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Aims Arrhythmogenic cardiomyopathy (AC) is an inherited cardiac disease, characterized by life-threatening ventricular
arrhythmias and progressive cardiac dysfunction. The aim of this study is to use computer simulations to non-
invasively estimate the individual patient’s myocardial tissue substrates underlying regional right ventricular (RV) de-
formation abnormalities in a cohort of AC mutation carriers.

...................................................................................................................................................................................................
Methods
and results

In 68 AC mutation carriers and 20 control subjects, regional longitudinal deformation patterns of the RV free wall
(RVfw), interventricular septum (IVS), and left ventricular free wall (LVfw) were obtained using speckle-tracking
echocardiography. We developed and used a patient-specific parameter estimation protocol based on the multi-
scale CircAdapt cardiovascular system model to create virtual AC subjects. Using the individual’s deformation data
as model input, this protocol automatically estimated regional RVfw and global IVS and LVfw tissue properties. The
computational model was able to reproduce clinically measured regional deformation patterns for all subjects, with
highly reproducible parameter estimations. Simulations revealed that regional RVfw heterogeneity of both contrac-
tile function and compliance were increased in subjects with clinically advanced disease compared to mutation car-
riers without clinically established disease (17 ± 13% vs. 8 ± 4%, P = 0.01 and 18 ± 11% vs. 10 ± 7%, P < 0.01, respec-
tively). No significant difference in activation delay was found.

...................................................................................................................................................................................................
Conclusion Regional RV deformation abnormalities in AC mutation carriers were related to reduced regional contractile func-

tion and tissue compliance. In clinically advanced disease stages, a characteristic apex-to-base heterogeneity of tis-
sue abnormalities was present in the majority of the subjects, with most pronounced disease in the basal region of
the RVfw.
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Introduction

Arrhythmogenic cardiomyopathy (AC) is an inherited heart mus-
cle disorder characterized by fibrofatty replacement of primarily
the right ventricular (RV) myocardium, which predisposes to ven-
tricular arrhythmias and sudden cardiac death (SCD) in young
individuals.1,2 Variable disease expression is found in familial AC,3

ranging from SCD in young individuals to a lifelong absence of
any phenotype. To prevent apparently healthy AC mutation car-
riers from SCD, early detection of potentially pro-arrhythmic tis-
sue substrates is important.

Using speckle-tracking echocardiography, our groups4 found dis-
tinct regional RV deformation abnormalities in AC mutation car-
riers. Predominantly the basal (subtricuspid) part of the RVfw was
affected, even in the absence of electrocardiographic or structural
2010 Task Force Criteria (TFC).5 Using computer simulations, it
was hypothesized that these deformation abnormalities resulted
from a decreased contractility and an increased stiffness within
this segment. In a follow-up study, these RV deformation abnor-
malities were found to be associated with AC disease progres-
sion.6 Another approach, as reported by Sarvari et al.7 showed
that RV mechanical dispersion (RVMD), defined as the standard
deviation in time-to-peak strain, is a marker for arrhythmic events
in AC patients. The latter study demonstrate the prognostic value
of RV longitudinal strain, while the disease substrates underlying
the deformation abnormalities remain unknown. Together with
the first study by Mast et al.,4 these studies suggest that identifica-
tion of the disease substrate causing RV deformation abnormalities
could be used to better understand disease progression and sup-
port risk stratification. Patient-specific characterization of the elec-
tromechanical disease substrates in early-stage AC may lead to
better arrhythmic risk stratification and ultimately to the identifica-
tion of possible therapeutic targets, thereby enabling personalized
medicine. Since invasive tissue characterization is accompanied by
important risks, and is rarely performed, non-invasive ways of tis-
sue characterization should be investigated.

The aim of this study is to non-invasively estimate the patho-
physiological substrates underlying regional deformation abnormal-
ities in the individual AC mutation carrier, using imaging-based
patient-specific computer simulations. We use a parameter estima-
tion protocol based on a previously established framework8 which
simulates myocardial deformation to identify regional tissue
properties.

