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Abstract—An imaging method for the rapid reconstruction of mal and diseased hearts would increase understanding of

fiber orientation ’[hl’OUghOUt the cardiac ventricles is described. normal and abnormal Cardlac electncal propagatlon and
In this method, gradient-recalled acquisition in the steady-state mechanical contraction.

(GRASS imaging is used to measure ventricular geometry in . . . . T
formaldehyde-fixed hearts at high spatial resolution. Diffusion- ~ 1N€re is now direct evidence that fiber inclination
tensor magnetic resonance imagif@TMRI) is then used to  angles estimated using diffusion tensor magnetic reso-
estimate fiber orientation as the principle eigenvector of the nance imagingDTMRI) of short-axis sections of myo-
diffusion tensor measured at each image voxel in these samecardium bathefl or perfused® in cardioplegic solution

hearts. DTMRI-based estimates of fiber orientation in : . . P
formaldehyde-fixed tissue are shown to agree closely with agree with those measured histologically. This finding

those measured using histological techniques, and evidence isSU99ests that DTMRI may provide a means for re-
presented suggesting that diffusion tensor tertiary eigenvectorsconstructing fiber orientation throughout the ventricles,
may specify the orientation of ventricular laminar sheets. Using thereby avoiding time-consuming histological
a semiautomated software tool calleéARTWORKS a set of  gpproache$®?224 However, application of this method
ks)mOOth contours approximating the epicardial and endocardial 1, yhe three-dimensional reconstruction of cardiac fiber
oundaries in each GRASS short-axis section are estimated. . . . .

These contours are then interconnected to form a volumetric Structure requires extended imaging times. Over such
model of the cardiac ventricles. DTMRI-based estimates of long time periods, we have observed that changes of
fiber orientation are interpolated into these volumetric models, ventricular geometry may occur using both the above
yielding reconstructions of cardiac ventricular fiber orientation preparations, especially during the first 12 h postexci-
based on at least an order of magnitude more sampling pointS ;o The gecurrence of this motion limits the amount of
than can be obtained using manual reconstruction methods... =~ * - .

© 2000 Biomedical Engineering Society. time available for DTMR.I, and thgref_ore the _spanal reso-
[S0090-69600)02008-1 lution that may be achieved. Fixation of tissue would
eliminate such motion, thereby providing longer imaging
times and higher spatial resolution. We have demon-
strated recently that estimates of cardiac fiber orientation
obtained by computing the principle eigenvector of the
diffusion tensor obtained by means of DTMRI in
formaldehyde-fixed tissue agree with histological esti-
mates obtained from the same tisSuelere, we apply

The three-dimensional spatial organization of the this imaging method to the three-dimensional reconstruc-

myoﬁbers dictates many Of the heart’s e|ectrica| and me- tion Of Ventricular fibel’ Ol’ientation in the rabb|t heal’t at
chanical properties, influencing electrical propagafion high spatial resolution.

and mechanical contractidi.Alterations in the normal

myofiber architecture occur in diseases such as ischemic METHODS

heart disea$é and ventricular hypertropht. These al-
terations may predispose the myocardium to abnormal
electrical propagation and arrhythnfiaherefore, a de-
tailed quantification of the myofiber architecture of nor-

Keywords—Magnetic resonance imaging, Diffusion imaging,
Fiber orientation, Ventricular geometry.

INTRODUCTION

Magnetic Resonance Imaging

Heart Extraction and PerfusioNew Zealand white
male rabbits(2—4 kg were anesthetized using ketamine
, (2 mg/kg iv), followed by heparin(1,000 U/kg iy and
Address correspondence to R. L. Winslow, Rm. 411 Traylor Re- th inated. The th . it
search Bldg., The Johns Hopkins University School of Medicine, were en exsanguinatea. e orac[c CaVI.y was
720 Rutland Ave., Baltimore, MD 21205. Electronic mail: OPened, and the heart and lungs were rapidly excised and
rwinslow@bme.jhu.edu placed in a bath of colé4 °C) cardioplegic solution. The
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Reconstructing Ventricular Geometry

aorta was cannulated, the lungs were ligated and re-
moved, and the hearts were perfused retrogradely using a R

