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ARTICLE INFO ABSTRACT

Keywords: Introduction: During the heart cycle, left ventricular (LV) contractility is characterized by complex deformation
Left ventricular and rotational mechanics, resulting in LV ejection. The present study seeks to expand our knowledge by
Strain examining dependence of LV strains representing LV deformation on left atrial (LA) volumes in healthy cir-
Left atrial cumstances. Therefore, the aim of this study was to evaluate the associations between LA volumes and LV strains
Volume . i i X ) .

Three-dimensional as assessed simultaneously by three-dimensional speckle-tracking echocardiography (3DSTE) in normal healthy
Echocardiography adults.

Methods: The present study consisted of 302 healthy adults, but according to exclusion criteria, 137 subjects were
excluded due to inferior image quality. The final population comprised 165 individuals (mean age:
33.1 +12.3 years, 75 males) who were voluntarily recruited for screening. Two-dimensional echocardiography
extended with 3DSTE was performed in all subjects for detailed LV/LA analysis.

Results: Overall feasibility for simultaneous assessment of LV strains and LA volumes proved to be 55 % with
excellent intra- and interobserver correlations. All global LV strains were similar, regardless of the LA volumes
examined. All LA volumes and volume-based functional properties respecting the cardiac cycle were similar,
regardless the global LV strains examined.

Conclusions: LV strains and LA volumes can be simultaneously assessed by 3DSTE. Global LV strains and LA
volumes are not associated in healthy adults.

1. Introduction parameters characterizing LV contractility in healthy circumstances
[9-11]. Therefore, the aim of this study was to investigate the associa-
tions between LA volumes and LV contractility represented by LV strains

in normal healthy adults in a way that all these volumetric and strain

Three-dimensional (3D) speckle-tracking echocardiography (3DSTE)
can be considered one of the most modern, easy-to-perform, non-inva-

sive cardiovascular imaging procedures suitable for simultaneous
quantification of heart chambers [1-6]. It can be used to perform
physiological studies to investigate the interaction of certain heart
chambers, e.g. LV functional dependence on LV volumes [7]. During the
heart cycle, motion of the LV is characterized by a complex deformation
and rotational mechanics, resulting in optimal LV ejection [8-11]. In a
recent clinical study, strong relations were found between 3DSTE-
derived left atrial (LA) volumes throughout the heart cycle and LV
rotational mechanics in healthy adults [12]. The present study seeks to
expand this knowledge by examining the LA dependence of LV strains,

parameters were assessed within the same 3DSTE examination.
2. Subjects and methods
2.1. Subjects
The study comprised 302 healthy individuals, from which 137 sub-
jects were excluded due to inferior quality of images. The remaining

population comprised 165 individuals (mean age: 33.1 & 12.3 years, 75
males) who were voluntarily recruited for screening. All tests were
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performed at the same time between 2011 and 2015 including physical
examination, laboratory tests, standard 12-lead electrocardiography and
two-dimensional (2D) Doppler echocardiography. Results proved to be
within the normal reference range in all subjects. No healthy individuals
had any known diseases or (patho)physiological states that could have
any effects on the results. No one had taken any medications or drugs.
All echocardiographic studies were performed simultaneously, with
3DSTE-based data acquisition performed in conjunction with 2D echo-
cardiographic studies. Detailed offline 3DSTE-based data analysis was
performed at a later date. The present retrospective study serves as part
of the ‘Motion Analysis of the heart and Great vessels bYthree-dimen-
sionAl speckle-tRacking echocardiography in Healthy subjects’
(MAGYAR-Healthy) Study. Among others, this study aimed to perform
physiologic studies to determine associations between 3DSTE-derived
LV and LA volumetric and functional parameters (‘Magyar’ means
‘Hungarian’ in Hungarian language). The Institutional and Regional
Human Biomedical Research Committee of University of Szeged,
Hungary (No.: 71/2011) approved the study, which was conducted in
accordance with the Declaration of Helsinki, all participators gave
informed consent.

2.2. 2D Doppler echocardiography

In all healthy subjects, a Toshiba Artida™ echocardiographic device
(Toshiba Medical Systems, Tokyo, Japan) attached to a PST-30BT
(1-5MHz) phased-array transducer was used. Routine 2D echocardio-
graphic examination was performed in accordance with the protocol,
the dimensions of LA and LV were determined, and the Simpson’s
method was used for determination of LV ejection fraction (EF). Sig-
nificant valvular stenoses and regurgitations on any valves were
excluded by Doppler echocardiography and mitral inflow velocities
measured in diastole and their ratio (E/A) were determined [13].

