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A Bayesian Optimization iterations

For the Bayesian optimization we had to select the number of steps for the optimization. Ideally, the
number of steps for the optimization should be as high as possible, which allows a better knowledge of
the function and its minimum, however, as it increases, the computational cost also increases. Then, the
task is to balance both aspects. In this work we perform the optimization for 300 steps. To evaluate the
chosen optimization budget, Figure S1 illustrates the convergence behavior of the loss function across the
iterations for the patient cohort. The running minimum of the loss function (orange line) consistently
reaches a stable plateau well before the maximum iteration limit. Specifically, the global optimum is
identified at iteration 231 for Patient 1, 223 for Patient 2, 93 for Patient 3, and 253 for Patient 4. This
behavior demonstrates that a budget of 300 iterations provides a robust margin for accurate parameter
identification while maintaining computational efficiency.

B AHA regions

The LV free wall (LVfw) and the interventricular septum (IVS) were subdivided according to the 16-
region AHA segmentation [1]. The LVfw comprises 11 segments (4 basal, 4 medial, and 3 apical), while
the IVS comprises 5 segments (2 basal, 2 medial, and 1 apical). For the RV free wall (RVfw), three
longitudinal bands (basal, medial, and apical) were defined, with 3 circumferential divisions (anterior,
lateral, inferior) in the basal and medial bands and 2 in the apical band.

The regions were defined using the universal ventricular coordinates (UVC) introduced in [2], which
provide a global positioning system for three-dimensional biventricular geometries through four scalar
fields: apicobasal, transmural, rotational, and transventricular coordinates, each obtained as the solution
of a Laplace problem. In this work, the transmural coordinate was not required.

Figure S2 illustrates the three coordinates used to define the AHA regions on a patient-specific
biventricular geometry, together with the corresponding bullseye representation. The transventricular
coordinate (Fig. S2A) distinguishes between the LV (blue cavity) and RV (purple cavity).

The apicobasal coordinate 3 (Fig. S2B), defined in [0, 1], represents the normalized distance along the
ventricular long axis from apex to base. To ensure a smooth and uniform variation of 3, the geodesic
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Figure S1: Loss function over the 300 iterations of Bayesian optimization. The orange line represents
the minimum value reached up to that number of iterations, while the blue line shows the value of the
loss function of the acquired sample at each iteration.

normalization approach proposed in [3] was employed. Specifically, the shortest geodesic path from apex
to base was computed, and the initial Laplace solution was reparameterized along this path as a function
of normalized distance.

The basal, medial, and apical regions were defined by partitioning the interval [0, 1] into three equal
segments, corresponding to 3 < %, % <3< %, and 3 > %, respectively.

The rotational coordinate (Fig. S2C), defined in [—m, 7|, represents the circumferential position
around the ventricular long axis. Circumferential sectors were obtained by partitioning this interval
into sub-intervals corresponding to the desired number of regions and assigning nodes based on their
rotational coordinate. The stars in the bullseye representation indicate the regions corresponding to the
IVS.

The activation time for each region was defined as the mean electrical activation time over all nodes
within that region. In the following, each region is referred to as a patch.

Universal Ventricular Coordinates AHA regions

VO 9 %<

Figure S2: UVC on a patient-specific biventricular geometry to define AHA regions. a: transventricular
coordinate, b: apicobasal coordinate, c: rotational coordinate. d: AHA regions are represented in
bullseye form, where the stars indicate the IVS.
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C CircAdapt modules

In this appendix, we summarize the main governing equations of the CircAdapt model. Before introducing
the MultiPatch formulation, we first describe the computation of wall tension in a uniform wall, as
originally formulated in the TriSeg model [4], which represents the three ventricular walls enclosing two
cavities.

C.1 The original CircAdapt model

The one-fiber model of [5] describes a pressurized cavity enclosed by a wall composed of fibers embedded
in a soft incompressible material. Within the CircAdapt framework, this model is evaluated at the
mid-wall level.

An actively contracting chamber ¢ € {LV,RV,LA,RA} is described by the state variables cavity
volume V., contractile element length of the sarcomere L™, and contractility C. (S21). Blood inflow
and outflow induce changes in cavity volume V., which in turn determine cavity pressure.

