Int J Cardiovasc Imaging (2010) 26:83-92
DOI 10.1007/s10554-009-9569-4

ORIGINAL PAPER

Assessing the left atrial phasic volume and function
with dual-source CT: comparison with 3T MRI

Zhaoying Wen * Zhaoqi Zhang - Wei Yu -
Zhanming Fan - Jing Du - Biao Lv

Received: 22 October 2009 / Accepted: 18 December 2009/ Published online: 7 January 2010

© Springer Science+Business Media, B.V. 2010

Abstract We wanted to assess the performance of
dual-source CT (DSCT) for evaluating the left atrial
volume and function and we compared this perfor-
mance to that of the standard reference technique,
cardiac cine MR (CMR). Fifty-one patients who were
referred for CT coronary angiography were included
in the study. Two were subsequently excluded for
having un-analyzable MR images at the onset of left
atrial contraction. For the remaining 49 patients, the
DSCT data sets and FIESTA (fast imaging employing
steady-state acquisition) cines of the vertical long
axis covering the left atrium and the short axis
covering the left ventricle were obtained on the same
day. All the images were analyzed to obtain the
maximal left atrial volume (LAVmax), the minimal
left atrial volume (LA Vmin), the left atrial volume just
before left atrium contraction (LAVp), the left atrial
reservoir volume (LARV), the left atrial ejection
fraction (LAEF), the left atrial passive emptying
volume (LAPV), the left atrial active emptying volume
(LAAYV), the left atrial conduit volume (LACYV), the
left ventricular end-diastolic volume (LVEDYV), the
left ventricular end-systolic volume (LVESV) and
the left ventricular stroke volume (LVSV) by using 3D
semi-segmentation software and Report Card 2.0
software, respectively, for the DSCT and CMR. All
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the parameters were normalized to the body surface
area. Intermodality agreement was tested through
linear regression and Bland—Altman analyses.
Repeated measurements were performed to determine
the interobserver variability. The DSCT measure-
ments resulted in good correlation (r > 0.75) com-
pared with those of CMR. However, DSCT slightly,
but insignificantly overestimated the indexed LAV-
max, LAVmin, LAVp, LARV, LAPV, LAAV and
LACV, as reflected by biases of 1.2,0.9, 1.1, 0.3, 0.1,
0.2 and 0.4 ml/m?, respectively. The LAEF was
minimally, but insignificantly underestimated as
reflected by a bias of —0.6% (P = ns). The variability
of the DSCT measurements was lower than that of the
CMR values. DSCT provides highly reliable and
reproducible measurements of the left atrial phasic
volume and function in patients who are referred for
coronary CT imaging.

Keywords Computed tomography -
Magnetic resonance imaging - Left atrial volume -
Left atrial function - Coronary angiography

Introduction

The left atrium (LA) serves multiple functions as it
acts as a reservoir during ventricular systole, a conduit
during early ventricular diastole and a booster pump
during late ventricular diastole for blood returning
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from the lungs to the heart [1]. The principal function
of the LA is to modulate left ventricular (LV) filling
and the cardiovascular performance. It has been
demonstrated that changes in the LA size and function
are closely related to such cardiovascular diseases as
diastolic dysfunction, cardiomyopathy, ischemic heart
disease and valvular disease, and these changes act as
barometers of cardiovascular outcomes [2—6]. The LA
size and function are important factors in the devel-
opment of atrial fibrillation and for determining the
long term results of cardioversion. The LA size and
function are risk factors for stroke and death [7-9]. It
has been recently reported that the indexed LA
volume is a more accurate measure of LA size and a
more robust predictor of adverse events than the LA
area or diameter [10]. Accurate and reproducible
measurement of the LA volume and function is
important for making the clinical diagnosis, risk
stratification and guiding therapy during the care of
patients with cardiac disease.

A newly developed dual-source computed tomog-
raphy (DSCT) scanner equipped with two tubes and
two corresponding detectors yields a heart rate
independent temporal resolution of 83 ms [11]. In
addition, the previous studies that have evaluated the
ventricular function demonstrate that DSCT enables
accurate assessment of the left ventricular function
independent of the heart rate [12]. Because of the
limited radiation dose, assessing the cardiac function
is not the only purpose for a DSCT examination;
rather, it is a by-product of coronary CT imaging.

