti\5CPubblicazioni\5CPapers\5CCKPigs\5CCk\03\00\0255 Lang, Vignon, et al. 1996 55 /id\00 \00 
. Moreover, our results confirmed the previously described reduced motion in the apical lateral segment due to the limited ability to visualize this wall  QUOTE "(9;32)" 
(9;32)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00+C:\5CDocumenti\5CPubblicazioni\5CPapers\5CCKPigs\5CCk\03\00\0231*Waggoner AD, Miller JG, et al. 1994 31 /id\00*\00 
. Since this finding was present with and without LV opacification, it is even more likely to be related to previously suggested factors including lung interference, myocardial anisotropy and/or the angle of incidence of the ultrasonic beam  QUOTE "(32;33)" 
(32;33)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00+C:\5CDocumenti\5CPubblicazioni\5CPapers\5CCKPigs\5CCk\03\00\0231*Waggoner AD, Miller JG, et al. 1994 31 /id\00*\00 
, which are independent of the use of contrast.

Classification of segmental wall motion as normal or abnormal made by two observers on the color-encoded images showed a low level of interobserver variability as well as good agreement with the “gold standard” interpretation provided by the experienced reader of the dynamic images. The computed interobserver variability of 12.5% was comparable with the previously reported variability of 13.5% in the interpretation of regional systolic wall motion based on 2D echocardiograms by experienced readers  QUOTE "(12)" 
(12)
. The high sensitivity and specificity of color-encoded images and stacked histograms proved the feasibility of accurate quantitative detection of wall motion abnormalities using this new technique in human subjects.

Study Limitations

Although power modulation imaging offers improved definition of endocardial borders, suitable for semi-automatic border detection, the major limitation of this technique is its relatively low frame rate. In fact, the transmission of repeated pulses for each scan line takes about twice the time required for a conventional image to be formed. Accordingly, the low temporal resolution reflected by a small number of color layers in the computed color-encoded images could prove to be insufficient under conditions of increased heart rate. However, recent improvements in power modulation imaging technology provide higher frame rates in prototype hardware that unfortunately was not available to us in this study.
In the present study, we did not directly validate the semi-automatically detected endocardial borders against manual tracings. After carefully considering this strategy, we found that the grayscale component of the images, which had to be acquired at low energy and without the use of harmonics, could not allow reliable tracing of the endocardial boundaries. The alternative of manually tracing endocardial contours on the color overlays did not seem to provide additional benefit over superimposing the extracted boundaries and visually confirming the accuracy of border detection.

The current implementation of this approach is based on off-line semi-automated analysis, which is time-consuming. However, further refinements can be made to allow on-line, fast and completely automated analysis of regional wall motion, which will require additional testing and validation in a larger patient population.

Summary

The results of this study proved the feasibility of a new technique for semi-automated endocardial border detection from contrast-enhanced power modulation images and subsequent color-encoding of systolic and diastolic endocardial motion, which allows quantitative analysis of regional LV function. This technique was found to be reproducible and sensitive enough to detect and quantify ischemia-induced changes in a closed-chest animal model, as well as to accurately diagnose wall motion abnormalities in patients with poor acoustic windows who required LV opacification to visualize the endocardium. In humans, the quantitative semi-automated technique was in agreement with the interpretations of dynamic images made by an experienced reader. Future on-line implementation of this approach may prove as a useful clinical tool with a potential to improve the accuracy of the echocardiographic diagnosis of LV dysfunction.

References

(1) 
Moynihan P, Parisi A, Feldman CL. Quantitative detection of regional left ventricular contraction abnormalities by two-dimensional echocardiography I. Analysis of methods. Circulation. 1981;63:752-60.

(2) 
Parisi AF, Moynihan PF, Folland ED, Feldman CL. Quantitative detection of regional left ventricular contraction abnormalities by two-dimensional echocardiography  II.  Accuracy in coronary artery disease. Circulation. 1981;4:761-67.

(3) 
Klausner S, Blair T, Bulawa W, Jeppson G , Jensen R, Clayton P. Quantitative analysis of segmental wall motion throughout systole and diastole in the normal human left ventricle. Circulation. 1982;65:580-590.

(4) 
Pandian N, Skorton D, Collins S, Falsetti H, Burke E, Kerber R. Heterogeneity of left ventricular segmental wall thickening and excursion in 2-dimensional echocardiograms of normal human subjects. Am J Cardiol. 1983;51:1667-73.

(5) 
Haendchen R, Wyatt H, Maurer G, Zwehl W, Bear M, Meerbaum S et al. Quantitation of regional cardiac function by two-dimensional echocardiography  I. Patterns of contraction in the normal left ventricle. Circulation. 1983;67:1234-45.

(6) 
Schnittger I, Fitzgerald PJ, Gordon EP, Alderman EL, Popp RL. Computerized quantitative analysis of left ventricular wall motion by two-dimensional echocardiography. Circulation. 1984;70:242-54.

