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Abstract
Purpose—To determine the inter- and intra-observer reproducibility of cardiac magnetic
resonance (CMR)-derived measurements of RV mass, volume, and function in patients with
normal and dilated ventricles.

Materials and Methods—CMR studies of 60 patients in three groups were studied: a normal
RV group (n = 20) and two groups with RV dilation—atrial septal defect (n = 20) and repaired
tetralogy of Fallot (n = 20). Two independent observers analyzed each study on two separate
occasions. Inter- and intra-observer reproducibility of biventricular mass, volume, ejection fraction
(EF), and stroke volume measurements were calculated.

Results—High intra-class correlation coefficients (ICC) were found for inter-observer (ICC 0.94
- 0.99) and intra-observer (ICC 0.96 - 0.99) comparisons of RV and left ventricular (LV) mass,
volume, and stroke volume measurements. RV and LV EF measurements were less reproducible
(ICC 0.79 - 0.87). RV mass measurements were significantly less correlated than the respective
LV measurements. Small but statistically significant differences in correlation were noted in RV
measurements across groups.

Conclusions—Except for RV mass, inter- and intra-observer reproducibility of RV size and
function measurements is high and generally comparable to that in the LV in patients with both
normal and dilated RV.
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Accurate quantitative assessment of right ventricular (RV) size and function is important in
a wide range of congenital and acquired cardiovascular diseases, including tetralogy of
Fallot (TOF), atrial septal defect (ASD), anomalous pulmonary venous return, tricuspid
regurgitation, and pulmonary hypertension. Chronic RV volume overload may lead to right
heart failure, arrhythmia, and death. Management decisions increasingly rely on
measurements of RV size and function and their trends during serial follow-up examinations
(1-4). An accurate imaging modality would therefore have low inter- and intra-observer
variability.
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Cardiac magnetic resonance (CMR) has emerged as the reference standard imaging modality
for quantitative assessment of ventricular size and function (5-9). During the past two
decades CMR has been studied extensively for accuracy and reproducibility in assessing the
left ventricle (LV) (10-15). However, only few studies have examined the reproducibility of
CMR-derived RV measurements and none of these studies examined patients with
congenital heart disease or dilated right ventricles with current imaging techniques (16-18).
The goal of this study was thus to assess the inter- and intra-observer variability of RV size
and function measurements by contemporary CMR techniques in patients with normal and
dilated right ventricles due to volume overload, and to compare them to those of the LV.

MATERIALS AND METHODS
Subjects

Three study groups, consisting of a normal RV group (Group I) and two RV volume
overload groups (Groups II and III) were defined. Group II consisted of patients with
unrepaired ASD and/or partially anomalous pulmonary venous connection (PAPVC); group
III consisted of patients who had undergone surgical repair of TOF and had pulmonary
regurgitation. The first 20 patients with CMR studies between January 2004 and April 2006
meeting the above criteria were selected for each group. Demographic and clinical
information was abstracted from medical records. Body surface area was calculated using
the formula of Haycock et al. (19).

The Institutional Scientific Review Committee approved the study protocol, and its
Committee on Clinical Investigation approved review of the medical records. Informed
consent was waived for this de-identified study. The authors had full access to and take full
responsibility for the integrity of the data. All authors have read and agree to the manuscript
as written.

Cardiac Magnetic Resonance
Examinations were performed on commercially available 1.5 T scanners (GE Healthcare,
Waukesha, WI; Philips Medical Systems, Best, the Netherlands) utilizing ECG-gated
steady-state free precession imaging sequences (TE 1.5-2.0 msec, TR 2.8-4.0 msec, flip
angle 45°, views per segment 10-20, reconstructed images per cardiac cycle 20-30) and
standard protocols for morphology and function assessment according to the method
described by Samyn et al. (20). Briefly, 12 contiguous short-axis slabs perpendicular to the
long axis of ventricles (slice thickness 6-8 mm, interslice distance 0-2 mm) were usually
obtained during brief (6-12 seconds) periods of breath holding. Additional slabs were
sometimes performed to provide complete coverage of very large ventricles.

CMR data was reviewed using a commercially available computer workstation
(ViewForum, Philips Medical Systems, Best, The Netherlands). Long- and short-axis cine
images of the ventricles were cross-referenced to facilitate identification of basal slices to be
included in the analysis (Figure 1). RV and LV end-diastolic and end-systolic volumes and
masses, stroke volumes (SV), and ejection fractions (EF) were measured on a personal
computer using commercially available software (MASS, Medis, Leiden, The Netherlands)
as previous described (21).

