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Introduction 

Ultrasound contrast agents 

Contrast echo cardiography is based on the use of gas micro bubbles as blood tracers 
exploiting their acoustic behaviour during exposure to ultrasound. Ultrasound contrast 
agents consist of encapsulated microbubbles filled with either air or high molecular 
weight gases. The first agents to be used were hand-agitated saline or glucose. These are 
still utilised to detect intracardiac shunts. Later, air-filled bubbles with more resistant 
shells were introduced (Albunex®, Levovist®). While still highly diffusible leading to 
rapidly decreasing bubble size and low persistence, they were able to reach the left 
cardiac chambers. The more recent second generation contrast agents, consisting of 
high molecular weight gases encapsulated by modified lipid or albumin, are less soluble 
and have proved to be persistent enough to give left cavity and myocardial opacification 
after intravenous (IV) administration (SonoVue®, Optison®, Definity®)(l-3). These 
microbubbles range in diameter from 1- 10 f.Lm, behave as strict intravascular tracers 
and are biologically relatively inert. They re-circulate with a myocardial phase of about 
5 minutes and have IV contrast effect of more than 10 minutes. 

Microbubble response to ultrasound 

The microbubble - ultrasound interaction is complex and influenced by a number of 
factors, like bubble size, gas composition, shell structure, and the frequency and output 
power of ultrasound. When insonated, the bubbles oscillate with compressions at the 
peak positive pressure of the ultrasound wave and expansions at the nadir. They become 
themselves small acoustic sources transmitting energy in all directions, some of which 
are scattered back to the transducer (backscatter). The micro bubbles obtain a frequency 
of oscillation at which the absorption and scattering of ultrasound is particularly 
effective(= resonance) (4-6). It appears to be a remarkable coincidence that gas bubbles 
of a size required to cross the pulmonary vascular bed (1-5 f.Lm), resonate in a frequency 
range of 1.5- 7 MHz, precisely the range utilised in diagnostic ultrasound. 

The relation to output power -linear vs. non-linear response 
An essential parameter for contrast imaging is the system power output displayed as 
mechanical index (MI), which is an estimate of the tissue effects of ultrasound exposure 
(Appendix A). Standard clinical echocardiography utilises aMI of around 1.0- 1.3, and 
the upper limit for human scanning is set to 1.9 (4). For very low MI (< 0.04), the 
microbubble response is mainly linear, i.e. contractions and expansions are similar in 
amplitude, and the resulting echoes have about the same frequency as the emitted 
pulses,- so-called fundamental signals. With increasing MI, the bubble expansions to an 
increasing degree exceed the contractions, giving non-linear oscillations with 
frequencies being multiples of the transmitted- so-called harmonics, and ultimately 
giving bubble destruction, which is pronounced in conventional echocardiography (5,6). 
Low to intermediate MI (0.04- 0.3) induces both linear and non-linear microbubble 
behaviour with less prominent destruction. 
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Recognition of the non-linear properties of contrast coincidentally led to the 
development of tissue (second) harmonic imaging. Even tissue that was expected to be 
relatively incompressible turned out to generate significant harmonic signals that could 
be exploited by receiving at double frequency, filtering away the fundamental 
frequencies. This greatly improved the quality of conventional grey-scale imaging; 
enhanced left ventricular (LV) endocardial delineation and improved lateral resolution 
(narrower beams with lower side lobes). This discovery actually decreased the interest 
for contrast imaging. Nevertheless, more recent contrast agents turned out to have 
properties that vary much more with the acoustic pressure than solid tissue, and this has 
been exploited to increase the agent-to-tissue and the signal-to-noise ratio. 

Left ventricular cavity opacification (L VO) 

With conventional two-dimensional (2D) echocardiography, blood appears black since 
the amplitude of red blood cell scatter is very low. Contrast microbubbles are up to 1000 
times more effective as backscatterers than red blood cells, and thus greatly enhance the 
blood pool signal and the blood-tissue border. Contemporary L VO implies 
administration of a second-generation contrast agent and the use of a low to 
intermediate MI imaging (0.2- 0.4) depending on which detection technique is used. For 
L VO, the agent-to-tissue ratio is not as critical as for myocardial opacification, and 
adequate images can be obtained using single-pulse harmonic techniques and slow 
bolus administration with frame rates (25-30 per second) adequate for catching the end
diastolic (ED) and end-systolic (ES) area and to simultaneously evaluate wall motion. 

Myocardial contrast imaging techniques 

To evaluate perfusion by myocardial contrast echocardiography (MCE), one has to be 
able to detect the micro bubbles through the powerful signals from myocardial tissue. At 
rest, the myocardium contains no more than 5- 10% blood (7,8), giving a microbubble 
concentration 10- 20 times lower than that in the cavity. With standard fundamental 
imaging, myocardial micro bubbles are continuously destroyed, causing apical swirling 
and hindering replenishment of the myocardium within the beam. Changing to second 
harmonic imaging improves L VO, but offers little benefit for myocardial perfusion, 
because tissue produces significant harmonics at intermediate and high power. These 
problems have led to the development of contrast-specific imaging techniques aiming at 
increasing the agent-to-tissue ratio. To achieve visualisation of myocardial contrast, the 
extremes of output power have been utilised. 

High-power imaging 

Triggered harmonic imaging 
High-energy ultrasound is transmitted at specified intervals, triggered to the 
electrocardiogram (ECG), destroying the contrast within the beam elevation and 
generating high amplitude harmonic backscatter (9). The triggering intervals (number of 
heartbeats between imaging frames; 1:1, 1:2, 1:4, 1:8, etc.) allow the microbubbles to 
replenish the myocardium. The technique is improved by digital subtraction of the 
myocardial tissue signal, and optimised by colour coding techniques to allow better 
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extraction of bubble signals. The very first human study comparing MCE with single 
photon emission computed tomography (SPECT) used this technique (10). However, 
this method requires careful frame to frame alignment, which is difficult due to 
movements between imaging. 

Harmonic Power Doppler 
Power Doppler technology was added to MCE to overcome the need for complicated 
off-line digital subtraction (11). This technique is suited to destructive imaging using 
air-filled microbubbles. Two or more pulses are sent successively along each scan line, 
as in traditional Doppler. The first pulse destroys the myocardial microbubbles, 
generating a brief, high amplitude echo, and the second pulse detects this as a frequency 
shift indicating movement. Colour is displayed as an overlay with intensity related to 
the amplitude of the moving echo. A major limitation is motion artefacts, which will be 
expressed like bubble destruction and generate false negative perfusion defects. This 
technique has been tested in numerous clinical studies and is often correlated to SPECT 
(12,13). 

The advantage of the high MI techniques is their good sensitivity for the presence of 
contrast, because bubble destruction results in the highest amplitude backscatter. 
The disadvantages are the lack of simultaneous assessment of function and the need for 
reliable ECG triggering and good image alignment. The methods can thus be technically 
challenging and time-consuming (of particular concern in stress imaging). The problem 
with maintaining stable image position between long triggering intervals has been aided 
by the recent techniques using low MI localisation images. Nevertheless, movement 
artefacts are almost inevitable. 

Low-power real-time imaging 

To overcome these problems, techniques able to isolate even low amplitude 
microbubble backscatter from tissue signals were developed. The use oflow MI 
imaging has two major benefits; 1) The bubbles undergo stable non-linear oscillation 
emitting continuous fundamental and harmonic signals without being destroyed, thus 
enabling simultaneous assessment of wall motion and perfusion in real-time, and 2) the 
tissue mainly generate fundamental signals. However, the agent-to-tissue ratio is still a 
critical issue, hence frame rate is reduced compared to standard imaging in order to 
reduce bubble destruction. 

Pulse inversion Doppler 
In conventional imaging, the emitted pulses (one per line) have the same polarity and 
amplitude. By manipulating pulse amplitude and/or phase, it is possible to characterise 
the echoes from micro bubbles such that they can be differentiated from tissue. The first 
detection technique used for real-time MCE is based on pulse inversion, in which two 
pulses with identical amplitude and shape, but opposite phase (i.e. 180° phase shift), are 
emitted in rapid succession (14,15). The returning pulse pairs are added. Tissue 
generates mainly linear echoes at low MI, thus the sum of tissue echoes should cancel 
out. Conversely, microbubbles produce more non-linear backscatter and the summation 
of returning pulses will not equal zero, thereby a signal will be registrated (Fig. 1 ). 

9 



Pulse inversion 

resonating 
icrobubbles 

I Nom1al puis~] 
a 9 I \ 1 • 

I Inverted pulse I 
ol I\ - bl 1 ' " 

(a>b) I L 
Figure 1 Schematic presentation of the principle of pulse inversion at low mechanical index. Two pulses 
that are identical in amplitude but of opposite phase are transmitted. The echoes reflected from linear, 
stationary tissue are also identical, but have opposite phase, and the sum ofthese will cancel out (no 
signal). The echoes that are reflected from resonating microbubbles are asymmetrical due to the 
difference in bubble volume between the two pulses. The sum of the two echoes will not cancel out when 
summed up and thereby produce a signal. 

Tissue motion is a major limitation, as this also creates non-linear signals. Pulse 
inversion is therefore combined with a Doppler signal processing technique, where a 
sequence of pulses with alternating phase is transmitted along each beam, and the 
echoes are recombined in a way to eliminate the effects of tissue motion. 

During and after the clinical studies of this thesis, more low-power real-time techniques 
based on manipulation of pulse amplitude and/or phase have been developed, exploiting 
both fundamental and different degrees of harmonic signals. 

Contrast administration 

Bolus injections are easy to perform, they are less costly, give the highest peak 
enhancement and the agent is quickly used with no stability problems. By prolonging 
the duration of the contrast injection and particularly the saline flushing ('slow bolus'), 
it is possible to minimise attenuation and blooming artefacts. Limitations of the bolus 
technique are short contrast effect, attenuation artefacts and difficulties concerning 
timing and assessment of perfusion (16). 
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Continuous contrast infusion extends the time of contrast enhancement, provides more 
consistent effect, reduces tendency of attenuation and allows repeated recordings and 
quantification under comparable conditions. The contrast infusion rate can easily be 
adjusted to fit the individual imaging conditions. However, it is a more complex, time
and contrast-consuming procedure, which requires manual rotation of the volume pump 
or an available automatic oscillatory pump to ensure stability of the infusion rate. 

Artefacts in contrast echocardiography 

Contrast signal intensity (SI) depends on the microbubble concentration, and this 
relationship is linear at lower concentrations, however, at higher concentrations it 
becomes curvilinear until it reaches a plateau. Subsequent increase in concentration may 
actually decrease the contrast SI due to attenuation (5), which gives reduced backscatter 
signal from basal areas. This can result in poorer endocardial delineation and false 
positive myocardial perfusion defects. To avoid or reduce attenuation artefacts, one 
could stop and wait for washout, apply smaller contrast doses or lower injection/ 
infusion rate and avoid too apical focus position. 
Swirling is an apical defect caused by excessive near field bubble destruction. Too high 
MI, frame rate or line density, as well as insufficient contrast rate or slow intracavitary 
flow (anterior/ apical infarctions, dilated/ poor ventricles), could contribute to this 
phenomenon. To counteract, the focus zone and frame rate can be lowered or the 
infusion rate increased. Shadowing occurs when the scan lines are blocked by ribs or 
lung tissue, resulting in dropouts. Changing patients and/or probe position to centralise 
the wall of interest could improve this. Motion artefacts are frequent problems. Heart 
contraction and translation, breathing, patient and probe movements may be 
misinterpreted as flow. Blooming may occur when high signals from the cavity exceed 
the endocardial border and appear as myocardial opacification possibly obscuring 
perfusion defects. The phenomenon is reduced using infusion rather than bolus 
injections, or by reducing the infusion rate. 

Clinical applications of contrast echocardiography 

Measurement of LV volumes and ejection fraction 

Two-dimensional echocardiography (2DE) is at present the preferred method for 
measurements ofLV ejection fraction (EF). The current recommendation includes the 
biplane method of discs (modified Simpson's rule), using the apical4-chamber ( 4CH) 
and 2-chamber (2CH) views (17,18). The apical long-axis (APLAX) view has often 
been preferred to the 2CH view as the second plane, due to its better acoustic 
availability and reproducibility(19-21), although these two view combinations have not 
previously been compared to an independent reference method. 

Accurate echo interpretation of the LV cavity necessitates a proper delineation ofthe 
blood-endocardial interface both in end-diastole (ED) and end-systole (ES). Surfaces 
that are parallel to the ultrasound beam, such as endocardial borders in the apical views, 
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are difficult to resolve with echocardiography. In addition, the acoustic window is 
limited by obesity, emphysema, chest wall deformation and inability to lie in the left 
recumbent position. Native tissue harmonic imaging greatly improved the image quality 
and reduced the number of non-diagnostic studies. StillS- 10% of single plane exams 
are suboptimal at rest, and even more are of insufficient quality for biplane 
measurements ofEF (22-25). The imaging problems are greatly amplified in stress 
echocardiography and ventilated intensive care patients (26-28). 

Left ventricular opacification by IV contrast significantly enhances endocardial border 
delineation (23,24,30-32) and increases the diagnostic accuracy of suboptimal studies, 
both at rest and during stress (26-32). Hundley et al demonstrated improved accuracy 
and reduced interobserver variability of contrast enhanced versus fundamental2D-echo 
in determination of LV volumes and EF compared to magnetic resonance imaging 
(MRI) (33). In comparison to tissue harmonic imaging, Thomson et al reported 
improved measurements of LV remodelling by contrast echo in 26 patients with LV 
dysfunction, with reference to electron beam computerised tomography (CT) (34). No 
clinical studies have previously validated contrast imaging and tissue harmonic imaging 
versus MRI in consecutive cardiac patients. 

Real-time three-dimensional echocardiography (3D E) has been reported as superior to 
2DE in LV volume measurements (35-39). In spite of advances in image quality, spatial 
resolution and acquisition times, novel 3DE is still limited by the need of data from 
consecutive heart cycles during held respiration and time-consuming data analysis, and 
in addition by a narrower sector width (volume size) than 2DE. A potentially more 
timesaving alternative; simultaneous multiplane imaging, is a novel technique that has 
not yet been clinically evaluated for measurements of LV volumes and EF. 

Myocardial perfusion imaging 

Different non-invasive imaging modalities exist to study myocardial perfusion, such as 
SPECT and more recently MRI and positron emission tomography (PET). Limited 
availability, high costs, long examination periods, and exposure to radiation (SPECT 
and PET) still limit these techniques. Ultrasound contrast micro bubbles act as pure 
intravascular tracers traversing the myocardial microvasculature, in contrast to MRI 
tracers that escape into the extravascular space and radionuclides which enter the 
myocytes. Thus, the detection ofmicrobubbles within the myocardium has the potential 
of providing both qualitative and quantitative information on microvascular integrity 
and regional myocardial blood flow (MBF). Other potential advantages with MCE 
versus SPECT, is the better availability and portability, less cost, no radiation and better 
spatial resolution. 

Quantification of perfusion by MCE 

Myocardial opacification by contrast almost entirely reflects backscatter from micro
bubbles flowing through the capillary compartment, which contains~ 90% of the 
myocardial blood volume (MBV) (40,41). Traditionally, evaluation of myocardial 
perfusion from MCE has been visual assessment of the myocardial contrast SI 
(brightness) on videotaped studies, using a semi-quantitative score. However, subtle 
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differences in intensity between vascular beds may not be visually evident, and 
measuring regional microbubble backscatter in dB is not necessarily proportional with 
perfusion. Even with substantially reduced perfusion, the blood volume could be 
constant or even larger than normal (42,43), and contrast microbubbles may remain for 
longer time in the microcirculation generating more signals. Nevertheless, the presence 
of a perfusion defect at rest indicates infarction or an artefact, with the former being 
likely ifthere are simultaneous wall motion abnormalities, and if the defect conforms to 
the distribution of a coronary vascular territory. 

The limitations of visual interpretation led to the development of a pioneering 
quantitative method suggested by Wei et a! in 1998 ( 44 ). It relied on continuous IV 
contrast infusion and the use of intermittent high-MI imaging. When a steady state 
myocardial opacification was reached, several high MI pulses were delivered to destroy 
contrast in the imaging plane. The replenishment of new contrast into the myocardium 
was observed and recorded. The resulting video intensity vs. time (pulsing interval) plot 
resembled an exponential growth function, and was fitted to the equation 

y(t) =A [l-e-P1
], 

where y is SI at any given time, A is the plateau (maximal) SI at steady state reflecting 
microvascular cross-sectional area (MBV), ~reflects the rate of rise (slope of curve) of 
SI, and, hence, mean microbubble velocity (MBF velocity) and t is pulsing interval 
(time) after 'flash'. By incrementally increasing the pulsing interval, the rate of contrast 
replenishment over time could be assessed, both qualitatively and quantitatively. 
Wei eta! demonstrated an excellent linear relationship between the absolute MBF, 
measured with radio labeled microspheres, and the MCE- derived MBF as calculated 
from the product of A and ~· 

The flow in the myocardial capillaries is very slow (0.5- 1.0 mm/sec), and with a beam 
elevation of up to 5 mm, contrast replenishment at rest could consequently extend up to 
10 heart cycles. This contributes to making intermittent imaging a rather complex and 
time-consuming technique. The more recent real-time MCE techniques have 
demonstrated similar results in animal experiments using the destruction-replenishment 
approach ( 45-48). In addition, newer scanners provide digital recording and storage, 
avoiding loss of original data quality ( 49). 

Detection of coronary artery stenoses 

In the presence of a significant, but non-critical coronary artery stenosis (50-75% 
diameter stenosis), normal blood flow is maintained at rest by arteriolar vasodilatation 
(50), thus MCE techniques cannot be expected to detect resting perfusion defects. 
During stress, a 3-6 fold increase in flow to areas supplied by normal coronary arteries 
has been observed (50-52). This is caused by arteriolar vasodilatation, which could give 
both increased red cell velocity (MBF velocity) and increased MBV (opening of 
dormant capillary networks). However, the application of pure vasodilator stress tends 
to increase MBF velocity without marked changes in overall MBV (51). In beds of 
significantly stenosed arteries, there will be limited augmentation of flow due to resting 
vasodilatation. Direct comparison between these and normal territories may reveal 
perfusion mismatch, but not necessarily ischemia. In critical cases the pre-capillary 
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pressure drops significantly due to low distal coronary pressure, and the steal 
phenomenon can occur; to maintain normal trans-capillary pressure capillary networks 
are shut down (capillary de-recruitment) (50,52,53). 

An increasing amount of experimental and clinical data has suggested that quantitative 
MCE flow reserves assessed from comparing the resting and stress condition can be 
used to evaluate the physiological significance of coronary stenoses ( 45-49,54-60). The 
use of adenosine has often been preferred due to its capability to induce perfusion 
heterogeneity, and its fast effect and short half-life (51). While numerous studies 
examining various stress and imaging modalities have demonstrated concordance 
between MCE and SPECT, there are limited data using quantitative coronary 
angiography (QCA) as the reference standard (Table 1)(13,54-60). 

Contrast and tissue velocity imaging 

In traditional flow Doppler, the wall filter adjustments are made to minimise the effects 
of high-intensity, low-velocity noise from tissue. Tissue velocity imaging (TVI) is based 
on bypassing these high-pass wall filters. The high velocity signals from blood in the 
cavities are actually not filtered away in TVI, but are about 40 dB lower than the 
Doppler shifts, and thus too low to be displayed in the TVI image (61,62). 

Strain and strain rate imaging (SRI) are novel TVI-based tools for quantification of 
regional myocardial function (63-66). Numerous clinical studies have reported benefit 
using SRI measurements in interpretation of dobutamine stress echocardiography 
(DSE). The combination ofTVI and myocardial contrast echocardiography might have 
a potential of providing more information about motion and perfusion of the 
myocardium in a single examination. However, modem contrast agents can remain in 
the circulation during more than 10 minutes and may therefore interfere with TVI based 
measurements. Sporadic tests with SRI and contrast injections in our lab indicated that 
strain rate (SR) and strain (E) measurements would be disturbed by the presence of 
contrast in the LV cavity or myocardium. However, no clinical data has so far been 
available to clarify this matter. 
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Table 1 Myocardial contrast echo studies with patients undergoing quantitative coronary angiography 

CAD* No Sensitivity Specificity MCE technique Contrast agent/ Stress Freq of MCE 
CAD (%) (%) ad min QCA analysis 

Heinle et al 12 3 75 67 Harmonic Power Optison/ Adenosine 15 of 123 Qualitative 
2000 (13) Doppler infusion 

Cwaig et al 32 13 87 - Accelerated Optisonand Dobutamine All of45 Qualitative 
2000 (54) intermittent PESDA/ bolus and exercise 

imaging 

Shimoni et al 28 16 75 85 Real-time MCE Optison/ bolus Exercise 44 of 101 Qualitative 
2001 (55) 

Wei et al 10 16 100 Harmonic Definity/ Adenosine 15 of 54 Quantitative 
2001 (56) (LAD Intermittent infusion 

only) imaging 

Olszowska et 44 97 93 Real-time MCE Optison/ bolus Dobutamine All of44 Qualitative 
al2002 (57) 

Rocchi et al 12 - 89 - Harmonic Power Levovist/ Dipyridamol 12 of25 Qualitative 
2003(58) Doppler infusion 

Moir et al 43 27 91 70 Real-time MCE Definity/ Dipyridamol 70 of85 Qualitative 
2004 (59) infusion 

Peltier et al 22 13 97 82 Real-time MCE PESDA/ Dipyridamol All of35 Qualitative/ 
2004 (60) infusion quantitative 

* Significant CAD defined as the presence of at least 50% diameter stenosis in at least one coronary artery with a diameter:::: 2mm. 
CAD, coronary artery disease; LAD, left anterior descending coronary artery; MCE, myocardial contrast echocardiography; 
PESDA,perfluorocarbon-enhanced sonicated dextrose albumin; QCA, quantitative coronary angiography. 
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The aims of the study 

I. To evaluate whether intravenous contrast echocardiography gives superior 
accuracy and reproducibility in assessment ofLV volumes and EF compared to 
state-of-the-art tissue harmonic imaging in non-selected cardiac patients. 

II. To evaluate the clinical accuracy and reproducibility of biplane 2D-echo 
assessment ofL V volumes and EF, using 4CH combined with either APLAX or 
2CH views, both without and with contrast, to assess the effect of different 
biplane image view combinations. 

III. To evaluate the feasibility, accuracy and reproducibility of a novel simultaneous 
trip lane data acquisition and analysis approach for measurement of LV volumes 
and EF compared to conventional 2D biplane measurements, without and with 
contrast. 

IV. To evaluate the feasibility of low power real-time MCE for visualising perfusion 
in normal human myocardium, and to quantify segmental myocardial blood flow 
velocity by using a contrast destruction-replenishment approach. 

