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Objective: This study was conducted in order to determine the reference values for right ventricular (RV) volumes and ejection fraction (EF) using three-dimensional echocardiography (3DE) and to identify sources of variance through a systematic review and meta-analysis.

Methods: This systematic review was preregistered with the International Prospective Register of Systematic Reviews (https://www.crd.york.ac.uk/PROSPERO/) (CRD42020211002). Relevant studies were identified by searches of the PubMed, Embase, and Cochrane Library databases through October 12, 2020. Pooled reference values were calculated using the random-effects model weighted by inverse variance. Meta-regression analysis and Egger's test were used to determine the source of heterogeneity. A subgroup analysis was performed to evaluate the reference values across different conditions.

Results: The search identified 25 studies of 2,165 subjects. The mean reference values were as follows: RV end-diastolic volume, 100.71 ml [95% confidence interval (CI), 90.92–110.51 ml); RV end-systolic volume, 44.19 ml (95% CI, 39.05–49.33 ml); RV end-diastolic volume indexed, 57.01 ml/m2 (95% CI, 51.93–62.08 ml/m2); RV end-systolic volume indexed, 25.41 ml/m2 (95% CI, 22.58–28.24 ml/m2); and RVEF, 56.20% (95% CI, 54.59–57.82%). The sex- and age-specific reference values were assessed according to the studies reporting the values of different sexes and age distributions, respectively. In addition, the vendor- and software-specific reference values were analyzed. The meta-regression analysis revealed that sex, frame rate, pulmonary artery systolic pressure, and software packages were associated with variations in RV volumes (P < 0.05). Inter-vendor and inter-software discrepancies may explain the variability of RVEF.

Conclusions: The reference values for RV volumes and RVEF using 3DE were assessed. The confounders that impacted the variability in RV volumes or RVEF contained the sex, frame rate, pulmonary artery systolic pressure, inter-vendor discrepancies, and inter-software discrepancies.
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INTRODUCTION

Right ventricular (RV) function is involved in the diagnosis and prognosis of many cardiac disorders such as congenital and acquired heart diseases (1, 2). However, because of the RV complex anatomy and functional characteristics, the application of conventional two-dimensional echocardiography (2DE) for quantifying its function in the clinical setting is limited (1–3). Similar to the left ventricle, the assessment of RV volumes and RV ejection fraction (EF) can quantitatively reflect RV systolic function. Recently, with the development of three-dimensional echocardiography (3DE), current guidelines have recommended that 3DE can be applied to accurately assess RV volumes and RVEF (4, 5).

However, the lack of large population-based reference values for RV volumes and RVEF has precluded their clinical use. Most previous studies have analyzed RV volumes and RVEF in healthy populations from a single center with relatively small sample sizes. Meanwhile, the determination of universal reference values for RV volumes and RVEF by 3DE through multicenter large-sample studies should be required to enable standardized clinical application of 3DE for quantitatively assessing RV function. Thus, the major objectives of this study are to (1) assess the reference values for RV volumes and RVEF by 3DE in healthy adults and (2) identify the potential confounders that may contribute to the variability in published reference values for RV volumes and RVEF as assessed by 3DE.



METHODS


Search Protocol

The systematic review and meta-analysis was performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (6). The PubMed, Embase, and Cochrane Library databases were systematically searched for articles published through October 12, 2020. The search strategy is shown in Supplementary Material 1. The search was limited to human studies published in English. Moreover, studies lacking complete published articles or that were published as conference abstracts, reviews, and editorial comments were excluded from the analysis. This systematic review was prospectively registered with the International Prospective Register of Systematic Reviews (https://www.crd.york.ac.uk/PROSPERO/) on November 2, 2020 (CRD42020211002).



Selection Criteria

We selected studies that reported RV volumes and/or RVEF using 3DE in “healthy” or “normal” adults, had a sample size of more than 30, and were published in the English language. Criteria for “healthy” or “normal” adults were as follows: age ≥ 18 years; no history or symptoms of cardiovascular or lung disease; no use of medication; no systemic disease; no obesity; no pregnancy; no cardiovascular risk factors, that is, arterial hypertension, diabetes, or dyslipidemia; and normal ECG and physical examination findings. Moreover, we excluded studies involving control subjects with cardiovascular risk factors and those lacking adequate description of the baseline characteristics of their control populations.



