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Abstract

Introduction: Gestational physiology is characterized by an expansion of plasma volume
and an elevation in cardiac output. Given the scarcity of existing data on pregnancy-related
left atrial (LA) volumetric and functional features, this study aims to define LA volumes,
volume-based functional properties and strains in healthy subjects during mid-term preg-
nancy. Methods: The present study comprised 19 healthy women in mid-term pregnancy
(mean age: 30.5 ± 2.7 years, weight: 81.7 ± 14.0 kg, height: 166.9 ± 5.7 cm) without any
symptoms, known diseases or other conditions, which could affect the results. Their results
were compared to those of 43 healthy non-pregnant women (mean age: 28.6 ± 4.9 years,
weight: 59.9 ± 8.5 kg, height: 167.8 ± 7.6 cm). All participants underwent comprehen-
sive two-dimensional Doppler echocardiography with three-dimensional speckle-tracking
echocardiography (3DSTE). Results: Thicker interventricular septum, increased left ventricu-
lar ejection fraction and impaired early and late transmitral flow velocities could be detected
in healthy pregnant subjects as compared to those of non-pregnant individuals. End-systolic
maximum LA volume was increased with elevated stroke volume and emptying fraction.
While early diastolic LA volume was preserved with elevated stroke volume and emptying
fraction, late diastolic LA volume, stroke volume and emptying fraction remained unchanged.
However, indexed LA volumes did not differ between the groups. Among end-systolic peak
global LA strains, only LA longitudinal strain (LS) was increased, while all others remained
unchanged. Among regional strains, basal, midatrial and superior LA circumferential strain
(CS) and LA-LS were increased except for basal LA-CS, which was impaired. Among late
diastolic LA strains at atrial contraction, none of them showed any significant changes in
healthy pregnant subjects compared with those of non-pregnant women. Conclusions: With a
detailed 3DSTE study, elevated end-systolic LA volume and preserved diastolic LA volumes,
together with enhanced end-systolic LA reservoir and early diastolic LA conduit functional
properties, could be detected with features of preserved late diastolic booster pump func-
tion in healthy women during mid-term pregnancy (second trimester). When comparing
indexed LA volumes, no significant difference could be confirmed between the pregnant and
non-pregnant groups. This suggests that the increased end-systolic LA volume may be an
adaptation to increased body weight.
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1. Introduction
Gestational physiology is characterized by an expansion of plasma volume and an

elevation in cardiac output, necessitating substantial structural and functional remodeling
of the cardiac chambers [1]. The left atrium (LA) is a critical component of the central circu-
lation, exhibiting dynamic phasic activity throughout the cardiac cycle with corresponding
changes in volume and myocardial contractility [2–4]. Given the extensive physiologi-
cal adaptations associated with pregnancy, it is essential to characterize the longitudinal
changes in LA morphology and function in healthy maternal and fetal conditions. Modern
imaging techniques appear suitable for the non-invasive volumetric and functional analysis
of the LA. Among these methods, three-dimensional (3D) speckle-tracking echocardiog-
raphy (3DSTE) stands out as a user-friendly and easily learnable tool, validated for the
simultaneous evaluation of both volumetric and functional LA changes. By generating
a virtual 3D model from a single dataset, this technique measures specific parameters
throughout the cardiac cycle to assess atrial health [5–8]. Given the scarcity of existing data
on the pregnancy-related LA volumetric and functional features, this study aims to define
LA volumes, volume-based functional properties and strains in healthy subjects during
mid-term pregnancy and to compare their findings to those of adult non-pregnant females.

