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Abstract

The ability to measure and quantify myocardial motion and deformation provides
a useful tool to assist in the diagnosis, prognosis and management of heart dis-
ease. Myocardial motion can be measured by means of several different types
of data acquisition. The earliest myocardial motion tracking technique was in-
vasive, based on implanting radiopaque markers into the myocardium around
the left ventricle, and recording the marker positions during the cardiac cycle
by biplane cineradiography. Until recently, this was the only method with high
enough spatial resolution of three-dimensional (3D) myocardial displacements to
resolve transmural behaviors. However, the recent development of magnetic reso-
nance imaging techniques, such as displacement encoding with stimulated echoes
(DENSE), make detailed non-invasive 3D transmural kinematic analyses of hu-
man myocardium possible in the clinic and for research purposes.

Diastolic left ventricular filling is a highly dynamic process with early and late
transmitral inflows and it is determined by a complex sequence of many interre-
lated events and parameters. Extensive research has been performed to describe
myocardial kinematics during the systolic phase of the cardiac cycle, but not by far
the same amount of research has been accomplished during diastole. Measures of
global and regional left ventricular kinematics during diastole are important when
attempting to understand left ventricular filling characteristics in health and dis-
ease.

This thesis presents methods for invasive and non-invasive quantification of
cardiac kinematics, with focus on diastole. The project started by quantification
of changes in global left ventricular kinematics during diastolic filling. The helical
myocardial fiber architecture of the left ventricle produces both long- and short-
axis motion as well as torsional deformation. The longitudinal excursion of the
mitral annular plane is an important component of left ventricular filling and ejec-
tion. This was studied by analyzing the contribution of mitral annular dynamics
to left ventricular filling volume in the ovine heart.

In order to quantify strains for a specific body undergoing deformation, dis-
placements for a set of internal points at a deformed configuration relative to a
reference configuration are needed. A new method for strain quantification from
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ii

measured myocardial displacements is presented in this thesis. The method is ac-
curate and robust and delivers analytical expressions of the strain components.
The developed strain quantification method is simple in nature which aids to
bridge a possible gap in understanding between different disciplines and is well
suited for sparse arrays of displacement data.

Analyses of myocardial kinematics at the level of myocardial fibers require
knowledge of cardiac tissue architecture. Temporal changes in myofiber direc-
tions during the cardiac cycle have been analyzed in the ovine heart by combining
histological measurements of transmural myocardial architecture and local trans-
mural strains.

Rapid early diastolic filling is an essential component of the left ventricular
function. Such filling requires a highly compliant chamber immediately after sys-
tole, allowing inflow at low driving pressures. Failure of this process can lead to
exercise intolerance and ultimately to heart failure. A thorough analysis of the re-
lation between global left ventricular kinematics and local myocardial strain at the
level of myocardial fibers during early diastole in the ovine heart was performed
by applying the method for strain quantification and the technique for computing
temporal changes in myocardial architecture on measures of myocardial displace-
ments and tissue architecture in the ovine heart.

As data acquisition technologies develop, quantification methods for cardiac
kinematics need to be adapted and validated on the new types of data. Recent
improvements of DENSE magnetic resonance imaging enable non-invasive trans-
mural strain analyses in the human heart. The herein presented strain quantifica-
tion method was first tailored to displacement data from a surgically implanted
bead array but has been extended to applications on non-invasive DENSE data
measured in two and three dimensions. Validation against an analytical standard
reveals accurate results and in vivo strains agree with values for normal human
hearts from other studies.

The method has in this thesis been used with displacement data from invasive
marker technology and non-invasive DENSE magnetic resonance imaging, but
can equally well be applied on any type of displacement data provided that the
spatial resolution is high enough to resolve local strain variations.
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Chapter 1

Introduction to the thesis

The heart contracts nearly 2.5 billion times during the average human life span,
compensates for acute changes in the oxygen demand and adapts to sustained
changes in applied loads. Cardiovascular disease is the main cause of death in the
western world. In Sweden, cardiovascular disease was the cause of death of 42%
of the women and 41% of the men who died in 2007 [1]. Knowledge of normal
cardiac kinematics is important when attempting to understand the mechanisms
that impair the contractile function of the heart during disease.

The ability to measure myocardial motion and deformation provides a useful
tool to assist in the diagnosis, prognosis and management of heart disease. When
this project started, invasive marker technology was the only available method
with sufficient spatial resolution to enable detailed studies of transmural distri-
butions of myocardial kinematics and of mitral valve dynamics. Magnetic res-
onance imaging (MRI) is a non-invasive imaging technique suitable for measur-
ing myocardial motion. The MRI based technique displacement encoding with
stimulated echoes (DENSE) [2] has developed in the recent years, and provides
measures of myocardial displacements with sufficiently high spatial resolution for
analyses of transmural variations in myocardial strain.

Extensive research has been performed to describe myocardial kinematics dur-
ing the systolic phase of the cardiac cycle, but not by far the same amount of
research has been accomplished during diastole. Diastolic function of the left
ventricle (LV) is determined by a complex sequence of many interrelated events
and parameters, including active relaxation, elastic recoil and ventricular suction,
passive filling characteristics, heart rate, loading condition, inotropic state, atrial
and mitral valve function. Measures of global and regional LV kinematics during
diastole are important when attempting to understand LV filling characteristics in
health and disease.

This project started by quantification of changes in global LV kinematics dur-
ing diastolic filling in the ovine heart [I]. My focus was then turned to regional

1
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2 CHAPTER 1. INTRODUCTION TO THE THESIS

transmural kinematics, particularly during diastole, and a method for detailed
transmural analyses of myocardial strain was developed [II]. Myocardial strains,
quantified by the proposed method, were combined with histologically measured
fiber and sheet angles to analyze temporal changes in myocardial fiber and sheet
architecture during the cardiac cycle [III]. In [IV], the proposed method for my-
ocardial strain quantification was applied to displacement data from surgically
implanted markers, and using fiber and sheet angles estimated by the method de-
scribed in the previous paper, to analyze transmural variations in myocardial strain
during diastole in the ovine heart. The method for quantification of myocardial
strain was then extended to quantify regional myocardial strain in the human heart,
at the intersection of two two-dimensional (2D) planes, from three-dimensional
(3D) myocardial displacements acquired by non-invasive DENSE MRI technol-
ogy [V]. Finally, the strain quantification method was extended to quantify strain
within a 3D myocardial volume using displacements acquired by 3D DENSE MRI
in the human heart [VI].

1.1 Aims

The aims of this thesis:

• Create a tool for quantification of myocardial strain. This tool should be

– General, to be applicable on several types of myocardial displacement
data.

– Simple to explain, to bridge the gap in understanding between engi-
neers and the clinic.

– Useful, i.e. yield small errors of the estimated strains.

• Analyze different aspects of cardiac kinematics during diastole.

• Extend the strain quantification tool from invasive marker data to data from
DENSE magnetic resonance imaging.

