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Abstract: Background and Objectives: The right ventricle has a complex, asymmetrical shape,
making accurate imaging and functional assessment by echocardiography challenging.
Various methods have been proposed for evaluating right ventricular function, each one
with its limitations. This study introduces a new method for assessing global and regional
right ventricular function using longitudinal displacement. Materials and Methods: We
studied 21 healthy young individuals who underwent echocardiographic examinations
at our hospital for screening purposes. Speckle-tracking echocardiography was used to
analyze their echocardiographic images and measure the longitudinal displacement of the
right ventricle. Results: Our findings show that longitudinal displacement is highest in the
basal segments and lowest in the apical segments of the right ventricle, demonstrating a
“reversed basal-to-apical gradient”. Longitudinal strain, on the other hand, was found to be
highest at the apex and lowest at the base. We observed a strong correlation between longi-
tudinal displacement and tricuspid annulus plane excursion (TAPSE), with an agreement
of 89.47%. Longitudinal displacement over the right ventricle free wall was significantly
higher than that over the septum. There was a good agreement between the manual and au-
tomatic measurements of right ventricular strain. Conclusions: Longitudinal displacement
of the right ventricle can be reliably measured using speckle-tracking—echocardiography.
This original measurement provides a “true” assessment of displacement at each right
ventricular segment without postprocessing. Unlike TAPSE, which measures tricuspid
annular motion, longitudinal segmental displacement offers comprehensive data on all
segments at each level and can serve as an additional tool for assessing right ventricular
function. The manual assessment of right ventricular strain provides a practical option in
appropriate clinical settings.

Keywords: right ventricular function; right ventricular displacement; manual measurement
of right ventricular strain

1. Introduction
The right ventricle (RV) is a vital component of the cardiovascular system, responsible

for pumping deoxygenated blood into the lungs for oxygenation. Proper assessment of
RV function is essential, as RV dysfunction can contribute to significant clinical conditions,
including heart failure, pulmonary hypertension, and arrhythmias [1]. Due to its unique,
crescent-shaped, and asymmetrical anatomy, accurate imaging and assessing RV function
can be challenging using conventional echocardiographic techniques [2,3]. Unlike the
left ventricle, which consists of three distinct myocardial layers, the right ventricle does
not have a well-defined middle layer. The superficial layer, making up about 25% of the
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wall thickness, is primarily composed of circumferential fibers that run parallel to the atri-
oventricular groove and extend between the ventricles. The endocardial layer of the right
ventricle consists of longitudinally oriented myocytes that extend from the apex toward
the papillary muscles, tricuspid annulus, and right ventricular outflow tract, ensuring
coordinated contraction and maintaining continuity with the septal myocardium. This
structural integration highlights the close anatomical relationship between the right and
left ventricles. Both ventricles share common circumferential fibers and occupy the same
pericardial cavity, which facilitates their mechanical interaction and underlies their physi-
ological interdependence. This interplay is crucial for maintaining balanced ventricular
function and optimizing cardiac output [4]. Right ventricular myocytes are smaller in size
compared to those in the left ventricle, and the right ventricular myocardium has a higher
collagen content, contributing to its unique structural and mechanical properties [5]. The
right ventricle has a 10–15% larger volume than the left ventricle but features a thinner
free wall, measuring approximately 3–5 mm. This structural difference reflects its role in
handling a lower-pressure pulmonary circulation [6,7]. Right ventricular coronary flow
is lower than that of the left ventricle and takes place during both systole and diastole.
Because of its thinner wall and increased dependence on coronary perfusion pressure, the
right ventricle is more prone to dysfunction in cases of systemic hypotension [8]. Traditional
metrics for assessing right ventricular function, such as tricuspid annular plane systolic
excursion (TAPSE), fractional area change (FAC), and three-dimensional ejection fraction
(3D EF), are widely utilized in clinical practice. TAPSE is a widely recognized measure of
RV longitudinal function that reflects the motion of the tricuspid annulus during systole.
However, TAPSE alone is limited because it does not provide a comprehensive view of RV
function across the entire chamber [9]. FAC evaluates the change in RV area during the
cardiac cycle but may not accurately capture the RV’s regional function or reflect subtle
changes in contractility [5]. While 3D EF provides an improved assessment by quantifying
RV volume and ejection fraction, its accessibility remains limited due to the complexity of
acquisition and the challenges in controlling automatic measurements [10,11].

Strain imaging, specifically using speckle-tracking echocardiography, has emerged as
a valuable tool for assessing myocardial function, including RV strain. Strain measures the
deformation of myocardial fibers during the cardiac cycle, offering insights into both the
global and regional RV function [12]. Longitudinal strain, in particular, is sensitive to subtle
changes in RV function and provides a more detailed understanding of RV contractility
compared to traditional metrics [13,14]. Regional differences in strain values, such as those
observed in the basal and apical segments, can help identify localized dysfunction not
captured by global assessments. However, in contrast to the left ventricle, regional strain
analysis of the right ventricle has not been extensively studied. Limited data exist on
the basal-to-apical gradient of RV strain. One study identified this gradient in children,
suggesting regional heterogeneity in RV strain [15]. However, to date, segmental strain
differences in the RV have not been systematically evaluated in adults. Recognizing the
complexities of RV assessment, this study introduces longitudinal displacement as a novel
metric for evaluating global and regional RV function. This approach provides segmental
data without postprocessing influence, offering a direct measurement of displacement at
each RV segment. Considering the difficulties in precisely evaluating right ventricular
function, longitudinal displacement, which serves as a precursor of strain, holds promise
as an effective technique for assessing right ventricular function.