2. Materials and Methods
2.1. Study Population

The present study comprised 19 healthy women in mid-term pregnancy (mean age:
30.5 ± 2.7 years, weight: 81.7 ± 14.0 kg, height: 166.9 ± 5.7 cm, the mean gestational
age was 22.0 ± 5.6 weeks) without any symptoms, known diseases or other conditions
that could affect the results. Their findings were compared to those of age-matched
43 healthy non-pregnant women (mean age: 28.6 ± 4.9 years, weight: 59.9 ± 8.5 kg, height:
167.8 ± 7.6 cm). The Mosteller formula is used to estimate body surface area (BSA); it
is defined as the square root of the product of weight (kg) and height (cm) divided by
3600 [9]. None of the women received any medication at the time of the examination or
were smokers or athletes. All participants underwent comprehensive two-dimensional
(2D) Doppler echocardiography and 3DSTE. This retrospective cohort study is part of
the MAGYAR-Preg Study (Motion Analysis of the heart and Great vessels bY three-
dimensionAl speckle-tRacking echocardiography in Pregnancy). This ongoing research
initiative, conducted at the University of Szeged, aims to characterize pregnancy-related
myocardial and valvular abnormalities using 3DSTE. This study’s name incorporates the
word “Magyar”, which translates to “Hungarian” in the Hungarian language. The research
protocol adheres to the 2013 revision of the Declaration of Helsinki and has been formally
approved by the Institutional and Regional Human Biomedical Research Committee of
the University of Szeged under reference numbers 71/2011 (with latest approval on 17
March 2025) and 145/2021 (with latest approval on 17 June 2024). All participants provided
written informed consent prior to inclusion, and this study was conducted in accordance
with the stated approvals and consent procedures.

2.2. Two-Dimensional Doppler Echocardiography

2D Doppler echo was performed in all subjects by experienced operators using a
Toshiba Artida™ echocardiography system (Toshiba Medical Systems, Tokyo, Japan)
equipped with a PST-30BT (1–5 MHz) phased-array transducer. Chamber quantifications
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were conducted in accordance with current professional guidelines and routine clinical
practice. Doppler echocardiography was utilized to detect valvular regurgitation and
stenosis, as well as to determine early (E) and late (A) diastolic mitral inflow velocities [9].

2.3. Three-Dimensional Speckle-Tracking Echocardiography

3DSTE data acquisition was performed using the Toshiba Artida™ system (Toshiba
Medical Systems, Tokyo, Japan) equipped with a PST-25SX matrix array transducer [5–8].
Volumetric 3D datasets were digitally acquired from the apical window during a sin-
gle breath-hold. In all individuals in sinus rhythm, six wedge-shaped subvolumes were
obtained over six consecutive cardiac cycles to automatically generate a full-volume pyra-
midal dataset. Offline analysis was conducted using the 3D Wall Motion Tracking software
(version 2.7, Toshiba Medical Systems, Tokyo, Japan). The 3D datasets were displayed in
apical four-chamber and two-chamber long-axis views, as well as in three short-axis views
(basal, midatrial, and superior LA regions). Following the selection of several reference
points, the endocardial surface was traced starting from the mitral annular plane and pro-
ceeding around the LA, ensuring the exclusion of the LA appendage and pulmonary veins.
The software then performed automatic 3D wall motion tracking from the end-diastolic
reference frame, with manual adjustments permitted throughout the analysis.

2.4. 3DSTE-Derived LA Quantifications

LA volumes were determined at specific phases of the cardiac cycle using the afore-
mentioned 3D LA model (Figure 1). These included the end-systolic maximum LA volume
(Vmax, measured at mitral valve opening), the LA volume at the onset of atrial contraction
(VpreA, corresponding to the P-wave on ECG), and the end-diastolic minimum LA volume
(Vmin, measured at mitral valve closure). Based on these volumetric data, the following
LA functional parameters were calculated [5–8]:

Figure 1. Three-dimensional (3D) speckle-tracking echocardiographic (3DSTE) assessment of the left
atrium (LA) in a healthy subject using a full-volume dataset is demonstrated. The analysis incorporates
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apical four-chamber (A) and two-chamber (B) views, as well as short-axis views at the basal (C3),
midatrial (C5), and superior (C7) levels to create a comprehensive 3D LA cast (D). LA volumetric data
(E) are presented alongside with time-dependent curves for global LA volume change (represented
by a dashed line) and segmental LA longitudinal strains (represented by colored lines) (F). In the
visualization, the white arrow indicates peak LA strains, while the white dotted arrow marks LA
strains specifically at atrial contraction. 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, maximum LA volume; VpreA, pre-atrial contraction LA volume; Vmin, minimum volume.

• Systolic reservoir function: represented by the LA total stroke volume (TASV = Vmax − Vmin)
and the LA total emptying fraction (TAEF = TASV/Vmax).

• Early diastolic conduit function: characterized by the LA passive stroke volume
(PASV = Vmax − VpreA) and the LA passive emptying fraction (PAEF = PASV/Vmax).

• Late diastolic booster pump function: defined by the LA active stroke volume
(AASV = VpreA − Vmin) and the LA active emptying fraction (AAEF = AASV/VpreA).

