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Abstract To assess the feasibility and accuracy in mea-

suring left ventricular (LV) end-diastolic volume (EDV),

end-systolic volume (ESV) and ejection fraction (EF) with

Siemens single-beat real-time 3D transthoracic echocardi-

ography. The LV volumes and EF were measured in 3D

datasets acquired by six imaging modes (time-1-harmonic

(T1H), time-1-fundamental, time-2-harmonic, time-2-fun-

damental, space-1-harmonic (S1H), and space-1-fundamen-

tal) in 41 patients using the automated contouring algorithm

and compared with manually corrected 3DE QLAB mea-

surements. The main determinates of the temporal and

spatial resolutions of 3D datasets acquired were the funda-

mental and harmonic modes. Consequently, the S1H mode

had the lowest volume rate and highest spatial resolution.

Compared with the 3DE QLAB analysis, the S1H mode

resulted in the best LV volumes and EF estimates in

all patients (0 ± 10 % for EF, -7 ± 44 ml for EDV,

-7 ± 39 ml for ESV) and in the 10 patients with correct

LV contour tracking according to a visual assessment from the

multiplanar reconstruction views in all six modes (0 ± 9 %

for EF, -3 ± 23 ml for EDV, -2 ± 14 ml for ESV). The

T1H mode was the best alternative. Overall 28 patients

(68 %) could be analysed automatically and satisfyingly

with the S1H and T1H modes: 0 ± 8 % (EF), 0 ± 27 ml

(EDV) and -1 ± 16 ml (ESV). The accuracy of the Sie-

mens automated RT-3D algorithm in measuring LV

volumes and EF is significantly influenced by the different

imaging modes. The S1H mode may be the preferred 3D

acquisition mode, supplemented by the T1H mode in

enlarged LVs that do not fit in the S1H acquisition sector.
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Left ventricular (LV) volumes and ejection fraction (EF)

are the most used parameters in assessing LV function and

have important prognostic significance [1, 2]. To assess

these parameters, echocardiography is the most commonly

applied imaging modality in routine clinical practice.

Three-dimensional transthoracic echocardiography (3DE)

has been considered as the optimal echocardiographic

technique, mainly because of the absence of geometric

assumptions. Although the accuracy of 3DE has been

validated against cardiac magnetic resonance (CMR)

imaging [3–8], it is still limited by the use of stitched LV

subvolumes [3, 4, 7] and semiautomatic contouring of the

endocardial border that may result in time-consumption

and less reproducible data analysis [5, 6, 9, 10]. Single-beat

full volume real-time 3D transthoracic echocardiography

(RT-3DE) is a new imaging technique capable in acquiring

the LV from a single heartbeat and also allows fully

automated contouring of the 3D LV endocardial surface.

This imaging modality has been validated recently in dif-

ferent patient populations [11, 12]. However, several

acquisition imaging modes of the RT-3DE are available

with significant differences in temporal and spatial reso-

lutions of 3D datasets acquired. In this study we sought to

assess the feasibility and accuracy in measuring LV vol-

umes and EF in the different harmonic and fundamental

imaging modes of the RT-3DE.
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Patients and methods

Study population

Consecutive patients with sinus rhythm and non-hypertro-

phied LV scheduled for a routine echocardiographic

examination for various indications were enrolled pro-

spectively. Patients with severely distorted LV and inferior

image quality were excluded from the study. All patients

had undergone 3DE with the iE33 xMatrix ultrasound

system (Philips Medical System) and RT-3DE with the

Acuson SC2000 ultrasound system (Siemens Ultrasound).

The protocols were approved by the institutional review

board and informed consent was obtained from all patients.

3D transthoracic echocardiographic image acquisition

and analysis

3DE was performed using the iE33 xMatrix ultrasound

system (Philips Medical System) with the X5 transducer.

