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The study of the topological organisation of myocardial cells is a basic requirement for
understanding the mechanical design of the normal and pathological heart. Anatomical
observations show that cardiac muscle tissue has a highly specialized architecture. We
have made new quantitative measurements of fibre orientation through the heart wall by
means of polarized light analysis on some thick sections of human fetal heart embedded
in a resin and polymerized. A small perturbation method to find an equilibrium solution
in a cylindrical left ventricular (LV) geometry with fibres running on toroidal shells of
revolution is used to investigate the mechanical behaviour of three human fetal hearts
(FH) of 14, 20 and 33 weeks of gestational age.

The results of fibre strains and stresses presented for end-systolic state show significant
differences when compared to results of the cylindrical geometry with regular helicoidal
fibres running on cylindrical surfaces. Moreover, the toroidal shells of revolution explain
shear stresses and strains in the transverse plane which also exist in the adult heart.

Keywords: Myocardial fibre orientation, myocardial strains, myocardial stresses, human fetus,
mathematical model, perturbation methods

1. INTRODUCTION arranged in a more or less parallel weave. Each cell

has several branches to other cells, but nonetheless
Cardiac muscle tissue, or myocardium, is a complex  a sense of direction or grain is preserved. We shall
structure composed primarily of cardiac muscle cells  denote the local grain direction by the unit vector T
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and refer to it also as the local “fibre” direction with
the understanding that individual continuous muscle
fibre do not really exist.

The anisotropic elastic behaviour of the left
ventricle (LV) due to fibre orientation is now well
recognized. A simple mathematical model of the
mechanics of the left ventricle, which considers the
main features of the highly specialized architecture
of active muscle fibres, is necessary for a good
description of cardiac performance.

Quantitative measurements of fibre orientation
through the heart wall have been made on mature
heart [1,2,3,4,5,6]. These results show: (i) a smooth
transmural variation of fibre orientation, and (ii)
that the myocardium is a continuum rather than
an assembly of discrete fibre bundles. This pattern
has been studied with four different approaches:
mechanical peeling of the fibres of the total heart
from epicardium to endocardium [1,2,3], study of
macroscopical serial sections of the heart [4], histo-
logical study of a sampled region of myocardium of
the ventricular wall [5], and more recently using the
uniaxial light polarizing properties of the myocardial
fibres on some thick sections of heart embedded in a
resin and polymerized [6]. In this paper we use this
last original approach to characterize the orientation
of myocardial cells of three human fetal hearts (FH).

Several models currently exist that attempt to cal-
culate the transmural distributions of stresses and
strains as well as energetic quantities. Treating the
myocardium as a fluid-fibre—collagen continuum
has been successfully applied to the LV modeled
as a finite thick—walled cylinder [7,8,9,10,11,12,13,
14,15,16], any general axisymmetric shapes that are
small perturbations of a thick-walled finite cylin-
der [17], or more realistic geometry using Finite
Element Analysis [18,19,20,21,22,23], but assuming
that the muscle fibre are running from base to apex
in planes parallel to the endocardial and epicardial
surfaces. In this paper we present a small pertur-
bation approach to find an equilibrium solution in
a cylindrical LV geometry with fibre running on
toroidal shells of revolution as obtained by assum-
ing axial symmetry of the fibre orientation in the
lateral wall of the fetal LV. Then simulations on the

mechanical behaviour of the FH are performed and
the effect of fibre orientation on myocardial strain
and stress distributions is analyzed at end-systole.

2. MAPPING OF THE ORIENTATION OF
MYOCARDIAL CELLS BY POLARIZED
LIGHT MICROSCOPY

2.1 Materials and Methods

Human fetal tissue was obtained and processed in
compliance with French legal and ethical guidelines.
These nonviable embryos and fetuses, as define by
the U.S. code of Federal Regulations, were obtained
during legal terminations of pregnancy related to
problems of maternal health.

Three human fetal hearts of 14, 20 and 33 weeks
of gestational age (noted respectively FH14, FH20
and FH33) were fixed in a solution of 10% neutral
buffered formalin by perfusion and immersed 1 week
in the same solution. Then the hearts were embedded
in a resin of methyl methacrylate. In order to have
a constant anatomical reference for further orienta-
tion analysis, the hearts were maintained vertically
during the polymerization process. For every heart,
a series of thick sections (500 pm), transverse with
reference to the base to apex axis, was cut with a
rotatory microtome at a slow rate of penetration in
order to avoid mechanical stress and distortions. The
fibre orientation maps were generated by means of
image analysis of polarized light microscopy. The
myocardial fibres embedded in methylmetacrylate
react between crossed-polarizers as a crystal whose
indicatrix is positive, uniaxial with a zero degree
extinction angle. In these conditions, the amount of
transmitted light for a single fibre of known maximal
birefringence is a function of the three-dimensional
orientation of the axis of its indicatrix. The amount of
monochromatic light that reaches the analyzer (upper
polarizer) is given by the Fresnel’s equation (in 24)
and adapted by Johanssen [25]

II_O — sin? (ng) sin(25) )
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where v and k are the retardation and wavelength of
the monochromatic light, respectively, § is the angle
between the direction of the fibre and the closest
direction of either polarizer or analyzer, and Ig is
the intensity of light with no retardation. In prac-
tice we do not deal with a single fibre but with
a tissue made of numerous fibres with different
orientations that are to be measured. At a given
point P (or voxel which is an elementary volume
of 130 x 130 x 500 pm), the local grain orientation
can be derived from two angles, the azimuth angle
Yazi and the elevation angle .. with reference to the
plane of the section (Figure 1). The azimuth angle
Yazi is defined as the angle between the projection
of the fibre on the section plane and the x axis of
the rectangular cartesian coordinates (x, y, z). The
elevation angle . is the angle of the fibre with the
section plane. These angles can be derived from v
and 8 by means of multiparametric acquisition. Four
images of the still object were acquired between a
pair of cross-polarizing filters. The first setting (cxo)
corresponded to an alignment of the vibration axis
of the polarizer with the East-West axis of the micro-
scope stage. The other three settings (ctz/s, Cr/4 and
a35/8) corresponded to incremental rotations of the
pair of cross-polarizing lenses by an amount of /8

radians. The angles y,,; and Yele at each point of the
myocardial section are obtained by combining the
measurements (Loto, Lox/g, Lotys and Lot33) of the
intensity of transmitted light at the corresponding
pixels of the four images according to following
formulas:

