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Abstract 

 

Background: Right ventricular failure (RVF) is a significant complication following left ventricular 

assist device (LVAD) implantation, with no universally accepted predictors. This meta-analysis 

identifies the most reliable echocardiographic predictors.  

Methods: OVID Medline was systematically searched for observational studies reporting ten 

preoperative echocardiographic parameters in patients who did and did not develop RVF post-

LVAD. Random-effects meta-analyses were performed. Subgroup analyses and meta-regression 

assessed the influence of RVF definitions and clinical characteristics on predictive capacity. 

Logistic regression modeling identified key cutoffs.  

Results: Thirty-nine studies involving 2,975 patients were included, with pooled RVF prevalence 

of 0.30 (0.26–0.34). Higher right ventricular end-diastolic diameter (RVEDD) (SMD: 0.368, 

p<0.0001, I²: 1.73%) and less negative right ventricular free wall strain (RVFWS) (SMD: 0.931, 

p<0.0001, I²: 82.9%) were significant predictors. Higher right ventricular end-diastolic area 

(RVEDA) was also reliable but weaker (SMD: 0.224, p=0.0282, I²: 0.00%). Lower tricuspid annular 

plane systolic excursion (TAPSE) was a strong predictor (SMD: -0.512, p<0.0001,) but less reliable 

due to high heterogeneity (I²: 86.1%). Subgroup analyses of TAPSE by RVF definition showed 

modestly reduced heterogeneity (43.7%). Predictive capacity was significantly better in more 

stable patients (i.e., no inotropes/IABP, higher INTERMACS status). Logistic regression identified 

increased RVF risk at RVEDD ≥41.5 mm (sensitivity: 50.0%, specificity: 83.3%) and RVFWS ≥-

11.3% (sensitivity: 88.9%, specificity: 88.9%).  

Conclusions: RVEDD ≥41.5 mm and RVFWS ≥-11.3% are the strongest, most reliable predictors 

of RVF post-LVAD. Variations in RVF endpoint definitions only partially explain the observed 

heterogeneity, while patient characteristics significantly influence predictive accuracy. Future 

studies should explore subgroup-specific cutoffs. 

 

 



Introduction 

Left ventricular assist devices (LVADs) have revolutionized the management of advanced heart 

failure, serving as a critical bridge to heart transplantation, or as destination therapy1-3. However, 

right ventricular failure (RVF) — a severe complication affecting 10–40% of LVAD recipients — 

remains a significant barrier to improved outcomes1-3. The exact pathophysiology of RVF is not 

fully understood but is thought to result from the sudden restoration of left ventricular function, 

which increases venous return to the right ventricle (RV), causing it to strain under the sudden 

increased load, leading to its dysfunction and eventual failure1-3. RVF is well recognized as a 

major cause of poorer outcomes post-LVAD, often necessitating additional interventions such as 

temporary right ventricular assist device (RVAD) insertion or prolonged inotropic support in 

intensive care settings4,5. Preoperative identification of high-risk patients is important, as it 

facilitates better patient selection for planned biventricular assist device (BiVAD) implantation, 

which has demonstrated superior outcomes compared to staged LVAD implantation followed by 

RVAD insertion6. Preoperative identification of high-risk patients enables tailored management. 

Decision-making with respect to choice of transplantation versus mechanical circulatory support, 

preoperative optimization (prehabilitation), and postoperative critical care support, potentially 

improve outcomes2. 

 

Echocardiography, a widely available and noninvasive tool, plays a pivotal role in preoperative 

cardiac assessment. Several single-center observational studies have proposed 

echocardiographic markers of RV function as potential predictors of RVF post-LVAD 

implantation1-3. Bellavia et al., who conducted one of the earliest comprehensive meta-analyses 

in this field, identified several significant predictors, yet the clinical applicability was limited by 

the high heterogeneity observed7. Subsequent analyses, such as those by Benedetto et al., which 

focused on continuous-flow LVADs, and those by Chriqui et al. and Frye et al., which explored 

novel strain-based echocardiographic markers like right ventricular global longitudinal strain 

(RVGLS), still faced challenges with heterogeneity, thus reducing the generalizability of the 

identified predictors8,9,10. Potential sources of the observed heterogeneity include variations in 

RVF definitions, variations in LVAD technology and surgical practice, and variations in baseline 

patient characteristics across centers, although the exact impact of these factors remains 

unclear. 

 

This meta-analysis incorporates a larger pool of studies and hence aims to provide an updated 

assessment of preoperative right-sided echocardiographic predictors of RVF following LVAD 

implantation. It addresses the longstanding issue of heterogeneity by using subgroup and meta-

regression analyses to evaluate the impact of RVF endpoint definitions and LVAD technology, 

and explore the predictive value of the identified echocardiographic parameters across specific 

patient subgroups. Finally, considering the inconsistent findings across studies, this meta-

analysis aims to utilize all the available literature to propose cutoffs for the most significant and 

reliable predictors. Resolving these challenges is essential for enhancing risk stratification and 

improving outcomes for LVAD recipients. 

 

Materials and methods 



Search strategy 

A systematic literature search was conducted in February 2024 on the OVID Medline database. 

Records dating from inception through February 13, 2024 were searched using keywords 

associated with RVF and LVAD, as detailed in Table S1. After excluding duplicate records, titles 

and abstracts were screened. Articles were included if they were original primary research 

assessing predictors of RVF post-LVAD. The following were the exclusion criteria: Wrong study 

type (i.e., case reports, reviews), studies including preplanned BiVAD patients, studies with no 

full-text availability, pediatric studies (patients aged <18 years), and non-English language 

publications.  

Full texts of the remaining articles were further screened. Articles were included for final analysis 

if they reported preoperative echocardiographic data for two patient groups: (1) those who 

developed RVF following LVAD implantation, and (2) those who did not. Articles were also 

excluded at this stage if they only explored non-echocardiographic predictors or focused solely 

on patient subgroups with specific comorbidities.  

Study quality was assessed using the Newcastle-Ottawa Scale to check for risk of bias. Studies 

with ≥7/9 responses were considered of sufficient quality to be included in final analysis11. 

Study endpoints and data collection 

The primary endpoint was RVF following LVAD implantation, as defined by each study. 

Definitions included:  

1. Clinical signs of RV dysfunction; 

2. Need for interventions (namely RVAD implantation); 

3. Prolonged inotropic support. 

 

Subgroup analyses focused on studies using the most common RVF definition: need for RVAD 

implantation or inotropes for >14 days (± prolonged vasodilator or inhaled nitric oxide (iNO) 

therapy)12,13. This definition was selected for its reflection of clinically severe RVF and widespread 

use in contemporary studies12,13. Subgroup analyses of studies using alternative definitions were 

not performed due to insufficient data. Separate subgroup analyses focused on studies using 

continuous-flow LVADs only were also performed. Ten preoperative echocardiographic 

parameters were evaluated, including three functional markers (tricuspid annular plane systolic 

excursion (TAPSE), right ventricular fractional area change (RVFAC), and right ventricular ejection 

fraction (RVEF)), four structural markers (right ventricular end-diastolic diameter (RVEDD), right 

ventricular to left ventricular diameter ratio (RV/LV diameter ratio), right ventricular end-diastolic 

area (RVEDA), and right ventricular end-systolic area (RVESA)), and three strain markers (right 

ventricular global longitudinal strain (RVGLS), right ventricular free wall strain (RVFWS), and right 

ventricular septal longitudinal strain (RVSLS)). These were selected for their frequent reporting 

and clinical relevance. When multiple values for a parameter were available, basal RVEDD, apical 

RV/LV ratios, and apical four-chamber views for RVFAC, RVGLS, RVFWS, and RVSLS were used to 

minimize variation, since these measurements are the most reported. 

 

For each parameter, means, standard deviations, and sample sizes for the RVF and non-RVF 

groups were extracted. When studies reported medians and interquartile ranges, or medians 

and ranges, the means and standard deviations were obtained using the following estimations, 

as proposed in the Cochrane Handbook for Systematic Reviews: (1) Mean = median; (2) 



Standard deviation = interquartile range / 1.35; (3) Standard deviation = range / 4 14. 

 

The following additional data were extracted from each study: gender distribution, mean age, 

mean BMI, mean preoperative INTERMACS score, the proportions of patients with ischemic 

cardiomyopathy, receiving continuous-flow LVADs, on preoperative inotropic support, 

population of patients supported using intra-aortic balloon pump (IABP) therapy, and the 

proportions of patients with different indications for LVAD therapy such as bridge-to-

transplantation, bridge-to-decision, bridge-to-recovery, bridge-to-candidacy, or destination 

therapy. 

 

Statistical analyses 

All statistical analyses were performed using STATA version BE/18.0. Missing data were managed 

appropriately by statistical software using listwise deletion, meaning that only studies reporting 

the relevant parameter were included in each respective analysis. No imputation was performed 

since this was a meta-analysis of published aggregate level data, where imputing values requires 

significant assumptions that could introduce bias.  

The pooled prevalence of RVF following LVAD implantation across all studies was calculated, 

followed by subgroup analysis restricted to studies using the most common RVF definition. 

 

Random-effects meta-analyses using the DerSimonian-Laird method estimated overall effect 

sizes for each echocardiographic parameter. Since all parameters were continuous variables, 

standardized mean difference (SMD) using Hedge's g was used. Given the expected 

heterogeneity among retrospective observational studies, random-effects models were applied. 

Adjustments for multiple comparisons across the parameters were not performed since the 

analyses were exploratory in nature. This approach avoids overcorrection and the potential loss 

of meaningful associations. Subgroup meta-analyses including only studies using the most 

common RVF definition were performed for parameters with sufficient data (≥15 studies), in 

order to assess whether endpoint definitions influenced heterogeneity and predictive value. 

Heterogeneity was assessed using the I² statistic and Cochrane's Q test, and categorized by I² 

values as low (<25%), moderate (25–50%), high (50–75%), or very high (>75%), as suggested by 

Higgins et al15. Leave-one-out sensitivity analyses were conducted to identify potential outliers. 

 

Meta-regression analyses were performed for parameters with data from ≥15 studies to explore 

the influence of patient demographics, clinical characteristics, and the year of publication on 

predictive capacity. 

 

Finally, to estimate optimal cutoff values for each significant predictor, weighted logistic 

regression modeling was performed using pooled summary-level data from the studies included 

in this meta-analysis. For each predictor, the RVF and non-RVF groups from each study were 

treated as individual observations. The group mean was used as the predictor value, RVF status 

(1 = RVF, 0 = no RVF) was set as the binary outcome, and group sample size was applied as a 

frequency weight. Logistic regression was used to model the relationship between predictor 

values and the probability of RVF. Predicted probabilities of RVF were then calculated across a 



continuous range of predictor values. The optimal cutoff for each parameter was defined as the 

value corresponding to the maximum Youden's index (sensitivity + specificity – 1), which 

balances sensitivity and specificity. Receiver operating characteristic (ROC) analyses were also 

conducted to assess model discrimination, and the sensitivity and specificity at each optimal 

cutoff were reported. 

 

Results 

Study selection and characteristics 

The initial database search identified 601 records, from which 1 duplicate record was excluded. 

After titles and abstract screening, 494 were excluded. Full-text screening of the remaining 106 

records led to a further 67 records excluded (Figure 1).  

A total of 39 articles published between 1999 and 2022 were included in the final meta-analyses. 

All studies were observational, with 8 using prospectively collected data and the remaining 31 

using retrospectively collected data. All but one study were single-center investigations; the 

exception was a multicenter study. The pooled population consisted of 2,923 patients, of whom 

883 (30.2%) developed RVF post-LVAD. The characteristics of the individual studies are 

summarized in Table 1. 

Meta-analyses 

The overall pooled prevalence of RVF post-LVAD was 0.30 (95% CI: 0.26–0.34), with very high 

heterogeneity (I² = 85.4%, p<0.01) (Figure S1A).  