Methods

Patient cohort
This study was performed on a previously reported consecutive cohort
of pathogenic desmosomal mutation carriers, who were evaluated at the
UMC Utrecht in the Netherlands between 2006 and 2015.4 During this
period, 87 subjects carrying a pathogenic plakophilin-2 (PKP2),
desmoglein-2 (DSG2), or desmoplakin (DSP) mutation were evaluated.
Additionally, 20 healthy volunteers were included as control subjects.
The study was approved by the local institutional ethics review board.

The echocardiographic protocol has been detailed elsewhere.9 Briefly,
all echocardiographic data were obtained on a Vivid 7 or Vivid E9 ultra-
sound machine (GE Vingmed Ultrasound, Horten, Norway) using a
broadband M3S transducer and were analysed for fulfilling 2010 TFC for
structural abnormalities.5 Only exams during sinus rhythm were eligible
for inclusion. Conventional two-, three-, and four-chamber views, as well
as an RV-focused apical four-chamber view, were used to visualize the
RV lateral free wall (RVfw), interventricular septum (IVS), and left ventric-
ular (LV) free wall (LVfw). Cineloops were stored for offline two-
dimensional speckle tracking using EchoPAC v. 202 (GE Vingmed
Ultrasound, Horten, Norway). A single observer, blinded to clinical infor-
mation, obtained segmental longitudinal strain curves of the RVfw and
the left ventricle.

In this study, we focused on regional heterogeneity of RVfw tissue ab-
normalities because the RVfw is the most affected area in pathogenic des-
mosomal mutation carriers.10 Therefore, three segmental deformation
patterns of the RVfw (i.e. apical, mid-ventricular and basal) were used to
personalize the computational model (Figure 1). Additionally, two global
deformation patterns of the LVfw and IVS were used to ensure realistic
mechanical boundary conditions for the RVfw in terms of ventricular in-
teraction. Global LVfw and IVS deformation patterns were obtained by
averaging the 12 LVfw and 6 IVS segmental deformation curves, respec-
tively, using the standardized 18-segment model.11

Cardiac magnetic resonance imaging (CMR) was performed on a 1.5-T
scanner (Achieva, Philips Healthcare, Best, the Netherlands), according
to standard AC protocols,12 and included measurements of the RV end-
diastolic volume, RV ejection fraction, and LV ejection fraction. LV stroke
volume was used to personalize cardiac output (CO) in the computer
simulations.

For further analysis, RV disease substrates were categorized by three
different non-invasive imaging approaches, which have been published
previously:

(1) following the revised 2010 TFC,5 AC can be divided into three con-
secutive clinical stages: (i) subclinical (concealed) stage with absence
of any 2010 TFC, except for harbouring a pathogenic mutation; (ii)
electrical stage, with only electrocardiographic (ECG) or Holter ab-
normalities; and (iii) structural stage, with structural abnormalities
on non-invasive imaging, regardless of the history of ventricular
arrhythmias or presence of ECG or Holter abnormalities.5,13

(2) based on the pattern of basal RVfw deformation following the pre-
defined criteria published by Mast et al.4 A Type I pattern is defined
as normal deformation; a Type II pattern is characterized by delayed
onset of shortening, reduced systolic peak strain and minor post-
systolic shortening; a Type III pattern is characterized by little or no
systolic peak strain, predominantly systolic stretching and major
post-systolic shortening;

(3) based on RVMD, an index of segmental heterogeneity in contrac-
tion in the RVfw and IVS. RVMD was calculated on six segments of
the right ventricle, including the IVS, and defined as the standard de-
viation of the segmental time intervals from onset Q/R on the

What’s new?

• We present a patient-specific modelling approach and show
its ability to reproduce regional ventricular deformation pat-
terns and to estimate the underlying tissue properties in
arrhythmogenic cardiomyopathy (AC) mutation carriers.

• Patient-specific computer simulations reveal an increased het-
erogeneity in regional right ventricular (RV) contractility and
compliance in clinically progressed disease stages.

• In most AC mutation carriers, myocardial disease is most pro-
gressed in the basal segment of the RVfw.
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surface ECG to peak negative strain.7 A previously established cut-
off value of 30 ms14 was used in this study to define a group with
low and high RVMD.