V. To evaluate the clinical feasibility of quantitative adenosine real-time MCE, and 
to test if stress-to-rest ratios ofMCE perfusion parameters could detect 
significant coronary stenoses in consecutive patients undergoing QCA. 

VI. To assess the effects of contrast present in LV cavities and myocardium during 
TVI recording, on the measurements of tissue velocities, regional strain and 
strain rate. Secondly, to evaluate if increased scan line density could improve the 
feasibility of simultaneous tissue Doppler and contrast echocardiography. 
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Material and methods 

Study subjects 

The healthy subjects (paper IV and VI) were volunteers from the hospital and university 
staff or medical students. All patients gave informed consent to participation either as 
regular ward patients or as outpatients referred for routine cardiac investigations. 
All patients had known or suspected cardiac disease and were submitted for 
echocardiography. Of the 110 consecutive patients included in paper I, 55 were also 
included in paper II. Otherwise, no patients participated in more than one paper. In 
studies where coronary angiography was performed (IV and V), it was part of the 
routine clinical investigation and was not initiated by the study. 

No screening for echo image quality was performed in paper I-IV and VI. However, in 
paper II patients with any of the standard apical planes technically too poor for 
endocardial tracing were excluded from the comparative volume analysis. In paper V, 
53 patients referred for diagnostic coronary angiography were consecutively included, 
but 10 of these did not proceed to the stress part of the MCE study, due to inadequate 
image quality in standard apical views during MCE at rest. 
The studies conformed to the declaration of Helsinki, and the Regional Committee of 
Medical Ethics approved all the protocols. All study subjects gave written informed 
consent to participation. 

Contrast agents and administration 

The ultrasound contrast agent SonoVue® (sulphur hexafluoride stabilised by a 
phospholipid monolayer) was used in paper IV and in half of the patients in paper I and 
II (2). Definity™ (octafluoropropane lipid microspheres) was used in the other half of 
patients in paper I and II (3). Optison™ ( octafluoropropane rnicrospheres encapsulated 
by human serum albumin) was used in paper III, V and VI (1). For LVO (in paper I-III 
and VI), the contrast was administered as repeated slow bolus injections (initial doses of 
0.2, 0.5 ml and 0.5 m1 for Defmity, SonoVue and Optison, respectively). All contrast 
injections were followed by a slow manual flush, alternatively continuous infusion, of at 
least 5ml of0.9% saline. 

In paper IV and V, the contrast was administrated undiluted as a continuous infusion 
operated by a volumetric infusion pump (Braun Compact™). For Sono Vue infusion, 
continuous manual rotation of the pump was performed. With Optison, a slightly 
different set-up was used with a vertical position of the pump and the attached syringe. 
The contrast was advanced by a constant saline infusion (180-200 ml/h) feeding into the 
contrast line at 90 degrees. The contrast infusion rates ranged from 70-100 mllh 
(SonoVue) and 15-30 mllh (Optison) and were carefully adjusted to optimise 
myocardial opacification and minimise depth-dependent far-field attenuation. 
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Echocardiography 

A single, experienced physician performed all echocardiographic studies. 

Equipment 

All studies were performed using the Vivid 7 scanner (GE Vingmed Ultrasound AS, 
Horten, Norway) (different software versions), and a M3S phased matrix array 
transducer. In paper III, Vivid 7 Dimension, sw.v.4.0.0, equipped with a novel2D-array 
matrix transducer (3V) connected to a real-time 3DE system, was used for simultaneous 
trip lane imaging. The interplane angles were by default set to 60 degrees, but could 
easily be adjusted. 

Applications 

In all papers, baseline recordings in tissue harmonic imaging (1.7/ 3.5 MHz) was 
performed. For L VO, a single-pulse harmonic technique (MI 0.22 to 0.31) was used in 
paper I, II and VI, whereas in paper III, a novel pulse inversion based detection method, 
Coded phase inversion, was used (1.7/ 3.4 MHz), operating at aMI of0.18 to 0.22. 
Contrast perfusion imaging was performed with Coded harmonic angio, a real-time 
application based on pulse inversion power Doppler using very low MI (Sono Vue 0.04-
0.05, Optison 0.06- 0.08) and a frame rate of20 to 22Hz. In paper VI, different 
applications for TVI and LVO and their combinations were applied, one of these being 
a novel technique utilising an increased (doubled) number of scan lines compared to 
conventional TVI. 

Imaging protocols 

Standard apical LV views were carefully acquired in all studies. In the MCE studies, the 
standard views were at times slightly modified, i.e. by centralising the lateral or anterior 
walls in the scan sector to minimise attenuation and shadowing. Special care was taken 
to avoid off-axis imaging and to maintain image alignment during destruction
replenishment sequences. For volume studies, cine loops of at least three cardiac cycles, 
avoiding ectopic and post-ectopic beats, were acquired in held expiration per imaging 
view and modality. In the MCE studies, 15 and 20 cardiac cycles of every destruction
replenishment sequence were captured. In paper V, contrast destruction- replenishment 
sequences were obtained also during hyperaemic stress obtained with IV adenosine 140 
j..tg/kg/min for up to 6 minutes. All echocardiographic data were digitally stored as raw
data. 
Further details on performance of imaging are described in the papers. 

Data analysis 

Analyses were performed off-line on a separate PC station using the Quantitative 
analysis tool in EchoP AC PC (GE Vingmed Ultrasound, Horten, Norway). Measures 
for LV volumes/EF and the TVI- derived parameters (paper VI), all represent the 
average of data from three cardiac cycles. 

Endocardial tracings of all studies were manually performed according to the 
recommendations ofthe American Society ofEchocardiography (ASE) (17,18). The 
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definition ofED andES is described in the Methods section, paper I-III. For 2DE, the 
biplane Simpson's method (17)(Appendix B) was used to calculate volumes. In paper I, 
the APLAX view was preferred, due to its better acoustic availability and 
reproducibility (19-21), but if the 2CH image was ofbetter quality this was used to 
maximise feasibility of biplane analysis. In paper II, the two apical view combinations 
including the 4CH view were assessed in all patients. In the other papers, biplane 
assessments were performed using the APLAX and the 4CH view. On the simultaneous 
trip lane display (paper III), ED and ES was automatically detected, with possibility for 
manual adjustments. A triangular mesh was constructed by 3D interpolation between 
the three area traces, and volumes calculated by surface triangulation and summation of 
all triangles by the Divergence Theorem (67)(Appendix C). EF was calculated as [(ED 
volume- ES volume)/ ED volume)] x 100 %. 
In study II, LV cavity long-axis lengths were measured in ED and ES, as the distance 
from the apex to the centre of the mitral valve plane, both on echocardiography and 
long-axis MR images. 

In paper IV, quantitative analysis was done separately for all-frames, and for selected 
ES and ED frames, whereas in study V only analysis ofES frames was performed ( 47). 
Segmental values of A,~ (study IV and V) and Ax~ (study V), the latter product 
regarded as an indicator ofMBF (44), were derived from contrast replenishment curves 
fitted to the modified exponential function of Wei et al (Fig. 2). Each myocardial 
segment was attributed to the territory of one of the three main coronary vessels, 
assuming a balanced coronary circulation (Fig. 3). In paper V, the vasodilator reserves 
(stress-rest ratios) of the MCE- parameters, termed A (MBV)- reserve,~ (MBF 
velocity)- reserve and Ax~ (MBF)- reserve, were evaluated on a coronary territorial 
level. 
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Figure 2 The SI (signal intensity) versus time curve after 'flash', as predicted by the exponential model. 
The function is used to derive the parameters A (reflecting microvascular cross-sectional area/ myocardial 
blood volume) and ~ (reflecting myocardial blood flow velocity). At t=to, the starting point after 
destruction, the refilling curve is not always zero because of incomplete destruction of remaining 
background signals from tissue. AU, acoustical units. 
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Contrast and tissue velocity imaging 

To minimise the effect of artefacts and noise during contrast TVI, the velocity, SR and E 

traces were derived from manually placed 3 x 3 mm fixed regions of interest (ROI) in 
mid septum and mid lateral wall. The offset (strain length) was also reduced compared 
to the default TVI settings (from 12 to 6 mm), and maximal temporal smoothing 
(Gaussian 80ms) was applied. Feasibility of obtaining velocity, SR and E curves from 
the different modalities was evaluated, and peak systolic velocity (PSV), peak systolic 
strain rate (SRs) and end-systolic strain (Ees) were measured and compared between the 
different applications without and with contrast. 

Magnetic resonance imaging 

The MRl studies (papers I-III) were performed with a 1.5 Tesla Symphony™ whole
body system with Quantum Gradients and Syngo 2002B software (Siemens, Erlangen, 
Germany). Two experienced operators performed the data acquisition. TrueFISP 
sequences (Fast Imaging with Steady-state free Precession) gives a very satisfactory 
contrast between cavity and myocardium, avoiding the need for IV MR contrast agent. 
Echocardiographic and MRl exams were performed within the shortest possible time 
interval. No change in patient medication or clinical condition between the two studies 
was accepted. For study I and II, mean time interval was 6 hours (maximum 24 hours 
for patients with recent myocardial infarction), for study III it was 18 minutes (none 
more than one hour). 

MRl volumes and EF were calculated by a single investigator, blinded to the echo 
results, using custom-made software programmed in MatLab™ (Math Works, Natick, 
Mass). To minimise subjectivity in contour tracing, previously described criteria for the 
tracing of short-axis slices were used, guided by reviewing the images in cine ( 68,69). 
ES was defined as the first phase of the R-wave triggered sequence andES as the 
smallest cavity area. The most basal section to be included in the analysis had to show a 
wall thickness compatible with the LV myocardium that extended at least 50% ofthe 
circumference. The LV outflow tract was included up to the level ofthe aortic valve. 
Papillary muscles and rough trabeculations were included in the blood pool, according 
to the criteria defined for the echocardiographic analysis (17), unless inseparable from 
the myocardium. The LV volumes were calculated automatically by summation ofthe 
volume (area x thickness) of all slices. 
In study II, the ED and ES LV major long-axes from apex to the A V- plane were 
measured on the 4CH (double oblique) reference views. 

Quantitative coronary angiography 

An independent, experienced observer, blinded to the MCE data, did quantitative 
analysis of the coronary angiograms using an automated edge detection system (Phillips 
Medical Systems, Eindhoven, the Netherlands). The degree of coronary stenosis was 
expressed as the percent reduction of the internal lumen in relation to the normal, 
calibrated reference. A significant stenosis was defined as 2: 50% narrowing of the 
reference lumen diameter, and significant CAD as 2: 50% diameter stenosis of2: 1 major 
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epicardial arteries or their major branches (diameter :2: 2 mm). The significant stenoses 
were further divided into moderate (50- 74%) and severe(?: 75%). 

4-chamber view 2-chamber view Long axis view 

LAD ~Lex .. RCA 

Figure 3. The different coronary artery beds and their representation in myocardial segments of the left 
ventricular apical views, given a balanced coronary circulation. LAD, left anterior descending coronary 
artery; LCx, left circumflex coronary artery; RCA, right coronary artery. Courtesy of Asbjorn Stoylen, 
Dept. of Circulation and Medical Imaging, NTNU, Trondheim, Norway 

Statistics 

Continuous data were expressed as mean ± 1 standard deviation and proportions were 
expressed as percent. The agreement between methods and the repeatability of echo 
measurements were evaluated by the Bland and Altman method (70). Interobserver and 
intraobserver variability was in addition calculated as the standard deviation of the mean 
difference expressed as a percentage ofthe mean (coefficient ofvariation). Grouped 
data were tested for normal (Gaussian) distribution and compared using two-tailed 
paired (within patient) and unpaired (between patients) t-tests, or if more than two 
unpaired groups with univariate analysis of variance (ANOV A) and post-hoc analyses 
using the Bonferroni 's correction. On paired data, Pitman's test was performed for 
comparison of variances between methods. The McNemar's test was performed to 
compare the differences between paired proportions. 
In paper V, the MCE parameters were averaged for all patients in each segment and 
coronary territory before statistical analysis, to minimise the influence of interaction. 
Analysis of variance was applied considering territorial and patient interaction terms. 
Receiver operating characteristic (ROC) curves were used to compare the predictive 
ability ofMCE reserves, by calculating sensitivity, specificity, accuracy and areas under 
the curves (AUC). Commercial software was used for all calculations (SPSS Inc., 
Tennessee, USA, release 11.0 and 13.0, and Microsoft® Excel 97 SR-2 with the add-in 
software; Analyse-It version 1.60.0.1). A significance level of .05 was selected. 
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Summary of results 

Paper I 
Accurate and reproducible measurement ofleft ventricular volume and ejection 
fraction by contrast echocardiography. A comparison with magnetic resonance 
imaging 

The accuracy and reproducibility of contrast echo cardiography was compared to 
conventional tissue harmonic imaging for measurements ofLV volumes and EF, with 
reference to MRI in 110 consecutive patients. Contrast echo significantly increased 
feasibility for biplane volume analysis. The volume underestimation versus MRI found 
at baseline significantly decreased but was not eliminated with the use of contrast. The 
95% limits of agreement between echo and MRI narrowed significantly with contrast 
[from -18.1 to 8.3%, to -7.7 to 4.1% (EF), from -98.2 to -11.7ml, to -59.0 to 10.7ml (EDV) 
and from -58.8 to 21.8ml, to -38.6 to 23.9ml (ESV)]. The improved accuracy with contrast 
was evident even in patients with good image quality at baseline. Precontrast, EF from 
echo and MRI differed by 2:1 0% (EF units) in 23 patients versus none after contrast. 
With contrast, classification in the EF subsets < 35%, 35- 54% and 2: 55% was 
significantly better with reference to MRI. The 95% limits of agreement between two 
observers and between two readings for volumes and EF (n = 30) narrowed significantly 
with contrast. 

Paper II 
Choosing apical long-axis instead of two-chamber view gives more accurate 
biplane echocardiographic measurements of left ventricular ejection fraction: A 
comparison with magnetic resonance imaging 

In 100 consecutive patients, the combination ofapical4CH and 2CH views was 
compared to the combination of 4CH and APLAX views for biplane measurements, 
both without and with contrast enhancement. Multislice MRI was used as external 
reference. The feasibility of biplane volume measurements increased with the use of the 
APLAX vs. the 2CH view, but significantly only with the use of contrast. Precontrast, 
95% limits of agreement for EF compared to MRI were -19.1 to 9.0% (EF units) using 
2CH, narrowing to -14.6 to 6.7% using the APLAX view. With contrast, the 
corresponding limits narrowed from -10.5 to 6.1 %, to -7.3 to 3.8 %, respectively. The 
improved accuracy with APLAX was present even in patients with good image quality, 
as well as in patients with regional LV dyssynergy. Intra- and interobserver variability 
evaluated by Bland and Altman analysis (n = 30) demonstrated narrowing oflimits of 
agreement by substituting 2CH with APLAX view, both without and with contrast. 
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Paper Ill 

Real-time simultaneous triplane contrast echocardiography gives rapid, accurate 
and reproducible assessment of left ventricular volumes and ejection fraction: 
A comparison to magnetic resonance imaging 

Left ventricular volumes and EF were assessed in 53 consecutive patients by a novel 
echocardiographic technique simultaneously acquiring three apical planes in real-time, 
and compared to measurements by conventional 2D imaging and MRI. 
Echo cardiography was performed both without and with contrast enhancement. The 
simultaneous trip lane image acquisition was simple and less time-consuming than 2D 
imaging. Precontrast, feasibility in terms of 'traceability' was poorer for trip lane than 
2D biplane images, but equally good with contrast. Bland and Altman analysis 
demonstrated LV volume underestimation by echo vs. MRI, but significantly less 
pronounced with LVO with an incremental benefit of using triplane imaging. The 
agreement with MRI was improved with trip lane compared to conventional 2D biplane 
imaging, both with and without contrast. At intra- and interobserver analysis of20 
patients, limits of agreement for EF narrowed significantly with contrast trip lane 
compared to 2D biplane echocardiography. 

Paper IV 

Quantification of resting myocardial blood flow velocity in normal humans using 
real-time myocardial contrast echocardiography: A feasibility study 

Low-power real-time MCE was evaluated in 20 subjects with normal LV wall motion; 
10 healthy volunteers and 10 patients with confirmed normal coronary anatomy. Apical 
LV views were acquired during continuous IV infusion of Sono Vue. Following 
transient microbubble destruction, the myocardial contrast replenishment rate (~), 
reflecting MBF velocity, was derived by plotting signal intensity vs. time and fitting the 
data to an exponential function; y (t) =A (1-e·~(t-tO)) +C. 
Adequate contrast opacification, indicating myocardial perfusion, could be visualised 
and quantified in 65% of all myocardial segments, regardless of baseline echo image 
quality. Feasibility for quantification of A and ~was the best in the 4CH view segments, 
poorer in the 2CH and APLAX view, with a distribution of analysable segments giving 
adequate evaluation of the LAD territory, but low feasibility in the posterior circulation. 
A spatial and temporal variability in estimated MBF was found. Mean values of~ were 
significantly higher in medial than lateral and in basal compared to apical regions of the 
scan plane. Significantly higher ~-values were obtained from end-diastolic than end
systolic frames, values from all-frames analysis lying between. 
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PaperV 
Quantitative adenosine real-time myocardial contrast echocardiography for 
detection of angiographically significant coronary artery disease 

Real-time low-power MCE was performed in 53 patients scheduled for quantitative 
coronary angiography, but 10 of these were excluded due to poor baseline and resting 
MCE image quality. The remaining patients proceeded to adenosine MCE, and A, ~ and 
Ax~ (myocardial blood flow) and their hyperaemic reserves were estimated, assigned to 
the coronary territories and compared to angiographic data, to evaluate if the presence 
of significant coronary stenoses (2': 50% lumen diameter stenosis) could be predicted. 
Segments not eligible due to dropouts and artefacts were mainly located basally and 
anteriorly. The feasibility of stress real-time MCE covering all coronary territories was 
62% of consecutively enrolled patients regardless of image quality, and 77% of patients 
with good baseline image quality. At rest, there were no significant differences in 
perfusion parameters between normal and stenosed coronary territories. During 
hyperaemia, ~ and Ax~, but not A, increased significantly in 'normal' coronary 
territories, whereas in regions subtended by significantly stenosed arteries there were no 
significant increases. Between groups, no significant differences were noted at rest, 
neither for A, ~nor Ax~. During vasodilatory stress, A did not differ significantly 
between the stenosed and the non-stenosed group, whereas ~ and Ax~ were 
significantly lower in the stenosed group. Receiver operating characteristic curves 
indicated that ~- and Ax~ reserves, but not the A- reserve, could be sensitive parameters 
for detecting flow-limiting coronary stenosis in selected patients. The diagnostic 
accuracy was better for disease in the LAD than in the RCA and the CX territories. 

Paper VI 
Effects of ultrasound contrast during tissue velocity imaging on regional left 
ventricular velocity, strain and strain rate measurements 

The influence of ultrasound contrast on TVI derived curves and quantitative 
measurements was studied in midwall segments of the 4CH view in 40 subjects, and 
secondly, the effects of using double line density during TVI was evaluated. 
Adding IV contrast significantly reduced feasibility of velocity, SR and 10 curves with 
standard TVI settings, with particularly noisy data acquired from septum. Even after 
excluding obviously noisy curves, using cut-off values from previous TVI studies, 
absolute values ofSR~ and Ees were significantly higher with contrast. There were no 
significant differences in PSV values between baseline and contrast, neither for septal 
nor lateral segments. The use of increased TVI line density made contrast velocity 
traces feasible, and decreased the level of noise and hence the absolute values ofSRs 
and 10 es· Furthermore, the agreement between PSV, SRs and Ees from contrast and pre
contrast recordings was improved by the doubled line density. However, the improved 
feasibility of septal SR and 10 curves with the novel contrast TVI application is not 
regarded as clinically significant. 
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General discussion 

Study subjects 

Once inclusion was decided, patients were not excluded for poor echo quality. 
Feasibility evaluations were therefore made on populations that resemble patients in 
clinical practice. However, in study V, 10 patients at rest and further 7 during stress 
were lost due to inadequate MCE quality, i.e. too poor contrast detection to cover all 
coronary territories, and finally only 62% of consecutive patients scheduled for QCA 
were left with complete stress-rest-MCE evaluations. 
Contraindications to the ultrasound contrast agents and MRI made some selection of 
patients for volume studies, but there is no reason to believe that this should introduce 
any bias concerning echo image quality. 

Because the presence of a prior myocardial infarction increases the probability of 
finding significant CAD close to 100%, patients with a history of prior myocardial 
infarction or abnormal regional LV function at rest were excluded in paper V. Twenty
three percent of the enrolled patients turned out to have normal coronary arteries, which 
together with the baseline characteristics indicated that this was a population with 
intermediate pre-test probability of CAD (71). The mean EF in paper I-II was normal, 
but with a wide range. In paper III, relatively few patients had subnormal EFs (11% 
with EF <50%), however, all samples contained a variety ofLV shape and size. More 
than half of the patients demonstrated LV distortions and regional wall motion 
abnormalities (60, 55 and 58%, in paper I, II and III, respectively) and about Y4 had 
severely dilated LVs (23, 29 and 23%, respectively). 

LV Volumes and EF 

Magnetic resonance imaging provides superior visualisation ofthe LV and is at present 
regarded as the most accurate and reproducible tool for measurements ofLV volumes 
(68,69, 72-75). However, in clinical practice it is unsuitable for serial assessments due to 
low accessibility, lack of portability, high cost and rather long data acquisition and 
analysis time. Two-dimensional echocardiography is widely available, portable and 
rapidly performed, but is hampered by a considerable intra- and interobserver variability 
(76-84). The ASE currently recommends that LV EF should be routinely reported 
following a complete echocardiographic exam whenever technically feasible (18). The 
biplane method of discs (modified Simpson's rule) is the preferred method. 

Hundley et al reported that, compared to MRI, the clinical use ofiV contrast 
echocardiography in patients with a variety of LV size, shape and function improved 
measurements ofEF and classification in subsets compared to native fundamental 
imaging (33). The advantage of contrast was seen mainly in the group of patients with 
poor baseline image quality. Thompson et al demonstrated similar findings in 
comparison with tissue harmonic imaging in 26 patients with LV remodelling due to 
isolated mitral regurgitation or LV dysfunction, using CT as external reference (34). 
The study size was small and the mean EF (68%) was surprisingly high in a sample 
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supposed to include patients with systolic LV dysfunction, however, this could be 
explained by a high proportion of patients with a significant mitral regurgitation 

Our paper I was the first study to demonstrate that contrast echo cardiography improved 
feasibility, reproducibility and agreement with MRI for LV volume and EF 
measurements, compared to conventional tissue harmonic imaging. Our data even 
indicated that contrast improved accuracy of studies with good precontrast image 
quality. The benefits with contrast were also demonstrated in paper II and III, and 
improvements in accuracy were comparable for patients with regional LV dyssynergy/ 
distortions and for patients with normal LV s. 

