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Abstract—The Karlsruhe Heart Model (KaHMo) is a
patient-specific simulation tool for a three-dimensional blood
flow evaluation inside the human heart. Whereas KaHMo
MRT is based on geometry movement identified from MRT
data, KaHMo FSI allows the consideration of structural
properties and the analysis of FSI. Previous investigations by
Oertel et al. have shown the ability of KaHMo to gain
insight into different intra-ventricular fluid mechanics of
both healthy and diseased hearts. However, the in vivo
validation of the highly dynamic cavity flow pattern has been
a challenging task in recent years. As a first step, the focus of
this study is on an artificial ventricular experiment, derived
from real heart anatomy. Fluid domain deformation and
intra-ventricular flow dynamics are enforced by an outer
surface pressure distribution. The pure geometrical represen-
tation of KaHMo MRT can now be complemented by
constitutive properties, pressure forces, and interaction
effects using KaHMo FSI’s partitioned code-coupling
approach. For the first time, fluid domain deformation and
intra-ventricular flow of KaHMo FSI has been compared
with experimental data. With a good overall agreement, the
proof of KaHMo’s validity represents an important step
from feasibility study toward patient-specific analysis.

Keywords—Cardiovascular blood flow, Fluid–structure

interaction, Numerical coupling, Validation experiment.

INTRODUCTION

Cardiac disease is the major cause of death in the
western world. To improve diagnosis and therapy
methods in the field of surgical treatment of heart
failure, the Institute for Fluid Mechanics, University of
Karlsruhe, in cooperation with the Department of

Cardio-Vascular Surgery, University of Freiburg, has
developed the Karlsruhe Heart Model (KaHMo), a
patient-specific blood flow model of the human
heart.12

In order to investigate the current state of a specific
heart from a fluid mechanics point of view, KaHMo
MRT represents the MRT-based computational fluid
dynamics (CFD) analysis within the human ventricles
as described by Schenkel et al.16 The method used for
KaHMo MRT is independent of but similar in
approach to those presented by Jones and Netaxas,4,
Baccani et al.,1 and Saber et al.15 Digitized endocar-
dial deformation is used to describe the fluid domain
movement of the numerical model. The evaluation of
the highly complex intra-ventricular flow pattern has
been summarized by Oertel et al.12 and is in good
agreement with findings of Kilner et al.6 and Long
et al.10 Walker et al.19 measured the three-dimensional
velocity field in multiple planes in the human heart.
Pedrizetti and Domenichini13 showed that the intake
jet generates a ring vortex behind the annular orifice of
the mitral valve. Due to lateral displacement of the
valve from the ventricle axis and the movement of the
myocardium, the vortex grows asymmetrically in time.
However, the analysis of the three-dimensional saddle-
foci flow topology has only been carried out so far by
KaHMo MRT.

Unfortunately, pure fluid domain deformation
methods are not able to predict the effects of sur-
rounding structural changes on the intra-ventricular
flow-field. In order to provide a multi-physical evalu-
ation process, the simulation of fluid–structure inter-
action (FSI) becomes of utmost importance. Watanabe
et al.20 published coupled MRI heart models in which
both the fluid and solid domain deforms and the
governing equations are solved by a monolithic
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method. Earlier studies by Cheng et al.2 have not only
shown the overall potential of this FSI concept, but
also a lack in numerical robustness. Penrose and Sta-
ples14 presented a different, partitioned method of
fluid–solid coupling based on commercial software
using under-relaxation techniques. The novelty of the
coupling concept used within this study consists of the
multi-physics extension of existing CFD models.7

Starting from a KaHMo MRT reference state,
KaHMo FSI calculates the ventricular deformation
influenced by boundary conditions and structural
resistance. The numerical approach as well as the
application toward left-ventricular fluid mechanics has
been published recently by Krittian et al.8

The focus of this study is on the validation of the
KaHMo FSI concept using results from an artificial
ventricle experiment.17,18 For the first time, simulation
results from KaHMo FSI can be validated experi-
mentally. The ability of KaHMo to represent real
cardiovascular flow fields will help to eventually im-
prove surgical treatment and therapy planning from a
fluid mechanics point of view.

