A 3D model of the thorax for seismocardiography
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Abstract

Seismocardiography (SCG) is measurement of sternal
acceleration caused by heart beats. Although fiducial car-
diac events have been associated with seismocardiogram
extrema, the forces that cause the vibrations are unknown.
The goal of this study was to create a 3D model of the
thorax capable of modelling its vibrations under heart-like
forces.

We used the standard equations for damped elastic wave
propagation. The mechanical properties of sternal and
costal bone, as well as costal cartilage and lung tissue
were identified. Displacement was fixed at O where the ribs
reached the spine, a force was input where the heart was
in direct contact with the thorax. The simulation was run
on a life-like volume mesh.

A zone of observation was identified on the xiphoid pro-
cess, where normal displacement was averaged. This av-
erage was considered to simulate seismocardiograms and
exhibited clear fiducial point analogs that were detectable
automatically.

In the next steps, we will couple the thoracic defor-
mation model to a 3D beating heart model, incorporat-
ing contact boundary conditions that take into account the
pericardium. Ultimately, we will create a thoracic model
capable of returning seismocardiogram signals to enable
solving inverse problems, and patient-specific modelling.

1. Introduction

Seismocardiography (SCG) records low-frequency (<0.25

Hz) sternum vibrations caused by the beating of the heart
[L,2]. Recent developments in MEMS accelerometer tech-
nology have rekindled research interest in the technique
[13514].

Such devices have been used to accurately obtain heart-
beat intervals [5H7]], and the possibility of using SCG to
obtain useful heart rate variability indices has been ex-
plored [7H9]]. One of the main limitations of all these algo-
rithms is the differences in the signal between individuals.
While the fiducial points are almost always identifiable in
a healthy signal, their relative amplitudes as well as the
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Figure 1: Example electrocardiogram (ECG) and seismo-
cardiogram (SCQG) with relevant fiducial points.

behaviour of the complete signal can be quite variable.

The timing of peaks observed in SCG have been re-
lated to significant cardiac events, the main ones being
mitral valve closing (MC), isovolumic moment (IM) and
aortic valve opening (AO) during the systolic cycle, and
aortic valve closure (AC) during the diastolic cycle (Fig.
[I). The assignment of these fiducial points was based on
the echocardiogram analysis of SCG morphology [10L|11]].
Precise mechanical timings of the cardiovascular system
that can only be obtained from SCG depend critically on
accurately identified fiducial points [[12}/13]].

Although we have identified on the SCG the moments
when some important cardiac events occur, we remain
largely ignorant of the forces that cause them. Indeed, in
the case of the aortic valve opening and closing fiducial
points, it is implausible that the low frequency vibration
peaks are caused by the valves themselves. In the case of
the isovolumic moment fiducial point, the exact meaning
of the timing is highly implicit. The definition of this point
is the absolute minimum attained by the signal during iso-
volumic contraction, and isovolumic contraction itself is
defined as the entire lapse of time between mitral valve clo-
sure and aortic valve opening. So far, then, the IM point
has a clear significance only on SCG, with an imprecise
physiological interpretation.

The goal of this study was to design a 3D representation
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of the thorax to simulate SCG and explore the precise me-
chanical causes of sternum vibrations during heart beats.

Important initial work has been conducted on a SCG
heart and rib model [14]]. This earlier model included
practical simplifications that rendered the derived results
difficult to interpret. To strengthen the physiological in-
terpretation of the results, we performed simulations on a
life-like 3D model of the thoracic cage. This model incor-
porated measured values for the viscoelastic properties of
cortical bone, cancellous bone, and costal cartilage.

To simulate the SCG measurement, a force function rep-
resenting a heart beat was applied on the zone of contact
between the heart and the rib cage, and the acceleration
of a second zone in the middle of the xiphoid process was
then computed.

2. Methods

2.1. Numerical considerations

To examine the mechanical propagation of thoracic vi-
brations due the forces from the heart, the standard equa-
tions for damped elastic wave propagation were consid-
ered, which depend on the viscoelastic properties of the
constituent materials. Small displacements and small de-
formations were assumed: the stress tensor o depended
linearly on the strain tensor &, itself assumed to depend
linearly on displacement gradient; and the domain of the
elastic body could be identified to the initial configuration
Q. A viscous damping formulation was used, and all ma-
terials were considered isotropic.

The equation then became, for all positions z € 2 and
all time ¢ > 0

2
pO —div [Ce(w)] +div [exCe ()]
where u(x,t) was displacement, the variable for which
the system was solved , p(x) was density, cg(z) was
the stiffness-proportional damping coefficient, C(x) was
the elasticity tensor of the given materials and e(u) =
2 (Vu+ Vul) was the strain tensor. The system is consid-
ered at rest at the initial state, i.e.

ou

ot
Viscoelastic properties of materials

ou

0,

u(x,0) =0 (z,0)=0 x € Q.

2.2

The thoracic cage was considered comprise three ma-
terials: cortical bone, cancellous bone, and cartilage.
The domain 2 was accordingly divided into three parts
{1,2,3}» where the material-dependent parameters p(z),
¢k (), and C(z) were constant.

The viscoelastic properties of the sternum, costal car-
tilage, ribs, and lungs were obtained from the literature
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Table 1: Viscoelastic properties of the sternum, costal car-
tilage, and ribs.

Cortical Cancellous Cartilage  Lungs
bone bone
E 338 3.0 52-107% 1.0-107*
v 03 0.3 0.3 0.4
p 20-103 20-10® 1.5-10® 280
e 6.7-107%2 6.7-107%2 0.13 ~

Young’s modulus F in GPa , Poisson ratio v, density p in
kg/m?3 and damping parameter cy, in s.