magnetic resonanc@R)-compatible Langendorff appa-
ratus. The initial perfusate was a modified Krebs—
Henseleit buffer containingin mM) 118.0 NaCl, 25.0
NaHCQO;, 5.0 dextrose, 4.6 KCIl, 2.5 Cagl 1.2
KH,PO,, and 1.0 MgSQ. Excess hydrostatic pressure
accumulation resulting from thebesian drainage or aortic
valvular insufficiency was relieved by a thit mm o.d)
polyethylene tube inserted into the left ventridleV)
through the mitral valve. Proper valve function was ob-
tained by allowing the heart to beat several times. The
heart was arrested by perfusing a modified St. Thomas
Hospital solution that consistedn mM) 110.0 NacCl,
10.0 NaHCO3, 5.0 dextrose, 16.0 KCI, 1.2 CaCl2, and
16.0 MgCI2 at room temperaturd8 °C). Bovine serum
albumin (3% wt./vol) was added to both perfusates to
minimize formation of interstitial edema. A 95%,05%
CO, gas mixture was allowed to continually equilibrate
with both perfusates resulting in partial pressures gf O
in excess of 600 mm Hg and a pH of 7.4. Following
perfusion, 1/2 | of isotonic(3%) phosphate buffered
formaldehyde was gravity fed through the aortic cannula
to perfuse the coronary circulation over a period~a30
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FIGURE 1. Diffusion-weighted fast spin-echo pulse se-

, quence. The shaded regions denote the diffusion encoding

gradients, which are of duration A and separated by time é.
The first diffusion-encoded echo is formed after slice selec-

tive 90° and 180° rf pulses at time TE ;. Phase encoding is
applied to subsequent echoes in the train, which are ob-
tained by repeated refocusing with slice-selective 180° rf
pulses, flanked by variable-amplitude crushers to minimize
stimulated echo contributions. The first echoes of each train

are used to fill the center of k space.

and again with the same magnitudes but reversed polar-
ity. A total of 36 images were obtained per slice, each
with 256 readout step$6.4 us dwell time and 128

min. The heart was then submerged in a container of the phase-encoding steps, yielding in-plane resolution iden-

fixative, sealed, and stored for approximately 4 weeks.

GRASS and DTMR ImaginBrior to imaging, hearts

tical to that of the GRASS image datd56x312 um).
Image acquisition time was 96 s using a recycle time
(TR) of 3 s, an echo train length of 8, and two signal

were suspended by the aortic cannula in a closed-endaverages per readout. This yielded a slice acquisition

acrylic cylinder(31 mm o.d) which was filled with the
fixative solution. The cylinder also served as the housing
for a loop-gap radio frequenadyf) coil. All imaging was
performed on a 4.7 T MR scannéGE Omega CSI,
Fremont, CA. The loop-gap coil was tuned to proton
resonance inside the scanner angl lBHmogeneity was
optimized over the entire volume.

The following protocol was used to reconstruct ven-
tricular geometry and fiber orientation. First, three-
dimensional gradient recalled acquisition in the steady-
state (GRASS intensity images were collected for

time of 1 h. Crusher gradients were not used on the
initial 180° rf pulse, as the unipolar diffusion gradients
served to spoil any transverse magnetization resulting
from the free induction decay. Crusher gradients of 2 ms
duration and varying magnitude2—-6 G/cm) were ap-
plied on either side of all subsequent 180° rf pulses. The
variance in magnitude of the crushers served to spoll
stimulated echo components of the signal.

Slice thickness was varied depending on longitudinal
position. In regions at and near the base of the heart
where surface curvature is smallest, slice thickness was

subsequent use in defining the epicardial and endocardialset to 2 mm. At more apical regions where curvature is

surfaces. Image size was 25628x128 pixels. Given
the field of view, this yielded a set of 128 short-axis
slices with in-slice spatial resolution of 18812 um,
and a slice separation of 46em.

