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The systolic contraction and fiber shortening in the left ventricle (LV) produces tor-
sional moments in the myocardium, resulting in a gradient of angular displacements
about the long axis. This is manifested as a counterclockwise rotation of the apex rel-
ative to the base, when viewed from the apex. Recent studies with magnetic resonance
imaging (MRI), using noninvasive magnetic tags, have revealed three important prop-
erties of the LV twist: (a) The angle of twist (i.e., the angular rotation of a slice rel-
ative to the basal slice) is consistently higher at the endocardium as compared to the
epicardium, (b) The twist increases towards the apex; and (c) Straight MRI-tagged ra-
dial lines at end-diastele (ED) are slightly curved at end-systele (ES), implying a non-
linear transmural variation of the twist. The present study suggests that the geometry
of the LV at ES can be represented by a thick-walled hollow cone, and that the trans-
mural twist patterns from ED to ES can be described using the continuum mechan-
ics approach and a small strain analysis of an isotropic cone subjected to external
torque. The predicted results are compared with the noninvasive MRI measurements
of transmural twist in eight human volunteers. Given the epicardial angles of twist
of each slice, the predicted endocardial angles of twist are in good correlation with
the experimental findings (v = 0.86, slope = 1.09, SEE = 4.1°). In addition, the model
reliably describes the changes in the twist magnitude from apex to base (no signifi-
cant difference from experimental values, P = 0.2), and predicts the curvilinear pat-
tern at ES of the originally straight ED radial lines. Thus, the conical model with
uniform properties of the LV, reliably predicts the nonuniformity of the twist patterns,
implying that the LV twist is strongly affected by LV geometry.
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INTRODUCTION

The twisting motion of the left ventricle (LV), defined as the gradient of angular
displacement of a myocardial point around the long axis, is an important physiolog-
ical phenomenon, which is closely associated with torsional deformation, and the
transmural fiber shortening and stresses. Various models have been proposed to ex-
plain the forces responsible for this deformation and its consequences on the trans-
mural fiber shortening (2,5,6,9). To date, the degree of twist of the endocardium
(defined here as angular rotation relative to the base of the heart) has been measured
by echocardiography (1); that of the midwall by using multiple implanted markers
(7,11,12,14), and that of the epicardium by using either metal (17) or surface mark-
ers (3). However, most of these local measurements were not obtained simultaneously,
or were based on invasive procedures, which may have affected the myocardium or
could not be applied to the septal wall. As a result, little is known about the trans-
mural characteristics of the LV twist and its variation from one LV site to the other.
This is particularly true for the in vivo human heart. Consequently, attempts to cal-
culate and analyze the twisting motion have usually been based on the assumption
that there are no transmural differences in the twisting angle (2,5,6,9); that is, that
the torsional deformation of the LV occurs without circumferential transmural shear
(6r plane in a cylindrical coordinate system rzf). However, measurements with trans-
murally implanted markers have suggested the existence of transmural shear and Wald-
man, Fung, and Covell (27) have demonstrated the existence of both circumferential
transmural (6r), and longitudinal transmural (z7) shear strains. Furthermore, the novel
new noninvasive magnetic resonance imaging (MRI)-based measurement method,
using MR-excited straight cross-sectional tag lines (30), which are “imprinted” on the
LV image at end-diastole (ED) and then measured on the end-systole (ES) images,
have conclusively shown that the magnitude of the endocardial twist is significantly
higher than the epicardial twist (8). The curved MRI tag lines observed at ES repre-
sent the effect of transmural circumferential shear, which is clearly a function of the
radial distance from the endocardium. These recent findings can be attributed to the
characteristic fibrous structure of the myocardium, or to the geometry of the LV, or
to both.

Many previous models (2,10,19,23,24,26) have chosen to focus on the fibrous
structure (22) while approximating the LV geometry by a cylindrical shape. However,
while some (13) have included the transverse circumferential shear, these cylindrical
models do not account for the longitudinal variation of torsional shear. Furthermore,
the epicardial moments in the cylindrical model dominate (and the twist occurs in the
direction of the epicardial moments), while the endocardial moments oppose the twist-
ing motion of the LV. Consequently, it is to be expected that the epicardial twist of
the tightly tethered structure of the myocardium will be higher, or at least equal, to
the endocardial twist in the cylindrical model (see Appendix A). However, this is con-
trary to the reported MRI measurements (8).

