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Zusammenfassung
!

Ziel: Diese Studie untersucht die Genauigkeit der
automatisierten Segmentierung und den Einfluss
unterschiedlicher manueller Korrekturen bezüg-
lich der linksventrikulären Parameter in Magnet-
resonanztomografie (MRT)-Untersuchungen von
Kindern und Jugendlichen mit operativ korrigier-
ter, angeborener Rechtsherz-Pathologie.
Material und Methoden: Die automatische Seg-
mentierung und die unterschiedlichenmanuellen
Korrekturen wurden mit einer dedizierten Soft-
ware durchgeführt (syngo.via, Siemens AG). Das
end-diastolische Volumen (EDV), end-systolische
Volumen (ESV), Schlagvolumen (SV), die myokar-
diale Masse (MM) und Ejektionsfraktion (EF)
wurden vor/nach manueller Apex-/Basiskorrek-
tur (Korrekturschritt 1) und nach manueller
Apex-/Basis-/Myokardkontur-Korrektur (Korrek-
turschritt 2; Referenzstandard) dokumentiert.
MRT-Datensätze von 40 Patienten (13,1 ± 3,1 Jah-
re, 4–17 Jahre) mit operativ korrigierter, ange-
borener Rechtsherz-Pathologie mit reduziertem
pulmonalen Blutfluss wurden evaluiert. Die In-
tra- und Inter-rater-Reliabilität wurde für 10 zu-
fällig ausgewählte Patienten bestimmt.
Ergebnisse: Der linke Ventrikel wurde bei 38/40
Patienten korrekt von der Software detektiert
(95%). Das automatisch segmentierte EDV betrug
119,1±44,0ml, nach Korrekturschritt 1: 115,8
±39,5ml, nach Korrekturschritt 2: 116,2±39,4ml.
Die entsprechenden Ergebnisse für das ESV waren
52,0±18,5/49,6 ±16,9/49,7 ±16,4ml, für das SV
67,1±28,5/66,2 ±25,4/ 66,5 ±25,5ml, für die EF
55,5±7,3/56,7±6,6/56,7±6,3%, für die MM 83,7
±35,9/76,2±28,3/74,6 ±27,2g. Signifikante Unter-
schiede traten zwischen dem ESV/der MM/EF nach
der automatischen Segmentierung verglichen mit
den Ergebnissen nach Korrekturschritt 1 und Kor-
rekturschritt 2 auf. Kein signifikanter Unterschied
war zwischen allen Ergebnissen nach Korrektur-
schritt 1 und Korrekturschritt 2 und zwischen den

Abstract
!

Purpose: To evaluate automated segmentation
and the effects of different manual adjustments
regarding left ventricular parameter quantifica-
tion in cardiac magnetic resonance (MR) data on
children and adolescents who have undergone
surgical repair of right-sided congenital heart dis-
ease (CHD).
Materials and Methods: Dedicated software (syn-
go.via, Siemens AG) was used to automatically
segment and/or manually adjust the end-diastolic
volume (EDV), end-systolic volume (ESV), stroke
volume (SV), myocardial mass (MM) and ejection
fraction (EF) before/after manual apex/base ad-
justment (ADJ-step 1) and after manual apex/
base/myocardial contour adjustment (ADJ-step 2;
reference standard). MR data of 40 patients (13.1 ±
3.1y, 4–17y) with repaired CHD with decreased
pulmonary blood flow (CHD-DPBF) were evaluat-
ed. Intra- and inter-rater reliability was deter-
mined for 10 randomly selected patients.
Results: The software correctly detected the left
ventricle in 38/40 (95%) patients. EDV after auto-
mated segmentation: 119.1 ±44.0ml; after ADJ-
step 1: 115.8 ±39.5ml; after ADJ-step 2: 116.2 ±
39.4ml. The corresponding results for ESV were
52.0 ±18.5/49.6 ± 16.9/49.7 ± 16.4ml; for SV 67.1 ±
28.5/66.2 ±25.4/66.5 ± 25.5ml; for EF 55.5 ± 7.3/
56.7 ±6.6/56.7 ±6.3 %; for MM 83.7 ±35.9/76.2 ±
28.3/74.6 ±27.2 g. Significant differences were
found for ESV/MM/EF comparing the automated
segmentation results with these after ADJ-step 1
and ADJ-step 2. No significant differences were
found when comparing all results of ADJ-step 1
and ADJ-step 2 or when comparing EDV/SV re-
sults. Intra- and inter-rater reliability was excel-
lent. The mean time effort was 63.4 ±6.9 s for the
automated segmentation, 74.2 ± 8.9 s for ADJ-step
1 and 269.5 ±39.4 s for ADJ-step 2.
Conclusion: Automated left ventricular volumes
and function analysis in children and adolescents
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Introduction
!

