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Abstract

Background—Aneurysmal dilation of the right ventricular outflow tract complicates assessment
of right ventricular function in patients with repaired tetralogy of Fallot. Tricuspid annular plane
systolic excursion is commonly used to estimate ejection fraction. We hypothesized that tricuspid
annular plane systolic excursion measured by cardiac magnetic resonance imaging approximates
global and segmental right ventricular function, specifically right ventricular sinus ejection
fraction, in pediatric patients with repaired tetralogy of Fallot.

Methods—Tricuspid annular plane systolic excursion was measured retrospectively on cardiac
magnetic resonance images in 54 patients with repaired tetralogy of Fallot. Values were compared
with right ventricular global, sinus, and infundibular ejection fractions. Tricuspid annular plane
systolic excursion was: 1) indexed to body surface area, 2) converted into a fractional value, and 3)
converted into published pediatric Z-scores.

Results—Tricuspid annular plane systolic excursion measurements had good agreement between
observers. Right ventricular ejection fraction did not correlate with the absolute or indexed
tricuspid annular plane systolic excursion and correlated weakly with fractional tricuspid annular
plane systolic excursion (r=0.41 and p=0.002). Segmental right ventricular function did not
appreciably improve correlation with any of the tricuspid annular plane systolic excursion
measures. Pediatric Z-scores were unable to differentiate patients with normal and abnormal right
ventricular function.
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Conclusions—Tricuspid annular plane systolic excursion measured on cardiac magnetic
resonance imaging correlates poorly with global and segmental right ventricular ejection fraction
in pediatric patients with repaired tetralogy of Fallot. Tricuspid annular plane systolic excursion is
an unreliable approximation of right ventricular function in this patient population.
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Tricuspid annular plane systolic excursion (TAPSE); Right ventricular function; Tetralogy of
Fallot; Pediatric Cardiology

INTRODUCTION

Non-invasive assessment of right ventricular function is difficult due to its complex
geometry.1 Right ventricular function is especially difficult to evaluate in patients with
repaired tetralogy of Fallot due to aneurysmal right ventricular outflow tract dilatation.
These aneurysms are non-contractile and have paradoxical motion, increasing right
ventricular volume while simultaneously decreasing the right ventricular ejection fraction. In
order to account for this, Kutty et al used cardiac MRI to segment the right ventricle in
patients with repaired tetralogy of Fallot and analyzed the right ventricular sinus and
infundibulum separately.l: 2 This allowed for assessment of right ventricular sinus ejection
fraction, which is presumably a measure of “true” right ventricular myocardial function in
repaired tetralogy of Fallot. However, this method of segmentation is time-consuming, and a
fast and reproducible method to approximate right ventricular sinus function would be
beneficial.

Tricuspid annular plane systolic excursion is a commonly used objective method of
estimating right ventricular function. Tricuspid annular plane systolic excursion can be
performed on both echocardiographic and cardiac MRI images. Although cardiac MRI has
decreased temporal resolution, it provides excellent spatial resolution and cardiac MRI
tricuspid annular plane systolic excursion correlates well with tricuspid annular plane
systolic excursion measured by echocardiography.3-¢ Tricuspid annular plane systolic
excursion validation in pediatric and adult patients with repaired tetralogy of Fallot has
revealed disappointing results.”~19 We hypothesized that the poor correlation between
tricuspid annular plane systolic excursion and right ventricular ejection fraction in repaired
tetralogy of Fallot is due to aneurysmal dilatation of the right ventricular outflow tract and
that tricuspid annular plane systolic excursion may be a surrogate for right ventricular sinus
ejection fraction.

MATERIALS AND METHODS

Patient population

This cross-sectional, retrospective study was approved by the Institutional Review Board.
Patients with repaired tetralogy of Fallot who underwent cardiac MRI between 2007 and
2012 were identified from the cardiac MRI database. The first available cardiac MRI was
used if patients had undergone multiple MRIs. Exclusion criteria were the following: over 18
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years of age at time of MRI, poor image quality, tricuspid regurgitation greater than
moderate, and original anatomy of pulmonary atresia or isolated pulmonary stenosis.