Following acquisition of the GRASS intensity data
set, DTMRI was used to estimate myocardial fiber ori-

entation. These images were obtained using a slice-

larger, slice thickness was set to 1 mm. For the studies
reported here, eight basal short-axis sections were ob-
tained with a slice thickness of 2 mm, followed by 12
apical short-axis sections at a slice thickness of 1 mm.
This protocol was selected as a tradeoff between total
imaging time(~20 h) and spatial resolution, and yields
one 256<128x128 matrix of intensity data which is

selective fast spin-echo diffusion-weighted technique fol- used to estimate ventricular geometry, and a coincident
lowed by two-dimensional (2D) discrete Fourier  256x128x20 matrix of points at which estimates of the
transform. Figure 1 provides a schematic illustration of 3x3 diffusion tensor are available.

the pulse sequence. Diffusion weighting was provided by  The relaxation times of fixed myocardium is dramati-
unipolar sinusoidal gradient pulses with 10 ms duration. cally shorter than that of perfused myocardium. This
The gradients were applied sequentially in six noncol- effect has been noted in other tissues as well, specifically
linear directions with magnitudes of 6, 10, and 14 G/cm, the liver and spleef® To determine appropriate values
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for TR and the effective echo time (T#time to the first
echg in fixed myocardium, we estimated,; and T,
using a linescan techniqgdeNonlinear least-squares re-

SCOLLAN et al.
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gression was performed on sets of measurements, yield-

ing a T, of myocardium fixed with 3% isotonic formal-
dehyde of 650 ms, and B, of 55 ms. These values are
substantially less than those of crystalloid buffer per-

where A is the duration of the half-sine diffusion pulse,
S is the time between pulses, amd is the amplitude
vector of the pulséthat is,M is the maximum ofG(t)].

fused rabbit hearts, which have been reported to have a Equation(1) is a linear relationship between the log

T, of 2.3 s and aT, of 90 ms at 4.7 T:'° While the
reducedT,; does not adversely affect DTMRI measure-
ments in fixed myocardium, the decreaseTin can be

signal intensitiesA(b;;) and the components of thie
matrix bj;. The six unique elements of the diffusion
tensorD;; can thus be calculated using multilinear re-

quite significant. In order to compensate for the decreasegression. To do this, measurements ofltx;)) are made

in signal, Tk was decreased by approximately a factor
of 2 in order to maintain sufficient signal to detect dif-
fusion anisotropy. Specifically, a T of 34 ms and a
TR of 3 s were used.

Calculation of Diffusion Tensor Eigensystem and
Orientation AnglesBassef’ building on the work of
Skejskal and Tannéf, has shown that the diffusion ten-
sor can be calculated from knowledge of signal attenua-
tion and magnetic gradient strengths applied during a
diffusion-weighted spin-echo experimeffig. 1) using
the equation

@

whereA(b;;) is the voxel attenuated signedchg inten-
sity recorded in the presence of gradiem¢Q) is the
gradient-free, unattenuated echo intensify,; is the
(symmetric, positive definite, 3 by)3diffusion tensor,
andb;; is a matrix specified by the magnetic field gra-
dients applied during the spin echo. This so-called
matrix has the form

TE ;

2

5 TE
0
T

F(t’)—ZH(t’ dt’,

b

F(t’)—2H<t’

X (2

TE),
2

where the superscripf denotes the transpose operator,
F(t)=/(G(t')dt’ and G(1) = (Gx(1),Gy(1),G,(t)) is
the applied magnetic gradient vector, afdF(TE/2),
with H(t") the unit Heaviside function angt the gyro-
magnetic ratio of protons. Although the gradient vector
G(t) includes imaging and diffusion-weighting gradients,
the imaging gradients are typically negligible relative to
the diffusion gradients. For the diffusion-weighted pro-
tocol of Fig. 1, theb matrix has the form

at n different gradient strengths im noncolinear direc-
tions. These mn observations of Aff;)) are stored in

an mnx1 column vectorx. The correspondind;; are
stored in amnX7 matrix B, and the parameters to be
estimated—the six uniqueD;;, and additionally
In(A(0))—in a 7x1 column vectore, such thax=Be is

the linear system to be fit. Applying a least squares error
approach vyields the optimal parametersuqy
=(B'S7'B) }(B'2"1)x, where3 ! is the diagonal co-
variance matrix of weights. For each voxel in the 2D
MR images, theD;; are calculated, and from them the
tensor eigenvalues and eigenvectors. The primary eigen-
vector yields the direction of maximal water diffusion in
the tissue.

