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Take Home Points:
· Elevated LVEDP is a risk factor for ventricular arrhythmias in patients with Tetralogy of Fallot.
· Small retrospective study of patients > 13 yrs old (n=94) who had a left heart catheter within 7 days of TTE.
· Univariable comparison made between TTE and clinical variables in patients with LVEDP >12mmHg and <12mmHg.
· Patients with LVEDP >12mmHg were older, more likely to have a history of aortopulmonary shunt and hypertension compared to patients with an LVEDP <12mmHg.
· Patients with LVEDP >12mmHg have larger left atrial areas (mean 17.7 vs 14 cm2, p=0.03).
· No significant differences in E/A ration, annular e’ velocity, or E/e’ ratio between patients with LVEDP >12mmHg vs < 12mmHg.
· In this small study in patients with TOF, typical measures of diastolic dysfunction on TTE were unreliable in predicting patients who had elevated LVEDP. Larger prospective studies are required to investigate this further.
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Commentary from Dr. Damien Cullington (Liverpool, United Kingdom), section editor of ACHD Journal Watch:  LVEDP has been shown to be a risk factor for ventricular arrhythmias and worse survival in patients with TOF. The only sure-fire way to measure LVEDP is to perform a cardiac catheter study - obviously this is an invasive test requiring significant resources to perform. For some patients, it is unpleasant plus anxiety provoking so any way of avoiding would be preferable. 
Over decades of research, mostly in the non-congenital cardiac population, a number of echocardiographic measures have been investigated as surrogate measures of raised LVEDP such as E/A, E/e’ and LA volume. 
This small retrospective study sought to correlate non-invasive TTE measures of raised LVEDP with direct catheter measurement in a group of young patients with tetralogy of Fallot. Compared with other analyses, in the non ACHD population, LVEDP measured by catheter did not seem to correlate with usual surrogates of LVEDP measured on TTE. It is unknown how many patients with TOF have elevated LVEDP on catheter but normal TTE diastology indices.
This analysis collated data over 16 years (2001-2017) in patients > 13 years old with TOF or pulmonary atresia with VSD. All patients had a TTE within 7 days of a cardiac catheter study. The clinical characteristics of the cohort are shown in Table 1.
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Salient points to note from the clinical characteristics of the cohort are that almost half of patients had had an aorto-pulmonary shunt and 60% had a transannular patch with 18% having experienced ventricular arrhythmias. A quarter of patients required loop diuretics suggesting these patients had established heart failure. The characteristics differ from a contemporary cohort of TOF patients whom would have far fewer numbers of patients with transannular patches and shunts. 
Just over a third of patients (n=34) had an LVEDP >12mmHg. Univariable factors associated with LVEDP >12mmHg were age, weight, previous aortopulmonary shunt, a pacemaker and hypertension – Table 2.
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The most reliable predictors of a LVEDP >12mmHg were measures of LA size - Doppler measures, were not. 
There is fertile ground here for further investigation, ideally with a much larger sample size. Over half of the patients with a LVEDP >12mmHg had severe PR plus proportionally greater numbers with > moderate TR. It would certainly be of interest to understand the influence of PR on LVEDP and whether in patients who had undergone PVR had lower LVEDPs.
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Demographic, clinical, and surgical data were obtained via
chart review which included the number and type of prior cardiac
surgeries and age at the time of definitive surgical repair. Any his-
tory of sustained atrial or ventricular tachyarrhythmias or place-
ment of a pacemaker or implantable cardioverter-defibrillator
was noted. Additionally, other possible causes of ventricular sys-
tolic and diastolic dysfunction were collected including known
coronary artery disease, systemic hypertension, diabetes, hyperli-
pidaemia, and tobacco exposure.



Echocardiographic data were assessed andmeasured independ-
ently by the authors (AML and MDN) who were blinded to cath-
eterisation data at the time of echocardiogram analysis.
Echocardiographic assessments included left ventricular dimen-
sions (parasternal long axis view), left atrial anterior–posterior
diameter (parasternal long axis view), visual estimate of the left
ventricular ejection fraction, left and right atrial enlargement
(present or absent), left atrial area (apical four-chamber view),
mitral valve closure time, mitral peak E and A wave velocity, mitral
valve deceleration time, peak tricuspid regurgitation velocity, and
the degree of mitral and tricuspid regurgitation. Septal and lateral
mitral valve annular tissue Doppler velocities were also recorded.
The degree of pulmonary valve insufficiency was documented with
severe insufficiency defined as colour Doppler flow reversal in the
branch pulmonary arteries. Right ventricular dilation and function
were estimated by visual inspection. Lastly, mean mitral inflow
velocity and presence or absence of pulmonary vein stenosis was
documented to ensure there is no left heart inflow obstruction.



Catheterisation data were obtained from the detailed catheter-
isation report in the medical record. Only hemodynamic data
obtained prior to any catheter-based intervention were recorded.
These data included right and left ventricular systolic pressure,
right and left ventricular end diastolic pressure, pulmonary artery
pressure (systolic, diastolic, and mean), mean pulmonary capillary
wedge pressure, and cardiac index by Fick calculation.