In the original CircAdapt model [6], cavity pressures are derived from cavity volumes as follows. The
cavity volume V, determines the mid-wall area A™, defined as the surface dividing the wall volume in
two equal parts along the radial direction. The mid-wall volume is given by

; 1
chmld _ ch 4 5chwall7 (Sl)

where V**! denotes the wall volume.
Chambers are approximated as spheres, leading to the following relations between volume and surface:

1/3
c;“id=( il ) , (s2)

3‘/Cmid
mi Am
c dtot = (Cmid)z’ (83)
A(r:nid _ Arcnid,tot o A(r;nid,dead, (84)

where C™4 is the mid-wall curvature (inverse radius), and A™id:dead yepresents the non-contractile area
(e.g., valve orifices).

The mid-wall area determines the myofiber strain. The natural fiber strain Ef" is computed as

1 Amid
fib __ C
Ec - 5 In (Aénid,rcf) ’ (85)

where Amidret g the reference mid-wall area, computed from (S4) using reference values of the volumes.

Given the fiber strain, a constitutive model is used to compute the corresponding myofiber stress a?b.
This stress drives the wall tension. In CircAdapt, the relation between mid-wall tension 7/, mid-wall
area A™4 and fiber stress is derived from conservation of energy:

Tcmid dAénid _ O_gb‘/cwall dE?b (86)
Using (S5), this yields
mia _ oo V"l
T = A (87)

In the TriSeg model [4], the geometries of the three ventricular walls are iteratively adjusted to satisfy
mechanical equilibrium at their junction. As a result, wall areas A™4 and curvatures C™i¢ evolve during
the iteration. Once wall tension and curvature are known, the transmural pressure is computed via
Laplace’s law:

p‘zrans _ QTledCémd. (SS)

Cavity pressure is then obtained by adding the pericardial pressure:

Pe = p‘zrans + Pperi-
Cavity pressures are subsequently used to update flows across valves and, consequently, cavity vol-
umes.
To account for intraventricular and transventricular heterogeneity in activation and deformation, we
adopt the MultiPatch approach [7].
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C.2 The MultiPatch model

Let us consider a wall subdivided into n patches. To simplify notation, cavity-related variables are
denoted without subscripts (e.g., V' for cavity volume), whereas quantities indexed by j refer to the
j-th patch. In particular, V; and A§-9f denote the patch volume and reference area, respectively. The
superscript “mid” is omitted for brevity.

In this formulation, stress and strain are allowed to vary across patches, and therefore Eq. (S7) no
longer holds uniformly over the wall. To solve the resulting equilibrium problem, the wall tension T is
linearized around a reference configuration corresponding to the wall area at zero tension, denoted by
A(]Z
_dar
T dA
For each patch, an analogous linearized relation is introduced:

T(A) (A — Ay). (S9)

dT;
Tj(Aj) = de_(Aj - Aoj), (S10)
J

where Ao ; is the zero-tension area of patch j.

Since transmural pressure and curvature are common to all patches within a wall, Laplace’s law
implies that the wall tension is uniform, i.e., 7; = T for all patches. When the wall tension vanishes, the
total mid-wall area equals the sum of the zero-tension areas of all patches:

Ao =) Ao (S11)
j=1

Differentiating Eq. (S11) with respect to T and inverting yields:
dT 1

dA ~ s ((317?)—1

which defines the effective wall stiffness.

Equations (S11) and (S12) are then used in Eq. (S9) to determine the wall tension T for a given wall
area A within the TriSeg iterative scheme. Once the TriSeg solution is obtained, the transmural pressure
plrans is computed using Laplace’s law (S8).

Given the wall tension, the patch areas A; are recovered from Eq. (510). The fiber strain E;ib is then
computed for each patch using the patch-wise equivalent of Eq. (S5), and the corresponding fiber stress
O'?b is obtained from the sarcomere model (Appendix C.3). Different activation times are assigned to
each patch, resulting in heterogeneous stress and strain distributions.

