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On  the  basis  of  results  from  modeling  and  experimental  studies  it has  been  hypothesized  that  myocytes
adapt  their  orientation  to  achieve  a preferred  mechanical  load.  In  a previous  computational  model  study
in which  fiber  reorientation  was  considered  as  a  local  response  to  local  fiber  cross-fiber  shear  strain,  we
have shown  that  predicted  left ventricular  (LV)  myofiber  orientations  agreed  well  with  experimental  data.
In  this  study,  we  investigated  in  the  latter  model  the effect  of initial  and  boundary  conditions  on predicted
yocardial structure
inite-element model
ardiac mechanics
ardiac deformation

fiber  orientations  on the long  term.  After  adaptation,  predicted  fiber  orientation  and  deformation  became
more  realistic,  irrespective  of  initial  and  boundary  conditions.  As adaptation  proceeded,  the  effect  of
initial conditions  was  found  to disappear,  suggesting  that  one  single  optimal  fiber  orientation  field  exists
for the  heart.  In contrast,  the  effect  of  the  boundary  conditions  persisted,  indicating  that  modeling  of
in particular  the  interaction  between  myocardium  and  valvular  annulus  is  relevant  for  predicting  LV

myofiber  reorientation.

. Introduction

Several finite element (FE) models have been developed that
re capable of describing the forward relation between car-
iac tissue properties and clinically assessable parameters of
ump (dys)function (Bovendeerd et al., 2009; Costa et al., 2001;
erckhoffs et al., 2003). Gradually, attempts are made to enhance
linically obtained diagnostic information by employing these com-
utational models in an inverse mode (Hunter et al., 2010). In
ddition, the models might be used to assist in treatment selection
y simulating the acute effect of candidate interventions before-
and. As interventions may  cause cardiac adaptation on the long
erm, the current models should be extended with a description of
he adaptive properties of the myocardium.

Previous model studies have shown that strain distribution
n the cardiac wall is highly dependent on myofiber orientation
Bovendeerd et al., 2009; Ubbink et al., 2006). In experimen-
al studies a change in myofiber orientation was  observed when

echanical properties of the surrounding tissue were altered (Weis
t al., 2000; Zimmerman et al., 2000). In addition, myofiber strain
xhibits little regional heterogeneity during ejection throughout

he LV wall (Delhaas et al., 1993; Waldman et al., 1988). From these
bservations it was hypothesized that myocytes might adapt ori-
ntation to achieve a preferred mechanical load (Arts et al., 1994).
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According to the hypothesis of myofiber reorientation, Rijcken
et al. (1999) performed a model study where a parameterized
distribution of fiber orientations was optimized for minimal het-
erogeneity in myofiber shortening during ejection. At minimum
heterogeneity, fiber orientations were found to compare favorably
with experimental data. While it was  shown that myofiber orien-
tations can be predicted on the basis of a simple criterion, a global
parameterized distribution is not apt to predict local reorientation
of myofibers during, e.g., disease. Kroon et al. (2009a) developed
a non-parameterized model in which fiber reorientation was con-
sidered as a local response to local fiber cross-fiber shear strain.
Their model was also capable of predicting a realistic LV structure.
During the adaptation process a significant increase in homoge-
nization of mechanical load over the LV wall was obtained and the
LV generated more pump work with the same amount of mass.

The aim of this study is to further investigate the computational
model by Kroon et al. (2009a), in particular with respect to the effect
of initial fiber orientations and the influence of boundary conditions
at the base on long-term outcome of the adaptive process.

