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bstract

urpose: The purpose of this study was to evaluate inter- and intra-rater reproducibility in volume assessment using cardiac magnetic resonance
maging (CMRI).

ethods: Twenty-five healthy volunteers and 106 patients were included into this retrospective study and received CMRI. The patients were
ivided in three groups (group I, 80 patients with arrhythmia; group II, 20 patients with cardiomyopathy; group III, 6 patients after correction of
eptum defects). Therefore, the images were semiautomatically segmented by an experienced and an unexperienced radiologists. The analysis of
nd-diastolic volume (EDV), end-systolic volume (ESV) and stroke volume (SV) as well as ejection fraction (EF) and myocardial mass (MM)
ere performed twice by an experienced and an unexperienced radiologists. The intra-class correlation coefficients (ICC) were determined for the

valuation of inter- and intra-rater variance.
esults: The intra-rater reproducibility for determination of EF, ESV, EDV and MM was excellent with ICCs ranging from 0.88 to 0.99 (all
< 0.001). The inter-observer reproducibility for these parameters was also excellent with ICCs ranging from 0.91 to 0.98 (all p < 0.001). The

ssessment of the SV showed an excellent intra-rater agreement with ICCs of 0.96 and 0.92 (both p < 0.001), but only a moderate ICC for the
nter-rater reproducibility (0.54, p < 0.001).
onclusions: Our study shows that assessment of cardiac volumes can be performed on CMRIs with an excellent reproducibility by both experienced
nd unexperienced investigators.

2007 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

Cardiac magnetic resonance imaging (CMRI) provides a
hree-dimensional dataset of the whole heart at multiple phases.
fter image acquisition, left ventricular (LV) volume parameters

re usually determined by segmenting the endo- and epicardial
ontours at end-systolic (ES) and end-diastolic (ED) phase with
he help of a semiautomatic software or manual tracing [1–3].

he quantitative analysis is based on the assessment of end-
ystolic volume (ESV) and end-diastolic volume (EDV), from
hich the stroke volume (SV) and the ejection fraction (EF) can
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e calculated [4]. CMRI has been shown to be reproducible and
ccurate for the evaluation of LV function and myocardial mass
MM) in several previous studies [5,6]. CMRI is considered the
old standard for non-invasive determination of LV function
nd MM and for comparisons with other imaging techniques
ike two- or three-dimensional echocardiography, multi-slice
omputer tomography, single photon emission computer tomog-
aphy and positron emission tomography [7–12].

Recently, improved CMRI sequences based on steady-state
ree precessing cine MRI provide a more accurate delineation
f the endo- and epicardial borders as well as a faster image

cquisition compared to the conventional gradient-echo cine
equences [13–15]. Indeed, several previous studies have shown
hat the steady-state free precessing sequences result in slightly
igher volume parameters and more accurate values for MM
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inter-slice gap 0, and 8–12 short-axis views were acquired to
Fig. 1. Differences and intra-class corre

ompared to the conventional gradient-echo sequences, but
oth techniques obtain reproducible findings [16–18]. More-
ver, automated segmentation procedures have been developed
n the last few years, depending on an excellent image contrast as
rovided by the steady-state free precessing sequences [18–20].
owever, these methods are not well established, are not widely

pread and are still inferior compared to manual tracing [18].
Semiautomatic segmentations procedures commonly require

time span of about 15 min, which is often too long in the
linical routine for a senior radiologist. Therefore, the purpose
f the present study was to evaluate differences in the volume
egmentation on CMR images between an experienced and an
nexperienced radiologists.

. Materials and methods

.1. Subjects

Twenty-five healthy volunteers (46 ± 10.3 years) and 106
atients, who were admitted to our department for routine
ardiac MRI, were enrolled into this study. The patients
ere divided in three groups. The patient group I comprised
0 patients (38 ± 14.6 years) with arrythmias receiving car-

iac MRI for exclusion of right ventricular dysplasia. The
atient group II consisted of 20 patients (46 ± 16.3 years)
ith dilated cardiomyopathy. The patient group III was a

ollective of six patients (52 ± 13.3 years) having received s
coefficients (ICC) for each parameter.

n operative correction of an atrial or ventricular septum
efect.

