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Abstract: Introduction: Three-dimensional speckle-tracking echocardiography (3DSTE)
can be used to accurately measure the dimensions of the left ventricle (LV) and aortic valve
anulus (AVA) at the same time. The present study aimed to conduct an extensive 3DSTE-
based investigation of simultaneously assessed end-diastolic and end-systolic LV volumes
and AVA dimensions in healthy adults with LVs and AVAs of different sizes. Methods:
One hundred and seven healthy adults (mean age 35.4 &= 12.2 years, 67 males) were
voluntarily enrolled in the present study. Results: With increasing end-diastolic AVA area,
tendentious increase in both end-diastolic and end-systolic LV volumes could be detected,
resulting in preserved LV-EE. With increasing end-systolic AVA area, similar findings were
present. Comparing the smaller than mean and the larger than mean end-systolic AVA
area subgroups, the end-systolic LV volume proved to be significantly increased in the
latter group. With the increase in end-diastolic LV volume, the AVA dimensions remained
preserved. With the increase in end-systolic LV volume, only the highest end-systolic
LV volume was associated with larger end-systolic AVA area and perimeter; the other
parameters remained preserved. In certain circumstances, end-systolic AVA area and
perimeter proved to be significantly increased compared to their end-diastolic counterpart.
Conclusions: With the increase in end-diastolic and end-systolic AVA areas, a tendentious
increase in both LV volumes could be detected in healthy adults. Larger end-diastolic LV
volume was not associated with dilated AVA dimensions, while larger end-systolic LV
volume was associated with dilated end-systolic AVA area and perimeter.
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1. Introduction

The three-dimensional (3D) and/or speckle-tracking (STE) echocardiographic proce-
dures, which are now considered the most up-to-date in the daily routine, are suitable for
the simultaneous non-invasive evaluation of the heart chambers and the valves, allowing
even physiologic examinations to be performed [1-3]. The combined 3DSTE can be used to
accurately measure the dimensions of the left ventricle (LV) and the aortic valve anulus
(AVA) at the same time [4-8]. If this possibility is already given, then the question may
rightly arise as to what associations can be confirmed between the dimensions of the LV and
AVA in the presence of a heart of a different size, taking into account the cardiac cycle. In
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other words, it can be assessed whether a greater LV is associated with a more dilated AVA,
and whether this can be observed in both the diastole and systole. Therefore, the aim of the
present study was to conduct an extensive 3DSTE-based investigation by simultaneously
assessing end-diastolic and end-systolic LV volumes and AVA dimensions in healthy adults
with different LV and AVA sizes.

2. Methods
2.1. Population of Healthy Adults

One hundred and seven healthy adults (mean age 35.4 £ 12.2 years, 67 males) were
voluntarily enrolled in the present study between 2011 and 2017. The subjects were consid-
ered to be healthy in the absence of a known disease/disorder or any pathology or other
condition, which could affect the findings. None of them were obese, pregnant, smokers, or
athletes, and none had practiced yoga 2 weeks before the enrollment. Physical examination,
laboratory tests, electrocardiography (ECG), and two-dimensional (2D) Doppler echocar-
diographic examinations were negative with values in the normal reference ranges in all
subjects. In all individuals, routine 2D Doppler echocardiography and 3DSTE-derived data
acquisition were established. The acquired 3D echocardiographic datasets were analyzed
at a later date. This retrospective study is a part of the ‘Motion Analysis of the heart and
Great vessels bY three-dimensionAl speckle-tRacking echocardiography in Healthy subjects
(MAGYAR-Healthy) Study, which aimed to compare 3DSTE-derived parameters with other
variables in healthy adults among others (‘Magyar’ means "Hungarian” in the Hungarian
language). The study was conducted in accordance with the Helsinki Declaration (revised
in 2013); the Institutional and Regional Biomedical Research Committee of the University
of Szeged approved the study with a registration number of 71/2011 (latest approval was
issued on 17 March 2025). All the participants gave informed consent.