2. Methods

2.1. Modeling myofiber reorientation
Kroon et al. (2009a) modeled myofiber reorientation as a
response to local loss of myocardial integrity due to forces gener-
ated by fiber cross-fiber shear strains during myofiber contraction.
These shear forces affect connections between extra-cellular

dx.doi.org/10.1016/j.mechrescom.2011.11.011
http://www.sciencedirect.com/science/journal/00936413
http://www.elsevier.com/locate/mechrescom
mailto:marieke.pluijmert@maastrichtuniversity.nl
dx.doi.org/10.1016/j.mechrescom.2011.11.011
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ig. 1. Schematic description of the hypothesis on adaptation of myofiber orientat

he  new adapted unloaded myofiber direction �enew
f,0

(Kroon et al., 2009a).

atrix (ECM) and myofibers (Fig. 1). New connections are contin-
ously formed during diastolic and systolic phase of the cardiac
ycle. When a certain connection is made, the actual orientation
eld tends to be fixed within the tissue. The process of breaking
nd forming of ECM connections itself was not explicitly modeled.
nstead, the evolution of the myofiber orientation in the unloaded
tate �ef,0 towards the actual myofiber orientation �ef corrected for
igid body rotation was phenomenologically described by (Kroon
t al., 2009a):

∂�ef,0

∂t
= 1

�
(�e∗

f − �ef,0) (1)

ith � the adaptation time constant and �e∗
f

the myofiber direction
orrected for rigid body rotations described by:

�∗
f = U · �ef,0

�f
; �f = |U · �ef,0| (2)

ere, �f represents the myofiber stretch ratio and U the tensor that
escribes deformation of the tissue excluding rigid body rotations

 according to:

 = R−1 · F (3)

ith F the deformation gradient tensor. Since rigid body rota-
ions are unlikely to be sensed by the tissue, they are considered
rrelevant to adaptation and therefore excluded in evolution
q. (1).

Notice that according to Eqs. (1)–(3),  myofiber reorientation
nly occurs in case neither of the principal strain directions (eigen-
ectors of U) coincides with the unloaded fiber direction �ef,0, i.e.,
n case of fiber cross-fiber shear. To which of the principal strain
irections the fiber orientation ultimately aligns, is not prescribed
ut follows from the deformation field.

.2. Modeling cardiac mechanics
Tissue deformations during the cardiac cycle are calculated with
he finite element (FE) model of LV mechanics by Bovendeerd et al.
2009), that will only be described in brief.
here the old unloaded myofiber direction �eold
f,0

evolves through A, B, and C towards

2.2.1. Geometry and myofiber orientation
In the passive stress-free state, a thick-walled geometry is

assumed (Fig. 2). The endocardial and epicardial surfaces are
described by truncated ellipsoids. In this state, wall and cavity
volumes equal 136 ml  and 44 ml,  respectively. The unloaded geom-
etry remains unaltered during adaptation. Myofiber orientation �ef,0
is prescribed with respect to the local cardiac coordinate system
{�el,0, �et,0, �ec,0}, where the subscript 0 refers to the unloaded state.
The transmural direction �et,0 is defined as the outer normal to the
cardiac surfaces. The longitudinal direction �el,0 is defined perpen-
dicular to �et,0 from apex to base. To obtain a right handed coordinate
system, the circumferential direction �ec,0 is defined in clockwise
direction when viewing the LV in apex-to-base direction. Myofiber
orientations are described by two angles. The helix angle ˛h,0 is
defined as the angle between �ec,0 and the projection of �ef,0 on the
circumferential–longitudinal plane (�ec,0, �el,0). The transverse angle
˛t,0 is defined as the angle between �ec,0 and the projection of �ef,0
on the circumferential–transmural plane (�ec,0, �et,0) (Fig. 2A).

2.2.2. Material properties
Myocardial tissue Cauchy stress � is composed of a passive com-

ponent �p and an active component �a:

� = �p + �a�ef �ef (4)

Active stress �a is modeled through a series arrangement of a con-
tractile and a series elastic element. The magnitude of �a depends
on time ta elapsed since activation, sarcomere length ls, and sar-
comere shortening velocity −∂ls/∂t (Kerckhoffs et al., 2003):

�a = f

(
ta, ls, −∂ls

∂t

)
(5)

Active stress development is initiated simultaneously across the
LV wall with a cycle time of 800 ms.  Passive material behavior
is assumed nonlinearly elastic, transversely isotropic, and nearly
incompressible.
2.2.3. Governing equations and boundary conditions
In the model, the equations of conservation of linear momentum

are solved:

�∇ · � = �0 (6)
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ith �∇ the spatial gradient operator. At the base, essential bound-
ry conditions are defined to suppress rigid body motion and to
epresent the mechanical effect of structures left out of the model,
.g., the valvular annulus. The basal boundary conditions are subject
f variation in this study (see Section 2.3). The epicardial surface is
ssumed to be traction free while the endocardial surface is uni-
ormly subjected to left ventricular pressure plv. During isovolumic
ontraction (IC) and relaxation (IR) phases of the cardiac cycle, plv
s determined such that mechanical equilibrium of the myocar-
ial tissue is obtained at a constant end-diastolic or end-systolic

eft ventricular volume, respectively. During the filling and ejec-
ion phase, plv is computed from the interaction of the LV with the
irculation as described in Bovendeerd et al. (2009).
.2.4. Numerical implementation
The equilibrium equations (6) are solved numerically with a

alerkin type finite element method using 27-noded hexahedral
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elements with a tri-quadratic interpolation of the displacement
field. The tensor components in (6) are described with respect to
a cylindrical coordinate system. This allows description of the LV
wall with 1 circumferential element, thus reducing computational
demand. In total, the LV wall is represented by 30 elements: 6 ele-
ments in radial, 1 in circumferential and 5 in longitudinal direction.

2.3. Simulations performed

Four simulations were performed with combinations of 2 initial
conditions of ˛h,0 and 2 settings for the basal boundary condi-
tions. Initial values of ˛h,0 were assumed to vary either nonlinearly
(nLIN) or linearly (LIN) with the transmural position from endo-

cardium to epicardium. The nonlinear distribution is obtained
from Bovendeerd et al. (2009) (Fig. 3, dashed lines). The linear
distribution varies from 60◦ at the endocardium to −60◦ at the epi-
cardium (Fig. 4, dashed lines in simulations LIN). At the base, axial

15 25

le ˛t,0 (bottom) after 1, 5, 10, 15, and 25 adaptation cycles. Transmural course in
 levels in the LV wall (right).
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wf , myofiber shortening (decrease of �f,ej), maximum left ventricu-
n  all simulations before adaptation (- -) and after 15 adaptation cycles (–) at the
ongitudinal levels shown in Fig. 3.

isplacement was suppressed either at the whole basal surface
FULL), or at the endocardial ring only (ENDO). In both cases, cir-
umferential displacement was only suppressed at the endocardial
ing.

In all simulations, the first 10 consecutive cardiac cycles were
sed to reach a hemodynamic steady state and myofiber reorienta-
ion was not included. After these 10 cycles, myofiber reorientation
as simulated over 25 adaptation cycles through the whole LV.
daptation time constant � was set to 3200 ms.  Before reorien-

ation, the transverse angle ˛t,0 in the reference state was  set to
ero.

.4. Postprocessing

.4.1. Quantification of adaptation process
Evolving fiber orientations, local mechanics, and global hemo-

ynamics are analyzed to assess the effect of the adaptation process
n LV structure and function. Baseline values are derived from the
emodynamic steady state after 10 cardiac cycles.

Structural response is quantified by changes in transmural dis-
ribution of angles ˛h,0 and ˛t,0 in 7 longitudinal levels from apex to
ase (Fig. 3, right). The angles are determined from the fiber vectors

n a postprocessing step.
The effect of adaptation on local tissue mechanics is quantified

y change in mean and standard deviation (SD) of five variables:
aximum myofiber stress �f,max, stroke work density wf , natural
yofiber strain during isovolumic contraction �f,ic, during ejection

f,ej, and during isovolumic relaxation �f,ir. The wf at each point is
efined as the area enclosed by the myofiber stress-natural strain

oop:
f =
∮

�f d�f ; �f = ln �f (7)
Communications 42 (2012) 60– 67 63

Evolution of homogeneity is quantified by the average of the SDs of
strains �f,ic, �f,ej, and �f,ir:

SD�f
=

SD�f,ic
+ SD�f,ej

+ SD�f,ir

3
(8)

with SD�f,ic
, SD�f,ej

, SD�f,ir
, the SDs of �f,ic, �f,ej, and �f,ir, respectively.