.2. Image acquisition

MR imaging examinations were performed using a 1.5 T
hole body system (Magnetom Vision, Siemens Medical
ystem, Erlangen, Germany (81 patients); Magnetom Sym-
hony, Siemens Medical System, Erlangen, Germany (50
atients)). A dedicated four-element, phased array cardiac coil
as used. The MR images were acquired during repeated

nd-expiratory breath holds. MR images were acquired by
sing a segmented flash sequence and the following parame-
ers:

Magnetom Vision: flip angle 20◦, slice length 8 mm, TE 4.8 ms,
TR 100 ms, matrix 256 × 256, FOV 380–400 mm, inter-slice
gap 0, and 7–10 short-axis views were acquired to encompass
the entire LV.
Magnetom Symphony: flip angle 65◦, slice length 6 mm, TE
1.65 ms, TR 49.5 ms, matrix 192 × 192, FOV 320–340 mm,
encompass the entire LV.

For both protocols, the time required to obtain the short-axis
ection ranged between 10 and 15 min.
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ig. 2. Short-axis cine bright blood MRI from patients with arrhythmia (a and
ith Magnetom Vision (a and b) and Magnetom Symphony (c and d).

.3. Image analysis

Image analysis was performed by using a commercially
vailable software tool (ARGUS; Siemens, Erlangen, Ger-
any). After reviewing the cine loops, the end-diastolic and

nd-systolic frames were identified for each short-axis section
osition (largest and smallest cavity area). The most basal sec-
ion was defined as the section, in which the left ventricular

yocardium extended over at least 50% of the circumfer-
nce on the ED and ES images. For the determination of the
nd-diastolic volume and the end-systolic volume, we used a
emiautomatic segmentation mode. The endocardial contour of
he left ventricle was drawn on the most basal located sec-
ion, and all other sections were automatically segmented. If
ecessary, the automatically drawn contours were corrected or
edrawn.

The papillary muscles were included in the LV chamber vol-

me, the trabeculation was seen as part of the left ventricular
yocardium. We prefer to use this approach, because no differ-

nces were found for the evaluation of ejection fractions [6,22].
lthough statistically significant differences were found for left

p
s
n

using artifacts and in healthy volunteers (b and d) without artifacts performed

entricular and right ventricular stroke volume and end-systolic
olumes, as well as for left ventricular end-diastolic volume,
he systematic mistake might not be of clinical relevance and
an therefore be neglected [21,22]. The ejection fraction and
troke volume were automatically calculated by the ARGUS
oftware. The myocardial mass of the left ventricle was deter-
ined after segmenting the epicardial contours, which were

rawn and propagated as described above. The first investigator
Ma.S.) was unexperienced and performed volumetric measure-
ents of the heart for the first time. The second investigator

T.T.) was experienced in cardiac MRI and volumetric measure-
ents of the heart. Both investigators performed two volumetric

ssessments of all included patients with an interval of at least
our weeks.

.4. Statistical analysis
The data of the four different volumetric evaluations (two runs
er investigator) were tabulated in SPSS 12.0 for windows. The
ignificance level was set at p < 0.05. The data were tested for
ormal distribution with the help of the Kolmogorov–Smirnov
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ig. 3. (A and B) Bland–Altman plot (mean EDV runs 1 and 2 versus differen
DV runs 1 and 2 versus difference in EDV runs 1 and 2 mean investigators 1 a

est. Since most of the data were normally distributed, parametric
tatistical tests were used for further evaluation. Differences in
aseline the ANOVA for repeated measurement was employed
n order to evaluate the overall effect of the factor “run” (run
1, first volumetric assessment of investigator 1; run A2,

econd volumetric assessment of investigator 1; run B1, first
olumetric assessment of investigator 2; run B2, second vol-
metric assessment of investigator 2) and the factor “group”
normal controls, patient groups 1–3). Post hoc paired t-tests
ere used to further evaluate significant effects over time.
ue to multiple testing, the significance level was corrected to
< 0.001.

EDV, ESV, SV, EF and MM of the left ventricle were deter-
ined and calculated twice by each of the two investigators. The

ifferences and intra-class correlation coefficients were evalu-
ted for each parameter (Fig. 1).