Computer simulations
Regional RV, IVS, and LV myocardial deformation were simulated using
the CircAdapt model,15 which is a closed-loop lumped parameter com-
puter model of the human heart and circulation. It enables simulation of
cardiac haemodynamics and regional wall mechanics, using a phenomeno-
logical model describing active and passive myofibre mechanics.16

Ventricular interactions are modelled using the TriSeg model using the
concept of conservation of energy.17 LVfw and IVS were modelled as a
single segment representing the mechanics of the entire wall. Three RVfw
segments representing the apical, mid-ventricular, and basal regions were
modelled using the previously validated MultiPatch model.16

Patient-specific simulation protocol
Computer simulations were personalized by automatically tuning model
parameters to optimize the modelled myofibre strain to measured longi-
tudinal strain (Figure 1). A parameter subset with 21 parameters essential
for modelling regional RVfw, IVS, and LVfw deformation in AC mutation
carriers was previously identified.8 CO and heart rate (HR) were direct
input parameters of the model and thereby set from the measurements.
The former was obtained from CMR data, while the latter was obtained
from the RV focused four-chamber view. The other 19 parameters de-
scribe the size of the RVfw, IVS, and LVfw (three model parameters),
myocardial twitch duration and thus relative systolic duration (one

parameter), and three regional tissue properties per myocardial segment
being contractility, compliance, and activation delay (i.e. 15 model param-
eters in total).

Parameters were individually estimated using a parameter estimation
framework previously described in more detail.8 This framework esti-
mates model parameters using the clinical data as described above and
results in a virtual subject that reproduces the clinical data. In brief, the pa-
rameter estimation framework consisted of two steps. First, with CO and
HR set to the measured values, 5000 quasi-random Monte Carlo simula-
tions were performed from which the best 60 simulations were used as
initial candidate solutions. Second, these candidate simulations were opti-
mized using the stochastic multi-swarm particle swarm optimization
(MSPSO).18,19 MSPSO is an evolutionary algorithm, where a population
of candidate solutions moves through the input space driven by their his-
tory and the history of a changing subpopulation. A more detailed de-
scription of the methodology used is provided in the Supplementary
material online. Eventually, this parameter estimation protocol results in
a virtual patient, from which regional tissue properties can be extracted.

Local tissue properties
RVfw contractility, compliance, and activation delay were extracted from
the resulting virtual patient simulations and the heterogeneity of these tis-
sue properties was investigated. Due to the nonlinearity, non-
monotonicity, and non-additivity of the lumped system, the individual es-
timated parameters were not interpreted directly, but local tissue prop-
erties were derived from the simulated time signals of myofibre stress
and strain. As the RVfw is typically most affected in desmosomal mutation

Figure 1 Methodology. Right ventricular (RV), interventricular septal (IVS), and left ventricular (LV) strain were obtained using speckle-tracking
echocardiography, and cardiac output was obtained using cardiovascular magnetic resonance imaging (CMR). Using a fully automatic estimation pro-
tocol, virtual subjects reproducing the clinical measures were generated and local tissue properties were extracted.
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carriers,1 we focus on the heterogeneity in regional RVfw tissue proper-
ties. To limit the degrees of freedom in the model, parameters in the left
ventricle and IVS were not estimated on a segmented level, but in a single
segment representing the entire wall to include ventricular interaction.

The exact methodology used to quantify regional myocardial contrac-
tility, compliance, and activation delay was described in more detail in the
Supplementary material online. In brief, segmental contractility was de-
fined as the maximum rate of active stress rise, which can be seen as the
equivalent of the maximum rate of ventricular systolic pressure rise (dP/
dtmax) on a local tissue level. Segmental wall compliance was defined as
the slope of the end-diastolic myofibre stress-strain relationship, obtained
using a preload manipulation. This is the regional equivalent of the slope
of the global end-diastolic pressure–volume relation. Furthermore, re-
gional activation delay was defined as the time delay of onset active stress
development relative to the first activated segment.

Reproducibility
To determine reproducibility, a separate validation set was used. Two
separate observers blinded to clinical data performed deformation analy-
sis twice in nine subjects with a pathogenic desmosomal mutation, result-
ing in four different deformation datasets per patient. Each dataset was
used three times as input for the parameter estimation framework de-
scribed above. Inter- and intra-observer agreement, as well as the unique-
ness of parameter estimation were determined using the intraclass
correlation coefficient (ICC).20 This protocol is explained in more detail
in the Supplementary material online.

