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Introduction

Heart disease, a major cause of morbidity and mor-
tality ill the Western World, generally leads to abnor-
malities of heart wall motion. The major difficulties in
assessing heart wall disease among physicians have in-
cluded 1) the use of imaging techniques (e.g., CT, MRI)
where no explicit data correspondence between frames
can be provided, 2) the lack of sufficient resolution in
the extracted data, and 3) the absence of computational
techniques for automatic extraction of the three dimen-
sional heart wall motion parameters in way that is "use-
ful" to physicians. Recently, a new magnetic resonance
imaging (MRI) technique based on magnetic tagging
("SPAMM") was developed at the University of Penn-
sylvania for imaging of regional heart wall motion [2].
This technique promises to be very useful in the analysis
of heart wall motion because it provides temporal cor-
respondence of material points. This correspondence in
conjunction with the use of tile three dimensional lo-
cation of each SPAMM tag can subsequently be used
as inl)ut to a motion analysis technique to extract the
three dimensional motion parameters.

Characterization of heart wall motion on a regional
level is required to understand cardiac mechanics and
the processes underlying disease. In order to accurately
measure heart wMI motion a number of material points
must be located and tracked. Methods for providing
markers in the past. have included the implantation of
beads [15], use of naturally occurring landmarks [16],
and MR tagging [19]. The advantage of MR tagging is
that a nulnber of material points may be created and
tracked through systole in a non-invasive setting [19, 2].
This technique has been used to demonstrate regional
motion patterns during systole [13, 3, 18].

Recently, computer vision techniques for reconstruct-
ing the 3D shape and motion of the heart’s left ven-
tricle (LV) have been developed [8, 6, 5, 12, 1]. One
problem with tile above techniques is that they do not
capture the twisting motion of the heart, known to oc-
cur during systole. Also, they are formulated in terms
of either many local parameters that need non-trivial
further processing to be used by a physician, or very
few parameters that can only offer a gross approxima-

tion of the heart’s motion. One of the best techniques
so far for accurately capturing the shape and motion
of a heart’s left. ventricle is that of Young et al. [17]
and Moore el al. [11] which use 3D finite elements and
SPAMM data. Their main limitation is that there is an
enormous amount of information on motion and defor-
mation captured. The three-dimensional strain tensor,
for example, has three "normal components" and three
shear components, each of which may vary with position
in the wall. In order to understand the complex rela-
tionship between these components and other motion
parameters, it is desirable to characterize the motion in
terms of a few physical parameters that offer sufficient
accuracy.

In this paper we present a new technique that de-
scribes the time-varying shape, deformation and shape
of the LV in terms of a few "global" parameter func-
tions, such as twist, whose value is allowed to vary
locally. In this way the complex motion of the heart
may be described by the same small number of param-
eters, which vary from region to region. Furthermore,
these parameters are intuitive and can be used by a
physician without further complex processing. Our ap-
proach is based on the development of a new family of
parameterized deformable primitives suitable for this
application. These deformable primitives are param-
eterized using global parameter filnctions whose value
varies across the primitive’s shape as opposed to be-
ing constant [14, 9]. Through the use of appropriate
parameterization the axes of our new deformable prim-
itives can be non-straight. This is a lnajor general-
ization compared to parameterized primitives such as
superquadrics, cylinders and cubes, comlnonly used in
the vision literature. Furthermore, generalized cylin-
ders [4, 7] even though they allow shapes with non-
straight axes, do not offer shape representation in terms
of a few parameters.

Geometry of Deformable Models with
Parameter Functions

In this section we will introduce our new class of de-
formable models which allows the use of parameters
(global) |ha! can characterize an object "s shape in terms
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f a few parameter functions. In general, our mod-
Is are 3D solids whose intrinsic (material) coordinates
- (u. v, w) are defined ill a domain S2. The positions

f points on the model relative to an inertial frame of
fference (b ill space are given by a vector-valued, time
atying function x(u, t) = (xl(u, t), x2(u, t), x3(u, T,

,here 1- denotes transposition. We set up a non-
lertial, model-centered reference frame ¢ and express
ae position function as

x = e + Rp, (1)

here c(t) is the origin of ¢ at the center of the model
nd the rotation matrix R(t) gives the orientation of 
~lative to ~. Thus, p(u, t) gives the positions of points
a the model relative to the model frame.
We further express

p = s+d (2)

the sum of a reference shape s(u, t) and a displace-
lent d(u, t).

