Supplement

The supplement is divided into two sections. Section 1 provides details about the
electromechanics model on the four-chamber geometry. Section 2 shows additional re-
sults comparing simulations of the four-chamber heart with and without the effect of the
pericardium.

1 Four-chamber heart electromechanics model

First, we described our pipeline to construct a four- chamber geometry from CT im-
ages. Then, the main features of our four-chamber electromechanics model are pre-
sented. All the electromechanics simulations described in the following sections were run
with the Cardiac Arrhythmia Research Package (CARP) (Vigmond et al., 2008, 2003).

1.1 Patient data

The simulations were based on data from a 78-year-old female HF patient with a pro-
longed QRS duration of 172.8ms, derived from the patient’s endocardial activation map.
The data were previously presented in a cardiac resynchronization therapy (CRT) study
(clinical trial registration No.: NCT01464502) (Behar et al., 2017). We specifically chose
to use data from a CRT patient as this gave us access to retrospective gated CT recon-
structed over ten frames over an entire cardiac cycle and invasive pressure measure-
ments, that can be used to constrain the model. We computed the LV volume transient
from the ten-frames CT. We interpolated the obtained data over time and we synchro-
nised it to the catheter pressure measurements to obtain the patient’s pressure-volume
relationship.

1.2 Segmentation

End-diastolic (ED) CT images with in and out-plane resolution of 0.36mm and 0.5mm,
respectively, were segmented to obtain a four-chamber geometry. First, blood pools for
the ventricles, the atria and the aorta, LV myocardium and papillary muscles were seg-
mented with an automatic segmentation tool (Zheng et al., 2008). The resulting segmen-
tation was then post-processed using the open source software Seg3D (CIBC, 2016). The
automatic segmentation tool failed to precisely segment the LV myocardium, LV papillary
muscles and blood pool due to the presence of artefacts and poor contrast in the septum.



We thresholded the image intensity to generate labels representing the LV blood pool and
the LV papillary muscles. To obtain the LV myocardium, we combined the labels for the
LV blood pool and papillary muscles and dilated them by 6mm so that our segmentation
matched the epicardium of the LV free wall. The right ventricular (RV) blood pool was di-
vided into two parts to add a label for a portion of the pulmonary artery blood pool as well.
The remaining RV blood pool was dilated by 3.5mm, to represent the RV myocardium in
line with values for RV wall thickness reported in the literature (Ho and Nihoyannopoulos,
2006; Matsukubo et al., 1977). The same procedure was applied to the blood pool of the
left atrium (LA), the right atrium (RA), the aorta and the pulmonary artery to obtain atrial
myocardium, aortic and pulmonary arterial walls with a wall thickness of 2mm (Beinart
et al., 2011; Mensel et al., 2013). The pulmonary veins, the LA appendage (LAA), the su-
perior vena cava and the inferior vena cava were cut perpendicular to the flow direction.
Labels were added at the cropped veins to apply boundary conditions. Endocardial sur-
faces of ventricles and atria were closed by adding 2mm-thick valve planes at each inlet
and outlet of the chambers (Fritz et al., 2014; Land and Niederer, 2018). The resulting
segmentation was upsampled with an isotropic resolution of 150um and smoothed with a
variational approach (Knoll et al., 2012; Crozier et al., 2015).

1.3 Cardiac electromechanics model
1.3.1 Electrical activation

The electrical activation of the heart was modelled with a reaction-eikonal model (Neic
et al., 2017). Ventricular myocardium was modelled as a transversely isotropic conduction
medium with a conduction velocity (CV) in the fibre and in the transverse direction of
0.67ms~! and 0.27ms™!, respectively, set to match the QRS duration of the patient. An
isotropic, one-element thick fast endocardial conduction (FEC) layer was added in the
endocardial surface of the LV with CV two times higher than the bulk CV of the ventricles to
simulate fast endocardial activation (Hyde et al., 2015; Lee et al., 2019). We excluded the
atria and all the other labels from the eikonal solve to prevent activation. The endocardial
surface of the RV was stimulated to initiate ventricular activation. The RV stimulus was
located on the endocardium of the RV free wall based on the lead location in the patient’s
heart, determined from the CT images. To simulate LBBB activation typical of patients
with a broad QRS and dyssynchrony, the LV was not stimulated (Strik et al., 2012).

