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Abstract

Background—Right ventricular (RV) systolic dysfunction has been associated with adverse 

outcomes in tetralogy of Fallot (TOF). However, the role and etiology of diastolic dysfunction 

remains incompletely defined. We sought to assess the association between traditional 

echocardiographic measures of diastolic function with catheter-based RV end-diastolic pressure 

(RVEDP) and identify clinical characteristics independently associated with diastolic dysfunction.

Methods—Single-center, retrospective cohort study of surgically repaired TOF patients 

undergoing cardiac catheterization with echocardiograms within three months prior to 

catheterization. Tricuspid inflow and tissue Doppler measurements (E/A, E/e′, and deceleration 

time) defined diastolic dysfunction, graded as impaired relaxation, pseudonormal or restrictive 
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physiology. Regression analyses tested associations between echocardiographic parameters, 

RVEDP, and clinical characteristics.

Results—Ninety-four subjects were included. Age at catheterization was 8.9 years (Interquartile 

range 4.4, 15.9). RVEDP was 9.5±2.5 mm Hg. Sixty-one (65%) subjects had echocardiographic 

evidence of diastolic dysfunction. RVEDP was not associated with any echocardiographic 

parameter of diastolic function (grade of dysfunction, E/e′, or E/A). Higher RVEDP was 

associated with larger right atrial and RV end-diastolic area, independently of weight and degree 

of pulmonary or tricuspid regurgitation, though was not associated with indexed right atrial or RV 

end-diastolic area. Greater number of interim procedures was associated with higher RVEDP, E/e′, 

and presence of diastolic dysfunction by echocardiography.

Conclusions—Diastolic dysfunction, as determined by echocardiography-derived and catheter-

based (RVEDP) measures, is prevalent in this population of TOF. These measures are not 

associated with each other, therefore echocardiographic parameters of diastolic function are not 

reflective of RVEDP. Development of noninvasive parameters that are associated with filling 

pressures is required.
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INTRODUCTION

Despite excellent long-term survival, patients with tetralogy of Fallot (TOF) are at risk for 

right ventricular (RV) dysfunction. Increased cardiovascular morbidity, including ventricular 

arrhythmias and sudden death, has been associated with RV systolic dysfunction, but the 

prevalence and impact of RV diastolic dysfunction remains incompletely defined.1–3

The American Society of Echocardiography (ASE) has established criteria for determining 

RV diastolic dysfunction in adults, grading it as normal, stage 1 (impaired relaxation: E/A 

<0.8), stage 2 (pseudonormal: E/A 0.8–2.1 with E/e′ >6), and stage 3 (restrictive filling: 

E/A >2.1 with Deceleration time <120ms).4 Echocardiographic measures of diastolic 

dysfunction, particularly E/e′, have been shown to have high sensitivity and specificity for 

elevated right atrial pressures.5–7 While echocardiographic measures of RV diastolic 

function have established normal values in children,8–10 these measures have not been 

validated, and few studies have evaluated these measures in patients with TOF.11,12

Although studies in adults with TOF have demonstrated an association between diastolic 

dysfunction and important markers of disease severity, such as exercise intolerance and 

arrhythmias,11,13–17 little is known about diastolic dysfunction in mid-term follow up, and 

whether clinical factors such as neonatal TOF repair (<1 month of age), type of TOF 

anatomy or surgical repair could influence diastolic function in the long-term. The goals of 

this study were to determine the association of echocardiographic measures of diastolic 

function with catheter-based RV end-diastolic pressure (RVEDP) and to define clinical 

characteristics associated with diastolic dysfunction and elevated filling pressures. We 

hypothesized that RV end-diastolic pressure (RVEDP) would directly correlate with stage of 
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diastolic dysfunction by echocardiography. Further, diastolic dysfunction would be prevalent 

in this population and associated with neonatal repair, type of repair, and greater number of 

interval procedures.

