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Zusammenfassung 
Zielsetzung: Herz-Magnetresonanztomographie (MRT) erlaubt die Bestimmung rechts-

ventrikulärer (RV) volumetrischer Funktionsparameter durch die Segmentierung des RV in 

tomographischen Schnittbildern in Kurzachsenorientierung (SA), wobei die Definition der 

RV Basisebene häufig herausfordernd ist. Zentrale Ursache dieses Problems ist die kom-

plexe Bewegung der Trikuspidalklappenebene, sowie die im Vergleich zum linken Ventrikel 

asymmetrische Geometrie des RV. Das Ziel dieser Studie war die Ableitung und der Ver-

gleich funktioneller RV Normalwerte unter Verwendung verschiedener Methoden zur Defi-

nition der RV Basisebene und die Untersuchung der Konsistenz der unterschiedlichen RV 

Schlagvolumina (RVSV) mit den entsprechenden Schlagvolumina des linken Ventrikels 

(LVSV). 

Material und Methoden: Zur Datenakquisition wurden 40 gesunde Probanden mittels 

EKG-getriggerter 1.5T MRT untersucht. Dabei wurde der gesamte linke und rechte Ventri-

kel mit Cine-Schnittbildstapel in Kurzachsenorientierung (SA) abgebildet. Die volumetri-

sche Funktion des linken Ventrikels wurde durch automatische Segmentierung mittels Stan-

dardsoftware ausgewertet. RV Volumina (enddiastolisches und endsystolisches Volumen), 

RVSV sowie die RV Auswurffraktion wurden durch manuelle Segmentierung des RV in 

Enddiastole und Endsystole bestimmt. Die RV Basisebene wurde entweder direkt in den 

basalen SA Schnittbildern festgelegt (merged SA und SA Methode) oder durch die Position 

der Trikuspidalklappenebene, die in Langachsenschnittbildern (4-Kammerblick, 4CH; RV 

2-Kammerblick, RV 2CH) definiert werden konnte (4CH, 4CH & RV 2CH und optimized 

4CH & RV 2CH Methode) berechnet. Die volumetrischen Funktionsparameter wurden mit-

tels t-Test, paarweiser Korrelation und Bland-Altman-Analyse verglichen. 

Ergebnisse: Merged SA, SA, 4CH, 4CH & RV 2CH und optimized 4CH & RV 2CH Me-

thode wiesen signifikante Unterschiede in allen RV Funktionsparametern auf und die 95% 

Limits of Agreement waren groß. Die Korrelationen der methodisch unterschiedlich ermit-

telten RVSV mit LVSV waren ähnlich (r = 0.82 – 0.88), allerdings wurde das RVSV im 

Vergleich zum LVSV nur bei den Methoden mit zwei langen Achsen nicht signifikant un-

terschätzt (LVSV = 98 ± 23 ml; 4CH & RV 2CH Methode: RVSV = 100 ± 30 ml, p = 0.43; 

optimized 4CH & RV 2CH Methode: RVSV = 102 ± 28 ml, p = 0.06). 
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Zusammenfassung: Bei der Auswertung RV volumetrischer Funktionsparameter aus SA 

Cine-Serien spielt die Art der Definition der RV Basisebene eine wesentliche Rolle. Bei 

Miteinbeziehen der langen Achsen zur Modellierung der RV Basisebene aus der Position 

der Trikuspidalklappe ergeben sich im Vergleich mit LVSV konsistente Ergebnisse. Die im 

Rahmen dieser Studie erstellten Normalwerte könnten als Referenzwerte für weitere Studien 

dienen. 
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Abstract 
Purpose: Cardiac magnetic resonance (CMR) imaging enables the quantification of right 

ventricular (RV) function from segmentation of stacks of cine short-axis (SA) images. The 

asymmetric RV shape and the skew motion of the tricuspid valve complicate the definition 

of RV base plane. The purpose of the present study was to derive and compare reference 

ranges for RV function parameters employing different base plane definition algorithms and 

to investigate the consistency of the derived RV stroke volumes (RVSV) with left ventricular 

stroke volumes (LVSV). 

Material and Methods: ECG-gated 1.5T CMR cine imaging was performed on forty 

healthy volunteers. LVSV was evaluated automatically, RV volumes (enddiastolic volume 

and endsystolic volume), RVSV and the RV ejection fraction where derived from manual 

segmentation of end-diastolic and end-systolic SA images employing standard software. RV 

base plane was defined from SA images only (merged SA and SA methods) and from defin-

ing junction points of the tricuspid valve in 4-chamber view (4CH) and RV 2-chamber view 

(RV 2CH), respectively (4CH, 4CH & RV 2CH and optimized 4CH & RV 2CH methods). 

Results were compared pair-wise employing correlation and Bland-Altman analysis as well 

as t-test.  

Results: RV function parameters demonstrated significant biases and large 95% limits of 

agreement for the comparisons between the merged SA and the SA, the SA and the 4CH, 

the 4CH and the 4CH & RV 2CH, and the 4CH & RV 2CH and the optimized 4CH & RV 

2CH evaluation method. LVSV correlated similarly with RVSV of all evaluation methods 

(r = 0.82 – 0.88), but only the evaluation methods employing two long-axis views did not 

significantly underestimate RVSV (LVSV = 98 ± 23 ml; 4CH & RV 2CH method: RVSV = 

100 ± 30 ml, p = 0.43; optimized 4CH & RV 2CH method: RVSV = 102 ± 28 ml, p = 0.06).       

Conclusion: All RV function parameters derived from stacks of cine SA images crucially 

depend on the type of RV base plane definition, whereby tricuspid valve plane modelling by 

two long-axis views provides the most consistent results to LV volumetric evaluation. Es-

tablished RV reference ranges might serve as normal values for RV volumetric function 

indices in future studies. 
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1 Introduction 
 

Due to the asymmetric shape and the complex contraction patterns of the right ventricle 

(RV), the assessment of RV function is challenging. Even though echocardiography is the 

most widely used technique for analysis of the RV, assessing the function of the RV accu-

rately as well as quantitatively is limited by poor acoustic windows for adequate visualiza-

tion of the RV cavity, as well as near field artefacts due to the anterior localization of the 

RV in the chest (1, 2). Cardiac magnetic resonance (CMR) imaging represents the clinical 

reference standard technique for assessing the RV function and mass (3, 4). In the clinical 

setting, functional left and right ventricular CMR parameters are acquired according to 

standardized guidelines (5, 6), enabling accurate and reproducible characterization of RV 

size and function, which is essential not only for initial assessment, but also for management 

of patients with myocardial infarction, chronic heart failure, pulmonary hypertension, pul-

monary embolism, and congenital heart diseases (7-11). The basic anatomic and physiologic 

characteristics of the RV, general approaches for the assessment of RV function and the 

assets and challenges of the CMR based evaluation of the RV are summarized in this para-

graph to show the motivation and the aim of the present diploma thesis. 

 

1.1 Anatomy and physiology of the right ventricle 

 

Anatomically the RV is separated into 3 regions (12): the RV inlet region (consisting of the 

tricuspid valve which separates the RV towards the right atrium, the chordae tendineae and 

papillary muscles), the trabeculated RV apical body, and the RV outflow-tract (infundibu-

lum), which extends from the antero-superior part of the right ventricle to the pulmonary 

valve. In contrast to the ellipsoidal shape of the left ventricle (LV), the RV appears triangular 

shaped when viewed laterally (Figure 1a) and crescent shaped when viewed in cross-section 

(Figure 1b). Three muscular bands partition the RV: the parietal band (forming the crista 

supraventricularis together with the infundibular septum), the moderator band (extending 

from the base of the anterior papillary muscle to the apical ventricular septum), and the sep-

tomarginal band (extending inferiorly and merging with the moderator band) (Figure 1c). 
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The shape of the RV is also determined by the position of the intraventricular septum, which 

separates the right and left ventricular cavities. The intraventricular septum appears concave 

towards the LV in both systole and diastole under normal conditions. 

 

 

Figure 1: Normal geometry and anatomy of the right ventricle. The shape of the right ventricle (RV, red 
line) is triangular in lateral view a). The RV is delimited by the tricuspid valve (TV) and the pulmonary valve 
(PV), separating the RV cavity towards the right atrium (RA) and the main pulmonary artery (PV). Regions of 
RV inlet, outlet and apical body are indicated by dashed lines. Adapted from (13). Crescent shape of the RV 
in cross-sectional view b). The intraventricular septum (grey-shaded area) separates the RV from the left ven-
tricular (LV) cavity. Adapted from (13). Anatomical preparation of the right heart (14) c). 1, pulmonary valve; 
2, pulmonary annulus; 3, crista supraventricularis; 4, tricuspid valve; 5, right ventricular anterior wall; 6, ante-
rior limb of trabecula septum marginals; 7 and 8, body and posterior limb of trabecula septum marginalis; 9, 
medial papillary muscle; 10, anterior papillary muscle. 
 