Right-sided congenital heart disease (CHD) can be classified into
inborn defects with increased and decreased pulmonary blood
flow (CHD-DPBF), the latter including Tetralogy of Fallot (TOF),
pulmonary atresia (PA), Ebstein’s anomaly and tricuspid atresia
[1]. The current treatment of the majority of patients with CHD-
DPBF consists of complete biventricular corrective surgery, pre-
ferably within the first months of life [2]. In this population post-
operative anatomic and hemodynamic abnormalities are almost
universal. These include right ventricular dilatation due to pul-
monary valve regurgitation or homograft failure, aneurysm or
obstruction of the right ventricular outflow tract (RVOT), pulmo-
nary artery stenosis, residual atrial or ventricular septal defect,
aortic root dilatation or aorto-pulmonary collateral supply [3].
Cardiac magnetic resonance (MR) imaging has emerged as an
essential diagnostic tool in the investigation of these patients
after surgery. It allows a comprehensive assessment of the ab-
normalities mentioned before [3–5]. The advantages of MR ima-
ging over other imaging techniques are its robust image quality,
the excellent blood/myocardial contrast and the fact that there is
no ionizing radiation with its associated stochastic radiation ef-
fects, which is a critical consideration for children and adoles-
cents [6]. Vascular and valvular flow patterns and volumes can
be assessed and shunts can be quantified [7, 8]. Moreover, it is
well-known that MR is an accurate and reproducible technique
for the assessment of left and right ventricular volumes and func-
tion [6, 8, 9].
For the quantification of right ventricular volumes, laborious man-
ual measurement is still the most accurate post-processing metho-
dology [8, 10].
For the quantification of the left ventricle, several techniques for
semi- and fully automatic segmentation of the left ventricular
parameters in diastole and systole have been proposed for adult
patients to support readers during the time-consuming segmenta-
tion task [11–27]. Because available algorithms are usually based
on adult hearts, left ventricular segmentation might be affected in
the data of children and adolescents. Specifically, surgical treat-
ment of CHD might affect the anatomy, morphology or location of
the left ventricle. Hence, numerous user interactions might be nec-

essary to define the border of the left ventricle. Neither the reliabil-
ity of automatic detection/segmentation of the left ventricle nor
the effects of manual adjustments and the value of long-axis con-
sideration have previously been investigated using the MR data of
children and adolescents with repaired CHD.
Therefore, this study was set up to evaluate the automated seg-
mentation of left ventricular volumes and function in cardiac
MR images of children and adolescents who have undergone sur-
gical repair of right-sided CHD using commercially available soft-
ware and to identify the effects of different manual adjustment
steps.

Materials and Methods
!

This study was conducted in accordance with the guidelines of
the Declaration of Helsinki and approved by the Ethics Commit-
tee of the University Hospital Erlangen. The need for written in-
formed consent was waived by the Ethics Committee.

Patient population
We retrospectively evaluated left ventricular parameters of 40
consecutive surgically treated children and adolescents presenting
CHDwith former DPBF in cardiac MR imaging (22 male, 18 female;
13.1 ±3.1 years; range: 4–17 years). Repaired TOF was present in
23 patients, PA with ventricular septal defect (VSD) in 12 patients,
PA without VSD in 3 patients and Ebstein’s anomaly in 2 patients.
The body surface area was calculated with a formula proposed by
Mosteller [28]: body surface area (in m²) equals the square root of
height (in cm) multiplied by weight (in kg), all divided by 3600. All
patients were examined from March 2010 to February 2014. Pa-
tient characteristics, depending on automatic detection success of
the left ventricle, are given in●" Table 1.

Imaging technique
MR examinations were performed on a 1.5 Tesla MR scanner
equipped with high-performance gradients (Magnetom Aera,
Siemens AG, Erlangen, Germany). The imaging protocol routinely
included balanced steady-state free precession (bSSFP) cine se-
quences for functional and volumetric analysis of both ventricles.

EDV/SV festzustellen. Die Intra- und Inter-rater-Reliabilität war ex-
zellent. Der durchschnittliche Zeitaufwand betrug 63,4±6,9 s
für die automatische Segmentierung, 74,2 ±8,9 s für Korrektur-
schritt 1 und 269,5±39,4 s für Korrekturschritt 2.
Schlussfolgerung: Eine automatische Volumen- und Funktions-
analyse des linken Ventrikels bei Kindern und Jugendlichen mit
operativ korrigierter angeborener Rechtsherz-Pathologie ist mit
einer exzellenten Intra- und Inter-rater-Reliabilität möglich. Die
automatische Segmentierung mit manueller Apex-/Basiskorrek-
tur lieferte akzeptable Ergebnisse für den Großteil der Patienten.
Kernaussagen:

▶ Eine automatische Volumen- und Funktionsanalyse des linken
Ventrikels bei Kindern und Jugendlichen mit operativ korri-
gierter angeborener Rechtsherz-Pathologie ist mit einer exzel-
lenten Intra- und Inter-rater-Reliabilität möglich.

▶ Die automatische Segmentierung mit manueller Apex-/Basis-
Korrektur liefert akzeptable Ergebnisse für den Großteil der
Patienten.

▶ Die zusätzliche manuelle Korrektur der Myokardkontur führt
zu keiner signifikanten Verbesserung der Ergebnisse.

with surgically treated CHD proved to be feasible with excellent
intra- and inter-rater reliability. Automated segmentation with
manual apex/base adjustment provided clinically acceptable re-
sults.
Key Points:

▶ Automated left ventricular volume and function analysis in
children and adolescents with surgically treated right-sided
heart disease is feasible with excellent intra- and inter-rater
reliability.