Equations(1) and (2) were originally developed for
spin-echo DTMRI. Here, we use them to determine the
diffusion tensors from a fast spin-echo pulse sequence
(Fig. 1). Their applicability to fast spin-echo DTMRI is
only approximate because each echo in the train is ex-
posed to different imaging gradients, and so has a unique
b matrix. However, the contribution of the relatively
small imaging gradients to theé matrix is negligible
compared to the contribution of the much larger diffu-
sion gradients. The effect of any diffusion weighting due
to imaging gradients can be reduced further by keeping
the echo trains shoit<8 echoeg and using the initial
echoes of each train to fill the center of tkespace, and
thus set image contrast.

The above computations, as well as computation of
the diffusion tensor eigensystem and orientation angles
for each voxel was performed in MATLAEBThe Math
Works Inc., Natick, MA. The two angles required to
specify uniquely the orientation of a fiber or vector in
three dimensiongthe inclination and transverse angles
were computed as followssee Fig. 2. First, to define
the inclination angle, the fiber or eigenvector was pro-
jected onto a plane parallel to the epicardial tangent
plane. The inclination angle is then the angle between
this projection and the horizontal plane. Second, to de-
fine the transverse angle, the fiber or eigenvector was
projected onto the horizontal plane. The transverse angle
is then the angle between the projection and the epicar-
dial tangent plane.
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on slides and stained with hematoxylin and eosin. Sec-
tions were photographed at XOmagnification using a
digital camera attached to a microscope. Typically, four
or five images were taken per section in order to cover
its entirety; these images were composited on a com-
puter, resulting in a complete image of the section.

In each histology section, representing a slice of tissue
cut parallel to the epicardiurfi.e., in a vertical plang
fiber inclination angles were measured relative to the
base of the tissue speciméne., the horizontal plane
using NIH Image(version 1.61, Wayne Rasband, Na-
tional Institutes of Health Since the horizontal plane
was parallel to the imaging plane, inclination angle was
defined similarly for both histology and DTMRI—the
angle between the horizontal plane and the fibers, in a
plane parallel to the epicardiuiisee Fig. 2

For each section, five sites spaced by 1.2 mm in the
circumferential direction were selected. For each site, up
to five measurements of inclination angle were made
along the base—apex directigne., along the horizontal
line), spanning 2 mnicorresponding to the DTMRI slice
thicknes$. For each of the five sites, the measurements
in the base—apex direction were averaged, corresponding
to the averaging which occurs in this direction in each
voxel due to the 2 mm slice thickness. Thus, one mea-
surement of(base—apexaveraged inclination angle was
obtained for each of the fivécircumferentially spaced
sites. The procedure was repeated for all slides, each
sampling a different transmural depth, and so providing
five sets of fiber inclination angle versus sectiatide)
number. During histological processing, shrinkage of the
specimen may occur; therefore, slide numbers were con-
the circumferential, longitudinal, and transmural direc- verted to percent transmural depth, enabling appropriate
tions, respectively, was removed from the LV free wall histology and DTMRI measurements to be compared
of one formaldehyde-fixed heart. The base of the plug through the wall.
was sliced approximately perpendicular to the epicar-  Site 3 for the histology section was chosen to be at
dium. The base of the plug was then placed on a pedestathe midpoint of the basal edge of the plug at the epicar-
within the rf coil, and imaged in a plane parallel to the dial surface. To align the DTMRI sites with those of the
plug base(i.e., the horizontal plane Imaging was per-  histological sections, site 3 for the MR image was se-
formed with a slice thickness of 2 mm, and with 256 lected to be at the midpoint of the epicardial edge of the
frequency encoding, and 128 phase encoding steps. Theplug. The remaining sites were then spaced as for the
readout direction was oriented transmurally, resulting in histology section. We estimated the uncertainty in the
a resolution through the wall of 156m. Diffusion im- alignment of the sites to b&500 um. This is a result of
ages were obtained as described above—with the excep-uncertainty in positioning the center of the cutting plane
tion of four signal averages, rather than 2—and the dif- at the midpoint of the basal edge, and selection of the
fusion tensors and eigenspaces were calculated. Fiberepicardial midpoint on the MR image.
inclination angles were defined as angles from the hori- At each of the five sites, and at each transmural depth,
zontal (i.e., out of the imaging plandn a plane tangent  histological measurements were compared with DTMRI
to the epicardium. These were tabulated versus percentestimates at the same location. Due to the uncertainty in
transmural depth for later comparison with histology. the placement of the histology sites relative to the MR