The intra-class correlation coefficient (ICC), using an one-
ay random-effects analysis of variance model, was determined

or the different volumetric assessments in order to show the
nter-observer and the intra-observer agreement. An ICC of

.35–0.49 was interpreted empirically as low, 0.5–0.79 was
nterpreted as moderate, and 0.8 or greater was interpreted as
igh [23,24]. Furthermore, the means of both segmentation runs
A1 and A2 as well as B1 and B2) of each investigator were

t
s
r
h

DV runs 1 and 2 investigators 1 and 2). (C and D) Bland–Altman plot (mean
.

lotted against the differences of the corresponding values for
isual estimation of the intra-rater variance according to Bland
nd Altman [25]. In order to estimate a learning curve, both runs
f the unexperienced investigator 1 were separately compared to
he means derived from both runs of the experienced investigator
by using the Bland–Altman method.

. Results

The cine images were assessed for ghosting contours and
ther artifacts (Fig. 2). In the control group, no artifacts were
bserved, whereas 20 out of 80 (25%) data sets derived from
atient group I showed double contours. We only observed two
ata sets with artifacts in patient group II (10%) and one data
et in patient group III (16.7%).

.1. End-diastolic volume

Table 1 shows the comparison between the different runs
f the two investigators and comparison between the inves-

igators. Comparing the EDV values determined during two
eparate runs by each of the two investigators (investigator 1:
uns A1 and A2; investigator 2: runs B1 and B2) with the
elp of the ANOVA for repeated measurement, we revealed
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Table 1
Data of EDV, ESV, MM, EF, and SV as measured by investigator 1 and to during the different runs, as well as the results of the repeated measurements analysis of variance along with the post hoc tests (Bonferroni)

Investigator 1 Investigator 2 ANOVA (run) ANOVA (group) Post hoc tests (Bonferroni)

Run A1 Run A2 Run B1 Run B2 p-Value p-Value A1/A2 B1/B2 A1/B1 A1/B2 A2/B1 A2/B2

Run Group Run Group Run Group Run Group Run Group Run Group

EDV (ml)
V 120.1 ± 23.9 97.8 ± 22.7 109.5 ± 30.4 106.7 ± 29.1 <0.001 <0.001 ns ns ns ns ns ns ns ns ns ns ns ns
G 1 92.9 ± 30.1 91.4 ± 29.1 110.8 ± 29.4 40.6 ± 30.8 ns ns ns ns <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
G 2 95.7 ± 44.6 94.0 ± 44.8 111.4 ± 44.2 113.3 ± 47.9 ns ns ns ns ns ns ns ns ns ns ns ns
G 3 140.6 ± 86.6 142.2 ± 85.2 178.0 ± 87.4 196.5 ± 125.7 ns ns ns ns ns ns ns ns ns ns ns ns

ESV (ml)
V 40.7 ± 14 38.0 ± 12.8 40.7 ± 14.4 40.7 ± 15 <0.001 ns ns ns ns ns ns ns ns ns ns ns ns ns
G 1 40.6 ± 21.1 38.7 ± 18.8 41.9 ± 19.8 43.8 ± 20.1 ns ns ns ns ns ns <0.001 ns ns ns <0.001 ns
G 2 47.0 ± 41.9 46.4 ± 43.6 49.3 ± 44.4 50.0 ± 43.9 ns ns ns ns ns ns ns ns ns ns ns ns
G 3 68.9 ± 49.3 67.2 ± 45.9 83.8 ± 56 91.5 ± 62.3 ns ns ns ns ns ns ns ns ns ns ns ns

MM (g)
V 123.3 ± 31.6 114.2 ± 21.3 121.4 ± 34.3 113.3 ± 29.1 0.022 ns ns ns <0.001 ns ns ns ns ns ns ns ns ns
G 1 129.4 ± 38.3 129.8 ± 37.9 132.5 ± 36.3 123.2 ± 33.4 ns ns <0.001 ns ns ns <0.001 ns ns ns <0.001 ns
G 2 136.9 ± 60.1 137.0 ± 56.7 137.7 ± 43.0 129.3 ± 42.7 ns ns <0.001 ns ns ns ns ns ns ns ns ns
G 3 175.1 ± 46.6 174.6 ± 50.5 189.7 ± 51.4 180.2 ± 54.1 ns ns ns ns ns ns ns ns ns ns ns ns

