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Background: Studies have shown that cardiac resynchronization therapy (CRT) significantly

improves right ventricle (RV) size and function in patients with heart failure (HF).

Hypothesis: CRT does not lead to improvement in RV function independent of baseline clinical

variables.

Methods: A systematic search of studies published between 1966 to August 31, 2015 was

conducted using Pub Med, CINAHL, Cochrane CENTRAL and the Web of Science databases.

Studies reporting tricuspid annular plane systolic excursion (TAPSE) or RV basal strain or RV

long axis diameter or RV short axis diameter or RV fractional area change (FAC), before and

after CRT, were identified. A meta-analysis was performed using random effects with inverse

variance method to determine the pooled mean difference in various parameters of RV func-

tion after CRT. Meta-regression analysis was performed to test the relationship between

change in various parameters of RV functions after CRT and covariates- age, QRS duration,

and left ventricular ejection fraction (LVEF).

Results: Thirteen studies (N=1541) were selected for final analysis. CRT therapy led to statisti-

cally significant increases in TAPSE [1.21 (95% CI 0.55-1.86; p<0.001)], RV FAC [2.26 (95% CI

0.50-4.01; p<0.001)] and basal strain [2.82 (95% CI 0.59-5.05; p<0.001)] and statistically signifi-

cant decreases in mean RV long axis diameter [-2.94 (95% CI -5.07- -0.82; p=0.005)] and short

axis diameter [-1.39 (95% CI -2.10- -0.67; p=0.876)] after a mean follow up period of 9 months.

However, after meta-regression analysis for age, QRS duration, and baseline LVEF as covariates,

there was no significant improvement in any of the parameters of RV function after CRT.

Conclusion: There was a statistically significant improvement in TAPSE, RV basal strain, RV

fractional area, RV long axis and short axis with CRT. However, improvement in these echocar-

diographic parameters of RV function after CRT was not independent of baseline clinical vari-

ables but statistically dependent on age, QRS duration and baseline LVEF.

KEYWORDS
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1 | INTRODUCTION

Right ventricular (RV) function has been shown to an independent

predictor of survival and plays an important role in risk stratification

of heart failure (HF) patients.1,2 RV dysfunction has been associated

with adverse clinical outcomes in patients with HF and plays an

important role in determining the response to medical therapy in

patients with HF.3

Cardiac resynchronization therapy (CRT) has been shown to

improve left ventricular (LV) ejection fraction (LVEF), decrease intra-

ventricular mechanical dyssynchrony, and cause favorable LV remod-

eling in HF patients with markedly abnormal electrocardiographic

QRS duration.4,5 Improvement in LV function due to CRT results in

significant improvement of quality of life and exercise tolerance and

reduction in rate of rehospitalization and mortality.6–8 Recently, stud-

ies have shown that CRT significantly improves RV size and function
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in patients with HF.8–12 However, improvements in RV size and func-

tion post-CRT could be secondary to improvement in LV function.

Possible confounding effects of age, QRS duration, and baseline LVEF

were not evaluated in prior studies.8–12

In this study, we performed a meta-analysis and meta-regression

analysis of published studies to evaluate the relationship of CRT on

various echocardiographic parameters of RV function after adjusting

for the above-mentioned potential confounders.

2 | METHODS

2.1 | Study design

A systematic review of the literature was performed according to the

Preferred Reporting Items for Systematic Reviews and Meta-Analyses

(PRISMA) statement.13

2.2 | Data sources and search strategy

We systematically searched PubMed, CINAHL, Cochran Central, Sco-

pus, and Web of Science databases for all studies that reported para-

meters of RV function before and after CRT implantation. All relevant

combinations of following keywords related to cardiac resynchroniza-

tion therapy were searched: RV function, tricuspid annular plane sys-

tolic excursion (TAPSE), RV diameters (RV short-axis and long-axis

diameters), RV fractional area change (FAC), age, QRS duration, base-

line LVEF, and pulmonary artery (PA) pressure. The search was con-

ducted from the inception of these databases to May 31, 2016. No

language or age restrictions were applied. Pertinent trials were also

searched in http://www.clinicaltrials.gov and in the proceedings of

major international cardiology meetings (American College of Cardiol-

ogy, American Heart Association, European Society of Cardiology,

and Heart Rhythm Society).

