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thickness of 15 mm, the 95% confi dence intervals in-
creased steeply; in the short versus long axes, these 
were –6.5 to +8.5 versus –7.0 to +10.6 at 15 mm and –10.1 
to +15.7 versus –11.3 to +10.9 at 20 mm. The intra-ob-
server variance differed signifi cantly (p  !  0.001) only 
above 15 mm (short axis). Time required for analysis de-
rived by measuring short-axis slice thicknesses of 1, 15, 
and 25 mm was 58  8  16, 7  8  2 and 3  8  1 min, respec-
tively. The most rational component image analysis for 
3DE volumetry in the in vitro model uses short-axis slic-
es with a thickness of 15 mm. 

 Copyright © 2005 S. Karger AG, Basel 

 Introduction 

 Complex left ventricle (LV) geometric alterations dur-
ing the postmyocardial infarction period must be diag-
nosed, because such information is important for risk and 
prognostic assessment, patient behavior recommenda-
tions and may also infl uence drug therapy as well as help 
determine the best time for cardiac surgery as LV aneu-
rysmectomy. Several studies have shown the improved 
accuracy of LV volumetry by three-dimensional echocar-
diography (3DE)  [1–7]  compared to the two-dimensional 
echocardiography (2DE) approach  [2, 3, 6] . 
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 Abstract 
 Three-dimensional echocardiography (3DE) improves 
the accuracy of left ventricle (LV) volumetry compared 
with the two-dimensional echocardiography (2DE) ap-
proach because geometric assumptions in the algo-
rithms may be eliminated. The relationship between ac-
curacy of mode (short- versus long-axis planimetry) and 
the number of component images versus time required 
for analysis remains to be determined. Sixteen latex 
models simulating heterogeneously distorted (aneurys-
matic) human LVs (56–303 ml; mean 182  8  82 ml) were 
scanned from an ‘apical’ position (simultaneous 2DE and 
3DE). For 3DE volumetry, the slice thickness was varied 
for the short (C-scan) and long axes (B-scan) in 5-mm 
steps between 1 and 25 mm. The mean differences (true-
echocardiographic volumes) were 16.5  8  44.3 ml in the 
2DE approach (95% confi dence intervals –27.8 to +60.8) 
and 0.6  8  4.0 ml (short axis; 95% confi dence intervals 
–3.4 to +4.6) as well as 2.1  8  9.9 ml (long axis; 95% con-
fi dence intervals –7.8 to +12.0) in the 3DE approach (in 
both cases, the slice thickness was 1 mm). Above a slice 
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 The main drawback of the 3DE approach is the exces-
sive time required for LV volumetry  [5] . This is mainly 
due to manual tracing of endocardial borders of several 
slices which has also not been eliminated by real-time 
3DE. Our in vitro study was directed at establishing the 
rational procedure to balance out the number of LV slic-
es to be traced and the accuracy of LV volumetry by 
3DE. 

 Methods 

 Sixteen latex models simulating distorted human LVs were 
made. The volumes used were within the broad spectrum of human 
anatomy and pathology  [8]  (56–303 ml; mean 182  8  82 ml) simu-
lating mild and severe degrees of aneurysmatic distortions. In some 
models, aneurysmectomy was simulated by excising these distor-
tions. Examples are shown in  fi gure 1 . The ventricles were modelled 
using air-drying argillaceous earth (efoplast ® ; Faber, Neumark, 
Germany). The ventricular models were lacquered. The hardening 
plaster was spread sevenfold by a latex mass (plasty-late ® ; Bastel-
System, Neuwied, Germany). After drying, the argillaceous earth 

  Fig. 1.  Examples of different-sized ventric-
ular latex models with geometric (‘aneurys-
matic’) distortions (No. 6, 7, 8 and 13) in-
cluding one with ‘experimental aneurys-
mectomy’ (No. 16). 

  Fig. 2.  Examples of two aneurysmatic ventricular models shown 
by the TomTec system.  a  A reconstructed short-axis slice (right) 
from the 3DE data set (left).  b  The manual contouring of a short-
axis slice (right) while the already contoured apical slices are imple-
mented in the 3DE data set (left). 
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was broken up and removed through the open base of the latex 
model. Subsequently, the latex models were closed. The bases were 
cannulated. True volumes were measured by fi lling the models with 
water and measuring the contents subsequently by means of a met-
ric cylindrical cup. 