Following imaging, the plug was paraffin embedded image in the circumferential direction, we compared each
and sectioned. Sections were made serially in a planehistology measurementi) to the average of the DTMRI

Eigenvector

Myocardium

FIGURE 2. Definition of the two angles are necessary to
determine the orientation of the eigenvectors and fibers re-
quire first the determination of the tangent plane. At a point

on the epicardial surface, this plane is simply the surface
tangent plane. For all points along a normal inward from that
point, the tangent plane is defined as the plane parallel to
the epicardial tangent plane. The inclination angle a is then
the angle between the image (horizontal ) plane and the pro-
jection of the eigenvector (or fiber ) onto the tangent plane.
The transverse angle ¢ is defined as the angle between the
tangent plane and the projection of the eigenvector onto the
image plane.

Comparison of Histological and DTMR Estimates of
Orientation Angles in Fixed Myocardium transmural
plug of tissue with dimensions 8.¥8.5X3.75 mm in

parallel to the epicardial surface. Foum-thick sections
were made every 15@&m beginning at the epicardium

measurements withint500 um in the circumferential
direction and at the same transmural defiéferred as

and proceeding transmurally. The sections were mountedthe average cageand (2) to the DTMRI measurement
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within 500 xm to which it was most differentreferred The contour is deformed to the boundary by minimizing
to as the the worst cageCorrelation coefficientdR) the energy functionE. The first and second integral
were calculated for these five sets of measurements, agerms of this energy function are smoothness constraints
well as the significance of eadh The average rms error imposed on the contour. The first term represents the
for each site was also determined. Finally, the distribu- stretching energy of the contour, and the second term
tion of the differences between the histology and DTMRI corresponds to bending energy. Parameteiend 3 are
measurements was calculated. To detect a systematic erweighting factors which influence the contribution of the
ror in the measurements, the mean of this distribution stretching and bending energy terms to the fit. The third
was compared to the null hypothesis of zero mean using term E,,; is referred to as an external energy function. A
Student’st-test, with p<<0.05 considered significant. formulation of the external functiok,,; proposed by Xu
and Princé’ is
Reconstruction of Ventricular Geometry and Fiber

Orientation Eexd(X,Y)=—| V(G (X,¥)*1(X,y))|?, 4)

Reconstruction of ventricular anatomy involved three
steps. First, epicardial and endocardial boundaries wereWherel(x,y) is the gray-scale intensity imag@,,(x,y)
estimated using both the short-axis GRASS intensity and IS @ 2D Gaussian kernet, is the convolution operator
diffusion-weighted short-axis slices using a semiauto- and V is the gradient operator. These external diffusion
mated image segmentation tool calleBARTWORKS?® to forces act to move the contour into boundary concavities.
be described below. This yielded a series of 128 planar ~ The concept of region growing, as applied to the
contours defining epicardial and endocardial boundaries. cOmputation of epicardial and endocardial boundaries, is
Second, these contours were used to reconstruct the vent0 define two distinct regionsR; and R, within each
tricular epicardial and endocardial surfaces for visualiza- GRASS short-axis slice. These regions &@:myocar-
tion of ventricular structure. Third, diffusion tensor dium and either the left or right ventricular cavitiéer
eigenvalues and eigenvectors were computed from theComputation of the endocardial surfagesr (b) myocar-
diffusion-weighted short-axis sections coincident with a dium and the fluid surrounding the hedfor computa-
subset of the GRASS imaging short-axis sections, thus tion of the epicardial boundary To do this, an initial
providing estimates of fiber orientation within the myo- iMmage pixel is selected within image regié (typically
cardium in each of these sections. the bathing fluid for computation of the epicardial sur-
HEARTWORKS s a software tool developed in the"C face or the ventricular cavities for computation of the
programming language for detecting epicardial and en- endocardial surfage This region is then extended in all
docardial boundaries in each short-axis slice, and for directions. LetP(R;) be the probability density of pixel
interconnecting these contours in order to visualize car- intensities in regiorR;, P(g/R;) be the probability den-
diac geometry.HEARTWORKS implements two distinct ~ Sity of pixel intensityg in regionR;, and P(g) be the
methods for semiautomated detection of these bound-Probability density of pixel intensity in both regions.
aries. These area) a parametric active contour method ~Then from Bayes theorem, the probability that a pixel is
and (b) the method of region growing. The parametric from regionR; given it's intensityg is
active contour method used is one developed by Xu and
Prince?’ In this method, a contour is represented by a P(g|R)P(R)
parametric function{x(s),y(s)}, wheres is normalized P(Rilg)= " P9 ®)
arc length along the boundary. Associated with this para-