All measurements were averaged over three consecutive cardiac cycles. Using the same
3D virtual model, several strain parameters were automatically calculated: unidirectional
radial (RS), longitudinal (LS), and circumferential (CS) strains, as well as multidimensional
complex area (AS) and 3D (3DS) strains. RS reflects the thinning/thickening, LS reflects
the lengthening/shortening, and CS reflects the widening/narrowing of the LA segments.
AS represents the combination of LS and CS, while 3DS incorporates RS, LS, and CS. The
3DSTE-derived LA strain curves display two peaks: the first corresponds to end-systolic
reservoir function, while the second reflects end-diastolic atrial contraction (LA systole,
booster pump function). Global and segmental strains were automatically generated by the
software. Regional strains were calculated by averaging the segmental data within each
respective region, while mean segmental strains were derived from all segments.

2.5. Statistical Analysis

Continuous variables are expressed as the mean ± standard deviation (SD), while cate-
gorical data are presented as frequencies and percentages, as appropriate. A p-value < 0.05
was defined as the threshold for statistical significance. Data distribution was assessed for
normality using the Shapiro–Wilk test, and homogeneity of variances was evaluated via
Levene’s test. For normally distributed data, Student’s t-test was employed, whereas the
Mann–Whitney U test was used for non-parametrically distributed datasets. Categorical
variables were compared using Fisher’s exact test. To evaluate intra- and interobserver
variability for LA parameters, intraclass correlation coefficients (ICCs) were calculated in
25 randomly selected healthy individuals. Based on the final sample size, a 0.05 significance
level, and the observed effect size, a retrospective power analysis was performed using
G*Power 3.1. All statistical analyses were conducted using SPSS software (version 22.0;
IBM SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Two-Dimensional Doppler Echocardiography

Thicker interventricular septum, increased LV ejection fraction and impaired early
and late transmitral flow velocities could be detected in healthy pregnant subjects as
compared to those of non-pregnant individuals (Table 1). None of the subjects showed
≥grade 1 valvular regurgitation or significant valvular stenosis.
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Table 1. Two-dimensional echocardiographic data of pregnant and non-pregnant healthy individuals.

Non-Pregnant Healthy Cases
(n = 43)

Pregnant Healthy Subjects
(n = 19)

LA diameter (mm) 35.1 ± 4.0 33.3 ± 3.3
LV end-diastolic diameter (mm) 47.0 ± 3.6 48.4 ± 3.7
LV end-diastolic volume (mL) 96.0 ± 25.2 108.7 ± 14.9
LV end-systolic diameter (mm) 31.6 ± 3.1 28.6 ± 3.4
LV end-systolic volume (mL) 33.7 ± 8.0 30.6 ± 7.2
Interventricular septum (mm) 8.3 ± 1.3 9.0 ± 0.6 *

LV posterior wall (mm) 8.7 ± 1.4 8.8 ± 0.7
LV ejection fraction (%) 65.6 ± 4.9 71.9 ± 6.2 *

E velocity (cm/s) 86.9 ± 13.3 56.2 ± 15.4 *
A velocity (cm/s) 62.0 ± 18.0 52.1 ± 11.7 *

* p < 0.05 versus non-pregnant healthy cases. Abbreviations: LA = left atrium; LV = left ventricle, E and
A = transmitral E and A flow velocity.

3.2. 3DSTE-Derived LA Volumes

The frame rate proved to be 30 ± 3 vps. End-systolic maximum LA volume (Vmax)
was increased with elevated stroke volume (TASV) and emptying fraction (TAEF). While
early diastolic LA volume (VpreA) proved to be preserved with elevated stroke volume
(PASV) and emptying fraction (PAEF), late diastolic LA volume (Vmin), stroke volume
(AASV) and emptying fraction (AAEF) remained unchanged. When index LA volumes
were compared, no differences between groups could be detected (Table 2).

Table 2. Comparison of 3DSTE-derived volumetric left atrial parameters between pregnant and
non-pregnant healthy individuals.

