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Abstract
Background—Left atrial volume (LAV) determines prognosis and response to therapy in atrial
fibrillation. Integration of electro-anatomical maps with 3D-images rendered from CT and MRI is
used to facilitate atrial fibrillation ablation.

Objectives—We measured LAV changes and regional motion during the cardiac cycle that might
affect the accuracy of image integration and determined their relationship to standard LAV
measurements.

Methods—MRI was performed in thirty patients with paroxysmal atrial fibrillation. Left atrial time-
volume curves were generated and used to divide the left atrial function (LAEF) into pumping (PEF)
and conduit (CEF) fractions and to determine the maximum LAV (LAMAX) and the pre-atrial
contraction volume (PACV). LAV was measured using an MRI angiogram and traditional geometric
models from echocardiography (area-length and ellipsoid). The in-plane displacement of the
pulmonary veins, anterior left atrium, mitral annulus, and left atrial appendage was measured.

Results—LAMAX was 107±36ml and occurred at 42±5% of the RR interval. PACV was 86 ±34ml
and occurred at 81±4% of the RR interval. LAEF was 45±10% and PEF was 31±10%. LAV
measurements made from the MRI angiogram, area-length and ellipsoid models underestimated
LAMAX by 21±25ml, 16±26ml, and 35±22ml, respectively. The anterior LA, mitral annulus, and
left atrial appendage were significantly displaced during the cardiac cycle (8.8±2.0mm, 13.2±3.8mm,
and 10.2±3.4mm, respectively); the pulmonary veins were not.

Conclusions—LAV changes significantly during the cardiac cycle and substantial regional
variation in left atrial motion exists. Standard measurements of left atrial volume significantly
underestimate LAMAX when compared to the gold standard measure of 3D-volumetrics.
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Background
Atrial fibrillation (AF) ablation is recommended and is increasingly being adopted as second
line therapy in patients with symptomatic AF unresponsive to anti-arrhythmic drugs(1–3).
Manipulation of an ablation catheter in the left atrium (LA) can be time consuming and involve
significant fluoroscopy, but new technologies are evolving to facilitate catheter navigation and
reduce procedure and fluoroscopy times(4–7). Recently, mapping systems have incorporated
three-dimensional (3D) cardiac computed tomography (CCT) and cardiac magnetic resonance
(CMR) imaging of the LA to facilitate nonfluoroscopic mapping(8–11). These data sets can
be displayed side by side with a catheter geometry, providing an anatomical reference (Digital
Image Fusion™, EnSite 5.01 workstation, Endocardial Solutions, Inc., MN), or as an image
registered with the catheter geometry (Carto XP™, Biosense Webster, Diamond Bar, CA and
EnSite Fusion™, Endocardial Solutions, Inc., MN).

CCT or CMR 3D images provide remarkable definition of the LA anatomy and are helpful in
defining the number, location and size of the pulmonary veins, the relationship of the left upper
pulmonary vein to the left atrial appendage and the LA relations to the esophagus, aorta and
pulmonary artery. This 3D display provides a better understanding of the complex LA anatomy
than the two dimensional views from fluoroscopy, pulmonary venograms or intra-cardiac
echocardiography and offers the potential to improve catheter navigation and increase accuracy
of ablation lesion placement(12,13).

Nevertheless, the 3D image is a static ‘snapshot’ in time during the cardiac cycle. Changes in
the volume and shape during the cardiac cycle may significantly alter the dimensions of the
static 3D image. We hypothesized that cycle dependent changes could alter the accuracy of
3D image registration with the catheter geometries. Thus, we used CMR to quantify the changes
in LA volume (LAV) and regional displacement during the cardiac cycle.

Methods
We studied 30 consecutive patients in sinus rhythm with a history of paroxysmal atrial
fibrillation referred for CMR prior to atrial fibrillation ablation. Patients were included in the
study if they were ≥ 18 years and had a history of paroxysmal atrial fibrillation refractory to ≥
2 anti-arrhythmic drugs. Patients with a history of congestive heart failure, valvular heart
disease, or a left ventricular ejection fraction <45% were excluded.