Study Selection

Two investigators (STW and SYW) independently performed the title screening, removal of duplicates, abstract reviews, and full-text reviews based on predefined selection criteria to identify relevant articles. Furthermore, the references of included articles were manually screened for additional eligible studies. Disagreements were resolved by consensus or discussion with a third investigator (CM).



Data Collation

The following data were extracted and entered into an electronic database: (1) study: first author and year of publication; (2) demographic characteristics: numbers of control subjects, age, sex proportion, and country; (3) clinical parameters: systolic blood pressure (SBP), diastolic blood pressure (DBP), heart rate (HR), body surface area (BSA), and body mass index (BMI); (4) echocardiographic methodological parameters: frame rate (FR), vendors, and software packages; and (5) echocardiographic parameters: pulmonary artery systolic pressure (PASP), RV end-diastolic volume (EDV), RV end-systolic volume (ESV), RV EDV indexed by BSA (EDVi), RV ESV indexed by BSA (ESVi), and RVEF. If multiple articles were published using the same dataset, the study with the largest sample was assessed.



Quality Assessment

To evaluate the quality of the included studies, we selected 12 items relevant to this systematic review and meta-analysis based on the quality assessment methodology and similar systematic reviews and meta-analyses (7, 8).



Statistical Analysis

All statistical analyses were performed using Stata 15 (StataCorp LLC, 2017). The mean and 95% confidence interval (CI) of the RV volumes and RVEF were calculated to create pooled estimates using random-effects models weighted by inverse variance. Inter-study statistical heterogeneity was assessed by the Cochrane Q statistic and quantified by the I2 statistic. The results are presented as forest plots, the standard method to illustrate the results of individual studies and overall meta-analyses. We performed a meta-regression analysis to assess whether any demographic, clinical, or echocardiographic methodological parameters influenced the variability of RV volumes or RVEF in the “normal” adults; values of P < 0.05 were considered significant. In addition, a subgroup analysis was performed to determine reference values in the specific conditions. A quantitative evaluation of publication bias was performed using the funnel plot and Egger's test; values of P < 0.1 indicated significant bias. If publication bias was significant, the “trim and fill” method was used to examine whether our estimates were changed after regulating the missing studies (9).




RESULTS


Study Selection

A total of 6,587 articles were identified through a systematic search of three electronic databases. After the exclusion of duplicates and triplicates (n = 1,297), 5,290 articles were screened for relevance. In the title and abstract review process, 5,185 articles were excluded. Thereafter, 105 articles were subjected to full-text review, during which process 77 articles were excluded. A total of 28 articles met our inclusion criteria (Figure 1). Of them, nine studies had recruited only “normal” adults, whereas the remaining studies had recruited “normal” adults as the control population. Three studies did not report the mean RV volumes and RVEF (10–12). Finally, 25 studies with 30 datasets were included in this meta-analysis (13–37). Among the included 25 studies, two studies had repeated datasets but used different parameters to perform the meta-analysis (26, 36).
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FIGURE 1. Flowchart of the study selection process.




Summary of Selected Studies

All 25 studies of 2,165 patients were eligible for the meta-analysis. The baseline characteristics of the included studies are listed in Table 1. The mean age ranged from 23 to 67 years, and men accounted for 6-100% of the study population. Philips, GE, and Toshiba Medical System 3DE products were used to capture RV imaging. TomTec, EchoPAC, 3D QLAB, and Toshiba 3DT speckle tracking software packages were used to perform the analyses.


Table 1. The baseline characteristics of the included studies.
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The Reference Values

The mean RVEF evaluated by 3DE was reported in all 30 datasets. The included datasets with RV volumes and RVEF are presented in Table 2.