Electrocardiographically gated full volume datasets of the

LV (each built from four subvolumes) were acquired from

the apical window during breath-hold with proper gain and

depth (11–14 cm) to optimize the volume rate. Care was

taken to include the complete LV within the imaging

volume throughout the acquisition by adjusting the lateral

and elevation widths of the acquisition sector. Each full

volume dataset was digitally stored and exported to QLAB

8.0 3DQA software (Philips Medical System) for offline

analysis by a highly experienced blinded investigator

(WBV). The full volume LV 3DE dataset was displayed as

three orthogonal multiplanar reconstruction (MPR) views

of the LV. After selecting the end-diastolic (ED) and end-

systolic (ES) reference frames, five reference points (four

on the mitral annulus and one on the LV apex) were added

in two orthogonal MPR views of the reference frames. The

software traced the LV endocardial border and calculated

the volumes and EF automatically. The endocardial con-

tours were corrected by the same investigator (WBV)

manually if the QLAB automated contouring algorithm

failed to trace the LV endocardium properly.

Single-beat full volume real-time 3D transthoracic

echocardiographic image acquisition and analysis

The RT-3DE was performed using the Acuson SC2000

ultrasound system (Siemens Ultrasound) with the 4Z1c

real-time full volume transducer. After the gain and depth

(12–14 cm) were adjusted, real-time full volume datasets

of LV were acquired in a single cardiac cycle from the

apical window during breath-hold with six different

imaging modes available: Time 1 Harmonic (T1H), Time 1

Fundamental (T1F), Time 2 Harmonic (T2H), Time 2

Fundamental (T2F), Space 1 Harmonic (S1H), and Space 1

Fundamental (S1F). The Space 2 modes were not used

because the sector size was too small to include the com-

plete LV. The maximum sector size of the T1H, T1F, T2H,

T2F and S1F modes was 90� 9 90� and that of the S1H

modes was 69� 9 66�. Care was taken to include the

complete LV within the imaging volume throughout the

acquisition. Each full volume RT-3DE dataset was digitally

stored and exported to syngo SC2000 Workplace LV

Analysis (Siemens Ultrasound). The offline analysis was

done by an investigator (BR) blinded to the 3DE QLAB

analysis. This custom algorithm traces the LV endocardial

surface and selects the end-diastolic volume (EDV) from

the electrocardiographic R-wave signal and the minimal

systolic volume as the end-systolic volume (ESV) auto-

matically. No manual corrections of the ED and ES frames

and endocardial contour tracing were made. Three 2D

MPR planes with the automated contour, the 3D mesh

rendering of the LV cavity, as well as the LV volumes, EF

measurements and volume-time curve were presented

automatically (Fig. 1). The correctness of segmental

motion of the automated 3D LV endocardial contours

during the cardiac cycle of all six imaging modes was

evaluated by the same observer (BR) in two MPR views (4-

chamber and 2-chamber views) of the 3D datasets. If the

LV endocardium was not seen clearly in the MPR views,

the LV automated contour was accessed by comparing the

contours with the 2D images of the transthoracic apical

4-chamber and 2-chamber views.

Statistical methods

All values were expressed as mean ± standard deviation

and number (percentage). Linear regression analysis was

used to assess the correlation of the EF, EDV and ESV

between Siemens RT-3DE and 3DE QLAB measurements.

Bland–Altman method in which differences were plotted

against the 3DE QLAB measurements was used to assess

the agreement between the two modalities. Differences

were considered statistical significant when p \ 0.05.

Results

Patient characteristics and feasibility of the Siemens

RT-3DE

Initially, 48 patients were included. The Siemens RT-3DE

automated contouring algorithm failed to trace the LV

endocardium in datasets acquired by all six imaging modes

in three patients because of false data-acquisition triggering

and in four patients due to inferior image quality. Finally,
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41 patients were enrolled in the data analysis. The feasi-

bility of the Siemens RT-3DE automated contouring

algorithm in all patients included was therefore 85 %.