There are currently no reports that have focused on
assessing the LA phasic volume and function using
DSCT and there are no reports that have compared
DSCT and MRI for evaluating the left atrial function.
Hence, the purpose of this study was to evaluate the
performance of DSCT for determining the LA
volume and function as compared to the reference
standard, cine MRI.

Materials and methods

Study population

Between November 2007 and July 2008, those
patients who were referred for a clinically indicated

CT coronary angiography examination were screened
for possible participation in this study. The referred
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patients with atrial fibrillation or other cardiac
arrhythmias or cardiac valvular heart diseases and
the patients with implanted pacemakers or defibrilla-
tors or with claustrophobia were excluded. Addition-
ally, patients were excluded if they could not undergo
a CT coronary angiography examination because of
renal dysfunction (a serum creatinine levels higher
than 1.5 mg/dl) or a previous allergic reaction to
iodinated contrast media. A total of 51 patients (28
men and 23 women; mean age, 53 £ 13 years) met
the study’s inclusion criteria. Of these, 45 had
hypertension (10 of whom had coronary artery
disease). All the others had normal hearts. Two
patients were excluded from the analyses due to their
un-analyzable MR images at the onset of left atrial
contraction. For all the included patients, MRI was
performed after CT on the same day. The subjects’
heart rates were continuously monitored throughout
image acquisition by two modalities. No additional
B-blockers were administered in our study. Written
informed consent was obtained from all the patients.
The local ethics committee approved this study.

Dual-source CT imaging

DSCT was performed using a 64-slice DSCT scanner
(Somatom Definition, Siemens Medical Solutions,
Forchheim, Germany). The scanning range covered
the entire heart from 1 cm below the level of the
tracheal bifurcation to the diaphragm. A 50-75 ml
bolus of iopamidol 370 (iopamidol injection; Bracco,
Shanghai, China), followed by 20 ml of saline
solution, was continuously injected into an antecubi-
tal vein at an injection rate of 4-5 ml/s. Injection was
performed through an antecubital vein via a dual-
head power injector (Stellant; Medrad, Indianola,
USA). The CT angiography was triggered automat-
ically and image acquisition started 4 s after the
signal attenuation reached the predefined threshold of
100 HU at the aortic root. The data was acquired in
a craniocaudal direction with a tube voltage of
100-135 kV and a tube current of 350-420 mAs.
The other scan parameters were as follows: a slice
collimation of 2 x 32 x 0.6 mm, a slice acquisition
of 2 x 64 x 0.6 mm by means of a z-flying focal
spot, a detector collimation of 64 x 0.5 mm thick-
ness, a gantry rotation time of 330 ms, a pitch of
0.2-0.5 (depending on the heart rate), a reconstructed
slice thickness of 0.75 mm (with an increment of
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0.4 mm) and the use of a soft tissue convolution kernel
(B26f). ECG-gated tube current modulation for reduc-
ing the radiation dose was used during scanning for all
the patients, as was previously recommended [13].
Generally speaking, for the patients with a heart rate
(HR) below 60 bpm, the range of the ECG-pulsing
window with full tube current output was set from 60 to
80% of the R—R interval,it was set from 40 to 75% of
the R-R interval for a HR 61-70 bpm, from 30 to 75%
of the R-R interval for a HR 71-119 bpm and from 25
to 85% of the R-R interval for a HR above 120 bpm.
The reduced percentage of the normal tube current
outside the pulsing window was 80%. The estimated
radiation dose in this study was about 6-10 mSv using
this protocol. A monosegmental image reconstruction
algorithm using data from both X-ray sources was
used, and this resulted in a constant temporal resolution
of 83 ms [11]. Retrospective ECG-gating was used to
synchronize the data with the ECG, and 20 series of
axial images were reconstructed every 5% of the R—R
interval (0-95%) with an effective slice thickness of
0.75 mm, a reconstruction increment of 0.4 mm and a
field of view of 180 x 170 mm (matrix: 512 x 512).
The images obtained at the onset of the P-wave on ECG
were also reconstructed using the same parameters. All
the reconstructed DSCT data were post-processed on a
dedicated workstation (Multi Modality Work Place,
CT 2008A, Siemens).