’rimitives with Parameter Functions
re define the reference shape as

s = T(e; bo(u), be(u),...), (3)

here e can represent either a set of 3D points in space
’ a geometric primitive

e(u; a0(u).al(u) ) (4)

;fined parametrically in u and parameterized by the
Lriables ai(u). The shape represented by e is subjected
the global deformation T which depends on the global
~formation parameter functions bi(u).
Although generally nonlinear, e and T are assumed
be differentiable t so that we may compute the Jaco-

an of s and T may be a composite sequence of prim-
ve deformation functions T(e) = Tt(T2(... Tn(e))).
"e concatenate the global deformation parameters into
e vector

q, = (a0(u), al(u),..., b0(u), bl(u),...)x. 

Equations (3) and (4) define global parameters ai, bi
at are functions of u, instead of being constants over
[9]. The above definition allows us to generalize def-
itions of primitives (e.g., superquadrics, cubes) and
.rameterized deformations (e.g., bending) as will 
own in the following examples. For the applications
this paper, we will assume that

(’/i(U) ---- ¢"i(I"), bi(ll) hi(It ) ,       (6)

1ere the material coordinate u corresponds to the
agest axis of the deformable model.
Our technique for creating primitives with parameter
nctions can be applied to any parametric primitive

l ln case e is a set of points the above assumption does
t apply.

(e.g., superquadric, cube), by replacing its constant pa-
rameters with differentiable parameter functions. For
the applications in this paper, we demonstrate our ap-
proach by transforming a superellipsoid primitive to a
primitive with parameter functions.

The definition of such a generalized primitive e =
(el, e~, e3)T is given by the following equations

( al(u)C,.~’(u)c.~f") 

e = ao(u) a2(u)Cut’(u)sv ~¢u) , (7)
as(u)Sue’~u)

where -1r[2 < u <_ 7r/2, -Tr < v < % 0 <_ w <_ 1,
and S,,’ = sgn(sin u)l sin ul’, c,,’ = sgnfcos u)[ cos ul’,
and similarly for C,’ and S,~. Here, ao(u) > is a
scale parameter function, 0 _< al(u),a~_(u),aa(u) 
are aspect ratio parameter functions, and el(u), e~.(u) >
0 are "squareness" parameter functions. We can also
define a non-closed parameterized primitive given by
the above definition by restricting the ranges of the u
and v parameters to a subset of the above definition.

We can generalize the above equation (7) to define 
primitive % = (eg,, eg~, e~)r with non-straight axis in
any directions x, y, and z by the following equation

e9 = e.%(u)+e.~(u), (8)
e3°(u) + e3(u)

where eto(U),e%(u) and e3o(U) are axis-offset parame-
ter functions.

Parameterized Global Deformations with
Parameter Functions
Our formulation of global deformations with continuous
parameter functions is general and can be applied to
any underlying shape e. For the applications in this
paper we will give examples of bending and twisting
deformations.

We define bending of axis 1 along principal axes 2 and
32 into a parameterized deformation Tb. and express
the reference s shape as

s = e., + bo(u)cos(°’+b’("~,’r) (9)- . elmax t

e3 + b,(u)cos( e,+b3(t,! ~)

where b0(u), b2(u) define the magnitudes of the bend-
ing and can be positive or negative, and -l _<
bt(u),b3(u) < 1 define the locations on axis 1 where
the maximum bending occurs.

We define twisting along principal axis 3 and express
the reference shape s as

( et cos(¢(u))-e2sin(¢(u)) s= elsin(o(u))+e~cos(O(u)) (I0)
e3

2The principal axes 1,2 and 3 correspond to the x, y and
z axes of the model frame ~b.
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where
7r

¢(u) -- (e3/ea,.°=)~-rl (I 1)

and rl (u) is the twisting parameter function along axis
3.

