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Finite-Element Extrapolation of
Myocardial Structure Alterations
Across the Cardiac Cycle in Rats
Myocardial microstructures are responsible for key aspects of cardiac mechanical
function. Natural myocardial deformation across the cardiac cycle induces measurable
structural alteration, which varies across disease states. Diffusion tensor magnetic reso-
nance imaging (DT-MRI) has become the tool of choice for myocardial structural analy-
sis. Yet, obtaining the comprehensive structural information of the whole organ, in 3D
and time, for subject-specific examination is fundamentally limited by scan time. There-
fore, subject-specific finite-element (FE) analysis of a group of rat hearts was imple-
mented for extrapolating a set of initial DT-MRI to the rest of the cardiac cycle. The
effect of material symmetry (isotropy, transverse isotropy, and orthotropy), structural
input, and warping approach was observed by comparing simulated predictions against
in vivo MRI displacement measurements and DT-MRI of an isolated heart preparation at
relaxed, inflated, and contracture states. Overall, the results indicate that, while ventricu-
lar volume and circumferential strain are largely independent of the simulation strategy,
structural alteration predictions are generally improved with the sophistication of the
material model, which also enhances torsion and radial strain predictions. Moreover,
whereas subject-specific transversely isotropic models produced the most accurate
descriptions of fiber structural alterations, the orthotropic models best captured changes
in sheet structure. These findings underscore the need for subject-specific input data,
including structure, to extrapolate DT-MRI measurements across the cardiac cycle.
[DOI: 10.1115/1.4031419]
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Introduction

There is a profound link between ventricular structure and me-
chanical cardiac function, which has been consistently observed
experimentally and clinically. The structure of myocyte aggrega-
tion is a key contributor to wall thickening (the driver of stroke
volume), circumferential strain, and torsion [1–5]. Some of these
kinematics already serve or have an expanding role, as clinical
functional indicators [6–9]. Several animal experiments have
shown that cardiac structure is altered in disease states, for exam-
ple, fiber orientation has been used to detect interstitial tissue
fibrosis, to quantify the extent and progression of tissue damage
due to ventricular infarction, and to assess changes after surgical
restoration [10–13]. In humans, observations of in vivo cardiac
structure using DT-MRI alterations show potential for detection
and quantification of tissue damage and its consequences in terms
of variations in strain patterns and local perfusion [14–16]. With
improvements in numerical techniques, fundamental aspects of
myocardial structure have been integrated with computational bio-
mechanics to derive significant observations regarding stress dis-
tribution and contractility, as well as the optimization of devices
and surgical techniques [3,11,17–19]. Thus, precise knowledge of
myocardial structure is crucial for understanding cardiac function
in health, monitoring disease progression, and predicting cardiac
functional behavior.

Ventricular structure has been elucidated by a variety of means
including histology, electron microscopy, and DT-MRI [20–22].
The latter has become the tool of choice because it is nondestruc-
tive, does not use ionizing radiation, and it is inherently 3D. In
DT-MRI, the average orientations of myocardial structures at
each voxel can be extracted from the principal directions, or

eigenvectors, of the DT [21–24]. Specifically, myocardial fiber
orientations have been correlated to the first eigenvector, while
the secondary eigenvalue has been associated with the general
direction of myocardial sheets [21,25]. A third direction orthogo-
nal to the first two describes the so-called sheet-normal direction
[24]. Since it requires two scalar angles to specify a directional
vector in 3D, these structural orientations are often expressed in
terms of angles projected along the cardiac longitudinal, circum-
ferential, and radial planes. For clarity, the imaging planes and the
convention of the angles used in the current work for representing
fiber and sheet orientations are detailed in Fig. 1.

The dynamic myocardial structure, particularly at systole and di-
astole, has been studied with DT-MRI both in vivo, as well as ex
vivo with the aid of isolated heart preparations. The changes
between the two cardiac cycle points are generally described using
basic geometrical models relating fiber shortening and wall thicken-
ing through conservation of volume [26], with the most evident
changes consisting of an overall longitudinal fiber alignment in sys-
tole with respect to diastole [1,27,28]. Specifically, with the wall
thickness normalized, systolic fiber structure has a steeper trans-
mural rate of change of the fiber helical angle a. In terms of whole-
ventricle histograms, the fiber transverse angle a0 converges toward
zero in diastole [1,16]. Dynamic information about the sheet orien-
tation is more scarce, but a distinct reconfiguration of the sheet
transverse angle b has been observed as a shift from having rela-
tively large populations of voxels near larger angles at diastole, to-
ward a larger concentration near 0 deg at systole [14,29].

The advent of in vivo DT-MRI, now also available for rats and
midsized animals [30], has opened the door for unprecedented
studies of structural dynamics and mechanisms to examine under-
lying key aspects of cardiac function linked to variability and dis-
ease characterization. However, obtaining a complete description
of the structural dynamics of the beating whole heart still faces
severe technical and experimental challenges. In particular,
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tradeoffs between scan resolution and acquisition time in current
in vivo DT-MRI have limited the available structural data to sin-
gle imaging slices and cardiac cycle points [14,31,32]. Detailed
true 3D, let alone 4D (the fourth dimension being time), assess-
ments of the myocardial structure in the whole heart remain elu-
sive. As a first step toward the ultimate goal of 4D imaging of the
structure of the myocardium, a basic premise of the current study
is that the limited available structural information can be
employed to extrapolate temporal evolution with the aid of
computational biomechanics.