1.3.2 Mechanical contraction

Large deformations of the heart throughout the cardiac cycle were modelled with the fi-
nite elasticity equations solved in a Lagrangian reference frame (Nordsletten et al., 2011).
The myocardium was modelled as a hyperelastic and nearly incompressible material. For
ventricular passive mechanics we used a transversely isotropic Guccione constitutive law
(Guccione et al., 1991):



Y(E) = %(eQ —1)+ glnz(J) ,

where ¢ is the strain energy function and C, b, by, and b,, are the material parame-
ters. The f, s and n in the Cauchy-Green strain tensor E represent the strain in the
fibres, sheet and normal to sheet directions, while J indicates the Jacobian determinant
of the deformation gradient tensor. Parameters for ventricular stiffness were set based
on parameters estimated in HF patients (Nasopoulou et al., 2017), see Table 1. Since
transversely isotropic material laws do not reflect the underlying myocardium microstruc-
ture and may not provide a true representation of the myocardium stress-strain relations
(Usyk et al., 2000), we investigated whether the difference on strain distribution observed
between the simulations with and without the effect of the pericardium were dependent
on the assumption of transverse isotropy. We therefore ran additional simulations with
the Usyk material law, an extended version of the Guccione law to account for orthotropic
material behaviour (Usyk et al., 2000):

Y(E) = %(eQ —1) + gan(J) ,
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We used the same values for C' and b;; of the Guccione law. We scaled the value for
bsr using the ratios computed from the data in the literature (Schmid et al., 2008). Table
1 shows the resulting values. Passive mechanics of non-ventricular tissue was modelled
with a neo-Hookean model to represent non-linear response of the material to external
load:

U(B) = o1y — ) + £ ().

where ¢ is the only material parameter and I; denotes the first invariant of the Cauchy-
Green strain tensor. In these tissues, we ignored the effect of the fibres. For atria, we
used the average of the parameter values of the anterior and posterior regions reported
in the literature (Di Martino et al., 2011), resulting in ¢ = 7.45kPa. For the aorta and the
pulmonary artery, we imposed ¢ = 26.66kPa and ¢ = 3.7kPa, the average parameter value
of the two cases reported in previous works, respectively (Horny et al., 2006; Tian et al.,
2016). Rings at the cropped pulmonary veins, superior vena cava, inferior vena cava and
LAA were assigned with the same parameter value used for the atria. To restrict their
deformation, the valve planes were assigned with a parameter ¢ = 1000.0kPa. Tissue
incompressibility was enforced with a penalty method (Flory, 1961; Ogden, 1978), with a
penalty coefficient k = 1MPa. The parameters for passive mechanics of the four-chamber
heart are summarized in the first section of Table 1.
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Table 1: Material parameters used for passive mechanics in the four-chamber heart.

Geometry Passive Material Parameters
Four-chamber heart:
C bff bfs bfn bss bsn bnn k
kPa - - - - - - MPa
Ventricles - Transversely isotropic 3.0 19.25 8.75 7.0 1.00
Ventricles - Orthotropic 3.0 19.25 57 541 796 4.37 4.74 1.00
c k
kPa MPa
Atria 7.45 1.00
Aorta 26.66 1.00
Pulmonary artery 3.7 1.00
Valve planes 1000.0 1.00
Cropped veins & LAA 7.45 1.00

Active tension in the ventricular myocardium was simulated with a phenomenological
model (Kerckhoffs et al., 2003; Niederer et al., 2010). The activation time computed by the
reaction-eikonal model was used to trigger the active tension transient in the ventricular
myocardium. Since cardiac active contraction occurs predominantly in the fibre direction,
the active stress computed by the cellular model was added to the passive stress in the
fibre direction (Nordsletten et al., 2011). The duration of contraction was set to 550.0ms
to match the systolic duration of the patient. The rising and the decay time were set
to 130.0ms and 100.0ms, respectively, and we did not account for the effect of length-
dependence. The peak in active tension for simulations with and without the effect of the
pericardium was set to approximate the patient’s pressure catheter measurements. In the
model without the pericardium, we set the peak in active tension to 115.0kPa. In the model
with the effect of the pericardium, ventricular shortening acts against atrial stiffness, as
atria have to deform significantly to allow ventricular contraction. We increased the peak
in active tension to 125.0kPa to match the peak in pressure of the patient.