EF (%)
V 61.5 ± 9.8 61.7 ± 7.5 63.0 ± 8 61.0 ± 9.1 0.004 ns ns ns ns ns ns ns ns ns ns ns ns ns
G 1 57.8 ± 9.8 58.5 ± 8.9 62.7 ± 10.1 60.1 ± 9.2 ns ns <0.001 ns <0.001 ns ns ns <0.001 ns <0.001 ns
G 2 56.7 ± 12.9 54.4 ± 15.0 59.4 ± 16.1 58.4 ± 15.2 ns ns ns ns ns ns ns ns ns ns ns ns
G 3 54.4 ± 11.9 55.4 ± 9.5 57.4 ± 14.2 55.8 ± 14.7 ns ns ns ns ns ns ns ns ns ns ns ns

SV (ml)
V 51.7 ± 16.5 54.7 ± 19.4 68.8 ± 21.4 66.0 ± 21.2 <0.001 0.001 ns ns ns ns ns ns ns ns ns ns ns ns
G 1 55.4 ± 14.2 54.6 ± 14.2 68.4 ± 17.4 65.4 ± 18.1 ns ns ns ns <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
G 2 55.3 ± 27.7 52.0 ± 25.8 62.2 ± 23.7 62.4 ± 20.2 ns ns ns ns ns ns ns ns ns ns ns ns
G 3 56.0 ± 2.9 50.2 ± 5.2 94.3 ± 31.6 105.0 ± 68.9 ns ns ns ns ns ns ns ns ns ns ns ns

Abbreviations: ANOVA—analysis of variance; EDV—end-diastolic volume; EF—ejection fraction; ESV—end-systolic volume; g—gram; G—group; ml—millilitre; MM—myocardial mass; ns—not significant;
SV—stroke volume; V—volunteers.
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ig. 4. (A and B) Bland–Altman plot (mean ESV runs 1 and 2 versus differen
SV runs 1 and 2 versus difference in ESV runs 1 and 2 mean investigators 1 a

verall significant effects for the factors run (p < 0.001) and
atient group (p < 0.001). The post hoc t-tests did not show
ny significant differences between run A1, A2, B1 or B2 in
he normal volunteers and the patient groups II and III. In the
atient group I, we detected significant differences between run
1 or A2 and run B1 or B2 (all p < 0.001), but not between

uns A1 and A2 as well as runs B1 and B2. The average dis-
repancy between runs 1 and 2 both of investigators 1 and
is smaller than the average discrepancy between investiga-

ors 1 and 2 both of runs 1 and 2, but however, the biases are
eemed to be low (Fig. 3). The ICC of the intra-rater agreement
as 0.99 (p < 0.001) for investigator 1 and 0.98 (p < 0.001) for

nvestigator 2. The ICC of the inter-rater agreement was 0.96
p < 0.001).

.2. End-systolic volume

The ANOVA for repeated measurements resulted in an over-
ll significant effect for the factor run (p < 0.001), but not for

he factor patient group. In patient group I, the post hoc t-
ests revealed significant differences between runs B2 and A1
s well as A2 (both p < 0.001), but not in the remaining com-
arisons. Regarding the post hoc comparisons in the other

p
T
i
t

SV runs 1 and 2 investigators 1 and 2). (C and D) Bland–Altman plot (mean

atient groups, we did not obtain any significant differences.
he average discrepancy between runs 1 and 2 both of investi-
ators 1 and 2 is smaller than the average discrepancy between
nvestigators 1 and 2 both of runs 1 and 2. The biases are
ow (Fig. 4). The ICC of the intra-rater agreement was 0.98
p < 0.001) for investigator 1 and 0.98 (p < 0.001) for investiga-
or 2. The ICC of the inter-rater agreement was 0.98 (p < 0.001)
Table 1).