14



Chapter 2

Physiological background

With each beat, the heart pumps blood into two closed circuits, the pulmonary
circulation and the systemic circulation. The mammalian heart, illustrated in Fig-
ure 2.1, consists of four chambers: the right and left atria and ventricles. The
atria act as both reservoir and conduit. They collect the blood that returns to the
heart and the ventricles eject blood from the heart. The right side of the heart is
the pump of the pulmonary circulation and the left side is the pump of the sys-
temic circulation. Deoxygenated blood from the systemic circulation returns to

Left atrium

Left ventricle

Right atrium

Right ventricle

Figure 2.1: An illustration of the heart with its four chambers.

the right atrium and oxygenated blood from the pulmonary circulation system is
assembled in the left atrium. The atria and ventricles communicate through the
atrioventricular valves which prevent back-flow from the ventricles, the tricuspid
valve on the right side of the heart and the mitral valve between the left atrium and
ventricle. The ventricles pump blood from the heart. The right ventricle pumps
blood through the pulmonary valve and pulmonary arteries to the lungs and the
LV pumps blood through the aortic valve into the aorta and on to the body’s tis-
sues and organs via the systemic circulation. A normal human heart is shown in a

3
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4 CHAPTER 2. PHYSIOLOGICAL BACKGROUND

four-chamber view in Figure 2.2(a) and in a short-axis view in 2.2(b).
The thickness of the walls of the four chambers varies according to their func-

tions. The thin walls of the two atria are sufficient to deliver blood into the ven-
tricles. The left ventricle works against a higher resistance than the right ventricle
and thus needs to generate a higher pressure to maintain the same rate of blood
flow as the right ventricle. As a consequence, the myocardium of the left ventricle
is thicker than the myocardium of the right [3] as shown in Figure 2.2(b). The
ventricular walls in the normal heart are thickest at the equator and base of the LV
and thinnest at the LV apex and right ventricular free wall [4]. The wall thickness
also varies temporally through the cardiac cycle [5].

(a) (b)

Figure 2.2: Magnetic resonance magnitude images from a human heart. (a) A four
chamber view of the heart with the LV as the thick-walled chamber to the right.
(b) A short axis view showing the thick walls and circular shape of the LV as well
as the thinner walls and curved oval shape of the right ventricle.

2.1 The cardiac cycle

The cardiac cycle is the sequence of events that occurs during a single heart beat.
Two of the most basic parameters that describe the pumping action of the heart
are the pressure and volume inside the ventricles, or specifically inside the LV, and
changes in these can be used to illustrate the cardiac cycle, as in Figure 2.3. The
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2.1. THE CARDIAC CYCLE 5

(a) (b)

Figure 2.3: Left ventricular pressure (LVP) and volume (LVV) during a cardiac
cycle from an ovine heart. (a) Changes in LVP and LVV as functions of time. (b)
LV pressure-volume loop during a cardiac cycle. Cardiac cycle events: end dias-
tole (ED), end systole (ES), isovolumic relaxation (IVR), isovolumic contraction
(IVC).

cardiac cycle can be divided into two phases: the phase of blood ejection, systole,
and the ventricular filling phase, diastole.

During systole, the LV contracts and pushes blood into the aorta. Ventric-
ular contraction causes a sharp rise in ventricular pressure and the mitral valve
closes when LV pressure exceeds left atrial pressure. During the initial phase of
ventricular contraction, pressure is less than that in the aorta, so the aortic valve
remains closed. This phase is known as the isovolumic contraction (IVC), see Fig-
ure 2.3(b). When LV pressure exceeds the aortic pressure, the aortic valve opens
and blood flows from the ventricle into the aorta.

After contraction is completed, the aortic valve closes and left ventricular
pressure (LVP) rapidly decreases during isovolumic relaxation (IVR), see Fig-
ure 2.3(b). During this initial phase of diastole, LVP is higher than left atrial
pressure and the mitral valve is closed. When LVP becomes less than left atrial
pressure, a driving force develops across the mitral valve and blood flow velocity
accelerates from the left atrium to the LV. This early peak in transmitral blood
flow velocity is called the E-wave. In early diastole LVP reaches its lowest value,
followed by an increase in pressure. During mid-diastole left atrial and ventricular
pressures are equilibrated, but forward flow continues because of inertial forces.
Finally, atrial contraction produces an increase in left atrial pressure so that it
exceeds LVP, which causes a reacceleration of transmitral flow and results in an
A-wave on a transmitral flow velocity curve [6].

17



6 CHAPTER 2. PHYSIOLOGICAL BACKGROUND

2.2 The mitral valve

The mitral valve consists of two leaflets attached to the anterior and posterior
sides, respectively, of the mitral annulus. The distance between the tips of the two
leaflets reaches two local maxima during mitral valve opening, corresponding to
the E- and A-waves of transmitral flow velocity as shown in Figure 2.4(a). The

(a) (b)

Figure 2.4: (a) Mitral valve opening (MVO) shown as the distance between mark-
ers on the edges of the anterior and posterior leaflets in the ovine heart. The two
local maxima correspond to the E- and A-waves of transmitral flow velocity. (b)
MVO during preload reduction by vena caval occlusion (VCO). Mitral leaflet sep-
aration distance during four phases of VCO and LVP for the first phase. Mean±SE
from seven ovine hearts [7].

closed mitral valve prevents back flow into left atrium and is capable of withstand-
ing high LVP. Although the anterior leaflet is a thin (approx. 1 mm thick) flexible
structure, it has been shown to display a compound curvature in the beating heart,
convex to the LV in the half nearest the annulus and concave to the LV nearest
the leaflet edge [8]. How the anterior leaflet is capable of maintaining this shape
although LVP is high, can be explained by presence of contractile tissue acting to
stiffen the leaflets in the beating heart [9].

Mitral valve opening in the ovine heart takes < 100 ms during each cardiac
cycle, from a tightly closed to a widely open configuration, thus permitting explo-
sive early LV filling. The effect of preload reduction by vena caval occlusion on
the mitral valve opening characteristics in the ovine heart have revealed a delayed
onset of mitral valve opening and a significant increase of the length of the interval
from end of IVR to maximum leaflet separation, shown in Figure 2.4(b) [7, 10].

18



2.3. MYOCARDIAL FIBER ARCHITECTURE 7

2.3 Myocardial fiber architecture

The heart wall consists of three distinct layers; endocardium that lines the cham-
bers of the heart, a middle layer of myocardium and epicardium that lines the out-
side of the heart. Endocardium and epicardium are thin connective tissue mem-
branes and myocardium is the functional tissue that endows the heart with its
ability to pump blood and consists primarily of cardiac muscle cells, myocytes,
that are arranged into locally parallel muscle fibers which are embedded in an
extracellular collagen matrix [11]. The orientation of the myofibers change with
position in the LV wall. Briefly, the myocardial fibers form left-handed helices
at the subepicardial side and right-handed helices at the subendocardium with a
nearly linear change in orientation between subepicardium and subendocardium
[12]. The angle (α) between the circumferential direction of the LV and the my-
ocardial fiber direction has been found in several species to vary from α ≈ −600

at the subepicardium and α ≈ +600 at the subendocardium [13].
The myofibers have been shown to be arranged parallel in sheets, two-to-four

cells thick, that are rotated around the fiber direction relative to the radial direction
of the LV, with an angle (β) between the radial and the sheet directions [13, 14]. In
the ovine lateral equatorial wall β has typically two values, β+ clustered around
+45◦ and β− clustered around −45◦. Near the epicardium and near the endo-
cardium the sheets belong to the β+ family and in the midwall they belong to the
β− family [13]. The myocardial fiber and sheet architecture of the ovine LV is
illustrated in Figure 2.5.