Subgroup analysis of studies using the most common RVF definition (detailed under 

'Methodology') yielded a similar pooled prevalence of 0.33 (95% CI: 0.28–0.39), with similarly 

very high heterogeneity (I² = 85.3%, p<0.01) (Figure S1B).  

Meta-analyses were conducted for all ten echocardiographic parameters. Effect sizes, p-values, 

and measures of heterogeneity for both the overall and subgroup meta-analyses are 

summarized in Table 2. 

 

Functional echocardiographic predictors 

Preoperative TAPSE was reported in 33 studies. Meta-analysis revealed significantly lower TAPSE 

in patients who developed RVF post-LVAD compared to those who did not (SMD: -0.512, 95% 

CI: -0.754 to -0.269, p<0.0001) (Figure 2A). Heterogeneity was very high (I² = 86.1%, p<0.01), 

though leave-one-out sensitivity analysis identified no clear outliers (Figure S2A). Subgroup 

analysis including only the 21 studies using the most common RVF definition yielded a 

significant but slightly attenuated effect size (SMD: -0.326, 95% CI: -0.471 to -0.181, 

p<0.0001) (Figure S3A). Heterogeneity reduced substantially to a moderate level (I² = 43.7%, p 

= 0.02). A separate subgroup analysis of the 29 studies that involved only continuous-flow 

LVADs also yielded a significant effect size (SMD: -0.530, 95% CI: -0.796 to -0.263, p=0.0001), 

and heterogeneity remained very high (I² = 87.0%, p<0.01) (Figure S4A). 

 

Preoperative RVFAC, reported in 25 studies, was significantly lower in patients that developed 

RVF (SMD: -0.498, 95% CI: -0.749 to -0.247, p=0.0001) (Figure S5). Heterogeneity was very high 



(I² = 80.1%, p<0.01). Leave-one-out sensitivity analysis identified Gumus et al. as a potential 

outlier as it showed an abnormally lower RVFAC in the RVF group compared to other studies, 

which may be due to the much younger patient cohort (mean age of 39.8 years) (Figure S2B)26. 

Results remained consistent even after excluding this study, with a significant though attenuated 

effect size (SMD: -0.342, 95% CI: -0.488 to -0.196, p<0.0001), and heterogeneity reduced to a 

moderate level (I² = 41.0%, p = 0.0198) (Figure 2B). Subgroup analysis including only the 16 

studies using the most common RVF definition showed consistent results (SMD: -0.367, 95% CI: 

-0.542 to -0.191, p<0.0001), with heterogeneity remaining moderate (I² = 41.9%, p = 

0.04) (Figure S3B). A separate subgroup analysis of the 20 studies that involved only 

continuous-flow LVADs also yielded a significant effect size (SMD: -0.516, 95% CI: -0.832 to -

0.200, p=0.0014), and heterogeneity remained very high (I² = 84.0%, p<0.01) (Figure S4B). 

 

Preoperative right ventricular ejection fraction (RVEF), reported in 8 studies, was significantly 

lower in patients that developed RVF (SMD: -0.803, 95% CI: -1.36 to -0.245, p=0.0048) (Figure 

2C). Heterogeneity was very high (I² = 80.1%, p<0.01), though leave-one-out sensitivity analysis 

showed no clear outliers (Figure S2C). 

 

Structural echocardiographic predictors 

Preoperative RV/LV diameter ratio, reported in 15 studies, was significantly higher in patients 

who developed RVF (SMD: 0.566, 95% CI: 0.194 to 0.938, p=0.0029) (Figure 3A). Heterogeneity 

was very high (I² = 84.7%, p<0.01). Leave-one-out sensitivity analysis identified no clear 

outliers (Figure S2D). Subgroup analysis of the 10 studies using the most common RVF 

definition showed consistent results with a slightly stronger effect size (SMD: 0.414, 95% CI: 

0.148 to 0.679, p=0.0023), and though heterogeneity decreased, it remained high (I² = 56.5%, 

p=0.014) (Figure S3C). A separate subgroup analysis of the 14 studies that involved only 

continuous-flow LVADs also yielded a significant effect size (SMD: 0.594, 95% CI: 0.197 to 0.990, 

p=0.0034), and heterogeneity remained very high (I² = 85.7%, p<0.01) (Figure S4C). 

 

Preoperative RVEDD, reported in 12 studies, was significantly higher in patients who developed 

RVF (SMD: 0.368, 95% CI: 0.203 to 0.533, p < 0.0001) (Figure 3B). There was no significant 

heterogeneity (I² = 1.73%, p = 0.43), and leave-one-out sensitivity analysis showed no clear 

outliers (Figure S2E). 

 

Preoperative right ventricular end-diastolic area (RVEDA), reported in 6 studies, was significantly 

higher in patients that developed RVF (SMD: 0.224, 95% CI: 0.024 to 0.424, p=0.0282) with no 

heterogeneity (I² = 0.00%, p=0.912) (Figure 3C). Preoperative right ventricular end-systolic area 

(RVESA), reported in 4 studies, showed no significant differences between the RVF and non-RVF 

groups (SMD: 0.184, 95% CI: -0.040 to 0.407, p=0.107) with no significant heterogeneity (I² = 

0.00%, p=0.738) (Figure 3D). Leave-one-out sensitivity analyses showed no clear outliers for 

either parameter (Figures S2F-G). 

 

Strain echocardiographic predictors 

Preoperative RV global longitudinal strain (RVGLS), reported in 8 studies, was significantly less 

negative in patients that developed RVF (SMD: 0.847, 95% CI: 0.231 to 1.46, p = 0.0071) (Figure 



S6A). Heterogeneity was very high (I² = 89.4%, p < 0.01). Leave-one-out sensitivity analysis 

identified Gumus et al. as a potential outlier as it showed an abnormally greater difference in 

RVGLS between the RVF and non-RVF groups compared to other studies (Figure S2H)26. Results 

remained consistent even after excluding this study, with a significant though attenuated effect 

size (SMD: 0.461, 95% CI: 0.197 to 0.724, p = 0.0006), and heterogeneity reduced to a moderate 

level (I² = 40.0%, p = 0.125) (Figure 4A). 

 

Preoperative RV free wall longitudinal strain (RVFWS), reported in 9 studies, was significantly less 

negative in patients that developed RVF (SMD: 0.931, 95% CI: 0.432 to 1.43, p = 0.0003) (Figure 

4B). Heterogeneity was very high (I² = 82.9%, p < 0.01), though leave-one-out sensitivity 

analysis showed no clear outliers (Figure S2I). 

 

Preoperative RV septal longitudinal strain (RVSLS), reported in 4 studies, was significantly less 

negative in patients that developed RVF (SMD: 1.38, 95% CI: -0.081 to 2.84, p = 0.0641) (Figure 

S6B). Heterogeneity was very high (I² = 94.1%, p < 0.01). Leave-one-out sensitivity analysis 

identified Gumus et al. as a potential outlier as it showed an abnormally greater difference in 

RVSLS between the RVF and non-RVF groups compared to other studies (Figure S2J)26. Results 

remained consistent even after excluding this study, with a significant though attenuated effect 

size (SMD: 0.541, 95% CI: 0.031 to 1.05, p = 0.0378), and heterogeneity reduced to a moderate 

level (I² = 43.5%, p = 0.170) (Figure 4C). 

 

Meta-regression analyses 

Given the moderate-to-high heterogeneity observed across many parameters, meta-regression 

analyses were performed to explore how patient characteristics and clinical factors influenced 

the predictive ability of three echocardiographic parameters: TAPSE, RVFAC, and RV/LV diameter 

ratio (Table 3). Lower TAPSE values demonstrated stronger predictive ability for RVF in studies 

that included fewer patients receiving preoperative IV inotropes (meta-regression coefficient = 

0.0163, p=0.044) (Figure S7A) and in studies with a higher proportion of patients whose LVAD 

indication was bridge-to-candidacy (meta-regression coefficient = -0.0288, p=0.006) (Figure 

S7B). Lower RVFAC values were more predictive of RVF in studies with a smaller proportion of 

patients on preoperative intra-aortic balloon pump (IABP) support (meta-regression coefficient 

= 0.0175, p=0.033) and in patient cohorts characterized by higher (i.e., more stable) 

preoperative INTERMACS status (meta-regression coefficient = -0.357, p=0.033) (Figure S7C-D). 

Higher RV/LV diameter ratio was more predictive of RVF in studies with a greater proportion of 

bridge-to-candidacy patients (meta-regression coefficient = 0.217, p=0.001), fewer bridge-to-

transplantation patients (meta-regression coefficient = -0.0379, p=0.015), and a smaller 

proportion of patients receiving preoperative IV inotropes (meta-regression = -0.0432, 

p=0.001) (Figure S7E-G). Other covariates examined, including age, gender, BMI, and LVAD 

type, showed no significant association with the predictive value of TAPSE, RVFAC, or RV/LV 

diameter ratio. Meta-regression analyses were not conducted for the remaining predictors due 

to an insufficient number of studies to allow for reliable interpretation. 

 

Finally, meta-regression analyses using the year of publication as a moderator revealed no 

significant impact on the predictive value of TAPSE (coefficient = -0.00628, p = 0.856), RVFAC 

(coefficient = -0.0258, p = 0.165), or RV/LV diameter ratio (coefficient = -0.0359, p = 0.540), 



indicating stable predictive associations despite evolving LVAD technologies and surgical 

practices over time (Figure S8A-C). 

 

Echocardiographic thresholds for stratifying RVF risk 

Threshold analysis identified optimal cutoff values for the echocardiographic parameters that 

were identified as significant predictors of RVF in this meta-analysis. Optimal thresholds, along 

with their sensitivity, specificity, and accuracy (% of correctly classified patients), are summarized 

in Table 4. 

 

The parameter with the strongest discriminatory performance was RVFWS, where a cutoff of ≥-

11.3% provided the highest sensitivity (88.9%) and specificity (88.9%). Other markers 

demonstrating robust discriminatory power included RVEF <28.0% (sensitivity = 75.0%, 

specificity = 75.0%), TAPSE <14.3 mm (sensitivity = 66.7%, specificity = 72.7%), and RV/LV 

diameter ratio ≥0.740 (sensitivity = 60.0%, specificity = 80.0%) (Table 4). Discriminatory 

performance was consistent even when analysis was restricted to studies employing the most 

common RVF definition. 

 

RVEDD ≥41.5 mm and RVSLS ≥-4.60% demonstrated high specificity of 83.3% and 100% 

respectively, but moderate sensitivity of 50% in both. In contrast, RVEDA ≥25.4 cm² and RVGLS 

≥-11.0% offered high sensitivity of 83.3% and 87.5% respectively, though specificity was 

moderate (50.0% for both) (Table 4). 

Publication bias and study quality 

Funnel plots and Egger's test were used to assess publication bias for each parameter (Table S2, 

Figure S9). Most parameters showed no significant evidence of publication bias, except for 

RVFAC (Egger's test, p<0.0001), RV/LV diameter ratio (Egger's test, p=0.0123), and RVGLS 

(Egger's test, p<0.0001). However, once the single outlier study Gumus et al. was removed, there 

was no longer any evidence of publication bias for RVFAC or RVGLS (Egger's test, p=0.0894 and 

p=0.9530 respectively)26. 

 

Study quality was assessed using the Newcastle-Ottawa Scale (Table S3)11. All included studies 

met the quality threshold of ≥7/9. Commonly noted quality limitations across the studies 

included the insufficient reporting of missing data. 

 

Discussion 

 

This meta-analysis provides an updated evaluation of preoperative echocardiographic predictors 

of RVF following LVAD implantation, a serious complication that significantly impacts patient 

outcomes. Our analysis identifies the strongest and most reliable echocardiographic predictors, 

explores sources of heterogeneity seen in previous studies, and proposes optimal 

echocardiographic thresholds for risk stratification. 

 



Key echocardiographic predictors 

All echocardiographic parameters assessed demonstrated significant associations with RVF post-

LVAD, with the sole exception of RVESA, which did not reach significance. 