.3. Myocardial mass

As shown by the ANOVA for repeated measurements,
e revealed an overall significant effect for the factor run

p = 0.022), but not for the factor patient group. In the normal
olunteers as well as the patient groups I and II, we observed
ignificant differences between runs B1 and B2 (all p < 0.001)
oth derived from investigator 2. In addition, we detected sig-
ificant differences between runs A1 and B2 as well as between
uns A2 and B2 (both p < 0.001) in the patient group I. In the

atient group III, we did not obtain any significant differences.
he average discrepancy between runs 1 and 2 of investigator 1

s virtually the same as the average discrepancy between inves-
igators 1 and 2 of run 1, but the average discrepancy between
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ig. 5. (A and B) Bland–Altman plot (mean MM runs 1 and 2 versus differen
M runs 1 and 2 versus difference in MM runs 1 and 2 mean investigators 1 an

uns 1 and 2 of investigator 2 is lower than the discrepancy
etween investigators 1 and 2 regarding run 2. Overall, however,
he biases are low (Fig. 5). The ICC of the intra-rater agreement
as 0.96 (p < 0.001) for investigator 1 and 0.97 (p < 0.001) for

nvestigator 2. The ICC of the inter-rater agreement was 0.97
p < 0.001) (Table 1).

.4. Ejection fraction

The ANOVA for repeated measurements showed an over-
ll significant effect for the factor run (p = 0.004), but not for
he factor patient group. In the patient group I, we detected
ignificant differences between runs B1 and B2, between runs
1 and B1, between runs A2 and B1 as well as run B2 (all
< 0.001). We did not detect any significant differences in the
ormal volunteers as well as in the patient groups 2 and 3. The
verage discrepancy between runs 1 and 2 both of investiga-
ors 1 and 2 is smaller than the average discrepancy between
nvestigators 1 and 2 both of runs 1 and 2. The biases are

ow (Fig. 6). The ICC of the intra-rater agreement was 0.88
p < 0.001) for investigator 1 and 0.92 (p < 0.001) for investiga-
or 2. The ICC of the inter-rater agreement was 0.91 (p < 0.001)
Table 1).

h
m

MM runs 1 and 2 investigators 1 and 2). (C and D) Bland–Altman plot (mean

.5. Stroke volume

With the help of the ANOVA for repeated measurements,
e obtained overall significant effects for both factors run

p < 0.001) and patient group (p = 0.001). In the patient group
, significant differences were detected between run A1 or A2
nd run B1 or B2 (all p < 0.001), but not between runs A1
nd A2 as well as between runs B1 and B2. In the remain-
ng groups, we did not observe any significant differences. The
verage discrepancy between runs 1 and 2 both of investiga-
ors 1 and 2 is small, and the biases are low. The average
iscrepancy between investigators 1 and 2 both of runs 1 and
is higher than for EDV and ESV, and the bias is remark-

ble (Fig. 7). The ICC of the intra-rater agreement was 0.96
p < 0.001) for investigator 1 and 0.92 (p < 0.001) for investiga-
or 2. The ICC of the inter-rater agreement was 0.54 (p < 0.001)
Table 1).

. Discussion
The determination of the left ventricular function with the
elp of cardiac MRI (CMRI) has become the gold standard
ethod, especially when evaluating the accuracy of new imag-
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ig. 6. (A and B) Bland–Altman plot (mean EF runs 1 and 2 versus difference
uns 1 and 2 versus difference in EF runs 1 and 2 mean investigators 1 and 2).

ng methods like three-dimensional ultrasound or multi-slice
omputer tomography [3,11,26,27]. The volumetric assess-
ent of EDV, ESV and MM requires an accurate analysis

f short-axis sections, mostly based on semiautomatic seg-
entation techniques, which is superior to visual estimation

28].
The purpose of this study was to evaluate the intra-observer

greement of an unexperienced and an experienced physicians
s well as the inter-observer agreement between two investiga-
ors. Our intention was to determine, whether young physicians
ithout any experiences in CMRI or volumetric assessments
f the heart are able to segment the endo- and epicardial con-
ours with an accuracy, which is comparable with an experienced
adiologists, who has been engaged in this field for many
ears.