In view of the above disagreement between observation and theory, it is reason-
able to expect that the shape of the LV may play an important role in the analysis of
the transmural twist pattern. Here, we suggest a model for describing the LV defor-
mation patterns associated with twist, which is primarily based on a conical geome-
try. The deformation in this model is calculated assuming that the moments, which
are generated by its fibrous structure, can be represented by external moments applied
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to a geometrically equivalent hollow cone with a constant shear modulus. The calcu-
lated results are consistent with the reported experimental finding of a higher endo-
cardial than epicardial twist, with the observed base to apex increase of angular
displacement, and with the curvilinearity of the transmural twist, especially towards
the apex.

METHODS
Measurement of the Twist by Tagged MR Images

The experimental data were acquired in a study which is described in detail else-
where (8), and only a brief description of the experimental procedure is given here.
Eight normal human volunteers (5 male and 3 female, age 24-38) were imaged in a
0.38T iron core, resistive magnet (Resonnex RX4000). After several scout scans, the
image planes were positioned so that the obtained short-axis, cross-sectional images
were perpendicular to the long axis of the LV. Five equally spaced parallel short-axis
images, from base to apex, were tagged at ED (gated by the ECG signal) and aquired
at ES (timed to the first high frequency component of the second heart sound, S2,
as determined by phonocardiography). The MRI tagging, explained in detail else-
where (30), is produced by activating four equiangular, radial presaturation planes;
this results in each tomographic slice being marked by eight equally spaced straight
radial tag lines at ED (Fig. 1). The intersections of these tag lines with the endocar-
dial (eight points) and epicardial borders (eight points) are traced and the angle of ES
twist calculated from the rotation of each of the endocardial and epicardial points rel-
ative to the basal image (8). The angles of twist of an epicardial or an endocardial
contour reported herein for each slice represent the average twist values of these eight
epicardial or endocardial points relative to the basal image, respectively.

General Approach and Basic Assumptions

It is suggested here that the LV geometry governs the nonuniformity of the twist
patterns. To substantiate this assumption, we demonstrate that twisting a cone with
a geometry similar to that of the LV, and with homogeneous elastic properties
matched to the LV properties; yields patterns of twist displacements similar to those
actually measured for the LV. For simplicity, the strain analysis is carried out using
“small strain” theory. The estimated error resulting from this approximation is out-
lined in Appendix B, where a comparison to a “finite strain” approach is carried out.
The method of extracting the elastic properties required for the model from the ex-
perimental data is explained below. To justify the use of uniform properties, the anal-
ysis is first applied to one slice at a time. Then, the complete conical model of average
geometrical and elastic properties is used to obtain the typical twist patterns for the
entire LV,

Conical Approximation of the LV Geometry

The LV geometry is characterized by a gradual decrease, from base to apex, of the
endocardial and epicardial diameters and the myocardial thickness (21). These char-
acteristics may be approximated by describing the ventricular geometry by a hollow
conical shell (Fig. 2). Clearly, the conical shape is a better approximation of the actual
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End-Diastole

FIGURE 1. A typical tagged MRI image of a LV. Note the straight tag lines at ED (top) and their
deformed state at ES (bottom).

LV geometry than a cylinder, which obviously does not account for the base-to-apex
decrease in both the diameter and wall thickness. The epicardial surface is described
here by a cone of angle « while the endocardial surface is described by a cone of an-
gle 3, with a common apex at the axes origin 0. A least-squares linear regression anal-
ysis was used to obtain the point of origin 0 and the endocardial and epicardial angles
of each individual LV. First, regression analysis was applied separately for the endo-
cardial and epicardial radii R versus the distance Z’ from the LV base, yielding a line
R = aZ’ + b. Then the corresponding conical angle was calculated from o = arc-
tan(a), and the cone’s apex was taken at Z, = —b/a for the endocardium and epicar-
dium. Since the calculated line was not constrained to pass through the anatomical
apex, taken as one interslice distance below the last available cross section, each sur-
face (endocardium and epicardium) yielded its own apex. The common geometrical
apex (point 0) was then taken as the average between the endocardial and epicardial
values of Zj.
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FIGURE 2. A schematic depiction of the hollow conical geometry utilized here to approximate the
LV. (« and 8 are the epicardial and endocardial cone angles, respectively, M, is the applied moment,
S#n is the measured tomographic slice number n.) Note that the cone’s apex 0 does not align with
the anatomical apex.