1.3.3 Boundary conditions

The stress-free configuration was retrieved with a backward displacement method
(Bols et al., 2013). We unloaded the ED geometry from an LV ED pressure of 18.0mmHg
obtained from catheter measurements of the patient and a RV ED pressure of 9.54mmHg,
obtained by scaling the LV ED pressure based on the ratio reported in the literature (Hyde
et al., 2016). The unloaded configuration was inflated back to the ED geometry as a pre-
step before starting the simulation of the cardiac cycle at ED. The pressure-volume rela-
tionship in the ventricles was simulated as described previously (Augustin et al., 2016).
Figure 1A shows a schematic of the method we used, with q representing the flow. The
unloaded configuration was inflated to the ED ventricular pressure as a prestep, and the
simulation was started at ventricular ED. During IVC, the volume was kept constant by
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Figure 1: A Coupling scheme. The LV and RV pressures in the three-dimensional model
were adapted to maintain a zero flow (¢) during IVC and IVR, to match the Windkessel
flow gwk during ejection and transvalvular flow ggr during filling. The filling stops when the
ED pressure is reached again. B Preload and afterload model - Four-chamber heart.
The preload of the ventricles was modelled with constant LA and RA pressures. Ven-
tricular afterload was modelled with two three-element Windkessel models, representing
the systemic and the pulmonary circulations. The four cardiac valves were modelled as
diodes.



recasting the formulation as a saddle point problem (Gurev et al., 2015). Once the LV
pressure overcame the aortic pressure, initialised at 70.0mmHg (Blair et al., 1984), ejec-
tion started. RV ejection was initiated when the RV pressure overcomes the pulmonary
arterial pressure, initialised at 15.0mmHg (Zapol and Snider, 1977) .

During ejection, the three-dimensional model was coupled with two three-element
Windkessel models (Westerhof et al., 2009). Left ventricular afterload parameters were
tuned prior the mechanics simulation. We solved the ODE for a three-element Wind-
kessel model using the invasively measured pressure transient as an input. We then
compared the resulting volume transient and the volume transient derived from the CT.
We finally chose the set of parameters Z, R and C that provided the best fit using a sta-
tistical latin hypercube sampling. This resulted in the following parameters values: Z =
0.13mmHgsmL™!, C = 0.85mLmmHg~! and R = 5.76mmHgs mL~1. The parameters in
the active contraction model scale directly with organ scale phenotypes. This allows the
reference tension to be scaled to match the desired peak pressure and the duration of
contraction to be scaled to match the duration of ventricular systole. The reference ten-
sion and the duration of contraction were then scaled to match the patient’s LV peak in
pressure and LV systole duration. Since pressure data for the right ventricle were not
available, we scaled the values for the left ventricles using scaling factors provided in the
literature (Niederer et al., 2010). This lead to the following values for RV afterload pa-
rameters: Z = 0.05mmHgsmL~!, C = 0.11imLmmHg~! and R = 25.92mmHgs mL~!. The
aortic and the pulmonary valve were modelled as diodes with no forward resistance and
a backward resistance of 1000.0mmHg s mL~! to prevent backflow.

Isovolumic relaxation (IVR) was treated similarly to IVC (Gurev et al., 2015). Finally,
the filling phase was regulated by the mitral and the tricuspid valves, modelled as diodes
with a forward and a backward resistance of 0.05mmHgs mL~! and 1000.0mmHgs mL1,
respectively. In our simulations, the solution of the atria and ventricle mechanics were
solved in a single monolithic solver and so their mechanical interactions are captured.
However, atria were passive with no endocardial pressure boundary conditions. Atrial
dynamics play an important role in ventricular filling, while they have limited effects on
ventricular systole as during this phase ventricular pressure is much higher than atrial
pressure. We therefore decided to exclude atrial dynamics from the model to reduce
model complexity. Any atrial dynamics would likely manifest as a change in the diastolic
pressure. However, varying the end-diastolic pressure did not affect the study findings
consistent with the atria not playing a significant role in the relationship between the peri-
cardium and ventricular motion. Figure 1B shows the scheme for the preload and the
afterload of the four-chamber heart. Since the simulation without the effect of the peri-
cardium was more computationally expensive, we simulated only up to the end of LV IVR.



2 Additional results

First we show additional result for the effect of the pericardium on ventricular systolic
displacement. Then, we show additional analysis of changes in systolic curvature, wall
thickening and strain distribution due to the effect of the pericardium.

2.1 The effect of the pericardium on systolic motion

To quantify the impact and importance of the pericardium on the global and local de-
formations, displacements from both simulations were compared with image-derived dis-
placements of the ventricles. We computed the displacement with respect to the ED
geometry for the end-systolic geometry estimated by the motion tracking algorithm. We
then normalised the displacement magnitude between 0 and 1. We did the same for the
end-systolic deformed geometries simulated in the presence and in the absence of the
pericardium. Figure 2A shows the normalised displacement magnitude of the models
plotted versus the normalised image-derived displacement magnitude. If the point lays
on the black dashed line, it means that model prediciton matches the image-derived dis-
placement. Light and dark purple points show results for the simulation with and without
the effect of the pericardium, respectively. The data points were enclosed by convex hulls,
with squares and circles representing the simulation without and with the pericardium, re-
spectively. Figure 2B shows the same results divided in different regions: the apex, the
base of the LV and the base of the RV. Figure 2C shows a slice of the four-chamber
geometry, where the highlighted regions are colour-coded according to the Figure 2B.