Yazi = 0.25 Arg((Lotg — Ltrya) + i(Letar/s — Lotzyg))

(2a)
T 1/4
Yele = arcos (ﬂ> (2b)
Lmax
with i2 = —1, Arg is the argument, Loy, the

greatest of the four Lo values and Lmax the maxi-
mum intensity obtained for a fibre with yu; = /4
and yee = 0. However the range of yu; is limited to
/2 when using four images. We extended this range
to 7 by adding a full wave-plate in the optical path
and recording four additional images. This auxi-
liary plate makes it possible to discriminate the sign
of the retardation in every pixel. The orientation
maps obtained this way were validated by means
of confocal microscopy [2,26]. The angular resolu-
tions were, +=1° for the y,,;, £1° for the e in the
range [10°, 60°] and +5° elsewhere [6]. The repro-
ducibility and accuracy of the measurements were
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FIGURE 1 Definition of the angular reference system used for this study. Schematic view of a transverse cut showing the fibre
orientation at a point P in the lateral wall. To define the fibre direction in a rectangular cartesian coordinates system (x, y, z), twWo
angles are needed: the elevation angle yele and the azimuth angle ya;. The dash lines are projections of the fibre on the xy, xz and yz

planes. LV: left ventricle, Endo.: endocardium, Epi.: epicardium.
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assessed by comparing them with those provided by
confocal microscopy and were extensively discussed
in [26]. With the present method the elevation angle
Yele 1s known modulo 90°. This is the main limita-
tion of the method which presently precludes giving
a complete three-dimensional representation of the
orientation of the indicatrix of the myocardium.

2.2 Orientation of Myocardial Cells
in the Lateral Wall of the LV

The results presented in this paper concern three FH
at different developmental stages. As such these data
cannot yet be generalized to all human FH. However
these three FH were chosen for analysis because
from all our observations done on several FH at the
same stages, they represent typical observations.

All the measurements are made on the East-West
axis in the lateral wall of the fetal LV (Figure 1).
Three kinds of maps (Figure 2) are presented in this
study on the orientation of myocardial cells in the
lateral wall of the LV. The two first kinds of maps
are colour coded representations of yee (Figure 2A)
and y,,; (Figure 2B). The third one, called the 3D
orientation map (Figure 2C) is coded with linear
segments for which the lengths are proportional
to the square cosine of their elevation (Vele) and
for which the planar orientations give the azimuth
angle (ya;). Only every second point is shown in
order not to overcrowd the figures. The last column
(Figure 2D) represents a schematic interpretation of
the fibre orientation in the transverse section.

Results on azimuth angle v,y in the lateral wall

The maps in Figure 2 correspond to three transverse
sections of the lateral wall of the LV, near the
base, equator and near the apex for the FH33. On
the basal section if one considers the azimuth, the
fibres run from endocardium to epicardium in an
anti-clockwise twisted fashion. On the equatorial
section the fibre follow perfectly the curvature of
the ventricular wall, and on the apical section if
one only considers the azimuth, the fibres run from

endocardium to epicardium in a clockwise twisted
fashion.

Because the measurements are made on the East-
West axis in the lateral wall (arrow head, Figure 20C),
where the angle between the tangent to the epicardial
layer in the section plane and the y axis is close to
zero (Figure 1), a transverse angle y, as defined by
Streeter [5] can be derived from the azimuth angle
Yazi (Viea = /2 — ¥azi). The spatial distributions of
the transverse angle y,, are given for the three FH
in Figure 3. Prior observations, done on the trans-
verse angle of the FH33 (Figure 3C), are also true
for the FH20 (Figure 3B). For the FH14 the results
are slightly different on the basal section where the
fibres tend to follow the curvature of the ventricular
wall as on the equatorial section (Figure 3A).

Results on elevation angle vy, in the lateral wall

For the three FH, the variation of the elevation fibre
angle from the endocardial to the epicardial surfaces
in the lateral wall are measured in each transverse
section. Figure 2A shows that in the subendocar-
dial and subepicardial layers the elevation angles are
high which corresponds to fibres nearly parallel to
the base-apex axis. In the central layers Yele 1S almost
constant (30° < . < 50°) except for the very mid-
wall region where the fibres are running inside the
section thickness (yee < 30°). It appears that, for a
single FH, the variations between all measured dis-
tributions are small. The mean distribution of Vele
for each FH is given in Figure 4A. Note that the
three analyzed FH have similar distributions of the
mean elevation angle in the lateral wall (Figure 4A).

From these observations we can extract four main
anatomical features in the lateral wall of these three
fetal LV.

