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ABSTRACT

Objectives: To determine whether the biplane area-length method can be used for the

evaluation of left atrial volumes and ejection fraction with cardiovascular magnetic

resonance imaging (CMR) by TrueFISP in normal subjects and patients with atrial

fibrillation. Background: Atrial fibrillation is the most common arrhythmia in elderly

patients. Left atrial size and volumes play an important role in predicting short and

long-term success after cardioversion. Methods: Fifteen healthy subjects (mean age

65.6±6.4 years) and 18 patients (mean age 67.2±8.8 years) with atrial fibrillation

were examined by CMR (Magnetom, Siemens, Erlangen, Germany). Images were

acquired by TrueFISP using the horizontal and vertical long-axis plane to measure left

atrial end-diastolic and end-systolic areas and longitudinal dimensions. Volumes were

determined with commercially available software. Left atrial end-diastolic volume

(EDV), end-systolic volume (ESV), stroke volume (SV), and ejection fraction (EF)

were determined by the biplane area-length method and compared to findings

obtained by the standard short-axis method. Images were acquired and analyzed a

second time in the patients with atrial fibrillation. Results: There was no difference in

age between men and women (p=0.147) and healthy subjects and patients (p=0.128)

included in the study. EDV and ESV were significantly higher and SV and EF

significantly lower in patients with atrial fibrillation than in healthy subjects
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(p�0.009), regardless of the method used. The values obtained for EDV and ESV by

the biplane area-length method were significantly higher in both healthy subjects

(p<0.001) and patients with atrial fibrillation (p<0.001) than those obtained by the

standard short-axis approach, whereas SV (p�0.057) and EF (p�0.118) did not differ

significantly. In the second investigation in patients with atrial fibrillation, ESV, SV,

and EF did not differ significantly between the two methods (p�0.481). Assessment

of interobserver variability revealed good agreement in the findings of the two

observers, both in normal sinus rhythm and atrial fibrillation (overall variability

0.8±6.5%). Conclusions: The biplane area-length method can be used in CMR images

obtained by TrueFISP to assess left atrial volumes and ejection fraction in normal

subjects and patients with varying cardiac cycle length, as in atrial fibrillation.

Key Words: Left atrial volumes; Left atrial ejection fraction; Cardiovascular

magnetic resonance imaging; Biplane-area length method; Atrial fibrillation.

INTRODUCTION

Cardiovascular magnetic resonance (CMR) allows

accurate and reproducible evaluation of left and right

ventricular function by the determination of left

and right ventricular volumes, ejection fraction (EF),

and mass (Dulce et al., 1993; Mackey et al., 1990;

Matsuoka et al., 1993; Mogelvang et al., 1986, 1988;

Pattynama et al., 1995; Sakuma et al., 1993, 1996; Van

Rossum et al., 1988). Image acquisition can now be

performed with fast gradient-echo sequences as a result

of recent technical developments in the field of CMR.

The advantages are a shorter breath-hold period and

greater temporal and spatial resolution, resulting in

better blood-myocardium contrast and greatly facilitat-

ing the identification of the ventricular endocardium

and epicardium.

From echocardiographic studies, it is well known

that left atrial diameter and volume are of relevance in

atrial fibrillation as an increase is associated with a

higher risk of developing this arrhythmia, a poorer

prognosis in the presence of atrial fibrillation, and

reduced long-term success rates after cardioversion

(Hoglund and Rosenhamer; Ortiz De Murua et al.,

2001; Tsang et al., 2001; Volgman et al., 1996).

Assessment of left atrial volumes therefore plays an

important role in clinical practice, as atrial fibrillation

is the most common arrhythmia in elderly patients.

The standard short-axis method of volume and

ejection fraction assessment by CMR is time-

consuming. We therefore tested the use of the biplane

area-length method for ellipsoid bodies, which enables

much faster calculation (Dulce et al., 1993; Oh et al.,

1999), and compared the findings with those obtained

by the standard short-axis method. The aim was to

evaluate whether this method is as accurate and

reliable as the standard short-axis method for left atrial

volume and ejection fraction assessment in normal

subjects and patients with atrial fibrillation, and to

determine whether measurements obtained in the

presence of atrial fibrillation are reproducible, despite

the varying cycle length.

