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Patients with tetralogy of Fallot (TOF) have abnormal right ventricular (RV) afterload
because of residual or recurrent outflow tract obstruction, often with abnormal pulmonary
artery (PA) vascular function. The purpose of this study was to determine if RV afterload
was independently associated with death and/or heart transplant in patients with TOF. This
is a retrospective study of TOF patients that underwent cardiac catheterization for clinical
indications at Mayo clinic between 1990 and 2015. Invasively measured RV systolic pressure
(RVSP) was used to define RV afterload. To explore clinical utility for echocardiographic esti-
mates of invasive data, correlations between invasive and Doppler-derived indices of RV
afterload were examined. Among 266 patients with TOF (age 35§ 14 years, TOF-pulmonary
atresia 117 [44%]), RVSP was 72 § 28 mm Hg, PA systolic pressure 45 § 19 mm Hg, mean
PA pressure 27 § 10 mm Hg, pulmonary vascular resistance 4.2 § 3.1 WU, and PA wedge
pressure 14 § 5 mm Hg. Over a mean follow up of 12.9 years, there were 35 deaths and 4
heart transplants. Invasively measured RVSP (hazard ratio 1.25, 95% confidence interval
1.12 to 1.37; p<0.001) and TOF-pulmonary atresia (hazard ratio 1.18, 95% confidence inter-
val 1.08 to 1.41; p = 0.023) were independent risk factors for death and/or transplant. Dopp-
ler-derived RVSP was well-correlated with invasive RVSP (r = 0.92, p <0.001), and was also
independently associated with the combined end point. RVSP, a composite measure of RV
afterload, is independently prognostic in patients with TOF, and can be reliably assessed
using Doppler echocardiography. Further study is required to test whether interventions to
reduce RVSP can improve outcomes in patients with TOF. © 2019 Elsevier Inc. All rights
reserved. (Am J Cardiol 2019;124:1780−1784)
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Congenital heart diseases represent another important
cause of right-sided heart failure (RHF), and in these, tetral-
ogy of Fallot (TOF) is one of the most common etiologies.
Even after successful TOF repair, most patients display
residual or recurrent hemodynamic lesions, the most com-
mon being chronic pulmonary regurgitation.1 Right ventric-
ular (RV) volume overload due to chronic pulmonary
regurgitation causes RV dilation and dysfunction, leading
to RHF and arrhythmias.2,3 Surveillance typically of RV
volume and systolic function assessments are important in
TOF to determine the timing of intervention.4−7 RV perfor-
mance is highly sensitive to changes in afterload.8 How-
ever, there are limited data regarding the impact of
abnormal RV afterload on clinical outcomes after TOF
repair.8−10 Based on previous data about the prognostic
implication of RV pressure overload in patients with
acquired RHF, we hypothesized that high RV afterload
would be independently associated with clinical outcomes
in patients with TOF.
Methods

This a retrospective cohort study of patients (age ≥18 years)
with repaired TOF that received care at Mayo Clinic
Rochester, Minnesota from January 1, 1990 through Decem-
ber 31, 2015. Only patients that had right and/or left heart car-
diac catheterization and echocardiogram performed within
48 hours between tests were included in this study. Patients
with additional sources of pulmonary blood supply such as
aortopulmonary collateral arteries were excluded. The Mayo
Clinic Institutional Review Board approved this study.

The primary study objective was to determine whether
invasively measured RV afterload was independently associ-
ated with death and/or heart transplant. RV afterload is the
total pressure load on the RV in each cardiac cycle, and it is a
composite of pressure load from right ventricular outflow tract
obstruction (RVOT) obstruction, pulmonary artery (PA) vas-
cular function, pulmonary vascular resistance, and left heart
filling pressure. For the purpose of this study, we used inva-
sively measured RV systolic pressure (RVSP) as the index of
RV afterload. We subdivided the cohort into patients with
versus without significant RVOT obstruction defined as cath-
derived peak-to-peak gradient greater than or less than 36 mm
Hg, respectively. The secondary objective was to assess the
correlation between invasive and noninvasively measured
(Doppler-derived) indices of RV afterload.

Hemodynamic tracings, angiographic images and cardiac
catheterization reports were reviewed. Cardiac output (pulmo-
nary blood flow, CO) was determined by the Fick technique.11
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Table 1

Invasive and noninvasive indices of right ventricular afterload

Catheterization (n = 266)