Image Acquisition
Images were obtained on either a 1.5 Tesla Siemens Avanto (Siemens Healthcare Sector,
Erlangen, Germany) or a 1.5 Tesla Philips Intera (Philips Medical Systems, Best, The
Netherlands) using a standard imaging protocol.1! Steady-state free precession sequences
were obtained in a short axis stack. Typical imaging parameters were: slice thickness 8mm,
no gap, field of view 360mm x 360mm, matrix 208 x 256, spatial resolution <2.2mm x
2.0mm x 8mm, flip angle 80 degrees, temporal resolution < 55ms, minimum echo time and
repetition time; the sequences were breath-holds, the cardiac gating was retrospective and
parallel imaging with GRAPPA (Siemens) and SENSE (Philips) with an acceleration factor
of 2 was used.

Image Analysis

Right ventricular volume and ejection fraction were calculated with manual contouring of
the endocardial borders in end-diastole and end-systole using the Leonardo Workstation
(Siemens Healthcare Sector, Erlangen, Germany) or Diagnosoft Virtue (Diagnosoft,
Durham, North Carolina). Cardiac MRI tricuspid annular plane systolic excursion was
measured by 3 observers (JS, EU, DP) in repaired tetralogy of Fallot patients as described
previously (Figure 1).% 12 The distance from the tricuspid annulus to right ventricular apex
in systole (D2) was subtracted from the distance from the tricuspid annulus to right
ventricular apex in diastole (D1). In order to account for differences in body size in pediatric
patients, the tricuspid annular plane systolic excursion was indexed to body surface area. A
fractional tricuspid annular plane systolic excursion was also calculated using the following
equation:

D1-D2
D1

In addition, tricuspid annular plane systolic excursion measurements were assigned a Z-
score based on published values for age.13

Right ventricular segmentation was performed in the repaired tetralogy of Fallot patients as
described by Kutty et al.2 Using the septal and parietal bands, the right ventricle was divided
into the sinus and infundibular portions (Figure 1) then manually contoured. This allowed
for calculation of the right ventricular infundibular and sinus volumes and ejection fractions.
These measurements were performed by a single observer (JS) with a random sample of 24
contoured by a second observer (DP).

Statistical analysis

Agreement between readers was assessed using intraclass correlation coefficients. The mean
tricuspid annular plane systolic excursion measurements from all readers were obtained and
used to calculate average, indexed, and fractional tricuspid annular plane systolic excursion.
The correlations between the measures of tricuspid annular plane systolic excursion and
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global and segmental right ventricular function were assessed using a Spearman correlation.
Statistical analysis was performed using SPSS 21 (IBM, Armonk, New York).

RESULTS

A total of 87 patients were identified and 54 met inclusion and exclusion criteria. The
majority of cardiac MRIs were performed on the Siemens scanner (n=46). Demographics of
the patients are listed in Table 1. The most common palliative surgery was a right Blalock-
Taussig shunt. The majority of patients had a history of transannular patch repair.

Cardiac MRI tricuspid annular plane systolic excursion measurements had good agreement
between all three observers (Table 2). Right ventricular segmentation in repaired tetralogy of
Fallot patients had good agreement for the right ventricular sinus but only adequate
agreement for the right ventricular infundibulum. Table 3 lists the cardiac MRI tricuspid
annular plane systolic excursion values obtained in the cohort.

Correlations are shown in Table 4. The brand of MRI scanner did not appreciably affect the
correlations. Tricuspid annular plane systolic excursion did not correlate significantly with
global right ventricular ejection fraction (r=0.23, p=0.099), though it did correlate weakly
with the right ventricular end diastolic volume (r=0.29, p=0.034). The indexed tricuspid
annular plane systolic excursion also had no correlation with global right ventricular ejection
fraction and only weak correlation with the indexed right ventricular end diastolic volume
(r=0.34, p=0.011). Fractional tricuspid annular plane systolic excursion had a weak
correlation with global right ventricular ejection fraction (r=0.41, p=0.002).