The first one refers to the distribution of the eleva-
tion angle from endocardial to epicardial surfaces. In
FH the observed variations of the distributions of the
elevation angle from base to apex were small com-
pared to those measured by Streeter [5] and Nielsen
et al. [3] in adult hearts. Therefore we use a mean
distribution of y.e (Figure 4A).
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FIGURE 2 Measured fibre organization in the lateral wall of the left ventricle on three transversal sections at the base (Top maps),
the equator (middle maps) and the apex (Bottom maps) of the fetal heart of 33 weeks of gestational age (FH33). Column A: Colour
maps giving the spatial distributions of the elevation angle in the transversal sections (colour scale: 0° < Yele < 90°). Column B:
Colour maps giving the spatial distributions of the azimuth angle in the transversal sections (colour scale: 0° < yazi < 180°). Column
C: 3D maps of measured fibre orientation, the angle between the direction of a segment and the horizontal line indicates the azimuth
angle, the length of a segment is proportional to the planar projection of the orientation vector. It is maximal for a circular fibre (fibre
running in the plane of the map) and minimal for a fibre orthogonal to the plane (crosses correspond to fibre whose elevation is superior
to 60°). Arrows indicate the East-West axis in the lateral wall where the measurements are made. Column D: schematic drawing of
the bundles of fibres as interpreted from the orientation maps. In the basal section, the bundles seem to radiate from endocardium to
epicardium in an anticlockwise twisted fashion. At the equator the fibres are mainly circular and seem to follow perfectly the bow
of the ventricular wall. At the apex, the bundles of fibres seem to radiate from endocardium to epicardium in an clockwise twisted
fashion. Scale bar : 1 cm. (See Colour Plate at back of issue.).
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FIGURE 3 Measured spatial distributions of the transverse fibre angle yyr, in the lateral wall of the left ventricle at the base (triangles),
equator (circles) and apex (squares) for the fetal hearts of A) 14 weeks (FH14), B) 20 weeks (FH20), and C) 33 weeks (FH33) of
gestational age. The Units of y, are degrees. One must note the opposition of sign of y, between base and apex, while it remains
close to zero at equator.
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The second one refers to the comparison of the The third one refers to the traversing of fibres
mean distributions of the elevation angle from endo-  from endocardium to epicardium. The transverse
cardial to epicardial surfaces between the FH14, angle Yy, is almost null at the equator and increases
FH20 and FH33. These distributions are almost the = (positive angle) toward the base giving the anti-

same (Figure 4). clockwise twist previously described. The transverse
90
1 A FHI14 '|'
75 o FH20
oL = s | T
1a %e 13 |3 1 To J,Fﬁ
138 &8 o1 v ] Tleapitld
11 1 -q. I

=

GRS

=
il

w

=)

|_
—l
— B

[ e N
=
—b=r0—i

[u—
W

Elevation Angle (deg)
N
()|

)

[ a FHI

60
}m -] AA‘A AA © ﬁHZ
By m FH3
&
Theory

wWSRN

dal Angle (degq)
(U]
-

-30
-60

iICOlI

B

Hel

-90

Endo. Epi.

FIGURE 4 A) Mean radial distributions of the elevation fibre angle y.j. measured in the lateral wall of the left ventricle from
endocardium (endo.) to epicardium (epi.) for the fetal hearts of 14 weeks (FH14), 20 weeks (FH20), and 33 weeks (FH33) of gestational
age. Unit of yee is in degree. Note the similitude between the three curves. Bars represent the standard deviations. B) Mean radial
distributions of the helicoidal fiber angle yye in the lateral wall of the left ventricle from endocardium to epicardium for the fetal
hearts of 14 weeks (FH14), 20 weeks (FH20), and 33 weeks (FH33) of gestational age. The Units of y}) are degrees (see text for
definition of pye1). The plain line is the theoretical distribution used for the simulations.
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angle decreases (negative angle) toward the apex
giving the clockwise twist previously described
(Figure 2). These results have also been observed
by Streeter [5] on human adult hearts.

The fourth one refers to the comparison of the
traversing of fibres from endocardium to epicardium
between the FH14, FH20 and FH33. Figure 3 shows
that the basal distributions of the transverse angle
seems related to the gestational age of the FH.

2.3 Relationships between the Measurements
and the Model Hypothesis

To keep the problem mathematically tractable, we
have developed a model of LV mechanics using a
simple geometric approximation such as a thick-
walled cylinder. Cylindrical models are probably
confined at best to describing the mechanics of
the central portion (e.g. equatorial) of the human
fetal LV.

The first assumption concerns the spatial distri-
bution of the elevation angle. Based on the results
in the literature [1,2,3,4,5] we assume that this
angle changes in sign at midwall (Figure 4B). Our
measurement method cannot distinguish positive
Yele from negative .. (see section 2.1). Neverthe-
less, observations made on longitudinal sections of
hearts at the same stages confirmed this assump-
tion. Therefore we define a new angle called the
helicoidal angle (noted ;) which is obtained as
follows: Yhel = Yele from endocardium to midlayer,
and Yhel = —Yele from midlayer to epicardium.

Our measurements of the direction field T provide
a basis for constructing an anisotropic continuum
theory for myocardium. Although only T itself
is needed in the mathematical description, it is
conceptually useful to determine the fibre paths
by integrating the direction field in a cylindrical
geometry:

,.‘E, = COS Vhel (R» Z) sin Vn‘a(Ra Z)e,\’, + cos Vhel(Ra Z)

X COS ytl'a(Ra Z)f”\(f + sin Yhel (R, Z)E_Z, 3)

where (¢, €9, ¢) is the cylindrical referential associ-
ated to the coordinates (R, 0, Z). We have computed

the trajectory of the fibres for the three human
FH, by assuming axial symmetry of the measured
transverse angle in the lateral wall of the LV
(Figures 3A, 3B and 3C) and by using a same
distribution of helicoidal angle invariant from base
to apex (Figure 4B, theoretical curve). Knowing
that the transverse sections are cut perpendicu-
lar to the long axis of the LV and that in the
central portion of the three LV the curvature is
small, we can use the spatial distributions of the
azimuth and helicoidal angles given in Figures 3
and 4B to estimate the fibre pathways. Moreover,
we assume that the base-apex distribution of the
transverse angle varies continuously between the
measured basal, and apical distributions through the
equatorial distribution (Figure 3) according to the
law 18 (Vi) = h,(R)h,(Z). The function h, gives the
radial variation of the rg(yy,) between the endo-
cardium and the epicardium, and the function h,
gives the axial variation of the fg(yy.) between
the base and the apex. For our numerical simu-
lations /4, is the tangent of the apical distribution
of the transverse angle for the FH14 and FH20
(Figures 3A, 3B), and for the FH33 the function
h, is the tangent of the basal distribution of i,
(Figure 3C). The functions h,(—1 < h, < 1) used to
derive the pathways of the fibres in each FH are
given in Figure 5.