2.2. Two-Dimensional Doppler Echocardiography

The Toshiba Artida™ echocardiographic tool (Toshiba Medical Systems, Tokyo, Japan)
attached to a PST-30BT (1-5 MHz) phased-array transducer was used for 2D Doppler
echocardiography in all cases. The subjects were in left lateral decubitus position, and the
transducer was placed on the chest; then, from typical parasternal and apical positions,
measurements were performed, including left atrial (LA) and LV chamber quantifications
and measurement of LV ejection fraction (EF) using Simpson’s method. Doppler echocar-
diography was used to exclude significant valvular stenoses and regurgitations and for
assessment of transmitral early (E) and late (A) diastolic inflow velocities [1].

2.3. Three-Dimensional Speckle-Tracking Echocardiography

First, 3DSTE-derived data acquisitions were established by the same Toshiba cardiac
ultrasound machine; then, the transducer was changed to a 3D-capable PST-255X matrix
phased-array transducer (Toshiba Medical Systems, Tokyo, Japan). Following optimization
of gain, magnitude, etc., from the apical window, 6 subvolumes within 6 heart cycles
during a single breath hold were acquired; the subvolumes were stitched together by
the software, automatically creating full-volume, pyramid-shaped 3D echocardiographic
datasets. During data analysis, 3D Wall Motion Tracking software (version 2.7, Ultra Extend,
Toshiba Medical Systems, Tokyo, Japan) was used [2,4-8].

For the LV volumetric assessments, the data were presented in apical long-axis four-
chamber (AP4CH) and two-chamber (AP2CH) views and three (basal, midventricular, and
apical) cross-sectional views, which were automatically created by the software. Following
plane optimalisations and definitions of the mitral annulus—LV septal and lateral edges
and the LV apical endocardial surface by the observer—a sequential analysis was performed
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with automatic contour detection; then, a virtual 3D model of the LV was created together
with LV volumetric data with respect to the cardiac cycle [2,4-7] (Figure 1).
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Figure 1. Volumetric assessment of the left ventricle (LV) by three-dimensional (3D) speckle-tracking
echocardiography: apical four-chamber (A) and two-chamber long-axis views (B) and short-axis
views at basal (C3), midventricular (C5), and apical LV levels (C7) are shown together with a virtual
3D model of the LV (D) and calculated LV volumes (E). Time—global LV circumferential strain
curve (white line) and time—LV volume changes curve (dashed white line) are demonstrated as
well (F). Abbreviations: LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; EDV,
end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction.

For the assessment of AVA dimensions, longitudinal planes on the AP4CH and AP2CH
long-axis views were optimized by tilting these planes so that they were aligned to be
parallel to the center line of the aortic root. Then, in the C7 cross-sectional view, the
examination plane was aligned perpendicular to the longitudinal plane, to the AVA. These
alignments have to be performed carefully to ensure that this C7 plane is perpendicular
to the center line and to make measurements on the real AVA, not on the LV outflow tract
or on the Valsalva. With this method, the following AVA characteristics were assessed:
maximum and minimum AVA diameters (Dmax and Dmin, respectively) and areas (A) and
perimeters (P) in the end-diastole (ED) and end-systole (ES) [8] (Figure 2).
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Figure 2. Assessment of the aortic valve annular dimensions by three-dimensional speckle-tracking
echocardiography. Abbreviations: LV = left ventricle; AVA = aortic valve annulus; Area = AVA area;
Circ = AVA perimeter; Dist B = maximum AVA diameter; Dist C = minimum AVA diameter.

2.4. Statistical Analysis

Mean + standard deviation (SD) and n (%) formats were used for continuous or
categorical variables, respectively. Statistical significance was considered in the presence
of a p-value less than 0.05. All analyses were conducted by independent sample t-test,
analysis of variance (ANOVA), or Kruskal-Wallis H tests, where appropriate. For testing
reproducibility of the 3DSTE-derived evaluation of LV volumes and AVA dimensions,
the mean + SD difference in values obtained by two measurements of the same exam-
iner (intraobserver agreement) and by two examiners (interobserver agreement) were
tested in 30 healthy subjects together with the respective interclass correlation coefficients
(ICCs). SPSS software version 22 (SPSS Inc., Chicago, IL, USA) was used during the
statistical analyses.