2.3 | Study selection

Studies were included in the meta-analysis if they met the following

criteria: (1) a study on human subjects with participants of any age

requiring CRT for any indication; and (2) studies reporting TAPSE, RV

basal strain, RV long-axis diameter, RV short-axis diameter, or RV

FAC as absolute number (with SDs) before and after CRT. Studies

that did not provided absolute number for RV parameters before and

after CRT therapy were excluded from the final analysis. Similarly,

studies that did not report SD for parameters of RV function before

and after CRT were also excluded.

2.4 | Data extraction

Two independent reviewers (AS, SG) screened the titles and abstracts

for relevance. Discrepancies between reviewers were discussed until

consensus was reached. The manuscripts of selected titles/abstracts

were reviewed for inclusion and authors were contacted if additional

data were needed. Using the above-mentioned selection criteria,

these 2 reviewers independently determined the articles to be

included and excluded, and data from the relevant articles were

extracted using predefined extraction forms. Any disagreements in

data extraction were discussed until consensus was reached.

2.5 | Data analysis

To analyze the data, the authors used MIX 2.0 Pro software

(BiostatXL). A random-effects model with inverse-variance weighting

was used to calculate pooled mean difference in RV measure and cor-

responding confidence interval (CI). Heterogeneity between studies

was assessed using the Cochrane Q test and I2 statistic, which

denotes the percentage of total variation across studies that is a

result of heterogeneity rather than chance. Heterogeneity was con-

sidered significant if the P value was <0.05. Publication bias was

assessed by the Begg test and Egger regression test. The influence of

individual studies was examined by removing each study one at a

time to assess the degree to which meta-analysis estimate depends

on a particular study (exclusion sensitivity analysis). Subsequently,

meta-regression analysis for age, QRS duration, and baseline LVEF as

covariate was performed to test the relationship between changes in

various parameters of RV function after CRT.

2.6 | Study outlines and characteristics

A total of 13 studies were identified (N = 1541; see Supporting Infor-

mation, Figure 1, in the online version of this article) that reported

outcomes of interest.8,9,14–24 A study by Campbell et al. could not be

included in our analysis as the authors reported percentage change in

echocardiographic parameters from baseline rather than providing

absolute numbers for RV parameters before and after CRT therapy.10

Similarly, a study by Damy and colleagues was not included in the

final analysis as SD for parameters of RV function was not

reported.25 Sample size ranged from 16 to 738 subjects. Baseline

characteristics of various studies and patient characteristics are sum-

marized in Table 1. Publication bias was not detected by the Begg

and Egger regression tests for any of the RV measures.

3 | RESULTS

3.1 | TAPSE

Eleven studies (N = 1422) with a mean patient age of 64.3 years

reported TAPSE before and after CRT implantation, demonstrating

that CRT led to a statistically significant increase in TAPSE (mean dif-

ference 1.32, 95% CI: 0.67 to 1.96, P < 0.001) after a median follow-

up period of 6 months (interquartile range [IQR], 0.25–32 months;

Figure 1, Table 2). There was significant heterogeneity across the

studies (I2 = 83%; P < 0.001). Sensitivity analysis demonstrated that

pooled estimate did not change with exclusion of any one study for

both effect size measures.

Meta-regression analysis showed significant association between

age, QRS duration, LVEF, and PA pressure, and mean differences in

TAPSE (Figure 1, Table 2).
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3.2 | RV basal strain

Five studies (N = 308) with a mean patient age of 62.9 years

reported RV basal strain before and after CRT implantation. CRT led

to a statistically significant increase in RV basal strain (mean differ-

ence 2.83, 95% CI: 0.68 to 4.97, P = 0.001) after a median follow-up

period of 6 months (IQR, 0.25–32 months; Figure 2, Table 2). There

was low heterogeneity across the studies (I2 = 18%; P = 0.28). Sensi-

tivity analysis demonstrated pooled estimate did not change with

exclusion of any one study for both effect size measures. Meta-

regression analysis showed significant association between age and

RV basal strain change, but the results were not significant for QRS

duration and LVEF (Figure 2, Table 2).