Although computational models of ventricular mechanics have
long existed, many of them with outstanding descriptive and predic-
tive power, little research has been focused on the design and ex-
perimental validation of models dedicated to studying predictions
of dynamic structural behavior. Instead, the role of ventricular
structure in the context of numerical simulations has been consid-
ered mostly from a sensitivity standpoint, whereby the performance
of computer simulations, particularly using the FE discretization,
has been measured against global metrics like pressure and volume,
and to some extent, stress and strain distribution [2,5,17,33]. Many
of these previous studies have yielded an improved understanding
regarding the role of parameterization and distribution of helical
structure in ventricular modeling and have pointed to the need for
further investigation regarding the role of additional aspects of
structural characterization on the performance of computational
models [5,26,33,34]. However, direct validation of simulated struc-
tural changes against experimental measurements (both kinematic
and structural dynamics) remains lacking.

The main objectives for this research are to identify a suitable
numerical approach and to apply it toward extrapolating a discrete
set of initial structural DT-MRI information temporally across the
cardiac cycle. The first step is intended to prioritize the practical
considerations needed to capture left-ventricular (LV) structural
dynamics and also to address some of the ambiguities surrounding
the nature and net effect of sheet structures on simulated deforma-
tion, through a systematic evaluation of selected structural
dynamic simulations against subject-specific experimental data.
The second step serves as a demonstration of the applicability of
the method beyond validation points, by integrating estimated
structural dynamics with common visualization techniques of car-
diac structure.

Methods

Overview. Extrapolation of DT-MRI data depends on tissue
deformation information and the manner in which this information
is applied to deform (or warp) images. This study focused on three
aspects of the numerical simulation of structural alterations: mate-
rial assumptions, inclusion of subject-specific data, and applica-
tion of simulated deformation to DT-MRI. To evaluate different
extrapolation strategies arising from four subject-specific FE sim-
ulations and two warping approaches, the simulated results (a total
of eight approaches per subject) were compared against an experi-
mental benchmark composed of in vivo CINE and displacement-
encoded MRI as well as DT-MRI of isolated rat hearts (n¼ 3).
This last measurement allowed experimental characterization of
3D myocardial structure in states associated with early diastole
(EAD), end diastole (ED), and end systole (ES). Care was taken
to ascertain that the isolated heart retained its in vivo gross mor-
phology by preserving intraventricular volume. DT-MRI at EAD
provided an initial set of structural data for the simulations,
whereas ED and ES were designated as the extrapolation targets.

Animal Procedures. All animal protocols were approved by
the Institutional Animal Care and Use Committee at the Univer-
sity of Utah in accordance to the Guide for the Care and Use of
Laboratory Animals issued by the US National Institutes of health
(NIH Publication No. 85-23, rev. 1996). For in vivo MRI, adult
male Sprague Dawley rats (n¼ 3, 300 6 25 weight) were anesthe-
tized with 1–3% isoflurane and 0.6–0.9 L/min O2 and placed
inside the imaging RF coil. Continuous monitoring of vital signs
(respiration, temperature, electrocardiogram, and oxygen satura-
tion) was performed using a magnetic resonance (MR)-
compatible physiological monitoring system (SA Instruments,
Stony Brook, NY).

After completion of in vivo imaging protocols, the animal was
euthanized via rapid exsanguination under deep isoflurane anes-
thesia (5%) according to approved standard operating procedures.
The heart was rapidly extracted, cannulated at the aorta, sus-
pended vertically, and perfused retrograde in a custom-made
MRI-compatible, temperature-controlled perfusion chamber ini-
tially with 100% oxygenated Tyrode’s solution (in mM: NaCl
140.0, glucose 11.0, KCl 5.4, HEPES 5.0, CaCl2 1.8, and MgCl2

Fig. 1 Angular quantification of fiber and sheet structures in the LV. The local fiber (f̂ ) or
sheet direction (ŝ ) can be expressed numerically as rotations about a coordinate system
defined by the local circumferential, radial, and longitudinal direction (h, r, and l, respectively).
The fiber orientation is described by the helix a (which takes on negative values on the epicar-
dium) and transverse a0 angles. A similar approach can be used to express sheet orientation
(b and b0). The idealized imaging planes (long and short axes) approximately coincide with the
longitudinal–radial plane and circumferential–radial plane near the midventricle.
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1.0) at 90 mm Hg at a flow rate of 15 mL/min with a positive dis-
placement pump (Cole-Parmer, Item# EW-77120-42). A balloon
was placed in the ventricle to control volume based on in vivo
readings for each subject, and a small perforation was made in the
pulmonary vein to allow perfusion fluid outflow. Continuous pres-
sure, temperature, and electrical activity measurements were used
to adjust perfusion rates depending on the state of the heart.

The desired cardiac states for DT-MRI were emulated by per-
fusing the isolated heart with appropriate cardioplegic solutions
and adjusting the volume of the intraventricular balloon based on
in vivo measurements [1,27,29]. For EAD, a KCl solution (in
mM: NaCl 105.0, KCl 25.0, glucose 11.0, HEPES 10.0, and
MgCl2 1.0) was used with the balloon deflated to allow the myo-
cardium to remain relaxed. For ED, the heart was similarly
arrested, but the balloon was adjusted to the ED volume. Contrac-
ture at ES was induced by adding LiCl (in mM: LiCl 125.0, glu-
cose 11.0, HEPES 10.0, KCl 5, CaCl2 2.5, and MgCl2 1.0). All
solutions were titrated to pH 7.4 and kept at 37 �C for the duration
of the experiments, and bovine serum albumen (4 mg/L) was
added to achieve osmotic equilibrium. Approximately 15 min of
perfusion time was administered at each change of solution prior
to imaging to achieve tissue equilibrium.

