
  


 

Abstract— To date, regional atrial strains have not been 

imaged in vivo, despite their potential to provide useful clinical 

information. To address this gap, we present a novel CINE MRI 

protocol capable of imaging the entire left atrium at an isotropic 

2-mm resolution in one single breath-hold. As proof of principle, 

we acquired data in 10 healthy volunteers and 2 cardiovascular 

patients using this technique. We also demonstrated how 

regional atrial strains can be estimated from this data following 

a manual segmentation of the left atrium using automatic image 

tracking techniques. The estimated principal strains vary 

smoothly across the left atrium and have a similar magnitude to 

estimates reported in the literature.    

I. INTRODUCTION 

The upper chambers of the heart, the atria, play a crucial 
role in overall cardiac function, acting successively as a 
conduit, reservoir and booster pump for the blood entering the 
ventricles [1]. The link between atrial mechanical dysfunction 
and ventricular disease is well established, although it is not 
clear whether atrial functional deficits typically precede or are 
a consequence of ventricular pathologies such as left 
ventricular diastolic dysfunction [2]. 

Similarly, it is well known that atrial fibrillation (AF), the 
most common sustained cardiac arrhythmia, is also often 
accompanied by atrial mechanical dysfunction, although the 
mechanisms linking the two processes remain unclear [3]. 
Gaining a better understanding of these processes is likely to 
lead to an improvement in management and treatment for these 
patients. Catheter ablations, arguably the gold standard 
treatment for AF, have a single-procedure success rate below 
50% in patient with long-standing forms of the disease [4]. The 
socio-economic burden of AF is thus immense, estimated as 
1% of total healthcare costs in the UK [5]. 

The understanding of atrial mechanical function and its 
role in cardiac disease is greatly hampered by the lack of 
techniques capable of imaging atrial function at high 
resolution. So far, clinical value has been found in ratios of 
lengths of atrial segments (global atrial strains) typically 
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measured using echocardiography. These have been found to 
be good predictors of, among others, post-ablation patient 
outcome [6], [7] and stroke risk [8] in AF. 

Although dynamic magnetic resonance imaging (CINE 
MRI) has also been used to estimate global atrial function, 
these analyses have traditionally been based on one or two 8 
to 10-mm thick 2D slices [9], [10]. This poor spatial coverage 
and resolution precludes an analysis of regional atrial strains, 
which are likely to be of important clinical value. In particular, 
abnormal regional strains may be an indicator of local 
substrate abnormalities, such as local fibrosis, given that 
fibrotic tissue is stiffer than healthy myocardium [11]. In fact, 
a positive correlation between global atrial strains and global 
atrial fibrotic burden has been reported [12], [13], but it is not 
clear whether this relationship would hold on a region by 
region basis. This is of high interest for two complementary 
reasons: it is increasingly believed that catheter ablation 
efficacy can be improved with personalized fibrosis maps 
[14]; and current MRI-based methods for fibrosis 
identification, which are based on late gadolinium 
enhancement, show poor reproducibility [15].     

In this paper, we introduce a novel high-resolution CINE 
MRI acquisition protocol, capable of imaging the left atrium 
(LA) in one single breath hold (<25 s) at an isotropic 
acquisition resolution of 2 mm. We use this protocol to image 
the LA of 10 healthy volunteers and 2 cardiovascular patients 
over 20 phases of the cardiac cycle. We then create maps of 
principal strain values and principal strain directions for each 
subject across the cardiac cycle, as a proposed application for 
this novel technique. 

II. METHODS 

A. Image Acquisition 

We imaged 12 healthy volunteers (5 female, ages: 24-36 
years old) and 2 cardiovascular patients (both male, ages: 32 
and 54 years old) under ethical approval (IRAS ID: 171620). 
All subjects gave written informed consent prior to imaging.   
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All images were acquired in a 1.5T Philips Ingenia MRI 
scanner, using a 32-channel cardiac coil, in a single breath-
hold. Images were acquired in a short-axis view, planned with 
the help of traditional 2- and 4-chamber scans. A 3D bSSFP 

protocol (flip angle: 60, TE/TR: 1.6/3.3 ms) was employed 
with SENSE (factor: 2.3-2.6) along both phase encode 
directions. Images were acquired with ECG-based 
retrospective gating in a typical field of view of 400 x 270 x 
70 mm with an isotropic acquisition resolution of 2.0 mm and 
were reconstructed to 20 cardiac phases with 55% view 
sharing. The breath-hold duration depended on the heart rate 
of the imaged subjects and was kept under 25 s throughout. 
Images were reconstructed to a resolution of 0.6 x 0.6 x 1.0 
mm for post-processing. 