Two medical student observers independently analyzed all CMR studies. Prior to the
commencement of the study protocol, each student underwent training with one-on-one
instruction by an attending physician experienced in cardiac CMR followed by practice on 5
sample cases on which they were given corrections and feedback by the same attending
physician. Each observer analyzed all 60 study cases twice, with a 9-day interval between
repeat measurements. Each observer analyzed the studies both times in the same order. In
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each study, 96 contours were drawn (LV and RV endocardial and epicardial volumes at end-
diastole and end-systole) for a total of 11,520 contours per observer. Contours from each set
of measurements were saved in separate databases to ensure blinding of observations. The
time it took the observers to analyze each study, from the moment the phase-determining
cine loop was started to the moment the last contour was drawn, was recorded.

Statistical Analysis
Mean values and standard deviations among patients were calculated for all measurements.
Coefficients of variability were calculated by dividing the standard deviation of the
differences by the respective mean measurement. Repeatability coefficients (RC) were also
calculated as described by Bland and Altman (22). The repeatability coefficient reflects the
largest difference between measurements that is likely due to measurement error. Intra- and
inter-observer agreement was assessed using intra-class correlation coefficients (ICC)
estimated with variance components models. The ICC can be interpreted as the proportion
of variability explained by subject differences as opposed to rater differences and random
error. The level of agreement for each RV and LV measurement was compared using
methods described by Donner (23). Bland-Altman 95% limits of agreement were calculated
to assess intra- and inter-observer agreement and plots of differences versus mean values
between raters are shown. A p-value < 0.05 was considered significant. Statistical analysis
was performed using SAS software Version 9.1 (SAS Institute Inc., Cary, NC, USA).

RESULTS
The CMR studies of 60 patients—20 in each group—were analyzed. Table 1 summarizes
patient age, gender, and BSA in the cohort and in the respective subgroups. Mean CMR
measurements of ventricular size and function, along with coefficients of variability and
repeatability coefficients, are also shown in Table 1. Measurements of ventricular mass did
not differ between end-diastole and end-systole.

Intra-observer agreement for most RV and LV parameters were highly correlated between
observers’ two measurements (ICC 0.956 - 0.993) and were not significantly different
between the right and left ventricles (Table 2). RV and LV intra-observer correlation of EF
were somewhat lower (ICC 0.874 and 0.824, respectively). Although not statistically
significant, RV volume measurements tended to vary more widely than LV volume
measurements as evident by the larger within-rater standard deviations. Variability of RV
mass was significantly higher as compared with variability of LV mass measurements;
nonetheless, absolute differences were small (for intra-observer variability, ICC 0.956 v.
0.985 and within-rater standard deviation 4.27 v. 4.22, p < 0.001).

Patterns for inter-observer variability mirrored those for intra-observer variability. ICCs for
all parameters were > 0.94, with the exception of RV and LV EF (0.81 and 0.789,
respectively; Table 2). The only significant, albeit small, difference between RV and LV
inter-observer ICC was chamber mass (ICC 0.942 v. 0.981 and within subject SD 4.96 v.
4.82, p < 0.001). Bland-Altman plots indicate no systematic error in measurements related to
the absolute value of the measures (Figure 2).

In sub-group analyses, several RV parameters’ ICCs were significantly different in the ASD/
PAPVC group (Group II) and/or the TOF group (Group III) as compared to the normal
group (Table 3). However, the absolute differences were small with the most notable
difference being a higher ICC for RV EF in Group II as compared with Group I (0.872 v.
0.518, p = 0.001; within subject SD 4.14 v. 3.62). The differences between groups in LV
parameters were small and, for the most part, did not reach statistical significance.
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The time it took observers to complete all contours for a particular study decreased with the
number of studies read (Figure 3). By the time the final study was read for the second time
(i.e., the 120th study read), analysis time had decreased by 40-45% for both observers, from
an average of 54 minutes to an average of 31 minutes.

DISCUSSION
The results of this study demonstrate that CMR-derived measurements of RV size and
function have high intra- and inter-observer reproducibility both in normal and dilated
ventricles. Although there were some statistically significant differences in ICC among
subgroups, the absolute differences were small. Furthermore, reproducibility of most RV
measurements did not differ significantly from that of LV measurements, which have been
widely validated (10-15).

In contrast to the abundant literature on reproducibility of LV parameters (24,25), only few
previous studies have examined reproducibility of RV measurements by CMR. None of
these studies examined subjects with congenital heart disease. The study by Pattynama et al.
examined reproducibility in 40 repeated scans from 2 healthy volunteers (16); that of Beygui
et al. evaluated 15 healthy volunteers and 10 patients with acquired heart disease (17). A
larger study by Grothues et al. examined 60 subjects of whom 40 had heart disease, but all
their subjects had acquired, not congenital, heart disease (18). Our study examined 60
subjects, 2/3 of whom had congenital heart disease including both unoperated right-sided
volume overload as well as patients who were post-surgical repair of TOF lesions. In
addition, our study benefited from the use of current CMR techniques, including steady-state
free precession pulse sequences as opposed to older gradient echo cine sequences used in the
prior studies. A comparison between the inter-observer variability found in this study and in
selected published reports is shown in Table 4.