3.3 | RV fractional area change

Six studies (N = 1043) with a mean age of 65.1 years reported RV

FAC before and after CRT implantation. CRT led to a statistically sig-

nificant increase in RV FAC (mean difference 2.88, 95% CI: 0.94 to

4.83, P = 0.004) after a median follow-up period of 6 months (IQR,

0.25–18 months; Figure 3, Table 2). There was significant heteroge-

neity across the studies (I2 = 63%; P = 0.001). Sensitivity analysis

demonstrated pooled estimate did not change with exclusion of any

one study for both effect size measures. Meta-regression analysis

showed a significant association between QRS duration and mean

differences in RV FAC. However, there was no significant impact of

either age or LVEF on pooled estimate of RV FAC change (Figure 3,

Table 2).

3.4 | RV long- and short-axis diameters

RV long-axis and short-axis diameters before and after CRT were

reported in 4 studies (N = 270; mean age, 60.7 years) and 6 studies

(N = 384; mean age, 62.4 years), respectively. CRT led to a statisti-

cally significant decrease in mean RV long-axis diameter (mean differ-

ence 2.95, 95% CI: –5.07 to –0.83, P = 0.01) and short-axis diameter

(mean difference –1.39, 95% CI: –2.11 to –0.67, P < 0.001) after

median follow-up periods of 6 months (IQR, 3–6 months) and

6 months (IQR, 3–15 months), respectively (Figures 4 and 5, Table 2).

There was significant heterogeneity across the studies for RV long-

axis diameter (I2 = 66%; P = 0.004), whereas no heterogeneity was

detected for RV short-axis diameter measurements (I2 = 0%;

P = 0.87). Sensitivity analysis demonstrated pooled estimate did not

change with exclusion of any one study for both effect size measures.

On meta-regression, no significant associations were found between

age, QRS duration, or LVEF and mean differences in either RV short-

axis or long-axis diameters (Figures 4 and 5, Table 2).

4 | DISCUSSION

These results, based on analysis of 1541 patients from 13 studies,

demonstrate that CRT leads to improvements in TAPSE, RV basal

strain, RV fractional area, and RV long-axis and short-axis diameters;

however, the improvements in echocardiographic parameters of RV

function after CRT were dependent on age, QRS duration, and base-

line LVEF. Our results suggest that improvements in RV size

FIGURE 1 (A) Forest plot for change in TAPSE with CRT, followed by random-effects meta-regression analysis plots depicting the relationship

between mean differences in TAPSE (on y-axis) and (B) age, (C) LVEF, and (D) QRS duration (on x-axis). Each included study is represented by a
circle, the size of which is proportional to its respective weight in the analysis. The line indicates the predicted effects (regression line). There
was significant association between age (β = 0.137, P = 0.047), QRS duration (β = 0.041, P = 0.006), and LVEF (β = –0.118, P = 0.03) and mean
differences in TAPSE. Abbreviations: CI, confidence interval; CRT, cardiac resynchronization therapy; LVEF, left ventricular ejection fraction;
TAPSE, tricuspid annular plane systolic excursion
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and function after CRT were not independent of baseline clinical

variables.

