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AUTHOR'S SUMMARY

Strain-volume loop (SVL) analysis, which captures myocardial strain and left ventricular

(LV) volume changes simultaneously, offers a novel approach to evaluating both systolic and
diastolic function and LV remodeling. SVL revealed distinct differences among no cardiac
disease, heart failure (HF) with preserved ejection fraction (EF), and HF with reduced EF,
with parameters demonstrating sequential changes across disease states. These findings
suggest that SVL may reflect functional transitions across HF phenotypes. By providing
dynamic insight into remodeling and function, SVL may help support clinical assessment and
has the potential to contribute to future evaluation of treatment response.

ABSTRACT

Background and Objectives: Strain-volume loop (SVL) dynamics demonstrate the
relationship between myocardial strain and left ventricular (LV) volume throughout the
cardiac cycle, offering insights into both systolic and diastolic function. This study aimed to
identify SVL characteristics that differentiate heart failure (HF) patients from those without
cardiac disease.

Methods: This retrospective analysis included 352 individuals who underwent 3-dimensional
(3D) echocardiography at tertiary care hospitals. Participants were classified into no cardiac
disease, HF with preserved ejection fraction (HFpEF), and HF with reduced ejection fraction
(HFrEF) groups. Temporal 3D strain and LV volume data from each frame were used to
construct SVLs. Key parameters—systolic, early and late diastolic slopes, area between
curves, and peak strain—were analyzed.

Results: Patients with HFpEF exhibited lower systolic slopes compared to those without
cardiac disease, while patients with HFrEF had the lowest values (p<0.001). During early
diastole, individuals without cardiac disease exhibited a sharp strain change relative to
volume, whereas the HFpEF and HFrEF groups showed diminished changes. Differences

in early and late diastolic slopes and the area between the systolic and diastolic curves
progressively decreased from individuals without cardiac disease to those with HFpEF and
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HFrEF. Support vector machine analysis using SVL parameters showed strong discrimination,
with 0.878 overall accuracy in classifying the 3 groups.

Conclusions: SVL analysis comprehensively represents the strain-volume relationship,
distinguishing HF patients from those without cardiac disease. It may serve as a non-invasive
tool for evaluating cardiac function, providing insights into functional transitions across

HF phenotypes.

Keywords: Echocardiography, three-dimensional; Heart failure; Ventricular function, left;
Ventricular dysfunction, diastolic; Ventricular remodeling

INTRODUCTION

Assessing myocardial performance is crucial for diagnosing and managing cardiac diseases.
Left ventricular (LV) ejection fraction (EF) is a powerful prognostic indicator used most
commonly. However, it does not reflect myocardial properties and is calculated based on
the estimated volume change with geometric assumptions.*® Myocardial strain, another
well-established approach, measures relative deformation of the myocardial tissue.?® This
method offers a more direct evaluation of myocardial contractile function, and is a strong
independent prognostic factor for cardiac outcomes regardless of the LVEF.® However,
myocardial strain is influenced by loading conditions, which can affect its accuracy.”
Recently, the strain-volume loop (SVL) was introduced as a novel tool for assessing
myocardial performance throughout the cardiac cycle.” The SVL captures dynamic changes in
systolic and diastolic function and responds sensitively to altered loading conditions.®

Heart failure (HF) is the final stage of various cardiac diseases and requires a comprehensive
evaluation of systolic and diastolic functions, along with cardiac remodeling.” LV remodeling
is pivotal in HF progression and prognosis. Studies highlight the importance of reverse
remodeling as a prognostic marker and a potential therapeutic target.” Despite its
significance, LV remodeling is often described only through volume and shape changes.
Beyond remodeling, a thorough assessment of diastolic function is essential. However,
Doppler-derived parameters are highly sensitive to loading conditions and may only provide
a momentary evaluation.'” Given these limitations, SVL, which simultaneously captures
myocardial strain and volume changes, has the potential to be a novel marker for evaluating
systolic and diastolic dysfunction, as well as LV remodeling. However, research on SVL is still
in its early stages, and most studies have focused on specific diseases.”'?*® Consequently, the
differences between normal and diseased conditions remain unclear. Therefore, we aimed
to characterize the normal function and diastolic and systolic dysfunction using SVL and
investigate the serial mechanical changes associated with different HF phenotypes.