metric function is an energf defined as It was assumed th&(g/R;) is ~N(r,o), and a pixel is

equally likely to be inR; or R,. Given these assump-

1 (1 : ; ; - :
_ - 12(g) +y'2 tions, the region growing algorithm proceeds as follows:
E 2 fo alX"(s)+y"(s)]ds (a) choose an initial pixel irR;; (b) examine neighbor-
ing pixels with intensityg, and computeP(R,/g) and
+ Efl,B[x”z(s)er”z(s)]ds P(Rzlg.); (@) gssi'gn each neighbqring pixgl to a_region
2 J)o of maximum likelihood;(d) mark pixels which define a

L boundary between the two regions; a@l iterate until
+f Eox(X(S),Y(s))ds, (3) all pixels are assigned to a region.
0 Examples of both segmentation algorithms applied to
GRASS images are shown in Fig. 3. Estimated bound-
wherex’(s),y’(s) are first order derivatives of(s) and aries are shown by the black lines indicated by white
y(s), andx”(s) andy”(s) are second order derivatives arrows. Inspection of Figs.(8—-3(b) indicates that both
of x(s) andy(s) with respect to normalized arc length. algorithms perform reasonably well in locating the epi-
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(b)

FIGURE 3. Results of application of the automated boundary
finding algorithms available in ~ HEARTWORKS to a basal short-
axis section through the rabbit heart obtained using GRASS
imaging. (A) shows results of application of the active con-
tour method, and (B) results of the region growing method.
The black curves bound the epicardium and the endocarium

of the LV and RV.

FIGURE 4. (A) Map of primary eigenvector inclination angle
obtained from DTMRI for one slice in a fixed rabbit heart. (B)
Fiber inclination angle map obtained from the histological
reconstruction of Nielsen et al. for one section of a dog
heart. (C) Map of tertiary eigenvector inclination angle ob-
tained from DTMRI for the same slice as in  (A). (D) Map of
the inclination angles of the laminae normals obtained from

the Nielsen et al. reconstruction for the same slice as in (B).

surfaces, where each contour is represented by a set of
ordered points. Given these contours, ventricular surfaces
are reconstructed using a piecewise smooth surface re-
construction algorithm developed by Hoppe and DeRose
which determines an optimal triangular tiling between
points in adjacent contoufs.

RESULTS
Comparison of DTMRI and Histology Fiber Orientation

Figure 4A) shows a color-coded map of fiber incli-
nation angles computed from primary eigenvectors esti-
mated using DTMRI in formaldehyde-fixed rabbit heart.
For comparison, inclination angles in a short-axis section

cardial boundary. However, the method of region grow- of a finite-element model of canine ventricular fiber
ing yields contours better approximating endocardial structure developed by Nielset al® are shown in Fig.
boundary shape. Use of the method of active contours 4(B). Both show the well-known transmural gradient of
[Fig. 3@] results in a smoothed contour which only fiber inclination angles: negative epicardial angles which
approximates detailed structural features seen on the enbecome zero near the mid wall, and then positive on the
docardial boundaries. Results obtained using both meth-endocardial surfaces of the LV and RV free wall. There
ods often required editing by the user. For example, the is qualitative agreement between these data despite the
method of region growing was not able to discriminate fact that sections are from different specieabbit versus
between myocardium and the imaging artifact seen nearcaning. This qualitative similarity of transmural varia-

the septal-LV-right ventricléRV) junction of Fig. 3b).

tion in fiber angle between species has been reported

HEARTWORKS s therefore equipped with tools for editing previously for canine, human, and rabbit ventricular

(for example, repositioning and lockihgontour points
and image data.

myocardiumt’?4
As reported in perfused tissd®the DTMRI data ob-

The semiautomated image segmentation algorithms intained in formaldehyde-fixed myocardium exhibit a sys-