Non-Pregnant Healthy Cases
(n = 43)

Pregnant Healthy Subjects
(n = 19)

Calculated Volumes
Vmax (mL) 34.9 ± 11.5 40.9 ± 6.5 *
Vmax/BSA 20.4 ± 6.7 19.4 ± 6.2
VpreA (mL) 22.4 ± 7.1 23.2 ± 6.4
VpreA/BSA 13.1 ± 4.2 10.9 ± 2.8
Vmin (mL) 15.9 ± 5.7 16.2 ± 4.7
Vmin/BSA 9.3 ± 3.3 7.8 ± 2.0

Stroke Volumes
TASV (mL) 19.0 ± 7.9 24.7 ± 6.0 *
PASV (mL) 12.5 ± 6.1 17.7 ± 6.3 *
AASV (mL) 6.5 ± 3.5 7.0 ± 4.6

Emptying fractions
TAEF (%) 53.5 ± 12.0 60.2 ± 10.2 *
PAEF (%) 35.0 ± 10.3 43.3 ± 12.5 *
AAEF (%) 28.6 ± 13.1 29.2 ± 12.5

* p < 0.05 versus non-pregnant healthy cases. Abbreviations: AASV = active atrial stroke volume; AAEF = active
atrial emptying fraction; BSA = body surface area; PAEF = passive atrial emptying fraction; PASV = passive atrial
stroke volume; TAEF = total atrial emptying fraction; TASV = total atrial stroke volume; Vmax = maximum left
atrial volume; Vmin = minimum left atrial volume; VpreA = left atrial volume before atrial contraction.

3.3. 3DSTE-Derived LA Strains

From end-systolic peak global LA strains, only LA-LS (and consequential LA-AS)
proved to be increased; all others remained unchanged. From regional strains, basal,
midatrial and superior LA-CS, LA-LS and consequential LA-AS were increased except basal
LA-CS and basal LA-AS, which proved to be impaired and unchanged, respectively. From
late diastolic LA strains at atrial contraction, none of them showed any significant changes
in healthy pregnant subjects as compared to that of non-pregnant cases (Tables 3 and 4).
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Table 3. Comparison of 3DSTE-derived global, mean segmental and regional peak left atrial strain
parameters between pregnant and non-pregnant healthy individuals.

Non-Pregnant Healthy Cases
(n = 43)

Pregnant Healthy Subjects
(n = 19)

Global

RS (%) −13.2 ± 8.5 −15.6 ± 9.1
CS (%) 34.3 ± 15.5 39.4 ± 15.4
LS (%) 25.6 ± 9.1 41.5 ± 9.2 *

3DS (%) −5.7 ± 5.7 −7.8 ± 4.8
AS (%) 68.1 ± 27.5 100.9 ± 35.4 *

Mean segmental

RS (%) −17.6 ± 7.0 −19.8 ± 8.1
CS (%) 38.2 ± 14.9 42.8 ± 14.5
LS (%) 28.9 ± 8.5 42.4 ± 9.0 *

3DS (%) −11.0 ± 5.1 −12.2 ± 5.0
AS (%) 73.7 ± 27.5 103.8 ± 34.6 *

Regional

RS basal (%) −18.1 ± 9.3 −17.9 ± 7.5
RS midatrial (%) −17.6 ± 8.3 −20.9 ± 9.8
RS superior (%) −17.5 ± 12.1 −20.9 ± 11.0

CS basal (%) 40.8 ± 14.5 31.1 ± 10.4 *
CS midatrial (%) 32.5 ± 12.6 40.4 ± 12.9 *
CS superior (%) 42.5 ± 30.5 64.1 ± 30.4 *

LS basal (%) 24.0 ± 12.3 31.0 ± 9.1 *
LS midatrial (%) 34.5 ± 13.0 54.5 ± 9.8 *
LS superior (%) 25.6 ± 14.8 41.5 ± 18.2 *

3DS basal (%) −11.9 ± 7.3 −13.1 ± 5.7
3DS midatrial (%) −10.3 ± 5.9 −12.1 ± 6.5
3DS superior (%) −11.0 ± 9.5 −11.0 ± 6.5

AS basal (%) 63.9 ± 22.4 64.2 ± 19.5
AS midatrial (%) 71.8 ± 26.0 111.2 ± 29.0 *
AS superior (%) 88.7 ± 78.0 152.2 ± 84.0 *

*p < 0.05 versus controls. Abbreviations: RS = radial strain; CS = circumferential strain; LS = longitudinal strain;
3DS = three-dimensional strain; AS = area strain.

Table 4. Comparison of 3DSTE-derived global, mean segmental and regional left atrial strain
parameters at atrial contraction between pregnant and non-pregnant healthy individuals.