 

Among conventional 2D echocardiographic parameters, RVEDD emerged as the most reliable 

predictor of RVF. Higher RVEDD demonstrated a strong association with RVF (SMD: 0.368, 

p<0.0001) with no significant heterogeneity, consistent with Bellavia et al., who reported a 

similar effect size (SMD: 0.31, p<0.01)7. Despite its predictive strength, RVEDD remains 

underreported, underscoring the need for broader adoption in research and clinical practice. 

RVEDA is also a reliable predictor with no significant heterogeneity between studies, though 

limited by its more modest effect size (SMD = 0.224). 

 

While RVEF had the largest effect size among the 2D echocardiographic measures (SMD: -

0.803), substantial heterogeneity (I² = 80.1%) that persisted despite sensitivity analysis 

diminishes its reliability for widespread clinical risk stratification. We also found that TAPSE was a 

significant predictor, though it also showed substantial heterogeneity. Unlike Bellavia et al., who 

concluded TAPSE was non-significant, our results align with Chriqui et al. and Benedetto et al., 

suggesting TAPSE may be a stronger marker than previously thought. However, its 

heterogeneity reduces its standalone clinical utility7-9. Other parameters, including RVFAC and 

RV/LV diameter ratio, showed significant associations with RVF but were similarly limited by high 

heterogeneity and comparatively moderate effect sizes, aligning with previous findings by 

Bellavia et al. and Benedetto et al.7,8. 

 

Strain-based parameters emerged as the most powerful echocardiographic predictors of RVF, 

demonstrating both the largest effect sizes and the strongest discriminative accuracy. Among 

these, RVFWS showed the largest effect size (SMD = 0.931), followed by RVGLS and RVSLS 

where values were significantly less negative in patients who developed RVF. Our findings 

closely align with those reported by Frye et al., whose strain-focused meta-analysis similarly 

identified all three markers to be significant predictors10. However, both our analyses and those 

by Frye et al. reported very high heterogeneity (I² = 83-94%), which may limit their translation 

into clinical practice10. This persistent heterogeneity is likely due to differences in image 

acquisition, processing software, and variability in imaging planes (e.g., apical four-chamber 

versus RV focused views). Due to the limited number of included studies, detailed subgroup or 

meta-regression analyses to explore the sources of variability could not be reliably conducted 

for these parameters. As strain imaging becomes more widespread, future meta-analyses 

incorporating standardized acquisition and processing protocols will be better positioned to 

clarify whether specific strain subtypes or techniques offer superior predictive utility. 

 

Beyond statistical significance, threshold analysis identified RVFWS and RVEDD as the most 

clinically actionable parameters. RVFWS ≥-11.3% demonstrated excellent discriminatory 

performance, with both sensitivity and specificity at 88.9%, while RVEDD ≥41.5 mm had 83.3% 

specificity and 50.0% sensitivity. However, these thresholds should be interpreted with caution, 

since they were derived from pooled study-level means without accounting for within-group 

variability. This limitation is particularly relevant given that parameters with higher SMDs often 

appear to have better sensitivity and specificity by nature of pooled analysis54. In contrast, 



RVFAC and RVEDA demonstrated more modest effect sizes and their cutoffs demonstrated high 

specificity but lower sensitivity. These markers may be more useful for ruling out RVF but risk 

missing a considerable number of true cases. Such trade-offs reflect the broader challenge of 

preoperative risk stratification: no single parameter offers an ideal balance of sensitivity and 

specificity across all patient groups. Together, these findings reinforce that the predictive utility 

of echocardiographic parameters is highly context-dependent. In clinical practice, synthesizing 

multiple parameters – rather than relying on a single cutoff – is likely to yield more reliable and 

generalizable assessments of RVF risk. 

 

Sources of variability and subgroup-specific insights 

Another key objective of this study was to assess whether variability in RVF endpoint definitions 

contributed to the heterogeneity observed in previous studies. However, subgroup analyses 

restricted to studies using the most common RVF definition revealed no reduction in 

heterogeneity for pooled RVF prevalence and only minimal-to-modest reductions in effect sizes 

for the echocardiographic parameters tested. Similarly, threshold analysis showed negligible 

differences in the optimum cutoffs, when analysis included all studies compared to only studies 

using the most common RVF definition. This raises two key issues. Firstly, it may suggest that 

despite attempts to standardize RVF definitions, inconsistencies in their practical application 

across centers may still contribute to variability in research results. For example, the most 

common RVF definition that we used for subgroup analysis includes the need for inotropic 

support for >14 days post-LVAD implantation12. However, centers may differ in: (1) which drugs 

are classified as inotropes, (2) whether any dosage of inotropes qualifies as inotropic support, 

and (3) the dosage thresholds required for this classification. Such discrepancies are 

underreported and likely account for the persistent heterogeneity observed, even among 

studies supposedly using the same endpoint definition. 

Secondly, these findings suggest that variations in RVF definitions explain only part of the 

observed heterogeneity, and are unlikely to be the sole driver of the heterogeneity. 

Demographic and clinical differences across study populations likely play a larger role. Our 

meta-regression findings support this: certain echocardiographic parameters were more 

predictive in specific patient subgroups. For instance, both TAPSE and RV/LV diameter ratio were 

most predictive in patients not on preoperative IV inotropes, while RVFAC was most predictive 

of RVF in patients not receiving preoperative IABP and those with higher (i.e., more stable) 

preoperative INTERMACS status. These findings suggest that predictors of RVF are more reliable 

in stable LVAD candidates, where measurements are less confounded by acute hemodynamic 

support such as temporary circulatory support, or deterioration. In such patients, 

echocardiographic values may more accurately reflect the intrinsic function of the RV and its 

reserve, thereby having stronger predictive ability. It is also important to acknowledge that 

although these parameters may be broadly predictive, the optimal thresholds for high-risk 

classification could vary between subgroups. For example, while lower RVFAC values might 

indicate heightened RVF risk across all patients, the specific cutoff for high-risk designation may 

differ depending on baseline characteristics such as INTERMACS status. Future research should 

potentially focus on refining subgroup-specific thresholds to improve predictive accuracy and 

reproducibility. 

 

Furthermore, other sources of heterogeneity explored in this study include variation in LVAD 



technology over the 23-year study period – particularly the transition from earlier pulsatile-flow 

pumps to modern continuous-flow devices – and changing surgical techniques over time. 

Continuous-flow LVADs, unlike their pulsatile predecessors, are associated with increased 

leftward septal bowing, which can potentially distort RV geometry on echocardiography and 

strain-based imaging55. However, subgroup analyses restricted to studies including only 

continuous-flow LVADs showed no reduction in heterogeneity, and meta-regression analyses 

using year of publication as a surrogate marker for evolving surgical practice revealed no 

significant impact on effect sizes. These findings suggest the predictive performance of 

echocardiographic markers has remained relatively stable over time, despite changes in LVAD 

technology and perioperative care. 

 

Overall, while variation in RVF definitions contributes modestly to heterogeneity, differences in 

clinical characteristics and patient selection appear to play a more substantial role. The 

persistence of residual heterogeneity likely reflects additional unmeasured factors, perhaps 

including geographic differences in protocols, variability in the timing of echocardiographic 

assessments, and interobserver variability in measurement technique. Although such factors are 

difficult to quantify using aggregate-level meta-analysis data, these findings underscore the 

importance of adopting standardized echocardiographic protocols for preoperative assessment 

in LVAD candidates to improve reproducibility and clinical applicability across centers. 

 

Limitations and future directions 

Despite its strengths, this study has several limitations. Firstly, all included studies were 

observational, introducing potential for selection bias. While all studies achieved high 

Newcastle-Ottawa Scale scores (7-9), the observational design of the studies still carries risks of 

selection bias and unmeasured confounding variables. Secondly, several studies reported 

medians and ranges or interquartile ranges, where standardized conversion methods (as 

recommended by the Cochrane Handbook) were applied to approximate the mean and 

standard deviation14. However, these methods assume the data are approximately symmetrically 

distributed, potentially introducing estimation bias in studies with significantly skewed 

distributions14. Furthermore, echocardiographic assessments, particularly for right-sided 

parameters such as TAPSE, RVFAC, and RVEF, are highly dependent on operator experience due 

to the RV's complex geometry, which therefore introduces interobserver variability. Inconsistent 

probe position, image acquisition quality, and institutional protocols may further reduce the 

reproducibility of these echocardiographic measurements across studies. This may have further 

contributed to the observed heterogeneity between studies, highlighting the need for 

standardized imaging protocols. 

 

Moreover, subgroup analyses using only studies applying the most common RVF definition 

helped control for endpoint definition variability. However, there were still some minor 

variations. While some studies included prolonged vasodilators or inhaled nitric oxide as part of 

the RVF definition criteria, others did not, and therefore we have not completely ruled out 

definition variability. Another important limitation arises from the potential for competing risks, 

particularly early postoperative mortality, which may preclude the development of the RVF 

endpoint. As most primary studies did not account for such competing events, the true 

incidence of RVF may have been underestimated. 



 

A key challenge for real-world application is the persistent heterogeneity observed in several of 

our meta-analyses. This variability reduces confidence in applying pooled thresholds universally 

across diverse clinical populations. Our meta-regression findings suggest that reliance on any 

single parameter or cutoff may lead to over- or underestimation of RVF risk, particularly in less 

stable patients. Consequently, risk stratification should integrate multiple echocardiographic 

measures with clinical context, rather than depend on a cutoff for an isolated marker. Until 

validated in large, prospective LVAD cohorts, these findings should be viewed as an adjunct to, 

rather than a replacement for, comprehensive clinical risk assessment. 

 

Furthermore, all analyses including pooled effect size estimation, meta-regression and threshold 

determination were based on study-level aggregate data rather than individual patient-level 

data. Therefore, these analyses are susceptible to ecological fallacy. For example, associations 

between study characteristics (e.g., preoperative IV inotrope use or INTERMACS status 

distributions) and effect sizes observed at the cohort level may not translate to individuals. 

Future efforts must prioritize individual‐patient data (IPD) meta‐analyses to validate and 

optimize RVEDD and RVFWS thresholds within multivariable risk models. Such models – ideally 

built from prospectively collected, multicenter datasets – can then be benchmarked against 

established scores (e.g., EUROMACS‐RHF, CRITT) and inform the development of composite risk 

tools, potentially enhancing predictive accuracy and clinical usability. Although we did not 

develop such a model in this present study due to the constraints of aggregate-level data, our 

findings offer a framework for model development in future IPD studies. Insights from these 

validation studies could be especially valuable in resource-limited settings where there may be 

restricted access to routine invasive hemodynamic investigations such as right heart 

catheterization, due to their invasiveness, cost, and technical demands56. 

 

Finally, it is also important to consider emerging imaging technologies – such as 3D 

echocardiography – which may offer incremental predictive value over 2D and strain-based 

measures. Some studies have already demonstrated that 3D-derived metrics – including 3D-

RVEF, RV shape indices (free wall and septal curvature), RV end-diastolic and end-systolic 

volumes, and 3D strain – are significant predictors of RVF57-59. These parameters may provide a 

more comprehensive assessment of RV geometry and function, given the RV's complex shape 

and mechanics. Future research should assess whether 3D echocardiography and strain-based 

parameters consistently outperform conventional 2D measures when assessed in large, 

standardized LVAD cohorts. Nonetheless, 2D echocardiographic thresholds may remain the 

most practical for routine use, as they are already part of standard preoperative assessments in 

many centers and are likely cost-neutral. In contrast, strain and 3D techniques, while potentially 

more sensitive, require specialized software and expertise, which may limit their widespread 

adoption due to higher upfront costs60. Until broader validation and accessibility are achieved, 

conventional 2D parameters remain the most feasible tools for widespread RVF risk 

stratification. 