Magnetic Resonance Image Acquisitions. For in vivo imag-
ing, the animal was placed prone inside a 72-mm ID quadrature
volume RF coil in a Bruker Biospec 7 T imaging instrument
(Bruker Biospin, Billerica, MA). The dynamic morphology of the
heart, for biomechanical modeling, was obtained via retrospec-
tively gated fast low angle shot (FLASH) CINE (eight-short
slices spanning the left ventricle, 20.0 ms repetition time (TR),
2.0 ms echo time (TE), flip angle 15 deg, 40� 40 mm field of
view (FOV), 96� 96 matrix size). For validating biomechanical
simulations, displacement-encoding with stimulated-echoes scans
(DENSE, 20.0 ms TR, 2.0 ms TE, 40� 40 mm FOV, 96� 96 ma-
trix size, and 0.7 cycles/mm motion encoding gradients in each
read, phase, and slice directions) [35,36] were performed to mea-
sure deformation on three 3.0 mm-thick short-axis slices at the
base, middle, and apex of the LV. In Vivo scan time included
8 min for the anatomical FLASH CINE sequence and 45 min for
the DENSE acquisitions for a total of approximately 1 h and
10 min scan time per animal including preparation time.

For ex vivo imaging, the perfused isolated heart was imaged
using the custom-built integrated (19 mm) loop-gap RF coil in the
perfusion chamber. At each emulated cardiac state, DT-MRI was
acquired using a velocity-compensated, multishot segmented EPI
sequence (FOV 36.3� 36.3 mm, 128� 128 pixels, four slices, TR

2000 ms, TE 20 ms, 24 encoding directions with 900 s/mm2

b-value). Additional slices were acquired for morphological char-
acterization using a FLASH sequence (256� 256 pixels, four long
slices, four short slices, TR 10 ms, TE 1.5 ms, 30 deg flip angle).
Total scan time in the isolated heart apparatus was approximately
25 min divided into DT-MRI (6 min per state), FLASH (2 min per
state), and scout acquisitions. For tractography visualization, after
the isolated heart preparation, the specimens were fixed and
scanned at high resolution over night (3D spin echo sequence,
FOV 30� 30� 30 mm, 128� 128� 128 pixels, 2000 ms TR,
20 ms TE).

Image Postprocessing. The anatomical images were semi-
automatically segmented (Amira, FEI Life Sciences, Hillsboro,
OR). Ventricular volumes were approximated via Simpson’s rule.
DENSE phase images (after k-space subtraction and low-pass fil-
tering) were unwrapped using a fuzzy logic approach, and offset
corrected using registration of magnitude images [36,37]. The dis-
placements were used to calculate the average systolic circumfer-
ential and radial strain (with ED as the reference) at each slice
based on the principal components of the Green-Lagrange strain,
as well as slice rotations and longitudinal torsion according to pre-
vious studies in rat hearts [38,39]. The DT and principal directions
were computed from diffusion-weighted images using a nonlinear
least-squares reconstruction protocol [40].

Computational Modeling and Boundary Conditions.
Approximately 75% of the myocardial volume of the LV, from
the apex to approximately two-thirds of the distance to the base,
was organized into a FE domain composed of linear hexahedral
elements (TrueGrid, XYZ Applications, Livermore, CA) using
semi-automatically labeled images obtained from long- and short-
axes anatomical MRI (Amira, FEI Life Sciences, Hillsboro, OR).
Labeled data were combined to create a single surface by means
of implicit spline fitting [41]. The final mesh, after evaluating
models from about 3000–13,200 elements, was composed of
approximately 8000 elements after performing a 3% convergence
analysis using maximum first principal strains and maximum
effective shear under 4 kPa (30 mm Hg) pressurization on the LV
cavity. For simulation of the validation points, the endocardial LV
surface was pressurized to 2.3 kPa (17 mm Hg) and 15 kPa
(113 mm Hg) for ED and ES, respectively. For simulation of the
whole cardiac cycle, pressure and volume load curves were con-
structed based on a confidence interval of in vivo volume meas-
urements and pressure waveforms of the healthy rat heart
extracted from the literature [42]. Additional constraining was
achieved by surrounding the LV with a block made of a low-
stiffness, compressible support material and applying the bound-
ary conditions shown in Fig. 2 [43]. The additional mesh was also
applied to facilitate interpolation of displacements near the LV
outer surface. (Supporting material was modeled as Neo-Hookean
with modulus of elasticity of 0.01 kPa, and Poisson ratio of 0—A
tenfold change on support material stiffness had no discernible
effects on the solution.)

Myocardial Constitutive Relationships. A single Fung-type
strain energy function was used to model all the material represen-
tations of passive constitutive behavior in this study [44,45]. The
myocardium is assumed to be homogeneous across the ventricular
volume, hyperelastic, and nearly incompressible. The strain
energy, W, was assumed to follow:

W ¼ 1

2
c eQ � 1ð Þ þ 1

2
K ln Jð Þ (1)

where K is the material’s bulk modulus set at 200 kPa,
J ¼ det ðGÞ, and G is the spatially dependent gradient of the mate-
rial deformation map. For the myocardium in the local coordinate
system defined by fiber and sheet structures

Fig. 2 Representative FE model of the LV wall. The myocar-
dium was represented as a mesh extracted from anatomical
imaging embedded in a support block. LV mechanics were rep-
resented by a Fung-type constitutive model, and the surround-
ings were composed of a compliant and compressible material.
The boundary conditions included the displacement con-
straints shown and a hydrostatic pressure in the endocardial
surface.

