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Abstract

Background: Cardiogenic pulmonary edema (CPE) is a severe manifestation of acute heart failure
(AHF), typically driven by elevated left ventricular (LV) filling pressures. While LV dysfunction has
been the traditional focus, growing evidence highlights the role of right ventricular (RV) impairment
and biventricular interaction in the pathophysiology and prognosis of AHF. Objectives: To
characterize the clinical and echocardiographic profile of patients presenting with CPE and to assess
the comparative prognostic contribution of LV and RV function to in-hospital outcomes.
Methods: We retrospectively analyzed 28 patients with CPE from a larger AHF registry, excluding
those with incomplete echocardiographic data or missing NT-proBNP measurement. Comprehensive
echocardiographic assessment at admission included TAPSE, S RV, RV-RA gradient, LVEF, LVOT
VTI, SLV, and E/E' ratio. Clinical variables, NT-proBNP levels, and in-hospital outcomes (mortality,
ventilation, inotropic support, ICU stay) were recorded. Group comparisons, correlation analyses,
and ROC curve assessments were performed.Results: The mean S LV was significantly lower than S
RV (7.34 +2.38 cm/s vs. 11.49 + 2.70 cm/s; p < 0.001), indicating predominant LV longitudinal systolic
impairment. Four patients (14.3%) died during hospitalization. No echocardiographic parameter
reached statistical significance for predicting mortality. Patients with higher mitral E velocity and
reduced LV systolic velocities tended to have longer ICU hospitalization.Trends toward lower S RV
and higher S LV/S RV ratio were noted in patients requiring inotropes.Conclusions: In CPE, LV
longitudinal systolic function is more impaired than RV function at presentation. While single
echocardiographic indices lacked strong prognostic discrimination in this small cohort, integrated
assessment of LV and RV systolic performance alongside diastolic filling pressures may improve
early risk stratification. These findings align with the conceptual framework of composite prognostic
tools and warrant validation in larger prospective studies.

Keywords: cardiogenic pulmonary edema; acute heart failure; echocardiography; right ventricular
function; left ventricular function; LVOT VTIL; E/E' ratio; mortality

1. Introduction

Cardiogenic pulmonary edema (CPE) is a severe and potentially life-threatening form of acute
heart failure (AHF), caused by an abrupt rise in left atrial and pulmonary capillary pressures due to
acute LV systolic and/or diastolic dysfunction or rapid intravascular volume overload [1,2]. Despite
advances in pharmacological and device-based therapy, AHF continues to carry high short-term
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mortality rates and frequent readmissions [3,4]. Prompt risk stratification is critical to optimize early
management and improve patient outcomes [5,6].

Transthoracic echocardiography (TTE) is central to the initial evaluation of AHF, providing real-
time information on ventricular performance, valve function, and hemodynamic status at the bedside
[7,8]. While LVEF remains a widely used measure, it often fails to capture the hemodynamic
complexity of acute decompensation, especially in presentations such as CPE [9,10]. Other
parameters, including LV outflow tract velocity-time integral (LVOT VTI), have emerged as reliable
surrogates of stroke volume and cardiac output, and have demonstrated prognostic value in both
chronic and acute HF settings [11,12].

The prognostic relevance of RV function in CPE has historically been underappreciated,
although numerous studies have demonstrated that RV dysfunction is common in AHF and
independently associated with adverse outcomes [13-15]. Simple and reproducible measurements —
such as tricuspid annular plane systolic excursion (TAPSE), tissue Doppler—derived systolic velocity
of the lateral tricuspid annulus (S RV), and the RV-RA pressure gradient provide valuable insights
into RV longitudinal systolic performance [16,17]. An imbalance between preserved RV output and
impaired LV filling capacity may exacerbate pulmonary congestion, thereby contributing to the onset
of CPE even when LVEF is preserved. At the acute presentation of CPE, this mismatch may result in
a small but repetitive fraction of RV output not being accommodated by the LV, creating
hemodynamic conditions that facilitate rapid pulmonary overfilling and alveolar flooding [18,19].

Given the multifactorial hemodynamic mechanisms involved, a comprehensive biventricular
echocardiographic assessment at presentation could improve diagnostic accuracy and prognostic
evaluation. Integrating LV and RV metrics into a combined prognostic index has been suggested to
enhance outcome prediction in acute HF [20].

In this study, we aimed to describe the clinical and echocardiographic profile of patients with
CPE and to assess the comparative prognostic contribution of RV and LV dysfunction for in-hospital
outcomes.