We aim to compare this innovative method to TAPSE and explore its potential as an
additional tool for comprehensive RV function assessment.
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2. Materials and Methods
A total of 21 young healthy male individuals underwent echocardiography examina-

tion in our echolab for screening purposes. Echocardiographic examination of these subjects
were retrieved and analyzed offline using speckle-tracking imaging. Global and regional
longitudinal strain and global and regional longitudinal displacement was calculated for
each subject.

2.1. Echocardiographic Assessment

All echocardiographic examinations were conducted using the Vivid E95 ultrasound
system (General Electric, Horten, Norway) equipped with a transducer operating at a
frequency range of 1.7–4 MHz. The imaging frame rate was maintained at a minimum
of 50 frames per second. Comprehensive transthoracic echocardiography was performed
following the most recent guidelines for chamber quantification [16]. This included linear,
volumetric, and Doppler assessments. Standard imaging views were obtained, including
parasternal long-axis and short-axis views at basal, mid-ventricular, and apical levels, as
well as apical 4-chamber, 2-chamber, and 3-chamber views.

The biplane left atrial volume index (LAVi) was determined using the following equation:

LAVi =
(

8
3

π × (A1)× (A2)
L

)
/BSA

where A1 and A2 represent the left atrial areas measured in the apical 4-chamber and
2-chamber views, respectively, L refers to the left atrial length, and BSA stands for body
surface area.

The left ventricular mass index (LVMi) was determined using the following equation:

LVMi =
(

0.8 × 1.4 ×
[
(IVS + PW + LVID)3 − LVID3

]
+ 0.6 g

)
/BSA

where IVS denotes the thickness of the interventricular septum at end-diastole, PW refers
to the thickness of the posterior wall at end-diastole, and LVID indicates the internal
dimension of the left ventricle at end-diastole. BSA represents body surface area.

Diastolic function was evaluated in accordance with current recommendations [17],
incorporating measurements of E wave and A wave amplitudes, the E/A ratio, E wave
deceleration time, and tissue Doppler parameters such as septal E′ velocity (E′s) and lateral
E′ velocity (E′l).

All echocardiographic examinations were then transferred to the EchoPAC worksta-
tion (Version 204) for further offline speckle-tracking imaging analysis. Speckle-tracking
imaging analysis was performed according to the original recommendations using the right
ventricle-focused apical four-chamber view [18]. The region of interest included both the
right ventricle free wall and septum.

Doppler tracings of the tricuspid and pulmonary valves were utilized to define the
timing of end-diastole and end-systole, respectively [13]. Pulmonary valve closure, con-
firmed through pulmonic Doppler flow obtained from the parasternal short-axis view, was
used as the reference point for end-systole.

Offline speckle-tracking analysis was conducted to assess global and regional
longitudinal displacement, as well as global and regional longitudinal strain, of the
right ventricle.
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2.2. Specification Regarding Longitudinal Deformation Parameters of the Right Ventricle: Strain
and Displacement, Figure 1

Strain refers to relative deformation, determined by the ratio of the change in length
to the original length, and is reported as a percentage [19].

Strain is determined using the following formula:

Strain =
L(t)− L(0)

L(0)

where L(0) represents the initial length and L(t) denotes the length at a given point in
time. Longitudinal strain is generally negative, as the right ventricle undergoes shortening
during systole (Figure 1A,B).

Longitudinal displacement refers to the absolute change in length, measured in mil-
limeters (mm), and is calculated using the following formula:

Displacement = L(t)− L(0),

where L(0) is the initial length and L(t) is the length at a specific time.
Typically, longitudinal displacement in the right ventricle is positive, indicating move-

ment in the direction of systolic shortening (Figure 1C).
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Figure 1. Calculation of global and regional longitudinal right ventricular displacement. (A) Region
of interest. Region of interest includes right ventricular free wall a and interventricular septum.
(B) Right ventricular strain. Right ventricular longitudinal strain from the six segments has negative
direction. (C) Right ventricular displacement. In contrary to strain, right ventricular displacement
from six cardiac segments has position direction.

2.3. Manual Calculation of Global Right Ventricular Strain

For this purpose, the length of the right ventricle was measured from the tricuspid
annulus plane to the apex of the right ventricle at the end of systole and diastole, correspond-
ing to the maximal shortening and maximal lengthening, respectively. These measurements
were taken from the same 4-chamber view used for strain calculation (Figure 2A,B).

The manual right ventricular strain was then calculated using the following formula:

Strain(m) =

(
Ls − Ld

2

)
× 100

where (m) denotes manual measurement, (Ls) is the length of the right ventricle at the end
of systole, and (Ld) is the length of the right ventricle at the end of diastole.
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Figure 2. Measurements necessary for the manual calculation of right ventricular strain. (A) The
length of the right ventricle was measured from the tricuspid annulus plane to the apex of the right
ventricle at the end of systole. (B) The length of the right ventricle was measured from the tricuspid
annulus plane to the apex of the right ventricle at the end of diastole.

2.4. Statistical Methods

Descriptive statistics were used to summarize the characteristics of each parameter.
Continuous data are expressed as means ± standard deviations. The normality of data
distributions was assessed using the Kolmogorov–Smirnov test. A two-tailed dependent
t-test was applied to compare continuous variables. Categorical data are presented as
numbers and percentages. Univariate analysis was performed using the Chi-Square test or
Fisher’s exact test, as appropriate, to identify significant variables (p < 0.05). All statistical
analyses were conducted using IBM SPSS Statistics for Windows, Version 28.0 (Armonk,
NY, USA: IBM Corp).