▶ Automated segmentation with manual apex/base adjustment
provides clinically acceptable results.

▶ Additional manual myocardial contour adjustment does not
significantly improve the results.

Citation Format:

▶ Rompel O, Janka R, May MS et al. Cardiac MRI in Children and
Adolescents Who Have Undergone Surgical Repair of Right-Si-
ded Congenital Heart Disease: Automated Left Ventricular Vol-
umes and Function Analysis and Effects of Different Manual
Adjustments. Fortschr Röntgenstr 2015; 187: 1099–1107
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Phase-contrast MR imaging was acquired for the quantification
of the pulmonary to systemic blood flow ratio (Qp:Qs), valvular
regurgitation fractions and the flow velocity through valvular or
vascular stenoses. Contrast-enhanced MR angiography was con-
ducted for 3D depiction of the morphology of the right ventric-
ular outflow tract, the pulmonary arteries and the aortic arch.
Individual optimization of sequences was necessary depending
on anatomic or pathologic findings and the patient`s cooperation
and breath-holding capacity. For the left ventricle, retrospective-
ly gated electrocardiographically triggered bSSFP cine images
were acquired during breath holding in standard four-chamber,
three-chamber, and two-chamber long- as well as short-axis
views covering the entire left ventricle with a 10% slice gap.
Scan parameters in all patients were as follows: slice thickness
8mm, in-plane resolution 2.5 × 1.8mm, time to echo (TE) 1.1ms,
time to repetition (TR) 42ms and flip angle 50°.
Patients were imaged in the supine position. We only adminis-
tered general anesthesia to a 4-year-old boy. In all other patients
older than 7 years, neither sedation nor mechanical ventilation
was necessary.

Segmentation methods
Quantitative image data analysis was performed using dedicated
commercially available software that enables post-processing of
cardiac MR data (syngo.via, Siemens AG, Erlangen, Germany).
The left ventricle was judged to be successfully detected by the
software if the left ventricle rather than a different anatomical
structure was marked. Results of end-diastolic volume, end-sys-
tolic volume, stroke volume, myocardial mass as well as the auto-
matically calculated ejection fraction were documented before
and after each step of manual adjustment. End-diastolic and
end-systolic volumes were calculated by summing the volume
of the left ventricular blood pool in each section. Ejection fraction
was calculated on the basis of end-diastolic and end-systolic
volumes as [(end-diastolic volume – end-systolic volume)/end-
diastolic volume] ×100 (%). The myocardial mass of the left ven-
tricle was measured at end diastole by multiplying the myocar-
dial volume by the specific gravity of the myocardium (1.05 g/
ml). All results were documented as absolute values and not
divided by the body surface area (BSA) in order to allow better
comparability of the different methods.
To eliminate operator-related differences, adjustments were per-
formed in consensus by three experienced readers with more
than 8 (R. J.), more than 6 (O.R) and more than 4 (M.H.) years of
experience in the interpretation of cardiac MR images. The read-
ers evaluated the studies in random order and were blinded to
patient characteristics. In the case of failed automated segmenta-
tion, manual short-axis planimetry (=marking of the outer and
inner myocardial contour in every slice) and determination of
the ventricle’s base in long-axis images (equals the results after
automated segmentation and apex/base/myocardial contour ad-
justment =ADJ step 2) was performed.

Automated segmentation
MR images (four-chamber, three-chamber, and two-chamber
long- as well as short-axis views) were automatically transferred
to the syngo.via server and the calculations were performed. Left
ventricular detection and segmentation results were analyzed
and absolute values of end-diastolic volume, end-systolic vol-
ume, myocardial mass and ejection fraction were documented
without performing any manual adjustments.

Adjustment step 1 (ADJ-step 1): Automated segmentation
and manual apex/base adjustment
On the basis of the results of automated segmentation, manual
apex and base adjustments were performed in consensus: The
last apical slice was defined as the most apical short-axis view
showing intracavitary blood pool. Long-axis images (four-cham-
ber, three-chamber, and two-chamber views) were used to de-
fine the base of the left ventricle.

Adjustment step 2 (ADJ-step 2): Automated
segmentation, manual apex/base adjustment
and manual myocardial contour adjustment
On the basis of the results of ADJ-step 1, endo- and epicardial
myocardial borders of each short-axis image from the base to
the apex were identified and manually adjusted at end diastole
and end systole. Papillary muscles were considered to be part of
the left ventricular cavity. For mass calculations, the interventri-
cular septum was added to the left ventricle. These parameters
were considered to be the reference standard.
The different adjustment steps are illustrated in●" Fig. 1.

Intra- and inter-rater reliability
For 10 randomly selected patients from the investigated cohort
(mean age: 12.9 years), the evaluation was performed twice in
consensus and independently by three different readers. Intra-
class correlation coefficients and coefficients of variation were
calculated.

Time effort for the automated segmentation and
the adjustment steps
Themean time effort for the automated segmentation and for the
two adjustment steps was recorded for 10 randomly selected pa-
tients.