Table 2. Summary of meta-analysis results of RV volumes by 3DE.
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The EDV ranged from 56.50 to 130.00 ml (mean, 100.71 ml; 95% CI, 90.92–110.51 ml), and the ESV ranged from 21.80 to 63.90 ml (mean, 44.19 ml; 95% CI, 39.05–49.33 ml) (Supplementary Figures 1A,B). The EDVi ranged from 40.00 to 73.50 ml/m2 and the ESVi ranged from 16.00 to 33.40 ml/m2. The mean and 95% CI EDVi and ESVi are presented in Supplementary Figures 2A,B. The Cochrane Q statistic and I2 inconsistency indicated the presence of inter-study heterogeneity for RV volumes. The mean RVEF was 56.20% (95% CI, 54.59–57.82%; I2 = 97.7%), with a Cochrane Q statistic of 1,281 (P < 0.001; Figure 2). The reference values for RV volumes and RVEF stratified by different vendors and software packages are presented in Table 3.


[image: Figure 2]
FIGURE 2. Reference values of RVEF by 3DE. The square represents the mean of the point effect estimate of each study. The square size indicates the weight of the study. The horizontal line extending from either side of the square represents the 95% CI. The diamond reflects the pooled overall consequence. 3DE, three-dimensional echocardiography; CI, confidence interval; RVEF, right ventricular ejection fraction.



Table 3. Vendor- and software-specific reference values for RV volumes and RVEF by 3DE.
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Ten studies reported the overall sex-specific RV volumes and/or RVEF (13, 20–23, 26, 31, 32, 36, 37). Five studies reported the age-specific RV volumes and/or RVEF using similar age groups (23, 26, 31, 36, 37). The sex- and age-specific reference RV volumes and RVEF are presented in Table 4.


Table 4. Sex- and age-specific reference values of RV volumes and RVEF by 3DE.
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Sources of Variability

We independently analyzed age, sex, HR, SBP, DBP, BMI, BSA, PASP, FR, vendor, and software packages using meta-regression analysis to determine whether any influenced the variability of RV volumes and RVEF (Supplementary Table 1). The variability of ESV was impacted by sex and PASP (P < 0.05). The discrepancy between software packages impacted the variability of EDVi (P = 0.044). Additionally, FR was also associated with the bias of RV volumes (P < 0.05) but not bias of RVEF. The variation of RVEF was mainly correlated with the inter-vendor and inter-software discrepancies (P < 0.05). Noticeably, when the study used the Toshiba Medical System and the Toshiba 3DT speckle tracking software was omitted, the impact of vendor and software packages to RVEF was not significant [P(vendor) = 0.839; P(software) = 0.473], but the influence of FR did not change (P = 0.995). Other parameters showed no significant impact on variability of RV volumes and RVEF.



Publication Bias

Publication bias was not found for EDV, EDVi, or RVEF; however, publication bias was noted for ESV and ESVi (Figure 3). Moreover, an additional analysis using the “trim and fill” method for ESV and ESVi suggested that hypothetically missing studies did not substantially change the estimates (Supplementary Figure 3).


[image: Figure 3]
FIGURE 3. Funnel plot for RV volumes and RVEF: (A) RV EDV (P = 0.402), (B) RV ESV (P = 0.011), (C) RV EDVi (P = 0.357), (D) RV ESVi (P = 0.007), and (E) RVEF (P = 0.669). The standard error of the effect estimate is plotted on the horizontal axis. The mean is plotted on the vertical axis. The circle presents each included study. The black lines indicate the pooled mean and 95% CI. 3DE, three-dimensional echocardiography; CI, confidence interval; EDV, end-diastolic volume; EDVi, EDV indexed by body surface area; ESV, end-systolic volume; ESVi, ESV indexed by body surface area; RV, right ventricular; RVEF, RV ejection fraction.




Quality Assessment

All studies included in our meta-analysis were appraised using the quality checklist items (Supplementary Table 2). All studies described the echocardiographic image acquisition and postprocessing protocols. A reproducibility analysis was performed in 19 studies.




DISCUSSION

This study analyzed the reference values for RV volumes and RVEF using 3DE in “normal” adults and assessed the impact of the potential confounders on the variation in the reported values of RV volumes and RVEF.