METHODS

Patients

A total of 15 subjects with no cardiac pathology

and history of atrial fibrillation (8 males, 7 females;

mean age 65.6±6.4 years, heart rate 63±10 bpm) and

18 patients with atrial fibrillation (10 males, 8 females;

mean age 67.2±8.8 years; duration of atrial fibrillation

21.4±9.2 months; heart rate 73±21 bpm) underwent

CMR for the evaluation of cardiac function and the

determination of left atrial volumes. Four patients had

nonischemic heart disease, 7 patients had ischemic

heart disease, 15 patients had hypertension, and 5

patients had diabetes.

All patients were on their routine medications,

including beta-blockers, verapamil, and digoxin. No

additional medications were given to drop the heart

rate, prior to or during the scan. The patient population

was recruited from the daily clinical practise. The

normal subjects had been referred for a routine

insurance medical check-up. Organic heart disease

was excluded before CMR by noninvasive diagnostic

techniques [electrocardiogram (ECG), 24-hour Holter

ECG, chest X-ray, treadmill exercise ECG, echocardi-

ography, thallium scintigraphy].

Left ventricular function was assessed by CMR

[healthy subjects (mean±SD): end-diastolic volume
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(EDV) 102.3 ± 25 ml; end-systolic volume (ESV)

29.2±11.3 ml; stroke volume (SV) 72.8±19 ml; ejection

fraction (EF) 71.4±7.2%; patients with atrial fibrillation

(mean±SD): EDV, 168.3±31 ml; ESV, 73.6±19.5 ml;

SV, 94.3±24.3 ml; EF 55.9±11.2%].

Informed consent was obtained before CMR in all

cases. The study was conducted according to the

principles of the Declaration of Helsinki. Approval of

the Institutional Review Board was not considered

necessary as the investigations are performed routinely

in our department. All patient identifiers were removed

from the images before analysis. They would have

been conducted in all cases even if the study had not

been performed, as they were either clinically indicated

or required for insurance purposes.

CMR Image Acquisition

Imaging was performed with a Siemens 1.5 Tesla

magnetic resonance imager (Magnetom, Sonata,

Erlangen, Germany) using front and back surface

coils (CP Body Array Flex, CP Spine Array, Siemens)

and prospective electrocardiographic triggering. The

anterior body array and the posterior spine array coil

together give a four-element array combination. The

dimensions of the coil elements are about 160 mm in

the z-direction (head to feed) and about 460 mm in

the x-direction (right to left). The gradient-echo

sequence TrueFISP, a rapid image sequence with

steady-state free precession, was employed (Brown

and Semelka, 1999). On the basis of scout images,

cine images were acquired in the short axis and

horizontal and vertical long axes (Figs. 1 and 2).

Short-axis images covering the whole left atrium were

acquired with a 7-mm section thickness and a 3-mm

gap during breath holding in end expiration. One

section was acquired per breath hold. The number of

cardiac cycles per acquisition was 80–90% of the R-R

interval divided by the temporal resolution (43 msec).

A total of 4 to 10 slices were necessary for imaging of

the left atrium. The following parameters were

employed: repetition time, 3.2 msec; echo time, 1.6 msec;

section thickness, 7 mm; flip angle, 60�; in-plane pixel

size, 2.3�1.4 mm; acquisition time, 12 heartbeats.

CMR Image Analysis

The images were evaluated with the commercially

available computer software program Argus (Siemens)

by two experienced investigators (BS, SK), each of

whom was unaware of the findings of the other. End-

diastole was defined visually as the phase with the

largest volume/dimension, and end-systole as the phase

with the smallest volume/dimension.