2. Materials and Methods

2.1. Study Design and Patient Population

This retrospective observational study was conducted between January 2024 and July 2025.
From a registry of 222 consecutive patients hospitalized for acute heart failure (AHF), we included
28 patients who presented with cardiogenic pulmonary edema (CPE) as the predominant clinical
phenotype.Cardiogenic pulmonary edema (CPE) was diagnosed based on the presence of acute
respiratory distress supported by at least two of the following criteria: bilateral alveolar infiltrates on
chest radiography, multiple B-lines on lung ultrasound consistent with interstitial-alveolar fluid,
pulmonary auscultation revealing crackles, and arterial blood gas analysis showing hypoxemia. A
rapid clinical and radiographic improvement following intravenous diuretics and/or vasodilators
further supported the diagnosis [21,22].

From the initial group, patients with incomplete echocardiographic datasets, concomitant acute
coronary syndrome, Takotsubo cardiomyopathy, myocarditis, primary valvular emergencies, or
absence of NT-proBNP measurement at admission were excluded. The final analytic cohort included
28 patients with complete echocardiographic and laboratory data suitable for comparative
biventricular function analysis.

Inclusion criteria were age 218 years, primary presentation with CPE as the dominant AHF
phenotype, complete echocardiographic and laboratory evaluation within the first 24 hours of
admission, including NT-proBNP measurement.

The study complied with the Declaration of Helsinki and received approval from the
institutional ethics committee [23].

2.2. Data Collection
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Demographic, clinical, laboratory, and outcome data were extracted from the hospital’s
electronic medical records. Clinical variables included age, sex, cardiovascular risk factors, blood
pressure and heart rate at presentation, and signs of congestion. Laboratory parameters included
serum NT-proBNP, creatinine, hemoglobin, electrolytes, and high-sensitivity troponin [24-26].

The in-hospital outcomes of interest were:

. In-hospital mortality;

° Need for respiratory support (non-invasive ventilation or invasive mechanical
ventilation);

° Need for inotropic support;

° Total duration of intensive care stay (days).

2.3. Echocardiographic Assessment

Comprehensive transthoracic echocardiography was performed within 24 hours of admission
using a GE Vivid E95 ultrasound system. All measurements adhered to current ASE/EACVI
recommendations [27,28] and were interpreted by two experienced echocardiographers blinded to
patient outcomes.

Right ventricular function was assessed by:

° Tricuspid annular plane systolic excursion (TAPSE, mm) using M-mode in the apical 4-
chamber view;

° Tissue Doppler—derived systolic velocity at the lateral tricuspid annulus (S RV, cm/s);

° Peak systolic RV-RA pressure gradient (mmHg), derived from tricuspid regurgitation

velocity using the modified Bernoulli equation [29,30].

Left ventricular function was assessed by:

° Left ventricular ejection fraction (LVEF, %) using the biplane Simpson method;

° Left ventricular outflow tract velocity—time integral (LVOT VTI, cm) measured by pulsed-
wave Doppler in the apical 5-chamber view;

. Tissue Doppler—derived systolic velocity at the lateral mitral annulus (S LV, cm/s) [31,32].

Diastolic function was characterized by:

° Early diastolic mitral inflow velocity (E, cm/s) and early diastolic mitral annular velocity
(E'LV, cm/s);

° E/E’ ratio as a surrogate for LV filling pressures [33].

The S LV/S RV ratio was calculated for each patient as an index of interventricular longitudinal
systolic balance [19].

2.4. Statistical Analysis

Continuous variables were tested for normality using the Shapiro-Wilk test and expressed as
mean * standard deviation (SD) or median with interquartile range (IQR), as appropriate. Group
comparisons (survivors vs. non-survivors; IMV vs. no-IMV; inotrope vs. no-inotrope) were made
using the independent-samples t-test or Mann—Whitney U test, depending on data distribution.
Categorical variables were compared using the chi-square or Fisher’s exact test [34,35].

Paired within-patient comparisons (e.g., SLV vs. SRV) employed the Wilcoxon signed-rank test.
Correlations between echocardiographic parameters and NT-proBNP, as well as with the total
number of days spent in intensive care, were assessed using Spearman’s rank correlation coefficient.

Receiver operating characteristic (ROC) curves were generated for key echocardiographic
parameters (TAPSE, S RV, RV-RA gradient, TAPSE/RV-RA gradient LVEF, LVOT VTI, E/E’, SLV, S
LV/ S RV) to evaluate their prognostic value for in-hospital mortality and ventilatory support
requirement. The area under the curve (AUC) was calculated with 95% confidence intervals using
bootstrap resampling. The optimal cut-off was determined by the Youden index [36].