For oxygenation, the RV pumps the blood received from the right atrium during the ventric-

ular diastole towards the pulmonary artery and the lungs. In contrast to the LV, the RV is 

coupled to a low pressure, highly distensible arterial system (15). Compared to LV volumes, 

RV volumes are typically larger, resulting in a slightly lower RV ejection fraction (EF) (16). 

According to the large RV surface-to-volume ratio, smaller RV contraction provides ejection 

of the same blood volume per heart beat (stroke volume, SV) than the LV. Even though the 

myocardial wall of the RV is thin (with an end-diastolic wall thickness of 3-4 mm), the 

myocardial mass of the RV is about one-sixth of the LV (17). In Table 1 the major anatom-

ical and functional differences between the right and left ventricle are summarized. 
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Table 1: Normal left (LV) and right (RV) ventricular structural/functional characteristics/parameters. 
EDV, end-diastolic volume index, EF, ejection fraction. Mass and EDV values are given normalized to the 
body surface area. From (15-17)  

parameter RV LV 

shape  

(profile/cross section) 
triangle/crescent elliptic/circular 

myocardium coarse apical trabeculation fine apical trabeculation 

wall thickness  2-5 mm 7-11 mm 

mass  
26 ± 5 g/m2  

[17 - 34 g/m2] 

87 ± 12 g/m2  

[64 - 109 g/m2] 

EF  
61 ± 7 %  

[47 - 76%] 

67 ± 5 %  

[57 - 78%] 

EDV  
75 ± 13 ml/m2  

[49 - 101 ml/m2] 

66 ± 12 ml/m2  

[44 - 89 ml/m2] 

filling profile  RV filling starts earlier and finishes later than the LV filling 

filling velocities RV filling velocities are lower than LV filling velocities 

pump conditions 
low resistance 

low capacitance 

high resistance 

high pressure  

ventricular pressure  

(systolic/diastolic)  

25 mmHg/4 mmHg  

[15-30 mmHg/1-7 mmHg] 

130 mmHg/8 mmHg  

[90-140 mmHg/5-12 mmHg] 

vascular resistance  
70 dyn·s·cm-5  

[20 - 130 dyn·s·cm-5] 

1100 dyn·s·cm-5  

[700 - 1600 dyn·s·cm-5] 
 

 

The contraction of the RV is complex and proceeds sequentially (18). RV systole starts with 

fast contraction of the RV inlet region, followed by the contraction of the trabeculated apex 

and ending with the contraction of the RV outlet (18, 19).  During contraction three patterns 

are observed: The inward motion of the RVs free wall, the RV long axis shortening and the 

secondary contraction of the RV due to LV contraction translated via the intraventricular 

septum (Figure 2). In contrast to the LV, twisting and rotational contraction do not signifi-

cantly contribute to RV contraction (20).  
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Figure 2: Right ventricular contraction patterns. Schematic drawing of the end-diastolic and end-systolic 
extent of the right ventricle (RV). The sequential systolic RV contraction patterns are indicated as red arrows. 
RA, right atrium; LA, left atrium; LV, left ventricle. Adapted from [13]. 
 

1.2 Imaging assessment of right ventricular function 

 

Echocardiography, CMR and cardiac computed tomography have been used to capture and 

quantify RV function, each modality with different advantages and limitations (Table 2). 

Being widely available, inexpensive and save, echocardiography represents the mainstay 

technique for the evaluation of RV function. Quantification of the RV function by echocar-

diography is, however, limited by acoustic windows, dependence on operator skills, and var-

iable image quality. To date echocardiographic evaluation of RV function is therefore mainly 

restricted to the measurement of linear parameters, like RV diameters, the tricuspid annular 

peak systolic excursion or RV fractional area change measurements (21, 22). Due to lack of 

geometric models for fitting RV volumes from area/lengths measurements, calculation of 

RV EF remains rather a method of research than clinical practice (1, 21, 23).  

In contrast to echocardiography, CMR enables the accurate assessment of RV volumes and 

function without limitations to heart’s anatomy or patients’ habitus. Employing electrocar-

diographically (ECG) gated cine imaging, stacks of contiguous tomographic image planes 

covering the RV cavity provide RV volumes from adding RV endocardial areas multiplied 

by slice thickness throughout all slices (Simpson approach) (5). CMR parameters of volu-

metric function include end-diastolic (EDV) and end-systolic (ESV) volumes, stroke volume 

(SV = EDV-ESV), ejection fraction (EF = SV/EDV) and cardiac output (CO = SV×HF). 
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Age- and sex-matched normal ranges of RV volumetric parameters are typically indexed to 

the body-surface area (BSA), which can be estimated from a patient’s height and weight by 

various formulas (24), e.g. the Mosteller formula BSA = (weight (kg) × height (cm)/3600)½ 

or the DuBois formula BSA = (weight (kg)0.425 × height (cm)0.725) × 0.007184. 

Due to the high accuracy and reproducibility of parameter, CMR is the recommended refer-

ence standard technique for quantitative RV assessment (18, 22, 25, 26). Availability, costs, 

and long investigation times are to date the main limitations of CMR. For patients with con-

traindications for CMR (e.g. in-compliant electronic or metal implants, claustrophobia) car-

diac computed tomography has been reported as accurate alternative for volumetric evalua-

tion of the RV (27). The need of ionizing radiation and iodine contrast agents, however, 

limits the use of cardiac computed tomography, especially for serial assessment of RV func-

tion.   



 

 6

Table 2: Imaging modalities for routine evaluation of right ventricular function. Echo, echocardiography; 
CMR, cardiac magnetic resonance imaging; CCT, cardiac computed tomography; +/++/+++/++++, small/mod-
erate/high/very high advantage; -, major limitation. From (28, 29)  

parameter 2D Echo 3D Echo CMR CT 

availability ++++ ++ ++ + 

costs ++++ ++++ ++ + 

scan time 25-30 min 30-35 min 40-60 min 10-15 min 

temporal resolution +++ ++ ++ + 

spatial resolution +++ ++ +++ ++++ 

3D acquisition - +++ +++ +++ 

real-time imaging - ++++ +++ - 

RV wall thickness +++ +++ +++ +++ 

RV diameters ++ +++ ++++ ++++ 

accuracy RV volume - +++ ++++ ++++ 

accuracy RV EF - +++ ++++ ++++ 

RV mechanics +++ + ++++ +++ 

tissue characterization - - +++ ++ 

radiation exposure +++ +++ +++ - 

contrast agent +++ +++ +++ - 

 

1.3 CMR assessment of right ventricular function 

 

As demonstrated in Table 2, CMR allows accurate, comprehensive evaluation of RV size 

and function. Current guidelines (5) recommend the assessment of RV volumetric function 

from stacks of ECG-gated cine series covering the RV cavity in short- or long-axis orienta-

tion (Figure 3). To avoid motion artefacts, measurements are typically acquired during 

breath-holding.  
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Figure 3: CMR imaging of the right ventricle (RV) using steady-state free precession (SSFP) sequence 
technique. A stack of images (slice thickness 6-8 mm) in short-axis (SA) (a) and long-axis (LA) (b) orientation 
displayed on the 4CH and a basal short-axis image, respectively. Due to the asymmetric shape of the RV, the 
definition of the RV cavity is challenging in basal short-axis slices, where RV inlet and outlet region typically 
present as separate regions. In tomographic long-axis images tricuspid (TV) and pulmonary (PV) valves clearly 
separate the RV from the right atrium (RA) and main pulmonary artery (mPA). RVOT, right ventricular out-
flow-tract (RVOT); AV, aortic valve; MV, mitral valve. CMR images of a healthy volunteer assessed at 1.5T 
Magnetom Sonata, Department of Radiology, Division of General Radiology, Medical University of Graz. 
 

Besides the correct choice and adaption of the CMR sequences parameters and protocols, 

the precise assignment of the RV end-diastolic and end-systolic cardiac phases, agreement 

on rules how to delineate papillary muscles and trabeculae, and the correct definition of the 

RV base is crucial for the accurate and reproducible assessment volumetric functional pa-

rameters (5). 

 

1.3.1 CMR sequence parameters and protocols for functional assess-
ment of the RV 

 

For assessment of ventricular function two imaging sequence techniques can be employed: 

ECG-gated fast low-angle shot (FLASH) or steady-state free precession (SSFP) sequence 

technique. Comparing FLASH and SSFP imaging for volumetric assessment of the RV, 

FLASH acquisition is limited by lower contrast between blood and myocardium, especially 

along the trabeculated endocardial RV borders (Figure 4). 
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In healthy subjects, RV EDV and ESV derived from FLASH protocols are smaller, resulting 

in larger EF but similar SV from FLASH compared to SSFP imaging (30). Age- and sex-

specific reference normal values have been published for both, FLASH (16, 31) and SSFP 

(32-35) protocols. 

 

 

Figure 4: Fast low-angle shot (FLASH) and steady-state free precession (SSFP) imaging. SSFP images 
have higher signal-to-noise and contrast-to-noise ratios, providing a better definition of endocardial borders 
and cardiac valves. Papillary muscle and trabeculae (indicated with arrows) can be clearly identified in SSFP 
images in end-diastole (ED) as well as end-systole, in FLASH images separation of muscular structures in the 
blood pool is limited. CMR images of a healthy volunteer assessed at 1.5T Magnetom Sonata, Department of 
Radiology, Division of General Radiology, Medical University of Graz. 
 

