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effects on human ventricular electrophysiology
María Pérez-Zabalza1 , Laura García-Mendívil1 , Kostantinos A Mountris1 , Nick Smisdom2 , José M
Vallejo-Gil3 , Pedro C Fresneda-Roldán3 , Javier Fañanás-Mastral3 , Marta Matamala-Adell3 , Fernando
Sorribas-Berjón3 , Manuel Vázquez-Sancho3 , Javier André Bellido-Morales3 , Francisco Javier
Mancebón-Sierra3 , Alexánder Sebastián Vaca-Núñez3 , Carlos Ballester-Cuenca3 , Aida
Oliván-Viguera1 , Laura Ordovás1,4 , Esther Pueyo1,5
1

Aragón Institute of Engineering Research, IIS Aragón, University of Zaragoza, Zaragoza, Spain
2 Advanced Optical Microscopy Centre, Biomedical Research Institute, Hasselt University,
Diepenbeek, Belgium
3 Department of Cardiovascular Surgery, University Hospital Miguel Servet, Zaragoza, Spain
4 Aragón Agency for Research and Development (ARAID), Zaragoza, Spain
5 CIBER in Bioengineering, Biomaterialsand Nanomedicine (CIBER-BBN), Madrid, Spain
Abstract

Aging is known to involve alterations in the composition
and organization of the extracellular matrix, which have
an impact on heart function. However, there is not a comprehensive description of how collagen characteristics vary
with age in the human left ventricle (LV) and its impact on
electrophysiological properties. Here, we quantified the
amount and spatial organization of collagen from human
LV second harmonic generation (SHG) microscopy images
of middle-age and elderly individuals. The results were
input to in silico models of human LV tissues and numerical simulations were conducted to characterize the effects
on electrical conduction and repolarization. Results from
SHG image processing showed an increase in the amount
of collagen and in its clustering in LV tissues with age. The
increase in the amount of fibrosis induced a clear decrease
in conduction velocity (CV), whereas increased clustering did not impact CV in our simulated tissues. In terms
of ventricular repolarization, we observed a remarkable
reduction in action potential duration (APD) as the percentage of fibrosis increased and a slighter reduction with
increasing clustering. Importantly, more clustered fibrosis had a major effect on the enhancement of spatial APD
dispersion, which was, however, diminished with increased
fibrosis percentage. As a conclusion, both the amount and
spatial organization of fibrosis in human LV tissues have a
relevant role in electrophysiological properties.

1.

Introduction

Age-associated cardiac remodeling includes alterations
in the composition and organization of the extracellular
matrix (ECM), which lead to cardiac fibrosis and may contribute to subsequent progression to heart failure. Cardiac
myocytes are embedded in a compliant extracellular matrix network, which contains collagen fibers and provides
alignment cues, biochemical signals and mechanical support and resistance. In animal models it is well established
that age-related increases in the amount of collagen are
accompanied by changes in its spatial organization [1, 2].
Despite extensive research in animal models, the structural dynamics of collagen with age are poorly characterized in the human left ventricle (LV) [3, 4]. Assessment of
collagen deposition in the human LV has been routinely performed using transmitted light microscopy of histological
sections stained with Masson’s trichrome or picrosirius red
or using fluorescence microscopy of immunolabeled sections. However, the collagen fibers are mixed with other
extracellular components and are hard to resolve with these
staining techniques. These limitations can be overcome by
second harmonic generation (SHG) microscopy. Nonlinear
optical SHG is a technique that can be used for quantitative, label-free imaging of collagen. SHG has been used for
collagen evaluation in human atrial tissues [5, 6], but it has
been scarcely used in human LV tissues [7]. Changes in
both fibrosis quantity and spatial organization can have important effects on cardiac electrophysiology, but these have
not been fully investigated in the human LV, particularly in
relation to age.