2.3. 3DSTE

A full-scale 3DSTE study consisted of two parts: first data acquisition
was completed, followed by the measurement phase. The same Toshiba
Artida™ echocardiography device (Toshiba Medical Systems, Tokyo,
Japan) was used in the studies, which was attached to a PST-25SX ma-
trix-array transducer. The subject lying in her/his left side was asked to
hold her/his breath, and then data was collected from the apical window
with the individual being in sinus rhythm. To achieve optimal image
quality, 6 subvolumes were collected within 6 heart cycles, which were
automatically merged into a full volume dataset. All offline analyses
were performed using the same vendor-provided 3D Wall Motion
Tracking software version 2.7 (Ultra Extend, Toshiba Medical Systems,
Tokyo, Japan) [1-6].

2.4. 3DSTE-derived LV deformation analysis

From the acquired 3D echocardiographic dataset focused on the LV,
optimal apical longitudinal views were selected in apical 4-chamber
(AP4CH) and 2-chamber (AP2CH) views and basal, midventricular
and apical cross-sectional views. Then septal and lateral mitral annular
(MA)-LV edges and endocardial surface of the LV apex were defined and
a sequential analysis was started. Finally, a virtual 3D LV cast was
created and simultaneous LV volumetric and strain analysis was per-
formed. For LV segmental analysis the 16-segment LV model was used.
In each segment, three unidirectional/unidimensional strain parameters
were assessed: radial (RS) (thickening and thinning of a segment), lon-
gitudinal (LS) (lengthening and shortening of a segment) and circum-
ferential (CS) (widening and narrowing of a segment). Based on these
unidirectional/unidimensional strains, complex/multidimensional/
multidirectional strains were also calculated: area (AS) (combination of
LS and CS) and 3D (3DS) (combination of RS, LS and CS). Global LV
strains were measured describing the whole LV [7] (Fig. 1).
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2.5. 3DSTE-derived LA volumetric measurements

Similarly to LV measurements, the LA was assessed on LA-focused
images. Firstly, in AP4CH and AP2CH views and 3 short-axis views in
basal, midatrial, and superior regions were selected for LA assessments.
Later, several reference points were traced around the LA from the
lateral MA-LA edge towards the apex of the LA and the septal MA-LA
edge. LA appendage and pulmonary veins were not included in the
measurements. Finally, a sequential analysis was used to create the
virtual 3D LA model, with which the following LA volumes were
calculated according to the cardiac cycle (Fig. 2) [12,14]:

- Vmax — end-systolic maximum LA volume, just before the mitral
valve open,

- Vprea — LA volume before atrial contraction, at time of P wave on
electrocardiogram,

- Vmin — end-diastolic minimum LA volume, just before the mitral
valve close.

Using these LA volumes the following LA volume-based functional
parameters were calculated [12,14]:

2.5.1. End-systolic reservoir LA function

- TASV — LA total stroke volume (SV), calculated by Viax- Vinin
- TAEF — LA total emptying fraction, calculated by total SV/Vpax

2.5.2. Early diastolic conduit LA function

- PASV — LA passive stroke volume, calculated by Viax- Vprea
- PAEF — LA passive emptying fraction, calculated by passive SV/Vpax

2.5.3. Late diastolic booster pump (active contraction) LA function

- AASV — LA active stroke volume, calculated by Vprea— Vinin
- AAFF — LA active emptying fraction, calculated by active SV/Vpea

2.6. Statistical analysis

The continuous and categorical variables obtained during analyses
were displayed as mean + standard deviation or in number/percent
format. p < 0.05 was considered to be statistically significant. Fischer’s
exact test was used for analysis of categorical variables. The normally
distributed continuous datasets were analyzed using Student’s t-test,
and in case of non-normal distribution, Mann-Whitney-Wilcoxon test
was used. One-way analysis of variance test with Bonferroni correction
were used, where appropriate. Intraobserver and interobserver repro-
ducibility was assessed by calculation the intraclass correlation coeffi-
cient. All statistical analyses were performed using SPSS software (SPSS
Inc, Chicago, IL, USA).