METHODS

Continuum Mechanics

The continuum mechanics conservation of mass and
momentum is given by Eqs. (1) and (2), respectively.

r � v ¼ 0 ð1Þ

q
@v

@t
þ ðv� vgÞ � rv

� �
¼ r � rfluid=solid ð2Þ

If the relative velocity vg is equal to the physical
velocity v; a Lagrangian reference system is used. On
the other hand, fixed mesh regions where vg ¼ 0 refer
to an Eulerian description. For arbitrary mesh motion
ð0 � v � vgÞ; the governing equations appear in the
so-called Arbitrary Lagrangian–Eulerian formulation.
This formulation is valid for both fluid and solid
mechanics ð _u ¼ v ¼ vgÞ: The characteristic constitutive
properties of each partition are taken into account
when defining the Cauchy stress tensor rfluid=solid for
the fluid and solid, respectively. Whereas Stokes theory
of liquid friction

rfluid ¼
1

3
trðrfluidÞIþ sfluid ¼ �pIþ l0ð _cÞD ð3Þ

yields the fluid mechanical Navier–Stokes equations, a
general stress–strain relationship

rsolid ¼
1

3
trðrsolidÞIþ ssolid ¼ �pIþ

1

J
F
@W

@E
FT ð4Þ

defines the structural equations of motion or balance
equations in general. pI represents the pressure and
sfluid=solid the respective deviatoric shear tensors:

– sfluid is defined by the strain rate tensor D and
the viscosity l¢ which is a function of the shear
rate _c:

– ssolid is defined by the strain energy density
function W according to the theory of finite
elasticity. F represents the deformation gradient
tensor, E the Green strain tensor, and J the
determinant of F:

Both constitutive relations are defined in the
‘‘Constitutive behavior’’ section.

Software

The following sections describe the numerical setup
used to both model and simulate the experi-
mental setup. The substantial interaction of blood
inertia and low material stiffness is also a challenge in
terms of software performance. Partitioned coupling
approaches allow packages to be chosen for fluid and
solid using specialized numerical simulation features.
For the simulation of the flow the software package
Fluent 6.3.2623 is used, whereas the structural
mechanical behavior is computed using the finite-ele-
ment code Abaqus 6.7-1.22 The coupling of these two
codes is performed by MpCCI 3.0.524 which by default
represents an explicit coupling scheme. The implicit
coupling extension is performed internally by KaHMo
FSI.8

Partitioned Code-Coupling

Whereas the standard coupling of Fluent, MpCCI,
and Abaqus is limited to a single data exchange of load
and node position once per time step, the coupling
concept used in KaHMo FSI continues a so-called
time-step looping, i.e., an iterative data exchange, until
the following kinematic (5) and kinetic coupling con-
ditions (6) are satisfied:

xfluid ¼ xsolid; _xfluid ¼ _xsolid; €xfluid ¼ €xsolid ð5Þ

tfluid ¼ rfluidn ¼ �rsolidn ¼ �tsolid ð6Þ

xfluid=solid denotes the interface position and tfluid=solid
the stress vector for both fluid and solid domain. The
vector n represents the interface normal vector that
points inside the fluid domain. The data exchange itself
is performed by MpCCI but then modified within a
specialized relaxation procedure: for each time-step j,
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the time-step looping k can use under-relaxation of
either node position xfluid=solid

x j
k;fluid ¼ xk � x j

k;solid þ ð1� xkÞ � xjk�1;fluid ð7Þ

or load values tfluid=solid

t jk;solid ¼ xk � t jk;fluid þ ð1� xkÞ � t jk�1;solid ð8Þ

A precise description of the coupling algorithm can be
found in Krittian et al.8

Evaluation Methods

The qualitative evaluation procedure used within
this study is based on classical streamline techniques,
velocity profile evaluation as well as visual consider-
ation of the fluid domain deformation. Dimensionless
numbers help to classify cardiovascular fluid mechan-
ics quantitatively and independent of absolute geo-
metric dimension. Reynolds (Re�X) and Womersley
(Wo�X) numbers provide insight into the fluid
mechanical ratio of spatial and temporal acceleration,
respectively, to flow viscosity forces:

Re�X ¼
qB � �u� � X

�lB

; Wo�X ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qB � x0 � X2

�lB

s
ð9Þ

where qB and �lB are the blood density and mean vis-
cosity, respectively. �u� is a mean inlet/outlet velocity; X
is the characteristic inlet/outlet diameter, and x0 rep-
resents the angular frequency. A dimensional analysis
results in further FSI numbers that can be used in
order to classify cardiac interaction effects8:

PE
FSI ¼

qB � �u2�
ðW=V̂Þsys=dia

b¼Fluid kinetic energy

Solid strain energy

PD
FSI ¼

ð�lB � �u�Þ � V̂sys=dia

Wsys=dia � X
b¼Fluid diffusive energy

Solid strain energy

PA
FSI ¼

qB � �u� � _̂Vsys=dia

Wsys=dia=X
b¼Fluid acceleration energy

Solid strain energy

The structural energy densities are represented by
Wsys/dia. Using the systolic and diastolic cavity volumes
Vsys and Vdia, the specific volumes can be defined as
V̂sys=dia ¼ Vref � Vsys=dia: Referring to the physical
mixing process within the heart chamber, the ejection
fraction EF, and the mixing parameter Mn shall be
defined in percent units as