In this study, we processed SHG images from the human LV obtained from living donors of a range of ages.
We evaluated the amount of collagen and we proposed a
new measurement of collagen clustering to characterize its
spatial organization. We built computational models of
human LV electrophysiology in which we incorporated fibrosis descriptions according to the obtained experimental
results. We assessed the impact of age-induced changes
in fibrosis characteristics on both electrical conduction and
repolarization.

2.

Materials and Methods

2.1.

Human LV tissues

as the product of the percentage of collagen and the measure
of collagen clustering.

2.3.

We compared collagen characteristics in the two age
groups using the Mann–Whitney U test. A p-value of
0.05 was considered as statistically significant. Results are
reported as median, first (Q1) and third (Q3) quartiles. Statistical analyses were performed using IBM SPSS statistics
28 (IBM Corp., Armonk,NY).

2.4.
Human left ventricular transmural specimens (n = 9)
were obtained using a 14G trucut needle during valve replacement or coronary artery bypass at Miguel Servet University Hospital [8]. All patients had absence of ventricular
hypertrophy or dilated cardiomyopathy and presented preserved systolic function. The biopsy was taken from an
area of the anterior LV wall, near the base of the heart,
with no evidence of ischemia or any other macroscopic
pathology. Human samples were classified into two age
groups: middle-age (47.33±3.78 (mean±std) years old, n
= 3) and elderly (74.67±4.27 years old, n = 6) individuals.
Patients provided full informed consent for the study, which
conforms to the principles outlined in the Declaration of
Helsinki and was approved by the local Ethics Committee (Ref. PI17/0023). The specimens were transferred to
4% paraformaldehyde fixative solution for 1h at 4°C and
stored in 0.01% sodium-azide at 4°C until embedded in
paraffin blocks. Tissue sections of 5 µm were mounted on
microscope slides for SHG analysis.

2.2.

SHG image processing

SHG microscopy, combined with two-photon excitation
fluorescence microscopy to detect tissue autofluorescence,
was used to quantitatively assess collagen deposition in
LV tissue samples. Two channels were acquired: the first
channel contained the SHG signal, mainly from collagen
and myosin, detected in transmission; the second channel
contained tissue autofluorescence, acquired in reflection.
For each image, we obtained collagen and myocardial
tissue binary masks by thresholding. We quantified the
percentage of collagen by calculating the activated pixels
in the collagen mask divided by the sum of activated pixels
in the myocardial tissue and collagen masks. Also, we
evaluated a measure of collagen clustering by computing
the number of collagen pixels surrounded by a 5-pixelradius circle of collagen divided by the total number of
collagen pixels. We defined the relative collagen clustering

Statistical analysis

Computational simulations

The O’Hara-Virág-Varró-Rudy midmyocardial action
potential (AP) model [9] was used to describe human
ventricular electrophysiology in the midmyocardium. The
MacCannell model was used to represent fibroblast electrophysiology [10]. 3 × 3 cm2 human LV tissue sheets
were considered and the monodomain model was used to
describe AP propagation. The longitudinal diffusion coefficient between cardiomyocytes was set to 0.0013 cm2 /ms,
while the corresponding diffusion coefficient between fibroblasts or between a cardiomyocyte and a fibroblast was
three times lower. The transverse-to-longitudinal conductivity ratio was set to 0.25.
To separately assess the effects of fibrosis amount and
spatial organization in the ranges obtained from processing
SHG images, we performed two different sets of simulations. In the first one, we fixed fibrosis clustering to 6%
and we varied fibrosis amount from 5% to 15% (5, 10 and
15%). In the second one, we defined the amount of fibrosis
to be 5% and we varied fibrosis clustering from 0% to 9%
(0, 3, 6 and 9%). In both cases, fibroblasts were uniformly
randomly distributed across the tissue. Also, the localizations of the clusters centroids were uniformly randomly
distributed (Figure 1).
Simulations were performed using the in-house software
ELECTRA implementing the Meshfree Mixed Collocation
Method and the Finite Element Method, the latter used in
this study for the solution of the monodomain model [11],
[12].
From the simulated APs, we generated activation time
and APD maps. We built CV maps by performing polynomial surface fitting to fit a surface to the activation data
and by computing local velocity vectors from the gradient
of the fitted surface [13]. Spatial dispersion of APD was
quantified by the interquartile range (𝜄) and by the heterogeneity index (𝜈) of all APD measures in the tissue (Annoni
et al, 2015).
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Figure 1: A. Simulated resting membrane potential (left)
and APD in LV tissues with 5% fibrosis and 0% (top) and
6% (bottom) fibrosis clustering. B. As in A but with 10%
(top) and 15% (bottom) fibrosis and 6% fibrosis clustering.
Figure 3: Top panels: Boxplots of APD and CV for varying
levels of fibrosis. Bottom panels: Spatial APD dispersion
measures 𝜄 and 𝜈 for varying amounts of fibrosis. In all
graphics, the clustering degree was kept constant at 6%.