Tricuspid annular plane systolic excursion and indexed tricuspid annular plane systolic
excursion did not correlate with right ventricular sinus ejection fraction (r=0.24, p=0.076
and r=-0.01, p=0.950, respectively). Fractional tricuspid annular plane systolic excursion,
however, correlated weakly with right ventricular sinus ejection fraction (r= 0.3, p=0.028)
(Figure 2). Indexed tricuspid annular plane systolic excursion correlated weakly with
indexed right ventricular sinus end diastolic volume (r=0.36, p=0.007) and fractional
tricuspid annular plane systolic excursion correlated weakly with the indexed right
ventricular sinus end systolic volume (r=—0.36, p=0.008). Otherwise, the correlations
between measures of cardiac MRI tricuspid annular plane systolic excursion and segmental
right ventricular chamber sizes were not significant.

Tricuspid annular plane systolic excursion Z-scores were calculated based on published
values for age. There was weak correlation between tricuspid annular plane systolic
excursion Z-scores and both global and right ventricular sinus ejection fraction (r=0.3,
p=0.027 and r=0.31, p=0.021, respectively). Patients were dichotomized to either normal
tricuspid annular plane systolic excursion (Z-score of > —2) or abnormal tricuspid annular
plane systolic excursion (Z-score of <—2). This dichotomization was unable to adequately
differentiate between patients with normal and abnormal right ventricular function by
cardiac MRI (Figure 3).
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DISCUSSION

We demonstrate that the measurement of tricuspid annular plane systolic excursion by
cardiac MRI is reproducible but correlates poorly with global right ventricular ejection
fraction and right ventricular sinus ejection fraction in pediatric patients with repaired
tetralogy of Fallot. These negative results hold true for indexed tricuspid annular plane
systolic excursion and fractional tricuspid annular plane systolic excursion, two different
methods of accounting for varying patient size in pediatric populations. This is clinically
significant because multiple investigators use tricuspid annular plane systolic excursion to
estimate right ventricular function with both echocardiography and cardiac MRI. These data
suggest that cardiac MRI tricuspid annular plane systolic excursion is a poor surrogate of
global or segmental right ventricular ejection fraction in patients with repaired tetralogy of
Fallot.

The poor correlation between tricuspid annular plane systolic excursion and global right
ventricular ejection fraction has been reported in other studies.8-10 This is likely secondary
to complex right ventricular geometry and right ventricular outflow tract aneurysmal
dilatation. The poor correlation with segmental function, however, is more difficult to
explain. It may be related to the complex mechanics of right ventricular contraction.
Although many studies have demonstrated the importance of longitudinal contraction in
assessing right ventricular function,# a recent analysis demonstrated that transverse
contraction correlated more strongly with right ventricular ejection fraction than tricuspid
annular plane systolic excursion in adults with pulmonary hypertension.1> In addition,
tricuspid annular plane systolic excursion represents longitudinal wall motion along one
plane in the right ventricle and cannot account for segmental wall motion abnormalities,
which are frequently present in patients with repaired tetralogy of Fallot.16

The poor correlation also may be related to varying size in pediatric patients. We corrected
for this by indexing the cardiac MRI tricuspid annular plane systolic excursion, using a
fractional cardiac MRI tricuspid annular plane systolic excursion, and by using previously
published Z-scores, but it is possible that these are suboptimal correction methods. Tricuspid
annular plane systolic excursion may also reflect left ventricular function, thus decreasing its
specificity for, and correlation with, right ventricular ejection fraction.1”- 18 A better method
of evaluating global longitudinal contraction, such as strain or strain rate, may provide a
better correlation.