 The water-fi lled latex models were placed in a water tank (tem-
perature 20   °   C) and a mechanical 3.25-MHz probe was placed at
3 cm distance from the apex of the model. The probe was covered 
by a polyacrylic sheet (Barrier ® ; Johnson & Johnson, Warren, USA) 
usually used for intra-operative scanning to protect it from the wa-
ter. Echocardiographic images were acquired by a mechanical sec-
tor scanner (CFM 800 ® ; GE/Vingmed Sound, Horten, Norway). 
Grey-scale image settings were adjusted individually. To obtain 
3DE images, the sector probe was placed in a rotation device (Tom-
Tec-Echoscan ® ; TomTech, Munich, Germany). The 2DE images 
were digitized by the echo machine and acquired at 2° angle incre-
ments for 180° rotation. The three-dimensional data set was con-
verted (radial structure of images to cubic pixel = voxel structure) 
as well as reconstructed by Echoscan. Simultaneously to the acqui-
sition of the three-dimensional data set, 2DE image loops were 
digitized by the Vingmed machine. 

 The disc summation method according to the recommenda-
tions of the American Society of Echocardiography was applied  [9] . 
In 3DE, the LV volume (V) was divided into n slices (S) (short-axis 
and long-axis mode, respectively) with a defi ned height (h). The 
slice area was obtained (dA) by contouring the endocardial border 
of the LV in each of these slices manually ( fi g. 2 ). The volume of 
the slices is accordingly: 

 V S  = A S   !  h S  

 The volume of the entire LV is obtained by summarizing all 
slice volumes: 
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 In 2DE, the standard software (EchoPac ®  on MacIntosh ® ; GE/
Vingmed Sound) calculated the LV volume by using the biplane 
disc summation method, which is similar to the method mentioned 
above. The LV volume in each slice is now determined by 2 per-
pendicular diameters (d1/d2) assuming elliptic rather than circular 
slices, as the LV is contoured in the 2- and 4-chamber view. In 2DE, 
summarized volumes of all slices result in the ventricular volume: 
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 We varied the slice thicknesses of the 3DE volume analyses: 1, 
5, 10, 15, 20 and 25 mm. The required time for tracing and calcu-
lating volumes was noted for each slice thickness in 3DE and 2DE 
analyses, respectively. To obtain the intra-observer variance, all vol-
ume analyses were done three times on 3 different days. To obtain 
the interobserver variance, the 3DE volume analysis with 5 mm 
slice thickness and 2DE were performed by a second observer. 

 True volumes and measured volumes (2DE and 3DE volume 
analyses) were statistically compared as suggested by Bland and 
Altman  [10] . The mean difference between the true and the mea-
sured volumes was noted as the bias. The limits of agreement (mean 
values  8  twofold standard deviation) are equivalent to the 95% 
confi dence interval. Deviations of differences from zero (under- or 

overestimation by 2DE and 3DE) were determined by the Student 
t test. The correlation between true and measured volumes was 
analysed by linear regression. The inter- and intra-observer vari-
ances were analysed by the two-sided t test. 

 Results 

 All latex models had an excellent echogenicity. Due to 
different LV volume sizes and differing slice thicknesses, 
the number of slices per model ranged between 3 and 96. 
The required time for analyses differed from 1 to 75 min 
(25–1 mm slice thickness) in the short-axis mode and 
from 0.5 to 42 min (25–1 mm slice thickness) in the long-
axis mode. 

 The agreement analyses using the short-axis mode are 
shown for all slice thicknesses in  fi gure 3 . With increasing 
slice thicknesses, the limits of agreement increase. Be-
tween 15 mm and 20 mm slice thickness, a stepwise in-
crease is documented in the short (95% confi dence inter-
val –6.5 to +8.5 vs. –10.1 to +15.7) and the long axis (95% 
confi dence interval –7.0 to +10.6 vs. –11.3 to +10.9). 
Since these differences are relatively small compared to 
the LV volume, the regression analyses were excellent for 
all slice thicknesses ( fi g. 4 ). 

 In 2DE, the limits of agreement were –27.8 to 
+60.8 ml, with an increasing variability for increasing 
volumes ( fi g. 5 ) in contrast to the three-dimensional 
approach. The correlation coeffi cient (r = 0.98) is not 
signifi cantly lower compared to that for the three-di-
mensional approach (r = 0.99). Further, the volume 
underestimation (dif ference of true and echocardiograph-
ic volume: 16.5  8  44.3 ml) exceeds that of 3DE ( fi g. 5  
compared with  fi g. 3 ). 