Right atrial pressure (mm Hg) 11 § 6

Right ventricular end-diastolic pressure (mm Hg) 15 § 6

Right ventricular systolic pressure (mm Hg) 72 § 28

Pulmonary artery systolic pressure (mm Hg) 45 § 19

Pulmonary artery diastolic pressure (mm Hg) 13 § 8

Mean pulmonary artery pressure (mm Hg) 27 § 10

Pulmonary artery wedge pressure (mm Hg) 14 § 5

Left ventricular end-diastolic pressure, mm Hg 16 § 6

Mean left atrial pressure (mm Hg) 14 § 4

Mean arterial pressure (mm Hg) 86 § 14

Cardiac output (l/min) 4.2 § 1.2

Cardiac index (l/min*m2) 2.3 § 0.7

Transpulmonary gradient (mm Hg) 13 § 5

Pulmonary vascular resistance, index (WU*m2) 7.6 § 5.2

Total pulmonary resistance (mm Hg/L/min) 6.4 § 2.3

Mixed venous saturation (%) 67 § 9

Aortic saturation, % 96 § 3

Echocardiography

Tricuspid regurgitation velocity (m/s) [n = 212] 3.7 § 0.8

Estimated right atrial pressure (mm Hg) [n = 212] 13 § 4

Right ventricular systolic pressure (mm Hg) [n = 212] 81 § 22

Right ventricular outflow tract diameter (cm) [n = 131] 2.8 § 0.4

Right ventricular stroke volume (ml) [n = 131] 126 § 39

Pulmonary artery systolic pressure (mm Hg) [n = 108] 44 § 12

Pulmonary artery elastance (mm Hg/ml) [n = 108] 0.31 § 0.18
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Effective RV stroke volume (SVeff) was determined by the
quotient of CO and HR. Pulmonary vascular resistance was
calculated as the quotient of transpulmonary gradient and CO,
and left heart filling pressure was assessed using PA wedge
pressure. PA compliance was calculated as the quotient of
SVeff and PA pulse pressure (systolic minus diastolic). Total
pulmonary resistance was assessed using the ratio of mean
PA pressure and cardiac output (MPA/CO).

Two-dimensional, M-mode and Doppler echocardiogra-
phy were performed according to standard American Society
of Echocardiography guidelines.12 Offline measurements of
RVOT diameter and time velocity integral (TVI) were per-
formed in all patients with adequate echocardiographic
images by an experienced sonographer (RP), and these meas-
urements were repeated in a random sample of 50 patients by
one of the investigators (ACE) who was blinded to the initial
measurement performed by the sonographer.

Doppler-derived RVSP was calculated using the Ber-
noulli equation.12 Pulmonary vascular resistance was esti-
mated using the ratio tricuspid regurgitation velocity2/
RVOT TVI, and left heart filling pressure was estimated as
the ratio of mitral inflow early velocity and mitral annular
tissue Doppler early velocity (E/e’), as previously
described.13,14 PA vascular function was assessed using
Doppler-derived PA elastance which is a lumped measure
of the total “stiffness” of the arterial system, and calculated
as PA end-systolic pressure (PA systolic blood pres-
sure£ 0.9)/RV stroke volume index.15,16

Data are presented as mean § standard deviation,
median (interquartile range) or number (%). Unpaired t test,
Wilcoxon rank sum test, or Chi-squared tests were used as
appropriate to compare between-group differences. Cox
regression was used to assess the relation between inva-
sively measured RVSP and the end point of death and/or
heart transplant. First, univariable analyses were performed
using explanatory variables chosen a priori based on previ-
ously described risk factors for adverse outcomes in
patients with TOF.17−19 Then the variables with statistically
significant association on univariable analysis were incor-
porated into the multivariable model. The association
between variables and end point was expressed as hazard
ratio (HR) and 95% confidence interval (CI).

Pearson correlation coefficient and Bland Altman analy-
sis were used to assess the agreement between invasive and
Doppler-derived indices of RV afterload. Intraclass correla-
tion coefficient (ICC) was used to assess the interobserver
agreements between measurements of RVOT diameter and
TVI. A p <0.05 was considered statistically significant.
Receiver operating characteristic curves were used to deter-
mine the best cut-off point for medial and lateral E/e’ that
predicted elevated left ventricular filling pressure defined as
PA wedge pressure >15 mm Hg. The predictive value of
the different variables we compared using the area under
the curve. All statistical analyses were performed with
JMP software (version 13.0; SAS Institute Inc, Cary, North
Carolina).
Results

Of 683 adult TOF patients, 269 underwent cardiac cathe-
terization and 3 of these patients were excluded because of
presence of aortopulmonary collateral arteries. Supplemen-
tary Tables 1 and 2 show comparisons of the clinical and
hemodynamic characteristics of the patient with and with-
out cardiac catheterization. Of the 266 patients, 175 (66%)
met the study criterion for significant RVOT obstruction.
Supplementary Table 3 shows a comparison of the invasive
and noninvasive hemodynamics between patients with ver-
sus without significant RVOT obstruction. The indications
for cardiac catheterization were RHF (volume overload)
(n = 56), atrial arrhythmia (n = 53), exercise intolerance
(n = 46), hypoxia (n = 9), abnormal/nondiagnostic echocar-
diographic data (n = 54), and preoperative evaluation previ-
ous cardiac surgery (n = 68). Some patients had more than
one indication for cardiac catheterization. Table 1 shows
the invasive hemodynamic data obtained at the time of car-
diac catheterization.

