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Abstract. This paper describes e®orts aimed at developing a uni ed
framework to more accurately quantify the local, regional and global
function of the left ventricle (LV) of the heart, under both normal and
ischemic conditions, using four{dimensional (4D) imaging data over the
entire cardiac cycle. The approach incorporates motion information de-
rived from the shape properties of the endocardial and epicardial sur-
faces of the LV, as well as mid{w all 3D instantaneous velocity infor-
mation from phase contrast MR images, and/or mid{w all displacemert
information from tagged MR images. The integration of the disparate
but complemertary sourcesof information overcomesthe limitations of
previous work which concertrates on motion estimation from a single
image{derived source.*

1 Intro duction

The measuremen of regional myocardial injury due to ischemic heart diseaseis
an important clinical problem. It is the goal of many forms of cardiac imaging
and image analysisto measurethe regional functions of the left ventricle (LV) in
an e®ortto isolate the location, sewerity and extent of ischemic or infarcted my-
ocardium. The ability to make these measuremets has a variety of bene'ts, in-
cluding the ideathat serial analysisof regionalfunction is helpful in assessinghe
excacy of thrombolytic and other therapeutic agerts, and angioplasty [5, 8].

In this paper, we describe a uni ed framework that integrates the two sets
(endocardial and epicardial) of shaped{basedestimatesof the LV surfacemotion
from our previous work [15], along with estimates of mid{w all motion derived
from someof the MR physics{based methods, i.e. phase contrast cardiac MR
imaging and MR tagging of myocardium, in an attempt to quartify the 3D defor-
mation of the LV. The framework is built upon a continuum medanical model
of the left vertricle, and is embeddedin a nite elemer grid. The integration of
the disparate but complemenary sourcesof information provides more accurate
and robust measuremets of the pointwise motion of the entire LV myocardium.
We have reviewed much of the relevant literature on endocardial/epicardial wall

! This work was supported by NIH{NHLBI grant RO1{HL44803.



motion in our previous work, we will brie°y review e®ortsrelated to the uni ed
framework we proposehere.

MR Taggingof the Myocardium. While the attractiv enessof tracking grid
linesthat can actually be seenin the underlying image has beennoted by many
investigators [1, 21], there are ditculties with the use of MR tagging data for
the 4D analysisof LV function becausei.) it's ditcult to track the tags over the
completeLV cycledueto deca of the tag linesandii.) it's quite dizcult to obtain
acquisitions and assenble the detected tags into a robust 3D analysis/display.
We note, howewer, the e®orts of Young [20] and Prince [7] for assenbling MR
tagging{derived information into 3D maps of cardiac motion/function.

Phase Contrast Cardiac MR Imaging. Another approad for motion tracking
is the use of phasecontrast imagesto decipherlocal velocity which in turn can
be integrated to estimate tra jectories of individual points over time [13]. Seeral
investigators have studied the resolution and accuracy of these techniques for
tracking myocardial motion and strain [6]. Currently, phase cortrast velocity
estimates near the endocardial and epicardial boundaries are extremely noisy
since the required size of the regions{of{interest (ROI) due to signal-to-noise
limitations is so huge that it includes information from outside the myocardial
wall. Thus, as with MR tagging, the most accurate LV motion and function
information is obtained from the middle of the myocardial wall, and is least
accurate near the endocardial and epicardial wall boundaries.

