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Physics-based modeling and machine learning synergies in human heart modeling

Mathias Peirlinck (1)

1. Delft University of Technology, Netherlands

Through computational modeling, we can
objectively integrate multi-physics data across
the molecular, cell, tissue, and organ scale. For
biological tissues, which are intrinsically more
complex than most classical engineering
materials, this approach has become imperative
to understand and simulate the mechanistic
emergence of function. For human heart
modeling, the field has successfully simulated
acute and chronic mechanisms at the tissue and
organ scale by integrating various biological,
chemical, and mechanical processes at smaller
molecular and cellular scales. The resulting
insights provide ample opportunities for an
improved understanding of cardiac patho-
(physiology), the design of new and safe
medical devices, and the inception and ethical
testing of novel treatment strategies [1]. Despite
its predictive power, this higher level of
mechanistic detail also introduces many
unknowns, both in the form of unknown physics
and unknown parameters [2]. Moreover, these
frameworks  often  suffer from  high
computational costs. These aspects make the
inference of these unknowns from sparse and
indirect experimental biological and clinical
data a challenging endeavor.

In this talk, we will highlight how machine
learning approaches, coupled with multiscale
modeling, hold important opportunities to
overcome these issues and further improve our
understanding of cardiac tissue behavior. By
means of two studies focusing on the
quantification of the predictive power of
multiscale cardiac growth frameworks [3] and
the differing risk for developing drug-induced
arrhythmias between men and women [4], we
will highlight various interesting machine
learning  approaches including Bayesian
inference, Markov Chain Monte Carlo,
hierarchical modeling, logistic and Gaussian
process regression, multi-fidelity modeling and
active learning. We will demonstrate how these

approaches enabled us to quantify the quality of
sparse experimental data, identify missing
information and inform our decisions for
collecting additional experimental data or
running expensive high-fidelity multiscale
simulations. Moreover, we will showcase how
multiscale modeling and machine learning
mutually benefit from one another to create
surrogate models, infer system dynamics and
parameters, analyze underlying modeling
sensitivities, and quantify uncertainty across the
scales to better understand cardiac function.
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1. Introduction

The  microstructure  and  macroscopic
mechanical properties of soft tissues like
arteries are closely related. While substantial
efforts have been made to quantify this relation,
it has yet remained impossible for a long time to
predict the macroscopic mechanical properties
of soft tissues from microstructural information
with satisfactory accuracy

2. Materials and Methods

To overcome this problem, we introduce a novel
machine learning framework that combines
advanced theoretical concepts with deep
learning [1,2,3]. This framework receives
microstructural information about soft tissue
samples (e.g., from multi-photon microscopy
and histology) as input. Its output are the
mechanical properties of the same samples (i.e.,
their in general nonlinear and anisotropic strain
energy function). Our machine learning
architecture is designed such that it incorporates
substantial prior knowledge from continuum
mechanics and materials theory. This reduces
the number of training samples it needs for
successful machine learning to 10* - 102 We
applied our framework both to human [2] and
murine [3] aortic data.

3. Results

Our trained machine learning architecture can
predict the macroscopic mechanical properties
of arterial tissue from microstructural
information with high accuracy (R?> > 0.9).
Moreover, it cannot only predict mechanical
properties in a black-box manner but also
identify by layer-wise relevance propagation
(LRP) those microstructural features that are
most important for the mechanical properties of
the tissue.

4. Discussion and Conclusions

To the authors' best knowledge, this is the first
time that macroscopic mechanical properties of
soft tissues are predicted with such high
accuracy from the tissue microstructure.
Moreover, our framework can also help to
understand the role of different microstructural
features for the macroscopic mechanical
properties using concepts of explainable
artificial intelligence. The automated identifica-
tion of microstructural features most relevant
for macroscopic mechanical properties can
guide experiments, that is, help to focus them on
measuring exactly those features. Moreover, it
can provide advice what features should be paid
to particular attention during tissue engineering.
Altogether, this way the machine learning
framework we present bears promise to be
transformative for our understanding of soft
tissue mechanics and to provide new insights
into the changes of soft tissues during aging and
various diseases.
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1. Introduction

