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Abstract: This work accompanies the first part of our study “effects of dispersed fibres in myocardial
mechanics: Part I passive response” with a focus on myocardial active contraction. Existing studies
have suggested that myofibre architecture plays an important role in myocardial active contraction.
Following the first part of our study, we firstly study how the general fibre architecture affects
ventricular pump function by varying the mean myofibre rotation angles, and then the impact of fibre
dispersion along the myofibre direction on myocardial contraction in a left ventricle model. Dispersed
active stress is described by a generalised structure tensor method for its computational efficiency. Our
results show that both the myofibre rotation angle and its dispersion can significantly affect cardiac
pump function by redistributing active tension circumferentially and longitudinally. For example,
larger myofibre rotation angle and higher active tension along the sheet-normal direction can lead
to much reduced end-systolic volume and higher longitudinal shortening, and thus a larger ejection
fraction. In summary, these two studies together have demonstrated that it is necessary and essential to
include realistic fibre structures (both fibre rotation angle and fibre dispersion) in personalised cardiac
modelling for accurate myocardial dynamics prediction.

Keywords: fibre dispersion; myofibre rotation; generalised structure tensor; active stress; myocardial
contraction

1. Introduction

In this part, we will study how myofibre rotation and its dispersion affect left ventricle (LV) active
contraction. As demonstrated in many studies [1-4] and also the Part I [5], fibre dispersion can have
significant effect on passive behaviours of the myocardium. Here we will mainly review studies on
myocardial active contraction with myofibre dispersion. For a general introduction of myocardial
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mechanics and fibre dispersion in passive constitutive modelling, readers can refer to Part I [5] and
recent reviews [6, 7].

For the first time, Lin and Yin [8] reported that there was 40% cross-myofibre active stress in
their biaxial contraction tests in rabbit myocardium. Since then, modelling studies began to account
for cross-fibre active contraction using the active stress approach, in which total stress tensor consists
of passive and active parts. For example, Guccione and co-workers included cross-myofibre active
stress in the total stress to better match in vivo cardiac pump function [9, 10]. Later, Sack et al. [11]
added cross-myofibre active tension with cross-myofibre contraction ratios that were inversely
determined using a healthy porcine heart and a failing heart. Recently, Guan et al. [1] investigated the
effects of cross-myofibre active stress on cardiac pump function in which a generalised structural
tensor (GST) based dispersed active tension model was developed by assuming myofibres follow a
non-fully dispersed distribution, which was informed by experimental data, such as the
diffusion-tensor magnetic resonance imaging [12]. They found that the dispersed active stress along
the sheet direction, i.e., the transmural direction from endocardium to epicardium, would reduce the
cardiac pump function, whilst the active stress along the sheet-normal direction enhanced the pump
function. The GST-based active stress approach was also used by Eriksson et al. [13], which was
based on the k—model [3] by assuming myofibres following a fully dispersed distribution. While
experimentally measured data demonstrates that the in-plane and out-of-plane myofibre dispersion is
different [14], suggesting an anisotropic myofibre dispersion will be more appropriate to be
considered for modelling dispersed active stress, such as the non-fully dispersed distribution.

There are a few studies [15] on how myofibre rotation angle variation affects LV passive
behaviour, but very limited on active contraction. In our previous study [1], we derived the dispersed
active tension from experimentally measured data and studied the effects of a few extremely dispersed
distributions on myocardial contraction. While there is no existing study about how myofibre rotation
angle variation affects LV contraction, and how the dispersed active tension in the sheet-normal
direction affects longitudinal contraction, we will address the two questions mentioned above in this
study, firstly by varying myofibre rotation angles from —40° ~ 40° to —80° ~ 80°, and secondly by
increasing the sheet-normal active tension proportion from 0 to its analytical maximum using the
GST-based active tension model [1].

2. Methods

Similar to Part I [5], dispersed myofibre (f,,) in a local fibre system (fy, g, ng) can be defined by
the two spherical polar angles ® and @,

£,(0,D)=cosOfy+sin® cosdng + sin O sin D s, 2.1

and the domain of dispersed myofibres at each location is an unit hemisphere with
S ={(0,D)|® €[0,7/2],® € [0,2nr]}. By assuming the myofibre dispersion distribution following a
probability density function, then we have

o(f,) = 0(0, by, @, b)) = G pin(O, by1) pop(P, b2), (2.2)

in which p;,(©, b;) describes the in-plane dispersion, p.,(®, b,) describes the out-of-plane dispersion,
and G is a constant. We choose the m-periodic Von Mises distribution for p;, and p,, and please refer
to Part I [5] for further details.
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2.1. Passive constitutive modelling

Following the results from Part I [5], the passive strain energy function for the myocardium is

Y= h, 28 fexplby(l; — 3)] — 1} + Wl ol I o = [exp(bssIg,) — 11,
i = an (explbi(Ly — 1] = 1) H(T — 1), 03

dg " "
Wi, = Z P 3 expIb (I = 1) = 1V H(I - 1),
m=1 $

where ag s 15), Do fs.fs) are material parameters, [, = trace(F'F), F is the deformation gradient tensor,
and Iy = fo - (F'F'sy), in which f, is the mean myofibre direction and s is the sheet direction, i.e., the
transmural direction from endocardium to epicardium. ‘I’;‘;}fi*so and \Pﬁu:o are the sums of strain energy
of all dispersed myofibres (f,) and sheet fibres (s,,), respectively, by using the discrete fibre dispersion
method [2], in which I}, = f,, - (F'Ff,), I =s,- (F'F's,,), H(-) is the Heaviside function to ensure the
only stretched fibres can bear the load, and discrete probability p, of f, and p,, of s, are determined by
their respective probability density functions. Further details can be found in Part I [5].