3. Results
3.1. Demographic and Clinical Parameters
Height (163.1 £ 9.2 cm), weight (71.4 £ 13.3 kg), heart rate (70.1 £ 1.2 1/s), and systolic

and diastolic blood pressures (123.7 &= 3.0 mm Hg and 81.5 &+ 1.4 mm Hg, respectively)
proved to be in the normal reference ranges in all subjects.

3.2. Two-Dimensional Doppler Echocardiographic and 3DSTE Data

The LA diameter measured in the parasternal long-axis view (37.5 & 3.8 mm), LV
end-diastolic diameter and volume (48.3 £ 3.8 mm and 107.2 £ 23.8 mL, respectively), LV
end-systolic diameter and volume (32.1 £ 3.3 mm and 38.1 & 9.2 mL, respectively), thick-
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ness of the interventricular septum and LV posterior wall (9.3 = 1.2 mm and 9.5 £+ 1.3 mm,
respectively), LV-EF (64.7 &+ 3.9%), and transmitral E and A inflow velocities (78.2 & 16.8
and 59.0 £ 13.6 cm, respectively) proved to be in the normal ranges in all healthy individu-
als. Valvular regurgitation higher than grade 1 or significant valvular stenosis could not be
detected on any of the valves. End-diastolic and end-systolic LV volumes (85.8 £ 21.5 mL
and 36.7 £ 10.3 mL, respectively), LV-EF (57.7 & 5.5%) and LV mass (164.7 £ 31.5 g) as
assessed by 3DSTE proved to be normal. 3DSTE-derived end-diastolic and end-systolic
AVA-Dmax (2.03 & 0.31 cm and 2.06 % 0.29 c¢m, respectively), AVA-Dmin (1.83 £ 0.29 cm
and 1.87 £ 0.28 cm, respectively), AVA-A (3.15 £ 0.85 cm? and 3.37 + 0.85 cm?, respectively)
and AVA-P (6.32 &+ 0.87 cm and 6.52 & 0.83 cm, respectively) were in normal ranges, as well.

3.3. Classification of Subjects

Healthy individuals were grouped according to their mean 4 SD end-diastolic and
end-systolic LV volumes and AVA areas based on their lower than mean — SD (64.3 mL,
26.4 mL, 2.28 cm?2, 2.52 cm?, respectively) and higher than mean + SD (107.3 mL, 47 mL,
4 cm?,4.22 cm?, respectively) values.

3.4. LV Volumes in AVA Dimension Subgroups

With increasing end-diastolic AVA area, a tendentious increase in both end-diastolic
and end-systolic LV volumes could be detected, resulting in preserved LV-EF. With in-
creasing end-systolic AVA area, similar findings were present. Comparing the smallest
end-systolic AVA area subgroup to the largest end-systolic AVA area subgroup, end-systolic
LV volume proved to be significantly increased in the latter group (Table 1).

Table 1. Aortic valve annular dimensions and left ventricular volumetric parameters in different

aortic valve annular groups.

ED-AVA-A 2.3 cm? < ED- ED-AVA-A ES-AVA-A 2.52 cm? < ES- ES-AVA-A
< 2.3 cm? AVA-A < 4 cm? >4 cm? < 2.52 cm? AVA-A < 4.22 cm? > 4.22 cm?
(n=18) (n =70) (n=19) (n=16) (n=73) (n=18)
LV volumes
ED'LXH‘SI“I“‘* 763 + 13.2 87.0 +223 90.2 + 224 76.1 + 19.6 85.4 +21.1 91.7 +23.1
ES'LXI:BI““‘e 335+ 6.9 37.0 + 105 38.8 +11.3 31.6 + 8.1 363+98 411+ 124
LV-EF (%) 56.0 + 5.6 582 + 5.5 572+ 53 582 + 5.5 581+ 5.7 55.7 + 4.9
LV mass (g) 157.84 31.2 165.8 4 31.2 167.4 4+ 32.3 153.4 + 33.1 165.3 + 29.7 168.3 + 35.8
Aortic valve annular dimensions
ED'AX‘;’ )Dm‘”‘ 1.64 02 20+02% 24+02%/+ 17402 20402 24+ 03%/+t
ED'AX‘:)D‘““‘ 14401 18402+ 224024/ 15402 1.8402% 22+ 02%/+t
ED-AVA-A (cm?) 19403 % 31+04%/1 45+05%/+ 22405 31406/t 42 +£08%/tt/1
ED-AVA-P (cm) 50+ 05% 63+04%/1 764 04%/+ 52+ 0.6 63407/t 7.3 407 % /+/1
ES'AX‘; Pma" 17402 21+02*% 24+ 03%/1 17402 20+ 02% 2.5+ 02%/+t
ES'AX‘; Pm“‘ 15402 19402 224024/t 15402 18402% 224+ 0.2%/+
ES-AVA-A (cm?) 24404 33+06% 44+08%/+ 21404 334+ 04% 48+ 0.5*/+t
ES-AVA-P (cm) 55+ 0.5 6.5+ 0.6* 75+ 0.7%/1 52+ 05 6.5 + 0.5 7.8 4 0.5 */+t

