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Abstract

Introduction: Atrial fibrillation (AF) is an increasingly prevalent and significant worldwide
health problem. Manifested as an irregular atrial electrophysiological activation, it is associated
with many serious health complications. AF affects the biomechanical function of the heart as
contraction follows the electrical activation, subsequently leading to reduced blood flow. The
underlying mechanisms behind AF are not fully understood, but it is known that AF is highly
correlated with the presence of atrial fibrosis, and with a manifold increase in risk of stroke.

Areas Covered: In this review, we focus on biomechanical aspects in atrial fibrillation, current
and emerging use of clinical images, and personalized computational models. We also discuss how
these can be used to provide patient-specific care.

Expert Opinion: Understanding the connection between atrial fibrillation and atrial remodeling
might lead to valuable understanding of stroke and heart failure pathophysiology. Established and
emerging imaging modalities can bring us closer to this understanding, especially with continued
advancements in processing accuracy, reproducibility, and clinical relevance of the associated
technologies. Computational models of cardiac electromechanics can be used to glean additional
insights on the roles of AF and remodeling in heart function.

Plain Language Summary:

People with atrial fibrillation (AF) experience a fast, chaotic heartbeat. AF greatly increases the
risk of stroke. The hearts of AF patients often have an accumulation of fibrous tissue (fibrosis).
Fibrosis patterns can be detected via medical imaging scans, like MRI. These images can be used
to build patient-specific digital representations. These models can be used to explore how fibrosis
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might cause AF, stroke, and other health risks. Insights from imaging and modeling are becoming
more and more useful as tools for personalizing AF treatment.
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atrial fibrillation; atrial fibrosis; biomechanics; medical imaging; multiphysics modeling; patient-
specific modeling; patient-specific care

1 Introduction

Atrial fibrillation (AF) is a growing worldwide problem, affecting millions of people each
year and predicted to increase in prevalence over the next decades [1]. It is associated with

a higher risk of stroke, heart failure, and other serious health complications. The prevalence
of AF is correlated with age and improved survival rate with other comorbid conditions [1].
While this indirectly implies better overall healthcare in the population, we have few tools at
our disposal to prevent and predict the development of AF and for treatment following AF.
Moreover, the prophylaxis of AF-associated stroke is based on non-personalized risk scores
of moderate accuracies [2,3].

Irregular electrical activity caused by AF directly affects atrial and ventricular contractility
and reduces diastolic and systolic function (displayed schematically in Figure 1). Excitation
of atrial myocytes becomes asynchronous, which also leads to an asynchronous contraction,
essentially disabling effective atrial contraction. The heavily reduced contractility leads

to blood stasis, especially in the left atrial appendage (LAA), increasing the risk of
thrombogenesis [4,5]. Secondarily, the ventricular rapid irregular pattern affects the
ventricular contraction, leading to reduced stroke volume and cardiac output [6].

AF is highly correlated with physiological and structural remodeling, altering both electrical
and mechanical properties of atrial tissue [7,8]. Atrial fibrotic remodeling results from
myocardial loss and collagen replacement in the extracellular space and leads to increased
tissue heterogeneity. This remodeling also alters the conduction velocity; combined

with electrical remodeling, this increases the probability of arrhythmia initiation [8,9].
Biomechanically, fibrosis leads to reduced contractility and altered mechanical properties
(such as stiffness and elasticity) [10]. Both electrophysiological and biomechanical aspects
contribute to electromechanical feedback mechanisms that can lead to prolonged, permanent
remodeling. Structural changes usually precede AF — in a heart with no fibrotic structures,

a patient is unlikely to develop AF. However, AF might lead to further remodeling,

creating dangerous feedback loops. AF also leads to ventricular remodeling [11,12], which
subsequently affects the ventricular function.

AF is often looked at from electrophysiological [8,13], pathological [14,15], or clinical
[16,17] points of view. While these are important aspects of our collective understanding
of AF, we here aim to focus on biomechanical aspects. The review is organized as follows:
We first describe the physiological aspects of AF and how these are believed to impact
biomechanical function. We next review four image-based ways of assessing the presence
of atrial fibrosis, as well as four-dimensional (4D) flow magnetic resonance imaging

Expert Rev Cardiovasc Ther. Author manuscript; available in PMC 2024 December 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Telle et al.

Page 3

(MRI), used for imaging blood flow. Next, we discuss the development of representative
computational models, which can be constructed from clinical images, focusing especially
on biomechanical perspectives. Finally, we consider clinical guidelines and how image-
based techniques can help guide personalized care of patients with AF. We finish the

review with suggestions for advancing the field in three areas: biomechanical understanding,
clinical imaging, and computational modeling.

2 Biomechanical mechanisms

2.1 AF impact on atrial function

AF is initiated due to a combination of triggers, electrical signals which can initiate
arrhythmia, and the presence of various characteristics of the atria that sustain AF, referred
to as substrate [8,18]. Triggers often come as rapid ectopic beats, originating from the
pulmonary veins as well as various other locations in the atria [18], instead of from

the sinoatrial node. Fibrotic regions create substrate, tissue that has reduced conductivity
compared to healthy myocardium. AF also leads to altered calcium feedback dynamics
[19], which affects contraction patterns. Additionally, incessant excitation does not allow
the individual cardiomyocytes enough time to return to their stress-free resting state. When
a new contraction is initiated while the cells are still recovering from a prior contraction,
the potential active tension each myocyte can generate is heavily reduced. While fibrotic
remodeling plays a central role in the pathophysiology of AF, even in patients with what
used to be referred to as “lone AF” [20], there is a high degree of variability in the

amount, pattern, and distribution of fibrosis between individuals. Moreover, fibrosis is a
cumulative, multifactorial, slow-progressing process that generally but imperfectly correlates
with the clinical pattern of AF, i.e., paroxysmal vs persistent phenotypes. The dynamics of
initiation and sustenance of individual episodes of AF is also dependent on extrinsic factors
(neurohormonal) and intrinsic electrophysiological atrial factors [21].

The reduced contractility subsequently affects the blood flow. In addition to acting as a
passive conduit allowing pulmonary venous blood to return into the left ventricle, the left
atrium stores the energy of the continuously returning blood during left ventricular systole
and releases it during early ventricular diastole (reservoir function). Furthermore, it actively
pumps blood into the left ventricle during late ventricular diastole (booster function). The
combination of rapid activation, reduced contraction, and altered elasticity impairs reservoir
and booster function, subsequently impacting the ability of the left heart to pump blood

to the systemic circulation. As a result of these alterations in atrial function, the clinical
consequences of AF include a wide range of symptoms including palpitations, shortness

of breath, decreased exercise tolerance, and decreased energy [22,23]. These consequences
have a significant impact on AF patients’ quality of life. Additionally, it might promote
detrimental cardiovascular endpoints including congestive heart failure with or without
reduced ventricular ejection fraction [24,25], and thromboembolic phenomena including
stroke.

Stroke is a leading cause of death and permanent disability worldwide [26]. Many strokes
are caused by thrombi that form in the heart and embolize to occlude downstream arteries,
typically in the intracranial domain [27]. The most common site of cardiac thrombosis is the
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LAA. The main effects of AF on blood flow through the atrium are reduced peak velocities,
increased stasis, and a limitation in atrial conduit and reservoir functions [28,29]. AF is
associated with morphological changes like appendage elongation that promote LAA blood
stasis and thrombosis [30-33]. These include left atrium and LAA shape, volume, flow
velocity and strain rate, which all have been clinically linked to stroke risk [5]. Evidence
suggests that atrial fibrosis may also play a significant role [34].

