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Abstract - Post-myocardial infarction (MI) growth and remod-
eling (G&R), commonly referred to as fibrosis, i nvolves both
geometric deformation and progressive stiffening of infarcted
tissue due to collagen accumulation. While zero-dimensional
(0D) cardiac G&R models have successfully reproduced organ-
level adaptations post-infarction, they often neglect evolving tis-
sue properties associated with collagen turnover. In this study,
we address this limitation by incorporating a time-dependent
stiffening law into a strain-driven 0D framework, extending the
original model by Witzenburg et al. (2018). Collagen turnover
(CT) was modeled using a phenomenological exponential func-
tion, calibrated against experimental hydroxyproline data. The
model was validated against independent canine datasets and
benchmarked against both the original reference and a base-
line No CT simulation. While full time-course verification was
not achieved - due to inconsistencies in baseline reported pa-
rameters - control and acute states were accurately reproduced.
Critically, the CT-enhanced model reduced the mean standard-
ized z-score (MSZ) by 57.8%, with the most substantial im-
provements seen in ventricular volume and diastolic pressure
predictions. These results confirm the added value of explicitly
modeling tissue-level remodeling and highlight the importance
of accurate initialization to ensure long-term prediction fidelity
in reduced-order frameworks.

Cardiac Growth & Remodeling | 0D modeling | Collagen Turnover|
Computational Cardiology

Advisor(s): dr. ir. Mathias Peirlinck, Ludovica Maga

1. Introduction

1.1. Relevance. Cardiovascular diseases (CVDs) represent
a prominent global health concern which, according to recent
studies, accounts for 37.5% of premature deaths from non-
communicable diseases just in 2019 (1). Myocardial infarc-
tion (MI), with a global prevalence of 3.8% among individu-
als younger than 60 years and up to 9.5% in those older than
60 years, remains a major contributor to heart failure (HF),
primarily due to irreversible damage to myocardial tissue and
the subsequent maladaptive response that compromises left
ventricular (LV) function (2, 3). Following an MI event,
the heart undergoes a highly dynamic and time-dependent
process of structural and mechanical adaptation known as
growth and remodeling (G&R), where structural changes in

the myocardial extracellular matrix (ECM) impairs physio-
logic cardiac function and may lead to life-threatening com-
plications such as infarct expansion, aneurysm, and HF (3).
The healing process following MI can be divided into three
overlapping and time-dependent phases — Figure 1. The acute
phase (0-7 days) is marked by myocyte necrosis and inflam-
matory cell infiltration, accompanied by degradation of ECM
proteins such as collagen and fibronectin, determining the
infarct wall thinning (4). This is followed by the subacute
phase (1-6 weeks), characterized by intense fibroblast acti-
vation and synthesis of new ECM components, particularly
type I and III collagen, forming a provisional fibrotic ma-
trix that stiffens the infarcted region (3). Finally, the chronic
phase (>6 weeks) involves continued ECM remodeling and
crosslinking, which further affects the mechanical integrity
of the scar and the ventricular geometry (3). These dynamic
changes are further amplified by neurohormonal feedback
mechanisms and mechanical stimuli, which not only affect
the infarct zone but also initiate eccentric hypertrophic re-
modeling in remote regions of the myocardium (4). This is
a maladaptive compensatory mechanism which concerns an
in-series deposition of sarcomeres that counteracts the loss
of optimal contractile length of the LV, resulting into an in-
creased ventricular mass while myocardial thickness expe-
riences minimal changes (5, 6). Among the key drivers of
the remodeling cascade, collagen turnover plays a central
role in reshaping the mechanical behaviour of both infarcted
and remote myocardial regions. Collagen turnover refers
to the tightly regulated biochemical process by which col-
lagen is synthesized, deposited, crosslinked, and degraded,
ensuring the structural integrity and compliance of the car-
diac ECM (7). In the context of MI, this homeostatic balance
is severely disrupted, leading to the formation of a stiff, non-
contractile scar in the necrotic zone. Macrophages represent
the main drivers of collagen turnover by acting as early sig-
naling hubs within the infarct zone (8). Through the secre-
tion of cytokines such as TGF-31, they regulate both the re-
cruitment and activation of cardiac fibroblasts, which differ-
entiate into myofibroblasts - the principal source of collagen
types I and III during the reparative phase (8). At the same
time, macrophages modulate the expression of matrix met-
alloproteinases (MMPs), particularly MMP-2 and MMP-9,
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Fig. 1. Overview of the main biological mechanisms triggered during the post-MI healing process. Retrieved via: (4)

which mediate ECM degradation (8). This catabolic activity
is finely balanced by the upregulation of tissue inhibitors of
metalloproteinases (TIMPs), creating a feedback-controlled
environment that determines scar composition and mechanics
(8,9). A visual breakdown of how the different biochemical
actors contribute to collagen turnover is displayed in Figure
2. Importantly, experimental studies have shown that this re-
modeling is spatially heterogeneous: collagen accumulates
not only in the infarct center and border zones but often also
in non-infarcted regions such as the interventricular septum
and right ventricular free wall, indicative of reactive intersti-
tial fibrosis (7). From a biomechanical standpoint, collagen
turnover progressively transforms the infarcted myocardium
into an anisotropic, stiffened region, altering ventricular com-
pliance and reshaping pressure-volume dynamics (3).

1.2. Motivation & Research Goal. Computational model-
ing has become an essential tool for multiscale investigation
of (patho)physiological mechanisms that govern myocardial
G&R (10-12). These models bridge microstructural pro-
cesses - such as collagen turnover, myocyte hypertrophy, and
ECM reorganization - with emergent changes in myocardial
stiffness, chamber geometry, and global hemodynamics. As
such, they represent a powerful tool for mechanistic insight,
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Fig. 2. Biochemical pathway and key factors that regulate collagen turnover mech-
anisms in the infarcted myocardium Retrieved via: (8)
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in-silico hypothesis testing, and evaluation of patient-specific
interventions (13). Among these, zero-dimensional (0OD) -
or lumped parameter (LPMs) - models provide a computa-
tionally efficient framework that captures cardiovascular dy-
namics at the organ scale. By solving time-dependent ordi-
nary differential equations for pressure and flow across ideal-
ized compartments, 0D models can reproduce key features
of cardiac performance and hemodynamic adaptation over
extended simulation times with minimal computational cost
(13, 14). This simplicity allows rapid testing of remodeling
hypotheses and parameter sensitivity across long timescales,
which is essential when simulating post-infarction progres-
sion or treatment effects. While high-fidelity 3D finite ele-
ment (FE) models offer detailed spatial resolution, they are
often impractical for iterative simulations or long-term re-
modeling studies. In contrast, 0D models excel in scenar-
ios requiring repeated simulations, system-level coupling,
or rapid parameter tuning. Their tractability also facilitates
the integration of emerging biochemical mechanisms such as
strain-driven growth stimuli (15-17). However, the majority
of existent 0D frameworks for G&R rely on mechanically-
driven volumetric growth formulations, which model geo-
metric adaptation — such as wall thickening and cavity di-
lation — based on mechanical stimuli (15, 16). In volumet-
ric growth models, it is often assumed that tissue proper-
ties remain constant and that processes linked to collagen
remodeling are neglected. While this simplification facili-
tates tracking of geometric changes, it may limit the abil-
ity of such models to capture progressive diastolic stiffen-
ing, altered pressure-volume (PV) relationships, and mal-
adaptive stress redistribution that characterize adverse post-
infarction remodeling. We propose a computational model of
myocardial post-infarction that couples strain-driven growth
with a remodeling growth law based on collagen deposition.
The presented approach builds upon an established 0D rapid
compartmental model (16) and introduces a remodeling law
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that evolves infarct material properties as a function of time,
guided by hydroxyproline-based experimental data from ca-
nine subjects — a well-established surrogate marker for colla-
gen content (7, 18). The primary objective of this work is to
investigate how infarct stiffening influences PV behavior and
whether incorporating tissue-level remodeling improves the
predictive accuracy of low-dimensional cardiac simulations.