Volume underestimation vs. MRI 

LV volumes measured by echo frequently have been found to be smaller than those 
measured from contrast ventriculography and radionuclide angiography (78,80,81,85). 
Our data demonstrated similar fmdings versus MRI-derived volumes. The 
underestimation was more pronounced for EDV than ESV, resulting in underestimation 
ofEF. This tendency was present whatever echo modality or view combination used. 
With contrast, the underestimation was significantly reduced, more so for the larger 
volumes. Hundley et al, on the other hand, reported that precontrast echo volumes were 
larger than the ones calculated from MRI, and that contrast reduced this relative 
overestimation (33). One possible explanation could be that tracing on fundamental 
images was done close to the LV epicardium, which could be the practical choice in 
patients with poor endocardial defmition, resulting in a relative overestimation of 
volumes. 
The use of the APLAX in biplane method of discs, and the use of the simultaneous 
triplane imaging, seemed to reduce the underestimation incrementally compared to 
standard biplane measurements, giving EF results that were even closer to the reference 
standard. 

There may be several possible explanations to the systematic volume underestimation 
by echo compared to MRI, and to the improvements with the use of contrast; 

Improved endocardial delineation 
Despite the advantages of tissue harmonic imaging, tracing of endocardial borders as 
defined by the ASE is often difficult due to trabeculations, irregularities and papillary 
muscles. In addition, image quality is often worsened in still frames. Ultrasound 
contrast fills up the intertrabecular spaces, improving the visualisation of the "true" 
outermost endocardial border and thereby often results in larger area traces. 

Image plane position and LV long-axis foreshortening 
Volume measurements with transthoracic 2D echo is highly dependent on the position 
and orientation of imaged planes (25,82,83), which again depend on both the individual 
acoustic access and the operator skill. The transthorasic access is inherently limited by 
interfering ribs and lungs, restricting the transducer position. Even with adequate access, 
there are limited means to identify the correct planes in 3D space. Hence, the operator 
must rely on image content and knowledge of cardiac anatomy. Interpretation often 
involves mental 3D reconstruction for appreciation of the real shape of the beating 
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heart. A major problem is LV long-axis foreshortening. Erbel et al. reported the 
transducer position to be superior and anterior to the true anatomical apex in 95% of 
patients during simultaneous 2D echo and cine ventriculography, giving tangential or 
oblique imaging planes of the LV (25). Accordingly, cardiac translation could also be an 
important factor. Since the effect on cavity size by non-equatorial plane position may be 
more pronounced in systole than in diastole, one may tend to optimise plane position in 
systole. If the ventricle in diastole dilates non-symmetrically relative to this plane or the 
heart changes position by translation, the plane will not be equatorial in ED. The use of 
contrast may to some degree improve plane positioning by giving a better defmition of 
the left cavity and the endocardial motion, which might ease the recognition of standard 
planes. But the risk of obtaining tangential scan planes is an inherent methodological 
problem with the transthorasic access that for obvious reasons cannot be eliminated by 
contrast enhancement. 

The ASE has recommended LV volumes to be computed from the apical4CH and 2CH 
views (17,18). Nevertheless, the APLAX has occasionally been preferred to the 2CH 
view due to imaging problems with the latter (19-21). In our study, using the APLAX 
view in biplane measurements reduced the tendency of volume underestimation. Firstly, 
the APLAX includes the LV outflow tract. Furthermore, the LV long-axis length was 
significantly longer for the APLAX than the 2CH images. The data indicated that the 
LV long-axis foreshortening was an important factor explaining the smaller volumes 
obtained from the 2CH combination, since multiplying the volumes from the 2CH 
combination with the APLAX/ 2CH long axis length ratio gave volumes close to those 
obtained by the APLAX combination. Contributing factors could be that the standard 
APLAX view offers more recognisable anatomical landmarks for improved 
identification of the plane. The rectangular shape of the transducer footprint overlying 
costae during 2CH imaging could reduce access and image quality. However, the most 
likely explanation is that, with a transducer offset versus the apex, the long axis of the 
LV is usually aligned with the APLAX view while it runs out of the 2CH plane, 
resulting in foreshortening. Because the average APLAX long-axis also was even longer 
than the 4CH long-axis (the 4CH long-axis length being in-between the two other 
planes), biplane combinations including APLAX would generally generate larger 
volumes than other combinations. 

Simultaneous triplane imaging 

Obvious advantages by using simultaneous trip lane imaging, is that once the desired 
apical reference view is adequately located, there is no need for moving or rotating the 
probe to acquire the other planes. Image planes were set at about 60 degrees interval, 
since covering the LV more evenly could be a geometrical advantage. In addition to be 
timesaving, the simultaneous real-time display simplifies the anatomical orientation and 
the recognition of non-equatorial plane position, and thereby decreases the risk of 
loosing the true apex with LV foreshortening. Because it is possible to acquire the 
necessary images for triplane EF measurements from one single cardiac cycle, the 
problems with artefacts from respiration and patient movement are reduced. 

A disadvantage of trip lane imaging, however, is the lower line density, which reduces 
image resolution. Another practical problem is that all views are obtained from the same 
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transducer position, and individual planes cannot be optimised by probe position 
adjustments. These are possible reasons for the lower precontrast image quality 
observed, and the improvements obtained with contrast imaging. 
The trip lane volume analysis implies interpolation between 2D traces and thereby some 
geometric assumptions. Compared to true 3D echocardiography, which allows 
calculating volumes based on fully available geometric information, triplane imaging is 
therefore expected to be inferior in accuracy. Studies have reported the need for 4-8 
apical views extracted from 3DE data sets to obtain accurate volume measurements in 
very distorted LVs (39), however, 3DE is still more complicated and time-consuming 
both regarding data acquisition and analysis. Other studies have demonstrated that the 
main improvement in bias and variability was obtained moving from uni- to biplane and 
from biplane to 3 or 4 apical planes, whereas further increasing the number of planes 
gave limited clinical benefit (82,86,87). 

Reproducibility 

Reproducibility ofEF measurements by echocardiography was significantly improved 
by the use of contrast. The choice of APLAX in biplane planimetry and the use of 
triplane imaging versus 2D-biplane gave incremental benefit to both interobserver and 
intrao bserver variability. 

However, in all three papers contrast gave the largest contribution to the improvements. 
Our data indicate that the contrast technique has the potential to improve reliability and 
confidence ofless experienced investigators in evaluating LV systolic function, making 
serial 2D echo interpretations less operator dependent. 
The APLAX view generally seems to be easier to identify and trace than the 2CH view 
due to anatomical landmarks and better access. The change of probe position between 
the different views in standard 2D imaging is both time-consuming and might contribute 
to loosing the true apex. Previous works found significant variations between operators 
with respect to both the angulation and displacement of2DE imaging planes, with 
foreshortening of apical views as one source of variability (25,82,83). An imaging 
technique allowing the three apical planes to be obtained in one single operation could 
eliminate at least some of this variability. In this way, less experienced operators could 
be expected to acquire more robust LV volume data. 

We did not perform assessment of inter-study variability, but we hypothesise that the 
use of the triplane technique might reduce the likelihood of variation being due to 
different cut-plane angulations between observers. Of the same reason, real-time 
trip lane imaging might possibly be an attractive modality in stress echocardiography, 
which is hampered by the operator dependency, both for acquisition and interpretation 
(88). 

Future perspectives 

An important question arising from this study is whether contrast injection should be 
routinely recommended for echocardiographic assessment ofL V function. The answer 
to this is 'no'. But there are situations where accurate measurements ofLV volumes and 
EF are required, particularly when following the course of a disease with serial 
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examinations for early detection ofLV remodelling and/or deterioration of global 
function. According to the ASE Task Force Guidelines, contrast studies for LVO should 
be performed in patients with suboptimal baseline echo studies, defined as those in 
which at least 2 of 6 contiguous segments in a standard apical view are not visualised 
(89). In contrast to Hundley et al.(33), we did not find that the advantage of contrast 
echocardiography was limited to subjects with poorer image quality at baseline. The 
need for contrast is obviously not mandatory for a visual or numerical assessment of EF 
in patients with excellent image quality. However, according to our results, contrast 
should be considered whenever an accurate EF or absolute volumes are required for 
clinical decision making, i.e. in follow-up of post-infarction LV remodelling, end-stage 
heart failure, heart transplants, cardiotoxic chemotherapy and for timing of valve 
replacement. The finding of contrast echocardiography being superior to standard 
echocardiography for classification of patients in the proper EF subsets compared to 
MRI, emphasise the soundness of such practice. 

Magnetic resonance imaging has been the recommended method of choice for 
longitudinal follow-up of patients undergoing therapeutic interventions in clinical trials; 
however, conventional echocardiography has often been used for practical reasons. Due 
to its better reproducibility, we recommend that contrast echocardiography should be 
considered when LV EF is used as an inclusion or randomisation criterion or as an 
outcome parameter in clinical trials. As with MRI, the sample size needed to detect LV 
parameter changes would be reduced. The reduction in time and cost of patient 
examinations and care would be expected to far outweigh the increase in cost due to the 
contrast administration. 

Quantitative real-time MCE 

Feasibility 

Despite the reported advances and great enthusiasm in clinical MCE, our studies 
demonstrate limitations of low-power MCE in quantifying contrast replenishment 
following transient destruction in real-time. The feasibility was limited due to imaging 
and technical problems, particularly during stress. The imaging problems were reduced, 
but not eliminated by careful adjustments of infusion rates and by repositioning the wall 
of interest more centrally in the scan sector. The most frequent artefacts and dropouts 
were observed in lateral and basal segments. The LAD area could be adequately 
evaluated in most study subjects, but contrast detection was more problematic in the 
posterior circulation, in particular in the LCx bed, as was reported also in previous 
studies (13,54,58). 

Spatial and temporal variability 

In paper IV, we demonstrated significant spatial and temporal variability of A and~. 
which were in accordance with previous experimental results (47,90). The A values 
decreased moving distally and laterally in the scan sector. Beta was also lower in lateral 
than more axial parts, but significantly increased at greater depths. One technical 
explanation to the spatial inhomogeneity is non-uniformity of the sound field (90-92). 
With a phased array transducer, the delivered acoustic energy is lower laterally than in 
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the centre of the sector, due to the smaller effective aperture and some directivity of the 
elements (93). Consequently, the resulting backscatter from microbubbles will be 
inhomogeneous. The effective regional 'flash' energy level could as well be non
uniform and lead to variable bubble destruction, affecting the refilling parameters. 
Dropouts, attenuation and shadowing artefucts decreasing backscatter, are more 
pronounced in the lateral and basal regions. Even if contrast infusion rates were 
balanced carefully relative to the focus position and MI level, the far field attenuation 
likely contributed to the lowered A in basal parts. 
The higher ~ in basal than apical segments may seem somewhat more puzzling. A 
possible explanation could be the narrower beam elevation in the focal zone, which was 
set close to the mitral valve plane. Following transient contrast destruction, the 
relatively thinner regions of the scan plane in basal segments could be faster replenished 
fi"om adjacent areas not affected by desttuction, simply due to the shorter distance. 

The refilling parameters were also influenced by the selected phase of the cardiac cycle. 
In the experimental setting, Leong-Poi et al found that MBF derived from images 
obtained in ES accurately reflected radio labeled microsphere-derived MBF, whereas 
this correlation was poor for ED-derived values (47). We reproduced the finding of 
significantly higher ~ from ED than ES frames. This effect may partly be due to early 
bubble refilling through larger intramyocardial arterioles that may be patent in diastole, 
but collapsed during systole (94,95). Furthermore, the myocardium is thicker in systole 
making the alignment oflarger ROis easier. In diastole, when the myocardium is 
thinner and localised more laterally in sector, the risk of 'contamination' of strong 
signals from the pericardium and cavity contrast seems to be greater. Despite the higher 
coronary flow in diastole, the use ofES frames therefore seems preferable (47). 

Furthermore, even if not visually recognised as a problem, microbubble destruction 
within the LV cavity during flash frames may have influenced the LV blood pool of 
contrast and thereby the replenishment of the imaged myocardium. 

Diagnostic accuracy in chronic CAD 

The semi-quantitative visual assessment of regional signal (video) intensity has been the 
most reported perfusion parameter in previous MCE studies. Besides physiologic 
aspects of changes in MBV, the assessment of regional myocardial SI is hampered by 
several physical and technical limitations. It depends on the concentration of 
microbubbles in blood, which could vary between rest and stress even with constant 
infusion rate. The acoustic impedance of the chest wall, the attenuation, the previously 
discussed variable beam elevation and inhomogeneous ultrasound field may all 
contribute to variations in SI (A) between different beds in different views. Visual on
line tracking of changes in myocardial SI during real-time imaging after "flash" is 
difficult because the eye has to follow both movement of myocardium, phasic changes 
in myocardial SI, and tissue motion artefacts that are displayed as colour signals. 

It has been demonstrated that MBV at rest does not change within the rather wide 
autoregulatory range of coronary driving pressure, and that resting MBF is relatively 
unaffected in less than 80- 85% diameter stenoses (50,52,53). Myocardial perfusion 
imaging techniques thus cannot be expected to detect non-critical CAD at rest. 

30 



Accordingly, we found no differences at rest for A and ~ between areas subtended by 
non-stenosed and stenosed arteries. With adenosine stress, however, there was a 
significant increase in ~ and Ax~ in the normal group, but no corresponding increase in 
the stenosed group giving a significantly higher ~ and Ax~ reserves in the former. 
Reductions of these reserves to below cut-off values of 1. 7~ and 2.06, respectively, 
detected the presence of significant CAD with a diagnostic accuracy of75% and 73%, 
respectively. No such difference was found for A and its reserve, thus hyperaemic A
reserves did not seem to have any diagnostic value for detection of significant CAD. 
However, in the subgroup with severe (2: 75%) diameter stenosis, even resting values of 
both A, ~ and Ax~ tended to be lower than in the normal group, and one possible 
explanation to this could be capillary de-recruitment or damaged microvasculature with 
inadequate collateral circulation (53). 

Our fmdings are in accordance with the experimental study of Leong-Poi et al 
comparing real-time and intermittent harmonic imaging, and Lafitte et al using real-time 
MCE (47,90). They reported that A values, in contrast to~' correlated poorly with 
reference flow measurements using radio labeled microspheres. Our results also 
compares well with the clinical study of Wei et al, in which quantitative intermittent 
MCE was compared to coronary Doppler flow wire measurements (56). We as well 
noted decreasing ~ and Ax~ reserves with increasing stenosis severity. However, the 
limited number of patients with different degrees of stenosis precludes firm conclusions 
on a subgroup level. Furthermore, the presence and variable degree of collateral flow 
complicates interpretation of the MCE measurements. 
As for feasibility, the diagnostic accuracy was better in the anterior than the posterior 
circulation. This is not very surprising in light ofthe imaging problems and poorer 
contrast detection experienced in segments allocated to RCA and LCx compared to the 
LAD bed. 

Advantages of real-time MCE 

A definite advantage of real-time MCE is the short data acquisition time. Information 
that would require minutes with intermittent imaging was recorded during seconds, 
making it possible to obtain all refill frames during one breath-hold. A contrast infusion 
time of 5- 6 minutes allowed us to acquire several replenishment loops from each scan 
view in every subject. Furthermore, the low power minimises microbubble destruction 
and allows continuous imaging during replenishment. The frame rate about 20 Hz is 
much lower than in standard imaging, but gives sufficient spatial and temporal 
resolution to allow anatomical orientation and visual wall motion assessment. 

Problems with/ disadvantages of real-time MCE 

Insufficient contrast detection with low agent-to-tissue signal ratio still remains a basic 
problem in perfusion imaging with low power pulse inversion Doppler. Compared to 
destructive intermittent imaging, the backscatter from non-destructive microbubble 
behaviour is substantially weaker. A larger amount of contrast agent is required, which 
must be carefully balanced against the degree of depth-dependent attenuation. Some 
tissue harmonics will always remain in spite of very low power, and the movement 
artefacts are probably not completely eliminated by the addition of power Doppler. 
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Excessive destruction of microbubbles in the LV cavity from multiple flash frames 
could affect myocardial replenishment, and some microbubble destruction may also 
occur during imaging due to the relative high frame rates. 

Limitations of the quantitative destruction-replenishment approach 

Given a beam elevation of less than 5 mm at focus, it is mandatory to maintain a stable 
probe position during the destruction-replenishment period. Inaccurate image alignment 
of segmental myocardial ROis, both within each destruction- replenishment sequence, 
and between rest and stress, might influence their assignment to segments and coronary 
territories. It is important to verify that the selected ROI remains inside the myocardium 
in all the images of the sequence, otherwise noise corrupts the analysis. Reviewing the 
sequences frame-by-frame and manually adjusting the ROis is however very time 
consuming. 

Linearity between SI and contrast concentration is usually assumed, but this is not 
necessarily the case in clinical studies. The non-linearity introduced by using a 
logarithmic scale is not supposed to be a problem as it can be mathematically corrected. 
However, the reliability of the perfusion parameters is limited by the goodness-of-fit of 
the exponential model to the perfusion process. In particular, noise in the initial part of 
the curve could affect the perfusion parameters. The value ofSI is proportionally scaled 
on they-axis assuming the intensity value of the first frame after flash to be the starting 
point of the best-fit procedure. However, our software allows where to set t = 0 (to), and 
the start of the refilling curve was set in the initial post-flash moment of minimal 
myocardial contrast opacification. This correction can be applied only when raw data 
are available, since contrast SI has to be separated from tissue signals. To further 
compensate for inadequate destruction or tissue signals present after flash, the software 
performs an intensity shift. By rescaling the minimum post-flash brightness to zero, 
since SI recorded at t=to is not due to the contrast agent, we added a constant term C to 
account for the initial value (the cross-point of they-axis). The curve fitting was thus 
assumed to be relatively independent of background myocardial SI. These corrections 
introduce modifications to the exponential equation of Wei eta!; y (t) =A (1-e-~<t- tO)) + c 
(Fig. 2). 

Future perspectives 

Despite the rapid data acquisition with real-time MCE, the method is still technically 
demanding and requires an experienced operator. The analysis and interpretation of data 
is rather difficult and time-consuming, and there is a lack of consensus about the 
appropriate combination ofMCE data acquisition and analysis. Interestingly, a 
simplified algorithm using qualitative assessment ofMBF velocity from a single 
intermittent stress MCE perfusion study was able to detect CAD in patients with normal 
LV function at rest, avoiding the need for resting MCE studies (96). The time to 
complete myocardial opacification after contrast destruction was used as a surrogate of 
MBF velocity. This approach would be time- and contrast saving, and the need for 
stable image alignment from rest to stress is avoided. However, in stress studies it is still 
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a challenge to maintain a stable probe position for good image alignment during longer 
pulsing intervals of intermittent imaging. 
Automated analysis with colour-coded parametric display of the MCE parameters is 
desirable, but so far methods for contrast detection, myocardial tracking and post
processing have not been fast and robust enough for clinical use. Further large-scale 
clinical studies involving multiple centres are needed to better defme the sensitivity and 
specificity of real-time MCE in the diagnosis of CAD and its role for patient outcome. 

Contrast and tissue velocity imaging 

There may be several reasons why the presence of contrast significantly reduced the 
feasibility of tissue Doppler data and influenced the quantitative measurements of 
velocity, SR and c. The velocity ofblood inside myocardial capillaries is low (about 0.1 
em/sec) compared to tissue velocities (up to 10 em/sec), thus the intramyocardial 
contrast moves with virtually the same velocities as the surrounding tissue (61,95). 
Destruction of intramyocardial bubbles by ultrasound could be expected to increase 
random noise in the TVI Doppler signal. However, since the noise level was similar 
during high and low power TVI imaging, it is unlikely that the noise increase with 
contrast was caused by intramyocardial bubble destruction. High amplitude backscatter 
from the larger contrast amounts in the cavities was more likely to influence the TVI 
data. Indeed, we did find that intracavitary signal increased to an amplitude level 
comparable to, or even higher than the tissue signals. The contrast velocity traces were 
thus likely results of averaging myocardial tissue signals and high velocity aliased 
contrast signals from the nearby cavities picked up by side-lobes. The finding of more 
noisy TVI data in septal than lateral segments further supported the importance of 
cavity contrast signals, with side-lobe effects from both cavities in the former. 

Since the derivation ofSR from multiple velocity data sets is generally very susceptible 
to noise components, it was not surprising that the SR curves were more disturbed by 
contrast than the velocity traces. Using increased line density during TVI recording 
improved the feasibility of velocity traces and decreased the level of noise in SR and e. 
curves. In this application, the receiving beams are located closer to the transmitting 
beam (with multi-line acquisition there are receiving beams on each side of the transmit 
beam), probably resulting in less pronounced side-lobe effects. This was supported by 
our finding that the high line density application reflected tissue velocities better than 
both the standard TVI and the low power LVO TVI when contrast was present. To 
minimise the effect of noise of contrast, we reduced the spatial averaging and increased 
the temporal smoothing. On the other hand, these changes might have increased the 
variability in SR due to non-random noise. 

Future perspectives 

We certainly do not recommend the use of contrast to enhance poor baseline TVI signal 
quality. In fact, intracavitary contrast signals might contribute to relatively greater 
disturbing effects, both due to weaker myocardial velocity signals, and due to 
abenations and reverberations. In DSE, the en-or in measured tissue velocity resulting 
from circulating contrast can only be avoided ifTVI measurements are performed prior 
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to contrast administration. However, as recording has to be performed both at rest and 
during stress, and modem agents may remain in the circulation during tens of minutes, 
the use of contrast during TVI can ruin the comparisons of velocity during rest and 
stress, and between perfused and non-perfused myocardium. 

Safety 

As a result ofthe adverse reactions possibly related to the use ofSonoVue reported in 
2004, there has lately been an increased focus on the safety with contrast 
echocardiography. In our studies, 321 patients received contrast, of which 73 received 
continuous infusions lasting up to 10 minutes with doses of9.5 and 5.4 m1 SonoVue and 
Optison, respectively. Mean contrast dose in the volume studies was very low compared 
to the recommended maximal doses from EMEA (1-3). One patient reported a slight 
change of taste during contrast injection, otherwise no side effects were reported nor did 
any adverse event or significant hemodynamic changes occur. In three patients of paper 
V, the protocol was aborted during simultaneous adenosine and contrast infusion due to 
atrial fibrillation or chest pain, interpreted as probable adverse reactions to adenosine. 
However, validation of safety was not an aim of this study, and blood tests were not 
obtained. 
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Limitations of the study 

It was of obvious reasons not possible to blind the readers to the different echo 
modalities, views or the presence of contrast. This introduces the possibility of bias. 
Nevertheless, the different cineloops from each patient were analysed in random order 
and at different time points, and the investigators were always blinded to the results of 
prior measurements. 