The RV, viewed as the “forgotten ventricle,” has gained wide attention in the past few years. Increasing evidence has revealed that RV function can play a crucial role in determining the functional status and prognosis of patients with various cardiovascular diseases such as ischemic and non-ischemic cardiomyopathy, pulmonary arterial hypertension, congenital heart disease, and heart failure (38–40). In common clinical practice, RV function is assessed by 2DE parameters such as tricuspid annular systolic excursion and fractional area change (5). However, its asymmetrical and complex crescent shape and retrosternal location make it difficult to visualize the entire RV chamber in a two-dimensional view; thus, the accuracy and reproducibility of 2DE for RV function assessments are limited (41). Hence, other multiparametric approaches should be used to more comprehensively and accurately evaluate RV function, particularly in complex clinical case (3). Cardiac magnetic resonance (CMR), the gold standard for RV function assessment, can precisely and quantitatively evaluate RV volumes and RVEF to reflect the global RV systolic function and load conditions. However, in actual clinical practice, CMR cannot be used to analyze the RV function of all patients because of its high cost, various contraindications, and non-portability (3). Hence, an alternative non-invasive method to evaluate RV volumes and RVEF is needed.

The American Society of Echocardiography, European Association of Cardiovascular Imaging, and British Society of Echocardiography recently recommended the use of 3DE for quantifying the RV chamber and performing functional analyses (4, 5). Compared with conventional 2DE, 3DE can provide more precise anatomical definitions of the RV without requiring geometrical assumptions; thus, it is able to overcome the inherent limitations of 2DE (2). Studies reported that 3DE-derived RV volumes and RVEF could strongly correlate with CMR imaging findings, even if RV volumes may be underestimated by 3DE vs. CMR (42–45). RV volumes and RVEF by 3DE have been considered parameters for the diagnosis and outcomes of cardiopulmonary diseases or RV possible subclinical changes in patient workups (12, 15, 18, 46, 47). The RVEF <45% can reflect RV systolic dysfunction universally, but reference values for RV volumes and RVEF by 3DE are insufficiently investigated (4).

The advent of 3DE has provided novel insight into RV functional assessments. The universal reference values are critical for the implementation of RV volumes and RVEF by 3DE since the clinical parameters for ensuring more standard evaluations of clinical changes in RV function vary across a broad range of physiological and pathological conditions in adults (4, 5). However, most studies reporting RV volumes and RVEF have been single-center studies with small sample sizes. Lakatos et al. evaluated the reference values for RV volumes and RVEF on 3DE in 300 European and Japanese individuals; however, studies with larger populations with boarder age groups and multiethnic expansion were required to strengthen their findings (23). The findings of another multicenter study conducted at three tertiary centers in Italy may be limited by race and ethnicity homogeneity (10). The updated recommendation in 2015 reported the reference values for RV volume and RVEF on 3DE by pooling the data of 15 studies. However, larger-sample studies are needed to more accurately define these reference values (5). Although our systematic review and meta-analysis extended the reference values for RV volumes and expanded the sample size for RVEF, further investigations are still required.

We evaluated the data of 2,165 individuals from 25 studies and analyzed the reference values for RV volumes and RVEF using 3DE. The EDV, ESV, EDVi, and ESVi were reported by 76, 72, 56, and 48% of the eligible studies, respectively. Data from different studies were combined in a meta-analytical format, and relevant representative estimates of the reference values for RV volumes and RVEF by 3DE were provided.

The sex- and age-specific reference values for RV volumes and RVEF using 3DE were analyzed in our study. Previous studies demonstrated that the male population had lower RVEF and higher RV volumes than the female population (10, 20, 21, 26, 31). The potential reason for this may be the differences in biometric characteristics between women and men (10). Meanwhile, the RV volumes and RVEF were also probably correlated with age distribution. Thus, we analyzed the age-specific reference values despite the lack of a significant correlation. In most studies, RVEF tended to gradually decrease with age (23, 26, 36). However, Maffessanti et al. reported that RVEF was positively correlated with age (10). The potential reason for this difference was that the RVEF did not increase until old age (>70 years) (36). Thus, more relative studies should be performed with wider age distributions to specify the correlations and validate the accuracy of these age-specific reference values.