Evolution of the SD of �f,max (SD�) is analyzed too.
Global cardiac function is quantified by maximum LV pressure

plv,max, stroke volume SV and stroke work W given by the area
enclosed by the LV pressure–volume loop:

W =
∮

plvdVlv (9)

2.4.2. Comparison with experimental data
Left ventricular circumferential–radial shear Ecr and torsion � as

computed with the model before and after myofiber reorientation
are compared with those determined from magnetic resonance tag-
ging (MRT) experiments. The protocol for the MRT  measurements
and determination of the Green–Lagrange strain tensor component
Ecr have been described previously in Bovendeerd et al. (2009) and
Ubbink et al. (2006).  Definition of � has been described previously
in Delhaas et al. (2008).  Essentially, � quantifies the base-to-apex
gradient of rotation about the LV long axis. Ecr quantifies the
endo-to-epi gradient of this rotation. In the model, Ecr and � are
determined at the levels of the MR  slices by interpolation from
adjacent nodal points in the FE mesh. The locations of the MR
slices relative to the model geometry are shown in Fig. 8 on the
top left. In agreement with the experimental procedure, strains are
computed with respect to begin-ejection and averaged in radial
direction.

3. Results

Changes in transmural distribution of myofiber angles ˛h,0
and ˛t,0 in simulation FULL + nLIN are shown in Fig. 3. Within
1 adaptation cycle, a gradient for ˛t,0 develops with negative
values at the apex and positive values at the base. Largest
amplitudes develop within 5 adaptation cycles. Thereafter, the
location of the extrema shifts from endocardium towards mid-
wall. At the apical levels the amplitude decreases. As adaptation
proceeds, endocardial ˛h,0 (˛endo

h,0 ) in the upper half of the LV
wall evolves towards 0◦ (circumferentially oriented myofibers),
whereas epicardial ˛h,0 (˛epi

h,0) evolves towards −90◦ (axially ori-
ented myofibers).

In Fig. 4, transmural distributions of ˛h,0 and ˛t,0 are shown for
all simulations after 15 adaptation cycles. The fast response of ˛t,0
and slow response of ˛h,0 were observed in the other simulations
too. After 15 adaptation cycles, the effect of the initial condition
of ˛h,0 (LIN vs. nLIN) was  found to be reduced, while the effect
of the basal boundary conditions (FULL vs. ENDO) persisted. As in
FULL + nLIN, ˛endo

h,0 evolves towards 0◦ and ˛epi
h,0 towards −90◦ in

FULL + LIN. For ENDO + nLIN and ENDO + LIN the opposite can be
observed. In these simulations ˛endo

h,0 evolves towards 90◦ (axial

myofiber orientation) and ˛epi
h,0 towards 0◦ (circumferential orien-

tation). A similar gradient for ˛t,0 develops in all simulations. Near
the base, ˛endo

t,0 is positive for FULL + nLIN and FULL + LIN, whereas

˛endo
t,0 is negative for ENDO + nLIN and ENDO + LIN.

In all simulations, local and global cardiac function increase sig-
nificantly during the first adaptation cycles as indicated by the
increase in maximum myofiber stress �f,max, stroke work density
lar pressure plv, stroke volume SV, and stroke work W.  In addition,
fiber strains during the isovolumic phases, �f,ic and �f,ir, decrease
significantly. Detailed results of simulation FULL + nLIN are shown
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n Fig. 5. For all simulations, evolution of homogeneity is indicated
n Fig. 6 where development of SD�f

and SD� are shown. Here, a fast
esponse during the first adaptation cycles is observed too. All sim-
lations show an increase in homogeneity of average strain during
he first adaptation cycles. Strain homogeneity increases further in
imulations LIN, while it decreases in simulations nLIN. During the
hole adaptation process, homogeneity of �f,max increases for all