2.3.1 Cardiac and fiber strains

At each point in the myocardium, the direction of myocardial fibers and sheets
constitute a local cartesian coordinate system with coordinate axes aligned with
the local fiber (Xf) and sheet (Xs) directions and with the third axis (Xn) nor-
mal to the fiber-sheet plane [15]. By expressing the Lagrangian strain tensor (E)
in this fiber coordinate system, strains can be related to changes in fiber length
and distances and shears within and between sheets. A local orthogonal cardiac
coordinate system has circumferential (XC), longitudinal (XL) and radial (XR)
directions relative to the LV. Cardiac and fiber strains are related by the equation

E(F iber) = ME(Cardiac)MT (2.1)

where E(F iber) is the strain tensor expressed in the fiber coordinate system, E(Cardiac)

is the strain tensor in the cardiac coordinate ssytem and the transformation matrix

19



8 CHAPTER 2. PHYSIOLOGICAL BACKGROUND

XC

XL

XR

Xf

Xs

Xn

Sheets

Fiber
α

βPlane ⊥ to fibers

Figure 2.5: The fiber and sheet structure at three transmural levels of the ovine
lateral equatorial LV. XC , XL and XR are the LV circumferential, longitudinal
and radial directions and Xf , Xs and Xn are the myocardial fiber, sheet and sheet-
normal directions.

is given by [16, 17, 15]

M =

⎡
⎣

cos α sin α 0
− sin α sin β cos α sin β cos β
sin α cos β − cos α cos β sin β

⎤
⎦ . (2.2)

Insertion of (2.2) into the inverse of (2.1) gives the radial strain component (ERR)
expressed as a function of the sheet angle and the sheet-normal strains (Ess, Enn, Esn),

ERR = cos2 βEss + sin2 βEnn + sin 2βEsn. (2.3)

Equation (2.3) has been used to analyze contributions of sheet extension (Ess),
sheet thickening (Enn) and sheet-normal shear (Esn) to LV wall thickening during
systole [17, 18]. Equations (2.1) and (2.2) also gives the circumferential strain
component (ECC) as a funciton of the fiber and sheet angles as well as the fiber-
sheet strains,

ECC = cos2 αEff + sin2 α sin2 βEss + sin2 α cos2 βEnn

− sin 2α sin βEfs + sin 2α cos βEfn − sin2 α sin 2βEsn. (2.4)

In paper IV equation (2.4) was used to study contributions from myocardial fiber-
and sheet strains to circumferential strain during diastole in the ovine heart.

20



2.3. MYOCARDIAL FIBER ARCHITECTURE 9

2.3.2 Temporal variation in tissue architecture

Histological measurements of fiber- and sheet angles can be performed ex vivo in
heart tissue fixed at end diastolic pressure [17, 13]. Temporal changes in 3D tissue
architecture during the cardiac cycle or during the time of a cardiac remodeling
period can be calculated from temporal evolutions of 3D cardiac strains [19, 20].
The deformed sheet angle β ′ is given by

XC

XL

XR

Xf (t)

Xs(t)

Xn(t)

Xx(t)

α(t)

β(t)

Figure 2.6: An illustration of the cardiac coordinate axes (XC ,XL,XR) and the
time-dependent fiber coordinate axes (Xf(t),Xs(t),Xn(t)) and Xx(t). The cross-
fiber axis Xx(t) is orthogonal to Xf(t) and XR.

sin β ′ =
2(Exx sin β + ExR cos β) + sin β

ΛsΛx
, (2.5)

where the stretch ratios of the sheet vector Xs and the cross-fiber vector Xx, illus-
trated in Figure 2.6 are given by

Λs =
√

2(ERR cos2 β + Exx sin2 β + 2ExR sin β cos β) + 1, (2.6)

Λx =
√

2Exx + 1, (2.7)

and the cross-fiber strain (Exx) and cross-radial shear (ExR) are given by

Exx = ECC sin2 α + ELL cos2 α − 2ECL sin α cos α, (2.8)

ExR = ELR cos α − ECR sin α, (2.9)

where ECC , ELL, ECL, ELR and ECR are components of the cardiac strain tensor
and α is the fiber angle [19, 20].
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10 CHAPTER 2. PHYSIOLOGICAL BACKGROUND

Using equations (2.5) through (2.9) as well as the corresponding equations
for the deformed fiber angle α′, temporal variations of the fiber and sheet angles
during the cardiac cycle in the lateral and anterior regions of the ovine LV in
were analyzed Paper III and [21, 22]. The sheet angle but not the fiber angle was
found to vary temporally throughout the cardiac cycle. In the lateral subendo-
cardium and midwall the magnitude of β decreased during systole and increased
during diastole. At the anterior site the magnitude of β decreased during systole
at all three studied transmural depths. These results support a previously proposed
accordion-like behaviour of the sheets contributing to myocardial wall thickening
and thinning during the cardiac cycle [13], illustrated in Figure 2.7.

XR
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Xf

Base
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n
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ES
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(a)

β

XR

Xs

Xf
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a
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m

E
p

ic
a
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iu

m

ED
ES

Anterior region

(b)

Figure 2.7: A 2D illustration of the accordion mechanism. XR is the radial direc-
tion, Xs is the direction of the sheet and Xf is the direction of the fiber. (a) Lateral
site. (b) Anterior site.
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Chapter 3

Kinematics

Kinematics is a branch of classical mechanics that focuses on motion of objects,
without regard to the forces associated with the motion. A motion in which a
change of shape takes place is called a deformation, in contrast to a rigid-body
motion. In a deformation there are changes in distance between particles within
the body, whereas in a rigid-body motion there are no such changes. One of the
main issues in the analysis of deformation is to separate that part of a motion
which corresponds to a rigid-body motion from the part which involves defor-
mation. Strain is a dimensionless parameter describing deformation. There is
no unique measure of deformation and there exist several definitions of strain.
The focus within this project is on the Lagrangian strain tensor E, also known as
Green’s strain tensor.

Tensors represent physical state information that is independent of the selec-
tion of the coordinate system in which it is measured and presented. However,
the components that represent the tensor are associated with a specific coordinate
system and transform according to specific rules under a change of coordinate
system.

Scalar, vector and tensor quantities evaluated in the reference configuration
will subsequently be denoted by capital letters and the corresponding quantities
evaluated in any deformed configuration will be denoted by lower-case letters.
Repeated indicies in a term indicate summation over the range of that index (Ein-
stein’s summation convention).

3.1 Lagrangian strain

A point P in an object in the reference configuration has the coordinates X =
(X1, X2, X3), illustrated in Figure 3.1. An infinitesimal line element PP ′ con-
nects P to a neighboring point P ′ with coordinates X + dX = (X1 + dX1, X2 +

11
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12 CHAPTER 3. KINEMATICS

dX2, X3 + dX3). The square length of the line PP ′ in the reference configuration

X1, x1

X2, x2

X3, x3

X

X + dX

x

x + dx

dX

dx

P

P ′
p

p′

u

Figure 3.1: Displacement and deformation of a body. See text for details.

is given by
ds2

0 = dX2
1 + dX2

2 + dX2
3 . (3.1)

After a motion involving deformation, the points P and P ′ are transformed to the
points p and p′ with coordinates x = (x1, x2, x3) and x + dx = (x1 + dx1, x2 +
dx2, x3 + dx3) respectively, in the deformed configuration. The square of the
length ds of the new element pp′ is

ds2 = dx2
1 + dx2

2 + dx2
3. (3.2)

If the displacement u = x − X is known for every particle in the body, there are
mappings from X to x, and xi(i = 1, 2, 3) are known functions of X.

xi = xi(X1, X2, X3) i ∈ {1, 2, 3} (3.3)

Hence it is possible to write

dxi =
∂xi

∂XR
dXR i, R ∈ {1, 2, 3}. (3.4)
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3.2. PRINCIPAL STRAINS AND INVARIANTS 13

The quantities ∂xi/∂XR are called the deformation gradients. The nine quantities

FiR = ∂xi/∂XR (3.5)

are components of the deformation gradient tensor, F, including information about
both deformation and rigid-body motion.

