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Abstract

Currently, personalization of computational human
heart models is often performed by combining a carefully
designed patient-specific heart geometry with a generic
myofiber orientation. This is due to a lack of accurate in
vivo fiber orientation measurement techniques. The my-
ofiber orientation is a key determinant of the forces caus-
ing the contraction of the heart as it is used to construct
the local material coordinate system.

In this study, we use a mechanical whole-heart model to
evaluate the impact of ventricular fiber angles and sheet
angles on clinically relevant mechanical biomarkers of the
left ventricle (LV): wall thickening W'T, mitral valve dis-
placement MV D, net LV twist angle ¥ and ejection frac-
tion EF.

We show that the mechanical function is strongly depen-
dent on the fiber direction. In the evaluated fiber an-
gle configurations, WT ranged from 33.38 % to 52.48 %,
MYV D from 5.85 mm fo 18.19 mm and EF from 46.83 %
to 59.95%. For some fiber angles, ¥ was negative in-
dicating a change of the apex rotation direction. Addi-
tionally, ¥ was the only biomarker undergoing significant
changes for different sheet angles. For WT, MV D and
EF the impact of sheet angle combinations was negligi-
ble (< 4.6 %), unless changes in the active stress tensor
were introduced. Even with the altered active stress tensor,
the change between different sheet angle combinations is
small compared to the change between different stress ten-
sor formulations.

Considering the changes introduced by varying the fiber
angles, developing ways of personalizing the fiber orienta-
tion or systematically considering its uncertainty appears
important.

1. Introduction

Computational models of the human heart can be a valu-
able research tool and are on the way of clinical adoption.
However, before they can be used in a clinical setting, un-
certainties of the models have to be evaluated first. One
aspect that has a strong influence on mechanical proper-
ties is the orientation of the muscle fibers, which dictates
the contraction dynamics of the ventricles and atria. Since

the fiber orientation is difficult to measure, it is mostly un-
known in patients. Fiber angles in the range of 20° to 90°
and —90° to 0° are reported in literature for the endocardial
and epicardial fibers, respectively [1,2]. Considering this
wide range of reported values, it is critical to understand
how the results of human heart simulations depend on the
fiber orientation.

Previous work has shed light on different aspects of the
impact of ventricular myofiber orientation. Baron et al. [3]
investigated the change in LV stroke volume for six differ-
ent fiber orientations. They used a constant A of 90° be-
tween endocardial and epicardial fiber angles. Strocchi et
al. [4] focused on atrial dynamics. They evaluated four dis-
tinct ventricular myofiber orientations with epicardial fiber
angles chosen as the negative value of the corresponding
endocardial fiber angle. Both studies did not change the
epicardial and endocardial fiber angle independently. In-
dividual measurements by Greenbaum et al. [1] show that
neither the assumption of a consistent A nor the symmetric
angle distribution are physiologically motivated. The fiber
angles at the epicardium and endocardium are rather inde-
pendent. To account for this, we conduct a full factorial
simulation study with the endocardial and the epicardial
fiber angle as two independent parameters, each of them
varied in four equidistant steps of 30°.

Additionally, we investigate three different sheet angle
combinations for one reference fiber angle setup. Further-
more, we consider active tension in sheet and/or sheet nor-
mal direction leading to a biaxial or triaxial active stress
tensor. For all simulations, we evaluate the clinically rel-
evant biomarkers wall thickening, mitral valve displace-
ment, net LV twist angle and ejection fraction.

2. Methods

2.1. Myofiber orientation angles

The myofiber orientation is constructed using the rule-
based method suggested by Bayer et al. [5] and modified
by Schuler [6]. Four angles are required as input for the
algorithm: the fiber angles aenqo/epi at endocardium and
epicardium as well as the sheet angles Bendo/epi- @ is de-
fined as the angle between the circumferential axis e. and
the longitudinal fiber direction f in the plane parallel to
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Figure 1. Local material coordinate system { f, s, n} de-
rived from local coordinate system {ec, e}, e;} with cir-
cumferential (e.), apicobasal (e;) and transmural unit vec-
tor e;. The longitudinal fiber direction f (green) is con-
structed by rotating e. around e; with the fiber angle a.
The transmural unit vector e; is then rotated around f with
the sheet angle 3 to get the sheet direction s (blue). The
sheet normal n is shown in red.

the myocardial wall. The sheet angle 3 represents the an-
gle between the transmural axis e; and the sheet direction
s. f and s are perpendicular unit vectors. In combina-
tion with the sheet normal n they define the local material
coordinate system { f, s, n} shown in Figure 1.