3. Results
3.1. Clinical and 2D Doppler echocardiographic data

From routine 2D echocardiographic data, LA diameter measured in
parasternal long-axis view (36.7 + 4.0 mm), LV end-diastolic diameter
(48.1 + 3.7 mm) and volume (106.9 + 23.0 ml), LV end-systolic diam-
eter (32.0+3.3mm) and volume (36.6+9.3ml), interventricular
septum (9.0 + 1.6 mm) and LV posterior wall (9.1 + 1.6 mm) and LV-EF
(65.8+4.9%) were in the normal range. Mean E/A proved to be
(1.35+£0.31). None of the healthy adults showed larger than grade 1
valvular regurgitation or valvular stenosis on any valves.
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Fig. 1. Three-dimensional (3D) speckle-tracking echocardiographic analysis of left ventricular (LV) strains: apical four-chamber (A) and two-chamber (B) longi-
tudinal views, and basal (C3), mid-ventricular (C5) and apical (C7) short-axis views, which can be automatically extracted from the acquired 3D echocardiography
database. Virtual 3D LV cast (D) and volumes and ejection fraction (E) are also presented. Time — global LV radial (F), longitudinal (G), circumferential (H), area (J)
and 3D (K) strain curves are also demonstrated (white lines). Abbreviations: LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; EDV, end-

diastolic volume; ESV, end-systolic volume; EF, ejection fraction.

3.2. Classification of healthy individuals

Mean + standard deviation of 3DSTE-derived LA volumes and
volume-based functional properties and LV strains of healthy cases are
presented in Table 1. Healthy subjects were classified into 3 groups
according to the normal LA-Vyyay, LA-Vprea and LA-Vpy;, and global LV-
RS (LV-GRS), LV-CS (LV-GCS), LV-LS (LV-GLS), LS-3DS (LV-G3DS) and
LV-AS (LV-GAS): estimated mean + standard deviation served as the
lower (27.8ml, 15.9ml, 11.2ml, 16.1 %, —13.8 %, —22.5 %, 19.0 % and
—35.3 %, respectively) and upper (54.0ml, 39.5ml, 27.6 ml, 34.9 %,
—18.6 %, —32.7 %, 37.2 % and —45.3 %, respectively) values.

3.3. Associations of different LA volumes and volume-based functional
properties

Increase of Vmax was associated with increase of VpreA, Vmin and
all stroke volumes with preserved TAEF, reduced PAEF and increased
AAFF. Increase of VpreA was associated with increase of Vmax, Vmin,
TASV and AASV with preserved PASV and reduced TAEF and PAEF. The
highest AAEF was detected at the highest VpreA. Vmin was similarly
associated with atrial volumes, stroke volumes, and emptying fractions
except for AAEF, which showed reduction (Table 2).

3.4. Associations of different LV strains

Increase of LV-GRS, LV-GCS and LV-G3DS was associated with in-
crease of all global LV strains except for LV-GLS. Increase of LV-GAS was
associated with increase of all global LV strains. Increase of LV-GLS was
associated with simultaneous increase of LV-GAS and LV-GCS and LV-
G3DS were the highest, when LV-GLS was the highest (Tables 3-4).

3.5. Different LA volumes and LV strains

All global LV strains were similar, regardless of the LA volumes
examined (Table 2).

3.6. Different LV strains and LA volumes

All LA volumes and volume-based functional properties respecting
the cardiac cycle were similar, regardless of the global LV strains
examined (Tables 3-4).

3.7. Feasibility of 3DSTE-derived parameters

All evaluations were performed several times in all individuals, and if
findings were found to be consequent, they have been accepted.
Adequate simultaneous LA volumetric and LV strain assessments could
be performed in 165 out of 302 assessments (55 % overall feasibility).

3.8. Reproducibility of 3DSTE-derived parameters

Intraobserver intraclass correlation coefficients for LA-Vmax, LA-
VpreA, LA-Vmin, LV-GRS, LV-GCS, LV-GLS, LS-G3DS and LV-GAS
proved to be 0.97, 0.97, 0.89, 0.80, 0.80, 0.82, and 0.82, respectively.
Interobserver intraclass correlation coefficients for the same parameters
were 0.98, 0.97, 0.88, 0.79, 0.80, 0.80, and 0.78, respectively.

4. Discussion

To the best of authors’ knowledge this is the first time to demonstrate
that simultaneously assessed by global LV strains and LA volumes by
3DSTE are not associated in healthy adults. It is known that LV plays a
pivotal role in maintaining circulation, as it is an ideal pump with a
bullet-like shape, its walls contracting in three directions of space and its
function is characterized by twisting [8,9]. Due to the Frank-Starling
effect, the function of LV largely depends on its volume. If the volume
of LV is increased in diastole, it stretches the LV muscles, resulting in
increased contraction, which allows the LV to adapt to venous backflow,
arterial demand, but without external regulation [15]. However, LV
volumes are highly dependent on LA volumes as well [16]. Moreover,
during the cardiac cycle, LA acts like a systolic reservoir, being a conduit
in early diastole and works as a booster pump in late-diastole with
special volumetric states [14,17-20]. Therefore, studying the