By equation (3.4) and using the Kronecker delta, the equations (3.1) and (3.2)
can be rewritten as

ds2
0 = δRSdXRdXS (3.6)

ds2 = δij
∂xi

∂XR

∂xj

∂XS
dXRdXS (3.7)

Hence, the difference between the squares of the length elements can be written

ds2 − ds2
0 =

(
δij

∂xi

∂XR

∂xj

∂XS

− δRS

)
dXRdXS. (3.8)

The Lagrangian strain tensor is defined as

ERS =
1

2

(
δij

∂xi

∂XR

∂xj

∂XS
− δRS

)
=

1

2

(
∂xi

∂XR

∂xi

∂XS
− δRS

)
(3.9)

which can be written in tensor notation as

E =
1

2

(
FT F − I

)
, (3.10)

where I is the identity tensor. Thus, using (3.8) and (3.9) the difference between
the squared lengths is written

ds2 − ds2
0 = 2ERSdXRdXS. (3.11)

The Lagrangian strain tensor is obviously symmetric and hence has six indepen-
dent components in three dimensions. The components E11, E22 and E33 are the
normal strains, whereas E12, E13 and E23 are shear strains. The Lagrangian strain
tensor is insensitive to rigid body motion and thus is a suitable measure of defor-
mation [23, 24].

3.2 Principal strains and invariants

A tensor can be decomposed into the products of its eigenvectors and eigenvalues.
Eigenvectors have the property that when taking the inner product of the tensor
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14 CHAPTER 3. KINEMATICS

(T) and the eigenvector, the result is the eigenvector multiplied by the correspond-
ing eigenvalue. This can be written as

TV = VΛ

where the columns of V are the eigenvectors of T and the eigenvalues λi are
arranged in the diagonal matrix Λ. Solving the eigenvalue problem for the La-
grangian strain tensor, i.e.

|E− EiI| = 0, (3.12)

where i = 1, 2, 3, gives the three principal strains E1, E2, E3, which are the eigen-
values of E. The coordinate system made from the corresponding three eigenvec-
tors of the Lagrangian strain tensor is characterized by the absence of any shearing
deformation, so that the three principal strains fully account for the local defor-
mation.

The eigenvalues of a tensor are independent of the choice of the coordinate
system; they are invariants of T. In many applications it is more convenient to
choose as the basic invariants three symmetric functions of λi, rather than the
eigenvalues themselves. Three such symmetric functions are

I1 = λ1 + λ2 + λ3 = trT

I2 = λ2λ3 + λ3λ1 + λ1λ2 =
1

2
((trT)2 − trT2)

I3 = λ1λ2λ3 = detT

The third invariant I3 of the deformation gradient tensor can be interpreted as
the local volume change. A volume can be calculated from three appropriate non-
parallel vectors by use of the scalar triple product, dx1 · (dx2 × dx3). Using the
fundamental definition of the determinant [25], the physical interpretation of the
determinant of the deformation gradient tensor, detF, comes out of the following
equation:

dv = dx1 · (dx2 × dx3)

= FdX1 · (FdX2 × FdX3)

= (detF)dX1 · (dX2 × dX3)

= (detF)dV. (3.13)

This reveals that detF(= dv/dV ) maps original differential volumes into current
ones [11]. If the deformation is isochoric, i.e. volume preserving, detF = 1 and
the material is said to behave incompressibly [26].
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Chapter 4

Measurements of cardiac kinematics

Measurements of cardiac kinematics requires acquisition of myocardial displace-
ments during the cardiac cycle. The earliest data acquisition methods for myocar-
dial displacements were invasive and today a number of non-invasive techniques
for myocardial displacement acquisitions have been developed as well. This chap-
ter gives a brief overview of invasive and non-invasive data acquisition methods
for cardiac kinematics, with focus on marker tracking and DENSE MRI which are
the techniques that have been applied in this project.

4.1 Invasive data acquisition methods

Invasive measurement methods for cardiac kinematics include implanting and
tracking of radiopaque markers [27] and a related technique based on implant-
ing ultrasonic piezoelectric crystals [28]. The marker tracking technique has been
utilized in Paper I, II, III and IV and will be described in the following section.

4.1.1 Marker tracking

The earliest myocardial motion tracking technique was based on implanting ra-
diopaque fiducial markers into the myocardium around the LV, and recording the
marker positions during the cardiac cycle by biplane cineradiography, and com-
bining the two different views to get time resolved 3D coordinates of the marker
positions [27]. Markers around the LV, illustrated in Figure 4.1(a), allow for mea-
surements of changes in left ventricular volume (LVV) and distances between
pairs of markers, as well as the orientation of the LV in order to create a frame
of reference. For the purpose of giving kinematic measures of the myocardium to
quantify strain in the LV wall of the beating heart, the transmural bead array was
developed where small radiopaque beads are inserted along three columns trans-
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16 CHAPTER 4. MEASUREMENTS OF CARDIAC KINEMATICS

murally in the LV wall [29, 30, 31], as illustrated in Figure 4.1(b). This method has

1
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9
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12

13

XR

XC

XL

Septal
Anterior

Lateral
Posterior

(a)

EpicardiumEndocardium

(b)

Figure 4.1: (a) A combined marker and bead array [IV]. LV chamber silhouette
markers (#1-13) and a transmural bead array, including three columns of beads.
(b) A schematic picture of a 3-by-4 transmural bead array within the LV wall.

been used extensively to analyze myocardial strains, see e.g. [32, 33, 16, 5, 34].
Although for practical reasons limited to experimental animals, this data has the
advantage of true material tracking of myocardial points during temporal analy-
ses, in the sense that the markers and beads are fixated into the myocardium and
thus are physically moving with the tissue.

4.2 Non-invasive data acquisition methods

Non-invasive imaging techniques such as MRI, computer tomography and ultra-
sound are used extensively for research purposes and as clinical tools for visual-
ization and analysis of heart motion. Among these modalities, MRI-based tech-
niques are often used for measuring myocardial motion and deformation. Several
MRI techniques have been developed to quantify myocardial motion, including
myocardial tagging [35, 36], harmonic phase (HARP) [37], phase contrast veloc-
ity encoding [38] and DENSE [2].

In myocardial tagging, the myocardium is spatially encoded by magnetization
to produce a pattern in the tissue that moves and deforms with the myocardium
during the cardiac cycle. By studying the deformation of the tag lines the my-
ocardial function can be determined. Myocardial tagging with harmonic phase
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4.2. NON-INVASIVE DATA ACQUISITION METHODS 17

(HARP) analysis greatly improves the spatial resolution of displacements from
the tagged images.

Phase contrast MRI exploits the fact that spins that move through magnetic
field gradients obtain a different phase than static spins, enabling the production
of velocity encoded images at a pixelwise spatial resolution. Myocardial displace-
ments are derived by integrating the myocardial velocities, which in turn enables
the calculation of local strain.

4.2.1 DENSE MRI

In DENSE, the sequence encodes displacement performed by spatially phase en-
coding of the spins. Compared to tagging, DENSE provides high spatial density
of displacement measurements. Using DENSE, the same pixelwise spatial resolu-
tion can be obtained as in phase contrast velocity encoding, but the phase of each
voxel is directly displacement encoded.

Displacement data acquired by DENSE MRI were applied in Paper V and
VI where details about the sequences are documented. Briefly, in Paper V time
resolved myocardial displacement data from a healthy volunteer was acquired dur-
ing systole in two 2D planes, one basal short axis and one long axis sagittal plane,
illustrated in Figure 4.2. These views were measured using slice following to en-
able myocardial tracking in three dimensions. The intersection line of the two
planes was used to define a region of the myocardium for subsequent transmural
and temporal analysis of Lagrangian strain. In Paper VI displacement data was
acquired at ES with reference configuration at ED and during LV diastolic filling
with reference configuration at the time point of mitral valve opening, within a 3D
short axis slab, 25 mm thick, at the equatorial level of the LV.