Data are reported as frequency and percentage for categorical
variables and mean ± standard deviation or median (interquartile
range) for continuous variables, as appropriate. Univariate com-
parisons between patients with left ventricular end diastolic pres-
sure >12 mmHg versus those with left ventricular end diastolic
pressure ≤12 mmHg were made in demographic and clinical char-
acteristics and echocardiographic data using chi-square test or
Fisher’s exact test for categorical variables and two-sample t-test
or Wilcoxon rank sum test for continuous variables. For the echo-
cardiographic variables significantly associated with left ventricu-
lar end diastolic pressure >12 mmHg (p<0.05) in univariate
analysis, a receiver operating characteristic curve was used to deter-
mine an optimal cut point for each echocardiographic variable
based on the best combination of sensitivity and specificity from
each curve. The area under the curve determined which echocar-
diographic measures were most predictive of a left ventricular end
diastolic pressure >12 mmHg. Diagnostic characteristics, such as
sensitivity, specificity, positive predictive value, and negative pre-
dictive value, as well as odds ratio with 95% confidence interval for
each optimal value were also reported. All analyses were performed
using SAS version 9.4. (SAS Institute Inc., Cary, NC, USA). P-value
<0.05 was considered statistically significant.



Results



A total of 94 patients were included in the analysis. The baseline
characteristics of those included in the study are shown in



Table 1. The echocardiographic characteristics of all patients in
the cohort are shown in the online supplementary Table S1.



There were 34 (36%) patients who had a left ventricular end dia-
stolic pressure >12 mmHg. The age distribution of patients with a
left ventricular end diastolic pressure >12 mmHg is shown in
Figure 1. Patients with left ventricular end diastolic pressure
>12mmHgwere older, had a higher weight at catheterisation, were
more likely to have a history of an aortopulmonary shunt, more
likely to have a pacemaker, and have a diagnosis of hypertension
compared to those with left ventricular end diastolic pressure
≤12 mmHg (Table 2). There was no association of age at complete
repair, QRS duration, or history of arrhythmia with left ventricular
end diastolic pressure >12 mmHg.



Patients with left ventricular end diastolic pressure >12mmHg
had a larger left ventricular internal diameter at end diastole (mean
4.8 versus 4.5 cm, p= 0.02), larger left atrial area (mean 17.7 versus
14.0 cm2, p= 0.03), and a larger left atrium anterior–posterior



Table 1. Patient characteristics (N = 94).



Male sex 51 (54.3)



Age at catheterisation, years 24.6 (17.5–43.0)



Weight at catheterisation, kg 67.2 ± 21.6



Pulmonary atresia/ventricular septal defect 24 (25.5)



Number of prior cardiac surgeries



1 20 (21.3)



2 36 (38.3)



3 26 (27.7)



≥4 12 (12.8)



Prior aortopulmonary shunt 44 (46.8)



Age at definitive repair, years 2.3 (0.5–5.9)



QRS duration on electrocardiogram, ms 147 ± 30.1



Conduit 31 (33.0)



Transannular patch (N = 88) 53 (60.2)



History of atrial arrhythmias 25 (26.6)



History of ventricular arrhythmias 17 (18.1)



Pacemaker (non-ICD) 7 (7.4)



ICD 6 (6.4)



Known coronary artery disease 7 (7.4)



Hypertension 12 (12.8)



Diabetes mellitus 4 (4.3)



Tobacco use 10 (10.6)



Cardiac medications at time of catheterisation



ACE inhibitor/Angiotensin receptor blocker 16 (17.0)



Antimineralocorticoid receptor antagonist 13 (13.8)



Beta-blocker 20 (21.3)



Digoxin 20 (21.3)



Loop diuretic 25 (26.6)



Thiazide diuretic 8 (8.5)



*Data are presented as N (%) for categorical variables and median (interquartile range) or
mean ± standard deviation for continuous variables.
ACE= angiotensin-converting enzyme; ICD= implantable cardioverter-defibrillator;
ms=milliseconds.
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diameter (mean 36.0 versus 30.6 mm, p= 0.004) (Table 3). There
were no significant differences in mitral valve E/A ratio, septal or
lateral e’ velocity, or E/e’ ratio between patients with left ventricular
end diastolic pressure >12 versus ≤12 mmHg.



Receiver operating characteristic curves for the echocardio-
graphic data associated with left ventricular end diastolic pressure
>12 mmHg determined the optimal cut-off values (Table 4);
Optimal cut-offs associated with left ventricular end diastolic pres-
sure >12 mmHg were left ventricular internal diameter at end dias-
tole ≥4.4 cm (area under the curve 0.63; odds ratio 2.84, 95%
confidence interval 1.11–8.01), left atrial area ≥17 cm2 (area under
the curve 0.65; odds ratio 5.03, 95% confidence interval 1.64–17.1)
and left atrium anterior–posterior diameter≥27mm(area under the
curve 0.67; odds ratio 15.4, 95% confidence interval 2.93–285).