In the 41 patients, the mean age was 56 ± 17 years and

73 % were male. Most patients had degenerative valvular

heart disease (39 %) or non-hypertrophic cardiomyopathy

(46 %). The apical acquisition of one to two consecutive

cardiac cycles of RT-3DE datasets took 3–5 s depending

on the heart rate. The automated algorithm analysis

required 25 ± 3 s for one cardiac cycle and 34 ± 4 s for

two cardiac cycles depending on the imaging modes. In the

3DE QLAB analysis, the semiautomated LV contour was

corrected manually in 40 patients (98 %), and the manual

correction in each case required 10 ± 5 min.

Temporal and spatial resolutions of the imaging modes

of the RT-3DE

The average volume rate of the Philips 3DE datasets was

26 ± 6 volume per second (vps) and that of Siemens RT-

3DE datasets was 49 ± 7 vps (T2F), 34 ± 4 vps (T1F),

24 ± 4 vps (S1F), 24 ± 4 vps (T2H), 17 ± 2 vps (T1H)

and 14 ± 2 vps (S1H). In addition, the spatial resolution

was different in the different Siemens RT-3DE imaging

modes. The Siemens RT-3DE images were generally

smoother in visualizing the myocardial tissue in the

Harmonic modes than that in the Fundamental modes

(Fig. 2). According to the visualization of the cardiac

structures and recognisability of the LV endocardial

motion during the cardiac cycle, the 3D spatial resolution

of the Space modes was better than that of the Time modes

(Fig. 2).

Accuracy of the automated LV contouring algorithm

of the RT-3DTTE with six different imaging settings

The comparisons of the LV volumes and EF between six

imaging modes of the Siemens RT-3DE and the 3DE

QLAB in all patients are shown in Table 1. The volumes

and EF of all six imaging settings calculated by the

automated algorithm correlated well with the 3DE QLAB

measurements (all p \ 0.001). Bias of the EF was posi-

tive in S1H mode and negative in all other imaging

modes; biases of the EDV and ESV were negative in S1H

mode and positive in all other imaging modes. The

absolute bias values of EF, EDV and ESV from the S1H

and T1H modes were smaller than those from the other

modes.

Based on the visually assessed segmental motions of

the LV contour during the cardiac cycle in the MPR views

of the Siemens RT-3DE datasets, the automated LV

contour was correct in all six imaging modes in 10

Fig. 1 The result page of the automated contouring algorithm of

Siemens single-beat full volume real-time 3D transthoracic echocar-

diography including three 2D multiplanar reconstruction planes with

the automated contour, the 3D mesh rendering of the left ventricular

cavity, left ventricular volumes and ejection fraction measures and

volume-time curve
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patients (24 %). The comparisons of the EF and LV

volumes between six imaging modes of the Siemens RT-

3DE and the 3DE QLAB in these 10 patients are shown in

Table 2. The EF, EDV and ESV of all six imaging set-

tings calculated by the automated algorithm had excellent

correlations with the 3DE QLAB measurements (all

p \ 0.001). Bias of the EF was positive in S1H and

negative in other modes; bias of the EDV was negative in

S1H and T1H modes and positive in other modes; bias of

the ESV was negative in S1H modes and positive in other

modes. The bias of the EF and limits of agreement of the

EF and LV volumes were improved for all six imaging

modes in these ten patients.

Use of the different imaging modes in routine clinical

practice

Since the S1H mode led to the best results, this mode was

selected as the primary imaging mode for potential use in

routine clinical practice. In 23 patients (56 %), the LV

cavity fitted completely in the acquisition sector and the

automated LV contour tracking was, based on the visual

assessment, correct. The comparisons of the EF and LV

volumes of the S1H mode and the 3DE QLAB measure-

ments in these 23 patients are depicted in Fig. 3a. Corre-

lations between the S1H mode and 3DE QLAB were

excellent for EF (r = 0.95), EDV (r = 0.97) and ESV

Fig. 2 Sample 3DE datasets acquired by the six imaging modes with

different temporal and spatial resolutions of Siemens single-beat full

volume real-time 3D transthoracic echocardiography. S1H Space 1

Harmonic, T1H Time 1 Harmonic, T2H Time 2 Harmonic, S1F Space

1 Fundamental, T1F Time 1 Fundamental, T2F Time 2 Fundamental

Table 1 Pearson correlation coefficient and Bland–Altman analysis of the EF and left ventricular volumes between six imaging modes of