2. Methodology

The starting volumetric 0D model adopted in this study is
taken from Witzenburg et al. (2018) (16) - see Figure 3 -,
which successfully predicted the time course of three differ-
ent hypertrophic conditions: pressure overload (PO), volume
overload (VO), and MI.

The model combines a time-varying elastance (TVE) formu-
lation for ventricular contraction with a lumped-parameter
circulation and a strain-driven growth law that governs my-
ocardial adaptation over time. Post-infarction adaptation was
simulated by dividing the LV into two concentric compart-
ments: a non-infarcted, contractile region and an infarcted,
non-contractile region. The left ventricle was modeled as a
thin-walled spherical chamber, with cavity volume and wall
thickness evolving dynamically driven by the strain-based
growth law fitted to experimental data. Unless otherwise
specified, all baseline cardiovascular parameters were initial-
ized to the optimized values reported by Witzenburg et al.
(2018) (16) - see Appendix A.2. A remodeling law has been
introduced to capture the progressive stiffening of the infarct
during scar formation. Specifically, the diastolic stiffness pa-
rameter of the infarcted compartment was allowed to vary
as a function of time, based on experimental hydroxyproline
concentration and deposition dynamics from both canine and
rodent studies (7, 18). This material property evolution was
applied independently of the geometric growth update, which
remained governed by deviations from the homeostatic my-
ocardial fiber strain. The full model was implemented in
Python 3.10 using a modular solver architecture. Growth was
simulated over 42 days post-MI in discrete daily steps. The
accuracy of the reproduced framework was verified against
the original Witzenburg model, while the performance of the
extended collagen turnover (CT)-enhanced model was vali-
dated against independent experimental data.

2.1. Circulation Model. The hemodynamic component of
the model is structured as a closed-loop, lumped-parameter
circulatory system comprising both systemic and pulmonary
circulation, while explicitly modeling only the ventricular
chambers. Each ventricle is modeled using a TVE for-
mulation, and vascular networks are represented through
Windkessel-like elements composed of resistances and com-
pliances. Systemic and pulmonary circulations are imple-
mented compliance-resistance—compliance (CRC) compart-
ments, capturing pressure-flow relationships across the aor-
tic, systemic, pulmonary, and venous beds. Cardiac valves
are modeled as ideal diodes with forward flow resistances,
opening and closing instantaneously based on pressure gradi-
ents. The TVE waveform is defined using a normalized cos-
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2.1 Circulation Model

inusoidal function, adapted from the original compartmental
formulation by Santamore and Burkhoff (1991) (19). Ac-
cording to this formulation, the total ventricular pressure is
computed as the sum of active and passive contributions:

Py (t) = Pry(t) = e(t) [Pes(V (1) — Peo(V (1)) + Pep(V (1)) (1)

where V(t) is the instantaneous cavity volume, e(t) is the TVE
waveform, and Pgg and Pgp are the end-systolic and end-
diastolic cavity pressures, respectively. Baseline End-systolic
(ESPVR) and end-diastolic PV relationships (EDPVR) are
computed for both ventricles following the methodology de-
scribed by Witzenburg et al.;

Pgs = E - (Vs — Vo) 2

PED :B~(exp [A'(VED—VO)]—l) (3)

In these equations, Pgs and Pgp denote end-systolic and end-
diastolic pressures, respectively. Vgs and Vgp are the corre-
sponding chamber volumes, and Vj is the unloaded volume.
The parameter E represents the end-systolic elastance and
defines the slope of the ESPVR, while A and B control the
curvature and amplitude of the EDPVR, respectively.
From the onset of infarction — day 0 of growth — onward, the
LV is further partitioned into two concentric compartments: a
contractile, non-infarcted remote region and a non-contractile
infarct zone. This structure follows the partitioning approach
introduced by Sunagawa et al. (1983) (20), which assumes
pressure continuity between compartments while allowing
regional differences in passive properties and contractility.
The total cavity volume is the sum of the sub-volumes of
the remote and infarcted regions, with ventricular pressure
calculated under the constraint of equal pressure across both
regions.
To mathematically match this assumption, ESPVR and ED-
PVR of the LV have been restructured as follows for the
heathy:

Pes = Ep, [V(t) = Vo,n] 4

Pep = By, (exp [Ap (V(£) = Vo,n)] —1) 5)

and the infarcted compartment:

Pgs = Pep = Bi (exp[A4; (V(t) = Vo)l —1) (6

where indices &, i refers to the healthy and infarcted com-
partments, and Vpy refers to unloaded cavity volumes. ES
and ED parameters in eq. 2, 3 have been scaled according
to the percentual extension of the infarcted — IS (%) — and
non-infarcted compartment to maintain compartmental con-
sistency of ESPVR and EDPVR - see Appendix A.3.1. The
full system is solved using a set of ODEs governing pres-
sure, volume, flow balance. At each time step, the flow across
valves and vascular segments is computed using Ohm’s law
analogs: Q = AP / R. Cardiac cycles are simulated over 2
seconds with 2000 time points, iterated until steady state is
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Fig. 3. Lumped-parameter multicompartmental model of the cardiovascular system, as implemented by Witzenburg et al. (2018) (16). The model is based on a hydraulic-
electric analogy, where resistors simulate vascular resistance, capacitors represent compliance, and diodes enforce unidirectional valve flow. The left ventricle is divided into
infarcted and non-infarcted compartments to simulate regional mechanical behavior following myocardial infarction. Elements highlighted in red (SVR and MVBR) were used
in the original study to simulate pressure overload (PO) and volume overload (VO), but are not addressed in this work. Retrieved via: (16)

reached. Steady state is defined as a change in LV end-
diastolic volume of less than 0.01 mL between two successive
beats. Hemodynamic simulations are embedded within each
growth iteration, ensuring mechanical consistency through-
out the G&R timeline.

2.2. Growth Simulation. Myocardial adaptation is imple-
mented using a strain-driven growth law originally formu-
lated by Kerckhoffs et al. (2012) (21). The model tracks
changes in unloaded geometry in response to mechanical
stimuli over a 42-day post-infarction period, using discrete
daily growth steps.

Growth is modeled within the framework of the volumetric
growth theory proposed by Rodriguez et al. (1994) (22),
which introduces the multiplicative decomposition of the de-
formation gradient () into an inelastic growth component
(F) and an elastic response (F¢):

F=F-F, (7

Consistently with Witzenburg et al. (2018) (16), the left
ventricle is modeled as a thin-walled spherical chamber -
see governing equations in Appendix A.3.2 - in which tis-
sue growth is computed independently in the fiber and radial
directions. Following their assumption, the fiber stretch is
considered equal to the cross-fiber stretch (Efy = E¢.), al-
lowing the use of a simplified isotropic formulation in the
midwall plane.