Stress and Angle of Twist

From the theory of elasticity (25), the stress function & = &(r,z) of a circular shaft,
with a variable diameter subjected to a twisting moment, fulfills the following differ-
ential equation:

0%®/0r* — 30®/ror + 9°®/9z> =0 , ¢y
with the boundary condition given by:
(0®/0z) - (0z/0s) + (0%/9r) - (dr/ds) =0 , 2)

where ds is an element of the boundary. It follows from Eq. 2 that ® is constant along
the boundary of the axial section of the shaft. The relation between the applied twist-
ing moment M, and ® is determined from the following equilibrium equation:

Roul

, 3

Rin

Rout
M, = —21rf (0®/0rydr=—-27 | ®

Rin

where R;, is the radius of the inner surface and R, is the radius of the outer
surface.

The relation between the stress function and the angle of twist Y = ¢/ (r,z) is given
by (25):
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G- (y/3r) = —1/r30%/0z (4a)

G- (8y/dy) = —1/r30d/3r , (4b)

where G, the shear modulus of elasticity, is assumed here to be constant.
Considering the conical geometry of the LV, and taking the coordinate origin at
0, it is seen that

cos(a) @ epicardium

Z/ R2+ Z2 172 -
( ) {cos(B) @ endocardium

] = constant , 3)

that is, the ratio in Eq. 5 is constant at the boundaries. Any function of this ratio will
therefore readily fulfill the boundary condition, Eq. 2.
To satisfy Eq. 1, the stress function ® can take the following form (25):

¢ =Clz/(r? + z3)2 = 1/3[z/(r* + 22)V213} , (6)

where C is a constant. Substituting Eq. 6 into Eq. 3 and utilizing Eq. 5 yields the value
of C:

C=~M,/27[(cos e — cos B) + 1/3(cos’ B — cos? )] . @)
Substituting ® into Egs. 4a and 4b and solving for ¢ yields:
Y(rz) = —M,/67G[(cos a — cos B) + 1/3(cos® B — cos® a)] (r2 + z2)*2  (8)

Note that in the human heart, twist occurs in the counterclockwise direction as ob-
served from the LV apex; that is, the apex rotates counterclockwise relative to the base
when viewed from the apex. Thus, ¥ is taken here to be positive in that direction.

Boundary Conditions and Material Properties

Equation 8 provides the relation between the applied torque M, and the angle of
twist . However, the values of both M, and G are unknown, as both are determined
by the unknown instantaneous state of the activated myocardial fibers. On the other
hand, the angles of twist at the endocardial and epicardial boundaries of each stud-
ied slice are known from the experimental measurements, and the ratio M,/G can
thus be determined for each slice. Hence, the following procedure was adopted here.
Each slice was assumed to be isolated from the rest of the LV and be part of a coni-
cal shaft which has constant values of M, and G (Fig. 2b). The ratio of M,/G was
then determined from the measured angle of twist at the epicardium, and the corre-
sponding endocardial angle of twist calculated by Eq. 8 for each slice. The M,/G
values obtained from all hearts for slices of equal height were averaged and used to
determine if and how the M/G ratio varies from apex to base. The typical twisting
patterns were then calculated from the given average values of M,/G.

Statistical Analysis

Standard linear regression was used to evaluate the correlation between the mea-
sured and calculated endocardial twist of each slice. The Friedman nonparametric test
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was used to check for a difference between levels in the M,/G ratio. Two-way anal-
ysis of variance was used to test for similarity between measured and model predic-
tion results for the different levels of the LV (p < 0.05 was assumed to be the level
of significance).