CMR Imaging
The study was performed on a 1.5 Tesla Siemens Avanto MRI scanner (Siemens Medical
Solutions, Erlangen, Germany). Using steady state free precession imaging (SSFP, TR 3ms,
TE 1.1–1.3ms), retrospectively gated, 6mm thick axial cines with 25 to 40 frames per cardiac
cycle spanning the entire left atrium were obtained without gap between slices. SSFP cines
were also acquired in 2-chamber, 3-chamber and 4-chamber orientations. A breath-held, non-
gated MRA in the coronal plane was performed using 0.2 mmol/kg gadolinum-DTPA (Berlex,
Wayne, NJ). Appropriate coverage of the left atrium was obtained using 64 slices with a
thickness of 2 mm and a matrix size of 108–156 × 192 (FOV 400, TR/TE 2.6/0.9, flip angle
15°). A timing bolus was performed to maximize enhancement of the left atrium.

Time Volume Curves
Using Argus software (Siemens Medical Solutions, Malvern, PA), the inner border of the left
atrium was manually traced for each frame of each cine slice. The left atrial appendage and
pulmonary veins were excluded at their junction with the left atrium on each image. The volume
in each slice was calculated by multiplying the area of left atrium in the slice by the thickness
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of the slice. The volumes measured in each slice were added together to determine the overall
LAV (Simpson’s Method of Disks). The volumes were plotted as a function of time to generate
time volume curves. The maximum left atrial volume (LAMAX or α), the pre-atrial contraction
volume (PACV or β), and the minimum left atrial volume (LAMIN) were measured. The global
left atrial ejection fraction (LAEF) was calculated using the following formula: (LAMAX −
LAMIN)/LAMAX. The LAEF was further divided into conduit (CEF) and pump (PEF)
portions (Figure 1).

LA Volume Measurements
Commonly used echocardiographic measures of LAV were simulated using the area-length
(AL) and ellipsoid (EL) models from 2-chamber and 4-chamber SSFP cines obtained during
the CMR study(14). Aquarius software (Tera Recon, San Mateo, CA) was used to measure the
LAV on the MRA.

Regional LA Displacement
The maximum in-plane displacement of the posterior aspect of each of the major pulmonary
veins (LUPV, LLPV, RUPV, RLPV) was measured from the axial cines. The structure of
interest was marked in the LAMAX image, the cine was advanced to the LAMIN frame, and
the distance the structure moved was measured linearly. The in-plane displacement of the
anterior left atrium at the level of the sino-tubular junction (AntLA) was also measured using
the appropriate axial cine. The 3-chamber SSFP cine was used to measure the displacement of
the postero-lateral mitral valve annulus (MITRAL). The 2-chamber view was used to measure
the displacement of the ridge separating the left superior pulmonary vein and the left atrial
appendage (LAA) (Figure 2).

Statistical Analysis
Continuous variables are expressed as mean ± standard deviation. The relationship between
the LAV (calculated by MRA, area-length model, or ellipsoid model) and the time-volume
curve was determined using Bland-Altman plots and linear regression analysis. One-way
ANOVA was used to measure differences in regional displacement. A p value <0.05 was
considered significant. Analysis was performed using GraphPad Prism version 4.0c for
Macintosh (GraphPad Software, San Diego, CA).

