Structural Basis of Atrial Arrhythmogenesis in Metabolic Syndrome
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Abstract

Individual components of metabolic syndrome (MetS)
have been correlated with atrial fibrillation (AF), but as a
whole, the exact mechanism underlying the increased
susceptibility of AF still remains unclear. This study
identifies key structural substrates in a robust obesogenic
dietary model of MetS in the rabbits. The rabbit atria from
both MetS and controls (N=3 each) were processed and
incubated in wheat germ agglutinin (WGA) to label cell
membranes and collagen. Confocal microscopy was used
to image the tissue. The collagen and cell membranes were
segmented using a robust machine learning architecture,
V-net. Quantification of fibrosis was done by calculating
the ratio of total pixels of collagen to those of atrial tissue
in each of the segmented images. Cell hypertrophy
measurements were calculated by measuring means of
individual cell diameters. We discovered atrial dilation,
increased collagen, cell hypertrophy and reduction in
axial-tubules in MetS atria. These are established
arrhythmogenic phenotypes which might lead to increased
AF susceptibility.

1.

Introduction

Metabolic syndrome (MetS) is a fast-rising global
epidemic, due to the increase in sedentary lifestyles and
excess calorie intake [1]. It is defined as a cluster of
cardiovascular diseases and metabolic abnormalities
including
obesity,
hypertension,
diabetes
and
dyslipidemia. Individual components of MetS increase the
risk of new-onset of atrial fibrillation (AF), the most
common sustained arrhythmia in humans, often leading to
increased complications and death. The mechanism
underlying the elevated risk of AF in MetS is not
completely understood. Atrial structural and electrical
remodelling are known to trigger and maintain AF and may
hold the key to identifying the AF mechanism [2]. Atrial
structural remodelling contributes to high AF
susceptibility, with fibrosis formation being one of the
most important factors [3].
High-resolution confocal imaging is a powerful tool to give
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a deep insight into structural remodelling by identifying
fibrosis using wheat germ agglutinin (WGA) [4], followed
by image segmentation and quantification of fibrosis.
However, segmentation is challenging due to high
variability and complexity of structural features and image
artifacts. The conventional approach is labour-intensive
and highly sensitive to image quality, hence we used a
robust automated segmentation method. We propose a
convolutional neural network (CNN) for segmenting the
cell membranes and quantifying fibrosis in MetS and
Control atria [5].

2.

Methods

The study conformed to the EU directive 2010/63 on the
protection of animals used for scientific purposes, and was
approved by the Institutional Animal Care and Use
Committee
of
the
Universitat
de
València
(2015/VSC/PEA/00049). The animal model was
developed and euthanized in Universitat de València.
Adult New Zealand white rabbits were fed ad libitum with
a high-fat, high-sucrose diet (85% standard diet, 10%
hydrogenated coconut oil and 5% pork lard) to induce
MetS (N=3), alongside age-matched Controls (N=3) which
were fed with standard chow [6].

2.1.

Tissue preparation and Staining

Male New Zealand White rabbit’s left and right atrial (LA
and RA) free walls were fixed in 4% paraformaldehyde,
sunk in 30% sucrose solution, snap-frozen in liquid
nitrogen using methanol, and stored at -80°C. The tissue
was defrosted, then embedded in optimal cutting
temperature liquid OCT for cryosectioning. Thin strips
(200µm) of transmural tissue were then mounted on
Superfrost plus glass slides and cleared using a novel
approach of advanced CUBIC reagent-1. Reagent-1 is a
mixture of urea (25 wt% final concentration), 80 wt%
Quadrol (25 wt% final concentration), Triton X-100 (15
wt% final concentration) and dH2O [7]. After clearing, the
tissue is washed in potassium buffer solution (PBS) and
was incubated in WGA, followed by another wash in PBS.
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2.2.