A. Nemes et al.

Long. Strain
-20.0

1JC Heart & Vasculature 52 (2024) 101411

Long. Strain

EDV 36.19 mL
ESV 10.94 mL
EF 69.78 %
1.05"MV [16.37 g

309 msec
657 msec

est. MASS

40.0 [mL]
ime: 0 msec

min

Fig. 2. Three-dimensional (3D) speckle-tracking echocardiographic analysis of left atrial (LA) volumes: apical four-chamber (A) and two-chamber (B) longitudinal
views, and short-axis view at basal (C3), midatrial (C5), and superior left atrial level (C7) are shown together with a virtual 3D cast of the LA (D) and calculated LA
volumetric data (E). Time — LA volume change (dashed white line) and time — LA longitudinal strain change (white line) during the cardiac cycle are also presented
(F), together with maximum (Vmax), pre-atrial contraction (VpreA), and minimum (Vmin) LA volumes. Abbreviations: LA, left atrium; LV, left ventricle; RA, right
atrium; RV, right ventricle; EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction; Vmax, end-systolic maximum LA volume; VpreA, early-
diastolic pre-atrial contraction LA volume; Vmin, end-diastolic minimum LA volume.

Table 1
Three-dimensional speckle-tracking echocardiography-derived left atrial volu-
metric and left ventricular rotational parameters.

Parameters Measures
Left atrial volumes

maximum left atrial volume (Vyay, ml) 40.9+13.1
pre-atrial contraction left atrial volume (Vyea, ml) 27.7+11.8
minimum left atrial volume (Vpin, ml) 19.4+8.2
total atrial stroke volume (TASV, ml) 21.5+8.2
total atrial emptying fraction (TAEF, %) 52.7+11.9
passive atrial stroke volume (PASV, ml) 13.2+5.6
passive atrial emptying fraction (PAEF, %) 33.3+12.6
active atrial stroke volume (AASV, ml) 8.3+5.8
active atrial emptying fraction (AAEF, %) 28.9+11.9
Left ventricular deformation mechanics

Left ventricular global radial strain (LV-GRS, %) 25.5+9.4
Left ventricular global longitudinal strain (LV-GCS, %) —27.6+5.1
Left ventricular global circumferential strain (LV-GLS, %) —-16.2+2.4
Left ventricular global three-dimensional strain (LV-G3DS, %) 28.1+9.1
Left ventricular global area strain (LV-GAS, %) —40.3+5.0

relationship between LV function and LA volumes can help us under-
standing how they work together even in healthy circumstances.

In clinical cardiology, it is of paramount importance that all volumes
and functional properties of LV and LA can be determined with quan-
titative characteristics, in one study, in an easy-to-learn non-invasive
way. 3DSTE seems to be an ideal method to do this, as digitally collected
focused 3D databases can be used to create virtual spatial models of
certain heart chambers, which can be used to determine not only their
volumes respecting the cardiac cycle, but contractility-features repre-
sented by strains simultaneously [1-6]. 3DSTE-derived LV strains
[21-23] and LA volumes [24,25] are validated.

The results of the present study should be interpreted according to
recent findings, demonstrating strong associations between LA volumes
and LV rotational mechanics. These results suggest, that if during dias-
tole a larger LA volume enters into the LV, an elevated basal LV rotation
can be first detected in systole close to the mitral annulus helping
emptying LV [12]. This knowledge has been extended with the present
findings, that LV strains have no role in the adaptation to increased LA
volumes. It is also known that if there is a larger LV volume measured in
end-diastole, lower global LV-LS (and LV-AS) could be detected [7]
together with preserved basal and reduced apical LV rotations [26].
Therefore, the question may well arise: what relationships can be veri-
fied between LV and LA volumes? In a recent study, strong correlations
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Table 4
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Left atrial volumes and global left ventricular strains in different left ventricular strain groups.