It is also worth noting that although we measured RV volumes and mass from the short-axis
plane of the LV, other investigators have examined alternative imaging orientations. For
example, Alfakih et al. found that RV volume measurements from the axial plane were
slightly lower than those obtained from the short-axis plane (4.8% lower end-diastolic
volume) and were associated with slightly lower observer variability (26). Notably, use of
the axial plane precludes measurements of ventricular mass because the endocardial and
epicardial boundaries of the inferior LV and RV walls are not defined in this plane.
Strugnell and colleagues proposed the use of a modified RV short-axis orientation—
orthogonal to the long-axis plane of the RV outflow from the pulmonary valve to the RV
apex (27). Their study of 50 patients after heart transplantation concluded that compared
with the standard short-axis plane, the modified RV outflow short-axis plane allowed easier
identification of the tricuspid valve plane and closer agreement between RV and LV stroke
volumes. In our study, identification of the atrioventricular junction on short-axis images
was facilitated by simultaneous display of cross-referenced long- and short-axis cine images
of the ventricles as shown in figure 1.

Greater intra- and inter-observer variability was noted in two instances. First, ICC was lower
for both LV and RV measurements of EF, as would be expected when error in two
independent measurements is mathematically increased by dividing them. Second, RV
measurements of mass had slightly but statistically significantly lower ICC. This finding is
likely related to the trabeculations and thin wall of the RV and is similar to that reported by
Grothues et al. (18). In practical terms, our study found that a difference of more than 12 ml/
m2 or 15% between measurements of RV end-diastolic volume index in an individual with a
normal RV is less than 5% likely to be explained by inter-observer difference. In a patient
with repaired TOF, the corresponding value is 34 ml/m2 or 24%. For RV ejection fraction, a
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change unlikely to be explained by inter-observer difference in patients with a normal RV is
6.4 EF points or 11.5% and in patients with repaired TOF, 5.5 EF points or 11%.

A secondary finding of our study is the notable decrease in contouring time as observers
analyzed an increasing number of studies. Indeed, by the time the 120th study had been
processed, the time required to analyze a study had decreased by as much as 45%. This rapid
decrease was expected, as the medical student observers who carried out the analysis had
had no prior exposure to cardiac CMR, and they were trained on only 5 sample cases each
prior to commencing the study. The inexperience of the analysts implies that our results on
intra- and inter-observer variability likely represent a “worst-case” scenario for the
reproducibility of chamber measurements by CMR. Karamitsos et al. demonstrated that in
two months of intensive training, inexperienced operators significantly improved the
reproducibility of their measurements of almost all LV parameters, with the exception of LV
mass (28). Thus, it could be expected that, with increasing training, the reproducibility of
RV measurements that we found would improve further.

Several limitations of our study merit attention. Our data is derived from only two observers;
other groups should thus reproduce these results. In addition, there was no randomization of
the order in which studies were drawn from subgroups; thus, some differences in
reproducibility among subgroups may be due to the increasing experience of the observers
as they analyzed more studies rather than to true differences in chamber characteristics.

In conclusion, our results indicate that CMR measurements of RV size and function are
highly reproducible in patients with both normal and abnormal volume load. With increasing
training of operators, further improvements in reproducibility may be expected. Such high
intra- and inter-observer reproducibility further establishes the utility of CMR in diagnosis
and longitudinal follow-up of heart disease affecting the right ventricle.
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Figure 1.
Use of cross-reference between ventricular long- and short-axis imaging planes to determine
inclusion of basal slices in the ventricular volume analysis. When an operator selects a frame
on the short-axis grid, that location is highlighted on the linked horizontal and vertical long
axis images, allowing the operator to determine the location of the slab relative to the atrio-
ventricular valves.
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Figure 2.
Bland-Altman plots of the mean difference between observers and the 95% confidence
limits for RV and LV end-diastolic and end-systolic volumes, ejection fraction, and end-
diastolic mass.
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Figure 3.
Average analysis time per patient as a function of observer experience.
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Table 1

Demographic, CMR, and inter-rater variability data

All Patients (n = 60) Normal RV (n = 20) ASD/PAPVC (n = 20) S/P TOF (n = 20)