2.2. Active stress modelling
If without myofibre dispersion, then the generated active stress is only along f, that is

fof

m

o*=T,

(2.4)

where T, is the active tension and Iy = f - f is the square of myofibre stretch with f = Ff,. Cross-
myofibre active contraction has been observed in the biaxial active contraction experiment conducted
by Lin and Yin [8], which has inspired modelling studies [9, 16] to include cross-myofibre active
contraction along with the myofibre contraction. Here, the dispersed active stress approach [1, 13] is
employed to take into account myofibre dispersion, that is

A A

o =T, ff+nT,S8+n, T, AR, (2.5)

in which f = Ff,/|Ffy|, § = Fsy/|Fso| and i = Fn,/|Fny| are unit vectors in the current configuration,
and ny is the sheet-normal direction and defined by ny = sy X f, n¢, ng and n, can be derived from a
generalised structure tensor H that is defined over an unit hemisphere using the predefined probability
density function Eq (2.2) [3,13,17],

H = fQ(G’ bl9 CD, bZ) fn ®fn dS = diag(HllaH22’ H33)a (26)
S

where Hy,, Hy,, H3; are diagonal components with respect to the orthogonal material axes (f,, sy and
ny). Thus we have

ny = Hyy, Ny, = Hy, and ns = Hss, (2.7)
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and n; + ng + n, = 1. The tensor H is diagonal because of the m—period Von Mises probability density
functions for the fibre dispersion and the independence assumption between the in-plane and out-of-
plane dispersion. In other words, the myofibre dispersion distribution is symmetric with respect to (fy,
so) plane, (fy, ny) plane and (sg, ng) plane. We would like to mention that the tensor H may not be
diagonal for general fibre dispersion.

The active tension (7,) is determined by a well-established time-varying elastance model [11, 18],

Tinax Cag
To(t.0) = .

1- ! 2.
> CaS+EC3§0(D( cos (w(t, 1)), (2.8)

in which T, 1s the maximum isometric active tension, Cay is the peak intra-cellular calcium, and the
length-dependent calcium sensitivity (ECasp) is given by

ECasy(l) = ———, (2.9)

where B and Cag,,, are constants, [y is the minimum sarcomere length to produce active stress, and /

is the deformed sarcomere length
=1 v2Ez+1, (2.10)

in which [, is the stress-free sarcomere length, and Ey is the Lagrange strain in the myofibre direction.
The time function after onset of contraction in Eq (2.8) is

nr for 0<t<1t
w(t, ) = nﬂ%ﬁ for t) <t <ty+t , (2.11)
0 for t>1y+t.

where 1 is the time to peak tension, and ¢, is the duration of relaxation
t,() =ml+b, (2.12)

where m and b are constants. Finally, the total myocardial Cauchy stress is formulated using the active
stress approach,

L
o =F+ 0= pl (2.13)

where p is the Lagrange multiplier to enforce the incompressibility and I is the identity tensor.

2.3. Invivo left ventricle modelling

The same human LV model [19] as in the Part I is used here to study how different myofibre
dispersion and rotation can affect the LV pump function, as shown in Figure 1(a). The mean myofibre
direction at each location is generated using a rule-based method [15], in which the myofibre rotation
angle varies linearly from the epicardium (®%) to the endocardium (®@°"®). A simplified close-loop
lumped-parameter circulation system including the aorta and the left atrium is coupled to the LV model
to provide physiologically accurate pressure boundary conditions, which is implemented using the
surface-based fluid cavities and the fluid exchanges [20] as shown in Figure 1(a). This type of boundary
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condition is equivalent to a two-element Windkessel model [21], and more details can be found in
Appendix.

LV simulations are performed by using the nonlinear finite-element software ABAQUS
EXPLICIT (Dassault Systemes, Johnston RI, USA). In brief, the dynamic system of the LV model is

Mx + Cx + Kx = Fey, (2.14)

where M is the mass matrix, C is the damping matrix, K(x) is the nonlinear stiffness matrix depending
on the current configuration, F.y is the external forces, and x is the displacement field. To eliminate
unrealistic transient behavior, the damping matrix is introduced via Rayleigh damping [20], i.e.,

C=aM, (2.15)

where a is the damping factor. We find that @ = 160s™! can simulate LV dynamics without noticeable
oscillation, which is also the value used in the LivingHeart Project [16].

Sheet-normal axis
n,

Fwq{ Ao 4
ko AV -
Sheet :gxis
Sysé® f
CV :E Fibre axis ﬂ L
ng
Mean fibre direction
MV " —1R
j}ﬁw LA = \‘
LA endo Fibreangle [~ So 1o
gendoy, 0P

o
(a) (b)

Figure 1. (a) A schematic illustration of the human LV model (133,042 linear tetrahedral
elements and 26,010 nodes) with a simple circulation system that only includes left atrium
and aorta, and a rule-based myofibre structure with varying myofibre angle from @' to
@cd°  MV: mitral valve, AV: aortic valve, LA: left atrium, Ao: aorta, and Sys: systemic
circulation. Grounded spring with a stiffness of k is tuned to provide the appropriate
pressure-volume response (i.e., compliance) for the corresponding cavity. Flow through
valves is realized by only allowing uni-directional fluid exchanging between two cavities.
The layered myocardium constructs a right-handed orthonormal coordinate system with fibre
axis fy, sheet axis sy and sheet-normal axis ny. (b) Positions of nodes to estimate long-axis
shortening, radial shortening and apex twist angle. L is the length of long-axis from centre
point of base plane to the inner apex point, R is the mean radius of the circular points at the
inner surface of middle section of LV, and 6 is the mean rotation angle of all twisted points
with respect to their respective positions at end of diastole.

The material parameters of the passive strain energy function are re-scaled from the fitted
parameters in Part I [5] following the approach proposed in [22,23], that is

aj=a-d), bj=pB-b) for je{gfs.fs}, (2.16)
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where a? and b? are the parameters of Case 4 in Part I [5]. We find that the filling volume in diastole
is around 60 ml when @ = 0.4 and § = 0.5, which lies in the normal physiological range of human
cardiac function. Table 1 summarizes the passive constitutive parameters of the myocardium in this
study, along with active contraction parameters. Values of 7y, m, b, Iy, B, I, Cap and Cagp,x are
referred from [11, 18], and Ty, 1s inversely determined by achieving an ejection fraction within 50—
75%. Note in this study, we do not intend to simulate personalized LV dynamics, which requires extra
measurements for presonalization [19].