The heterogeneity of the study population in paper I and II may limit the impact of 
results on a subgroup level. However, by performing examinations on consecutive 
patients, the sample will to a greater degree reflect the population in clinical practice. 
The limited study size, particularly in study IV and V, precluded firm conclusions 
concerning subgroups. The patients fulfilling adequate rest and stress MCE for 
comparative perfusion analysis were selected from image quality, and the results 
therefore cannot be transferred to unselected patients with suspected or known CAD. 

The main limitation of paper IV is that we did not induce blood flow changes, i.e. 
induction of hyperaemia, for comparison with baseline levels. Regional resting 
perfusion is difficult to interpret and is normally variable, both between segments and 
within and between study subjects, and this variability is further reinforced by imaging 
and technical problems with the applied destruction-replenishment kinetics. 

In paper V, quantitative MCE data were related to anatomically significant coronary 
artery stenosis, and not to a reference perfusion method. At the time this study was 
performed, the SPECT lab at the St Olavs University Hospital was not adequately 
equipped for serving as reference standard. One limitation of QCA as the external 
reference is that we could not determine the effect of collateral flow on our 
measurements. Nevertheless, QCA is considered the reference standard for examination 
of epicardial coronary anatomy and finite diagnosis of CAD, and it is mandatory for the 
choice of invasive treatment. 

A potential source of error and variability in MRI volume analysis is the selection of 
which basal slices to include or exclude. To reduce this error, special care was taken to 
review short-axis slice projections onto the long-axis reference views and perform 
tracings with support from cine movies. The chosen method of outer-border endocardial 
tracing in MRI, i.e. including trabeculations and papillary muscles in the blood pool, 
might have exaggerated differences between echo and MRI due to a greater tendency to 
exclude trabeculations in systole in MRI. 

In our volume reproducibility studies we did not perform repeated echo examinations, 
only repeated analysis of digital recordings. Since previous groups have found that 
repeated recordings contributed the greatest source of variability to EF echo 
measurements (19), the adding ofinterstudy variability could have provided us with 
more complete and clinically relevant information about the effects of contrast 
enhancement. 
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Conclusions 

I 
Contrast echocardiography gave more feasible, accurate and reproducible measurements 
of LV volumes and EF than conventional tissue harmonic imaging in unselected cardiac 
patients, regardless of baseline image quality. Contrast enhancement should be 
considered, not only in very difficult-to-image patients, but whenever it is considered 
important to have precise and repeatable measurements ofLV size and global systolic 
performance. 

II 
The use of the APLAX rather than the 2CH view, in combination with the 4CH view, 
improved feasibility, accuracy and reproducibility of biplane EF measurements in 
unselected cardiac patients. These beneficial effects were also evident with contrast 
echocardiography. Therefore we recommend the use of APLAX rather than the 2CH 
view for biplane EF calculations, particularly when serial measurements are required. 

III 
Simultaneous LV triplane imaging is clinically feasible with simple and rapid image 
acquisition and volume analysis. Our study indicates that triplane with LVO gives more 
accurate and reproducible LV EF measurements than conventional 2D biplane imaging. 

IV 
Low-power real-time MCE can provide contrast opacification in multiple myocardial 
segments in normal human myocardium. However, the acquisition of flash
replenishment loops adequate for quantification was limited by imaging and technical 
problems. The absolute values ofMBF velocity were highly influenced by ultrasound 
field geometry and cardiac phase and need to be interpreted with regard to this 
variability. Regional MBF velocity is probably best applied by using analysis of relative 
changes. 

v 
The MBF and MBF velocity reserves derived from low-power adenosine real-time 
MCE with pulse inversion power Doppler can accurately identify anatomically 
significant CAD in selected patients. However, the technique is still limited by imaging 
artefacts and time-consuming analysis, and the diagnostic accuracy only seems 
sufficient for disease involving LAD. 

VI Strain rate imaging is not feasible when performed with IV contrast during TVI 
with conventional settings, and we do not recommend the clinical use of this 
combination. Increasing the beam line density made tissue velocity curves with contrast 
feasible with less noisy strain rate and strain curves. Due to the increased variability of 
strain rate and strain, which is already too high in unenhanced data, TVI and contrast in 
combination is still not clinically applicable even with the increased line density 
modification. 
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Appendix 

Some automated corrections and calculations in the software used in the present work. 

A. Mechanical index (MI) 

Ml = Pneg/-./ f Pneg = peak negative pressure of the emitted 
ultrasound beam 

f = emitted ultrasound frequency 
p = pressure 

B. Biplane method of discs 
Left ventricular volume; 

30 

= : :E I . X bl X !. 
j;: 1 I · 30 

ai, bi = 30 discs obtained 
from the apical 4CH and 2CH or 
APLAXview 

C. LV volume calculation from triplane images 

__. 

Traces ofLV 
endocardial 
contours in three 
apical planes 

' :,_ 
:i·~· .. 0 , 

\ ·· ... ~:; \ ' -... 
/ ·· .l ~ · '\ 

. i l \ 
! ! I 

. ! f I 

3D interpolation 
between the three 
LV contours 

.D _·>+ 
·· · ··J::Z..~ Surface 

triangulation 

v = xl~ (x j. N j )A Sj I 
Volume calculated by 
summation over all 
triangles according to the 
Divergence Theorem (67) 

Asj- area of triangle 
Ni - unit normal vector 
Xj - point on triangle 
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Accurate and Reproducible Measurement 
of Left Ventricular Volume and 
Ejection Fraction by Contrast Echocardiography 
A Comparison With Magnetic Resonance Imaging 
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OBJECTIVES We evaluated the accuracy and reproducibility of contrast echocardiography versus tissue 
harmonic imaging for measurements of left ventricular (LV) volumes and ejection fraction 
(EF) compared to magnetic resonance imaging (MRI). 

METHODS Digital echo recordings of apical LV views before and after intravenous contrast were 
collected from 110 consecutive patients. Magnetic resonance imaging of multiple short-axis 
LV sections was performed with a 1.5-T scanner. Left ventricular volumes and EF were 
calculated of!line by method of discs. Thirty randomly selected patients were reanalyzed for 
intraobserver and interobserver variability. 

RESULTS Compared with baseline, contrast echo increased feasibility for single-plane and biplane 
volume analysis from 87% to 100% and from 79% to 95%, respectively. The Bland-Altman 
analysis demonstrated volume underestimation by echo, but much less pronounced with 
contrast. Limits of agreement between echo and MRI narrowed significantly with contrast: 
from -18.1% to 8.3% to -7.7% to 4.1% (EF), from -98.2 to -11.7 ml to -59.0 to 10.7 
ml (end-diastolic volume), and from -58.8 to 21.8 ml to -38.6 to 23.9 ml (end-systolic 
volume). Ejection fraction from precontrast echo and MRI differed by 2::10% (EF units) in 
23 patients versus 0 after contrast (p < 0.001). At intraobserver and interobserver analysis, 
limits of agreement for EF narrowed significantly with contrast. 

CONCLUSIONS The two-dimensional echocardiographic evaluation of LV volumes and EF in non-selected 
cardiac patients was found to be more accurate and reproducible when adding an intravenous 
contrast agent. GAm Coli Cardiol2004;44:1030-5) © 2004 by the American College of 
Cardiology Foundation 

Measurements of left ventricular (LV) ejection fraction 
(EF) by two-dimensional echocardiography (2D-echo) has 
been marred by significant observer variability and poor 
agreement with reference methods (1-3). This has been 
improved by left ventricular opacification (LVO) by second
generation intravenous ultrasound contrast agents ( 4,5), the 
main effect being seen in difficult-to-image patients com
pared with fundamental imaging (4). Limited data have 
been reported comparing tissue harmonic to contrast
enhanced imaging with adequate reference methods. 

The aim of this study was to evaluate whether L VO with 
intravenous contrast has superior accuracy and reproducibil
ity in 2D-echo assessment of LV volumes and EF compared 
to state-of-the-art tissue harmonic imaging in non-selected 
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cardiac patients. Multislice magnetic resonance imaging 
(MRI) was used as reference standard (6,7). 

METHODS 

Study population. A total of 110 consecutive patients 
referred to the cardiologic department for known or sus
pected heart disease were enrolled (age above 18 years, 
stable clinical condition, and sinus rhythm). No screening 
for image quality was performed. The exclusion criteria were 
generally accepted contraindications for MRI (metallic im
plants), pregnancy or lactation, known allergy to the con
trast agents, significant valve diseases or shunts, and severe 
extracardiac disease. All subjects gave written informed 
consent. The study conformed to the Declaration of Hel
sinki, and the Regional Committee of Medical Ethics 
approved the protocol. 
Echocardiography. Two second-generation ultrasound 
contrast agents were used; 55 patients received Definity 
(Bristol-Myers Squibb, North Billerica, Massachusetts), the 
other half SonoVue (Bracco, Milan, Italy). All studies were 
performed by an experienced physician using Vivid 7 (GE 
Vingmed Ultrasound, Horton, Norway) with the M3S 
transducer. The subjects were lying in the left lateral 
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Abbreviations and Acronyms 

APLAX = apical long-axis 
ASE = American Society of Echocardiography 
EDV = end-diastolic volume 
EF = ejection fraction 
ESV = end-systolic volume 
LV = left ventricle 
LVO = left ventricular opacification 
MRI = magnetic resonance imaging 
2CH = two-chamber 
2D-echo = two-dimensional echocardiography 
4CH = four-chamber 

recumbent position. Recordings of standard apical four
chamber ( 4CH), two-chamber (2CH), and long-axis 
(APLAX) views were obtained in baseline tissue harmonic 
imaging with single and double focus, thereafter with 
contrast using a single-pulse harmonic mode. Power was 
adjusted to minimize contrast destruction (mechanical index 
0.22 to 0.31). The contrast agents were administered by a 
trained nurse as repeat slow bolus injections of 0.2 (Defin
ity) and 0.5 ml (Sono Vue) through a 20-G vial in a proximal 
forearm vein, followed by flushing with atleast 5 ml of 0.9o/o 
saline at a speed adjusted to optimize cavity opacification. 
This imaging protocol was preferred to multipulse technol
ogy with continuous contrast infusion because of simpler 
setup, shorter procedure time, and wider availability. Over
all gain, depth, and tissue gain compensation were opti
mized initially and thereafter kept constant. Special care was 
taken to avoid foreshortening of the LV long axis. Cine
loops of three cardiac cycles per imaging view and modality 
were digitally stored in raw-data format. 

All patients fulfilling the imaging protocol were consid
ered for volume analysis. Echocardiographic image quality, 
based on endocardial "traceability'' at baseline, was graded 
as: 1) very poor (insufficient for volume analysis), 2) poor 
(analysis possible but difficult), or 3) good (analysis possible 
with confidence). 

All cine-loops were assigned random numbers and ana
lyzed by an experienced physician unaware of MRI results 
and patient identity using the modified biplane Simpson's 
rule in EchoPacPC (GE Vingmed Ultrasound). End
diastole was defined as the frame closest to the R-wave and 
end-systole as the minimal cavity area just before mitral 
valve opening. The inner contour of the LV cavity was 
manually traced according to the recommendations of the 
American Society of Echocardiography (ASE), leaving the 
papillary muscles and trabeculations within the cavity (8). 
The end-diastolic volume (EDV) and end-systolic volume 
(ESV) from three cardiac cycles were averaged, avoiding 
ectopic and post-ectopic beats. Ejection fraction was calcu
lated as: ([EDV - ESV]/EDV) X 100o/o. The APLAX 
rather than 2CH view was used in combination with 4CH 
view because of its better acoustic availability and reproduc
ibility (9,10). If the APLAX view was not available or the 
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Table 1. Patient Characteristics (n = 100) 

Age (yrs) 
Men 
Height (em) 
Body weight (kg) 
Previous myocardial infarction 
Dilated cardiomyopathy 
Hypertension 
Diabetes mellitus 
LV dilation 
LV hypertrophy 
Regional LV dyssynergy 

Values are mean ::': SD (range), or number of patients. 
LV = left ventricle. 

59 :±: 11 (30-83) 
89 

175 :±: 7 (159-194) 
80 :±: 11 (50-105) 

57 
16 
36 
11 
23 
34 
60 

2CH image was clearly of better quality, the 2CH image 
was used to maximize feasibility of biplane analysis. 

Thirty randomly selected patients were analyzed by an
other less experienced observer who was blind to all other 
data. The experienced observer reanalyzed 30 echocardio
grams in a new random order after a minimum interval of 
eight weeks. 
MRI. Two experienced operators performed the MRI 
studies using a 1.5-T Symphony whole-body system with 
Qyantum Gradients and Syngo 2002B software (Siemens, 
Erlangen, Germany). Long-axis reference views were used 
for positioning the necessary 8 to 12 perpendicular LV 
short-axis slices. Images were collected during breath-hold 
(8 to 10 s) with prospectively ECG-gated TrueFISP (Fast 
Imaging with Steady-State Precision) sequences. No mag
netic resonance contrast agent was needed. Section thick
ness was 6 mm with intersection gaps of 4 mm. Acquisition 
time was 90o/o of the RR-interval, image matrix 256 X 150 
(read/phase), field of view 380 mm, repetition time 52.05 
ms, echo time 1.74 ms, flip angle 70", and 12 to 17 heart 
phases were acquired per repetition time interval. The 
images were stored and transferred digitally. Echo and MRI 
exams were performed within the shortest possible time 
interval. No change in patient medication or clinical con
dition between the two studies was accepted. 

The MRI volumes and EF were calculated by a blinded 
investigator using a custom-made software programmed in 
MatLab (The Math Works, Natick, Massachusetts). Short
axis endocardial contours were manually traced in end
diastole (start ofR-wave) and in end-systole (smallest cavity 
area). Papillary muscles and trabeculations were, according 
to the ASE criteria, included in the LV cavity. The 
end-diastolic and end-systolic cavity surface areas were 
summed up and volumes estimated by multiplying with 
interslice interval. 
Statistics. Continuous variables were expressed as mean ± 
SD. Limits of agreement between imaging methods and 
between readings were estimated as mean difference (bias) 
± 2 SD of the differences, as described by Bland and 
Altman (11). Interobserver and intraobserver variability 
were also expressed as the standard deviation of difference 
between two readings in percent of the mean. McNemar's 
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Table 2. Left Ventricular Volumes and EF by MRI, Baseline 
Echocardiography, and Contrast Echocardiography 

Baseline Contrast 
MRI Echo Echo 

EDV(ml) 177.0 :':: 60.5 126.1 :':: 52.2 152.2 :':: 55.1 
(90.3-395.0) (48.7-324.0) (80.8-360.7) 

ESV(ml) 78.7 :':: 56.4 63.0 :':: 43.8 71.1 :':: 48.7 
(22.9-298.1) (9.5-227.3) (18.1-252.5) 

EF(o/o) 59:':: 14.6 54:':: 12.5 57:':: 13.3 
(21-78) (18-80) (22-79) 

Mean :±: SD (range). 
EDV = end-diastolic volume; EF = ejection fraction; ESV = end-systolic 

volume; MRI = magnetic resonance imaging. 

test was performed to compare the difference between 
paired proportions due to the dependent data samples. A 
significance level of 0.05 was selected. 

RESULTS 

A total of110 patients completed echo studies. Ten patients 
were excluded: four because of a percutaneous coronary 
intervention being performed and six because of interrupted 
or inadequate magnetic resonance examinations. The re-
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mammg patient population (n = 100) spanned a wide 
variation of LV shapes, sizes, and function (Table 1). In 67 
patients the MRI was performed within 1 h, in 20 within 2 
days, and in the remaining within 1 week. A time interval 
exceeding 24 h was accepted only with normal LVs and no 
recent myocardial infarction. There were no significant 
differences in heart rate between echo and MRI studies ( 66 
± 12 beats/min vs. 68 ± 13 beats/min, p = 0.42). Mean 
values of LV volumes and EF are presented in Table 2. 
Representative precontrast and postcontrast echocardio
grams are shown in Figure 1. 

The patients received a mean total dose of 1.48 ml of 
Sono Vue or 0.63 ml Definity. With contrast, procedure 
time was increased by up to 10 min. Except for two patients 
experiencing transient taste disturbances, no side effects 
from contrast injection were observed. 
Feasibility. In 13 patients baseline echo image quality was 
very poor in all apical views, precluding volume analysis. By 
adding contrast, all these studies were converted to diag
nostic. In 75 of the 87 patients analyzable at baseline, the 
combination of 4CH and APLAX views was adequate for 
biplane analysis. In 4 of the remaining 12 patients, the 2CH 

Figure 1. Echocardiographic end-diastolic (top) and end-systolic (bottom) images of the apical four-chamber view from a patient before (left) and after 
(right) intravenous contrast. 
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Figure 2. Bland-Altman diagrams of end-diastolic volume (EDV), end-systolic volume (ESV), and ejection fraction (EF), demonstrating mean difference 
(solid lines) and limits of agreement (dashed lines) between baseline echocardiography and magnetic resonance imaging (MRI) (left column), and contrast 
echocardiography and MRI (right column). (Bottom panels) closed circles = poor baseline image quality (n = 36); open circles = good baseline image 
quality (n = 51). 

substituted the APLAX view, and in 8 patients only 4CH 
single-plane analysis was feasible. Corresponding numbers 
after contrast were two and five patients. With contrast, 
feasibility of single-plane and biplane volume analysis in the 
total population increased from 87% to 100% and from 79% 
to 95%, respectively. 
Accuracy. In the 87 patients in whom comparisons could 
be performed, Bland-Altman analysis of LV volumes and 
EF from contrast echocardiograms showed significantly 
closer agreement with MRI measurements than precontrast 
studies (Fig. 2). Limits of agreement without and with 
contrast were -98.2 to 11.7 ml and -59.0 to 10.7 ml 
(EDV), -58.8 to 21.8 ml and -38.6 to 23.9 ml (ESV), and 
-18.1% to 8.3% and -7.7% to 4.1% (EF, absolute units), 
respectively. 

Baseline echo and MRI EF differed by ?:10% (EF units) 
in 23 patients (26%) versus 0 with contrast (chi-square = 
24.2, p < 0.001). Seventy-five patients (86%) were correctly 
classified by baseline echo in the appropriate EF group (EF 
<35%, 35% to 54%, or ?:55%) based on MRI, whereas 
classification was correct in 86 patients (99%) with contrast 
(chi-square = 8.3, p = 0.002). 

Baseline image quality was judged as poor in 36 and as 
good in 51 of the 87 analyzable patients. For the "poor" 
subgroup, limits of agreement for EF were -19.9% to 7.9% 
at baseline, narrowing to -8.3% to 4.6% after contrast. 
Corresponding limits of agreement for patients with good 
baseline image quality were -16.7% to 9.0% and -7.3% to 
4.5% (Fig. 2). Between baseline and contrast, the reduction 
in mean differences (bias) for EDV and ESV compared with 
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Table 3. Subgroup Differences in LV Volumes and EF Between MRI and Echocardiography 
(n = 87) 

Poor Baseline Image Quality Good Baseline Image QJtality 

Baseline Contrast Baseline Contrast 
Subgroup Echo Echo Echo Echo 

EDV(ml) -56.4 ± 47.8 -24.4 ± 23.8 -56.3 ± 41.8 -25.7 ± 24.4 
ESV(ml) -16.2 ± 31.8 -6.5 ± 15.6 -21.8 ± 47.2 -9.0 ± 20.2 
EF(o/o) -6.0 ± 13.9 -1.9±6.5 -3.8 ± 12.9 -1.4 ± 5.9 

Values are mean differences (bias) ± 2SD of the difierences (=limits of agreement). 
Abbreviations as in Table 2. 

MRI was 32.0 and 9.7 ml for the "poor" and 30.6 and 12.0 
ml for the "good" subgroup, respectively (Table 3). 
Reproducibility. Comparing the readings of two observers, 
the limits of agreement for baseline echo were -33.3 to 18.1 
ml (EDV), -23.5 to 16.5 ml (ESV), and -16.6% to 14.2% 
(EF). With contrast, these limits narrowed to -18.8 to 22.6 
ml (EDV), -15.6 to 14.8 ml (ESV), and -5.9% to 6.9% 
(EF). At intraobserver analysis, the limits of agreement for 
EF was -11.1% to 7.8% precontrast, improving to -2.8% 
to 2.4% with contrast (Fig. 3). Mean inter- and intraob
server variability for EF were reduced from 13.9% to 9.6% 
and from 5.4% to 2.5% without and with contrast, 
respectively. 

DISCUSSION 

Our findings indicate that measurements of LV volumes 
and EF in a non-selected patient population are more 
accurate and reproducible using a second-generation intra-
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venous contrast agent, even compared to state-of-the-art 
tissue harmonic imaging. Contrast injections have previ
ously been shown to improve measurement of LV volumes 
and EF compared to fundamental imaging (4). Tissue 
harmonic imaging was indeed used by Thomson et a!. (5) 
studying patients post-myocardial infarction, but the sample 
size was relatively small (n = 26) and the reference method 
was computed tomography, which is less documented by 
prospective clinical EF studies. Our study is the first to show 
that LVO is in better agreement with MRI compared to 
tissue harmonic imaging results. 

Echo volume underestimation before contrast was more 
pronounced for diastolic than systolic volumes (Fig. 2). 
With contrast, underestimation was reduced, especially for 
diastolic volumes. Accordingly, the accuracy of EF measure
ment improved with significant reduction in limits of 
agreement. This also indicates that despite tissue harmonic 
imaging, it is difficult to identifY "true" endocardial borders. 
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Rgure 3. Bland-Altman analysis of the interobserver (upper panels) and intraobserver (lower panels) variability of ejection fraction (EF) measurements 
by baseline (left) compared to contrast echocardiography (right) (n = 30). 
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The contrast agent is filling the intertrabecular spaces, thus 
improving definition of the outermost endocardial lining 
(Fig. 1). But the addition of contrast did not eliminate 
volume underestimation made by echocardiography, reflect
ing some of the inherent limitations of transthorasic 2D
echo such as image plane positioning errors, foreshortening 
of the LV long axis, geometric assumptions, and cardiac 
translation (1,12). 

Our data demonstrated a clear improvement in reproduc
ibility of EF measurements by using contrast, both between 
observers with different training and at repeated measurements 
by the same observer. The limits of agreement were reduced to 
one-third with contrast compared to baseline. This indicates 
that contrast echo has the potential to improve the confidence 
of less experienced investigators, making the interpretation of 
LV systolic function less operator dependent. 