B. Image Analysis 

Using the automatically detected R-wave of the vector 
electrocardiogram, we established the first cardiac phase, 
corresponding to end-ventricular diastole. The left atrial (LA) 
blood pool was manually segmented on the 10th cardiac phase 
by a medical expert. At this reference cardiac phase, the left 
atrium is round and close to its maximal volume.  

The left atrial appendage and the insertion of the 
pulmonary veins were not included in the segmentation. Direct 
imaging of the atrial wall is not possible in this type of 
protocol, due to the thinness of the atrial wall (approx. 2.5 mm 
[16]), comparable to the acquisition resolution. Therefore, in 
contrast with ventricular deformation analyses, the atrial 
myocardium was therefore treated as an infinitesimally thin 
2D surface embedded in a 3D space throughout.  

For each short-axis slice which included the left atrium, the 
segmentation contour (corresponding to the LA endocardial 
wall) was approximated using cubic splines to obtain 150 
evenly spaced control points. The position of each of these 
points in previous and subsequent cardiac phases was 
estimated, in 3D, using the Medical Image Tracking Toolbox, 
MITT [17]. Very briefly, MITT employs an iterative image 
tracking algorithm, called localized anatomical affine optical 
flow (AAOF), to estimate the motion and deformation of the 
object of interest across an image sequence. By using a priori 
knowledge of the object’s shape to anatomically constrain the 
motion estimation, AAOF is able to iteratively propagate the 
segmented 3D surface to adjacent frames, and ultimately 
estimate the most likely position of each surface point across 
the entire cardiac cycle.  

B. Regional Strain Calculation 

The surface points in the reference frame were used to 
generate a smooth triangulated mesh using a radial basis 
function interpolation with regularization. This approach was 
implemented using Matlab (Mathworks, Natick, USA). It 
extrapolates beyond the upper and lower bounds of the image 
stack where no data points are available to produce a closed 
surface. Thereafter, the displacement fields between the 
reference frame and the rest of the time points were 
interpolated from the voxel grid onto the mesh to yield a series 
of deforming meshes. 

The Lagrange strain tensor was estimated in the locally 
tangential surface plane using a finite element approximation 
and resolved into principal components at each node. The 2 
principal components were sorted in descending order of 
magnitude. The trace and determinant of these strain tensors 
were also calculated. The normal component of the node-wise 
displacement vector was evaluated using the outward surface 
normal updated at each time point. 

III. RESULTS 

All acquired CINE MRI showed good contrast between the 

LA blood pool and adjacent structures and a very good signal 

to noise ratio. Figure 1 shows the acquired CINE MRI in the 

reference frame, in 3 orthogonal views for one healthy 

volunteer. The initial LA segmentation and corresponding 

mesh rendering are also shown. 

The registered LA mesh for one of the imaged patients 

across three phases of the cardiac cycle is displayed in Figure 

2, where the qualitatively good performance of the LA wall 

tracking algorithm can also be observed. 

 

 
Figure 1 – Representative CINE MRI image (reference frame). Three 

orthogonal views (A, B, D) are shown overlaid with the manual left atrial 

segmentation and its rendering for a healthy volunteer (C). 

The mesh generation yielded an average absolute distance 

error of 1.95±1.42 mm between the segmentation data points 

and the generated surface. In addition, the propagated meshes 

(as described in II. B) were compared to the results of direct 

mesh fitting to the data points at each frame (showed in Figure 

2), which showed that the nodal discrepancies remained small 

(1.56±1.54 mm) except in regions of abrupt changes in 

curvature. 
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Figure 2 – Left atrium mesh (in white) obtained upon image tracking overlaid 
on the acquired CINE MRI in three different phases of the cardiac cycle 

(indicated in each subfigure), for one imaged patient. 