Cardiac tissue engineering enables the in-vitro
study of diseases and drug therapy in
patient-specific tissues. However, developing
engineered heart tissues (EHTs) that resemble
adult heart tissue remains a challenge due, in
part, to our incomplete understanding of the
mechanobiology of these constructs [1]. This
challenge is further exacerbated by the fact that
changing extracellular matrix structure and
composition, as well as varying cardiomyocyte
formation within EHTs, is left to be deciphered
through single measures of twitch force. To
decode the mechanobiology of EHTs, we
develop a computational modelling pipeline to
study how the mechanics drive tissue maturity.

2. Materials and Methods

Experimental data was obtained from a
mechanically tunable fibroTUG setup, where
cells are seeded on top of a fibrous substrate
suspended between two flexible posts. Using
image processing techniques, the local
structural characteristics of the fibrous matrix
and the sarcomere network were obtained from
images of the fibrous matrix and the titin
protein (Fig. 1A-D). We use these quantities to
define a constitutive relationship for the EHT.
The matrix-specific stiffness and the
magnitude of active stress generated by the
cells are computed using a system of equations
where the post displacement and force are
constrained to match experimental data. Using
our pipeline, we generated models for different
experimental conditions (soft/stiff posts with
aligned/random matrices of soft/stiff fibers).

3. Results

In concordance with experimental results, the
active stress parameter showed that aligned,
soft fibers suspended between soft posts
produce more contractile cardiomyocytes. The
resulting fiber stress (Fig. 1E) and sarcomere

stretch (Fig. 1F) shows high heterogeneity. We
also showed that the magnitude of active stress
was more sensitive to fiber alignment than
sarcomere alignment (Fig. 1G).

4. Discussion and Conclusions

In this work, we wuse a data-driven
computational approach to study the mechanics
of EHTs. The active stress that we compute
considers the fiber and sarcomere structure
providing a more representative measure of the
contractile capacity of the cells compared to
traditional approaches. Further, we can
generate non-experimental conditions to
determine the primary drivers of this value.
This work shows the importance of combining
in-silico with in-vitro approaches to understand
how mechanics relate to EHT manufacturing.

5. References
1. Depalma, S.J., et al. Biomaterials Science, 9(1),
93-107 (2021).

Figure 1: (A) Fiber density, (B) alignment, (C) and
dispersion fields obtained from images of the
fibrous matrix. (D) Sarcomere density and
alignment fields generated from a probabilistic
characterization of the sarcomeres. (E) Fiber stress
and (F) sarcomere stretch fields. (G) Active stress
values for aligned and random matrices of stiff
fibers using aligned or random sarcomere fields.



CMBBE

3 - 5 May 2023, Paris, France

www.cmbbe-sympesium.com

MODELLING ARTERIAL RESPONSE TO MECHANO-BIOLOGICAL
CUES: GETTING THROUGH OR BREAKING BAD?
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1. Introduction

The physiological  behaviour of the
cardiovascular system is highly affected by the
mechanical response of arterial segments, that
is in turn dependent from tissue histological
architecture and composition, as well as from its
vascular tone. Non-physiological events, such
as trauma, increased blood flow, or tissue
inflammation, determine a change of
mechanobiological conditions in which cells
live. A cascade of events is then initiated by
cells to react to such altered conditions. This
might lead to a change of tissue composition
and/or vascular tone that in turn affect arterial
mechanical response.

In most cases, changes in arterial response allow
to restore a homeostatic state with respect to the
non-physiological trigger. Unfortunately, they
might be insufficient or lead to the evolution of
pathologies, like hyperplastic formations.

2. Materials and Methods

This work presents recent examples from our
group on the chemo-mechano-biology of
arterial tissues. Models are formulated in a
continuum framework. The Ariadne’s thread is
the coupling between inelastic mechanisms in
tissue deformation and reaction-diffusion
equations describing systemic events affecting
cell biology and molecular pathways [1,2].
Inelastic deformations comprise the active
behaviour of smooth muscle cells, plastic
mechanisms in collagen fibers, and/or
kinematic description of the effects of growth
and remodelling [2,3].