Statistical analysis
Data are expressed as means ± standard deviations and range.
Bland-Altman plots were prepared to compare the end-diastolic
volume, end-systolic volume and myocardial mass parameters of
automated segmentation with the parameters of ADJ-step 2 (au-
tomated segmentation + apex/base/myocardial contour adjust-
ment; considered to be the reference standard) and to compare
the parameters of ADJ-step 1 (automated segmentation + apex/
base adjustment) with the parameters of ADJ-step 2 (automated
segmentation + apex/ base/myocardial contour adjustment). Dif-
ferences between means of the different segmentation methods
were assessed using the Student’s t-test for normally distributed
dependent samples. Throughout the analysis, a two-sided p-val-
ue <0.05 was considered statistically significant. To show repro-
ducibility, intra-class correlation coefficients and coefficients of
variation were determined for 10 randomly selected patients
that were evaluated twice. Intra-class correlation coefficients
were calculated for the 10 randomly selected patients that were
evaluated independently by three different readers. The coeffi-
cient of variance represents the ratio of the standard deviation
to the mean. Statistical analysis was performed using dedicated
software (SPSS Statistics v20, IBM Corp., Armonk, NY).

Results
!

MR image quality was satisfactory in all examinations. The soft-
ware successfully detected and segmented the left ventricle in 38

Rompel O et al. Cardiac MRI in… Fortschr Röntgenstr 2015; 187: 1099–1107

Pediatric Radiology 1101

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



of 40 patients (95%). The parameters of correctly detected/seg-
mented left ventricles are as follows: Age: 13.1 ± 3.1 (4–17)
years, body surface area (m²): 1.42 ±0.32 (0.61–1.93), end
diastolic volume: 116.2 ±39.4ml, 35.2–207.8ml, end-systolic
volume: 49.7 ± 16.4ml, 15.1–91.6ml, myocardial mass: 74.6 ±
27.2 g, 21.9–157.6 g. The software failed to detect the patient’s
left ventricle in 2 cases (5%). Both patients presented Ebstein’s

anomaly with a severely dilated right atrium and a displaced
left ventricle (age: 13 and 14 years, body surface area (m²): 1.35±
0.14 (1.25, 1.45), end-diastolic volume: 101.2 ±0.8ml, 100.6–
101.8ml, end-systolic volume: 68.7 ± 1.1ml, 67.9–69.5ml, myo-
cardial mass: 63.4 ±22.6ml, 47.4–79.4 g). Detailed information is
shown in●" Table 1.

Table 1 Patient characteristics divided into groups depending on the automated detection success of the left ventricle. Age, end-diastolic volume, end-sys-
tolic volume andmyocardial mass are given asmeans ± standard deviations and ranges. Results after automated segmentation + apex/base/myocardial contour
adjustment (ADJ-step 2) are shown (these results served as a reference standard). The left ventricle was judged to be successfully detected by the software if the
left ventricle rather than a different anatomical structure was marked.

Tab. 1 Patientenmerkmale abhängig vom Erfolg der automatischen Detektion des linken Ventrikels. Alter, enddiastolisches Volumen, endsystolisches Volu-
men und myokardiale Masse als Durchschnittswerte ± Standardabweichung und der Spannweite. Die Ergebnisse nach der automatischen Segmentierung +
Apex-/Basis-/Myokardkontur-Korrektur (Korrekturschritt 2, ADJ-step 2) sind angegeben (diese Ergebnisse dienten als Referenzstandard). Der linke Ventrikel
wurde als von der Software korrekt detektiert bezeichnet, wenn er und nicht eine andere anatomische Struktur markiert wurde.

successful detection and segmentation of the left ventricle

(n = 38; 95%)

failed detection of the left ventricle

(n =2; 5%)

age (years) 13.1 ± 3.1 (4 – 17) 13.5 ± 0.7 (13, 14)

gender 21 ×male, 17 × female 1 ×male, 1 × female

body surface area (m²) 1.42 ± 0.32 (0.61 – 1.93) 1.35 ± 0.14 (1.25, 1.45)

end-diastolic volume (ml) 116.2 ± 39.4 (35.2 – 207.8) 101.2 ± 0.8 (100.6 – 101.8)

end-systolic volume (ml) 49.7 ± 16.4 (15.1 – 91.6) 68.7 ± 1.1 (67.9 – 69.5)

myocardial mass (g) 74.6 ± 27.2 (21.9 – 157.6) 63.4 ± 22.6 (47.4 – 79.4)

type of disease 23 × TOF, 12 × PA with VSD, 3 × PA without VSD 2 × Ebstein’s anomaly

Total n =40; TOF=Tetralogy of Fallot, PA=pulmonary atresia, VSD= ventricular septal defect.
n =40; TOF= Fallot-Tetralogie, PA=Pulmonalatresie, VSD=Ventrikelseptumdefekt.

Fig. 1 Four-chamber long-axis views (upper) and exemplary short-axis
views of the left ventricle (lower). The purple lines indicate the location of
the axial views shown. The yellow markings label the mitral valve and the
apex of the left ventricle. The endo- and epicardial myocardial borders are
delineated with red and green lines, respectively. A After automated seg-
mentation: Good delineation of the mitral valve. At the apex a slice without
intracavitary blood pool was segmented. Good detection of the endo- and
epicardial myocardial borders. B After manual apex/base adjustment (ADJ-
step 1). The primary last apical slice was deleted and slight adjustment of
the mitral valve was performed. C After manual apex/base/myocardial con-
tour adjustment (ADJ-step 2). On the basis of the results of ADJ-step 1,
endo- and epicardial myocardial borders of each short-axis image from the
base to the apex were identified and manually adjusted at end diastole and
end systole.

