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Abstract 

Arrhythmogenic cardiomyopathy (AC) is an inherited 
cardiac disease clinically characterized by life-
threatening ventricular arrhythmias and progressive 
cardiac dysfunction. Current electrocardiographic and 
structural imaging methods fail to detect early-stage AC-
related myocardial disease in mutation carriers. Here, we 
propose a cardiac imaging-based personalized modelling 
approach that enables the identification and 
characterization of regional electro-mechanical tissue 
abnormalities in the vulnerable right ventricular (RV) 
free wall of AC mutation carriers.  

RV tissue deformation data from 2 controls and 8 
mutation carriers, covering various stages of AC disease, 
were used to personalize the CircAdapt model of the 
human heart and circulation. This resulted in estimates of 
contractility and stiffness in the apical, midventricular, 
and basal segments of the RV.  

Apex-to-base heterogeneity in tissue properties, with 
increased stiffness and decreased contractility in the RV 
basal region, was found in most patients and was largest 
in late-stage AC disease. Future studies should evaluate 
whether early-stage tissue heterogeneity is predictive for 
arrhythmic events or AC disease progression. 

 
1. Introduction 

Arrhythmogenic Cardiomyopathy (AC) is considered 
as an inherited cardiomyopathy predisposing to 
ventricular arrhythmias, sudden cardiac death (SCD), and 
more rarely (bi)ventricular dysfunction and heart 
failure.  A genetic mutation is found in up to 60% of 
probands, mostly affecting desmosomal genes [1]. To 
prevent sudden cardiac death in these apparently healthy 
AC mutation carriers, early detection of pro-arrhythmic 
tissue substrates is important. Current conventional 
electrocardiographic and structural imaging methods lack 
sensitivity to detect early-stage AC-related myocardial 
disease in genotype-positive AC family members. 

In a recent study [2], Mast et al. showed that regional 
right ventricular (RV) deformation abnormalities exist in 
most individuals with a pathogenic plakophillin-2 (PKP2) 
or desmoglein-2 mutation, even in those classified as 
subclinical (concealed) or electrical stage AC patients 
according to the 2010 International Task Force Criteria 
[3]. In the same study, generic patient simulations 
obtained with a biophysical model of the human heart and 
circulation suggested that those regional RV deformation 
abnormalities originate from regional contractile 
dysfunction either or not in combination with myocardial 
stiffening.  

In a follow-up study [4], Mast et al. showed that early-
stage AC mutation carriers with an abnormal pattern of 
basal RV deformation are more likely to progress into a 
more advanced AC disease stage than those with normal 
basal RV deformation. RV mechanical dispersion has 
also been reported in early stage AC patients [5] and has 
been found to be associated with arrhythmic outcome [6].  

These observed regional differences in RV myocardial 
deformation suggest the existence of a detectable 
heterogeneity in local tissue properties in early-stage AC. 
A biophysical model of the human heart and circulation, 
such as CircAdapt (www.circadapt.org), describes the 
mechanistic link between myocardial tissue properties 
and regional myocardial deformation, based on well-
established physics and physiology principles. We 
therefore hypothesize that cardiac imaging-based 
personalization of the CircAdapt model can reveal the 
severity of AC-related RV tissue disease. In this study, 
we aimed to develop such a patient-specific modelling 
approach and test its ability to characterize regional 
differences in RV myocardial tissue properties. 

 
2. Methods 

2.1. Patient Study 

A total of 2 control subjects and 8 mutation carriers (4 
male, age 33.8±14.9 years) were selected from the AC 
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cohort that was previously described in more detail [2]. 
Selection was based on covering the spectrum of AC 
disease severity.  Longitudinal RV strain was measured in 
three segments (apex, mid, and base) using a standard 
echocardiographic deformation imaging protocol that has 
been described in more detail elsewhere [7]. LV and RV 
end-diastolic volumes (154±26mL and 184±38mL, 
respectively) and stroke volume (85±21mL) were 
obtained by cardiac magnetic resonance imaging (CMR) 
performed on a 1.5-T scanner (Achieva, Philips 
Healthcare, Best, the Netherlands), according to standard 
AC protocol [8].  

Based on their RV basal strain pattern, the subjects 
were classified in three subgroups, representing 
increasing severity of AC disease [3]. One mutation 
carrier and two controls had normal RV deformation 
(Type-I), four mutation carriers showed mildly abnormal 
deformation (Type-II), and three showed severely 
abnormal deformation (Type-III).  