EF ¼ Vdia � Vsys

Vdia
; Mn ¼ ð1� EFÞn ð10Þ

Measuring the time tb until 80% of initial blood
has left the heart, OpV allows the dimensionless

representation of the pressure–volume work ApV

defined as:

OpV ¼
ApV � tb

�l� � ðVdia � VsysÞ
ð11Þ

Particle Image Velocimetry Data Acquisition

The particle image velocimetry (PIV) measure-
ments were carried out at the bio-fluid lab at the
Munich University of Applied Science. Green laser
(k = 572 nm) 2D PIV pictures were acquired as
double frame/single exposures with Dt = 250–650 ls.
Flow and wall motion were resolved by 18-phase
triggered points in time over 1 beat cycle in 4 mm
slices. One slice through the valve middle plane was
used evaluated in this validation study. Correlation
was performed on 32 9 32 pixel small fields with 50%
overlap resulting in an overall resolution of
1.5 9 1.5 mm2.

MODELING APPROACH

Experimental Setup

The KaHMo validation experiment17 consists of a
structurally simplified left ventricle with biological
valves between atrium/ventricle and ventricle/outlet.
For simplicity, three-flap aortic valves have been used
in order to avoid additional inner-ventricular fixation.
The initial cavity geometry has been derived from a set
of MRT image data of a healthy patient, converted
into a reusable negative model filled with resin. The
resulting shape has then been covered with an elastic,
transparent silicon layer about 1-mm thick. The resin
has been melted and the silicon covering is finally
obtained as the positive model of ventricle with atrium.

To simulate the human cardiac cycle from a fluid
mechanics point of view, we placed the silicon model
inside a pressure chamber which is shown on the left-
hand side of Fig. 1. Removing liquid periodically from
the pressure chamber forces the elastic ventricle by
suction to inflate from its end-systolic position to the
end-diastolic volume. Table 1 summarizes further
model characteristics.

The circulatory resistance is represented by two
throttles which enforce a non-physiological absolute
pressure. However, the intra-ventricular fluid
mechanics is not affected by the environmental pres-
sure since only relative distributions are taken into
account. Moreover, from a solid mechanics point of
view, it is only the difference of absolute pressures
(inside and outside the cavity) that causes the fluid
domain deformation. All liquids in the measuring
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chamber as well as the elastic ventricle wall have
approximately the same refractive index. This is par-
ticularly important for the following determination of
velocity distributions with optical measurement such
as PIV.

Numerical Model

The CAD geometry on the right-hand side of Fig. 1
has been derived as a by-product of the sequenced PIV
measurement planes. It describes the initial stress-free
configuration slightly altered due to the surrounding
liquid distribution. Figure 2 shows the meshes used for
the fluid and solid discretizations. Due to a limited
atrium movement, the structural representation covers
the cavity volume only, whereas the fluid space takes
the entire CAD geometry into account. The cavity
model consists of 200,000 tetrahedron cells, whereas
the silicon structure is discretized by 10,000 linear shell
elements. The fluid mesh size has been determined as
sufficiently fine in an a priorimesh-dependence study in
which both mesh size Dx and time-step size Dt have
been varied in constant ratio. The numerical stability
criteria ðCFL ¼ v � 4t=4x � 1Þ guarantees a sufficient
resolution for representing the physical velocity v:
With a 2-mm mesh size, characteristic values (e.g.,

inflow and outflow velocities, vorticity, viscosity, and
pressure) show a converged representation KaHMo.7

The shell element discretization has been chosen in
respect to the mapping of partner cells at the common
interface.

Mitral and aortic valves are reproduced by
KaHMo’s two-dimensional projection onto the valve
plane.16 Opening area, pressure distribution, and ven-
tricular volume have been identified from experimental
data and can be represented in a time-synchronized
manner. Figure 2 shows the restricted area of 100, 90,
and 82% for the inlet valve; the outlet valve opens with
a restricted area of 100, 86, and 62%. The incomplete
opening of the valves is due the limited power of the
pump.

For the fluid solver an Euler implicit time stepping
scheme and a second-order spatial discretization have
been used which allow both mesh movement and cell
quality-based re-meshing. In the case of intra-ventric-
ular FSI, structural inertia can be neglected compared
to the effect in fluid flow7 and an implicit quasi-steady
solver scheme has been applied for the solid domain
with quadratic basis functions. One heart cycle is dis-
cretized into 200 time-steps.