Current stroke risk assessment and mitigation paradigm is centered around population-level
risk factors and comorbidities that have modest accuracy [2,3]. Shortcomings in these

risk stratification tools reflect on a gap in the mechanistic understanding of cardioembolic
stroke pathophysiology [34]. Structural changes due to fibrosis (leading to myocyte

death, overproduction of extracellular matrix components, and alterations in myofilament
alignment and/or cellular interconnectivity) usually precede AF, and can create a substrate
for AF initiation and perpetuation. Persistent AF can in turn lead to additional structural
remodeling of the cardiac tissue [12,35]. As such, AF and atrial fibrosis are interconnected
and are increasingly studied in terms of synergistic interactions.

2.2 Calcium remodeling and its implications

Electrical remodeling, hereunder calcium remodeling, both creates substrate for AF and
is a consequence of AF [7,36]. The calcium remodeling affects both intracellular and
membrane subprocesses [36]. Rapid atrial and ventricular pacing in animals have revealed
alterations in ion channel expression [37-39] and that the remodeling is highly spatially
heterogeneous [40]. Atrial function is temporarily depressed in patients with periodic

AF following restoration of sinus rhythm, believed to be mostly determined by calcium
remodeling [36,41].

The calcium remodeling leads to decreased calcium transients which in turn leads to reduced
contractility [41], such that the biomechanical function is reduced. Conversely, an enhanced
positive force-frequency behavior has been observed in atrial cells taken from AF patients in
SR compared to patients with chronic AF [42], which increases both the calcium transient
and the contractile force upon rapid pacing. The enhanced force-frequency behavior might
make up for some of the loss in contractility.

2.3 Fibrosis structure and implications

Fibrosis can be classified into two major categories, diffuse and replacement fibrosis
[43,44] (schematically represented in Figure 1A). Diffuse fibrosis is also referred to as
reactive fibrosis, and replacement fibrosis as focal or reparative fibrosis. Diffuse fibrosis
might be further classified as interstitial fibrosis, developing in the cardiac interstitium, and
perivascular fibrosis, progressing around blood vessels [45,46]. Interstitial fibrosis can also
be more accurately described as endomysial or perimysial, depending on whether it develops
between cardiomyocytes or myocardial bundles [15,44,47]. Finally, infiltrative fibrosis is a
rare form for fibrosis in which non-matrix material accumulates in the extracellular space
[44]. Infiltrative fibrosis has many common traits with diffuse fibrosis, especially as it
progresses by expanding the space between cells rather than leading to myocyte death.
Replacement fibrosis can further be classified as compact or patchy, depending on the
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way it progresses. Patchy fibrosis is associated with greater arrhythmia risk than compact
fibrosis [48]. Fibrosis classifications are quite descriptive and qualitative, based on patterns
commonly observed rather than on specific underlying molecular or cellular development
mechanisms. One type of fibrosis rarely occurs in isolation; within the same tissue, one can
usually observe multiple variants.

Diffuse fibrosis is characterized by an expansion of the extracellular space around the cells.
Atrial diffuse fibrosis might develop due to irregular stress over time because of factors
such as pressure overload [49]. In animal models of permanent AF, endomysial fibrosis is
prevalent while the perimysium remains unaffected [47]. Cells are not replaced in diffuse
fibrosis — instead, the matrix surrounding them expands. However, if the stressors are not
mitigated they can eventually lead to cardiomyocyte death and replacement fibrosis [50]. As
the interstitial space expands, the relative density of force-producing myocytes versus matrix
space decreases, leading to reduced contractility, negatively impacting the various atrial
functions described above. Diffuse fibrosis often develops gradually over time. However,
rapid ventricular tachycardiomyopathy can also cause tissue stiffening [51], indicating that
structural remodeling (alike to changes in calcium handling) can also be induced by sudden
changes in heart rhythm.

Replacement fibrosis occurs when lost cardiomyocytes are replaced by fibrotic tissue. Atrial
replacement fibrosis commonly occurs after infarction or injury from catheter ablation,

but it can also be the long-term consequence of untreated diffuse fibrosis. Replacement
fibrosis constitutes a part of a healing or reparative process in which new collagenous matrix
partially restores tissue integrity and function [15]. Various sub-mechanisms are involved

in this process [44], including fibroblast activation and differentiation into myofibroblasts.
Myofibroblasts are more efficient in extracellular matrix component production and
contribute to a quick healing process. The damaged area is replaced by collagenous, non-
contracting tissue. The main biomechanical implication is that the affected part of the tissue
no longer contributes to the generation of contractile force.

Structural changes due to fibrosis lead to changes in the tissue’s mechanical properties.
Healthy cardiac tissue is significantly stiffer along the myocyte longitudinal direction
than in the transverse directions. Analogously collagen alignment is important for relative
anisotropy in infarcted tissue, varying on a smaller scale than myofiber alignment. Collagen
is the main component of mature scar, with at least a two-fold increase in crosslinking
compared to in healthy tissue [52]. Infarcted ventricular tissue from animal models

have been found to be both mechanically anisotropic [30,53-55] and isotropic [56,57],
overall consistent with whether or not the collagen fibers were aligned. Holmes et al.
found that circumferential strain decreased compared to healthy ventricular myocardium,
while longitudinal and radial strains were comparable [53], and Sirry et al. found that
circumferential stiffness increased significantly more than longitudinal stiffness [54]. It is
likely that it is most beneficial, in terms of being least disruptive to the cardiac function,
if the collagen fiber direction is overall consistent with the original myofiber direction in
fibrotic areas.
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Collagen is not the only determinant of myocardial stiffness. Non-myocyte cells such

as fibroblasts and myofibroblasts also contribute — their stiffness properties, geometries,
alignment, and interconnectivity all impact the tissue’s stiffness and elasticity. Cell-cell
junctions, which interconnect myocytes electrically and mechanically, are hypothesized to
also connect myocytes to non-myocytes. These connections may play a role in arrhythmia
development, but this process remains poorly understood [48,58] Additional experimental
work and detailed microscale histological images, from which relative structures and
dimensions can be derived, might lead to additional insights of the individual contributions.

2.4 Feedback mechanisms

Atrial remodeling and AF often occur together. The presence of one is known to increase the
risk for the other through complex feedback mechanisms not yet fully understood [59,60].
Electrical and fibrotic atrial remodeling are both important factors in AF development, as
they introduce tissue heterogeneities. Likewise, it is also likely the presence of AF itself
causes additional electrical and structural remodeling.

Several electromechanical feedback mechanisms may contribute to the joint development of
AF and atrial fibrosis, including stretch-induced remodeling [61], inflammation [62], and
neurohormonal activation [63]. Of note from a biomechanical point of view, stretching of
myocytes, fibroblasts, and increased matrix stiffening can all lead to fibroblast activation
[64]. Stretching around the pulmonary vein (e.g. caused by increased hemodynamic
pressure) also increases the risk of spontaneous ectopic beats [65,66] as well as calcium
sparks and waves [36].

Changes in flow and structural remodeling are also correlated. Disrupted flow-stresses due
to chronic blood flow disturbances promote vascular remodeling as an adaptive response for
maintaining homeostasis. For instance, irregular oscillatory endothelial shear stresses and
pressures in the endocardium can lead to structural remodeling as a homeostatic response
aiming to restoring normal shear stress and wall tension. In turn, such remodeling is
responsible for the perpetuation of pathophysiological stresses, initiating a feedback loop
that promotes disease progression [67-69].