To simulate LV dynamics, we first preload the LV to 8 mmHg within 0.5 s to reach the end of
diastole, then the iso-volumetric contraction begins as the whole LV is contracting simultaneously,
then followed by the systolic ejection at ¢+ ~ 0.6 s when the LV cavity pressure exceeds the aortic
pressure (about 80 mmHg), and finally the ejection ends when the LV pressure is lower than the aortic
pressure.

Table 1. Parameter values for the lumped circulatory model, passive constitutive model, and
active tension constitutive model.

Lumped circulatory model [1]

Cy (MPa - mm? - s/tonne) k (N/mm )
vy My ova ko kia
1.2 1.0 100.0 1.2 0.1
Passive constitutive model
as (kPa) b, ar (kPa) by a, (kPa) by ag (kPa)  ay

0.1731 5.1207 1.9344 0.2199  0.2143 0.0005  0.2665 2.5505

Active tension constitutive model [12]

Ty m b lO B CaO CaOmax Tmax [ r
(s) (spm™)  (s) (um)  um™) @M @M kPa)  (um)
0.2 1.0489 -1.7 1.58 4.750 4.35 4.35 120 1.85

To describe LV contraction, we further introduce the long-axis shortening, radial shortening and
apex twist angle with respect to the end of diastole (beginning of systole), as shown in Figure 1(b).
The long-axis length is the distance between the centre at the base plane and the apex point at the inner
surface, then the long-axis shortening (L,) is

L, = (L, — Lo)/Lo, (2.17)

in which Ly and L, are the long-axis length at the beginning of systole and the current time ¢,
respectively, and the radial-axis shortening (R,) is the mean radius change of the inner wall at the
middle LV,

R —RY

Ry ==

(2.18)

where R? is the mean radius at the end of diastole, and R! is the corresponding value at time . Apex
twist angle (0) is the average angle change of the apex in related to the end of diastole.
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3. Results

In this section, we first investigate the LV pump function with different myofibre rotation angles in
Section 3.1 with the same myofibre dispersion (b; = 4.5 and b, = 3.9). The values of the corresponding
scaling factors n; , ng and n, in Eq (2.5) are 0.879, 0.009 and 0.112 obtained from [1]. Then, the effect
of myofibre dispersion on the cardiac pump function is studied in Section 3.2 with the same myofibre
rotation angle whilst values of b, and b, vary according to the predefined values of n¢ , ny and n,.
Please note the sheet dispersion remains the constant fully dispersed distribution with b3 = 4.5 and
by = 0.0.

3.1. Transmural myofibre rotation

Seven cases are considered here with different myofibre rotation angles from the epicardium to
the endocardium, which are

rot-80: —40° ~ 40°, and the rotation angle: 80°;
rot-100: =50° ~ 50°, and the rotation angle: 100°;
rot-120: —60° ~ 60°, and the rotation angle: 120°;
rot-140: —70° ~ 70°, and the rotation angle: 140°;
rot-160: —80° ~ 80°, and the rotation angle: 160°;
rot-unsyml: =30° ~ 90°, and the rotation angle: 120°;
rot-unsym?2: —90° ~ 30°, and the rotation angle: 120°,

and the corresponding myofibre structures are shown in Figure 2. Cases rot-80 to rot-160 have the
same angle to the circumferential direction with opposite signs at the epicardium and the endocardium,
denoted as symmetrical cases, and Cases rot-unsyml1/2 have different angles to the circumferential
direction at the epicardium and the endocardium, denoted as unsymmetrical cases.

BSSAS
-0
ue 2Iq113

Sk

rot-80 rot-100 rot-120 rot-140 rot-160 rot-unsym1 rot-unsm2 -9
—40°~40° —50°~50° —60°~60° —70°~70° —80°~80° —30°~90° —90°~30°

Figure 2. Myofibre structures with different transmural rotation angles.

Figure 3(a) shows the Pressure-volume (PV) loops of the seven cases, and the corresponding
values of end diastolic volume (EDV), end systolic volume (ESV) and ejection fraction (EF) are
summarised in Table 2. For the symmetric rotation cases (rot-80 to rot-160), myocardial contraction is
significantly improved when increasing myofibre rotation angle from 80° (rot-80) to 100° (rot-100),
with a further decrease of 5.9 ml in ESV from 55.8 ml of the Case rot-80. Less improvement in
myocardial contraction with further increased myofibre rotation angle, the smallest ESV (46.1 ml)
happens with 140° rotation angle. Interestingly, EDV increases 1.0 ml per 20° increment of the
myofibre rotation angle. Except for EF in Case rot-80 that is 46%, Cases rot-100 to rot-160 achieve an
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EF of greater than 50% with the biggest one (56.5%) occurring in Case rot-140.

Long-axis shortening is shown in Figure 3(b) where the greater negative value suggests larger
longitudinal contraction. Again, for the symmetric rotation cases, the long-axis shortening ratio at the
end of systole (r = 0.2 s) increases with increased myofibre rotation angle from Case rot-80 (5.0%) to
Case rot-160 (-16.0%). Interestingly, for Cases rot-80 and rot-100, due to the small rotation angle, the
long-axis shortening ratio is positively increasing in the early-systole rather than shortening compared
to other cases. This long-axial elongation during systole suggests that the LV does not contract
longitudinally compared to the end-diastolic shape, which means the LV contraction may not
physiologically accurate. The radial shortening is similar for all cases as shown in Figure 3(c). The
rotational angle affects the radial shortening magnitude, the less the rotational angle, the more the
radial shortening, which can be explained by more myofibres aligned along the circumferential
direction, leading to deeper contraction circumferentially, thus more radial shortening. Figure 3(d)
describes the LV apex twist, in which the small rotation angles can cause large twists, such as from
34.2° in Case rot-80 to 20.0° in Case rot-160. Summary of LV pump function can be found in Table 2,
including EDV, ESV, EF, etc.