RESULTS
Geometrical Data

As shown schematically in Fig. 2, the geometry of each of the 8 LVs was approx-
imated using a hollow conical shaft configuration. The epicardial («) and endocar-
dial () inclination angles to the long axis of the LV, as well as the distance Z, of the
geometrical apex (point 0 in Fig. 2) from the LV base, were determined by using linear
regression analysis on the measured R(Z’) values as detailed above. The results are
summarized in Table 1.

The results indicate that the conical geometrical approximation at ES is rather sat-
isfactory. The correlation coefficients, p, for the endocardial and epicardial surfaces
were relatively high (0 = 0.82 + 0.04 and p = 0.89 + 0.04 for the epicardial and en-
docardial surfaces, respectively). Also, the scatter of the cone’s angles was relatively
small (o = 27.9° + 1.8 and 8 = 16.5° £ 0.8). The conical approximation is further
supported by the finding that the individually calculated locations of the geometri-
cal apex for the endocardial and epicardial surfaces (Z,, and Zy,) did not differ by
more than 0.9 cm (average = 0.6 = 0.3 cm).

Calculated versus Measured Endocardial Angle of Twist

Using the geometrical parameters «, 3, and Z,, obtained for each LV, the epicar-
dial angle of twist at each measured point was used, along with its (r, z) coordinate,
as input for each slice and, by Eq. 8, utilized to estimate the M,/G ratio for that par-

TABLE 1. Average geometrical values obtained by approximating the left ventricle by a conical
geometry. Data was acquired in vivo from eight human subjects by MRI tagging.

Epicardium Endocardium Common
Case # « Zo4 p B Zo, 0 [Zo1 — Zo2| 2o
1 26.9 -8.9 0.74 16.7 -8.0 0.85 0.9 ~-8.4
2 26.6 -9.7 0.81 16.7 -9.3 0.85 0.4 ~-9.5
3 29.5 -7.7 0.81 171 -7.1 0.91 0.6 ~-7.4
4 25.6 -9.1 0.87 15.6 -8.6 0.93 0.5 -8.9
5 31.3 -8.4 0.87 17.9 —-8.2 0.83 0.2 -8.3
6 27.5 -9.6 0.82 16.3 -8.7 0.93 0.9 -9.2
7 27.2 -9.6 0.82 16.3 -8.7 0.93 0.9 -9.1
8 28.3 -8.1 0.84 15.5 -7.6 0.92 0.5 -7.8
Average 27.9 0.82 16.5 0.89 0.6 -8.6
+S.D. +1.8 +0.04 +0.8 +0.04 +0.3 +0.7

«, 8 = cone angles of the endocardium and epicardium, respectively; Z = height of slice from the
geometrical apex, cm; Z, = distance of geometrical apex from LV base, cm; p = correlation for ra-
dius versus height regression line.
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TABLE 2. Average of measured epicardial twist ¥, 7, and z coordinates of the endocardium,
M,/G ratio, as well as calculated and measured angles of twist y at the
endocardium at four different levels of the left ventricle. '

Yo zZ r MG Measured ¢ Predicted ¢

Slice # (Epi) (cm) {cm) {cm?3) (Endo) (Endo)
Base 1 2.0°+ 0.5 7.2+ 0.6 1.8 +0.2 3.34 + 2.40 4.4°+1.9 2.3°+ 1.7
2 3.7°+ 0.8 5.8+ 0.5 1.6 £ 0.2 3.62 + 1.30 7.4° + 2.2 4.7°+1.9
3 7.1°+0.8 4.4 +04 1.4+ 0.2 3.81+1.76 13.4° + 2.5 9.8°+ 256
Apex 4 11.2° £ 1.0 3.0+ 0.3 1.2+ 0.2 2.82 +1.02 18.9° + 3.2 21.5° + 3.2

M, = applied twisting moment; G = modulus of elasticity in shear for the LV.