The chemo-biological component of the model
describes the production/consumption of matrix
metalloproteinases (MMPs), growth factors
(TGF-beta), nitric oxide (NO) and reactive
oxygen species (ROS). Moreover, cell motility
(both random and chemotactic), proliferation
and phenotype change are explicitly described.

3. Results

Results from two applicative case studies are
presented. Firstly, the relationship between
arterial remodeling and hypertension is
investigated, considering the coupling of bio-
chemically-induced vaso-activity, global and
local hemodynamics, tissue-level stresses, and
histological arrangement of constituents [4].
Secondly, the cascade of inflammatory
mechanisms leading to tissue healing as a
consequence of collagen damage is addressed
[5]. The features of the models are demonstrated
presenting several numerical examples using
the finite element method where the multi-field
problem is solved monolitically.

4. Discussion and Conclusions

Results show that normal as well as
pathological outcomes can be reproduced by the
presented models, highlighting the added value
gained by the proposed chemo-mechano-
biological descriptions. In fact, the proposed
methods allow us to provide mechanistic
explanations of the different behaviours by
comparing the evolution of the dynamics of
molecular concentrations, of cell behaviour, and
of the turnover of tissue constituents over wide
time and length scales.
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Cellular responses to substrate topography: opportunities for computational modeling
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Adherent cells in vivo often reside on extracellular matrices (ECMs) that possess an anisotropic
topographical organization at different scales. Various types of engineered microstructured substrates
have been developed to study the impact of topographical cues on cell behavior in vitro. One such
system that we have been using to elucidate the effect of surface topography on cellular structure and
function is a substrate that consists of arrays of micro-scale grooves that are intended to mimic the
anisotropic organization of the ECM.

We are particularly interested in vascular endothelial cells that line the inner surfaces of all blood
vessels. In medium and large arteries, chronic endothelial inflammation is a trigger of atherosclerosis,
the disease that leads to heart attacks and strokes. Interestingly, atherosclerotic lesions develop
preferentially in arterial regions where endothelial cells are cuboidal and randomly oriented whereas
arterial zones that are characterized by highly elongated and aligned endothelial cells remain largely
spared from the disease. Therefore, understanding the relationships between endothelial cell
shape/alignment and function is of fundamental interest.

In this presentation, I will focus on three specific endothelial cell responses to microgroove substrates
where opportunities for mathematical and computational modeling arise. First, I will show how
microgroove substrates can be used to noninvasively control endothelial cell shape and alignment and
will describe our understanding of the mechanisms that underlie cell shape regulation by
microgrooves. Second, I will describe dynamic live-cell recordings that demonstrate that
microgrooves can orient the direction of migration of endothelial cells within monolayers and can lead
to a unique pattern of collective cell migration that takes the form of antiparallel streams. Modeling the
endothelial monolayer as an active fluid with the effect of the microgrooves considered as an energetic
constraint on cell orientation predicts the occurrence of the antiparallel streams as well as their
dimensions. Finally, I will show how microgrooves lead to extensive deformation of endothelial cells
and their nuclei and will evoke the interesting notion of using these deformations to diagnose certain
diseases that involve abnormalities in cellular and nuclear mechanical properties. Notions of how
multiscale modeling approaches can be used to describe these cellular and nuclear deformations will
be evoked.
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ESIDUAL STRESSES, AND

HOMEOSTASIS: A MULTISCALE MATHEMATICAL APPROACH.
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1. Introduction

Arterial tissues are made of various fiber
networks and cell populations. While the
decrimping of adventitial collagen fibers has
been widely measured and modelled, less
importance has been devoted to the gradual
crimp of the elastic lamellae in the media, which
progressively uncrimp when subjected to a
mechanical load [1]. We were propose a
multiscale model to study the link between the
observed crimp, the presence of residual
stresses and the cellular homeostasis.