RV function can be assessed from image stacks of short- or long-axis images (Figure 4). 

Analysis of RV function from long-axis has been shown to be more robust, demonstrating 

better intra- and inter-observer reproducibility in various patient populations (36-39). CMR 

standard protocols mainly use stacks of short-axis (SA) slices for evaluation of RV and LV 

volumes to avoid an extended investigation time. RV parameters derived from SA and 

long-axis (LA) evaluation, however, do not reveal significant differences and strongly cor-

relate (38, 40, 41).  
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1.3.2 Segmentation of the RV cavity in tomographic images 

 

Standardized segmentation of the RV cavity from cine short- or long-axis image-stacks is 

the basic prerequisite for the accurate assessment of volumetric functional parameters. Pa-

pillary muscles and trabeculae can be included in- or excluded from the RV blood pool (Fig-

ure 5). Including papillary muscles and trabeculae in RV volumes results in larger volumes 

compared to excluding them, respectively.  

 

 

Figure 5: Segmentation methods of papillary muscles and trabeculae. Consistent delineation of the right 
ventricular endocardial borders (dark red) in end-diastole (ED) and end-systole (ES) is important to determine 
correct RV functional parameters. Papillary muscles and trabeculae can be included (a) or excluded (b) from 
the RV blood pool. Separate segmentation of papillary muscles and trabeculae (c) provides the possibility to 
subtract papillary (dark green) from ventricular volumes. Adapted from (13). 
 

Differences between RV volumetric functional parameters including or excluding papillary 

muscle and trabeculae to/from RV volumes are small in healthy subjects (42) but can be 

large in patients with congenital heart disease (43-46). Respective reference normal values 

exist for both segmentation methods (32, 47). According to current guidelines papillary mus-

cles and trabeculae should be excluded from the cavity for volume analysis and included in 

the myocardial mass for mass analysis (5), which – if evaluated manually – requires time-

consuming segmentation. 
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1.3.3 Definition of the RV base plane 

 

Due to the strong longitudinal excursion of the tricuspid valve and RV free wall during the 

cardiac cycle (Figure 6), the definition of the RV basal slice is crucial and contributes enor-

mously to measured RV volumes and ejection fraction (48). In long-axis orientation the tri-

cuspid valve plane can be clearly defined as the RV base plane throughout the cardiac cycle 

(Figure 3), separating the right atrium from the RV cavity. Propagating through the stack of 

short-axis images with the septal part of the tricuspid valve moving less than the free wall 

part, the RV base plane is difficult to be identified in short-axis view. Inaccurate definition 

of RV base plane, however, limits accuracy and reproducibility of RV volumetric functional 

parameters. The optimal approach for defining RV base plane is still under discussion and 

guidelines do not give standardized rules on what to include in the most basal planes to 

calculate RV volumes (5, 32, 36, 43).  

 

 

Figure 6: Schematic drawing of end-diastolic to end-systolic motion of the right ventricular (RV) base 
plane. The RV base plane indicated by the tricuspid (TV) and pulmonary valve (PV) planes moves through 
the stack of short-axis slices (gray planes). The motion is characterized by a large end-diastolic (dark red) to 
end-systolic (bright red) longitudinal of the RV free wall (black arrow). Adapted from (13). 
 

To simplify the definition of the RV base plane in short-axis images, novel evaluation algo-

rithms were recently introduced which combine the evaluation of volumetric RV data, short-

axis images, and modelling of the RV of base plane from the tricuspid valve position derived 

from long axis images (RV 2-chamber view (RV 2CH) and 4-chamber view (4CH). The 

segmented RV blood-pool is retrospectively cut by the modelled plane in every cardiac phase 

and corrected for volumes above and below the tricuspid valve plane. 
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RV volumetric functional parameters using combined short-axis images for the segmenta-

tion of the RV chamber and RV long-axis images to calculate the RV base plane from tri-

cuspid valve modelling are, however, still not available. 

 

1.3.4 Aims of the diploma thesis 

 

Based on the retrospective analysis of stacks of cine short-axis images and cine long-axis 

series acquired in healthy subjects the aims of the diploma thesis were: 

 

 to derive reference ranges of right ventricular functional parameters employing five dif-

ferent base plane definitions (two short-axis only approaches and three methods employ-

ing 4-chamber and right ventricular 2-chamber view) and 

 to evaluate the impact of the different right ventricular base plane definitions on the re-

sulting right ventricular functional parameters. 

 

Furthermore, as left and right ventricular stroke volumes should coincide in healthy subjects, 

left ventricular stroke volume was determined automatically from the same stacks of cine 

short-axis images to test the agreement with right ventricular stroke volumes derived by any 

of the five different base plane definitions. 
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2 Materials and Methods 
 

2.1 Study population  

 

CMR functional data of 40 young, healthy subjects (female/male, 20/20; mean age, 24 ± 4 

years; age range, 19 – 38 years) without history of cardiovascular diseases or anomalies were 

included in the present retrospective study. These data were acquired within the study "Op-

timierung von nativen Herz-MR Untersuchungstechniken und Akquisition von kardialen 

Normalwerten bei 1.5T und 3T Magnetresonanztomographie" (EK Nr 24-126 ex 11/12). All 

subjects gave written informed consent. The demographic characterization of the study pop-

ulation is summarized in Table 3.  

 
Table 3: Demographic characterization of the study population. Values for all subjects, females and males 
are given as means ± standard deviations. Numbers in the brackets indicate the range of the respective param-
eter [minimum, maximum]. Heart rate (HR) is the mean heart rate during functional CMR imaging. p-values 
refers to t-test between female and male means. BSA, body surface area; BMI, body mass index. 

parameter all female male p 

number 40 20 20  

age (years) 
24 ± 4  

[19, 38] 

23 ± 3  

[19, 34] 

24 ± 4  

[20, 38] 
0.2029 

weight (kg) 
65 ± 9  

[50, 85] 

59 ± 6  

[50, 75] 

71 ± 7  

[58, 85] 
<0.0001 

height (cm) 
174 ± 7  

[157, 188] 

168 ± 5  

[157, 180] 

179 ± 5  

[168, 188] 
<0.0001 

BSA (m2) 
1.8 ± 0,2  

[1.5, 2.1] 

1.7 ± 0,1  

[1.5, 1.9] 

1.9 ± 0.1  

[1.7, 2.1] 
<0.0001 

HR (min-1) 
64 ± 10  

[43, 88] 

65 ± 10  

[51, 88] 

62 ± 10  

[43 - 77] 
0.4476 

BMI (kg/m2) 
21 ± 2  

[18, 25] 

21 ± 2  

[18, 24] 

22 ± 1  

[19, 25] 
0.0049 
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The body surface area (BSA) and the body mass index (BMI) were calculated from height 

and weight using the DuBois formula BSA (m2) = 0.007148 × height (in cm)0.725 × weight 

(in kg)0.425 (24), the BMI according to BMI (kg/m2) = weight (kg) / height2 (m)2, respec-

tively. 

 

2.2 CMR imaging 

 

CMR imaging was performed on a 1.5T scanner (Magnetom Espree, Siemens, Erlangen, 

Germany) with subjects positioned in the supine position using a phased array 6-channel 

body matrix and a spine matrix coil. Functional cine series in cardiac long-axis and short-

axis orientations (5, 6) were acquired using retrospectively ECG-gated steady-state free-pre-

cession (SSFP) cine sequences during breath-hold in inspiration.  

Cine series in long-axis orientation comprised series in 4CH, LV 2-chamber view and RV 

2CH (Figure 7). Protocol parameters were echo spacing = 2.9 ms, echo time TE = 1.2 ms, 

flip angle = 67°, measured temporal resolution TR = 44 ms reconstructed to 25 cardiac 

phases, field-of-view (FOV) = 315–360 × 360 mm2 adapted to the body habitus, voxel size 

= 1.9 × 1.4 × 6.0 mm3, and imaging time = 11 – 14 heart beats.   

 

 

Figure 7: Typical example of cine series in long-axis orientations. 4CH (a), LV 2-chamber view (b) and RV 
2CH (c) in end-diastole (ED, upper row) und end-systole (ES, lower row). 
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Cine series in short-axis orientation were acquired as gapless stack covering the entire left 

and right ventricles (Figure 8). As short-axis orientation was defined perpendicular to the 

intraventricular septum rather than parallel to the intra-cardiac valves, care was taken to 

cover the entire right ventricle throughout the whole cardiac cycle. Protocol parameters of 

the cine short-axis series were echo spacing = 2.9 ms, echo time TE = 1.2 ms, flip angle = 

67–72°, measured temporal resolution TR = 40–51 ms reconstructed to 25 cardiac phases, 

field-of-view FOV = 236–315 × 360 mm2 adapted to the body habitus, voxel size = 2.2 × 

1.4 × 8.0 mm3, and imaging time = 6 – 10 heart beats. Typically, two slices were acquired 

within one breath-hold interval.  