METHODS

Ethical statement

This study was conducted in accordance with the latest version of the Declaration of Helsinki
and approved by each hospital’s Institutional Review Board (Seoul National University
Bundang Hospital, No. B-2204-751-10; Chung-Ang University Hospital, No. 2308-019-19485).
The informed consent requirement was waived due to the study’s retrospective design and
minimal expected risk to the participants.

https://doi.org/10.4070/kcj.2025.0331 2/13
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Study population

We conducted a retrospective analysis of echocardiograms obtained from the
echocardiography laboratory databases at Seoul National University Bundang Hospital and
Chung-Ang University Hospital between January 2015 and June 2024. We included patients
aged >18 years with 2- and 3-dimensional (2D and 3D) echocardiographic images having
adequate 3D image quality for strain and volume analysis. In order to evaluate systolic and
diastolic function as well as LV remodeling using the SVL, we included patients with HF with
preserved EF (HFpEF), HF with reduced EF (HFrEF), classified as stage C or higher according
to the universal definition and classification of HE."”) HFrEF was defined as an LVEF of <40%,
while HFpEF was defined as an LVEF of >50%. In addition, patients with normal systolic
and diastolic functions were categorized into the group without cardiac disease. Patients with
atrial fibrillation, significant valvular disease, or hypertrophic cardiomyopathy were excluded.

Transthoracic echocardiography

As a part of clinical practice, all patients underwent 2D transthoracic echocardiography
using commercially available equipment (Vivid E9; GE Medical Systems, Chicago, IL, USA).
Imaging included conventional 2D, M-mode, and color Doppler ultrasonography conducted
by experienced sonographers according to the recommendations of the American Society of
Echocardiography, the European Association of Cardiovascular Imaging, and relevant expert
consensus documents.®

We performed real-time 3D echocardiography using a 4V-D probe (1.5-4.0 MHz;

GE Healthcare, Chicago, IL, USA). Volumetric data were captured from an apical 4-chamber
view in full-volume mode, with sequential subvolumes acquired over 6 consecutive cardiac
cycles during breath-holding. These sub-volumes were combined to produce a complete

3D dataset. The frame rate was maintained at a minimum of 40% of the patient's heart rate.

Strain-volume loop analysis

For 3D analysis, we used the 4D LV Analysis software package (EchoPAC; GE Healthcare),
a dedicated tool for quantitative 3D echocardiographic assessment. The software
automatically traced the LV endocardium and manual adjustments were made when
necessary, in the end-diastolic and end-systolic frames. After generating the 3D LV model,
the software provided peak 3D strain values, as well as twist, torsion, and key volumetric
parameters, including 3D LV end-diastolic volume (EDV), end-systolic volume, and

EF. The reproducibility of 3D echocardiographic measurements in our laboratory has
been demonstrated in previous studies. LV volume and strain were derived from the same
3D dataset using an identical tracking algorithm, and intra- and inter-observer intraclass
correlation coefficients ranged from 0.936 to 0.991 in our prior validation studies.'”

The software measured the strain and volume values for each frame throughout the cardiac
cycle, allowing for detailed frame-by-frame data extraction (Supplementary Figure 1). The
SVL was derived by plotting the 3D strain values against the corresponding volume values

for each frame, with strain on the y-axis and volume on the x-axis. We derived the following
parameters from the SVL plot: 1) systolic slope, defined as the slope from the start to the end
of systole; 2) early diastolic slope, calculated over the first third of diastole; 3) late diastolic
slope, covering the last two-thirds of diastole; 4) area between curves, representing the
enclosed area between the systolic and diastolic curves; and 5) peak strain, defined as the
peak global longitudinal strain (Figure 1). Because the number of frames per cardiac cycle
varied among subjects, each cardiac cycle was analyzed on a time-proportion basis. Diastole
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Strain-Volume Loop in LV Dysfunction

C

Korean Circulation Journal

https://e-kcj.org

. . )
% Peak strain ® Systolic phase

-
15 - &
\\.\. @ Diastolic phase

L

]
10 - g
T g Area
~ L]
= o
© o— g
2 90—y

)]
1
L J

50 60 70 80 90 100 110
Volume (mL)

Systolic phase
Early diastolic phase Late diastolic phase

Figure 1. Graphical representation of the strain-volume loop and its derived parameters.