2. Materials and Methods

As a first step, the medial layer is made of a pile
of lamellae and interlamellar space. In the
framework of continuum micromechanics [2], a
representative volume element (RVE) of the
interlamellar space is made of an arrangement
of smooth muscle cells modelled as the matrix
in which collagen and elastic fibers are
embedded. The lamellae are considered as a
hierarchical structure, made of two RVEs. At
the lower scale, the elastic tissue RVE is made
of an elastic fiber network, while the upper scale
RVE is an arrangement of oblate spheroids
representing the undulation of the elastic tissue,
embedded in a surrounding matrix. As a second
step, this multiscale model is incorporated in an
axisymmetric, finite-element model of the
arterial wall. An inner pressure is applied and
the resulting macroscopic stress field in the wall
is downscaled in the different RVES, inducing
microscopic strain rate and vorticity fields, and
in turn the straightening of the lamellae, leading
to the macroscopic inflation of the tissue. As a
third step, a residual stress field is added to the
model, which is computed as follows: starting
from straight lamellae, a compression is applied
until the experimentally observed undulation is
reached.

3. Results

The model was validated against pressure-
inflations tests performed on different mice
arteries [3], see Figure 1.
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Figure 1: Comparison between experimental data
(dots) and model predictions (lines) for the stress-
strain curve from inflation tests on young (left) and
aged (right) mice abdominal aorta.

4. Discussion and Conclusions

Our approach enables reproducing the main
features of inflation tests, adjusting only few
parameters for the different curves. It also
shows that the gradient in lamellar crimping
generates a residual stress field which provides
a smooth stress field in the wall, a key
ingredient for cellular homeostasis [4].
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The extracellular matrix (ECM) in the arterial wall, composed of elastic fibers, collagen fibers,
and ground substances, largely determines the passive mechanical properties of large elastic
arteries. Our recent findings on the ECM structural inhomogeneities demonstrated the important
roles that they play in contributing to tissue mechanics and homeostasis. Considering ECM
structural inhomogeneity is thus important when studying the physiological function and failure
of the arterial wall. Aging and diseases could have profound impact on the composition and
structure of the arterial wall. This talk will focus on the effect of aging and diseases on ECM
structure, and the mechanical function and integrity of the arterial wall. The complex structural
and mechanical interplay needs to be considered to advance the current understanding of multi-
scale ECM mechanics and calls for new approaches that integrate imaging, mechanical

characterization, and computational modeling.
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A BOTTOM-UP APPROACH TO MODEL FAILURE IN SOFT
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1. Introduction

Abdominal Aortic Aneurysms (AAA) remain a
leading cause of disability and death worldwide
[1], and their treatment represents a major
healthcare challenge with an enormous
socioeconomic impact. No medication is known
to prevent AAA from rupture, and success in
slowing-down AAA growth is moderate [2].
Moreover, it remains difficult to predict when
AAA patients will require treatment. Beyond
purely biomechanical approaches [3,4], a
Machine Learning-based combination of risk
factors provided promising results in predicting
the threshold for surgery and rupture [5,6].
However, such approaches are currently limited
by our restricted understanding of vascular
tissue failure. A versatile constitutive model for
load-carrying soft biological tissue should
incorporate salient microstructural deformation
mechanisms and be able to reliably predict
complex load-case scenarios [7].

2. Materials and Methods

We present an extension of our previous
microstructural continuum model [8] that
includes proteoglycan-mediated collagen fibril
sliding towards capturing the non-linear time-
dependent properties of collagenous tissue. It
incorporates an interfibrillar failure (fibril pull-
out) mechanism and gives rise to
physiologically reasonable damage-induced
mechanical behaviour across several length
scales. A bottom-up approach is followed,
whereby the microstructural model is employed
in a single-element representation of the modes
of fracture. A qualitative description of soft
tissue rupture is accordingly attained, to which
an appropriate cohesive zone model for the
equivalent fracture surface is then calibrated. In
doing so, a surface-based discontinuous
characterization of failure is derived directly
from the upscaling of irreversible and
dissipative damage mechanisms from the
microscale.

3. Results, Discussion and Conclusions

The model has been implemented in FEAP
(Univ. of California at Berkley, US) using an in-
house PUFEM description [9]. A number of
test cases, including the symmetry-constrained
Compact Tension (symconCT) test, verified the
implementation, see Fig.1. We used an implicit
Finite Element implementation that employs an
integral interpolation strategy towards collagen
fiber stress determination and results in a
memory-efficient representation of the model.