METHODS

Study Population and Data Collection

We conducted a retrospective cohort study of patients with TOF undergoing cardiac 

catheterization at our institution between January 2006 and December 2015, with 

echocardiograms performed within three months prior to cardiac catheterization. Inclusion 

criteria included complete repair of TOF (defined as ventricular septal defect closure ± relief 

of RV outflow tract obstruction) and presence of pulse-wave-sampled tricuspid inflow and 

RV free wall spectral tissue Doppler imaging. Subjects were excluded if there was evidence 

of heart block, mixed forms of disease (such as TOF with complete atrioventricular canal or 

significant left-sided anatomic heart disease), or if there were any changes in medical or 

surgical management between echocardiogram and cardiac catheterization. If multiple 

catheterizations were available, the earliest catheterization with complete echocardiographic 

data was used. The study was approved by the Institutional Review Board for the Protection 

of Human Subjects at the Children’s Hospital of Philadelphia.

Echocardiograms

Archived echocardiographic images were reviewed offline for the presence of both pulse-

wave tricuspid inflow Doppler and spectral tissue Doppler imaging at the tricuspid annulus 

of the RV free wall and absence of heart block. When multiple echocardiograms were 

present, those closest to catheterization were utilized for review.

Tricuspid E and A waves, deceleration time, and spectral tissue Doppler e′ and a′ were 

assessed by a single observer (MPD) who was blinded to clinical characteristics. Images 

were obtained on iE33 echo machines (Philips Medical Systems, Andover, MA). To ensure 

the reproducibility of the tricuspid measurements, quantification of E/A, E/e′, and 

deceleration time on 10 random samples was repeated on three occasions one week apart. 

These 10 samples were also repeated by a second observer (LMR) to determine inter-reader 

variability. Diastolic function was classified as normal, impaired relaxation (E/A<0.8), 

pseudonormal (E/A 0.8–2.1 with E/e′ ≥6), restrictive (E/A >2.1 with deceleration time 

<120msec).4

Other echocardiographic parameters included qualitative assessment of RV function, 

tricuspid regurgitation, and pulmonary regurgitation, RV pressure estimate, and outflow and 

branch pulmonary artery obstruction. Qualitative assessment of RV function, pulmonary 

regurgitation, and tricuspid regurgitation was evaluated by a single observer (MPD).5 

Fractional area change was measured on apical four-chamber images and calculated as 

((end-diastolic area – end-systolic area)/end-diastolic area). Right atrial area was measured 

at end-systole on apical four-chamber images.
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Catheterization data

Catheterization information included age and indication for catheterization, sedation or 

intubation status, RV systolic pressure, pulmonary vascular resistance, RV outflow tract and 

branch pulmonary artery gradients, and transpulmonary gradient. RVEDP was measured at 

end-expiration and considered abnormally elevated if ≥ 10 mm Hg. RVEDP was utilized as 

the outcome measure due to collinearity with right atrial pressure. All available cardiac 

waveforms were manually reviewed for data collection.

Clinical data

The following clinical parameters were recorded: TOF anatomy (pulmonary stenosis, 

pulmonary atresia, absent pulmonary valve), gender, age at time of surgical repair, history of 

prematurity (< 37 weeks), genetic syndromes, and other medical comorbidities (e.g. gastro-

intestinal malformations or neurologic abnormalities), surgical times (bypass, cross-clamp, 

and circulatory arrest), type of RV outflow tract intervention (transannular patch or RV to 

pulmonary artery (PA) conduit), and number of interim catheterizations or surgeries between 

initial surgical repair and evaluated catheterization.

Statistical analysis

Descriptive statistics were presented as frequency counts and percentages for categorical 

variables and mean ± standard deviation or median (Interquartile range) for continuous 

variables, as appropriate. Intraclass correlation coefficients for inter- and intra-reader 

variability were calculated for E/A, E/e′, and deceleration time. The intraclass correlation 

coefficients for intra-reader variability was 0.98 (95% CI 0.94, 0.99), 0.94 (0.84, 0.98), and 

0.96 (0.81, 0.99) for EA, E/e′, and deceleration time, respectively. Intraclass correlation 

coefficients for inter-rater reliability was 0.93 (0.76, 0.98), 0.93 (0.73, 0.98), and 0.84 (0.21, 

0.96) for EA, E/e′, and deceleration time, respectively.

Based on the distribution of the data, one-way ANOVA or the Kruskal-Wallis test was used 

to assess baseline differences in echocardiographic parameters among stages of diastolic 

dysfunction. Linear regression was used to determine the association between RVEDP and 

stage of diastolic dysfunction. Multivariable linear regression was used to adjust for 

covariates. Interaction effects between individual echocardiographic parameters and age at 

echocardiogram, fractional area change, and RV end-diastolic area were a priori explored. 