Journal of Biomechanical Engineering OCTOBER 2015, Vol. 137 / 101010-3



Q ¼ c1E2
ff þ c2E2

ss þ c3E2
nn þ c4ðE2

fs þ E2
sfÞ þ c5ðE2

nf þ E2
fnÞ

þ c6ðE2
sn þ E2

nsÞ (2)

The coefficients c and c1 – c6 defined the stiffness and isotropy
with respect to the components of the deviatoric Green-Lagrange
strain tensor in local coordinates, i.e., Eij where i or j ¼ f; s; n
for fiber, sheet and sheet-normal, respectively. To enable compari-
son on the deviatoric behavior of the different decoupled constitu-
tive models, Lagrangian augmentation iterations were added to
enforce incompressibility by keeping changes of volume under
1% regardless of material symmetry [46]. The four variations of
FE models of the rat left ventricle were constructed using the fol-
lowing material symmetry models determined by strategic choice
of material coefficients:

(i) An isotropic material model (hereafter referred to as
“isotropic” case) was used for the passive myocardium
and contraction in the circumferential direction and was
designed to represent basic geometrical changes disregard-
ing the contribution from a realistic structural modeling. In
this case, c1 ¼ c2 ¼ c3 and c4 ¼ c5 ¼ c6.

(ii) The myocardial tissue was assumed to be transversely iso-
tropic (“transversely isotropic” case) with a fiber structure
characterized by linear transmural variation of a from �60
deg at the epicardium to 60 deg at the endocardium, and
similarly for a0, except from �20 deg to 20 deg. A nomi-
nal, population-based approximation of fiber structure
based on the literature [47,48] is assumed, without taking
into consideration material model of the sheet structure.

(iii) A “subject-specific transversely isotropic” material was
used, but a fiber distribution is generated from DT-MRI
data for the animal.

(iv) An “orthotropic” material model was used to allow inclu-
sion of subject-specific sheet structure from DT-MRI.

The values of the material coefficients used to define isotropic
and transversely isotropic behavior were based on previous stud-
ies on perfused heart preparations of rat hearts [45]. Due to the
lack of experimental data on the shear response of perfused car-
diac tissue of rats, orthotropic shear response was based on shear
experimental data from dog tissue [49]. To reduce the effects of
biological variability on material coefficients, c was adjusted to
match the simulated response to the measured ED volume of each
subject [11,50]. The material coefficients prior to subject-specific
scaling are listed in Table 1, and response curves are shown in

Fig. 3. A frame-invariant formulation of the strain energy function
was used to integrate Eqs. (1) and (3) into the solver [51]. The FE
simulations used both passive and active representations of car-
diac tissue available in the FEBIO software suite [52]. Active stress
generation responsible for ventricular contraction was modeled
with an implementation of active contraction based on a steady-
state specialization of the time-varying elastance modification to
Hill’s active muscle contraction model [53,54], which is briefly
described in the Appendix.

Inclusion of Structural Information. To incorporate struc-
tural information into the FE model, a local coordinate system
was constructed using a distribution of potentials, described as the
Laplace Dirichlet method for structural definition [55]. However,
instead of a rule-based approach, structural information was
defined from DT-MR-based volumetric polynomials with respect
to the radial and longitudinal coordinates ‘ and r (see Fig. 1)
assuming circumferential symmetry. Then, the angular value at
each element was used to rotate the longitudinal or radial direction
(defined as the gradients ‘ and r) into alignment with the local
fiber or sheet orientation, respectively. The polynomial form and

Table 1 Material coefficient sets for passive myocardium. In
some cases, material coefficients are repeated to produce the
desired material symmetry depending on one of the four simu-
lation approaches (cases (ii) and (iii) have identical coefficients,
but differ in structural arrangement).

c (kPa) c1 c2 c3 c4 c5 c6

Isotropic 0.35 9.2 9.2 9.2 7.4 7.4 7.4
Trans. isotropica 1.3 9.2 2 2 3.7 2 3.7
Orthotropic 0.75 20.2 1.4 0.3 8.1 6.0 3.7

aCoefficients obtained from perfused rat heart data [45].

Table 2 Fiber and sheet distribution coefficients for subject-specific modeling obtained from fitting DT-MRI data

Fiber Sheet

Subject (a) (a0) (b) (b0)

ka
1 (deg) ka

2 ka
3 ka0

1 (deg) ka0
2 ka0

3 ka0
4 ka0

5 ka0
6 kb

1 (deg) kb
2 kb

3 kb0

1 (deg) kb0

2 kb0

3 kb0

4

Rat 1 75.6 126 �153 152 730 �619 �59.7 473 �702 �4.61 �315 639 �38.0 47.0 �101 107
Rat 2 54.1 77.8 �103 308 830 233 �44.8 110 �851 �36.0 �497 480 49.3 �44.2 �170 151
Rat 3 100 109 �162 569 1068 �1639 �67.0 1084 �1051 10.9 �653 639 55.9 �55.4 �181 165

Fig. 3 Material symmetry assumptions. The simulation cases
included three material behavior models: isotropic (a), trans-
verse isotropic (b), where the fiber (F) and cross-fiber (C) direc-
tions exhibit different responses, and orthotropic (c), where
shear response was defined in terms in the local fiber (F), sheet
(S), and sheet-normal (N) directions.
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order, N, were defined based on spatial angular distributions, and
previous investigations [56–58], in terms of coefficients ka

i , ka0
i ,

kb
i , and kb0

i where i ¼ 1; 2;…;N, as

að‘; rÞ ¼ ka
1 þ ka

2r þ ka
3‘ (3)

a0ð‘; rÞ ¼ ka0
1 þ ka0

2 r þ ka0
3 ‘þ ka0

4 r2 þ ka0
5 ‘

2 þ ka0
6 r‘ (4)

bð‘; rÞ ¼ kb
1 þ kb

2 r þ kb
3‘ (5)

b0ð‘;rÞ ¼ kb0

1 þ kb0

2 r þ kb0

3 ‘þ kb0

4 r2 (6)

For the isotropic case, all structural coefficients were zero, as well
as for the transversely isotropic case except ka

1 ¼�60, ka
2 ¼ 120,

ka0
1 ¼�20, and ka0

2 ¼ 40. The coefficient sets for the subject-
specific transversely isotropic and orthotropic cases are listed in
Table 2.

