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Abstract The objective of this study was to assess the
impact of right ventricular (RV) trabeculae and papillary
muscles on measured volumes and function assessed by
cardiovascular magnetic resonance imaging in patients with
repaired tetralogy of Fallot. Sixty-five patients with repaired
tetralogy of Fallot underwent routine cardiovascular mag-
netic resonance imaging. Endocardial and epicardial con-
tours were drawn manually and included trabeculae and
papillary muscles in the blood volume. Semi-automatic
threshold-based segmentation software excluded these
structures. Both methods were compared in terms of end-
diastolic, end-systolic and stroke volume, ejection fraction
and mass. Observer agreement was determined for all mea-
sures. Exclusion of trabeculae and papillary muscle in the
RV blood volume decreased measured RV end-diastolic
volume by 15 % (from 140 + 35 to 120 + 32 ml/m?)
compared to inclusion, end-systolic volume by 21 % (from
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74 £ 23 to 59 + 20 ml/mz), stroke volume by 9 % (from
66 £ 16 to 60 & 16 ml/m?) and relatively increased ejec-
tion fraction by 7 % (from 48 + 7 to 51 £ 8 %) and end-
diastolic mass by 79 % (from 28 + 7 to 51 £ 10 g/m?),
p < .01. Excluding trabeculae and papillary muscle resulted
in an improved interobserver agreement of RV mass com-
pared to including these structures (coefficient of agreement
of 87 versus 78 %, p < .0l). Trabeculae and papillary
muscle significantly affect measured RV volumes, function
and mass. Semi-automatic threshold-based segmentation
software can reliably exclude trabeculae and papillary
muscles from the RV blood volume.

Keywords Tetralogy of Fallot - Cardiovascular magnetic
resonance imaging - Right ventricle - Trabeculae -
Segmentation software

Introduction

Tetralogy of Fallot (ToF) is the most common congenital
heart disease involving the right ventricle (RV). Important
complications during follow-up after repair for ToF are RV
volume overload. Longstanding volume overload can result
in irreversible RV dilation and dysfunction which can be
prevented by timely replacing the pulmonary valve [1-5].
Furthermore, many patients have some amount of pressure
overload caused by residual outflow tract obstruction, ste-
nosis of a pulmonary artery branch or stenosis of a valve
prosthesis. Therefore, evaluation of the RV is essential in
the follow-up of patients with ToF [6, 7].

Guidelines advise cardiac magnetic resonance imaging
(CMR) as the primary imaging modality for evaluation of
RV volumes and function [6, 7]. Consensus is lacking on
whether to consider trabeculae and papillary muscles as
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part of measured RV volumes [8—10]. Including trabeculae
and papillary muscles in RV volumes results in larger
measured volumes compared to measurements with
exclusion of these structures. In healthy subjects and
patients without congenital heart disease, the influence of
trabeculae and papillary muscle on RV volumes is too
small to be of clinical importance [9]. The increase in
papillary muscle and trabeculae can be large in patients
with a systemic right ventricle [10]. However, no studies
have addressed the influence of papillary muscle and tra-
beculae on measured RV volumes in patients with repaired
ToF. Studies in patients with ToF including trabeculae and
papillary muscles in the RV blood volume report larger RV
volumes and lower RV mass than studies excluding these
structures [11-14]. Therefore, knowledge of the quantity of
trabeculae and papillary muscles and the possibility to
estimate this amount could be of clinical importance in
patients with ToF.

The primary objective of our study was to determine the
trabecular volume of the RV and the reliability by which it
can be measured in patients with repaired ToF. The second
objective was to create a mathematical model that
describes the relation between the RV volumes with and
without inclusion of trabeculae and papillary muscle in the
RV blood volume.

Materials and methods
Patients

The study population consisted of 65 patients with repaired
ToF. All patients underwent CMR examination between
January 2008 and January 2011. In 60 (92 %) patients
primary indication for CMR was follow-up of RV volumes
and pulmonary flow parameters, in 3 (5 %) patients sudden
decrease in exercise capacity, in 1 (2 %) patient new onset
of ventricular tachycardia and in 1 (2 %) patient poor
echocardiographic image quality. In 24 (37 %) patients
clinical symptoms were present: subjective reduced exer-
cise capacity in 14 (22 %) patients, history of supraven-
tricular tachycardia in 5 (8 %) patients and history of
ventricular tachycardia in 5 (8 %) patients. Other patient
characteristics are shown in Table 1.

