An Image-based Approach for 3D Left Atrium Functional Measurements
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Abstract
There is a growing interest in accurate assessment of
function of the left atrium (LA) in patients with atrial fibrillation (AF). Existing methods of LA function measurements only quantify a limited subset of the functional parameters from a single or biplane CINE MRI scan through
the LA. In this study, we propose an image-based method
for comprehensive evaluating the function of the entire LA
in 3D.
4D LA images were reconstructed from a series of CINE
image stack covering whole LA with small or no gap between thin slices. A segmentation from a high-resolution
Magnetic Resonance Angiography (MRA) was registered
and propagated through pairwise deformable registrations
covering the cardiac cycle. Volume, LA ejection fraction (LAEF) and surface strain were computed for each
timepoint and registered to Late Gadolinium Enhancement
(LGE) scans for each of 52 patient scans.
A correlation coefficient of -0.11 was calculated between LGE and strain, indicating that fibrotic tissue correlates with reduced elasticity.

1.

Introduction

Understanding both structural and functional changes in
the LA has become fundamental to understanding AF disease burden and progression. CMR imaging has proven to
be a useful tool in visualizing and quantifying both structural and functional remodeling as part of AF disease progression. Different CMR sequences are employed to address both of these types of measurements. LGE imaging
is used to non-invasively quantify disease progression in
the form of left atrial fibrosis [1]. CINE sequences demonstration cardiac motion, but are typically limited to one or
two planes going through the heart.
LA fibrosis detected from an LGE sequence has been

found to be associated with history of stroke, hypertension
and heart failure. It has also been shown to predict recurrence following AF ablation as well as major adverse
cardiovascular and cerebrovascular events. [2] [3]
Functional measurements of the LA have been shown to
predict AF in the general population and additionally provide predictive capability for cardiovascular events, cardiomyopathy, ischemic heart disease, and valvular heart
disease. [4] [5] [6].
Left atrial function can be quantified by speck-tracking
echocardiography, but this method is can be limited by the
thin walls of many of the areas of the LA. Newer methods
of evaluating LA function using CMR have recently been
developed [7]. However, these existing methods CMR
methods are limited in that they are only able to quantify
functional parameters from a single or biplane CINE MRI
scan through the LA.
In this study, we propose a novel image-based method
for a more comprehensive evaluation of the function of
the entire LA using fully 3D methods. We combine image
processing techniques such as deformable image registrations as well as surface mesh-based techniques to evaluate both localized surface motion as well as overall global
functional measurements.

2.

Methods

Cohort: 52 cardiac MRI scans of 43 unique patients
were acquired using the following protocol. 32 were preablation, 20 were post ablation. 1,351 CINE time points
were captured with an average of 26 CINE time points per
patient.
CMR Acquisition: Cardiac MR (CMR) studies were
performed on either a 1.5 or 3 Tesla MR scanner (Siemens
Healthcare, Erlangen, Germany). The study included
CINE CMR, contrast enhanced (CE) MRA,and 3D LGE.
Cine CMR was acquired in either axial or standard 4-

chamber orientation using an ECG-gated, balanced steadystate free precision (bSSFP) sequence. Typical scan parameters for 1.5T Cine CMR were: echo time (TE) = 1.2
ms, repetition time (TR) = 2.7 ms, flip angle (FA) = 70o ,
contiguous slices with 6-8 mm thickness, and typical spatial and temporal resolution of 1.6 x 1.6 mm and 45 ms,
respectively. The corresponding scan parameters for 3T
Cine CMR were TE/TR = 1.5/3.5 ms, FA = 45o , contiguous slices with 6 mm thickness, and typical spatial and
temporal resolution of 1.3 x 1.3 mm and 35 ms, respectively. CE-MRA was performed during slow contrast infusion using a 3D saturation recovery-prepared,respirationnavigated, ECG-gated, gradient echo pulse sequence. The
scan parameters were: axial imaging volume with field
of view (FOV) = 400 x 400 x 110 mm and voxel size of
1.25 1.25 2.5 mm. The other scan parameters for 1.5T
CE-MRA were: saturation time (TI) = 150ms, TE/TR =
1.6/4.4 ms, FA = 20o . The corresponding scan parameters
for 3T CE-MRA were TI = 120 ms, TE/TR = 1.3/2.8 ms,
FA = 17o . 3D LGE scan was initiated 15-20 minutes after
contrast injection using a 3D inversion recovery-prepared,
respiration-navigated, ECG-gated, gradient echo pulse sequence. The scan parameters were: axial imaging volume
with FOV = 400 x 400 x 110 mm and voxel size of 1.25
1.25 2.5 mm. The other scan parameters for 1.5T LGEMRI were: TE/TR = 2.7/5.4 ms, FA = 20o . The corresponding scan parameters for 3T LGE-MRI were: TE/TR
= 1.4/3.1 ms, FA = 14o . A small subset of data were acquired during the diastolic phase of the LA cardiac cycle
to minimize LA wall blurring in CE-MRA and 3D LGE
scans.
Computational Pipeline: For each patient, we combined the three types of image sequences. A cardiac imaging expert performed a manual segmentation of the LA
anatomy from a high-resolution Magnetic Resonance Angiography (MRA) as well as the LGE image. LA fibrosis was quantified using established methods [1]. 4D LA
CMR images were reconstructed from a series of CINE
image stacks covering whole LA with small or no gap between slices. Individual 3D volumes were extracted and
reconstructed for each timepoint of the cardiac cycle from
the 4D image.
To aid in image processing and registration steps, a region of interest was defined on each sequence around the
left atrium. For the LGE and MRA, the LA segmentation
plus some padding was used to automatically crop the images to the region of interest. For the CINE time points, a
K-means clustering approach was used to identify the areas of motion within the image and crop to these areas.
This helps ensure that the registration processes are focused on the deformations of the myocardium rather that
outside structures.
The anatomical segmentation was registered to the clos-