Agreement between presence of diastolic dysfunction by echocardiogram and elevated 

RVEDP was explored using Cohen’s kappa coefficient.

Factors associated with diastolic dysfunction were evaluated using univariable and 

multivariable linear regression for the continuous outcomes RVEDP or E/e′, or logistic 

regression for the binary outcome diastolic dysfunction by echocardiography. Factors 

potentially associated with diastolic dysfunction included TOF anatomy, gender, age at 

surgery, type of repair, length of time between repair and catheterization, and number of 

interval catheterizations and surgeries. Clinical factors were introduced using stepwise 

forward linear regression with an entry criteria of p<0.2 for inclusion in the multi-variable 

model. If there was evidence of collinearity, the variable with the more significant 

association with the primary outcome variable was included in the final model. The two-

DiLorenzo et al. Page 4

Echocardiography. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sided statistical significance level was set at 0.05. All data analysis was performed using 

STATA 14.1 (StataCorp, College Station, TX).

RESULTS

Ninety-four patients were included in the study. There was an even distribution of males and 

females. TOF with pulmonary stenosis was present in 45 (48%), and the majority of subjects 

received a transannular patch for primary surgical repair (51, 56%). The median age of 

repair was 107 days (Interquartile range 19–227). Twenty-seven patients (29%) underwent 

neonatal surgical repair (Table I).

The median age at time of catheterization was 8.5 years (Interquartile range 4.1, 15.1) with 

echocardiograms performed at a median of 30 days (Interquartile range 6, 54) prior to 

catheterization. There was overall high-normal RVEDP (9.6 ± 2.6 mm Hg). Forty-eight 

subjects (51%) had an elevated RVEDP. Pulmonary vascular resistance was normal overall 

(1.9 (Interquartile range 1.3, 2.5) indexed Wood units).

Median age at echocardiogram was 8.4 years (Interquartile range 4.0, 14.9). There was 

overall mildly diminished RV systolic function and low-normal fractional area change. The 

majority had an echocardiographic diagnosis of diastolic dysfunction (65%). Among stages 

of diastolic dysfunction, heart rate was significantly lower in subjects with restrictive 

physiology, and there was suggestion that right atrial area was higher in the restrictive group. 

There was no significant difference in age, qualitative RV function, fractional area change, 

tricuspid regurgitation, or pulmonary regurgitation by grade of diastolic dysfunction (Table 

II).

Association between RVEDP and echocardiographic parameters

There was no significant difference in RVEDP based on grade of diastolic dysfunction 

(p=0.5, Figure 1) on unadjusted or adjusted analyses (age and body surface area at time of 

catheterization, heart rate, and RV end-diastolic area or fractional area change). There was 

no association between RVEDP and either E/e′ or E/A on unadjusted or adjusted analysis 

(Figure 2A and B). Interactions with age, fractional area change, and RV end-diastolic area 

were also not significant. There was poor agreement between an elevated RVEDP and the 

presence of diastolic dysfunction by echocardiogram (Kappa = 0.04, Table III) or an 

elevated E/e′ (Kappa = 0.04).

There was a significant association between RVEDP and right atrial area, RV end-diastolic 

area, and fractional area change (Figure 2C–E). There was a modest but significant 

association between right atrial area and RVEDP after adjusting for weight and degree of 

tricuspid regurgitation (R2 = 0.13, p=0.001). There was a similarly modest association 

between RV end-diastolic area and RVEDP after adjusting for weight and degree of 

pulmonary regurgitation (R2=0.08, p=0.05). However, there was no significant association 

between indexed right atrial or end-diastolic areas and RVEDP, even when adjusting for 

degree of pulmonary regurgitation.
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Clinical parameters associated with diastolic dysfunction

On univariable analysis, older age at catheterization, longer time between catheterization and 

initial surgical repair, and greater number of follow-up procedures and catheterizations were 

directly associated with higher RVEDP, although these factors were not significant on 

multivariable analysis. There was a trend towards significance for the independent 

association of number of follow-up procedures with RVEDP (coefficient 0.2 mm Hg per 

procedure (95% CI −0.02, 0.44), p=0.07).