Statistical analyses were performed using IBM SPSS Statistics for Windows, Version 26.0 (IBM
Corp., Armonk, NY, USA) and JASP, Version 0.19 (University of Amsterdam, Amsterdam, The
Netherlands), with a two-sided p-value <0.05 considered statistically significant.
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Generative artificial intelligence tools (ChatGPT, version GPT-5.1, OpenAl, San Francisco, CA,
USA) were used for figure generation and minor linguistic adjustments to improve text clarity and
readability.

3. Results

3.1. Baseline Characteristics

A total of 28 patients with cardiogenic pulmonary edema (CPE) at presentation fulfilled the
predefined inclusion criteria, all undergoing comprehensive echocardiographic evaluation of right
and left ventricular function. Baseline demographic, clinical, and echocardiographic characteristics
are presented in Table 1.

Table 1. Baseline demographic, clinical, and echocardiographic characteristics of the study cohort (n = 28).

Variable Total (N=28) Survivors (N=24)  Non-survivors (N=4) p-Value
Age (years) 73.82+12.14 74.12 + 11.68 72.00 + 16.57 0.819
Male sex, % 61.9 64.7 50.0 0.618
Smoking, % 214 20.8 25.0 1.000
Hypertension, % 100.0 100.0 100.0 1.000
Dyslipidemia, % 96.4 100.0 75.0 0.143
Obesity, % 29.6 30.4 25.0 1.000
Diabetes mellitus, % 53.6 50.0 75.0 0.600
Valvular heart disease, % 71.4 75.0 50.0 0.555
Systolic BP (mmHg) 173.39 + 38.52 172.58 + 39.94 178.25 + 33.05 0.772
Diastolic BP (mmHg) 99.39 + 21.23 99.75 + 22.59 97.25 +11.70 0.746
Heart rate (bpm) 105.61 + 23.04 105.75 + 24.69 104.75 £10.24 0.892
NT-proBNP (pg/mL) 10513.96 + 10381.23  9955.83 +10293.27 13862.75 + 11840.24 0.569
TAPSE (mm) 22.61+8.20 23.29 + 8.61 18.50 + 3.32 0.072
LVOT VTI (cm) 16.20 + 4.52 16.03 £4.72 17.23 +3.34 0.561
RV-RA gradient (nmHg) 28.93+9.74 29.00 +10.51 28.50 + 2.65 0.845
LVEF (%) 38.68 +15.42 38.83 +15.07 37.75 £19.92 0.923

Continuous variables are presented as mean + standard deviation, and categorical variables as percentages. Comparisons between survivors and non-survivors were performed using
the Student’s t-test or Mann-Whitney U test, as appropriate, for continuous variables, and the 2 test or Fisher’s exact test for categorical variables. A two-sided p-value < 0.05 was
considered statistically significant. Abbreviations: BP=blood pressure; LVOT VTI = left ventricular outflow tract velocity-time integral; LVEF = left ventricular ejection fraction; NT-
proBNP = N-terminal pro-B-type natriuretic peptide; RV-RA = right ventricular to right atrial pressure gradient; TAPSE = tricuspid annular plane systolic excursion; Valvular heart

disease: > moderate dysfunction of any cardiac valve.

The mean age of the study population was 73.8 + 12.1 years, and 61.9% were male. Active
smoking was reported in 21.4% of cases. Hypertension was present in all patients (100%), while
dyslipidemia was highly prevalent (96.4%). Obesity was recorded in 29.6%, and diabetes mellitus in
53.6%.

At admission, the mean systolic blood pressure was 173.39 + 38.52 mmHg and the mean diastolic
blood pressure was 99.39 + 21.23 mmHg, with a mean heart rate of 105.61 + 23.04 bpm. The average
NT-proBNP concentration was 10,514 + 10,381 pg/mL, reflecting severe hemodynamic stress [24,25].
Echocardiographic measurements showed a mean TAPSE of 22.61 + 8.20, LVOT VTI of 16.20 + 4.52
cm, RV-RA gradient of 28.93 + 9.74mmHg, and LVEF of 38.68 + 15.42%. Valvular heart disease was
present in 71.4 of patients.
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3.2. Echocardiographic Parameters and Predictive Analysis for In-Hospital Mortality

Four patients (14.3%) died during hospitalization. Comparative analysis of echocardiographic
parameters between survivors (n = 24) and non-survivors (n = 4) is presented in Table 2. While none
of the parameters reached statistical significance, several clinically relevant trends were observed.