Although tricuspid annular plane systolic excursion measured by cardiac MRI may provide
data regarding longitudinal motion, our study suggests these tricuspid annular plane systolic
excursion values are not estimates of global or segmental right ventricular ejection fraction
in pediatric patients with repaired tetralogy of Fallot. This should be taken into consideration
when interpreting cardiac MRI tricuspid annular plane systolic excursion values. In addition,
given the good correlation reported between cardiac MRI tricuspid annular plane systolic
excursion and echocardiographic tricuspid annular plane systolic excursion, this study
questions the utility of tricuspid annular plane systolic excursion in repaired tetralogy of
Fallot using either modality.
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Limitations

Although cardiac MRI has decreased temporal resolution, it provides excellent spatial
resolution and cardiac MRI tricuspid annular plane systolic excursion correlates well with
tricuspid annular plane systolic excursion measured on echocardiography.® In addition,
cardiac MRI tricuspid annular plane systolic excursion has the advantage of being performed
at nearly the same time as right ventricular ejection fraction, minimizing any differences in
right ventricular function caused by changes in preload or afterload. Therefore, cardiac MRI
tricuspid annular plane systolic excursion has potential to demonstrate better correlation
with right ventricular ejection fraction than echocardiographic tricuspid annular plane
systolic excursion. While it is possible that the relationship between tricuspid annular plane
systolic excursion and right ventricular ejection fraction is non-linear, a non-linear
relationship should also be detected using a Spearman correlation. Tricuspid annular plane
systolic excursion in this study was measured from the annulus to the apex, which is the
standard measurement performed in previous cardiac MRI studies.

Conclusions

Cardiac MRI tricuspid annular plane systolic excursion has poor correlation with global and
segmental right ventricular ejection fraction in pediatric patients with repaired tetralogy of
Fallot.
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Diastole

Systole

Figure 1.
(A, B) Tricuspid annular plane systolic excursion was calculated by subtracting the distance

from the tricuspid annulus to the apex in systole (D2) from the same distance in diastole
(D1). (C) Right ventricular (RV) segmentation in patients with tetralogy of Fallot. The septal
and parietal bands were used to divide the right ventricle into the sinus and infundibular
portions.
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Figure2.
Scatterplots demonstrate (A) no correlation between cardiac MRI tricuspid annular plane

systolic excursion (TAPSE) and right ventricular (RV) sinus ejection fraction (EF), (B) no
correlation between indexed cardiac MRI TAPSE and RV sinus EF, and (C) poor correlation
between fractional cardiac MRI TAPSE and RV sinus EF.
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TAPSE Result

Figure 3.
Scatterplot comparing right ventricular ejection fraction (RVEF) in patients with normal and

abnormal tricuspid annular plane systolic excursion (TAPSE) based on pediatric Z-scores
demonstrates significant overlap between groups.
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Table 1

(N=54)

Age (years)
Body surface area (m2)

Gender (male)

135+34
1.4+0.36
37%

Indexed RVEDV (ml/m2)
Indexed RVESVZ (ml/m2)

RVEF? (%)

133+ 36
64 + 26

52.8% + 8.9

Patients requiring 1 or more palliative procedures
Right Blalock-Taussig shunt
Left Blalock-Taussig shunt
Balloon valvuloplasty

Median age at time of palliative surgery (days)

22.2% (N=12)
13% (N=7)
9.3% (N=5)
3.7% (N=2)

8

Definitive operation
Transannular patch
Valve-sparing repair
RV-PA4 conduit
Unknown

Median age at definitive repair (days)

70.4% (N=38)
13% (N=7)
3.7% (N=2)
13% (N=7)

213

'ZRight ventricular end diastolic volume (RVEDV)
ZRight ventricular end systolic volume (RVESV)

3Right ventricular ejection fraction (RVEF)

4_. . .
Right ventricular to pulmonary artery conduit (RV-PA)
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Interobserver variability of tricuspid annular plane systolic excursion (TAPSE) measurements and right

Table 2

ventricular segmentation using intraclass correlation coefficient

TAPSE M easurements

M easurement

ICC (95% Cl)

Distance from apex to annulus in diastole  0.965 (0.924-0.982)

Distance from apex to annulus in systole  0.959 (0.908-0.979)

Right Ventricular Segmentation, (N=24)