Greater number of follow-up procedures and follow-up surgeries were significantly 

associated with a higher E/e′, of which number of follow up surgeries was also significant 

on adjusted analysis, with a 1.7 (95% CI 0.7, 2.7) point increase in the E/e′ ratio for each 

additional surgery (p=0.001) (Table IV).

Using diastolic dysfunction by echocardiography as a binary outcome (present or absent), 

older age at catheterization and longer time between surgical repair and catheterization were 

protective for diastolic dysfunction, while greater number of follow up procedures and 

catheterizations were associated with increased odds of diastolic dysfunction on univariable 

analysis. Of these, age at catheterization (OR 0.92 (95% CI 0.86, 0.99) per year increase in 

age, p=0.02) and greater number of follow-up procedures (OR 1.6 (95% CI 1.1, 2.3) per 

follow-up procedure, p=0.02) were independent predictors of diastolic dysfunction.

DISCUSSION

Echocardiographic measures of diastolic dysfunction and risk factors for its development in 

repaired TOF are poorly understood. In this study, we investigated the association between 

diastolic dysfunction by echocardiography and cardiac catheterization, and factors 

associated with diastolic dysfunction in this population. We found no association between 

echocardiography-derived diastolic parameters and RVEDP, but a significant association 

between right atrial and RV end-diastolic area with RVEDP, and an association between 

number of interim procedures with diastolic dysfunction either by echocardiography or 

catheterization.

Association between RVEDP and echocardiographic parameters

Diastolic dysfunction was prevalent in this cohort utilizing either method, with over three 

quarters of the study population having either an elevated RVEDP or diastolic dysfunction 

by echocardiography. However, there was no association between RVEDP and either 

presence of diastolic dysfunction by echocardiography or individual echocardiographic 

parameters. Prior studies in adults without congenital heart disease have shown modest to 

excellent correlation between right atrial pressures and tricuspid valve E/A and E/e′ in 

varied populations,5–7,18 as well as associations between echocardiographic parameters and 

improved clinical status in response to therapy in patients with pulmonary hypertension and 

subclinical hypothyroidism.19,20 These findings would suggest that tricuspid inflow and 

tissue Doppler parameters are valid measures of RV filling pressures.

However, our findings are similar to prior studies in patients with TOF, which have shown 

no association between E/e′ and RV filling pressures in both pediatric and adult 
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populations.12, 21 One explanation for this finding could be the use of adult guidelines, 

which may not be reflective of the age-related variation in echocardiographic parameters. 

Additionally, this lack of association could be attributed to a pulmonary regurgitation-

induced volume-loaded state following TOF repair resulting in elevated RVEDP, a known 

load-dependent parameter. This may also explain the high-normal RVEDP that is present 

even in those with normal diastolic function parameters by echocardiography, as well as the 

association of RVEDP with RV end-diastolic area and right atrial area. Prior conductance 

catheter studies demonstrating significant differences in diastolic stiffness without 

differences in RVEDP between restrictive and non-restrictive TOF patients as measured by 

end-diastolic forward flow suggest that RVEDP is more reflective of load, rather than 

lusitropy.22

Differences in the intrinsic hemodynamic properties being measured may explain the lack of 

association between parameters. E-wave velocities do reflect load (based on the contribution 

of right atrial and RV pressure differences during early diastole), but additionally reflect rate 

of RV relaxation. E′ velocities reflect RV relaxation, restoring forces, and myocardial 

stiffness. Alternatively, RVEDP may solely be a function of load. Echocardiographic 

parameters may therefore more accurately reflect abnormalities in myocardial relaxation. 

Though incompletely elucidated, underlying fibrosis may play a role in this finding, and is 

certainly supported by the association between fibrosis by histopathology and e′ in post-

operative TOF patients.23–26 These modalities each may therefore reflect different facets of 

diastolic function, which would explain their lack of agreement with each other, yet their 

independent association with clinical markers of disease severity, such as greater number of 

procedures.

Association with clinical parameters

Greater number of interim procedures was associated with a higher RVEDP, diastolic 

dysfunction by echocardiography, and a higher E/e′. It has been previously demonstrated 

that re-interventions in TOF are associated with myocardial fibrosis and lower peak VO2 by 

exercise stress test, findings that likely reflect disease severity and potential underlying 

myocardial dysfunction.26–28 Our findings would therefore suggest that greater disease 

burden, as measured by number of interim procedures, is associated with diastolic 

dysfunction. Further, diastolic dysfunction by echocardiography in patients with TOF has 

previously been demonstrated to be prevalent and associated with adverse outcomes, 

including arrhythmias, worse aerobic capacity, and more unscheduled hospitalizations.
11, 13–17 We additionally demonstrated that younger age at time of catheterization was 

independently associated with the presence of diastolic dysfunction on echocardiography. 