HEARTWORKS provide a set of 128 planar contours

that specify epicardial and endocardid@®vV and LV)

tematic pattern of secondary and tertiary eigenvector ori-
entation. Secondary eigenvector orientations point
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predominantly in the transmural direction. Primary and vectors can be seen in this figure, as can the predomi-
secondary eigenvectors can therefore be thought of asnantly  circumferential  orientation of primary
defining a plane that extends outward from the endocar- eigenvectors.

dial surface. The orientation of this plane varies as pri- A transmural gradient is also seen for the tertiary
mary eigenvector orientation rotates with increasing eigenvectorgFig. 5C)], especially in the septal and LV
transmural depth. The tertiary eigenvector, by definition, myocardium. Since this eigenvector is by definition or-
is the local normal to this plane. FiguréQ) is a color thogonal to the plane formed by primary and secondary
map of the inclination angle of the tertiary diffusion eigenvectors at each point, tertiary eigenvectors are ori-
tensor eigenvector in the same short-axis section asented vertically(red where the primary and secondary
shown in Fig. 4A). Consistent with the general pattern are horizontalblue). Further, as the secondary eigenvec-
described above, this inclination angle changes from be-tor has a predominant radial orientation, tertiary eigen-
ing roughly horizontal at the epicardial surface, to verti- vectors tend to lie within the circumferential—
cal near the mid wall, and approximately horizontal at longitudinal plane. The structure in the RV myocardium
the endocardial surfaces. The apparent sheet structurés again more complex, with some of the tertiary eigen-
formed by the spatial distribution of the tertiary eigen- vectors taking on a radial organizatidsee the green
vector is consistent with that of anatomical laminae re- vectors on the RV free wall endocardium

cently described by LeGricet al® in the canine ven- Previously, we have reported a close correspondence

tricles. For comparison, inclination angles of the laminae
normals in a short-axis section of a finite-element model
of canine ventricular fiber structure developed by Nielsen
et al!® are shown in Fig. @). These data show a quali-
tative correlation between the inclination angles of the
diffusion tensor tertiary eigenvector measured in
formaldehyde-fixed rabbit heafFig. 4C)], and normal
vectors to the laminae measured in canine héaig.
4(D)].

The three-dimensional structure of the diffusion-
tensor eigenvectors is explored further in Fig. 5, which
show primary[Fig. 5A)], secondary[Fig. 5B)], and
tertiary [Fig. 5(C)] eigenvectors in a single equatorial

between fiber angle measured using histological meth-
ods, and inclination angle of the primary diffusion tensor
measured at the same tissue locations using DTMRI ap-
plied to perfused tissu¥. Quantitative comparison of
histological and DTMRI-based estimates of inclination
angle measured in formaldehyde-fixed tissue show an
even closer corresponderteAn example of this is
shown in Fig. 6A), in which inclination angle deter-
mined by histology(open circley and using DTMRI
(filled circles are shown at one of five sites on a fixed
rabbit heart. Correlation coefficients were 0.9@9%erage
case and 0.966(worst casg all with a significance level