This retrospective study was approved by the University
Medical Center Groningen review board and informed
consent was not required according to the Dutch Medical
Research Involving Human Subjects act.

CMR image acquisition

All subjects were examined on a 1.5-Tesla MRI system
(Siemens Magnetom Sonata, Erlangen, Germany or
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Table 1 Patient characteristics

Characteristic

Male 37 (57)

Age (years) 30 £ 10

Body surface area (m?) 1.86 £ 0.19
Age at total repair (years) 1.76 (0.89-5.05)
Pulmonary valve replacement 15 (23)
Pulmonary regurgitation fraction (%) 34 (15-45)
Pulmonary regurgitation volume (ml/m?) 18 (7-30)
Pulmonary valve peak flow velocity (cm/s) 187 £ 75

Data are mean + SD, median (IQR), or number of subjects (%)

Siemens Magnetom Avanto, Erlangen, Germany) using a
2 x 6 channel body-coil. After single-shot localizer ima-
ges, short axis cine loop images with breath holding in
expiration were acquired using a retrospectively gated
balanced steady state free precession sequence. Parallel
imaging was employed using GRAPPA (GeneRalized
Autocalibrating Partially Parallel Acquisition). To improve
image intensity uniformity Prescan Normalize was used.
Short axis slices were planned in end-diastole from two
slices above the mitral valve plane to the apex. The fol-
lowing parameters were used: TR 2.7 ms, TE 1.1 ms, flip
angle 80°, matrix 192 mm x 192 mm, 25 frames per
cycle, slice thickness 6 mm, interslice gap 4 mm, voxel
size 1.7 mm x 1.7 mm x 6 mm.

Two-dimensional velocity encoded MRI flow measure-
ments perpendicular and directly cranial to the pulmonary
valve was performed to quantify flow velocity and vol-
umes. Encoded velocity was 200 cm/s which was increased
in steps of 50 cm/s in case of aliasing.

CMR image analysis

Image analysis was performed manually by using QMass
MR (version 7.2, Medis, Leiden, The Netherlands) and
semi-automatically by using QMass MR research edition
(Medis, Leiden, The Netherlands).

The end-systolic and end-diastolic frames of the RV
were selected by visual assessment. The basal slice was
selected with aid of long-axis cine view images. When the
pulmonary valve was visible in the RV basal slice, only the
portion of the right ventricular outflow tract below the level
of the pulmonary valve was included. The inflow part of
the RV was included in the RV volume. The RV inflow
part was distinguished from the right atrium by recognizing
the trabeculated and thick right ventricular wall compared
to the thin right atrial wall [15]. RV contours were drawn
manually by tracing the endocardial and epicardial borders
in every slice in end-systole and end-diastole. Contour
tracing was aided by reviewing the multiple phase scans in
the movie mode.
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Fig. 1 Two methods were used to measure RV volumes. In method
1, trabeculae and papillary muscle were excluded from the right
ventricular volume with use of semi-automatic threshold-based

Two methods were used to measure RV volumes, function
and mass (see Fig. 1). Method 1 excluded papillary muscle
and trabeculae from the RV blood volume by using semi-
automatic threshold-based segmentation software. Method 2
included these structures in the endocardial contour and
therefore the blood volume. The semi-automatic threshold-
based segmentation software was based on the signal intensity
distribution of MR images. The voxels within the epicardial
contour were classified as either blood or muscle according to
their signal intensity, taking into account spatial variations in
signal intensity. Based on their signal intensity, trabeculae and
pappilary muscles were included in the myocardial volume.
Users had the possibility to manually change the threshold
level of signal intensities above which voxels are depicted as
blood for every slice. Selecting and deselecting individual
voxels was possible, for example in case of artefacts due to
mechanical pulmonary valve prosthesis. As the semi-auto-
matic threshold-based segmentation software was an integral
part of QMass, both methods used the same endocardial and
epicardial contours. A more detailed description of the seg-
mentation procedure can be found in Appendix 1.