Results
Patient characteristics are listed in Table 1. The LAV changed substantially during the cardiac
cycle (Figure 1), and the overall LAEF was 45±10% (range 15% to 61%). The LAMAX was
107±36ml and occurred at 42±5% (range 29% to 51%) of the RR interval. The LAMAX ranged
from 51ml to 188ml. Following passive emptying, the volume fell to 81±34ml (range 34ml to
169ml). The conduit ejection fraction was 25±9% (range 10% to 40%). Passive emptying was
followed by a brief period of diastasis that began at 65±7% (range 50% to 80%) of the RR
interval and was followed by active contraction. The PACV was 86±34ml and occurred at 81
±4% (range 71% to 90%) of the RR interval. The PACV ranged from 34ml to 170ml. The
pump ejection fraction was 31±10% (range 6% to 48%). After LA contraction, the residual
volume was 61±32ml and ranged from 21ml to 159ml. Linear regression analysis (Figure 3)
revealed that as LAMAX increased, LAEF decreased with a slope of −0.20±0.03 (r2=0.50,
p<0.0001). LAMAX had a similar influence on the conduit ejection fraction (slope= −0.13
±0.04, r2=0.30, p=0.002) and the pump ejection fraction (slope= −0.16±0.04, r2=0.35,
p=0.0006). Additionally, the three slopes were not different from each other (p=0.416)
suggesting that the LAMAX influenced all three measurements of left atrial function similarly.
Figure 3 also shows that there is no significant relationship between LAMAX and the timing
to LAMAX (r2=0, p=0.97) and timing to PACV (r2=0.02, p=0.43).
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Static measurements of LAV measured using the MRA or commonly used echocardiographic
methods such as the area-length model and ellipsoid model correlated well with both LAMAX
(r2= 0.57, 0.49, and 0.65, respectively, p<0.0001) and PACV (r2= 0.62, 0.56, and 0.65,
respectively, p<0.0001). Bland-Altman analysis (Figure 4) demonstrated that the LAMAX was
underestimated by all 3 methods. The average measurement bias for MRA, area-length model,
and ellipsoid model was −21±25ml, −16±26ml, and −35±22ml, respectively. The bias and
limits of agreement were reduced when LAV measurements were compared to PACV rather
than LAMAX.

Regional variation in left atrial displacement was determined (Figure 5). The posterior aspect
of the pulmonary veins demonstrated minimal in-plane displacement (LLPV 2.7±1.2mm,
LUPV 2.1±1.1mm, RLPV 1.9±1.1mm, and RUPV 2.3±1.0mm); whereas, the anterior left
atrium, the postero-lateral mitral annulus, and the ridge of the left atrial appendage displaced
significantly during the cardiac cycle (8.7±2.3mm, 12.5±3.9mm, and 9.8±3.4mm,
respectively). The variation in displacement between regions was significant by ANOVA
(p<0.0001).

Discussion
We have quantified the changes in LAV during the cardiac cycle in patients with paroxysmal
AF while in sinus rhythm. LAMAX occurred immediately prior to mitral valve opening after
which there was a period of passive emptying, a period of diastasis and finally atrial contraction.
LAMIN was reached immediately prior to mitral valve closure. The time volume curves are
illustrated in Figure 1. In addition, this study has shown that the posterior aspect of the
pulmonary vein ostia are only minimally displaced; whereas, the postero-lateral aspect of the
mitral annulus, the anterior aspect of left atrium, and the ridge between the LA appendage and
left upper pulmonary vein demonstrate significant displacement. The magnitude and timing of
these volume changes have important implications for the integration of CMR and CCT images
with catheter geometries obtained during atrial fibrillation ablation procedures.