To evaluate Egs. (S11) and (S12), the zero-tension areas Ao ; and patch stiffnesses 3—2_ must be

(S12)

computed. Assuming spherical geometry and isotropic deformation, the patch area satisfies:

A= L Aref S13
J = L;,ref Jj o ( )

where L3 is the sarcomere length and Lj’mf its reference value.
Since L is not directly available during the TriSeg iteration, an initial estimate is obtained using the
contractile element length L™ (see Appendix C.3), yielding:

qunt
Ef =n | -2 : (S14)

s,ref
Lj
From this estimate, the sarcomere model provides the corresponding fiber stress 0‘2‘? and stiffness
dofi® . L .
d;ﬁ The induced patch tension is then given by
fib
o2V
T, =222 (S15)
7t 2A],/L

where A;; is the estimated patch area.
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The patch stiffness follows as

ar,, (ot .
L= | 2 — 2010 VJQ : (S16)
dAj i dEfP a 4A= .
) 7, 75t
Finally, the zero-tension area is obtained from Eq. (S10):
T. .
A=A — —20—. 517
0,5 I, dT]’z/dAj’Z ( )

C.3 Sarcomere mechanics

In this section, we describe the sarcomere module of CircAdapt as introduced in the original model [6],
where the subscript ¢ denotes the cavity. In the MultiPatch formulation, the cardiac wall is subdivided
into IV patches, so that each variable indexed by ¢ gives rise to IV patch-specific equations, allowing
mechanical parameters to vary across patches.

A sarcomere is modeled using a three-element Hill-type contraction model [8]. The contractile el-
ement, with length L™, is arranged in series with an elastic element of length L', and this series
combination is in parallel with an additional elastic element. The total sarcomere length is given by

Li _ Lilast + Lgont _ Li,ref exp (Egib) , (818)

where L™ is the reference sarcomere length corresponding to the reference wall area, and EfP is the
natural myofiber strain, defined as

Le
Ef* =1In (me) . (S19)

Sarcomere active stress The contractile element length L™ evolves over time according to

L'cont _ dLgont — pmax Li — L(éont _ (SQO)
c - dt - [ elast,iso ’
where Le18t15 is the length of the series elastic element during isovolumetric contraction, and v™a* is

the maximum contraction velocity.

Active stress also depends on time through the contractility variable C., a phenomenological quantity
representing the density of cross-bridges within the sarcomere. Contractility increases upon activation
and exhibits a rise and decay phase with distinct time constants. The rate of increase depends on
sarcomere length [9]. Active stress increases with contractility, contractile element length, and series
elastic element stretch.

The evolution of contractility is modeled as

Co = [ (0)C2 (LE™) — [ () Cen (521)
The rise function f5%¢ describes the formation of cross-bridges:

. 1
faoet) = prews 0.0223(8 — .)? exp(—.), (522)

. t— ti.ct
Zc(t) = min | 8, max | 0, Trise ) (523)

where 12! is the activation onset time and

i R jact,ref
t5¢ = (.55 71 gactret,
The activation time t2°* is defined relative to the beginning of the cardiac cycle t"t:
" = nteyele, (S24)

such that
£act = ¢ (S25)
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for the atria, and
ot = 4P 4 AV 4 Agact (S26)

act

act is the patch-wise activation delay from the EP model and t*V is the

for the ventricles, where At
atrioventricular delay.
The decay of contractility is governed by

1 T
d _ - .
flecay (1) = Yy {1 + sin <51gn(yc) min (57 ch\))} ;

t— tact _ tact,dur
Ye) = ——qoy — >
C
with
d D jact,ref
1o =0.33 7 5
and contraction duration
(2t = (0.65 + 1.0570 Lpom™) ¢2ctret

Here, the normalized sarcomere length is defined as

Lcont
norm __ <
Lro™ — max (0.0001, Tactowef 1) ’

where L2t0ref ig the sarcomere length at zero active stress.
The function C? accounts for the dependence of cross-bridge formation on sarcomere length:

C3 (L") = tanh (0.75 - 9.1204 (L2™)2) .
Finally, the active fiber stress is given by

s cont
Lc — Lc

O,ﬁb,act _ LactO,ref O,act,max Cc [ porm c ,
c c Lelastﬂso

(S27)

act,max

where o is the maximum isometric active stress.