For the further evaluation process it should be no-
ted that both KaHMo FSI and KaHMo MRT use
identical geometrical representation and numerical
schemes. However, for KaHMo MRT imposing the
geometry movement requires the replication of the
model building process for each recorded time-step.
More sophisticated preparation strategies have been
published previously by Schenkel et al.16

Constitutive Behavior

The ventricular model used for the experimental
setup is filled with dimethyl sulfoxide with the same
non-Newtonian properties as blood. The Cauchy stress

A Ventricle B Atrium C Mitral valve D Aortic valve

A.

D.
B.

C.

PIV
B.D.

A.
C.

FIGURE 1. Experimental setup and geometrical representation for u17 5 345�.

TABLE 1. Validation model characteristics.

Model properties Symbol Unit Value

Diameter mitral valve DM mm 15

Area mitral valve AM mm2 177

Atrium pressure level pM mbar 85

Diameter aortic valve DA mm 14

Area aortic valve AA mm2 156

Aorta pressure level pA mbar 95

Density qB kg/m3 1008

Viscosities l0/l¥ mPa s 13.15/3.00
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tensor rfluid within a general fluid mechanics context is
given by Eq. (3).

Due to the non-Newtonian behavior of blood flow,
the Carreau-Model3 shall be used to fit different con-
ditions of blood viscosity as shown in Fig. 3.

l0 ¼ l1 þ ðl0 � l1Þ � 1þ k � _c � kTð Þ2
h in�1

2 ð12Þ

The parameters n = 0.4 and k = 0.4 as well l0

and l¥ are based on isothermal condition kT = 1 and
can be adapted to the application under consideration.

With the focus on the cavity flow pattern rather
than on wall stress distributions, a shell-like structural
representation is sufficient as long as the uni-axial

stress–strain relationship is comparable to homoge-
nized and mean averaged myocardial tissue.

Figure 4 plots the stress–strain relationship of the
artificial ventricular model to illustrate its highly non-
linear constitutive properties needed for specifying
rsolid in Eq. (4).

Boundary and initial conditions

The deformation in the simulation model is a direct
response to the absolute pressure difference between
the inside and outside of the ventricle. It should be
noted that the absolute pressure level of the experi-
mental setup does not affect the flow inside the ven-
tricle as this is determined by pressure differences only.
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FIGURE 2. Domain discretization of the fluid–solid coupled validation model.
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FIGURE 3. Experimental viscosity data and Carreau
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FIGURE 4. Uni-axial data for the structural constitutive
behavior.
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Consequently, inlet and outlet pressure boundary
conditions can be set to zero in respect to the envi-
ronmental pressure of 8.5 and 9.5 kPa in diastole and
systole, respectively. Figure 5 shows the time-depen-
dent pressure distribution of the chamber measure-
ments. Starting with the stress-free reference state, the
contraction of the model ventricle is followed by the
actual expansion which results in a pressure drop in-
side the chamber. The corresponding pressure bound-
ary condition acting on the structural wall can be
defined as a function of the cycle-specific t* with

0< t* = t/T0 < 1 with an integrated error of less than
5%:

0:0<t� � 0.6:

p ¼ 0:25 kPa

� 11:00 kPa � 0:5 � 1� cos
5p � t�

3

� �� �

0:6<t� � 1.0:

p ¼ �10:75 kPa

þ 11:00 kPa � 0:5 � 1� cos
5p � t� � 3p

2

� �� �

ð13Þ

Note, that both the experimental setup as well as the
simulation model need to perform several cycles in
order to guarantee that a repeatable flow is obtained.
This convergence is confirmed by the quantitative val-
ues in Table 2 which build the basis for a subsequent
evaluation of both mixing rate and mixing time.

RESULTS

For the first time the simulation data of KaHMo FSI
can be compared not only with KaHMoMRT, but also
with experimental measurements for validation pur-
poses. The following section focuses on global pressure
and volume changes as a result of the geometrical
deformation history. Finally, numerical simulation re-
sults are evaluated both qualitatively and quantitatively
by visualization and dimensional analysis.
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FIGURE 5. Measurement data of chamber and system
pressure.

TABLE 2. Quantitative evaluation and dimensionless numbers of KaHMo FSI, KaHMo MRT, and the
experimental setup.