Computer Vision Approachesto Non{Rigid and Cardiac motion. A body of
work has emergedfrom the computer vision community related to the topic of
nonrigid motion and the registration of nonrigid surfacesthat is directly rele-
vant to the cardiac motion problem. The e®ortsin nonrigid surfaceregistration
include the use of deformablethin{plate splines[3] and octree{spline basedvol-
umetric transformation [18], among others. This researt attempts to register
ertire setsof image data and then quartitativ ely and statistically look for sim-
ilarities and di®erences.The more physical{model motivated work of Pentland
[9] and Terzopolous[19] is also aimed at solving this embedding problem. In all
of theseapproades, any estimatesof correspondencebetweenindividual points
on objects are either speci cally assumedto be known to aid in solving the prob-
lem, or are not consideredat all in the solution. The goal of the nonrigid motion
recovery is to nd point correspondencesbetweentwo objects over as densea
spatial "eld as possible.Goldgof [10] has beenpursuing surface shape matching
ideas, using Gaussian curvature under conformal stretching models. Recerily,
Metaxas [12] has utilized the mid{wall point correspondencesestimated from
MR tagging in conjunction with the deformable superquadrics approach. Ay-
ache [1]1] has been trying to unify boundary shape landmark approac with
physically{based framework to segmen and track objects simultaneously.

2 Metho ds

We are working towards the developmert of a uni ed framework which usesthe
shape properties of the endocardial and epicardial surfaces,as well as incor-
porates mid{w all 3D instantaneous velocity information of phasecontrast MR
imagesand displacemen information of tagged MR imagesif they are available,



to track the 4D tra jectories of adense eld of points which samplethe myocardial
wall over the ertire cardiac cycle. Furthermore, it is our intent to derive accurate
myocardial motion, LV thickening and strain measuresfrom these tra jectories,
useful (from both a basicreseard and clinical standpoint) for the study of the
location, sewerity and extent of ischemic injury.

In this section, we rst brie®y describe the experimental proceduresused
for our in vivo MRI{based validation experiments. Next we describe the MR
imaging protocols usedin this e®ort. Finally, we describe the basic ideas of our
newly developed uni ed tracking strategy, earlier versionsof which (the shape{
basedtracking of endocardial and epicardial surfaces)have beendescribed more
completely in [15]. 2

2.1 Exp erimen tal Setup for In Vivo MRI{based studies

Acute Infarct Animal Model. To date, 12 acute experiments yielding 9 usable
datasetshave beenperformedon open chesteddogssubjected to permanen coro-
nary artery occlusion, resulting in transmural myocardial infarction. A limb lead
of the electrocardiogram was contin uously monitored, with non-ferromagnetic
electrodes. The femoral vein and both femoral arteries were isolated and can-
nulated for administration of °uids and medications, pressuremonitoring, and
arterial sampling. The proximal left anterior descendingcoronary artery was
isolated after the “rst diagonal branch, for placemen of an occluder.

Paired endacardial and epicardial markers were placedin 4 locations on the
heart. We implanted a small, bullet{shap ed copper plug (Lmm x 2.5mm) through
the myocardium with a hollow metal insertion tub e through an 18 gaugeneedle
track. This void marker was loosely tethered to the endocardial surface by an
elastic string. The string attached to ead endocardial marker passesthrough
the myocardium and is securedto a GA{DTP A{lled marker sutured onto the
epicardial surface. The bright epicardial markers are small, plastic encasings
(inner volume 73.81mn?) TTled with a solution of salineand Gd{DTP A (200:1).
The elastic string attaching the epicardial and endocardial markers keepsthe
endocardial marker on the endocardial surface during the ertire cardiac cycle,
without restricting myocardial thickening.

The dogswere positioned in the magnetin the left lateral position for initial
4D imaging under baseline conditions, accordingto the MR imaging protocols
described below. The left anterior descendingcoronary artery wasthen occluded,
without movemert of the animal relative to the imaging planes.4D imageswere
acquired again after occlusion. After completion of the acute protocol, hearts
were rapidly excisedfor postmortem imaging and histochemical staining. The
hearts were then sectionedin 5mm({thic k slicesperpendicular to the long axis of
the heart. 3D post mortem injury maps were then reconstructed from digitized
photographs of the myocardial slices.