As discussed in the manuscript, The addition of the effect of the pericardium brings
the motion closer to the image-derived motion. In the absence of the pericardium (dark
purple) the nodes that should have a small displacement are predicted to move the most.
On the other hand, in the simulation with the pericardium (light purple) ventricular nodes
move in the right direction, with high displacement assigned to the nodes that move the
most in reality. In the simulation without the pericardium the apex (dark green) is predicted
to have high displacement, while it is largely static in the image-derived motion. In the
simulation with the pericardium, the apical motion (light green) is significantly reduced.
The simulation without the pericardium also underestimates the motion of both the LV
and the RV base (dark blue and dark red regions). The simulation with the pericardium
predicts the ventricular base will move the most, in agreement with the target end-systolic
motion (light blue and light red regions).

2.2 The effect of the pericardium on systolic curvature, wall thick-
ening and strain distribution

Figure 3 shows the percentage change in LV wall thickness (A) and change in cur-
vature (B) of the LV endocardium from end-diastole to end-systole, projected on the LV
endocardium. We calculated local curvature of the left ventricular endocardium using the
method presented by Thomas and Chan (Thomas and Chan, 1989). This method fits a
sphere to a patch of the endocardial surface. The curvature is then calculated as the
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inverse of the radius of the fitted sphere. We chose a patch size of approximately 30mm
in radius. The top and the bottom rows of both panels depict the quantities resulting from
the simulations without (top row) and with (bottom row) the effect of the pericardium, re-
spectively. We also show the distribution of the wall thickening and change in curvature
on the triangles of the LV endocardium in the histograms on the right. The orange and
the light-blue bars indicate the results for simulations without and with the pericardium,
respectively. The pericardium causes a global decrease in wall thickening. This effect is
more evident at the apex, where the estimated wall thickening is considerably lower with
the effect of the pericardium (third and fourth panels). Large differences in end-systolic
change in curvature were found between simulations with and without the effect of the
pericardium. In the absence of the pericardium, the LV free wall and the septum show
increased curvature as the chamber deforms to a more spherical shape, while at the apex
the curvature change is negligible. On the other hand, in the presence of the pericardium
curvature change in the free wall is decreased, as the change in shape of the epicardial
surface is limited. At the septum the change in curvature is approximately zero, while it
increases at the apex. Figure 6A and 6B show the values of wall thickening and change
in curvature we obtained without the pericardium (z axis) plotted versus the values we ob-
tained with the pericardium (y axis). The moderate correlation (R = 42.6%) of curvature
changes in the presence and in the absence of the pericardium highlights the differences
between the two simulations. We tested if the patch size for curvature estimation affected
our results. Figure 4 shows the curvature change distribution in the presence (blue) and
in the absence (orange) of the pericardium for the control patch radius (30mm), and for
20% patch bigger (right) or smaller (left) path radius. Our results show that the differences
in curvature change distributions between simulation in the presence and in the absence
of the pericardium are independent of the patch size for local curvature estimation.

To quantify the effect of the pericardium on end-systolic strain distribution the resulting
end-systolic strain tensor was projected onto the local myofibre, sheet and normal-to-
sheet orientation. Figure 5 shows results for the six components of the Cauchy-Green
strain tensor in an apical, midwall and basal slice of the LV for the simulations with
and without the effect of the pericardium. We also show the local distribution of the
element-wise difference between the strain estimated without and with the effect of the
pericardium, and the histograms of the distribution of local strains on the LV for the sim-
ulation without (orange) and with (light-blue) the effect of the pericardium. Both with and
without the pericardium, the fibre strain is uniformly negative (Figure 6A) indicating uni-
form myofibre shortening, while shear strains £y, and E;, were small (Figure 6B and
6C). Our simulations show an inverse relationship between sheet and normal-to-sheet
strains £, and E,,,. Regions with large and negative E,, have large and positive E,,,, and
vice-versa. The pericardium changes strain distribution only at the apex (Figure 5D and
5F), where larger E,, and E,,, were simulated in the absence of the pericardium. Figure
6C-H show the LV end-systolic strains projected in the fibre, sheet and normal-to-sheet
directions obtained without the pericardium plotted versus the strains obtained with the
pericardium. Our results show that there is a strong linear correlation for all quantities
apart from the end-systolic curvature change. This indicates that the presence of the
pericardium has a limited effect on strain distribution.