Age (years) 20.5 ± 13.2 20.6 ± 10.7 18.4 ± 17.1 22.6 ± 11.2

Male gender n (%) 34 (57%) 12 (60%) 8 (40%) 14 (70%)

BSA (m2) 1.6 ± 0.5 1.9 ± 0.5 1.4 ± 0.6 1.6 ± 0.2

RV EDV index (mL/m2)

  Mean ± SD 120 ± 46 82 ± 17 135 ± 48 142 ± 41

  Mean inter-rater difference (COV) 8.4 ± 7.6 (6.4) 4.4 ± 5.4 (6.6) 11.9 ± 8.6 (6.4) 8.9 ± 6.8 (4.8)

  Repeatability Coefficient 24.4 14.7 31.5 24.1

RV ESV index (mL/m2)

  Mean ± SD 54 ± 29 35 ± 9 58 ± 32 70 ± 28

  Mean inter-rater difference (COV) 5.5 ± 7.1 (13.0) 3.7 ± 5.7 (16.3) 4.2 ± 7.1 (12.1) 8.6 ± 7.6 (10.9)

  Repeatability Coefficient 19.2 14.6 18.7 23.3

RV SV index (mL/m2)

  Mean ± SD 65 ± 23 47 ± 10 76 ± 25 72 ± 19

  Mean inter-rater difference (COV) 2.9 ± 7.7 (11.8) 0.7 ± 4.0 (8.4) 7.7 ± 8.5 (11.2) 0.3 ± 7.6 (10.6)

  Repeatability Coefficient 19.2 9.1 26.4 17.9

RV EF (%)

  Mean ± SD 56 ± 8 58 ± 5 58 ± 10 51 ± 8

  Mean inter-rater difference (COV) -1.2 ± 4.4 (8.0) -2.0 ± 4.8 (8.3) 1.1 ± 3.6 (6.2) -2.6 ± 4.1 (8.0)

  Repeatability Coefficient 10.7 11.5 10.0 10.7

RV Mass index (g/m2)

  Mean ± SD 28 ± 12 19 ± 4 31 ± 14 35 ± 7

  Mean inter-rater difference (COV) -1.2 ± 3.2 (11.3) -2.1 ± 2.5 (13.4) 0.5 ± 2.8 (9.0) -2.0 ± 3.6 (10.1)

  Repeatability Coefficient 8.5 6.9 8.3 10.1

LV EDV index (mL/m2)

  Mean ± SD 75 ± 17 81 ± 16 64 ± 14 81 ± 16

  Mean inter-rater difference (COV) 2.3 ± 2.7 (3.6) 2.1 ± 2.6 (3.1) 0.8 ± 2.1 (3.2) 4.1 ± 2.5 (3.1)

  Repeatability Coefficient 8.2 7.7 5.2 10.7

LV ESV index (mL/m2)

  Mean ± SD 30 ± 9 34 ± 9 24 ± 7 32 ± 8

  Mean inter-rater difference (COV) 1.9 ± 3.1 (10.5) 1.8 ± 3.5 (10.4) 0.3 ± 2.5 (10.5) 3.6 ± 2.5 (7.8)

  Repeatability Coefficient 8.4 8.4 6.5 9.8

LV SV index (mL/m2)

  Mean ± SD 45 ± 11 47 ± 10 41 ± 9 48 ± 12

  Mean inter-rater difference (COV) 0.4 ± 3.0 (6.6) 0.3 ± 3.9 (8.2) 0.4 ± 2.7 (6.6) 0.5 ± 2.4 (4.9)

  Repeatability Coefficient 8.0 9.0 7.5 7.4

LV EF (%)
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All Patients (n = 60) Normal RV (n = 20) ASD/PAPVC (n = 20) S/P TOF (n = 20)

  Mean ± SD 61 ± 7 59 ± 6 63 ± 7 60 ± 7

  Mean inter-rater difference (COV) -1.2 ± 3.5 (5.8) -1.0 ± 4.0 (6.8) -0.4 ± 3.6 (5.7) -2.3 ± 2.8 (4.8)

  Repeatability Coefficient 9.4 9.1 10.3 8.7

LV Mass index (g/m2)

  Mean ± SD 49 ± 11 53 ± 12 44 ± 9 51 ± 9

  Mean inter-rater difference (COV) -1.5 ± 2.6 (5.3) -0.9 ± 2.7 (5.1) -0.9 ± 2.3 (5.3) -2.9 ± 2.5 (4.9)

  Repeatability Coefficient 7.7 7.7 6.5 8.9

Abbreviations: COV = coefficient of variability; EDV = end-diastolic volume; ESV = end-systolic volume; LV = left ventricle; RV = right
ventricle; SD = standard deviation; SV = stroke volume
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