 

 

Figure 8: Typical example of cine series in short-axis orientations. Basal (a), mid-ventricular (b) and apical 
(c) short-axis image in end-diastole (ED, upper row) und end-systole (ES, lower row). 
 

 

2.3 Determination of right ventricular functional parameters 

 

Quantification of volumetric right ventricular functional parameters based on the Simpson 

approach was done by utilizing dedicated cardiac software (syngo.via software version 

VA30, Siemens, Erlangen, Germany). Volumetric assessment of the right ventricular cavity 

was derived either from the stack of cine short-axis images only, or from short-axis cine 

images together with long-axis slices (4CH and RV 2CH) to define the double-oblique tri-

cuspid valvular plane as base of the right ventricle. 
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The following paragraphs summarize the data evaluation process resulting in five different 

base plane definitions with different RV EDV, ESV, SV, EF, and CO.   

Previous to the segmentation of the right ventricular cavity end-diastolic and end-systolic 

time-frames were assigned. These cardiac phases were determined from visual inspection of 

the right ventricular lumen in a mid-ventricular short-axis slice: The end-diastole was iden-

tified as the time-frame with its largest extension (which coincided in all cases with the first 

time-frame representing the time of R-wave in retrospectively ECG-gated cine series), the 

end-systole as the time-frame with its smallest extension. The segmentation of the right ven-

tricular cavity was performed manually in end-diastole and end-systole. Papillary muscles 

and trabeculae were considered as part of the inter-ventricular blood pool and therefore in-

cluded to the cavity in all slices (Figure 9).  

 

 

Figure 9:  Typical delineation of the right ventricular cavity on short-axis images. Basal (a), mid-ven-
tricular (b) and apical (c) short-axis image in end-diastole (upper row) und end-systole (lower row). 
Papillary muscles and trabeculae are considered as part of the blood pool. 
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Right ventricle’s base was defined in different ways. When using short-axis images only, 

base planes coincide with most basal short-axis planes with delineated right ventricular vol-

ume. Two methods were evaluated: 

 

 “Merged SA method”: The end-diastolic and end-systolic right ventricular short-axis 

base plane was defined as the first slice where the right-ventricular outflow-tract and the 

right ventricular cavity appeared as a merged region. Areas of the right ventricular out-

flow-tract shown separated from the tricuspid valvular region were excluded from right 

ventricular short-axis volumetric evaluation (Figure 10).  

 

 

Figure 10: Typical base plane definition in the “merged SA method”. Four consecutive basal short-axis 
images in end-diastole (upper row) und end-systole (lower row). End-diastolic base was defined as the second 
slice and end-systolic base as the fourth slice, because in the preceding slices outflow-tract and the right ven-
tricular cavity do not appear as a merged region. The small contour in the middle systolic short-axis slice was 
drawn as a workaround, because the employed software does not allow excluding slices in specific cardiac 
phases. 
 

 Normal “SA method”: Compared to the “merged SA method” additional basal short-axis 

slices were segmented and counted to the right ventricular volume if the right-ventricular 

outflow-tract and the right ventricular cavity appeared only separated by partial volume 

borders and/or the segmented regions clearly lay behind the tricuspid valve ring and in 

front of the pulmonary valve (Figure 11).  
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Figure 11:  Typical base plane definition in the “SA method”. Two consecutive basal short-axis images in 
end-diastole (ED, upper row) und end-systole (ES, lower row). End-diastolic base was defined as the first slice 
and end-systolic base as the third slice, because outflow-tract and the right ventricular cavity are separated only 
by partial volume borders. The small contour in the first systolic short-axis slice was drawn as workaround, 
because the employed software does not allow excluding slices in specific cardiac phases. 
 

Further definitions of right ventricle’s base employed either the cine images in 4CH alone 

or the cine images in 4CH and RV 2CH. In a first step, the delineation of right ventricular 

(and atrial) cavity was extended to all short-axis slices in order to account for all relevant 

portions of right ventricular volume that might have been cut from the initial evaluation for 

some reason. Then three long-axis-view-based methods of tricuspid valve plane definition 

and their usage as right ventricular base plane were evaluated: 

 

 “4-chamber method”:  The orientation of the tricuspid plane was manually assigned by 

two points defining the lateral and septal atrio-ventricular junctions visualized in the 

4CH, both in end-diastole and end-systole. The right ventricular base plane was modelled 

as a plane perpendicular to the 4-chamber orientation through the defined two points. 

Manually segmented volume was counted to the right ventricular volume according to 

its localization above or below the calculated position of the tricuspid valve plane (Figure 

12). 

 



 

 18

 

Figure 12:  Typical base plane definition in the “4CH method”. 4CH images (left) and basal short-axis 
images (right) in end-diastole (upper row) und end-systole (lower row). Markers (pink dots) were set on lateral 
and septal atrio-ventricular junctions of tricuspid valve in 4CH. The resulting base plane perpendicular to the 
4-chamber orientation is indicated by the yellow line on 4CH and basal short-axis image as well. Yellow arrows 
indicate the portion of segmented volume counted to the right ventricular volume. 

 

 

 “4- and RV 2-chamber method”: To enable modelling an orientation of the tricuspid 

valve plane oblique to the 4CH, the anterior and posterior position of the valvular plane 

was additionally assigned in the RV 2CH. As three points define the orientation of one 

plane in a 3-dimensional data set, four-point modelling of a plane calculates the double-

oblique orientation as best fit of a plane located closest to all four points (Figure 13). 

 

 “Optimized 4- and RV 2-chamber method”: The best fit plane that results from the mark-

ers in the junctions of the tricuspid valve in the 4CH and RV 2CH does not necessarily 

intersect the marker points. It might even happen that the plane does by far not represent 

the tricuspid valve plane indicated by the leaflets of the tricuspid valve. To compensate 

for this, marker points were shifted away from the junctions of the tricuspid valve until 

the resulting base plane showed best coincidence with tricuspid valvular plane in 4CH 

and RV 2CH (Figure 14).   

 

Table 4 summarizes the different evaluation methods of RV volumetric parameters. 

 



 

 19

 
Figure 13: Typical base plane definition in the “4CH & RV 2CH method”. 4CH images (left), RV 2CH 
images (middle) and basal short-axis images (right) in end-diastole (upper row) und end-systole (lower row). 
Markers (pink dots) were set on lateral and septal atrio-ventricular junctions of tricuspid valve and right ven-
tricle in 4CH view and on the anterior and posterior junctions of tricuspid valve. The resulting base plane is 
indicated by the yellow line on 4CH, on RV 2CH and basal-short axis image as well. Yellow arrows indicate 
the portion of segmented volume counted to the right ventricular volume. 
 

 

 
Figure 14: Typical base plane definition in the “optimized 4CH & RV 2CH method”. As seen in Figure 
13, where the positions of the markers are shown for the 4CH & RV 2CH method, the yellow line does not 
necessarily go through the markers or the perceived base plane. This figure shows the “optimized” base plane 
definition in end-diastole (upper row) and end-systole (lower row): Markers do not coincide with junctions of 
the tricuspid valve, the resulting base plane, however, (yellow lines in 4CH and RV 2CH view) describes the 
tricuspid valvular plane better. 
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Table 4: Different evaluation methods of RV volumetric parameters. SA, short-axis view; 4CH, 4-cham-
ber view; RV-2Ch, right ventricular 2-chamber view. 

method 
employed  

cine series 
base plane 

derived  

parameters 

merged SA   SA most basal merged SA  
EDV, ESV,  

SV, EF, CO 

SA SA most basal SA  
EDV, ESV,  

SV, EF, CO 

4CH SA, 4CH 
junctions of tricuspid valve 

in 4CH 

EDV, ESV,  

SV, EF, CO 

4CH & RV 2CH 
SA, 4CH,  

RV 2CH 

junctions of tricuspid valve 

in 4CH & RV 2CH 

EDV, ESV,  

SV, EF, CO 

optimized  

4CH & RV 2CH 
SA, 4CH,  

RV 2CH 

junctions of tricuspid valve 

in 4CH & RV 2CH 

EDV, ESV,  

SV, EF, CO 
 

 

 

2.4 Determination of left ventricular stroke volume 

 

Additional to the derivation of RV volumetric parameters, cine series in short-axis, 4-cham-

ber and LV 2-chamber view were employed to derive LV stroke volume (LVSV) using the 

same dedicated cardiac software. In contrast to the RV volumetric evaluation the software 

provides the segmentation of the left ventricular cavity in short-axis images, the base plane 

modelling via detection of mitral valvular junctions in long-axis cine images and the calcu-

lation of LV functional parameters automatically (Figure 15) (49) and LVSV values gener-

ated in this way were used without any further manual corrections. 
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Figure 15: Typical automated determination of left ventricular stroke volume. Endo- (red) and epicardial 
borders (green) of the left ventricle were automatically delineated on short-axis images (a); junctions of mitral 
valve were automatically found (and marked by pink dots) in 4- and 2-chamber view (b). The resulting best fit 
base plane to the 4 junction points is indicated by the yellow line on the basal short-axis image and the two 
long-axis views. In combination with the segmentation of LV endocardial contours this definition of base plane 
resulted in the LV volume time curve (c) in all cardiac phases. LVSV is calculated as the difference between 
the LV enddiastolic and endsystolic volumes. 
 