In contrast to Hundley et al. (4), we found that the 
advantage of contrast was also evident for patients with good 
image quality. According to the ASE Task Force Guidelines, 
contrast studies for LVO should be performed in patients with 
suboptimal baseline echo studies, in which at least two of six 
contiguous segments in a standard apical view are not visual
ized (13). However, according to our results, contrast should be 
considered whenever accurate EF or absolute volumes are 
required for clinical decision making. Contrast should be 
particularly useful in serial monitoring of smaller volume or EF 
changes over time, as in post-MI LV remodeling, end-stage 
heart failure, heart transplants, cardiotoxic chemotherapy, and 
timing of valve replacement in valve regurgitation. Contrast 
should also be considered when LV EF or volumes are used as 
inclusion or randomization criteria and outcome parameters in 
clinical trials. 
Conclusions. The 2D-echocardiographic evaluation of LV 
volumes and EF by tissue harmonic imaging was found to 
be more accurate and reproducible when performed after 
adding intravenous contrast in non-selected cardiac pa
tients. Our results support that contrast enhancement 
should be considered not only in very difficult-to-image 
patients, but whenever it is considered important to have 
precise and repeatable measurements of LV size and global 
systolic performance. 
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Choosing Apical Long-axis Instead of 
Two-chamber View Gives More Accurate 

Biplane Echocardiographic Measurements of 
Left Ventricular Ejection Fraction: 

A Comparison with Magnetic 
Resonance Imaging 

Siri Maim, MD, Einar Sagberg, Henrik Larsson, MD, PhD, and 
Terjc Skja:rpe, MD, PhD, Trondheim, Norway 

Backgrou11d: We sought to evaluate whether the use 
of apical long-axis (APLAX) rather than two-cham
ber (2CH) view, in combination with four-chamber 
( 4CH) view, improved accuracy of biplane echocar
diographic measurements of left ventricular (LV) 
ejection fraction (EF), using magnetic resonance 
imaging (MRI) as a reference standard. 
Methods: One hundred consecutive cardiac patients 
underwent cardiac MRI and 2D-echocardiography. 
Standard apical LV views were digitally acquired 
with baseline tissue harmonic imaging and low
power contrast echocardiography. Echo and MRI LV 
volumes were calculated by manual tracing and disc 
summation methods. 
Results: Feasiblity for biplane volume measure
ments increased with the use of APLAX. Precontrast 

Two-dimensional (2D) echocardiography using bi
plane Simpson's rule has been widely applied for 
measuring left ventricular (LV) volumes and ejection 
fraction (EF). However, the method is limited by 
geometric assumptions regarding the shape of the 
LV, and is highly dependent on the position and 
orientation of imaging planes. J.7 Incomplete visual-
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limits of agreement (LOA) for EF compared to MRI 
were -19.1 to 9.0% (EF units) using 2CH, narrowing 
to -14.6 to 6.7% using the APLAX. With contrast, 
corresponding LOAs narrowed from -10.5 to 6.1%, 
to -7.3 to 3.8%, respectively. The improved accu
racy with APLAX was evident regardless of image 
quality, previous MI and regional LV dyssynergy. 
Both intra- and interobserver variability improved 
by substituting 2CH with APLAX view. 
Co11clusiott: Using APLAX rather than 2CH in com
bination with 4CH view improved feasibility, accu
racy and reproducibility of biplane echocardio
graphic EF measurements in cardiac patients, even 
with optimisation of endocardial borders by con
trast. (JAm Soc Echocardiogr 2005;18:1044-1050.) 

ization of the endocardial borders is also a well
known limitation, but can be improved by adding 
intravenous contrast, giving more accurate and re
producible EF measurements.B-11 

The American Society of Echocardiography 
(ASE) has recommended that LV volumes should 
be computed from the apical 4-chamber ( 4CH) 
and 2-chamber (2CH) views, which have been 
considered to be nearly orthogonal. 12 Neverthe
less, the apical long-axis (APLAX) view has often 
been preferred to the 2CH view because of its 
better acoustic availability and reproducibili
ty, 13-

16 although these two view combinations 
have not previously been compared with an inde
pendent reference method. 

The purpose of this study was to evaluate the 
accuracy and reproducibility of biplane 2D echocar
diographic assessment of LV volumes and EF using 
4CH view combined with either APLAX or 2CH 
views. The comparison was also performed with 
contrast opacification of the LV cavity (LVO) to 
evaluate the effect of image view combination after 
optimizing endocardial delineation. Multislice cine-
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magnetic resonance imaging (MRI) was used as the 
reference standard. 17

'
23 

METHODS 

Study Population 

We studied 100 patients with known or suspected heart 
disease, all in sinus rhythm and stable clinical condition. 
All patients were regarded for feasibility, but those with 
any of the standard apical planes technically too poor for 
endocardial tracing were excluded from comparative vol
ume analysis. The other criteria for exclusion were gen
erally accepted contraindications for MRI, pregnancy or 
lactation, known allergy to the ultrasound contrast agent, 
significant valve diseases or shunts, and severe extracar· 
diac disease. All patients gave written informed consent. 
The study conformed to the declaration of Helsinki, and 
the protocol was approved by the regional committee of 
medical ethics. 

Echocardiography 

Echocardiographic studies were performed by a single 
experienced physician using a Vivid 7 (GE Vingmed 
Ultrasound, Horten, Norway) with a M3S matrix-array 
transducer. Patients were in the left lateral recumbent 
position. Starting with the transducer posterior to the 
palpable apex, special effort was made not to underesti
mate the LV major long axis. The apical 4CH view was 
adjusted to visualize the apex and maximize the LV 
long-axis and short-axis diameters of both ventricles, and 
to visualize excursions of the mitral and tricuspid leaflets. 
The apical 2CH view was obtained by counterclockwise 
rotation maintaining the initial imaging point, avoiding 
inclusion of the right ventricle and maximizing mitral 
annular diameter. The APLAX view was achieved by 
further rotation maximizing the LV outflow tract and 
aortic root, excluding the papillary muscle. Digital 
cineloops of at least 3 cardiac cycles per imaging view 
were acquired in held expiration, using both baseline 
tissue harmonic imaging and a contrast-enhanced single
pulse harmonic technique (mechanical index 0.22·0.31). 
Baseline imaging was also performed with double focus to 
optimize the near field. 

For contrast studies, the second-generation agents 
Definity (Bristol-Myers Squibb, North Billerica, Mass) (n = 

50) and SonoVue (Bracco, Milan, Italy) (n = 50) were 
used. The contrast was administrated by a trained nurse as 
repeated slow bolus injections with initial doses of 0.2 and 
0.5 mL, respectively, through a 20·G vial in a proximal 
forearm vein. Injections were followed by a slow manual 
flush with at least 5 mL of 0.9% saline, at a speed adjusted 
to optimize cavity opacification and to avoid far-field 
attenuation. 

All cineloops were assigned random numbers and ana
lyzed by an experienced physician, unaware of MRI 
results and patient identification. Volume analysis was 
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performed using the modified biplane Simpson's rule 
(Echopac PC, GE Vingmed Ultrasound). End diastole was 
defined as the frame closest to the initial systolic coaption 
of the mitral valve and end systole was defined as the 
minimal cavity area just before mitral valve opening. The 
inner contour of the LV cavity was manually traced 
according to ASE recommendations, leaving the papillary 
muscles and rough trabeculations within the cavity. 12 LV 
cavity long-axis length in end diastole and end systole was 
measured as the distance from the apex to the center of 
the mitral valve plane. The average end-diastolic vohune 
(EDV) and end-systolic volume (ESV) from 3 cycles, avoid
ing ectopic and postectopic beats, were calculated using 
the apical 4CH with either the apical 2CH or the APLAX 
views, both without and with contrast enhancement. EF 
was calculated as: [(EDV - ESV)/EDV)] X 100%. Image 
qualiry based on endocardial traceability at baseline was 
arbitrarily graded as: (1) very poor (analysis impossible, 
exclusion criterion); (2) poor (analysis possible, but diffi
cult); or (3) good (analysis possible with confidence). 

To determine interobserver variability, 30 echocardio
grams were randomly selected and independently ana
lyzed by another, less-experienced observer, who was 
blinded to patient identification, clinical data, and MRI 
results. For assessing intraobserver variability, the experi
enced observer did repeated analysis of 30 echocardio
grams in a new random order after a minimum 8-week 
interval. 

MRI 

MRI studies were performed with a 1.5-T whole-body 
system SymphonyrM, the Quanttun Gradients, and Syngo 
2002B software (Siemens, Erlangen, Germany). Long-axis 
reference views were used for positioning 8 to 12 perpen
dicular short-axis slices necessary to encompass the entire 
LV. Images were collected during breath hold with pro
spectively electrocardiographically gated fast imaging 
with steady-state precision sequences. No MRI contrast 
agent was needed. Section thickness was 6 mm with 
intersection gaps of 4 mm. The acquisition time window 
was set to 90% of the R-R interval, resulting in a breath
hold period of 8 to 10 seconds tolerated by most patients. 
Image matrix was 256 X 150 (read/phase), field of view 
was 380 mm, repetition time was 52.05 milliseconds, 
echo time was 1. 7 4 milliseconds, flip angle was 70 
degrees, and 12 to 17 heart phases were acquired per 
repetition time interval. 

All MRI scans were obtained by two experienced 
operators, mean acquisition time being 20 minutes. The 
images were stored and transferred digitally. To minimize 
physiologic changes in ventricular loading and size over 
time, echocardiographic and MRI examinations were per
formed within the shortest possible time interval. To 
minimize biologic variations, no changes in patient medi
cation or clinical condition between the two studies were 
accepted. 

MRI volumes and EF were calculated by a single, 
blinded investigator using custom software programmed 
in MatLab (The MathWorks, Natick, Mass). Short-axis 
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endocardial contours of all slices were manually traced in 
end diastole (start of R-wave-triggered sequence), and in 
end systole (the smallest cavity area), guided by reviewing 
tbe images in cine. Papillary muscles and rough trabecu
lations were included in the LV cavity, according to the 
criteria defined for the echocardiographic analysis. The 
cavity surface areas of end-diastolic and end-systolic sec
tions were summed up, and LV volumes estimated by 
multiplying with interslice interval. The end-diastolic and 
end-systolic LV major long axis (apex to midatrioventricu
lar plane) was measured on the 4CH (double oblique) 
reference view. 

Statistics 

Continuous variables were expressed as mean ± 1 SD. 
The agreement between methods and the repeatability of 
echocardiographic measurements were evaluated by the 
method of Bland and Altman,2

·l in which tbe difference 
between two measurements is plotted against their mean. 
The 95% limits of agreement were estimated as the mean 
difference (bias) ± 2 SD of the differences. Mean interob
server and intraobserver variability was in addition calcu
lated as the SD of the mean difference expressed as a 
percentage of mean LV EF (coefficient of variation). 
Differences in LV long-axis lengths were evaluated with 
repeated measures of variance and post hoc analysis witb 
Bonferroni's correction. A significance level of .05 was 
selected. 

RESULTS 

Study Population 

All 100 patients completed echocardiographic and 
MRI studies. In 13 patients, baseline image quality 
was too poor for tracing in any standard apical view, 
but by adding contrast all of these had at least one 
traceable apical view. Choosing the APLAX instead 
of the 2CH view increased the feasibility of biplane 
volume analysis at baseline from 65% to 76%, and 
with contrast from to 83% to 97%. 

For comparative biplane volume analysis, an addi
tional 14, 3, and 8 patients were excluded because 
of lack of adequate 2CH, APLAX, or both views, 
respectively. Among the remaining 62 patients in 
whom all 3 apical views were considered interpret
able, there was a wide variation of LV shapes and 
sizes, and global and regional dysfunction. Baseline 
characteristics of these patients are presented in 
Table 1. More than half (58%) had experienced a 
myocardial infarction (MI) and regional LV dyssyn
ergy. Mean values of LV volumes and EF obtained by 
the different imaging methods and echocardio
graphic view combinations are presented in Table 2. 
Of the 62 patients, 50 had MRI examination per
formed within a time interval of 1 hour, 8 patients 
within 2 days, and the remaining 4 within 3 to 5 
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Table 1 Patient characteristics ( n = 62) 

Age, y 
Male 
Height, em 
Body weight, kg 
Previous myocardial infarction 
Dilated cardiomypathy 
LV dilatation 
LV hypertrophy 
Regional LV dyssynergy 

60 ± ll (36-83) 
49 

174 ± 8 (159-194) 
85 ± ll (50-110) 

36 
18 
18 
13 
34 

Values arc mean ± SD (range), or number of patients. 
LV, left ventricle. 

days. A time interval exceeding 24 hours was only 
accepted for patients with normally shaped and 
functioning LV. 

Accuracy 

Bland-Altman analysis of LV volumes and EF demon
strated closer agreement between echocardiogra
phy and MRI using the APLAX compared with the 
2CH view, both with conventional tissue harmonic 
imaging and LVO (Figure 1). Precontrast limits of 
agreement for EF were -19.1 to 9.0% (EF units) 
using the 2CH view, narrowing to -14.6 to 6.7% 
using the APLAX view (Figure 1). With contrast, the 
corresponding litnits of agreement narrowed from 
-10.5 to 6.1%, to -7.1 to 3.8%, respectively (Figure 
1). Considering EDV, the mean difference (bias) was 
reduced from -55.8 to -45.9 mL (baseline), and 
from -30.0 to -21.9 mL (contrast), substituting the 
2CH with the APLAX view, respectively. The corre
sponding bias for ESV was reduced from -18.8 to 
-14.6 mL (baseline) and from -9.8 to -6.0 mL 
(contrast). 

For the subgroup with poor (analysis possible, but 
difficult), baseline image quality (n = 17), limits of 
agreement for EF were -20.9 to 4.3% (2CH) and 
-15.8 to 5.6% (APLAX) at baseline, and with con
trast -10.5 to 4.6% and -5.4 to 2.0%, respectively. 
The corresponding litnits of agreement for patients 
with good baseline image quality (n = 45) narrowed 
from -17.7 to 9.8%, to -13.7 to 7.1%, and withLVO 
from -10.6 to 6.6%, to -7.8 to 4.4% (Table 3). 
Limits of agreement for EF in patients with previous 
MI (n = 36), were -17.4 to 9.8% (2CH) and -14.3 
to 7.7% (APLAX) at baseline, and with contrast -9.3 
to 5.9% and -5.9 to 3.4%, respectively. For patients 
with no previous MI (n = 26), the corresponding 
limits narrowed from -20.7 to 6.0%, to -14.7 to 
5.1% (baseline), and from- 11.8 to 6.0%, to -8.0 to 
3.5% (LVO) (fable 3). 

Reproducibility 

Between two observers, limits of agreement for EF 
with 2CH view were -11.7 to 14.7% (baseline) and 
-8.3 to 12.2% (contrast). Using APLAX view the 
limits narrowed to -12.2 to 9.0% and -6.2 to 6.0%, 
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Table 2 Left ventricular volumes and ejection fraction by magnetic resonance imaging and biplane echocardiography 
(n = 62) 

Baseline echocardlography Contrast echocardiography 

MRI 2CW APLAX' 2CH• APLAX' 

EDV,mL 188.0 :!: 63.8 132.2 54.6 142.1 64.2 157.2 55.5 165.9 59.9 
ESV,mL 89.1 :!: 62.5 70.3 47.3 74.4 55.9 79.2 51.2 83.1 58.0 
EF,% 56 :!: 16 51 13 52 14 54 14 54 15 

Values are mean ± SD. 
APLAX, Apical long-axis view; 2CH, 2-chambcrvicw; 4CH, 4-chamber view; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; MR._~ 
magnetic resonance imaging. 
*Biplane calculations with 4CH as the standard view. 
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Figure l Bland-Altman diagrams of ejection fraction (EF) 
demonstrating mean difference (solid line) and limits of 
agreement (dashed lines) between biplane echocardiogra
phy including 2-chambcr view (2CH) and magnetic reso
nance imaging (MRI) (left), and biplane cchocardiography 
including apical long axis (LAX) and MRI (right). Baseline 
(base) (top) and contrast (con) (bottom) echocardiograms. 

respectively (Figure 2). At repeated readings by the 
one observer, the corresponding limits of agree
ments were -9.5 to 9.6% and -4.7 to 5.2% (2CH) 
and -6.3 to 7.1% and -2.7 to 3.4% (APLAX), 
respectively (Figure 3). Interobserver variability ex
pressed by the coefficient of variation was at base
line reduced from 12.8 (2CH) to 10.5% (APLAX), and 
with LVO from 7.9 to 5.6%, respectively. Corre
sponding numbers for intraobserver variability were 
from 9.3 to 6.4% (baseline) and from 4.7 to 2.7% 
(LVO). 

LV Long-axis Length 

End-diastolic and end-systolic LV cavity lengths de
rived from MRI and echocardiography are presented 
in Table 2. Both for diastole and systole, the echo
cardiographic LV long-axis length was significantly 
shorter in the 2CH than the APLAX view (8.5 ± 0.9 

em vs 9.0 ± 0.9 em, and 7.5 ± 1.1 em vs 7.8 ± 1.1 
em, respectively, both P < .001). This difference 
was evident also after the addition of contrast (8.7 ± 
0.8 em vs 9.3 ± 0.9 em, and 7.4 ± 1.0 em vs 7.8 ± 
1.1 em, both P < .001). Comparing all 3 echocar
diographic views without and with contrast with 
MRI, LV long axis from echocardiographic images 
was significantly shorter than from MRI, with the 
exception of APLAX view with contrast (P = .120). 

DISCUSSION 

Our main finding was that using APLAX instead of 
2CH view in biplane 2D echocardiography EF mea
surements resulted in closer agreement with values 
derived from MRI (Figure 1). This improvement was 
also evident after optimization of the endocardial 
delineation by LVO. Interestingly, the benefit of 
including APLAX view seemed to be present also for 
patients with previous MI and regional dyssynergy. 
Moreover, the results indicated improved accuracy 
with APLAX view both for patients with good and 
poor baseline image quality (fable 3). The use of 
APLAX view increased the feasibility of biplane 
volume measurements, which is beneficial espe
cially in dilated and distorted LVs. 16 

Our fmdings are in agreement with the study 
conducted by Nosir et a!, 15 who previously demon
strated improved accuracy and reproducibility using 
APLAX instead of 2CH view in biplane EF calcula
tion. However, a limitation in their study was that 
the planes were derived from the reference 3-dimen
sional echocardiography data set, and not from 
separate 2D scanning. Furthermore the study was 
relatively small (n = 27). To our knowledge, biplane 
EF calculations from the two different apical view 
combinations, as they are conventionally obtained in 
clinical routine, have not been compared with an 
independent reference standard. 

With 2D echocardiography, assumptions on ven
tricular geometry and the position of imaging planes 
are necessary to compute EF. It is often a challenge 
to acquire representative, standard apical views of 
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Table 3 Subgroup differences in left ventricular ejection fraction between magnetic resonance imaging and 
echocardiography 

Baseline echocardiography Contrast echocardiography 

Poor baseline image quality 
Good baseline image quality 
Previous MI 
No previous MI 

n 

17 
45 
36 
26 

2CW 

-8.3 12.6 
-3.9 13.8 
-3.8 13.6 
-7.0 13.7 

APIAX' 2CW APLAX' 

-5.6 11.2 -2.9 7.6 -1.7 3.7 
-3.3 10.4 -2.0 8.6 -1.7 6.1 
-3.3 11.0 -1.7 7.6 -1.3 4.7 
-4.8 9.9 -2.9 8.9 -2.2 5.8 

Values are mean diftCrences (bias) ± 2SD of the differences (:;;:::: limits of agn::cmcnt) in percent absolute ejection fraction units. 
APLAX, Apical long-axis view; MI, myocardial infarction; 2CH, 2-chamber view. 
*Biplane calculations with apical4-chamber as the standard view. 
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Figure 2 Bland-Altman diagrams demonstrating interob
servervariability ofbiplane echocardiographic ejection frac
tion (EF) measurements including 2-chamber (2CH) (left) 
compared with apical long-axis (LAX) (right) view (n = 
30). Base, Baseline; con, contrast; Obs, observer. 

the LV, and there are limited means to identify their 
localization in 3-dimensional space. Hence, the op
erator must rely on image content and knowledge of 
cardiac anatomy to position the planes. The APLAX 
view generally seems to be easier to identify than 
the 2CH view because of anatomic landmarks like 
the LV outflow tract and the aortic valve. This may 
explain our findings of improved reproducibility of 
biplane EF measurements using APLAX view. In
deed, the greatest improvement of agreement be
tween observers and between readings of the same 
observer was a result of the addition of contrast. 
However, the reduction of both interobserver and 
intraobserver variability was evident using APLAX 
compared with 2CH view both without and with 
simultaneous LVO (Figures 2 and 3). This indicates 
that using the APLAX instead of 2CH view could 
contribute to less operator-dependent evaluation of 
global LV systolic function. 
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Figure 3 Bland-Altman diagrams demonstrating intraob
servervariability ofbiplane echocardiographic ejection frac
tion (EF) measurements including 2-chamber (2CH) (left) 
compared with apical long-axis (LAX) (right) views (n = 
30). Base, Baseline; cou, contrast; Meas, measure. 

Our data demonstrated a general volume underes
timation by 2D echocardiography compared with 
MRI, more so for the largest absolute LV volumes 
(Figure 1). This was evident whatever echocardio
graphic method or view combination used. Volume 
underestimation was less pronounced with LVO, as 
we have previously shown. 11 However, the substi
tution of 2CH with APLAX view reduced the ten
dency of underestimation even with contrast addi
tion, more so for EDV. At flrst glance, agreement 
between 2D echocardiography and MRI seemed 
closer for EF than for volumes. However, although 
mean EF and bias did not differ significantly be
tween view combinations, individual differences in 
EF were of significance. Volume underestimation 
was reduced to a greater extent in end diastole than 
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Table 4 Left ventricular long-axis lengths by magnetic resonance imaging and echocardiography (n = 62) 

Baseline echocardiography Contrast echocardlography 

MRI 2CH APIAX 4CH 2CH APIAX 4CH 

LAED,em 9.5 ± 1.0 8.5 ± 0.9 9.0 ± 0.9 8.8 ± 0.9 8.7 ± 0.8 9.3 ± 0.9 9.2 ± 0.8 
LAES, em 7.9 ± 1.2 7.5 ± 1.1 7.9 ± 1.2 7.5 ± 1.1 7.4 ± 1.1 7.9 ± 1.1 7.6 ± 1.0 

Values are mean ± SD. 
APLAX, Apical long-axis view; LAED, left ventricular (LV) long-axis length end diastole; LABS, LV long-axis length systole; MRI, Magnetic resonance imaging; 
2CH, 2-chamber view; 4CH, 4-chambcr view. 
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Figure 4 Histogram illustrating single plane end-diastolic 
volume (EDV) and end-systolic volume (ESV) from 
2-chamber (2CHJ view, apical long-axis (APLAX) view, 
and 2CH view multiplied with APLAX/2CH long-axis 
length ratio (2CH cm-r). 

in end systole, resulting in reduced underestimation 
of EF with APLAX compared with 2CH view. 