Siemens single-beat full volume real-time 3D transthoracic echocardiography (RT-3DE) and 3DE QLAB in all patients (n = 41)

Siemens RT-3DE

T2F T1F S1F T2H T1H S1H

EF (%)

Pearson r 0.84 0.89 0.84 0.88 0.92 0.95

Bias -7 -7 -6 -3 -1 0.4

Limits of agreement (2SD) 14 14 16 15 12 10

EDV (ml)

Pearson r 0.88 0.91 0.88 0.93 0.91 0.92

Bias 21 20 21 11 6 -7

Limits of agreement(2SD) 40 46 46 42 46 44

ESV (ml)

Pearson r 0.85 0.92 0.90 0.91 0.93 0.92

Bias 22 22 21 10 3 -7

Limits of agreement (2SD) 38 38 38 41 36 39

EF ejection fraction, EDV end diastolic volume, ESV end systolic volume, SD standard deviation; other abbreviations as in Fig. 2
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(r = 0.99) (all p \ 0.001), with biases and limits of

agreement of 1 ± 9 % (EF), -2 ± 26 ml (EDV) and

-3 ± 16 ml (ESV). In the eight patients in whom the LV

cavity did not fit completely into the acquisition sector of

the S1H mode, the automated contour tracking of the T1H

mode as the best alternative was correct in five patients

based on the visual assessment. Thus, overall 28 of 41

patients (68 %) could be analysed automatically and sat-

isfyingly with the following results compared with the 3DE

QLAB measurements (Fig. 3b): correlation coefficient

r = 0.95 (EF), r = 0.96 (EDV) and r = 0.98 (ESV);

biases ± limits of agreement 0 ± 8 % (EF), -0 ± 27 ml

(EDV) and -1 ± 16 ml (ESV).

Discussion

This is the first study to assess the feasibility and accuracy

of the Siemens RT-3DE automated algorithm in measuring

the LV volumes and EF of 3D datasets acquired by the six

different available imaging modes. The main finding of this

study was that the accuracy of the automated algorithm was

influenced significantly by the different imaging modes.

Compared with the manually optimized 3DE QLAB mea-

surements, the automated measurements of the S1H mode

were superior particularly in terms of the bias, and to a less

extend in correlation and limits of agreement.

The temporal resolution of the different imaging modes

The major determinant of the temporal resolution was the

Fundamental versus the Harmonic modes, i.e. the temporal

resolution of the Fundamental mode was higher than that of

the Harmonic mode. Besides, the Time and Space modes

also influenced the temporal resolution, i.e. the temporal

resolution of the Time mode was higher than that of the

Space mode. Consequently, the 3DE datasets acquired by

the S1H (Space 1 Harmonic) mode were of the lowest

volume rate (14 ± 2 vps). Data acquisition was triggered

by the R wave of the electrocardiogram and the Siemens

automated contouring algorithm defined end diastole as the

first (or occasionally the second) frame. Therefore, the

EDV measure was independent of the volume rate. The

ESV, however, was chosen from the smallest volume

during the cardiac cycle. Since the normal time duration of

the isovolumic relaxation period is 70 ± 12 ms (and will

usually be even longer in pathological hearts) even the

lowest volume rate in this study, i.e. the S1H mode, may be

expected to be sufficient in capturing the smallest volume

in the cardiac cycle.