 
2.2. Personalized Model Simulation 

The CircAdapt model was used to simulate cardiac 
pump function and cardiovascular system dynamics [9]. 
CircAdapt is a lumped-parameter model which couples 
regional myocardial tissue mechanics in the cardiac walls 
to pump mechanics and hemodynamics of a geometrically 
simplified four-chamber heart model and closed-loop 
circulation. Its MultiPatch module [10] was used to divide 
the RV free wall in three tissue segments, representing 
the basal, midventricular, and apical regions.  

 
2.2.1. Passive and Active Tissue Behavior  

Cardiac myofiber mechanics were modelled using a Hill-
type contraction model including active (myofiber 
contraction) and passive (soft tissue deformation of the 
myocardium) stress components [10]. In this model, 
passive fiber stress is described by a nonlinear relation 
depending on sarcomere length (𝑙௦),  

𝜎,௦ = 𝑝ଵ ቆ൬
𝑙௦

𝑙௦

൰
మ
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where 𝑙௦ represents stress-free fiber length, 𝑝ଵ a 
scaling factor, referred to as stiffness in the remainder of 
this study, and 𝑝ଶ the exponent determining the degree of 
non-linearity. We assumed 𝑝ଶ and 𝑙௦ to be constant, i.e. 
8.4 and 1.8 µm, respectively.   

The active fiber stress is a function of time (𝑡), 
sarcomere length (𝑙௦), and contractile element length (𝑙௦) 
multiplied by a scaling factor 𝑎ଵ, referred to as 
contractility in the remainder of this study.  

𝜎,௧ =  𝑎ଵ function(𝑡, 𝑙௦, 𝑙௦) 
 

2.2.2. Parameter Estimation Protocol  

The CircAdapt model was personalized by fitting 
simulated RV strain patterns to the patient’s RV strain 
patterns, since this region is typically first-affected. To 
that end, parameters related to regional RV stiffness and 
contractility, relative systole duration, and LV and RV 
cavity and wall volume were adjusted for each patient.  

RV stiffness and contractility were estimated by 
minimizing the error between a set of simulated and 
measured RV strain indices, together capturing the 
pattern of regional RV deformation (Table 1 and Figure 
1): time-to-peak-pre-stretch (TTPP), peak pre-stretch, 
time-to-50%-shortening (TT50), time-to-peak-strain 
(TTPS), peak strain (PS), and end-systolic strain (ESS).   

LV end-diastolic volume was fitted by changing the 
LV cavity volume while maintaining wall thickness 
constant. RV wall and cavity volume were changed to fit 
RV global longitudinal strain. Relative systolic duration 
was estimated from time to pulmonary valve closure.  

To minimize the squared sum of error in the indices, 
the trust-region algorithm was used. The algorithm 
stopped when the estimated step size of the parameters 
became smaller than 0.1% of the original value. The 
regional tissue parameters described earlier were 
estimated in iterative steps until convergence to improve 
convergence of the parameter estimation algorithm.   

To quantify the goodness of the fit, the unitless mean 
squared strain error (MSE) of the three segmental RV 
strain patterns was calculated as the squared sum of 
difference in strain between simulation and measurement, 
normalized to the cycle time. 

Table 1. Indices used for estimation of contractility and 
stiffness.  

Index  Definition  
TTPP ൫𝑡,ௗ − 𝑡,௦൯ / 10 ms 
PP (max(𝜖ௗ) − max(𝜖௦)) / 1 % 
TT50 ൫𝑡ହ%,ௗ − 𝑡ହ%,௦൯ / 10 ms 
TTPS ൫𝑡,ௗ − 𝑡,௦൯ / 10 ms 

ESS ൫𝜖,ௗ − 𝜖,௦൯ / 1 % 
PS (min(𝜖ௗ) − min(𝜖௦)) / 1 % 
TTPP: Time to peak pre-stretch; PP: Peak Pre-stretch; TT50: 
Time to 50% shortening; TTPS: Time to peak strain; ESS: End 
Systolic Strain; PVC: Pulmonary Valve Closure; PS: Peak Strain 

 

  
Figure 1.  Indices used for fitting. Arrows represent the 
indices TTPP (1), Peak Pre-Stretch (2) TT50 (3), TTPS 
(4) End Systolic Strain (5), and Peak Strain (6), as 
described in Table 1. 
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With ϵmodel and ϵmeas being simulated and measured 
strain at time t, respectively. A perfect fit would result in 
an MSE of zero. The error is squared to increase the 
weight of larger differences in strain error. To quantify 
the degree of tissue heterogeneity for each type of AC 
disease, the standard deviation of the three segmental 
parameter values was calculated per subject and averaged 
for each subgroup.  
 