The 266 patients who underwent catheterization were
followed for 12.9 § 7.3 years from the time of invasive
study. During this period 35 (13%) patients died. Of the 35
patients that died, 27 patients had significant RVOT
obstruction whereas 8 patients did not have significant
RVOT obstruction. There was no significant difference in
mortality between patients with versus without significant
RVOT obstruction (8/91 [9%] vs 27/175 [15%], p = 0.129).
Mean age at the time of death was 49 § 14 years. Causes of
death were end-stage RHF (n = 14), sudden cardiac death
(n = 11), sepsis with multiorgan system failure (n = 3), post-
operative death following cardiac surgery (n = 4), major
bleeding event (n = 2), and unknown (n = 1). Four patients
(2%) underwent heart transplant for end-stage RHF at a
mean age of 51 § 7 years. One of the patients that had heart
transplant at age 55 years died 13 months later from multi-
system organ failure due to rejection and sepsis.



Table 2

Univariable analysis of invasive RV afterload indices as risk factors for

death and/or transplant

Variable HR (95% CI) p

Right ventricular systolic pressure (mm Hg) 1.44 (1.38-1.55) <0.001
Pulmonary artery systolic pressure (mm Hg) 1.02 (1.00-1.03) 0.035

Mean pulmonary artery pressure (mm Hg) 1.03 (1.01-1.05) 0.003

Pulmonary vascular resistance index (WU*m2) 1.07 (0.95-1.21) 0.236

Pulmonary artery wedge pressure (mm Hg) 1.07 (1.02-1.18) 0.013

Left ventricular end-diastolic pressure (mm Hg) 1.10 (1.04-1.15) 0.001
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RVSP and other indices of RV afterload were associated
with death and/or transplant on univariable analysis
(Table 2). Table 3 shows multivariable analysis of the rela-
tion between invasive RVSP and outcomes. Invasively
measured RVSP (HR 1.25, 95% CI 1.12 to 1.37, p <0.001)
and TOF-pulmonary atresia diagnosis (HR 1.18, 95% CI
1.08 to 1.41; p = 0.023) were independent risk factors for
death and/or heart transplant.

The mean RVOT diameter and TVI were 2.8 § 0.4 cm
and 24 § 5 cm, respectively. The between-observer ICC for
RVOT diameter was 0.86 (95% CI 0.81 to 0.93) and the
ICC for RVOT TVI was 0.89 (95% CI 0.82 to 0.96). The
mean Doppler-derived PA elastance was 0.31 § 0.18 mm
Hg/ml (PA elastance index 0.55 § 0.21 mm Hg/ml*m2)
and mean Doppler-derived pulmonary vascular resistance
(tricuspid regurgitation velocity2/RVOT TVI) was 0.81 §
0.55 (Table 1).

There was a good correlation between invasively mea-
sure RVSP and Doppler-derived RVSP (r = 0.92, p <0.001;
Figure 1). The mean difference between Doppler-derived
RVSP and invasively measured RVSP was +6 mm Hg, with
95% CI of agreement, �13 to +24 mm Hg (Figure 1).
Table 3

Multivariable analysis of risk factors for death and/or transplant

Univariable

HR (95% CI)

RV afterload

Invasive right ventricular systolic pressure, mmHg 1.44 (1.38−1.5
Clinical

Age, years 1.86 (1.24−2.0
Age at tetralogy of Fallot repair, years 0.98 (0.96−1.0
Tetralogy of Fallot-pulmonary atresia 1.29 (1.18−1.5
Prior palliative shunt 1.06 (0.61−1.8
Atrial fibrillation 1.84 (1.06−3.1
Coronary artery disease 1.40 (0.26−2.4
Hypertension 1.47 (0.81−2.5
Creatinine, mg/dl 0.98 (0.61−1.8
Diuretics 1.25 (0.71−2.1
Beta and/or calcium channel blockers 1.66 (0.90−2.4
Nonsustained ventricular tachycardia 0.86 (0.48−1.5
QRS duration >180 ms 1.09 (0.68−1.9

Echocardiography

≥Moderate right ventricular dysfunction 1.29 (0.97−1.6
≥Moderate RV enlargement 1.14 (0.48−3.6
Right ventricular s’, cm/s 0.83 (0.56−2.7
Fractional area change, % 0.98 (0.94−1.0
Tricuspid annular plane systolic excursion, cm 0.87 (0.35−1.7
Left ventricular ejection fraction <50% 1.39 (1.08−2.3
Doppler-derived RVSP was independently predictive of
death and/transplant, though the point estimate was lower
than for invasive RVSP (HR 1.08, 95 CI 1.02 to 1.22;
p = 0.038).
Discussion