The spatial resolution of the different imaging modes

By definition, the spatial resolution is inversely correlated

to the temporal resolution (volume rate) because more time

available per volume allows more ultrasound scan lines per

volume. Therefore, spatial resolution was better in Har-

monic and Space modes and best in the S1H (Space 1

Harmonic) mode.

The accuracy of the different imaging modes

There were significant differences in the LV volume and

EF measurements between the six different imaging

modes. Differences in the LV volume measures resulted

from two main reasons: the general automated LV contour

Table 2 Pearson correlation coefficient and Bland–Altman analysis of the EF and left ventricular volumes between six imaging modes of

Siemens RT-3DE and 3DE QLAB in the patients with (as assessed visually) correct automatic contour tracing of the Siemens RT-3DE (n = 10)

Siemens RT-3DE

T2F T1F S1F T2H T1H S1H

EF (%)

Pearson r 0.95 0.96 0.88 0.92 0.89 0.95

Bias -7 -6 -5 -5 -2 0.4

Limits of agreement(2SD) 9 10 14 11 13 9

EDV (ml)

Pearson r 0.96 0.94 0.92 0.90 0.95 0.96

Bias 14 17 22 10 -1 -3

Limits of agreement(2SD) 21 30 39 34 25 23

ESV (ml)

Pearson r 0.99 0.99 0.99 0.97 0.98 0.99

Bias 16 17 19 11 1 -2

Limits of agreement(2SD) 13 14 15 20 18 14

Abbreviations as in Table 1
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tracking and the near-field artifact. The automated LV

contour was more toward the epicardium in the datasets

acquired by the Fundamental modes, while more toward

the LV cavity (particularly in the apex) in those acquired

by the Harmonic modes. This might explain why the LV

volumes of the Fundamental modes were larger than those

of the Harmonic modes and the biases of the LV volumes

compared with the 3DE QLAB measurements were posi-

tive in all Fundamental modes. The near-field artifact was

very common, particularly in the T2H and T1H modes. In

the datasets of the Fundamental modes, the near-field

artifact was less common and the automated contour was

more likely to cross over the near-field artefact and to track

the stationary epicardium. Whereas in the datasets of the

Harmonic modes, the apical contour was tracked better but

seemed too much into the LV cavity (Fig. 4). In fact, the

LV apical endocardium contour should be more outward

toward the compacted myocardium [13–15]. However,

since the apical segment is only one out of the total number

of 17 LV segments and has a relatively limited volume

capacity, the variances of the global LV volumes may only

to a limited extend be caused by the variances in the apical

volume alone. As shown in the overall patient population

and 10 patients with correct LV contour tracking in all six

imaging modes, the limits of agreement of LV volumes

were, in contrast to the biases, quite comparable among the

imaging modes.

In the previous studies it was reported that the Siemens

RT-3DE automated contouring algorithm was accurate

compared with CMR measurements [11, 12]. However,

these studies did not specify which imaging modes were

used. In the study of Chang et al. a volume rate of

13 ± 1 vps was reported [11], so most likely this study

was performed using the S1H mode. In the study of Tha-

vendiranathan et al. a volume rate of 32 ± 20 vps was

reported [12]. It is hard to establish what imaging mode

they used, but it could not be the S1H mode because to

achieve such a high volume rate in this mode it would

require to decrease the maximal size of the S1H acquisition

sector, which is impossible to include the complete LV

cavity. As discussed above, the different imaging modes

led to substantial differences in the temporal and spatial

resolutions of datasets acquired and in the LV volume and

EF estimates. Therefore, it is important to outline this issue

in a scientific article.