2.5. Ethical Approval

This retrospective study was based on patient records, and formal approval from the
Ethics Committee (Helsinki, Finland) at Shamir (Assaf Harofeh) Medical Center was not
required. Informed consent was also not necessary. Additionally, all images included in
the article have been anonymized to ensure patient confidentiality. All procedures were
conducted in accordance with applicable guidelines and regulations.

3. Results
The demographic and echocardiography parameters are presented in Table 1.

The mean age of patients was 24.8 ± 5.0 and echocardiography parameters within
normal limits.

Speckle-tracking imaging analysis of this group showed that displacement was
highest in the basal segments of the right ventricle, free wall and septum, and lowest
in the apex (Table 2, Figure 3). Free wall longitudinal displacement is higher than the
septal. Right ventricular strain in contrary was lowest at the basal segments and highest
in mid and apical segments (Table 2, Figure 3). Free wall right ventricular strain is higher
than the septal.
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Table 1. Demographic and echocardiographic characteristics of the study population (normal subjects).

Number 21

Age, years 24.8 ± 5.0

Height, cm 182.7 ± 6.2

Weight, kg 76.5 ± 6.1

BSA m2 1.98 ± 0.1

LAVi, mL/m2 35.3 ± 8.2

LVEDD, cm 5.1 ± 0.4

LVESD, cm 3.2 ± 0.4

IVS, cm 0.9 ± 0.1

PW, cm 0.9 ± 0.1

LVMi g/m2 85.8 ± 17.1

EF, % 58.8 ± 3.1

E/A 1.9 ± 0.5

E dec, msec 173.4 ± 48.2

E/E’ ratio 4.7 ± 0.6
BSA—body surface area; LAVi—left atrial volume index; LVEDD—left ventricular end-diastolic diameter;
LVESD—left ventricular end-systolic diameter; IVS—interventricular septum thickness; PW—posterior wall
thickness; LVMi—left ventricular mass index; EF—ejection fraction; E/A—early (E) to late (A) diastolic transmitral
flow ratio; E dec—E-wave deceleration time; E/E’—ratio of early mitral inflow velocity to early diastolic mitral
annular velocity.

Table 2. Longitudinal right ventricular displacement and strain across six segments.

Variable Displacement, mm p-Value p-Value

Free wall basal 22.8 ± 3.3 NA 21.2 ± 3.2 NA

Free wall mid 15.6 ± 2.7 <10(−8) 25.7 ± 3.4 <10(−4)

Free wall apical 6.1 ± 1.5 <10(−16) 25.6 ± 3.4 0.9

Septal basal 9.6 ± 2.0 NA 18.2 ± 2.8 NA

Septal mid 5.1 ± 1.9 <10(−9) 17.3 ± 1.9 0.27

Septal apical (−)0.8 ± 2.5 <10(−9) 17.2 ± 2.4 0.89

Global value 9.9 ± 1.3 NA 20.9 ± 2 NA
NA—not applicable.

Right ventricular displacement is highest at the basal segments and lowest at the apex
in both the free wall and interventricular septum.

In contrast, right ventricular strain is the lowest at the basal segments. No significant
difference in strain measurements is observed between the mid and apical segments.

Free wall longitudinal displacement was higher than the septal 14.8 ± 7.3 mm
vs. 4.6 ± 4.8 mm, p < 0.000001, as well as free wall longitudinal strain was higher than the
septal −24.2% ± 3.9 vs. −17.6% ± 2.4, p < 0.000001.

A visual plot was extrapolated from the apical focused view to the whole right ventricle
for longitudinal displacement and strain (Figure 4). The highest displacement was seen
in the basal segments of the right ventricle, the lowest displacement was found at the
apex. Septal displacement is lower than in the free wall. Strain was the lowest in the basal
segments of the right ventricle.
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Figure 3. Right ventricular free wall versus septum, displacement and strain. Brown line—free
wall displacement, Blue line—septal displacement, Yellow line—free wall strain, Grey line—septal
strain. Blue background—basal segments, Pink background—midventricular segments, Green
background—apical segments. Free wall longitudinal displacement is higher than the septal. Free
wall strain is higher than the septal.
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Figure 4. Visual plots of longitudinal displacement and strain for the right ventricle, extrapolated
from the apical four-chamber view. (A) Visual plot of longitudinal displacement. Longitudinal
displacement is highest in the basal segments of the right ventricle and lowest in the apical segments.
(B) Visual plot of longitudinal strain. Longitudinal strain is lowest in the basal segments of the right
ventricle. The schematic nomenclature of the right ventricle regions was used: Ant—anterior region,
Inf—inferior region, Sept—septal region, and free wall.

Based on the determination, the longitudinal displacement of the basal free wall
segment is TAPSE—tricuspid annular systolic excursion. We conducted an analysis and
comparison of TAPSE, measured by conventional way using M-mode and longitudinal
displacement of the whole basal segment using speckle-tracking analysis. Bland–Altman
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analysis of agreement between longitudinal displacement of the basal right ventricular
segment and TAPSE was 89.47%, showing a high level of agreement between two methods
(Figure 5). On average, TAPSE overestimates right ventricular function by 1 mm compared
to the displacement of the basal right ventricular free wall segment, which represents a
small bias (Table 3).
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Figure 5. Bland-Altman analysis of agreement between longitudinal displacement of the basal
right ventricular segment and TAPSE. x-axis: Mean of longitudinal displacement of the basal right
ventricular segment and TAPSE. y-axis: Difference between longitudinal displacement of the basal
right ventricular segment and TAPSE. Upper limit of agreement: 4.96, Lower limit of agreement:
−5.96. The agreement percentage is 89.47%, indicating a high level of agreement between the
two methods. Dashed green and yellow lines represent the limits of agreement, with the central red
line denoting the mean difference.