Symbol Unit FSI MRT EXP

Volume

End-systolic volume Vsys mL 142.53 143.64 142.73

End-diastolic volume Vdia mL 192.30 191.74 193.30

Stroke volume VS mL 49.77 48.10 50.57

Cycle time T0 s 1.00 1.00 1.00

Pulse HR 1/min 60 60 60

Systolic time tsys s 0.43 0.43 0.44

Diastolic time tdia s 0.57 0.57 0.56

Mean flow characteristics

Aortic velocity �vsys m/s 0.74 0.72 0.75

Mitral velocity �vdia m/s 0.49 0.47 0.51

Viscosity �leff g/(mÆs) 5.23 5.45� 5.50

Pump characteristics

pV work ApV J 0.11 0.09 �
Performance PpV W 0.11 0.09 �
Ejection fraction EF % 25.88 25.09 26.16

Mixing coefficients M1/M2 % 70.6/50.3 71.4/51.1 �
M3/M4 % 35.7/25.2 36.1/25.8

M5/M6 % 17.8/12.6 18.6/13.2

Mixing time tb,20 s 4.35 4.47 �
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Positioning and Volume Changes

As a by-product of the PIV measurement, slices
perpendicular to the axial direction and spaced by
5 mm are obtained at every phase ui from which the
recording time ti can be derived as follows

ti ¼
ui

360�
� T0 ¼

20� � iþ 5�

360�
� T0 ð14Þ

where i = 0, 1, 2,…, 17 and T0 defines the cardiac cycle
time with 0< t*<T0 = 1 s. Each phase allows the
reconstruction of a geometrical model with an esti-
mated volume error of less the estimated measurement
error of 10%. Whereas KaHMo MRT uses all 18
phase geometries for providing the grid motion,
KaHMo FSI uses phase u17 = 345� as a reference
geometry, shown previously in Fig. 1.

To evaluate the spatial deformation of KaHMo FSI
in more detail, simulated and measured geometries are
compared for characteristic time-frames from end
systole to end diastole (see Fig. 6). The superposition
of the smallest (u0 = 5�), the largest (u5 = 105�), as
well as an average-sized ventricle shape (u10 = 205�)
for the filling phase shows a very good agreement. The
dashed line indicates the measured geometry, whereas
the full line indicates the simulation result. As

expected, the normalized root mean square error for
the spatial positioning increases from early-to-end
diastole but remains much smaller than the estimated
measurement error.

From a fluid mechanics point of view, the sub-
sequent evaluation of the inner-ventricular flow pat-
tern is influenced significantly by the inflow jet. With a
correct representation of the opening area, the inflow
jet velocity is a direct response to the function plotting
cavity volume over time. One can clearly see an
excellent overall agreement of both simulated and
measured volume over time. However, regarding the
evaluation points shown in Fig. 7 one must note that
there is a slight discrepancy for u5 = 105� which,
presumably, can be attributed to fluid inertia effects.

Pressure–Volume Relationship

The pre and post-ventricular pressures are a result
from pump pressure, circulatory resistance, and fluid
inertia and have an averaged value of approximately
15 kPa. The level of inlet and outlet pressure results
from the calibration of the circulatory device. This
level represents the initial pressure and can conse-
quently be regarded as environmental pressure.

y

x

y

z

x

z

KaHMo FSI

KaHMo MRT

x
y

z

  early diastole  mid diastole   end diastole

FIGURE 6. KaHMo FSI and KaHMo MRT deformation of the fluid domain for the phases u0 5 5�, u5 5 105�, and u10 5 205�.
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In Fig. 5 we can see the intersections of outer- and
inner-ventricular pressure which corresponds to the
opening and closing time of inlet and outlet with some
delay due to inertia effects. It can be seen that the
suction phase takes up 60% of the cycle time, whereas
the pressure phase takes up to 40%. In Fig. 7, how-
ever, the ratio of intake flow to output flow is reduced
by inertia effects to 55 to 45%.

These inertia effects can also be observed in Fig. 8
which represents the amount of pressure work that is
needed to overcome the pressure–volume change. It
must be noted that KaHMo FSI delivers a substantial
contribution to the actual pump work in contrast to
KaHMo MRT which is limited to the information
about the relative change of dynamic pressure. As a
reaction to the boundary conditions measured within
the experimental setup the coupling model exhibits
interaction between internal forces and the pressure
acting on the structure of the model ventricle. On the
left-hand side of Fig. 8—in the vicinity of the smallest
ventricle volume—a wave-shaped pressure reaction can

be seen, which is due to the buckling of the shell model
also observed during the real experimental sequence.

Inner-Ventricular Flow Field

The PIV measurements of the validation experiment
permit the quantitative recording of the velocity dis-
tribution within the model ventricle, as well as the
visualization of the flow field. The experimental results
are then discussed at the characteristic evaluation
phases u2 = 45�, u5 = 105�, u9 = 185�, and
u14 = 285� of Fig. 7 and compared with the KaHMo
MRT and KaHMo FSI results in Figs. 9–12.