Magnetic Resonane Imaging Protocol. MR imaging was performed on GE
Signa 1.5 Tesla scannerswith version 4.7 software and hardware using a head

2 We are also testing our approach using high resolution, 4D cine{computed tomo-
graphic data, acquired using the Dynamic Spatial Reconstructor (DSR) at the Mayo
Clinic in collaboration with Dr. Erik Ritman. The DSR experiments followed roughly
the sameprocedure, but are not described here for brevity.



coil. Axial imagesthrough the LV wereobtained with the gradient echo cinetech-
nigue using the following parameters: section thickness5 mm, no inter{section
gap,42cm eld of view, TE 14 msec,TR 20 msec,°ip angle 30 degrees256x256
matrix and 2 excitations. Imagestypically were acquired with 2 locations per
acquisition and 16 cardiac phasesper location. Each slice location acquisition
required approximately an 8 minute acquisition time for 2 excitations. This se-
guence provides images with an in plane resolution of 1.64 x 1.64 mm for a
128x128matrix and 5mm resolution perpendicular to the imaging planes. Tem-
poral resolution is 40msecfor ead location acquisition. Example imagesat 3
slicelevelsin a singletemporal 3D frame are shavn in “gure 1, with arrows indi-
cating the locations of the implanted validation markers. For 3 of these studies,
phasecontrast MR imageswere also acquired in 3 mid{v ertricular slicesfor the
same dog heart, which provide mid{w all velocity information for the imaged
regions.

2.2 Image Analysis: A Unied Motion Tracking Framew ork

Extended from our previous shape{basedmotion tracking approach [15], we are
deweloping a uni ed framework using cortinuum biomedanical model which
utilizes both the LV boundary information (which is available from the shape
properties of endocardial and epicardial surfaces)and the mid{w all information
(which can be provided by the 3D phasecortrast MR imagesand/or the tagged
MR images). 2 We construct a complete triangular “nite elemen grid which
tessellatesnot only the LV surfacesample points, but alsothe sample points in
the mid-wall. The union of all the tetrahedra forms the solid model of the ertire
left ventricle (see gure 4). The uni ed motion tracking algorithm then usesthis
grid to embed the underlying biomedanical constraints of the LV model, and
tracks the motion of points everywhere on the ertire LV wall using the known
displacemen information of the sparse endocardial/epicardial surface sample
points and/or the mid{w all tagged points, aswell asthe velocity information of
a sparseset of mid{w all points. From the densemotion trajectory “eld, other
LV function measuremets such as 3D LV thickening and strain maps, can be
obtained. We note the 3D framework is still in developmert, but we will report
someof the initial ideasand 2D results in this subsection.

Genenting the Finite Element LV Model. The rst step to construct the -
nite elemen LV modelisto segmen the 4D imagedata on a slice by slice basisto
“nd the LV boundary. This is currently performed by treating the data asif it is
consistedof a sequenceof temporal 3D frameswhere there exists a spatial stack
of 2D imagesin ead frame, although we are cortinuing to investigate complete
3D parametric surfaceapproac aswell [17]. We solve the 2D boundary "nding
problem twice in ead slice, oncefor the epicardial border and oncefor the en-
docardial border using a deformable contour approadc that we have developed
for 2D boundary nding[16, 4]. The boundariesfound in this plane are now used
asa bias and initial estimate for locating the endocardial and epicardial bound-
ariesin the next plane in the stadk. This processrepeatsuntil all of the contours

3 Although the aim of the uni'ed framework is to utilize multiple complemertary
sourcesof constraints to achieve more reliable and robust estimates, it will work if
only single source of information is available.



that make up the LV surfacesin ead frame are completely located. Meanwhile,
somemid{w all points of the phasecorntrast MR images(and landmark mid{w all
points of the tagged MR images) are also identi ed. Finally, the contours that
form ead endocardial and epicardial surfacein ead 3D frame as well as the
mid{w all sample points identi ed from phasecortrast and tagging imageswill
be stacked. A Delaunay triangulation algorithm is then usedto tessellate the
stacked LV sample points. A solid nite elemert LV model which consists of
many tetrahedra represeting all parts of myocardium is thus generated.