Extrapolation and Visualization of Myocardial Structures.
For each FE prediction of cardiac deformation, angular measures
of fiber and sheet structures were obtained by regenerating the
gradients that define the local coordinate system using current
(deformed) nodal positions, and using inverse isoperimetric map-
ping [59] to obtain warped DT-MRI slices. Two different
approaches of deforming DT-MRI (which also appear in the pre-
vious literature [60,61]), “rotation-only” and “full deformation,”
were performed and compared. In the rotation-only approach, the
simulation-generated deformation map /ðXÞ ¼ X� x (X and x
represents reference and current coordinates, respectively)
was applied to displace f (or s), and then to produce rotation
according to

fR ¼ RF (7)

where uppercase indicates the vector is in the reference configura-
tion, and R was obtained from single-value decomposition of the
deformation gradient

G ¼ @x

@X
(8)

In the full-deformation approach, the structural vectors were
translated in the same manner, but the direct application of the
deformation gradient G or

fF ¼
GF

kGFk (9)

ensued rotation and shear. Thus, each of the four FE predictions
yielded two approximations of the structural alterations observed
experimentally. Comparison of transmural alterations between
simulated and experimental measurements was performed by cal-
culating transmural helical angle slope and construction of histo-
grams for the eight predictions of structural alterations as
described in recent literature [1,14,16].

Results

Gross Morphology of Isolated Hearts. Over the total experi-
mental time of 40–50 min from excision to completion of the last
ex vivo image acquisition, electrical activity and regular pressure
pulsations indicating organ viability were briefly observed during
solution change intervals in between imaging protocols. The LV
volumes (see also Fig. 4) of the isolated hearts were (n¼ 3,

Fig. 4 Gross morphology of an isolated arrested heart. Long
and short axes MRI of the LV (top two rows, see also Fig. 1)
revealed morphological alterations consistent with the targeted
cardiac states. Compared to EAD, balloon inflation at ED pro-
duced volume increase and wall thinning, whereas deflation at
ES caused volume decrease and wall thickening. The volumes
of the isolated perfused hearts were quantitatively similar to
those seen in vivo.

Fig. 5 Histogram representation of structural angles populations at ED and ES from ex vivo
DT-MRI (n 5 3). Compared to ED, systolic helix angle population is more concentrated at
higher angles, which indicates longitudinal alignment. During diastole, the transverse fiber
angle population increases near 0 deg, which indicates alignment in the circumferential direc-
tion. Sheet angle distribution is markedly different between both states and tends to concen-
trate about zero at ES in comparison to ED, which has a different concavity.
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mean 6 SD, in lL) 127 6 17, 383 6 72, and 76 6 23, compared to
132 6 68, 310 6 38, and 82 6 23 for the same hearts in vivo at
EAD, ED, and ES, respectively. The wall thicknesses of the iso-
lated hearts were (in mm) 3.2 6 0.6, 1.8 6 0.6, and 3.7 6 0.2,
compared to 2.8 6 0.3, 2.0 6 0.1, and 3.6 6 0.2 measured in vivo
at the same states. These results indicate that, except for the tend-
ency toward higher ventricular volume due to slight overinflation
of the balloon at ED, the gross morphology of the isolated

perfused hearts was in excellent agreement with their in vivo
counterparts.

In Vivo Cardiac Kinematics. Ejection fraction (EF) in the live
animals (n¼ 3) was measured to be 0.71 6 0.04 (mean 6 SD).
Circumferential strain in the base, midventricle, and apex of the
LV was� 0.23 6 0.05, �0.27 6 0.04, and �0.28 6 0.04,

Table 3 Average measurements of kinematic parameters. Tissue deformation information metrics were averaged across the sub-
jects (n 5 3), and each of the simulation case groups.

Parameter Unit In Vivo Case (i) Case (ii) Case (iii) Case (iv)

ESV lL 82 6 22 95 6 35 104 6 21 100 6 22 103 6 25
EDV lL 310 6 38 298 6 47 311 6 30 313 6 38 302 6 31
EF lL 0.71 6 0.10 0.69 6 0.09 0.67 6 0.03 0.68 6 0.03 0.66 6 0.05
Torsion deg/mm 1.3 6 0.8 0.07 6 0.04 1.73 6 0.14 2.17 6 0.35 2.24 6 0.44
Eh (base) — �0.28 6 0.04 �0.28 6 0.02 �0.24 6 0.09 �0.28 6 0.01 �0.28 6 0.02
Eh (mid) — �0.27 6 0.04 �0.28 6 0.02 �0.24 6 0.09 �0.29 6 0.02 �0.28 6 0.02
Eh (apex) — �0.23 6 0.05 �0.29 6 0.02 �0.25 6 0.07 �0.30 6 0.01 �0.29 6 0.01
Er (base) — 0.49 6 0.07 0.26 6 0.12 0.68 6 0.27 0.75 6 0.09 0.74 6 0.12
Er (mid) — 0.57 6 0.06 0.43 6 0.11 0.66 6 0.30 0.77 6 0.09 0.82 6 0.12
Er (apex) — 0.55 6 0.06 0.41 6 0.14 0.64 6 0.18 0.75 6 0.20 0.75 6 0.20
Tmax kPa — 25 6 8 56 6 4 53 6 14 44 6 9
c kPa — 0.14 6 0.09 0.95 6 0.48 0.77 6 0.31 0.27 6 0.17