est time point from the extracted 3d time points. Registration was performed using the ANTS toolkit [8].
To verify registration accuracy, a manual segmentation
was performed on the individual timepoint volumes of
seven patients, 185 3D segmentations. An average DICE
overlap of 85.6% was calculated between the manual timepoint segmentations and the MRA segmentations registered to the time points.
Pairwise 3D deformable registrations were performed
between each consecutive timepoint to create a continuous
set of deformable transforms mapping through the entire
cardiac cycle.
A 3D polygonal surface mesh was constructed from the
MRA segmentation in the original MRA coordinate space
using the marching cubes algorithm. The surface mesh
was then transformed through the transformation defined
by the MRA and closest CINE time point. Each of the
paired time point deformations was then applied, one at a
time to transform the mesh through each time point. This
process results in a high density point-to-point correspondence between every time point.

Figure 1. 3D Surface Strain Map. The color map shows
the maximum lagrangian strain at each point on the surface
over the cardiac cycle.
Using this set of matched surface meshes, we are able to
calculate a variety of functional measurements. The volume of the LA is easily calculated at each time point in the
cardiac cycle using existing methods [9]. With the volume
calculated at each time point, we then calculate the Left
Atrial Ejection Fraction (LAEF) using equation 1.
(LAVmax − LAVmin )
(1)
LAVmax
Since the surface meshes computed at each time point
have full correspondence between time points, we can
track a given vertex and its neighbors through the cardiac
cycle. We can compute the Euclidean displacement, which
is the absolute distance (millimeters) that a point moves
from its starting position.
LAEF =

Figure 2. Average Surface Strain for each patient over the
parameterized (0-1) cardiac cycle

Figure 3. Maximum Surface Strain for each mesh vertex
vs normalized LGE intensity

Lagrangian strain is defined by the deformation of an
original length. [10]. Traditional CMR techniques on a
single plane CINE rely on feature tracking of pixels within
the single slice [11]. Such methods are not able to account
for cardiac motion that is not in-plane with the orientation
of the CINE image. One particular advantage of our approach is that our deformation calculations are performed
on full 3D volumes from one time point to the next and are
able to account for motion in any direction.
We define the term surface strain as a Lagrangian measure of deformation along the surface. With a regular
triangular surface mesh of near uniform spacing, vertex
neighbors provide a 3D measure of original length between neighbors. Areas that expand during the cardiac cycle will see their edge lengths increase relative to the initial
length and this is calculated as the surface strain for a given
vertex (average of neighboring edge length deformations).
This is in contrast to displacement because a given vertex
could displace by a significant amount without actually deforming significantly from its neighbors. For example, this
could happen where a section of dense scar moves significantly in Euclidian space due to stretching in other parts of
the LA wall. Our computation of surface strain accounts
for this, and little to no strain will be present at the site
of the dense scar. See figure 1 for an example 3d surface
strain map.
These calculated 3D maps were then registered to Late
Gadolinium Enhancement (LGE) maps to correlate perpoint functional measurements with fibrotic tissue characterization. LGE values were quantified and given as a

normalized value above the quantified threshold.

3.

Results

3D strain maps were generated for each timepoint for
each of 52 patient scans. Volume and strain curves were
aggregated for each scan. See Figures 2 and 4. LAEF
was calculated to be 27.5% ± 10.2%. Peak global surface
strain, the 3D analog of longitudinal strain, was calculated
to be 12.3% ± 2.6% over all of the patients.
A point by point analysis of 1,748,352 points across
each surface mesh for each patient allows us to investigate
localized relationships between structure and function. At
each point, values for LGE, strain, and displacement are
calculated. A correlation coefficient of -0.11 was computed between LGE and strain (p ¡ 0.001), indicating that
fibrotic tissue correlates with reduced elasticity in the LA
wall. See Figure 3.
Peak surface strain was compared between pre-ablation
and post-ablation scans, and the difference was found to
be statistically significant. The mean for pre-ablation was
13.97 and the mean for post ablation was 12.18 (p =
0.01208).

4.

Limitations and Future Work

This method of analysis requires a full stack of CINE
images through the LA. This is not part of a normal cardiac
imaging study, so further adoption of this approach is unfortunately not as easy as applying it to typically-acquired
sequences. Also, for this reason, the available cohort of

Figure 4. Volume over parameterized cardiac cycle
patients was limited to those prospectively acquired. Due
to the recent nature of the scans, we do not yet have outcome data for these patients to test the predictive capability
of these analyses. As soon as these data become available,
we plan to perform such studies.

5.

Conclusion

A novel method for fusing and evaluating structural and
functional 3D MRI through time using only a single segmentation has been described. This fully 3D assessment
of function may offer advantages over traditional 2D approaches that are limited to evaluation in only 1-2 slices.
Additionally, the available 3D fibrosis maps can be more
easily correlated against a full 3D strain map to investigate
and show the relationship between structure and function.
Further studies will determine if there is increased prognostic value in 3D functional assessment with regard to
outcomes such as AF recurrence and stroke.
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