3. Results 

The simulated strains obtained from the personalized 
models are in good agreement with the measurements. 
The median MSE of all estimations is 2.6, with a 
minimum and maximum of 0.5 and 16, respectively. The 
strain of two good and two bad estimations with MSE are 
shown in Figure 2. Figure 3 shows the mean estimated 
contractility and stiffness relative to the apical estimations 
for apical, mid, and basal segments. Both contractility and 
stiffness are more homogeneously distributed in Type-I, 
with a heterogeneity of 18% in contractility and a 
heterogeneity of 23% in stiffness. In Type-II and Type-
III, the parameters are more heterogeneously distributed 
with a heterogeneity of 23% in contractility and 83% in 
stiffness in Type-II, and a heterogeneity of 39% in 
contractility and 161% in stiffness in Type-III. On 
average, basal contractility decreases and stiffness 
increases for Type-II and Type-III, leading to an increase 
of RV tissue heterogeneity with progression of AC 
disease. 

 
4. Discussion 

The main outcome of this study is the characterization 
of the tissue mechanisms underlying deformation 
abnormalities in AC subjects using a patient-specific 
modeling-based approach. The results suggest that AC 
disease progression, defined as the level of RV basal 
deformation abnormality, is associated with growing RV 
apex-to-base heterogeneity in contractile dysfunction and 
myocardial stiffening. The patient-specific simulations of 
the subjects with a Type-II deformation pattern, which 
was previously found in about half of the subclinical 
mutation carriers, revealed decreased basal contractility 
and increased basal stiffness compared to the apex. This 
finding is in line with the hypothesis by Mast et al. [2].  

These predicted changes in contractility and stiffness 
may be explained by fibro-fatty replacement, which is 
conventionally detected by late gadolinium enhancement 
(LGE). However, LGE was detected in only one Type-II 
and one Type-III patient. This suggests that our method 
may reveal insight in tissue abnormalities other than 

 

 
Figure 3. Fitted contractility and stiffness normalized to 
the apical values. The mean estimated values of 
contractility 𝑎ଵ and stiffness 𝑝ଵ per type (large dots) are 
shown with bars representing the standard deviation of the 
individual subjects (small dots).    

 

Figure 2. Two best (first and third from left) and two 
worst fits (second and fourth from left) in terms of MSE 
of Type-II and Type-III patients. The vertical line 
represents the closure of pulmonary valve in both 
measurements and model. Onset QRS is taken to be the 
zero-strain reference point. 
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detected by LGE. This could also be in line with a limited 
sensitivity of LGE in the RV due to, for example, the 
typical thin RV lateral wall, and the presence of more 
diffuse fibrosis in AC patients [11]. 

Tissue behavior of the RV lateral wall depends not 
only on its intrinsic tissue properties, but also on 
mechanical interaction with the LV lateral and septal 
wall. This study focusses on the RV, because this is 
typically the first affected area in PKP2 mutation carriers 
[12]. In later disease stages, LV involvement can be 
observed at the macroscopic level [3], but also in early 
stages, as AC-related genes may be expressed differently 
in the LV [13]. Therefore, including LV tissue in the 
parameter estimation protocol might improve goodness of 
fit in the RV.  

Currently, one fitting protocol with a fixed starting 
point is used. In the future, uniqueness of the solutions 
should be investigated. Future work can also develop the 
current estimation protocol by including other strain 
indexes to remove local minima, or by including other 
parameters to better capture the disease’s mechanics. 
Finally, this study focuses on a relatively small cohort of 
PKP2 mutation carriers only. Future work should include 
a larger clinical sample size of a genetically more 
heterogeneous cohort of AC mutation carriers to evaluate 
the ability of the simulation based electromechanical 
substrates to stratify arrhythmic risk.   
 
5. Conclusion 

We presented a patient-specific modelling approach 
and showed its ability to reproduce regional RV 
deformation abnormalities in AC mutation carriers by 
introducing apex to base heterogeneity in regional tissue 
properties, more specifically a decreased basal 
contractility and an increased basal passive stiffness.  
Further research is needed to assess whether AC disease 
progression or arrhythmic events can be predicted by 
simulation-based characterization of early-stage disease 
substrates.   
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