




where α is a scaling factor and bf , bft, bt are material pa-
rameters along the fibers (f), across the transverse planes
(t) and the fiber-transverse (ft) shear planes. To reduce the
number of parameters to fit, we assign to bf , bft and bt the
default values proposed in [7]. Thus, we only fit the param-
eter α by running a passive-inflation mechanics simulation
and fitting the EDPVR to the Klotz EDPVR.

2.3.3. Windkessel fitting

The LV is coupled to a three-element Windkessel model,
see [8], which simulates a lumped cardiovascular system
(see right hand side of Figure 4). The Windkessel model is
given by the equation

dq

dt
=

p

Z RC
+

1

Z

dp

dt
−
(

1

Z C
+

1

RC

)
q (2)

with the flux q := −dVcav
dt and the pressure p in the LV.

Since the serial resistance Z, the parallel resistance R and
the capacitance C are not known a-priori, they have to be
fitted. For this, we use personalized clinical datasets like
volume traces and LV peak pressures. To obtain the Wind-

Figure 4. Unloaded (solid) and loaded (transparent) con-
figuration, Windkessel coupling.

kessel parameters Z, R and C, an optimization problem is
derived and solved.

2.4. Data analysis

2.4.1. Internal power and work

Let u be the displacement at a time t ∈ [0, T ], then the
internal heart power at t can be expressed by

Pint(t) =

∫
Ω

σtot(u, t) : ε̇(u, t) dV (3)

where ε̇ denotes the strain rate tensor and σtot as in Sec-
tion 2.2, see [9]. Integrating the IHP yields the internal
work

Wint =

∫ T

0

Pint(t) dt. (4)

2.4.2. External work

External work, or pressure-volume work, occurs when
the volume of a closed system changes. The external work
is given by the expression

Wext :=

∫ Vcav1

Vcav0

p(Vcav) dVcav (5)

where p denotes the pressure and Vcav denotes the enclosed
volume.

2.5. Adaptation to post-treatment case

For the pre-treatment case, an EM simulation is done
with parameters fitted as described in Section 2.3. For the
post-treatment situation, we assume that the parallel resis-
tance R and the capacitance C, are the same as in the pre-
treatment case. Furthermore we suppose, that the serial
resistance Z, which corresponds to the aortic valve, is less
than the serial resistance in the pre-treatment case. Thus,
we iteratively perform a parameter fit for a modified Z fol-
lowed by an EM simulation until we obtain the same stroke
volume as in the pre-treatment situation.

3. Results

We applied the methods of Section 2 to four patients suf-
fering from AVD. In Table 1 some patient characteristics
are listed. Comparing simulated quantities to their clinic

Sex Age[y] EDV[ml] ESV[ml]
B0553-90 F 63 112.0 46.0
B0343-91 M 73 121.0 54.7
B0162-92 M 54 119.2 42.0
B0358-93 M 85 172.0 103.0

Table 1. Pretreatment patient characteristics.

analog allows a validation of the models. In Figure 6 the

Figure 5. PV loops.

clinical PV loops are plotted against the PV loops from the
simulation. In Figure 5 we plotted the end diastolic vol-
ume (EDV) and end systolic volume (ESV) for the pre-
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Figure 6. EDV and ESV.

and post-treatment cases. Since the pressure and volume
were used for model fitting, they can only be used for as-
sessing the quality of the fit. Figure 7 shows the internal
work for the pre- and post-treatment cases.

Figure 7. Internal and external work.

4. Conclusion

The presented methodology allows an efficient and
highly automated execution of patient-specific EM mod-
els of the LV. The described workflow allows to build and
run EM models for the pre- and post-treatment situations
within 1-2 days. Since the work was not used for fitting,
it can be used for an independent validation of model pre-
dictions. In Figure 7 prediction of a reduced IHP in the
post-treatment situation relative to the pre-treatment situa-
tion is clearly recognizable.
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