Non-Pregnant Healthy Cases
(n = 43)

Pregnant Healthy Subjects
(n = 19)

Global

RS (%) −4.2 ± 5.9 −6.5 ± 5.6
CS (%) 11.9 ± 11.3 13.6 ± 8.9
LS (%) 9.1 ± 8.8 8.4 ± 7.3

3DS (%) −2.4 ± 5.4 −4.0 ± 4.3
AS (%) 20.8 ± 22.3 23.5 ± 19.1

Mean segmental

RS (%) −6.7 ± 4.9 −8.2 ± 4.3
CS (%) 14.1 ± 9.5 17.1 ± 7.4
LS (%) 9.6 ± 5.5 10.9 ± 5.9

3DS (%) −4.2 ± 4.6 −5.9 ± 4.0
AS (%) 24.0 ± 16.6 30.9 ± 13.8

Regional

RS basal (%) −7.2 ± 6.3 −8.1 ± 3.9
RS midatrial (%) −6.1 ± 5.0 −8.3 ± 5.1
RS superior (%) −6.7 ± 7.8 −8.1 ± 5.4
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Table 4. Cont.

Non-Pregnant Healthy Cases
(n = 43)

Pregnant Healthy Subjects
(n = 19)

CS basal %) 14.3 ± 9.3 14.9 ± 7.8
CS midatrial (%) 12.1 ± 9.7 15.3 ± 8.5
CS superior (%) 16.8 ± 16.0 23.3 ± 12.8

LS basal (%) 7.3 ± 5.3 9.1 ± 4.0
LS midatrial %) 11.4 ± 8.4 11.8 ± 10.5
LS superior (%) 10.4 ± 9.2 12.3 ± 7.7

3DS basal (%) −4.5 ± 5.7 −6.0 ± 3.8
3DS midatrial (%) −3.5 ± 4.6 −5.8 ± 4.7
3DS superior %) −4.9 ± 8.4 −5.9 ± 5.2

AS basal (%) 20.3 ± 14.7 24.2 ± 12.0
AS midatrial (%) 23.8 ± 17.3 28.6 ± 21.1
AS superior (%) 29.9 ± 31.4 44.3 ± 27.3

Abbreviations: RS = radial strain; CS = circumferential strain; LS = longitudinal strain; 3DS = three-dimensional
strain; AS = area strain.

3.4. Feasibility, Post Hoc Power and Multivariable Analyses

A study involved 28 healthy pregnant women, among whom detailed LA analysis
could be performed in 19 cases. Accordingly, the feasibility was 19/28, or 68%. A post hoc
power analysis was performed to evaluate the statistical power of the results. Given the
current sample size and a large observed effect size (Cohen’s d = 0.8), this study achieved
a power of 0.68 at a significance level of α = 0.05. After adjusting for key covariates in a
multiple regression analysis, including heart rate and blood pressure, body surface area
was identified as the independent predictor of LA expansion.

3.5. Interobserver and Intraobserver Variability

For interobserver variability, the ICCs for Vmax, VpreA, Vmin, and peak LA-RS,
LA-LS, LA-CS, LA-AS, and LA-3DS were 0.94, 0.85, 0.96, 0.67, 0.78, 0.68, 0.64, and 0.66,
respectively (all p < 0.05). Intraobserver reliability showed similarly high correlations, with
ICC values of 0.95, 0.88, 0.95, 0.76, 0.76, 0.59, 0.73, and 0.68, respectively (all p < 0.05).

4. Discussion
To support maternal and fetal metabolic needs, pregnancy triggers profound hemo-

dynamic adaptations, characterized by a 40–50% expansion in both plasma volume and
cardiac output by the 32nd week. This elevation in cardiac output is initially mediated by
augmented SV, while an increased heart rate becomes the primary driver in later stages.
Despite structural cardiac remodeling, myocardial function is typically maintained. Key
systemic hallmarks include a reduction in vascular resistance and a shift toward a hyperco-
agulable state [1].

While real-time 3D echocardiography is an established alternative for measuring LA
volumes [10], the rapidly expanding 3DSTE offers the unique advantage of simultaneously
assessing volumes, functional properties, and strains from a single acquired dataset and a
created virtual 3D LA cast [11–15]. 3DSTE has been extensively validated for the assessment
of LA volumes and strains, with established normal reference ranges currently available
for clinical application [6–8,16,17]. As a non-invasive, rapid, and cost-effective tool that
requires no contrast or radiation, 3DSTE allows the detailed examination of the LA’s three
distinct phases: acting as a reservoir during ventricular systole, a conduit during early
diastole, and a booster pump during late diastole [2–4]. Current clinical evidence confirms
that LA volumes provide a superior index of size compared to traditional diameters, and
that LA strains carry significant diagnostic and prognostic weight [18,19]. 3DSTE provides
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the opportunity to assess all these parameters simultaneously, using the same acquired 3D
echocardiographic dataset [5].