While we would have expected older age at catheterization to be associated with diastolic 

dysfunction, a possible explanation for this our findings is that older subjects had less 

significant disease overall and therefore were protected from developing dysfunction.

Limitations

We acknowledge the limitations in this study. First, this study included patients referred for 

cardiac catheterization, and thus represents a distinct subset of TOF with potentially more 

significant disease. Therefore, these results cannot be generalized to the population of TOF 
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at large. Further, echocardiograms and catheterizations were not performed simultaneously, 

and most catheterizations required sedation. As a result, the RVEDP obtained at time of 

catheterization may not be reflective of the RVEDP at echocardiography due to 

hemodynamic changes that may have occurred due to use of anesthesia, and therefore 

misclassification may have occurred. As this is a retrospective analysis, there may be some 

differences in acquisition of echocardiographic parameters with respect to angle of 

interrogation. However, all studies were reviewed for adequacy of images prior to inclusion. 

Due to a limited sample size, there were few subjects with restrictive disease, limiting our 

power for the most severe group of diastolic dysfunction.

CONCLUSIONS

Diastolic dysfunction, as determined by echocardiography-derived measures and catheter-

based measures (RVEDP), is prevalent in this population of TOF. These measures are not 

associated with each other, therefore echocardiographic parameters of diastolic function are 

not reflective of RVEDP. Development of noninvasive parameters that are associated with 

filling pressures is required.
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Figure 1. 
Box-whisker plot of median, interquartile range, and range of RVEDP for each grade of 

diastolic dysfunction.
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Figure 2. 
Scatter plot and regression coefficients of RVEDP vs. A) Tricuspid E/e′ B) Tricuspid E/A 

C) Right atrial area D) RV end-diastolic area E) Fractional area change.
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Table I

Baseline patient Characteristics

Gender, Male 49 (52%)

Ethnicity

 Non-Hispanic 84 (89%)

 Hispanic 7 (7%)

 Not answered 3 (4%)

Race

 African American 10 (11%)

 Caucasian 69 (73%)

 Asian 3 (3%)

 Other 12 (13%)

Anatomy

 Pulmonary Stenosis 45 (48%)

 Pulmonary Atresia 23 (25%)

 Pulmonary Atresia/Collaterals 20 (21%)

 Absent Pulmonary Valve 6 (6%)

Genetic syndrome 30 (32%)

Age at surgery, days 107 (19, 227)

 Neonate (n=27) 9 (4, 16)

 Non-neonate (n=67) 151 (98, 321)

Surgical repair

 Transannular Patch 51 (56%)

 RV-PA conduit 25 (27%)

 Ventricular Septal Defect only 1 (1%)

 RV-PA conduit + unifocalization 15 (16%)

Number of interval procedures 2 (1, 4)

Number of interval surgeries

 None 44 (47%)

 1 34 (36%)

 2 13 (14%)

 3 3 (3%)

Number of interval interventional catheterizations

 None 32 (34%)

 1 23 (24%)

 2 15 (16%)

 >2 24 (26%)

Echocardiography. Author manuscript; available in PMC 2019 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

DiLorenzo et al. Page 14

Indication for catheterization

 Hemodynamic catheterization 12 (13%)

 Pulmonary artery intervention 36 (38%)

 Main pulmonary artery stent/balloon 15 (16%)

 Pulmonary valve replacement 14 (15%)

 Atrial septal defect closure 5 (5%)

 Drug study 4 (4%)

 Multiple indications 8 (9%)

Data are presented as frequency (percentage) or median (Interquartile range).

RV, Right ventricle
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Table III

Two-by-two table of diastolic dysfunction by echocardiography and catheterization. RVEDP, Right ventricular 

end-diastolic pressure.

Diastolic Dysfunction (Echocardiography)

Yes No Total

RVEDP (mm Hg) <10 12 30 42

>=10 12 31 43

Total 24 61 85
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