Table 2. Comparison of echocardiographic parameters between survivors and non-survivors with cardiogenic

pulmonary edema.

Parameter Survivors Median (IQR) Non-Survivors Median (IQR) p-value
E/E’ 11.37 (10.15-14.33) 15.41 (12.70-18.17) 0.291
TAPSE 20.00 (17.75-26.25) 19.00 (17.75-19.75) 0.323
SRV 12.00 (10.00-13.20) 10.00 (8.25-11.75) 0.339
SLV 6.90 (5.97-7.62) 6.75 (6.12-7.12) 0.669
SLV/SRV  0.60 (0.50-0.71) 0.73 (0.59-0.83) 0.533
LVEF 37.50 (26.75-47.25) 38.00 (20.75-55.00) 0.844
LVOT VTI 16.00 (13.38-18.25) 17.00 (14.72-19.50) 0.645

Continuous variables are presented as median and interquartile range (IQR). Comparisons between groups were performed using the Mann-Whitney U test due to non-normal data
distribution. A two-sided p-value <0.05 was considered statistically significant. Abbreviations: E/E, ratio of early mitral inflow velocity to early diastolic mitral annular velocity; LVEF,
left ventricular ejection fraction; S LV, systolic velocity of the lateral mitral annulus; S RV, systolic velocity of the lateral tricuspid annulus; TAPSE, tricuspid annular plane systolic

excursion; LVOT VT, left ventricular outflow tract velocity—time integral.
The E/E' ratio, a surrogate of LV filling pressures, was higher in non-survivors compared to
survivors (median: 15.4 vs. 11.3; p = 0.291), suggesting that elevated diastolic pressures may be

associated with worse prognosis [33,37]. This distribution is illustrated in Figure 1, where the median
E/E' is visibly higher in the non-survivor group, though with overlapping interquartile ranges.

30

25

w T

E/E' ratio

’ N

Survivors Non-survivors

Figure 1. Comparison of E/E’ ratio between survivors and non-survivors.

TAPSE and S RV, markers of RV longitudinal systolic function, tended to be lower in non-
survivors (TAPSE: 19.0 vs. 20.0 mm, p = 0.323; SRV: 10.0 vs. 12.0 cm/s, p = 0.339), indicating possible
RV impairment in patients with fatal outcomes [13,15]. S LV was slightly lower in non-survivors (6.75
vs. 6.90 cm/s; p = 0.669), reflecting mild LV longitudinal systolic impairment across the cohort. The S
LV/S RV ratio was marginally higher in non-survivors (0.73 vs. 0.61; p = 0.533).

ROC curve analysis was therefore performed for key RV parameters (Figure 2), LV parameters
and S LV/S RV ratio (Figure 3).
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Figure 2 displays ROC curves for TAPSE, S RV, the RV-RA gradient, and the TAPSE/RV-RA
gradient ratio; all showed only modest discriminative performance, with curves clustering near the
diagonal and no single RV metric clearly outperforming the others.

Figure 3 depicts the ROC curves for LVOT VTI, LVEF, E/E’, and the S' LV/S' RV ratio. Among
the evaluated parameters, the E/E’ ratio demonstrated the highest discriminatory performance (AUC
= 0.69), although this did not reach statistical significance. The S’ LV/S' RV ratio showed moderate
discrimination (AUC = 0.60), with an optimal threshold of 0.83 according to Youden’s index. LVOT
VTI yielded an AUC of 0.59, with an exploratory cut-off value of 13.9 cm (p = 0.47), consistent with
previously reported prognostic ranges (<14-17 cm) [11,12]. In contrast, LVEF exhibited limited

discriminatory ability.

Smoothed ROC Curves for TAPSE, SVD, GR VD AD, and TAPSE/GR VD AD

1.0

o
o

True Positive Rate

o
S

0.2

TAPSE (AUC = 0.36)
—SVD (AUC = 0.34)
00 =GR VD AD (AUC = 0.46)
—TAPSE / GR VD AD (AUC = 0.46)

0.0 0.2 04 06 0.8 10
False Positive Rate

Figure 2. Receiver-operating characteristic (ROC) curves for right ventricular parameters (TAPSE, SRV, RV-RA
gradient, TAPSE/RV-RA gradient) in predicting in-hospital mortality.

ROC Curves for LVOT VTI, LVEF (Biplane), E/E', and S LV/S RV

LVOT VI (AUC = 0.59)
1.0 LVEF (Biplane FEVS) (AUC = 0.46)
— E/E' (AUC = 0.69)

w— 5 LV /S RV (AUC = 0.60)

0.8

0.6

0.4

True Positive Rate (Sensitivity)

0.2

0.0

0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate (1 - Specificity)
Figure 3. Receiver-operating characteristic (ROC) curves for left ventricular parameters (LVOT VTI, LVEF, E/E’)
and S LV/S RV ratio in predicting in-hospital mortality.