Evidence in the literature supports the premise that physiological pregnancy per se
entails substantial volumetric and functional changes in the LA. The LA anteroposterior
diameter during the second and the third trimesters is increased compared to the first
trimester and the control group [20]. In women with uncomplicated twin pregnancies in
the third trimester (32 weeks’ gestation), higher LA dimensions were observed [21]. At
20 weeks’ gestation, Rossi et al. observed that shifting from supine to left lateral position
resulted in a significant 5% increase in LA lateral diameter and an 11% increase in LA
supero-inferior diameter. At 32 weeks of gestation, LA dimensions increased significantly
between the supine and the left lateral position by 15% for lateral LA diameter and by 13%
for LA supero-inferior diameter. These significant increases in LA size suggest that venous
return is higher in the left lateral position, an effect that is already present at 20 weeks of
gestation [22]. LA area index in subjects with dyspnea was lower in healthy pregnancy [23].

LA volume and volume index increased during pregnancy, being largest postpar-
tum [24,25]. According to Burlingame et al., LA volume increased at 18–24 weeks,
30–36 weeks, and within 48 h postpartum, but later postpartum it decreased [26]. Maxi-
mum LA volume showed an increase in the second trimester compared with that measured
in the first trimester and remained unchanged in the third trimester. Minimum LA vol-
ume did not change during pregnancy in a planimetric echocardiographic study of the
LA. LA fractional area change showed an increase during pregnancy from trimester to
trimester [27]. It was confirmed by Ando et al. demonstrating that similarly increased LA
volumes could be measured compared with controls in the second and third trimesters [28].
In contrast, (maximum) LA volume measured in systole showed a continuous increase
during healthy pregnancy, which returned to the original value postpartum, as shown by
Ilioeje et al. [29].

Regarding LA strains, there was no significant change in LA strain during pregnancy,
but a decrease could be observed in the third trimester in a recent study [24]. In another
study, in line with strain parameters, despite a gradual decrease in both LA reservoir
and pump strains during pregnancy, values successfully rebounded to initial levels post-
partum [30]. In a 2DSTE study assessing gravid subjects at 34–39 gestational weeks, LA
antero-posterior dimensions, maximum, pre-atrial contraction and minimum LA volumes
were increased in pregnant subjects compared with those of non-pregnant women. LA
reservoir function, represented by LA filling volume, LA expansion index, and LA ejection
fraction, was increased in pregnancy. The results obtained can be explained by the fact that
both the decrease in LV compliance and the increasing heart rate had a negative influence
on LA emptying. Consequently, the LA began to adaptively enlarge to maintain adequate
LV filling and satisfy the increasing cardiac output requirements. LA conduit function,
represented by passive LA-SV, passive LA emptying index, and LA conduit volume, was
decreased during pregnancy. The reduced LA conduit function may be due to physiological
myocardial hypertrophy and impaired LV relaxation. LA booster pump function, repre-
sented by active LA-SV and active LA emptying index, was increased during pregnancy.
Increased LA contractility serves as a physiological response to rising LA preload and
remains in a compensatory phase during normal pregnancy. Changed parameters recov-
ered to their normal values postpartum. From strains, the peak of systolic strain, systolic
strain rate and the absolute value of late diastolic strain rate increased during pregnancy,
whereas the absolute value of early diastolic strain rate decreased. There was no significant
difference between postpartum and control groups [31].