There have been conflicting reports on the effects of CRT on RV

function. The most robust data on CRT currently available are from

the Multicenter Automatic Defibrillator Implantation Trial With Car-

diac Resynchronization Therapy (MADIT-CRT) trial, which included

1820 patients with mild symptoms of HF (New York Heart Associa-

tion class I–II).10 The results from this trial showed that CRT was

associated with an improvement in RV function as assessed by RV

FAC.10 Furthermore, patients with the best RV function at 1 year

were reported to have lower event rates (defined as composite end-

point of all-cause mortality or a nonfatal HF event), and every 5-point

increase in RV FAC was associated with a 22% reduction in event

rates.10 However, better clinical outcomes among patients with

improved RV function were not independent of improvements in LV

function.10 In a study by Donal et al9 using tissue Doppler imaging to

assess RV function, improved RV contractility after CRT was

observed. They reported an improvement in lateral tricuspid annular

velocity, RV lateral wall basal and mid strain. These findings were per-

sistent after a follow-up period of 3 months, although the same was

not evident for other RV variables, such as TAPSE and RV diameters.9

In another study, Bleeker et al8 reported that CRT causes favorable

RV remodeling within 6 months of follow-up in terms of improve-

ment in RV size (diameters), tricuspid regurgitation, and PA pressures,

which was more evident in patients with baseline RV dilation and LV

dyssynchrony, suggesting the benefit of CRT even in patients with

altered RV dimensions.8 However, Scuteri and colleagues reported no

significant improvements in RV dimensions and function with CRT

therapy.14 In another study, Boriani et al26 showed no improvement

in RV ejection fraction (RVEF) after 3 months following CRT with

radionuclide angiography. Similarly, in the Resynchronization

Reverses Remodeling in Systolic Left Ventricular Dysfunction

(REVERSE) trial, no significant increases in TAPSE were observed in

the CRT group compared with the control group.27 Furthermore, in

post-hoc analysis of 688 patients from the Cardiac Resynchronization

in Heart Failure (CARE-HF) study, no significant improvements in

TABLE 2 Results summary

Mean Difference (95% CI)

Meta Regression Analysis

Age QRS Duration LVEF

TAPSE 1.32 (0.67 to 1.96), P < 0.001 β: 0.137, P = 0.047 β: 0.041, P = 0.006 β: –0.118, P = 0.03

RV basal strain 2.83 (0.68 to 4.97), P = 0.001 β: 0.664, P = 0.04 β: 0.156, P = 0.577 β: 0.144, P = 0.15

RV FAC 2.88 (0.94 to 4.83), P = 0.004 β: –0.044, P = 0.84 β: 0.139, P = 0.019 β: 0.035, P = 0.87

RV long-axis diameter –2.95 (–5.07 to –0.83), P = 0.01 β: 0.043, P = 0.86 β: –0.134, P = 0.185 β: 0.097, P = 0.684

RV short-axis diameter –1.39 (–2.11 to –0.67), P < 0.001 β: 0.098, P = 0.201 β: 0.019, P = 0.31 β: –0.092, P = 0.299

Abbreviations: CI, confidence interval; FAC, fractional area change; LVEF, left ventricular ejection fraction; RV, right ventricular; TAPSE, tricuspid annular
plane systolic excursion.

FIGURE 2 (A) Forest plot for change in RV basal strain with CRT, followed by random-effects meta-regression analysis plots depicting the

relationship between mean differences in RV basal strain (on y-axis) and (B) age, (C) LVEF, and (D) QRS duration (on x-axis). Each included study
is represented by a circle, the size of which is proportional to its respective weight in the analysis. The line indicates the predicted effects
(regression line). There was significant association between age and RV basal strain change (β = 0.664, P = 0.04), but the results were not
significant for QRS duration (β = 0.156, P = 0.577) and LVEF (β = 0.144, P = 0.15). Abbreviations: CI, confidence interval; CRT, cardiac
resynchronization therapy; LVEF, left ventricular ejection fraction; RV, right ventricular
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TAPSE or RV dimensions were reported in patients who received

CRT therapy.25

To our knowledge, this is the first meta-analysis to evaluate the

impact of CRT therapy on various echocardiographic parameters of

RV function, after adjusting for age, baseline QRS duration, and LVEF.

We have reported outcomes of CRT on RV function in 1541 patients

from 13 studies, with a mean follow-up period of almost 9 months.

Due to the asymmetric shape and complex geometry of the RV, use of

a single echocardiographic parameter might not be sufficient to com-

prehensively assess RV function. Therefore, in our meta-analysis we

have used various echocardiographic parameters of RV function to

analyze the effect of CRT on RV function. Most of the studies

FIGURE 3 (A) Forest plot for mean difference in RV FAC with CRT, followed by random-effects meta-regression analysis plots depicting the

relationship between mean difference in RV FAC (on y-axis) and (B) age, (C) LVEF, and (D) QRS duration (on x-axis). Each included study is
represented by a circle, the size of which is proportional to its respective weight in the analysis. The line indicates the predicted effects
(regression line). There was significant association between QRS duration and mean differences in RV FAC (β = 0.139, P = 0.019), but the
results were not significant for age (β = –0.044, P = 0.84) and LVEF (β = 0.035, P = 0.87). Abbreviations: CI, confidence interval; CRT, cardiac
resynchronization therapy; FAC, fractional area change; LVEF, left ventricular ejection fraction; RV, right ventricular