Figure 1: Simulation of the symconCT vascular
tissue fracture experiment.
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1. Introduction

Cardiac fibrosis is a major contributor to
diastolic and systolic dysfunction for millions
of heart failure (HF) patients. Unfortunately,
current prediction and control over cardiac
fibrosis are lacking due in part to complexity
within collagen regulation networks and in part
to patient-to-patient variabilities in the
biochemical and mechanical signals regulating
matrix turnover. We hypothesized that
computationally integrating biochemical and
mechanical information (rather than a single
biomarker) will enable personalized fibrosis
diagnosis and therapy selection. In this work,
we combined HF patient data, a novel model of
extracellular matrix turnover, and machine
learning (ML) approaches to produce patient-
specific fibrotic predictions.

2. Materials and Methods

Collagen turnover depends on a complex
balance between the production and processing
of collagens, matrix metalloproteinases
(MMPs), and  tissue  inhibitors  of
metalloproteinase (TIMPs), with a wide range
of isoform-specific and mechano-sensitive
kinetic rates [1]. We constructed an ODE mass-
action kinetics model capturing the interactions
of collagen I, collagen III, MMPs 1, 2, 3, 7, 8§,
9,12,13, 14, TIMPs 1-4, and plasmin, assuming
isoform-specific  kinetic rates that also
depended upon mechanical deformation. To test
model predictions, we simulated patient-
specific data that was previously collected from
480 healthy, hypertensive, and HF patients
including multiplex plasma MMP and TIMP
levels, and LV mechanics assessed by
echocardiography [2]. Kinetic rate parameters
were calibrated from a random subset of
patients using a genetic fitting algorithm that
maximized the binary classification accuracy
between HF vs. non-HF (control and
hypertensive) patients. After parameter-fitting,

the ODE-predicted fibrosis score for each
patient was integrated with protein biomarker
and demographic information in a boosted ML
algorithm in order to classify each patient into
HF or non-HF groups.

3. Results

Our integrated ODE+ML modelling approach
was able to reach 93% accuracy and 95% area-
under-the-receiver-operating-characteristic
curves for distinguishing between HF and non-
HF patients. Post-hoc model interpretability
analysis revealed that circulating MMP2,
MMP8, TIMP1 levels along with left
ventricular volumes were the most significant
predictive biomarkers.

4. Discussion and Conclusions

Our results demonstrated that integrating
systems biology-based ODE models with
machine learning approaches can offer benefit
beyond either approach used independently.
Importantly, personalized predictions could be
made using only information that can be readily
obtained in a basic, primary care setting (blood
panels and pressure measurements), supporting
the value of this approach as a HF-screening
tool. Our on-going work is utilizing this
modelling framework not just for diagnosis, but
also for computational drug screens to enable
personalized therapy selection across patient-
specific conditions.
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Coronary angioplasty with stenting is currently the most widely used treatment for advanced
atherosclerotic lesions. However, in-stent restenosis (ISR) is the main limitation of this technique
today. The introduction of drug-eluting stents (DES), which deliver antiproliferative substances to
the arterial wall, has contributed to the improvement of IRS. Despite the improvement achieved with
DES compared to bare metal stents, ISR remains a major clinical and technological challenge in the
design of these intravascular devices. The development of computational models has led to great
advances in the understanding of drug transport on DES, but they usually represent simplified
healthy straight geometries or highly simplified plaques that do not reproduce the characteristic
geometry and composition of them. However, there is growing evidence that plaque composition
may well have an impact on drug distribution within diseased tissue.

In an attempt to address some of the limitations of the previously computational models, we perform
a series of computational drug transport models to analyse and understand the effect of atheroma
plaque composition and structure on spatio-temporal drug uptake within the tissue. To this end, a
finite element model of an idealised coronary artery under conditions of atherosclerotic disease
between DES and healthy tissue is performed, and the effect of plaque composition and structure on
global drug distribution is investigated. Of all the geometric factors to be analysed, we focus on the
thickness of the fibrous cap, the total length of the plaque and the length and thickness of the necrotic
core and percentage stenosis.