 

Conclusion 



 

This meta-analysis identifies higher right ventricular end-diastolic diameter (RVEDD) and less 

negative right ventricular free wall strain (RVFWS) as the strongest and most reliable 

preoperative echocardiographic predictors of RVF following LVAD implantation, aligning with 

previous work. Right ventricular end-diastolic area (RVEDA) also emerged as a reliable and 

moderately strong predictor, though few studies have explored this parameter thus far. TAPSE 

shows more promise as a stronger predictor than previous findings, but limitations in 

reproducibility remain. The lack of a uniform definition of RVF only partially contributes to the 

current challenges with reproducibility, while changes in LVAD technology and surgical practices 

have had no significant impact. In contrast, patient-specific factors and clinical characteristics 

play a more significant role. We propose that cutoffs of RVEDD ≥41.5 mm and RVFWS ≥-11.3% 

offer high sensitivity and specificity for predicting RVF, though we also highlight that these 

markers are less predictive of RVF in LVAD candidates who are less stable preoperatively (e.g., 

low INTERMACS status, requiring IV inotropes, requiring IABP). Ideally, future research should 

utilize multicenter data to tailor cutoffs for specific population and disease subgroups, which 

may guide us towards stronger predictors that are applicable across centers. Clinically, improved 

risk stratification is crucial for facilitating targeted optimization strategies and earlier surgical 

decisions, potentially reducing the burden of RVF in the LVAD recipients. 

 

Financial disclosure statement 
This study received no funding from external sources. There are no conflicts of interest to 

declare. 

 

References 

(1) Sciaccaluga C, Procopio MC, Potena L, Masetti M, Bernazzali S, Maccherini M, Landra F, Righini FM, 

Cameli M, Valente S. Right ventricular dysfunction in left ventricular assist device candidates: is it time to 

change our prospective? Heart failure reviews. 2024; 29 (2): 559–569. 10.1007/s10741-024-10387-w.  

(2) Rodenas-Alesina E, Brahmbhatt DH, Rao V, Salvatori M, Billia F. Prediction, prevention, and 

management of right ventricular failure after left ventricular assist device implantation: A comprehensive 

review. Frontiers in cardiovascular medicine. 2022; 9 1040251. 10.3389/fcvm.2022.1040251.  

(3) Lampert BC, DO, Teuteberg JJ, MD. Right ventricular failure after left ventricular assist devices. The 

Journal of heart and lung transplantation. 2015; 34 (9): 1123–1130. 10.1016/j.healun.2015.06.015.  

(4) de By TMMH, Schoenrath F, Veen KM, Mohacsi P, Stein J, Alkhamees KMM, Anastasiadis K, Berhnardt 

A, Beyersdorf F, Caliskan K, Reineke D, Damman K, Fiane A, Gkouziouta A, Gollmann-Tepeköylü C, 

Gustafsson F, Hulman M, Iacovoni A, Loforte A, Merkely B, Musumeci F, Němec P, Netuka I, Özbaran M, 

Potapov E, Pya Y, Rábago G, Ramjankhan F, Reichenspurner H, Saeed D, Sandoval E, Stockman B, 

Vanderheyden M, Tops L, Wahlers T, Zembala M, Zimpfer D, Carrel T, Gummert J, Meyns B. The European 

Registry for Patients with Mechanical Circulatory Support of the European Association for Cardio-Thoracic 

Surgery: third report. European journal of cardio-thoracic surgery. 2022; 62 (1): 10.1093/ejcts/ezac032.  



(5) Reid G, Mork C, Gahl B, Appenzeller-Herzog C, von Segesser LK, Eckstein F, Berdajs DA. Outcome of 

right ventricular assist device implantation following left ventricular assist device implantation: Systematic 

review and meta-analysis. London, England: SAGE Publications; 2022.  

(6) Ahmed MM, Jacobs JP, Meece LE, Jeng EI, Bleiweis MS, Cantor RS, Singletary B, Kirklin JK, Slaughter 

MS. Timing and Outcomes of Concurrent and Sequential Biventricular Assist Device Implantation: A 

Society of Thoracic Surgeons Intermacs Analysis. The Annals of thoracic surgery. 2023; 116 (2): 383-390. 

10.1016/j.athoracsur.2023.02.058.  

(7) Bellavia D, Iacovoni A, Scardulla C, Moja L, Pilato M, Kushwaha SS, Senni M, Clemenza F, Agnese V, 

Falletta C, Romano G, Maalouf J, Dandel M. Prediction of right ventricular failure after ventricular assist 

device implant: systematic review and meta‐analysis of observational studies. European Journal of Heart 

Failure. 2017; 19 (7): 926–946. 10.1002/ejhf.733.  

(8) Benedetto M, Piccone G, Nardozi L, Baca GL, Baiocchi M. Proportion of right ventricular failure and 

echocardiographic predictors in continuous-flow left ventricular assist device: a systematic review and 

meta-analysis. Indian journal of thoracic and cardiovascular surgery. 2023; 39 (Suppl 1): 170–181. 

10.1007/s12055-022-01447-7.  

(9) Chriqui L, Monney P, Kirsch M, Tozzi P. Prediction of right ventricular failure after left ventricular assist 

device implantation in patients with heart failure: a meta-analysis comparing echocardiographic 

parameters. Interactive cardiovascular and thoracic surgery. 2021; 33 (5): 784–792. 10.1093/icvts/ivab177.  

(10) Frye J, Tao M, Tam E, Goldschmidt M, Dianati N, Kort S. (827) - Use of Speckle Tracking Echo to 

Predict Right Heart Failure Following Left Ventricular Assist Device Implantation: A Systematic Review and 

Meta-Analysis. The Journal of heart and lung transplantation. 2024; 43 (4): S393. 

10.1016/j.healun.2024.02.1272. 

(11) Wells GA, Shea B, O’Connell D, Peterson J, Welch V, Losos M, Tugwell P. The Newcastle–Ottawa Scale 

(NOS) for Assessing the Quality of Nonrandomized Studies in Meta‐Analysis. Ottawa (ON): Ottawa 

Hospital Research Institute. 2014. http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp. 

(12) LaRue, Shane J., MD, MPHS, Raymer DS, MD, Pierce BR, MD, Nassif ME, MD, Sparrow CT, MD, Vader, 

Justin M., MD, MPHS. Clinical outcomes associated with INTERMACS-defined right heart failure after left 

ventricular assist device implantation. The Journal of heart and lung transplantation. 2017; 36 (4): 475–477. 

10.1016/j.healun.2016.12.017. 

(13) Aissaoui N, Salem J, Paluszkiewicz L, Morshuis M, Guerot E, Gorria GM, Fagon JY, Gummert J, Diebold 

B. Assessment of right ventricular dysfunction predictors before the implantation of a left ventricular assist 

device in end-stage heart failure patients using echocardiographic measures (ARVADE): Combination of 

left and right ventricular echocardiographic variables. Archives of cardiovascular diseases. 2015; 108 (5): 

300–309. 10.1016/j.acvd.2015.01.011. 

(14) Higgins JPT, Li T, Deeks JJ (editors). Chapter 6: Choosing effect measures and computing estimates of 

effect [last updated August 2023]. In: Higgins JPT, Thomas J, Chandler J, Cumpston M, Li T, Page MJ, 

Welch VA (editors). Cochrane Handbook for Systematic Reviews of Interventions version 6.5. Cochrane, 

2024. Available from: www.training.cochrane.org/handbook  

(15) Higgins JPT, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-analyses. BMJ. 

2003; 327 (7414): 557–560. 10.1136/bmj.327.7414.557.  

http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp


(16) Alfirevic A, Makarova N, Kelava M, Sale S, Soltesz E, Duncan AE. Predicting Right Ventricular Failure 

After LVAD Implantation: Role of Tricuspid Valve Annulus Displacement. Journal of cardiothoracic and 

vascular anesthesia. 2020; 34 (5): 1204–1210. 10.1053/j.jvca.2019.08.045. 

(17) Boegershausen N, Zayat R, Aljalloud A, Musetti G, Goetzenich A, Tewarie L, Moza A, Amerini A, 

Autschbach R, Hatam N. Risk factors for the development of right ventricular failure after left ventricular 

assist device implantation—a single-centre retrospective with focus on deformation imaging. European 

journal of cardio-thoracic surgery. 2017; 52 (6): 1069–1076. 10.1093/ejcts/ezx123.  

(18) Bowen DJ, Yalcin YC, Strachinaru M, McGhie JS, van den Bosch AE, Soliman OI, Caliskan K. Right 

ventricular functional assessment by 2D multi‐plane echocardiography prior to left ventricular assist 

device implantation. Echocardiography. 2022; 39 (1): 7–19. 10.1111/echo.15191. 

(19) Cacioli G, Polizzi V, Ciabatti M, Cristiano E, Pergolini A, Distefano G, Della Monica PL, Comisso M, 

Piazza V, Sbaraglia F, Musumeci F. 677 PREDICTION OF RIGHT VENTRICULAR FAILURE AFTER LEFT 

VENTRICULAR ASSIST DEVICE IMPLANTATION: ROLE OF VASODILATOR CHALLENGE. European heart 

journal supplements. 2022; 24 (Supplement_K): 10.1093/eurheartjsupp/suac121.436.  

(20) Carmona A, Hoang Minh T, Perrier S, Schneider C, Marguerite S, Ajob G, Mircea C, Mertes PM, 

Ramlugun D, Atlan J, Von Hunolstein JJ, Epailly E, Mazzucotelli JP, Kindo M. Minimally invasive surgery for 

left ventricular assist device implantation is safe and associated with a decreased risk of right ventricular 

failure. Journal of thoracic disease. 2020; 12 (4): 1496–1506. 10.21037/jtd.2020.02.32.  

(21) Charisopoulou D, Banner NR, Demetrescu C, Simon AR, Rahman Haley S. Right atrial and ventricular 

echocardiographic strain analysis predicts requirement for right ventricular support after left ventricular 

assist device implantation. European Heart Journal - Cardiovascular Imaging. 2019; 20 (2): 199–208. 

10.1093/ehjci/jey065.  

(22) Critoph C, Green G, Hayes H, Baumwol J, Lam K, Larbalestier R, Chih S. Clinical Outcomes of Patients 

Treated With Pulmonary Vasodilators Early and in High Dose After Left Ventricular Assist Device 

Implantation. Artificial organs. 2016; 40 (1): 106–114. 10.1111/aor.12502.  

(23) Fukamachi K, McCarthy PM, Smedira NG, Vargo RL, Starling RC, Young JB. Preoperative risk factors for 

right ventricular failure after implantable left ventricular assist device insertion. The Annals of Thoracic 

Surgery. 1999; 68 (6): 2181–2184. 10.1016/S0003-4975(99)00753-5.  

(24) Grant ADM, MD, Smedira NG, MD, Starling, Randall C., MD, MPH, Marwick, Thomas H., MBBS, PhD, 

MPH. Independent and Incremental Role of Quantitative Right Ventricular Evaluation for the Prediction of 

Right Ventricular Failure After Left Ventricular Assist Device Implantation. Journal of the American College 

of Cardiology. 2012; 60 (6): 521–528. 10.1016/j.jacc.2012.02.073.  

(25) Gudejko MD, Gebhardt BR, Zahedi F, Jain A, Breeze JL, Lawrence MR, Shernan SK, Kapur NK, Kiernan 

MS, Couper G, Cobey FC. Intraoperative Hemodynamic and Echocardiographic Measurements Associated 

With Severe Right Ventricular Failure After Left Ventricular Assist Device Implantation. Anesthesia and 

analgesia. 2019; 128 (1): 25–32. 10.1213/ANE.0000000000003538.  

(26) Gumus F, Durdu MS, Cakici M, Kurklu TST, Inan MB, Dincer I, Sirlak M, Akar AR. Right ventricular free 

wall longitudinal strain and stroke work index for predicting right heart failure after left ventricular assist 

device therapy. Interactive cardiovascular and thoracic surgery. 2019; 28 (5): 674–682. 

10.1093/icvts/ivy328.  