Abb.1 Vier-Kammer-Langachsenschnitte (oben) und exemplarische
Kurzachsenschnitte des linken Ventrikels (unten). Die lilafarbenen Linien
zeigen die Lokalisation der Kurzachsenschnitte. Die gelben Markierungen
entsprechen der Mitralklappe und dem Apex des linken Ventrikels. Die
endo- und epikardiale Begrenzung des Myokards ist mit einer roten bzw.
grünen Linie markiert. A Nach automatischer Segmentierung: Die Mitral-
klappe wurde gut erkannt. Apikal wurde eine Schicht ohne intrakavitärem
Blood-Pool segmentiert. Die Epi- und Endokonturen sind gut eingezeich-
net. B Nach manueller Apex-/Basis-Korrektur (Korrekturschritt 1): Die
Apexposition wurde korrigiert, hierdurch fällt die ursprünglich segmen-
tierte letzte apikale Schicht weg. Geringe Korrektur der Position der
Mitralklappe. C Nach manueller Apex-/Basis-/Myokardkontur-Korrektur
(Korrekturschritt 2). Auf der Grundlage der Ergebnisse des Korrekturschritts
1 wurden sämtliche enddiastolischen und endsystolischen Epi- und Endo-
kardkonturen auf den Kurzachsenschnitten manuell angepasst.
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The initial automatically segmented, non-adjusted end-diastolic
volume was 119.1 ±44.0ml, the end-systolic volume was 52.0 ±
18.5ml, the stroke volume was 67.1 ±28.5ml, the myocardial
mass was 83.7 ± 35.9 g and the ejection fraction was 55.5 ± 7.3%.
After the manual adjustment of the apex (short-axis images) and
the base of the left ventricle (long-axis images) (=ADJ-step 1), the
end-diastolic volume was 115.8 ±39.5ml, the end-systolic vol-
ume was 49.6 ±16.9ml, the stroke volume was 66.2 ±25.4ml,
the myocardial mass was 76.2 ± 28.3 g and the ejection fraction
was 56.7 ± 6.6 %.
After the manual adjustment of the apex/base and the short-
axis images of the left ventricle (refinement of the myocardial
segmentation) (=ADJ-step 2), the end-diastolic volume was
116.2 ±39.4ml, the end systolic volume was 49.7 ±16.4ml, the
stroke volume was 66.5 ±25.5ml, the myocardial mass was
74.6 ±27.2 g and the ejection fraction was 56.7 ±6.3%.
Comparing the parameters of automated segmentation with
those of ADJ-step 1 (automated segmentation + manual adjust-
ment of the apex/base), the difference was 3.3ml (2.8 %) for the
mean end-diastolic volume, 2.4ml (4.6%) for the mean end-sys-
tolic volume, 0.9ml (1.3%) for the mean stroke volume, 7.5 g
(9.0%) for the mean myocardial mass and 1.2% (2.1 %) for the
mean ejection fraction.
Comparing the parameters of automated segmentation with
those of ADJ-step 2 (automated segmentation + manual adjust-
ment of the apex/base/myocardial contour), the difference was
2.9ml (2.4%) for the mean end-diastolic volume, 2.3ml (4.4 %)

for the mean end-systolic volume, 0.6ml (0.9 %) for the mean
stroke volume, 9.1 g (10.9 %) for the mean myocardial mass and
1.2 % (2.1%) for the mean ejection fraction.
Comparing the parameters of ADJ-step 1 (automated segmenta-
tion + manual adjustment of the apex/base) with those of ADJ-
step 2 (automated segmentation + manual adjustment of the
apex/base/myocardial contour), the difference was 0.4ml (0.3 %)
for the mean end-diastolic volume, 0.1ml (0.2 %) for the mean
end-systolic volume, 0.3ml (0.5 %) for the mean stroke volume,
1.6 g (2.1%) for the mean myocardial mass and 0% for the mean
ejection fraction.
Statistically significant differences were found for the end-systo-
lic volume/myocardial mass/ejection fraction comparing the au-
tomated segmentation results with these after ADJ-step 1 (auto-
mated segmentation + manual adjustment of the apex/base) and
ADJ-step 2 (automated segmentation +manual adjustment of the
apex/base/myocardial contour). No significant differences were
found when comparing all results of ADJ-step 1 and ADJ-step 2
or when comparing the end-diastolic/stroke volume results.
Morphological and functional left ventricular parameters are
summarized in●" Table 2 and in●" Fig. 2, 3.
Intra-class correlation coefficients (ICC) and coefficients of varia-
tion indicated excellent intra-rater reliability. The ICC was 0.99 for
all measurements and the coefficients of variation ranged from
0.9% to 2.0%. Furthermore, the ICCs indicated excellent inter-rater
reliability (range: 0.91 to 0.99).