[15-21]] (Table EI) These values in the sternum and ribs
were assumed to be closer to those of the iliac crest than of
load-bearing bones such as the femur.

The lung material was considered sufficiently soft (small
Young’s modulus), and light (low density) to be approxi-
mated with an unconstrained boundary condition on the
bones and cartilage.

2.3. Boundary conditions

Three relevant boundaries I'y, ; .} were identified. T,
represented the area where the ribs attach to the vertebral
column. The displacement there was fixed at 0 (Dirichlet
boundary condition).

u(z,t) =0 zel,, t>0. (1)

The area of contact with the heart was represented by I'y,
where a force I’ was applied uniformly. The displacement
there depended on F' as

Ce(u)(z,t)ii = F(t) zely, t>0, ()

The function F' represented the force exerted on this zone
by the heart. Certain assumptions on the heart and peri-
cardium were made for the design of the force F'. It was
assumed that the distance between the heart and parietal
pericardium was negligible in the zone I';, where the lungs
aren’t interposed between the heart and the thoracic cage
(we assumed perfect contact). It was further assumed that
the pericardial fluid acts as a perfect lubricant between the
heart and the surrounding media, and that F' was positive
when the heart either pushed or rested on the thoracic cage,
and was 0 otherwise. These assumptions give rise to the
fact that any positive F' should be applied on I'y, in the nor-
mal direction.

F(x,t) = =f(t)n zely 3)
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Figure 2: The force input on the thoracic zone of contact
with the heart.

Figure 3: The volumic meshe, showing the zone of contact
with the heart in yellow.

The force f(t) was defined as shown in Fig. [2| and was
composed mainly of a large sustained relative pull, last-
ing 300 ms that represented systole. This pull was flanked
on both sides by smaller pushes. The first push represented
atrial contraction and the second, diastolic recoil. The tran-
sition periods between the pushes and the pull were all of
10 ms.

The boundaries not included in either the area where the
ribs attach to the vertebral column, or the zone of contact

with the heart were represented by I'.
I.=T/(T,UTy), “

on which we assumed unconstrained displacement, which
corresponds to free surface boundary conditions

Ce(u)(x, )i =0
Meshes

rel. t>0. )

24.

The solution algorithm was run on a 3D life-like vol-
ume meshes. The mesh was adapted from a ZygoteBody
(Zygote Media Group Inc., American Fork, UT, USA) full-
body human male mesh. The sternum, costal cartilage, and
ribs were considered (Fig. [3). The different parts of the
initial mesh were adjusted from quadrilaterals to triangles,
and then joined with 3-Matic (Materialise, Leuven, Bel-
gium). The resulting surface mesh was automatically ad-
justed for regularity with Yams (Inria, France), and used to
create a 3D tetrahedral mesh with GSH3D (Inria, France).

The zone of contact with the heart was identified from a
standard anatomy textbook [22] (Fig. E[)
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Figure 4: Simulated seismocardiogram showing four fidu-
cial point analogs.

The solution to the system was approximated by linear
finite elements with a second order centered implicit time
discretization based on the Leap-Frog scheme [23]].

3. Results and discussion

The goal of this study was to reproduce an SCG-like out-
put from a physiologically correct in-silico 3D mechanical
model of the thorax. From wu, the mean acceleration was
computed as

_ Pu
‘T /xEO o "
where O was the zone of observation in the middle of the
xiphoid process shown in Fig. [3] This acceleration was
considered to simulate SCG. The overall morphology of
the simulated SCG (Fig. [) bore striking resemblance to
the set of 2 wave trains seen in in-vivo SCG (Fig. [T).

To quantify the degree to which the simulated SCG re-
sembled in-vivo SCG, it was input in an automatic anno-
tation algorithm. The systolic segment of the simulated
SCG included analogs to all three fiducial points, namely
the MC, IM, and AO points. The validity of the AC point
analog is less clear, as it is not the absolute minimum of
the diastolic segment.

Following the main peaks, the simulated SCG exhibited
oscillatory behaviour at what seems to be the first reso-
nance frequency of the thorax. Although the physiologi-
cal interpretation of this result should be approached cau-
tiously, it encourages the notion that in-vivo fiducial points
are caused by sudden heart movements, followed by peri-
ods of regular damped oscillations of ~ 29 Hz.

The model considered in some detail the ribs, costal car-
tilage, xiphoid process, as well as the cortical and trabec-
ular constituents of the manubrium and sternum body. For
the sake of simplicity, a number of organs and physiolog-
ical processes were omitted, including breathing, which is
known to affect the SCG amplitude [24]. Since, however,
breathing has not been shown to affect the frequency con-
tent of SCG in the relevant range, it was assumed that the
system could adequately represented the end of expiration.
The lungs were also not included under the assumption that



they should at most dampen the longitudinal propagation
of the vibrations, especially at the end of expiration..

The most obvious missing organ is, of course, the
heart itself. The mechanical modelling of a beating heart
[[25L126], including its attachments at the level of the atria
and the boundary conditions caused by the pericardium, is
quite complex from a mathematical and numerical point of
view. Its inclusion will be the next step in our modelling
process. It will greatly increase the level of complexity of
the model as well as its physiological relevance.

The ultimate goal is to characterize the transfer function
between the movements of the heart and the derived simu-
lated SCG, and therefore enable accelerometer measure-
ments to return information about subject-specific heart
forces and movements.
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