Cine MR imaging

All the CMR examinations were performed with the
patient in the supine position on a 3.0 T MR scanner
(Signa Excite HD 3T, General Electric Medical
Systems) with an eight-channel cardiac coil. The
CMR images were acquired with retrospective ECG
R-wave gating. After localizing the images, piloting
was performed in the vertical long axis, the horizontal
long axis and the short-axis planes using real-time
sequence. FIESTA cines of the vertical long axis, the
horizontal long axis and the short-axis planes were
then obtained. The parameters for the FIESTA cines
were a TR of 3.7 ms, a TE of 1.6 ms, a flip angle of
45°, a field of view of 350 x 350 mm, a pFOV of 1.0
and a matrix size of 200 x 224 with a 125 Hz/pixel
bandwidth, a vps of 16, a ETL of 1, a NEX of 1.00
and a phase of 20.

The atrial slices were planned to be parallel to the
line through the tip of the mitral valve and the apex

on the horizontal long axis cine at ventricular end-
diastole (0 ms) and then the atrial images were
generated in the vertical long axis. The vertical long
axis was chosen because Jarvinen et al. [14] showed
that the definition of the atrioventricular borders (the
atrioventricular valve annulus) is optimal in this
projection. The left atrium was covered by 7-14
scans with a 5-mm slice thickness. The short axis
stack was obtained parallel to the atrioventricular
groove and covering the entire left ventricle by 1015
scans with each having an 8-mm slice thickness. All
the images were acquired during 10-15 s breath-
holds at end-inspiration.

Image analysis

The LAVmin occurs at mitral valve closure, and the
LAVmax occurs just before mitral valve opening.
The LAVp occurs at the onset of the P-wave on ECG.
The LA volumes and functions were defined as
follows [15]:

e Left atrial passive emptying volume (LAPV) =
LAVmax — LAVp

e Left atrial active emptying volume (LAAV) =
LAVp — LAVmin

e Left atrial conduit volume (LACV) = LVSV —
LASV = (LVEDV — LVESV) — (LAVmax —
LAVmin)

e Left atrial reservoir volume (LARV) = LAVmax
— LAVmin

e LAFEF = (LAVmax — LAVmin)/LAVmax

DSCT

All the DSCT data were transferred to a dedicated
workstation (Multi Modality Work Place, CT 2008A,
Siemens) for further analysis. Two independent
operators with more than 5 years experience in
cardiovascular imaging post-processed the data.
Assessment of the LA or LV volumes was performed
with a dedicated software package for cardiac
function analysis (Circulation) with threshold-based
region-growing 3D segmentation of the LA or LV
cavity. When necessary, the LV or LA endocardial
contours were corrected visually for accuracy on all
the CT images that had a discernible cardiac cavity,
and this was done frame by frame in 360° rotational
MPRs (Fig. 1). The papillary muscles and trabeculae
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Fig. 1 The threshold-based region-growing 3D segmentation
technique in DSCT provided true 3D rendering of the maximal
LA (left atrial) volume without having to make any
geometrical assumptions. Images a and b show the 2D
graphics for defining the LA boundaries. Images ¢ and d show
the corresponding 3D graphics for rendering the LA volume

were included in the LV cavity for the delineation of
the LV endocardial border. The atrial appendages and
pulmonary veins were excluded from the delineation
of the LA endocardial border. The post-processing
software automatically calculated the LV or LA
volumetric parameters. All the volumes were nor-
malized to the body surface area (BSA).

CMR

All the CMR image data were analyzed offline, using
commercial software for the analysis of the CMR
images (Report Card 2.0, General Electric Medical
Systems), by another two independent operators who
each had more than 5 years experience in cardiovas-
cular imaging. The left ventricular and left atrial
endocardial borders were traced manually in each
phase of the cardiac cycle on each slice of the
multislice acquisitions (Fig. 2).