Fig. 6 Averaged histograms of structural angle populations (n 5 3) using the rotation-only
approach to transform DTI data from an initial time point to ED and ES. The deformation
results from case (i) (top row) do not show any difference between states, i.e., overlapping
lines, constituting a poor prediction with respect to the experimental observations in Fig. 5.
Cases (ii)–(iv) (rows 2–4, left column) produced similar helix angle distribution alterations that
suggest longitudinal alignment at ES. Transverse angle alterations (middle column) are more
realistic in cases (iii) and (iv). The rotation-only approach produced no visible differences in
sheet angle distributions (right column).
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respectively. Radial strain values in the corresponding locations
were 0.55 6 0.06, 0.57 6 0.06, and 0.49 6 0.07. Longitudinal tor-
sion was 1.3 6 0.8 deg/mm based on slice rotations of �15.9 deg
6 3.3 at the base, �14.2 deg 6 4.3 at the midventricle, and �11.5
deg 6 3.5 at the apex. These values agreed with the previous stud-
ies on healthy rats of similar size [39,62].

Structural Variations of Isolated Heart Preparation. The
total transmural change of helical angle averaged over the entire
myocardium and across all animals (n¼ 3) at ES was approxi-
mately 26 6 8% larger than the same measurement at ED, which
is consistent with the longitudinal alignment described in previous
studies [16,29]. The histograms of helical distribution in Fig. 5
showed a larger population near zero for ED than ES. Fiber trans-
verse angle distribution showed increased circumferential align-
ment during systole (larger population about zero). The clearest
difference in structural distribution was seen on the sheet angle
histogram, which showed a marked increase in pixel count near
zero at ES. Similar characteristic observations have been made in
previous DT-MRI studies using isolated heart preparations
[14,16].

Simulated Myocardial Kinematics. A partial list of the key
parameters associated with simulated LV deformation averaged
over the subject-specific models (n¼ 3) for each of the four simu-
lation strategies and in vivo is listed in Table 3 for (i) isotropic,

(ii) transversely isotropic, (iii) subject-specific transversely iso-
tropic, and (iv) subject-specific orthotropic cases. The FE predic-
tions of volumetric changes were in excellent agreement with
in vivo measurements, with errors of less than 10% in end-
diastolic volume (EDV) and end-systolic (ESV) volume and EF
for all cases. Not surprisingly, the isotropic model grossly under-
estimated the amount of systolic longitudinal torsion, but the
remaining three models with more realistic fiber distribution had
the tendency of overestimating it. There was also good agreement
in terms of circumferential strain values, although the mild longi-
tudinal change observed experimentally (larger in vivo strain at
the base compared to the apex) was reversed likely due to the
boundary conditions. Some systematic variation in terms of radial
strain was observed, whereby the measures fell below the in vivo
measurements in case (i) and above in the remaining cases.
Parameter identification resulted in reduction of the stiffness
parameter c in all cases except case (iii) where the reduction was
insignificant. In general, simulations provided a good description
of ventricular volume and rotation, but strain values differed
depending on the fiber structure modeling approach.

Simulated Structural Alterations. Computation time for the
structural alteration simulations was approximately 60, 30, 25,
and 60 min for cases (i), (ii), (iii), and (iv), respectively. Each nu-
merical simulation ((i)–(iv)) produced a set of tissue deformation
results subsequently used to warp the initial DT-MRI data either

Fig. 7 Averaged histograms of structural angle populations (n 5 3) using the full-deformation
approach to transform DTI data from an initial time point to ED and ES. Helix angle popula-
tions (left column) varied depending on the simulation strategy with (ii) and (iii) appearing to
be closer to the experimental measurements in Fig. 5. Transverse angle populations (middle
column) appeared to be identical regardless of the simulation approach. Sheet angle popula-
tions (right column) improved with the sophistication of the material model with (i) being the
poorest (no difference between ED and ES) and (iv) being the best (largest change in
concavity).
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using the rotation-only method or the full-deformation method.
Histograms of the simulated structural alterations using the
rotation-only approach appear in Fig. 6. The isotropic case, (i),
yields no visible changes in helix, transverse, or sheet angle popu-
lation. The remaining cases, particularly the subject-specific trans-
versely isotropic and orthotropic cases, showed fiber structure
alterations that suggest circumferential alignment of transverse
angles in ED, which is more consistent with the experimental
observations. Sheet angle population remains unchanged regard-
less of the simulation case.

Results obtained using the full-deformation approach appear in
Fig. 7. The helix angle population for the isotropic case (i) follows
a pattern consistent with the transmural slope, where there is a
markedly different distribution compared to the rotation-only
method. Distribution changes of the same angular measure in the
other cases are similar to that obtained with the rotation-only
method and also consistent with slope measurements, in that heli-
cal changes were less pronounced on the subject-specific trans-
versely isotropic case. Circumferential alignment of transverse
angles can be observed in all the simulation cases. Unlike the
rotation-only approach, sheet distribution changes were present in
the transversely isotropic (ii), subject-specific transversely iso-
tropic (iii), and orthotropic (iv) models appearing to be slightly
more evident in the last, although not to the same extent as the
alterations observed experimentally.