ticular slice. The endocardial angle of twist was then determined by Eq. 8, using the
calculated M,/G ratio and the given r,z coordinates for the measured endocardial
point. The calculated results are summarized in Table 2 and compared in Fig. 3. As
can be noted, there are little variations in M,/G from base to apex, and the Fried-
man nonparametric test showed no overall difference in M,/G between the levels
(p = NS). This finding implies that a single M,/G value can be utilized to describe
the twist pattern of the entire LV.
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FIGURE 3. Comparison of the averaged predicted endocardial angles of twist to the measured an-
gles of twist by MRI tagging. obtained from eight human LVs studied in vivo. Note the fair agree-
ment between the theoretical and experimental values.
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Furthermore, analysis of variance comparing the measured and the predicted val-
ues of the endocardial twist showed no overall difference between them (p = 0.2).
Comparing the calculated angle of twist for each point studied at the endocardium
(») to its corresponding measured value (x) (Fig. 4), and applying a linear regression
analysis, yielded a regression line y = 1.09x — 2.43° (r = 0.86, SEE = 4.1°), thus val-
idating the predictive power of the suggested model.

Twisting Patterns

Longitudinal Changes. As noted above, the calculated M, /G ratios outlined in Ta-
ble 2 are fairly constant (though with a very large scatter). Thus, Eq. 8 can be applied
without modification to predict the twisting patterns throughout the LV. The calcu-
lated average M, /G ratio (= 3.4) and the average cone angles of « =27.9° and 8 =
16.5°, were used to calculate the endocardial and epicardial angles of twist from the
LV base to apex, depicted in Fig. 5. As can be observed, the angle of twist increases
exponentially from the LV base toward the apex. It can also be observed that the epi-
cardial angle of twist is consistently smaller than the endocardial one, with the gap
between the two increasing towards the apex. These patterns are in good agreement
with the reported experimental findings (8).

Radial Changes. As experimentally observed (8), the radial straight MR tag line “im-
pressed” at ED depicts a relatively parallel displacement at ES, resulting from the
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FIGURE 4. A point-to-point compatison between the measured angles of endocardial twist and the
calculated ones. Data corresponds to 32 points (4 slices X 8 hearts).
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FIGURE 5. Model prediction of the endocardial and epicardial angles of twist from LV base towards
the apex. Note the consistently higher endocardial angle of twist with respect to the epicardial one
and the increasing gradient between the twa.

larger endocardial twist. Furthermore, the straight tag lines at ED are observed to be
slightly curved at ES (Fig. 1b), especially at the apical zone.

The predicted location, at ES, of the originally (at ED) straight tag line is depicted
in Fig. 6a. The pattern of the transmural deformation is consistent with the experi-
mental MRI data (8), showing higher endocardial than epicardial twist. Moreover,
the ES deformation of each point along a horizontal radial tag line, plotted in greater
detail in Fig. 6b for an apical slice, shows the typical curvilinearity observed in the
MRI measurements. These results further demonstrate the agreement between the
model’s predictions and the reported experimental findings (e.g., Fig. 1).

Lines of Equal Twist. 1t is interesting at this point to investigate the “iso-twist” sur-
faces; that is, the locations that have the same angle of twist. Introducing a constant
value of ¥ in Eq. 8, it can easily be shown that the constraint for (r,z) is:

r* 4+ z*» = constant . )

This relation implies that all the lines of the same angle of twist in the 7, z plane
are located along circles whose centers are at point 0 (Fig. 7). Thus, as the system is
symmetric with respect to 6, the “iso-twist” surfaces are actually concentric spheres,
which center is at point 0.
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detailed view of the deformed tag line depicted in (a). Note the predicted bending of the initially
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DISCUSSION

The phenomenon of LV torsional deformation, or twist, is well documented in
the literature. Qualitative experimental observations of this phenomenon were al-
ready reported in 1669 by Richard Lower (15). More recent experimental reports
(3,7,11,12,14) have provided quantitative values of the twist. However, attempts to
predict the angle of twist via analytical models have mostly focused on the fibrous
structure of the LV, while neglecting the role of the LV geometry, and usually approx-
imating it by a cylinder (2,10,19,24,26). Furthermore, most past models have ne-
glected transmural changes in the angle of twist; an assumption that is contradictory
to the recently reported experimental findings of a gradient in the amount of twist
across the LV wall (8).
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“1so-TwisT"
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FIGURE 7. Theoretical prediction of the “‘iso-twist’’ lines. Note that all such lines are located in the
r-z plane along concentric circles, which center is at point 0.