2.5 Statistical analysis 

 

Distributions of parameter values were characterized by mean ± standard deviation (SD) and 

by the parameter range, where appropriate. Statistical analysis was performed with Med-

Calc® statistical software (version 15.11.4, MedCalc Software bvba, Ostend, Belgium 2015). 

A significance level of p<0.05 was employed for all statistical tests. 

Gender-independent and gender-dependent 95% reference ranges of all right ventricular 

functional parameters by any of the studied evaluation methods were calculated employing 

the robust method suggested in Effron et al. (50). Male and female mean right ventricular 

functional parameters were also compared by t-test. 

The results for right ventricular functional parameters derived from different evaluation 

methods were compared pairwise (merged SA vs. SA method, SA method vs. 4CH method, 

4CH method vs. 4CH & RV 2CH method, and 4CH & RV 2CH method vs. optimized 4CH 

& RV 2CH method) utilizing correlation and Bland-Altman analysis.  Pearson’s correlation 

coefficient, bias, standard deviation of the differences, as well as 95% upper and lower limits 

of agreement are specified. T-test was used to test the significance of the bias. Similarly, 

these techniques were employed to analyse the coincidence of SV derived by any of the right 

ventricular evaluation methods with the automatically calculated LVSV. 
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3 Results 
 

Right ventricular functional parameters and left ventricular stroke volume could be derived 

in all but one subject, where no adequate RV 2CH view cine series was acquired. The latter 

case was excluded from all statistical evaluations of the 4CH & RV 2CH and the optimized 

4CH & RV 2CH evaluation methods. 

 

3.1 Reference ranges of right ventricular functional parameters 

 

Mean values, standard deviations and reference ranges for RV functional parameters derived 

by merged SA, SA, 4CH, 4CH & RV 2CH, and optimized 4CH & RV 2CH evaluation 

method are summarized in Table 5 - Table 9.  

Irrespective of the evaluation method EF did not differ between male and female subjects. 

All other non-normalized and normalized RV functional parameters were larger for male 

than for female subjects, while CI’s difference did not reach statistical significance in all 

methods.  
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Table 5: Reference values for parameters of right ventricular function evaluated by the merged SA 
method. Values for all subjects, females and males are given as means ± standard deviations and as 95% 
reference ranges. The p-value refers to t-test between female and male means. 

parameter all female male p 

EF (%) 
48 ± 7 

34 - 61 

48 ± 7 

33 - 62 

47 ± 7 

32 - 61 
  0.5463 

EDV (ml) 
148 ± 36 

73 - 221 

120 ± 21 

72 - 167 

175 ± 26 

120 - 229 
<0.0001 

ESV (ml) 
78 ± 22 

32 - 123 

63 ± 14 

32 - 94 

93 ± 18 

56 - 133 
<0.0001 

SV (ml) 
70 ± 18 

32 - 108 

58 ± 12 

30 - 84 

82 ± 16 

51 - 117 
<0.0001 

CO (l/min) 
4.4 ± 1.3 

1.5 - 7.2 

3.7 ± 1.0 

1.3 – 5.6 

5.1 ± 1.2 

2.5 – 7.8 
  0.0004 

EDVi (ml/m2) 
82 ± 15 

50 - 113 

72 ± 11 

49 - 95 

92 ± 13 

65 - 119 
<0.0001 

ESVi (ml/m2) 
43 ± 10 

23 - 64 

37 ± 7 

22 - 54 

49 ± 9 

31 - 69 
  0.0001 

SVi (ml/m2) 
39 ± 9 

21 - 57 

35 ± 7 

20 - 49 

43 ± 8 

27 - 61 
  0.0006 

CI (l/min/m2) 
2.5 ± 0.7 

1.0 – 3.7 

2.2 ± 0.6 

0.9 – 3.4 

2.7 ± 0.6 

1.3 – 4.1 
  0.0233 
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Table 6: Reference values for parameters of right ventricular function evaluated by the SA method. 
Values for all subjects, females and males are given as means ± standard deviations and as 95% reference 
ranges. The p-value refers to t-test between female and male means.  

parameter all female male p 

EF (%) 
50 ± 6 

37 - 63 

52 ± 5 

41 - 63 

48 ± 7 

32 - 62 
  0.0507 

EDV (ml) 
179 ± 41 

88 - 259 

148 ± 19 

105 - 188 

210 ± 34 

133 - 284 
<0.0001 

ESV (ml) 
90 ± 27 

29 - 142 

71 ± 13 

43 - 98 

109 ± 24 

49 - 153 
<0.0001 

SV (ml) 
89 ± 21 

39 - 130 

77 ± 12 

50 - 101 

101 ± 22 

51 - 145 
  0.0002 

CO (l/min) 
5.6 ± 1.5 

2.4 - 8.4 

5.0 ± 1.1 

2.4 - 7.3 

6.2 ± 1.6 

2.7 – 9.4 
  0.0062 

EDVi (ml/m2) 
100 ± 17 

62 - 133 

89 ± 9 

69 - 109 

111 ± 17 

75 - 146 
<0.0001 

ESVi (ml/m2) 
50 ± 12 

23 - 72 

43 ± 7 

28 - 57 

58 ± 12 

29 - 83 
<0.0001 

SVi (ml/m2) 
50 ± 9 

29 - 67 

46 ± 6 

34 - 60 

53 ± 11 

28 - 76 
  0.0224 

CI (l/min/m2) 
3.1 ± 0.7 

1.6 – 4.5 

3.0 ± 0.6 

1.6 – 4.3 

3.3 ± 0.8 

1.6 – 4.9 
  0.2103 
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Table 7: Reference values for parameters of right ventricular function evaluated by the 4CH method. 
Values for all subjects, females and males are given as means ± standard deviations and as 95% reference 
ranges. The p-value refers to t-test between female and male means. 

parameter all female male p 

EF (%) 
52 ± 6 

39 - 65 

53 ± 6 

40 - 65 

51 ± 7 

37 - 66 
  0.4154 

EDV (ml) 
164 ± 42 

74 - 250 

135 ± 28 

73 - 197 

192 ± 35 

116 - 269 
<0.0001 

ESV (ml) 
79 ± 22 

31 - 123 

64 ± 14 

33 - 95 

94 ± 20 

51 - 134 
<0.0001 

SV (ml) 
85 ± 24 

34 - 134 

71 ± 18 

32 - 109 

99 ± 23 

51 - 150 
  0.0002 

CO (l/min) 
5.3 ± 1.6 

1.9 - 8.6 

4.6 ± 1.2 

1.6 – 7.2 

6.1 ± 1.7 

2.6 –9.6 
  0.0021 

EDVi (ml/m2) 
91 ± 19 

53 - 130 

81 ± 15 

49 - 114 

101 ± 17 

66 - 137 
  0.0003 

ESVi (ml/m2) 
44 ± 10 

22 - 65 

38 ± 8 

21 - 56 

49 ± 10 

29 - 69 
  0.0003 

SVi (ml/m2) 
47 ± 11 

24 - 70 

43 ± 9 

22 - 63 

52 ± 11 

29 - 77 
  0.0083 

CI (l/min/m2) 
3.0 ± 0.8 

1.4 – 4.5 

2.7 ± 0.7 

1.2 – 4.2 

3.2 ± 0.8 

1.5 – 5.0 
  0.0525 
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Table 8: Reference values for parameters of right ventricular function evaluated by the 4CH & RV 2CH 
method. Values for all subjects, females and males are given as means ± standard deviations and as 95% 
reference ranges. The p-value refers to t-test between female and male means. 

parameter all female male p 

EF (%) 
54 ± 6 

42 - 65 

56 ± 5 

42 - 65 

53 ± 6 

42 - 67 
  0.5325 

EDV (ml) 
185 ± 50 

75 - 289 

151 ± 32 

80 - 215 

220 ± 40 

130 - 312 
<0.0001 

ESV (ml) 
85 ± 25 

31 - 134 

68 ± 14 

39 - 98 

103 ± 22 

53 - 148 
<0.0001 

SV (ml) 
100 ± 30 

37 - 160 

83 ± 22 

30 - 127 

118 ± 27 

59 - 176 
  0.0001 

CO (l/min) 
6.3 ± 2.1 

1.8 - 10.4 

5.3 ± 1.6 

0.8 – 8.2 

7.3 ± 2.0 

2.6 – 11.4 
  0.0019 

EDVi (ml/m2) 
103 ± 22 

55 - 148 

90 ± 16 

56 - 125 

116 ± 21 

71 - 161 
  0.0001 

ESVi (ml/m2) 
47 ± 11 

23 - 70 

41 ± 8 

25 - 57 

54 ± 11 

30 - 77 
  0.0001 

SVi (ml/m2) 
56 ± 14 

26 - 84 

49 ± 11 

24 - 73 

62 ± 14 

31 - 92 
  0.0031 

CI (l/min/m2) 
3.5 ± 1.0 

1.3 – 5.5 

3.2 ± 0.9 

0.9 – 4.9 

3.9 ± 1.1 

1.4 – 6.1 
  0.0366 
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Table 9: Reference values for parameters of right ventricular function evaluated by the optimized 4CH 
& RV 2CH method. Values for all subjects, females and males are given as means ± standard deviations and 
as 95% reference ranges. The p-value refers to t-test between female and male means. 