Table 2 Morphological and functional parameters of the left ventricle of automated segmentation and after different manual adjustment steps. Statistically
significant differences were found for end-systolic volume/myocardial mass/ejection fraction when comparing the automated segmentation results with these
after ADJ-step 1 (automated segmentation +manual adjustment of the apex/base) and ADJ-step 2 (automated segmentation +manual adjustment of the apex/
base/myocardial contour). No significant differences were found when comparing all results of ADJ-step 1 and ADJ-step 2 or when comparing end-diastolic/
stroke volume results. Data are given as means ± standard deviations. Total n = 38. Stroke volume = end-diastolic volume – end-systolic volume. Ejection frac-
tion = [(end-diastolic volume – end-systolic volume)/end-diastolic volume] × 100 (%)

Tab. 2 Morphologische und funktionelle Parameter des linken Ventrikels der automatischen Segmentierung und nach unterschiedlichen manuellen Korrek-
turschritten. Statistisch signifikante Unterschiede traten beim endsystolischen Volumen/der myokardialen Masse/Ejektionsfraktion auf, wenn man die Ergeb-
nisse der automatischen Segmentierung mit denen nach Korrekturschritt 1 (ADJ-step 1; automatische Segmentierung + manueller Apex-/Basiskorrektur) und
mit denen nach Korrekturschritt 2 (ADJ-step; automatische Segmentierung + manueller Apex-/Basis-/Myokardkonturkorrektur) verglich. Kein signifikanter
Unterschied trat auf, wenn man sämtliche Ergebnisse nach Korrekturschritt 1 und Korrekturschritt 2 und die Ergebnissen des enddiastolischen Volumens/
Schlagvolumens verglich. Die Ergebnisse sind als Durchschnittswerte ± Standardabweichung angegeben. n = 38, Schlagvolumen = enddiastolisches Volumen –
endsystolisches Volumen. Ejektionsfraktion = [(enddiastolisches Volumen – endsystolisches Volumen)/enddiastolisches Volumen] × 100 (%).

automated seg-

mentation (AS)

automated segmentation +

apex/base adjustment

(ADJ-step 1)

automated segmentation +

apex/base/myocardial con-

tour adjustment

(ADJ-step 2)1

p-values

end-diastolic volume (ml) 119.1 ± 44.0 115.8 ± 39.5 116.2 ± 39.4 AS vs. ADJ-step 1: 0.09
AS vs. ADJ-step 2: 0.2
ADJ-step 1 vs. ADJ-step 2: 0.4

end-systolic volume (ml) 52.0 ± 18.5 49.6 ± 16.9 49.7 ± 16.4 AS vs. ADJ-step 1: 0.00
AS vs. ADJ-step 2: 0.009
ADJ-step 1 vs. ADJ-step 2: 0.8

stroke volume (ml) 67.1 ± 28.5 66.2 ± 25.4 66.5 ± 25.5 AS vs. ADJ-step 1: 0.6
AS vs. ADJ-step 2: 0.7
ADJ-step 1 vs. ADJ-step 2: 0.2

myocardial mass (g) 83.7 ± 35.9 76.2 ± 28.3 74.6 ± 27.2 AS vs. ADJ-step 1: 0.002
AS vs. ADJ-step 2: 0.001
ADJ-step 1 vs. ADJ-step 2: 0.2

ejection fraction (%) 55.5 ± 7.3 56.7 ± 6.6 56.7 ± 6.3 AS vs. ADJ-step 1: 0.03
AS vs. ADJ-step 2: 0.03
ADJ-step 1 vs. ADJ-step 2: 0.99

1 These parameters are considered to be the reference standard.
Diese Ergebnisse werden als Referenzstandard betrachtet.

Rompel O et al. Cardiac MRI in… Fortschr Röntgenstr 2015; 187: 1099–1107

Pediatric Radiology 1103

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



The mean time effort was 63.4 ± 6.9 s for the automated seg-
mentation, 74.2 ±8.9 s for ADJ-step 1 and 269.5 ±39.4 s for ADJ-
step 2 (●" Table 3).

Discussion
!