As derived by Chadwick [9] from Streeter’s mea-
surements [5], in a longitudinal section through the
wall, the projection of the computed direction field
into a meridional plane (or RZ plane) defines a con-
tinuum of nested closed curves (Figures 6A, 6B and
6C). If these curves are then rotated about the axis of
revolution of the LV, they define a system of nested
toroidal surfaces on which all fibres are running in
parallel. A fibre path lies on one of these toroids
and winds around its surface in a helical manner. If
we follow one fiber on a toroidal shell of revolution
we can find the number of rotations (NR) done by
this fibre on that shell before it returns to its initial
position. The maximum number of rotations appears
always on shells close to the nodal point and NR is
almost the same for all toroidal shells of a single
heart. The nodal point is defined as the position
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FIGURE 5 Normalized function h,(—1 < i, < 1) describing the longitudinal variation of the 7g(ya) used to derive the pathways
of the fibres in the fetal hearts of 14 weeks (FH14), 20 weeks (FH20), and 33 weeks (FH33) of gestational age (see text for details).

where the radius of the toroidal shell of revolution
is zero which is equivalent to one circumferential
fibre in the myocardium. This point is at the equator
and approximately midwall. The calculation gives
NR ~ 2 for the FH14, NR ~ 7 for the FH20, and
NR ~ 8 for the FH33. One must be careful when
interpreting the later numbers (NR) because we are
only considering the LV and we exclude the even-
tuality that fibres could escape the LV wall to pass
in the RV wall. Moreover we neglect the complex-
ity of the interventricular septum where fibres of the
LV and RV intermingle.

Each individual myocardial cell located on the
most apical or basal point of the toroidal shell has
Z@10 Yele. This is not observed in our measurements
(Figure 4) because each voxel integrates about 2000
myocardial cells and because the alleged nested
shells are not necessarily perfectly coaxial.

3. MECHANICS OF THE LEFT VENTRICLE

3.1 Continuum Description of the Myocardium
and Equations of the Model

The myocardium is described as an incompress-
ible fluid-muscle fibres-collagen continuum. To be
consistent with our mathematical formulation we
specify that the subscript ‘~’ is used for a vector
and the brackets ‘[]” are used for a matrix. The fluid-
fibre-collagen stress tensor [o] used in this study can
be viewed as a modified Peskin law [27] which takes
care of the surrounding collagen matrix [11]:

[o] = —PUI+ T[T ® T]1+2nle] “)

where P stands for a term that results from the
hydrostatic pressure due to the fluid and from the
incompressibility of the solid medium [28]. Since P
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has the same dimension as a pressure, we call it
tissue pressure, it may be regarded as a Lagrangian
multiplier. [/] is the unit matrix, T is the tension
in the fibre where the local fibre direction is given
by the unit vector T of components 7;, u is the
effective shear modulus of the isotropic collagen
matrix connecting the muscle fibres, and [¢] is the
strain tensor of components &j;.

The relationship between cardiac fibre tension T
and fibre strain & is approximated by a linear rela-
tionship [9], both in the passive state (characterized
by the elastic modulus E) and in the maximally
active state (characterized by the elastic modulus
E* and active tension at zero strain, 7). During
the cardiac cycle the fibre rheological behaviour is
represented by a linear combination of these two
states using the time-dependent activation function

B®), (0= p =<1

T =Ef(t)ey + BTy with Ef(t) = (1 — B)E + BE*
(5a,b)
where & represents the linearized fibre strain (¢, =
7;6;iT;). The end-diastolic state is represented by
B = 0 and the end-systolic state, by g = 1.
Neglecting the effects of gravity, inertia and
viscoelasticity of the medium, the basic problem
is then to find single-valued displacement vector
U and tissue-pressure field P that satisfy the local
equilibrium equation:

VP=pAU+T(TV-T+ 7T -VI)+T[VI]T
(©6)

and the linearized condition of incompressibility
v-U=0 @)

for a particular geometry and boundary conditions
specified below. The symbols V and A are respec-
tively the vector nabla and the Laplacian operator.

3.2 LV Geometry and Fiber Direction Field

We work with a cylindrical referential (¢r, €9, ¢z)
associated to the coordinates (R, 8, Z) to describe the
boundaries of the axisymmetric LV geometry. This
axisymmetric shape is a thick-walled finite cylin-
der where the base is located at Z = 0, the apex at

Z = —L, the endocardium at R = R;, and the epi-
cardium at R = R,. In terms of the scaled coordi-
nates r = R/R; and z = Z/R;, the lateral surfaces are
given by rengo = 1 and repi = o where o = R, /R;.

In agreement with the fibre direction field shown
previously (Equation 3) and by assuming for our
perturbation theory that the transverse angle is small,
the unit vector T can be written as:

T = Aa(r, Z)ﬂ/, + COS Yhel (7, Z)i@ + sin pher (1, Z)e,\%

(3)
where A is a small dimensionless parameter (A < 1)
controlling the amount of deviation. The first
term of Equation (8) is needed to introduce the
observed transverse fibre angle y,. This latter
angle is defined by i, (r, z) = Arc 1g(T.€r/ T .€0) =
Arc tg(Ah(r, z)) where for convenience we choose
a(r,z) = h(r, 2) cos Yhe (1, 2). So for our calcula-
tions, the function h(r,z) is directly related to the
transverse fibre angle .

A cylinder with regular helicoidal fibres running
on cylindrical surfaces is described by a(r,z)=0,
while the case of a cylinder with fibres running in
a helical manner on toroidal shells of revolution is
described by a(r, z) # 0 (Figure 6).

3.3 Boundary Conditions

We apply the conditions of continuity of stresses at
the endocardium and epicardium which are given
respectively by:

([U]‘i’,) = _Plug{; on 7 = Fendo (9a)

([ol€¢)=0 on r= Ve (9b)
where Py, is the uniform LV cavity pressure.