AF and structural changes are unique for each patient. There is inter-individual variability
in atrial geometry and AF development, in which the above-described mechanisms might
progress in different ways over time. Some characteristics are recognized statistically, e.g.,
by differences in atrial wall thickness [70] and ion channel expression [71]. Others vary
widely, such as the spatial pattern of fibrosis progression. Recognizing common patterns in
how fibrosis and AF emerge on a personalized basis might be important for improving risk
stratification and personalized treatment plans.

3. Clinical imaging techniques and applications

Clinical imaging is used to assess the cardiac function, differences in anatomical shape, and
spatial patterns of fibrosis progression. Atrial fibrosis detection is used in the diagnosis of

several diseases, but also provides a valuable research tool to improve our understanding of
the relationship between atrial remodeling and AF progression. In addition, clinical images
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are fundamental inputs for personalized computational modeling and simulation, which can
be used to better understand underlying mechanisms in AF and how AF contributes to

the hemodynamic substrate for ischemic stroke. In this section, we review and compare
four clinical imaging methods for fibrosis detection — late gadolinium enhancement (LGE),
T4, mapping, strain, and elastography. Differences and similarities between the different
methods are highlighted in Table 1. We also review how 4D flow MRI could potentially be
used to derive clinically relevant metrics based on blood flow rather than fibrosis patterns.

3.1 Late gadolinium enhancement

LGE is the most widely used technique for /n vivo fibrosis detection and is particularly
well suited for detecting replacement fibrosis [79]. In LGE, MRI is used to image the heart
after the injection of gadolinium, a contrast agent that can help reveal fibrotic areas. The
method has been verified histologically, both in animal models and through biopsy [80,81].
The procedure is common in many clinical centers with acceptable associated costs [82].
However, it remains too costly to be established as a standard-of-care procedure in low- and
middle-income countries, motivating exploration of more cost-efficient pipelines [83].

LGE quantification is carried out via voxel intensity thresholding. The specific thresholds
vary between different underlying methods. Harrison et al. [80] considered signal intensity
thresholds for ablated ovine hearts and found 2.3 standard deviations (SD) to be most
accurate acutely, and 3.3 SD most accurate chronically post-ablation. Hopman et al. [84]
compared two different methods, image intensity ratio (IIR) and 3 SD (using two different
software) and found that one-third of the patients were classified into different categories
in the Utah classification system based on methodological differences only [84]. Boyle

et al. [85] compared pixel intensity histogram (PIH) and 1R across different thresholds,

in which they found the results to vary significantly and that PIH was a better predictor

of AF than IIR. However, it remains unclear how these differences emerge, and further
studies are needed to explain the underlying reasons. The PIH method was used in the
multi-center studies DECAAF [86] and DECAAF-II [87], whereas the IR method was used
in the ALICIA study [88]. These and other studies have demonstrated the feasibility of the
approach in tens of sites. However, wide scale adoption has been challenging due to the
required expertise in good-quality image acquisition and the absence of a gold standard in
image processing.

An alternative to thresholding, which classifies tissue as fibrotic or non-fibrotic in a binary
way, is to grade fibrosis using several intensity levels. Benito et al. [89] used different
thresholds to classify fibrosis as “dense” or “overall”, suggesting that these correspond

to replacement fibrosis (scar) and interstitial fibrosis, respectively. Risk assessment scores
could also be assigned based on spatial patterns above percentage. Patchy fibrosis is more
arrhythmogenic than compact fibrosis [48], so it might be meaningful to develop metrics
that take such aspects into account. Artificial intelligence-based methods are also explored
as options to existing image segmentation tools [90] and might eventually be integrated also
in clinical settings. Furthermore, fibrosis has histologically been correlated with reduced
conduction velocity [91,92]. If a mapping is established between different levels of fibrosis
and corresponding expected reduction in conduction velocity, electroanatomical mapping
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could potentially be used in combination with LGE to help establish more consistent
threshold values.

3.2 T;values

The use of T values is emerging as an alternative technique to LGE for detection of fibrotic
patterns. Validation of novel metrics based on T1 and To(*) values are expected to increase
accuracy, sensitivity, and diagnosis confidence in general, among which T, values are best
suited for detecting myocardial fibrosis [93,94]. Intensity metrics are reported as absolute
values based on contrast clearing rates in the MRI images, making T, values more suitable
than LGE for detecting diffuse fibrosis [44].

Elsafty et al. [94] compared contrast-free T, assessment and LGE in the ventricles,
considering patients with various cardiac conditions. They found results based on LGE and
T values largely comparable, however T; values were significantly higher than normal also
for areas not detected as fibrotic by LGE in hypertrophic myopathy and dilated myopathy
patients. Atrial Tq transients are shorter in patients with paroxysmal and persistent AF than
among healthy volunteers, in which shorter T1 transients regionally correspond to areas of
reduced voltage [72,73] and are overall negatively correlated with fibroblast growth factor
levels [76]. Bouazizi et al. [95] performed histology comparison to T1 mapping ex vivo

on left atrial tissue, correlating the values to areas containing diffuse fibrosis, fat, or the
combination of both.

As T values are calculated absolutely, they can be compared to reference values obtained
from healthy volunteers. Reference numbers are reported differently depending on the
strength of the magnetic field [96] and the sequence used to obtain the images [97,98].

For the left ventricle in healthy volunteers, T, values differ depending on sex, age, and
myocardial segment [96,99]. These dependencies are likely to exist for atrial values as well.
In the absence of more specific values for atrial tissue, representative average Tq values

are commonly used. Values used for normal atrial tissue are lower than normal ventricular
values, broadly specified in a range around 250-500 ms [72,73] (compared to ventricular
values 950-1200 ms [100,101]).

3.3 Strain imaging

Cardiac contraction can be characterized by tracking visible motion of the heart in clinical
imaging. Motion is commonly recorded using either echocardiography or the costlier but
more accurate Cine-MRI [102]. From motion measurements, one can derive strain, which
quantifies local deformation. Strain-derived metrics are correlated with fibrosis as detected
by LGE [74,103], native T, values [76], and histology [75,104].

Strain is mathematically derived by differentiating the cardiac displacement field along
different directions. Motion quantification can be performed via techniques like Tissue
Doppler Imaging (TDI) and Speckle-Tracking Echocardiography (STE); strain is next
derived from the motion [105-107]. In clinical settings, atrial strain is usually either
assessed region-by-region [103] or as relative shortening and expansion across the atrium
[74,108]. A time-dependent transient is derived from the strain values, usually displayed
over one cardiac cycle. Depending on the software used, this transient either starts at the
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beginning of the P wave or at the beginning of the QRS complex [31,107]. Different parts of
the transient quantify strain during the reservoir, conduit, and contractile phases (see Figure
2) [74,107]. The peak atrial longitudinal strain (PALS; i.e., strain at the end of the reservoir
phase) and peak atrial contractile strain (PACS; i.e., strain at the end of the atrial contraction
phase) are commonly used metrics of atrial function [107].