 Comparing the intra-observer variances of the differ-
ent slice thicknesses, a signifi cant increase is documented 
above 15 mm: 

  1 mm      short axis: 1.8; n.s.                  long axis: 14.7; n.s. 
  5 mm      short axis: 2.3; n.s.                  long axis: 16.3; n.s. 
 10 mm      short axis: 5.0; n.s.                  long axis: 11.6; n.s. 
 15 mm      short axis: 3.1; n.s.                  long axis: 15.1; n.s. 
 20 mm      short axis: 21.9; p  !  0.001      long axis: 21.4; n.s. 
 25 mm      short axis: 38.1; p  !  0.001      long axis: 52.3; p  !  0.001 

 Comparing variances for the short axis with the long 
axis, a signifi cantly lower variability for the short axis is 
seen at slice thicknesses below 20 mm: 1, 5, 15 mm (p  !  
0.001); 10 mm (p  !  0.002), and 20 as well as 25 mm (n.s.). 
The mean differences of 3 volume measurements in each 
of the models by different slice thicknesses were low in 
the short axes below 20 mm thickness in contrast to high-
er values above that and in all long-axis slices ( fi g. 6 ). 
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 The interobserver variability (5-mm short-axis slice) 
for the two-dimensional approach was p = 0.063 and for 
the three-dimensional approach p = 0.25. This indicated 
a higher variability for 2DE as a tendency, although this 
did not reach statistical signifi cance. 

 Discussion 

 Our study proves an excellent agreement and correla-
tion between volumes determined by 3DE and the true 
volumes of ventricular models simulating deformed post-
myocardial infarction geometry (LV remodelling, aneu-
rysms or after aneurysmectomy). This is due to the excel-
lent registration of geometrical regional alterations, which 
are of major concern in two-dimensional algorithms. Fur-

thermore, our study suggests an optimal slice thickness of 
15 mm traced in the short-axis mode to determine the LV 
volume in 3DE. 

 The superiority of three-dimensional images com-
pared to the two-dimensional approach has been reported 
in other studies  [1–4, 6, 7]  compared with the two-dimen-
sional approach  [2, 3, 6] , including one with deformed 
LV  [1] . Most of the former studies used transoesophageal 
data acquisition for LV volumetry  [11, 12] , but, looking 
ahead, the future of the method will be associated with 
the transthoracic approach. 

 Linear regression analysis is inadequate for determin-
ing whether two different methods agree  [10] , since un-
der- or overestimation are not assessed. However, agree-
ment must be confi rmed by statistical analysis, as it is 
essentially important for volumetry. In our study, both 
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  Fig. 3.  Agreement analyses of determined 
model volumes at the different short-axis 
slice thicknesses [1–25 mm: 1-mm slices ( a ), 
5-mm slices ( b ), 10-mm slices ( c ), 15-mm 
slices ( d ), 20-mm slices ( e ), 25-mm slices 
( f )]. Plotting of differences of true volume 
and 3DE volumes (y-axis) against true vol-
ume (x-axis). Continuous line represents 
the mean difference of true and 2DE vol-
ume (degree of under- or overestimation), 
dotted line represents limits of agreement 
(twofold standard deviation = 95% confi -
dence interval). 
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2DE and 3DE demonstrated an excellent correlation with 
the phantom volume, but the limits of agreement were 6 
times narrower with 3DE than with 2DE. 

 Schröder et al.  [13]  have reconstructed the volume of 
30 water-fi lled balloons (40–200 ml, including 15 distort-
ed shaped models) by 2DE and 3DE using the polyhedral 
surface reconstruction algorithm. 2DE and 3DE had an 
excellent correlation (r = 0.97 vs. r = 0.99), but the stan-
dard error of estimation was twice larger with 2DE. De-

spite the distorted shapes of aneurysmatic LVs, the three-
dimensional system can accurately reconstruct LV vol-
umes and function in vivo   without geometrical 
assumptions and do not require standardised two-dimen-
sional planes  [14] . The achievement of these standardised 
two-dimensional planes depends on the exact positioning 
of the apical view, which requires technical skill. Hence, 
the results obtained with 2DE volumetry are not up to the 
mark in about 50% of the cases  [15] . This is in contrast 
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  Fig. 4.  Regression analyses of determined 
model volumes at different short-axis slice 
thicknesses [1–25 mm: 1-mm slices ( a ),
5-mm slices ( b ), 10-mm slices ( c ), 15-mm 
slices ( d ), 20-mm slices ( e ), 25-mm slices 
( f )]. Plotting of 3DE volumes (y-axis) 
against true volume (x-axis). Interrupted 
line represents linear regression. 

0 50 100 150 200 250 300

True volume (ml)

0 50 100 150 200 250 300 350

True volume (ml)