The normal state of deformation of the structure
includes torsion of the cylinder due to the rotation
of the apex, which is free to rotate with respect
to the assumed partially fixed base (U, = Uy =0
on z = 0) but radially free to move. Global static
equilibrium requires that the net vertical force F
and moment M acting on the apical surface of the
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Therefore, all dependent variables Eij» €, T =
T/, and oy = ojj/ are expanded in the form,
D=0 4 21dM 4 ... where ® symbolizes each
of the above quantities. The terms ®© are the fields
for helicoidal fibres running on cylindrical surfaces
with a uniform base to apex distribution of elevation
angle in a cylindrical LV geometry, and the terms
@1 are the corrections for a non-zero transverse
fibre angle distribution.

Using these last results the expansion in term of
A of the unit fibre direction vector T is:

T=1042z0+... (11a)
with 7@ = cos yhel(] 5 €6+ sin yhel(,) - (11b)
and T = cos yhel(,.)h(r, 2)er (11c)

The problem is axisymmetric (9/9 = 0). The
substitution of the Equations (10a—11c) into the
Equations (6,7) and into the boundary conditions
Equations (9a—d) and the regrouping of the first-
order terms in A gives two systems. The O(1) system
together with its boundary conditions determine the
equilibrium of the thick wall cylinder with uni-
form base to apex distribution of helicoidal fibre
angle y,ﬁgf(,.), and its solution has been given previ-
ously [11]. The O()) system determines corrections
for fibres running on noncylindrical surfaces due to
the introduction of the transverse fibre angle distri-
bution, and is given by:

vph — A£(1>+£(1>+£(1) (122)
vou® =0 (12b)
with
£V = @OV 4 1O gF®

+ OV O 120)
X(l) T(O)[VT(O)]T(U—%(T(O)[Vr(l)]

+ T(l)[VT(O)])L(O) (124)

7O _ % 8(0)+ﬂT -

70 _ Efa(f” (12f)
— 8};) = [€]9zD 4 [V @). 7O
+ ([€]Q @),z O (12g)

In developing the O(A), the lateral boundary con-
ditions (Equations 9a,b) give:

o?=0 on r=1a (13ab)
6,(:)) = on r=1« (13c, d)
V=0 on r=1a« (13e, f)

and the conditions of apical equilibrium of forces and
moments, Equations (9¢,d), become respectively:

o
f(l):/l oWrdr=0 onz=t (i3g)

M(l) — / Eél)’ 2d’. — O on z = 6 (13h)
1

where F(’)—F(j)/(Zn,uR,.z) and MY

ruR?) for (j =0, 1).
Note that the total equilibrium of the apical plate
is described by:

— M(j)/

FO 437 =9 (14a)

m® =0 (14b)
and if 7" =M" =0 then the uniform system
satisfies F' = M = 0.

3.5 Solution of the O(A) Perturbation System
by Fourier Series

In spite of the linearity of the problem, the perturbed
system cannot be treated separately. At a given time,
the O(1) system associated to its boundary condi-
tions is solved first. From this solution, the O(})
system (Equations 12a—g) with associated boundary
conditions (Equations 13a—h) can be solved and its
solution is addressed in this work. The blockdiagram
of the calculations is given in Figure 7.

In order to solve the O(X) system, we express
the known spatial distribution function h,(z) by a
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FIGURE 6 The projection of the computed fibre direction into a longitudinal section through the myocardium (RZ plane) gives a
family of closed curves. These curves are rotated about the axis of revolution of the left ventricle and define a family of toroidal
surfaces of revolution. The fibres are running on these shells in a helical manner. The R and Z scales are different. In order to compare
the size of the hearts during fetal development, we kept the same R and Z scales for the fetal hearts of A) 14 weeks (FH14), B)
20 weeks (FH20), and C) 33 weeks (FH33) of gestational age. Endo.: endocardium, Epi.: epicardium.

cylinder are zero:

F / Tepi
= o rdr
B fod
an 1 Tendo

Tendo
— / Prdr=0 on z=1£(9)
0

M Yepi 2
— = ogr“dr =0 on
27R; )

z=4L£ (9d)

‘endo

where £ = —L/R;.

3.4 Asymptotic Expansion Procedure

The plan is to work with the scaled rheological
parameters E; = E¢/u; T, = T,/ 11, the scaled pre-
ssures P = P/u; Py, = P,/ 1, and to expand the un-
known components of the scaled displacement field
u; = U;/R; and tissue pressure P in the form [29]:

U = u,go) + )\u,gl) 4+

YL

(10a)

P=F (10b)
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UNIFORM SYSTEM O(1)
with
APICAL EQUILIBRIUM
J
~ \
\ O(\) SYSTEM , forn=>1
© p® = [ Egs.(12a-g) , (13a-f) ]
U, without
Apical Equilibrium
\

\

( O(\) SYSTEM , forn=0 )
[Egs. (12a-g) , (13a-f) ]
with
APICAL EQUILIBRIUM
L [ Eqs.(lsg: (13h) ] p
) 1
, P( )
+ |
0) @ 0) @
U= U + AU & P= P + AP

FIGURE 7 Algorithm for solving the coupled systems (see text for details).

Fourier representation:

nmw

h,(2) :Zh,, sin(k,z)  with k, = >

n=1

where h(r, z) = h,(Dh,(r).
Likewise, we express the normalized displace-

(15)

; 5
ment field u,@l) and the scaled tissue pressure P’
in the form

o.¢]
uf.“(r, 7,0 = “/(%r)::O) + ZX,, (r, t) cos(k,z) (16a)

n=1

o0
WD (r,2,0) = ulh_gy + Y Yu(r, sin(kyz) (16b)

n=1

o0
uél)(r, z, 1) = uié,),:()) + ZZ,, (r, t) sin(k,z) (16c)

n=l1

PO (r 2, 1) =Pogy + O Pulr, ) cos(k,2) (16d)

n=1

(1) Solution for n >1

For n > 1, this form of the displacement field
satisfies the kinematic conditions of zero axial and
circumferential displacements at the base, z = 0.
Substitution of Equation (15) and Equations (16a—d)
into the equilibrium and incompressibility equations
(12a—g), and into the lateral boundary conditions
Equations (13a,f), using the independence of cos(k,z)
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and sin(k, z), results, for each spatial frequency (n =
1, 00), in a system of six coupled first-order ordinary
differential equations for (X,,Y,,Z,, P,,Y,,Z)
together with three boundary conditions each on
r=1,a.
(2) Solution forn =0

When n = 0, the solution is similar to the solution
of the uniform system O(1) [11] and corrects the
axial equilibrium of the apical plate which was not
satisfied by the previous solution of the perturbed
system for n > 1.