parameter all female male p 

EF (%) 
55 ± 5 

44 - 66 

56 ± 5 

45 - 66 

54 ± 6 

42 - 67 
  0.3859 

EDV (ml) 
184 ± 49 

80 - 284 

151 ± 30 

84 - 212 

219 ± 39 

135 - 307 
<0.0001 

ESV (ml) 
82 ± 24 

30 - 131 

66 ± 13 

38 - 95 

100 ± 21 

52 - 145 
<0.0001 

SV (ml) 
102 ± 28 

42 - 159 

85 ± 20 

37 - 126 

120 ± 25 

67 - 174 
<0.0001 

CO (l/min) 
6.4 ± 1.9 

2.4 - 10.3 

5.4 ± 1.5 

1.1 – 8.2 

7.4 ± 1.8 

3.6 – 11.3 
  0.0009 

EDVi (ml/m2) 
103 ± 21 

57 - 146 

90 ± 15 

59 - 122 

116 ± 20 

73 - 158 
<0.0001 

ESVi (ml/m2) 
46 ± 11 

22 - 68 

40 ± 7 

24 - 55 

53 ± 11 

29 - 75 
  0.0001 

SVi (ml/m2) 
57 ± 13 

29 - 83 

51 ± 10 

28 - 72 

63 ± 13 

35 - 91 
  0.0016 

CI (l/min/m2) 
3.6 ± 0.9 

1.7 – 5.4 

3.3 ± 0.8 

1.2 – 4.8 

3.9 ± 0.9 

1.9 – 5.9 
  0.0274 
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3.2 Comparison of SA and merged SA methods 

 

Table 10 summarizes the methodological comparison of the merged SA evaluation method 

with the SA evaluation method; the corresponding Bland-Altman plots for EDV, ESV, SV 

and EF are shown in Figure 16. 

 

Table 10: Comparison of right ventricular functional parameters determined by SA and merged SA 
method. The p-value indicates the significance of the bias. M1, evaluation method 1 = SA method; M2, eval-
uation method 2 = merged SA method; r, correlation coefficient; SD, standard deviation of the differences; 
LLoA 95% lower limit of agreement; ULoA 95% upper limit of agreement. 

parameter M1 M2 r bias SD LLoA ULoA p 

EF (%) 50 ± 6 48 ± 7 0.61 2 6 -9 14   0.0098 

EDV (ml) 179 ± 41 148 ± 36 0.94 31 14 4 58 <0.0001 

ESV (ml) 90 ± 27 78 ± 22 0.87 12 13 -13 38 <0.0001 

SV (ml) 89 ± 21 70 ± 18 0.82 19 12 -5 42 <0.0001 

CO (l/min) 5.6 ± 1.5 4.4 ± 1.3 0.87 1.2 0.7 -0.3 2.6 <0.0001 

EDVi (ml/m2) 100 ± 17 82 ± 15 0.90 17 7 3 32 <0.0001 

ESVi (ml/m2) 50 ± 12 43 ± 10 0.82 7 7 -7 20 <0.0001 

SVi (ml/m2) 50 ± 9 39 ± 8 0.74 11 7 -2 23 <0.0001 

CI (l/min/m2) 3.1 ± 0.7 2.5 ± 0.6 0.83 0.7 0.4 -0.1 1.5 <0.0001 

 

 

Both mean EDV and mean ESV were substantially increased, if separated portions of the 

right ventricle close to the base and in the right ventricular outflow-tract were counted to the 

right ventricular volume. Mean increase of EDV by SA method compared to merged SA 

method was much larger than the mean increase of ESV, which caused significant increases 

of mean SV and mean EF by SA method compared to merged SA method.      
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As the Bland-Altman plots in Figure 16 demonstrate, EDV was increased by SA method 

compared to merged SA method in all but one subject, whereas ESV remained the same in 

many cases. Generally, however, standard deviations of differences and 95% limits of agree-

ment of all functional parameters were rather large. 

 

 

Figure 16: Bland-Altman plots comparing EDV, ESV, SV and EF determined by SA (method 1) and by 
merged SA methods (method 2). Blue and red dots indicate male and female subjects, respectively. SD de-
notes the standard deviation of differences. The thick lines indicate bias (= mean) and 95% lower/upper limits 
of agreement; the thin lines represent corresponding 95% confidence limits. 
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3.3 Comparison of SA and 4CH methods 

 

Table 11 summarizes the methodological comparison of the long-axis based 4CH evaluation 

method with the SA evaluation method; the corresponding Bland-Altman plots for EDV, 

ESV, SV and EF are shown in Figure 17. 

 

Table 11: Comparison of right ventricular functional parameters determined by 4CH and SA method.
The p-value indicates the significance of the bias. M1, evaluation method 1 = 4CH method; M2, evaluation
method 2 = SA method; r, correlation coefficient; SD, standard deviation of the differences; LLoA, 95% lower
limit of agreement; ULoA, 95% upper limit of agreement. 

parameter M1 M2 r bias SD LLoA ULoA p 

EF (%) 52 ± 6 50 ± 6 0.63 2 5 -9 13   0.0427 

EDV (ml) 164 ± 42 179 ± 41 0.94 -15 14 -43 13 <0.0001 

ESV (ml) 79 ± 22 90 ± 27 0.90 -11 12 -35 12 <0.0001 

SV (ml) 85 ± 24 89 ± 21 0.86 -4 12 -28 20   0.0533 

CO (l/min) 5.3 ± 1.6 5.6 ± 1.5 0.86 -0.3 0.8 -1.9 1.4   0.0563 

EDVi (ml/m2) 91 ± 19 100 ± 17 0.90 -9 8 -25 7 <0.0001 

ESVi (ml/m2) 44 ± 10 50 ± 12 0.86 -6 6 -18 6 <0.0001 

SVi (ml/m2) 47 ± 11 50 ± 9 0.77 -2 7 -16 12   0.0404 

CI (l/min/m2) 3.0 ± 0.8 3.1 ± 0.7 0.79 0.2 0.5 -1.1 0.8   0.0421 
 

 

 

Both mean EDV and mean ESV were substantially decreased, when the 4CH view was em-

ployed for base plane definition instead of the base plane definition by short-axis images 

only. The mean decreases of EDV and ESV by 4CH method compared to SA method were 

similar, such that mean SV and CO did not differ significantly and mean EF increased only 

slightly when 4-chamber evaluation method was employed.      

Standard deviations of differences and 95% limits of agreement of all functional parameters 

were large. Moreover, Bland-Altman plots indicate a decrease of ESV differences with in-

creasing ESV, whereas SV differences increase with increasing SV (Figure 17).  
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Figure 17: Bland-Altman plots comparing EDV, ESV, SV and EF determined by 4CH (method 1) and 
by SA methods (method 2). Blue and red dots indicate male and female subjects, respectively. SD denotes 
the standard deviation of differences. The thick lines indicate bias (= mean) and 95% lower/upper limits of 
agreement; the thin lines represent corresponding 95% confidence limits. 
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3.4 Comparison of 4CH and RV-2CH methods 

 

Table 12 summarizes the methodological comparison of the 4CH evaluation method with 

the 4CH & RV 2CH evaluation method; the corresponding Bland-Altman plots for EDV, 

ESV, SV and EF are shown in Figure 18. 

 
Table 12: Comparison of right ventricular functional parameters determined by 4CH methods with and 
without RV 2CH. The p-value indicates the significance of the bias. M1, evaluation method 1 = 4CH & RV 
2CH method; M2, evaluation method 2 = 4CH method; r, correlation coefficient; SD, standard deviation of the 
differences; LLoA, 95% lower limit of agreement; ULoA, 95% upper limit of agreement. 

parameter M1 M2 r bias SD LLoA ULoA p 

EF (%) 54 ± 6 52 ± 6 0.70 2 5 -7 11   0.0114 

EDV (ml) 185 ± 50 164 ± 42 0.93 22 19 -15 58 <0.0001 

ESV (ml) 85 ± 25 79 ± 22 0.97 7 6 -6 19 <0.0001 

SV (ml) 100 ± 30 85 ± 24 0.84 15 16 -17 47 <0.0001 

CO (l/min) 6.3 ± 2.1 5.3 ± 1.6 0.86 1 1.1 -1.2 3.1 <0.0001 

EDVi (ml/m2) 103 ± 22 91 ± 19 0.90 12 10 -8 32 <0.0001 

ESVi (ml/m2) 47 ± 11 44 ± 10 0.95 4 3 -3 10 <0.0001 

SVi (ml/m2) 56 ± 14 47 ± 11 0.78 8 9 -9 26 <0.0001 

CI (l/min/m2) 3.5 ± 1.0 3.0 ± 0.8 0.82 0.5 0.6 -0.6 1.7 <0.0001 

 

 

The inclusion of the RV 2CH view in the RV base plane definition increased mean EDV and 

ESV, the impact was, however, larger on EDV than on ESV. Both, bias and standard devia-

tion of differences of EDV were (absolutely and relatively) larger than the one of ESV, when 

comparing 4CH & RV 2CH evaluation method with 4CH evaluation method. Consequently, 

mean SV, EF and CO were increased substantially and corresponding standard deviations of 

differences and 95% limits of agreement were large with the usage of a second long-axis 

plane for base plane definition.      
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Figure 18: Bland-Altman plots comparing EDV, ESV, SV and EF determined by 4CH & RV 2CH 
(method 1) and by 4CH methods (method 2). Blue and red dots indicate male and female subjects, respec-
tively. SD denotes the standard deviation of differences. The thick lines indicate bias (= mean) and 95% 
lower/upper limits of agreement; the thin lines represent corresponding 95% confidence limits. 
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3.5 Comparison of RV 2CH methods with and without base plane 
optimization 

 

Table 13 summarizes the methodological comparison of the 4CH & RV 2CH evaluation 

method with the optimized 4CH & RV 2CH evaluation method; the corresponding Bland-

Altman plots for EDV, ESV, SV and EF are shown in Figure 19. 