Our results indicate that the presence of the pericardium has limited effects on strain
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Figure 3: A End-systolic wall thickening. The percentage change in LV end-systolic
wall thickness w.r.t. end-diastole simulated without (top row) and with (bottom row) was
projected on the LV endocardial surface. We show an anterior, septal, posterior and
apical view. On the right, the distribution over the triangles of the LV endocardium of
the wall thickening is shown for the simulation without (orange) and with (light-blue) the
effect of the pericardium. B End-systolic change in curvature. The percentage change
in LV end-systolic curvature w.r.t. ED simulated without (top row) and with (bottom row)
was projected on the LV endocardial surface. We show an anterior, septal, posterior and
apical views. On the right, the distribution over the triangles of the LV endocardium of the
change in curvature is shown for the simulation without (orange) and with (light-blue) the
effect of the pericardium.
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Figure 4: Effect of patch size. The histograms show percentage curvature change
from end-diastole to end-systole in the presence (blue) and in the absence of the peri-
cardium (orange). The figure in the center shows the distribution for the control patch
radius (30mm). The figures on the left and on the right show the distribution of curvature
change for patch radii of 24mm (-20%) and 36mm (+20%).

distribution, except at the apex. Both with and without the effect of the pericardium, our re-
sults for Ey¢, Eys, B, and E,, agree with measurements reported in the literature (Costa
et al., 1999). Small effects of different boundary conditions on strain distribution were also
reported in the past (Peirlinck et al., 2019). Ponnaluri et al compared simulated average
strains in a LV model in the presence and in the absence of the pericardium. They also re-
ported limited differences in fibre and radial strains (Ponnaluri et al., 2019), consistent with
our observations. Ponnaluri et al however observed significant differences in circumferen-
tial and longitudinal strains. These differences could be due to local myofibre orientation,
as we used a rule based method and Ponnaluri et al used ex-vivo DTMRI measurements.
Our results show that boundary conditions have a strong effect on displacement distribu-
tion, indicating that strain is a more robust measurement for model validation, particularly
for simulations that do not include a pericardium boundary constraint.

Previous studies have described the role of orthotropic material laws in wall thickening
(Costa et al., 1999). We studied the effect of ventricular myocardium orthotropy on end-
systolic wall thickening, change in curvature and strain distribution. Figure 7 shows the
comparison between results obtained with the Guccione law and with the Usyk law. In
each panel, the = and y axes represent the same quantity resulting from the simulation
with the transversely istropic law and with the orthotropic law, respectively. Therefore,
if orthotropy had no effect on the results, the black points would lay on the red dashed
line. The orange square and the light-blue diamond represent results for simulations
without and with the effect of the pericardium, respectively. The green circle represents
the element-wise difference between results obtained without and with the pericardium.
We analysed: end-systolic percentage LV wall thickening without the pericardium (A),
with the pericardium (B) and the difference between the two (C); end-systolic percentage
curvature change without the pericardium (C), with the pericardium (D) and the difference
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Figure 6: Effect of the pericardium. In all panels, the x and the y axes are the quantity
of interest resulting from the simulation without and with the effect of the pericardium,
respectively. Quantities we considered are: (A) LV percentage wall thickening at end-
systole; (B) LV percentage curvature change at end-systole; (C-H) components of the
Cauchy-Green strain tensor projected in the local fibre, sheet and normal-to-sheet direc-
tions.
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Figure 7: Effect of orthotropy. In all panels, the x and the y axes are the quantity of
interest resulting from the simulation with a transversely isotropic material law and with an
orthotropic material law, respectively. The orange square and the light-blue diamond circle
represent results of simulations without and with the pericardium, respectively. The green
circle instead represent the element-wise difference between the results without and with
the effect of the pericardium. Quantities we considered are: (A-C) LV percentage wall
thickening at end-systole; (D-F) LV percentage curvature change at end-systole; (G-X)
components of the Cauchy-Green strain tensor projected in the local fibre, sheet and
normal-to-sheet directions.
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between the two (E); the six components of the Cauchy-Green strain tensor on the LV
without the pericardium (G-L), with the pericardium (M-R) and the difference between the
two (S-X). Our results show that using an orthotropic material law has a limited effect on
end-systolic thickening, change in curvature and strain distribution.
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