Statistical analysis
Continuous data were presented as mean ± standard deviation. Normal
distribution was tested using the Shapiro–Wilk test. Comparison be-
tween subgroups of continuous variables was done using a one-way
analysis of variance, t-test, Kruskal–Wallis, or Mann–Whitney U test as ap-
propriate. Bonferroni correction was used to adjust for multiple compari-
sons. All statistical analyses were performed in Python 3.6.4 using the
packages SciPy (modified BSD License) and statsmodels (modified BSD
License).

Results

From the 87 AC mutation carriers who were evaluated, 3 subjects
were excluded due to inadequate echocardiographic imaging quality
and 16 were excluded due to missing CMR data. All remaining exams
were obtained during sinus rhythm. The 68 AC mutation carriers in-
cluded in this study (18 probands and 50 family members) had a
mean age of 39± 17 years and 41 (60%) were female. Among the dif-
ferent pathogenic mutations, PKP2 was most common in this cohort
(90%). A total of 20 control subjects [9 (45%) females, mean age 28 ±
6 years] were also included in the study. Using the 2010 TFC, 18
(26%) mutation carriers were classified in the subclinical stage, 15
(22%) in the electrical stage, and 35 (51%) in the structural stage. The
median time between echocardiography and CMR was 26 days
[interquartile range (�7, 398 days)] (Table 1).

Typical examples of measured and simulated ventricular deforma-
tion curves in a control subject and subjects in the subclinical, electri-
cal, and structural AC disease stages are shown in Figure 2. Most
healthy controls (n = 20, 100%) and subclinical stage subjects (n = 12,
67%) had a Type I deformation pattern and thus showed relatively

homogeneous deformation patterns in the three RVfw segments.
However, 6 (33%) subclinical subjects had an abnormal Type II defor-
mation pattern in the RVfw basal segment. Most subjects in the elec-
trical stage showed heterogeneous deformation patterns with
predominantly basal abnormalities [Type II: n = 8 (53%) and Type III:
n = 3 (20%)], which were even more severe in the structural stage
subjects [Type II: n = 10 (29%) and Type III: n = 23 (66%)].

Contractility
Overall, heterogeneity in regional RVfw contractility was higher in
the electrical and structural stage groups compared to the subclinical
stage and control groups (control: 9.98 ± 4.27%; subclinical:
7.57 ± 4.47%; electrical: 17.23± 15.92%; structural: 16.94± 13.28%,
P = 0.011). In general, the basal contractility was lower compared to
the apical contractility (Figure 3). A few individuals (n = 9, 13%),
however, were found to have lower apical than basal contractility.
No significant difference was found in average RVfw contractility
(control: 363± 175 kPa/s; subclinical: 373 ± 131 kPa/s; electrical:
421± 167 kPa/s; structural: 442± 174 kPa/s) (P = 0.470).

Compliance
Heterogeneity in regional RVfw compliance was increased in the
electrical and structural stage groups compared to the subclinical
stage and control groups (control: 9.16 ± 4.84%; subclinical:
10.46± 7.11%; electrical: 12.49 ± 9.63%; structural: 18.45± 11.00%,
P = 0.002). On average, compliance was lower in the basal segment
compared to the apical segment (Figure 3). Average RVfw compliance
was not significantly different between the groups (control: 500 ±
325%/kPa; subclinical: 551 ± 561%/kPa; electrical: 1002 ± 723%/kPa;
structural: 742 ± 595%/kPa, P = 0.094).

Activation delay
No significant difference was found in heterogeneity of regional RVfw
activation delay (control: 10± 11 ms; subclinical: 8.9 ± 10.1 ms; elec-
trical: 21± 30 ms; structural: 18± 22 ms, P = 0.267). However, the
electrical and structural stage groups contained more individuals with
a relatively late activated basal segment than the subclinical stage and
control groups.

Basal deformation patterns
The simulations revealed that heterogeneity in RVfw contractility
was increased in compared to the Type I and control groups (control:
9.98 ± 4.27%; Type I: 6.52 ± 5.20%; Type II: 12.19 ± 11.25%; Type III:
21.81± 14.09%, P < 0.001). Also, the heterogeneity in compliance
was increased in the groups with Type II and Type III RV basal defor-
mation patterns compared to the Type I and control groups (control:
9.16 ± 4.84%; Type I: 9.43 ± 5.78%; Type II: 13.00 ± 8.46%; Type III:
20.63± 11.74%, P < 0.001). No significant difference was found in ac-
tivation delay (control: 10.0 ± 11.1 ms; Type I: 8.4 ± 6.3 ms; Type II:
16.6 ± 25.5 ms; Type III: 21.3± 24.7 ms, P = 0.472).