Discussion



This study found that the most reliable predictors of a tetralogy
of Fallot patient having a left ventricular end diastolic pressure
>12 mmHg were measures of left atrial size. Interestingly, tissue
Doppler measurements including septal and lateral E/e’ ratio were
not associated with left ventricular end diastolic pressure. Current



echocardiography guidelines for evaluation of left ventricular dia-
stolic dysfunction in the general population recommend assessment
of annular e’ velocity, average E/e’ ratio, LA volume index, and peak
tricuspid regurgitation velocity.8 The guidelines mention that each
signal is affected by several hemodynamic factors and that some
measures may be in the normal range even in the presence of dia-
stolic dysfunction.9 Our study suggests that these typical measures
may not be reliable in tetralogy of Fallot patients. For example, the
presence of a ventricular septal defect patch likely makes assessment
of the septal e’ velocity inaccurate. Additionally, tricuspid regurgita-
tion velocity is unreliable as an estimate of distal pulmonary artery
pressure due to the frequent occurrence of right ventricular outflow
or branch pulmonary artery obstruction in this population. Our
study found that echocardiographic assessment of left ventricle dia-
stolic dysfunction in tetralogy of Fallot patients should include mea-
surements of left atrial size and that clinicians should not conclude
that there is no diastolic dysfunction if tissueDopplermeasurements
are normal.



Overall, there is little additional medical literature on echocar-
diographic assessment of left ventricular diastolic dysfunction in
tetralogy of Fallot patients. One multi-centre study evaluating dia-
stolic dysfunction by echocardiogram in adults with tetralogy of
Fallot found 13.8% had left ventricular diastolic dysfunction as
defined by a lateral mitral annulus e’ velocity <10 and E/e’ ratio
> or = 9.10 This is a lower percentage of patients than would be
expected in the general population of around 30%.11 This lower
percentage may be secondary to unreliable tissue Doppler in these
patients. Our study found that 36% of patients had a left ventricular
end diastolic pressure >12 mmHg (56% in patients over 40 years
old) suggesting that the use of tissue Doppler alone is not sufficient
for the diagnosis of left ventricular diastolic dysfunction in this
population, albeit our cohort all underwent a heart catheterisation
andmay not represent the tetralogy of Fallot population as a whole.



Another study by Khairy et al. demonstrated that echocardio-
graphic assessment of left ventricular diastolic dysfunction was
associated with ventricular arrhythmias.7 This study suggested
an E/e’ ratio of 10 as a cut-off for risk stratification. It is possible
that tissue Doppler E/e’ in this study was not sensitive to pick up
patients with only mildly elevated left ventricular end diastolic
pressure. Therefore, patients with E/e’ ≥10 may actually have
markedly elevated left ventricular filling pressure. Additionally,



Table 2. Association of patient/clinical data with LVEDP >2 mmHg.



LVEDP >12 mmHg



Yes No P-value§



Male sex 17 (50.0) 34 (56.7) 0.53



Age at catheterisation, years 32.9 (21.4–47.1) 24.0 (16.7–36.7) 0.02



Weight at catheterisation, kg 77.7 ± 22.6 61.2 ± 18.7 0.0003



Pulmonary atresia/ventricular
septal defect



9 (26.5) 15 (25.0) 0.88



3 or more surgeries 14 (41.2) 24 (40.0) 0.91



Prior aortopulmonary shunts 21 (61.8) 23 (38.3) 0.03



Age at definitive repair, years 2.6 (1.2–5.5) 2.0 (0.4–6.1) 0.24



QRS duration on
electrocardiogram, ms



153 ± 34.6 143 ± 26.9 0.13



Conduit 10 (29.4) 21 (35.0) 0.58



Transannular patch 18 (52.9) 35 (58.3) 0.56



History of atrial arrhythmias 12 (35.3) 13 (21.7) 0.15



History of ventricular
arrhythmias



6 (17.6) 11 (18.3) 0.93



Pacemaker 6 (17.6) 1 (1.7) 0.01



ICD 2 (5.9) 4 (6.7) 1.00



Known coronary artery disease 3 (8.8) 4 (6.7) 0.70



Hypertension 8 (23.5) 4 (6.7) 0.03



Diabetes mellitus 1 (2.9) 3 (5.0) 1.00



Tobacco use 6 (17.6) 4 (6.7) 0.16



Medications at time
of catheterisation



23 (67.6) 29 (48.3) 0.07



*Data are presented as N (%) for categorical variables and median (interquartile range) or
mean ± standard deviation for continuous variables.
§ P-value from chi-square test or Fisher’s exact test for categorical variables and two-sample
t-test or Wilcoxon rank sum test for continuous variables.
ICD = implantable cardioverter-defibrillator; LVEDP= left ventricular end diastolic pressure;
ms=milliseconds.



Figure 1. Percentage of patients with left ventricular end diastolic pressure
>12 mmHg broken down by age.
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