In accordance with the majority of study groups, we used
semiautomatic approach by employing the ARGUS software

3,29] (Fig. 8). We detected a high intra-observer agreement for
DV, ESV, MM, EF and SV, as expressed by ICC values above

.8 for the comparison of the two volumetric assessments of
ach investigator. This finding was visualized and confirmed
y the Bland–Altman plots. Furthermore, we employed the
land–Altman plots for determination of a learning curve, by

q
g
w
d

runs 1 and 2 investigators 1 and 2). (C and D) Bland–Altman plot (mean EF

onsidering the means of both runs of the experienced investi-
ator 2 as gold standard. However, this analysis did not reveal
ny improvement of the segmentation results, whereby the inter-
bserver agreement was already high for EDV, ESV, MM and
F, but only moderate for SV as obtained by the ICC. A pos-
ible explanation for this result might be that SV reflects the
ifference between EDV and ESV and depends on the absolute
alues. This could result in differences and inhomogeneities in
he SV levels. However, the ICC does not only regard the corre-
ation between the two data rows, but also the differences in the

eans of these data rows. Therefore, we studied the differences
n means of the different volumetric assessment runs separated
or patient groups by using the ANOVA analysis.

Interestingly, we predominantly observed significant differ-
nces between the different assessment runs in all measured
arameters of patient group I, whereas significant differences
ere rare in the remaining groups. Patient group I comprised the
atients with arrhythmias, who received CMRI for exclusion of
ight ventricular dysplasia and showed irregular ECGs with fre-

uent extrasystoles. Frequent extrasystoles can disturb the ECG
ating and may lead to motion artifacts or blurring [30] (Fig. 8),
hich could cause a higher variance of the endo- and epicar-
ial contours and of the segmented area, because of the higher
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ig. 7. (A and B) Bland–Altman plot (mean SV runs 1 and 2 versus difference
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nter-individual difference in delineating the contours in lack of
harp borders. Accordingly, a recent work has investigated the
mpact of different ECG methods on volumetric measurement.
his study demonstrated that prospective triggered technique

esults to an underestimation of EF compared to retrospective
ated cine imaging, which has less blurring artifacts and covers
he whole cardiac cycle [31]. Consequently, the quality of ECG
uring CMRI obviously influences the quality of volumetric
ssessment.

The high ICC values for EDV, ESV, MM and EF indicate
hat the observed differences between the different volumetric
ssessment runs might not be of clinical relevance. The only
oderate ICC for SV might reflect the differences in the seg-
ented volumes, whereby the subtraction of ESV from EDV
ight enhance these differences. Comparable with SV, EF is

lso not determined directly, but calculated with the help of EDV
nd ESV. However, EF comprised higher ICC values than SV,
hich might be probably caused by the different calculation

ormulas for both parameters. EF is given by relative changes

etween EDV and ESV, whereas SV is formed by the difference
etween EDV and ESV. The percentual change between two
arameters originated from semiautomatic segmentation might
e less inhomogeneous compared to the pure difference of these

t
t
C
e

runs 1 and 2 investigators 1 and 2). (C and D) Bland–Altman plot (mean SV

arameters. Percentage changes are independent on the abso-
ute values are always in a range between 0 and 100, whereas
he differences get more inhomogeneous with increase in the
ange.

CMRI is considered the gold standard for non-invasive deter-
ination of LV function and MM. Recently, improved CMRI

equences have been developed by several manufactures based
n steady-state free precessing cine MRI and providing a more
ccurate delineation of the endo- and epicardial borders as
ell as a faster image acquisition compared to the conven-

ional gradient-echo cine sequences. The results of EDV, ESV,
F and MM showed a high accordance, although the mean
alues of the different volumetric assessment runs exhibited
ignificant differences, predominantly in the patient group I
ontaining the patients with arrhythmias. The stroke volume,
owever, showed also high intra-observer concordance, but a
orse inter-observer accordance, which might be caused by

mplification of the variance of ESV and EDV between the
wo investigators. Nevertheless, EF is the measurement with

he highest influence in making the decision for diagnosis and
herapy. So we conclude, that volumetric measurements of the
MRI dataset could be reproducibly performed by unexperi-
nced staff-members.
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