Right ventricular mechanical dispersion
Increased RVMD in pathogenic desmosomal mutation carriers was
only related to increased heterogeneity in contractility (20.0 ±
14.7%) compared to the group with normal RVMD (7.70± 4.99%)
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(P < 0.001). Regional heterogeneities of both compliance and activa-
tion delay were not significantly different between subjects with low
and high RVMD (compliance: 16.0± 10.5% vs. 13.8± 10.2%,
P = 0.054; activation delay: 20.6 ± 26.0 ms vs. 11.1 ± 15.6 ms,
P = 0.195).

Parameter estimation
The estimated RV tissue properties were highly reproducible, with a
minimum inter- and intra-observer ICC of 0.91 and 0.86, respectively.
Reproducibility of the simulations was sufficient, with a minimum ICC
of 0.76. In all simulations of the same subject, the trend in local RVfw
heterogeneity was similar. More detailed reproducibility results can
be found in the Supplementary material online.

Discussion

In this study, patient-specific simulations were successfully used to es-
timate regional RVfw tissue properties from echocardiographic de-
formation imaging data in 68 subjects with a pathogenic AC mutation
and 20 control subjects. Regional heterogeneities of contractility and
compliance in the RVfw were largest in subjects in the structural dis-
ease stage. Our patient-specific simulations suggested that structural
abnormalities according to the 2010 TFC were associated with an in-
creased heterogeneity in RVfw myocardial tissue contractility and
compliance. The most advanced disease substrates were found pre-
dominantly in the RVfw basal segment. To our knowledge, this is the
first time that regional ventricular tissue properties are quantified us-
ing patient-specific simulations based on non-invasively measured

....................................................................................................................................................................................................................

Table 1 Clinical characteristics

Controls

(n 5 20)

Subclinicalstage

(n 5 18)

Electricalstage

(n 5 15)

Structuralstage

(n 5 35)

Age (years) 28 ± 6 27 ± 14 40 ± 17$ 44 ± 16ˆ P < 0.001

Female 9 (45%) 11 (61%) 12 (80%) 18 (51%)

BSA (m2) 1.87 ± 0.17 1.80 ± 0.21 1.84 ± 0.17 1.91 ± 0.22 P = 0.280

Probands 0 (0%) 0 (0%) 0 (0%) 18 (53%)

AC diagnosis 0 (0%) 0 (0%) 5 (33%) 35 (100%)

2010 TFC (major or minor)

Structural criteria 0 (0%) 0 (0%) 35 (100%)

Depolarization criteria 1 (6%) 12 (80%) 17 (49%)

Repolarization criteria 1 (6%) 3 (20%) 20 (57%)

Arrhythmia criteria 0 (0%) 5 (33%) 32 (91%)

Mutations

PKP2 mutation 15 (83%) 14 (93%) 32 (91%)

DSG2 mutation 3 (17%) 1 (7%) 2 (6%)

DSP mutation 0 (0% 0 (0%) 1 (3%)

CMR

CO (L/min/m2) 3.7 ± 0.6 3.3 ± 0.5 3.5 ± 0.6 3.2 ± 0.8 P = 0.041

RV-EDVi (mL/m2) 108 ± 17 87 ± 17 94 ± 12 132 ± 41* P < 0.01

LV-EDVi (mL/m2) 98 ± 14 85 ± 13 93 ± 14 91.8 ± 15 P = 0.063

RVEF (%) 54 ± 6 56 ± 8 51 ± 6 36 ± 11* P < 0.001

LVEF (%) 61 ± 7 58 ± 4 57 ± 7 56 ± 9 P = 0.182

Presence of LGE 0 (0%) 0 (0%) 0 (0%) 20 (57%)