The unsymmetrical rotation angle can also significantly affect cardiac pump function as
demonstrated by Cases rot-unsym1 and rot-unsym? that have the same rotation angle as Case rot-120.
Compared to Case rot-120 with 55.6% of EF, both unsymmetric cases have reduced contractility with
smaller EFs (50.0 % in Case rot-unsyml and 46.7% in Case rot-unsym2) due to much larger ESVs.
The large myofibre angle at the endocardium in case rot-unsyml leads to a slight increase in EDV
(108.1 ml) compared to Case rot-120 (105 ml), whilst a slightly reduced EDV occurs in Case
rot-unsym?2 (104.4 ml). Small myofibre angle at the endocardium in Case rot-unsym2 achieves both
higher radial (Figure 3(c)) and long-axis shortening (Figure 3(b)) compared to Case rot-unsyml at the
end of systole, whilst they both experience less circumferential contraction and larger longitudinal
contraction compared to Case rot-120, which may be explained by more longitudinally aligned
myofibres in those two cases. Furthermore, the unsymmetrical myofibre rotation significantly reduces
the apex twist as shown in Figure 3(d), in which the apex twist angle at the end of systole is 3.0° for
Case rot-unsym1 and 16.3° for Case rot-unsym?2, much less than that of Case rot-120 (25.8°).

Table 2. Cardiac pump functions with different myofibre rotation angles. EDV: end diastolic
volume, ESV: end systolic volume, EF: ejection fraction, LF: Long-axis shortening at end
of systole (ES), RES: Radial axis shortening at ES, and 655: Apex twist angle at ES. g + ¢
is mean and standard deviation of myofibre stress 0.

Rotation Case EDV (ml) ESV (ml) EF (%) LES (%) RES(%) 655 () &g+ (kPa)

rot-80 103.3 55.8 46.0 5.0 -32.4 342 33.8 £31.1
rot-100 104.1 49.9 52.0 -3.6 -33.8 30.4 34.6 £31.1
rot-120 105.0 46.7 55.6 -9.5 -33.8 25.8 349 £ 30.7
rot-140 106.0 46.1 56.5 -13.5 -32.4 22.3 358 £31.2
rot-160 106.9 47.6 55.5 -16.0 -30.0 19.7 37.0 +32.4
rot-unsyml 108.1 54.0 50.0 -10.7 -24.3 3.0 347 +37.4
rot-unsym?2 104.4 55.6 46.7 -17.4 -28.9 16.3 43.7 £ 33.8
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Figure 3. Using different myofibre rotation structure in the LV model, pressure-volume loops
(a), long-axis shortening (b), radial axis shortening (c) and apex twist angle (d). Results from
end of diastole to end of systole in one cardiac cycle are shown because active tension plays
the primary role in cardiac dynamics during this period (about 0.2 s).

Distributions of end-systolic myofibre stress (o) with deformed geometries are shown in
Figure 4, and mean values are listed in Table 2. The mean myofibre stress o slightly increases from
Case rot-80 (33.8 + 31.1 kPa) to Case rot-160 (37.0 + 32.4 kPa) in Figure 5. Compared to Cases
rot-120/140/160, higher myofibre stress can be found at the basal region of LV in Cases rot-80,
rot-100 and rot-unsym?2 with more heterogeneous stress distributions. Corresponding statistic density
distributions of o are shown in Figure 5. It can be found that Case rot-unsym1 and Case rot-unsym?2
both have more heterogeneous stress distributions compared to other cases, while Case rot-120 has
the least standard deviation suggesting the most homogeneous distribution, see Figure 5.

In sum, myofibre rotation angles can significantly affect LV pump function. For example, a
myofibre structure with a large rotation angle can lead to greater longitudinal contraction than with a
small rotation angle. For the human LV model, it shows the myofibre rotation angle in the range of
120° ~ 140° can achieve a more physiologically accurate pump function, i.e., EF > 50%. In fact, the
myofibre rotation angle from 60° to -60° is the most widely used range in the literature [15, 19, 24],
and also within the range reported by experimental studies [25].
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Figure 4. Distributions of stress along myofibre o¢. The solid outline is slice of end diastole
for comparison.
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Figure 5. Violion plot of the stress along myofibre direction (o) over the whole LV domain
when using different myofibre rotation structure.

3.2. Sheet-normal active tension

The reduced myocardial contraction due to the dispersed active tension along the sheet direction
has been studied in [12], in which the LV ejection fraction was reduced by 12.8% when increasing
ng from O to 0.2 with a constant ny = 1. One reason is that since the myocardium is incompressible,
the active tensions along the myofibre and the sheet-normal directions need to overcome the non-zero
active tension along the sheet direction before the myocardium can contract. Our previous study also
has shown that n; = 0.008 based on Sommer et al.’s measurements from human myocardium [25] and
ns = 0.0009 based on Ahmad et al.’s measurements from neonatal porcine myocardium [14]. Both
values are very close to zero, thus we assumed the active tension along sheet direction is negligible by

Volume 19, Issue 4, 4101-4119.
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setting ny, = 0. Based on Eq (2.6), value of n; = 0 drops to less than 0.01 for any b, when b, > 16,
thus we set b, = 16, whilst values of n¢ and n,, are determined by b;. Finally, five cases of myofibre
dispersion are compared as following

e Case f10n0: n; = 1.0, and n, = 0.0, corresponding to no-dispersion;
e Case f8n2: n; = 0.8, and n, = 0.2, (b; = 2.9, and b, = 16);

e Case f6n4: ny = 0.6, and n, = 0.4, (b, = 1.35, and b, = 16);

e Case f5n5: ny = 0.5, and n, = 0.5, (b, = 0.85, and b, = 16);

e Case f4n6: ny = 0.4, and n, = 0.6, (b; = 0.35, and b, = 16).

Note the minimum value of n¢ is 0.33 when b, = 0.0 and b, = 16, thus we only consider ns > 0.4 in
this study. The corresponding myofibre dispersion distributions (b and b, in Eq (2.2)) are determined
according to the values of ng, ng and n,. Myofibre structures of those above cases are the same as that
of Case rot-120 (—60° ~ 60°) in Section 3.1 but with different in-plane and out-of-plane dispersion.