The results clearly demonstrate that the spatio-temporal distribution of drug is highly dependent on
the geometrical variables analysed. The composition of the core strongly influences the drug
concentrations, due to the different density of binding sites in this region. The results suggest that
lipid plaques give rise to higher drug concentrations than fibrotic plaques, while calcified plaques
are drug-impenetrable, according to the assumptions assigned to the model. The impenetrability of
calcified plaque has potentially important implications and, if large enough, may act as a significant
barrier to drug from reaching arterial tissue where smooth muscle cells (SMCs) capable of
proliferating and migrating to device-injured areas during implantation reside. The results also
suggest that the presence of plaque, regardless of core composition, may slightly delay receptor
saturation in the medial layer.
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1. Introduction

Finite element (FE) models of the spine are
widely used for research. They are most often
based on computed tomography (CT) scans,
exposing subjects to harmful radiation.
Magnetic resonance (MR) imaging does not
expose the subject to radiation but is generally
better suited for the visualization of soft tissues.
With emerging deep-learning methods it is now
also possible to visualize bone using MR
images [1]. The aim of this study was to develop
a method for the automatic segmentation of
vertebrae and intervertebral discs (IVD) based
on MR images.

2. Materials and Methods

Sagittal in-phase, out-of-phase, fat, and water
MR scans were taken from 8 adult volunteers of
which one has scoliosis (~30° Cobb angle) (fig.
1A; voxel size: 0.625 x 0.625 x 1 mm?; field of
view: 420 x 420 x 100 mmd). Synthetic CT
scans were generated from these images using a
pretrained deep-learning algorithm (fig 1B;
BoneMRI V1.5, MRIguidance). A neural
network (nnU-Net) was trained for automatic
segmentation of the IVD on a training set of 6
subjects without scoliosis [2]. For segmentation
of the vertebrae another pretrained model was
selected [3,4]. Using the pretrained models,
validation was performed on the remaining 2
subjects, one with scoliosis.

3. Results

For the test set, a Dice score of 0.95 was
obtained for the automatic segmentations of the
IVD. For validation on the remaining healthy
and scoliotic subject, Dice scores reached 0.94
and 0.93, respectively (fig. 1c). For the

Netherlands

vertebrae the Dice scores were 0.94 and 0.96 for
the healthy and scoliotic subject, respectively.

Figure 1: A) MR images for IVVD segmentation [2]
and creation of B) synthetic CT for vertebra
segmentation [3]. C) Comparison between manually
and automatically segmented 1VVDs and vertebrae.

4. Discussion and Conclusions

Synthetic CT imaging enables a unique
segmentation of discs and vertebrae without the
need for registering CT and MR images.
Although the present study involves only low
numbers for training, promising results are
obtained, even in case of spinal deformities.
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Figure 1. 3D reconstruction of the spine. From left to right, biplanar radiographs; automatic segmentation using deep
learning; landmarks extraction using mathematical morphology; 3D model using longitudinal and transversal inferences.

1. Introduction

Personalized 3D reconstruction of the spine
based on low-dose biplanar X-rays are available
in clinical routine [1]. This method enables 3D
visualization and quantification of 3D
deformities like scoliosis. Although its validity
and reliability have been already evaluated [1],
[2], manual input and adjustments still have to
be reduced for a large-scale use in clinical
routine. To that end, bone detection,
classification and segmentation can be of
tremendous value for replacing manual inputs.
Therefore, we propose a 3D reconstruction
method replacing most of the manual inputs
with a deep learning framework for
classification and segmentation.

2. Materials and Methods

The workflow of the proposed method is
illustrated in Fig. 1. A database of 130 biplanar
radiographs, with validated spine
reconstructions [1, 2], including 20% of
scoliotic patients was collected retrospectively.
It was first used to train and evaluate a deep
learning algorithm (nnU-Net [3]) using a 5-fold
Cross validation. Classification and
segmentation were split into three steps in a
coarse-to-fine manner to accurately define spine
regions [4]. Segmentations and classifications
were manually checked and classifications were
corrected if needed. From the obtained
segmentation, keypoints bound to replace all
but two manual annotations (odontoid tip and

sacral plate) were extracted using mathematical
morphology. A previous statistical model based
on transversal and longitudinal inferences
(statistical model for each wvertebra and
distribution of vertebrae along the spinal curve)
was adapted from [2] to automatically fit to the
keypoints.  Reconstruction accuracy was
evaluated comparing the location of each
vertebral body centre to that resulting from the
validated reconstructions [1, 2].