Several studies have investigated the correlation between strain and AF and/or atrial fibrosis.
Hopman et al. demonstrated that AF patients had significantly reduced PALS and PACS
compared to healthy controls, and that high levels of LGE-assessed fibrosis were correlated
with reductions in PALS, but that PACS was unaffected [74]. Lisi et al. showed that, in heart
failure patients, a high degree of fibrosis as determined by post-transplant histology was
correlated with lower PALS [75]. Coteli et al. reported a negative correlation between T
contrast clearing rate and PACS [76]. Kim et al. found that PALS could predict the presence
of fibrosis in the LAA, correlated with the risk of AF recurrence following ablation [104].
Overall, the presence of AF and/or atrial fibrosis is expected reduce strain, but more studies
are needed to establish how these metrics can be used in clinical settings.

Strain metrics provide important biomechanical biomarkers, but they also come with
limitations. Strain measurements integrate many factors, not only effects from the extent
and pattern of fibrosis but also many other independent clinical factors correlated with

left atrial strain [107]. For patients in AF at the time of image acquisition, atrial strain
imaging is challenging and might not be meaningful. Strain measurement is sensitive to
image resolution [109], which is a bigger problem for atrial than for ventricular imaging due
to differences in wall thickness. An advantage of atrial strain imaging compared to LGE is
that it does not require contrast. Strain measurement can be performed serially, including for
patients with no signs of AF, which makes it a more attractive approach for preventive care
applications.

3.4 Myocardial elastography

Myocardial elastography can quantify the elasticity of cardiac tissue /n vivo, from which
the stiffness can be derived. Elastography is routinely used clinically to detect liver fibrosis
but is still only used experimentally in cardiac imaging. The procedure is performed by
mechanically exciting the tissue, measuring the local vibration response. Stiffness values
are then derived based on equations describing the relation between strain and force [110].
Diseased (e.g., fibrotic) tissue has different elastic properties than healthy myocardium.
Left atrial stiffness estimated indirectly from strain is independently associated with AF
recurrence after radiofrequency catheter ablation [111]. More direct measurements of
cardiac stiffness (e.g., via elastography) could potentially give rise to more sensitive and
specific metrics to be used in clinical decision-making [112][110]. However, elastography
requires special equipment and is considered costly [112] which currently might limit
potential usage.

There are two main elastography techniques: magnetic resonance elastography (MRE) [113]
and ultrasound-based shear wave elastography (SWE) [114]. MRE is more suitable for non-
invasive measurements since ultrasound has limited penetration depth [112]. Both methods
capture increased myocardial stiffness among patients in which increased stiffness is
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expected [43,115-118]. There is correlation between age and shear wave velocity (indirectly
measuring myocardial stiffness) in healthy volunteers [116,118], likely due to age-related
fibrosis deposition. Regions with higher stiffness as measured by elastography correlate
with fibrotic regions delineated by LGE [43]. Elastography has also been used to quantify
stiffness and visualize atrial ablation lesions in animals [119-122], including in real-time
during the ablation procedure [122], and in patients [123,124].

Myocardial stiffness depends non-linearly on local stretch, which varies across different
cardiac regions, time phases in the cardiac cycle, and depends on local myofiber

alignment [112]. This makes acquiring mechanical measurements from cardiac muscle more
complicated than for many other organs, but also provides new avenues for assessing cardiac
variables of interest. For instance, Couade et al. used SWE in sheep hearts to characterize
time-dependent stiffness variation over the cardiac cycle and transmural anisotropy [125];
Mazumder et al. combined diffusion tensor imaging with MRE elastography to find the
myofiber alignment and derive locally defined anisotropic stiffness values [126]; and
Villemain et al. found that tissue anisotropy was higher among healthy volunteers than
among patients with hypertrophic cardiomyopathy [116]. Miller et al. used elastography
data to estimate material parameters of cardiac tissue by solving an inverse problem [127],
demonstrating the feasibility of personalizing material parameters.

Most studies on cardiac elastography have been carried out focusing on ventricular tissue,
and there are several additional aspects that need to be considered moving over to the atria.
Myofiber structure is more complex in the atria compared to the ventricles [128]; as such,
atrial elastography might require finer-scale segmentation methods. Geometrical challenges
are also relevant because the thinness of atrial walls compared to the ventricles demands
higher resolution imaging.

3.5 4D flow MRI

Thromboembolic risk in AF patients is partly due to reduced blood flow, especially in

the LAA [129,130]. Phase contrast techniques that facilitate flow mapping in the heart,
such as 4D flow MRI (i.e., 3D time-resolved), hold potential to help explain hemodynamic
causes of thromboembolism in AF [29,131]. Compared to other imaging techniques like
Doppler transesophageal echocardiography (TEE), 4D flow MRI offers time-resolved, 3D
blood flow evaluation with full coverage of the left atrial and LAA. Markl et al. [29]

and Costello et al. [132] have suggested that this technique can be used in AF patients to
quantify hemodynamic measures like peak flow velocity and blood stasis (residence time),
characterize atrial hemodynamic patterns, and predict risk of ischemic stroke. This analysis
could also be carried out between AF cohorts with different types of fibrotic remodeling to
better understand relationships between fibrosis, AF, and stroke [133].

Information obtained with 4D flow MRI can be combined with LGE, T values, and/or
strain imaging, to gain a more comprehensive characterization of cardiac pathologies. This
has already been attempted in several ventricular studies, studying pulmonary hypertension
[134], hypertrophic cardiomyopathy [134], and left-sided valvular heart disease [135]. In
the context of AF, this approach could (as suggested above) be applied to cohorts with
different fibrosis patterns or assessed in conjunction with contractility patterns (e.g. strain
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rate) to understand effects of structural factors on flow and vice-versa. This will allow a
more exhaustive overview of the factors leading to and characterizing AF.

Despite the many potential opportunities outlined above, 4D flow MRI also has limitations.
Although evaluation of advanced flow parameters is possible and constantly improving,
measurement of these metrics can be sensitive to artifacts (i.e., image noise), dependent

on spatiotemporal resolution, or complex to implement in practice. Moreover, the imaging
technique relies on reconstruction and post-processing methods. These can allow noise
propagation and systematic errors, and it impose clinically relevant limits on the spatial and
temporal resolutions of images acquired [136,137].

4 Computational modeling opportunities

Computational models enable the exploration of mechanisms that cannot be evaluated
clinically or through physical experiments. In clinical and experimental settings, phenomena
of interest occur together simultaneously, interact, and are difficult to disentangle; in
computational models, simulated physiological effects and their underlying driving factors
can be manipulated directly, independently, and safely. To date, computational models have
most commonly been used to decipher underlying mechanisms, but they are also emerging
as useful tools to guide clinical decisions [138,139].

4.1 Fundamental modeling principles

Computational models are created from symbolic equations describing physical laws within
and between different subsystems involved. The models are parameterized and validated
through experimental and clinical data. When applied to geometric domains representative
of heart tissue and discretized in time and space, these models give rise to systems of

up to billions of arithmetic equations. Numerical solutions of the latter can be computed

to simulate specific aspects of cardiac physiology. Simulation outputs can reasonably be
interpreted as predictions of the heart’s behavior given the laws of physics and any imposed
constraints, with the caveat that all models simplify real-world physiology. Computational
models can only be as realistic as the information used in their parameterization, and
combining them with suitable data (e.g., from clinical imaging, experimental measurements,
etc.) is crucial in terms of creating physiologically realistic models.