The variability in references values of RV volumes and RVEF by 3DE identified by the current study is probably due to differences in populations as well as echocardiographic vendors and analytical software (48). The European Association of Cardiovascular Imaging stated that even if the inter-vendor and inter-software variability of advanced echocardiographic parameters are recognized, a similar variability of some standard echocardiographic parameters cannot be excluded a priori (49). The variations between vendors may result from differences in analytical algorithms for image formatting, interpolation techniques, and numeric filters (50). The difference between analytical software packages may also affect the RV volumes and RVEF due to the use of different internal analysis algorithms. TomTec Imaging System as a vendor-independent software has been widely applied, while 3D QLAB, EchoPAC, and Toshiba 3DT software packages are also used to assess RV volumes and RVEF. Based on the above, vendor- and software-specific reference values were necessary for the analysis. Thus, this study assessed the vendor- and software-specific reference values. However, the 3D QLAB, EchoPAC, and Toshiba 3DT software packages were used by only one or two studies each. Further investigations should be performed to validate their reliability.


Source of Bias

Our meta-regression analysis indicated that age, BSA, BMI, HR, SBP, and DBP failed to explain the source of bias in our meta-analysis, but other studies showed a weak statistical correlation with RVEF (23). Thus, we must be cautious when hypothesizing that these features do not impact RV volumes and RVEF. The study findings indicated that the variability of ESV was likely to be explained by sex and PASP. PASP was the pressure load for right ventricle. A previous study demonstrated that the increase in RV contractility might be a compensatory mechanism attempting to cope with the increased pressure load (11). The FR of more than 20–25 frames/s is usually required (5). Insufficient temporal resolution may lead to errors in the identification of end diastole and systole, resulting in the underestimation of EDV and overestimation of ESV (44). However, in the study of Smith et al., FR was markedly lower than the values of other studies. The authors stated that when applying to the Toshiba Medical System and Toshiba software, the low FR may not hide the pattern of contraction (27). FR may not be as important for their study, so it cannot be controlled effectively. Our finding demonstrated that the FR may explain the variability of RV volumes despite exclusion of the study with the lower FR. The discrepancy among the GE, Philips, and Toshiba Medical System products may explain the RVEF variability. However, the reported values of RVEF for the Toshiba Medical System were markedly lower than those for the GE and Philips products. When the relevant study was omitted, our result demonstrated that the discrepancy between GE and Philips may not explain the variability of RVEF. Similarly, the discrepancy of TomTec, EchoPAC, 3D QLAB, and Toshiba 3DT speckle tracking software may explain the variability of RVEF. However, when the study that used the Toshiba 3DT speckle tracking software was ignored, the variability of RVEF was not explained by the software packages. Therefore, the Toshiba Medical System and Toshiba 3DT speckle tracking software may be confounders leading to RVEF bias. Meanwhile, the discrepancy noted of the TomTec, EchoPAC, and 3D QLAB products was likely to explain the EDVi variability.



Limitations

The current study has some limitations. First, similar to other meta-analyses reporting the reference values, remarkable heterogeneity is an innate limitation although we attempted to explore the source of heterogeneity and define reference values in various conditions (8). Among the included studies, only eight aimed to evaluate the reference values to enroll healthy populations. This may have contributed to the limited accuracy of our findings. Meanwhile, the imbalanced distribution of vendors and software packages limited the accuracy of those values. In particular, only one study used the Toshiba Medical System and Toshiba 3DT speckle tracking software, which might further limit the comparability of our values. Thus, the vendor- and software-specific reference values may not necessarily be applicable to other studies and require further validation. Few studies provided FR; thus, further studies are required to validate the influence on reference values. Moreover, software versions may also be an important confounder that impacts RV volumes and RVEF variations due to the wide enrollment period and the continuous software updates. However, half of the included studies did not specify the software versions used and each offered version was used by just one or two studies, which limits the further analysis of software versions. In the future, more studies can elucidate the influence of software versions.




CONCLUSION

This study assessed the reference values for RV volumes and RVEF using 3DE in “normal” adults, and the sex, frame rate, pulmonary artery systolic pressure, and inter-vendor and inter-software discrepancies impacted the variability in RV volumes or RVEF. This assessment of reference values for RV volumes and RVEF using 3DE is expected to play a role in improving the clinical application.
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