(27) Hennig F, Stepanenko AV, Lehmkuhl HB, Kukucka M, Dandel M, Krabatsch T, Hetzer R, Potapov E. 

Neurohumoral and inflammatory markers for prediction of right ventricular failure after implantation of a 

left ventricular assist device. General Thoracic and Cardiovascular Surgery. 2011; 59 (1): 19–24. 

10.1007/s11748-010-0669-9.  

(28) Kalogeropoulos AP, Kelkar A, Weinberger JF, Morris AA, Georgiopoulou VV, Markham DW, Butler J, 

Vega JD, Smith AL. Validation of clinical scores for right ventricular failure prediction after implantation of 

continuous-flow left ventricular assist devices. The Journal of heart and lung transplantation. 2015; 34 (12): 

1595–1603. 10.1016/j.healun.2015.05.005.  

(29) Kang G, Ha R, Banerjee D. Pulmonary artery pulsatility index predicts right ventricular failure after left 

ventricular assist device implantation. The Journal of Heart and Lung Transplantation. 2016; 35 (1): 67–73. 

10.1016/j.healun.2015.06.009.  

(30) Kapelios CJ, Charitos C, Kaldara E, Malliaras K, Nana E, Pantsios C, Repasos E, Tsamatsoulis M, 

Toumanidis S, Nanas JN. The Journal of Heart and Lung Transplantation. 2015; 34 (12): 1604–1610. 

10.1016/j.healun.2015.05.024.  

(31) Kato TS, Chokshi A, Singh P, Khawaja T, Iwata S, Homma S, Akashi H, Cheema F, Yang J, Takayama H, 

Naka Y, Farr M, Mancini D, Schulze PC. Markers of extracellular matrix turnover and the development of 

right ventricular failure after ventricular assist device implantation in patients with advanced heart failure. 

The Journal of heart and lung transplantation. 2012; 31 (1): 37–45. 10.1016/j.healun.2011.10.007.  

(32) Kato TS, Farr M, Schulze PC, Maurer M, Shahzad K, Iwata S, Homma S, Jorde U, Takayama H, Naka Y, 

Gillam L, Mancini D. Usefulness of Two-Dimensional Echocardiographic Parameters of the Left Side of the 

Heart to Predict Right Ventricular Failure After Left Ventricular Assist Device Implantation. The American 

Journal of Cardiology. 2012; 109 (2): 246–251. 10.1016/j.amjcard.2011.08.040.  

(33) Kato TS, Jiang J, Schulze PC, Jorde U, Uriel N, Kitada S, Takayama H, Naka Y, Mancini D, Gillam L, 

Homma S, Farr M. Serial Echocardiography Using Tissue Doppler and Speckle Tracking Imaging to 

Monitor Right Ventricular Failure Before and After Left Ventricular Assist Device Surgery. JACC. Heart 

failure. 2013; 1 (3): 216–222. 10.1016/j.jchf.2013.02.005.  

(34) Kiernan MS, French AL, DeNofrio D, Parmar YJ, Pham DT, Kapur NK, Pandian NG, Patel AR. 

Preoperative Three-Dimensional Echocardiography to Assess Risk of Right Ventricular Failure After Left 

Ventricular Assist Device Surgery. Journal of Cardiac Failure. 2015; 21 (3): 189–197. 

10.1016/j.cardfail.2014.12.009.  

(35) Kukucka M, Stepanenko A, Potapov E, Krabatsch T, Redlin M, Mladenow A, Kuppe H, Hetzer R, 

Habazettl H. Right-to-left ventricular end-diastolic diameter ratio and prediction of right ventricular failure 

with continuous-flow left ventricular assist devices. The Journal of heart and lung transplantation. 2011; 30 

(1): 64–69. 10.1016/j.healun.2010.09.006.  

(36) Liang LW, Jamil A, Mazurek JA, Urgo KA, Wald J, Birati EY, Han Y. Right ventricular global longitudinal 

strain as a predictor of acute and early right heart failure post-LVAD implantation. The Journal of the 

American Society for Artificial Internal Organs 2022;68(3):333–339. 10.1097/MAT.0000000000001467. 

(37) Lo C, Murphy D, Summerhayes R, Quayle M, Burrell A, Bailey M, Marasco SF. Right ventricular failure 

after implantation of continuous flow left ventricular assist device: analysis of predictors and outcomes. 

Clinical Transplantation. 2015; 29 (9): 763–770. 10.1111/ctr.12577.  



(38) Loforte A, Montalto A, Musumeci F, Amarelli C, Mariani C, Polizzi V, Della Monica PL, Grigioni F, Di 

Bartolomeo R, Marinelli G. Calculation of the ALMA Risk of Right Ventricular Failure After Left Ventricular 

Assist Device Implantation. ASAIO journal (1992). 2018; 64 (6): e140–e147. 

10.1097/MAT.0000000000000800.  

(39) Magunia H, Dietrich C, Langer HF, Schibilsky D, Schlensak C, Rosenberger P, Nowak-Machen M. 3D 

echocardiography derived right ventricular function is associated with right ventricular failure and mid-

term survival after left ventricular assist device implantation. International Journal of Cardiology. 2018; 272 

348–355. 10.1016/j.ijcard.2018.06.026.  

(40) Montalto A, Amarelli C, Piazza V, Hopkins K, Comisso M, Pantanella R, Della Monica PL, Pappalardo F, 

Polizzi V, Grigioni F, Musumeci F. A new hemodynamic index to predict late right failure in patients 

implanted with last generation centrifugal pump. Journal of Cardiac Surgery. 2021; 36 (7): 2355–2364. 

10.1111/jocs.15564.  

(41) Patel VN, Tam MC, Palardy M, Konerman MC, Murthy VL. Assessing the utility of pre-operative first 

pass radionuclide angiography to predict right ventricular failure post left ventricular assist device 

implantation. Journal of nuclear cardiology. 2021; 28 (1): 303–308. 10.1007/s12350-019-01898-3.  

(42) Potapov EV, Stepanenko A, Dandel M, Kukucka M, Lehmkuhl HB, Weng Y, Hennig F, Krabatsch T, 

Hetzer R. Tricuspid Incompetence and Geometry of the Right Ventricle as Predictors of Right Ventricular 

Function After Implantation of a Left Ventricular Assist Device. The Journal of Heart and Lung 

Transplantation. 2008; 27 (12): 1275–1281. 10.1016/j.healun.2008.08.012.  

(43) Puwanant S, Hamilton KK, Klodell CT, Hill JA, Schofield RS, Cleeton TS, Pauly DF, Aranda JM Jr. 

Tricuspid Annular Motion as a Predictor of Severe Right Ventricular Failure After Left Ventricular Assist 

Device Implantation. The Journal of Heart and Lung Transplantation. 2008; 27 (10): 1102–1107. 

10.1016/j.healun.2008.07.022.  

(44) Raina A, Seetha Rammohan H, Gertz ZM, Rame JE, Woo YJ, Kirkpatrick JN. Postoperative Right 

Ventricular Failure After Left Ventricular Assist Device Placement is Predicted by Preoperative 

Echocardiographic Structural, Hemodynamic, and Functional Parameters. Journal of cardiac failure. 2013; 

19 (1): 16–24. 10.1016/j.cardfail.2012.11.001.  

(45) Raymer DS, Moreno JD, Sintek MA, Nassif ME, Sparrow CT, Adamo L, Novak EL, LaRue SJ, Vader JM. 

The Combination of TAPSE and HeartMate Risk Score Predicts Right Ventricular Failure after LVAD 

Implantation. ASAIO journal (1992). 2019; 65 (3): 247–251. 10.1097/MAT.0000000000000808.  

(46) Ruiz-Cano MJ, Morshuis M, Koster A, Lauenroth V, Prashovikj E, Gummert J, Paluszkiewicz L. Risk 

factors of early right ventricular failure in patients undergoing LVAD implantation with intermediate 

Intermacs profile for advanced heart failure. Journal of Cardiac Surgery. 2020; 35 (8): 1832–1839. 

10.1111/jocs.14696.  

(47) Samura T, Yoshioka D, Asanoi H, Toda K, Miyagawa S, Yoshikawa Y, Hata H, Kainuma S, Kawamura T, 

Kawamura A, Sakata Y, Sawa Y. Right Atrial Pressure Waveform Predicts Right Ventricular Failure After Left 

Ventricular Assist Device Implantation. The Annals of thoracic surgery. 2019; 108 (5): 1361–1368. 

10.1016/j.athoracsur.2019.04.050. 



(48) Sert DE, Karahan M, Aygun E, Kocabeyoglu SS, Akdi M, Kervan U. Prediction of right ventricular failure 

after continuous flow left ventricular assist device implantation. Journal of cardiac surgery. 2020; 35 (11): 

2965–2973. 10.1111/jocs.14952.   

(49) Silverton NA, Patel R, Zimmerman J, Ma J, Stoddard G, Selzman CH, Morrissey CK. Intraoperative 

Transesophageal Echocardiography and Right Ventricular Failure After Left Ventricular Assist Device 

Implantation. Journal of cardiothoracic and vascular anesthesia. 2018; 32 (5): 2096–2103. 

10.1053/j.jvca.2018.02.023.  

(50) Stricagnoli M, Sciaccaluga C, Mandoli GE, Rizzo L, Sisti N, Aboumarie HS, Benfari G, Maritan L, 

Tsioulpas C, Bernazzali S, Maccherini M, Natali BM, Focardi M, D'Ascenzi F, Lisi M, Valente S, Mondillo S, 

Cameli M. Clinical, echocardiographic and hemodynamic predictors of right heart failure after LVAD 

placement. The International Journal of Cardiovascular Imaging. 2021; 38 (3), 561–570. 10.1007/s10554-

021-02433-7. 

(51) Terzic D, Putnik S, Nestorovic E, Jovicic V, Lazovic D, Rancic N, Milicevic V, Ivanisevic D, Karan R, Mikic 

A. Impact of Right Heart Failure on Clinical Outcome of Left Ventricular Assist Devices (LVAD) 

Implantation: Single Center Experience. Healthcare. 2022; 10 (1): 114. 10.3390/healthcare10010114.  

(52) Valente F, Stefanidis C, Vachiéry JL, Dewachter C, Engelman E, Vanden Eynden F, Roussoulières A. A 

Novel Metrics to Predict Right Heart Failure after Left Ventricular Assist Device Implantation. The Journal 

of heart and lung transplantation. 2021; 40 (4): S396. 10.1016/j.healun.2021.01.1115.  

(53) Vivo RP, Cordero-Reyes AM, Qamar U, Garikipati S, Trevino AR, Aldeiri M, Loebe M, Bruckner BA, 

Torre-Amione G, Bhimaraj A, Trachtenberg BH, Estep JD. The Journal of Heart and Lung Transplantation. 

2013; 32 (8): 792–799. 10.1016/j.healun.2013.05.016.  

(54) Barker TH, Migliavaca CB, Stein C, Colpani V, Falavigna M, Aromataris E, et al. Conducting 

proportional meta-analysis in different types of systematic reviews: a guide for synthesisers of evidence. 

BMC medical research methodology. 2021; 21 (1): 1–189. 10.1186/s12874-021-01381-z. 

(55) Lim, Hoong Sern, MD, FRCP, Howell, Neil, PhD, FRCS(C-Th), Ranasinghe, Aaron, PhD, FRCS(C-Th). The 

Physiology of Continuous-Flow Left Ventricular Assist Devices. Journal of Cardiac Failure. 2017; 23 (2): 

169–180. 10.1016/j.cardfail.2016.10.015.  

(56) Kubiak GM, Ciarka A, Biniecka M, Ceranowicz P. Right Heart Catheterization—Background, 

Physiological Basics, and Clinical Implications. Journal of clinical medicine. 2019; 8 (9): 1331. 

10.3390/jcm8091331.  