Growth in each direction is driven by deviations - growth
stimuli - from prescribed homeostatic strain setpoints. Fiber
strain (E¥), associated with cavity dilation, is evaluated at
end-systole, while radial strain (F\;), associated with wall
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thickening, is evaluated at end-diastole:

2
1{r 1 1
Eif=Fp==|— — - 8)
e 2<7’0 Fif) 2
1/h 11)\% 1
Ep—=—(—. —) -2 9
2<h0 F!;J‘> 2 ©)

The growth stimuli in the fiber (s;) and radial (s+) directions
are defined as:

S| = maX(Eff) - Eff70 (10)

St = _max(Err) + Err,O aamn

where Eyr o and E,.. o are the homeostatic setpoints corre-
sponding to baseline day ¢ = —1. The baseline and acute
steps (days —1 and 0) precede any remodeling, and there-
fore the growth deformation gradient is the identity tensor
(Fy = I). The growth deformation gradient is then updated
at each step using the following strain-driven growth law:

\/1+ R ite20
) ) exp(—fr(s1 —si1,50
Fyly =Fg ! - 1)
. —fff max "
Lo +1 ifs; <0
\/1+exp(ff(sl +51,50))
f7'7' max .
u +1 ifs; >0
Fitl_ i 1+ exp(— fr positive (St — St,50, positive) ) ¢
g7 g,7

—Jrr,max

+1 if s; <O

14 EXP(fr,negauvs(St + 5t,50,negalive))
13)

All growth law parameters (ff ¢ max» frr,max> ff 51,50, €tc.)
are adopted from the optimized values reported in Witzen-
burg et al. and are listed in Table AS.

Tuttolomondo A. | BME MSc Thesis



Growth is applied exclusively in the non-infarcted my-
ocardium, while the infarct zone is considered passive and
non-contractile. However, mechanical coupling ensures
that the infarct still influences growth in the remote region
through shared pressure and geometry. At each step, the
ESPVR and EDPVR parameters (A, B, E, V) of the non-
infarcted myocardium are updated to reflect geometric adap-
tation:

- 47 ENE:

= (%) (o riy) (14
3 1 ’

Ai—a () [ ——— (15)
i) \ro-Fi,

. ho - Fi

Bi—9.p.0 "gr (16)
To-ngf

. ho - Fi

Bz e M0 er (17)

(T0~F;f)

ro and hg denote the baseline, before growth, unloaded ra-
dius and wall thickness, respectively. The directional growth
components Fg’ s and F, g,r represent the accumulated stretch
in the fiber and radial directions at growth step ¢. The prod-
ucts between the original unloaded geometry and the accu-
mulated growth stretch - 7o - F . and ho - F . - represent
the new unloaded radius 7‘6 and thickness hé computed at
each growth step. Passive and active material properties in
the non-infarcted tissue (a, b, and e¢) remain constant at their
pre-growth values throughout the simulation. In contrast, in-
farct stiffness (parameter b) is allowed to vary over time to
reflect collagen turnover - see Section 2.3. Systemic parame-
ters such as heart rate (HR) and systemic vascular resistance
(Rgs) are time-dependent and updated based on experimental
post-MI data from Jugdutt et al. (1995) (18). Additionally,
an evolving infarct size (IS%) is implemented over time, fol-
lowing trends reported in the same dataset. An overview of
the simulation pipeline is provided in Figure 4.

2.3. Tuning Baseline and Acute Hemodynamics. To ini-
tialize the growth and remodeling simulation, hemodynamic
conditions at baseline (day —1) and acute post-infarction (day
0) were first established. This was achieved by implement-
ing the set of control and acute circulatory parameters re-
ported by Witzenburg et al. (2018) (16) tuned to the my-
ocardial infarction study by Jugdutt et al. (1995) (18). These
include systemic resistance, stressed blood volume (SBV),
heart rate, and ventricular ESVPR and EDPVR parameters.
All values are available Appendix A.2. These values were
used as input to simulate the hemodynamic state at day —1
(control) and day O (acute), prior to any remodeling. The
implemented hemodynamic framework was initialized with
the baseline ESPVR and EDPVR (eq: 2, 3) for the control
simulation. From the acute simulation onward, where my-
ocardial infarction was introduced, the ESPVR and EDPVR
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2.3 Tuning Baseline and Acute Hemodynamics
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Fig. 4. Schematic overview of the Growth Framework algorithm. Unloaded (7o
and ho) and loaded (r and h) geometries are computed from the previous step’s
hemodynamic parameters and outputs. Fiber and radial strains are used to com-
pute the growth stimulus, which updates the deformation gradient. Resulting growth
stretches are then multiplied by the baseline unloaded geometry to obtain the cur-
rent unloaded radius and thickness. These are used to retrieve new geometrical
and hemodynamic parameters (Eq. 14 - 17) as new inputs to the circulation model.
The loop is repeated until the 42-day endpoint is reached.
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relations used were those described in equations 4 - 6 which
explicitly model the left ventricle as a composite of infarcted
and non-infarcted compartments. To ensure physiological
consistency between the two ventricular regions, two root-
finding optimizations were performed at each iteration using
Python’s £solve function. These solvers enforce pressure
continuity at both end-diastole and end-systole by adjusting
sub-compartment volumes so that the computed Fgp and Pgg
match across the infarcted and remote regions. The simu-
lation outputs were then compared with those reported by
Witzenburg - see Section 3.1 Additionally, prior to the ini-
tialization of the growth simulation, the left ventricular wall
volume (V1) was iteratively optimized to match the end-
diastolic thickness ratio (hgp/hgp o) reported by Witzenburg
for the remote myocardium at baseline. This was done by
adjusting Vi, until the loaded geometry, computed through
the thin-walled spherical assumption, reproduced the correct
myocardial thickness at end-diastole. The corresponding un-
loaded and loaded geometry equations used for this optimiza-
tion—based on cavity volume Vj and wall volume Vy,1—are
provided in Appendix A.3.2.

2.4. Collagen Turnover Modeling. To simulate the biome-
chanical effects of post-infarction scar formation, a time-
dependent remodeling law was introduced to represent pro-
gressive stiffening of the infarcted myocardium. While
growth was limited to the healthy LV compartment and sim-
ulated as described in Section 2.2, the effects of collagen
turnover-driven stiffening were incorporated in the infarcted
region. The material parameter b of the infarcted compart-
ment, which represents its passive stiffness, was allowed to
evolve over time. The choice of b was motivated by its direct
relationship with the parameter B in the exponential EDPVR
formulation, expressed at baseline as:

B~T’0
b:
2-hg

While both coefficients A and B shape the diastolic pressure-
volume curve (eq. 3), B acts as a linear amplitude scaler and
has a dominant influence on early diastolic stiffness. In con-
trast, A controls the exponential curvature and is more sensi-
tive to unphysiological dilation. Therefore, updating b in the
infarcted compartment enables a direct and numerically sta-
ble control of the infarct stiffening over time while preserving
the EDPVR structure used throughout the model. Due to the
rapid collagen deposition that characterized the first 6 weeks
of post-MI remodeling, we modeled collagen deposition over
time by an exponential function that describes the temporal
dynamic of passive stiffness variable:

b(t) = bo + (bmax — bo) - [L—exp(—kt)]  (19)

where bg is the passive stiffness prior to any growth, bpyax
= bmure * bg is the asymptotic infarct stiffness, & is the col-
lagen deposition rate controlling the stiffening speed, and t
(days) is the G&R simulation time. Experimental data from
Jugdutt et al. (1995) (18) was used to define a plausible tun-
ing range for the by stiffening parameter, based on hydrox-
yproline concentrations measured in canine myocardium at

(18)
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six weeks post-MI. Concurrently, rodent studies (7, 8) have
shown that collagen accumulation generally reaches a plateau
within the first 1014 days, which informed the tuning range
for the growth rate constant k. The parameters by, and &
were identified by minimizing an objective function which
quantifies the error between simulation outputs and experi-
mentally reported targets (18):

N model exp\ 2
1 Ys (ka b lt) M
T (k,bate) = > < : o (20)

N .
i=1 7

These targets included end-diastolic pressure (EDP), mean
arterial pressure (MAP), minimum and maximum left ven-
tricular (LV) volume, and normalized LV wall thickness.
Based on this function, mean squared z-scores (MSZ) for
each target over the relative time points have been computed
- see details in Appendix A.4. Finally, the reduction of the
total average MSZ was set as the optimization goal. Param-
eter identification followed a two-step procedure. First, a
coarse parameter grid was constructed to explore physiolog-
ically plausible combinations. The resulting z-score-based
error surface is shown in Figure 5 and was used to iden-
tify candidate regions of minimal discrepancy between model
predictions and experimental data. Subsequently, the three
best-performing candidates from the grid were selected as
initial guesses for a constrained optimization with the Pow-
ell algorithm (23). This derivative-free method iteratively re-
fines the parameter values by performing sequential line min-
imizations along a set of directions, making it suitable for
smooth but potentially non-differentiable objective functions.
This strategy allowed for robust calibration of infarct mate-
rial properties that reflect both the experimental time course
of collagen accumulation and the hemodynamic effects of in-
farct stiffening. The resulting time-varying b(t) was applied
exclusively to the infarcted compartment and updated at each
growth step.