(7) 
Force T, Bloomfield P, O'Boyle J, Khuri S, Josa M, Parisi A. Quantitative two-dimensional echocardiographic analysis of regional wall motion in patients with perioperative myocardial infarction. Circulation. 1984;70:233-41.

(8) 
Sheehan FH, Bolson EL, Dodge HT, Mathey DG, Schofer J, Woo HW. Advantages and applications of the centerline method for characterizing regional ventricular function. Circulation. 1986;74:293-305.

(9) 
Ginzton L, Conant R, Brizendine M, Thigpen T, Laks M. Quantitative analysis of segmental wall motion during maximal upright dynamic exercise: variability in normal adults. Circulation. 1986;73:268-75.

(10) 
Assmann P, Slager C, van der Borden S, Tijssen J, Oomen J, Roelandt J. Comparison of models for quantitative left ventricular wall motion analysis from two-dimensional echocardiograms during acute myocardial infarction. Am J Cardiol. 1993;71:1262-69.

(11) 
Bates J, Ryan T, Rimmerman C, Segar D, Sawada S, Fitch G et al. Color coding of digitized echocardiograms:  description of a new technique and application in detecting and correcting for cardiac translation. J Am Soc Echocardiogr. 1994;7:363-69.

(12) 
Lang R, Vignon P, Weinert L, Bednarz J, Korcarz C, Sandelski J et al. Echocardiographic quantification of regional left ventricular wall motion using Color Kinesis. Circulation. 1996;93:1877-85.

(13) 
Mor-Avi V, Vignon P, Koch R, Weinert L, Spencer KT, Lang RM. Segmental analysis of Color Kinesis images: New method for quantitative assessment of left ventricular contraction and relaxation.  Circulation. 1997;95:2082-97.

(14) 
Crouse LJ, Cheirif J, Hanley DE, Kisslo JA, Labovitz AJ, Raichlen JS et al. Opacification and border delineation improvement in patients with suboptimal endocardial border definition in routine echocardiography: results of the phase III Albunex multicenter trial. J Am Coll Cardiol. 1993;22:1494-500.

(15) 
Cohen JL, Cheirif J, Segar D, Gillam LD , Gottdiener JS, Hausnerova E et al. Improved left ventricular endocardial border delineation and opacification with Optison (FS069), a new echocardiographic contrast agent - Results of a phase III multicenter trial. J Am Coll Cardiol. 1998;32:746-52.

(16) 
Pearlman J, Hogan R, Wiske P, Franklin T, Weyman A. Echocardiographic definition of the left ventricular centroid.  I.  Analysis of methods for centroid calculation from a single tomogram. J Am Coll Cardiol. 1990;16:986-92.

(17) 
Pandian N, Kieso R, Kerber R. Two-dimensional echocardiography in experimental coronary stenosis.  II.  Relationship between systolic wall thinning and regional myocardial perfusion in severe coronary stenosis. Circulation. 1982;66 :603-11.

(18) 
Schiller NB, Shah PM, Crawford M, DeMaria A, Devereux R, Feigenbaum H et al. Recommendations for quantitation of the left ventricle by two-dimensional echocardiography. J Am Soc Echocardiogr. 1989;2:358-67.

(19) 
Picano E, Lattanzi F, Orlandini A, Marini C, L'Abbate A. Stress echocardiography and the human factor: the importance of being expert. J Am Coll Cardiol. 1991;17:666-69.

(20) 
Popp RL, Agatston A, Armstrong WF, Nanda NC, Pearlman A, Rakowski et al. Recommendations for training in performance and interpretation of stress echocardiography. J Am Soc Echocardiogr. 1998;11:95-96.

(21) 
Schwartz SL, Cao QL, Vannan MA, Pandian NG. Automatic backscatter analysis of regional left ventricular systolic function using Color Kinesis. Am J Cardiol. 1996;77:1345-50.

(22) 
Vandenberg BF, Oren RM, Lewis J, Aeschilman S, Burns TL, Kerber RE. Evaluation of Color Kinesis, a new echocardiographic method for analyzing regional wall motion in patients with dilated left ventricles.  Am J Cardiol. 1997;79:645-50.

(23) 
Lau YS, Puryear J, Gan SC, Fowler MB, Vagelos RH, Popp RL et al. Assessment of left ventricular wall motion abnormalities with the use of Color Kinesis: A valuable visual and training aid. J Am Soc Echocardiogr. 1997;10:665-72.

(24) 
Vitarelli A, Sciomer S, Schina M, Ferro Luzzi M, Dagianti A. Detection of left ventricular systolic and diastolic abnormalities in patients with coronary artery disease by Color Kinesis. Clin Cardiol. 1997;20:927-33.

(25) 
Hayabuchi Y, Matsuoka S, Kubo M, Kuroda Y. Usefulness of Color Kinesis imaging for evaluation of regional right ventricular wall motion in patients with surgically repaired tetralogy of Fallot. Am J Cardiol. 1998;82:1224-29.