Methods of evaluating LA size
The left atrial size is often estimated using echocardiography, most simply with a single linear
measurement of the antero-posterior diameter. However, unidimensional measures
oversimplify the complex anatomy of the left atrium. Most investigators consider it to be more
accurate to either directly measure LAV or estimate it using geometric models such as the area-
length or ellipsoid models(15). The relationship of these measurements to the cardiac cycle is
not well defined. Because the LAV is sensitive to changes in heart rate and preload and because
echocardiography was not simultaneously performed, we simulated standard geometric models
of LAV typically used during echocardiography using CMR. The present study demonstrates
that both the area-length and ellipsoid models underestimate the maximum left atrial volume.
A previous study suggested that LAV as measured by MRA correlated better with the pre-atrial
contraction volume rather than with the maximal left atrial volume(16). Our study confirms
this finding in patients with paroxysmal atrial fibrillation. In fact, the measured volume of all
three techniques has a reduced bias and tighter limits of agreement when compared to the pre-
atrial contraction volume rather than the maximal left atrial volume. The ungated MRA is a
better measure of the PACV than the LAMAX likely because image acquisition occurs
throughout the cardiac cycle, and the time volume curves reveal that the left atrial volume
approximates the PACV for a significant portion of the cardiac cycle influencing the measured
MRA volume. Similarly, both geometric models are also more representative of the PACV
despite the fact that the measurements are made during maximal atrial size.
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LA volume changes and AF ablation
Dynamic LAV changes have previously been studied using older CMR techniques in small
cohorts of normal volunteers and children (17,18). We examined the changes in LAV over the
entire cardiac cycle in patients with paroxysmal atrial fibrillation using a CMR technique with
improved spatial and temporal resolution from the perspective of atrial fibrillation ablation.
The concept of registering a static 3D CMR or CCT image to a catheter geometry of the LA
at the time of the procedure and then using the 3D image for catheter navigation is attractive
to physicians performing AF ablation. Such electroanatomical mapping systems have the
potential to shorten procedure times, improve outcomes and reduce complications. Early
versions of such software are now in clinical use but they are time consuming and not
consistently accurate. Registration is performed in two ways: (1) By linking the 3D coordinates
of the tip of the ablation catheter positioned at prominent landmarks (eg. the ostium of
pulmonary veins) with the corresponding location on the 3D image or (2) creating a catheter
geometry by sweeping the catheter across the surface of the LA to collect hundreds of points
to generate a 3D image. The catheter geometry image is then linked with the surface of the 3D
CMR image using a best fit algorithm. One or both of these methods may be used but the
second, known as surface registration, appears to be more accurate.

In order to study the registration process and possible problems encountered during atrial
fibrillation ablation, we selected cardiac MRI as a model to learn from. Benefits of selecting
CMR as a model include the absence of ionizing radiation and an excellent temporal and spatial
resolution. Although, we obtained our data using CMR, the challenges for image registration
during an atrial fibrillation procedure would be the same for cardiac CT. The changes in LAV
during the cardiac cycle demonstrated in our study are highly clinically relevant to the
registration of 3D images and have significant implications for this registration process. In fact,
our data suggest that there are large fluctuations in LAV during the cardiac cycle. On average,
the LAMAX was 107ml; whereas, the minimum volume was only 61ml. In addition to the
volume changes that occurred during the cardiac cycle, there was a significant variability
among patients in the degree of volume change. The conduit ejection fraction ranged from 10%
to 40% and the pumping ejection fraction ranged from 6% to 48%. Given a constant change
in volume during the cardiac cycle, it appears that the best registration accuracy would be
achieved by acquiring the CCT or CMR images and the catheter geometry at the same point
in the cardiac cycle. Typically, CCT is gated to approximately 70 percent of the RR interval
and CMR angiography is ungated, but there is no universal standard. Catheter geometry can
be collected either using ECG gating or alternatively, by continuously collecting points through
all phases of the cardiac cycle. The latter is quicker, gives a smoother looking geometry, and
is thus generally preferred. Continuous collection of points is likely to introduce error in the
volume of such a catheter geometry and likely represents maximum LA volume. This error
will be compounded when the catheter geometry is registered to a static 3D image representing
PACV. ECG gating may be inaccurate in patients who are in atrial fibrillation at the time of
the study, and the effects of AF on LA volume change during the cardiac cycle remain
unknown.