2.5. Verification and Validation. To assess the accuracy
and reliability of the proposed growth and remodeling frame-
work, both verification and validation procedures were per-
formed. Verification was conducted using the implemented
model without the CT remodeling law, ensuring consistency
with the original formulation by Witzenburg et al. (2018)
(16). A first verification step was the quantification of tar-
get hemodynamic outputs for the control and acute simula-
tions. Simulations were run under identical conditions and
parameter settings, and model predictions were compared
against experimental data to confirm that the framework re-
produced the original model’s fitting performance. A veri-
fication was deemed successful when the relative difference
between key model outputs—namely mean arterial pressure
(MAP), mean left atrial pressure (MLAP), end-systolic and
end-diastolic LV volume, and normalized ED wall thick-
ness—remained within 15% of the reference values reported
by Witzenburg. To verify model performance over 6 weeks
of G&R, the resulting trajectories of the key hemodynamic

Tuttolomondo A. | BME MSc Thesis



3.1 Model Verification

Table 1. Verification of control and acute hemodynamic simulations. Model outputs are compared to Witzenburg et al. (2018). Relative error is calculated as: (Model —

Witzenburg) /Witzenburg x 100. All results fall within the +15% verification threshold.

Metric Witzenburg Model Error (%)
Control (Day -1)
ED Volume (ml) 47.8 47.7 -0.21%
ES Volume (ml) 25.5 25.7 +0.78%
Mean Aortic Pressure (mmHg) 114.3 114.4 +0.09%
Mean Left Atrial Pressure (mmHg) 5.6 6.3 +12.50%
ED Thickness Ratio (hep/hEp,0) - - -
Acute (Day 0)
ED Volume (ml) 72.2 72.5 +0.42%
ES Volume (ml) 46.3 46.7 +0.86%
Mean Aortic Pressure (mmHg) 112.3 112.4 +0.09%
Mean Left Atrial Pressure (mmHg) 18.3 18.7 +2.19%
ED Thickness Ratio (hgp/hED,0) 0.96 0.96* 0.00%
* Value was explicitly optimized to match the target value reported by Witzenburg et al. at day 0.
MSZ Heatmap from Coarse Grid Search
- 0.240
0.2190 0.2228 0.2418
0.235
0.2136 0.2140 0.2168 0.2213 0.2406 0.230
0.225 %
0.2119 0.2151 0.2411 0230
0.215
0.2087 0.2101 0.2139 0.2194 0.2415
0.210
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Fig. 5. Z-score-based error surface used to identify optimal collagen turnover parameters. The heatmap displays the total mean standardized z-score (MSZ) across five key
hemodynamic variables as a function of the infarct stiffening rate constant &£ and stiffness multiplier bmyi;. Regions with lower MSZ values correspond to better agreement

with experimental data and were used to initialize the local optimization step.

targets were compared with the results obtained by Witzen-
burg et al. A close match at any time of the simulation time
course indicates a successful verification. Validation of the
extended model - including the time-dependent infarct stiff-
ening formulation - was performed using independent exper-
imental data from Jugdutt et al. (1995) (18). In both verifi-
cation and validation, model outputs were evaluated against
five key hemodynamic variables: maximum and minimum
LV volume, EDP, MAP, and normalized ED wall thickness.
Model performance was quantified using z-scores and the
mean squared z-score (MSZ). A z-score indicates whether the
model over- or underestimates a quantity, and by how much,
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relative to the variability observed in experimental data. A z-
score that falls below 1.0 indicates that the value is within the
standard deviation (SD) of experimental data, while a lower
score indicates better agreement with the mean SD. To assess
overall accuracy, MSZ values were computed for each output
variable and averaged to yield a single score. The results of
these procedures are presented in the following section.

3. Results

3.1. Model Verification. The proposed G&R framework
was evaluated against the original results reported by Witzen-
burg et al. (2018) (16). Simulations were conducted without
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Table 2. Mean standardized z-scores (MSZ) for each key variable across the Witzenburg reference, No CT baseline, and CT-enhanced models. Lower MSZ values indicate

better agreement with experimental data. Validation is considered successful for MSZ < 1 across all variables.

Parameter Witzenburg Model No CT Model CT Model
Max LV Volume 0.17648 0.18306 0.08928
Min LV Volume 0.82835 0.66181 0.04626
End-Diastolic Pressure (EDP) 0.10640 0.56794 0.20341
Mean Arterial Pressure (MAP) 0.10063 0.27841 0.27332
Normalized ED Wall Thickness 0.26318 0.78104 0.43108
Average MSZ 0.29501 0.49445 0.20867

incorporating collagen turnover, and key simulation outputs
were compared both qualitatively and quantitatively to ver-
ify that the baseline model behavior aligned with the original
reference framework. Table 1 shows a comparison between
this model’s outputs and those reported by Witzenburg prior
to growth. Each of the reported variables shows strong agree-
ment with Witzenburg’s results (error < +1%). One excep-
tion is presented in MLAP, particularly in the control simula-
tion. However, the reported values for this variable are well
within the set verification threshold. The quantitative agree-
ment achieved at this stage confirms that the reimplementa-
tion correctly reproduces the baseline and acute hemodynam-
ics of the original framework. Figure 6 (a-e) shows the long-
term evolution of the key hemodynamic and geometric vari-
ables, which are plotted alongside the Witzenburg data and
experimental measurements. Overall, the time-course results
of the baseline model without collagen turnover show key re-
modeling trends; yet, we note discrepancies in early estima-
tion for all the target variables. In summary, the reimplemen-
tation successfully reproduces the control and acute condi-
tions but does not fully replicate Witzenburg’s reported post-
MI evolution across all variables. As a result, time-course
verification of the growth behavior falls outside the defined
+15% error margin. Since the early discrepancies have been
thoroughly investigated (see Section 2.3), the baseline No CT
simulation will be adopted as the internal reference for eval-
uating the performance of the collagen turnover-enriched im-
plementation presented in the following sections.