Each dot represents a single frame of the cardiac cycle, with the x-axis indicating left ventricular volume and the
y-axis indicating strain. The systolic (red) and diastolic (blue) phases are color-coded, and the diastolic phase is
divided into an early (first one-third) and a late (remaining two-thirds) phase on a time-proportion basis. Slopes
for systolic, early diastolic, and late diastolic phases were calculated as Astrain/Avolume between the start and
end points of each segment.

was divided into proportional segments corresponding to its early (first one-third) and late
(remaining two-thirds) phases. This proportional division is consistent with physiological
observations that rapid ventricular filling predominantly occurs during the early one-third
of diastole.?” Each slope parameter was calculated as Astrain/Avolume between the start
and end points of the systolic, early diastolic, and late diastolic phases. The strain and slope
values were expressed as absolute values (|x|) for clarity.

Statistical analysis

Categorical variables are presented as frequencies and percentages, while continuous
variables are expressed as mean + standard deviation. For continuous data, comparisons
between groups were conducted using one-way analysis of variance or the Kruskal-Wallis
test, depending on the data distribution. Categorical variables were analyzed using Pearson’s
1 test. The relationship between the LVEDV and systolic slope was assessed using a quadratic
regression model, as the data demonstrated a non-linear correlation. Correlations between
conventional echocardiographic measures and SVL parameters were assessed using Pearson’s
correlation coefficient.

Mathematically, the slope variables were calculated as follows: the start and end points of the
curve were selected, and the slope was calculated as the ratio of the difference in the y-axis to
the difference in the x-axis. We used Gauss's area formula,?” implemented by the R function
“polyarea" in the package “pracma” to find the area between 2 curves. If the curves
intersected, the areas of each section were computed and summed to obtain the total area.

To identify relevant variables for group discrimination, stepwise logistic regression was
applied as an initial screening step to evaluate pairwise discrimination (HFpEF vs. normal
and HFpEF vs. HFrEF). The selected variables were subsequently used to construct and
compare multiple support vector machine (SVM) models, and the final variable set was
determined based on the model with the best classification performance. SVM analysis was

https://doi.org/10.4070/kcj.2025.0331 4/13
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used to classify 3 groups, and the SVM parameters were selected through cross-validation.
We also examined the performance of the SVM models under various cost parameters.??
Model discrimination was further evaluated using receiver operating characteristic (ROC)
analysis, and the multi-class area under the ROC curve was calculated for each SVM model.
All statistical analyses were conducted using SPSS software (version 22.0; SPSS Inc., Chicago,

IL, USA) and R software version 3.6.1 (The R Foundation for Statistical Computing, Vienna,

Austria). A p value of less than 0.05 was considered statistically significant.

RESULTS

Study population and baseline characteristics

We analyzed 352 patients (100 no cardiac disease, 148 with HFpEF, and 104 with HFrEF).

Table 1 summarizes the patients’ baseline characteristics. The mean age of the study

population was 65.2+15.7 years, with the no cardiac disease group being the youngest,
followed by the HFrEF group, and the HFpEF group being the oldest. Of the total study
population, 46.0% were male; women were more prevalent in the HFpEF group, and men

Table 1. Baseline characteristics according to the groups

Characteristics No cardiac disease HFpEF HFrEF p value

Number 100 148 104

Demographics
Age (years) 50.8+13.6 74.7+9.0 65.6+14.6 <0.001
Male 44 (44.0) 49(33.1) 69 (66.3) <0.001
Height (cm) 164.5+9.3 156.5+9.7 163.7+£10.6 <0.001
Weight (kg) 64.2+13.6 60.9+11.6 64.3+13.4 0.051
BSA (m?) 1.7+0.2 1.6+0.2 1.7+0.2 0.001

Underlying diseases
Hypertension 25 (25.0) 75 (50.7) 51 (49.0) 0.001
Diabetes mellitus 13 (13.0) 52(35.1) 38(36.5) <0.001

Laboratory exam
Glucose 102.8+21.6 109.3+29.7 114.9+36.7 0.024
BUN 13.6+3.8 24.7+18.1 23.6+15.6 <0.001
Creatinine 0.8+0.2 1.8+2.2 1.2+0.9 <0.001
EGFR 99.2+16.5 61.2+30.8 73.7+29.5 <0.001
HbAlc 5.7+0.8 5.7+0.7 6.3+x1.1 <0.001
NT-proBNP 65.1+46.1 2,676.4+4,113.7 19,144.9+76,312.7 0.06