Table 3. Comparison between the displacement of the basal right ventricular segment and
TAPSE measurements.

Measurement Displacement of the Basal RV Segment TAPSE

Mean ± SD, mm 22.76 ± 3.29 23.76 ± 3.02

Outliers 2 (9.5%) 1 (4.8%)

Inliers 19 (90.5%) 20 (95.2%)

Bias 1 (TAPSE overestimates by 1 mm) NA
Outliers—Measurements outside the limits of agreement (mean ± 2SD). Inliers—Measurements within the limits
of agreement (mean ± 2SD). Bias—1 mm, indicating that on average, TAPSE overestimates right ventricular
function by 1 mm compared to the displacement method, a small bias. NA—not applicable.

The Bland–Altman plot demonstrates strong agreement between manual and au-
tomated speckle-tracking imaging-based measurements of right ventricular strain, with
minimal bias and narrow limits of agreement (Figure 6). The calculated bias is −0.04
(Table 4).
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Figure 6. Bland-Altman plot comparing manually measured right ventricular strain and automated
(speckle-tracking-imaging-based) right ventricular strain. The x-axis represents the average right ven-
tricular strain (%) between two methods, while the y-axis shows the difference (manual-automated)
right ventricular strain (%). The red dashed line indicates the mean difference (−0.04%), closed to
zero. The green and yellow dashed lines represent the upper (2.27%) and lower (−2.68%) limits of
agreement, respectively, showing good agreement between the methods.

Table 4. Comparison of manual and automatic right ventricular strain measurement.

Measurement Manual RV Strain Automatic RV Strain

Mean ± SD, % −20.90 ± 2.08 −20.08 ± 2.03

Outliers 2 (9.5%) 0 (0%)

Inliers 19 (90.5%) 21(100%)

Bias −0.04 NA
Outliers: Measurements outside the limits of agreement (mean ± 2SD). Inliers: Measurements within the limits
of agreement (mean ± 2SD). Bias: The mean difference between the manual and automatic methods (−0.04),
indicating minimal bias.

4. Discussion
In this work, we propose an additional method for evaluating right ventricular (RV)

function: longitudinal displacement. Our findings reveal inhomogeneity in longitudinal
displacement within the normally functioning right ventricle. Specifically, the highest lon-
gitudinal displacement was observed in the basal segments, while the lowest displacement
occurred at the apex. This pattern demonstrates a reversed basal-to-apical gradient for
longitudinal displacement.

In contrast, right ventricular strain exhibited the opposite gradient, with the highest
strain values at the apex and the lowest at the base. While left ventricular strain is typically
highest at the apex and lowest at the base [20], regional right ventricular (RV) deformation
parameters have been largely underexplored. The right ventricle predominantly consists
of longitudinal fibers, and longitudinal shortening contributes approximately 75% of RV
contraction. Additionally, the left ventricle plays a supportive role, contributing 20–40% to
RV ejection through the interventricular septum [21].

The literature on regional RV strain highlights significant variability, with reported
values differing by 30–40%, leading to its limited recommendation for clinical use [13,21].
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Notably, only two studies have specifically investigated segmental RV strain. One study
in adults using vector velocity imaging identified a basal-to-apical gradient [22], while a
study in children employing 2D speckle-tracking imaging found a similar gradient [15].
However, another study reported uniform regional strain across different RV levels [23].
Additional investigations have produced inconsistent controversial findings, with some
studies showing basal strain as the highest and apical strain as the lowest [24–26].

These studies were conducted using earlier generations of echocardiography systems.
Strain is not a direct measurement but rather a derived parameter calculated through
formulas that manipulate displacement data. When the region of interest is not adequately
defined or segment tracking is inaccurate, even minor errors in displacement measurements
can result in significant inaccuracies in strain assessment. This issue is particularly relevant
for the right ventricle, as obtaining a properly focused view suitable for accurate strain
analysis is often challenging.

For this reason, displacement offers a more fundamental parameter, directly measured
by software, similar to TAPSE. In our study, longitudinal displacement demonstrated a
reversed basal-to-apical gradient. Calculated strain was highest at the apex and lowest
at the base, consistent with the findings of two previously mentioned studies [15,22], one
conducted on children and the other on adults using vector velocity imaging.

The strong agreement between basal segment longitudinal displacement and TAPSE
supports the reliability of longitudinal displacement as a parameter. A meticulous evalua-
tion of segmental right ventricular function provides deeper insights into the physiology
of right ventricular contraction. The model of right ventricular displacement and strain
that we developed by extrapolating our results aids in visualizing and understanding the
correct functional mechanics of the right ventricle.

A strong agreement was observed between manual and speckle-tracking-imaging-
based measurements of right ventricular strain. The small mean difference and narrow
limits of agreement indicate that the two methods are interchangeable, particularly in
scenarios where automated software is unavailable or unsuitable.