Left atrial volumes were first assessed by the

standard short-axis method (Fig. 1). At the base of the

atrium, slices were considered to be in the left atrium

if the blood was less than half surrounded by

ventricular myocardium. If the blood was half or

more than half surrounded by ventricular myocardium,

the slice was considered to be in the left ventricle. For

the basal slice, the contours were traced up to the

junction of the atrium and the ventricle. Blood volume

above the level of the aortic valve was included in the

left atrial volume. The endocardium of the left atrium

was marked with a cursor in each end-diastolic and

Figure 1. Stack of standard short-axis gradient-echo images (TrueFISP) from the left atrial base to the apex for volume and

ejection fraction assessment in a healthy subject.
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end-systolic slice and the sum of the marked areas

used to calculate the total volume. Left atrial EDV

and ESV were calculated from the sums of the

outlined areas using a modification of Simpson’s rule

(Lorenz et al., 1999). Left atrial SV and EF were

calculated from the formulae SV=EDV�ESV and

EF=SV/EDV�100%.

The left atrial volumes and EF were then measured

by the biplane area-length method in the horizontal and

vertical long axes (Lester et al., 1999; Oh et al., 1999;

Rodevan et al., 1999) (Fig. 2) and the values obtained

compared with those obtained by the standard short

axis method.

Interobserver variability was calculated for the

findings for both groups of subjects.

In the patients with atrial fibrillation, images were

acquired a second time (30±6 min after the first image

acquisition) to evaluate the reproducibility of the

measurements, in view of the fact that the cycle length

varies in atrial fibrillation. Measurements were again

obtained by both observers using both methods.

The interobserver variability of those measurements

were also assessed.

The maximum dimensions (mean±SD) of the left

atrium were measured in the horizontal (left to right,

cranial to caudal; Fig. 1B) and vertical (anterior to

posterior; Fig. 1D) long axis view.

STATISTICAL ANALYSIS

The mean and standard deviation were derived for

each of the parameters evaluated. The Mann-Whitney

U Test was used to compare the volumes and ejection

fractions of the two independent groups. The sign test

was used to test for significant differences between the

standard short-axis method and the biplane area-length

method. The significance level (a) was set at 0.05 for

all tests. To assess interobserver variability, percentage

variability was calculated from the absolute difference

between the two measurements divided by the mean of

the two measurements (Bland-Altman method).

Figure 2. Gradient-echo cine magnetic resonance imaging (TrueFISP) in a patient with chronic atrial fibrillation (heart rate

92 bpm). Despite the irregular heartbeat, the image is of high quality and precise evaluation is possible. Horizontal long-axis view

(A and B), vertical long axis view (C and D), (A, C=ventricular end-diastole, B, D=ventricular end-systole).
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RESULTS

There was no difference in age between men and

women (p=0.147) and normal subjects and patients

with atrial fibrillation (p=0.128) included in the study.

The values obtained for left atrial volumes and

ejection fractions in both groups investigated are given in

Table 1. The values for EDV and ESV were significantly

higher and those for SV and EF significantly lower in

the patients with atrial fibrillation, regardless of the

method used. In both groups, the biplane area-length

method produced values for EDV and ESV that were

significantly higher than those obtained by the standard

short-axis approach, whereas SV and EF did not differ

significantly (Table 2). In the second investigation, in the

patients with atrial fibrillation, only the values for EDV

showed a significant difference between the two methods

(p<0.01; Table 3). The evaluation of interobserver

variability revealed very good agreement for the

measurements obtained in the first investigation in both

groups (Table 4) and the second investigation (Table 5)

in the patients with atrial fibrillation (overall variability

0.8±6.5%).

The biplane area-length method (3±1 min) was

significantly faster than the standard short-axis method

(10±3 min) in both groups (p<0.01).

The comparison of the results of the first and

second investigations in the patients with atrial

fibrillation revealed significant differences in the

values obtained for EDV by both the biplane area-

length method (p=0.0075) and the short-axis method

Table 1. Left atrial volumes and ejection fractions of healthy subjects with normal sinus rhythm (NSR)

and patients with atrial fibrillation (AF).

NSR (n=15) AF (n=18) p-value*

EDV [ml]–biplane 62.9±18.9 114.4±41.3 0.0004

EDV [ml]–short-axis 61.3±19 112.7±41.3 0.0005

ESV [ml]–biplane 32.1±11.3 94.2±42.5 0.0001

ESV [ml]–short-axis 31±11.2 92.8±42.3 0.0001

SV [ml]–biplane 30.9±9.1 20.2±12 0.0075

SV [ml]–short-axis 30.3±9.3 20±12.2 0.0092

EF [%] biplane 49.4±6.6 20.3±12 0.0000

EF [%] short-axis 49.8±6.7 20.3±12.2 0.0000

Values are presented as mean and standard deviation (SD).