Boundary Displacement Information. The movemert of a sparseset of LV
surfacepoints is performed by following local surfaceshape [15]. The tessellated
denseset of surface points are used to guide shape calculations, and surface
curvature maps over the cardiac cycle for both endocardial and epicardial sur-
facesare computed through multi{lev el local surfacepatch tting. For ead time
instant, two sparsesubsetsof the surfacepoints are created by choosing geomet-
rically signi cant shape landmark points, one for endocardial surface and the
other for epicardial surface.The best matched point for eac shape landmark at
the next time frame is located using a 3D bending energy model. In this e®ort,
surfacepatcheson the LV are modeled asthin, °exible plates. The strain energy
of the deformation required to bend a curved plate or surface patch to a new
deformed state is de ned as a function of the changesof two principal curva-
tures, and is invariant to 3D rotation and translation. Under the assumption
that ead surface patch deforms only slightly and locally within a small time
interval, for eadh sampledpoint on the rst surface,we construct a searh area
on the secondsurface.The point within the seard window on the secondsurface
that is best matched (i.e. minimizing the bending energy) is chosenas the cor-
responding point to the oneat the rst surface,while the bending energyfor all
the other points inside the window are alsorecordedto be usedasa indicator of
the uniquenessof the match. The result of this matching processyields a set of
shape{based, best{matched initial motion vectors D o(u; v) for pairs of surfaces
derived from 3D image sequenceaswell asinformation from within ead seard
areaasto how con dent the match is.

A regularization procedureis then adopted to result in a densedisplacemert
vector eld that is an optimal compromise between an adherenceterm and a
smoothnessterm, with the sparseshape landmark points' initial matchesbeing
the only matching constraint to nd the densepoint correspondencebetween
surfaces.The processis embeddedin the irregular triangular surfacegrid gener-
ated from the Delaunay tessellation, and is given by the following expression:

Z Z Y Ya

D"(u;v) = argmin Cp (U;V)[D (u;Vv) i Do(u;v))% + (M)2 du
Cou @ M

In this equation, [U; V] is the domain of the surfaceat time t in which the grid
from the Delaunay triangulation is embedded,u = [u;v]" is the surface point
at time t, D°(u;v) is the optimal smoothed motion vector "eld between two
surfacesat timest and t + #t, Do(u; V) is the initial motion vector estimate, and
Cp (u;v) is the con dence measurematrix which weighsboth the goodnessand
uniguenessof the initial match.

In the new uni ed framework, the displacemen vectors betweentime frames




of the shape landmark points will be usedonly as part of LV deformation con-
straints, the boundary displacemen constraint. In addition, the triangular grid
is now a solid volumetric meshinstead of a surfacegrid.

Mid{Wal | Velcacity/Displac ement Information. The mid{w all region of the
3D phase cortrast images can be sampled at a number of points with their
instantaneousvelocity known at ead time frame. This mid{w all information can
provide additional constraints to track the LV wall motion. Our group's initial
work in this areais documerted in [6], in which a stable algorithm that combines
forward and reverseintegration within arigorous framework for velocity mapping
is preseried. Meanwhile, the displacemen information from a sparseset of mid{
wall MR tagging landmark points can be computed by following trajectories of
someMR tag points over time [14]. This will provide yet another set of constraint
to track the motion of the dense eld LV points.

A Uni ed Frameworkto AssessMyocardial Function. We have constructed
a 3D nite elemen LV model which has nodesin the mid{w all region, as well
as nodes on endaocardial and epicardial surfaces.We also have establishedthe
displacemen vectors for a sparseset of surfaceshape landmark nodesand mid{
wall tag points, and the velocity information for a sparseset of mid{w all phase
contrast nodes.Assumingthe boundary and mid{w all nodal points represen the
LV reasonablywell, a cortin uum biomecdanical LV model basedon the theory of
“nite elasticity and realistic material law is under developmert. Using the nite
elemen method to solve the deformation of the LV over time, under the known
boundary conditions (the displacemen and velocity information of someof the
nodes) and external forces (i.e. “ow pressure,volume change) if available, the
equilibrium equations can be establishedas[2]:

MB+CU+KU =R )

where M is the massmatrix, C the damping matrix, K the sti®nessmatrix, R
the external load, and U the nodal displacemern vector "eld. We note that the
form in equation (2) describes a very general nite elemen system, while the
known displacemert/v elocity conditions and the external forces provide more
speci ¢ constraints for our framework. We want to point out that we intend
to usethis model to enforce certain real physical constraints related to known
cardiac volumes and pressures,as well as realistic biomecanical properties of
the myocardium, not just physically analogousonesas described by Perntland
[9] and others. Let U , be the known displacemertts, Uy, the displacemerts of the
nodeswith known velocity, and U ¢ the displacemerts of the nodeswith no prior
information, we can rewrite the equilibrium equationsin the form*:

i i h ih i h_ i
Maa Mgy M ac B4 Caa Cgp Cac Ua Kaa Kgp Kac Ua _ Ra
Mpa Mpyp My 8p + Cha Chp Che up t+  Kpa Kpp Kpe up = Ry, (3)
Mca Mgy Mcc B ca e Cecc Uc Kca Kep Kee Uc Rc

where U, and U, are prescribed conditions. The iterativ e solutions of these
pre{conditioned equilibrium equationsyield displacemens for all elemen nodal
points, from which the 3D strain and stressmaps can be obtained.

“ For simplicit y of the equation, we assumeno node has both known displacemert and
velocity information.



3 Experiments and Results

Using the initial form of our uni ed framework described above, the initial ex-
perimentation with the cardiac motion and function analysisis reported here.
As mentioned above, to date we have acquired nine usablesetsof 4D MRI data
using the acute infarct animal model. The visual results shovn here are from
two of the MR studies that have beenanalyzed.

Figure 1 shaws three image slicesfrom the same3D MRI time frame, illus-
trating the paired markers used for motion tracking validation (white arrows
) epicardial markers, black arrows ) endaocardial markers). Implanted mark-
ers' certroids are detected over the entire cardiac cycle, and their trajectories
are comparedto the algorithm{deriv ed points trajectories in order to validate
the accuracy of the developed methodology. Figure 2 illustrates the comparison
of algorithm{computed (lighter) trajectories with the marker{derived (darker)
trajectories of three endocardial points, moving from end{diastole (ED) to end{
systole (ES). The paths are shawvn relative to the endocardial surfacerenderedat
global end{systole (lowest overall chamber volume). The two most right points
have almost identical marker- and algorithm- derived tra jectories, while the left
oneis a little bit o®after seweral time intervals (but they are still very close).

Figure 3 and table 1 are preserted to illustrate some of the measuremeis
from which useful physiological parameterswill be derived. Figure 3 shavs an
infarcted endocardial surfaceroughly in its end-systolic state. On the left, the
densemotion trajectories are showvn in the normal zone of the infarcted left
vertricle, while on the right, the densetrajectories locating in the infarct zone
of the sameLV are shonvn. Note in this case,the normal zone has far larger
motion than the infarct zonedoes.Table 1 providesthe quartitativ e comparison
of normal and infarct zone measuremeh (path length) before and after the
coronary occlusion surgery which causesthe myocardial injury. From the table
we obsene that for both studies, the normal zone points have relatively stable
movemert pre- and post- infarction while the infarct zone'smobility drops Tty
percert or more.

A key additional measuremen of interest to usis that of myocardial thickness
and strain. By tracking small, related regionsof points on both the LV surfaces
(endocardium and epicardium) and mid{w all myocardium over time, we can
createtransmural and non{transmural measureof myocardial strain and usethe
radial componert of strain to infer thickening changes.Non{transmural strain
measuresare of great value for predicting early myocardial injury and viabilit y.
Figure 4 displays of a tessellated3D LV wall meshdeforming over time from ED
to ES, in the order of left, middle, and right. Figure 5 shows the gray scalemaps
of three 2D principal strain maps, as well as the principal direction assciated
with the maximum principal normal strain. Here, we denotelarge positive strain
with light white shade, large negative strain with dark shade, and near zero
strain with neutral gray. For any given elemen, the positive principal strain
represerts the stretching in the assaiated direction, the negative one represerts
the compressinge®ect.