(57) Magunia H, Dietrich C, Langer HF, Schibilsky D, Schlensak C, Rosenberger P, et al. 3D 

echocardiography derived right ventricular function is associated with right ventricular failure and mid-

term survival after left ventricular assist device implantation. International journal of cardiology. 2018; 272 

348–355. 10.1016/j.ijcard.2018.06.026.  

(58) Kiernan, Michael S., MD, MS, French AL, MD, DeNofrio D, MD, Parmar YJ, MD, Pham DT, MD, Kapur 

NK, MD, et al. Preoperative Three-Dimensional Echocardiography to Assess Risk of Right Ventricular 

Failure After Left Ventricular Assist Device Surgery. Journal of Cardiac Failure. 2015; 21 (3): 189–197. 

10.1016/j.cardfail.2014.12.009.  



(59) Sayer G, Medvedofsky D, Adatya S, Sarswat N, Kim G, Addetia K, et al. 3D Surface Analysis of RV and 

LV Shapes as Predictors of Post-LVAD RV Failure. The Journal of heart and lung transplantation. 2016; 35 

(4): S391. 10.1016/j.healun.2016.01.1127.  

(60) Corbett L, O’Driscoll P, Paton M, Oxborough D, Surkova E. Role and application of three-dimensional 

transthoracic echocardiography in the assessment of left and right ventricular volumes and ejection 

fraction: a UK nationwide survey. Echo research and practice. 2024; 11 (1): 8. 10.1186/s44156-024-00044-

1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Tables and Figures with Legends 

 

 
 

Figure 1 – PRISMA flowchart of study selection for meta-analysis 

 

 
 

 

  



Table 1. Summary of study characteristics. Studies that were included in the subgroup analysis as they 

used the commonest RVF definition (detailed under ‘Methodology’). iNO = inhaled nitric oxide; CVP = 

central venous pressure; CI = cardiac index; LA = left atrium; PCWP = pulmonary capillary wedge pressure; 

MAP = mean arterial pressure; RAP = right atrial pressure; IVC = inferior vena cava; BNP = B-type 

natriuretic peptide; ECMO = extracorporeal membrane oxygenation; RUQ = right upper quadrant. 

 

 

Study, Year of 

Publication 

Study Design Country Study 

Period 

Definition of 

Endpoint 

Sample 

Size (n) 

RVF post-

LVAD (n, 

%) 

Aissaoui et al.13, 

2015* 

Prospective 

observational 

single-center 

Germany Nov 2010 

to Aug 

2011 

Need for RVAD 

OR inotropes for 

>14 days 

42 24 (57.1) 

Alfirevic et al.16, 

2020* 

Retrospective 

observational 

single-center 

USA Jan 2010 

to Dec 

2017 

Need for RVAD 

OR inotropes or 

inhaled 

vasodilators for 

>14 days 

86 15 (17.4) 

Boegershausen 

et al.17, 2017 

Retrospective 

observational 

single-center 

Germany Jan 2014 

to Jan 

2016 

Need for RVAD 

OR inotropes or 

iNO for >7 days in 

the presence of 

CVP >18 mmHg 

with CI<2.3 

L/min/m² in the 

absence of LA or 

PCWP >18 mmHg, 

cardiac 

tamponade, 

ventricular 

arrhythmias or 

pneumothorax 

44 12 (28.6) 

Bowen et al.18, 

2021 

Retrospective 

observational 

single-center 

Netherlands 2016 to 

2019 

Need for RVAD 

OR inotropes >7 

days 

25 7 (28.0) 

Cacioli et al.19, 

2022* 

Retrospective 

observational 

single-center 

Italy May 2013 

to Aug 

2021 

Need for RVAD 

OR inotropes for 

>14 days OR iNO 

for >48hrs 

54 19 (35.2) 

Carmona et 

al.20, 2020 

Retrospective 

observational 

single-center 

France Jan 2010 

to May 

2018 

Need for RVAD 

OR inotropes for 

>7 days 

68 32 (47.1) 

Charisopoulou et 

al.21, 2019 

Retrospective 

observational 

single-center 

UK 18 months Need for RVAD 70 14 (20.0) 



Critoph et al.22, 

2015* 

Retrospective 

observational 

single-center 

Australia Sept 2004 

to Jun 

2013 

Need for RVAD 

OR inotropes for 

>14 days 

65 6 (9.23) 

Fukamachi et 

al.23, 1999 

Retrospective 

observational 

single-center 

USA Dec 1991 

to Dec 

1996 

Need for RVAD 100 11 (11.0) 

Grant et al.24, 

2012* 

Retrospective 

observational 

single-center 

USA May 2007 

to Apr 

2011 

Need for RVAD 

OR inotropes for 

>14 days 

117 47 (40.2) 

Gudejko et al.25, 

2019* 

Retrospective 

observational 

single-center 

USA Mar 2013 

to Mar 

2016 

Need for RVAD 

OR inotropes or 

inhaled pulmonary 

vasodilators for 

>14 days 

85 28 (32.9) 

Gumus et al.26, 

2019 

Retrospective 

observational 

single-center 

Turkey Jan 2012 

to May 

2018 

Absence of cardiac 

tamponade within 

first 48hrs post-

surgery AND 

following: MAP 

<55mmHg, CVP or 

RAP >16mmHg, CI 

<2L/min/m², 

requirement of 

prolonged 

postimplant 

inotropes 

(inotropic score 

>20 units), iNO or 

IV vasodilators > 

14 days, need for 

RVAD or ECMO 

57 20 (35.1) 

Hennig et al.27, 

2011 

Prospective 

observational 

single-center 

Germany May 2001 

to Dec 

2002 

2 of following 

during week 1 

post-op: MAP ≤55 

mmHg, CVP ≥16 

mmHg, mixed 

venous saturation 

≤55%, cardiac 

index <2 

L/min/m², 

inotropic support 

score >20 units or 

apparent need for 

mechanical RV 

support 

40 14 (35.0) 



Kalogeropoulos 

et al.28, 2015* 

Retrospective 

observational 

single-center 

USA Jan 2008 

to Dec 

2013 

Need for 

mechanical RV 

support OR 

inotropes >14 

days OR 

pulmonary 

vasodilators 

>48hrs OR multi-

organ failure due 

to RVF 

116 37 (31.9) 

Kang et al.29, 

2016 

Retrospective 

observational 

single-center 

USA 2010 to 

2013 

Need for RVAD 83 9 (10.8) 

Kapelios et al.30, 

2015 

Retrospective 

observational 

single-center 

Greece Feb 2006 

to Nov 

2013 

Appearance of 

persistent 

signs/symptoms 

of peripheral 

vascular 

congestion 

(elevated CVP, 

hepatomegaly, 

congestion-

related pain of 

RUQ, peripheral 

edema, ascites, 

increased BNP) 

necessitating 

significant up-

titration of 

diuretics (increase 

of >80 mg or 3-

fold the initial 

dose) or positive 

inotropic agents 

20 9 (45.0) 

Kato, Chokshi et 

al.31, 2012* 

Prospective 

observational 

single-center 

USA Jan 2002 

to May 

2010 

Need for RVAD 

OR inotropes for 

>14 days or iNO 

for >48hrs 

61 23 (37.7) 

Kato, Maryjane 

et al.32, 2012* 

Prospective 

observational 

single-center 

USA Jan 2007 

to Jun 

2010 

Need for RVAD 

OR inotropes for 

>14 days or iNO 

for >48hrs 

111 35 (31.5) 



Kato et al.33, 

2013* 

Prospective 

observational 

single-center 

USA Aug 2010 

to Feb 

2012 

Need for RVAD 

OR inotropic 

and/or inhaled 

pulmonary 

vasodilators 

(including iNO) for 

>14 days 

68 24 (35.3) 

Kiernan et al.34, 

2015* 

Retrospective 

observational 

single-center 

USA Jan 2008 

to Dec 

2011 

Need for BiVAD 

OR inotropes for 

>14 days 

26 12 (46.2) 

Kukucka et al.35, 

2011 

Prospective 

observational 

single-center 

Germany Jan 2007 

to Apr 

2009 

Need for RVAD 

OR (absence of 

cardiac 

tamponade within 

first 48hrs post-

surgery AND 2 of 

following: MAP 

<55mmHg, CVP 

>16mmHg, CI 

<2L/min/m², 

inotropic score 

>20 units) 

115 15 (13.0) 

Liang et al.36, 

2022* 

Retrospective 

observational 

single-center 

USA 2015 to 

2018 

Need for RVAD 

within 30 days OR 

failure to wean off 

inotropes, 

vasopressors or 

iNO within 14 days 

55 28 (50.9) 

Lo et al.37, 2015* Retrospective 

observational 

single-center 

Australia Jun 2003 

to Dec 

2013 

Need for 

mechanical right 

heart support OR 

inotropes for >14 

days or discharged 

home with it OR 

iNO for >48 hrs 

101 63 (62.4) 

Loforte et al.38, 

2018 

Retrospective 

observational 

multicenter 

Italy Jan 2006 

to Dec 

2017 

Need for 

unplanned biVAD 

206 71 (34.5) 

Magunia et al.39, 

2018* 

Retrospective 

observational 

single-center 

Germany Oct 2013 

to Jul 2017 

Need for RVAD 

OR inotropes for 

>14 days 

26 5 (19.2) 



Montalto et 

al.40, 2021 

Retrospective 

observational 

single-center 

Italy Nov 2015 

to Dec 

2019 

Leftward shift of 

interventricular 

septum, MAP < 65 

mmHg, CVP > 15 

mmHg, LVAD flow 

< 3.5 L/m, 

moderate‐severe 

tricuspid 

regurgitation, 

frequent suction 

events 

38 10 (26.3) 

Patel et al.41, 

2019* 

Retrospective 

observational 

single-center 

USA Jan 2008 

to Nov 

2017 

Need for RVAD 

OR inotropes for 

>14 days 

46 8 (17.4) 

Potapov et al.42, 

2008 

Retrospective 

observational 

single-center 

Germany Jan 1998 

to Apr 

2006 

2 of following 

within first 48hrs 

post-surgery: MAP 

≤55mmHg, CVP 

≥16mmHg, mixed 

venous saturation 

≤55%, cardiac 

index <2L/min/m², 

inotropic support 

score >20 units or 

need for RVAD 

54 9 (16.7) 

Puwanant et 

al.43, 2008* 

Retrospective 

observational 

single-center 

USA Jan 2004 

to Jul 2007 

Need for RVAD 

OR inotropes or 

pulmonary 

vasodilators for 

>14 days 

33 11 (33.3) 

Raina et al.44, 

2013* 

Retrospective 

observational 

single-center 

USA May 2008 

to Jun 

2011 

Need for RVAD 

OR inotropes for 

>14 days 

42 16 (38.1) 

Raymer et al.45, 

2019* 

Retrospective 

observational 

single-center 

USA Jun 2008 

to Sept 

2014 

Need for RVAD 

OR inotropes for 

>14 days OR 

death within 14 

days due to RV 

failure 

216 74 (34.3) 



Ruiz-Cano et 

al.46, 2020 

Retrospective 

observational 

single-center 

Germany 2016 to 

2018 

CVP >16mm Hg 

with CI <2.3 

L/min/m² (in 

absence of 

elevated PCWP, 

tamponade, 

ventricular 

arrhythmias or 

pneumothorax) 

requiring 

previously 

unplanned 

temporary RVAD 

or iNO or iloprost 

inhalation and IV 

inotropes beyond 

day 14 post-op 

80 26 (32.5) 

Samura et al.47, 

2019* 

Retrospective 

observational 

single-center 

Japan Jun 2013 

to Oct 

2017 

Need for RVAD 

OR inotropes for 

>14 days 

71 32 (45.1) 

Sert et al.48, 

2020* 

Retrospective 

observational 

single-center 

Turkey Sept 2013 

to Sept 

2016 

Need for RVAD 

OR inotropes for 

>14 days 

71 21 (29.6) 

Silverton et al.49, 

2018* 

Retrospective 

observational 

single-center 

USA Apr 2010 

to Dec 

2016 

Need for RVAD 

OR inotropes for 

>14 days 

100 19 (19.0) 