Echocardiography

HR 62 ± 10 67 ± 16 63 ± 11 58 ± 9 P = 0.088

LV-GLS (%) �21.1 ± 1.7 �20.0 ± 1.7 �19.0 ± 3.0 �17.8 ± 3.3* P < 0.001

LVEF (%) 60.6 ± 6.9 58.4 ± 4.3 56.6 ± 6.8 55.8 ± 9.2 P = 0.159

RV-GLS (%) �27.6 ± 4.0 �25.4 ± 3.6 �21.7 ± 4.7$ �15.0 ± 5.6* P < 0.001

RV basal deformation pattern

Type I 20 (100%) 12 (67%) 4 (27%) 2 (6%)

Type II 0 (0%) 6 (33%) 8 (53%) 10 (29%)

Type III 0 (0%) 0 (0%) 3 (20%) 23 (66%)

RVMD (ms) – 16.4 ± 7.5ˆ 32.2 ± 16.1 50 ± 27 P < 0.01

AC, arrhythmogenic cardiomyopathy; CMR, cardiovascular magnetic resonance imaging; CO, cardiac output; DSG2, desmoglobin-2; DSP, desmoplakin; EDVi, end-diastolic vol-
ume indexed for BSA; GLS, global longitudinal strain; HR, heart rate; LGE, late gadolinium enhancement; LV, left ventricle; LVEF, left ventricular ejection fraction; PKP2, plakphi-
lin-2; RV, right ventricle; RVEF, right ventricular ejection fraction; RVMD, right ventricular mechanical dispersion; TFC, Task Force Criteria.
*P < 0.05 structural stage vs. all other groups (Bonferroni correction).
ˆP < 0.05 structural stage vs. control group and subclinical stage.
$P < 0.05 electrical stage vs. control.
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longitudinal strain patterns. This method reveals potentially impor-
tant information about myocardial disease substrates and thereby
paves the way for personalized medicine.

In a previous study, we showed that desmosomal mutation car-
riers with more advanced AC disease stages have the most abnormal
RV basal deformation pattern.4 In the same study, using computer
simulations it was concluded that this abnormal mechanical behav-
iour of the right ventricle cannot be explained by an electromechani-
cal activation delay alone. Non-personalized simulations representing
subgroups of AC mutation carriers showed that at least some degree
of local mechanical dysfunction was needed to reproduce the mea-
sured RV deformation abnormalities. A recently published sensitivity
analysis8 confirmed that model parameters related to both activation
delay and mechanical dysfunction are essential to reproduce myocar-
dial deformation using the CircAdapt model.8 The current study
extends this previous work by estimating patient-specific myocardial
substrates in all three RVfw segments and by including the LV me-
chanics for a more realistic approach of the patient’s haemodynamics.
These patient-specific simulations confirmed hypothesis that abnor-
mal deformation patterns are related to increased regional heteroge-
neity in contractility and compliance without a heterogeneity in
activation delay.4

AC mutation carriers classified with structural abnormalities
according to the 2010 TFC, being wall motion abnormalities such as
akinesia, dyskinesia, or aneurysm in combination with RV dilatation
or impaired RV systolic function measured by either CMR or echo-
cardiography.5 These structural abnormalities result from fibrofatty

replacements of the RV myocardium, which affects regional wall mo-
tion and eventually global RV systolic function.2 Also our computer
simulations revealed the largest heterogeneity of RVfw tissue proper-
ties in the patients with structural stage disease, with the basal region
of the RVfw being most affected by the disease. The few structural
stage subjects with a relatively low heterogeneity of RV tissue prop-
erties showed highly impaired RV deformation with decreased con-
tractility and compliance in all three segments, suggesting highly
advanced AC disease.

Our patient-specific simulations suggested that the RV apex-to-
base heterogeneity of mechanical behaviour in the more advanced
AC disease stages is mostly due to decreased basal contractility and
compliance. Several potential causes for AC-related changes in active
and passive myocardial tissue properties have been identified in clini-
cal and pre-clinical studies. One is the fibrofatty replacement of the
myocardium,2 which results in loss of contractile function and a
change in passive tissue behaviour. Besides, Cerrone et al.21 found al-
tered calcium transients in mice with a loss of PKP2 expression, in-
cluding an increased calcium transient with an increased time-to-peak
and a slower decay, suggesting a change in contractile function. To
identify the exact (sub)cellular mechanisms underlying the regional
RV deformation abnormalities in AC subjects beyond changes of tis-
sue contractility and compliance, a more complex model of the myo-
cardial electromechanics is needed.