The present study demonstrates that the nonuniformity of the longitudinal and
transmural twist patterns can be reliably predicted by employing a model that approx-
imates the LV by a hollow cone of uniform material properties. The model empha-
sizes the role of the LV geometry and assumes that the internally generated moments,
which stem from the helical structure of the myocardial fibers, can be represented by
externally applied moments, which cause the torsional deformation of the LV myo-
cardium. The proposed model predicts the experimentally determined transmural
twist gradient, with the endocardial twist angle exceeding the epicardial one, and
shows that this gradient increases from the LV base towards the apex (Fig. 5). Good
quantitative agreement was also found between the theoretical predictions of the en-
docardial twist angles and the experimentally reported ones (R = 0.86, using linear
regression analysis), and between the theoretical and experimental overall variation
of these angles from the LV base to apex (p = 0.2, indicating no significant differ-
ence, using two-way analysis of variance). It also demonstrates the ED-to-ES curvi-
linear deformation of straight tag lines across the LV wall (Fig. 6). Given that
homogeneous material properties were used here, these results imply that LV geom-
etry alone may play a major role in the genesis of the LV transmural twist gradient.

Though inaccurate, the use of homogeneous material properties to model the LV
helps elucidate some characteristics of the twist phenomena. Homogeneous models
by Mirsky (18) and Wong and Rautaharju (29) have contributed to our understand-
ing of the mechanical function of the LV. Indeed, considering the fibrous structure
of the LV as described by Streeter et al. (22), one may expect a significant heteroge-
neity of the material properties and the LV mechanical function across the LV wall.
However, the ability of homogeneous models with the proper geometry, such as the
one presented here, to reliably predict certain properties of transmural myocardial de-
formation imply the the LV deforms as a highly tethered structure once the torsional
moments are generated by the fibrous structure of the myocardium. This conclusion
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is supported by other experimental findings such as those of Waldman et al. (28), who
have shown that the transmural variation in the direction of the principal strains
within the myocardial layers is significantly smaller than the corresponding variation
in fiber orientation; a phenomena which may be attributed to the interlayer tether-
ing. Also, the reports of Rademakers ef a/. (20) have shown that cross-fiber defor-
mation in the endocardium exceeds the deformation along the fibers, a phenomena
which may be attributed to the geometrical coupling of the myocardial layers. Clearly,
the LV geometry is an important parameter in the transmural twisting pattern, and
depending on the theoretical approach taken, plays a relatively more important role
than the inhomogeneity and anisotropy of the myocardium.

In the present study, emphasis is put on the effect of the LV shape on the trans-
mural and longitudinal nonuniformity of the twisting motion. While it is important
to eventually relate this displacement to the myocardial fibrous structure, it is note-
worthy that the role of this structure is presently implicitly incorporated in the model
through the M,/G ratio in Eq. 8. M,, the torsional moment, may be considered as
the resultant of the opposing transmural moments acting within the LV walls, due to
the transmurally varying inclination angle of the fibers (from 4+60° to —60° from en-
docardium to epicardium (22)). Similarly, G, the shear modulus, may be viewed as
the amount of tethering between the fibers. Interestingly and not surprisingly, the re-
sults obtained here indicate that the ratio M,/G is relatively constant from apex to
base (Table 2). This may be interpreted in two alternative ways: (a) Both M, and G
remain constant throughout the LV; (b) Both change proportionally between levels.
However, this issue cannot be resolved with the currently available data.

The approximation of the LV shape by a conical geometry is further substantiated
by the linear regression results in Table 1 (o = 0.89 for the endocardium and p = 0.82
for the epicardium). Obviously, the cone is better than the cylinder as an approxima-
tion to the ES LV shape. This approximation may appear to be somewhat at odds
with the commonly accepted geometrical model of a truncated ellipsoid suggested by
Streeter and Hanna (21), and many others (18,29). However, it is interesting to note
that the ellipsoidal description of the LV was usually derived from in vitro or open
chest studies, mostly of dogs. The current study, on the other hand, is based on non-
invasive in vivo studies of intact human hearts. Furthermore, 3-D computer recon-
structions of the LV, obtained from in vivo scans from healthy human subjects (4),
demonstrate that under normal conditions the LV shape has conical characteristics
at ES.