FIGURE 4 (A) Forest plot for mean difference in RV long-axis diameter with CRT, followed by random-effects meta-regression analysis plots

depicting the relationship between mean difference in RV long-axis diameter (on y-axis) and (B) age, (C) LVEF, and (D) QRS duration (on x-axis).
Each included study is represented by a circle, the size of which is proportional to its respective weight in the analysis. The line indicates the
predicted effects (regression line). There was no significant association between age, QRS duration, or LVEF and mean differences in RV long-
axis diameters (β = 0.043, P = 0.86; β = –0.134, P = 0.185; and β = 0.097, P = 0.684, respectively). Abbreviations: CI, confidence interval; CRT,
cardiac resynchronization therapy; LVEF, left ventricular ejection fraction; RV, right ventricular
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included in our study have used TAPSE as a measure of RV function,

which is a relatively simple echocardiographic measure and represents

RV longitudinal function and has shown to have a good correlation

with more precise measures of RV systolic function, including radionu-

clide estimation of RVEF.28 However, a major limitation of TAPSE is

that it measures contribution of only the RV free wall to predict RV

global systolic function.29,30 A more global measure of RV systolic

function is FAC, which has shown to correlate well with cardiac mag-

netic resonance imaging (CMR)-derived RVEF.31 However, FAC is

considered more a measure of RV response to afterload rather than

contractility. Another echocardiographic method of quantifying RV

systolic function is speckle tracking, which measures 2-dimensional

RV strain and correlates with contractile function of RV. Speckle

tracking echocardiography has been shown to more closely correlate

with CMR-estimated RVEF, as compared with TAPSE.32,33

Prior studies have shown favorable LV remodeling and improve-

ments in LV systolic function with CRT.3 This leads to reduction in

LV end-diastolic pressures, mitral regurgitation, and PA pressures,

which subsequently decrease the RV afterload and could improve RV

contractility.34,35 The RV shares oblique fibers with the LV within the

interventricular septum, which facilitates the augmentation of RV

contraction with LV systolic contraction.35 With declining LV func-

tion, there is reorientation of oblique septal fibers to a more trans-

verse position as the LV becomes more spherical secondary to

volume overload. This dramatically reduces the mechanical advantage

of RV contractility by these oblique fibers.35 CRT induces LV remod-

eling and thereby could lead to repositioning of these fibers and lead

to improvements in RV function. The improvements observed in RV

function after CRT could have been essentially due to improved LV

function and not due to an independent effect of CRT on RV.

4.1 | Study limitations

There are several potential limitations to our meta-analysis. This analysis

is based on published studies, and patient-level data were not available.

Due to lack of patient-level data, it cannot be claimed conclusively that

all patients included in the analysis received guideline-directed optimum

medical therapy. Residual measured or unmeasured confounding may

have impacted these findings. Our analysis includes several observa-

tional studies with relatively smaller sample size and short follow-up

periods. This could lead to overestimation of effect and may influence

the reported degree of RV remodeling. Further, evaluation of RV size

and function in the studies used in our analysis was not done using

advanced cardiac imaging modalities, such as CMR. Because the RV has

a complex geometry, one echocardiographic measure might not accu-

rately represent true RV size and function; therefore, we utilized multi-

ple echocardiographic parameters to assess RV function. Furthermore,

our results were consistent across all parameters of RV function, includ-

ing TAPSE and FAC, which have been reported to correlate well with

measures of RV function obtained by CMR.

5 | CONCLUSION

Results from current analysis suggest that improvements in echocar-

diographic parameters of RV function after CRT were not independ-

ent of baseline variables but rather were related to age, QRS

duration, and baseline LVEF.
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FIGURE 5 (A) Forest plot for mean difference in RV short-axis diameter with CRT, followed by random-effects meta-regression analysis plots

depicting the relationship between mean difference in RV short-axis diameter (on y-axis) and (B) age, (C) LVEF, and (D) QRS duration (on x-axis).
Each included study is represented by a circle, the size of which is proportional to its respective weight in the analysis. The line indicates the
predicted effects (regression line). There was no significant association between age, QRS duration, or LVEF and mean differences in RV short-
axis diameters (β = 0.098, P = 0.201; β = 0.019, P = 0.31; and β = –0.092, P = 0.299, respectively). Abbreviations: CI, confidence interval; CRT,
cardiac resynchronization therapy; LVEF, left ventricular ejection fraction; RV, right ventricular
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