Practical use of the different imaging modes

For the use of the Siemens system in the real-world, the

S1H mode was chosen as the primary imaging mode

because of the favourable bias, correlation and limits of

agreement compared with the 3DE QLAB measurements,

as shown in the overall patient population and in the 10

patients with correct automated LV contour in all six

Fig. 3 Bland–Altman analysis comparing the ejection fraction and

left ventricular volumes by a the Space 1 Harmonic mode with correct

automated left ventricular contour tracking (n = 23); b the Space 1

Harmonic mode or Time 1 Harmonic mode (if the LV cavity did not

fit completely in the acquisition sector of the Space 1 Harmonic

mode) with correct automated left ventricular contour tracking

(n = 28). Abbreviations as in Table 1
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imaging modes. For similar reasons, the T1H mode was

chosen as the best alternative if the LV cavity did not fit

completely in the widest possible acquisition sector of the

S1H mode. Using this approach, 28 patients out of 41

(68 %) could be analysed automatically and satisfyingly

(with the intraobserver and interobserver variabilities of

0 % for analyzing the images acquired) with the automated

algorithm; the S1H mode was used in 23 patients and the

T1H mode in 5 patients. Compared with the 3DE QLAB

measurements, the EF and LV volume estimates in these

28 patients were very accurate in terms of high correlation

coefficient, small biases and tight limits of agreement. It

should, however, also be recognized that due to false

triggering of data acquisition and inferior echo quality,

seven patients were not included in the data analysis of this

study. Therefore, the true overall feasibility in the real-

world of the Siemens RT-3DE automated algorithm was 28

of 48 patients (58 %). Importantly, this study was per-

formed in a research environment and the sonographer was

highly experienced with more than 25 years in echocardi-

ography. In the real world, the outcomes may actually be

less favourable and should be investigated in a real-world

clinical study.

In a previous study from our group, we have demon-

strated that 3DE QLAB datasets acquired and analyzed by

the same investigator who did the 3DE QLAB analysis in

the present study led to a minimal underestimation of the

LV volumes (-7 ± 20 ml for EDV and -4 ± 8 ml for

ESV) and EF (0 ± 6 %), compared with the CMR [8].

Since the biases of the LV volumes between Siemens RT-

3DE and 3DE QLAB in the 28 patients were \1 ml, the

extent of underestimation of LV volumes by the Siemens

RT-3DE automated algorithm may be expected to be of the

similar magnitude.

Limitations

One limitation could be the use of the manually corrected

3DE QLAB analysis as a gold standard for LV volumes

and EF rather than CMR. As stated before, in a previous

study from our group we have shown that 3DE QLAB

measurements analyzed by the same investigator showed

that the underestimation of LV volumes (-7 ± 20 ml for

EDV and -4 ± 8 ml for ESV) and EF (0 ± 6 %) was

extremely small, compared with CMR [8]. However, it

should be recognized that in the literature in general 3DE

underestimated the LV volumes compared with CMR.

From this respect, it cannot be excluded that the positive

volume bias seen in Fundamental mode may be to some

extent false positive. Nevertheless, the bias in EF will still

remain inferior to that seen in the Harmonic modes.

In particular in the T1F and T2F modes the LV endo-

cardial border was more difficult to see in the MPR views

of the 3D datasets and therefore the visual assessment of

correct contour tracking by the Siemens automated algo-

rithm may have been biased by the imaging modes.

Finally, patients with abnormal LV shapes as seen in

severely dilated and hypertrophic cardiomyopathy were not

included in this study and the influence of the imaging

modes on the EF and LV volume estimates in these patients

is therefore not known.

Conclusions

The accuracy of the Siemens automated RT-3DE algorithm

in measuring the LV volumes and EF is significantly

influenced by the different imaging modes, caused by

differences in temporal and spatial resolutions. The S1H

Fig. 4 The near-field artefact (white arrows) and automated left ventricular contour in the multiplanar reconstruction views of the 3D datasets

acquired by the six imaging modes. A4C apical 4 chamber view, A2C apical 2 chamber view; other abbreviations as in Fig. 2
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mode may be the preferred 3D acquisition mode, supple-

mented by the T1H acquisition mode in enlarged LVs

which cannot be included completely in the acquisition

sector of the S1H mode. By this method the majority of

patients can be analyzed automatically with excellent

results.

Conflict of interest None.
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