imulations except for ENDO + nLIN. In ENDO + nLIN, both SD�f
and

D� reach a minimum after 2 adaptation cycles. Finally, SD�f
and

D� evolve to 2 values, solely dependent on the basal boundary

onditions.
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range of experimental data (Fig. 7). Furthermore, patterns of
circumferential–radial shear Ecr are more realistic after myofiber
reorientation (Fig. 8). Ecr amplitudes reduce from ∼0.35 before to
∼0.18 after reorientation, while experimental amplitudes of ∼0.1
are observed. Before adaptation, the axial gradient of Ecr at end-
ejection is opposite to experimental observations. After adaptation,
the gradient flips and becomes similar to the experiment. Before
adaptation, two characteristic patterns of torsion � can be observed,
determined by the initial conditions of ˛h,0 (LIN vs. nLIN). Differ-
ences in � disappear after adaptation. Minimum � is reached before

end of ejection, which is early when compared with experimental
�. The return to zero of � occurs slower in the model than in the
experiment.
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. Discussion
In this study, we further investigated a computational model in
hich left ventricular (LV) myofiber reorientation was  considered
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perimental data (Geerts-Ossevoort et al., 2002; Nielsen et al., 1991; Streeter et al.,
 The mid-wall region was defined as the transmural region with an absolute helix

2009a). The effect of the initial fiber orientations, and the influence

of the boundary conditions at the base on the long-term outcome
of the adaptive process were investigated.

In all simulations, a fast development of transverse angle ˛t,0
and a slow response of helix angle ˛h,0 were observed. This is
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n � in between these slices before adaptation (top) and after 15 adaptation cycles
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resumably caused by the fact that the initial ˛h,0 was chosen in
he range of experimental data, while ˛t,0 was set to an unphys-
ological value of zero. From the transmural distributions of fiber
ngles (Fig. 4) and from the evolution of homogeneity in stress and
train (Fig. 6), it was observed that the simulations with the same
oundary condition showed a similar behavior during adaptation
hat was irrespective of the initial fiber orientation. The effect of
he initial condition of ˛h,0 on especially homogeneity diminishes
uring adaptation: simulations where boundary conditions were
pplied at the whole basal surface (FULL) evolved to similar SD val-
es (Fig. 6). So did the simulations where boundary conditions were
pplied at the endocardial basal ring (ENDO). This suggests that one
ingle optimal fiber orientation exists, which agrees with observa-
ions in optimization studies (Rijcken et al., 1999; Vendelin et al.,
002).

The basal boundary conditions had a significant effect on the
daptation process. Initially, the basal boundary conditions affect
eformation near the base only. This deformation pattern affects
ber reorientation in the basal region, which in turn affects defor-
ation also in regions closer to the equator. Thus, basal boundary

onditions gradually affect fiber orientation in the complete LV
Fig. 3).

To enforce boundary conditions, external forces are implicitly
pplied. Fibers near the base tend to align in the direction of these
orces. Consequently, in simulations FULL, fibers oriented perpen-
icular to the epicardial base (˛h,0 towards −90◦), whereas in
imulations ENDO, they oriented towards the endocardial basal
ing only (negative ˛t,0, ˛h,0 towards 90◦, Fig. 4). The latter pattern
s more in agreement with anatomical data. However, considering
he amplitude of radial–axial shear strain Erz near the base, values in
imulations FULL (∼0.08) are closer to experimental values (∼0.02,
oung et al., 1994) than those in simulations ENDO (∼0.20), sug-
esting that the boundary conditions in simulations FULL are more
ealistic. Prescribing boundary conditions in terms of forces instead
f displacements, i.e., allowing limited axial basal movement, might
e a more realistic way for modeling boundary conditions at the
ase (Saint-Marie et al., 2006).