Abbreviations: EDV = end-diastolic volume, EF = ejection fraction, ESV = end-systolic volume,

SV=stroke volume.

*Two-sided Mann-Whitney U Test.

Table 2. Differences between the measurements obtained by

the biplane area-length method (biplane) and the standard

short-axis method (short axis) in normal sinus rhythm (NSR)

and atrial fibrillation (AF), first investigation.

Difference

(biplane�short axis)

NSR

(n=15)

mean±SD

AF

(n=18)

mean±SD

EDV [ml] 1.6±0.6

(p<0.001)

1.6±0.5

(p<0.001)

ESV [ml] 1.0±0.4

(p<0.001)

1.4±0.5

(p<0.001)

SV [ml] 0.6±0.6

(p=0.0574)

0.2±0.5

(p=0.2379)

EF [%] �0.3±0.8

(p=0.1185)

�0.1±0.4

(p=0.8145)

The p-values obtained by the two-sided sign test are given

in brackets.

Abbreviations: EDV=end-diastolic volume, EF=ejection frac-

tion, ESV=end-systolic volume, SV=stroke volume.

Table 3. Differences between the measurements obtained by

the biplane area-length method (biplane) and the standard

short-axis method (short axis), second investigation in patients

with atrial fibrillation (AF).

Difference (biplane�short axis) AF (n=18)

EDV [ml] 1.3±0.7 (p<0.001)

ESV [ml] 1.0±2.0 (1.000)

SV [ml] 0.3±1.9 (0.4807)

EF [%] 0.4±2.2 (0.4807)

The p-values of the two-sided sign test are given in brackets.

Abbreviations: EDV=end-diastolic volume, EF=ejection frac-

tion, ESV=end-systolic volume, SV=stroke volume.
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(p=0.0309; Table 6). However, the differences are

very small (mean difference �0.8 ml and 0.9 ml for

the biplane and short-axis methods, respectively).

The maximum dimensions (mean±SD) of the left

atrium measured in the horizontal and vertical long

axis view are displayed in Table 7.

DISCUSSION

Atrial fibrillation is the most common arrhythmia

in elderly patients and is often associated with left

atrial enlargement (Kannel et al., 1998). Echocardiog-

raphy is currently the gold standard for the assessment

of atrial diameters. Left atrial volumes and ejection

fractions might provide better information about left

atrial size and function than left atrial diameters. The

determination of left atrial volumes has not yet become

routine, partly because there is no straightforward and

easily applicable method, but would be particularly

valuable in the follow-up of patients with atrial

fibrillation, especially after electrical or pharmaco-

logic cardioversion.

Few CMR studies have addressed atrial volume

assessment. Both Mohiaddin and Hasegawa (1995) and

Matsuoka et al. (1993) studied patients in sinus rhythm

and used scanners with a lower gradient strength (0.5

Tesla). In the study of Mohiaddin and Hasegawa

images were acquired with spin-echo sequences,

whereas Matsuoka et al. used a former gradient-echo

sequence for cine imaging. In both studies the volumes

were calculated from transverse images by summing

the areas outlined in the individual images.

However, both the transverse and short-axis

approaches for the assessment of atrial and ventricular

volumes are time-consuming. We therefore decided to

Table 4. Interobserver variability in the evaluation of left atrial volumes and ejection fraction in healthy subjects in normal sinus

rhythm (NSR) and patients with atrial fibrillation (AF; first investigation).