4. NUMERICAL RESULTS
AND DISCUSSION

The O(A) system with the two-point boundary
conditions was solved numerically on a Silicon
Graphics Indy 5000SC/180 Mhz using the Inter-
national Mathematical Statistical Libraries (IMSL)
routine BVPMS based on a multiple shooting
method. The simulations are done with twenty five
harmonics (n = 25) and with a perturbation para-
meter A = 10%. In order to analyse the effect of
the transverse angle on the mechanics of the fetal
LV, we compare the results obtained with trans-
verse angle to the first-order solution which is also
the solution at the equator. The following estimates
correspond to numerical absolute errors which are
made in our calculations: 10~7R; for the displace-
ments, 10~/ for the stresses, 10~7 ml for the LV
volume, 10~*% for the strains and 2 x 10~4% for
the ejection fraction (EF).

A list of the chosen parameter values for the three
FH is given in Table I. Values of LV end-diastolic
volumes (V.4) and EF for the human FH of 14, 20
and 33 weeks of gestational age are readily found
in the literature [30,31,32]. From the range of values
given by [30,31] a low value of the ejection fraction
is chosen to satisfy the linear theory of elasticity
(EF = 0.4). The initial configurations (L,R;and ¢ =
R./R;) are derived from the three analyzed FH. We
were unable to find values for the end-diastolic and
end-systolic pressures (noted respectively Peq and
Pes) in human species in the literature and therefore
regard them as a free parameters. We were also
unable to find values for the rheological parameters
of the human FH. For the passive state we use the
experimental results of Demer and Yin [33] obtained
on passive myocardium to derive the material cons-
tants £ = 20 kPa and ;1 = 2 kPa [11]. For the active
state we use the experimental results of Pinto [34]
done on active papillary muscle to determine the
material constants £* = 200 kPa and T, =31 kPa.
Moreover, we assume that the mechanical properties
of the heart do not change during development.
Obviously, this assumption may not be valid, but few
data are available to determine how these properties
change. Friedman [35] found that developed tension
is less in fetal lambs than in adult sheep. This finding
supports the idea of decreased contractility in the
fetus. Because the FH was composed of only 30%
myofibrils as opposed to the adult heart with 60%,
Friedman suggested that the contractility of indivi-
dual sarcomeres was similar in fetal and adult hearts,
but there was simply more contractile material in

TABLE I Assumed values for the parameters of the model

Fetal Heart

14 weeks 20 weeks 33 weeks
Vea (m?) 0.2 x 106 0.4 x 106 2.7 x 1076
EF 0.4 0.4 0.4
R; (m) 0.213 x 1072 0.274 x 1072 0.532 x 102
L (m) 1.200 x 1072 1.480 x 1072 2.475 x 102
o =R,/R; 15 1.7 1.9
E (kPa) 20 20 20
1 (kPa) 2 2 2
E* (kPa) 200 200 200
T, (kPa) 31 31 31




FIBRE ORIENTATION IN HUMAN FETAL HEART MECHANICS 97

adult hearts. Based on the Friedman’s conclusions,
we kept the same active rheological parameters E*
and T, for the three FH. Concerning the passive pro-
perties of the myocardium it is known that the density
of collagen in the myocardium increases slightly
with the gestational age. In fact the main change
occurs during postnatal heart development [36], we
can assume that the passive rheological parameters
E and p stay the same during fetal life.

Figure 8 shows computed pressure-volume loops
of the three fetal LV obtained during one cardiac
cycle by assuming isovolumic contraction and relax-
ation phases, isobaric ejection and filling phases. The
calculated end-systolic LV pressures Pes (25 mmHg,
35 mmHg and 50 mmHg respectively for the FH14,
FH20 and FH33) are in the order of the measured
mean arterial blood pressure during fetal sheep period
[37]. For the end-diastolic LV pressures P4 our

calculations (2.5 mmHg, 2.5 mmHg and 4.2 mmHg
respectively for the FH14, FH20 and FH33) are in
agreement with the passive pressure-volume curves
obtained on fetal sheep ventricles [38].

The transmural distributions of end-systolic fibre
strain are very similar for the three FH (Figure 9).
We found no significant deviations from the first-
order solution when we computed the fibre strain at
several longitudinal locations. The main end-systolic
fibre shortening occurs on the subendocardial and
subepicardial layers. In the central layers where the
fibres are almost circumferential, the end-systolic
fibre strain is small. As already shown by Boven-
deerd et al. [39], these results are very sensitive
to the helicoidal angle distribution. The transmural
distribution of fibre tension is not plotted, but could
be easily derived from Equation (5) knowing the
distribution of fibre strain.

8
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®©
o Q
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»
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o
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O T T
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FIGURE 8 Computed left ventricular pressure-volume relations during one cardiac cycle for the fetal hearts of 14 weeks (FH14),
20 weeks (FH20), and 33 weeks (FH33) of gestational age (1 kPa ~2 7.5 mmHg).



98

J. OHAYON et al.

-
1

(%)

Fiber Strain

-12

T

-16 .
Endo.

Epi.

FIGURE 9 Computed uniform fibre strain distribution e(fo) from endocardium (endo.) to epicardium (epi.) at end-systole for fetal

hearts of 14 weeks (FH14), 20 weeks (FH20), and 33 weeks
passive unloaded configuration.