Evaluating right ventricular function through longitudinal displacement can provide
important insights into different pathological conditions. The right ventricle may undergo
pressure and volume overload and can also be influenced by primary myocardial diseases.
Pressure overload frequently arises from chronic pulmonary hypertension and acute con-
ditions like pulmonary embolism. Accurate diagnosis is essential in cases of pulmonary
embolism, as echocardiography is typically the first diagnostic tool for patients presenting
with dyspnea. The longitudinal displacement technique can assess slight systolic flattening
of the interventricular septum caused by acute pressure overload, potentially enabling
early diagnosis before significant right ventricular dysfunction occurs.

In the chronic phase of pressure overload, the right ventricle initially adapts through
concentric remodeling, where the muscle wall thickens in response to increased stress, al-
lowing it to maintain normal function. This adaptive process helps preserve cardiac output
and prevent overt dysfunction. However, over time, as the pressure overload persists, the
heart undergoes further changes. In more advanced stages, the right ventricle may develop
eccentric hypertrophy, where both the muscle wall thickens and the chamber dilates. This
process represents maladaptive remodeling, which compromises the efficiency of right
ventricular function and may eventually lead to right ventricular failure. The shift from
adaptive concentric remodeling to maladaptive eccentric hypertrophy is a key transition
point, marking the progression from compensated to decompensated right ventricular
dysfunction [3]. Prolonged volume overload causes alterations in the configuration and
motion of the interventricular septum, which ultimately leads to systolic dysfunction. This
dysfunction can be identified earlier through displacement techniques, helping to detect
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changes before they become more severe and enabling timely intervention for congenital
cardiac anomalies.

A “cardiomyopathic right ventricle” [3] encompasses a variety of diseases that pri-
marily affect the right ventricular myocardium. Right ventricular systolic function can be
compromised in cases of inferior myocardial infarction, which involves the right ventricle
in approximately 50% of cases [27]. Right ventricular involvement is also observed in acute
myocarditis [28] and is a characteristic feature of cardiac amyloidosis [29], where amyloid
deposition in the right ventricle forms the anatomical foundation for right ventricular
dysfunction [30]. In hypertrophic cardiomyopathy, the right ventricle may be affected due
to the involvement of the septum and as a result of pulmonary hypertension that develops
from diastolic dysfunction. In sarcoidosis, right ventricular damage may arise as a result of
pulmonary hypertension, which can develop due to the restrictive effects of granulomas on
lung tissue and vasculature. This pulmonary hypertension can, in turn, place increased
strain on the right ventricle, leading to its dysfunction. Additionally, sarcoidosis can directly
affect the right ventricular myocardium through the formation of granulomas, which may
impair myocardial contractility and contribute to right ventricular failure. Therefore, right
ventricular damage in sarcoidosis can occur from both secondary pulmonary hypertension
and the primary involvement of the myocardial tissue by the disease, often complicating the
overall clinical picture [3]. Longitudinal displacement can be a valuable tool for diagnosing
early right ventricular dysfunction in these conditions. Arrhythmogenic right ventricular
cardiomyopathy (ARVC) may remain in a subclinical or concealed phase for an extended
period, only becoming apparent in later stages when electrical abnormalities emerge. This
is followed by structural changes, including overt right ventricular dysfunction and dila-
tion [31]. Early diagnosis of ARVC during the asymptomatic stage is essential and may
be achievable through the use of longitudinal displacement, which can help detect subtle
functional changes before structural abnormalities become evident.

Differentiating stress-induced ARVC from right ventricular remodeling in athletes
can be particularly challenging [32,33]. This ARVC-like phenotype, often referred to as
Phidippides cardiomyopathy in endurance athletes [34], may develop as a result of chronic
pressure and volume overload due to intense exercise. Exercise plays a significant role as
an environmental factor in the pathogenesis of ARVC, and prolonged athletic activity may
contribute to the acceleration of disease progression. Therefore, accurate diagnosis and the
ability to differentiate between an athlete’s heart and ARVC are crucial, and longitudinal
displacement could be a helpful tool in making this distinction.

Further research utilizing longitudinal displacement is recommended to enhance
the diagnosis of right ventricular dysfunction in a range of cardiac and multisystemic
pathological conditions.

Limitations

The small sample size of 21 healthy subjects restricts the generalizability of our findings
to the healthy population. Further studies with larger and more diverse cohorts are needed
to validate these results and explore their applicability in clinical settings.

5. Conclusions
The longitudinal displacement of the right ventricle can be reliably assessed using

speckle-tracking imaging. This novel measurement provides an accurate evaluation of
displacement at each right ventricular segment without the need for postprocessing. Unlike
TAPSE, which measures tricuspid annular motion, longitudinal segmental displacement
offers detailed data on all segments at each level, making it a valuable additional tool for
assessing right ventricular function.
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Manual assessment of right ventricular strain is a viable alternative tailored to specific
clinical scenarios.

Author Contributions: Conceptualization, M.L.; Data curation, V.T.; Formal analysis, M.L.; Investiga-
tion, M.L.; Methodology, V.T.; Project administration, V.T.; Resources, V.T.; Software, V.T.; Supervision,
V.T.; Validation, V.T.; Visualization, V.T.; Writing—original draft, M.L.; Writing—review and editing,
M.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the principles
outlined in the Declaration of Helsinki. Ethical review and approval were waived for this study due
to its retrospective design, which involved the analysis of anonymized patient records.

Informed Consent Statement: Patient consent was waived due to the retrospective design of this
study and the utilization of anonymized data.