NSR (n=15) AF (n=18)

Difference Mean Variability Difference Mean Variability

EDV biplane [ml] 0.8±0.4 62.5±18.9 1.3±0.7 0.9±0.5 113.9±41.4 1.0±0.9

EDV short axis [ml] 1.1±0.4 60.8±19.1 2.0±1.2 0.6±0.7 112.4±41.4 0.6±0.6

ESV biplane [ml] 0.8±0.3 31.7±11.3 2.9±1.5 0.2±0.4 94.1±42.5 0.3±0.6

ESV short axis [ml] 0.9±0.4 30.6±11.2 3.5±2.6 0.1±0.3 92.7±42.4 0.2±0.4

SV biplane [ml] 0±0.4 30.9±9 �0.1±1.3 0.7±0.7 19.8±12.2 8.7±12.7

SV short axis [ml] 0.2±0.4 30.2±9.3 0.7±2.0 0.4±0.8 19.7±12.3 9.0±20.3

EF biplane [%] �0.7±0.6 49.8±6.7 �1.4±1.2 0.6±0.8 20±12 7.7±12.6

EF short axis [%] �0.7±0.9 50.1±6.8 �1.3±1.8 0.4±0.6 20.2±12.2 8.4±20.1

Abbreviations: EDV=end-diastolic volume, EF=ejection fraction, ESV=end-systolic volume, SV=stroke volume.

Table 5. Interobserver variability in the evaluation of left atrial volumes and ejection fraction

in patients with atrial fibrillation (AF), second investigation.

AF (n=18) Difference Mean Variability

EDV biplane [ml] 0.5±0.8 113.3±41.8 0.5±0.8

EDV short axis [ml] 0.4±0.9 112.1±41.7 0.6±0.9

ESV biplane [ml] 0.2±1.1 93.9±42.9 �0.2±1.3

ESV short axis [ml] 0.8±1.3 92.6±42.5 1.4±2.6

SV biplane [ml] 0.3±1.2 19.4±12.2 5.9±17.3

SV short axis [ml] 0.3±1.0 19.5±12.5 �10.8±37.7

EF biplane [%] 0.4±1.1 19.8±12.1 5.3±17.1

EF short axis [%] �0.6±1.3 19.9±12.2 �10.3±37.6

Abbreviations: EDV=end-diastolic volume, EF=ejection fraction, ESV=end-systolic volume,

SV=stroke volume.
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investigate whether the biplane area-length method is

as accurate as the standard short-axis approach for

the assessment of left atrial volumes and EF, and

also sought to determine whether it can be used in

patients with varying heart cycle length, in this case

atrial fibrillation.

We found small but significant differences be-

tween the two methods in EDV and ESV in both

healthy subjects and patients with atrial fibrillation,

whereas SV and EF did not differ significantly.

However, the small differences in EDV and ESV

may not be of clinical significance. The biplane area-

length method is an accurate and reproducible method

for left atrial volume and EF assessment in healthy

subjects and in patients with varying heart cycle length,

such as in atrial fibrillation.

The values we obtained for left atrial EDV by both

the standard short-axis method and the biplane area-

length method were similar to those reported by

Mohiaddin et al. (62±16 ml) and marginally lower than

those described by Matsuoka et al. (75.8±15.4 ml). The

values for ESV (both methods) were marginally lower

than those reported by Mohiaddin and Hasegawa (36±11

ml) and Matsuoka et al. (37.5±10.7 ml), and the values

for left atrial EF (both methods) were higher than those

measured by Mohiaddin et al. (42±9%), but similiar

to those of Matsuoka et al. (50.7 ± 8.7%). These

discrepancies may be due in part to the differing

approaches employed for image acquisition. In our

study, we used a 1.5 Tesla magnet, a fast gradient-echo

sequence with steady-state free precession (TrueFISP),

and the conventional short-axis and biplane area-length

methods for volume and ejection fraction calculation.

With spin-echo sequences, as used by Mohiaddin et al.,

the identification of end-diastole and end-systole might

be more difficult than in gradient-echo cine images.

The use of body-axis orientated slices (transverse plane)

for volume assessment is also likely to result in

measurements that are different to those obtained

from heart-axis orientated slices (short-axis plane,

horizontal and vertical long-axis planes) (Fig. 3). The

apparent shape and dimensions of the cardiac chambers

differ according to the angle at which the images are

obtained. In addition, it should be noted that the

subjects examined by Mohiaddin and Hasegawa and

Matsuoka et al. were considerably younger than those

investigated in our study, although the impact of age on

left atrial volumes and ejection fractions has not yet

been established.

