Supplementary material

The supplementary material consists of six parts: the parameter choices for the model, the
effect of the mechanoelectric feedback (MEF) mechanisms on the electrophysiology (EP) and on
the mechanical response of the model, the sensitivity analysis of the stretch activated channels,
the effect of the MEF on the Left Bundle Branch Block (LBBB) pathology and on the Cardiac
Resynchronization Treatment (CRT) treatment.

Parameter Value Unit  Description
General
b 1050 kg/ m® Blood density
te 0.6 S Cardiac cycle length
Tubes
wall 274 (AO), 141 (AP), 9 .

A; 58 (VC), 85 (VP) mm Wall thickness

350 (AO), 280 (AP),
ly 400 (VC), 200 (VP) mm  Vessel length

8 (AO), 8 (AP), .

kt 10 (VC), 10 (VP) - Stiffness exponent
Chambers

49.5 (LV), 26.3 (LA), .
Ve 70.0 (RV), 23.6 (RA) mL Cavity volume

71.6 (LV), 14.0 (LA),
ywall 32.8 (RV), 14.0 (RA) mL  Wall volume

30.0 (SV)
act 0.13 (LV), 0.04 (LA), T

At 0.13 (RV), 0.0 (RA) S Activation time delay at each beat
Valves

400 (AO), 600 (MV),
Aopen 400 (PV), 800 (TV) mm?  Cross-sectional area
400 (PO), 400 (SO)

Periphery

Apped 2.2 (Pu), 10 (Sy), kPa  Blood pressure drop
quf 85 (Pu), 85 (Sy), mL/s  Reference flow

Ty 3 (Pu), 7.2 (Sy), - Resistance scaling factor

Table 1: The parameters of the CircAdapt model. The abbreviations mean: Aorta (AO), Arteria
Pulmonalis (AP), Venae Cavae (VC), Venae Pulmonales (VP), Left Ventricle (LV), Left Atrium
(LA), Right Ventricle (RV), Right Atrium (RA), Septum (SV), Aortic Valve (AO), Mitral Valve
(MV), Pulmonary Velve (PV), Tricuspid Valve (TV), Pulmonary Outlet (PO), Systemic Out-
let(SO), Pulmonary circulation (Pu) and Systemic circulation (Sy).

1 Model parametrization

The computational model uses the coupled 3D-0D electromechanical framework by Augustin et
al. [I]. This model uses CircAdapt, a 0D lumped model in order to model the circulation of the



system. The parameters chosen for this model are summarized in table[I] Any parameter that does
not appear in table[1|is considered as in [I]. The ventricular wall volumes, the septum volume and
the ventricular chamber volumes were directly measured on the undeformed geometry. The cross-
sectional areas for all the valves add up to the valve surface area in the geometry and are within
the physiological ranges for a canine heart as indicated in the Handbook of Cardiac Anatomy,
Physiology and Devices [4]. The rest of the CircAdapt parameters were tuned to match the end-
diastolic volume of the geometry and the physiological ranges detailed in the Model validation
section (Section 3.1).

The remaining parameters are summarized in table 2] Eikonal parameters and conduction
velocities were tuned to match the duration of the QRS complex from the available literature
[7] and echocardiography data [3], and are similar to values found in the literature [8]. The lids
covering the ventricles were considered non-conducting, with conductivities set to zero.

The Stretch Activated Channels (SACs) were tuned to 10% trigger level at the reference pa-
rameters obtained by [12] (using o = 75). Due to the larger stretches observed from our model, we
rescaled the stretch sensitivity « in the SACs to 33, to ensure that no early depolarizations occur
for stretch between 8%-10%.