Mechanistic cardiac models are commonly built on laws from one or more of three
physical branches: electrophysiology, biomechanics (solid mechanics of the myocardium),
and hemodynamics (cardiovascular models). Single-physics models are useful since they
facilitate deep exploration of research questions in the absence of potential confounding
factors. However, we know the different physical aspects of cardiac physiology are
interconnected, which motivates coupling them through known pathways; see Figure

3. Multi-physics coupling in cardiac simulations is usually performed by linking
electrophysiology with biomechanics, and/or biomechanics with fluid mechanics. Many
challenges are associated with this process, for example the fact that the relevant aspects of
cardiac electromechanics and blood flow occur in non-overlapping domains (i.e., within the
myocardial wall vs. within the heart’s chambers), which complicates the implementation of
computational models. Other major challenges include model construction and validation,
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efficiency of numerical solvers on high-performance computing systems, and lack of fully
developed software [140].

Pure electrophysiological models typically integrate ion channel dynamics and cell-level
dynamics with propagation of the electrical signal at the tissue and organ scales [141,142].
They can be directly connected to biomechanical models through the dynamics of
intracellular calcium transients, working on the myofilament level [143], and indirectly
(capturing feedback mechanisms) through stretch-activated ion channels [144]. At the
tissue and organ scale, biomechanical models represent myocardial kinematics derived from
laws of solid mechanics [145]. These equations describe myocardial contraction based on
equations connecting stress and strain patterns. Biomechanical models can be coupled with
hemodynamic models either through compartment models of the circulation or spatially
resolved flow models. These mechanofluidic models capture the interactions between
intracavitary blood pressure and myocardial kinematics [146]. Hemodynamic models can
also be created without the biomechanical coupling, either using stationary geometries or
by prescribing myocardial wall motion based on time-resolved CT or MRI images [147].
These spatially resolved flow models describe the internal blood flow via the Navier-Stokes
equations governing fluid dynamics [147]. All these models capture different parts of
cardiac dynamics, as described by mathematical equations.

These governing equations are combined with geometric representations of the heart (or
parts thereof) to create 3D organ-scale representations. These geometric representations are
derived using custom software [148-150] and can be representative, with dimensions and
attributes matching generic human features [151-153], or patient-specific (i.e., personalized)
derived from individual clinical imaging scans [154-156]. Myofiber direction is a key
parameter in both electrophysiological and mechanical simulations since it gives rise to
anisotropic properties of conduction and contraction. To represent this aspect, each cardiac
geometry is associated with a map of myofiber orientations. Since standard clinical imaging
cannot resolve myofiber orientations, the current community standard is to map a generic
fiber distribution into each patient-specific geometry [157-160]. Beyond cardiac anatomy,
biomechanical aspects of patient-specific computational simulations can often be further
personalized with appropriate clinical data, like strain measurements or spatial fibrosis
distributions (see Table 2). In some cases, multiple scans from an individual patient are
combined in order to capture multiple clinical aspects (e.g., pre- and post-ablation LGE-MRI
to capture procedure-created scar and residual fibrosis [173]; T1-weighted imaging and LGE
used in combination to derive a representation of both dense and diffuse fibrosis [174]).

4.2 Modeling mechanical properties of atrial tissue

Mechanical modeling of cardiac tissue balances contributions from active tension (generated
by myocytes) and passive tension (determined by myocardial elasticity properties). The
myocardium is often modeled as a spatially defined mechanical continuum [145], in which
displacement, strain, and stress are dictated by the equilibrium of forces. Cell-level dynamics
are more commonly described via time-dependent equations describing different statistical
states, not necessarily spatially resolved [175].
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Myocyte contraction is typically modeled by representing myofilament crossbridge cycling
prompted by transient increases in intracellular calcium [176,177]. Atrial contraction is
faster than ventricular contraction, which is physiologically explained by the abundance of
a-myosin in human atrial myocytes (whereas B-myosin is dominant in ventricular cells)
[178,179]. For electromechanical modeling of the atria, these faster contractility rates have
been represented by calibrating existing ventricular myofilament models to match data from
atrial myocyte experiments [180-184].

Representation of altered contractility due to AF and/or fibrosis in computational models
strikes a balance between multiple complex aspects and remains an area of active research.
The relative levels of myosin isoforms in atrial cells from AF patients are disrupted
compared to healthy controls [185], suggesting they may contract and relax more slowly.
Consequences of this finding have not yet been explored computationally, but might feasibly
be incorporated in organ-level models via myofilament models [179]. Effects of AF on
biomechanics can otherwise be imposed indirectly by increasing the rate of electrical pacing
[171,186] or madifying ion channel expressions and/or gap junction-mediated conductivity
to reflect AF- or fibrosis-related remodeling [186,187]. Electromechanical models can
capture how these alterations in electrical properties via calcium lead to reduced contraction
[181,186] (see also Figure 4B). Zile et al. [183] showed (using a cell-scale model) that

when the mechanical component was included, action potential duration alternans were
dampened due to the role of calcium in feedback mechanisms. In a more recent model,
Mazhar et al. [184] captured a positive force-frequency relationship both for calcium and for
contraction force. In isolation, the positive force-frequency behavior would be expected to
increase cell-scale contractility during rapid AF rhythms, possibly restoring some amount of
the reduced contractility. However, to our knowledge, this question remains unexplored in
organ-scale models. Contractility is also reduced in fibrotic tissue due to the reduced number
of force-producing myocytes; thus, reducing or removing contractility in fibrotic regions
may be helpful for representing fibrosis; as done by Phung et al. in their model of ablated
tissue [188]. In reality, physiological contractility reduction is the consequence of multiple
interacting factors — a future application of computational models may be determining their
relative importance.

The passive tension arises from the tissue’s mechanical properties, which are known to

be non-linear and anisotropic [171]. Relationships between stiffness and deformation are
often described through strain energy functions [145], parameterized through deformation
experiments along different directions and for different levels of stretch. There is significant
variation in parameter values as reported in literature, even considering healthy ventricular
tissue [189]. Stress-strain experiments have also been performed on atrial tissue to quantify
its mechanical properties [51,190-192], notably finding that it is softer and less anisotropic
than ventricular tissue [192].

Fibrosis alters tissue stiffness and anisotropy, which can be adjusted in computational
models. Moyer et al. modeled atrial fibrotic tissue by increasing the isotropic shear stiffness
while leaving the anisotropic contribution unchanged [171]; in other studies, ablated tissue
has been modeled by increasing the isotropic component and removing the anisotropic
component [170,188]. Experimental data are mostly based on infarcted ventricular tissue
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from animal models and quantification values vary significantly [54-56,193,194], often
found to be consistent with the collagen fiber alignment. Some combined experimental/
computational studies suggest explicitly including this collagen fiber disparity in the model
[55,193,194]. While certainly comparable, infarcted ventricular tissue is not the same as
fibrotic atrial tissue, and more accurate models could be developed by performing stress-
strain experiments targeting this explicitly.

Clinical imaging techniques hold promise in acquiring patient-specific spatial patterns of
fibrosis and material properties of atrial tissue with varying degrees of fibrosis. In the
context of computational modeling, LGE and T, values are particularly well suited for
detection of spatial patterns. Elastography might help determine personalized values for both
healthy [127] and fibrotic myocardium, which could replace the nominal values currently
used, leading to more representative models. For accurate representation of the active
tension, electrocardiogram (ECG) or invasive electroanatomical mapping (widely used in
electrophysiological models [138]) or more recent methods like electromechanical wave
imaging [195,196] could be used to ensure accurate representation of the electrical signal in
coupled electromechanical models, leading to more accurate representations of contraction
timing.