3. Results and discussion

Manual intervention was around 30 seconds
against 3 minutes in [2]. Out of the 130 patients,
only four (3.1%) needed manual checking.
Average absolute errors per spine region were
minimal along the z-axis, ranging from 0.6 to
1.2 mm (SD = 0.3 to 1.5). Average 3D errors
per spine region were ranging from 1.6 to 2.5
mm (SD = 1.0 to 1.8). Accuracy can still be
increased in the medio-lateral axis through the
use of additional automatically detected
keypoints like pedicles.
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1. Introduction

Adult spinal deformity (ASD) is a spectrum of
three-dimensional (3D) spinal malalignments,
often resulting in pain and disability [1].
Although these primarily skeletal deformities
are associated with severe alterations in muscle
structure and function, these are currently
neglected in surgical ASD care. Simulations
with personalized musculoskeletal models
(MSKM) to evaluate the impact of ASD on
musculoskeletal dynamics by quantifying
functional impairment, show great potential to
improve poor surgical outcome [2]. The aim of
this project is to develop an efficient image-
based framework to create subject-specific
ASD MSKMs, which currently do not exist yet.

2. Materials and Methods

The developed workflow creates a subject-
specific OpenSim MSKM [3], using Mimics
and 3-matic with python interface (v22 and v15,
respectively, Materialise, Belgium) in three
main steps (Fig. 1): 1) Creation of a full-body
model composed of a scaled generic model and
a previously validated personalized spinopelvic
model based on body segments from computed
tomography (CT) and joint definitions from
biplanar radiography (BiXR) [2]; 2) Model
registration from upright BiXR to supine
magnetic resonance imaging (MRI); 3) Semi-
automatic muscle definition from MRI: muscle
segmentation, definition of lines of action,
wrapping surfaces, attachment points, cross
sectional area (CSA), and mediolateral and
anteroposterior moment arms (MA).

3. Results

A representative subject-specific MSKM of an
ASD patient based on the developed workflow
is shown in Fig 1. Step 2, i.e. the registration,

had a median distance error below 0.12 mm for
each body segment. Muscle segmentation in
step 3, was associated with median dice
similarity scores for psoas, erector spinae, and
multifidus muscles of 0.82-1.00, compared to
ground truth [4]. Lines of action, wrapping
surfaces, attachment points, CSA, and MA were
defined from the muscle segmentations.
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Figure 1: Subject specmc modelling workflow.

4. Discussion and Conclusions

The novel developed workflow is the first to
allow to semi-automatically generate an image-
based personalized MSKM of an ASD patient.
The workflow has the potential to provide
accurate functional analyses of ASD patients
through dynamic MSKM simulations, and will
be validated for a larger set of ASD patients.
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1. Introduction

The surgical treatment of adolescent idiopathic
scoliotic (AIS) spines is considered as one of the
supreme  disciplines in  orthopaedics.
Developing adequate numerical models of the
spinal deformities is even harder. In the last
decade several finite element models of
scoliotic spine were published. Within a clinical
setting, these models can be generated based on
computer-tomography  (CT) images and
radiographs in the upright posture and in lateral
bending. The CT images are used to construct
the geometry, while the lateral bending
radiographs can be used to estimate the
flexibility of the spine (Gardner-Morse et al.,
1990; Petit et al., 2004).

Aim of this study was to analyse the fidelity of
generating subject-specific finite element (FE)-
models using only the clinical available data of
the spine under standardized conditions.

2. Materials and Methods

In-vitro experiments of six intact human lumbar
spines ranging from L1-S1 were performed
using a spine tester. The range of motion
(ROM) was quantified using pure moments of
7.5 Nm around all rotation axes.