3.2. CT Function Optimization. The parameters govern-
ing infarct stiffening, bpyy and k, were optimized to minimize
the total MSZ across the five key output variables. As previ-
ously described, during the first phase of the optimization, a
coarse parameter grid — whose bounds were estimated based
on experimental observations of collagen deposition rate and
concentration — was explored to identify regions of low MSZ.
The corresponding z-score-based error surface is displayed in
Figure 5. The three best-performing parameters — in the range
k =10.55, 0.65] and byt = [5, 5.5] — were used to initialize a
constrained Powell optimization for local refinement. The fi-
nal optimized values were by = 5.08 and k = 0.6468. These
parameters produced the lowest overall MSZ and were used
in the subsequent validation simulation.
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3.3. Model Validation. The predictive capability of the pro-
posed framework was assessed by comparing both the base-
line (No CT) and collagen turnover-enhanced (CT) simula-
tions against experimental data from Jugdutt et al. (1995)
(18), which was also used for validation in the original
Witzenburg et al. study. This comparison evaluates whether
the incorporation of a time-varying infarct stiffening law im-
proves agreement with post-MI remodeling trends. As dis-
cussed in Section 4.1, while the verification of long-term
G&R time courses was not achieved - due to diverging tra-
jectories relative to the original model, the present valida-
tion focuses on the model’s ability to reproduce experimental
outcomes. Overall, Figure 6 shows that both No CT and CT
simulations capture key qualitative features of post-infarction
remodeling, including the decline in EDP, partial recovery
of MAP, and progressive chamber dilation and wall thicken-
ing. However, the inclusion of collagen turnover (CT model)
significantly reduces the model-experiment error for nearly
all variables. Quantitative performance is summarized in Ta-
ble 2, which reports the mean standardized z-scores for each
output. Compared to the No CT simulation, the CT model
shows substantial error reduction in all variables except MAP,
where performance remains similar. The largest improve-
ments are seen in minimum and maximum LV volumes, with
MSZ reductions of 93.0% and 51.2%, respectively. EDP and
normalized wall thickness also show substantial improve-
ments (64.2% and 44.8%), while MAP shows comparable
performance between the two models. Overall, the average
MSZ decreases from 0.494 (No CT) to 0.209 (CT), corre-
sponding to a 57.8% improvement. These results confirm
that incorporating collagen turnover significantly enhances
the model’s ability to reproduce experimental post-MI re-
modeling behavior, validating the effectiveness of the pro-
posed stiffening law.

4. Discussion

The presented results demonstrate that the proposed 0D
growth and remodeling framework successfully captures es-
sential features of post-MI ventricular adaptation and that the
inclusion of a collagen turnover-driven remodeling law sig-
nificantly improves the model’s ability to reproduce experi-
mental trends. While the baseline implementation does not
fully verify the time course of Witzenburg’s growth trajecto-
ries, the enhanced model achieves a strong validation against
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Fig. 6. Time course of key physiological variables during post-MI remodeling: (a) maximum LV volume, (b) EDP, (c) minimum LV volume, (d) MAP, and (e) normalized ED wall
thickness. The blue curve -No CT- refers to the baseline simulation used for verification. The green -CT- curve refers to the simulation where the model embeds the collagen
turnover exponential remodeling law, used for validation. The yellow curve refers to the outputs from Witzenburg et al. (2018) (16). The gray experimental points with their

SD are reported from the chosen dataset (18).

independent experimental data. Both qualitative evolution
and quantitative metrics support the benefit of incorporating
infarct stiffening into low-dimensional cardiac models.

4.1. Prediction Accuracy. When comparing the No CT
baseline simulation to the original Witzenburg model, the
qualitative evolution of key parameters appears broadly con-
sistent, particularly in trends like progressive cavity dilation,
remote wall thickening, and EDP reduction over time. How-
ever, a clear discrepancy emerges at day 1 of growth, where
a discontinuity is observed in nearly all key variables. For in-
stance, EDP (Figure 6b) in the No CT model rapidly declines
after the acute phase, in contrast to the sustained elevation ob-
served in the original reference. Similarly, the ED thickness
ratio (Figure 6e) shows an early dip followed by monotonic
thickening, whereas Witzenburg’s curve remains relatively
flat during this period. A moderate misalignment is shown
for MAP (Figure 6d) and both LV volumes (Figures 6a and

Tuttolomondo A. | BME MSc Thesis

6¢) during this window. This early divergence persists dur-
ing the acute-to-subacute transition and affects the model’s
ability to reproduce Witzenburg’s remodeling trajectory. A
plausible explanation for this mismatch lies in the input data
adopted from Witzenburg et al. (Appendix A.2), both for the
pre-growth hemodynamic conditions and the growth initial-
ization - see Section 2.3. These values were used to com-
pute the LV wall volume and establish the baseline unloaded
geometry. However, this setup likely results in an inaccu-
rate calculation of the fiber and radial growth stretches (eq.
12 and 13) at the first growth step, due to a misalignment
between baseline strain setpoints and acute loading condi-
tions. The resulting discontinuity initiates an error cascade
that limits the model’s fidelity in early remodeling. Due
to this mismatch, the No CT simulation does not replicate
Witzenburg’s G&R trajectories across the full 6-week time-
line, and time-course verification cannot be claimed. Nev-
ertheless, the successful verification of the control and acute
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Fig. 7. Model prediction accuracy and relative improvement across key output variables. Bars show mean standardized z-scores (MSZ) for the No CT (blue) and CT (green)
models. Gray bars indicate the relative improvement in prediction accuracy achieved by incorporating collagen turnover, computed as the percentage reduction in MSZ from

the No CT model.

hemodynamic states (Section 3.1) confirms that the model
reproduces the correct physiological regime at initialization.
Given that the growth law and solver architecture were care-
fully reconstructed based on Witzenburg’s description, we
deemed this level of consistency sufficient to proceed with
collagen turnover modeling. This decision is further justi-
fied by the clear gains observed after integrating collagen
turnover. The optimized CT-enhanced model consistently re-
duces z-score errors across all tracked variables (except MAP,
which remains stable), leading to a 57.8% improvement in
overall MSZ. An overview of the percentual improvements
over the target hemodynamic and geometric outputs is shown
in Figure 7. These outcomes support the model’s credibility
and highlight the practical value of incorporating microstruc-
tural remodeling into rapid simulation tools.

4.2. Modeling CT. The significance of infarct stiffening dur-
ing post-MI remodeling has been underscored in various ex-
perimental and computational studies. The framework devel-
oped in this work extends the volumetric G&R model pro-
posed by Witzenburg et al. (2018) (16) by explicitly in-
corporating the effects of collagen turnover through a time-
dependent passive stiffness law. This extension allows for a
more physiologically grounded representation of infarct mat-
uration, aligning with biochemical and histological observa-
tions of collagen accumulation in the healing myocardium. In
the original Witzenburg formulation, infarct properties were
assumed to remain fixed throughout the simulation, and scar
tissue mechanics was indirectly handled through geometric
remodeling of the healthy remote myocardium. While this
simplification allowed for reproducing broad trends in post-
MI adaptation, it neglected the progressive stiffening of scar
tissue known to occur during healing. The addition of a
CT-driven law addresses this limitation and aligns the model
more closely with experimental findings from Jugdutt et al.
(1995) (18) which demonstrated a substantial increase in hy-
droxyproline concentration — a surrogate for collagen con-
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tent — over the first six weeks post-infarction in canine my-
ocardium. Specifically, collagen content was found to be ap-
proximately 4-fold higher in the infarct border zone and up
to 10-fold higher in the infarct center compared to the re-
mote posterior wall, where no significant increase was de-
tected. The final stiffness scaling factor - by, - obtained
through model optimization falls well within this experimen-
tally observed range, providing physiological support for the
model’s material parameterization. As no collagen deposi-
tion rates were explicitly reported by Jugdutt et al. (1995)
(18), further support for the time course of collagen accu-
mulation is found in rodent studies, such as Cleutjens et al.
(2019) (7), which described a rapid rise in collagen expres-
sion and deposition within the first two weeks post-MI, fol-
lowed by stabilization. Although these studies are conducted
in small animals and are not directly translatable to the canine
model, the general trend — a steep early-phase rise in stiffness
— aligns with the exponential formulation adopted here. The
optimized rate constant - k - captures this accelerated stiff-
ening phase, offering a parameterization consistent with both
biochemical and histological timelines. Other experimental
studies provide further quantitative backing. Uusimaa et al.
(1997) (24) tracked collagen scar formation in patients using
PIIINP levels as a proxy for collagen turnover and reported a
significant rise during the first 3—4 days, with sustained ele-
vated levels for at least 10 days post-MI. Rusu et al. (2019)
(25) used murine models and found that type I collagen be-
came dominant by day 14 post-MI, while type III peaked
earlier and declined thereafter. The range selected for by
and k during optimization was thus informed by these find-
ings. However, the heatmap of the z-score surface (Figure 4)
shows a strong dominance of the rate constant k in driving
the error reduction, suggesting that even lower MSZ values
might be achieved for higher k values, potentially outside the
selected physiological range. Nonetheless, the final param-
eter set achieves a physiologically realistic infarct stiffening
curve, which is comparable to the reported 4-10 x increase
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in infarct collagen content and with the temporal dynamics
of collagen accumulation described across multiple species.
This supports the validity of the exponential formulation and
the constrained optimization strategy adopted in this work.
Overall, the inclusion of infarct stiffening led to notable im-
provements in model performance, particularly for volume-
related and EDP outputs. The CT-enhanced model improved
prediction accuracy. These results confirm that integrating
collagen turnover into reduced-order G&R frameworks not
only enhances physiological relevance but also yields more
accurate, data-driven simulations of post-infarct remodeling.
In summary, the proposed approach incorporates collagen
turnover into G&R frameworks and offers a pathway for link-
ing histological markers of scar maturation with macroscopic
functional outcomes.