Ventricular wall thickening is an important mecha-
nism for systolic ejection [40]. The introduction of
a non-zero transverse fibre angle affects the radial
strain and therefore the LV wall thickening. The
transmural end-systolic distribution of radial strain
for the FH33 is plotted in Figure 10 for several
longitudinal locations at the apex (z = £), between
apex and equator (z =3(/4, curve AE), equator
(z = £/2), between equator and base (z = £/4, curve
BE) and base (z = 0). For the longitudinal locations
near the equator (Figure 10, curves AE and BE) the
myocardium becomes thicker than on the apical or
basal sections, and the largest radial strains are on
the endocardial layer. These observations on radial

(FH33) of gestational age. The strains are computed relatively to the

strain are also true for the other two FH. From our
calculations it appears that the non-zero uniform
normal stresses o,,, 0y, 0. and shear stress in the
0z plane (oy,) are not affected by y,,. Nevertheless
the introduction of y, gives two new shear strains
and stresses in the 7z and 18 planes. As observed
and measured by Young et al. [41] during systole,
using magnetic resonance imaging on normal adult
human hearts, the longitudinal variation of the &,y
shear strain changes sign from base to apex. For the
calculations done on FH, this shear strain exists in
the central layer (Figure 11) precisely at the point
where the fibres, running in helical manner on a
toroidal shell of revolution, go from endocardial
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FIGURE 10 Computed radial strain distribution &, from endocardium (endo.) to epicardium (epi.) at end-systole for fetal hearts of
33 weeks (FH33), at different longitudinal locations : apex (z = {), between apex and equator (z = 3£/4, curve AE), equator (z = €/2,
equal to first-order solution), between equator and base (z = £/4, curve BE) and base (z = 0). The strains are computed relatively to

the passive unloaded configuration.

layers to epicardial layers (Figure 6). The change
of sign of g4 from base to apex is related to the
orientation of the projected fibre on the 76 section
plane (Figure 2C) and therefore depends on the
spatial transverse angle distribution. The amplitude
of this shear strain is very sensitive to the amount
of collagen in the myocardium and decreases if
the shear modulus p increases. The corresponding
shear stress 0,9 is small (less than 1 kPa) and if we
compare the shapes of the spatial distributions of
0,9 obtained from our model (Figure 12) with the
radial distributions of the measured transverse angle
(Figure 3), we find a high correlation.

Few mathematical models on the mechanics of
the LV actually consider the transverse angle. Van
Campen et al., [21] used a finite element analysis

model with a more realistic geometry to describe
the mechanics of the beating adult LV and found
that the ejection fraction (EF) and the magnitude
of the rotation of the wall around the long axis are
sensitive to the transverse fibre angle distribution
Yira- Compared to the first-order solution, our results
give for the three FH a decrease of the EF and the
ejected  volume near 1% when we take care of the
measured transverse angle distribution. Moreover, to
analyse the effect of the perturbation on the twist of
the left ventricle, we compute at several longitudinal
locations the mean torsion of a transverse section
defined as:

O@) =

1 /" ug(r, z) dr a7
1

a—1 r
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FIGURE 11 Computed spatial distributions of the shear strain €, in the lateral wall of the left ventricle at end-systole for the fetal
hearts of A) 14 weeks (FH14), B) 20 weeks (FH20), and C) 33 weeks (FH33) of gestational age. One must note the main magnitude
of the shear strain in the central layer and the opposition of sign of ¢,y between base and apex, while it remains equal to zero at the
equator (plain line). Endo.: endocardium, Epi.: epicardium. The strains are computed relatively to the passive unloaded configuration.
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TABLE I Computed mean torsion with and without the
transverse angle (respectively noted ® and ©©®) at four
longitudinal locations and at end-systole for the three fetal
hearts. The variation of the relative change of mean torsion
0* = (@ — 0©)/0© of the left ventricle with reference to the
uniform cylindrical solution at different axial levels is also given.
The torsions ® and ©® are computed relatively to the passive
unloaded configuration

Fetal Heart Midway from Equator Midway from Apex

base to equator z={/2 equator to apex z = ¢

z=120/4 z=730/4
14 weeks
OO (deg) —2.83 —525 —8.48 —10.09
O (deg) —3.10 —5.80 —-944  —11.17
oF 9.6% 10.5% 11.3% 10.6%
20 weeks
OO (deg) —3.22 —5.97 -9.65  —11.49
O (deg) —3.28 —6.58 -1099  —12.82
o* 1.9% 10.2% 13.9% 11.6%
33 weeks
OO (deg) —3.03 —5.63 —9.10 —10.84
© (deg) —3.10 —6.16 -10.13  —11.96
o* 2.2% 9.2% 11.3% 10.4%

Table I gives the LV mean torsion with and
without the transverse angle (torsions noted respec-
tively ® and ®®) at four longitudinal locations
and at end-systole for the three FH. The relative
change of mean torsion of a transverse section
0* = (0 — 0©)/0© is also given in Table II. The
largest effect on ®* comes from the introduction of
a non-zero transverse fibre angle ¥, and is localized
at midway from equator to apex. Such spatial dis-
tributions of y4, (Figure 3) seem to increase the
amplitude of the mean torsion (®* > 0).

Yang et al. [15] have measured the epicardial lon-
gitudinal, circumferential and shear strains (respec-
tively &, g9 and &.4) relative to end-diastole during

cardiac cycle for a stage 21 chick embryo heart.
Table III gives values of our numerical results compu-
ted from the first-order solution at the endocardium,
midlayer and epicardium and the previous measured
strains [15]. The agreement with the experimental
data is quite good except for the circumferential
strain. We have to be careful while comparing such
results because embryonic development and fetal
development are very different and we believe that
at the beginning of the fetal period the organisation
of the fibres and the geometry of the heart are already
well defined and quite stable in regard to the embry-
onic period where the heart grows rapidly as it trans-
forms from a muscle-wrapped tube into a septated
four-chambered pump.

One of the limitations of our model is essentially
due to the use of the perturbation theory where the
transverse angle is so small that we must analyse
only the tendency of our results relatively to the
first-order solutions.