A decrease of myofiber strain during the isovolumic phases (�f,ic
nd �f,ir) was observed in all simulations and indicated that dif-
erences between fiber orientations in the loaded and unloaded
issue indeed decreased. Thus, fiber cross-fiber shear minimized
s a result of deformation-induced reorientation. Fiber directions
volved towards a principal strain direction that was not prescribed
n Eq. (1).  At begin ejection, we found that the minimal stretch
irection was oriented perpendicular to the LV wall. Consequently,

ntermediate and maximum stretch directions are oriented within
he plane of the wall. It turned out that fiber directions evolved
owards the intermediate stretch direction, in agreement with the
xpectation that active fibers generate a compressive force on the
issue along their direction.

.1. Comparison with experimental data

From the comparison with experimental data (Fig. 7), no model
an be preferred since predicted values of ˛h,0 and mid-wall ˛t,0
ere quite similar for all simulations. However, restriction to
resentation of mid-wall ˛t,0 neglects the transmural differences
hich were clearly visible in Fig. 4. Since no experimental data on

he transmural variation of the transverse angle exists, the model
ould not be verified in this respect.

The transmural distribution of the transverse angle is impor-
ant since it determines the pattern of circumferential–radial shear

cr (Bovendeerd et al., 2009). Ecr patterns were more realistic after
yofiber reorientation in all simulations (Fig. 8). The improved

greement between Ecr in simulation FULL + nLIN and experiment
as previously presented by Kroon et al. (2009b), and is in line with
ommunications 42 (2012) 60– 67

the study by Bovendeerd et al. (2009),  where it was concluded that
agreement with experimental data could only be obtained when
a non-zero ˛t,0 was  included. Ubbink et al. (2006) demonstrated a
high sensitivity of Ecr on ˛t,0. Differences in transmural variation of
˛t,0 might therefore explain the differences in Ecr patterns between
simulations.

Before reorientation, two torsion patterns can be distinguished
(Fig. 8). Since ˛t,0 was set to zero in all simulations, the differences
might be a result of the differences in ˛h,0. After reorientation, �-
patterns were similar, despite differences in ˛h,0 and ˛t,0. The early
appearance of the minimum in � and the slow return to zero as com-
pared to experiments, presumably were a result of the choice of the
time constants for onset and decay of active stress. Furthermore, the
‘hump’ in the �-pattern early in the filling phase, was  found to be the
result of inhomogeneous relaxation. In the model, sarcomere length
was  assumed homogeneous in the unloaded LV. As a result, sarcom-
ere length is inhomogeneous at begin contraction. Since both the
level of actively generated myofiber stress and the duration of the
twitch are directly related to sarcomere length, relaxation is inho-
mogeneous. In a simulation where sarcomere length was chosen
homogeneous at begin contraction, relaxation was homogeneous
and the ‘hump’ disappeared.

4.2. Study assumptions and model limitations

The model presented only accounts for myofiber reorientation.
Other adaptation mechanisms are likely to be active as well. Clini-
cally, one of the most evident examples of adaptation is the change
in LV wall mass and cavity volume in response to pressure and
volume overload, respectively. In addition, in reality the exter-
nally unloaded LV exhibits a transmural gradient in sarcomere
length with epicardial sarcomeres being longer than endocardial
ones (Rodriguez et al., 1993). This might be a result of mechani-
cally induced adaptation as well. Extension of the model with these
adaptive mechanisms should be considered.

5. Conclusions

In this study, we further investigated a computational model of
shear-induced myofiber reorientation in the left ventricular wall.
It is concluded that the choice of boundary conditions at the base
influences long-term development of fiber orientation while the
effect of initial setting of fiber orientation field disappears. Thus,
for modeling adaptive reorientation of myofibers, physiological
boundary conditions at the base are relevant. Due to large spread
in experimental data on fiber orientation and the lack of detailed
data on the transverse angle at the base, no clear conclusion can be
drawn with respect to which of the boundary conditions is prefer-
able. After reorientation, differences between model predicted and
experimental observation of LV structure and deformation were
reduced significantly, but a complete match could not be obtained.
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