4.3 Take-aways from organ-scale biomechanical models of AF

Cardiac electrophysiology has been explored computationally for decades, with AF
mechanisms as a major focal point [138,197]. While less extensively studied than
electrophysiology, there are also mechanical models for the atria. Some are purely
mechanical [161,198], some are electromechanical [167,180,186,199,200], some are
mechanofluidic [165,171,188], and some are multiphysics models taking all three
aspects into account [164]. Atrial mechanical models are also a subset of whole-heart
[162,163,166,168-170,201-203] and left-heart models [204,205].

Some of the biomechanical computational studies cited above focused explicitly on AF.
Hunter et al. [161] used a purely biomechanical (single-physics) model to investigate stress
distributions considering 20 patients undergoing ablation for persistent AF, with geometries
constructed from computed tomography (CT) scans. Their model predicted that stress
distributions varied within the atria and between subjects and that areas with high stress
were associated with low voltage. Moyer et al. [171] used a biomechanical model coupled
with a 0D circulatory model, and constructed a representative left atrial geometry from MRI
data then explored how different biomechanical features impacted the cardiac function and
compared model predictions to clinical data. Dilation, increased pressure, and the presence
of fibrosis were found to explain most of the biomechanical differences between the healthy
volunteers and AF patients. Adeniran et al. [186] used a bi-atrial model reconstructed

from the Visible Female dataset to examine the consequences of imposing AF-induced
electrophysiological remodeling. They showed that atrial contractility was greatly reduced
at sinus rhythm-like heart rates and practically eliminated in the context of rates consistent
with AF (see Figure 4). Feng et al. [165] developed a coupled mechanofluidic model, with
a spatially resolved flow field, and represented AF by total removal of active contraction.
Their simulations predict that AF eliminates flow reversal in the pulmonary veins during late
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diastole and may impair LAA filling during systole. They also noted that their simulation
results were sensitive to geometric properties or the atria; specifically, thicker walls in the
appendage led to reduced blood flow velocity.

Lastly, many computational biomechanics studies have indirectly explored AF-related
questions. Some have explored the potential impact of catheter ablation on cardiac
function has been assessed via simulations [164,170,188]. These models considered how
ablation-induced stiffening and contractility impairment impacted systolic and diastolic
atrial function depending on the lesion set strategy used to abolish AF inducibility. They
found that ablation of areas with high motion was more consequential for atrial function

in terms of blood flow. Complementary electrophysiological modeling studies have also
explored optimization of AF ablation [206,207], highlighting how simulations can be used
to optimize the lesion set required to neutralize fibrotic substrate or minimize the amount
of isolated myocardium. Other biomechanical models, while not incorporating AF directly,
have been used to study how genetic variability of ion channel expression in AF patients
impact contractility [199], the relation between strain and areas in which triggers are likely
to occur [200], and how stress distributions depend on wall thickness [167]. These factors
are difficult or impossible to control clinically, but computational models can help build an
understanding of how they may be mechanistically linked to AF disease development and/or
symptom severity.

4.4 Spatially resolved hemodynamic models

Spatially resolved flow models describe the blood flow via the Navier-Stokes equations
governing fluid dynamics [147]. Post-processing of spatiotemporally resolved flow fields
allows for delineation of stagnant blood volumes and areas of disturbed endocardial

shear stress, where thrombosis is more likely [208,209]. Hemodynamic models can be
extended by coupling fluid motion with the reaction kinetics of the coagulation cascade
[210-212]. Such chemo-elasto-fluidic descriptions can link myocardial biomechanics
with the concentration of pro-coagulatory enzymes like thrombin. These approaches

have translational promise, given the growing availability of pharmacological agents
targeting different stages of the coagulation cascade (e.g., factor X vs. factor XI) [213].
However, spatially resolved chemo-elasto-fluidic models are complex and costly. A common
simplification is to constrain computational fluid dynamics (CFD) solvers of the Navier-
Stokes equations with atrial chamber segmentations from medical imaging, and use blood
stasis metrics as surrogate indices of clotting risk [214-220].

Among spatially resolved flow models, the more sophisticated variants represent AF via
removal of active contraction [165,221] or use of high-resolution 4D images from AF
patients [218,222]. A less involved approach is to perform simulations on stationary
anatomies with modified flow boundary conditions that mimic the absence of atrial
contraction (a.k.a. fixed-wall simulations). Findings from stationary anatomy simulations
vary, and caution must be exercised when comparing models of differing fidelity (e.g.,
moving walls vs. fixed walls, Newtonian vs. non-Newtonian blood viscosity) and the
geometric resolution of computational representations [218,219,223]. Nevertheless, the
emerging picture is that atrial function influences blood stasis in a manner that is sensitive
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to patient-specific factors like LAA shape, ostium area, pulmonary vein configuration,
hematocrit levels, and even postural changes [165,215,216,218-221,224-236]. Overall, the
use of patient-specific atrial flow models is expected to pave the way towards improved
understanding of the mechanisms underlying AF and thrombus formation, including their
relationship to atrial fibrosis.

4.5 Combined use of statistical and mechanistic models

Computational models can be broadly subclassified as mechanistic (reviewed above) and
statistical (i.e. artificial intelligence/machine learning) models. Mechanistic models are
based upon physical laws and principles while statistical models exploit our understanding
of predictable patterns. Statistical models are often utility-driven (e.g., predicting the
occurrence of events like AF [237] or stroke [238]) while mechanistic models focus

on explaining underlying mechanistic patterns. Combined with relevant clinical images

for the atria, such as LGE [239-241] and strain [242], statistical models can be strong
predictors. Challenges have been launched where groups use the same clinical data to
train, validate, and test predictive models [243,244], creating a useful basis for comparing
distinct approaches. In synergy with mechanistic models, statistical methods can also be
predictors of variables of interest — i.e., they can identify parameters in the mechanistic
models worth further exploration. Statistical models can also predict the outcomes of
mechanistic simulations (in which verifying predictive accuracy can be done by completing
full mechanistic runs for a subset of cases), rendering the computations more time-efficient
overall [203,245]. Any such combination requires mutual evolution of the mechanistic and
statistical frameworks, and in the best-case scenario the two approaches complement each
other and reveal valuable new understanding.

5 Clinical care perspectives

Clinical imaging is helpful in developing AF treatment plans. LGE-guided assessment of
fibrotic remodeling gives insight into patient-specific AF stages and expected outcomes
from treatment strategies, especially catheter ablation. The extent of baseline (pre-ablation)
LGE fibrosis is associated with poor outcomes following catheter ablation for AF [86].
Higher residual fibrosis after ablation has been significantly associated with higher
postprocedural recurrence rates [246] and may create anchor points for reentry in the context
of post-ablation arrhythmia recurrence [239]. In the DECAAF-II study, pulmonary vein
isolation was combined with LGE-guided fibrosis ablation for substrate homogenization, but
this did not significantly reduce the rate of arrhythmia recurrence in patients with persistent
AF [87]. King et al. demonstrated a higher risk of stroke in patients with the highest degree
of LGE-MRI fibrosis in patients with AF [247]. Similarly, strain assessment has been used
to predict post-ablation AF recurrence [78,248,249] and left atrial thrombus formation in
patients in sinus rhythm [250].