The aim of this studywas to investigate the feasibility of automat-
ic left ventricular parameter segmentation and the effects of dif-
ferent steps of manual adjustment in cardiac MR data of children
and adolescents who have undergone surgical repair of CHD-
DPBF.We studied this cohort because a primarily normally devel-
oped left ventricle is expected. However, it is of interest how
right-sided CHDs affect the automated segmentation of the pos-
sibly altered left ventricle and if adjustment steps are required to
obtain satisfying results. MR imaging protocols in patients with
CHD-DPBF should routinely include a quantitative assessment of
left ventricular volumes and function in order to completely eval-
uate the complex pathology [3]. Moreover, left ventricular dys-
function measured by MR has been recognized as an important
predictor of adverse clinical outcome in patients after TOF repair
[4]. We investigated automated segmentation of the left ventricle
since sophisticated software packages are available for this pur-
pose. In contrast, automated segmentation software for the right
ventricle is in an early stage. Therefore, manual planimetry is
usually performed for the right ventricle.
In our patient cohort, commercially available software algorithms,
optimized for adult hearts, were able to detect and segment a very
high percentage (95%) of left ventricles. The applied software
failed to detect 2 of 40 ventricles. Interestingly, both patients pres-
ented Ebstein’s anomaly with a severely dilated right atrium and a
displaced left ventricle. This displacement is a potential reason
why the software could not detect the appropriate landmarks in
order to detect and segment the left ventricle. An extended data-
base for algorithm training purposes, including displaced hearts
in particular, could potentially improve the detection rate.
To date, manual short-axis planimetry (=marking of the outer
and inner myocardial contour in every short-axis image) is fre-
quently performed for left ventricular parameter assessment
[29]. At the base of the heart, slices are considered to be in the
left ventricle if the bloodwas at least 270° surrounded by ventric-
ular myocardium when using this approach [29]. Although this
approach is generally accepted, dedicated software presumably
allows more precise determination of the base of the left ventri-
cle in 2-, 3- and 4-chamber views (long-axis images). Therefore,
we propose that the left ventricular volumes determined by au-
tomated segmentation and a subsequent manual adjustment of
the apex (short-axis images) and the base (long-axis images) of
the left ventricle as well as manual refinement of the myocardial
segmentation can be considered superior and as a reference
standard.
Results of automated segmentation and manual adjustment of
the apex and base of the left ventricle (ADJ-step 1) are close to
the completely manually revised data (adjustment of the apex,
base and the myocardial contour =ADJ-step 2). No significant dif-
ferences were found comparing the results of ADJ-step 1 (manual
apex/base adjustment) and ADJ-step 2 (manual apex/base/myo-
cardial contour adjustment). The end-diastolic volume, end-sys-
tolic volume and stroke volume were slightly underestimated
(0.4ml (0.3 %) for the mean end-diastolic volume, 0.1ml (0.2 %)
for the mean end-systolic volume, 0.3ml (0.5 %) for the mean
stroke volume, and the myocardial mass was slightly overestima-

Fig. 2 Morphological and functional parameters of the left ventricle of
automated segmentation and after different manual adjustment steps.
Data are given as means ± standard deviations. Red= end-diastolic volume
(EDV; ml), blue = end-systolic volume (ESV; ml), purple = stroke volume (SV;
ml), green=myocardial mass (MM; g), orange= ejection fraction (EF; %).
Stroke volume= end-diastolic volume – end-systolic volume. Ejection frac-
tion = [(end-diastolic volume – end-systolic volume)/end-diastolic volume]
× 100 (%). Total n = 38.
* These parameters are considered to be the reference standard.

Abb.2 Morphologische und funktionelle Parameter des linken Ventrikels
der automatischen Segmentierung und nach unterschiedlichen manuellen
Korrekturen. Die Ergebnisse sind als Mittelwerte ± Standardabweichung
angegeben. Rot = enddiastolisches Volumen (EDV; ml), blau = endsystoli-
sches Volumen (ESV; ml), lila = Schlagvolumen (SV; ml), grün =myokardiale
Masse (MM; g), orange = Ejektionsfraktion (EF; %). Schlagvolumen= end-
diastolisches Volumen – endsystolisches Volumen. Ejektionsfraktion =
[(enddiastolisches Volumen – endsystolisches Volumen)/enddiastolisches
Volumen] × 100 (%). N =38.
* Diese Ergebnisse werden als Referenzstandard betrachtet.
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Fig. 3 Bland-Altman plots show the morphologic parameters of the left
ventricle, comparing the results of automated segmentation and of auto-
mated segmentation + manual adjustment of the apex/base (ADJ-step 1)
with the results of automated segmentation + adjustment of the apex/
base/myocardial contour (ADJ-step 2; reference standard). AS = automated
segmentation, EDV= end-diastolic volume, ESV= end-systolic volume,
MM=myocardial mass. Red lines show the mean of the differences and the
mean of the differences ± 1.96 × standard deviation of the differences. Total
n = 38.

Abb.3 Bland-Altman-Diagramme zeigen die morphologischen Parameter
der linken Ventrikel. Es werden die Ergebnisse der automatischen Segmen-
tierung und die der automatischen Segmentierung + der manuellen Apex-/
Basiskorrektur (Korrekturschritt 1, ADJ-step 1) mit den Ergebnissen der au-
tomatischen Segmentierung + der manuellen Apex-/Basis/Myokardkontur-
korrektur (Korrekturschritt 2, ADJ-step 2; Referenzstandard) verglichen.
AS = automatische Segmentierung, EDV= enddiastolisches Volumen,
ESV= endsystolisches Volumen, MM=myokardiale Masse. Die roten Linien
zeigen den Mittelwert der Differenzen ±1.96 ×Standardabweichung der
Differenzen. n = 38.

Table 3 Intra- and inter-rater reliability. 10 randomly selected patients of the cohort (mean age 12.9 years) were evaluated twice by the same readers and
independently by 3 different readers. Intraclass correlation coefficients (ICC) were calculated.