In previous clinical studies, RVMD was associated with arrhythmic
outcome.7 In our modelling study, a higher RVMD was associated
with an increased heterogeneity of contractility in the RVfw, but not

Figure 2 Typical regional right ventricular free wall (RVfw) strain patterns. Control subjects and most subjects in subclinical stage showed homoge-
neous strain patterns. Most subjects in the electrical and structural stage showed abnormal heterogeneous strain patterns.
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with myocardial compliance. These contractile abnormalities could
reflect calcium handling abnormalities, which form a possible pro-
arrhythmic substrate. Interestingly, using the classification defined by
Mast et al.,4 an abnormal Type III deformation pattern was repro-
duced by both abnormal contractility and abnormal compliance.
Where RVMD is based only on timing of the longitudinal strain, the
pattern classification is based on information of both timing and am-
plitude. Our computer simulations suggest that both classifications
can detect a different kind of tissue substrate.

An RVfw apex-to-base heterogeneity was already present in the
deformation measurements of healthy controls, resulting in hetero-
geneity in estimated tissue properties. Some level of ‘physiological’
heterogeneity in deformation is to be expected, since regional differ-
ences of ventricular tissue properties, such as activation delay,22 ac-
tion potential morphology,23 and wall thickness,24 also exist in
healthy hearts. Because the control group and subclinical group have
a similar heterogeneity in tissue properties, it can be assumed that
the observed heterogeneity in regional RV tissue properties is not
abnormal.

Study limitations
Estimations are based on the average CO obtained from CMR and
on regional LV and RV strain obtained from speckle tracking

echocardiography. CMR volumes were used because they provided
the most reliable non-invasive estimation of CO and ventricular vol-
umes. Because the CMR and the echocardiographic examination can-
not be performed simultaneously, there is a potential mismatch
between the two measurements. This mismatch might result in global
under- or overestimation of ventricular tissue properties but is not
expected to have a significant effect on the heterogeneity in RVfw tis-
sue properties.

The deformation measurements were obtained from four differ-
ent heartbeats. We did not correct for any measurement errors,
such as timing errors between the four echo views, beat-to-beat vari-
ability, or respiration. Future studies could investigate how to design
an objective function using strain indices or other measurements,
such as valve timings, blood flow velocity or ejection fraction, to de-
velop a more efficient fitting algorithm with an objective function in-
variant of measurement uncertainties.

Future work
A longitudinal study, in which follow-up data is included, should be
performed to reveal whether and how this disease substrate pro-
gresses in individuals, and whether any kind of disease evolution
could be used for prediction of arrhythmic outcome in a clinical
setting.

Figure 3 Estimated tissue properties. In the top row, RV regional estimations of contractility, compliance, and activation delay are shown relative
to the mean value. In the bottom row, the standard deviation of these three properties is shown in a boxplot, characterized by 2010 TFC (subclinical,
electrical, structural), strain morphology (Type I, Type II, and Type III), and RV mechanical dispersion (RVMD). * indicates a significant difference with
P < 0.05.
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The majority of this retrospective study cohort consisted of PKP2 muta-
tion carriers. Future prospective verification studies are needed to
confirm our findings and to determine whether our results can be ex-
trapolated to AC patients with a different genetic background. The
CircAdapt model is not limited to modelling AC disease substrates,
so future work could also explore to which extent this framework is
applicable to identify disease substrates in other cardiac pathologies.

Conclusion

We presented a patient-specific modelling approach and showed its
ability to reproduce regional ventricular deformation patterns and to
estimate the underlying tissue properties in AC mutation carriers.
Patient-specific simulations revealed that regional RV deformation
abnormalities were related to reduced contractile function and tissue
compliance. In most subjects, a characteristic apex-to-base heteroge-
neity of tissue abnormalities was present, whereby the basal region of
the RVfw was most affected. Tissue abnormalities were most pro-
nounced in the subjects with a clinically more advanced disease stage.
Future studies should investigate whether simulation-based charac-
terization of patient-specific disease substrates can be used for per-
sonalized prediction of AC disease progression or arrhythmic events.
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