Since in this study we focus primarily on LV
mechanics during systole when we consider toroidal
shells of revolution in the myocardium, we have
neglected the residual stresses and strains. The resi-
dual strains are important at stage 16 of the chick
embryo and decrease between stages 16 and 18
corresponding to the onset of trabeculation, which
is the greatest change in form during stages 16
to 24 [42]. The lower opening angles measured
in an embryonic chick ventricle at stage 24 [42]
were in the order of magnitude of those meas-
ured by Rodriguez et al. [43] in the mature rat LV
(45 £ 15°). The results of Rodriguez et al. show a
uniform sarcomere length (SL) distribution across

TABLE IIl Values of first-order solution computed strains at end-systole relative to
end-diastole for the FH of 33 weeks. This table gives also the values of the measured
(15) longitudinal &, circumferential gy and shear e, strains at end-systole relative to
end-diastole and at several longitudinal locations from endocardium to epicardium (see

text for discussion)

Fetal Heart Calculated Calculated Calculated Measured
of 33 weeks endocardium central layer epicardium epicardium

strains strains strains strains (15)
ego (%) —14.69 —3.93 0.53 ~ —10
&, (%) —14.16 —14.16 —14.16 ~—12
&9 (%) 2.15 3.11 4.08 ~3
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the wall with a transmural average of 1.84 um for
the stress-free tissue (or zero-stress state). The same
work shows that for the unloaded physiological
stage the SL distribution decreases linearly from
1.90 pm at epicardium to 1.78 um at endocardium.
This last decrease corresponds to a residual strain
going from 3% at epicardium to —3% at endo-
cardium if we use a SL of 1.84 um at the stress-free
state. If we assume that such results are also true
for human FH then the radial distributions of the
fibre strain given in Figure 9 change slightly and
the tendency stays the same.

In the adult circulation, the right ventricle, the
lungs, the left heart and the systemic circulation
are arranged in series. Blood flow through each of
these elements is identical, and equals the cardiac
output. In the fetal circulation, the left and right ven-
tricle each pump blood into the arterial circulation
in parallel. Working in parallel, the right ventricle
(RV) ejects between 50% and 66% of the com-
bined ventricular output, and the LV between 50%
and 34%. Calculation of ventricular stroke volumes
using a representative FH rate of 150 beats/min
yields values of 2 ml per kg of body weight for
the RV and 1 ml per kg of body weight for the LV.
These may be compared to values of 1 ml/kg for
each of the adult ventricles working in series [44].
Thus an elevated heart rate together with an elevated
stroke volume (of the RV) explains the impressive
pumping performance of the FH in comparison with
the adult heart. In the FH the LV and RV eject blood
into the arterial circuit, but distribution of the two
ventricular outputs in the fetal body differs. Most
blood ejected by the LV perfuses the upper body,
whereas the lower body and placenta are largely
perfused by the RV [45]. These last comments sug-
gest that during the fetal period the analysis of the
LV functions must be coupled to the analysis of
the RV functions. Future work should address this
point.

We presented a model to describe the performance
of the human fetal LV. This model is based on
direct use of anatomical data measured in 3 human
FH at distinct gestational age. To keep the prob-
lem mathematically tractable, we used the simple

axisymmetric geometry of the thick walled cylin-
der. The results of this study suggest the following
conclusions.

The introduction of a non-zero transverse fibre
angle into a model based classically on the variation
of helicoidal angle:

1. gives a complex nested set of toroidal surfaces
of revolution on which fibres are running in a
helical manner.

2. has only a slight effect on systolic fibre strain
distribution.

3. affects the LV wall thickening by increasing the
end-systolic wall thickness in the nearly equato-
rial region.

4. increases the torsion of the LV, knowing that
this torsion is also very sensitive to the heli-
coidal angle.

5. creates at end-systole midwall shear strains in the
transverse plane. These shear strains are maximal
at the most apical or basal point of the toroidal
shells.

As a final remark, we again emphasize that the
paucity of experimental data for the developing
human FH forced us to make a number of assump-
tions that cannot be validated at present. One of
the major limitations of our model is due to the
use of a linear analysis. The linear model described
in this paper cannot capture adequately many of
the important effects due to the nonlinear nature of
the myocardium. Nevertheless our model provides a
starting point to study the mechanics of the fetal LV
and shows the necessity to take care of the complex
geometry of the shells on which fibres are running.
These conclusions await further data on microstruc-
ture and material properties of the human fetal heart
during development.
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COLOUR PLATE I (see page 87, figure 2) Measured fibre organization in the lateral wall of the left ventricle on three transversal
sections at the base (Top maps), the equator (middle maps) and the apex (Bottom maps) of the fetal heart of 33 weeks of gestational
age (FH33). Column A: Colour maps giving the spatial distributions of the elevation angle in the transversal sections (colour scale:
0° < Yele < 90°). Column B: Colour maps giving the spatial distributions of the azimuth angle in the transversal sections (colour scale:
0° < i < 180°). Column C: 3D maps of measured fibre orientation, the angle between the direction of a segment and the horizontal
line indicates the azimuth angle, the length of a segment is proportional to the planar projection of the orientation vector. It is maximal
for a circular fibre (fibre running in the plane of the map) and minimal for a fibre orthogonal to the plane (crosses correspond to
fibre whose elevation is superior to 60°). Arrows indicate the East-West axis in the lateral wall where the measurements are made.
Column D: schematic drawing of the bundles of fibres as interpreted from the orientation maps. In the basal section, the bundles
seem to radiate from endocardium to epicardium in an anticlockwise twisted fashion. At the equator the fibres are mainly circular
and seem to follow perfectly the bow of the ventricular wall. At the apex, the bundles of fibres seem to radiate from endocardium to
epicardium in an clockwise twisted fashion. Scale bar : 1 cm.



COLOUR PLATE II (see page 109, figure 1) Computer-generated rendering of the reconstructed bone surfaces used to develop the
kinematic arm model. The three-dimensional bone surfaces were reconstructed from high-resolution, two-dimensional images of a
human male cadaver obtained from the National Library of Medicine (see text). The bones are shown in the position of the cadaver
when the images were made.