—
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40
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Figure 6. Using different sheet-normal active tension in the LV model, pressure-volume
loops (a), long-axis shortening (b), radial axis shortening (c) and apex twist angle (d).

Figure 6(a) shows the PV loops of the LV model with different dispersed active tension, and the
related EDV, ESV and EF are summarised in Table 3. In general, the case with large sheet-normal
active tension has small ESV and large EDV. For example, ESV in Case f4n6 is 31.6 ml, which is
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much smaller than that in Case f10n0 with an ESV of 45.9 ml. Similarly, the long-axis shortening is
greater with increased n, as shown in Figure 6(b). Long-axis shortening ratios at the end of systole
are negative for all cases, from -8.1% in Case f10n0 to -39.2% in Case f4n6. Conversely, the radial-
shortening is smaller with more active tension along the sheet-normal direction, from -34.3% in Case
f10n0 to -27.0% in Case f4n6 as shown in Figure 6(c). It also can be found that the sheet-normal
contraction can prevent long-axis elongation during systole in Case f10n0.

Apex twist is significantly influenced by the sheet-normal active tension as shown in Figure 6(d).
When r; is greater than n,,, the apex twist increases to the peak value quickly at early-systole and then
decreases slightly at late-systole, while the larger n, in Cases fSn5 and f4n6 leads to continuously
increased apex twist in systole.

Table 3. Cardiac pump functions with different myofibre dispersion distributions.

Dispersion Case EDV (ml) ESV (ml) EF (%) LE (%) RES(%) 655 (°) &g+ (kPa)

f10n0 104.0 45.9 55.9 -8.1 -34.3 27.8 38.5+33.4
f8n2 105.2 45.3 57.0 -12.2 -33.8 23.3 30.7 + 28.8
fon4 107.0 41.2 61.3 -25.0 -31.6 1.5 23.1 £31.7
f5n5 107.4 32.9 69.4 -35.3 -28.1 10.6 17.9 £ 40.2
f4n6 108.1 31.6 70.8 -39.2 -27.0 37.4 45+41.8

Figure 7. Distributions of stress in myofibre direction. The solid curves outline the
corresponding end diastolic boundary of the cutting plane.

Although very strong pump function can be found in Case f5n5/f4n6 according to the PV loops
in Figure 6(a), excessive longitudinal contraction with compressed myofibres around the endocardium
can be found in Figure 7, which is not physiologically correct. Compared to Case f10n0, Case f8n2 has
the more homogeneous stress distribution at the base with greater long-axis shortening. Figure 8 shows
the statistics of stress distributions for the five cases, in which Case f8n2 has the most homogeneous
myofibre stress distribution. Case fébn4 achieves the better pump function with smaller myofibre stress
than Case f10n0 and Case f8n2 while maximum o locating at the middle LV wall and preventing the
myofibre compression in Cases f4n6 and fSn5. Mean values of o of the whole heart at end-systole
are summarised in Table 3. The myofibre stress o reduces dramatically from 38.5 kPa in case f10n0
to 4.5 kPa in Case f4n6 (Figure 8), which is presumably because the active tension aligns more along
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the sheet-normal direction, less along the myofibre direction.

400

9%

flon0  f8n2 fond f5n5 f4n6

—Mean
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(=

« (kPa)

Myofibre stress o

Figure 8. Violin plot of myofibre stress (o) over the whole LV domain when using different
dispersed active tension.

In sum, we find that n, > O can lead to greater long-axis contraction, smaller ESV, and much-
reduced myofibre stress at systole compared to the case without dispersion. However, using larger
ny, 1.e., n, > 0.4, in the LV model, excessive long-axis contraction can occur which would not be
physiological correct.

4. Discussion

In this study, we have investigated the effects of transmural myofibre rotation angles and their
dispersion distributions on cardiac pump functions, and we demonstrate that they both can
significantly affect the LV pump function. Firstly, five symmetric transmural myofibre rotation angles,
from —40° ~ 40° to —80° ~ 80°, are compared, and the results show that the larger myofibre rotation
angle can enhance myocardial contractility with greater longitudinal contraction compared to cases
with smaller myofibre rotation angle, while the two unsymmetric myofibre rotation cases not only
have reduced pump function but also reduced apex twist, especially with a small rotation angle at the
epicardium. Secondly, the results from different combinations of n; and n, show that dispersed active
tension along the sheet-normal direction can significantly increase longitudinal contraction, even
beyond the physiological range when its portion is greater than 0.4. Thus, myofibre rotation and
dispersion both can moderate cardiac pump function by adjusting the longitudinal and circumferential
active tension, which have not been quantified in other studies. This also would suggest that a
personalized cardiac model will need to take into account fibre dispersion and rotation angle variation
rather than assuming a general fibre structure without dispersion, such as the widely used —60° ~ 60°
myofibre rotation angle [10, 15,22].

In the cases of myofibre rotation, the dispersion is constant, which means the cross-fibre active
tension is the same in those considered cases. Different myofibre rotation angles will change the active
tension along the circumferential and longitudinal directions, and further affect the contraction along
the two directions accordingly. For example, a larger myofibre rotation angle leads to more myofibres
aligning along the longitudinal direction and a larger fraction of active tension longitudinally, thus
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greater long-axis shortening. It can be found the maximum contraction can be achieved as shown in
Figure 3, when the myofibre rotation angle is in the range of 120° ~ 140° with the same angles at the
endocardium and the epicardium.

The myofibre rotation angle —60° ~ 60° is widely used in rule-based myofibre structure (Case
rot-120 in this study) in many studies [1, 15, 19]. Our results show that such a myofibre structure
can achieve a physiologically accurate LV pump function, which may suggest that if experimentally
measured fibre structure is not available, —60° ~ 60° could be a good approximation. For the cases
with unsymmetric myofibre rotation angles, both cases have reduced pump function, i.e., larger ESV
compared to Case rot-120 that has the same and symmetric myofibre rotation angle. It may suggest
that a remodelled myofibre structure leads to inefficient myocardial contraction under pathological
conditions, for example, more circumstantially aligned myofibres [26].