Data Availability Statement: The data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Rudski, L.G.; Lai, W.W.; Afilalo, J.; Hua, L.; Handschumacher, M.D.; Chandrasekaran, K.; Solomon, S.D.; Louie, E.K.; Schiller,

N.B. Guidelines for the echocardiographic assessment of the right heart in adults: A report from the American Society of
Echocardiography endorsed by the European Association of Echocardiography, a registered branch of the European Society of
Cardiology, and the Canadian Society of Echocardiography. J. Am. Soc. Echocardiogr. 2010, 23, 685–713, quiz 786–788. [CrossRef]
[PubMed]

2. Karas, M.G.; Kizer, J.R. Echocardiographic assessment of the right ventricle and associated hemodynamics. Prog. Cardiovasc. Dis.
2012, 55, 144–160. [CrossRef] [PubMed]

3. Sanz, J.; Sánchez-Quintana, D.; Bossone, E.; Bogaard, H.J.; Naeije, R. Anatomy, Function, and Dysfunction of the Right Ventricle:
JACC State-of-the-Art Review. J. Am. Coll. Cardiol. 2019, 73, 1463–1482. [CrossRef]

4. Naeije, R.; Badagliacca, R. The overloaded right heart and ventricular interdependence. Cardiovasc. Res. 2017, 113, 1474–1485.
[CrossRef] [PubMed]

5. Ashley, L.M. A determination of the diameters of ventricular myocardial fibers in man and other mammals. Am. J. Anat. 1945, 77,
325–363. [CrossRef] [PubMed]

6. Kawel-Boehm, N.; Maceira, A.; Valsangiacomo-Buechel, E.R.; Vogel-Claussen, J.; Turkbey, E.B.; Williams, R.; Plein, S.; Tee, M.;
Eng, J.; Bluemke, D.A. Normal values for cardiovascular magnetic resonance in adults and children. J. Cardiovasc. Magn. Reson.
2015, 17, 29. [CrossRef] [PubMed] [PubMed Central]

7. Dell’Italia, L.J. The right ventricle: Anatomy, physiology, and clinical importance. Curr. Probl. Cardiol. 1991, 16, 653–720.
[CrossRef] [PubMed]

8. Zong, P.; Tune, J.D.; Downey, H.F. Mechanisms of oxygen demand/supply balance in the right ventricle. Exp. Biol. Med. 2005, 230,
507–519. [CrossRef] [PubMed]

9. Hayek, S.; Sims, D.B.; Markham, D.W.; Butler, J.; Kalogeropoulos, A.P. Assessment of right ventricular function in left ventricular
assist device candidates. Circ. Cardiovasc. Imaging 2014, 7, 379–389. [CrossRef]

10. Medvedofsky, D.; Addetia, K.; Patel, A.R.; Sedlmeier, A.; Baumann, R.; Mor-Avi, V.; Lang, R.M. Novel Approach to Three-
Dimensional Echocardiographic Quantification of Right Ventricular Volumes and Function from Focused Views. J. Am. Soc.
Echocardiogr. 2015, 28, 1222–1231. [CrossRef]

11. Wu, V.C.; Takeuchi, M. Echocardiographic assessment of right ventricular systolic function. Cardiovasc. Diagn. Ther. 2018, 8, 70–79.
[CrossRef]

12. Lahm, T.; Douglas, I.S.; Archer, S.L.; Bogaard, H.J.; Chesler, N.C.; Haddad, F.; Hemnes, A.R.; Kawut, S.M.; Kline, J.A.; Kolb, T.M.;
et al. Assessment of Right Ventricular Function in the Research Setting: Knowledge Gaps and Pathways Forward. An Official
American Thoracic Society Research Statement. Am. J. Respir. Crit. Care Med. 2018, 198, e15–e43. [CrossRef] [PubMed]

13. Badano, L.P.; Kolias, T.J.; Muraru, D.; Abraham, T.P.; Aurigemma, G.; Edvardsen, T.; D’Hooge, J.; Donal, E.; Fraser, A.G.; Marwick,
T.; et al. Standardization of left atrial, right ventricular, and right atrial deformation imaging using two-dimensional speckle
tracking echocardiography: A consensus document of the EACVI/ASE/industry task force to standardize deformation imaging.
Eur. Heart J. Cardiovasc. Imaging 2018, 19, 591–600. [CrossRef] [PubMed]

https://doi.org/10.1016/j.echo.2010.05.010
https://www.ncbi.nlm.nih.gov/pubmed/20620859
https://doi.org/10.1016/j.pcad.2012.07.011
https://www.ncbi.nlm.nih.gov/pubmed/23009911
https://doi.org/10.1016/j.jacc.2018.12.076
https://doi.org/10.1093/cvr/cvx160
https://www.ncbi.nlm.nih.gov/pubmed/28957537
https://doi.org/10.1002/aja.1000770303
https://www.ncbi.nlm.nih.gov/pubmed/21005548
https://doi.org/10.1186/s12968-015-0111-7
https://www.ncbi.nlm.nih.gov/pubmed/25928314
https://pmc.ncbi.nlm.nih.gov/articles/PMC4403942
https://doi.org/10.1016/0146-2806(91)90009-Y
https://www.ncbi.nlm.nih.gov/pubmed/1748012
https://doi.org/10.1177/153537020523000801
https://www.ncbi.nlm.nih.gov/pubmed/16118400
https://doi.org/10.1161/CIRCIMAGING.113.001127
https://doi.org/10.1016/j.echo.2015.06.013
https://doi.org/10.21037/cdt.2017.06.05
https://doi.org/10.1164/rccm.201806-1160ST
https://www.ncbi.nlm.nih.gov/pubmed/30109950
https://doi.org/10.1093/ehjci/jey042
https://www.ncbi.nlm.nih.gov/pubmed/29596561