LV-G3DS < 19.0 % 19.0% < LV-G3DS <37.2%

37.2% < LV-G3DS

LV-GAS <-35.3% —35.3%< LV-GAS <-45.3% —45.3% < LV-GAS

(n=24) (n=116) (n=25) (n=20) (n=121) (n=24)
Vmax (ml) 39.5+11.5 41.8+13.5 37.1+11.8 43.1+12.9 41.1 +13.0 36.9+13.1
Vprea (ml) 27.0+10.7 28.3+12.4 24.8+9.8 29.7 +14.0 28.0+11.7 23.7+9.9
Vinin (ml) 19.0+7.9 19.7+8.1 17.8+8.5 21.4+10.0 19.5+8.1 16.7+£5.8
TASV (ml) 20.5+6.7 22.1+8.4 19.2+8.2 21.7 +6.7 21.6+7.9 20.24+10.5
TAEF (%) 51.8+10.5 53.1+11.8 51.8+14.2 51.5+12.6 52.9+11.7 53.1+13.2
PASV (ml) 125+5.4 13.5+£5.7 12.2+5.8 13.5+6.2 13.1+5.6 13.2+£5.7
PAEF (%) 32.2+11.1 33.6+12.9 33.5+12.9 33.2+155 32.8+12.2 36.3+12.1
AASV (ml) 8.0+4.4 8.6 +6.3 7.0+4.4 8.3+5.2 8.5+5.7 7.1+7.0
AAEF (%) 28.9+10.7 29.2+11.9 27.7+13.8 27.5+9.1 29.7 +11.7 26.1+15.2
LV-GRS (%) 13.2+4.0 24.5+5.0* 22.0 +£11.5%f 22.0+11.5 24.6+7.6 32.9+12.48%
LV-GCS (%) —25.0+4.6 —27.5+4.6* —20.6 +2.8%} —20.6 +2.8 —27.1+3.0§ —36.1 +3.08f
LV-GLS (%) -16.0+2.0 -16.3+2.3 —14.4+2.0 —-14.4+2.0 —16.1 £2.2§ —18.2+2.68f
LV-G3DS (%) 16.1+£3.1 27.1+4.7* 24.5+10.8*%f 24.5+10.8 27.1+7.2 36.1 +11.78%
LV-GAS (%) —37.9+4.0 —40.3 + 4.5* -33.0 £2.2%f -33.0+2.2 —39.9+2.7§ —48.8 +2.8§¢

Abbreviations: Vmax = left atrial maximum volume, VpreA = left atrial pre-atrial contraction volume, Vmin = left atrial minimum volume, TASV = total left atrial
stroke volume, TAEF = total left atrial emptying fraction, PASV = passive left atrial stroke volume, PAEF = passive left atrial emptying fraction, AASV = active left
atrial stroke volume, AAEF = active left atrial emptying fraction, LV-GRS = left ventricular global radial strain, LV-GCS = left ventricular global circumferential strain,
LV-GLS = left ventricular global longitudinal strain, LV-G3DS = left ventricular global three-dimensional strain, LV-GAS = left ventricular global area strain. * p < 0.05
vs. LV-G3DS < 19.0 %, { p < 0.05 vs. 19.0 % < LV-G3DS < 37.2 %, § p < 0.05 vs. LV-GAS < —35.3 %, I p < 0.05 vs. —35.3 % < LV-GAS < —45.3 %.

could be detected between LA and LV volumes and functional parame-
ters [16]. All these findings highlight the complex relationships between
LV volumes, strains and parameters characterizing rotational mechanics
and LA volumes. However, further studies are warranted to examine
these associations in different pathological states and disorders.

4.1. Limitation section
Several limitations have arisen as listed below:

- If we compare two-dimensional echocardiography and 3DSTE, under
current technical conditions, the image quality of two-dimensional
echocardiography is still better. Moreover, for adequate 3DSTE
analysis, still electrocardiography gating and data acquisition within
four—six heart cycles are required. The software stitches subvolumes
recorded at different times to each other enables the creation of so-
called stitching artifacts, which complicated the analysis. In addi-
tion, respiratory and movement artefacts and arrhythmias can make
it difficult to carry out the tests [1-6].

The overall feasibility proved to be only 55 %, which means that
45 % of healthy subjects were excluded due to inferior image quality
limiting the use of 3DSTE in real-life settings. However, it should be
noted, that both LV and LA had to be examined simultaneously at the
same time in this study, which limited the number of cases with
adequate image quality.

Although other parameters of LV and LA can be determined in a
3DSTE study, this would have been beyond the scope of the present
study.

- Similarly, other heart chambers and valves can be examined with
3DSTE, but this study did not intend to analyze this.

In accordance with the above facts, we did not wish to validate the
parameters measured with 3DSTE.

The ventricular/atrial septum was part of the 3D LV/LA casts during
the analyses. However, there can be a debate that septum is a part of
which sided cardiac chamber.

LA would have been indexed. However, purpose of this study was to
assess hearts of different sizes and volumes, not individuals, there-
fore body mass indexation has no relevance in this case.

Only the above mentioned examinations were performed to exclude
any factors and states which could affect the findings. Any unknown
factors may have influenced our results

5. Conclusions

3DSTE is suitable for simultaneous assessment of global LV strains
and LA volumes. Global LV strains and LA volumes are not associated in
healthy circumstances.
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