Phase u2 = 45� corresponds to an early stage of the
intake process. It can be seen from Fig. 9 that both
simulation models correspond nicely to the flow
structure of the validation experiment. The intake jet is
accompanied by a torus-shaped ring vortex. The left
part of the vortex appears to be fixed in position due to
the spatial arrangement of the aortic channel. More-
over, there is a good representation of the flow struc-
ture in the atrium and apex of the heart.

At later instances of the cycle, the deep penetration
of the intake jet into the ventricle at phase u5 = 105�
(Fig. 10) can be seen. The figure shows the streamlines
through the mitral and aortic valves projected on a
plane defined by points in the center of inlet and outlet
as well as the heart tip. The right part of the ring vortex
moves to the edge of the fluid space in the direction of
the apex of the heart, whereas the left part grows in the
upper position. At this point in time there is a good
agreement with the flow structure in the atrium as well
as the cavity flow surrounding the inflow jet. The in-
crease in volume causes a uniform movement of the
fluid domain boundary which results in a tangential
orientation of the streamlines at the lower ventricle
edge. Despite a good qualitative agreement, a quanti-
tative discrepancy of about 10% of the inflow jet itself
occurs due to a differing volume flux gradient as
plotted in Fig. 7. Figures 9–12 also show 1D velocity
profiles for two characteristics positions.

At phase u9 = 185� the increase in volume drops
and the velocity of the intake jet decreases considerably
(see Fig. 11), and a thorough mixing in the atrium in
form of a vortex in clockwise direction can be seen. As
the maximum volume is reached, this clockwise ori-
entation in the atrium initially persists, before the
vortex structure collapses because of the decreasing
kinetic energy. The ventricle is now in the expulsion
phase u14 = 285� (Fig. 12).

Hydro-Elastic Quantification

Comparison of the quantitative results in Table 2
show excellent agreement of KaHMo FSI, KaHMo
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MRT, and experimental findings. Both KaHMo MRT
and KaHMo FSI display small deviations in the
average speed and the viscosity, which become evident
in the characteristic numbers in further analysis. If we
take the experimental values as a reference, a deviation
of about 5% appears. Using the characteristic fluid
mechanical numbers defined in the section ‘‘Evaluation
methods,’’ we observe a very good agreement in both
Reynolds and Womersley numbers:

Diastole:

RediaFSI ¼ 1427$ RediaMRT ¼ 1304$ RediaEXP ¼ 1402;

WodiaFSI ¼ 17$WodiaMRT ¼ 16$WodiaEXP ¼ 16:

Systole:

ResysFSI ¼ 2007$ ResysMRT ¼ 1869$ ResysEXP ¼ 1947;

WosysFSI ¼ 15$WosysMRT ¼ 15$WosysEXP ¼ 15:

However, cardiovascular fluid–structure analysis also
requires to take characteristic structural properties into
account. It should be noted that there is no active
contraction included in the structural partition. Con-
sequently, evaluating the diastolic FSI numbers pro-
posed in the section ‘‘Evaluation methods,’’ we obtain
the following result

PE�
FSI ¼ 1� 100; PA�

FSI ¼ 5� 10�2; PD�
FSI ¼ 7� 10�4

(scaled (*) with PE
FSI ¼ 4:14� 10�2Þ:

As far as anatomical heart evaluation is concerned,
the passive FSI numbers above correspond to diastolic
counterparts observed previously when modeling left
ventricular heart models.8 Finally, the dimensional
cardiac pump work shows very similar characteristics
with

OFSI ¼ 1:83� 106 $ OMRT ¼ 1:45� 106

from a fluid mechanics point of view. Table 2 sum-
marizes the most important fluid mechanical input
quantities.

DISCUSSION

This study concerns the validation of the FSI heart
model KaHMo FSI. A ventricular validation experi-
ment17 has been reproduced in both fluid and solid
mechanical behaviors. Boundary conditions and con-
stitutive behavior have been based on experimental
input. The fluid domain deformation is driven by a
periodical change of the surrounding pressure, inter-
acting with both structural and fluid-mechanical
resistance. Due to the ventricle wall thickness of

approximately 1 mm the choice of a shell-like struc-
tural discretization can be justified and has been found
adequate given its robustness during the coupled sim-
ulation process.

Model Limitations

As far as the comparison of the validation model
and real heart function is concerned, we can identify
the following limitations. The circulatory system and
pump performance of the experimental setup showed a
shortcoming in terms of obtaining realistic ejection
fraction and Reynolds numbers. This study is therefore
restricted to the validation of KaHMo to predict an
intra-ventricular flow field rather than representing a
physiologically realistic environment. Another conse-
quence of the low ejection fraction is the limitation of
the opening of the valves to 73% as shown in Fig. 2.
This explains the very good agreement of the intra-
ventricular flow fields in Figs. 9–12 as the valves do not
extend deeply into the cavity.