An inherent limitation of histograms is that they do not contain
information regarding the spatial patterns of the myocardial struc-
ture, which may serve as an additional performance metric of the
simulations. The use of histograms arises from MRI volumetric
averaging and idealization on LV shape and effectively limits
quantitative comparison to experimental data. As a partial rem-
edy, Table 4 shows a comparison of transmural fiber helix angle
slopes obtained by simulation at ED and ES. While all of the sys-
tolic values show some degree of longitudinal alignment, values
obtained by applying rotation-only deformation vary more widely
among simulation cases with (i) being the smallest at 3% and (ii)
being the largest at 30%, compared to 26% observed in vivo.
Using full deformation, case (i) largely overestimates the mea-
surement, and case (iv) underestimates it. Case (iv) also underesti-
mates the longitudinal alignment using the rotation-only
approach. Cases (ii) and (iii) show reasonable agreement with the
experimental observations. Combined with the histograms in Figs.
6 and 7, the results in Table 4 suggest that case (iii), i.e., the
subject-specific transversely isotropic model, is the most appropri-
ate for deforming the myocardial fiber structure between cardiac
cycle states.

Some examples of extrapolation beyond the verification points
can be seen in Fig. 8 where the nodal locations have been read-
justed for a more realistic representation of cardiac motion (fixed
apex). The initial DT-MRI information at EAD is shown at zero

Table 4 Mean transmural helix angle slope from extrapolated slices based on each of the FE simulation case groups (columns)
and warping approaches (rows). Percent change in vivo was approximately 26%.

Unit Case (i) Case (ii) Case (iii) Case (iv)

Rotation-only ED deg 107 6 24 117 6 27 113 6 28 113 6 28
ES deg 110 6 15 151 6 33 138 6 32 131 6 29

Changea % 3 30 22 16

Full deformation ED deg 92 6 24 102 6 27 95 6 23 101 6 26
ES deg 145 6 48 134 6 29 117 6 26 114 6 25

Changea % 58 31 23 13

Note: Values shown correspond to mean 6 SD.
aMeasured with respect to ED.

Fig. 8 Warping DTI data across the cardiac cycle. The FE model (a) was used to generate
deformation estimates at times beyond the validation points (ED and ES) using simulation
approach (iii). The modeling approach follows a realistic temporal representation of pressure,
volume, and contractility via FE modeling by using an image-based, subject-specific trans-
versely isotropic material model. The warped image slices showing helical angle maps (b)
show contraction-induced shortening and some angle variation indicative of longitudinal
alignment.
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time followed by some frames of the simulated progression using
case (iii) across the cardiac cycle. At each time, there is a corre-
sponding change in volume and wall thickness, as well as fiber
rotations, which are more evident at 60% and ES where element
deformation can be observed in the model, and a larger area of he-
lix angles close to �90 (lighter shades) can be seen near the epi-
cardium. Similar observations can be made on the tractography
representation of ED and ES shown in Fig. 9, where the epicardial
longitudinal alignment of helical structure can be seen directly.

Discussion

This study has demonstrated the conceptual feasibility of tem-
poral extrapolation (and by extension spatial interpolation) of
DT-MRI data by implementing subject-specific FE mechanical
simulations and using the results to warp imaging data by applica-
tion of the deformation gradient from continuum mechanics eval-
uated in a pixel lattice. Deformation maps needed to simulate
structural dynamics are fundamentally dissimilar from the trans-
formations used in DTI atlas generation [61], in that dynamic
changes in myocardial structure are strictly promoted by physical
cardiac motion. Therefore, modeling parameters must include
imaging (e.g., warping approach) and tissue deformation (e.g.,
material properties and mechanical loads) considerations. Like-
wise, results ought to be interpreted based on the imaging modal-
ity as well as the quality of the deformation prediction. As a case
in point, interpretation of the results in Figs. 6 and 7 in light of tis-
sue kinematics, such as the strain and torsion measures shown in
Table 3, can be used to categorize different approximations of
structural alteration even if direct structural measurements are not
available. A starting point is volume and volumetric variations
(such as EF). However, as shown in Table 3, the ability to achieve
simulated LV volumes similar to those in vivo regardless of the
modeling strategy is in agreement with previous studies, which
for the most part show that pressure and volume can be relatively
insensitive to structural variations [2,33]. Radial strain (associated
with wall thickening) was more sensitive to structural informa-
tion, and the subject-specific models (cases (iii) and (iv)) had the
tendency to overestimate experimental values, partially confirm-
ing previous speculations [33]. In the context of this study, radial
strain serves as an indicator of the mechanism for LV volume var-
iation, in which the cases with realistic structural input (cases
(ii)–(iv)) was mediated by wall thickening, unlike the isotropic
material case (i) where cavity volume changed due to elongation.
This distinction can be used to avoid misinterpreting the results.
For instance, direct application of the deformation gradient to
warp data using case (i) yielded ES longitudinal alignment and
ED circumferential alignment (Fig. 7, top), even though the model

completely disregarded myocardial fiber and sheet distribution.
This is because each of the components of the fiber orientation
vector was stretched by different amounts, resulting in an angular
change. Even though acquisition of strain measurements needed
for rigorous kinematic validation of the models will, in practice,
require additional time, the results indicate that simulations can be
used to recreate similar alterations in structural angle populations
when DT-MRI information is adequately warped.

Comparing the rotation-only with the full-deformation results
indicates that, for the more realistic cases (ii)–(iv), fiber structure
alterations, i.e., helical and transverse angle distributions, seem to
be, respectively, mediated largely by rotation, since transmural
slopes (Table 3) and histograms (Figs. 6 and 7) show similar dis-
tribution regardless of the warping approach. The same cannot be
said for the sheet angle population, which appears to be mediated
mostly by transmural shear. Among the simulated cases, the
orthotropic model (iv) has the most visible alteration of sheet
angle with the subject-specific transversely isotropic case (iii)
being a close second. These models have in common that subject-
specific structural information was used as structural input. These
data may be required if sheet deformation is the subject of study,
e.g., to simulate structural alteration in hearts with hypertrophic
cardiomyopathy, because it is possible that the distinct structural
alterations between ED and ES caused by the disease [14] may be
associated with shear stiffening in the transmural direction. In
terms of the trends of structural dynamics observed in this study,
the subject-specific models tended to be the most accurate,
although a reasonable approximation could be obtained more
quickly with a population-based transversely isotropic model
(case (iii)).