Contrary to our a priori hypothesis, LVOT VTI was not lower in non-survivors: median 17.0 cm
(IQR 14.7-19.5) vs. 16.0 cm (13.4-18.3) in survivors (p = 0.645). The ROC-derived cut-off of 13.9 cm
showed limited discrimination in this cohort. However, prior data suggest that LVOT VII <17 cm is
associated with low cardiac output and poor outcomes in acute heart failure [11,12].
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To further illustrate the distribution of left ventricular outflow tract velocity—time integral
(LVOT VTI) according to in-hospital survival status, we performed a boxplot-based comparative
analysis between survivors and non-survivors (Figure 4).

None of the evaluated ROC curves reached statistical significance, and all results should
therefore be interpreted as exploratory given the limited sample size.

26
24 e
22

20

18

16

%

LVOT VTl (cm)
-
N

=
o

@

Survivors Non-survivors

Figure 4. Distribution of left ventricular outflow tract velocity-time integral (LVOT VTI) stratified by in-hospital

mortality.

3.4. Ventilation and Intensive Care Requirements

In the analyzed cohort, 7 patients (25%) required invasive mechanical ventilation (IMV), while
11 patients (39.3%) underwent at least one episode of non-invasive ventilation (NIV/CPAP). The
median duration of cardiac intensive care unit stay was 4 days (IQR: 2-6), with a range from 0 to 33
days. To evaluate the association between ventricular function and the need for invasive ventilation,
we compared echocardiographic parameters between patients with and without IMV (Table 3).
Although no parameter reached statistical significance, S RV showed the lowest p-value, suggesting
a trend toward more pronounced right ventricular systolic impairment in ventilated patients.
However, when interpreted alongside the concomitant reduction in LVEF, these findings indicate a
tendency toward predominantly right-sided dysfunction within an overall context of biventricular
systolic involvement in patients who required invasive ventilatory support.

Table 3. Echocardiographic parameters according to ventilatory support requirements (n = 28).

Parameter No ventilation NIV IMV p-value
TAPSE 19.00 [15.75-28.00] 20.00 [17.50-24.00]  20.50 [17.75-23.25] 0.916
SRV 12.35 [10.50-13.60] 11.70 [9.00-12.20] 11.45[9.75-12.43]  0.483
SLV 6.70 [5.83-8.20] 7.00 [6.00-7.75] 6.75 [6.12-7.05] 0.683
SLV/SRV 0.62 [0.48-0.73] 0.62 [0.52-0.80] 0.62 [0.57-0.69] 0.865

RV-RA gradient 31.0[17.75-40.25] 29.0 [21.50-34.50] 29.5 [26.75-35.50] 0.816

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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E/E’ 12.29 [10.89-15.48] 11.44 [9.97-13.92] 13.61[9.85-18.17]  0.680
LVOT VTI 16.40 [13.55-21.75] 15.00 [13.50-18.50]  15.75 [14.72-17.62] 0.800
LVEF 38.0 [27.25-54.00] 38.0 [30.50-45.00] 28.0 [20.75-40.00]  0.580

Continuous variables are presented as median and interquartile range (IQR). Patients were categorized into three groups: no ventilatory support, non-invasive ventilation (NIV), and
invasive mechanical ventilation (IMV). Comparisons across groups were performed using the Kruskal-Wallis test. A two-sided p-value < 0.05 was considered statistically
significant. Abbreviations:E/E’, ratio of early mitral inflow velocity to early diastolic mitral annular velocity; RV-RA gradient, right ventricle-right atrium systolic pressure gradient;
IMV, invasive mechanical ventilation; LVEF, left ventricular ejection fraction; LVOT VTI, left ventricular outflow tract velocity—time integral; NIV, non-invasive ventilation; S LV,

systolic velocity of the lateral mitral annulus; SRV, systolic velocity of the lateral tricuspid annulus;.

Spearman correlation analysis showed no statistically significant associations between
echocardiographic parameters and ICU length of stay. However, S LV and E/E’ displayed the lowest
p-values, suggesting a non-significant trend whereby patients with lower LV systolic velocities and
higher filling pressures tended to remain longer in the ICU. A similar, albeit weaker, tendency was
observed for LVEF and TAPSE, consistent with more advanced biventricular dysfunction in patients
requiring prolonged intensive care, as shown in Table 4.