Parameter Value Unit Description

Material

C 1.7 kPa Stiffness scaling of myocardium

k 650 kPa Bulk modulus

Cy 1.0 MPa Stiffness scaling of lids

The remaining passive material parameters are taken by [1]

Electrophysiology

(vf, Vs, V) (0.42,0.28,0.14) m/s Eikonal velocity of the myocardium

(97, 9s:9n) (0.21,0.08, 0.08) m/s Electrical conductivities of the my-
ocardium

Tonic model
The parameters are taken by [13]
Active tension

Tref 90 - Reference tension

[C’a2+]rT65{) 0.8 - Reference half activation point for Cal-
cium

Bo 0.7 - Length dependence parameter

Acry 15 - Velocity dependence parameter

The remaining parameters are taken by [5]
Stretch  Activated

Channels

o 33 - Scaling factor

K 150 - Scaling factor

FEsac -20 mV SAC reversal potential

G 0.09 mS/cm?  Stretch activated conductance at 10%

trigger level

Activation times

RA 0 ms Activation of Right Atrium
AA 40 ms Interatrial activation delay
AV 130 ms Atrioventricular activation delay

Table 2: The parameters of the model.

2 Effect of MEF on cellular EP

To explore the effect on the cellular EP, we chose four different nodes that satisfy the following
criteria: the node with the largest difference in intracellular calcium Ca;, between the model with



both MEF, and the model without any MEF (Node I), the node with the largest transmembrane
potential before the stimulus (Node IT), the node with the largest stretch before the application of
the stimulus (Node III), and the node with the smallest stretch before the stimulus (Node IV). All
four nodes were chosen according to the results obtained by the model that includes both MEF
(shown in blue) and is compared against the results from the models with different combinations
of MEF, as shown in figure

Node I
(Largest difference in Ca;)
Isac no Isac
Ta(A,0) Ta(A, ) Ta(A,0) T,(1,0)
14 14 14 14
13 13 13 13
1.2 A 12 12 12 Jj\f/\\
1PNV 1.1N\/\/ 1N N N
1 - = 1 1 o . -
0.9 0.9 0.9 0.9 0.9
LPPELESP PP EPESP PP ELESP OPSELES PO LS LS
PR LSS PRESDP PR ESSP PR LD PRESSP
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
40 40
S o0 0
E
€
>
-1000 [=NeleoleNe] O>1OOO ===l lo] 0-100
888888 888888
R88888 REIBIER
Time (ms) Time (ms)
15 15 15 15 15
12 12 12 12 12
= 09 0.9 0.9 0.9 0.9
0.6 0.6 0.6 0.6 0.6
[$]
0.3 0.3 0.3 0.3 0.3
S 0g 05 S 05
PP ELOS SRR PP ELES RN PP ELES
PRLESL PREELP PR OSSP PRLELP PR LELP
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
Node II
(Largest potential V;, before stimulus)
Isac no Isac
Ta(A,0) T5(1,0) To(A ) To(A,0) T,(1,0)
14 14 14 14 14
13 13 13 13 13
12 12 1.2 12 12|
~ Y
11 115 11 11 14}
1 1 1 el 1
0.9 0.9 0.9 0.9 0.9
DN I N I S R N S N N N S R N S N N N S R N S Y S N S N N N S
PRSP PR OSSP PRSP PR ISP PRSP
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
40 40
S 0 0
E
£
>
1005 -100,
15 15 15 15 15
12 12 1.2 12 1.2
=
2 0.9 0.9 0.9 0.9 0.9
@ 0.6 0.6 0.6 0.6 0.6
[é)
0.3 0.3 0.3 0.3 0.3
g g N s g
PP ELOS OSSO LES O POLES PSS LL S PP OLES
PR LSS PR ELDP PRESSP PR LSS PRESSP
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)



Node III
(Largest stretch ratio A before stimulus)
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Figure 1: The stretch ratio A, transmembrane potential V,,, and intracellular calcium Ca; of four
different nodes over two heartbeats for different combinations of MEF in comparison to the model
with both MEF (in blue). The nodes have been chosen based on the model with both MEF
mechanisms, and Node I according to the difference to the model without any MEF.