–70
–60
–50
–40
–30
–20
–10

0
10
20
30
40
50
60
70

Tr
u

e 
vo

lu
m

e 
– 

vo
lu

m
e 

b
y 

2D
E

 (
m

l)

y = 0.9217x – 2.3005
r = 0.98392

0

50

100

150

200

250

300

Vo
lu

m
e 

b
y 

2D
E

 (
m

l)

a b

  Fig. 5.   a  Agreement analysis of 2DE with 
plotting of differences of true volume and 
2DE volumes (y-axis) against true volume 
(x-axis). Continuous line represents the 
mean difference of true and 2DE volumes 
(underestimation by 2DE), interrupted line 
represents limits of agreement (twofold 
standard deviation = 95% confi dence inter-
val).  b  Regression analysis of 2DE with 
plotting of 2DE volumes (y-axis) against 
true volume (x-axis). Dotted line represents 
linear regression. 
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with 3DE, where the position of the constructed LV short 
axes is more objective and reproducible. The only re-
maining variable is the defi nition of the longitudinal axis. 
In clinical studies, the intra- and interobserver variability 
may be reduced almost twofold by 3DE  [16–18] , although 
it is less effective than in the in vitro setting demonstrat-
ed by our data. Furthermore, in our study, 2DE was lim-
ited by a progressive underestimation of LV volumes with 
increasing volume sizes. This was also reported by Sapin 
et al.  [18] , who analysed 35 unselected patients with 3DE, 
2DE and cineventriculography. In this study, there have 
been excellent correlations for cineventriculography com-
pared with 3DE (end-diastolic volume r = 0.97 and end-
systolic volume r = 0.98) and to a lesser degree for 2DE 
(end-diastolic volume r = 0.85, end-systolic volume r = 
0.91). The limits of agreement were about twofold larger 

in 2DE. The bias in 2DE increased with the size of ven-
tricles. This is especially important for diagnostic accu-
racy in terms of remodeling postmyocardial infarction. 

 It is a widely accepted fact that 3DE takes up too much 
time  [18] . Automated slice contouring is still insuffi cient-
ly linked with echogenicity, although semi-automated 
border detection algorithms are encouraging. However, 
endocardial profi les must be examined for accuracy and 
manually adjusted in most cases  [19] . Thus, one possibil-
ity to reduce time requirements is to decrease the number 
of traced slices. Our study indicates that a slice thickness 
of 15 mm (6  8  2 slices) may be optimal, since intra-ob-
server variability and agreement analysis did not differ 
signifi cantly at slice thicknesses  ̂  15 mm. The time re-
quired for analysis can be reduced from 58  8  16 min
(1-mm slices) to 6  8  2 min (15-mm slices), i.e. approxi-
mately by a factor of 10. Clinically, the time will have to 
be doubled since the end-diastolic and end-systolic vol-
umes for calculating ejection fraction must be measured. 
Data acquisition and reconstruction need an additional 
3–10 min  [17, 18] . Our study agrees with a former in vi-
tro study. Siu et al.  [20]  have suggested 8–12 images (us-
ing the line of intersection method). The phantom vol-
umes (14–85 ml) were smaller compared to our phan-
toms. Nosir et al.  [21]  also suggested a slice thickness of 
15 mm in an in vivo study. Twenty-fi ve patients (11 with 
ischaemic heart disease, 5 with dilated cardiomyopathy, 
8 during chemotherapy and 1 healthy volunteer) under-
went 3DE (disc summation method) and radionuclide 
angiography. 3DE had shown an excellent correlation 
with radionuclide angiography (r = 0.99) at 3 mm slice 
thickness. Increasing the slice thickness in steps of 3 mm, 
the standard deviation of the mean difference for LV vol-
ume and LV ejection fraction showed a stepwise increase 
especially at  1 15 mm thickness. 

 Nevertheless, 15 mm slice thickness should not be sug-
gested in clinical routine without critical approval. In in 
vitro series, potential data acquisition limitations due to 
ECG and respiratory triggering are not considered. For 
patients with poor echogenicity or/and with multiple de-
formed LVs, the number of slices may have to be higher 
to achieve exact LV volumetry. This was also confi rmed 
by a clinical study by Nosir et al.  [22] . They used a 3-mm 
slice thickness in an in vivo   study. They concluded that 
3DE on the basis of 3 mm slice thickness (short-axis 
mode) provides better correlations and closer limits of 
agreement than radionuclide angiography for the calcula-
tion of LV ejection fraction, particularly in patients with 
segmental wall motion abnormalities and global hypoki-
nesis. 

  Fig. 6.  Intra-observer variability given by mean differences of 3DE 
volume measurements in each of 16 ventricular models at different 
slice thicknesses (1–25 mm) in short axes ( a ) and long axes ( b ). 
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 The possibility to reconstruct and measure LV volume 
in a long-axis mode (paraplane mode or B-mode) cannot 
be suggested on the basis of our study data. The limits of 
agreement and intra-observer variability were signifi cant-
ly higher compared to the short-axis mode. In other in 
vitro studies using balloon models without geometric dis-
tortions, short-axis measurements were similarly variable 
compared with long axes measured as angular sectors 

 [23] . Volume underestimation – well-known from con-
ventional 2DE  [8]  – is reported in other in vitro studies 
with  [24]  and without geometric distortions  [23]  but has 
not been confi rmed by our data. However, our measure-
ments were not affected by lateral resolution problems 
within the short axes assumed to cause this limitation  [23, 
24] . 
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