4.3. Limitations. While the presented framework success-
fully reproduces key features of post-infarction remodeling
and offers a physiologically motivated representation of in-
farct stiffening, some limitations should be acknowledged.

4.3.1. Early Discrepancies: Tuning Baseline Parameters. Al-
though the baseline and acute hemodynamics were success-
fully verified (Section 3.1), early mismatches were observed
during the first post-infarction growth step (day 1), where a
sharp discontinuity is observed in multiple output variables,
most notably in EDP and the normalized LV wall thickness
ratio. In the original Witzenburg simulation, EDP displays
an early post-MI peak that reflects the transient increase in
preload due to infarct-induced pump dysfunction. This fea-
ture is consistent with physiological expectations and experi-
mental observations. However, in the present model, this be-
havior is absent: EDP does not rise but instead begins a grad-
ual decline immediately after the infarct event. At the same
time, the wall thickness ratio undergoes a sudden drop, fol-
lowed by an unphysiological overshoot in subsequent days.
This anomalous behavior suggests that the growth stretches
computed at day 1 - both in the fiber and radial directions -
were inaccurately estimated. Since these quantities directly
govern the update of the unloaded geometry and the sub-
sequent derivation of EDPVR and ESPVR parameters, any
error in their computation is rapidly propagated throughout
the growth simulation. A likely root cause of this issue is
the erratic optimization of the initial LV wall volume (Vyya11),
which was tuned to match the reported end-diastolic thick-
ness ratio in the acute post-MI state. To investigate this hy-
pothesis, an auxiliary optimization was performed in which
Viwanl was computed from Witzenburg’s reported end-systolic
and end-diastolic volumes for both control and acute con-
ditions, while also being constrained to match the reported
end-diastolic thickness ratio and the baseline fiber (E¥s ) and
radial (o) strains. Importantly, the values of Efrg and Eyr g
used in this simulation were directly adopted from Witzen-
burg et al. (2018) (16). The results of this constrained opti-
mization revealed that no single value of Vi, could simul-
taneously satisfy all three constraints. The derived geometry
suggested a possible overestimation of Ejro and Ey.o. This
mismatch leads to an artificially small growth stimulus in the
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fiber direction (eq. 10), driving an exaggerated increase in
the fiber growth stretch and an inflated unloaded cavity ra-
dius rg. At the same time, a higher value of E o could
contribute to an overestimated unloaded wall thickness hg,
which further distorts model dynamics. Since parameters A,
B, and FE depend nonlinearly on both r¢ and hg (eq. 15
- 17), this combination of geometric distortion severely af-
fects the mechanical behavior computed in the first growth
step. In particular, these updated parameters are then used by
the circulation model’s nonlinear solvers to enforce pressure
continuity across the infarcted and remote compartments.
Specifically, two £solve operations are performed at each
growth step to ensure that pressures at end-diastole and end-
systole match between regions. When the underlying geom-
etry—and thus the pressure-volume relationships—are dis-
torted, these solvers are forced to identify non-physiological
compartmental volumes to reconcile pressure mismatch. As
a result, even small errors in initial geometry can propagate
and amplify through the model, leading to visible deviations
in pressure and wall thickness as early as day 1. To further in-
vestigate this initialization mismatch, the optimization proce-
dure was extended to also explore the impact of the reported
baseline unloaded volume (Vj), due to its dominant influence
on the computed unloaded radius ry. A two-dimensional pa-
rameter sweep was performed to identify the combination of
Vwan and V{y that best satisfies all three constraints simulta-
neously: the reported end-diastolic LV wall thickness, and
the fiber and radial strain setpoints E¢ and Ei.g. Details
of this optimization strategy are provided in Appendix A.6.
As shown in Figure 8, no single value of Vi, could satisfy
all three constraints simultaneously, even when allowing Vj
to vary within a physiologically reasonable range. However,
the degree of mismatch was reduced for higher values of 1},
suggesting that the baseline unloaded volume reported in the
original dataset may be slightly underestimated. This sug-
gests that at least one of these reference values is likely in-
accurate or incompatible with the others. While these early
mismatches prevented complete time-course agreement with
Witzenburg’s results, they do not compromise the physiologi-
cal validity of the framework. Rather, they highlight the need
for joint reparameterization of geometric and hemodynamic
baseline and acute input parameters before G&R initiation -
including Vo, Vi, and the strain setpoints. The robustness
of the collagen turnover model was instead evaluated using
the internally consistent No CT simulation as the reference
case.

4.3.2. Spatial Characterization. The 0D framework adopted
in this study does not resolve regional heterogeneity within
the ventricular wall. While infarct and remote regions are
represented as separate compartments, the model assumes
uniform properties within each, thereby omitting spatial gra-
dients in stiffness, strain, or collagen content, especially
across the infarct border zone. These simplifications are
intrinsic to the lumped-parameter formulation and limit the
model’s ability to capture localized remodeling behavior.
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Fig. 8. Objective function error surface for combinations of unloaded volume (V{) and wall volume (Viyai), constrained to simultaneously match the reported ED thickness
ratio, fiber strain E¥ o, and radial strain Eyo. Darker regions correspond to lower objective function error. No single pair of values perfectly satisfies all three constraints,
although improved agreement is observed for higher values of V{, suggesting a possible underestimation in the reported baseline geometry.