The relationship between atrial fibrosis and stroke seems to persist regardless of the presence
of arrhythmia, as evidenced in patients with cardiac implantable devices and patients with
embolic stroke of undetermined source (ESUS). Temporal dissociation between device-
detected atrial arrhythmia episodes and thromboembolic events has been observed in
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patients with cardiac implantable devices, with the 30 days prior to thromboembolic events
being arrhythmia-free [251]. AF and ESUS patients have comparable levels of atrial fibrosis
[252], and ESUS patients with high atrial fibrosis burden are at higher risk of new-onset AF
or recurrent stroke [253]. Bifulco et al. demonstrated in a computational electrophysiological
model study that fibrotic remodeling in patients with ESUS has the same fundamental
proarrhythmic properties as it does in AF patients, prompting the hypothesis that ESUS
patients with fibrotic atria may be spared from arrhythmia due to a lack of triggers [254].
The presence of atrial fibrosis might thus be a better indicator for risk assessment related to
thrombus formation than AF.

Histologically quantified LAA fibrosis is higher in patients with thrombi in that area
compared to those without [104,255]. The contribution of atrial fibrosis to thrombogenesis is
not completely understood, but it is likely that the concomitant reduction in strain generation
plays a role. Patients with AF have a higher mean blood residence time compared to

patients without AF [218]. The assessment of ischemic stroke risk in AF currently relies

on clinical risk scores such as CHADS,, CHA,DS,-VASc, and ATRIA. However, all these
scores remain imperfect predictors of stroke with modest predictive accuracy [2]. Overall,
development of more fine-grained imaging techniques might lead to the development of
improved metrics, giving us better stroke risk assessment tools in the future.

Being a multifaceted and heterogenous disease, AF requires structured patient management
and specific treatment decisions like stroke thromboprophylaxis and symptom control.
4S-AF is a structured pathophysiological AF characterization scheme incorporating stroke
risk, symptoms, the AF burden, and substrate severity; it has been proposed as a means

of overcoming limitations of AF classification based on episode duration and temporal
patterns alone [256]. 4S-AF includes imaging-based assessment of the atria and structural
remodeling predisposing to or resulting from AF, providing new means to facilitate,
improve, and personalize AF management.

Interactions between fibrotic remodeling and electrophysiological and biomechanical
properties of the left atrium remain areas of active investigation. LGE fibrosis imaging

has proven clinically useful in arrhythmia and stroke management, and many experimental
studies suggest strain as a reliable predictive tool. The use of other imaging techniques
such as T1 mapping and elastography might give additional insights in fibrosis progression,
and incorporation of information from 4D flow CT or MRI can help infer thrombosis

risk. A major step towards unlocking these valuable new insights will be the development
of patient-specific multi-physics, multi-scale cardiac simulations informed by improved
imaging techniques. As outlined in this review, multiple recent technological developments
set the stage for the research community to derive heretofore elusive mechanistic
understanding of links between fibrosis, arrhythmia, and thrombus formation

6 Conclusion

We have reviewed the main principles in our current understanding of how AF affects
cardiac biomechanics. We have especially focused on interaction with atrial fibrosis, the
presence of which is associated with the occurrence of AF. Interactions between fibrosis and
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AF result in negative feedback loops, contributing to progression of both. We then reviewed
clinical imaging of atrial fibrosis, in which we first reviewed two MRI-based methods

and two methods based on biomechanical properties (i.e., strain and tissue stiffness), as
well as 4D flow MRI used for flow imaging. All these methods are also an important
source of inputs to computational models, which can be used to decipher underlying
mechanisms and potentially as prediction tools. Detecting atrial fibrosis using clinical
imaging is also one of the main pathways to providing personalized clinical care to patients.
Research on underlying mechanisms, development of clinical imaging techniques, and use
of computational models have all proven to be clinically useful in the past, and further
development within all these three areas will help clinicians provide better care to their
patients.

7 Expert Opinion

Continuous research on fundamental pathophysiology, clinical imaging, and computational
modeling can all synergistically contribute to advanced understanding of connections
between AF, fibrosis, and thrombogenesis. Clinical images and recordings from wet lab
experiments are important inputs to computational models. These can in turn be used to
explain underlying mechanisms taking place in the heart as part of an iterative hypothesis
testing approach. Additionally, imaging data can reasonably be used directly in clinical
settings. Better tools for imaging, segmentation, and interpretation are therefore all key to
the development of better, more patient-specific care.

Experimental work in tissue culture, animal models, and with human specimens can provide
fundamental understanding of the different pathophysiological subprocesses that take place
in disease, especially in the development of fibrosis. Cell- and tissue-level experiments
might help us better understand fibrosis-related changes in cells and the surrounding matrix,
while stress-strain experiments on cardiac tissue from animal models or humans following
heart transplantation might be important for stiffness quantification. Histology studies are
also important for understanding structural changes. Further investigation of appropriate
classification schemes for the various kinds of fibrosis might be helpful as a means of
arriving at more specific diagnoses. Nevertheless, the heterogeneous nature of fibrosis makes
this challenging. Deeper understanding of how diffuse fibrosis progresses might translate to
clinical tools to prompt reversal of the fibrogenesis process if it can be caught early enough.
Experimental work might also support the development of representative biomechanical
computational models in quantification of stiffness, relative anisotropy, and structure subject
to various degrees of fibrosis.

Clinical imaging is an integral part of patient care. Improvements in imaging techniques
and segmentation processes can therefore have near-immediate impact. For LGE-MRI, it
would be worth exploring whether specific regional targeting of atrial fibrosis assessment
(e.g., within the LAA), could result in more accurate reconstructions of remodeling patterns.
Given the sobering variability in results based on different atrial fibrosis quantification
techniques, it might be beneficial to coordinate large, multi-center trials in which

images acquired in each center are analyzed using the tools and techniques standardized

at other institutions. In parallel, this conundrum provides a valuable opportunity to
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compare traditional segmentation/analysis techniques to their artificial intelligence-based
counterparts. As established in several trials, increased fibrosis is associated with reduced
stain, but notably characterization of the latter is less expensive and more accessible
compared to the former. As such, potential future directions might involve optimizing strain
imaging as a technique complementary to LGE or collecting clinical data serially to assess
fibrosis progression over time. T4 values and elastography techniques fall into a different
category of much less explored techniques. They are not likely to be applied clinically in
the immediate future but are interesting techniques worthy of further exploration. Further
validation with histology would yield incredible valuable information across all imaging
techniques as a true baseline, however this is naturally rarely accessible. Combined with
emergent tools for high-resolution personalized hemodynamics characterization (e.g., 4D
flow MRI), we anticipate that this enriched image-based understanding of atrial structural
remodeling will lead to better and more complete understanding of the factors that influence
the development and evolution of stroke risk in AF patients.

Multi-scale, multi-physics computational models are emerging as a valuable means of
exploring underlying mechanisms and deriving patient-specific insights. One avenue

for improving model usefulness is to incorporate multiple imaging techniques and/or

new imaging modalities with improved accuracy. LGE and T1 imaging facilitate direct
assessment of fibrosis patterns, while strain and 4D flow MRI can be used for
personalization and verification. Elastography could potentially provide relative personalized
assessment of cardiac stiffness, which would be valuable for biomechanical model
parameterization. Overall, characterization of representative passive properties for atrial
myocardium (both healthy and fibrotic) is a major research priority for the field, and a

useful avenue for achieving this goal might hybrid experimental/computational studies.
Electromechanical models have the potential to improve our common understanding of how
AF and atrial fibrosis impairs atrial function. Spatially resolved hemodynamic models could
be used to explain how atrial pump, reservoir, and conduit functions are influenced by

AF in a patient-specific manner. If combined with information on fibrosis distribution and
contractile dysfunction, the synergistic interaction between electrophysiology, biomechanics,
and fluid dynamics could be explored with an exquisite level of detail. Data from these
models could be further analyzed to understand and predict stroke risk. Finally, making
computational simulations fully multi-physics has the potential to shed light on mechanisms
from each branch, ultimately revealing new insights on factors underlying the formation of
thrombi and ultimately leading to stroke.