*p <0.05vs. ED-AVA-A < 2.3 cm?; +p <0.05 vs. 2.3 cm? < ED-AVA-A <4 cm?; ** p < 0.05 vs. ES-AVA-A < 2.52 cm?;
+t p < 0.05 vs. 252 cm? < ES-AVA-A < 4.22 cm?; t p < 0.05 vs. end-systolic counterpart. Abbrevia-
tions. ED = end-diastolic, ES = end-systolic, AVA = aortic valve annulus, Dmax = maximum AVA diameter,
Dmin = minimum AVA diameter, A = AVA area, P = AVA perimeter.
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3.5. AVA Dimensions in AVA Dimension Subgroups

With the increase in end-diastolic and end-systolic AVA areas, all end-diastolic and
end-systolic AVA maximum and minimum diameters, areas, and perimeters showed
significant increase. In certain circumstances, end-systolic AVA area and perimeter proved
to be significantly increased compared to their end-diastolic counterpart (Table 1).

3.6. AVA Dimensions in LV Volume Subgroups

With the increase in end-diastolic LV volume, the AVA dimensions remained preserved.
With the increase in end-systolic LV volume, only the highest end-systolic LV volumes were
associated with larger end-systolic AVA area and perimeter; the others remained preserved.
In certain circumstances, end-systolic AVA area and perimeter proved to be significantly
increased compared to their end-diastolic counterpart (Table 2).

Table 2. Aortic valve annular dimensions and left ventricular volumetric parameters in different left
ventricular volumetric parameter groups.

ED-LV Volume 64.3 mL < ED-LV ED-LV Volume ES-LV Volume 26.4 mL < ES-LV ES-LV Volume

< 64.3 mL Volume < 107.3 mL >107.3 mL < 26.4 mL Volume < 47 mL > 47 mL
(n=13) (n =83) (n=11) (n =15) (n=77) (n =15)
LV volumes
ED'LXn‘;J‘;I“me 52.7 + 14.0 84.9 4+ 11.8* 1253 4+ 16.1%/+ 64.4 +12.5 83.5 4+ 15.2 ** 121.9 + 18.4 */+t
ES'LXI:’I?)I“‘“ 245+ 50 357 £ 7.1% 552 + 8.8*/+ 225427 36.3 £ 5.9 % 55.1 + 8.0 **/+t
LV-EF (%) 578 + 6.1 58.0 £ 5.7 56.0 + 4.1 644 +53 56.7 4+ 4.7 ** 54.6 4 4.0 **/+t
LV mass (g) 131.8 £ 245 1634 £27.1* 203.9 & 28.3 */1 138.8 + 28.6 163.3 £26.8*  202.6 +262*/+t
Aortic valve annulus
ED'AX‘;’ )D max 21403 20403 21403 20402 20403 21403
ED'AX};’ )D mmn 18403 1.84+03% 19402 1.8+£03 18403 19+03
ED-AVA-A (cm?) 31408 31+09% 34407 3.1+06 324+08% 354+07¢
ED-AVA-P (cm) 63+08 63+09% 6.6+ 0.6 63+07 63+09% 674071
ES'A‘(/C’: ;3‘“‘”‘ 2.0+03 21403 21403 20403 21403 21403
ES'AX?I; Pm‘“ 18403 19+03 1.9 402 1.8+03 19403 20402
ES-AVA-A (cm?) 32408 34+09 3.7+£07 32408 33409 3.84£0.7*
ES-AVA-P (cm) 63+08 6.5+ 0.9 6.8 +£0.7 6.3+0.8 6.5+0.8 70 +£0.6*