All the functional parameters from the CMR were
calculated according to the modified Simpson’s
method. The end-diastolic and end-systolic phases
were visually determined as the phases with the
largest and smallest ventricular cavities, respectively.
In this study, the papillary muscles were included in
the LV volumes, and the atrial appendages and
pulmonary veins were excluded from the atrial
volumes. The left atrial volume cycle and its
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Fig. 2 The user-interactive graphics derived from cine MR for
determining the LA boundaries and calculating the LA volume.
Images a and b show how to delineate the border between the
pulmonary vein and left atrium. Images ¢ and d show how to
delineate the border between the left auricle and left atrium

50 - A

indexed LA volume (ml/m?

10 4

0

T T T T T T T rrrrrrrri

Ll T 1 ) T 1 T 1
012345678 91011121314151617181920
phase

Fig. 3 The left atrial (LA) volume-time curve derived from
cine MR. a The maximal indexed LA volume. b The indexed
LA volume just before LA contraction. ¢ The minimal indexed
LA volume

measurements are shown schematically in Fig. 3.
The LAVp can be read off as point B from the
volume-time curves. In the majority of cases, point B
was the second of two peaks that corresponded to
active atrial systole after passive atrial emptying. In
two patients, the atrial volume-time curves yielded
only one peak, and this precluded evaluating the
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volume at the onset of atrial contraction and the
subsequent functional calculations for these patients.
All the volumes were normalized to the body surface
area (BSA).

Statistical analysis

All the continuous variables were expressed as
means =+ standard deviations (SD). The correlation
between the DSCT and CMR was assessed using linear
regression analysis with Pearson’s correlation coeffi-
cients. The degree of agreement between the DSCT
and CMR reference values was evaluated according to
the method of Bland and Altman [16] by calculating
the bias (mean difference) and the 95% limits of
agreement (two SDs around the mean difference). A
one-sample 7 test with a 2-sided alternative was used to
determine whether the resulting mean difference was
significant from zero, and this represented a significant
under or overestimation with using DSCT.

Pearson correlation coefficients were calculated to
evaluate the interobserver agreement between the two
observers for all the parameters. Interobserver vari-
ability was assessed by the Bland—Altman method to
compare differences of the observations from the
mean of the observations [16]. For all statistical
analyses, a P-value of less than 0.05 was considered
significant. Data analysis was performed using com-
mercially available software (SPSS 13.0, Chicago,
IL, USA).

Results

The mean heart rate during the DSCT evaluations
was 69 *+ 14 beats/min (median = 69 beats/min,;
range = 47-113 beats/min). The mean heart rate
during the CMR scanning was 67 &£ 11 beats/min
(median = 67 beats/min; range = 50-110 beats/
min) with no significant difference between the
modalities (P =ns). The mean BSA was
1.81 £ 021 m? (range = 1.45-2.33).

The results of DSCT measurements of the LA
volume indexed to the BSA were: LAVmax =
474 £ 11.1 ml/m®, LAVmin = 22.2 + 6.9 ml/m’
and LAVp = 34.8 & 8.8 ml/m”>. The LA volume
indexed to the BSA measured by CMR was: LAVmax
=462 £ 9.7 mI/m*, LAVmin = 21.3 £ 5.8 ml/m’
and LAVp = 33.6 + 7.8 ml/m’.

Figure 4 shows the results of the linear regression
analysis for the DSCT and CMR measurements of the
indexed LA volume and function. All the volumetric
and functional measurements obtained with DSCT
were significantly correlated with the data obtained
with CMR at the P < 0.001 level. The correlation
coefficients were: 0.89 for the indexed LAVmax,
0.90 for the indexed LAVmin, 0.90 for the indexed
LAVp, 0.80 for the indexed LARV, 0.78 for the
indexed LAEF, 0.82 for the indexed LAPV, 0.80 for
the indexed LAAYV and 0.76 for the indexed LACV.

Figure 5 summarizes the results of the Bland-
Altman analysis for the DSCT and CMR measure-
ments of the indexed LA volume and function.
Compared to the CMR, the Bland-Altman analysis
revealed a mean bias for the indexed LAVmax of
1.2 ml/mz, that for the indexed LAVmin was 0.9 ml/
m2, that for the indexed LAVp was 1.1 ml/mz, that
for the indexed LARV was 0.3 ml/m2, that for the
indexed LAPV was 0.1 ml/mz, that for the indexed
LAAV was 0.2 ml/m? and that for the indexed LACV
was 0.4 ml/m?, respectively. The LAEF was slightly,
but insignificantly underestimated, as reflected by a
bias of —0.6%. No significant differences of the mean
difference from zero were found for all the LA
volumetric and functional parameters (P = ns).