We anticipate that segmentation tools for clinical images will soon undergo major
improvements, and that many emerging tools and approaches will integrate artificial
intelligence in their workflows. We are optimistic that the world’s leading researchers in
this area will undertake ambitious, large multi-center comparison studies, which we think
will yield important insights on how clinical images can best be used in clinical settings. For
computational modeling, multi-physics models of varying complexity have recently been
developed based on realistic geometries from MRI and CT. In the next five years, we expect
that this sub-discipline will continue to develop and flourish, not only by demonstrating

the feasibility of running such simulations, but also to apply them in a variety of different
clinically interesting research contexts.
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Abbreviations and acronyms:

4D four-dimensional (3D + time = 4D)

AF atrial fibrillation

CFD computational fluid dynamics

CT computed tomography

ESUS embolic stroke of undetermined source

ECG electrocardiogram

IR image intensity ratio

LAA left atrial appendage

LGE late gadolinium enhancement

MRE magnetic resonance elastography

MRI magnetic resonance imaging

PACS peak atrial contractile strain

PALS peak atrial longitudinal strain

PIH pixel intensity histogram

SD standard deviation(s)

STE speckle-tracking echocardiography

SWE shear wave elastography

TDI tissue doppler imaging

TEE transesophageal echocardiography
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Article Highlights:

AF is tightly connected to electrical and structural remodeling, which affects
the biomechanical atrial function through various pathways.

LGE-MRI is the most studied imaging modality for cardiac fibrosis
assessment and can serve as an important aid in clinical decision-making.
Better image processing tools and use of other imaging techniques, such as
T1 mapping, strain, elastography, and 4D flow MRI are expected to yield
additional insights, especially when applied in combination.

We anticipate that computational models will guide understanding of sub-
mechanisms and facilitate quantifications that are not possible to perform
with conventional experimental approaches. This will lead to deeper
understanding of how AF, atrial fibrosis, and stroke are interconnected.
Models are based on atrial geometries and incorporating additional clinical
data should be immensely valuable, improving model usefulness and
personalization.

Few multi-physics models of the atria or the whole heart have been developed
to date. Biomechanical models can borrow from the more advanced field

of electrophysiological modeling, such as considering the same fibrosis
patterns, but the need remains for independent experiments to determine
biomechanical-specific quantities such as alterations in tissue stiffness and
structural anisotropy.

Augmenting clinical characteristics with advanced imaging and
computational tools that are rooted in the mechanisms of arrhythmia,
biomechanical, and hemostatic alterations will allow for a more personalized
approach to patient care decisions.
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Figure 1:

Schematic drawings of fibrotic remodeling on cell-scale and physiological impact on organ-
scale. (A) In replacement fibrosis, dead myocytes are replaced with collagenous tissue. In
diffuse fibrosis, there is an overproduction of matrix components leading to expansion of
interstitial space. In both cases, fibroblast activation leads to accelerated ECM component
production. (B) Fibrotic areas in the myocardium have reduced conductivity and reduced or
no contractility compared to healthy tissue. The reduced contractility leads to stagnation in
the blood flow, which can cause thrombus formation.
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Figure 2:
Metrics derived from strain measurement: reservoir, conduit, and contractile strain. Figure

originally published in Hopman et al. (2021) [74], distributed under a CC-BY-4.0 license
(https://creativecommons.org/licenses/by/4.0/).
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Single-physics computational models and possible connections that make them multi-
physics models. Electrophysiological models are connected to biomechanical models
through calcium dynamics, which are then linked to hemodynamic models through
myocardial wall displacement. Conversely, myocardial stretch impacts electrophysiology
and there are fluid-structure interactions wherein blood pressure impacts biomechanics,
which is sometimes represented in simulations as feedback mechanisms.
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Figure 4:
Results from a computational electromechanical study (Figures 5 and 6 in the original

publication [186]) of the human atria. Both sides display a control case compared to
AF-induced electrical remodeling (AFER) cases subject to rapid pacing (comparable to AF
rates) and in sinus rhythm (-SR), showing the individual contribution of atrial remodeling.
(a) Spatial distribution of the electromechanical distribution and displacement at different
time shots, superimposed on the original reference configuration as displayed in grey.

(b) Average changes in electrical potential, intracellular calcium (Ca;), sarcomere length
(SL), and normalized force. Figure adapted from original figures as distributed in Adeniran
et al. (2015) [186], distributed under a CC-BY-4.0 license (https://creativecommons.Org/
licenses/by/4.01).
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Comparison between different possible non-invasive clinical imaging techniques in atrial fibrosis assessment.

Method Quantification Effect of fibrosis Reference Advantages Disadvantages
approach values®
LGE-MRI Differences in Delay in contrast N/A Widely recognized Variation in quantification
contrast clearing rates,  clearing rates, and validated with methods leads to different
normalized to healthy  higher voxel histological studies, clinical conclusions; not
myocardium intensity available in many suitable for detection of
healthcare institutions diffuse fibrosis; somewhat
expensive
T,weighted Contrast clearing rates  Shorter contrast Ling et al. Can capture differences ~ Few reference values
imaging (absolute values) clearing rates (n=20,15T) in both diffuse established, somewhat
[72,73] [73], Beinart et and replacement expensive
al. (n=51,3.0T) fibrosis, including early
[72] remodeling
Strain imaging  Local deformation Reduced strain, Sun et al. Can quantify Affected by external
through numerical usually assessed (n=324) [77], contractility over time, factors such as ventricular
differentiation or via reservoir strain  Nielsen et al. potentially real-time, contraction and blood

Elastography

atrial chamber
measurements

Material stiffness
through tracking
reaction to low-
frequency vibration

(PALS) and
contractile strain
(PACS) [74-76]

Altered tissue
stiffness
(mechanical
properties)

(n=1641) [78]

None yet

cheaper, and easier to
perform routinely

Can be used to quantify
stiffness changes,
makes it possible to
differentiate between
passive and active
tension

pressure, sensitive to spatial
resolution

No reference values
established; requires high
image resolution; sensitive
to penetration depth,
readout complicated by
complex atrial myofiber
structure, sensitive to spatial
resolution

*
Reference values for healthy human atrial values; n values refer to the number of healthy control patients enrolled in the cited studies.
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Examples of use of clinical data as input to computational biomechanical models of the atria (including
electromechanical, mechanofluidic, and multiphysics representations spanning all three branches).

Feature Input Significance for/impact on mechanical atrial model Examples of use
Geometry MRI, CT  Patient-specific geometrical differences, match of other parameters [161-169]
Displacement MRI Personalization/verification [170]

Volume/pressure
Fibrosis, scar

Electrical signal

MRI, CT  Personalization/verification

Fibrotic patterns; indirect mechanical impact through EP, direct mechanical impact

LGE through stiffness and contractility

ECG Verification of the electrophysiological side; indirectly governing active contraction
patterns

[161,170,171]
[172]

[169]
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