We observe that the SACs may result in early increases of the transmembrane potential from
its resting state as well as in early repolarizations. The absence of the velocity dependence in the
active tension leads to larger stretch, which in turn leads to even earlier repolarization times. This
effect is even more prominent in the case of independence of the induced tension in the length and
velocity. On the other hand, minimal changes appear in the case that the stretch remains low, as
observed on Node IV.

The potential and the calcium remain unchanged to the stretch in the absence of SACs, as
expected from the lack of the mechanical feedback on Ca; (weak coupling only).

3 Effect of MEF on mechanical response

In this section the effect of the MEF is also explored on the mechanical response of the model. At
first, we show the distribution of the maximal, end systolic and end diastolic stretch ratio over a
heartbeat in figure [J] and the maximal and end-systolic tension over a heartbeat in figure [3] As
detailed in section 3.2 of the paper, the dependence of the tension on the length and the velocity
results in a larger distribution and heterogeneity in the tension, which reduces the heterogeneity
in the stretch. The SACs appear to have a minimal effect on the distribution of the stretch and
tension.
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Figure 2: The distribution of the maximal, end systolic and end diastolic stretch ratio along a
heartbeat for different combinations of MEF in the presence of Igac. Comparable results are
obtained in the absence of SACs.

Similar to [I0], the stress and strain of the myocardium in a cross section of the papillary muscle
level of the LV is investigated. In particular, a slice of the LV is extracted, and the stress and strain
median, first and third quartiles are displayed in figures[dland [5} The stress remains unaffected by
the presence of the SACs. On the other hand, the presence of the length and velocity dependence
in the active tension introduces some changes in the interquartile range of the two tensors.

In particular, in the presence of both length and velocity dependence, the peak axial stresses
occur at the end of the ejection phase, while the peak is shifted to within the ejection phase for
the case of length dependence or no dependence on the stretch. Additionally, small interquartile
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Figure 3: The distribution of the maximal and end systolic tension along a heartbeat for different
combinations of MEF in the presence of Ig4c. Comparable results are obtained in the absence of
SACs.

range differences appear for the rotational stresses. The magnitude of the stress along the fiber
direction is comparable to the one calculated by [10].

Regarding the strain tensor, the results appear to be similar for all six models, regardless of
the presence of the MEF mechanisms. A reduction of the strain in the fiber direction is observed
in the presence of length dependence at the beginning of the ejection phase, which becomes larger
when including the velocity dependence in the induced tension. The interquartile range of the
rotational strains slightly decreases when including the length and velocity dependence. Finally,
when comparing against the experimental results from [10], the simulated fiber strains lie within
the experimental range.

4 Sensitivity of SACs

Following the sensitivity analysis of the trigger level of the SACs described in Section 3.2 of the
paper, the effect of the SACs on the pressure-volume loops of the different levels was explored, and
no appreciable differences appear among the different models.

5 Left Bundle Branch Block

Additional simulations were performed for the Left Bundle Branch Block pathology by removing
each of the MEF or both of them. The effect of the MEF on the PV-loops and the depolarization
times appear in figures [6] and [7]

Note that by removing the SACs, an observed difference of 0.7mL in stroke volume and
2.2mmHg in peak pressure appears among all models. The largest effect with the LBBB pathology
appears in the case of length and velocity dependence in the active tension and in the absence of
SACs, where the stroke volume reduction is 3 mL and the peak pressure reduction is 6.4 mmHg in
comparison to the healthy model in section 3.2 of the main paper. There is a great reduction in
the effect of the LBBB in the absence of velocity dependence, where only 0.5 mL difference appears
in the stroke volume in the presence of SACs. This happens due to the larger stretch that occurs
for these models, which is reflected in the depolarization patterns, as seen in figure [7}

5.1 Effect of sensitivity of SACs on LBBB

The sensitivity of the SACs as a potential treatment of the LBBB pathology is also investigated.
Figure [8] shows the pv-loops, the depolarization times as well as the maximal stretch ratio for
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Figure 4: The stress distribution projected at the fiber, sheet and normal direction of the fibers of
a slice at a cross section of the papillary muscle level of the LV over time. The ejection phase is
indicated between the black dashed lines. The shaded area indicates the interquartile range while
the solid line is the median.

different trigger levels of the SACs. At trigger levels of 8% and 7% the effect is visible on the
depolarization times, and we get premature excitations at trigger levels of 6% and 5% which
appear to balance the effect of the LBBB pathology.