Echocardiography
LVEDD 46.2+3.9 47.3+5.3 61.2+8.0 <0.001
LVESD 29.2+3.6 30.4+5.7 51.8+9.1 <0.001
LVEDV 82.0+£18.7 80.4+26.8 170.0+60.7 <0.001
LVESV 28.6+7.6 30.4+12.5 124.1+54.3 <0.001
LVEF 64.5£3.5 62.6+6.3 28.3+7.0 <0.001
LVMI 75.9+14.0 112.1+31.7 145.6+40.3 <0.001
E/A ratio 1.1+0.4 1.3+0.7 1.0+0.7 0.002
e' 9.1+2.3 5.1+1.4 4.3+1.6 <0.001
a' 8.8+1.7 6.8+2.2 6.8+2.3 <0.001
E/e' 8.2+2.0 19.6+7.5 17.8+0.8 <0.001
LAVI 27.4+5.8 56.5+19.3 52.8+21.7 <0.001
RVSP 25.9+4.4 41.2+15.5 34.1+14.4 <0.001

Values are shown as mean = standard deviation or number (%).

BSA = body surface area; BUN = blood urea nitrogen; EGFR = estimated glomerular filtration rate; HbAlc =
hemoglobin Alc; HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced
ejection fraction; LAVI = left atrial volume index; LVEDD = left ventricular end-diastolic dimension; LVEDV = left
ventricular end-diastolic volume; LVEF = left ventricular ejection fraction; LVESD = left ventricular end-systolic
dimension; LVESV = left ventricular end-systolic volume; NT-proBNP = N-terminal pro-B-type natriuretic peptide;

RVSP = right ventricular systolic pressure.
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were more common in the HFrEF group. The LV end-diastolic dimension and LVEDV were
not significantly different between the no cardiac disease and HFpEF groups but were
notably higher in the HFrEF group. LVEF was >60% on average in the no cardiac disease and
HFpEF groups. Diastolic function was normal in all patients in the no cardiac disease group.
In contrast, 19.6%, 67.6%, and 12.8% of the patients in the HFpEF group had grades 1, 2, and
3 dysfunctions, respectively. In the HFrEF group, 31.7%, 38.5%, and 7.7% had grades 1, 2, and
3 dysfunctions, respectively, excluding 23 indeterminate cases (22.1%).

Representative strain volume loops for each group

Figure 2 shows the representative SVL for each patient group. The group without cardiac
disease exhibited a steep slope during the systolic phase. In contrast, the HFpEF and

HFrEF groups showed a rightward shift in the graph. The shift became more pronounced
from HFpEF to HFrEF, accompanied by decreased steepness of the systolic phase compared
with the no cardiac disease group. During diastole, those without cardiac disease initially
displayed a steep slope, indicating a rapid change in strain relative to the volume change.
However, this response was less pronounced in the HFpEF and HFrEF groups. The
quantitative data confirms this visual assessment (Table 2).

Assessment of remodeling and left ventricular systolic function using strain-
volume loops

Progressive remodeling is indicated by a decrease in the systolic slope along with
simultaneous chamber dilation and a gradual reduction in strain, occurring in the order of
no cardiac disease, HFpEF, and HFrEF groups. Supplementary Figure 2 shows the correlation
between 3D LVEDV, a measure commonly used to evaluate LV remodeling, and the systolic
slope derived from the SVL. The 3D LVEDV exhibited a non-linear correlation (r’=0.673,
p<0.001) with a strong association using a quadratic model. The peak strain values decreased
in the order of no cardiac disease, HFpEF, and HFrEF groups (Table 2).

Evaluation of left ventricular diastolic dysfunction with strain-volume loops
In the no cardiac disease group, a sharp change in strain relative to volume was observed
during the early diastolic phase compared with the systolic phase (Figure 2A). However, in
patients with HFpEF and HFrEF, this sharp strain change during early diastole diminished
progressively (Figures 2B and C, Figure 3B). In contrast, the late diastolic slope did

not differ between the no cardiac disease and HFpEF groups but decreased only in the
HEFrEF group. Consequently, the difference between the early and late diastolic slopes
observed in the no cardiac disease group narrowed in HFpEF and HFrEF groups, with the
slopes becoming nearly similar in HFrEF. To further investigate this trend, we analyzed the
area between the systolic and diastolic curves and discovered that it was largest in subjects
without cardiac disease (88.74+51.01), progressively decreasing in HFpEF (65.57+47.50) and
HFrEF (45.63+38.89) (Figure 3D).