We have previously reported that the biplane area-

length method produces significantly higher values for

left ventricular EDV and ESV in sinus rhythm than the

standard short-axis method, whereas EF does not differ

significantly (Sievers et al., 2004). This study revealed

that the two methods also produce differences in atrial

volumes (Table 2).

Hundley et al. (1996) first described the use of

CMR for left ventricular volume assessment in patients

with atrial fibrillation using a 1.5 Tesla magnet and

a gradient-echo sequence. However, there are no

Table 6. Comparison between first and second measurements in the patients with atrial fibrillation (AF).

AF (n=18) First measurement Second measurement Difference p-value*

EDV biplane [ml] 114.4±41.3 113.6±41.8 �0.8±1.0 0.0075

EDV short axis [ml] 112.7±41.3 112.3±41.6 0.9±1.0 0.0309

ESV biplane [ml] 94.2±42.5 94±43 �0.2±1.2 0.6219

ESV short axis [ml] 92.8±42.3 93±42.4 1.2±1.4 0.2379

SV biplane [ml] 20.2±12 19.6±12.1 �0.6±0.9 0.0963

SV short axis [ml] 20±12.2 19.3±12.6 �0.4±1.1 0.4807

EF biplane [%] 20.3±12 20±12.3 �0.3±0.9 0.8145

EF short axis [%] 20.3±12.2 19.6±12 �0.3±1.0 0.8145

Abbreviations: EDV=end-diastolic volume, EF=ejection fraction, ESV=end-systolic volume, SV=stroke volume.

*p-value of the two-sided sign test to test the null hypothesis that the median of the differences between the first and second

measurement is zero.

Table 7. Maximum dimensions (mean ± SD) of the left

atrium measured in the horizontal (left to right, cranial to

caudal) and vertical (anterior to posterior) long axis view.

Maximum

dimensions/cm NSR (n=15) AF (n=18) p-value

Anterior-posterior 4.1±0.6 5.0±0.9 0.0024

Left-right 3.9±0.7 4.5±1.0 0.0595

Cranial-caudal 4.8±0.9 5.9±1.2 0.0064
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published data concerning left atrial volume and

ejection fraction assessment by the standard short-axis

approach and the biplane area-length method in images

obtained by a fast gradient-echo sequence, either in

healthy subjects with normal sinus rhythm or in patients

with atrial fibrillation.

Despite the varying cycle length in atrial fibrillation,

CMR with the fast gradient-echo sequence TrueFISP is

able to produce high-quality images in which the

endocardial and epicardial borders can be clearly

distinguished (Figs. 2 and 3). Our study revealed good

reproducibility for left atrial volume and EF measure-

ments obtained from these images, even in patients with

atrial fibrillation (Tables 5 and 6).

Atrial fibrillation can be caused by various

diseases like hypertension, valve diseases, cardiomy-

opathies, myocarditis, and storage diseases. It may also

be idiopathic.

However, our study did not attempt to cover

patients with various diseases causing atrial fibrillation.

We aimed to demonstrate that the biplane area-length

method is fast and reasonably accurate for left atrial

volume and ejection fraction assessment in patients

with atrial fibrillation.

We used a prospectively-gated gradient-echo se-

quence for image acquisition. At the time, the study was

performed, a retro-gated gradient-echo cine sequence

was not commercially available. A recently developed

retro-gated fast gradient-echo sequence with parallel

imaging has been available for only a few months. Prior

sequences with retrospective ECG triggering were not

robust and rejected many heartbeats in patients with

arrhythmias resulting in an unacceptable increase of the

breath-hold duration. With prospective triggering, about

10–15% of the RR-interval is missed. However, that

probably doesn’t affect the data significantly and the

difference in volumes and ejection fraction might not be

of clinical relevance. Further studies are required to

address this issue.

CONCLUSIONS

In conclusion, it can be said that the biplane area-

length method can be used for the rapid assessment of

left atrial volumes and EF in subjects with sinus

rhythm or atrial fibrillation. However, for research

purposes, the standard short-axis method should be

performed. For daily clinical purposes, it might be

more important to have a time-saving method than to

have a most accurate method.
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