 

Table 13: Comparison of right ventricular functional parameters determined by 4CH & RV 2CH meth-
ods with and without base plane optimization. The p-value indicates the significance of the bias. M1, eval-
uation method 1 = optimized 4CH & RV 2CH method; M2, evaluation method 2 = 4CH & RV 2CH method;
r, correlation coefficient; SD, standard deviation of the differences; LLoA, 95% lower limit of agreement;
ULoA, 95% upper limit of agreement. 

parameter M1 M2 r bias SD LLoA ULoA p 

EF (%) 55 ± 5 54 ± 6 0.95 1 2 -2 5 <0.0001 

EDV (ml) 184 ± 49 185 ± 50 0.99 0 7 -14 13   0.7425 

ESV (ml) 82 ± 24 85 ± 25 1.00 -3 2 -7 2 <0.0001 

SV (ml) 102 ± 28 100 ± 30 0.97 2 7 -11 15   0.0684 

CO (l/min) 6.4 ± 1.9 6.3 ± 2.1 0.98 0.1 0.4 -0.8 1   0.1449 

EDVi (ml/m2) 103 ± 21 103 ± 22 0.99 0 4 -8 7   0.7440 

ESVi (ml/m2) 46 ± 11 47 ± 11 0.99 -1 1 -4 1 <0.0001 

SVi (ml/m2) 57 ± 13 56 ± 14 0.97 1 4 -6 8   0.0626 

CI (l/min/m2) 3.6 ± 0.9 3.5 ± 1 0.97 0.1 0.2 -0.4 0.5   0.1303 
 

 

 

Base plane optimization in case of base plane definition via 4CH and RV 2CH view resulted 

in smaller biases and smaller standard deviations of differences of RV functional parameters 

than the ones found for comparisons of other evaluation methods. However, the plane opti-

mization caused a significant reduction in ESV and, as a consequence, a small but significant 

increase of EF.  
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Figure 19: Bland-Altman plots comparing EDV, ESV, SV and EF determined by optimized 4- & RV 2-
CH (method 1) and by 4CH & RV 2CH methods (method 2). Blue and red dots indicate male and female 
subjects, respectively. SD denotes the standard deviation of differences. The thick lines indicate bias (= mean) 
and 95% lower/upper limits of agreement; the thin lines represent corresponding 95% confidence limits. 
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3.6 Comparison of right and left ventricular stroke volumes 

 

Table 14 summarizes the comparisons of the automatically derived left ventricular stroke 

volume (LVSV) with RV stroke volumes derived by the different evaluation methods; cor-

responding Bland-Altman plots are shown in Figure 5. 

 

Table 14: Comparison of left ventricular stroke volume with right ventricular stroke volumes deter-
mined by different evaluation methods. The p-value indicates the significance of the bias. r, correlation 
coefficient; SD, standard deviation of the differences; LLoA, 95% lower limit of agreement; ULoA, 95% upper 
limit of agreement; LVSV, left ventricular stroke volume; RVSV, right ventricular stroke volume. 

Method RVSV 

(ml) 

LVSV 

(ml) 
r bias p SD LLoA ULoA 

merged SA   70 ± 18 98 ± 23 0.83 -28 <0.0001 13 -52 -3 

SA 89 ± 21 98 ± 23 0.82 -9   0.0001 13 -35 17 

4CH 85 ± 24 98 ± 23 0.86 -13 <0.0001 13 -38 12 

4CH & RV 2CH 100 ± 30 98 ± 23 0.82 2   0.4277 17 -31 36 

optimized  

4CH & RV 2CH 
102 ± 28 98 ± 23 0.88 4   0.0612 14 -22 31 

 

 

Standard deviations of differences and correlation coefficients were similar for all RVSV 

evaluation methods when compared to automatically determined LVSV. The biases, how-

ever, differed: Merged SA method underestimated mean LVSV dramatically, SA and 4-

chamber method underestimated mean LVSV to a lesser but significant degree and only 

evaluation methods employing both 4CH and RV 2CH lead to insignificant differences of 

mean LV and RV stroke volumes. The Bland-Altman plots of stroke volume comparisons 

in Figure 20 indicate that the differences between RVSV and LVSV in case of optimized 

4CH & RV 2CH method tend to increase with the absolute value of stroke volume. 
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Figure 20: Bland-Altman plots comparing RVSV and LVSV. The respective evaluation method employed 
for determination of RVSV is indicated. Blue and red dots indicate male and female subjects, respectively. SD 
denotes the standard deviation of differences. The thick lines indicate bias (= mean) and 95% lower/upper 
limits of agreement; the thin lines represent corresponding 95% confidence limits. 
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4 Discussion 
 

The current study demonstrated that all RV volumes and volumetric functional parameters 

assessed from cine short-axis images depend crucially on the type of RV base plane defini-

tion. Figure 21 summarizes the results for EDV, ESV, EF, CO, and SV for all RV base plane 

definition methods employed in the present study, as well as a comparison of the five differ-

ent RVSV and the automated LVSV.  

 

 
Figure 21: Comparison of derived RV volumes and functional parameters. The bars represent mean EDV 
(a), ESV (b), EF (c), CO (d), SV (e), and RV-to-LVSV differences (f) derived from merged SA, SA, 4CH, 
4CH & RV 2CH, and optimized 4CH & RV 2CH evaluations. The black lines with diamonds indicate 95% 
reference ranges. 
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As in subjects without valvular regurgitations or shunts left and right ventricular SV calcu-

lated from respective left and right ventricular end-diastolic and end-systolic volumes equal 

(25), LVSV served as a reference for rating derived RV volumes suggesting base plane def-

inition methods employing both 4-chamber and RV 2-chamber views as most consistent 

evaluation methods (Figure 21f). 

 

4.1 Comparison of functional parameters derived from SA meth-
ods with literature 

 

According to the current guidelines provided by the Society of Cardiac Magnetic Resonance 

for the standardized evaluation of volumetric function, the RV should be evaluated from a 

contiguous stack of cine SSPF short-axis (or transaxial) slices, including the right ventricular 

outflow-tract up to the pulmonary valve and counting RV trabeculations to the lumen of the 

RV cavity (5).  

In the merged SA approach, the RV outflow-tract and/or RV base were not completely added 

to the RV cavity, as the aortic outflow-tract separates the RV at the basal level (Figure 10), 

resulting in a substantial underestimation of EDV, ESV and SV (as shown by the mean dif-

ference of -28 ml between RVSV and LVSV). In numerous studies, normal ranges of RV 

volumetric functional parameters are specified, but the detailed description of the exact seg-

mentation procedure of the RV is often lacking (4, 16, 30, 32, 35, 36, 51, 52). Information 

about RV base plane segmentation can occasionally be obtained from inspection of repre-

sentative figures showing the endocardial RV border. As the separated RV outflow-tract is 

rarely added to the RV cavity (4, 16, 30, 32, 36, 52) it can be assumed – as shown in the 

present study – that reported RV volumes often underestimate the size of the RV cavity.  

Besides differences of RV volumes caused by the segmentation of the RV outflow tract, cine 

FLASH imaging for assessment of RV function (Figure 4), which was mainly used in former 

studies (16, 30, 36) generally provides smaller RV volumes compared to SSFP imaging due 

to the decreased contrast between blood and myocardium. Examples for normal ranges of 

the EDV and ESV reported in literature are summarized in Table 15. 
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Table 15: RV volume normal ranges evaluated from short-axis images from different studies. 