Table 2. Strain-volume loop parameters according to the groups

Parameters No cardiac disease HFpEF HFrEF p value p value” p valuef p valuet
Systolic slope (%/mL) 0.33+0.08 0.28+0.10 0.14+0.06 <0.001 <0.001 <0.001 <0.001
Early diastolic slope (%/mL) 0.51+0.21 0.34+0.18 0.17+0.13 <0.001 <0.001 <0.001 <0.001
Late diastolic slope (%/mL) 0.25+0.09 0.22+0.08 0.14+0.07 <0.001 0.362 <0.001 <0.001
Area between curves 88.74+51.01 65.57+£47.50 45.63+£38.89 <0.001 0.001 <0.001 0.002
Peak strain (%) 17.10+3.00 13.30+6.90 6.90+2.70 <0.001 <0.001 <0.001 <0.001

Values are given as the mean with standard deviation. For ease of interpretation, we utilize the absolute value |x| for both peak strain and slopes.
HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction.
"Between no cardiac disease and HFpEF; TBetween no cardiac disease and HFrEF; ¥Between HFpEF and HFrEF.

https://e-kcj.org
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Figure 2. Representative strain-volume loops for each group. (A) No cardiac disease, (B) HFpEF, (C) HFrEF.
HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction.

Disease differentiation performance of strain-volume loop parameters

We analyzed the SVL parameters using an SVM to assess their ability to differentiate between
no cardiac disease, HFpEF, and HFrEF. The accuracy was high when LVEF (a standard
parameter) was used to predict HFrEF. However, distinguishing between no cardiac disease
and HFpEF was challenging (accuracy: 0.706 and 0.747 for no cardiac disease and HFpEF,
respectively, Table 3). The peak strain showed similar trends to LVEF (overall accuracy:
0.735). However, the overall accuracy improved to 0.818 when HFrEF was predicted using
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Figure 3. Differences in strain-volume loop parameters for each group. Violin plots illustrating the distribution of

each parameter by group. (A) Systolic slope, (B) Early diastolic slope, (C) Late diastolic slope, and (D) Area between
the curves.
HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction.

5 graph-based indicators (systolic slope, early diastolic slope, late diastolic slope, area
between curves, and peak strain). We identified 3 highly relevant indicators, systolic slope,
early diastolic slope, and peak strain, through stepwise selection, which further increased the
overall accuracy to 0.878. We also examined the performance of the models under various
cost parameters in the SVM (Figure 4). The results demonstrated that the SVM model with
the selected indicators performed best across all cases.

Table 3. Performance evaluation of support vector machine using strain-volume loop parameters

Positive

Negative

Overall accuracy Multi-class

Variables Sensitivity - Specificity predictive value predictive value Accuracy (95% CI) AUC
LVEF 0.755 0.897
No cardiac disease vs. others 0.586 0.826 0.569 0.836 0.706 (0.707-0.800)
HFpEF vs. others 0.696 0.798 0.715 0.783 0.747
HFrEF vs. others 1.000 0.996 0.991 1.000 0.998
Peak strain 0.735 0.866
No cardiac disease vs. others 0.606 0.925 0.760 0.857 0.765 (0.686-0.781)
HFpPEF vs. others 0.723 0.754 0.682 0.789 0.738
HFrEF vs. others 0.875 0.903 0.792 0.945 0.889
Systolic slope + early diastolic slope + late diastolic 0.818 0.941
slope + area between curves + peak strain (0.773-0.857)
No cardiac disease vs. others 0.707 0.972 0.909 0.894 0.901
HFpPEF vs. others 0.831 0.813 0.764 0.867 0.822
HFYEF vs. others 0.904 0.923 0.832 0.958 0.914
Systolic slope + early diastolic slope + peak strain 0.878 0.965
No cardiac disease vs. others 0.839 0.964 0.902 0.938 0.901 (0.839-0.910)
HFpEF vs. others 0.885 0.872 0.834 0.912 0.878
HFrEF vs. others 0.904 0.968 0.922 0.960 0.936

AUC = area under the curve; Cl = confidence interval; HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction;

LVEF = left ventricular ejection fraction.
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each variable as the cost parameter of the SVM changes.
LVEF = left ventricular ejection fraction; SVM = support vector machine.