Data acquisition

Confocal imaging was then performed using a confocal
laser scanning microscope (Nikon Eclipse TE300, with a
resolution of ~0.2x0.2x0.5µm3) equipped with 488
excitation lines. This process was performed for both MetS
and control hearts (N=3 each), for 1 mm section each from
the free wall of LA and RA. Approximately 125 images
(512x512 pixels) were acquired from each atrium of the
hearts.

2.3.

Segmentation

The acquired images were segmented for further
processing, using the V-net CNN [8]. Ground truth for
training the CNN was segmented using Huang method in
ImageJ [9]. To create a bigger training dataset two image
augmentation approaches were used: orthogonal rotation
and flipping around the horizontal or vertical axes. These
were chosen as they do not produce image artifacts.

did not increase by at least 0.1% after 50 iterations from its
current best epoch. The best model with the highest test
mean DSC was saved.
The primary segmentation performance metric used for
biological segmentation was the widely adopted DSC.
Intersection of union (IoU), a common metric for semantic
segmentation was also used. Both of these measure overlap
areas of mutual class assignment but differ slightly in terms
of formulation. Class scores were averaged over each
image yielding DSC and IoU, the respective class scores
were further averaged over the test data set resulting in the
mean DSC and mean IoU. Each model produced a mean
DSC score over the test data set, with the best mean DSC
model being saved as the top-performance model.
The V-net segmentation approach achieved a high level of
performance with the DSC converged around epoch 100
and scoring a test mean DSC of 0.8747 and IoU score of
0.7772. Predictions were visually almost identical to the
ground truth (Figure 1), we will improve the CNN in future
by incorporating a bigger training dataset.

2.4.

Data analysis

The segmented images were processed using a custommade Matlab code. The number of pixels were counted and
divided by the total area occupied by cells in each image to
get the percentage fibrosis, as shown in Figure 3A. Cell
area and cell count were quantified by identifying clusters
of background pixels in the range of 600 to 5000 pixels.
This specific range was chosen for processing transverse
cells as the expected area occupied by each cell
(accounting for hypertrophy) would lie in the range 75 to
600 µm2. Individual cell areas were averaged per image to
analyse the level of cell hypertrophy (Figure 3B). Axialtubules were identified as clusters of foreground pixels
lying within previously identified cell boundaries. The
percentage of axial-tubules per cell was quantified (by
dividing the total number of foreground pixels by the total
number of pixels comprising the cell) to realise their
downregulation (Figure 3C).

3.
Figure 1. Representative 2D images showing segmentation
results for the LA using the most widely used machine learning
approach, V-net, on Control (left) and MetS images (right). Top:
Original images; Middle: Ground truth used for training the
network; Bottom: Preditions made by the network.

TensorFlow framework was used to implement the CNN,
and for the first iteration of training the weights were
initialized using variance scaling. Training was carried out
using gradient descent in batches of 13 images. Weights
were updated every batch and training was terminated
when the Dice similarity coefficient (DSC) for the test set

Results

At the organ level a significant increase in chamber volume
was observed in MetS. We observed dilation in LA
diameter with 11.06±0.07mm in MetS compared to
9.40±0.03mm in control.
At the tissue level, a two-fold increase in fibrotic tissue was
observed in MetS compared to Control (Figure 3A).
Intercellular space was expanded with more extracellular
matrix (ECM). Extensive interstitial and patchy fibrosis
(Figure 2 A & D) was observed in comparison to control.
A thick layer of fat cells was observed close to the
epicardium in both MetS and control.
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Figure 2. Raw confocal images from the free wall of the left atrium of MetS and Control rabbits showing the different aspects of
structural remolleding: A) Patchy and interstitial fibrosis in MetS in comparison to Control in D); Similarly B) showing cell hypertrophy
in MetS against E) in Control; Finally C) is showing the downregulation of axial-tubules against Control in F), with a zoomed-in region
shown in a white box; The white asterisks show patchy fibrosis.