Stricagnoli et 

al.50, 2021 

Prospective 

observational 

single-center 

Italy Jul 2009 to 

Feb 2019 

Elevated CVP with 

depressed CI (<2 

L/min/m²) in the 

absence of 

elevated PCWP 

(<18 mmHg) OR 

need for RVAD OR 

prolonged (4 

days–1 week) 

inotropes or iNO 

38 8 (21.1) 



Terzic et al.51, 

2022 

Prospective 

observational 

single-center 

Serbia Jun 2013 

to Mar 

2021 

7 days of support 

and 2 criteria: (1) 

records of 

elevated CVP by 

direct 

measurement 

(CVP or RAP >16 

mmHg) or dilated 

IVC without any 

inspiratory 

variation or 

elevated jugular 

venous distension; 

(2) manifestations 

of elevated CVP 

characterized by 

peripheral edema 

(>2 either new or 

unresolved), 

presence of ascites 

or palpable 

hepatomegaly 

(physical 

examination or 

diagnostic 

imaging), or 

laboratory 

evidence of 

hepatic (total 

bilirubin >34 

µmol/L) or renal 

dysfunction 

(creatinine > 176 

µmol/L) 

92 20 (21.7) 

Valente et al.52, 

2022* 

Retrospective 

observational 

single-center 

Belgium Feb 2011 

to Feb 

2020 

Need for RVAD 

OR inotropes for 

>14 days OR iNO 

for >48hrs 

92 24 (26.1) 

Vivo et al.53, 

2013* 

Retrospective 

observational 

single-center 

USA Jan 2004 

to Jul 2011 

Need for RVAD 

OR inotropes for 

>14 days 

109 25 (22.9) 

 

 

 

  



Table 2. Summary of results from primary meta-analyses, results after excluding outliers, and 

subgroup meta-analyses [(1) only including studies using the commonest RVF definition; (2) only 

including studies using continuous-flow LVADs], exploring associations between preoperative 

right-sided echocardiographic parameters and the occurrence of RVF post-LVAD. SMD = 

standardised mean difference; TAPSE = Tricuspid Annular Plane Systolic Excursion; RVFAC = Right 

Ventricular Fractional Area Change; RV/LV ratio = Right Ventricular to Left Ventricular Diameter Ratio; 

RVEDD = Right Ventricular End-Diastolic Diameter; RVEF = Right Ventricular Ejection Fraction; RVEDA = 

Right Ventricular End-Diastolic Area; RVESA = Right Ventricular End-Systolic Area; RVGLS = Right 

Ventricular Global Longitudinal Strain; RVFWS = Right Ventricular Free-Wall Strain; RVSLS = Right 

Ventricular Septal Longitudinal Strain. 

 

Parameter Analysis No. of 
studies 

SMD (95% CI) p-value I² (Cochrane's 
Q) p-value 

2D echocardiography 

TAPSE 

All studies 33 -0.512 (-0.754 to 
-0.269) 

<0.0001 86.1 <0.01 

Subgroup 
(commonest RVF 
definition studies 

only) 

21 -0.326 (-0.471 to 
-0.181) 

<0.0001 43.7 0.02 

Subgroup 
(continuous-flow 

studies only) 

29 -0.530 (-0.796 to 
-0.263) 

0.0001 87 <0.01 

RV FAC 

All studies 25 -0.498 (-0.749 to 
-0.247) 

0.0001 80.1 <0.01 

Outlier study 
excluded 

24 -0.342 (-0.488 to 
-0.196) 

<0.0001 41 0.0198 

Subgroup 
(commonest RVF 
definition studies 

only) 

16 -0.367 (-0.542 to 
-0.191) 

<0.0001 41.9 0.04 

Subgroup 
(continuous-flow 

studies only) 

20 -0.516 (-0.832 to 
-0.200) 

0.0014 84 <0.01 

RV/LV ratio 

All studies 15 0.566 (0.194 to 
0.938) 

0.0029 84.7 <0.01 

Subgroup 
(commonest RVF 
definition studies 

only) 

10 0.414 (0.148 to 
0.679) 

0.0023 56.5 0.014 

Subgroup 
(continuous-flow 

studies only) 

14 0.594 (0.197 to 
0.990) 

0.0034 85.7 <0.01 

RVEF All studies 8 -0.803 (-1.36 to -
0.245) 

0.0048 80.1 <0.01 



RVEDD All studies 12 0.368 (0.203 to 
0.533) 

<0.0001 1.73 0.43 

RVEDA All studies 6 0.224 (0.024 to 
0.424) 

0.0282 0 0.912 

RVESA All studies 4 0.184 (-0.040 to 
0.407) 

0.107 0 0.738 

Strain echocardiography 

RVGLS 

All studies 8 0.847 (0.231 to 
1.46) 

0.0071 89.4 <0.01 

Outlier study 
excluded 

7 0.461 (0.197 to 
0.724) 

0.0006 40 0.125 

RVFWS All studies 9 0.931 (0.432 to 
1.43) 

0.0003 82.9 <0.01 

RVSLS 

All studies 4 1.38 (-0.081 to 
2.84) 

0.0641 94.1 <0.01 

Outlier study 
excluded 

3 0.541 (0.031 to 
1.05) 

0.0378 43.5 0.17 

 

 

 

 

 

 

 



 
 

Figure 2. Functional echocardiographic predictors of RVF post-LVAD: Forest plots of meta-analyses 

comparing preoperative values between RVF versus non-RVF patients: (A) TAPSE; (B) RVFAC*; (C) 

RVEF. *excludes an outlier study. SMD = standardised mean difference; TAPSE = Tricuspid Annular Plane 

Systolic Excursion; RVFAC = Right Ventricular Fractional Area Change; RVEF = Right Ventricular Ejection 

Fraction 

 



 

  



 
Figure 3. Structural echocardiographic predictors of RVF post-LVAD: Forest plots of meta-analyses 

comparing preoperative values between RVF versus non-RVF patients: (A) RV/LV diameter ratio; (B) 

RVEDD; (C) RVEDA; (D) RVESA. RV/LV ratio = right ventricular to left ventricular diameter ratio; RVEDD = 

right ventricular end-diastolic diameter; RVEDA = right ventricular end-diastolic area; RVESA = right 

ventricular end-systolic area. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Figure 4. Strain echocardiographic predictors of RVF post-LVAD: Forest plots of meta-analyses 

comparing preoperative values between RVF versus non-RVF patients: (A) RVGLS*; (B) RVFWS; (C) 

RVSLS*. 

*excludes an outlier study. RVGLS = Right Ventricular Global Longitudinal Strain; RVFWS = Right 

Ventricular Free-Wall Strain; RVSLS = Right Ventricular Septal Longitudinal Strain. 

 

 

 

  



Table 3. Summary of meta-regression results to assess the impact of covariates on the association 

between key pre-operative echocardiographic parameters and the development of RVF post-LVAD. 

N/A refers to analyses that were omitted by the statistical software due to collinearity. TAPSE = Tricuspid 

Annular Plane Systolic Excursion; RVFAC = Right Ventricular Fractional Area Change; RV/LV ratio = Right 

Ventricular to Left Ventricular Diameter Ratio. 

 

Predictors Covariates Coefficient 

(95% CI) 

p-

value 

TAPSE Age 0.00563 (–

0.0402 to 

0.0514)  

0.810 

Female gender 0.0120 (–

0.00209 to 

0.0260)  

0.095 

BMI –0.101 (–

0.305 to 

0.104) 

0.335 

Ischaemic 

aetiology 

0.00342 (–

0.0151 to 

0.0219) 

0.717 

Continuous flow 

LVADs 

–0.00162 (–

0.0206 to 

0.0173) 

0.867 

Bridge-to-

transplantation 

indication 

0.00441 (–

0.0122 to 

0.0210) 

0.602 

Destination 

therapy 

indication 

–0.00635 (–

0.0324 to 

0.0197) 

0.632 

Bridge-to-

decision 

indication 

0.0173 (–

0.0322 to 

0.0668) 

0.494 

Bridge-to-

recovery 

indication 

0.00445 (–

0.0569 to 

0.0658) 

0.887 

Bridge-to-

candidacy 

indication 

–0.0288 (–

0.0494 to –

0.00814) 

0.006 

Pre-op 

INTERMACS 

status 

–0.148 (–

0.459 to 

0.162) 

0.349 

Pre-op IV 

inotropes 

0.0163 

(0.000405 

to 0.0321) 

0.044 

Pre-op IABP –0.00425 (–

0.0344 to 

0.0259) 

0.782 



Year of 

publication 

–0.00628 (–

0.0739 to 

0.0614) 

0.856 

RVFAC Age −0.0280 

(−0.0616 to 

0.00559) 

0.102 

Female gender −0.00362 

(−0.0112 to 

0.00398) 

0.350 

BMI 0.248 

(−0.167 to 

0.662) 

0.242 

Ischaemic 

aetiology 

0.00339 

(−0.00792 

to 0.0147) 

0.557 

Continuous flow 

LVADs 

0.00274 

(−0.00695 

to 0.0124) 

0.579 

Bridge-to-

transplantation 

indication 

0.00359 

(−0.00908 

to 0.0163) 

0.578 

Destination 

therapy 

indication 

−0.00374 

(−0.0178 to 

0.0103) 

0.601 

Bridge-to-

decision 

indication 

−0.0356 

(−0.0809 to 

0.00971) 

0.124 

Bridge-to-

recovery 

indication 

0.00369 

(−0.0206 to 

0.0280) 

0.766 

Bridge-to-

candidacy 

indication 

0.0209 

(−0.0614 to 

0.103) 

0.619 

Pre-op 

INTERMACS 

status 

−0.357 

(−0.685 to 

−0.0287) 

0.033 

Pre-op IV 

inotropes 

0.00639 

(−0.00259 

to 0.0154) 

0.163 

Pre-op IABP 0.0175 

(0.00139 to 

0.0337) 

0.033 

Year of 

publication 

−0.0258 

(−0.0622 to 

0.0106) 

0.165 

RV/LV 

diameter 

ratio 

Age 0.0254 (–

0.0373 to 

0.0882) 

0.426 



Female gender 0.000786 (–

0.0246 to 

0.0262) 

0.952 

BMI 0.0986 (–

0.0966 to 

0.294) 

0.322 

Ischaemic 

aetiology 

0.00933 (–

0.0204 to 

0.0390) 

0.538 

Continuous flow 

LVADs 

0.0128 (–

0.0398 to 

0.0654) 

0.633 

Bridge-to-

transplantation 

indication 

–0.0379 (–

0.0685 to –

0.00737) 

0.015 

Destination 

therapy 

indication 

0.0386 (–

0.00191 to 

0.0792)  

0.062 

Bridge-to-

decision 

indication 

0.152 (–

0.289 to 

0.594) 

0.499 

Bridge-to-

recovery 

indication 

N/A N/A 

Bridge-to-

candidacy 

indication 

0.217 

(0.0941 to 

0.340) 

0.001 

Pre-op 

INTERMACS 

status 

–0.0525 (–

0.690 to 

0.584) 

0.872 

Pre-op IV 

inotropes 

–0.0432 (–

0.0691 to –

0.0172) 

0.001 

Pre-op IABP –0.0206 (–

0.0763 to 

0.0350) 

0.468 

Year of 

publication 

–0.0359 (–

0.151 to 

0.0790) 

0.540 

 

 

 

  



Table 4. Summary of optimal cutoffs for various echocardiographic predictors of RVF post-LVAD. 

