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Abstract

Manual measurement of left ventricular volume from 3D

echocardiographs is time consuming, and there is a clin-

ical need for automatic methods. We describe a semi-

automatic method which uses a 3D image gradient oper-

ator and a short-axis boundary detector. Six patients with

cardiomyopathy were studied using 3D echocardiography

and the images were analysed to measure the repeatability

of measurement by the semi-automated method, and used

to compare measurements of stroke volume and ejection

fraction with manual measurements. Within-patient stan-

dard deviations of the semi-automated method were 14.6%

and 16.4% of the group mean end diastolic and end systolic

volumes respectively, and were significantly less than the

between-patient standard deviations. No differences be-

tween the semi-automated method and the manual method

were found for the measurements of ejection fractions or

of stroke volumes.

1. Introduction

Trans-thoracic echocardiography is requested most

commonly for assessment of left ventricular function [1].

Two dimensional imaging can be used for quantitation of

left ventricular volume, but current clinical methods [2] in-

volve image acquisition in standard scanning planes, and

calculation of volume by techniques which make assump-

tions about cavity shape. Three-dimensional imaging has

the potential to overcome these limitations [3], but practi-

cal difficulties, such as prolonged scanning time and addi-

tional processing time for 3D image reconstruction and in-

terpolation, have delayed its introduction into routine clini-

cal use. Recent technological developments such as phased

array (matrix) transducers have led to real-time three di-

mensional echocardiography (RT3DE) [4] whence 2D pla-

nar images can be extracted and displayed in real time, or

near real-time, during acquisition procedures. Quantita-

tion of 3D images is done off-line, is usually time consum-

ing, and may use a sub-set of the available data. There

is a clinical need for automatic methods of measurement

which make full use of the spatial resolution achieved by

3D imaging.

In this paper, we describe a method for the calculation

of left ventricular volume which requires minimal manual

intervention, and compare its results with manual measure-

ment for patients with cardiomyopathy.

2. Methods

2.1. Patients and images

Six patients with cardiomyopathy who were undergoing

assessment for cardiac transplantation were studied using

3D trans-thoracic echocardiography. A Philips Sonos 7500

ultrasound system, with an X4 transducer (Philips Medi-

cal Systems, Andover, Massachusetts, USA) was used to

obtain three dimensional echocardiographic volumes. The

X4 transducer incorporates a 3000 element phased array

and has a frequency range of 1.6 to 4 MHz. The ultrasound

system was used in wide angled acquisition mode and the

40◦ × 45◦ pyramidal, apical, field of view included the

complete left ventricle.

All image data sets were acquired in a cardiac catheter-

ization laboratory with patients in the left lateral decubitus

position. Each data set (study) was synchronized with the

R wave, and images were acquired during four cardiac cy-

cles with respiration suspended. Several (median of five)

studies were recorded sequentially (< 3 minutes) for each

patient. The image data sets from each study were stored

to disk, then exported for further off-line analysis.

2.2. Manual measurement

Off-line manual measurement of end diastolic volumes

(EDV) and end systolic volumes (ESV) was made by a car-

diologist (SF) from the 3D ultrasound image data sets [5].

A commercial system (TomTec Imaging Systems, Munich,

Germany) was used to assist border identification, but the
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final choice of endocardial position was left to the human

observer. Left ventricular volumes were estimated using

an 8-plane apical rotation technique [4].

2.3. Semi-automated measurement

Prior to saving images for further analysis, the ultra-

sound system translated sampled voxel locations from po-

lar to cartesian coordinates and interpolated unsampled

voxels. One further pre-processing step - conversion to cu-

bic voxels - was required prior to semi-automated analysis.

From each study, 3D images for end diastole and end

systole were selected for further analysis. A 7 × 7 × 7

image gradient kernel (edge detector), based on a 2D trun-

cated pyramid operator [6] and extended to 3D, was ap-

plied to all selected images to generate 3D gradient mag-

nitude images.

The ventricular apex, the centre of the mitral valve and

the maximum diameter of the LV were identified manually

(JW) for each study - the only manual step in the process -

and a series of LV short axis 2D gradient magnitude images

were extracted from planes perpendicular to the LV long

axis from the apex to the level of the distal end of the mitral

valve leaflet.

Endocardial borders were fitted to each short axis gradi-

ent magnitude image by fitting circles [7]. Circles with a

diameter greater than the upper limit of LV size for that

study, or whose position and radius differed from their

immediate neighbour by more than a pre-defined value

were rejected, and replaced with circles linearly interpo-

lated from their nearest neighbours. The left ventricular

volume was measured by the disc summation method [4],

using each of the short axis slices. The thickness of each

disc was one pixel.

2.4. Repeatability

The semi-automated method was applied to the first two

sequential studies for each patient. For each study, the end

diastolic and end systolic left ventricular volumes were

calculated. Analysis of variance with six patients, each

with two measurements, was used to calculate the within-

subject and between-subject standard deviations of LVV,

separately for end diastole and end systole. Within-subject

standard deviation was a measure of the repeatability of the

semi-automated method.