Table 1 shows the interobserver agreement for the
DSCT and CMR measurements of the indexed LA
volume and function. The linear regression coeffi-
cients (r) ranged from 0.86 to 0.99 for DSCT, and
they ranged from 0.85 to 0.98 for CMR, indicating an
excellent correlation between the two readers. Bland—
Altman analysis for assessing the degree of agree-
ment between the two readers revealed minimal mean
differences and all the measurements were within
close limits of agreement for all the parameters.

Discussion

To the best of our knowledge, this is the first report
that has focused on assessing the left atrial phasic
function using DSCT. In a previous study by
Christiaens et al. [17], the LAVmax, LAVmin and
LAEF were measured using 64-MSCT, but the other
left atrial functional variables were not evaluated.
The left atrial function is impaired in a number of
cardiovascular outcomes [2-5, 18-20]. With abnor-
mal LV relaxation, the relative contribution of the LA
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Fig. 5 The Bland-Altman
plots of agreement between
the DSCT and CMR
measurements of the left
atrial (LA) volumes and
functions. a The maximal
LA volumes. b The
minimal LA volumes. ¢ The
LA volumes just before LA
contraction. d The LA
reservoir volumes. e The
LA ejection fraction. f The
LA passive emptying
volumes. g The LA active
emptying volumes. h The
LA conduit volumes
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Table 1 The inter-observer variability of the left atrial (LA)
measurements using DSCT and CMR

DSCT CMR
LAVmax r=094; 10+ 46ml/ r=093;12+49 ml/
2 2
m m
LAVmin r=097;0.8 £3.0ml/ r =0.96; 0.9 £ 3.8 ml/
m? m?
LAVp r=097,09£34ml/ r=096;09 %41 ml/
2 2
m m
LARV  r=092;04+35ml/ r=091;05=%37ml/
m? m?

LAEF r=0.88; 0.6 £03% r=0.87;0.7 £ 0.4%
LAPV r=089;01+14ml/ r=02880.1=%15ml/
2 2

m m

LAAV  r=08901+13ml/ r=088 0.1+ 14ml
m2 m2

LACV  r=086;03+34ml/ r=08503=x36ml
l‘l’l2 m2

LVEDV r=098;13+42ml/ r=097;1.6+52ml/
I'n2 II'l2

LVESV  r=1099;07 +23ml/ r=098;08+33ml
m2 m2

LVSV ~ r=097;0.6 +£34ml/ r=097;09 +38ml
l‘n2 m2

All P-value < 0.05

reservoir and the LA contractile function increases,
and the conduit function decreases. However, as the
LV filling pressure progressively increases with
advancing diastolic dysfunction, the LA predomi-
nantly serves as a conduit [6]. Thus, comprehensive
evaluation of the left atrial function is important, and
the LA size might be an important clinical factor to
stratify the risk of preclinical cardiovascular disease.

Retrospective ECG-gated DSCT scanning makes
any phase throughout the cardiac cycle easily avail-
able for assessment, and especially for reconstruction
at the onset of the P-wave on ECG. In the current
study, when the corresponding phases were recon-
structed, the maximal and minimal LA volumes and
the LA volume before left atrial contraction could be
measured, and several LA functional parameters were
calculated. We used a new DSCT scanner with an
increased temporal resolution of 83 ms to assess the
left atrial volume and function during the whole of
the cardiac cycle. Our primary findings demonstrated
the feasibility and reproducibility of DSCT for
detecting the indexed left atrial phasic volume and
function changes. The close linear relationship
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between DSCT and CMR for the measurement of
the indexed LA volume and function was confirmed
by our results, as was reflected by the high correlation
coefficients obtained for all the measured indices .

Interestingly, several studies have demonstrated
systematic and consistent overestimation of the LV
volume using MDCT when compared to using MRI
[21, 22]. Similarly in our study, although no signif-
icant differences of the mean difference from zero
were found for all the LA volumetric and functional
measurements, there was a trend by DSCT towards
overestimating the indexed LA volumes as compared
with the CMR values, and this resulted in a small
trend towards underestimating the LAEF, as reflected
by a negative bias. There was also a trend by DSCT
towards overestimating the LA reservoir, contractile
and conduit functions, as compared with the CMR
values.