In this study of adults with previous TOF repair, we
showed that elevated RVSP, a composite measure of RV
afterload, was independently associated with death and
heart transplant, whether assessed invasively or noninva-
sively. TOF patients usually display residual or recurrent
right heart hemodynamic lesions, the most common being
chronic pulmonary regurgitation. The deleterious effect of
chronic pulmonary regurgitation on the RV is well studied,
and pulmonary valve replacement, which mitigates RV vol-
ume overload, protects the RV from progressive hemody-
namic deterioration.2−7 Historically, the timing of
pulmonary valve replacement has been based on RV vol-
umes and systolic function, motivated by outcome data in
previous studies.18,20 The current data suggest that addi-
tion of RVSP to the latter indices will also be helpful in
risk stratification and decision making regarding structural
interventions.

RV afterload has different components, and a high RV
afterload may be due to RVOT obstruction, abnormal PA
vascular function, increased pulmonary vascular resistance,
or left ventricular diastolic dysfunction.8 All components of
RV afterload were found to be elevated in patients with
TOF in this study. The prognostic importance of RVSP in
the current study is consistent with data from 2 previous
studies.18,20

Although cardiac catheterization remains the gold stan-
dard of hemodynamic assessment, it is not suitable for
p Multivariable p

HR (95% CI)

5) <0.001 1.25 (1.12−1.37) <0.001

3) 0.002 1.16 (0.88−1.85) 0.097

1) 0.132

3) <0.001 1.18 (1.08-1.41) 0.023

5) 0.837

7) 0.029 1.45 (0.28−3.65) 0.418

7) 0.254

7) 0.192

7) 0.195

6) 0.441

4) 0.269

1) 0.615

8) 0.214

1) 0.063

1) 0.517

5) 0.214

1) 0.098

4) 0.417

1) 0.031 1.06 (0.71−1.85) 0.285
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Figure 1. (A): Linear correlation of invasive right ventricular systolic pressure (RVSP) vs Doppler-derived RVSP. (B): Bland-Altman plot showing the mean

difference between invasive RVSP and Doppler-derived RVSP. The mean difference was +6 (95% confidence interval of agreement, �13 to +24).
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longitudinal monitoring and serial assessments. Doppler
echocardiography provides robust noninvasive hemody-
namic assessment and it is readily accessible and easy to
perform.12 We observed an excellent correlation between
Doppler-derived RVSP and invasively measured RVSP,
even though these assessments were not performed simulta-
neously (but were contemporaneous, within 48 hours).
Importantly Doppler-derived RVSP was also independently
associated with outcomes in our cohort, and as a result can
be used for risk stratification and longitudinal monitoring.

The current data suggest that therapies to normalize (or
at least reduce) RV pressure overload might reduce the bur-
den of RHF and improve outcomes in patients with TOF.
All components of RV afterload were abnormal in this
study, and this may be related to congenital malformation
of the PA as well as PA distortion and pulmonary capillary
remodeling from previous palliative shunts.9,10 Although
RVOT obstruction can easily be addressed by pulmonary
valve replacement, the appropriate therapies for PA vascu-
lar dysfunction, pulmonary vascular disease, and left ven-
tricular diastolic dysfunction are less clear-cut.

Pulmonary vasodilators and other novel therapies such
as inorganic nitrite and beta agonist have been shown to be
beneficial in patients with acquired heart disease, but these
therapies have not been studied in patients with congenital
heart disease.21−23 The prognostic importance of RV after-
load in this study further highlights the knowledge gaps
about the underlying mechanism and pathophysiology of
this disease. There is need for more studies to better under-
stand the effect of exercise on RV afterload since exertional
fatigue and dyspnea are common symptoms in this popula-
tion, and the potential role of conventional and novel medi-
cal therapies in disease modulation in this population. Such
studies will guide clinical practice and intervention aimed
at reducing long-term mortality and morbidity after TOF
repair.

This study was based on a selected cohort of patients that
underwent clinically indicated cardiac catheterization, and
their clinical characteristics will likely differ from that of
the general TOF population, hence limiting generalizability
of ours results. Echocardiographic assessment of RV
dimension and systolic function was not simultaneously
performed at the time of cardiac catheterization, and change
in loading condition is therefore a potential confounder.
Notwithstanding these limitations, the study highlights the
importance of RV hypertension on clinical outcomes, and
also showed that Doppler echocardiography is a reliable
tool for RV afterload assessment in this population.

Patients with TOF have abnormal RV afterload, and in
this study we observed abnormal values of all components
of RV afterload in our cohort. Invasively measured and
Doppler-derived RVSP is prognostic, suggesting that these
indices should be used for risk stratification and to guide
treatment decisions in this population to mitigate or prevent
development of RHF and improve outcomes.
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