4.2.2 Temporal tracking of DENSE displacements

DENSE encodes the displacement of each voxel that has occurred since the time
that the displacement encoding was initiated (T0). Since displacements are known
for each voxel in the current configuration relative to a reference configuration,
Lagrangian strain can be computed directly from the displacements f . This gives
an independent material description of the deformation at each specific config-
uration. Unless the material points at X are explicitly tracked, these indepen-
dent measures of Lagrangian strain, however, lack material trackings from frame-
to-frame which are needed when computing temporal evolutions of Lagrangian
strain.

For a temporal analysis of strain, cine DENSE acquires displacement data at
a sequence of time frames, t1, t2, . . . , tn. At each time frame, ti, displacements
relative to the configuration at T0 are acquired by cine DENSE within the spatial
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18 CHAPTER 4. MEASUREMENTS OF CARDIAC KINEMATICS

Figure 4.2: The long axis sagittal plane intersecting the short axis basal plane
shown in magnitude images [V]. Myocardial elements were selected in both
planes within a region along the intersection line in the reference configuration.

grid s, illustrated in Figure 4.3. Due to rigid body motions and deformations, the
material point at the spatial coordinate s is not constant for all ti. The reference
configuration (S(ti)) is derived by adding the inverse displacements to the current
coordinates;

S(ti) = s + f−1(s, ti). (4.1)

In the reference configuration, the material coordinates (X(S)) of myocardial
points in the region of interest need to be found by interpolation in order to enable
material tracking of this region. The position vectors (xti) of these points in the
current time frame are derived by adding the displacements to the coordinates of
the interpolated points,

xti = X(S) + f(X(S), ti), (4.2)

which is illustrated in Figure 4.3.
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T0

ti

X(S)

xti

f−1(s, ti) f(X(S), ti)s (t = ti) S(ti)

Figure 4.3: The configurations at the reference frame T0, and at a subsequent
frame ti. See text for details.
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Chapter 5

Strain quantification methods

In order to quantify strains for a specific body undergoing deformation, displace-
ments for a set of internal points at a deformed configuration relative to a reference
configuration are needed. Methods to acquire particle displacements are discussed
in chapter 4. A new method for quantification of 3D strain from myocardial dis-
placements is proposed in this thesis. The method, based on polynomial fitting, is
discussed in chapter 5.2, and a brief background to the method is given in chap-
ter 5.1.

5.1 Finite element methods

Two methods for quantification of myocardial strain, tailored for displacement
data from a transmural bead array (see Chapter 4.1.1), has previously been sug-
gested. The first method was based on constant strain tetrahedra and the second
method was based on higher order finite elements.

5.1.1 Constant strain tetrahedra

Quantification of strain using constant strain tetrahedral (CST) elements is based
on the definition of Lagrangian strain (3.11), and was introduced as a method for
myocardial strain analyses of displacement data from a transmural bead array, by
Waldman et al. [31]. A CST element is created by letting four non-coplanar mate-
rial points constitute the corners of a tetrahedron. Equation (3.11) applied to each
of the six line segments defining the tetrahedron yields for each tetrahedron a sys-
tem of six equations which can be solved to quantify the six unknown Lagrangian
strain components.

Although elegant and straight forward, the CST approach assumes strain to be
homogeneous within each finite tetrahedral volume and determines the average
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22 CHAPTER 5. STRAIN QUANTIFICATION METHODS

strain in this region. This approximation might hold for small enough elements,
or for materials where strain is constant over finite regions.

5.1.2 Higher order finite elements

In engineering mechanics physical phenomena are modelled by differential equa-
tions, and usually the problem is too complicated to be solved by analytical meth-
ods. The finite element method is a numerical approach by which the differential
equations can be solved in an approximate manner. A characteristic feature of
the finite element method is that instead of seeking approximations that hold over
the entire region, the region is divided into smaller parts, finite elements, and the
approximation, usually a polynomial, is carried out over each element. By using
iso-parametric coordinates, all elements are treated in similar manner [39, 40].

To overcome the shortcoming of homogeneous strain of the CST approach,
McCulloch and Omens [41] developed a finite element method for myocardial
strain quantification using displacement data from a transmural myocardial bead
array. This method fits a finite element to the bead coordinates to estimate a dif-
ferentiable function that for each deformed configuration describes the estimated
position x̂ as a function of the corresponding reference position X, i.e. x̂ = x̂(X)
[42]. This finite element method greatly improved the accuracy of strain quantifi-
cation and was shown to give smaller errors than the CST method on a cylindrical
test case undergoing complex deformation [41]. However, the finite element ap-
proach for strain estimation on a bead array in [41] uses only one element over
the entire region spanned by the bead array. If only one element is considered,
then the finite element method fits a polynomial field to the region but with the
iso-parametric formulation introduced as an extra step in the procedure.

5.2 Polynomial method

Inspired by the simplicity of the CST method [31] and the resolution of the higher
order finite elements [41], and taking practical problems from data acquisition into
account, the polynomial strain quantification method is proposed in Paper II. This
method was in Paper II tailored to data from a transmural myocardial bead array
but was extended to displacements from DENSE MRI measurements in Paper V
and VI. A polynomial is fitted forthright without iso-parametric formulation to the
material point coordinates, and without loss in accuracy [43]. A benefit with the
polynomial method is its ability to avoid loss of accuracy for the case of a missing
bead, e.g. due to problems sometimes encountered during surgery or during the
recovery period. Furthermore, the method delivers an explicit expression of the
Lagrangian strain tensor as a polynomial function of the coordinates of material
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5.2. POLYNOMIAL METHOD 23

points in the reference configuration. The method has been applied to displace-
ment data from inserted myocardial beads in Paper III, IV and [34, 18] and from
DENSE measurements in Paper V and VI.

The mapping from reference to deformed configuration can be described by a
polynomial function g(X) of the coordinate of a material point in the reference
configuration. This polynomial position field gives an estimate x̂ of the measured
coordinate x and can be of different order in the different reference coordinate
directions, depending on the number of material points along each dimension,
and can thus be described as

x̂ = g(X) = f1(X1)f2(X2)f3(X3), (5.1)

where f1, f2 and f3 are polynomial functions of X1, X2 and X3, respectively. By
differentiating this polynomial function with respect to the reference coordinates
the deformation gradient tensor F can be quantified, and the Lagrangian strain
tensor E is derived by applying F to equation (3.10).

For each coordinate direction i ∈ 1, 2, 3 there is a unique set of constants
ci pertaining the polynomial. As an example, the linear-quadratic polynomial
applied in Paper III and IV, given as

x̂i = (a1iX1 + a2iX2 + a3i)(a4iX
2
3 + a5iX3 + a6i)

=
[

X1X
2
3 , . . . , 1

] ·

⎡
⎢⎣

c1i
...

c9i

⎤
⎥⎦ ,

(5.2)

has a set of nine constants for each coordinate direction i. These constants are
found by minimizing the squared difference between the measured and the esti-
mated coordinates of the material points

min
ci

n∑
j=1

(xij − x̂ij(ci))
2 (5.3)

where n is the total number of points.
Since each material point within the volume enclosed by the tracked material

points in the deformed configuration can be described by a polynomial function of
the coordinate of the same material point in the reference configuration, an explicit
expression for each strain component can be given as a function of the reference
coordinates. An estimate of the Lagrangian strain tensor, equation (3.9), can be
depicted as

Ek
RS =

1

2

(
∂x̂i

∂XRk

∂x̂i

∂XSk
− δRS

)
(5.4)
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where k is a free index which indicates a material point within the enclosed vol-
ume, and not necessarily a tracked material point. The explicit expression for each
strain component as a function of the reference coordinates is given in Paper II.