Then, FE-models of the subject-specific lumbar
spines, which were tested in-vitro, were
generated using a parametric approach
(Niemeyer et al., 2012; Schlager et al., 2018).
Goal of the FE models was to represent the
subject-specific  ROM  of the in-vitro
experiments, while incorporating only the
subject-specific  morphology and lateral
bending information of the specimen into the
FE-model (same as in a clinical setting).
Assuming a symmetrical spine, the ROM values
around the three anatomical rotation-axes need
to be defined, which sums up to fifteen
unknown ROM values for the five spinal levels
on each specimen. Adding the lateral bending
information, these unknown ROM-values
reduce to eleven.

To estimate the remaining unknowns, we tried
to predict the ROM-values using published and
in-house in-vitro database, and achieve a level-
of-confidence. The material properties of the
FE-models were subsequently modified to
match the estimated ROM-values within the
range of the standard-deviation (SD).

3. Results

According to the in-vitro database, the ROM
could vary within the SD of up to 10.8° in
flexion-extension, 7.8° in lateral bending and
4.5° in axial rotation on each lumbar spinal
level. It was possible to cover the subject-
specific ROM in 70% of all spinal levels by
varying the ROM within the SD obtained from
the in-vitro database.

The maximal deviation between the predicted
ROM of the subject specific FE-models and the
in-vitro measured ROM values were in flexion-
extension 3.3°, in lateral bending 2.1° and in
axial rotation 3.4°. Adding the lateral bending
information resulted in a maximal deviation to
3.6° in flexion-extension, 1.3° in lateral bending
and 0.5° in axial rotation.

4. Discussion and Conclusions

The representation of the morphology and
lateral bending information could increase the
accuracy of the generated subject-specific
scoliosis models. However, the biomechanical
model still incorporates a great uncertainty,
since the subject-specific load-displacement
behaviour of each spinal segment is unknown.
Varying the stiffness of the spinal segments
within a physiological SD could help cover the
real condition, reduce the error, as well as
estimate the sensitivity of the gained results.
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1. Introduction

Idiopathic adolescent progressive scoliosis, in
spite of a well-conducted brace treatment, may
induce a significant curvature and imbalance
requiring a posterior vertebral fusion
correction. Choice of instrumented levels [1]
and sagittal shape are still empirical. An
innovative energetic model was implemented
to explore AIS in a patient-specific image-
based approach [2]. In the presented study,
post-operative responses of vertebral segments
remaining free were examined and an energy-
based revision criterion was proposed.

2. Materials and Methods

The 3D wireframe model of spine is based on
the equilibrium by mechanical energy
minimization. The numerical inverse algorithm
determines equivalent vertebral segments
properties from preoperative biplanar X-ray
exam (EOS®).

Design parameters of surgical planning are
instrumented length, sagittal shape and surgery
reduction. Energy distribution along the
corrected spine is obtained using the direct
problem resolution [2] and energies of free
vertebral segments adjacent to arthrodesis are
used to propose the revision criterion. The
upper and lower instrumented vertebrae are
involved, i.e. UIV and LIV. To explore this
innovative approach, a monocentric
retrospective study of 18 patients was
performed. The cohort includes four patients
requiring revision because of either “adding-
on” or proximal junctional kyphosis (PJK).

3. Results

Computation time for inverse problem was
around 1h, and the surgery simulation took
around 1 minute. Summed UIV and LIV
energies in frontal vs sagittal plane is shown
figure 1 and difference is significant between

patients with or without revision (p<0.01).
Revision cases showed energy peaks in both
planes at the junction between instrumentation
and free segments.
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Figure 1: Frontal versus sagittal strain energies of
LIV and UIV segments (block: no revision, color:
revision).

4. Discussion and Conclusions

An innovative spine model based upon energy
balance was faced to an AIS cohort to predict
post-operative surgery outcomes. It appeared
that strain energies at arthrodesis extremities
was a good predictor of post-operative
mechanical complications and revision risk.
The robustness of our preliminary results could
be enhanced by a larger multicenter cohort that
would support preoperative planning for
clinical teams.
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