Cut-offs were estimated using logistic regression modelling based on pooled study-level data. For each 

parameter, the optimal threshold, and the corresponding sensitivity, specificity and overall percentage of 

correctly classified patients are reported. TAPSE = Tricuspid Annular Plane Systolic Excursion; RVFAC = 

Right Ventricular Fractional Area Change; RV/LV ratio = Right Ventricular to Left Ventricular Diameter 

Ratio; RVEDD = Right Ventricular End-Diastolic Diameter; RVEF = Right Ventricular Ejection Fraction; 

RVEDA = Right Ventricular End-Diastolic Area; RVESA = Right Ventricular End-Systolic Area; RVGLS = 

Right Ventricular Global Longitudinal Strain; RVFWS = Right Ventricular Free-Wall Strain; RVSLS = Right 

Ventricular Septal Longitudinal Strain. 

 

Parameter 
Optimal 

Cutoff 
Sensitivity Specificity 

Correctly 

Classified 

TAPSE <14.3 mm 66.7% 72.7% 69.7% 

RVFAC <19.4% 33.3% 100.0% 67.4% 

RV/LV 

ratio 
≥0.740 60.0% 80.0% 70.0% 

RVEDD ≥41.5 mm 50.0% 83.3% 66.7% 

RVEF <28.0% 75.0% 75.0% 75.0% 

RVEDA ≥25.4 cm² 83.3% 50.0% 66.7% 

RVGLS ≥–11.0% 87.5% 50.0% 68.8% 

RVFWS ≥–11.3% 88.9% 88.9% 88.9% 

RVSLS ≥–4.60% 50.0% 100.0% 75.0% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

  



Supplementary Material 

 
Table S1. Search strategy in OVID Medline database. 

 
# Searches Results Type 

1 LVAD.mp. [mp=title, book title, 

abstract, original title, name of 

substance word, subject heading 

word, floating sub-heading word, 

keyword heading word, organism 

supplementary concept word, 

protocol supplementary concept 

word, rare disease supplementary 

concept word, unique identifier, 

synonyms, population supplementary 

concept word, anatomy 

supplementary concept word] 

6606 Advanced 

2 right ventricular failure.mp. [mp=title, 

book title, abstract, original title, 

name of substance word, subject 

heading word, floating sub-heading 

word, keyword heading word, 

organism supplementary concept 

word, protocol supplementary 

concept word, rare disease 

supplementary concept word, unique 

identifier, synonyms, population 

supplementary concept word, 

anatomy supplementary concept 

word] 

2918 Advanced 

3 RVF.mp. [mp=title, book title, 

abstract, original title, name of 

substance word, subject heading 

word, floating sub-heading word, 

keyword heading word, organism 

supplementary concept word, 

protocol supplementary concept 

word, rare disease supplementary 

concept word, unique identifier, 

synonyms, population supplementary 

concept word, anatomy 

supplementary concept word] 

1866 Advanced 

4 RVAD.mp. [mp=title, book title, 

abstract, original title, name of 

substance word, subject heading 

word, floating sub-heading word, 

keyword heading word, organism 

464 Advanced 



supplementary concept word, 

protocol supplementary concept 

word, rare disease supplementary 

concept word, unique identifier, 

synonyms, population supplementary 

concept word, anatomy 

supplementary concept word] 

5 2 or 3 or 4 4853 Advanced 

6 1 and 5 601 Advanced 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S1. Meta-analyses for the pooled prevalence of RVF following LVAD across the studies. (A) 

Overall analysis of all studies; (B) subgroup analysis only including studies using the commonest RVF 

definition. 



 
Figure S2. Leave-one-out sensitivity analyses forest plots. (A) TAPSE; (B) RVFAC; (C) RVEF; (D) RV/LV 

diameter ratio; (E) RVEDD; (F) RVEDA; (G) RVESA; (H) RVGLS; (I) RVFWS; (J) RVSWS. TAPSE = Tricuspid 

Annular Plane Systolic Excursion; RVFAC = Right Ventricular Fractional Area Change; RV/LV ratio = Right 

Ventricular to Left Ventricular Diameter Ratio; RVEDD = Right Ventricular End-Diastolic Diameter; RVEF = 

Right Ventricular Ejection Fraction; RVEDA = Right Ventricular End-Diastolic Area; RVESA = Right 

Ventricular End-Systolic Area; RVGLS = Right Ventricular Global Longitudinal Strain; RVFWS = Right 

Ventricular Free-Wall Strain; RVSLS = Right Ventricular Septal Longitudinal Strain. 



 

 

 
 

Figure S3. Subgroup analyses only including studies with the commonest RVF definition: Forest 

plots of meta-analyses comparing preoperative values between RVF versus non-RVF patients, assessing: 

(A) TAPSE; (B) RVFAC; (C) RV/LV diameter ratio. TAPSE = Tricuspid Annular Plane Systolic Excursion; 



RVFAC = Right Ventricular Fractional Area Change; RV/LV ratio = Right Ventricular to Left Ventricular 

Diameter Ratio. 

  



 

 

 
 

Figure S4. Subgroup analyses only including studies with continuous-flow LVADs: Forest plots of 

meta-analyses comparing preoperative values between RVF versus non-RVF patients, assessing: (A) 

TAPSE; (B) RVFAC; (C) RV/LV diameter ratio. TAPSE = Tricuspid Annular Plane Systolic Excursion; RVFAC = 

Right Ventricular Fractional Area Change; RV/LV ratio = Right Ventricular to Left Ventricular Diameter 

Ratio. 

  



 

 
 

Figure S5. RVFAC: Forest plot of meta-analysis comparing preoperative values between RVF versus 

non-RVF patients (including outlier studies). RVFAC = Right Ventricular Fractional Area Change 

  



 

 

 
 

Figure S6. Forest plots of meta-analyses comparing preoperative values between RVF versus non-

RVF patients (including outlier studies), assessing: (A) RVGLS; (B) RVSLS. RVGLS = Right Ventricular 

Global Longitudinal Strain; RVSLS = Right Ventricular Septal Longitudinal Strain. 

 

  



 

 

 
Figure S7. Bubble plots of meta-regression analyses to identify the effect of certain covariates on 

the predictive power of pre-operative echocardiographic parameters for the development of RVF 

post-LVAD. (A) Preoperative IV inotrope use impact on predictive power of TAPSE; (B) Bridge-to-

candidacy LVAD indication impact on predictive power of TAPSE; (C) Preoperative IABP impact on 

predictive power of RVFAC; (D) Preoperative INTERMACS level impact on predictive power of RVFAC; (E) 

Bridge-to-candidacy LVAD indication impact on predictive power of RV/LV diameter ratio; (F) Bridge-to-

transplantation impact on predictive power of RV/LV diameter ratio; (G) Preoperative IV inotrope use 

impact on predictive power of RV/LV diameter ratio. 



TAPSE = Tricuspid Annular Plane Systolic Excursion; IABP = intra-aortic balloon pump; RV/LV ratio = Right 

Ventricular to Left Ventricular Diameter Ratio. 

  



 

 
 

Figure S8. Bubble plots of meta-regression analyses to identify the effect of year of study 

publication on the predictive power of preoperative echocardiographic parameters for the 

development of RVF post-LVAD (i.e. the effect size), assessing: (A) TAPSE; (B) RVFAC; (C) RV to LV 

diameter ratio. TAPSE = Tricuspid Annular Plane Systolic Excursion; RV/LV ratio = Right Ventricular to 

Left Ventricular Diameter Ratio. 

  



Table S2. Summary of results from Egger’s test to assess for publication bias. 

 

 

Parameter Studies included Egger’s test p-

value 

TAPSE 

All studies 0.1540 

Subgroup (commonest RVF definition 

studies only) 

0.8182 

RVFAC 

All studies <0.0001 

Outlier excluded 0.0894 

Subgroup (commonest RVF definition 

studies only) 

0.2165 

RV/LV diameter 

ratio 

All studies 0.0123 

Subgroup (commonest RVF definition 

studies only) 

0.4659 

RVEDD All studies 0.2388 

RVEF All studies 0.2798 

RVEDA All studies 0.7480 

RVESA All studies 0.4625 

RVGLS 
All studies <0.0001 

Outlier excluded 0.9530 

RVFWS All studies 0.0528 

RVSLS 
All studies 0.2903 

Outlier excluded 0.9094 

 

 

  



 

 
Figure S9. Funnel plots for assessing publication bias. (A) TAPSE (B) RVFAC (C) RVEF (D) RV/LV 

diameter ratio (E) RVEDD (F) RVEDA (G) RVESA; (H) RVGLS; (I) RVFWS; (J) RVSLS. TAPSE = Tricuspid 

Annular Plane Systolic Excursion; RVFAC = Right Ventricular Fractional Area Change; RV/LV ratio = Right 

Ventricular to Left Ventricular Diameter Ratio; RVEDD = Right Ventricular End-Diastolic Diameter; RVEF = 

Right Ventricular Ejection Fraction; RVEDA = Right Ventricular End-Diastolic Area; RVESA = Right 

Ventricular End-Systolic Area; RVGLS = Right Ventricular Global Longitudinal Strain; RVFWS = Right 

Ventricular Free-Wall Strain; RVSLS = Right Ventricular Septal Longitudinal Strain. 

  



 

Table S3. Assessment of risk of bias using Newcastle-Ottawa Scale. A. Exposed cohort truly 

representative of the average LVAD patient in the community (max 1*), B. Non-exposed cohort drawn 

from the same community as the exposed cohort (max 1*), C. Preoperative markers clearly assessed (max 

1*), D. RVF absent at start of study (max 1*), E. Comparability of cohorts (max 2*), F. RVF outcome clearly 

defined (max 1*), G. Adequate follow-up period (max 1*), H. Adequate numbers of patients followed up 

(max 1*). 

 
Study 

 

A B C D E F G H Total 

score (/9) 

Aissaoui et al.11, 2015* * * * * ** * *  8 

Alfirevic et al.14, 2020* * * * * ** * * * 9 

Boegershausen et al.16, 2017 * * * * ** * *  8 

Bowen et al.15, 2021 * * * * * * *  7 

Cacioli et al.17, 2022* * * * * ** * *  8 

Carmona et al.18, 2020 * * * * ** * *  8 

Charisopoulou et al.19, 2019 * * * * ** *   7 

Critoph et al.20, 2015* * * * * ** * *  8 

Fukamachi et al.21, 1999 * * * * ** *   7 

Grant et al.22, 2012* * * * * ** * * * 9 

Gudejko et al.23, 2019* * * * * ** * * * 9 

Gumus et al.24, 2019 * * * * ** * *  8 

Hennig et al.25, 2011 * * * * ** * *  8 

Kalogeropoulos et al.26, 2015* * * * * ** * *  8 

Kang et al.27, 2016 * * * * ** *   7 

Kapelios et al.28, 2015 * * * * ** *   7 

Kato, Chokshi et al.29, 2012* * * * * ** * *  8 

Kato, Maryjane et al.30, 2012* * * * * ** * *  8 

Kato et al.31, 2013* * * * * ** * *  8 

Kiernan et al.32, 2015* * * * * ** * *  8 

Kukucka et al.33, 2011 * * * * ** * *  8 

Liang et al.34, 2022* * * * * ** * *  8 

Lo et al.35, 2015* * * * * ** * *  8 

Loforte et al.36, 2018 * * * * ** *   7 

Magunia et al.37, 2018* * * * * * * *  7 

Montalto et al.38, 2021 * * * * ** *   7 

Patel et al.39, 2019* * * * * * * * * 8 

Potapov et al.40, 2008 * * * * ** * *  8 

Puwanant et al.41, 2008* * * * * ** * *  8 

Raina et al.42, 2013* * * * * * * *  7 

Raymer et al.43, 2019* * * * * * * *  7 

Ruiz-Cano et al.44, 2020 * * * * ** * *  8 

Samura et al.45, 2019* * * * * ** * * * 9 

Sert et al.46, 2020* * * * * ** * *  8 

Silverton et al.47, 2018* * * * * ** * *  8 

Stricagnoli et al.48, 2021 * * * * * * *  7 

Terzic et al.49, 2022 * * * * ** * *  8 

Valente et al.50, 2022* * * * * ** * *  8 

Vivo et al.51, 2013* * * * * * * *  7 

 

 



 

 

 

 

 

 

 

 


