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This editorial refers to ‘How to assess and treat right
ventricular electromechanical dyssynchrony in post-repair
tetralogy of Fallot: insights from imaging, invasive studies
and computational modelling’, by M. Lozek et al., https:/
doi.org/10.1093/europace/euaec024.

In this issue, Lozek et al.” explore the feasibility of tailoring a widely
available biomedical modelling platform (CircAdapt) to create a ‘digital
twin’ to quantify the projected impact of resynchronization of the
right ventricle (RV). Prof Janousek is a pioneer in the use of RV resyn-
chronization in congenital heart disease (CHD), and the paper also
serves as an succinct summary of many of the imaging concepts that
the team has developed and adapted to this distinctive physiology.>
They outline some of the imaging hallmarks of RV electromechanical
dyssynchrony, and in particular the unique implementation of the ana-
lysis of the systolic stretch index to the RV.* However, it is the use of
individualized modelling of cardiac resynchronization therapy (CRT) in
CHD that is the most novel and is an important step forward in this
nascent field.

For non-CHD patients, there is a long history of computational mod-
elling of electrical dyssynchrony, with early studies published over 20
years ago.* However, there are minimal data regarding the extension
of these techniques to the more complex CHD anatomies. The results
of the simulations presented by Lozek and colleagues are limited by the
small sample size and limited number of physiological scenarios, at least
in part due to the fact that fusion pacing in RV resynchronization limits
the freedom to vary the V=V delay. Table 4 of their study illustrates that
the majority of the predictions derived from the simulations are at least
correct qualitatively, but there are inevitable quantitative discrepancies.

So, should the clinician feel that this is a glimpse of the future, or does
it serve to temper expectation? When the role and place of CRT in the
management of the CHD patient is discussed, there is often the sugges-
tion that accurate computer models could provide some answers.
However, the computational modelling techniques are almost limitless
in potential complexity. This study serves not only as a stepping-stone
towards this goal but also as a focus to review the strengths and limita-
tions of computational modelling for this purpose.

In general terms, there are three main components to computational
modelling: the inputs, the model itself, and the outputs. The authors in-
cluded a relatively short list of inputs: chamber size, valve regurgitation,
and a marker of mechanical activation delay (RV septal-to-lateral delay,
derived from speckle tracking). However, there are many more inputs
that are also measurable and modellable, and electrical activation and
scar are likely to be particularly important. Higher resolution delinea-
tion of baseline electrical activation can be performed via electro-
anatomic mapping (endocardial activation) or body surface potential
mapping (epicardial activation), and myocardial scar is conventionally
identified via late gadolinium enhancement on MRI. Also likely import-
ant, but more challenging, are fibre orientation and His Purkinje system
distribution. Currently, these are generally only measurable ex vivo via
diffusion tensor MRI or microCT. Yet more needs to be understood
regarding factors such as whether inputs need to be individually tailored
(vs. generic for each CHD anatomy) and when increasing resolution
reaches negligible impact to the model output.

Computational models also vary greatly in computational workload
and complexity. In this study, LoZek and colleagues used the CircAdapt
model, which in its basic form is available for free download (https:/
www.circadapt.org) and can be run on a personal computer. It is a mod-
el representing chamber mechanics and closed-loop circulation and is a
remarkable tool for demonstrating cardiac biology. CircAdapt allows a
fixed set of parameters to be adjusted and models outputs that include
pressure volume loops or valvular flows. The authors also likely used
the Multipatch module, which additionally enables users to assign broad
cardiac regions with activation time and mechanical properties to simu-
late regions such as scar, enabling a higher degree of ‘twinning’ with the
subject.” However, in order to achieve this degree of computational ef-
ficiency, CircAdapt is a zero dimensional, or lumped parameter, model
which assumes a uniform distribution of the fundamental variables (vol-
ume, pressure, and flow) within any particular compartment (chamber,
organ, or vessel) of the model at any moment in time. Some of the limits
of the digital twin outcome accuracy are therefore almost certainly re-
lated to the simplicity of this macroscopic model.