ECG gating needs to be considered when choosing between imaging modalities and specific
protocols. Angiograms obtained using CMR are typically ungated. The resultant image set has
blurred borders and the left atrial image is a volume average of the various left atrial positions
that occur during the 15–20 second scan period. Furthermore, the spatial resolution often must
be as low as 2mm in order to provide adequate image signal to be used with most of the current
ablation software. Although CCT images are electrocardiographically gated, have excellent
spatial resolution, and have an adequate contrast to noise ratio, the ideal portion of the cardiac
cycle for use during ablation procedures has not been well defined. Additionally, the technique
requires the use of iodinated contrast and has a significant radiation burden. It has previously
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been shown that standard echocardiographic volume measurements of the left atrium
underestimate the electroanatomical catheter geometry by 23%(19). In our study, we show that
ungated MRA underestimates the maximum left atrial volume by 21%. The left atrium is clearly
a dynamic structure that moves substantially, not only during the cardiac cycle, but also during
respiration; furthermore, the LAV depends on preload and even patient position. Integration
of CMR or CCT images with those acquired in the electrophysiology lab must take into account
these changes.

LA regional wall motion and LA image integration
In addition to changes in LAV during the cardiac cycle, there are regional variations in left
atrial motion that may impact the integration of CCT and CMR images with catheter geometry.
The displacement data demonstrate that the appropriate selection of fiducial points for image
integration is an important area of investigation. Our data reveal that very little motion occurs
in the posterior aspect of the pulmonary veins; therefore, the pulmonary vein ostia should be
incorporated into future schemes for the registration of left atrial images. It has previously been
shown that the diameter of the pulmonary vein ostia changes over the cardiac cycle and that
the pulmonary veins enter the LA at a variety of angles (13). It is possible that the significant
LAV changes that occur during the cardiac cycle influence the angle at which the pulmonary
veins are entering the LA at any given point. The volume changes may also lead to splaying
of the pulmonary veins. The mitral annulus, the anterior aspect of left atrium, and the ridge
between the LA appendage and LU pulmonary vein are mobile and, if used as fiducial points
for registration, are likely to introduce error. The regional variation of left atrial motion should
also be considered when ablation targets are chosen.

Other clinical implications
The size of the left atrium is an important determinant of prognosis(20–22) and predicts the
likelihood of AF recurrence after restoration to normal sinus rhythm(23). It is unclear if
LAMAX is a more important predictor of prognosis and response to therapy than traditional
measures of left atrial size. Kaminski et al recently suggested that left atrial pump function is
a better predictor of adverse cardiovascular events in hypertensive patients than left atrial size
(24). Additionally, improvement in left atrial function has been noted after cardiac
resynchronization for the treatment of heart failure(25). Atrial function is restored when the
heart is returned to sinus rhythm, but whether atrial function post-ablation improves or declines
compared to controls is controversial(26–28). The impact of scar formation, which has been
shown to include around 30% of the LA endocardium, on contractility and conduction patterns
is not fully understood(29). It is possible that the impact of scar in the posterior aspect of the
left atrium is minimized due to its minimal contribution to left atrial motion, but there may be
a reduction in left atrial function if fibrosis created during the ablation procedure extends into
more mobile portions of the left atrium. Recently Peters et al used high resolution CMR to
detect scar created by an ablation procedure(30). Although they detected the presence of new
scar in all the patients, it circumferentially encompassed the pulmonary vein in only 62%. They
also noted that the transmural extent of the affected tissue was inversely related to the time
from procedure. It remains to be seen whether scar imaging can be used to predict which
patients will have a recurrence of atrial fibrillation and which patients will have an improved
left atrial function following a pulmonary vein isolation procedure.

Conclusions
We conclude that there are significant changes in LAV during the cardiac cycle in patients
with a history of paroxysmal atrial fibrillation. In addition, most current measures of LAV
significantly underestimate the maximum left atrial volume. The dynamic nature of the LAV
and regional motion should be considered prior to atrial fibrillation ablation. The volume and
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morphology of a static 3D image, either as a catheter geometry or as a CCT or CMR image,
will be significantly affected by the timing of data acquisition. The same standard for data
acquisition should be used for creation of each of these 3D models to facilitate accurate image
registration during electroanatomical mapping. A simple clinical solution might be to
electrocardiographically gate the electro-anatomical maps and the CCT or CMR images at the
same part of the cardiac cycle.
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Glossary of Abbreviations
AF  

atrial fibrillation

LA  
left atrium

LAV  
left atrial volume

CCT  
cardiac computed tomography

CMR  
cardiac magnetic resonance

MRA  
magnetic resonance angiography

SSFP  
steady state free precession

LAEF  
left atrial ejection fraction

PEF  
left atrial pump ejection fraction

CEF  
left atrial conduit ejection fraction

LAMAX  
maximum left atrial volume

LAMIN  
minimum left atrial volume

PACV  
pre-left atrial contraction volume

AL  
area-length model

EL  
ellipsoid model
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PV  
pulmonary vein