Erbel et al1 reported the transducer position to be 
superior and anterior to the true anatomic apex in 
95% of patients during 2D echocardiography simul
taneous with cineventriculography, giving tangen
tial2CH images of the LV. However, their study did 
not include the APLAX view. Our data demonstrated 
that the LV long-axis foreshortening was signifi
cantly more pronounced in 2CH than in APLAX 
images (Table 4). This seems to be the single most 
important factor explaining the smaller volumes 
obtained from 2CH images, since multiplying the 
2CH volumes with the APLAX/2CH long-axis length 
ratio gave volumes close to those obtained by 
APLAX images (Figure 4). A contributing factor to 
this may be the rectangular shape of the transducer 
footprint, where part of the footprint is overlying 
costae during 2CH imaging, reducing access and 
image quality. 

Study Umitations 

In view of the heterogeneity of the study population 
and the limited sample size concerning patient 
subgroups, the results should be verified in further, 
larger-scale studies. The study patients were all in 
sinus rhythm, thus, the results cannot be generalized 
to patients with arrhythmia. However, the main 
reason for excluding these was the risk of insuffi
cient MRl quality. It was not possible to blind the 

readers to echocardiographic view and imaging 
modality. Nevertheless, the cineloops were analyzed 
in a random sequence so that corresponding views 
of the same patient were not judged simultaneously. 
A potential source of error in MRl volumetry, espe
cially in systole, was the selection of which basal 
slices to include or exclude. To reduce this error, 
special care was taken to review short-axis slice 
projections onto the long-axis reference views and 
perform tracings with support from cinemovies. 

Conclusions 

The use of APLAX rather than the 2CH view in 
combination with the 4CH view improved feasibil
ity, accuracy, and reproducibility of biplane echo
cardiographic EF measurements in patients with 
cardiac conditions. These beneficial effects were 
also evident after adding intravenous contrast. 

Therefore, we recommend the use of APLAX 
rather than the 2CH view for biplane EF calcula
tions, especially when serial measurements are re
quired for clinical decisions to be made. 
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Real-time Simultaneous Triplane Contrast 
Echocardiography Gives Rapid, Accurate, and 
Reproducible Assessment of Left Ventricular 

Volumes and Ejection Fraction: A Comparison 
with Magnetic Resonance Imaging 

Siri Maim, MD, Sigmund Frigstad, MSc, Einar Sagberg, MD, Per Arvid Steen, 
and Terje Skjarpe, MD, PhD, Trondheim, Nonvay 

Objective: We sought to compare the feasibility, accu
racy, and reproducibility of simultaneous triplane 
echocardiography for measurements of left ventricu
lar (LV) volumes and ejection fraction (EF) with refer
ence to magnetic resonance imaging (MRI). 
Methods: Digital echocardiography recordings of 
apical LV views with and without intravenous con
trast were collected from 53 consecutive patients 
with conventional 2-dimensional (2D) imaging and 
with simultaneous trip lane imaging. MRI of multiple 
LV short-axis sections was performed with a 1.5-T 
scanner. Endocardial borders were manually traced, 
and LV volumes and EF from 2D biplane echocardi
ography and MRI were calculated by method of 
disks. On triplane data, a triangular mesh was con
structed by 3-dimensional interpolation and vol
umes calculated by the divergence theorem. 
Results: Triplane image acquisition was less time
consuming than 2D biplane. Precontrast feasibility 

Two-dimensional (2D) echocardiography (2DE) 
is widely used for assessment of left ventricular 
(LV) volume and ejection fraction (EF). However, 
it is rather time-consuming and has well-known 
limitations, such as LV foreshortening, inadequate 
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was 72% for trip lane and 82% for 2D biplane images, 
increasing to 98% and 100% with contrast, respec
tively. Bland-Altman analysis demonstrated LV vol
ume underestimation by echocardiography versus 
MRI, which was significantly reduced by contrast 
and triplane imaging. The 95% limits of agreement 
for EF between echocardiography and MRI nar
rowed using triplane compared with 2D biplane 
(precontrast -12.5 to 6.7% vs -17.2 to 9.9%, and 
with contrast -7.1 to 5.8% vs -9.4 to 6.4%, respec
tively). At intraobserver and interobserver analysis 
of 20 patients, limits of agreement for EF narrowed 
with contrast triplane compared with 2D biplane. 
Conclusion: Simultaneous LV triplane imaging is 
feasible with simple and rapid image acquisition 
and volume analysis, and with contrast enhance
ment it gives accurate and reproducible LV EF mea
surements compared with MRI. (J Am Soc Echocar
diogr 2006;19:1494-1501.) 

endocardial border defrnition, and geometric as
sumptions. 1-6 The introduction of tissue harmonic 
imaging and LV cavity opacification (LVO) has im
proved accuracy and reproducibility of EF measure
ments?-12 Real-time 3-dimensional (3D) echocardi
ography (3DE) has been shown to be superior to 
2DE, 13-16 but has not yet been integrated into rou
tine clinical practice. The 3DE techniques are still 
limited by the need for data from consecutive 
breath-hold cardiac cycles, lower spatial and tempo
ral resolution, time-consuming analysis, and a nar
rower sector width (volume size) than 2DE. 

The objective of this study was to evaluate the 
clinical feasibility, accuracy, and reproducibility of 
real-time simultaneous triplane data acquisition and 
analysis for echocardiographic measurements of LV 
volumes and EF. This novel method was compared 
with conventional 2D biplane measurements, both 
without and with addition of intravenous contrast. 
Cine-magnetic resonance (MR) imaging (MRl) was 
used as reference method. 17

-
20 
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Figure 1 Simultaneous triplane echocardiography from patient before (A) and after (B) intravenous 
contrast administration. Three apical views are displayed in quad view \vith 4-chamber reference view (top 
left). Intcrplane angles are 60 degrees. Bottom 1'ight, Interposition of imaged planes. 

METHODS 

Study Population 

In all, 53 consecutive patients submitted to echocardiog
raphy were prospectively enrolled, inclusion criteria be
ing age above 18 years and a stable hemodynamic condi
tion. No screening for image quality was performed. The 
exclusion criteria were atrial fibrillation, generally ac
cepted contraindications to MRI, contraindications to the 
contrast agent Optison (GE Healthcare, Oslo, Norway), 
severe extracardiac disease, and significant changes in 
hemodynamic or clinical condition between echocardiog
raphy and MRI studies. All participants gave written 
informed consent to participation. The study conformed 
to the declaration of Helsinki, and the regional committee 
of medical ethics approved the protocol. 

Echocardiography 

Echocardiographic studies (Vivid 7 Dimension, GE Ving
med Ultrasmmd, Trondheim, Norway) were performed by 
a single experienced operator with participants in the left 
lateral recumbent position. Conventional 2D recordings of 
the standard apical LV views were collected with a M3S 
transducer. Simultaneous triplane imaging was performed 
using a novel 2D-array transducer (3V) and a real-time 3DE 
system. The apical 4-chamber view served as the reference 
image, and the two other planes were by default imaged 
and displayed with interplane angles set to 60 degrees, but 
could easily be steered electronically to any desired angle. 
A figure showing the interposition of imaged planes was 
simultaneously displayed in the quadscreen (Figure 1). 
With anatomic and functional real-time information of 3 
apical planes, particularly their apical region and long-axis 
length, off-axis imaging giving foreshortening could more 
easily be disclosed and adjusted for. 

Optison was administered intravenously in a proximal 
forearm vein as slow bolus injections with initial dose of 
0.5 mL and repeated doses of 0.2 to 0.3 mL. The contrast 
was advanced by a slow manual flush, alternatively a slow 
infusion, of 0.9% saline at a speed adjusted to optimize 
cavity opacification and avoid far-field attenuation. Pre
contrast recordings were performed with tissue harmonic 
imaging (1.7/3.5 MHz). For LVO, a pulse inversion-based 
detection method, coded phase inversion, was used (1. 7 I 
3.4 MHz), operating at a mechanical index of 0.18 to 0.22 
and a depth dependent frame rate of 27 to 33 Hz. 
Cineloops of 3 cardiac cycles per apical view in 2D, and 3 
cycles of the triplane quadscreen, were digitally stored in 
raw data format. 

The saved 2D and triplane cineloops were transferred to 
an offline personal computer and analyzed by a blinded 
experienced operator using EchoPAC PC (GE Vingmed Ultra
sound). End diastole (ED) was defined as the frame closest to 
the initial systolic coaptation of the mitral valve. End systole 
(ES) was defined as the minimal cavity area before mitral 
valve opening. Endocardial borders were manually traced 
according to the American Society of Echocardiography 
(ASE) recommendations, leaving d1e papillary muscles and 
rough trabeculations within the cavity.21 The LV volumes 
from 2D inlages were assessed using the biplane Simpson's 
rule.21 The apical long-axis rather than the 2-chamber view 
was used because of its better acoustic availability and 
improved accuracy for LV EF measurements22

•
23 Triplane 

inlages were simultaneously displayed in a quadscreen, and 
ED and ES were automatically detected and endocardial 
tracing performed manually. A triangular mesh was con
structed by 3D interpolation between the traces, and ED 
volume (EDV) and ES volume (ESV) calculated by surface 
triangulation and summation of all triangles by the diver
gence theorem. 24 The volumes from 3 cardiac cycles were 
averaged and EF calculated as: [(EDV- ESV)JEDV] X 100%. 
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To determine interobserver variability, 20 patients were 
randomly selected and independently analyzed by another 
observer blinded to patient data and previous results. For 
assessment of intraobserver variability, one of the observ
ers did repeated analysis of 20 echocardiograms in a new 
random order after a minimum 8-week interval. Both 
observers were blinded to MRI results. 

MRI 

The MRI studies were performed with a 1.5-T system 
(Symphony with Quantum Gradients and Syngo 2002B 
software, Siemens, Erlangen, Germany). Both 2-chamber 
(oblique) and 4-chamber (horizontal) long-axis views were 
used as reference when multiple breath-hold short-axis 
slices of the LV were collected using a prospectively 
electrocardiographically gated fast imaging with steady
state free precession sequence. No MR contrast agent was 
needed. The slices were positioned perpendicular to the 
LV long axis with section thickness of 6 mm and intersec
tion gaps of 4 mm, giving an interslice interval of 10 mm. 
The acquisition time window was 90% of the R-R interval 
resulting in breath-hold periods of 8 to 10 seconds, which 
was tolerated by most patients. Image matrix was 256 X 
150 (read/phase), field of view 380 mm, repetition time 
52.05 milliseconds, echocardiographic time 1.74 millisec
onds, flip angle 70 degrees, and 14 to 21 heart phases 
were acquired per repetition time interval. The images 
were stored and transferred digitally for subsequent recall 
and analysis. To minimize physiologic changes in LV 
loading condition and size over time, echocardiographic 
and MRI examinations were performed within 1 hour. 

An investigator blinded to patient data and echocardio
graphic results analyzed MRI data using custom-made, 
personal computer- based software (programmed in Mat
Lab, The Math Works, Natick, Mass). To minimize subjec
tivity in contour tracing, we used previously described 
criteria for the tracing of short-axis slices, guided by 
reviewing the images in cine. 18

•
20 ED was defined as the 

first phase of the R wave-triggered sequence andES as the 
smallest cavity area. The most basal section to be included 
had to show a wall thickness compatible with the LV 
myocardium that extended at least 50% of the circumfer
ence. The LV outflow tract was included up to the level of 
the aortic valve. Papillary muscles and rough trabecula
tions were included in the blood pool, according to the 
criteria defined for echocardiography, unless inseparable 
from the myocardium. The LV volumes were calculated 
automatically by summation of the product (area X thick
ness) of all slices. 

Statistics 

Continuous data are expressed as mean ± 1SD. The 
agreement between methods and the repeatability of 
echocardiographic measurements were evaluated by anal
ysis of Bland and Altman.Z5 The 95% limits of agreement 
were estimated as the mean difference (bias) ± 2SD of the 
differences. lnterobserver and intraobserver variability 
was in addition calculated as the SO of the mean differ-
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Table 1 Baseline patient characteristics (n = 50) 

Age, y 
Male 
BMI,kg/m2 

Previous myocardial infarction 
Dilated eardiomypathy 
Hypertension 
Regional LV dyssynergy 
Distortion of LV shape 
LV aneurysm 
LV EDV > 150 mL 

57 :':: 9 (37-75) 
38 

27.9 :':: 3.1 
28 

5 
13 
26 
19 

4 
23 

BMI, Body mass index; EDV, end-diastolic volume; LV, left ventricle. 
Values are mean ± lSD (range) or number of patients unless otherwise 
indicated. 

ence expressed as a percentage of the mean (coefficient of 
variation). Paired ttests and analysis of variance were used 
for comparison of dependent data (within patients), with 
Bonferroni's correction for post hoc analyses. Pitman's 
test was performed for comparison of variances between 
methods. A P value of less than .05 was considered 
statistically significant. 

RESULTS 

The acquisition of real-time simultaneous triplane 
data was successful in all 53 patients, with the LV 
completely included in the maximum 90-degree 
scan sector. However, 3 patients were excluded 
because of intermpted (claustrophobia, n = 2) or 
technically inadequate (n = 1) MRI. There were no 
significant differences in heart rate between echo
cardiographic and MRI studies (66 ± 12 vs 68 ± 
13/min, P = 0.42) and no patients were excluded 
because of changes in other hemodynamic or clini
cal conditions between studies. More than half of 
the patients had experienced previous myocardial 
infarctions and the population spanned a variation 
of LV shape, size, and regional function. Some 
baseline and LV echocardiographic characteristics 
are presented in Table 1. Mean values of LV volumes 
and EF are presented in Table 2. Representative 
triplane echocardiograms from one of the partici
pants are illustrated in Figure 1. 

Feasibility and Timing 

The feasibility of traceable precontrast triplane im
ages was 72% of patients compared with 82% for 2D 
imaging. Contrast increased this feasibility to 98% 
and 100%, respectively. Time interval between echo
cardiography and MRI was 18 ± 5 minutes. The data 
acquisition times for the required views, calculated 
from the initial placing of the transducer in the 
apical position, were 25 ± 8 seconds for 2D biplane 
and 8 ± 4 seconds for simultaneous triplane imaging 
(P = .0011). The offline EF analysis times were 5 ± 
1 and 3 ± 2 minutes, respectively. The correspond-
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Table 2 Left ventricular volumes and ejection fraction by magnetic resonance imaging, 2-dimensional biplane, and 
simultaneous triplane echocardiography (n = 50) 

Precontrast echocardiography Contrast echocardiography 

MRI 2D biplane* Trip lane 2D biplane* Trip lane 

EDV,mL 170.3 :!: 66.6 136.2 :!: 52.6 149.1 :!: 58.0 153.2 :!: 46.8 159.3 :!: 47.4 
ESV,mL 80.9 :!: 69.4 69.8 :!: 48.0 71.4 :!: 53.7 72.1 :!: 48.6 73.1 :!: 49.9 
EF,% 57.7 :!: 16.0 52.5 :!: 13.0 53.5 :!: 13.7 55.2 :!: 14.0 56.8 :!: 13.6 

EDV, End-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; MRI, magnetic resonance imaging; 2D, 2-dimcnsional. 
*Biplane calculation with the apical4-chamber and long-axis views. 
Values are mean :±: lSD. 

Table 3 Differences in left ventricular volumes and ejection fraction between magnetic resonance imaging and 
echocardiography 

Precontrast echocardiography Contrast echocardiography 

2D biplane* Trlplane 2D biplane• Trlplane 

EDV,mL 
ESV,mL 
EF,% 

-44.9 60.1 -27.3 50.1 t -21.5 47.5 -11.5 42.7t 
-16.8 40.7 -9.3 30.3:j: -8.3 28.3 -5.7 26.0:): 
-3.7 13.6 -2.9 9.6§ -1.5 7.9 -0.7 6.1§ 

EDV, End-diastolic volume; EJ-: ejection fraction; ESV, end-systolic volume. 
*Biplane calculation with apical4-chamber and long-axis views. 
tP < .01, :f:P < .05, and §nonsignificant versus 2-climcnsional biplane. 

Values are mean difference (bias)± 2SD of the difference (=95% limits of agreement). 

ing MRI acquisition and analysis times were 17 ± 5 
and 20 ± 6 minutes. 

Accuracy 

There were significant differences in EF between 
precontrast and contrast echocardiography, both 
for 2D biplane and triplane (both P < .001), but 
no significant differences between 2D biplane and 
triplane measures (P = .34 precontrast and P = 
.14 with LVO) (Table 3). However, analysis of 
Bland and Altman25 of LV volumes and EF demon
strated closer agreement between echocardiogra
phy and MRI using triplane imaging, both precon
trast and with LVO (Figure 2). There was a 
systematic volume underestimation by echocardi
ography compared with MRI (Table 3). The bias 
for EDV was significantly reduced from -44.9 to 
-27.3 mL precontrast (P .0019) and from 
-21.5 to -11.5 mL with contrast (P = .0024), 
comparing 2D biplane and triplane measures, 
respectively. The corresponding bias for ESV was 
also reduced with triplane versus 2D biplane, but 
relatively less than for EDV: 9.3 versus -16.8 mL 
precontrast (P = .020) and -5.7 versus 8.3 mL 
with contrast (P = .043), respectively. The 95% 
limits of agreement for EF between precontrast 
echocardiography and MRI were -17.2 to 9.9% 
(EF units) using 2D biplane and -12.5 to 6.7% for 
triplane data (Table 3 and Figure 2). With LVO, 
corresponding limits were -9.4 to 6.4%, and -7.1 
to 5.8%, respectively (Table 3 and Figure 2). The 
variance of EF by echocardiography compared 
with MRI was significantly reduced by triplane 
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Figure 2 Bland-Airman bias plots illustrating agreement in 
ejection fraction ( EF) measurements between echocardiog
raphy and magnetic resonance imaging (MRI) for conven
tional 2-dimensional biplane (left) and simultaneous 
triplane (right) measurements, precontrast (top) and with 
contrast (bottom). Central horizontal line, Mean bias or 
systematic difference; upper and lower solid horizontal lines, 
95% confidence interval of differences (limits of agree
ment). 

compared with biplane, both precontrast (t = 
5.036, P = .0014) and with contrast (t = 6.783, 
p = .0008). 

The 95% limits of agreement for EF in patients 
with regional LV dyssynergy (n = 26) were at 
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Table 4 Subgroup difference in left ventricular ejection fraction between magnetic resonance imaging and 
echocardiography 

Precontrast echocardiography Contrast echocardiography 

No. of patients 20 biplane* Trlplane 20 biplane* Trlplane 

Regional LV dyssynergy 
No regional LV dyssynergy 

26 
24 

-3.6 :':: 13.5 -3.1 :':: 9.9 -1.6 :':: 8.1 -0.6 :':: 6.4 
-4.0 :':: 13.4 -2.8 :':: 9.4 -1.4 :':: 7.7 -0.8 :':: 6.5 

LV, Left ventricular. 
*Biplane calculation with apical 4-chamber and long-axis views. 
Values arc mean differences (bias) ± 2SD of the difference ( = 95% limits of agreement) in percent absolute ejection fraction units. 
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Figure 3 Bland-Airman plot illustrating interobserver (top) and intraobserver (bottom) agreement for 
ejection fraction measurements with conventional 2-dimensional biplane (first and third column) and 
simultaneous trip lane (second and fourth column), both precontrast (two left columns) and contrast (two 
right columns). N = 20. 

baseline -17.1 to 9.9% (2D biplane) and -13.0 to 
6.8% (triplane), and with contrast -9.7 to 6.5% and 
-7.0 to 5.8%, respectively. In the subgroup with 
normal LV wall motion (n = 24), the limits of 
agreement for EF at basline were -17.4 to 9.4% (2D 
biplane) and -12.2 to 6.6% (triplane), and with 
contrast -9.1 to 6.3% and -7.3 to 5.7%, respec
tively (Table 4). For patients with EDV greater than 
150 mL, the precontrast limits of agreement for EF 
were -14.3 to 10.6% for 2D biplane versus -11.7 to 
7.3% for triplane. With contrast, the corresponding 
limits were -9.0 to 7.9% versus -7.8 to 6.4%, 
respectively. 

Reproducibility 

Comparing the readings of two observers (Figure 3), 
the limits of agreement for precontrast EF were 
-15.6 to 8.6% (2D biplane) and -13.0 to 6.6% 

(triplane). With contrast, the limits narrowed to 
-7.3 to 8.4% and -5.8 to 7.7%, respectively. From 
intraobserver analysis, the corresponding limits of 
agreement were -10.9 to 7.9% and -7.4 to 6.2% 
precontrast, improving to -4.8 to 4.8% and -3.2 to 
3.3% with contrast (Figure 3). The interobserver 
coefficient of variation for EF was precontrast 12.0% 
for 2D biplane and 9.4% for triplane, with contrast 
6.9% and 5.7%, respectively. The corresponding 
numbers for intraobserver variability were 9.0 ver
sus 6.4% (precontrast) and 5.3 versus 3.2% (con
trast). 

Safety and Tolerability 

The patients received a mean total dose of 1.1 mL of 
Optison. There were no significant changes in the 
study patients' blood pressure, heart rate, or rhythm 
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and no discomfort or adverse effects were reported 
or observed after contrast injections. 

DISCUSSION 

This study demonstrated that: (1) simultaneous 
triplane contrast echocardiography is feasible in 
unselected patients; (2) echocardiography is asso
ciated with volume underestimation compared 
with MRI, but significantly less with contrast; and 
(3) simultaneous triplane imaging incrementally 
decreases volume underestimation and improves 
agreement with MRI and reproducibility of EF 
measurements. 

The improvement in accuracy compared with MRI 
was indeed significant only after contrast enhance
ment. However, the triplane approach seemed to give 
an incremental benefit in accuracy that even ac
counted for patients with asymmetric, dyssynergic, or 
dilated LVs. 

To our knowledge, this is the first clinical study 
on real-time simultaneous triplane echocardiogra
phy for LV volume and EF measurements; however, 
the feasibility of biplane imaging was previously 
tested on exercise stress echocardiography.Z6 

Feasibility and Timing 

The acquisition time for triplane imaging was re
duced because the transducer did not have to be 
moved to obtain data from multiple views. The 
display gave a good overview of LV size, shape, and 
performance. The user interface and dataset manip
ulation was simple and intuitive, preventing pro
longed analysis time compared with 2D biplane. 

Precontrast, more patients were lost with triplane 
(28%) than with 2D (18%) imaging. To image 3 
planes simultaneously, the total line density is in
creased on the expense of frame rate, but the 
number of beams per plane is still reduced com
pared with conventional imaging giving poorer spa
tial resolution. Furthermore, triplane imaging re
quires all views to be simultaneously available with 
the probe in the same position, and is, hence, more 
limited by the acoustic window. We believe that this 
explains the lower precontrast traceability for the 
triplane images. However, by adding contrast the 
clinical feasibility was comparable with that of con
trast 2D imaging. 