As far as the myocardial representation is con-
cerned, the investigation of pressure-driven fluid do-
main deformation is provided; however, the actual
ventricular function is not represented correctly. The
experimental cycle starts with an end-systolic configu-
ration widened by a surrounding lower pressure,
neglecting contractile input of the atrium. The expul-
sion phase is represented by the increase in surround-
ing pressure without internal myocardial contraction.
Isochoric phases are restricted to a small pressure
change which is also very sensitive in terms of small
intra-ventricular pressure variations. The results
obtained are sufficient to validate KaHMo FSI’s
structural partition.

Pressure–Volume Interaction

Although the structural behavior is represented by a
simplified shell-like model, local concave/convex
deformation changes observed within the experimental
setup are captured nicely by the fluid–solid coupled
model. This is confirmed by the good overall agree-
ment of the cavity volume in simulation and mea-
surement plotted over time in Fig. 7. Furthermore, the
characteristic end-systolic buckling behavior shown in
Fig. 8 is due to fluid inertia and low structural stiff-
ness: In the vicinity of the smallest ventricle volume, a
wave-shaped pressure reaction can be seen in Fig. 7.
The early filling phase of KaHMo FSI is characterized
by a pressure drop, which can be explained by the
suction and intake of the fluid. The fluid that is
accelerated toward the end of the filling phase causes a
pressure increase before the transition to the expulsion
phase takes place. The pressure continues to rise,
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however, the inner-ventricular fluid needs to be
expelled. As soon as the fluid column is set into motion
a further pressure drop is observed. The change in
volume takes place continuously. Toward the end of
the expulsion phase, the pressure load already per-
forms the suction phase. However, the inertia of the
out-flowing fluid acts against this change and causes
the delayed reaction of the volume change described
above. In the intake phase, it is again the fluid inertia
that initially acts against an increase in the volume. In
order to obtain the resulting change in volume, this
inertia must be met by an initial increase in the suction
load. This can be neutralized as soon as the incoming
fluid has been set into motion. On the other hand the
pressure of the coupling model is controlled continu-
ously, but it takes into account the 5% phase shift in
specifying the pressure. This explains the small devia-
tion of the change in volume seen in Fig. 8. Overall, an
enlarged representation of pV work is predicted by
KaHMo FSI.

Flow Field Quality

The comparison of the streamline pattern measured
and simulated shows a very good agreement in Figs. 9–
12. In the documentation of the experiment, the errors
in the PIV data in measurement and evaluation are
given as a deviation of about 5%. At the selected flow
phases, we observe a very good quantitative agreement
between the simulation results and the experimental
data. The overall visualization of the flow field helps to
understand the complex inner-ventricular flow-pattern
from a stand-alone and coupled perspective.

Phase u2 = 45 corresponds to an early stage of the
intake process. Both simulation models yield a flow
structure that is very similar to the one in the valida-
tion experiment. The intake jet is accompanied by a
torus-shaped ring vortex. The left part of the vortex is
fixed in position by the aortic channel. In addition,
there is a good representation of the flow structure in
the atrium and apex of the heart. Figure 10 confirms
the agreement of the velocity distribution by evaluating
the two characteristic 1D profiles. As expected, the
maximum velocity occurs just downstream of the inlet
diameter. The increase and decrease in the intake
velocity during the filling phase can be seen clearly in
both sections and also manifests during the expulsion.
The uncertainties in the simulation results of KaHMo
MRT (blue) and KaHMo FSI (red) of about 20%17

are due to the tolerance of the CAD geometry as well
as the simplified valve models, and give rise to the gray
tolerance region.

Figure 10 shows the deep penetration of the intake
jet into the ventricle at phase u5 = 105�. There is a very
good agreement in the flow pattern in the atrium as well

as in areas surrounding the inflow jet itself. The color
coding in Fig. 10 shows that there is a 15% difference
of the maximum velocity between KaHMo MRT and
KaHMo FSI at this specific point in time. This can be
explained as a considerably higher volume flux occurs
for u5 = 105� due to the previous delay and the inflow
inertia resistance as we already inferred from Fig. 7.

Although the effects described above can be exhib-
ited in both simulation and experiments, a different
flow pattern has been expected. The ring vortex shows
a certain movement toward the apex, however, the
area toward the left fluid domain boundary appears to
be strongly limited. The low ejection fraction does not
provide enough momentum to allow the left vortex
part to grow, for turning of the ring vortex in the apex
of the heart and to dominate the whole cavity, as in the
human heart.