Tab. 3 Intra- und Inter-rater-Reliabilität. Zehn zufällig ausgewählte Patienten der Kohorte (durchschnittliches Alter 12,9 Jahre) wurden zweimal von den
gleichen Auswertern und unabhängig voneinander von 3 unterschiedlichen Auswertern evaluiert. Intraklassen-Korrelationskoeffizienten (ICC) wurden be-
rechnet.

automated

segmentation

automated segmentation +

apex/base adjustment

(ADJ-step 1)

automated segmentation +

apex/base/myocardial contour

adjustment (ADJ-step 2)

end-diastolic volume intra-rater reliability 0.99 0.99 0.99

inter-rater reliability 0.99 0.98 0.98

end-systolic volume intra-rater reliability 0.99 0.99 0.99

inter-rater reliability 0.99 0.96 0.91

myocardial mass intra-rater reliability 0.99 0.99 0.99

inter-rater reliability 0.99 0.96 0.97

time effort (seconds) 63.4 ± 6.9 74.2 ± 8.9 269.5 ± 39.4
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ted (1.6 g (2.1 %) for the mean myocardial mass) when comparing
results of ADJ-step 1 (manual apex/base adjustment) with those
of ADJ-step 2 (manual apex/base/myocardial contour adjust-
ment). However, these deviations are unlikely to be of clinical re-
levance. The mean ejection fraction did not differ when compar-
ing the results of ADJ-step 1 (manual apex/base adjustment)
with those of ADJ-step 2 (manual apex/base/myocardial contour
adjustment). It is worth mentioning that the adjustment of
the apex and base of the ventricle can be performed quickly in
general (mean time effort in 10 randomly selected patients:
74.2 ±8.9 s). In contrast, the manual adjustment of the myocar-
dial contour (= equal to manual short-axis planimetry) is usually
time-consuming due to the required marking of the outer and in-
ner myocardial contour in every slice (mean time effort in 10 ran-
domly selected patients: 269.5 ±39.4 s). The results after automa-
ted segmentation and following the ADJ-steps showed excellent
intra- and inter-rater reliability.
Assuming that the results after the manual adjustment of the
apex, base and myocardial contour of the left ventricle represent
a reference standard, results of ADJ-step 1 (automated segmen-
tation + manual apex/base adjustment) could provide clinically
acceptable parameters for the majority of cases. Nevertheless, a
review of the automatically segmented myocardium and case-
based refinement of the inner and outer myocardial contour re-
mains necessary. Interestingly, in the investigated cohort the ac-
curacy of the results of ADJ-step 1 is even superior in comparison
to the corresponding accuracy of a previously published cohort
consisting of patients that exhibit quite similar characteristics
but anatomically inconspicuous hearts [30]. In the investigated
cohort, no significant differences were found when comparing
the results of ADJ-step 1 and ADJ-step 2, whereas small but signif-
icant differences were found for the end-diastolic volume, end-
systolic volume, myocardial mass and ejection fraction in the co-
hort consisting of patients with anatomically inconspicuous
hearts [30].
Our study has some limitations that suggest directions for future
work.
Automated segmentation and the different adjustment steps
were performed with one dedicated commercially available soft-
ware package. We utilized this system because it is routinely
used in our department. It would be interesting to compare the
results of different software packages. However, this study was
not intended to analyze the accuracy of different software packa-
ges, but to show intra- and inter-rater reliability and the effects
and the necessity of subsequent adjustment steps. Left ventric-
ular analysis was performed with "native" bSSFP cine images. In
the clinical routine, however, acquisition of cine images is some-
times performed after the administration of contrast agent to
save time within the context of viability imaging. The added val-
ue of viability imaging in patients with CHD has been demon-
strated previously and, therefore, has become an integral part of
imaging protocols for CHD patients [31, 32]. Automated segmen-
tation might be constrained in post-contrast bSSFP cine images
due to the decreased contrast between myocardium and blood
pool. The preparation of "native" bSSFP cine images may prolong
the scan time due to a longer latency before viability imaging.

Conclusion
!

Based on the results of our study, automated left ventricular seg-
mentation in MR data of children and adolescents with CHD-
DPBF is feasible with excellent intra- and inter-rater reliability
using dedicated commercially available software. Automated
segmentation with manual apex/base adjustment provided clini-
cally acceptable parameters for the majority of cases and poten-
tially improves and accelerates the workflow in the clinical rou-
tine. Limitations were observed for patients with a distinctively
displaced or “squashed” left ventricle in the presence of massive
right heart dilatation. Future research should investigate the ac-
curacy and time efficiency of different software packages for left
ventricular segmentation in children and adolescents as well as
their potential to improve intra- and inter-reader agreement.

Clinical Relevance of the Study

▶ Automated left ventricular volumes and function analysis
in MR data of children and adolescents who have under-
gone surgical repair of right-sided congenital heart disease
is feasible with excellent intra- and inter-rater reliability.

▶ Automated segmentation with manual apex/base adjust-
ment provides clinically acceptable results. Additional man-
ualmyocardial contour adjustment does not significantly im-
prove the results.

▶ Automated segmentation with a few manual adjustments
may accelerate workflow and reading.

Abbreviations and Acronyms
!

CCHD-DPBF Congenital cyanotic heart disease with decreased
pulmonary blood flow

TOF Tetralogy of Fallot
PA Pulmonary atresia
VSD Ventricular septal defect
ADJ-step Adjustment step
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