For myofibre dispersion cases, n, determines the longitudinal proportion of active tension and
can significantly affect the long-axis contraction. Large n,, in other words, small n¢ leads to reduced
myofibre stress and increased long-axis shortening, and thus reduced ESV. This may suggest that the
long-axial shortening is highly sensitive to n,. Case f8n2 has the similar myofibre dispersion as the
measured data from the human heart [25] and achieves the similar PV loop as Case f10n0 without
myofibre dispersion, which is consistent with the results in [1], but with a more homogeneous stress
distribution and greater long-axial shortening. We further find that a much-enhanced contraction can
also be achieved when n, is in the range of 0.2 ~ 0.4. In fact, 0.4 is the cross-fibre active tension
portion reported by Lin and Ying [8]. In our LV model, a 6% increase of T,y 1s required for the case
f10n0 in order to match the pump function of the case fon4. Non-fully dispersed myofibre distribution
is used in this study, because the experimental data measured by Sommer et al. [25] and Ahmad et
al. [14] has demonstrated myofibres disperse differently in-plane and out-of-plane. Our previous study
[12] showed that active tension along the sheet direction could reduce myocardial contraction, which
should be minimal in a healthy heart. Thus, we mainly focus on the variation of n¢ and n, with n;, = 0
by setting a large value of b, = 16.

Together with Part I [S5], we have comprehensively studied how fibre dispersion affects LV
dynamics in diastole and systole, respectively. Our results suggest it is necessary to incorporate fibre
dispersion in the passive constitutive law of the myocardium, both the myofibre and sheet fibre
dispersion. Comparable results of LV passive dynamics can be achieved with only myofibre
dispersion given that the sheet fibre dispersion can be challenging to measure experimentally. In this
study, we focus on the effects of fibre dispersion on myocardial contraction. Our results further
suggest that it is essential to include realistic fibre structure with both realistic transmural myofibre
rotation angle and its dispersion.

The active stress approach (Eq (2.5)) was employed to simulate active stress response in the
myocardium, which included the effects of myofibre dispersion using the generalised structure tensor
approach, from which three scalar factors (ns, ng and n,) can be analytically derived to characterize
dispersed active tension along each material axis. To take into account length-dependency, the active
tension 7T, was computed using the myofibre stretch along the mean fibre direction (Eqs (2.8)—(2.12)).
We further tested one simulation when the active tension for each dispersed myofibre was calculated
using its own stretch rather than the mean myofibre stretch, the dispersed active stress tensor was then
evaluated using the discrete fibre dispersion approach as done in the passive response, and the results
showed that the LV pump function was almost identical to the simulation using the GST approach.
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One advantage of using the GST-based active tension model is that it allows analytical integration of
dispersed active tension with a given distribution density function, thus much higher computational
efficiency can be achieved.

In the ABAQUS implementation, we treated the myocardium as nearly incompressible through a
Lagrange multiplier which is derived from an additional term (%(Lz_l —In(J))) added to the strain energy
function with a multiple of bulk modulus D. In the implementation, the deformation gradient tensor
(F) was further decomposed to a deviatoric part (F = J~'/3F) and a volumetric part, and the volumetric
part was used to compute the Lagrange mutliplier to ensure the incompressibility constraint. In our
simulations, J = 1 +0.008 at the end of diastole and J = 1 £0.009 at the end of systole, suggesting the
incompressibility was ensured. We did not meet the volumetric locking problem in all simulations.

We would like to mention the limitations of this study. Firstly, a simple circulation system is
attached to the LV model to achieve physiologically-realistic cardiac boundary conditions. The
hemodynamics characteristics in the aorta and left atrium are ignored, which can be further included
to investigate the interaction between ventricles and blood flow [21, 27]. Furthermore,
electrophysiology is not modelled here because it will dramatically increase the complexity of the
model [28]. Considering that the propagation of action potential is much faster than the mechanical
contraction, the assumption of simultaneous contraction in the whole LV is feasible as done in many
other studies [11, 12, 19].

5. Conclusions

In this study, we have systemically investigated the effects of myofibre rotation and its dispersion
on cardiac pump functions with a focus on myocardial contraction. Our results suggest that they both
can significantly affect LV pump function, especially myofibre dispersion. Large transmural myofibre
rotation angle can lead to enhanced long-axis shortening, while a small rotation angle can lead to
enhanced circumferential contraction due to more myofibres aligned circumferentially. Myofibre
dispersion redistributes active tension along the myofibre and cross-fibre directions, which determines
how the LV contacts, especially when the dispersed active tension along the sheet-normal direction is
greater than 0.4 for which excessive long-axis shortening can happen. Our two studies have
highlighted that it is necessary to include realistic fibre structures in personalized cardiac modelling.

Acknowledgements

We are grateful for the funding provided by the UK EPSRC (EP/S030875, EP/S020950/1,
EP/S014284/1, EP/R511705/1 ) and H. G. further acknowledges the EPSRC ECR Capital Award
(308011). L. C. acknowledges the National Natural Science Foundation of China (11871399,
11471261, 11571275). D. G. and Y. W. also acknowledge funding from the Chinese Scholarship
Council and the fee waiver from the University of Glasgow. Many thanks to Mr. Yuzhang Ge for
proofreading.

Contflict of interest
The authors declare that there is no conflict of interest.

Mathematical Biosciences and Engineering Volume 19, Issue 4, 4101-4119.



4116

Data accessibility

The datasets supporting this article have been uploaded to GitHub as part of the electronic

supplementary material, https://github.com/HaoGao/FibreDispersionMyocardialMechanics.git.

References

1.

10.

11.