Being an initial exploration, a fundamental limitation of this
study is its qualitative nature. Although consistent numerical
quantifications were used whenever possible, it is currently diffi-
cult to state precisely the accuracy of the simulated structural
alterations. Thus, the interpretation of results was limited to the
evidence which was clearly visible. Second, this study included
intricate experimental as well as numerical components contain-
ing several assumptions; the most important includes the effec-
tiveness of the isolated heart preparation and the numerical
simulation. Despite possible limitations introduced by the isolate
heart preparation, the presented extrapolation method is still
expected to be valid due to its applicability to in vivo DTI data,
because high-resolution 3D coverage across the cardiac cycle is
likely to continue to be limited by prohibitive scan time [31,32].
In terms of the numerical simulations, the ventricle was assumed
to be homogeneous and stress-free in its unloaded configuration,
these assumptions were invoked partly due to the lack of experi-
mental data needed to include these features into the models,
although preliminary numerical studies indicate that myocardial
residual stress has a relatively small effect on ventricular deforma-
tion [11,63,64]. Nevertheless, cases ((iii) and (iv)) include some
spatial heterogeneity, at least from a structural sense.

This research can proceed in several future directions. First,
there are some areas of additional study involving integration with
in vivo DT-MRI results. Using this imaging technology may
reduce the experimental error associated with the isolated heart
and will be a more suitable alternative to validate structural atlases
of the living heart. Further understanding regarding the influence
of orthogonality, which is inherently present in DT-MRI, on car-
diac dynamic structure measures would be needed to elucidate the
dependency of fiber and sheet structures in the presence of shear
deformation. For example, fiber deformation due to shear could
manifest as overestimation of transmural helix angle slopes in
experimental data, which may explain discrepancies observed in
the magnitude of simulated and observed longitudinal alignments.
There are also improvements to be made from a numerical per-
spective, such as the inclusion of mechanics-based image registra-
tion to warp the results, which would facilitate point-to-point
comparison of structural data for error quantification, and mesh
construction with quadratic elements to improve mesh

Fig. 9 Deformed tracts of a collection of fibers in a longitudinal
isocline along the radial direction. Comparing the local inclina-
tion of an epicardial fiber tract at ED (black line, left), with
respect to its warping configuration at ES (right) showed longi-
tudinal alignment typical of systolic structural state.
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convergence and increase computational efficiency. Finally,
incorporation of the right ventricle can be feasible by combining
the computational strategy presented here with high-resolution
vivo DT-MRI.
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Nomenclature

B ¼ sarcomere length difference weight
c ¼ relative stiffness coefficient

ci ¼ material coefficients in Fung-type strain energy function
Clc ¼ tension development loading curve

Ca0 ¼ peak calcium concentration
Eij ¼ components of the Green-Lagrange strain tensor

ECa50 ¼ calcium sensitivity
f ¼ fiber index
f ¼ unit vector in the local fiber direction in current

configuration
F ¼ unit vector in the local fiber direction in reference

configuration
G ¼ deformation gradient
J ¼ determinant of deformation gradient
K ¼ bulk modulus
ka

i ¼ coefficients for fiber angle distribution polynomials

kb
i ¼ coefficients for sheet angle distribution polynomials
l ¼ current sarcomere length
‘ ¼ longitudinal coordinate

l0 ¼ zero-tension sarcomere length
n ¼ sheet-normal index
N ¼ polynomial order
Q ¼ exponential term in Fung-type strain energy function
r ¼ radial coordinate

R ¼ rotation matrix
s ¼ sheet index
t ¼ time

T ¼ total Cauchy stress
Tmax ¼ maximum sarcomere tension

W ¼ strain energy function
x ¼ current coordinates
X ¼ reference coordinates
a ¼ helix angle
a0 ¼ transverse, or imbrication, angle
b ¼ sheet angle
b0 ¼ transverse-like angular measure of sheet structure
u ¼ deformation map

Appendix

Additional information regarding the steady-state specialization
of the time-varying elastance modification to Hill’s active muscle
contraction model used to include contractile stress into the FE
simulations can be obtained from previous studies [53,54,63]. In
short, the total simulated Cauchy stress tensor T results from
superimposed contributions from the passive material response
T½p� and an active component T½a� along f

T ¼ T½p� þ T½a�f � f (A1)

The active component was defined as a function of fiber stretch
and a scaling parameter ClcðtÞ, which determines the shape of the
activation curve [45]

T a½ � ¼ Tmax

Ca2
0

Ca2
0 þ ECa2

50 lð Þ
Clc tð Þ (A2)

where the maximum activation stress Tmax ¼ 135.7 kPa was based
on the isometric tension at the peak intracellular calcium concen-
tration, Ca0 ¼ 4.35 lM. Calcium sensitivity, ECa50ðlÞ, was mod-
eled with respect to the maximum calcium concentration ðCa0Þmax

¼ 4.35 lM, the zero-tension sarcomere length, l0 ¼ 1.58 lm, an
experimentally derived weight B ¼ 4.75 lm�1 and the current sar-
comere length, l, resulting from scaling the resting sarcomere
length (1.2 lm) by the fiber stretch

ECa50 ¼
Ca2

0

� �
maxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

exp B l� l0ð Þð Þ � 1
p (A3)

This model can be incorporated onto the passive material model
in FEBIO software suite, through a mixture of solids [52].
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