*p <0.05 vs. ED-LV volume < 64.3 mL, 1 p <0.05 vs. 64.3 mL < ED-LV volume < 107.3 mL; ** p < 0.05 vs. ES-LV
volume < 26.4 mL; t1 p < 0.05 vs. 26.4 mL < ES-LV volume < 47 mL; f p < 0.05 vs. end-systolic counterpart.
Abbreviations. ES = end-systolic, ED = end-diastolic, AVA = aortic valve annulus, Dmax = maximum AVA
diameter, Dmin = minimum AVA diameter, A = AVA area, P = AVA perimeter.

3.7. LV Volumes in LV Volume Subgroups

With the increase in end-diastolic LV volume, a significant increase in end-systolic LV
volume and LV mass with the preservation of LV-EF could be detected. With the increase
in end-systolic LV volume, a significant increase of end-diastolic LV volume and LV mass
with reduction of LV-EF were present (Table 2).

3.8. Intraobserver and Interobserver Agreements

The values with a mean =+ 2 SD difference obtained by two measurements of the same
observer and by two observers for the assessments of the 3DSTE-derived LV volumes and
AVA dimensions with ICCs are presented in Table 3.
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Table 3. Intraobserver and interobserver agreement in measurement of three-dimensional speckle-

tracking echocardiography-derived left ventricular volumes and aortic valve annular dimensions.

Intraobserver Agreement

Interobserver Agreement

Mean + 2SD

Difference in Values

Obtained by

2 Measurements of the

Same Observer

ICC Between

2 Measurements of the

Same Observer

Mean + 2SD

Difference in Values

Obtained by
2 Observers

ICC Between
Independent

Measurements of

2 Observers

ED-LV volume (mL) 17+63 0.90 (p < 0.01) 17 +42 0.90 (p < 0.01)
ES-LV volume (mL) 0.8+49 0.90 (p < 0.01) 1.0+43 0.90 (p < 0.01)
ED-AVA-Dmax (cm) —0.05 £ 0.18 0.86 (p < 0.01) —0.04 £ 0.18 0.88 (p < 0.01)
ED-AVA-Dmin (cm) —0.02 £ 0.22 0.90 (p < 0.01) —0.04 +0.18 0.93 (p < 0.01)
ED-AVA-A (cm?) —0.15 £ 0.59 0.93 (p < 0.01) —0.11 £ 0.55 0.95 (p < 0.01)
ED-AVA-P (cm) —0.04 + 0.65 0.92 (p <0.01) —0.13 + 0.62 0.92 (p < 0.01)
ES-AVA-Dmax (cm) 0.01 + 0.27 0.93 (p < 0.01) 0.04 = 0.30 0.94 (p < 0.01)
ES-AVA-Dmin (cm) 0.04 + 0.32 0.83 (p < 0.01) 0.05 + 0.30 0.83 (p < 0.01)
ES-AVA-A (cm?) 0.16 + 0.71 0.92 (p < 0.01) 0.11 + 0.71 0.93 (p < 0.01)
ES-AVA-P (cm) —0.02 £ 0.52 0.91 (p < 0.01) 0.02 £ 0.55 0.93 (p < 0.01)

Abbreviations. ED = end-diastolic, ES = end-systolic, AVA = aortic valve annulus, Dmax = maximum AVA
diameter, Dmin = minimum AVA diameter, A = area, P = perimeter.

4. Discussion

Due to the enormous development of echocardiography, a procedure such as 3DSTE
is now available, and it can help in the simultaneous examination of multiple cardiac struc-
tures in a simple, easy-to-perform, and easy-to-learn manner [2,4-8]. 3DSTE is validated
for LV volumetric measurements, and normal reference ranges for LV volumes are also
available [9-12]. Feasibility and accuracy of 3D echocardiography in the assessment of
AVA have also been demonstrated [13]. The significance of simultaneous assessment of
certain structures may lie in the fact that even under healthy conditions, the way that
the morphological and functional differences of these structures affect each other can be
examined. The LV plays a central role in the systemic circulation as a pump, and its "door’
is the aortic valve [14,15]. A question may therefore rightly arise regarding the potential
relationship between the LV’s dimensions characterized by its volumes with respect to the
cardiac cycle and the dimensions of the AVA, even in healthy circumstances. According
to these facts, 3DSTE-derived LV volumes and AVA dimensions were investigated at the
same time using the same 3D echocardiographic datasets, comparing not only the mean,
but the smaller than mean and larger than mean values as well.