Much more complex computer modelling techniques exist, and
these higher dimensional models recognize the variation of important

The opinions expressed in this article are not necessarily those of the Editors of Europace or of the European Society of Cardiology.

" Corresponding author. Tel: +1 650 721 2121. E-mail address: mhchubb@stanford.edu

© The Author(s) 2024. Published by Oxford University Press on behalf of the European Society of Cardiology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,

distribution, and reproduction in any medium, provided the original work is properly cited.

$20Z YoJel\ Z| uo Jesn Ateiq] meT Aq 629/8G///208ens/z/9z/a101ue/soedoina/woo dno-oiwapeoe//:sdiy Wwolj papeojumo(]


https://orcid.org/0000-0002-2859-3536
https://orcid.org/0000-0002-4937-5538
https://orcid.org/0000-0003-1902-171X
https://doi.org/10.1093/europace/euae024
https://doi.org/10.1093/europace/euae024
https://www.circadapt.org
https://www.circadapt.org
mailto:mhchubb@stanford.edu
https://creativecommons.org/licenses/by/4.0/

Editorial

parameters in space. The modelling of multiple layers such as fluids, me-
chanics, and electrophysiology (‘multiphysics’) is highly complex, and it
must be recognized that the computing burden far from trivial. In the
days of concern that artificial intelligence is taking over the world, it is
easy to forget that single physiological simulations can take many hours
on super computers with hundreds of cores. The level of computation-
al complexity is such that, in 2023, even GPU-accelerated three-
dimensional multiphysics digital twins of the human heart still require
upwards of 10 h for a single heartbeat (using eight Nvidia A100 devices,
capable of ~5 petaflops).® Striving for computational efficiency will be
crucial, likely with the aid of machine learning, as multiple iterations
will also allow quantification of uncertainty related to accuracy of input
parameters.” We need to learn which input round-off errors amplify
until they dominate the solution (a physiological ‘butterfly effect’),
and which errors are tolerated.

And then what about the output? In this study, Lozek and colleagues
chose to assess computed dP/dt, systolic stretch fraction, wasted work
ratio, and exercise capacity (or cardiac output at fixed central venous
pressure) as the output parameters for verification against clinical mea-
surements. This is not unreasonable: hard outcomes such as survival or
morbidity are many leaps of faith further down the line in terms of
modelling. However, there remain concerns as to how clinically rele-
vant these softer outputs are. Short-term measures (especially dP/dt)
are relatively established as tools for optimization of CRT at implant,
but the correlation with longer term outcomes such as reverse remod-
elling (let alone survival) is controversial.® Furthermore, reverse remod-
elling itself is not only a clinically important outcome parameter but also
a chronic feedback loop that is highly challenging to model.

So where does this leave us? Can computer modelling of CRT in CHD
ever lead to clinically useful tools? Lozek and colleagues have demon-
strated a path forward through this potentially limitless complexity. If rela-
tively simple zero-dimensional tools can point in the right direction, then
there is enormous promise. We currently have limited guidance as to
which CHD patient will benefit from CRT, but it can be a powerful
tool for survival for the correct patient.” It is highly likely that we are with-
holding potentially life-saving therapy due to lack of data and the models
initially need only be better than what little is currently available to guide
the CHD cardiologist. From that point onwards, the sky is the limit.
Supported by legislation such as the FDA Modernization Act 2.0, we
need to strive for computational techniques that can be applied not

only to drugs but also device therapies. With time, we will almost certainly
find that three-dimensional, fully-coupled, electro-mechano-fluid math-
ematical models (or efficient surrogate models extracted from these
ones) provide further and more reliable insights into CRT in CHD.
However, like the statistics maxim of ‘as simple as possible but as complex
as required’, if computer modelling can demonstrate clinically useful out-
puts, then the model may be complex enough. This study could prove to
be the first small step in a great drive forward for CRT device therapy in
CHD.
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