Figures 3 and 4 show anterior and posterior views of the LA 

color-coded according to the value of the local principal strains 

for two representative subjects. Principal strain magnitude 

ranged between approximately 0.5 across atrial regions and 

subjects. It was consistently higher close to the mitral valve 

and the roof of the atria and varied smoothly across the atrial 

surface. 

Figures 3 and 4 also display vectors showing the direction 

of the principal strain vectors as arrows. Overall, principal 

strain directions varied smoothly both spatially and 

temporally. Some regions showed abrupt changes in principal 

strain direction, which could potentially be linked to the 

complex underlying atrial myofibre orientation [18].  

 
Figure 3 - Principal strains and strain vectors in the LA during active atrial 

contraction (phase 15/20) in two subjects. Panels A and B show anterior 

views, whereas panels C and D show posterior views of corresponding atria.  

 
Figure 4 – Principal strains and strain vectors in the LA during atrial 

reservoir function (phase 5/20) in two subjects. Panels A and B show 

anterior views, whereas panels C and D show posterior views of 

corresponding atria. 

Figure 5 shows a plot of LA volume across the cardiac cycle 

in a representative healthy volunteer. The reported volumes 

and ejection fraction are in agreement with literature from 2D 

CINE MRI [13] and 3D echocardiography [19]. The shape of 

the volumetric curve also agrees with published data [1], [19]. 

IV. DISCUSSION 

We present a novel protocol to acquire atrial CINE MRI in 

one single breath-hold at an isotropic resolution of 2 mm. 

Through the use of automatic tracking techniques, this 

protocol opens up the possibility of estimating regional atrial 

strains in 3D, which have been unexplored until now, despite 

their clinical interest. 

 
Figure 5 - Left atrial volume throughout the cardiac cycle in one healthy 

volunteer. The estimated LA ejection fraction, 𝐸𝐹 = 100 ×
(𝑉𝑜𝑙𝑀𝑎𝑥−𝑉𝑜𝑙𝑀𝑖𝑛)

𝑉𝑜𝑙𝑀𝑎𝑥
, 

is 50.2%, where VolMax and VolMin are, respectively, the maximal and 

minimal LA volume across the cardiac cycle. 

Given the lack of comparable imaging studies, it is difficult 

to validate our regional strain calculations. The good 

agreement of global metrics such as LA volumes (Figure 5) 

do provide some reassurance about the image processing 

pipeline, although the large spread of values in the literature 

[20] and the differences in methodology make direct 

comparisons difficult.   

Of all the regional strain metrics obtained, we chose here to 

depict principal strain directions (interpretable as the direction 

of maximal local stretch) and principal strains (amount of 

stretch along that direction), as done before for the left 

ventricle [21]. The computed principal strains may not be 

directly comparable with the 2D strain metrics reported in 

echocardiography and 2D CINE MRI studies, as we are not 

limited to a single cross-sectional atrial view or to local surface 

area changes. It is nevertheless reassuring to note that the 

reported strain magnitudes in the literature (< 0.5) are 

qualitatively similar to what we observe in this study [7], [20]. 

It is expected that principal strains are, to a first 

approximation, aligned with regional average fiber orientation 

in the active atrial contraction phases of the cardiac cycle 

(Figure 3). During conduit and reservoir (Figure 4) function, 

the strains experienced by the atria are expected to depend 

more heavily on ventricular contraction and blood pressure. 

We did not, however, observe large changes in principal strain 

directions across time in most atrial regions. 
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V. CONCLUSION 

We present a novel protocol to acquire atrial CINE MRI in 

one single breath-hold at an isotropic resolution of 2 mm. As 

a demonstration of the potential of this scan, we create 

regional atrial strain maps in 10 volunteers and 2 

cardiovascular patients. 

Future studies will provide further validation to the 

performed strain estimates through comparison with standard 

2D LA strains estimated from 2-chamber and 4-chamber 

views. We will also investigate the potential clinical 

applications of this technique, for example, in aiding MRI-

based identification of left atrial fibrosis and in predicting 

outcomes of atrial fibrillation patients.    
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