It is noteworthy that fibrous cylindrical models, which account for myocardial fi-
ber mechanics in great detail (e.g., 2,10,19,22), successfully predict the average global
LV twist, but do not account for transmural variation effects due to longitudinal
changes in the LV geometry. In fact, as shown in the Appendix, the fibrous models
with cylindrical geometry should result in a transmural twist gradient, which is incon-
sistent with the observed experimental gradients. As demonstrated in this study, the
LV geometry is a critical factor in the manifestation of the twist phenomena. Clearly,
incorporation of the fibrous myocardial structure of the LV in the proper geometri-
cal model should greatly help to elucidate the phenomena of the global and transmu-
ral twist deformation of the LV. Furthermore, an isotropic LV model, which is
subjected to external moments, may not be the correct physical characterization of
the twisting LV. It is possible that a more realistic model using internally generated
twist moments may lead to different results and conclusions. The main point taken
by this work is to emphasize the importance of shape on the twist deformation. There-
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fore, while the current model may use oversimplified material properties of the myo-
cardium, it clearly shows that the LV geometry may be the dominant factor in
determining the transmural twist gradient. Future models, which will be able to in-
corporate internal moments with material anisotropy to describe the transmural
shears, should take into account the geometry of the LV, particularly towards the
apex.

Another limiting point to be considered is the use of the small deformation anal-
ysis. However, as shown in Appendix B, this assumption introduces a relatively small
error in the analysis and does not affect the major conclusion regarding the impor-
tant effect of the conical geometry on the twist characteristics.

Summary

A model that predicts the transmural twist patterns of the LV has been introduced.
The model approximates the LV by a hollow cone with homogeneous material prop-
erties. The model predicts the transmural patterns of twist and the longitudinal vari-
ation of the twist, which are similar to the experimental data obtained by MRI
tagging. The model emphasizes the dominant role of the geometry of the LV on the
transmural and longitudinal LV twist patterns.
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NOMENCLATURE

= the shear modulus of elasticity

M, = twisting moment
My = the moment produced by a layer of fiber located at radius R from the long axis

= radial coordinate

longitudinal coordinate

= longitudinal distance from the LV base

= longitudinal distance of the geometrical apex from the LV base
= cone angle of the epicardium

= cone angle of the endocardium

= inclination angle of the fibers within a given layer
the stress function

angle of twist

= correlation coefficient (in Table 1)

stress within a myocardial fiber

angular coordinate

It

il

I

APPENDIX A:

FIBER ORIENTATION, AND THE TRANSMURAL TWIST
GRADIENT IN A CYLINDRICAL MODEL

Moments that cause the LV to twist are generated as a result of the helical struc-

ture of the myocardial fibers. As suggested by Streeter ef al. (22) the angle of incli-
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nation, v, of the fibers varies transmurally from about +60° in the epicardium to
about —60° at the endocardium. Following the approach presented by Arts ef al. (2),
and using a cylindrical geometry as depicted in Fig. Al, the moment My applied by
a layer of fibers with an inclination angle v, located at radius r (Fig. Al) from the
cylinder’s axis, is given by:

Mg =r-2ardr-o;-siny-cosy = nr* dr-os-sin(2y) , (AD

where o, is the fiber’s stress, assumed uniform within each layer.

Inspection of Eq. Al indicates that the term of the right side can be viewed as a
multiplication of three components: (a) a geometrical component (772 dr); (b) a fi-
ber directional component [sin(2v]; and (c) a fiber stress component (o). Though
the third component is not entirely independent of the other two, we would like to
study the contribution of each one separately.