Several possibilities can cause these tendencies.
First, imaging of the moving heart requires high
temporal resolution to achieve an artifact-free display
of myocardial contraction over the cardiac cycle [23].
High temporal resolution is needed to identify the
proper image reconstruction windows for accurately
measuring the LA volume and function. Compared to
CMR, which has a temporal resolution of 32 ms [24],
DSCT technology provides a temporal resolution of
83 ms, and this is independent of heart rate. Because
of the relatively low temporal resolution of the
reformatted data, which is typically reconstructed at
20 phases of the cardiac cycle, the LA volume values
measured by DSCT are subject to overestimation.
CMR, with its relatively high temporal resolution,
can easily catch the exact phase of the LA throughout
the whole cardiac cycle. Second, an increase of image
noise during the systolic phase that is due to tube
current modulation may contribute to the overesti-
mation of the LA volume. Yet ECG-gated tube-
current modulation with using DSCT did not hamper
reliably assessing the global and regional LV function
in a previous animal study [25]. In our study, tube
current modulation did not prevent delineating the
endocardial border or LA segmentation in the systolic
phase. Third, bolus injection of iodine contrast
solution with a high speed and large volume could
have resulted in hemodynamically transient changes
with preload and negative inotropic effects. Finally,
additional medicines such as B-blockers could result
in a change of the LA volume and so this could
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hinder direct comparisons between DSCT and CMR
when B-blockers are not used during these imaging
examinations. B-blockers were not used in this study
to avoid this effect.

The DSCT measurements were found to be more
reproducible than that of CMR, as was reflected by
the minimal interobserver variability of all the
measured indices. A plausible explanation for this
finding would be that the spatial resolution of DSCT
is higher than that of CMR, and the threshold-based
region-growing 3D segmentation technique in DSCT
provides true 3D rendering of the LA volume without
having to make any geometrical assumptions. In
contrast, the slice thickness of CMR for the acqui-
sition of the LA images is 5 mm, and a small
difference in tracing the left atrial endocardial
contours can cause a large effect on the left atrial
volume value with using the modified Simpson
method. In addition, the interobserver agreement of
these left atrial measurements was not as high as that
of the left ventricle measurements, illustrating the
difficulty in drawing the irregular left atrial contours,
and particularly when excluding the left atrial
appendage and the pulmonary veins. The difficulty
in defining the boundary between the pulmonary
veins and the left atrial body, or between the left
atrial appendage and the left atrial body causes
measurement variability. However, the left atrial
measurement variability was acceptable in this study.

Traditionally, LA size has been studied with
performing 2-dimensional (2D) echocardiography
[26]. However, the cyclic changes of the LA volume
can not be observed directly by these methods
because the shape of the LA changes during the
heart cycle, and the pattern is altered if the loading
conditions change [27]. Therefore, these techniques
present only a snapshot view of the diastolic function.
In contrast, cardiac MRI has been proved to be an
effective alternative for accurately assessing the LA
volume and the phasic volumetric function of the LA
during the heart cycle [28, 29]. However, the cost and
limited availability of MRI mean that this technique
is largely impractical for routine clinical use. DSCT
provides combined morphologic and functional clin-
ical data on the patients who undergo CT coronary
angiography with using one dataset.

Several limitations of this study should be men-
tioned. First, the vertical long axis was chosen to obtain
the LA cine MR images, yet short axis or horizontal

orientation acquisition is also feasible. Similarly to
Jarvinen et al. [14], in our experience, it is optimal to
define the atrioventricular borders in the vertical long
axis. Second, the LA volume and function postpro-
cessing is time-consuming. But for an experienced
observer, the required time is about 10 min. Therefore,
with the improved post-processing techniques and
increased experience, the post-processing time is not a
problem. Third, we did not evaluate the intraobserver
variability of both modalities.

In summary, with its increased temporal resolu-
tion, DSCT allows for comprehensive assessment of
the heart and the information on the coronary vessels
and cardiac function can be conveniently obtained
from a single dataset without any additional radiation
exposure or cost.
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