Accuracy 

Our data demonstrated a general volmne underestima
tion by echocardiography, compared with MRI, as 
previously demonstrated. 1

'
12

•
23 By adding contrast, 

the volume underestimation was significantly reduced. 
Indeed, the main proportion of gain in accuracy be
tween echocardiography and MRI seemed to be re
lated to the application of contrast. Simultaneous 
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triplane intaging, nevertheless, gave an incremental 
reduction in volume underestimation, more so for 
EDV than ESV, and significantly reduced the bias 
compared with MRI. Not surprisingly, triplane con
trast imaging did not eliminate the volume underes
timation, as this is still dependent on the acoustic 
window. The triplane volume analysis further relies 
on interpolation between 2D traces, and this could 
introduce geometric errors, particularly in seriously 
distorted LVs. Compared with true 3DE, which 
allows calculating volumes based on fully available 
geometric information, triplane imaging is expected 
to be inferior in accuracy. Nevertheless, the triplane 
technique improved accuracy compared with 2D 
biplane measurements, both without and with con
trast. This is in line with previous studies, in which 
the greatest improvement in accuracy took place 
moving from uniplane to biplane, and increasing to 
3 or 4 planes gave incremental benefit, whereas 
further increases gave limited benefit even for asym
metric objects and distorted LVs.Z7

•
28 A recent study 

indeed reported that as much as 4 and 8 planes 
extracted from 3D datasets were needed to accu
rately assess EDV and ESV, respectively, in severely 
distorted LVs. 16 However, volumetric 3DE is still 
rather time-consuming and complicated, and does 
not have a similar benefit in symmetric or dilated 
LVs. 

Reproducibility 

The greatest improvement in agreement between 
observers and repeated readings was also a result of 
the addition of contrast, confirming the fmdings in 
previous studies.U·12

•
24 Nevertheless, both interob

server and intraobserver variability of EF measure
ments was further reduced by the use of triplane 
compared with 2D biplane measurements, both 
without and with simultaneous LVO (Figure 3). 

Previous works found significant variations be
tween operators with respect to both the angulation 
and displacement of 2DE imaging planes, with fore
shortening of apical views. 3-6 An imaging technique 
obtaining 3 apical planes in one single operation, 
without having to rotate the transducer, could elim
inate at least some of this variability. In addition to 
being timesaving, the simultaneous display gives a 
better overview of the LV size and shape, and 
simplifies the anatomic orientation and the recogni
tion of nonequatorial plane position. In this way, 
less experienced operators could be expected to 
acquire more robust LV volume data. Because it is 
possible to acquire images for triplane EF measure
ments from one single cardiac cycle, this could even 
reduce the problems with artifacts from respiration 
and patient movement. Assessment of interstudy 
variability was not performed, but we hypothesize 
that using the triplane technique might reduce the 
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likelihood of variation being a result of different 
cut-plane angulations. 

Future Perspectives 

The incremental benefit of triplane compared with 
2D biplane imaging could seem relatively modest, 
and contrast addition was necessary to achieve an 
acceptable clinical feasibility with this first applica
tion. However, this technique supplies another 
plane to the LV volume calculation in a fast and 
simple way, moving 2D volume measures even 
closer to the reference standard. With further im
provements in image quality it holds promise as an 
interesting future tool for evaluation of LV perfor
mance. In particular, this might be an attractive and 
timesaving modality for stress echocardiography, in 
which the operator dependency is an important 
limiting factor. 26

•
29 In the current volume study, 

image planes were set at 60-degree intervals, be
cause covering the LV more evenly could be a 
geometric advantage. However, in stress echocardiog
raphy the angles should be adjusted to acquire the 
standard apical planes and myocardial segments to 
cover the coronary territories according to the ASE.30 

Study Limitations 

The study sample size was small, and in view of the 
small subgroups the results should be verified in 
further, larger-scale studies. The sample included 
distorted and dilated LVs, but the consecutive en
rollment resulted in a majority of patients with EFs 
within the normal range. 

The study patients were all in sinus rhythm; thus, 
the results cannot be generalized to patients with 
arrhythmia. However, the reason for excluding 
these was the risk of inadequate MRl quality. A 
potential limitation of MRl volumetry was the selec
tion of which basal slices to include or exclude, 
particularly in systole. To reduce this source of 
error, special care was taken to review short-axis 
slice projections onto the long-axis reference views 
and perform the tracings with support from cin
emovies. 

Conclusions 

Simultaneous trip lane echocardiography of the LV 
was feasible with simple and rapid image acquisition 
and volume analysis. Triplane imaging with contrast 
gave more accurate and reproducible LV EF mea
surements than conventional 2D biplane echocardi
ography compared with MRl reference values. The 
trip lane display gave a quick overview of LV size, 
shape, and performance, and may become an inter
esting future tool for serial evaluation of the LV 
systolic function, and for stress echocardiography. 
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Abstract 

Background: Real-time myocardial contrast echocardiography (MCE) is a novel method for assessing myocardial 
perfusion. The aim of this study was to evaluate the feasibility of a very low-power real-time MCE for 
quantification of regional resting myocardial blood flow (MBF) velocity in normal human myocardium. 

Methods: Twenty study subjects with normal left ventricular (LV) wall motion and normal coronary arteries, 
underwent low-power real-time MCE based on color-coded pulse inversion Doppler. Standard apical LV views 
were acquired during constant IV. infusion of SonoVue®. Following transient microbubble destruction, the 
contrast replenishment rate (~). reflecting MBF velocity, was derived by plotting signal intensity vs. time and fitting 
data to the exponential function; y (t) =A ( 1-e·P(t-tO)) + C. 

Results: Quantification was feasible in 82%, 49% and 63% of four-chamber, two-chamber and apical long-axis 
view segments, respectively. The LAD (left anterior descending artery) and RCA (right coronary artery) 
territories could potentially be evaluated in most, but contrast detection in the LCx (left circumflex artery) bed 

was poor. Depending on localisation and which frames to be analysed, mean values of ~ were 0.21-0.69 s-1, with 

higher values in medial than lateral, and in basal compared to apical regions of scan plane (p = 0.03 and p < 0.0 I). 
Higher ~-values were obtained from end-diastole than end-systole (p < 0.00 I), values from all-frames analysis lying 
between. 

Conclusion: Low-power real-time MCE did have the potential to give contrast enhancement for quantification 
of resting regional MBF velocity. However, the technique is difficult and subjected to several limitations. Significant 
variability in ~ suggests that this parameter is best suited for with-in patient changes, comparing values of stress 
studies to baseline. 
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Background 
MCE is an emerging technique for non-invasive evalua
tion of myocardial perfusion and coronary heart disease 
(CAD) [1-ll). Recent advances in multipulse technology 
have made real-time MCE feasible with low acoustic 
power [12-17), giving minimal contrast destruction and 
frame rates that facilitate evaluation of scan plane and 
wall motion. However, technical difficulties concerning 
tailored ultrasound equipment, imaging techniques, data
analysis and interpretation still remain to be solved. 

The majority of MCE studies have reported data relying on 
visual assessment somewhat limited by its subjective 
approach (18). Wei and coworkers pioneered a method 
for more objective quantification of MBF with contrast 
microbubbles administered as constant intravenous infu
sion [ 5). From the time course of video intensity during 
progressively prolonged pulsing intervals, both MBF 
velocity and myocardial blood volume (MBV) could be 
assessed. The product of these two parameters was shown 
to correlate well with radiolabeled microsphere-derived 
MBF (5,17,19,20). This quantitative approach has also 
been applied to real-time MCE techniques (14-16,19). A 
strong linear correlation between the rate of signal inten
sity (SI) rise and volumetric flow has been reported, both 
at rest and during hyperemia (14, 16,22). On the other 
hand, steady state SI has not been found to correlate as 
well with flow measurements (14, 17), indicating that the 
microbubble replenishment rate might be the major MCE 
perfusion parameter. 

The quantification of replenishment rates is often limited 
to selected myocardial regions due to imaging problems 
(19,22). To our knowledge there are limited human stud
ies reporting resting replenishment rates for all standard 
myocardial segments measured in different cardiac 
phases. The aim of this study was 1) to evaluate the feasi
bility of a very low-power real-time MCE technique for 
visualising the perfusion in normal human myocardium, 
and 2) to quantify the MBF velocity, ~' of all myocardial 
segments of the apical scan views by using the destruction
replenishment approach. 

Methods 
Study subjects 
Twenty study subjects were enrolled; ten healthy male vol
unteers (age 24 ± 3) and ten patients (age 55± 5), five of 
them female. The study subjects were not screened for 
echocardiographic image quality, the only inclusion crite
ria being an age above 18 and confirmed normal left ven
tricular regional and global systolic function by 
conventional echocardiography. The ten patients had 
undergone coronary angiography due to chest pain, with 
the findings of open and normal coronary arteries and 
normal left ventricular end-diastolic pressures. The 
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healthy volunteers were assumed to have normal coro
nary anatomy and myocardial perfusion, due to the 
abscence of CAD risk factors and symptoms, and normal 
findings on standard echocardiography. All the subjects 
were in sinus rhythm. Exclusion criteria were pregnancy or 
lactation, known allergy to the contrast agent, significant 
valve diseases or shunts, severe pulmonary hypertension, 
and severe extra-cardiac disease. All the subjects gave their 
written informed consent to the participation. The study 
conformed to the declaration of Helsinki, and the 
Regional Commitee of Medical Ethics approved the 
protocol. 

Contrast agent 
The ultrasound contrast agent Sonovue (Bracco, Milan, 
Italy) was used, consisting of microspheres of sulphur 
hexafluoride gas (SF G) stabilised by a phospholipid mon
olayer in an aqueous solution. So no Vue®was infused con
tinuously by a manually rotated volume pump through a 
20G vial in a proximal forearm vein. There were slight 
individual changes of the infusion rate (70-1 00 ml/ hour) 
to optimize the myocardial opacification and minimize 
the far-field attenuation. Once steady state was reached 
and the recording started, the infusion rate was held con
stant in every individual study. 

MCE technique 
Imaging was performed with Vivid T'" (GE Vingmed 
Ultrasound, Horten, Norway) with a M3S matrix array 
transducer. The contrast-specific application, Coded Har
monic Angion', is a very low power, real-time technique 
based on pulse inversion combined with power Doppler, 
operating at a frame rate of 20 Hz. With this choice of 
application and contrast agent, the optimal agent-tissue
ratio was achieved with a mechanical index (MI) as low as 
0.04-0.05. The signal amplitudes were color-coded by the 
Angio mode and displayed as overlays on fundamental 
tissue grey-scale images. The focus was set basally, close to 
the mitral valve plane. The depth was set to let the left ven
tricle fill the image sector, and color gain was adjusted to 
reduce the signal-to-noise ratio to the point that hardly 
any noise was observed within tissue and cavity. The time 
gain compensation was adjusted to obtain homogenous 
SI and to reduce the noise from the myocardium, the epi
/ pericardium and the mitral valves. After the initial 
adjustments all settings were held constant in every indi
vidual study. 

Baseline imaging was acquired in tissue harmonic mode 
for confirmation of normal anatomy and wall motion. 
MCE was performed in the apical four-chamber, two
chamber and long-axis views. Standard views were at 
times slightly modified, i.e. by centralising the lateral or 
anterior walls in the scan sector, to optimize the contrast 
detection and avoid attenuation and shadowing. When 
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the myocardial contrast opacification reached a steady 
state, a 'flash' of 15 frames ofhigh MI (1.0), timed to cover 
at least the entire systole, was applied for transient micro
bubble destruction. This was followed by immediate, 
automatic return to low MI continuous imaging of micro
bubble replenishment in end-expiration (See Additional 
file: 1 Movie demonstrating a real-time destruction
replenishment loop of the LV apical long-axis view). The 
procedure was repeated twice for every scan view. Fifteen 
cardiac cycles of every destruction-replenishment 
sequence, at least 10 after 'flash', were captured and stored 
digitally as raw-data. 

Image analysis 
The MCE data were analysed off-line on a PC workstation. 
Analyses of the cineloops were performed blinded in ran
dom order using EchoPAC PC'" ( GE Vingmed Ultrasound, 
Harten, Norway). Measurement of mean signal intensity 
(dB) was done in manually placed, equally sized and 
shaped regions of interest (ROI) in the 16 standard myo
cardial segments [23), plus the two apical segments of the 
apical long-axis view. The RO!s were large, avoiding high 
intensity signals from the cavity and the epi-and endocar
dium. When necessary, their position was slightly 
adjusted to compensate for the translation of the heart. 
The depth of the ROI position was not changed. Finally, 
all RO!s were 'anchored' for each frame. 

The myocardial SI was plotted against time (t) and fitted 
to the exponential function: y (t) =A (1-e·P<t-tOJ) + C, 
where y is SI at any time during the contrast replenish
ment, A is the plateau SI corresponding to MBV, ~ is the 
rate of SI rise reflecting the mean bubble velocity or MBF 
velocity, and C is the intercept at the origin reflecting the 
background intensity level [ 5). The introduction of t0 sim
ply reflects that the analysis software allowed one to 
choose where to set t = 0. To further compensate for a pos
sible non-zero initial value after flash, the constant C was 
added, implicating that the curve fitting was relatively 
independent of background myocardial Sl. The RO!s were 
positioned and anchored before the curve fitting was 
applied. Segmental values of A and ~ were derived from 
the replenishment cycles by careful frame-by-frame analy
sis. Separate quantitative analysis was performed both for 
all-frames, for selected end-systolic (end ofT-waves) and 
end-diastolic (close to peak R-wave) frames. 

The myocardial segments were assigned to the coronary 
artery perfusion territories (Figure 1 ), and the feasibility 
for evaluating perfusion at a territorial level was assessed. 
Because the LV wall motion was normal, any lack of myo
cardial contrast opacification was considered to be due to 
attenuation or inadequate detection, and the current seg
ment was excluded from the quantitative analysis. Since 
the healthy volunteers all had normal regional and global 
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LV function, it seemed acceptable to make this assump
tion even if coronary angiography was not performed. 

Statistics 
Continuous variables are presented as mean± 1SD. Com
parison between groups was performed with linear regres
sion analysis (ANOVA), a posthoc analysis was done 
using Bonferroni's correction. Differences were consid
ered statistically significant at p less than 0.05 (two-sided) 
with a power of 0.80. 

Results 
Some visible myocardial contrast enhancement was 
obtained in all views of all the study subjects. Precontrast 
myocardial tissue SI was negligible, but in spite of careful 
adjustment of the time-gain compensation we noticed rel
atively strong precontrast signals from the mitral valve 
and basal epi-and pericardium. On average 6 minutes of 
infusion time was spent to aquire repeated replenishment 
cineloops in the apical views. Myocardial contrast first 
appeared around one minute after the infusion was 
started, and steady-state SI was reached after a mean 
period of2.5 minutes. After the 'flash' an almost complete 
disappearance of myocardial color signals was observed, 
leaving the myocardium dark Real-time visual grading of 
myocardial SI during post-destruction wash-in was diffi
cult due to cardiac contraction, translation and cyclic 
changes of myocardial Sl, both between systole and dias
tole and from beat to beat. By reviewing selected end
systolic frames, refilling was first observed in the mid-sep
tum progressing to full opacification in 3 to 5 heartbeats. 
However, when observed in end-diastole the refilling 
clearly appeared faster, yet variable. Selected end-systolic 
images of destruction-refill sequences of the apical LV 
views are presented in Figure 2. 

Feasibility of quantitative analysis 
All360 myocardial segments were evaluated regardless of 
baseline image quality. Since the LV wall motion was nor
mal, any contrast defect was considered to be due to atten
uation or inadequate detection, and the current segment 
was thus excluded from the quantitative analysis. Follow
ing this, the myocardial opacification was regarded as suf
ficient for quantification in 98 of 120 (82%) of the four
chamber view segments (Table 1). The septum filled in 
completely during wash-in, while enhancement of the lat
eral wall was more pathcy. In two-chamber and long-axis 
views, the number of feasible segments was lower; 59 of 
120 (49%) and 76 of 120 (63%), respectively (Table 1) 
Thus, a total of233 of360 (65%) of myocardial segments 
were feasible for quantification. For healthy, young nor
mals and patients the feasibility was 118 ( 66%) and 115 
( 64%) of segments, respectively. The most frequent drop
outs were observed in the mid and basal segments of the 
lateral and anterior wall, and in the basal segment of the 
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4-chamberview 2-chamber view Long axis view 

LAD LCx - RCA 

Figure I 
The different coronary artery beds and their representation in myocardial segments of the LV apical views, given a balanced 
coronary circulation. LAD = left anterior descending artery; LCx = left circumflex artery; LV = left ventricle; RCA = right cor
onary artery. Courtesy of Asbjorn Stay/en, dept of Circulation and Medica/Imaging, Norwegian University of Science and Technology, 
Trondheim, Norway. 

inferolateral wall. In these we only obtained myocardial 
opacification in half of the study subjects. 

Evaluated on a territorial level, perfusion in the LAD area 
could be assessed in all 20 subjects. Segments usually 
assigned to the RCA could be evaluated in 15 subjects, 
whereas the LCx supply area was analysable in only half 
of the subjects. 

MCE parameters 
Beta-values were derived by curve fitting in the 233 feasi
ble segments (Figure 3). Depending on localisation and 
which frames of the heart cycle to be analysed, we found 
mean values of P ranging from 0.21 to 0.69 s-1 with SDs of 
0.09 to 0.29 s·1 (Table 1). Segmental mean values of A 
ranged from 6.01 to 12.29 dB with SDs of 2.1 to 4.9 dB. 
Mean end-systolic P-values was found to be higher in 
medial than lateral parts of the scan plane (0.3 7 ± 0.13 vs. 
0.32 ± 0.14 s-1, p = 0.03), and at greater depths (basal; 
0.45 ± 0.16 s·1 vs. apical; 0.36 ± 0.14 s-1, p < 0.01). The A 
parameter similarly was found to be higher in medial 

(9.89 ± 2.7 dB) than lateral regions (7.99 ± 3.6 dB, p < 
0.01 ), while it was significantly lower in basal than apical 
segments (7.87 ± 3.0 vs. 9.13 ± 2.74, p < 0.01). 

By using the software's capability to perform an off-line 
ECG triggering, we did separate analysis from end-systolic 
and end-diastolic images (Figure 3). Significantly higher 
P-values were obtained when end-diastolic frames were 
analysed compared to end-systolic ones (0.49 ± 0.16 s-1 

and 0.35 ± 0.13 s-1 respectively, p < 0.001 ). The P-values 
from all-frames analysis were lying between (0.43 ± 0.17 
s-1 ), significantly different from both end-systolic and 
end-diastolic values (p = 0.002 and p = 0.001, respec
tively). Approximately the same level of differences was 
found between cardiac phases for A-values. 

There were no significant differences in mean end-systolic 
P between four-chamber, two-chamber and long-axis 
views (0.34 ± 0.12 vs 0.35 ± 0.15 vs. 0.36 ± 0.14 s-1, 
respectively) nor between healthy volunteers and patients 
(0.36 ± 0.14 vs. 0.35 ± 0.13 s-1). 
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Some selected end-systolic images from destruction-replenishment sequences. A. 4-chamber view, B. 2-chamber view, C. Api
cal long-axis view. 

Hemodynamic and safety parameters 
There were no significant changes in the study subjects' 
blood pressure, heart rate or rythm during performance of 
the MCE examinations. Each subject received a total dose 
of9.5 ml ofSonoVue•, and none of them experienced any 
adverse effect in the observation period, nor were any 
observed. 

Discussion 
Despite recent advances in contrast-specific imaging, our 
study demonstrates some of the difficulties with and the 
still limited ability of low-power real-time MCE for quan
titative assessment of regional myocardial perfusion. The 
contrast detection was better in the segments with good 
precontrast myocardial image quality, the lateral and 
anterior walls being the poorest with frequent dropouts. 
The MCE imaging problems were reduced, but not elimi
nated by adjustment of infusion rates and by carefully 
repositioning the wall of interest more centrally in the 
scan sector. Nevertheless, two thirds of segments were fea-

sible for quantitative analysis, and by assigning segments 
to the coronary territories, the LAD and RCA areas could 
potentially be evaluated. On the other hand, limited co n
trast detection made assessment of the LCx area difficult 
in more than half of the subjects. 

Our study was not designed to test specific machine set
tings or examination variables. Nevertheless, we observed 
decreas ing A values moving distally and laterally in the 
scan sector. ~ was similarly found to be lower in lateral 
than more axial parts, but in opposite to A it significantly 
increased at greater depths of the sector. This is in accord
ance with results from in vitro flow phantom and animal 
models [14,16], but has previously not been reported in 
human studies. 

The exact mechanism for this spatial variability is uncer
tain. Variations in beam elevation and non-uniformity of 
the sound field are probably contributing factors 
[6,24,25 ]. With a phased array transducer, the acoustic 
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Background: Strain (e) rate (SR) imaging and left 
ventricular (LV) opacification with intravenous (IV) 
contrast both potentially decrease operator depen
dency in interpretation of stress echocardiography. 
The aim of this study was to evaluate whether 
contrast present during tissue velocity imaging (TVI) 
significantly affected measurements of velocity, e, 
and SR. Secondly, we sought to evaluate whether 
increased scan line density improved feasibility of 
simultaneous TVI and contrast echocardiography. 
Methods: The 4-chamber LV view in 15 healthy vol
unteers and 25 patients was acquired at rest before 
and after IV injections of contrast using: (1) conven
tional TVI; (2) LV opacification with standard TVI 
added; and (3) modified LV opacification with dou
bled TVI line density. Velocity, SR, and e curves, 
along with peak systolic velocity, peak systolic SR, 
and end-systolic e, were assessed from midwall 
segments. 
Results: IV contrast significantly reduced feasibility 
of TVI with standard settings, giving noisy data for 

Strain (e) and e rate (SR) imaging (SRI) are novel 
tools for quantification of regional myocardial func
tion, based on tissue velocity imaging (TVl).1-9 e and 
SR are, contrary to regional tissue velocities, shown 
to be relatively independent of tethering by adjacent 
segments and cardiac translation.4-9 Dobutamine 
stress echocardiography (DSE) is an established clin-
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SR and e, particularly in the septum. Absolute values 
of peak systolic SR and end-systolic e from ade
quately shaped curves were significantly higher 
with contrast compared with baseline. However, 
increased TVI line density significantly improved 
feasibility of velocity traces with contrast and de
creased the level of noise in SR and e. Furthermore, 
higher line density improved agreement between 
peak systolic velocity, peak systolic SR, and end
systolic e measured with contrast, and correspond
ing precontrast values from the conventional TVI 
setting. 
Conclusions: SR imaging was not feasible per
formed with IV contrast during conventional TVI 
settings, and we do not recommend the clinical use 
of this combination. Increased TVI line density 
made velocity curves with contrast feasible and 
resulted in less noisy SR and e curves, but variability 
in SR and e measurements with contrast is still too 
high for clinical use. (JAm Soc Echocardiogr 2006;19: 
40-47.) 

ical method for diagnosis of coronary artery disease 
based on visual detection of regional contractile 
dysfunction. However, DSE has been found to be 
highly dependent on observer experience with a 
considerable interobserver variability10·11

; although 
better with second harmonic imaging, 12 reproduc
ibility still remains an issue. SRl applied in DSE can 
potentially be a less operator-dependent supplement 
for interpretation of regional myocardial func
tion.13,14 

Visual segmental wall-motion analysis in DSE 
requires adequate delineation of left ventricular 
(LV) endocardial borders. At peak stress, poor 
endocardial definition is a frequent problem in 
patients with suboptimal image quality. LV opaci
fication (L VO) by intravenous contrast improves 
endocardial visualization and wall-motion anal
ysis, even at peak stress, improving the accuracy 
and reproducibility of DSE. 15

-
19 The possibility 

of combining SRl and DSE and their benefits 
has been raised as an issue. To our knowledge 
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there are to date no clinical data addressing this 
matter. 