Correlation between strain-volume loop parameters and conventional
echocardiographic parameters

Figure 5 presents the correlation between conventional echocardiographic parameters and
SVL measurements, illustrated using a correlation plot and heatmap. The systolic slope
exhibited the strongest correlation with the conventional parameters LVEF and LVEDV. Early
and late diastolic slopes were significantly correlated with LVEF, and the early diastolic slope
demonstrated the strongest association with the traditional diastolic parameter, e', followed
by E/e'. In addition, late diastolic slope and area under the curve, which characterize the
diastolic phase, were significantly correlated with traditional diastolic parameters. Of the
diastolic parameters outlined in the current guidelines,® e', left atrial volume index, and E/e'
showed a significant correlation with SVL parameters. In contrast, tricuspid regurgitation
velocity demonstrated a relatively weak correlation.

DISCUSSION

In this study, we aimed to characterize the SVL in individuals without cardiac disease and
patients with HF. Our key findings are as follows: 1) The systolic slope of the SVL progressively
decreased from no cardiac disease to HFpEF and further decreased in HFrEF. ?) In individuals
without cardiac disease, early diastole showed an abrupt strain change relative to volume,
followed by a more gradual late diastolic slope. In the HFpEF and HFrEF groups, this

early diastolic drop was absent, and the slope difference between early and late diastole
progressively decreased from HFpEF to HFrEF. ?) The SVL parameters demonstrated strong
discriminant performance in distinguishing between the no cardiac disease, HFpEF,

and HFrEF groups. These patterns may reflect gradual changes in LV mechanics across

HF phenotypes, suggesting a potential continuum of functional alterations among different
HF subtypes. Furthermore, we anticipate that incorporating SVL along with absolute strain
values will enhance the diagnostic accuracy. These findings underscore the potential of SVL as
a noninvasive tool for enhanced cardiac function assessment.

LV remodeling, a critical aspect of HF, has traditionally been evaluated based on cavity
size and wall thickness. However, the normal ranges can vary depending on patient size,
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Figure 5. Relationship between conventional echocardiographic parameters and SVL parameters. Correlation matrix of conventional echocardiographic and SVL
parameters. Spearman’s p is color-coded, and significant (p<0.05) coefficients are displayed in larger font.
3D = 3-dimensional; LAVI = left atrial volume index; LVEDV = left ventricular end-diastolic volume; LVEF = left ventricular ejection fraction; SVL = strain-volume

loop; TR = tricuspid regurgitation.
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even when adjusted for body surface area. Moreover, simply measuring the cavity size and
wall thickness may not accurately reflect the underlying condition because of the distinct
mechanisms of pressure and volume overloads that lead to different forms of remodeling.
The systolic slope derived from the SVL analysis offers a more integrated approach to

assess remodeling by quantifying the relationship between strain and volume throughout
the cardiac cycle. Previous pilot studies have demonstrated the potential utility of SVL for
remodeling assessment,'¥ and other studies have indicated that the systolic slope can be a
useful marker, even in patients with different remodeling mechanisms but similar strain
values.” In this study, we observed statistically significant differences in the systolic slope
among the no cardiac disease, HFpEF, and HFtEF groups. The systolic slope showed a strong
correlation with LVEDV, the most common indicator of remodeling. Future studies exploring
its potential to reflect reverse remodeling in patients with HF may establish the systolic slope
of the SVL as a new parameter that reflects LV remodeling.
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LVEF and strain are widely used measures of systolic function; however, they have inherent
limitations. In contrast, SVL considers the impact of loading conditions and provides a more
comprehensive assessment of systolic function throughout the entire systolic phase.®*