Sarcomere passive stress The passive stress o”P* is modeled as the sum of two contributions,

fib,pas __ _fib,tit fib,ecm
Oc =0 + Oc ’ (828)

representing the stresses generated by intracellular structures (primarily titin, a key structural protein
of the sarcomere anchored to the Z-disc) and by the extracellular matrix (ECM), respectively.
Both components depend on the passive fiber stretch, defined as

s
\Pas — Lc
c LpaSO,ref’

where LP2507¢f js the sarcomere length at zero passive stress and LS is the total sarcomere length.
The titin contribution is modeled as

. tit
O,glb,tlt —=0.01 a,act,max ()\Sask: o 1) ,

where o2 ™M2% s the maximal isometric stress, and the exponent k'’ is defined as
s,ref
ktit -9 L*
[s.pas’

where L%P?% is a characteristic length scale governing passive stiffness.
The ECM contribution is modeled as a stiffer nonlinear response:

U?b’ecm — (.0349 gPas:max ()\l[:)as 10 _ 1) , (329)

where oP?$™2% ig an empirical parameter.
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Sarcomere total stress The total myofiber stress ofi" is given by the sum of the active stress (S27)
and the passive stress (S28):

fib __ _fib,act fib,pas
0.’ = o, + o, . (S30)

The sarcomere stiffness xfi is defined as the derivative of total fiber stress with respect to fiber strain:

b ao.gb _ ao.gb,act 8G£1b,pas

Ke = Hpfb — " 9phb QFfb (S31)
c c c
where
80'ic-1bﬂCt — LactO,rcf Uact,maxc Lnorm Li
8E?b ¢ ~c Lelast,iso ’
aaglb,pas _ tit _act,max ypas kbt pas,max \ pas 10
O 0.01k*" o AP +0.0349 - 100 AP .
c

C.4 Vessel module

The tube module represents compliant blood vessels capable of propagating pressure—flow waves super-
imposed on a mean flow [6]. Vessels directly connected to the heart, namely the aorta (AO), pulmonary
artery (AP), venae cavae (VC), and pulmonary veins (VP), are modeled using this formulation.

The lumen cross-sectional area is computed as

Vi
A= (S32)
ly
where V; is the vessel volume and [; is the segment length.
Using a fibrous tube model [5], the average fiber stretch A; is given by
o2, 1/3 24, 1/3
At = (1 + Vtwa“> =(1+ Ayl ; (S33)
where A}2!! is the wall cross-sectional area and V,*3!! = A¥all], is the wall volume.
The vessel pressure depends on the stretch \; as
pe=0e(M) A%, (S34)

where o is the mean Cauchy fiber stress, modeled by the constitutive law

or( ) = bt ( At )k (S35)

ref
At

Here, k; is a stiffness exponent, \I*f is the reference fiber stretch,

2‘/;ref> 1/3

ref __
)\t - (1 + Vtwall

and o°! is the corresponding reference stress,

O,ief — pgef (/\ief)g ,

with pi¢f denoting the reference pressure.
Combining the above relations yields the current vessel pressure:

ky—3
Awall + 24 3
ref t 1
_ e M e 7 336
Pt Dy (A\tyvall_i_QAief) ( )

where Al is the reference cross-sectional area and Vi °f = A!®[, is the reference vessel volume.
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C.5 Periphery

The pulmonary (pulm) and systemic (sys) periphery are modeled as resistive elements. The current
pressure drop Ap,,, for py € {pulm, sys}, is defined as the difference between the pressure in the inflow

artery pf"* and that in the outflow vein p{list:
Apyy = p}"™ ™ — pi™. (S37)
The corresponding resistances are computed as
Apref
Ryy = =22, (S38)
q
where Ap;eyf is the reference arteriovenous pressure drop and ¢*** is the mean systemic flow at rest.
The resulting flow through the peripheral circulation is then given by
Appy
Opy = . (S39)
Rypy

D CircAdapt Global Sensitivity Analysis

A global sensitivity analysis (GSA) was performed on the CircAdapt model to identify the input parame-
ters that most strongly influence the six target output volumes. The set of model parameters considered
in the analysis is reported in Table 6.

After fixing patient-specific inputs (highlighted in gray in Table 6), the GSA was conducted separately
for each patient. The resulting total Sobol indices are shown in Figure S3. Each parameter was varied
within predefined physiological ranges around its baseline value (see Table 6), consistent with values
reported in [7].

Patient 1 Patient 2

Patient 4
3 -0.6

Patien 3
-0.5
0.4
0.3
0.2

0.1

0.0

Figure S3: Heatmap of total Sobol indices obtained from the global sensitivity analysis for the four
patients.
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