Sporadic tests with SRI during and after contrast 
injections in our laboratory indicated that SR signals 
are disturbed by the presence of contrast in the LV 
cavity or myocardium. To obtain the high frame rate 
(FR) normally used in TVI (>90 frames/s [FPS]), the 
number of scan lines is sparse, typically 16 beams 
for a sector angle encompassing the entire LV. We 
hypothesized that because of the relatively low 
number of scan lines and the ftlter settings used for 
TVI acquisition, strong velocity signals from bubbles 
in the LV cavity are picked up and interfere with the 
tissue motion signals and consequently the SR in the 
myocardium. The purpose of this study was, there
fore, to assess the effects of contrast present in LV 
cavities and myocardium during TVI recording, on 
the measurements of tissue velocities, regional E, 

and SR. Secondly, we sought to evaluate whether 
increased scan liue density could improve the feasi
bility of simultaneous tissue Doppler and contrast 
echocardiography. 

METHODS 

Study Participants 

In all, 15 healthy volunteers and 25 consecutive, 
clinically stable patients scheduled for echocardiog
raphy on cliuical grounds were studied. No screen
ing for echocardiographic image quality was per
formed. Exclusion criteria were pregnancy or 
lactation, known allergy to blood products or the 
contrast agent, significant valve diseases or shunts, 
severe pulmonary hypertension, uncontrolled sys
temic hypertension, and severe extracardiac disease. 
All participants gave written informed consent. The 
study conformed to the declaration of Helsinki, and 
the protocol was approved by the regional commit
tee of medical ethics. The participant characteristics 
are given in Table 1. 

Data Acquisition 

Echocardiographic studies were performed with 
Vivid 7 (SW Version 3.1.3, GE Vingmed Ultrasound, 
Horten, Norway) and a M3S matrix-array transducer. 
The patients were examined in the left lateral re
cumbent position. A second-generation contrast 
agent, Optison (GE Healthcare, Oslo, Norway), was 
administered by a trained nurse through a 20-G vial 
in a large forearm vein as repeated slow boluses, 
with an initial dose of 0.5 mL. The injection was 
followed by slow flushing with 0.9% saliue in an 
infusion liue at a speed adjusted to optimize cavity 
opacification and avoid far-field attenuation. The 
contrast recordings were started when optimal LVO 
was achieved, in average half a minute after the 
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Table 1 Sn1dy participant characteristics (n = 40) 

Age, y 
Male 
Height, em 
Body weight, kg 
Previous myocardial infarction 
Dilated cardiomypathy 
LV dilatation 
LV hypertrophy 
Regional LV dyssynergy 
Ejection fraction 

LV, left ventricle. 

Healthy 
volunteers 
(n = 15) 

32 ± 11 
9 

174 ± 7 
74 ± 7 

63 ± 5 

Values are mean± SD, or number of patients. 

Patients 
(n = 25) 

59± 10 
19 

178 ± 11 
85 ± 10 

17 
3 
5 
9 
15 

54± 11 

initial injection. Repeated injections of 0.2 to 0.3 mL 
were given to maintain adequate and comparable 
L VO during recording in all applications. 

Three consecutive cardiac cycles in tlie apical 
4-chamber view were acquired before and after 
contrast injection in the following 3 color TVI 
settings: (1) cardiac application with conventional 
tissue harmonic imaging witli TVI FR of 140 to 170 
FPS and mechanical index of 1.2; (2) LV contrast 
application with image setting as during conven
tional LVO with TVI of 90 to 100 FPS added; and (3) 
high liue density (HLD) LVO application with TVI of 
100 to 110 FPS. In the latter, the TVI mode of the LV 
contrast application was modified by doubling the 
number of TVI scan liues (typically from 16-32 in a 
full sector), maintaining the FR by reducing the 
underlying number of B-mode scan liues corre
spondingly (80-71). Except from the increased num
ber of scan liues, the HLD L VO had identical settings 
to the conventional LV contrast application. Both LV 
contrast and HLD L VO were operated at a mechan
ical index of 0.22 to 0.31. The HLD LVO application 
is at present commercially available on the scanner 
used. 

The cineloops were obtained in raw data format 
and digitally stored for offline analysis. 

Data Analysis 

Analysis of TVI data was performed using the soft
ware Echopac PC (GE Vingmed Ultrasound). 
Cineloops were analyzed in a random sequence so 
that the different applications from the same study 
participant were not judged simultaneously. Traces 
of velocity, SR, and E were derived from manually 
placed, fixed region of interest (ROI) in midseptum 
and midlateral wall. 

To reduce random noise in SRI, one normally 
would increase both ROI and offset length (distance 
for calculating longitudinal velocity). However, in
creased spatial averaging gives increased risk of 
incorporating regional artefacts and noise. To avoid 
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Figure l Myocardial velocity, strain (E) rate (SR), and E curves from one study participant. A, Cardiac 
baseline. B, Cardiac with contrast. C, Left ventricular (LV) contrast with contrast. D, High line density 
(HLD) LV opacification (LVO) with contrast. There was little difference between baseline registrations in 
3 applications, therefore, baseline LV contrast and HLD LVO are not shown. Notice that vertical (y·axis) 
scaling is not equal in all plots of same parameter. Because of high velocities and aliasing picked up from 
both cavities during conventional tissue velocity imaging settings (cardiac and LV contrast), septal curves 
are very noisy with implausibly high absolute peak systolic velocity, peak systolic SR, and end-systolic E 

values. With higher line density corresponding traces with contrast were similar to cardiac baseline. Black 
t1·ace, midsepmm;gray t1·ace, midlateral wall. 

this, the size ofROI was, therefore, set to 3 X 3 mm, 
and offset was reduced from 12 mm (default TVI 
setting) to 6 mm. On the other hand, maximal 
temporal smoothing (gaussian 80 milliseconds) was 
applied. These settings were applied during postpro
cessing of both precontrast and contrast data. 

Feasibility of obtaining velocity, SR, and e curves 
in the different settings was evaluated, determined 
by the ability to measure a given waveform by its 
conformity to an expected shape (Figure 1, top 
panel). Segments with visible aliasing in the velocity 
curves and implausibly high peak values were ex-
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eluded from analysis, using a cut-off for peak systolic 
velocity (PSV) larger than the mean + 2SD of values 
reported by Wilkenshoff et af0 for midseptal and 
midlateral segments (young healthy participants). 
PSV, peak systolic SR (SRs), and end-systolic E (Ee,) 
were measured in the remaining segments, averag
ing values from 3 consecutive cardiac cycles. Timing 
of aortic valve closure for determining end s:t;stole 
was obtained using the tissue velocity traces. 1 

Statistics 

Numeric data are expressed as mean± SD. Multiple 
comparisons were performed using within-subjects 
analysis of variance of repeated measurements, ap
plying Bonferroni's correction. A P value less than 
.05 was considered significant. Agreement between 
values from different applications was evaluated by 
Bland and Altman agreement analysis, from which 
95% limits of agreement were estimated as the mean 
difference (bias) ± 2SD of the differences.Z2 

RESULTS 

All study participants fulfilled the imaging protocol, 
and adequate 4-chamber views were obtained in all 
3 TVl settings both without and with contrast. The 
study participants received on average 1.3 mL of 
Optison. Neither significant change in blood pres
sure or heart rate, nor adverse effects to the contrast 
agent were observed. 

Feasibility of Curves 

Adequate velocity curves were obtained from the 
precontrast cardiac setting in 100% of septal and 
95% of lateral segments, with contrast in 55% and 
69%, respectively. Using LV contrast, the corre
sponding numbers were 95% and 94% (baseline), 
and 53% and 73% (contrast). Feasibility with HLD 
LVO, both without and with contrast, was 95% in 
midwall segments (Figure 2, A). 

The feasibility of SR curves using cardiac with 
contrast compared with baseline declined from 95% 
to 25% of septal segments and from 93% to 47% in 
lateral segments. Corresponding numbers with LV 
contrast were from 93% to 28% and from 93% to 
62%, and with HLD LVO from 95% to 61% and from 
93% to 81% (Figure 2, B). ForE curves, the feasibility 
was similar to SR curves (Figure 2, C). Curves from one 
of the study participants are presented in Figure 1. 

Quantitative Parameters 

The quantitative measures derived from the curves 
are presented in Table 2. There were no significant 
differences in PSV values between baseline and 
contrast, neither for septal nor lateral segments. 
Nevertheless, a trend for higher PSV values with 
contrast was noticed for cardiac and LV contrast, 
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Figure 2 Feasibility of interpretable velocity, strain (E) 
rate, and E curves from tissue velocity imaging ( TVI) set
tings without and with contrast. Values are in percent of all 
study participants (n = 40). HLD, High line density; LV, 
left ventricular; L VO, LV opacification; NS, nonsignificant 
versus baseline. ***P < .001 versus baseline, **P < .01 
versus baseline, *P < .05 versus baseline. 

whereas no such trend was observed for HLD LVO 
(Figure 3, A). SRs was significantly higher (in abso
lute value) with contrast compared with baseline for 
cardiac (septumP < .01, lateral wallP < .05) and LV 
contrast (both P < .05), but not for HLD LVO (P = 
.78 and P = .59, respectively) (Figure 3, B). For Ees' 
the results were similar to SRs (Figure 3, B). 

Comparing the 3 contrast applications with pre
contrast cardiac, regarding the latter as the refer
ence TVl method, the 95% limits of agreement for 
SRs were significantly wider for cardiac contrast 
( -2.93 to 1.29 s- 1

) and LV contrast contrast (-2.85 
to 1.59 s- 1

) than for HLD LVO contrast (-1.11 to 
0.81 s-1

). The corresponding values for PSV were 
-1.08 to 1.59 cm/s (HLD LVO), -1.61 to 2.15 Cm/S 
(LV contrast), and -1.27 to 2.15 cm/s (cardiac). For 
Ees> limits of agreement were -16.2% to 11.4%, 
-24.1% to 13.2%, and -28.6% to 12.8%, respec-
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Table 2 Peak systolic velocity, peak systolic strain rate, and end-systolic strain measurements from the different tissue 
velocity imaging settings 

PSV, cm/s (n) SRs, s- 1 (n) £e8 ,% (n) 

Baseline Contrast Baseline Contrast Baseline Contrast 

Cardiac 
Septal 3.33 :':: 1.30 3.56 :':: 1.95 -1.15 :':: 0.58 -2.32 :':: 0.79 -14.3 :':: 6.5 -24.3 :':: 12.9 

(40) (22) (38) (10) (37) (10) 
Lateral 3.87 :':: 0.90 4.13 :':: 1.70 -1.13 :':: 0.43 -1.70 :':: 1.14 -14.9 :':: 4.5 -24.4 :':: 11.9 

(38) (27) (37) (19) (36) (18) 
LV contrast 

Septal 3.42 :':: 1.01 3.55 :':: 1.00 -1.14 :':: 0.62 -2.11 :':: 1.38 -15.0 :':: 7.8 -19.9 :':: 10.4 
(38) (21) (37) (11) (36) (11) 

Lateral 3.74 :':: 0.99 4.09 :':: 1.79 -1.12 :':: 0.59 -1.65 :':: 0.67 -14.9 :':: 6.9 -18.9 :':: 6.2 
(37) (29) (37) (25) (36) (24) 

HLDLVO 
Septal 3.63 :':: 1.04 3.59 :':: 1.20 -1.10 :':: 0.45 -1.33 :':: 0.49 -16.2 :':: 6.5 -17.6 :':: 6.4 

(38) (38) (38) (24) (37) (24) 
Lateral 4.18 :':: 1.74 4.21 :':: 1.67 -1.12 :':: 0.46 -1.24 :':: 0.52 -15.3 :':: 4.6 -17.0 :':: 5.3 

(38) (38) (37) (32) (36) (32) 

Ee.v end-systolic strain; HLn High line density; LVO, left ventricular opacification; PS"V; peak systolic velocity; SR.s, peak systolic strain rate. 
Values are mean ± lSD. 

tively. This difference was more pronounced for 
septal than lateral segments. 

The SRs (in absolute value) increased significantly 
more in midseptum than midlateral wall after con
trast injection, using cardiac and LV contrast (P < 
.01) (Figure 3, B). There was no such increase in 
segmental difference neither for SRs in the HLD L VO 
application, nor for PSV or Ees in any of the 3 TV! 
applications performed with contrast. 

DISCUSSION 

Our main ftnding was that the presence of contrast 
significantly reduced feasibility of Doppler tissue 
data acquisition and influenced the quantitative mea
surements of velocity, SR, and E assessed from TV! 
recordings at rest. With the conventional settings for 
TV! (cardiac) and LVO with TV! added (LV contrast), 
contrast seemed to preclude interpretation of SR 
and E as a result of substantial noise and aliasing in 
the velocity data. However, increased line density 
during TV! recording improved feasibility of velocity 
traces and decreased the level of noise in SR and E 

curves. Furthermore, the agreement between PSV, 
SRs, and Ees with contrast, and conventional TV! 
precontrast examinations was improved. Neverthe
less, the variability of SR data was still too high to 
recommend the method for routine clinical use. 

Generally SR has lower signal-to-noise ratio than 
velocity measures, because of spatial derivation of 
the velocity data sets. Indeed, with conventional TV! 
settings, the increase in noise with contrast was 
more evident in the SR and E than in the velocity 
curves. This occurred even after exclusion of seg-

ments with obvious aliasing in the velocity data, 
resulting in too high absolute values for SRs and Ees· 

Effects of Intramyocardial Contrast on 
TVI Measurements 

The volume of myocardial blood compared with 
tissue is relatively small (5% of total myocardial 
volume), and the velocity of blood inside myocardial 
capillaries is low (about 0.1 cm/s)23

-
25 compared 

with tissue velocities (:o;IO cm/s). 1
•
26

•
27 Thus, the 

intramyocardial contrast moves with virtually the 
same velocities as the surrounding tissue (the low 
flow velocities randomly either adding to, or sub
tracting from tissue velocities). Destruction of the 
microbubbles by ultrasound would be expected to 
result in increased random noise in the TV! Doppler 
signal. However, as we observed no difference in 
noise between the high-power cardiac and the low
power LV contrast traces when contrast was 
present, it is unlikely that the observed noise with 
contrast was caused by intramyocardial bubble de
struction. This may also indicate that the influence 
of intramyocardial contrast on TV! data was rela
tively less important than the one caused by intra
cavitary contrast. Indeed, some destruction of bub
bles does occur even at the low acoustic pressures 
used for LVO, but we did not evaluate whether 
further lowering of mechanical index could give a 
significant reduction in noise. 

Effects of Intracavitary Contrast on 
TVI Measurements 

TV! is based on bypassing the high-pass wall ftlters, 
which in conventional blood flow Doppler are used 
to eliminate the low-velocity signals of myocardial 



Journal of the American Society of Echocardiography 
Volume 19 Number l 

A PSV 

_4,$ 

I$,.: 
~ 3 t i,$ 

1! 2 

~ ·~ -:M 
I. 0 

'"'""" """"" tV <%«tW>1 lV ~{!rl,fm1 ;tt.Dl.:VO '"'DL\'0 

"'*"'' .... ~ """"" ,_~ 

'""""" """" 
a SR$ 

ew~ """"" ~.V~M.t.%t tv~Mt HO~VO· ti.tH.Vfj; 

~¢pt.ltM ""'" "4tfM~ "'"" $.jffi!),ffi "''"' 

c &!;;~ 

)! ·> 
i «11) 

i "15 

110 

~~ ~~ tV«lf1t!'~ lVfm,rool tlOJ.VQ KOI.VO 
~ ~$ G.ll¢\lffl ~$ i!.~~ ~@: 

~ L,,,,~::~~'''~~:.,.,~-w<.wo•-'"''''''''''~'''~'''~''"-'""~d 
Figure 3 Quantitative tissue velocity imaging measure
ments (mean values) derived from velocity (A), strain (e) 
rate (B), and E curves (C). HLD, High line density; LV, left 
ventricular; LVO, LV opacification; NS, nonsignificant ver
sus baseline; PSV, peak systolic velocity; SRs, peak systolic 
SR; E"' end-systolic e. **P< .Ol versus baseline; *P< .05 
vs baseline. 

walls. Secondly, lower gain amplification is used to 
eliminate the weaker intensity blood flow signals 
and remove stationary clutters, thereby enhancing 
signals from myocardial tissue. The high-velocity 
signals from blood in the cavities are actually not 
filtered away, but are at baseline too weak to be 
detected, typically 40-dB lower than the Doppler 
shifts obtained from tissue motion. 1

•
26

•
27 Conse

quently, blood signals are normally not displayed in 
the TVI. With no contrast present, the velocities 
measured in the cavity were found to be very similar 
to those measured in the myocardium. This may be 
explained by side lobes picking up signals from 
myocardium, dominating the low-amplitude blood 
signals. 

However, with contrast microbubbles generating 
high-amplitude backscatter in the cavity, one would 
expect blood velocities from the cavities to start 
appearing in the TVI data. Indeed, we did fmd that 
signals from intracavitary blood increased to an 
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amplitude level comparable with, or even higher 
than, the tissue signals. By plotting blood velocities 
versus time in the LV cavity, aliasing was frequently 
observed, probably as a result of the relatively high 
microbubble velocities compared with the low 
pulse repetition frequency used to image the low 
myocardial velocities. Consequently, our contrast 
velocity traces from myocardium were likely results 
of averaging myocardial tissue signals and high
velocity aliased contrast signals from the nearby 
cavities. Even when sampling with a narrow ROI 
inside the myocardium, strong contrast signals from 
the cavity may be picked up and mixed with the 
tissue velocities as a result of side lobes in the 
cavities. In the scanner used, the lateral averaging 
and radial averaging were turned off by default 
during TVI acquisition, giving no direct averaging 
between scan lines or radial samples. 

The fmding of more noisy data in septal than 
lateral segments further supported the strong influ
ence of cavity contrast signals on the TVI data. The 
side-lobe effect is even more evident in septum with 
cavities on both sides, whereas lateral wall measure
ments are susceptible only to the LV cavity contrast. 
Using a flxed ROI on a contracting and translating 
myocardium further enhances the risk of picking up 
cavity contrast signals. Because the derivation of SR 
from two velocity data sets is very susceptible to any 
noise component, it was not unexpected that the SR 
curves were even more disturbed by contrast than 
the velocity traces. 

In addition to the contrast velocity signals, noise 
originating from destruction of intracavitary micro
bubbles could be expected to contribute to the 
aliasing. But as previously discussed, we observed 
no significant differences between the high- and 
low-power TVI with contrast, indicating that bubble 
destruction did not significantly contribute to the 
signal noise. 

In the HLD application, the receive beams are 
located closer to the transmit beam, and the side
lobe effect is believed to be less pronounced. This 
was supported by our fmding that the HLD L VO 
application reflected tissue velocities better than the 
standard cardiac and LV contrast applications when 
contrast was present in the cavities. With increased 
line density, the difference in noise level between 
septum and the lateral wall was still present, but less 
pronounced than in recordings with conventional 
TVI with contrast. 

The inherent variability of SR measurements is 
large, and normally we aim to reduce random noise 
by spatial averaging (increased ROI and offset). With 
contrast, we chose to reduce the spatial averaging 
and increase temporal smoothing to minimize the 
effect of regional noise, particularly the one antici
pated to origin from cavity contrast. By doing this, 
the variability in SR caused by nonrandom noise 
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might increase. We particularly do not recommend 
using contrast to enhance poor baseline TVI signals. 
The contaminating intracavitary contrast signals are 
expected to give a relatively stronger effect with 
poor image quality, because of weaker myocardial 
velocity signals along with aberrations and reverber
ations. This separates the use of contrast with TVI 
from the standard use of LVO, where it has been 
regarded as particularly beneficial when baseline 
quality is poor. 

The only change of settings in the modified LVO 
application was increased line density, giving better 
overlap between the beams. It could be questioned 
if different beam widths might also give further 
improvements in TVI with contrast. However, be
cause this would complicate the interpretation of 
the results, particularly with respect to destruction 
of the microbubbles, we chose to explore the 
effects of increased line density alone. 

Limitations 

The use of repeated bolus administration of contrast 
did not ensure a constant microbubble concentra
tion during each individual study. On the other 
hand, the contrast dose and timing of recording after 
injections were equal for all applications, and the 
possible variation in contrast concentration would 
hardly be expected to affect the amount of cavity 
contrast significantly. The study was only performed 
in the midwall segments. The angle deviation be
tween sampling distance in the radial direction (ROI 
and offset) and the myocardium is usually greater in 
the basal segments, resulting in even more chance of 
acquiring cavity signals in this location. 

The ideal for comparison would be to have an 
independent gold standard, but for SR such a stan
dard does not yet exist for clinical studies. Because 
of the low achievable FR with tagged magnetic 
resonance imaging, this can only be regarded as a 
reference standard for e measurements,28 not for 
velocity or SR. Sonomicrometry, with ultrasonic 
crystals implanted in the myocardium, is the only 
independent reference standard for SR measure
ments, but this is applicable in animal models 
only?9 

Conclusions 

The current study indicated that SRI was not feasible 
when performed with intravenous contrast during 
TVI with conventional settings, and we do not 
recommend the clinical use of this combination. 
The hyperdynamic state during DSE and poor image 
quality would be expected to further increase these 
disturbing contrast effects. Increasing the beam line 
density of the LV contrast TVI application made 
tissue velocity curves with contrast feasible with less 
noisy SR and e curves. But because of the increased 
variability of SR and E, which is already too high for 
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unenhanced data, the method, even with the in
creased line density modification, is still not clini
cally applicable. Further modifications ofTVI modal
ities have to be made and tested with contrast in 
future clinical studies. 
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