2.2. Material model

Cardiac mechanics is modeled by solving the govern-
ing equation for the balance of linear momentum in to-
tal Lagrangian formulation. We assume the myocardium
to be hyperelastic and nearly-incompressible as described
by Usyk et al. [7] with the parameters C' = 325.56 Pa,
brr=22.0, by =8.8, by =6.6, bys =154, bp, =13.2,
bns =4.4 and k =1MPa. The 2nd Piola-Kirchhoff stress
tensor is additively decomposed into a passive and active
component such that § = S, + Sact and active ten-
sion T}, is generated by the model of Niederer et al. [8].
The contraction is initiated by pre-computed activation
times based on the solution of the monodomain equation
for the reference fiber orientation. Furthermore, boundary
conditions including the circulatory system and the peri-
cardium are used as shown in [9]. Parameters were set
to achieve physiological conditions in the reference case,
where a fiber and sheet angle combination of aiengo = 60°,
Qepi = —60°, Bendo = —65° and Sep; = 25° was used.

2.3. Mechanical biomarkers

We evaluated clinically relevant mechanical biomarkers
of the LV during ventricular contraction, namely LV wall
thickening WT', mitral valve displacement MV D, net LV
twist angle ¢ and LV ejection fraction E'F. Physiological
ranges for the evaluated biomarkers are listed in Table 1.
Wall thickening W' is given as the percentage change of
the mean LV wall thickness T'(t) from end-diastole tgp to
end-systole tgs:

(tes) — T(tep)

T
WT = 100 % . 1
T(tep) ¢ M

Table 1. Physiological ranges for the evaluated biomark-
ers according to literature.

Biomarker Range Source
wT 18 .. 100 % [10]
MVD 12.6 .. 18.8 mm [11]
Y 13..27° [12]
EF 48 .. 69 % [13]

Mitral valve displacement MV D represents the mean dis-
placement of the mitral valve from base to apex:

MVD = —(Zmv(tes) — Zvv(tep)) e, (2

with Zpry being the mean of all mitral valve node posi-
tions.

The net LV twist angle 9 is calculated by dividing the LV
into segments according to [14] and constructing a basal
vector 7y, connecting segments 1 and 4 and an apical vec-
tor r, connecting segments 13 and 15. Projection onto the
{et, e.}-plane leads to #},/,. The rotation angles 0, /,(t)
are calculated as follows:

f‘b/a(ﬂ X 'Fb/a(o)> (3)
7ﬁb/a(t) : 'f‘b/a(o)
Ch/a =Pp/a(t) X Prja(t =0)) €. “4)
The net LV twist angle ¥} is then given by:
U = (O(tes) — ba(tes)) — (Ob(tep) — Oa(tep)) . (5)

The ejection fraction FF' is defined as the percentage
change in LV volume v(t) from tgp to tgs:

O1/a(t) =sgn (cp/a) tan™" (

v(tgs) — U(tED)(y
U(tED) o

2.4. Design of the simulation study

EF =100 (6)

The simulation study was conducted in a whole heart ge-

ometry with 128 976 linear tetrahedral elements [15] and is
divided into two parts. The first part focuses on the effect
of the longitudinal fiber direction f for which the fiber an-
gles aendo/epi Were varied independently in four equidis-
tant steps from 0° to £90°. The sheet angles were kept
constant at Sendo = —65° and fepi = 25°.
For the second part of the study, we chose the fiber
angle combination (endo, Qepi) = (60°, —60°) as a ref-
erence and varied the sheet angles: (Bendo,Bepi) =
{(—65°,25°) ; (—25°,65°) ; (0°,0°)}. Inspired by Gerach
et al. [16], we introduced parameters in the active stress
tensor S, that generate contractile forces perpendicular
to f to consider the full effect of varying sheet angles:

Sact:Tact(.f®f+Ksss®3+Knnn®n) . (D

For each sheet angle combination, we investigated four dif-
ferent active stress tensor configurations: (Ks, Kypn) =
{(0,0); (0.6, 0); (0, 0.6); (0.6,0.6)}.
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Figure 2. Comparison of wall thickening WT (a), mitral valve displacement MV D (b), net LV twist angle ¢ (c) and
ejection fraction E'F' (d) for different fiber angle combinations (endo; epi)-

3. Results to lowered WT, MV D and EF, while K,, =0.6 led
to slightly higher or almost unchanged results. With the
The results for the first part of the simulation study are exception of 9, the differences between the sheet angle
shown in Figure 2. The maximum values for both W1T' combinations for a given active stress tensor were smaller
(52.48 %) and EF (59.95%) were observed for the ref- than the changes between the different active stress ten-
erence simulation (Qtendo = 60°, ctepi = —60°). This refer- sor formulations. This was not the case for ¢. Here,
ence fiber angle combination also yielded MV D and o the sheet angle determined whether introducing a con-
values in their physiological ranges. For some fiber an- tractile force in sheet direction (K s = 0.6) contributed to
gle combinations (qepi = —30°, Gendo = 90° and all with (Bendo = —65°, Bepi = 25°) or attenuated (—25°, 65°) the
aepi = 0°), the apex rotated in the opposite direction result- twisting motion. With Sendo = Bepi = 0°, the additional
ing in a negative ¥. MV D ranged from 5.83 to 18.19 mm. force acted in transmural direction and introduced almost
Horizontal fibers at either epicardium or endocardium led no change in the resulting torsion angle.
to lowered WT', MV D and EF. With the exception of
two fiber angle combinations, all simulations yielded EF’ 4. Discussion
in the physiological range.
Changing sheet angles and the active stress tensor for the All four evaluated biomarkers are strongly dependent
reference choice of « led to the results shown in Fig- on the longitudinal fiber direction f defined by the fiber
ure 3. For K., = K,,, the different sheet angle com- angles aendo and aepi. Negative values for ¥ can be ex-
binations caused only minor differences in all evaluated plained by the way the twisting motion is generated. Neg-
biomarkers. WT', MV D and E'F showed similar behav- ative fiber angles lead to a positive twist. Positive fiber
ior for all evaluated sheet angle combinations if the stress angles lead to a negative twist. If ciep; = —Cendo, the epi-
tensor was varied. In agreement with the results of WT' cardial fibers determine the rotation direction as a conse-

and E'F for a simplified LV model in [16], Ks; =0.6 led quence of the larger radius [17]. For aepi = 0°, the fiber
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Figure 3. Comparison of wall thickening WT' (a), mitral valve displacement MV D (b), net LV twist angle ¥ (c) and
ejection fraction E'F' (d) for different input sheet angle combinations and active stress tensor coefficients. The grey shaded
area represents the physiological range for each biomarker. cenqo = 60°, ctepi = —60° for all cases.



angles throughout the myocardial wall are all positive re-
sulting in a negative twist.
In the second part of the study, we found that the sheet
angles have a negligible impact on the biomarkers, unless
forces in sheet or sheet normal direction are introduced.
Even then, for most evaluated biomarkers, the additional
force affects the results more than the sheet angle com-
bination. This does not hold for ¥ where the results are
largely dependent on the chosen sheet angle combination.
This can be explained once again by the way the twisting
motion is generated. s and n are perpendicular to f. For
B =0°, a contraction in » works against the twisting mo-
tion at a given point in the myocardial wall. For 5= £90°,
the same holds for s. Thus, by introducing K5 = 0.6 for
|| Bendo || > || Bepi |, the twisting motion at the endocardium
is attenuated more than the one at the epicardium leading to
an increase of 9. For || Bendo || < || Bepi| the opposite holds.
This study has several limitations: we focused on ventricu-
lar fiber orientation and neglected the impact of atrial fiber
orientation changes. In addition, the systematic way of set-
ting up the simulation study leads in part to unphysiologi-
cal fiber orientations like purely horizontal fibers. Further-
more, we did not take into account the effect of the fibers
for the electrophysiology. Specifically, we used a constant
activation time map for all simulations, which has been
pre-computed for the (60°, —60°) fiber orientation even
though the activation times are fiber-dependent.
Considering the changes introduced by varying the fiber
angles Qendo/epi> developing ways of personalizing the
fiber direction f or systematically considering its uncer-
tainty appears important.
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