4.3.3. Phenomenological Simplifications. Several simplifi-
cations were made in modeling collagen turnover to ensure
tractability and consistency with experimental data. The CT
mechanism is modeled purely phenomenologically through
an exponential increase in passive stiffness, informed on ex-
perimental concentration trends. Although this approach pro-
vides an effective approximation of macroscopic stiffening,
it does not directly account for the underlying cellular pro-
cesses, such as fibroblast activation, MMP/TIMP regulation,
or the interplay between different collagen subtypes. Addi-
tionally, no explicit feedback from mechanical loading to col-
lagen deposition is modeled, which limits the framework’s
capacity to capture mechano-sensitive remodeling pathways.
Another key assumption of this model was the use of a 1:1
correlation between collagen concentration and infarct stiff-
ness when defining the initial parameter boundaries for op-
timization. While hydroxyproline content is a widely used
proxy for collagen, infarct stiffness is also modulated by
other ECM components such as elastin, fibronectin, and
cross-linking enzymes. Furthermore, the CT law was applied
only to the infarcted myocardium, while the material proper-
ties of the remote healthy region were kept constant. This de-
cision was supported by the findings of Jugdutt et al. (1995)
(18), which reported no significant change in hydroxypro-
line content in the noninfarcted posterior wall after six weeks
of healing, but it is not universally applicable. Importantly,
the collagen deposition rate of the current model’s exponen-
tial stiffening law was parameterised based on rodent data,
where infarct collagen typically plateaus within 14 days. In
contrast, Jugdutt et al (1996) (26) reported a slower progres-
sion in canine models: 1.5-fold increase at week 1, 4-fold by
week 2, 7-fold by week 3, and levelling off at 8-11x by day
50. This suggests a more sigmoidal collagen deposition pat-
tern in large-animal models compared to the rapid exponen-
tial rise observed in rodents. To reflect this, an alternative sig-
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moidal law (see Appendix A.5) has been developed. While it
qualitatively captured the progressive stiffening profile and
yielded comparable accuracy in predicting key parameters
such as EDP and LV volumes, it required three parameters
to optimize, increasing the computational cost significantly.
Due to its comparable performance and greater complexity,
it was not selected for the final model implementation.

5. Model Potentialities & Future Outlooks

A key strength of the framework developed by Witzenburg et
al. (2018) - and extended in this study - is its modular struc-
ture, which enables reparameterization across species and ex-
perimental conditions. In this work, the original baseline
and acute circulatory parameters fitted to a canine MI dataset
by Jugdutt et al. (1995) were reused to preserve continuity
with the reference model. However, the root-cause analy-
sis of early remodeling discrepancies suggests that some of
these baseline inputs—particularly those governing geome-
try and strain setpoints—may require joint refinement to en-
sure internal consistency when used as initial conditions for
growth. This insight opens a clear direction for future im-
provement: refining the model’s initialization pipeline using
multi-constraint optimization, in which geometric, hemody-
namic, and mechanical targets are jointly satisfied. Doing so
would improve the alignment of fiber and radial strain with
actual loading states and minimize artificial growth triggers
at the onset of remodeling. Despite these initialization chal-
lenges, the independently optimized collagen turnover law
demonstrated strong predictive power when validated against
experimental data, significantly improving z-score accuracy
across key variables. While the infarct stiffening multiplier
(bmult) Was tuned using canine data, the time constant k was
derived from rodent collagen kinetics due to limited time-
resolved datasets in large animals. The framework thus re-
mains adaptable: it can accommodate species- or region-
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specific remodeling profiles, and be extended or recalibrated
as new data emerge. As such, this work lays the foundation
for broader applications of low-dimensional G&R modeling
in both translational and experimental settings. Building on
this foundation, future applications could explore reparam-
eterization of both the G&R framework and the CT func-
tion using rodent models, where collagen is in minor con-
centration and often extends to non-infarcted regions as well.
For example, Cleutjens et al. (1995) (7) observed colla-
gen gene expression and ECM remodeling activity even in
the remote non-infarcted myocardium of rats, suggesting that
species-specific remodeling signatures may require distinct
spatial and temporal parameter sets. Adapting the model to
such conditions would represent a critical step toward cross-
species generalizability, broadening its utility in both preclin-
ical and translational research. Additionally, due to its mod-
ular design and previous application to other hypertrophic
conditions by Witzenburg et al. (2018), the current frame-
work could be extended to study fibrotic remodeling under
pressure overload (PO). In canine PO models, Nagatomo et
al. (1999) (27) demonstrated a significant increase in pro-
tein synthesis—particularly myosin heavy chain—via upreg-
ulated translational efficiency and capacity. These findings
imply an active fibrotic and hypertrophic response to elevated
wall stress, which the present CT framework holds potential
to capture, if growth triggers and timescales are appropri-
ately adjusted for pressure-overload conditions. Despite its
reduced-order formulation, the current framework also holds
potential to inform or be coupled with higher-dimensional fi-
nite element (FE) models. the infarct stiffness evolution de-
rived from the CT law could be mapped onto region-specific
strain energy density functions in 3D simulations. This ap-
proach aligns with the strategy proposed by Saez et al. (2013)
(9), who developed a constitutive formulation for collagen
turnover responsive to local stress and biochemical stimuli.
Embedding the present CT-driven stiffness formulation into
FE frameworks could enable spatial characterization of re-
modeling, bridging microstructural mechanisms with organ-
level mechanics. Finally, the current phenomenological CT
law could be enriched by coupling with biochemical models
that describe collagen synthesis and degradation pathways in
a mechanistic manner. The mathematical model developed
by Jin et al. (2011) (8) offers an example of such an ap-
proach, quantifying the interplay between TGF-§ signaling,
MMP/TIMP regulation, and fibroblast activity. Linking such
a biochemical module to the current stiffness-based frame-
work would allow dynamic prediction of collagen concentra-
tion based on upstream cellular signaling, further enhancing
physiological interpretability and cross-modal validation.

6. Conclusion

This thesis presented a collagen turnover-enhanced 0D
growth and remodeling framework for simulating ventricu-
lar adaptation following myocardial infarction. By extending
an established compartmental model with a physiologically
motivated infarct stiffening law, the simulation captured both
geometric and material remodeling with improved predictive
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accuracy. Although the verification of long-term G&R trajec-
tories failed due to initialization inconsistencies - likely stem-
ming from conflicting baseline parameters - the framework
reliably reproduced the control and acute post-MI states. Val-
idation against experimental data confirmed the benefit of in-
corporating collagen turnover, particularly in improving the
prediction of cavity volumes and end-diastolic pressure. The
exponential formulation for infarct stiffening proved both
computationally efficient and physiologically grounded. De-
spite limitations, including spatial averaging and the absence
of biochemical feedback, the modular nature of the model
enables future integration with higher-order and mechanis-
tic frameworks. Overall, this study demonstrates the impor-
tance of collagen turnover in shaping ventricular mechanics
and provides a robust tool for exploring fibrotic remodeling
processes in silico.
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Appendices
A.1. List of Abbreviation

Abbreviation Definition

0D Zero-Dimensional

A Exponential curvature coefficient in EDPVR
B Exponential amplitude coefficient in EDPVR
b(t) Time-varying passive stiffness parameter
bmult Maximum infarct stiffness multiplier

CRC Compliance—Resistance—Compliance

CT Collagen Turnover

CVD Cardiovascular Disease

ECM Extracellular Matrix

ED End-Diastolic

EDP End-Diastolic Pressure

EDPVR End-Diastolic Pressure-Volume Relationship

ED Wall Thickness End-Diastolic Wall Thickness

ESPVR End-Systolic Pressure-Volume Relationship
e(t) Time-varying elastance waveform

FE Finite Element

F Deformation gradient

Fg Growth component of deformation gradient
Fe Elastic component of deformation gradient
G&R Growth and Remodeling

HF Heart Failure

HR Heart Rate

IS Infarct Size

k Stiffening rate constant in CT law

LV Left Ventricle

MAP Mean Arterial Pressure

MI Myocardial Infarction

MSZ Mean Standardized Z-score

MMP Matrix Metalloproteinase

PIIINP N-terminal propeptide of type III procollagen
PO Pressure Overload

PV Pressure-Volume

Q Flow rate

R Resistance

RV Right Ventricle

SBV Stressed Blood Volume

TGF-81 Transforming Growth Factor Beta 1

TIMPs Tissue Inhibitors of Metalloproteinases
TVE Time-Varying Elastance

V(t) Instantaneous Cavity Volume

Vo Unloaded volume (EDPVR offset)

A.2. Input Parameters

Symbol Description Value
Cop Pulmonary venous compliance (ml/mmHg) 3.0
Cas Systemic arterial compliance (ml/mmHg) 1.02
Cus Systemic venous compliance (ml/mmHg) 17.0
Cap Pulmonary arterial compliance (ml/mmHg) 2.0
Ryp Pulmonary venous resistance (mmHg-s/ml) 0.015
Res Systemic characteristic resistance (mmHg-s/ml) 0.023
Rys Systemic venous resistance (mmHg-s/ml) 0.015
Ry Pulmonary characteristic resistance (mmHg-s/ml)  0.06
Rap Pulmonary arterial resistance (mmHg-s/ml) 0.3

Table A3. Circulatory system parameters used in the model, unchanged during
acute overloading or growth. Retrieved via Witzenburg et al. (2018) (16).