Diastolic dysfunction, which leads to increased LV filling pressure, is the main component of
HFpEF pathophysiology.”® Current methods, such as Doppler analysis, are complex, overlap
with normal functions, and are sensitive to loading conditions. The LA strain has shown
promise as an indirect tool for assessing diastolic function; however, it does not reliably
reflect LV function or elevated filling pressures, particularly in patients with preserved
systolic function.?® In contrast, SVL has the advantage of directly assessing LV relaxation
capacity. In individuals without cardiac disease, the SVL demonstrates a rapid strain change
during early diastole, corresponding to rapid filling, followed by a gradual slope during
diastasis and late diastole. However, this early rapid strain change was absent in patients
with HFpEF and HFrEF, and the slope difference between early and late diastole diminished,
with a reduced area between the systolic and diastolic curves. Notably, individuals without
cardiac disease, the systolic curve is positioned above the early diastolic curve, indicating
that for a given volume, the strain values during systole are typically higher than those during
early diastole. However, in some patients with diastolic dysfunction, the steep decline in

the early diastolic phase is attenuated and positioned above the systolic curve. The early
diastolic slope was closely related to the existing indicator e', but in the case of e', evaluation
is limited in cases with regional wall motion or mitral annular calcification.? The early
diastolic slope may provide a more reliable assessment in such cases. The early diastolic slope
showed significant differences between the groups, but the late diastolic slope remained
similar between the no cardiac disease and HFpEF groups. Previous studies have shown that
early diastolic slope is associated with patients with HFpEF, although the definitions were
different.' Taken together, these results suggest that the reduced early diastolic slope of the
SVL is a characteristic feature of diastolic dysfunction and could be further used to diagnose
and predict the prognosis of patients with HF and diastolic dysfunction.

Echocardiography remains the most accessible modality for diagnosing and managing
cardiac diseases, including evaluating systolic and diastolic functions. However, it has some
limitations. First, the current methods that focus on heart size and wall thickness may

not fully capture the complexity of cardiac remodeling. Second, evaluating the diastolic
function, which plays a central role in HFpEF and has important prognostic implications for
HFrEF?) may occasionally present challenges. SVL addresses these limitations by visualizing
strain—volume relationships throughout the cardiac cycle and offers the potential for more
precise tracking of LV remodeling and functional changes. Moreover, SVL may conceptually
complement guideline-based assessments focused on left atrial pressure by providing direct
insights into LV diastolic mechanics.

Previous SVL studies relied on 2D echocardiography using monoplane LV volumes”®1%2);
however, this is the first study to capture the entire cardiac cycle using 3D ultrasound.
Notably, most previous studies have been pilot analyses with small patient groups focusing
on diastolic dysfunction. We included 100 individuals without cardiac disease to establish
a reference graph and compared it with the characteristics of patients with HFpEF and
HEFrEF to provide a more comprehensive understanding of SVL. Additionally, this study
demonstrated a pattern of gradual change from the no cardiac disease group to HFpEF and
HFrEF, suggesting that SVL parameters may represent functional transitions across the

HF spectrum.
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This study had some limitations. This was a proof-of-concept study, and patients

were selected based on image quality, which may introduce some bias as it limits the
generalizability. Second, we analyzed a virtual single cycle obtained by stitching 6 cardiac
cycles together, which raises concerns about whether it adequately represents overall cardiac
function. Patients with severe arrhythmia or atrial fibrillation were excluded; however, some
variability due to factors such as respiration may remain. Third, this study did not include a
clinical outcome analysis related to SVL characteristics. Lastly, differences in demographic
and clinical characteristics such as age, sex, and comorbidities may have partially influenced
the results; however, these variations are inherent to each HF phenotype and reflect real-
world disease characteristics.

SVL analysis provides a comprehensive representation of the relationship between

LV strain and volume throughout the cardiac cycle. Our findings highlight the potential
of SVL parameters as a noninvasive tool for enhancing cardiac function evaluation.
Conventional echocardiography remains the cornerstone of cardiac imaging. However,
SVL addresses areas that are difficult to assess using current techniques, providing deeper
insights into dynamic myocardial changes. Further studies integrating SVL into clinical
practice may solidify its role in improving the diagnosis and therapeutic monitoring of
various heart diseases.

SUPPLEMENTARY MATERIALS

Supplementary Figure 1

Steps for generating the strain-volume loop. (A) Selection of 3D image, (B) Selecting and
adjusting the long axis of the ventricle in end-diastolic frame, (C) Selecting and adjusting
the long axis of the ventricle in end-systolic frame, (D) Automatic calculation of LV volume
and LVEF, (E) Tracking of the 3D region of interest throughout the cardiac cycle, (F) Extract
CSV file from 3D dataset.

Supplementary Figure 2
Relationship between systolic slope and 3D LVEDV. Systolic slope and 3D LVEDV showed a
strong correlation using a quadratic model.
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