Table 4. Spearman correlation analysis between echocardiographic parameters and intensive care unit length of

stay.
Parameter Spearman @ p-value
TAPSE -0.148 0.444
SRV -0.078 0.686
SLV -0.189 0.326
SLV/SRV -0.001 0.995
RV-RA gradient -0.055 0.777
E-wave 0.175 0.363
E/E’ 0.198 0.302
LVOT VTI 0.031 0.874
LVEF -0.175 0.365

Spearman’s rank correlation coefficient (0) was used to assess the association between echocardiographic parameters and duration of intensive care unit (ICU) stay. A two-sided p-
value < 0.05 was considered statistically significant. Abbreviations:E-wave, peak early mitral inflow velocity; E/E’, ratio of early mitral inflow velocity to early diastolic mitral annular
velocity; RV-RA gradient, right ventricle-right atrium systolic pressure gradient; LVEF, left ventricular ejection fraction (biplane Simpson method); LVOT VTI, left ventricular outflow
tract velocity-time integral; S LV , systolic velocity of the lateral mitral annulus; S RV , systolic velocity of the lateral tricuspid annulus; TAPSE, tricuspid annular plane systolic

excursion.

From a clinical perspective, these exploratory findings suggest that subtle alterations in LV
diastolic filling (reflected by higher E/E’ ratio) and biventricular systolic impairment could contribute
to the complexity of acute management in CPE, potentially prolonging intensive care needs.
Although not statistically significant in this limited cohort, the observed patterns are
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pathophysiologically plausible and highlight the value of integrated biventricular and diastolic
assessment in predicting the intensity of care required [12,22].

3.5. Comparative Analysis of S LV and S RV

To explore potential differences in longitudinal systolic performance between the left and right
ventricles in patients with cardiogenic pulmonary edema (CPE), we compared the tissue Doppler—
derived systolic velocity of the lateral mitral annulus (S LV) with that of the lateral tricuspid annulus
(S RV). This analysis included all 28 patients with complete data for both parameters.

The mean S LV was 7.34 + 2.38 cm/s, significantly lower than the mean S RV of 11.49 +2.70 cm/s
(Wilcoxon signed-rank test, p < 0.001), indicating a substantial imbalance in longitudinal systolic
velocities favoring the right ventricle [18]. Figure 5 shows the paired distribution of SLV and S RV
values, with the median S RV clearly exceeding S LV, highlighting predominant left ventricular
longitudinal systolic impairment.

20.0
17.5

15.0 -_—

125
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Tissue Doppler S velocity (cm/s)

0.0

S LV (cm/s) S RV (cm/s)

Figure 5. Paired comparison of left and right ventricular systolic velocities (S LV and S RV) in patients with

cardiogenic pulmonary edema.

Interpretation:

The significantly lower S LV compared to S RV suggests that, at presentation, left ventricular
longitudinal systolic function is more compromised than right ventricular function in this CPE
population. This finding aligns with the pathophysiological model in which acute increases in left
atrial and pulmonary venous pressures —secondary to LV diastolic and/or systolic dysfunction —are
primary drivers of pulmonary edema.

Preserved or relatively higher S RV values may indicate maintained RV longitudinal
performance in the acute phase, allowing the right ventricle to sustain forward flow into the
pulmonary circulation. This could exacerbate the transcapillary pressure gradient across the
pulmonary microvasculature when LV filling pressures are elevated, thereby contributing to alveolar
flooding.

These results complement the descriptive and exploratory analyses presented in previous
sections, suggesting that ventricular systolic imbalance—particularly when LV longitudinal
contraction is disproportionately reduced compared to RV —may be a relevant hemodynamic profile
in acute CPE. Further studies with larger cohorts are warranted to assess whether the degree of SLV
to S RV disparity has independent prognostic implications.
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3.6. Association between Echocardiographic Parameters and Inotropic Support

In the study cohort, 7 patients (24.1%) required inotropic support during hospitalization.
Comparative analysis of key echocardiographic markers of right and left ventricular function
between patients with and without inotropic therapy is shown in Table 5.

Table 5. Echocardiographic parameters according to inotropic support requirement.