RUPV  
right upper pulmonary vein

RLPV  
right lower pulmonary vein

LUPV  
left upper pulmonary vein

LLPV  
left lower pulmonary vein

AntLA  
anterior left atrium

LAA  
left atrial appendage

LVEF  
left ventricular ejection fraction
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Figure 1.
Each line represents the unique time volume curve (TVC) for each of the 30 patients. The dark-
bold line represents the “average” TVC. α represents LAMAX which is 107±36ml and ranged
from 51ml to 188ml. β represents the PACV which is 86±34ml and ranged from 34ml to 170ml.
Measurements for the conduit ejection fraction (CEF) and pump ejection fraction (PEF) are
noted and were 25±9% and 31±10%, respectively. The reduction in LAV following α
represents mitral valve opening. In addition to the variation in volume present in the cohort, a
variety of ‘patterns’ in left atrial filling and emptying are present. These patterns are reflected
by the different filling and emptying slopes and by the relative contribution of mitral valve
opening and atrial systole.
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Figure 2.
Several views of the left atrium during its maximum and minimum volume are shown. A
horizontal white line is drawn through the center of each image as a point of reference and the
identically sized yellow vertical line on the left border of the image confirms that the horizontal
reference line is equally positioned on the LAMAX and LAMIN images. The red lines on the
LAMIN images represent the in-plane displacement of various points of interest. The red dots
represent the lack of significant motion. The top row represents LAMAX and the bottom row
represents LAMIN. Panels A, B, and D respectively show the ridge separating the left upper
pulmonary vein and the left atrial appendage (LAA), the postero-lateral mitral valve annulus
(MITRAL), and the anterior left atrium at the level of the sino-tubular junction which is
represented by the white dot (AntLA). The posterior aspects of the right lower pulmonary vein
(RLPV) and the left lower pulmonary vein (LLPV) are shown in panels C and D.
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Figure 3.
On the left, linear regression analysis shows that global left atrial ejection fraction (LAEF) and
its conduit (CEF) and pumping (PEF) components are inversely related to LAV (maximum
volume). The graph on the right shows that no significant relationship exists between the LAV
and the timing of the LA ejection cycle.
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Figure 4.
Bland-Altman plots reveal the relationship of the left atrial volume (LAV) as measured from
a magnetic resonance angiogram (MRA), the area-length model (AL), and the ellipsoid model
(EL) with the maximum left atrial volume (LAMAX) and pre-atrial contraction volume
(PACV) as determined by the gold-standard time volume curves. LAMAX is underestimated
by MRA, AL, and EL. The bias and limits of agreement are reduced when MRA, AL, and EL
are compared to PACV.
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Figure 5.
The posterior aspects of the pulmonary vein ostia are minimally displaced; where as, the
anterior left atrium at the level of the sino-tubular junction (AntLA), the postero-lateral mitral
valve annulus (MITRAL), and the ridge separating the left superior pulmonary vein and the
left atrial appendage (LAA) exhibit substantially more motion.
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Table 1
Patient Characteristics (n = 30)

Age 56±12
Gender (male) 23 (77%)
Race (Caucasian) 30 (100%)
Height (inches) 70±4
Weight (kg) 94±20
BSA 29.5±5.4
Heart Rate 65±9 bpm
Past Medical History
Hypertension 17 (57%)
Diabetes Mellitus 4 (13%)
Coronary Artery Disease 6 (20%)
Obese 14 (47%)
Other
LVEF <50% 2 (7%)
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