‱

clustering, with elderly individuals presenting higher relative clustering degrees, 21.43[7.92- 45.9], than
middle-age ones, 13.18[10.49- 24.07], although
differences did not reach statistical significance (Figure 2).
As can be observed from the figure, the inter-individual
variability was notably larger for the elderly group, with
some individuals presenting clustering degrees similar to
those of most middle-age individuals and other individuals
presenting very high levels of clustered collagen.

Figure 2: Top panels: Examples of SHG images from
LV samples of middle-age (left) and elderly (right) donors
with low and high collagen content, respectively. Bottom
panels: Violin plots showing collagen amount (left) and
relative clustering (right) in middle-age and elderly groups.

3.

Results and Discussion

3.1.

Age-induced changes in fibrosis

As shown in Figure 2, the median percentage of collagen in the elderly group, 6.07% [4.41% - 7.91%] (median
[Q1–Q3]), nearly doubled that in the middle-age group,
3.57% [3.1% - 5.58%], although statistical significance was
not reached, likely due to the reduced number of samples.
These results are in agreement with the widely reported
age-related increase in collagen deposition in various animal species.
Similar results were observed for the relative collagen

3.2.

Effects of fibrosis on human LV electrophysiology

Figure 3 and Figure 4 show simulation results on the
effect of changes in fibrosis amount and clustering, in the
ranges quantified from human samples, on cardiac electrical conduction and repolarization.
Increasingly higher amounts of fibrosis, while keeping
the clustering degree constant, produced a notable reduction in APD and CV (Figure 3). This is in line with previous
reports in animals. The indices 𝜄 and 𝜈 representing spatial
APD heterogeneity showed higher values in the presence
than in the absence of fibrosis, but both were somewhat
reduced when the amount of fibrosis raised (Figure 3).
When the amount of fibrosis was kept constant at 5%,
larger clustering degrees were associated with higher APD
values (Figure 4). As expected, the APD values in the
presence of fibrosis were much lower than in the absence
of it. Regarding conduction, no remarkable effect of fibrosis clustering on CV was observed (Figure 4). The largest
impact of fibrosis clustering was observed for 𝜄 and 𝜈, indicating that the larger the clustering degree, the higher the
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Figure 4: Top panels: Boxplots of APD and CV for varying
levels of fibrosis clustering. Bottom panels: Spatial APD
dispersion measures 𝜄 and 𝜈 for varying fibrosis clustering
degrees. In all graphics the amount of fibrosis is 5%, except
for No fibrosis where the amount of fibrosis is 0%.
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spatial APD dispersion across the tissue (Figure 4).

4.

Conclusions

The amount and the spatial organization of fibrosis varies
with age in human LV tissues, with elderly individuals presenting larger quantity and more clustered fibrosis. Higher
amounts of fibrosis are associated with lower APD and
CV values. Larger fibrosis clustering degrees have major
impact on enhancing spatial repolarization dispersion.
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