Parameter No Inotrope Median (IQR) Inotrope Median (IQR) p-value
E/E’ 12.02 (10.62-14.33) 13.61 (9.38-18.17) 0,874
TAPSE (mm) 19.50 (17.75-26.25) 19.50 (17.75-20.50) 0,448
S RV (cm/s) 12.00 (10.00-13.20) 10.00 (8.25-11.75) 0,339
S LV (cm/s) 6.90 (5.97-7.50) 6.75 (6.12-8.00) 0,973
SLV/SRV 0.60 (0.50-0.71) 0.73 (0.59-0.93) 0,393
LVEF (%) 38.50 (26.75-52.00) 29.50 (20.75-42.25) 0,449
LVOT VTI (cm) 16.20 (13.38-19.00) 14.50 (13.97-16.50) 0,792

Continuous variables are presented as median and interquartile range (IQR). Patients were classified according to the need for inotropic support during hospitalization (no inotropic
support vs. inotropic support). Comparisons between groups were performed using the Mann-Whitney U test. A two-sided p-value < 0.05 was considered statistically
significant. Abbreviations:E/E’, ratio of early mitral inflow velocity to early diastolic mitral annular velocity; LVEF, left ventricular ejection fraction (biplane Simpson method); LVOT
VTI, left ventricular outflow tract velocity—time integral; S LV, systolic velocity of the lateral mitral annulus; S RV, systolic velocity of the lateral tricuspid annulus; TAPSE, tricuspid

annular plane systolic excursion.

No statistically significant differences were observed for any of the measured parameters.
However, a trend toward higher S LV/S RV ratio was noted among patients requiring inotropes as
shown in Figure 6 (p = 0.393). LVEF also showed slightly lower values in the inotrope group, but
without statistical significance (p = 0.449).
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Figure 6. Distribution of the S LV/S RV ratio according to inotropic support requirement.
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These findings suggest that in this small cohort, the need for inotropic therapy was not clearly
associated with any single echocardiographic measure of systolic function. The observed trends
could indicate that subtle RV systolic impairment or interventricular systolic imbalance might be
related to hemodynamic instability requiring pharmacologic support, but larger sample sizes are
needed to validate this hypothesis [17,30].

4. Discussion

This study investigated the comparative systolic function of the left and right ventricles in
patients presenting with cardiogenic pulmonary edema (CPE), using tissue Doppler—derived systolic
velocities (5 LV and S RV), conventional echocardiographic indices (TAPSE, LVEF, LVOT VTI, E/E’),
and selected outcome measures, including in-hospital mortality, need for ventilatory and inotropic
support, and intensive care stay.

Our main findings are:

° Left ventricular longitudinal systolic function (S LV) was significantly lower than right
ventricular function (S RV) at presentation, indicating predominant LV systolic impairment in the
longitudinal axis despite preserved RV velocities.

. No echocardiographic parameter demonstrated strong discriminatory power for in-
hospital mortality. E/E’ ratio demonstrated the highest discriminatory performance (AUC = 0.69), but
without statistical significance.Contrary to our initial hypothesis, LVOT VTI was not lower in non-
survivors, but the ROC-derived cut-off of 13.9 cm overlapped with values previously reported as
prognostically relevant in acute heart failure cohorts [12,20].

° No echocardiographic parameter was significantly associated with the need for invasive
ventilation or inotropic support, but exploratory analysis suggested trends toward lower RV systolic
velocities and altered interventricular balance in patients requiring hemodynamic support.

. Regarding intensive care stay, none of the echocardiographic indices correlated
significantly with its duration. However, patients with higher mitral E velocity and reduced S LV
tended to require longer intensive care hospitalization, suggesting that impaired LV filling and
systolic imbalance may contribute to more complex trajectories [33,37].

4.1. Comparison with Previous Studies

Previous work has emphasized the central role of elevated LV filling pressures in the
pathophysiology of CPE, often in the setting of preserved or mildly reduced LVEF [1,2]. Our finding
of markedly reduced S LV compared to S RV complements this understanding by demonstrating a
measurable imbalance in longitudinal systolic velocities between ventricles at the acute phase.

Studies in acute heart failure populations have shown that tissue Doppler velocities, particularly
S RV, are independent predictors of outcome, reflecting RV—pulmonary artery coupling [13,15]. In
our cohort, S RV was relatively preserved, possibly allowing sustained pulmonary forward flow and
contributing to rapid alveolar flooding when LV compliance and systolic performance are impaired.

The ROC-derived LVOT VTI cut-off of 13.9 cm identified in our analysis is consistent with
previous reports linking low stroke volume to poor prognosis [11,12]. The paradoxical observation
that non-survivors exhibited slightly higher median VTI than survivors is most likely explained by
small sample size and Doppler variability, but it does not negate the alignment of the cut-off with
prior literature. Similarly, the S LV/S RV ratio, although not statistically significant, suggested a
tendency toward worse outcomes when interventricular systolic imbalance was present [20].