5.2.1 Validation

The accuracy of the quantified transmural distribution of strain is investigated with
the use of an analytical model of the LV implemented as a thick-walled incom-
pressible cylinder and subjected to inflation and stretch, torsional and transverse
shear. The deformation is designed to have similarities with a true deformation
of the LV at ES [41, 44]. A material point having the cylindrical coordinates
(R, Θ, Z) in the undeformed (reference) configuration, occupies after deforma-
tion the coordinates

r =

√
R2 − R2

1

λ
+ r2

1

θ = φR + Θ + βZ (5.5)

z = ωR + λZ

where the values of the constants are φ = 0.1 rad cm−1, β = 0.2 rad cm−1,
ω = 0.3 and λ = 0.8. R1 is the inner radius in the undeformed configuration and
r1 is the inner radius in the deformed configuration. The deformation is illustrated
in Figure 5.1.

X3

R
X1

Z,X2

φR1

Θ

λ

Figure 5.1: The analytical cylinder model subjected to inflation and stretch, tor-
sional and transverse shear.
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The model is adapted to experimental data with dimensions comparable to
the LV of the human heart, where the inner and outer radii in the undeformed
configuration are R1 = 21.0 mm and R2 = 29.6 mm and the inner radius in the
deformed configuration is r1 = 16.8 mm.

Displacements are sampled from the model in three different geometries, to
resemble experimental data from Paper II, III, IV, V and VI respectively, where
the polynomial method was applied. Strains are computed within each region by
applying the polynomial method, and compared to the analytical strains ẼIJ .

The absolute errors of the estimated strains are calculated for each geometry
as

εIJ = |ẼIJ − EIJ | (5.6)

where ẼIJ are the analytical and EIJ the estimated strains, and integrated through
the wall of the cylinder.

Geometry 1: 3-by-4 points [II, III, IV]

Displacements are sampled at 12 points distributed along three transmural columns
forming an isosceles triangle on the outer surface, with base 10.4 mm and the other
two sides 9.6 mm long. The points in each column are in the reference configura-
tion positioned along constant Θ and Z coordinates, placed on both the inner and
outer surfaces of the cylinder and equally spaced in between, illustrated in Fig-
ure 5.2. A linear-cubic polynomial assumption, linear along the circumferential

Geometry 1

Geometry 2

Figure 5.2: Illustration of geometry 1 and 2.

and longitudinal dimensions and cubic along the radial dimension, was applied to
estimate strain within the region enclosed by the three columns. Strain was eval-
uated along the centerline of the geometry. The absolute errors of the estimated
strains, integrated through the wall, are presented in Table 5.1.
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Table 5.1: Absolute errors of the estimated strains, integrated through the wall for
geometry 1 and 2.

Geometry 1 Geometry 2
εCC 0.006 9.6·10−4

εLL 0.014 4.4·10−5

εRR 0.012 3.7·10−3

εCL 0.004 1.9·10−4

εCR 0.030 2.0·10−4

εLR 0.022 1.5·10−4

Mean 0.017 8.7·10−4

The polynomial method for strain estimation has been compared with the fi-
nite element method [41], implemented following McCulloch and Omens [42],
using displacements sampled from the analytical model within geometry 1. The
absolute errors are smaller or comparable to the absolute errors from the finite el-
ement method. Mean errors for the polynomial method were in geometry 1 along
the centerline 0.017 (range 0.006 to 0.030, see Table 5.1) and for the finite element
method 0.018 (range 0.001 to 0.050).

Geometry 2: Transmurally extended cross [V]

Material points are sampled at six transmurally equidistant positions within a short
axis and a long axis plane, respectively, within 1.8 mm from the intersection of
the two planes, illustrated in Figure 5.2. The higher resolution of sampled points
in geometry 2, compared with geometry 1, enables a higher order of the poly-
nomial along each dimension. A bilinear-cubic polynomial assumption, bilinear
within the plane tangential with the wall and cubic along the radial dimension,
was applied to estimate strain within the geometry. Strain was evaluated along the
centerline of the region. The absolute errors of the estimated strains, integrated
through the wall of the cylinder, are presented in Table 5.1. The more dense dis-
tribution of sampled points and higher order polynomial, results in smaller errors
of the estimated strains compared with geometry 1 in this ideal situation.

Geometry 3: 3D slab [VI]

Material points are sampled through the cylinder wall within ten short axis planes
with 2.5 × 2.5 mm distance between the points within the planes and 2.5 mm
separation between the planes. The volume is divided into finite segments, three
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slices thick and π/6 radians wide, at 80 increments of the 2π domain. Within
each segment, the sampled points are transformed to local Cartesian coordinates
along the circumferential, longitudinal and radial directions. Geometry 3 has the
same number of sampled points along the longitudinal dimension as in geometry
2, but with larger distance between the points, and 4-5 points along the circumfer-
ential direction within each segment. A linear-quadratic-cubic polynomial, linear
along the longitudinal direction, quadratic along the circumferential and cubic
along the radial direction, was fitted to the material points within each segment
and strain was evaluated at material positions along the radial centerline within
each segment. The absolute errors of the estimated strains, integrated through-
out each plane, average for all planes, are presented in Table 5.2. The estimated
strains within geometry 3 have the same accuracy as the estimated strains within
geometry 1.

Table 5.2: Absolute errors of the estimated strains, integrated throughout each
plane for geometry 3. Average for all planes.

Geometry 3
εCC 0.011
εLL 0.006
εRR 0.041
εCL 0.008
εCR 0.019
εLR 0.010
Mean 0.016

The size of the errors of estimated strains is dependent on the spatial resolution
of the measured displacements, as shown in Paper II where the mean error of the
estimated strains was shown to decrease when decreasing the distance between the
bead columns in the analytical model. The same effect is seen when comparing
the strain errors from geometry 2 and 3 here, where the spatial resolution is highest
in geometry 2.
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Chapter 6

Diastolic myocardial kinematics

The systolic phase of the cardiac cycle has been subject for extensive research
proposing to describe myocardial kinematics in health and disease, but not by far
the same amount of research has been accomplished during diastole although di-
astolic function is equally important for a normal cardiac function [45]. Diastolic
LV filling is a highly dynamic process with early and late transmitral inflows, and
a comprehensive description of LV wall kinematics benefits from the study of
several time points throughout diastole.

The studied cardiac cycle intervals for each paper are indicated in Figure 6.1.
Diastole has been in focus throughout this project, and different aspects of dias-
tolic myocardial kinematics have been analyzed in Paper I, IV and VI. In Paper I,
mitral annular dynamics are studied during LV diastolic filling in the ovine heart.
In Paper IV, the first third of diastole, which represents the rapid early filling of the
LV, is of particular interest and changes in myocardial strains during early and late
diastole are analyzed in the ovine heart. In Paper VI myocardial strains are studied
within a 3D short axis slab, 25 mm thick, at the LV equator in the human heart
from a healthy volunteer. Strains are analyzed during diastolic filling, at 22% and
62%, respectively, of the diastolic filling interval. A brief review of some of the
results from, particularly, [I,IV,VI] are given in the following sections.