This is also reflected in the stroke volume, which increases slowly for trigger levels up to 8%
(0.2mL changes). For higher sensitivity of the SACs, the stroke volume increases much faster until
it reaches the healthy stroke volume at 5% trigger level. A rather interesting effect is the reduction
of the maximal stretch ratio as the sensitivity of the SACs to stretch increases. In particular, the
effect of the LBBB on the maximal stretch is not evident anymore for trigger levels of 6% and 5%.

6 Cardiac Resynchronization Therapy

Further simulations were performed to explore the effect of the MEF feedback on the CRT treat-
ment for the LBBB pathology. The resulting PV-loops appear in figure[] There is an improvement
in the stroke volume in all cases when compared to the LBBB pathology. In particular, a larger
difference in the stroke volume appears in the absence of the SACs, ranging from 0.9 mL to 1.8 mL.

Additionally, the depolarization times for all six models appear in figure The changes in
the depolarization times are minor in the absence of SACs. The SACs affect the depolarization

times with apparent reduction in the activation times at the apex of the LV and near the base of
the RV.



Ta(M, ) Ta(A, 0) Ta(1,0) Ta(AA) Ta (A, 0) Ta(1,0)
0.041 I 0.04{ /| 0.041 ] 0.04 1A 0.041 [ 0.04{ ]
Wy o002 /\N\/ 0.02 /\\:\/ 0.02 /WL\L\J 0.02 /\f\:\/ 0.02 /L 0.02 /“L\L\/
| | Za NI | |
0.00{ | 0.001 |1 0.00{ ' 0.001 |\ 0.00{ ' 0.00{ -\ 7
0.01 11 0.01 [} 0.01 Jeed 0.01 VAN 0.01 J-§ 0.01 )
LEI(Q 0.00 |—dA—=| o000 —dt—=| oo00of—dA=| oo00{=—dA—=| 000{—dA—=| 0.00 =t
—0.01f M1 —0.01f 11 —0.01f M1 —0.01f M1 —0.01f 11 —0.01f 1
[ L1 || [ [ [
0.025 ' 0.025 171 0.025 171 0.025 1A 0.025 171 0.025 171
U:IE 0.000 {—=Ld=~=|  0.000]{—dA—| 0.000{—=dAT=| 0000 {—Ld=| o0.000{—dA=| o0.000 AT
11 |1 1/1 | A 11 I/1
-0.0251 -0.025{ | —0.0251 || -0.0251 -0.0251 || -0.0251 /|

0.00 \L—"L\ 0.00 le/l\ 0.00 \J/l\ 0.00 \J’-"L\ 0.00 J/l‘ 0.00 \J/L\

LL‘?’ |} [ || 1] || (!
1/1 (I I/ 1/1 |1 /1
0051 | 0051 |y -0.051 | 0051 || 0051 | 0051 /|
0.0501 | 0.050{ || 0.0501 || 0.0501 (] 0.0501 || 0.0501 ||

c
G 0.025{ Nl 0.025{ 0.0254 Ml 0.025 {1\l 0.0254{ M 0.025{ Ml
t | | | | | |

0.000 20 U 0.000 S URS 0.000 A 0.000 —*'}\—- 0.000 SRS 0.000 =,

I

0.02 0.02 0.02 0.02 0.02 0.02

Enn

0.00

0.00 {~———= 0.00 |~ 0.00 0.00 ==

I |
Il |
= I
L1 |

I

™\

—=| 0.0
|

0 600 0 600 0 600 0 600 0 600 0 ‘ 600
Time (ms) Time (ms) Time(ms) Time(ms) Time (ms) Time (ms)

Figure 5: The strain distribution projected at the fiber, sheet and normal direction of the fibers of
a slice at a cross section of the papillary muscle level of the LV over time. The ejection phase is
indicated between the black dashed lines. The shaded area indicates the interquartile range while
the solid line is the median.