Local Deformations

Local. finite element basis functions are the natural
choice for representing the local deformations [14, 1O].
The elements have a node at. each of their corners. The
generalized coordinates of the finite element basis func-
tions are the nodal variables--a vector qd, associated
with each node i of the model. If we collect, the gen-
eralized coordinates into a vector of degrees of freedom
qd = ( .... q~ .... )T we can writed = Sqd, where 
is the shape naatrix whose entries are the finite element
basis functions.

Kinematics and Dynamics

The velocity of points on the model is given by the
following equation

= [I B RJ RS]~I = L~I, (12)

where q = (qT.qT,qT qT)’r, with q~ = c and q0 
the vector of the rotational parameters of the model
expressed as a quaternion [9].

We can make our model dynamic in q by introducing
mass, damping, and a deformation strain energy. The
resulting Lagrange equations of motion simplified by
setting the mass density p(u) to zero are

D~I + Kq = fq. (13)

where D and K are the damping and stiffness matrices
respectively, and where fq(u,t) are the generalized ex-
ternal forces associated with the degrees of freedom of
the model. The above equation yields a model that has
no inertia and comes to rest as soon as all the applied
forces equilibrate or vanish [9]. The generalized forces
fq are computed using the following formula [9]

= ./LTf du. (14)

These forces are associated with the components of q,
where f(u. t) is the 3D force distribution applied to the
model through the following algorithna. This force dis-
tribution is based on algorithms developed in [1O]. Fur-
thermore, since in SPAMM data we know the corre-
spondence over time of individual 3D points, we apply
the above algorithm only once in the initial frame. In
subsequent frames the corresponding points will exert.
a force to the same point, on the model as computed
in the first, frame. In this way we can recover the LV
twisting motion.

Experiments
Our experiments run at real or interactive time speeds
on a Silicon Graphics R4000 Crimson workstation in-
cluding the real time graphics. Furthermore, we assume

(a) t, ime (c)

(b) time (d)

Figure 1: Model fitted to SPAMM data from the first.
normal heart during systole.

that the model’s parameter functions vary linearly with
u. In the experiments we use SPAMM data from the LV
obtained from the Department of Radiology, University
of Pennsylvania (courtesy of Dr. Leon Axel) collected
during LV systole over 5 intervals. The SPAM.M tech-
nique provides data throughout the heart wall. Since
our modeling technique is surface based we chose to
fit the LV mid-wall motion as tiffs is most accurately
defined by the SPAMM imaging technique. In [16] a
technique based on snakes was developed to extract 3D
coordinates of SPAMM. data from the LV mid-wall.

Figs. l(a-b) show a deformable model fitted 
SPAMM data at the first and last frames (times t = 
and t = 5) during systole. In the above two time frames
(end-diastole and end-systole). Figs. l(c-d) show views
of the fitted model from the apex, corresponding to
Figs. l(a-b). We can easily observe the contracting mo-
tion as well as the twisting motion of the model.

In the following figure Fig. 2 we plot the extracted
model parameter functions over the 5 time frames.
Figs. 2(a-c) show plots of the model’s parameter func-
tions al(u).a2(u) and a3(//), defining its length in the
x,y and z directions respectively. For each frame we
plot. the ratio of each parameter function during frame
t = 2...5. with respect to its value at the initial frame
(t = 1). Fig. 2(d) shows plots of the model’s twisting
angle computed using the twisting parameter fimction
q (.u) and equation (i 1 ). In the interest of space we 
not include plots of the bending parameter fimctions.
In all graphs. U = 0 corresponds to u,,,i, of the model
(the apex of the LV), and U = 12 corresponds to u,,m~
of the model (the base of the LV).

From these graphs, we can quanti~" the motion and
shape changes of the LV through time. For example, by
studying the graphs of al.o2 and a3 (Fig. 2(a-c)). 
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igure 2: Some extracted model parameters as func-
ons of u for the first normal heart.

m conclude that the contraction along z and V axes
. the apex of the LV is uniform and its magnitude of
retraction during systole is approximately 20%. But
. the base of the LV, the contraction along y axis (be-
g approximately 10%) is less then one along x axis
,eing approximately 20%) making the base look more
liptical. This result supports clinical study findings
here more stress is exerted at the apex during the LV
otion, and also there is an increased closeness to an
lipse of the LV base shape during systole. Contrac-
~n along the z axis during systole is also quantified to
)proximately 20%.
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