M easurement ICC (95% CI)
RVEDVginus? 0.945 (0.873-0.976)
RVESVginsZ 0.963 (0.895-0.985)

RVEDV s pungipuin . 0652 (0-184-0.850)

RVESVinfundibulum4 0.707 (0.336-0.872)

1. . . . .
Right ventricular sinus end diastolic volume (RVEDVsjnys)
2. . ; -
Right ventricular sinus end systolic volume (RVESVsijnus)
3. . . . .
Right ventricular infundibular end diastolic volume (RVEDVinfundibulum)

4_. . . . .
Right ventricular infundibular end systolic volume (RVESVinfundibulum)
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Table 3

Mean tricuspid annular plane systolic excursion (TAPSE) values

N=54

Distance from apex to annulus in diastole (cm) 9.4 +0.15

Distance from apex to annulus in systole (cm) 7.6 +0.13

TAPSE (cm)
Indexed TAPSE (cm/m2)
Fractional TAPSE (%)

1.8+0.04
1.3+0.05
18.8+04
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Table 4

Correlation between tricuspid annular plane systolic excursion (TAPSE) measurements and measures of right
ventricular global and segmental size and function

Global
M easurement r 12 p-value
TAPSE
RVEFZ (%) 023 005 p=0.099
RVEDVZ (ml) 0.29 008 p=0.034
RVESV? (ml) 015 002 p=0.280
Indexed TAPSE
RVEF (%) 0.01 000 p=0.945

Indexed RVEDV (ml/m2)  0.34 0.12 p=0.011
Indexed RVESV (mi/m2)  0.15 0.02 p=0.275

Fractional TAPSE
RVEF (%) 041 017 p=0.002
Indexed RVEDV (ml/m2) -0.13 0.02 p=0.347
Indexed RVESV (ml/m2) -0.32 0.10 p=0.018

Segmental
M easurement r r2  p-value
TAPSE
RV sinus EF4 (%) 024 006 p=0.076
Indexed RVEDVjngs? (Ml/m2) 004 000 p=0.758
Indexed RVESV/s8 (ml/m2) -0.13 002 p=0.365
RV infundibular EF7 (%) 015 002 p=0.282

Indexed RVEDVytungipuium® (Mim2) 014 002 p=0.330

Indexed RVESVnungibutum? (M/m2) 008 0.01 p=0.581

Indexed TAPSE
RV sinus EF (%) -0.01 0.00 p=0.950
Indexed RVEDVg;j,ys (MI/M2) 0.36 0.13 p=0.007
Indexed RVESVjnys (MI/M2) 022 0.05 p=0.103
RV infundibular EF (%) -0.24 0.06 p=0.086

Indexed RVEDVinfundibulum (ml/m2) 0.19 0.04 p:0173
Indexed RVESV nfundibutum (MI/M2) 0.27 0.07 p=0.046

Fractional TAPSE

RV sinus EF (%) 0.30 0.09 p=0.028
Indexed RVEDV;;js (MI/M2) -0.20 0.04 p=0.152
Indexed RVESVjpys (MI/M2) -0.36 0.13 p=0.008
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M easurement r r2  p-value
RV infundibular EF (%) 025 0.06 p=0.072

Indexed RVEDVintundibuum (MI/M2) -0.07 0.00 p=0.637
Indexed RVESVinfundibulum (mI/m2) -0.12 0.01 p:0395

evaluated using Spearman correlation

lRight ventricular ejection fraction (RVEF)

ZRight ventricular end diastolic volume (RVEDV)

3Right ventricular end systolic volume (RVESV)

4Right ventricular sinus ejection fraction (RV sinus EF)

5Right ventricular sinus end diastolic volume (RVEDVsjnus)

6Right ventricular sinus end systolic volume (RVESVsjnus)

7Right ventricular infundibular ejection fraction (RV infundibular EF)

8Right ventricular infundibular end diastolic volume (RVEDVinfundibulum)

gRight ventricular infundibular end systolic volume (RVESVinfundibulum)
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