Several implementations are suggested by the findings of the present study. First
of all, 3DSTE was demonstrated to be useful for the quantitative analysis of LV volumes
and AVA dimensions with respect to the cardiac cycle at the same time using the same 3D
echocardiographic dataset. These findings seem to be very important, because (patho-)
physiologic associations between the examined parameters could be examined in an easy-to-
perform non-invasive way. Secondly, a number of parameters were used to characterize the
AVA, from which the AVA area seemed to be the most important. The AVA is not optimally
circle-shaped, but oval in most cases, as shown by diameter data [16]. Thirdly, with
the increase in end-diastolic and end-systolic AVA areas, a tendentious (non-significant)
increase in both LV volumes could be detected with preserved LV-EEF. In other words, as
expected, larger valves are associated with larger LV volumes, resulting in normal preserved
LV function regardless of the size of the heart. Fourthly, larger end-diastolic LV volume,
however, was not associated with dilated AVA dimensions. This result was found in healthy
adults. In the presence of various pathologies, LV dilation can be observed, and accordingly,
a change in the size of the AVA can be assumed. It would be interesting to examine the
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above-described relationships in the presence and absence of heart failure in different
disorders (e.g., cardiomyopathies, valvular, or congenital heart diseases, etc.). This may be
of significance in the grading and possible prognosis of patients, which requires further
investigations. Moreover, in a frequent and, in most cases, easy-to-handle disease like
hypertension, which is one of the important cardiovascular risk factors, can be considered
to be partly responsible for the development of aortic vitium and early atherosclerosis,
which changes in LV volumes and the size of the AV and their relationship [17]. Fifthly,
larger end-systolic LV volume was associated with dilated end-systolic AVA area and
perimeter, suggesting that the AVA may be severely dilated even in healthy circumstances.
These findings may raise many new questions about the development of heart failure,
which could be a topic of future investigations.

Limitation Section
The most important limitations are listed here:

- There is a significant difference in quality between images obtained with 2D echocar-
diography and 3DSTE. Routine 2D echocardiography still provides significantly better
image quality and temporal and spatial resolution than that of 3DSTE in a routine
‘average’ subject. The mean frame rate available with 3DSTE is still relatively low
(32 £ 2 fps). The size of the 3DSTE-capable transducer is mostly larger and thicker
than that used for 2D echocardiography, limiting the optimal positioning of it on the
patients’ chest. During digital data acquisitions, for optimal images, one or more (in
real-life practice 4-6) subvolume(s) during more than 1 (4-6) cardiac cycle(s) is/are
necessary; this increases the probability of the occurrence of potential stitching /motion
artifacts during data analysis [2,4-7]. For optimal images, a stable RR interval on the
ECG is also necessary; therefore, in the presence of potential rhythm irregularities or
poor image quality, subjects had to be excluded from 3DSTE-derived analysis.

- Not only the LV, but the right ventricle and both atria can also be examined at the
same time together with other valvular annuli using the same acquired 3D echocar-
diographic dataset [18-20]. However, the present study did not aim to perform
further measurements.

- The use of other echocardiographic techniques to characterize valvular function was
not an aim of this study [21].

- All the individuals were healthy, although potential latent diseases could not be ruled
out with 100% certainty.

- Some differences between parameters proved to be non-significant or tenden-
tious. These findings must of course be treated in their proper context and
interpreted accordingly.

5. Conclusions

With the increase in end-diastolic and end-systolic AVA areas, a tendentious increase
was detected in the case of both LV volumes in healthy adults. Larger end-diastolic LV
volume was not associated with dilated AVA dimensions, while larger end-systolic LV
volume was associated with dilated end-systolic AVA area and perimeter.
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