6.1 Mitral annular dynamics [I]

Mitral annular excursion is a measure of the translation of the annulus during ven-
tricular filling and emptying. Mitral annular excursion during the cardiac cycle
encompasses a volume that is part of the total volume change that occurs with
both systole and diastole [46]. This volume, defined as mitral annular excursion
volume (MAEV) is based on mitral annular excursion and mitral annular area
variation, as illustrated in Figure 6.2(a). The contribution of MAEV to total LV
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Figure 6.1: The included intervals in Papers I-VI are indicated in temporal plots
of left ventricular pressure (LVP) and volume (LVV) changes from an ovine heart.

filling volume (LVFV) was in Paper I analyzed in closed-chest animals during
control conditions and compared with contributions of MAEV to LVFV during
inotropic augmentation with calcium, as well as with preload reduction using ni-
troprusside and vena caval occlusion. We found that the contribution of mitral
annular dynamic motion to LV filling was constant and had substantial magni-
tude, accounting for approximately one-fifth of total LVFV, even though mitral
annular excursion and mean area changed, with pharmacologically induced mod-
erate preload reduction and inotropic augmentation. Typical data from one ovine
heart during LV filling is shown in Figure 6.2(b).

6.2 Diastolic strain analysis in the ovine heart [IV]

The polynomial method for quantification of myocardial strain was in Paper IV
applied to displacement data from myocardial markers and beads, Figure 4.1(a),
to analyze transmural variations in myocardial strain during diastole in the ovine
heart at one and eight weeks after marker implantation. Histological measure-
ments of fiber and sheet angles were performed at ED pressure at eight weeks
postoperatively. The method from Paper III to calculate temporal variations of
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Figure 6.2: (a) Illustration of the principles for calculating MAEV. Eight annular
segments were defined by the centroid point and two annular markers. MAEV is
the sum of the eight triangular prisms, each representing the incremental volume
change for the segment from time frame t to t + 1 [I]. (b) Total LV filling volume
(LVFV) and MAEV during the LV filling interval. Typical data from one ovine
heart [I].

fiber and sheet angles were applied to compute the angles at one week after marker
implantation, and to compute the angles at the reference configuration for strain
analysis at the onset of diastolic LV filling, Figure 6.3.

(a) (b)

Figure 6.3: Temporal variations of fiber and sheet angles [IV]. Mean ± SD angles
at filling onset (FO) and ED at one week (white) and eight weeks (gray) postop-
eratively. (a) The fiber angle α; (b) The sheet angle β.
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6.2.1 Circumferential strain coupling to LV volume increase

The theoretical relationships between percentage filling volume and circumfer-
ential strain at the inner and outer surfaces of an analytical cylinder model are
linear, but LVV increase is more sensitive to changes in epicardial circumference
than to endocardial circumferential expansion. Thus, subepicardial circumferen-
tial expansion is important as small changes in subepicardial circumference are
associated with large changes in LVV. In Paper IV, we found a rapid increase in
subepicardial circumferential strain during early diastole in the lateral equatorial
region of the ovine heart eight weeks after marker implantation, and circumferen-
tial expansion had reached its final value when only about one-third of LV filling
volume had occured [47, 48]. However, subendocardial circumferential strain in-
creases linearly with LVV as in the analytical model. Conversely, one week after
marker implantation, circumferential expansion in the lateral equatorial region of
the ovine heart behaves much like the analytical model, with both subepicardial
and subendocardial circumferential strain increasing linearly with LVV [49], as
shown in Figure 6.4.

(a) (b)

Figure 6.4: Experimental and theoretical circumferential strains relative to LV fill-
ing volume [IV],[50]. The theoretical relationship was computed from a cylinder
with height h = 8 cm by increasing the inner radius linearly from R1 = 1.8 cm to
r1 = 2 cm and thereby increasing the volume inside the cylinder. (a) Subepicar-
dial ECC ; (b) Subendocardial ECC .
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6.2.2 Fiber-sheet contributions to circumferential strain

The contributions of each of the fiber-sheet strain components to ECC at 100 ms
subsequent to filling onset at both one and eight weeks postoperatively were an-
alyzed in Paper IV, using equation (2.4), see Figure 6.5. At both one and eight
weeks postoperatively, subendocardial and midwall ECC could be attributed al-
most entirely to fiber expansion. In contrast, subepicardial ECC during early fill-
ing had contribution mainly from fiber-normal shear and sheet-normal shear at the
one week study and from all three shears as well as fiber expansion at eight weeks
postoperatively.

(a) (b)

Figure 6.5: Mean ± SE contributions (E ij
CC) to circumferential strain from each

of the fiber strain components Eij at 100 ms subsequent to filling onset [IV]. (a) 1
week postoperatively; (b) 8 weeks postoperatively.

6.3 Early circumferential strain increase in the hu-
man heart [VI]

Subepicardial and midwall ECC increased early at the lateral and posterior walls.
Essentially all ECC at 62% of the diastolic filling interval was developed during
the first 22% of the interval at the antero-lateral and posterior regions, while one-
half of total ECC was developed during the same time at the lateral and postero-
lateral regions at these wall depths. Subendocardial ECC exhibited an almost
linear increase at these regions during the first 62% of the diastolic filling interval.
In contrast, in septum and in the anterior wall no ECC was developed during the
first 22% of the filling interval at any transmural depth. Circumferential strain at
22% and 62% of the filling interval at the mid-section of the 3D volume are shown
in Figure 6.6.
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(a) (b)

Figure 6.6: Circumferential strain at the mid-section of a 3D volume at the equa-
torial level of the human LV [VI]. (a) At 22% of the filling interval; (b) At 62% of
the filling interval.
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Chapter 7

Summary of papers

This chapter summarizes the papers included in this thesis.

Paper I: Contribution of mitral annular dynamics to
LV diastolic filling with alteration in preload and in-
otropic state

C. Carlhäll, K. Kindberg, L. Wigström, G. T. Daughters, D. C. Miller, M. Karls-
son, N. B. Ingels Jr.
Am J Physiol Heart Circ Physiol, 293(3):H1473–9, 2007.

This paper focuses on global LV kinematics during LV diastolic filling. The
aim of Paper I was to quantify the contribution of mitral annular dynamic motion
to LV filling volume during baseline conditions as well as altered preload and in-
otropic state in the ovine heart, using displacement data from a radiopaque marker
array.

Paper II: Nonhomogeneous strain from sparse marker
arrays for analysis of transmural myocardial mechan-
ics

K. Kindberg, M. Karlsson, N. B. Ingels Jr., J. C. Criscione.
J Biomech Eng, 129(4):603–10, 2007.

This paper presents a new method for myocardial strain quantification based
on polynomial least-squares fitting, tailored for combined marker and bead arrays,
described in Chapter 4.1.1, with linear-quadratic and linear-cubic polynomial as-
sumptions. The method was validated with analytical strains on a deforming cylin-
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der model resembling the heart, compared to a previously presented finite element
method and applied to in vivo ovine data.

Paper III: Strain based estimation of time dependent
transmural cardiac tissue architecture in the ovine
heart.

K. Kindberg, C. Oom, N. B. Ingels, M. Karlsson.
Submitted.

This paper combines myocardial strains quantified by the polynomial method
proposed in Paper II, with fiber and sheet angles from quantitative histology mea-
surements to analyze temporal changes in myocardial architecture during the car-
diac cycle. The aim of Paper III was to further investigate a previously suggested
accordion-like wall thickening mechanism from temporal changes in the sheet
angle in the ovine heart.

Paper IV: Transmural strains in the ovine left ven-
tricular lateral wall during diastolic filling

K. Kindberg, C. Carlhäll, M. Karlsson, T. C. Nguyen, A. Cheng, F. Langer, F. Ro-
driguez, G. T. Daughters, D. C. Miller, N. B. Ingels Jr.
J Biomech Eng, 131(6):061004, 2009.