Stroke volume was defined as end-diastolic volume
minus end-systolic volume. Ejection fraction was defined
as stroke volume divided by end-diastolic volume. Mass is
derived from myocardial volume after multiplying by the
density of cardiac muscle, 1.05 g/cm®. All volumes were
indexed for Body Mass Index.

To obtain agreement between observers, 25 randomly
selected CMR scans were analysed by a second indepen-
dent observer. For agreement within one observer, the
same 25 scans were analysed a second time by the first
observer with an interval of at least 2 weeks between the
first and second analysis.

Statistical analyses

The Statistical Package for the social sciences version 16.0
(SPSS Inc, Chicago, IL) was used for all statistical

segmentation software (a). In method 2, trabeculae and papillary
muscle were included in the right ventricular volume (b)

analyses. All statistical tests are two-sided and a p value of
less than 0.05 was considered statistically significant.

Descriptive statistics were calculated as mean and
standard deviation for normally distributed continuous
variables, median with interquartile range (IQR) for non-
normally distributed continuous variables and absolute
numbers and percentages for dichotomous variables. The
manual and semi-automatic methods were compared in
terms of RV volume, mass and function by using the
paired-samples Student’s ¢ test.

The intraobserver agreement coefficient (ACiyqa)
between paired observations was calculated for both
observers:

_ 2- |0bS1 — 0bS2|

ACiura = 100 - (1
‘ ( Obs, + Obs,

) (1)
For the first observer, the median ACj,,, was computed.
The interobserver agreement coefficient AC;,,, Was also
determined. For both observers, the average of the two
paired observations was used. The difference in median AC
between the manual and semi-automatic method was
assessed with a paired Wilcoxon signed rank test.

Linear regression was used to examine the relationship
between RV volume measurements when including and
excluding trabeculae and papillary muscles.

Results
RV volumes and function

Exclusion (Method 1) instead of inclusion (Method 2) of
trabeculae and papillary muscle in the RV blood volume
resulted in a significant change in measured RV volumes
and function. When Method 1 was compared to Method 2,
end-diastolic volumes were 15 £+ 4 % (from 140 4 35 to
120 £+ 32 ml/m2), end-systolic volumes 21 + 5 % (from
74 £+ 23 to 59 4+ 20 ml/mz) and stroke volumes 9 &+ 5 %
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(from 66 = 16 to 60 £ 16 ml/mz) smaller (p < .01).
Ejection fractions were relatively 7 £ 4 % (from 48 £ 7 to
51 4+ 8 %) and the end-diastolic masses were 79 £+ 21 %
(from 28 + 7 to 51 &+ 10 g/mz) larger (p < .01). The dif-
ference in RV end-diastolic volumes, RV end-systolic
volumes, RV ejection fraction and RV end-diastolic mass
between method 1 and method 2 increased as volumes,
ejection fraction and mass became larger (see Fig. 2).

Exclusion of trabeculae and papillary muscle took an
average of 67 £ 16 s extra time compared to inclusion of
these structures.

Observer agreement

The intra- and interobserver reproducibility data are shown
in Table 2. Observer agreement was high in all measure-
ments with exception of RV mass. Method 1 resulted in a
significantly higher AC,;, and AC,e for RV mass

Fig. 2 Bland-Altman plots
visualizing the differences
between method 1 and method 2

Y
o

(p < .01). The AC,y, for RV end-diastolic volume was
significantly higher for Method 2 (p = .02).

Model

The amount of trabeculae increased with increasing end-
diastolic and end-systolic volumes. Based on this rela-
tionship the following model was created:

RV = a X RVipe + b (2)

RV, .4 and RV, were RV volumes in which the trabec-
ulae and papillary muscles were excluded and included,
respectively. For end-diastolic volumes the constant a,
b from Eq.2 were .90 (95 % CI 0.87 to 0.94) and
—7.04 ml/m? (95 % CI —2.29 to —11.79 ml/m?), respec-
tively. For end-systolic volumes, a was 0.87 (95 % CI
0.84 to 0.90) and » —5.30 ml/m* (95 % CI —2.64 to
~7.96 ml/m?).
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difficult in end-systole due to compression of the trabecu-
lae against the RV wall. Therefore, contour tracing was
aided by reviewing the multiple phase scans in the movie
mode. Based on movement and position of the trabeculae
during the entire heart cycle, it was possible to interpolate
the position of the endocardial contour. Some of the tra-
beculae were possibly considered to be RV wall in end-
systole and not in end-diastole. Another explanation is that
the amount of trabeculae was overestimated in end-dias-
tole. Trabeculae can be better distinguished from the RV
wall in end-diastole. However, this will result in more
voxels containing both blood and trabeculae and too much
of these voxels were possibly considered to be trabuculae
and not blood.