Reference sequence number RVOT 

yes/no 

EDV 

(ml) 

ESV 

(ml) 

Sanstede et al. (53) FLASH 36 no 115 ± 31 43 ± 19 

Lorenz et al. (16) FLASH 75 no 138 ± 40 54 ± 21 

Matsuoka et al. (54) FLASH 10 no 141 ± 24   57 ± 13 

Grothues et al. (4) FLASH 20 no 153 ± 34 58 ± 20 

Alfakih et al. (36) FLASH 31 no 144 ± 34 58 ± 24 

Alfakih et al. (30) SSFP 31 no 155 ± 35 68 ± 25 

James et al. (38) SSFP 30 yes 149 ± 45  

Maceira et al. (32) SSFP 60 male unclear 163 ± 25 57 ± 15 

Maceira et al. (32) SSFP 60 female unclear 126 ± 21 43 ± 13 

Le Ven et al. (35) SSFP 196 male yes 196 ± 36 75 ± 19 

Le Ven et al. (35) SSFP 238 female yes 141 ± 24 54 ± 13 

present study (merged SA) SSFP 40 no 148 ± 36 78 ± 22 

present study (SA) SSFP 40 yes 179 ± 41 90 ± 27 

 

 

In accordance with literature, RV volumes, SV and CO derived from the merged SA and SA 

approach in the present study significantly differed between males and females (Table 5, 6). 

Compared to the normal ranges of young subjects including the RV outflow-tract our results 

revealed comparable EDV to James et al. (38) and LeVen et al. (35), but higher ESV and 

lower SV for both, male and female subjects (35). Several reasons could be responsible for 

this discrepancy: On the one hand, the end-systolic phase was defined in a mid-ventricular 

short-axis slice. As the RV contraction proceeds sequentially from the inflow towards the 

outflow-tract (Figure 2), a basal slice would probably have resulted in a different end-sys-

tolic phase and different ESV.  On the other hand, the segmentation of the trabeculated RV 

myocardium in end-systole is challenging due to the presence of trabeculae attached to the 

myocardium, limiting the definition of the endocardial border. 
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Moreover, window and level settings can cause major differences in the segmentation. Be-

sides differences in the evaluation, LeVen et al. (35) acquired cine short-axis images during 

held end-expiration whereas in the present study subjects held the breath in shallow inspira-

tion. Inspiratory breath-holding might alter LV and RV function (55, 56) and therefore cause 

differences in the measured RV volumes. Finally, in the present study subjects were fairly 

athletic men and women (Table 3), which could further cause differences in RV volumes 

obtained from other age-matched, less athletic cohorts. 

 

4.2 RV volumes and functional parameters from long-axis based 
evaluations 

 

This study is the first to report and compare normal ranges of RV volumetric functional 

parameters derived from cine-short axis data using RV base plane modelling via the tricuspid 

plane defined in 4-chamber view or a best-fit plane defined by four points in 4-chamber and 

RV 2-chamber view. As summarized in Figure 21, RV volumes, EF, SV, and CO derived 

from RV evaluation employing tricuspid valve modelling differ from RV volumes, EF, SV, 

and CO obtained from merged SA and SA evaluation, necessitating the definition of respec-

tive normal ranges of RV volumes and volumetric functional parameters when using any of 

the base plane definition algorithms mentioned above. 

To define the RV base plane by the tricuspid valve plane separately from the orientation of 

the stack of short-axis images presents a promising approach to deal with the complex, asym-

metric motion of the RV inflow tract during late systole and diastole. Calculating the base 

plane from two points defined by the right atrial-ventricular junctions visualized in the 4-

chamber view will model a plane perpendicular to the orientation of the 4-chamber view, 

cutting the basal short-axis image in-plane (Figure 12). If a part of the segmented endocardial 

area in short-axis images is recognized to be located above the tricuspid valve, meaning in 

the right atrium, the respective volume is cut from the RV volume and therefore EDV and 

ESV are smaller than the results obtained from sole short-axis segmentation. According to 

RVSV-to-LVSV differences, the 4CH method presents superior results compared to the 

merged SA approach, and inferior to the SA method, although all three RV stroke volumes 

underestimate LVSV (Table 13).  
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This result might be caused by the fact that the tricuspid valve plane should be modelled not 

strictly perpendicular to the 4CH orientation throughout the cardiac cycle because this could 

lead to the partial inclusion of the pulmonary artery or other structures that are not part of 

the RV cavity and therefore cause an overestimation of the functional parameters. 

To improve RV base plane modelling, the position of the tricuspid valve can be calculated 

as a best fit plane through the position of the septal, lateral, anterior, and inferior right atrial-

ventricular junctions defined in the 4-chamber and RV 2-chamber view. Using this more 

realistic double oblique angulated best-fit plane as RV base plane, EDV, ESV, and SV in-

creased compared to results derived from 4CH method, and RVSV-to-LVSV differences 

disappeared (p=0.4277). To further optimize the calculated best-fit plane, we positioned the 

four points in the vicinity of the RV atrial-ventricular junctions, targeting the modelled plane 

to exactly coincide with the tricuspid valve plane in end-diastole and end-systole (Figure 

14). This optimization resulted in still insignificant (p=0.0612) but larger differences be-

tween RVSV and LVSV than shown in the 4CH & RV 2CH evaluation methods. However, 

the base plane optimization process caused significantly different ESV and EF, which might 

be interpreted as a heavy dependence of volumetric results on subtle changes in base plane 

definition points. 

It is a fact that the defined plane could probably also cut the RV outflow-tract, which is a 

critical aspect in modelling the RV base plane as tomographic cut-plane in the 3-dimensional 

volume of the RV in general. Different long-axis based definitions of the base plane might 

easily cut different portions of the RV outflow-tract. As the inclusion of the RV outflow-

tract to the RV cavity is - as recommended by current guidelines (5) but also demonstrated 

in the present study – essential for a correct volumetric evaluation of RV function, the rela-

tively large standard deviations of errors between the long-axis based evaluation methods 

are easily understood. 
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4.3 Limitations 

 

Included subjects represent a young athletic population without history and/or symptoms of 

cardiovascular, pulmonary or congenital heart diseases. No further blood testing, blood pres-

sure measurement, ECG or exercise testing were performed to detect unknown cardiovascu-

lar and/or cardiopulmonary pathologies. According to the subjects’ age and physical condi-

tions, it is to be expected that the studied subjects represent RV volumetric functional pa-

rameters of healthy subjects.  

Normal ranges of RV volumetric functional parameters are at present evaluated only for 

young male and female subjects (< 30 years). To determine age- and sex matched normal 

ranges for all evaluation strategies investigated within this study was out of scope of the 

featured diploma thesis. 

An initially inexperienced observer performed the data evaluation. First data segmentations 

were repeated multiple times to minimize irreproducible miss-segmentation throughout the 

study. As data were evaluated only once by one observer, inter- and intra-observer variability 

of the results was not studied. 

When using only short-axis images for assessment of RV volumes, the software did not 

allow excluding basal systolic images as drawn contours are automatically propagated 

throughout the cardiac phases. Therefore, small regions of interest (including some pixels) 

had to be drawn on systolic images to be “excluded” from volumetric evaluation. These 

small regions were included in the calculation of RV volumes following the Simpson ap-

proach. As these volumes were rather small (2-3 ml), they did not severely affect RV vol-

umes evaluated via the merged SA and the SA method, but they cause a systematic overes-

timation of the ESV. 

LVSV was evaluated by the software from automatic segmentation of LV endocardial bor-

ders. LV base plane was automatically modelled from the mitral valve plane calculated as a 

best fit plane using the 4-chamber and LV 2-chamber view. As shown by Harrer C (57), 

resulting LV volumes are reliable; however, correlations of RVSV and LVSV could possibly 

be improved by adapting automatic segmentation. 

Segmentation of the RV cavity in short-axis images and modelling of the RV base plane via 

4CH or 4CH & RV 2CH method was performed manually in the RV end-systolic and end-

diastolic phase. Contours and anatomic markers were automatically propagated and cor-

rected only if necessary. Epicardial RV contours were, however, not drawn. 



 

 44

Through contouring all endo- and epicardial RV contours and exact definition of anatomical 

markers for base plane modelling in all cardiac phases normal ranges of further RV param-

eters of volumetric function e.g. the RV mass, the systolic RV peak ejection rate and time, 

or the early and late diastolic RV peak filling rates and times could have been provided. 

Assessment of all data was, however, out of the scope of the diploma thesis. 

 

4.4 Conclusion 

 

In conclusion, the current study provides reference ranges of RV functional parameters 

EDV, ESV, EF, SV, and CO, including normalized values, for young healthy subjects eval-

uated from stacks of cine short-axis images with base planes defined either from short-axis 

images alone or from cine long-axis series. It could be shown that all functional parameters 

crucially depend on the type of RV base plane definition and that different RV base plane 

definitions lead to substantial biases and standard deviations for all functional parameters. 

Agreement on base plane definition is therefore not only important for initial assessment of 

RV volumetric function and reproducibility, but especially necessary when comparing indi-

vidual RV volumetric function with normal ranges or to identify changes of RV volumetric 

parameters in follow-up investigations. 

As in absence of valvular diseases and shunts consistency between RV and LV stroke vol-

ume results is desirable, base plane definition employing 4CH and RV 2CH outperformed 

all other RV base plane definition methods, at least when compared to long-axis based, au-

tomated LVSV determination. This result especially suggests including cine RV 2CH imag-

ing in any functional investigation of the right ventricle as a standard procedure. 
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