D. Guan, X. Zhuan, W. Holmes, X. Luo, H. Gao, Modelling of fibre dispersion and its
effects on cardiac mechanics from diastole to systole, J. Eng. Math., 128 (2021), 1-24.
https://doi.org/10.1007/s10665-021-10102-w

K. Li, R. W. Ogden, G. A. Holzapfel, A discrete fibre dispersion method for excluding fibres
under compression in the modelling of fibrous tissues, J. R. Soc. Interface, 15 (2018), 20170766.
https://doi.org/10.1098/rsif.2017.0766

T. C. Gasser, R. W. Ogden, G. A. Holzapfel, Hyperelastic modelling of arterial layers
with distributed collagen fibre orientations, J. R. Soc. Interface, 3 (2006), 15-35.
https://doi.org/10.1098/rsif.2005.0073

G. A. Holzapfel, R. W. Ogden, S. Sherifova, On fibre dispersion modelling of soft biological
tissues: a review, Proc. R. Soc. A, 475 (2019), 20180736. https://doi.org/10.1098/rspa.2018.0736

D. Guan, Y. Mei, L. Xu, L. Cai, X. Luo, H. Gao, Effects of dispersed fibres in
myocardial mechanics, Part I: passive response, Math. Biosci. Eng., 19 (2022), 3972-3993.
https://doi.org/10.3934/mbe.2022183

K. Mangion, H. Gao, D. Husmeier, X. Luo, C. Berry, Advances in computational
modelling for personalised medicine after myocardial infarction, Heart, 104 (2018), 550-557.
https://doi.org/10.1136/heartjnl-2017-311449

M. Peirlinck, F. S. Costabal, J. Yao, J. M. Guccione, S. Tripathy, Y. Wang, et al,
Precision medicine in human heart modeling, Biomech. Model. Mechanobiol., (2021), 1-29.
https://doi.org/10.1007/s10237-021-01421-z

D. H. S. Lin, F. C. P. Yin, A multiaxial constitutive law for mammalian left ventricular
myocardium in steady-state barium contracture or tetanus, J. Biomech. Eng., 120 (1998), 504—
517. https://doi.org/10.1115/1.2798021

J. FE. Wenk, D. Klepach, L. C. Lee, Z. Zhang, L. Ge, E. E. Tseng, et al., First evidence of depressed
contractility in the border zone of a human myocardial infarction, Ann. Thorac. Surg., 93 (2012),
1188-1193. https://doi.org/10.1016/j.athoracsur.2011.12.066

M. Genet, L. C. Lee, R. Nguyen, H. Haraldsson, G. Acevedo-Bolton, Z. Zhang, et al.,
Distribution of normal human left ventricular myofiber stress at end diastole and end systole:
a target for in silico design of heart failure treatments, J. Appl. Physiol., 117 (2014), 142-152.
https://doi.org/10.1152/japplphysiol.00255.2014

K. L. Sack, E. Aliotta, D. B. Ennis, J. S. Choy, G. S. Kassab, J. M. Guccione, et
al., Construction and validation of subject-specific biventricular finite-element models of
healthy and failing swine hearts from high-resolution dt-mri,  Front. Physiol., 9 (2018).
https://doi.org/10.3389/fphys.2018.00539

Mathematical Biosciences and Engineering Volume 19, Issue 4, 4101-4119.


http://dx.doi.org/https://doi.org/10.1007/s10665-021-10102-w
http://dx.doi.org/https://doi.org/10.1098/rsif.2017.0766
http://dx.doi.org/https://doi.org/10.1098/rsif.2005.0073
http://dx.doi.org/https://doi.org/10.1098/rspa.2018.0736
http://dx.doi.org/https://doi.org/10.3934/mbe.2022183
http://dx.doi.org/https://doi.org/10.1136/heartjnl-2017-311449
http://dx.doi.org/https://doi.org/10.1007/s10237-021-01421-z
http://dx.doi.org/https://doi.org/10.1115/1.2798021
http://dx.doi.org/https://doi.org/10.1016/j.athoracsur.2011.12.066
http://dx.doi.org/https://doi.org/10.1152/japplphysiol.00255.2014
http://dx.doi.org/https://doi.org/10.3389/fphys.2018.00539

4117

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. D. Guan, J. Yao, X. Luo, H. Gao, Effect of myofibre architecture on ventricular pump function
by using a neonatal porcine heart model: from dt-mri to rule-based methods, R. Soc. Open Sci., 7
(2020), 191655. https://doi.org/10.1098/rs0s.191655

T. S. E. Eriksson, A. J. Prassl, G. Plank, G. A. Holzapfel, Modeling the dispersion in
electromechanically coupled myocardium, Int. J. Numer. Methods Biomed. Eng., 29 (2013), 1267-
1284. https://doi.org/10.1002/cnm.2575

F. Ahmad, S. Soe, N. White, R. Johnston, I. Khan, J. Liao, et al., Region-specific microstructure
in the neonatal ventricles of a porcine model, Ann. Biomed. Eng., 46 (2018), 2162-2176.
https://doi.org/10.1007/s10439-018-2089-4

H. M. Wang, H. Gao, X. Y. Luo, C. Berry, B. E. Griffith, R. W. Ogden, et al., Structure-based finite
strain modelling of the human left ventricle in diastole, Int. J. Numer. Methods Biomed. Eng., 29
(2013), 83—103. https://doi.org/10.1002/cnm.2497

B. Baillargeon, I. Costa, J. R. Leach, L. C. Lee, M. Genet, A. Toutain, et al., Human cardiac
function simulator for the optimal design of a novel annuloplasty ring with a sub-valvular element

for correction of ischemic mitral regurgitation, Cardiovasc. Eng. Technol., 6 (2015), 105-116.
https://doi.org/10.1007/s13239-015-0216-z

G. A. Holzapfel, J. A. Niestrawska, R. W. Ogden, A. J. Reinisch, A. J. Schriefl, Modelling non-
symmetric collagen fibre dispersion in arterial walls, J. R. Soc. Interface, 12 (2015), 20150188.
https://doi.org/10.1098/rsif.2015.0188

J. M. Guccione, A. D. McCulloch, Mechanics of active contraction in cardiac muscle: Part
I—constitutive relations for fiber stress that describe deactivation, J. Biomech. Eng., 115 (1993),
72-81. https://doi.org/10.1115/1.2895473

H. Gao, A. Aderhold, K. Mangion, X. Luo, D. Husmeier, C. Berry, Changes and classification in
myocardial contractile function in the left ventricle following acute myocardial infarction, J. R.
Soc. Interface, 14 (2017), 20170203. https://doi.org/10.1098/rsif.2017.0203