4.2. Clinical Implications

From a hemodynamic perspective, the observed ventricular imbalance supports the hypothesis
that RV-LV stroke volume mismatch may be an important driver of acute decompensation in CPE,
particularly in hypertensive presentations [18,19]. Tissue Doppler—derived systolic velocities are
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simple to obtain in the emergency setting and may help identify patients with disproportionate LV
impairment despite preserved RV performance.

Although no single parameter showed robust predictive power in this dataset, the combined
assessment of LV and RV systolic velocities, LVOT VTI, and diastolic filling pressures could
contribute to a rapid, non-invasive evaluation framework for CPE patients. Such an approach might
assist in early identification of individuals who could benefit from intensified hemodynamic
monitoring, tailored diuretic-vasodilator strategies, or early escalation to advanced therapies.

4.3. Limitations

This study has several limitations. First, it is retrospective and single-center, with a small sample
size, limiting the statistical power to detect significant associations. Second, echocardiographic
measurements were performed at a single time point, without serial follow-up to capture dynamic
changes during hospitalization. Third, invasive hemodynamic data were not available to corroborate
echocardiographic findings. Finally, the exclusion of patients with incomplete datasets, while
necessary for analytic consistency, may have introduced selection bias.

4.4. Future Directions

Prospective multicenter studies with larger patient populations are needed to validate the
prognostic value of interventricular systolic imbalance in CPE. Incorporating advanced imaging
techniques such as speckle-tracking strain, pulmonary artery coupling indices, and validated
integrated measures like the cardiac power index could enhance risk stratification [22,29].

Furthermore, integrating echocardiographic parameters with biomarkers (e.g., NT-proBNP) and
clinical profiles into multiparametric predictive models may improve early risk stratification and
guide individualized therapeutic interventions. Comparative validation of such models against
established indices would clarify the incremental prognostic utility of biventricular functional
assessment in this high-risk population.

5. Conclusions

In this study of patients presenting with cardiogenic pulmonary edema (CPE), we identified a
marked imbalance between left and right ventricular longitudinal systolic performance, with
significantly lower S LV compared to S RV at presentation. This observation supports the concept
that left ventricular dysfunction , particularly in the longitudinal axis, is a key driver of pulmonary
edema, even when right ventricular function remains relatively preserved [38].

Although no single echocardiographic parameter demonstrated strong independent prognostic
power in this limited cohort, several clinically relevant trends emerged. Reduced LVOT VTI, altered
SLV/S RV ratios, and lower S RV values were associated with adverse outcomes, including mortality
and the need for inotropic support, consistent with previous studies linking impaired forward flow
and biventricular imbalance to poor prognosis in acute heart failure [11]. Trends toward longer
intensive care stays were observed in patients with higher mitral E velocity and reduced S LV,
suggesting that impaired LV filling and interventricular imbalance may contribute to more severe
clinical trajectories [33,38].

These findings reinforce the importance of comprehensive biventricular assessment in patients
with CPE, moving beyond conventional reliance on LVEF. The observed patterns align with the
conceptual framework of multiparametric indices, such as the Virtue Index, which integrate LV
systolic, RV systolic, and diastolic markers to improve risk stratification [20].

While limited by its retrospective, single-center design and small sample size, this study
underscores the potential role of combined echocardiographic assessment in guiding clinical
decision-making for patients with CPE. Prospective multicenter trials incorporating advanced
imaging, biomarkers, and integrated prognostic indices are warranted to validate these findings and
to refine early risk stratification strategies [37].
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Abbreviations

The following abbreviations are used in this manuscript:

AUC area under the curve

BP blood pressure

bpm beats per minute

CPE cardiogenic pulmonary edema

CwW continuous wave

E-wave (E) peak early mitral inflow velocity

E/E’ ratio of early mitral inflow velocity to early diastolic mitral annular velocity
ICU intensive care unit

MV invasive mechanical ventilation

IQR interquartile range

IvC inferior vena cava

LV left ventricle

LVEF left ventricular ejection fraction

LVOT left ventricular outflow tract

LVOT VTI left ventricular outflow tract velocity—time integral
NIV non-invasive ventilation

NT-proBNP N-terminal pro—B-type natriuretic peptide

PW pulsed wave

ROC receiver operating characteristic

RV right ventricle

RV-RA gradient right ventricle-right atrium systolic pressure gradient
SLV systolic velocity of the lateral mitral annulus
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SRV systolic velocity of the lateral tricuspid annulus
TAPSE tricuspid annular plane systolic excursion
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