Due to the good agreement in volume flux for
u9 = 185� and u14 = 285�, Figs. 11 and 12 show a
flow pattern that is similar for all three streamline
visualizations. The velocity profiles show also a good
agreement, but there is a slightly higher deviation due
to limited accuracy in measurement for small veloci-
ties. It should be mentioned that, again, the overall
structure is still influenced by the flow pattern discov-
ered in u5 = 105�. A three-dimensional secondary flow
arises at the end of the diastole in the mid and lower
regions of the ventricle due to the reduced inertia of the
fluid. This has an effect on the physiological interpre-
tation of the velocity field as the preferred expulsion
region is now in the upper part of the ventricle,
whereas the flow through the apex of the ventricle is
not optimal.

Quantitative Validation

Characteristic FSI numbers have been evaluated in
the section ‘‘Hydro-elastic quantification’’ to capture
the FSI effects quantitatively. First evaluation pro-
cesses showed the interplay of flow energy, diffusion,
and acceleration with structural deformation. One can
see that for this validation experiment, characteristic
FSI numbers exist for the ventricle filling only as the
initial ventricle configuration is represented by the end-
systolic shape. Although variations of the simulation
need to be performed in order to evaluate and calibrate
the numbers proposed, one can already see that the
numbers have the same order of magnitude as
observed in previous studies.8 As expected, physical
phenomena can now be described by the dominance of
pump energy (PFSI

E *) over acceleration (PFSI
A *), and

diffusion (PFSI
D *).

The evaluation of the dimensionless pump work
OpV (see Eq. 11) can draw on many years of experi-
ence. Figure 13 plots OpV

* = OpV/OpV
ref over ejection
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fraction E* = E/Eref relative to reference values of a
healthy ventricle ðOref

pV ¼ 3:4� 106;Eref ¼ 62%Þ: Rep-
resentative evaluation studies within the KaHMo
research series are shown; with logarithmic scales on
both axes, a straight line is found, with the linear
power law

O�pV ¼ 1=E� ð15Þ

Healthy hearts are located at the bottom right corner
and cardiac dysfunction causes a shift toward the left
upper corner (see Oertel et al.12). After heart attack for
instance, the ventricular pumping work decreases but
the blood mixing time increases. The dimensionless
pumping work assumes larger values than those of a
healthy heart. As far as the physiological significance
of the validation example is concerned both ejection
fraction and pump work need to be taken into account.
The former might indicate a representation of an un-
healthy object. However, the latter does not corre-
spond to the findings in Fig. 13 as a decrease in
ejection fraction must be accompanied by an increase
in the dimensionless pump work. In order to represent
realistic environment for a ventricular experiment,
either the ejection fraction or the pump work must be
increased as soon as the limitations discussed above
have been overcome.

CONCLUSION AND OUTLOOK

The numerical results of this study have demon-
strated that the strength of the KaHMo project lies
in the prediction of the inner-ventricular flow field.
Although Reynolds number and ejection fraction are
not close enough to realistic values, KaHMo FSI was

still able to produce results that are in very good
agreement with the ones obtained by both experi-
mental data and KaHMo MRT solutions. In particu-
lar, excellent agreement has been obtained in terms of
the pressure and volume distribution over time, struc-
tural deformation as well as internal flow pattern.
Slight discrepancies between KaHMo FSI and KaHMo
MRT can be attributed to experimental findings and
interpretations. As far as the multi-physics coupling
is concerned, we can consider KaHMo FSI in terms
of intra-ventricular flow structure and fluid domain
deformation.

Future work must aim to locate the validation
experiment closer to the connecting evaluation line.
The overall agreement of visualized data and quanti-
tative results encourages to further develop the myo-
cardial representation of KaHMo FSI.

It should be noted that the in vivo evaluation of
computational models—especially cardiovascular blood
flow—is still a challenge. Due to the lack of patient-
specific information, current validation procedures need
to focus on experimental studies as presented within this
study. However, with the continuous progress in medi-
cal imaging techniques, KaHMo research will soon be
able to undertake more physiologically significant
evaluation based on myocardial muscle models. MRI
phase mapping procedures for both tissue5 and blood
flow11 provide a comprehensive quantitative analysis of
myocardial velocities with high temporal and spatial
resolution. Diffusion tensor MRI techniques21 will
provide important input in terms of myocardial fiber
orientation. This will help us to further evaluate existing
FSI models and to apply KaHMo FSI to clinically rel-
evant problems to improve the understanding of cardiac
disease and its treatment. An exact understanding of
regional myocardial performance and blood flow
interaction is an essential perquisite for the diagnosis of
heart disease. The ultimate goal of the KaHMo research
effort is to provide patient-specific analysis rather than
feasibility study results.
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