A. Documentation, U. Manual, Version 6.14-2, Dassault Systemes, 2014. Available from:
http://130.149.89.49:2080/v6.14.

D. Guan, F. Liang, P. A. Gremaud, Comparison of the windkessel model and structured-tree
model applied to prescribe outflow boundary conditions for a one-dimensional arterial tree model,
J. Biomech., 49 (2016), 1583-1592. https://doi.org/10.1016/j.jbiomech.2016.03.037

H. Gao, W. G. Li, L. Cai, C. Berry, X. Y. Luo, Parameter estimation in a holzapfel-ogden law
for healthy myocardium, J. Eng. Math., 95 (2015), 231-248. https://doi.org/10.1007/s10665-014-
9740-3

D. Guan, X. Luo, H. Gao, Constitutive modelling of soft biological tissue from ex vivo to in vivo:
myocardium as an example, in International Conference by Center for Mathematical Modeling
and Data Science, Osaka University, Springer, (2020), 3—14. https://doi.org/10.1007/978-981-16-
4866-3_1

H. Gao, H. Wang, C. Berry, X. Luo, B. E. Griffith, Quasi-static image-based immersed boundary-
finite element model of left ventricle under diastolic loading, Int. J. Numer. Methods Biomed. Eng.,
30 (2014), 1199-1222. https://doi.org/110.1002/cnm.2652

Mathematical Biosciences and Engineering Volume 19, Issue 4, 4101-4119.


http://dx.doi.org/https://doi.org/10.1098/rsos.191655
http://dx.doi.org/https://doi.org/10.1002/cnm.2575
http://dx.doi.org/https://doi.org/10.1007/s10439-018-2089-4
http://dx.doi.org/https://doi.org/10.1002/cnm.2497
http://dx.doi.org/https://doi.org/10.1007/s13239-015-0216-z
http://dx.doi.org/https://doi.org/10.1098/rsif.2015.0188
http://dx.doi.org/https://doi.org/10.1115/1.2895473
http://dx.doi.org/https://doi.org/10.1098/rsif.2017.0203
http://dx.doi.org/https://doi.org/10.1016/j.jbiomech.2016.03.037
http://dx.doi.org/https://doi.org/10.1007/s10665-014-9740-3
http://dx.doi.org/https://doi.org/10.1007/s10665-014-9740-3
http://dx.doi.org/https://doi.org/10.1007/978-981-16-4866-3_1
http://dx.doi.org/https://doi.org/10.1007/978-981-16-4866-3_1
http://dx.doi.org/https://doi.org/110.1002/cnm.2652

4118

25. G. Sommer, A. J. Schriefl, M. André, M. Sacherer, C. Viertler, H. Wolinski, et al., Biomechanical
properties and microstructure of human ventricular myocardium, Acta Biomater., 24 (2015), 172-
192. https://doi.org/10.1016/j.actbio.2015.06.031

26. G. M. Fomovsky, A. D. Rouillard, J. W. Holmes, Regional mechanics determine collagen
fiber structure in healing myocardial infarcts, J. Mol. Cell. Cardiol., 52 (2012), 1083—-1090.
https://doi.org/10.1016/j.yjmcc.2012.02.012

27. W. W. Chen, H. Gao, X. Y. Luo, N. A. Hill, Study of cardiovascular function using a
coupled left ventricle and systemic circulation model, J. Biomech., 49 (2016), 2445-2454.
https://doi.org/10.1016/j.jbiomech.2016.03.009

28. Y. Wang, L. Cai, X. Feng, X. Luo, H. Gao, A ghost structure finite difference method for a

fractional fitzhugh-nagumo monodomain model on moving irregular domain, J. Comput. Phys.,
428 (2021), 110081. https://doi.org/10.1016/j.jcp.2020.110081

Appendix
A. Analogy to a Windkessl model

A simplified close-loop circulatory model is implemented here by using the fluid-cavity and
exchange modules in ABAQUS [20], which is similar to a Windkessel model. Specifically, by
neglecting the inertia effects in the circulatory model, the flow rate between the two neighboring
cavities (Q._4+1) is driven by [20],

ApA = Cymn + Cyrit|, (A.1)

in which Ap is the pressure difference between the two connected cavities, A is the effective area of
the fluid exchange, C, is the viscous resistance coeflicient, and Cy is the hydrodynamic resistance
coeflicient that is O in this study. Let & be the blood density, then iz = € Q.41 and

APA = Cv f Qc—>c+19 (AZ)
that is A
4
c—c+l = . A3
Q +1 fCV/A ( )

Thus, the fluid exchange corresponds to a resistor in the Windkessel model, and its resistance is
§C/A.

For a fluid cavity with one face fixed and the opposite one attached to a linear spring. The stiffness
of the linear spring is k, and the area of the attached face is A. Again by ignoring the inertia effect and
applying the force balance condition to the face attached to the spring at current time tc, we have

P A = kAxe, Vie = Vo + Ax A, (A4)

where P is the fluid cavity pressure, Ax, is the distance the spring is compressed, V' is the fluid cavity
volume. Similarly for the next time step tn, we have

PIHA = kAxm, th = VO + A.thA. (A.S)
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Let O = (Vi — Vio)/(tn — tc), it leads to

Axtn - Axtc e
=—A
0 tn — tc
By substituting Axy, — Axie = (P — P) A/,
Q — Pttn - Ptc E
n—tc k

Let tn — tc — 0, the above equation can be written as

~dP
=C—,
© dr

(A.6)

(A.7)

(A.8)

with the compliance C = A%/k. The equivalent Windkessel model in this study is shown in Figure A1.

Figure A1l. Schematic of the LV model coupled with an equivalent Windkessel circulatory

model, which is analogous to the circulatory model in Figure 1.

Ray is aortic valve

resistance, Ryy is mitral valve resistance, Rgys is systemic circulation resistance, Caor 18

aorta compliance, and Cy 4 1s left atrium compliance.
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