Considering the geometrical component, it is clear that My increases as the square
of the radius. Hence, as one moves from the endocardium to the epicardium, My, is
expected to increase substantially. Furthermore, due to the LV wall thickening, the
endocardial radius decreases during systole much more than the epicardial one. It fol-
lows from these geometrical considerations that the moments generated by the epi-
cardium decrease less than the endocardial moments during the LV contraction and
myocardial thickening from the beginning to end ejection.

Considering the directional component, we can roughly divide the myocardium
into three major layers: subendocardium, midwall, and subepicardium. Since most
of the fibers in the midwall layer are oriented circumferentially (i.e., ¥ = 0°), the con-
tribution of this layer to twist may be considered negligible. On the other hand, both
endocardial and epicardial layers have, in absolute terms, approximately the same
(but with opposite signs!) angles of inclination of the fibers. Thus, the fiber stress is
expected to be similar in both layers, except for the change in sign; that is, the cor-
responding endocardial and epicardial moments will counteract each other.

Let us now assume that the LV contracts slightly from its ED state without any tor-
sional deformation. It can be easily shown that as a result of wall thickening, the en-
docardial shortening will markedly exceed the epicardial shortening. Assume, too,

7
0’f

FIGURE A1. A cylindrical approximation of the LV and the corresponding representation of its fibers
in a given myocardial layer.



A Left Ventricular Conical Model 165

that the sarcomere lengths (SL) at ED are about the same at both sublayers, and that
the fibers’ stress is, approximately, reduced linearly as the fiber shortens. Under these
conditions (and without twist), it can be expected that the fibers’ stress, g, at the
end of the contraction step in the epicardium is larger than in the endocardium.

The above analysis illuminates the inadequacy of “fibrous” cylindrical models to
explain the twist phenomena. As seen, the cylindrical analysis indicates that the twist
moments of the epicardium are larger than, and opposite to, the endocardial twist
moments; the net result is a global twist deformation in the direction of the epicar-
dial moments. This conclusion is valid for nonlinear material properties, as well as
in the presence of myocardial anisotropy. Consequently, the endocardial layers are
pulled by the epicardial layers, manifested by the epicardial twist being larger than
the “dragged” endocardial twist. Clearly this description contradicts the experimen-
tal observation that the endocardial twist is larger than the epicardial twist.

APPENDIX B:

ASSESSMENT OF THE ERROR RESULTING FROM
USING SMALL STRAINS ANALYSIS

The present study employs a “small strain” analysis for calculating the twist an-
gle. However, as the measured deformations are not infinitesimal; some error is in-
troduced in the computation. To assess the magnitude of this error, a “finite strain”
analysis (e.g., see Malvern (16)) was applied to the endocardial and epicardial regions
and the corresponding shear strain in the r — 6 plane (E,¢) was calculated. The cal-
culation was carried out using the average measured dimensions and angles of twist.
The results obtained were compared to the same shear strains calculated using small
strain analysis (€,,) and the corresponding errors were calculated as shown below.
The results are outlined in Table B1. As can be observed, the small strain analysis
yields an underestimation of —9.7% at the LV base and of —13.9% at the apex in the
endocardial region (average = —12%). On the other hand, it yields an overestimation
of 5.6% at the base and of 1.4% at the apex (average = +4.1%) in the epicardium.
This magnitude of error is within the range estimated by Waldman et a/. (27) and is
quite acceptable considering the large scatter of the experimental data.

TABLE B1. Estimation of the corresponding error resulting from the implementation of ‘*small
strain’’ analysis as compared to results obtained by ‘‘finite strains’’ analysis.

Endocardium Epicardium
Slice €9 Eq Error erq E,q Error
Base 1 0.0418 0.0463 —9.7% 0.0266 0.0252 5.6%
2 0.0559 0.0631 —-11.4% 0.0320 0.0304 5.3%
3 0.0907 0.1042 —-13.0% 0.0499 0.0480 4.0%
Apex 4 0.1130 0.1312 —-13.9% 0.0627 0.0618 1.4%

£,4 = the shear strain calculated using ‘‘small strains’’ analysis; £,4 = the shear strain calculated
using ‘‘finite strains’’ analysis; Error 2 100% (g, — E,¢)/E,s.
Calculations were carried out for the shear strain in the r6 plane.