7 Strong coupling of EP and active tension

We further explore the effect of the two-way coupling between the ionic and the active tension
models at a cellular level. The first strongly coupled model that involved the Ten Tusscher model
has been introduced by [2] and used the Ekatarinburg-Oxford active tension model [II]. In our
approach, we introduce a strongly coupled Ten Tusscher [I3] and the active tension model by Land
et al. [5]. In particular, we modify the rate of change of the buffered calcium concentration of the
Ten Tusscher model [I3] to split the contributions of the troponin and calmodulin, similar to [6].
This results in the replacement of the equation
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Figure 6: The PV-loops of the simulated heartbeats for different combinations of the MEF mech-
anisms for the LBBB pathology. The simulations without length dependence in the active tension
model are re-tuned to the maximal tension 7}.; = 70.

to the corresponding with the splitting of calmodulin and troponin in [9]
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This modification is capable of accommodating a strong coupling, using the troponin equation
from the active tension model [5]. In particular, a strong coupled model would take the form
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In the equations above, Iyc, is the background calcium current, I,c, is the sarcolemmal calcium
pump current, In,cq is the sodium potassium exchange current, V. is the cytoplasmic volume,
F the Faraday constant, Vj, the sarcoplasmic reticulum (SR) volume, Ijc.; the SR calcium leak
current, I, the SR calcium pump current, I, ., the diffusive current between the diadic subspace
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Figure 8: The effect of the SACs trigger level in the PV-loops, the depolarization times and the

maximal stretch ratio in the presence of LBBB over a heartbeat. The * indicates the onset of the
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and bulk cytoplasm, Buf. the total cytoplasmic buffer concentration, Kp,¢. the calcium half-
saturation constant for cytoplasmic buffer, CM DN, q, the maximum calmodulin, K,, carpny the
calmodulin half-saturation constant buffer, TRP N, 4, the maximum troponin and K., rrpn the
troponin half-saturation constant buffer.

At first, we explore the impact of the modification on the coupling of the ionic and active
tension models. Figure [T] shows the potential and the intracellular calcium using the original
weak coupling, the modified weak coupling and the modified strong coupling. The parameters of
the modified calcium buffer equation are taken from [9] and the maximal Io,r, conductance Gegar
is scaled by 2/3 (see Table[2) to obtain comparable peak calcium as in the original weakly coupled
model.

To assess the impact of the stretch in the strongly coupled ionic and active tension model, we
explore the effect of a constant stretch ranging from 0.9—1.2 on the intracellular calcium, troponin,
tension and potential (see figure .

Finally, we consider the strongly coupled model and we include SACs to estimate the impact
on the calcium, the potential, the troponin and the tension. We apply the stretch pattern observed
at the endocardium, midwall and epicardium of the LV (figure 2 of the main manuscript) on the
fully coupled model at steady state. To ensure the continuity of the stretch, we rescaled the stretch
to the initial value of 1.
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Figure 9: The PV-loops of the simulated heartbeats for different combinations of the MEF mech-
anisms for the CRT treatment. The simulations without length dependence in the active tension
model are re-tuned to the maximal tension 7}.y = 70.
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Figure 11: The effect on the intracellular calcium and potential of the proposed weak and strong
coupling of the modified ionic and the active tension model against the original weak coupling used
in the 3D simulations.
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Figure 12: The intracellular calcium, potential, troponin and tension of the strongly coupled model
for different applied constant stretch.
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Figure 13: The intracellular calcium, potential, troponin, tension and stretch of the fully coupled
model (strongly coupled model with SACs) for three different stretch patterns as observed at the
endocardium (endo), midwall (mid) and epicardium (epi) of the LV in the 3D model, rescaled to

ensure continuity of the stretch.
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