(26) 
Koch R, Lang RM, Garcia M, Weinert L, Bednarz J, Korcarz C et al. Objective evaluation of regional left ventricular wall motion during dobutamine stress echocardiographic studies using segmental analysis of color kinesis images. J Am Coll Cardiol. 1999;34:409-19.

(27) 
Mor-Avi V, Akselrod S, David D, Keselbrener L. Digital path-dependent recompensation of contrast-enhanced echocardiographic images. Ultrasound Med Biol. 1992;18:831-42.

(28) 
Grube E, Hanisch H, Zywietz M, Neumann G, Herzog H. [Computer assisted determination of left-ventricular contraction abnormalities using two-dimensional echocardiography. I. Analysis various study methods and determination of normal values]. Z Kardiol. 1984;73:41-51.

(29) 
Braunwald E, Kloner RA. Myocardial reperfusion: a double-edged sword? J Clin Invest. 1985;76 :1713-19.

(30) 
Vanden Hoek TL, Shao Z, Li C, Zak R, Schumacker PT, Becker LB. Reperfusion injury on cardiac myocytes after simulated ischemia . Am J Physiol. 1996;270:H1334-H1341.

(31) 
Shapiro E, Marier D, St.John Sutton MG, Gibson D. Regional non-uniformity of wall dynamics in normal left ventricle. Br Heart J. 1981;45:264-70.

(32) 
Waggoner AD, Miller JG, Perez JE. Two-dimensional echocardiographic automatic boundary detection for evaluation of left ventricular function in unselected adult patients. J Am Soc Echocardiogr. 1994;7:459-64.

(33) 
Aygen M, Popp RL. Influence of the orientation of myocardial fibers on echocardiographic images. Am J Cardiol. 1987;60:147-52. 

Figure Legends

Figure 1. Each scan-line of a power modulation image is created by sending repeated pulses of different amplitudes, and calculating the difference between reflections after scaling (see text for details). Assuming the reflective properties of biological tissues mostly linear (left), and those of contrast microbubbles mostly non-linear (right), this results in zero signals from the former and significant non-zero components from the latter, thus allowing selective enhancement of reflections from microbubbles. 

Figure 2. Example of the steps of the endocardial border detection procedure applied to a short-axis power modulation image obtained in a pig: (A) original power modulation color overlay; (B) conversion into gray scale; (C) binary image obtained by linear thresholding; (D) the result of morphological operators; (E) extracted LV cavity; (F) extracted endocardial contour superimposed on the original image.

Figure 3. Working scheme of the color-coding procedure: for each pair of consecutive frames, a logical “XOR” operation was applied (left), resulting in a binary image of only non-overlapping pixels (center). To distinguish between normal and paradoxical endocardial motion, a logical “AND” operation was applied (right, see text for details). A different color was assigned to pixels representing normal endocardial wall motion, while red color was used for pixels where only paradoxical (dyskinetic) wall motion was detected.

Figure 4. Examples of color-encoded images obtained in a pig in systole (top) and diastole (bottom) under control conditions (left), during coronary occlusion (center) and reperfusion (right). Segmentation scheme is shown in the top-left panel (ant – anterior, asp – antero-septal, sp – septal, inf – inferior, pst – posterior, lat – lateral), and color-encoding on the right (dysk: dyskinesis).

Figure 5. Stacked histograms of regional fractional area change (RFCA) in percent of regional end-diastolic area (%REDA) obtained from images shown in figure 4. Note a decrease in RFAC in the LAD territory during coronary occlusion (center, arrow). Segment notations and color scheme as in figure 4.

Figure 6. Composite stacked histograms (mean+SD) of regional fractional area change (RFCA) in percent of regional end-diastolic area (%REDA) obtained in all animals (*, p<0.05 compared to control) in systole (top) and diastole (bottom). Segment notations and color scheme as in figure 4.

Figure 7. Examples of systolic color-coded images and corresponding stacked histograms of regional fractional area change (RFCA) in percent of regional end-diastolic area (%REDA) obtained in patients with different wall motion patterns: normal wall motion (left), dilated cardiomyopathy (DCM, center) and apical regional wall motion abnormality (RWMA, right). Segmentation scheme is shown in the top-center panel: b-lat – basal lateral, m-lat – mid lateral, a-lat – apical lateral, a-sp – apical septal, m-sp – mid septal, b-sp – basal septal.

Table 1. Interpretation of Regional Endocardial Motion

	
	
	TP
	FN
	FP
	TN

	
	Standard
	45
	-
	-
	75

	Color-coded
	Observer 1
	44
	1
	8
	67

	images
	Observer 2
	38
	7
	2
	73

	
	Mean
	41
	4
	5
	70


Segment classification of an experienced echocardiographer (standard), based on visual inspection of power modulation dynamic images, was compared with classifications made by two independent observers, based on color-encoded images and stacked histograms of regional fractional area changes. The numbers indicate segments; interpretations are compared versus the standard.

FN = false negative, FP = false positive, TN = true negative, TP = true positive.