In addition to reporting the above initial results on the motion/function
tracking algorithm, we alsoreport herethe results of initial stepstaken towards
comparing the in vivo algorithm{based measuremets to post mortem measures.



normal zone path length infarct zone path length
study baseine [post inf arction baseine [post inf arction
1 17:.078 2:79mm| 14508 2:05mm [22508 2:13mm| 8:768§ 2:16mm
2 13328 1:67mm| 15798 2:26mm |14:288 1:81mm| 7:318§ 2:35mm

Table 1. Table of path lengths of endocardial normal and infarct zonesof two
canine MR studies, under baseline and post{infarction conditions. These data
were averagepath lengths within ead zone (de ned by points' closenesgo the
implanted markers). Note the relativ e stablenessof the normal zonepath lengths
beforeand after infarction, and the big drop of the infarct zonepath lengths after
coronary occlusion.

Ultimately, the image frame in ead of the pre- and post- infarction studies
whose markers best match the post mortem markers by minimizing the overall

Euclidean distance between the sets of points will be chosen as the in vivo
myocardial injury referenceframe for that study. Next, color masksrepreserting

the infarct zone and normal zonethat were found on the post mortem surface
are mapped onto both the pre- and post- infarction in vivo endocardial reference
surfaces.Classi cation of myocardium from in vivo image{derived measuremen
will be comparedto the post mortem measures.Results from the “rst step of
this process,showing two views of the computer{reconstructed, color coded 3D

post mortem surface,are shovn in "gure 6. Note that the right gure shaws the

non{transmural nature of the myocardial injury in this study.

4 Summary

We have described our ongoing e®ortsaimed at dewveloping a uni ed framework
to more accurately quartify the local, regional and global function of the left
vertricle (LV) of the heart, under both normal and ischemic conditions. Our
approadc incorporates multiple sourcesof constraints, including motion infor-
mation derived from the shape properties of the endocardial and epicardial sur-
faces,mid{w all 3D instantaneousvelocity information from phasecontrast MR
images,and/or mid{w all displacemen information from tagged MR images.

Ongoing and future work includes developing more sophisticated cortin uum
biomedanical model of the myocardium basedon viscoelastic material law, in-
corporating temporal periodic characteristics of the heart motion into the current
framework.
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Fig. 1. Three slicesfrom the same3D MRI time frame, illustrating the paired markers

used for motion tracking validation (white arrows) epicardial markers, black arrow
) endocardial markers).

5

Fig. 2. Comparison of algorithm{computed (lighter) and marker{deriv ed (darker) tra-
jectories of three endocardial points, moving from ED to ES. The paths are shown
relativ e to the endocardial surface rendered at global end{systole. The two right most

points have almost overlapping marker- and algorithm- derived tra jectories, while the
left oneis a little bit o® after sewral time intervals.

Fig. 3. Display of two sets of dense motion trajectories in the normal and infarct
zonesof the endocardial surface of an infarcted left ventricle, relative to the surface
rendered at global end{systole. The normal zoneis shown on the left, the infarct zone

is on the right. Note the relativ ely smaller motion in the infarct zone. (Seetable 1 for
guantitativ e details).



Fig. 4. 3D displays of a tessellated LV wall deforming from ED to ES. Left:
end{diastole; Middle: middle of the contraction; Right: end{systole.

Fig. 5. 2D principal strain mapsat ED: maximum principal strain, direction assaiated
with maximum principal strain, and minimum principal strain

Fig. 6. 3D displays of a reconstructed post mortem LV wall from two views: endo-
cardium (inner lighter opaque), epicardium (outer transparent), and injury region
(lower darker opaque). Note the right "gure shows the non{transm ural nature of the
myocardial injury .