Medicina 2025, 61, 446 13 of 14

14. Nonaka, H.; Rätsep, I.; Obonyo, N.G.; Suen, J.Y.; Fraser, J.F.; Chan, J. Current trends and latest developments in echocardiographic
assessment of right ventricular function: Load dependency perspective. Front. Cardiovasc. Med. 2024, 11, 1365798. [CrossRef]

15. Levy, P.T.; Sanchez Mejia, A.A.; Machefsky, A.; Fowler, S.; Holland, M.R.; Singh, G.K. Normal ranges of right ventricular systolic
and diastolic strain measures in children: A systematic review and meta-analysis. J. Am. Soc. Echocardiogr. 2014, 27, 549–560.e3.
[CrossRef] [PubMed]

16. Lang, R.M.; Badano, L.P.; Mor-Avi, V.; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, F.A.; Foster, E.; Goldstein, S.A.;
Kuznetsova, T.; et al. Recommendations for cardiac chamber quantification by echocardiography in adults: An update from
the American Society of Echocardiography and the European Association of Cardiovascular Imaging. Eur. Heart J. Cardiovasc.
Imaging 2015, 16, 233–270. [CrossRef]

17. Nagueh, S.F.; Smiseth, O.A.; Appleton, C.P.; Byrd, B.F., 3rd; Dokainish, H.; Edvardsen, T.; Flachskampf, F.A.; Gillebert, T.C.; Klein,
A.L.; Lancellotti, P.; et al. Recommendations for the Evaluation of Left Ventricular Diastolic Function by Echocardiography: An
Update from the American Society of Echocardiography and the European Association of Cardiovascular Imaging. Eur. Heart J.
Cardiovasc. Imaging 2016, 17, 1321–1360. [CrossRef]

18. Badano, L.P.; Muraru, D.; Parati, G.; Haugaa, K.; Voigt, J.-U. How to do right ventricular strain. Eur. Heart J.-Cardiovasc. Imaging
2020, 21, 825–827. [CrossRef]

19. Leitman, M.; Lysyansky, P.; Sidenko, S.; Shir, V.; Peleg, E.; Binenbaum, M.; Kaluski, E.; Krakover, R.; Vered, Z. Two-dimensional
strain-a novel software for real-time quantitative echocardiographic assessment of myocardial function. J. Am. Soc. Echocardiogr.
2004, 17, 1021–1029. [CrossRef]

20. Leitman, M.; Lysiansky, M.; Lysyansky, P.; Friedman, Z.; Tyomkin, V.; Fuchs, T.; Adam, D.; Krakover, R.; Vered, Z. Circumferential
and longitudinal strain in 3 myocardial layers in normal subjects and in patients with regional left ventricular dysfunction. J. Am.
Soc. Echocardiogr. 2010, 23, 64–70. [CrossRef]

21. Muraru, D.; Haugaa, K.; Donal, E.; Stankovic, I.; Voigt, J.U.; Petersen, S.E.; Popescu, B.A.; Marwick, T. Right ventricular
longitudinal strain in the clinical routine: A state-of-the-art review. Eur. Heart J. Cardiovasc. Imaging 2022, 23, 898–912. [CrossRef]
[PubMed]

22. Fine, N.M.; Shah, A.A.; Han, I.Y.; Yu, Y.; Hsiao, J.F.; Koshino, Y.; Saleh, H.K.; Miller, F.A., Jr.; Oh, J.K.; Pellikka, P.A.; et al. Left and
right ventricular strain and strain rate measurement in normal adults using velocity vector imaging: An assessment of reference
values and intersystem agreement. Int. J. Cardiovasc. Imaging 2013, 29, 571–580. [CrossRef] [PubMed]

23. Meris, A.; Faletra, F.; Conca, C.; Klersy, C.; Regoli, F.; Klimusina, J.; Penco, M.; Pasotti, E.; Pedrazzini, G.B.; Moccetti, T.; et al.
Timing and magnitude of regional right ventricular function: A speckle tracking-derived strain study of normal subjects and
patients with right ventricular dysfunction. J. Am. Soc. Echocardiogr. 2010, 23, 823–831. [CrossRef]

24. Sanz-de la Garza, M.; Giraldeau, G.; Marin, J.; Imre Sarvari, S.; Guasch, E.; Gabrielli, L.; Brambila, C.; Bijnens, B.; Sitges, M.
Should the septum be included in the assessment of right ventricular longitudinal strain? An ultrasound two-dimensional
speckle-tracking stress study. Int. J. Cardiovasc. Imaging 2019, 35, 1853–1860. [CrossRef]

25. Chia, E.M.; Hsieh, C.H.; Boyd, A.; Pham, P.; Vidaic, J.; Leung, D.; Thomas, L. Effects of age and gender on right ventricular systolic
and diastolic function using two-dimensional speckle-tracking strain. J. Am. Soc. Echocardiogr. 2014, 27, 1079–1086.e1. [CrossRef]

26. Muraru, D.; Onciul, S.; Peluso, D.; Soriani, N.; Cucchini, U.; Aruta, P.; Romeo, G.; Cavalli, G.; Iliceto, S.; Badano, L.P. Sex-
and Method-Specific Reference Values for Right Ventricular Strain by 2-Dimensional Speckle-Tracking Echocardiography. Circ.
Cardiovasc. Imaging 2016, 9, e003866. [CrossRef] [PubMed]