At the cellular level, remodeling occurred with
factors might lead to more pronounced arrhythmogenic
hypertrophy around the scar tissue and close to the endo
atrial remodeling. The evaluations of the present study
and
epicardium.
Additionally,
hypertrophy
in
owing the reduction in axial-tubules in MetS against F) Control.accounting for the effects of obesity, insulin resistance,
cardiomyocytes with collagen deposition was apparent,
dyslipidemia and hypertension appear to support this
Figure 2 B & E. Figure 3B illustrates the average area of
theory.
MetS LA cells.
Our preliminary study gives an insight into the effect of
multiple concomitant risk factors on arrhythmogenic atrial
At the sub-cellular level, there was a reduction in axialsubstrates. Previous studies have demonstrated in a variety
tubules (Figure 2 C & F) in MetS by a factor of two (Figure
of animal models [1][12-15] that AF susceptibility
3C). All the aforementioned changes were not consistent
increased in structurally remodeled atria, alongside
across both atria.
heterogeneities in conduction. Dilated atria would
The LA of MetS had hypertrophied cells and prolific
contribute to electrical remodeling by changing the
extracellular space compared to control. These inflamed
dispersion of repolarization. An increase in interstitial
cells were concentrated around fibrotic regions along with
fibrosis was consistent with changes observed in patients
the pericardial and endocardial layers. Additionally in the
with AF and AF animal models [13-17]. Furthermore, the
RA the hypertrophy was more pronounced in MetS
documented structural changes in the atria, especially the
compared with control, with a layer of fat cells in between
increase in ECM along with endomysial and replacement
the pericardium and myocardium.
fibrosis formation, might lead to conduction abnormalities
by disrupting side-to-side electrical conduction, thus
4. Discussion
increasing AF susceptibility. LA dilation was observed
which has been reported to prolong the action potential
This study demonstrates that concomitant diseases in MetS
leading to polymorphic atrial tachycardia degenerating to
add to the development of an arrhythmogenic substrate in
AF [1][14]. We observed reduced tubular junctions in the
the atria, increasing AF inducibility. MetS was shown to be
atria, previously shown to be leading to a marked
associated with enhanced ECM, increased cell size and
spatiotemporal heterogeneity of systolic Ca2+ waves [18reduced axial-tubules. These structural changes would
19]. The importance of the tubule network has been long
display impaired regional and global atria conduction
recognized in the ventricular myocytes but it still remains
increasing AF susceptibility.
controversial for atria. However, a recent study has shown
To date, single cardiac risk factors such as diabetes
transverse tubules in mammalian atrial myocytes including
mellitus, obesity, hypertension, and dyslipidemia have
humans [20]. More interesting, a 50% higher density of
been shown to independently lead to electrical and
axial-tubule junctions than of transverse tubules were
structural remodeling of the atria [10-13]. Clinical
identified in intact live human atrial myocytes using
observations suggest that a certain combination of risk
imaging
[21].here
In is
thisused
study,
0 Control. of the 3D atrial geometry showing the basket insidesuperresolution
the left A) and microscopy
right B) atria.
The color
to
distinguish the 64 electrodes. R/L A: Right/Left Atrium, R S/I VC: Right Superior/Inferior Vena Cava, SA: Sino atrial
node, BB: Bachmann’s Bundle, L S/I PV: Left Superior/Inferior Pulmonary Vein, LLR: Left Lateral Ridge.
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Figure 3. Results of analysis of cellular structure and properties
performed on the segmented images , acquired from the free wall
of the LA; where A) Percentage fibrosis in the MetS rabbits
compared to controls; B) Average area of cells; C) Percentage
axial-tubules per cell; where *p<0.001.

more axial-tubules were observed in comparison to
transverse-tubules, this will be quantified in future. This
remodeling at the sub-cellular level is a maladaptive
hypertrophy response occurring due to the remodeling at
the cellular level.

5.

Conclusion

MetS was found to add atrial arrhythmogenic phenotypes
including cellular hypertrophy, increased interstitial and
patchy fibrosis, and a reduction in axial-tubules,
potentially increasing propensity for AF. Future research is
warranted to determine the role of electrical remodeling on
the atria of MetS and control rabbits.
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