In this paper the polynomial method was applied to displacement data from
an LV marker array combined with a 3-by-4 transmural bead array. A linear-
quadratic polynomial formulation was utilized to quantify myocardial strains dur-
ing diastole at 1 and 8 weeks after surgery. Fiber- and sheet angles were estimated
with the method described in Paper III. The aim of Paper IV was to characterize
regional transmural LV strains troughout diastole, with focus on early filling, in
the ovine heart.

Paper V: Temporal 3D Lagrangian strain from 2D
slice followed cine DENSE MRI

K. Kindberg, H. Haraldsson, A. Sigfridsson, H. Sakuma, T. Ebbers, M. Karlsson.
Submitted.

In this paper we extend the polynomial method from Paper II to quantify re-
gional myocardial strains in the human heart, from myocardial displacements at
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the intersection of two planes of 2D cine slice followed DENSE MRI data from a
healthy volunteer. A bilinear-cubic polynomial was utilized to resolve strain from
the displaced myocardial positions.

Paper VI: Myocardial strains from 3D DENSE mag-
netic resonance imaging

K. Kindberg, H. Haraldsson, A. Sigfridsson, J. Engvall, N. B. Ingels Jr., T. Ebbers,
M. Karlsson.
In manuscript.

This paper extends the strain quantification method from Paper II to quan-
tify strain within a 3D myocardial volume using displacements acquired by 3D
DENSE MRI in the normal human heart. A linear-quadratic-cubic polynomial
was utilized to resolve strain within 3D segments of the volume. The method was
validated against an analytical standard and also against values for normal human
hearts obtained from other studies.
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Chapter 8

Concluding remarks

Quantification of cardiac kinematics involves three main parts; kinematics theory,
data acquisition and a quantification method. The theory of kinematics is irrespec-
tive of type of data. Data acquisition can be performed by different methods. Each
method has its own characteristics and the acquired data differ slightly between
the methods. As an example, the marker tracking method yields material coor-
dinates while DENSE yields displacements relative to a reference configuration.
This thesis presents a new method for quantification of cardiac strains, the poly-
nomial method. This method yields accurate results and is completely general,
i.e. can be applied to data from all types of acquisition methods, provided that the
spatial resolution of the acquired data is high enough to resolve strain within the
region of interest. As a bonus, the polynomial method is simple in nature which
aids to bridge a gap in understanding between different disciplines.

This work has been performed in a transition period between invasive marker
measurements of myocardial displacements, and non-invasive measurements from
DENSE MRI technology. Both methods give data with sufficient spatial reso-
lution for transmural analyses, but there are still some differences between the
methods and the acquired data. Marker coordinates can be acquired during the
cardiac cycle once, and then be analyzed in several studies with different hypothe-
ses provided that the region of interest is the same. This is due to the fact that the
marker technique acquires the coordinates of material points that move with the
myocardium and the displacements of these points are computed at a later stage
when decision of appropriate reference configuration has been made. Data ac-
quisition with DENSE requires a hypothesis before each measurement and the
measured displacements are optimized for this specific analysis, and the reference
configuration for displacements is selected prior to data acquisition. Since the in-
serted markers move with the myocardium, temporal tracking of material points
is self-evident with this technology. DENSE MRI is a spatial data acquisition
method, although the displacements at each time frame in a temporal acquisition
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relate to the same reference configuration. This induces that time-resolved anal-
yses must be performed with special care in order to make sure that the same
material particle is tracked through time.

The smaller errors of the estimated strains in geometry 2 compared to geom-
etry 3 in chapter 5.2.1 are due to the higher resolution of the measured displace-
ments. In the in vivo situation, however, challenges associated with data acquisi-
tion within two 2D planes, such as possible rigid body motions between the two
separate acquisitions and the need for absolute phases and not only the relative
phase differences, make the application of the polynomial method on 3D DENSE
data as in Paper VI most practical for non-invasive measurements.

MRI provides several imaging techniques for research and/or clinical applica-
tions. As the techniques improve, scan time decreases and temporal and spatial
resolution increases, which enable several types of data acquisitions during the
same session. This renders the possibility of detailed analyses of the interaction
between myocardium and blood by simultaneous quantifications of cardiac kine-
matics and blood flow measurements. Figure 8.1 shows blood flow velocity into
and within the LV at the two time points during diastole (75 ms and 213 ms,
respectively, after mitral valve opening) that were analyzed in Paper VI.

(a) (b)

Figure 8.1: Blood flow velocity into and within the human LV at two time points
during diastole. (a) 75 ms after mitral valve opening. (b) 213 ms after mitral valve
opening.
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Appendix A

Making things work: Software
development

A.1 Marker utilitarian program - MUP

Most computations within this project have been performed in Matlab (The Math-
Works, Inc.). A Matlab toolbox ”Marker Utilitarian Program (MUP)” has been
developed, for computations of cardiac mechanics parameters from marker and
bead data. MUP was developed with a Graphical User Interface (GUI) to sim-
plify the analysis of marker and bead data, and has been used in Paper I and IV
and by others [34]. MUP allows the user to easily investigate hemodynamic pa-
rameters, mitral valve opening patterns, mitral annular dynamics and myocardial
strains from a number of marker and bead data sets and during several cardiac
cycle intervals. The results can be analyzed directly inside the GUI as well as be
exported for post processing by other softwares, e.g. statistical analyses.

The GUI consists of five windows with different features. The main window
controls input and output paths and lets the user select data set and cardiac cycle
interval, see Figure A.1. The remaining four windows are specialized for analy-
ses of hemodynamics, myocardial strain, mitral annular dynamics or descriptive
statistics of any of those parameters, and are opened from the main window.

The engulfment window is specialized for quantification of mitral annular dy-
namics and was utilized in particular in Paper I. The hemodynamics window,
shown in Figure A.2, plots and exports LV pressure and volume, radii of curva-
ture, wall thickness at the position of the bead array and a measure of LV torsion.
A temporally resolved 3D visualization of the marker positions is opened in a sep-
arate window. For data sets with markers on the mitral valve leaflets and annulus,
a number of measures of mitral valve dynamics can be performed, such as mitral
valve opening distance and temporal changes in angles between different positions
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48APPENDIX A. MAKING THINGS WORK: SOFTWARE DEVELOPMENT

Figure A.1: The main window, controlling input- and output paths, selection of
data set and cardiac cycle interval.

on the valve leaflets and the septal-lateral annulus dimension. Mitral annular mea-
sures include septal-lateral dimension, intercommisural dimension, annular area
and perimeter. Temporal length changes of the papillary muscles and chordae are
included for data sets with markers on the papillary muscles and mitral valve.

Figure A.2: The hemodynamics window, responsible for quantification of global
LV measures and mitral valve dynamics.

The myocardial strain window is shown in Figure A.3. From this window
the temporal development of strains at three transmural depths can be plotted and
exported to file. Strains are quantified in a cardiac coordinate system, with LV
circumferential, longitudinal and radial directions. For data sets with available
fiber and sheet angles, strains can also be quantified in the fiber-sheet coordinate
system. In addition to this, the trace, determinant and three invariants of the strain
tensor can be analyzed. In the lower graph a temporal-transmural cardiac strain
map can be displayed for analyses of temporal-transmural patterns.
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Figure A.3: The myocardial strain window, encompassing transmural and tempo-
ral myocardial strain quantifications.

The statistics window lets the user explore the descriptive statistics of hemo-
dynamics and strain for groups of experimental subjects, and assists in exporting
results to MINITABTM Statistical Software for further statistical analysis. The
statistics window is shown in Figure A.4.

Figure A.4: The statistics window exploring descriptive statistics of hemodynam-
ics and strain.
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