27. Andersen, H.R.; Falk, E.; Nielsen, D. Right ventricular infarction: Frequency, size and topography in coronary heart disease:
A prospective study comprising 107 consecutive autopsies from a coronary care unit. J. Am. Coll. Cardiol. 1987, 10, 1223–1232.
[CrossRef] [PubMed]

28. Aquaro, G.D.; Negri, F.; De Luca, A.; Todiere, G.; Bianco, F.; Barison, A.; Camastra, G.; Monti, L.; Dellegrottaglie, S.; Moro, C.; et al.
Role of right ventricular involvement in acute myocarditis, assessed by cardiac magnetic resonance. Int. J. Cardiol. 2018, 271,
359–365. [CrossRef] [PubMed]

29. Leone, O.; Longhi, S.; Quarta, C.C.; Ragazzini, T.; De Giorgi, L.B.; Pasquale, F.; Potena, L.; Lovato, L.; Milandri, A.; Arpesella, G.;
et al. New pathological insights into cardiac amyloidosis: Implications for non-invasive diagnosis. Amyloid 2012, 19, 99–105.
[CrossRef] [PubMed]

30. Garcia-Pavia, P.; Bengel, F.; Brito, D.; Damy, T.; Duca, F.; Dorbala, S.; Nativi-Nicolau, J.; Obici, L.; Rapezzi, C.; Sekijima, Y.; et al.
Expert consensus on the monitoring of transthyretin amyloid cardiomyopathy. Eur. J. Heart Fail. 2021, 23, 895–905. [CrossRef]
[PubMed] [PubMed Central]

31. te Riele, A.S.; James, C.A.; Rastegar, N.; Bhonsale, A.; Murray, B.; Tichnell, C.; Judge, D.P.; Bluemke, D.A.; Zimmerman, S.L.;
Kamel, I.R.; et al. Yield of serial evaluation in at-risk family members of patients with ARVD/C. J. Am. Coll. Cardiol. 2014, 64,
293–301. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.3389/fcvm.2024.1365798
https://doi.org/10.1016/j.echo.2014.01.015
https://www.ncbi.nlm.nih.gov/pubmed/24582163
https://doi.org/10.1093/ehjci/jev014
https://doi.org/10.1093/ehjci/jew082
https://doi.org/10.1093/ehjci/jeaa126
https://doi.org/10.1016/j.echo.2004.06.019
https://doi.org/10.1016/j.echo.2009.10.004
https://doi.org/10.1093/ehjci/jeac022
https://www.ncbi.nlm.nih.gov/pubmed/35147667
https://doi.org/10.1007/s10554-012-0120-7
https://www.ncbi.nlm.nih.gov/pubmed/22976877
https://doi.org/10.1016/j.echo.2010.05.009
https://doi.org/10.1007/s10554-019-01633-6
https://doi.org/10.1016/j.echo.2014.06.007
https://doi.org/10.1161/CIRCIMAGING.115.003866
https://www.ncbi.nlm.nih.gov/pubmed/26860970
https://doi.org/10.1016/S0735-1097(87)80122-5
https://www.ncbi.nlm.nih.gov/pubmed/3680789
https://doi.org/10.1016/j.ijcard.2018.04.087
https://www.ncbi.nlm.nih.gov/pubmed/30045820
https://doi.org/10.3109/13506129.2012.684810
https://www.ncbi.nlm.nih.gov/pubmed/22591238
https://doi.org/10.1002/ejhf.2198
https://www.ncbi.nlm.nih.gov/pubmed/33915002
https://pmc.ncbi.nlm.nih.gov/articles/PMC8239846
https://doi.org/10.1016/j.jacc.2014.04.044
https://www.ncbi.nlm.nih.gov/pubmed/25034067
https://pmc.ncbi.nlm.nih.gov/articles/PMC4380221


Medicina 2025, 61, 446 14 of 14

32. Heidbüchel, H.; Hoogsteen, J.; Fagard, R.; Vanhees, L.; Ector, H.; Willems, R.; Van Lierde, J. High prevalence of right ventricular
involvement in endurance athletes with ventricular arrhythmias. Role of an electrophysiologic study in risk stratification. Eur.
Heart J. 2003, 24, 1473–1480. [CrossRef] [PubMed]

33. Mascia, G.; Arbelo, E.; Porto, I.; Brugada, R.; Brugada, J. The arrhythmogenic right ventricular cardiomyopathy in comparison to
the athletic heart. J. Cardiovasc. Electrophysiol. 2020, 31, 1836–1843. [CrossRef] [PubMed]

34. Trivax, J.E.; McCullough, P.A. Phidippides cardiomyopathy: A review and case illustration. Clin. Cardiol. 2012, 35, 69–73.
[CrossRef] [PubMed] [PubMed Central]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0195-668X(03)00282-3
https://www.ncbi.nlm.nih.gov/pubmed/12919770
https://doi.org/10.1111/jce.14526
https://www.ncbi.nlm.nih.gov/pubmed/32367567
https://doi.org/10.1002/clc.20994
https://www.ncbi.nlm.nih.gov/pubmed/22222888
https://pmc.ncbi.nlm.nih.gov/articles/PMC6652719

	Introduction 
	Materials and Methods 
	Echocardiographic Assessment 
	Specification Regarding Longitudinal Deformation Parameters of the Right Ventricle: Strain and Displacement, Figure 1 
	Manual Calculation of Global Right Ventricular Strain 
	Statistical Methods 
	Ethical Approval 

	Results 
	Discussion 
	Conclusions 
	References