Tuttolomondo A. | BME MSc Thesis

Parameter Control Acute (MI)
Vo (ml) 14.0

E (mmHg/ml) 10.6

SV R (mmHg-s/ml) 2.68 1.65
SBV (ml) 390 457

A (1/ml) 0.042

B (mmHg) 1.673

H R (beats/min) 111 149

1 Sycue (%) - 232

Table A4. Baseline and acute hemodynamic parameters for myocardial infarction
simulations. All the parameters are tuned by Witzenburg et al. (2018) with Jugdutt
etal. (1995) (18) experimental measurements. Exceptions are for HR and IS, which
are directly reported by the experimental measurements. Retrieved via (16).

Parameter MI Value
Eto 0.636
Eiro -0.041
fr 31.0
51,50 0.215

T f positive 36.4
St,50,positive 0.097

T f negative 576.0
St,50,negative 0.034

Table A5. Strain-driven growth law parameters for the myocardial infarction simula-
tion, extracted from Witzenburg et al. (2018) (16).

A.3. Geometry

A.3.1. Compartmental Parameters Scaling. To maintain
pressure continuity between the infarcted and non-infarcted
regions while accounting for differences in unloaded geome-
try, each compartment is assigned a fraction of the total un-
loaded volume V{, based on infarct size IS¢;,. The unloaded
volumes for the healthy (h) and infarcted (z) compartments
are computed as:

Voo =Vo-(1-18), Vo;=Vy-IS (A21)
To preserve the shape and slope of the PV relationships un-
der this geometric partitioning, the parameters A and E are
scaled inversely with respect to the new unloaded volume of

each compartment. Specifically:

Vo Vo
Api=A- , Epi=FE- A22
& (VO,h,i> & (VO,h,i> (422)

These adjustments ensure that both the ESPVR and EDPVR
remain physiologically realistic and that regional differences
are properly accounted for during growth and remodeling.

A.3.2. Thin-Walled Sphere Geometry and Mechanics.
The thin-walled spherical approximation is used to model the
left ventricular chamber geometry. It enables analytical ex-
pressions for unloaded and loaded dimensions and for wall
stress computation. Below are the governing equations used
throughout the framework:
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Unloaded Geometry.
3 1/3
rg = ( : V0> (A23)
47
3Viwar | °
ho = <7~g + W““) —rg (A24)
47
Loaded Geometry.
0.75-V\ /3
r= ( > (A25)
m
3 2 2, .3\1/3
h = (h§+3hgro+3horg +13) '~ —r (A26)
Hoop Stress (Laplace Law).
P-r
Ohoop = ﬂ (A27)

Where:
* Vp: unloaded cavity volume
e Vian: myocardial wall volume
* 710, ho: unloaded cavity radius and thickness
e 7, h: loaded cavity radius and thickness
* V: loaded cavity volume

e P: internal ventricular pressure

A.4. Z-Score Based Optimization for
Stiffness Law Calibration

To identify the optimal parameters governing infarct stiffen-
ing in the collagen turnover (CT) law, we formulated an ob-
jective function based on the mean squared z-score (MSZ).
This approach quantifies the deviation between model pre-
dictions and experimentally measured targets over a defined
post-infarction timeline.

The stiffening law was parameterized by the rate constant k
and the stiffness multiplier byy;. The optimal values were de-
termined by minimizing the total MSZ across a set of hemo-
dynamic and geometric outputs.

Metric Definition. For each physiological variable i, the
mean squared z-score was computed over N = 7 experimen-
tal time points: days 2, 7, 14, 21, 28, 35, and 42. The MSZ
for each variable is defined as:

2
ymodel _ /L?XP
( % (A28)

N
— Tij

1
MSZ; = + Z
=1
Where:

. y?‘j"delz simulation output for variable 7 at time point j,

* pu;;': corresponding experimental mean,

* 0,7+ experimental standard deviation.
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Total Model Score. The overall model error was computed
as the average of the five variable-specific MSZs:

5
1
MSZ o = : ; MSZ;

(A29)

The five physiological targets used in this calculation are:
1. Maximum LV volume (ml),
2. Minimum LV volume (ml),
3. End-diastolic pressure (EDP, mmHg),
4. Mean arterial pressure (MAP, mmHg),

5. Normalized end-diastolic wall thickness.

This z-score-based metric was used as the cost function dur-
ing both the grid search and local optimization stages of the
infarct stiffening calibration. MSZ values below 1 indicate
that model predictions fall within one standard deviation of
the experimental mean, serving as a practical threshold for
validation.

A.5. Collagen Turnover:
Alternative Sigmoidal Formulation

An alternative time-dependent formulation of infarct passive
stiffness was considered to replicate the sigmoidal accumula-
tion of collagen observed in large-animal models. The func-
tion is defined as:

b(t) = b [(1+a)(1 —e—’ft)”} (A30)
Where b(t) is the time-varying infarct stiffness, by is the ini-
tial infarct stiffness at baseline (t = 0), « is the asymptotic
scaling multiplier, k£ is the stiffening rate constant (which
controls how fast stiffening happens), and n is the sigmoidal
shape factor (which determines the steepness and inflection
point of the curve).

A.6. Joint Optimization of 1[; and 1}, for
Geometric Consistency

To investigate the early discrepancies reported at Day 1 of
growth—particularly the abrupt drop in EDP and myocardial
wall thickness ratio (hgp)—a grid-based optimization was
performed to assess the compatibility of baseline input pa-
rameters.

This optimization aimed to identify whether the reported val-
ues for unloaded cavity volume Vj, myocardial wall volume
Vivall, and baseline strains E¥fr, Eyro were mutually consis-
tent with the observed acute hemodynamics. The target val-
ues were taken directly from Witzenburg et al. (2018) (16)
used in the growth simulation framework.

Objective. The goal was to find a pair (V, Viyan) that mini-
mizes the error in reproducing three experimental targets:

* Baseline fiber strain E o = 0.636

 Baseline radial strain Eyg = —0.041
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¢ Remote-to-control ED wall thickness ratio
hep/hepo = 0.96

The unloaded and loaded geometries were computed using
the thin-walled spherical assumption. From these, myocar-
dial strains and ED thickness ratios were derived.

The error function to be minimized was defined as the
weighted sum of absolute differences between computed and
target values:

EITOI'(V07 Vwall) = |Ef§f1,r(§1 - E;?’rogew + |E1§rl,r(1)1 - ;ra’roget| + ‘hlsiigratio

(A31)
Parameter Ranges. The following search ranges were ex-
plored:

* Vo € [7,21] mL (£50% around the reported baseline
value)

* Vian € [100,100000] mL (broad exploratory range)
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