The existing RV reference values are based on RV
volumes including trabeculae and papillary muscles. When
papillary muscles and trabeculae are excluded from the
blood volume, use of these reference values is no longer
valid. Until new reference values are developed in which
the trabeculae and papillary muscles are excluded, it is
possible to use the proposed model in patients with ToF to
allow comparison with the old reference values. The same
applies to the application of threshold values. An important
threshold is the use of RV end-diastolic volume for timing
pulmonary valve replacement in patients with ToF [1-5].
The reported thresholds range from 82-90 ml/m? for end-
systolic volume and 150—170 ml/m? for end-diastolic vol-
umes. Some of these differences may be explained by
including or excluding trabeculae and papillary muscles in
the measured volumes. Unfortunately, only one of these
studies reported whether they included RV trabeculae and
papillary muscles in the measured volumes [2].

Limitations and future perspectives

A gold standard for the amount of endocardial trabeculae
of the RV is lacking. Therefore, a validation in vivo was
not possible. However, exclusion of trabeculae and papil-
lary muscle should be theoretically more accurate as these
structures are part of the myocardium and not blood.

In our study, measurements of RV volumes and function
were highly reproducibility. However, an axial orientation
could have resulted in an even higher reproducibility and
also a higher accuracy in patients with a severely dilated
RV [16, 17].

Our study was limited to patients with repaired ToF as
this is the most common severe congenital heart disease in
adult patients. To determine the influence of trabeculae in
the RV volume in other patient groups, more research is
required. Our study showed that semi-automatic threshold-
based segmentation software is a valuable tool for further
research in this area.
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Conclusion

RV endocardial trabeculae significantly influence measured
RV volumes and mass. Exclusion compared to inclusion of
trabeculae and papillary muscle in the RV blood volume
results in a significantly decrease in measured end-systolic
and end-diastolic volume and increase in measured ejection
fraction and mass. Semi-automatic threshold-based seg-
mentation software can exclude trabeculae and papillary
muscles from the RV blood volume in a reproducible
manner. Currently used ranges and thresholds for congen-
ital heart disease patients should be re-established, as new
threshold-based algorithms will become available in clin-
ical practice.
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Appendix 1

The technique of normalized convolution is used to estimate
the spatially varying blood and muscle intensities within a
user-provided epicardial contour. The voxel intensity is
defined by a first order model with six variables:

I(x,y) = (L =w(x,y)) X Ln(x,y) + w(x,y) X Iy(x,y)  (3)
with:

Muscle : L,(x,y) = ap + a1x + azy

4
Blood : I(x,y) = by + bix + byy )

where ag, a;, a5, bg, by and b, are constants that vary among
scans according to the grey value distribution of the image
within the epicardial contour. I,(X,y) and I,(X,y) represent
the approximation of the intensity of muscle and blood,
respectively, at the position (x,y) The constants are
obtained with an iterative optimization procedure, during
which the weight w(Xx,y) is initialized to either 1 or O using
the Otsu threshold method.

The procedure is stopped when the classification
w > 0.5 is unaltered between iterations or when the num-
ber of iterations exceeds ten.

Assuming a linear relationship between the fraction of
blood and the intensity of the voxel (I/(x,y)), the weight
w(x,y) represents the fraction of blood in the voxel.
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_ I(x7y) — Im(x7y)
W) = T InCroy)

A binary classification is obtained by thresholding w(x,y).
If w(x,y) is higher than the threshold value, the voxel is
considered pure blood, otherwise it is defined as pure
muscle. In this experiment the threshold value was set to
70 %. Blood volume measures are obtained by multiplying
the number of voxels classified as blood with the voxel
volume.

(5)
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