The present study has several implications. Firstly, it has been reaffirmed that 3DSTE
is a feasible tool for the simultaneous assessment of LA volumes and strains throughout
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the cardiac cycle, not only in healthy individuals but also during pregnancy. Secondly, our
findings indicate that among LA volumes, only the end-systolic maximum LA volume
is significantly elevated in healthy women in mid-term pregnancy. In contrast, the pre-
atrial contraction and end-diastolic minimum LA volumes show no significant difference
compared with those of non-pregnant healthy controls. These results are in alignment
with the current clinical consensus, suggesting that the pregnancy-induced increase in
LA size is primarily a compensatory reservoir response to volume overload rather than
a sign of diastolic impairment. However, when comparing indexed LA volumes, no sig-
nificant differences were observed between the two groups. This may suggest that the
increase in end-systolic LA volume is part of the adaptation to increased body weight.
These results may also suggest that the observed LA enlargement is primarily related to
pregnancy-induced increases in body size and/or associated changes in hemodynamic
load, rather than intrinsic LA remodeling. Thirdly, among the end-systolic parameters,
total LA stroke volume (TASV) and total LA emptying fraction (TAEF), as well as global,
mean segmental, basal, midatrial, and superior regional LA-LSs were found to be elevated,
indicating enhanced LA reservoir function. LA-CS measurements showed regional dispari-
ties. These results are in full consistency with findings reported in a recent detailed 2DSTE
study in the third trimester [24]. Fourthly, elevated passive LA stroke volume (PASV)
and passive LA emptying fraction (PAEF) suggest enhancement of LA conduit function
during early diastole. LA volume-based functional properties and strains characterizing
atrial systole did not differ between pregnant cases in the second trimester and matched
non-pregnant healthy controls, suggesting unaffected LA booster pump function. This
finding is in contrast with results of Naqvi et al., who reported substantial differences in
maternal LA function between the second and third trimesters [24]. Our findings suggest
that the adaptation process is multifaceted. In addition to longitudinal function (reflected
by LA-LS), LA-CS also demonstrates significant regional alterations, which may be at-
tributed to the functional adaptation of LA myocardial fibers. Moreover, these parameters
appear to be highly dependent on the specific phase of the LA cycle during which they are
measured (in end-systole vs. in end-diastole). It appears that LA alterations in the second
trimester are not as pronounced as those detectable in the third trimester. To confirm this,
further detailed LA volume-based and strain-based analyses are required in a longitudinal
study of the same cohort, potentially incorporating other imaging modalities. At present,
distinguishing between physiological and pathological LA remodeling remains challeng-
ing. However, given that several LA parameters—such as volumes and strains—have
demonstrated prognostic value in both specific pathologies and healthy individuals, future
studies should focus on whether these parameters play a prognostic role in maternal or fetal
clinical outcomes. Furthermore, future investigations should include cases of gestational
hypertension and gestational diabetes to clarify which parameters may possess prognostic
value in predicting adverse clinical events.

4.1. Limitation Section

• A significant limitation is that the image quality produced by the 3DSTE tool used in
this study is generally considered lower compared with traditional 2D echocardiogra-
phy images. Due to its superior spatial and temporal resolution, 2D echocardiography
maintains an advantage over 3DSTE in terms of image quality [32]. Additionally, the
larger footprint of the 3DSTE probe complicates precise positioning. The multi-beat
acquisition protocol (integrating six subvolumes) further introduces the risk of stitch-
ing artifacts and motion-related errors, potentially compromising the reliability of the
data [11–15].
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• The validation of 3DSTE-derived LA volumetric and strain analysis was beyond the
scope of the present study, as it has already been validated, like against 2D echocardio-
graphy and volumetric 3D echocardiography in previous investigations [6,16]. Never-
theless, the scientific robustness of our findings could have been further strengthened
by incorporating an alternative imaging modality for simultaneous internal validation.

• The evaluation was strictly focused on the LA; no functional or volumetric parameters
of any other heart chambers were included in the analysis. The absence of LV strain
or right heart evaluation limits the ability to interpret atrioventricular coupling and
global cardiac adaptation.

• Due to the relatively small healthy cohort, this study may be statistically underpow-
ered, leaving the possibility of Type II errors despite high measurement reproducibility.
Consequently, these findings should be considered exploratory and require validation
in larger, multi-center studies.

• The current study relies on a cross-sectional design rather than longitudinal follow-up
of the same cohort, which limits our ability to definitively attribute the observed
differences to pregnancy-related adaptations. This emphasizes the importance of
prospective follow-up studies, which can be conducted relatively easily and within a
manageable timeframe in a pregnant population.

4.2. Conclusions

With a detailed 3DSTE study, elevated end-systolic LA volume and preserved diastolic
LA volumes together with enhanced end-systolic LA reservoir and early diastolic LA con-
duit functional properties could be detected with features of preserved late diastolic booster
pump function in healthy women during mid-term pregnancy (second trimester). When
comparing indexed LA volumes, no significant difference could be confirmed between
the pregnant and non-pregnant groups. This suggests that the increased end-systolic LA
volume may be an adaptation to increased body weight.
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