2.5. Comparison

For each patient, the mean end diastolic volume and

mean end systolic volume were calculated from analysis of

the first two sequential studies using the semi-automated

method. From these mean values, the stroke volume and

the ejection fraction were calculated. The method of Bland

and Altman [8] was used to compare stroke volume and

ejection fraction with the same parameters measured, from

the ultrasound scans, by a human observer. The observer

chose, for each patient, one of the sequential studies for

analysis [5] and identified frames for end systole and end

diastole.

3. Results

Figure 1 shows LV short axis views for one patient at

end diastole at three positions along the long axis. The

best fit to the endocardial border is shown by the white

circles which have been calculated by the semi-automated

method. Figure 2 shows LV long axis images for one pa-

tient at end diastole and end systole. The white pixels show

the location of the endocardial border, as determined by the

semi-automated image analysis method. Each white pixel

lies at the intersection of the circle fitted to each short axis

LV slice and the long axis image.

By the semi-automated method, the mean (standard de-

viation) end diastolic volume for the six patients was 177

(79) ml, with a range of 89 ml to 300 ml. The mean (stan-

dard deviation) end systolic volume for the group was 146

(74) ml, with a range of 59 to 250 ml. The mean (standard

deviation) stroke volume was 32 (13) ml, with a range of

17 ml to 50 ml. The mean (standard deviation) ejection

fraction was 20.1% (9.3%) with a range of 7.2% to 34.8%.

By the manual method [5], the mean (standard devia-

tion) stroke volume was 51 (15) ml, with a range of 37 ml

to 73 ml. The mean (standard deviation) ejection fraction

was 24.3% (12.9%), with a range of 11.5% to 48.0%.

Table 1 shows the within and between patient compo-

nents of standard deviation of EDV and ESV measured by

the semi-automated method for two scans per patient. For

both quantities, the between subject standard deviation sig-

nificantly exceeded that of the within subject standard de-

viation (95% confidence level). Within patient repeatabili-

ties were 14.6% and 16.4% of the group mean end diastolic

and end systolic volumes respectively.

Figure 3 shows the results of a comparison of the semi-

automated method with the manual method for ejection

fraction as a Bland-Altman plot. The bias and standard

deviation of differences are given in table 2, with results of

a comparison of stroke volumes.

4. Discussion and conclusions

We have developed a method for measuring left ven-

tricular volume from 3D echocardiography studies. The

method relies on manual intervention to identify the LV

long axis, but otherwise is automatic. From images of six

patients with cardiomyopathy, we have measured the re-

peatability of the semi-automated method, and have com-
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(a)

(b)

(c)

Figure 1. Short axis images of the left ventricle from pa-

tient 4 at end diastole. The planes were extracted from a

3D image, and show circles fitted to the endocardial border

following application of a 3D gradient kernel and border

detection. Panel (a) is at the LV base, panel (c) is near the

LV apex, and panel (b) is intermediate.

Table 1. Within (σw) and between (σb) subject standard

deviations of end diastolic left ventricular volume (EDV)

and end systolic volume (ESV) measured from 3D ultra-

sound images by a semi-automated method. Six subjects

were each scanned twice within 3 minutes.
Volume σw (ml) σb (ml) P

EDV 25.9 76.6 < 0.001

ESV 23.9 71.9 < 0.001

(a)

(b)

Figure 2. Long axis views of the left ventricle for pa-

tient 1 at end diastole (a) and end systole (b). White

pixels show the endocardial border detected by the semi-

automated method.

Table 2. Comparison of stroke volume (SV) and ejec-

tion fraction (EF), with 95% confidence intervals shown

in brackets, measured by a semi-automated technique and

by a manual 8-plane apical rotation method. Measure-

ments from six subjects were compared using the method

of Bland and Altman.
Parameter bias std dev P

SV (ml) -19 (-43 to 4) 23 (4 to 41) 0.09

EF (%) -4 (-21 to 12) 16 (3 to 29) 0.54
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Figure 3. Comparison of ejection fraction (semi-

automated method minus manual method) versus the mean

of the two measurements. Table 2 gives values for the

mean difference and standard deviation of differences.

pared its results with manual measurement of the same im-

ages.

For repeatability, the between patients standard devia-

tion exceeded (at 95% confidence level) the within patients

standard deviation for measurement of end systolic and end

diastolic volumes which is a necessary condition for a can-

didate technique for LVV measurement. Repeatabilities

(14.6% and 16.4% of the group mean end diastolic vol-

ume and end systolic volume respectively) were measured

for sequential scans, and included contributions from the

operator, the ultrasound system, and the boundary fitting

algorithm.

Measurements of stroke volume and ejection fraction

were used to compare the semi-automated method with

manual measurement. No significant differences were de-

tected between the two methods for the measurement of

ejection fraction, or of stroke volumes.

These results confirm that the semi-automated method

is potentially useful for measurement of chamber volume

and has several merits. Notably, the three dimensional im-

age gradient operator is able to detect surfaces, and is less

sensitive to noise than its 2D counterpart. The method has

several limitations. It models LV short axis endocardial

cross-sections by circles, which are a poor approximation

for some patient groups (including cardiomyopathy) and

results in cross-sectional areas which are small compared

with manual tracing. Active contour methods [9] are ex-

pected to give more accurate results.
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