of p<0.001. The average Pearson correlation coefficient

short-axis section. Line segments are used to display thebetween histological and DTMRI estimates from per-
three-dimensional orientation of each eigenvector. Orien- fused myocardium is 0.86. Close correspondence is
tation of the segment with respect to the plane of section further supported by comparing each histology measure-
is also represented using the indicated color code. Redment with the DTMRI estimate at the same percent
represents vectors whose fractional out-of-plane compo-transmural distance for that site. This provides an aver-
nent approaches unity, whereas blue represents vectorage rms error of 5.3° and standard deviatisml) of 5.1°
with zero out-of-plane componefite., vectors that lie in for the average case, and 10a®eragg 7.4 (s.d) for the
the plane of sectign Primary eigenvector§Fig. 5(A)] worst case =70 for both.
display a clear transmural rotation. That is, these vectors The correspondence of the histology and DTMRI
exhibit a significant verticallong-axi9 component on measurements are further quantified in Fig(B%
the epicardial and endocardial surfaces denoted by thewhere the differences between the histology and aver-
yellow and red colors, and rotate to become horizontal aged DTMRI values for all sites are showaverage
(blug in the mid wall. case. The mean of this distribution represents the degree
As noted previously, secondary eigenvectors within of systematic errofi.e., degree of constant shift of one
the LV and septal myocardiumFig. 5B)] exhibit a set of measurements relative to the ojhgresent. The
transmural orientation, and lie largely within the horizon- positive mean of 3.7° is significantly different from zero
tal plane. This can be seen by the blue and green color(SE=0.76, p<<0.00]). The distribution median is 3.5°,
coding of many of the segments. Their orientation is and the distribution s.d. of 6.4° is of course similar to the
more complex within the RV myocardium, with vertical s.d. of the rms errofwith equality achieved only for a
vectors being more common. The inset magnifies the symmetric distribution The maximum error is 24.3°,
area around the black transmural line extending from the while over 82% of the errors fall betweenl0° and 10°.
LV to the epicardium(labeled EPJ in Fig. 5A). Sec- If the worst case is instead considered, the s.d. of the
ondary eigenvectors are shown as white line segmentsdistribution increases to 7.9°.
overlying the colored primary eigenvectors. The pre- A second angle in addition to the inclination angle is
dominant transmural orientation of the secondary eigen- required to fully specify the position of an eigenvector or
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FIGURE 5. Distribution of primary  (A), secondary (B), and tertiary (C) eigenvectors within an equatorial short-axis cross section.
Orientation of the line segments indicates eigenvector orientation. The normalized out-of-plane component of each vector is
shown according to the indicated color code.

fiber in three dimensions. Previous histological measure- Ventricular Reconstructions

ments of fiber orientation have found this angle to be

small, suggesting that the fibers lie primarily in planes Figure TA) shows reconstruction of a rabbit ventricle
parallel to the epicardium. The average value for the based on GRASS image data obtained at a spatial reso-
plug was 4.6*3.4°, similar to previous histological lution of 156x312x469 um. Image segmentation was
measures of this angle in dog myocardium of 4:6°76° performed using the method of active contours. Papillary
and 7.3%:0.9°2021 muscles projecting into the ventricles were edited from
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DISCUSSION

We have reported previously that DTMRI can be used
to estimate, with a high degree of accuracy, fiber orien-
tation in either perfuséd or fixed ventricular myocar-
dium. The results reported here demonstrate that DTMRI
of fixed myocardium can be used to reconstruct the
three-dimensional fiber organization of ventricular myo-
cardium.

There are several advantages afforded by use of DT-
MRI for ventricular reconstruction. First, by removing
data corruption due to heart motion, fixation enables
longer imaging times resulting in higher spatial resolu-
tion than available when imaging the perfused heart. As
one measure of this higher spatial resolution, the ven-
tricular reconstruction reported here is based on esti-
mates of the diffusion tensor eigensystem at 196,867
myocardial points in the rabbit heart. This stands in con-
trast to roughly 14,300 measurement points of fiber ori-
entation reported previously for rabbit he#tt,and
roughly 17,000 points in canine myocardidfiThe ab-
sence of perfusion also eliminates potential flow artifacts.
DTMRI in fixed tissue can also be performed at elevated
temperatures, thus increasing water diffusivity and there-
fore diffusion anisotropy. Second, the imaging time re-
quired for the reconstructions reported hére20 h) is
significantly less than that required to perform direct
anatomical reconstruction—a procedure requiring many
days of efforts. Image acquisition can also be automated
through software controlled scanner operation. These
relatively short imaging and reconstruction times should
make possible the acquisition of an extensive library of
reconstructed hearts in both normal and disease states.
Third, DTMRI yields the absolute orientation of all three
diffusion tensor eigenvectors at each imaged material
point. Histological reconstruction methods at best pro-
vide estimates of the angles defining either fiber or sheet
orientation at nearby, but not identical, measurement
points.

The qualitative agreement between inclination angle

shown in gold and red, respectively. The epicardial sur- ©f the diffusion tensor tertiary eigenvector in rablifig.
face is rendered as a wire frame mesh. The high spatial4(©)] and inclination angle of the surface normal to
resolution afforded by GRASS imaging is sufficient to Myocardial sheets measured in canine myocardiéig.
reveal the highly detailed structure of both the epicardial 4(D)] suggests that DTMRI may also be used to recon-
and endocardial surfaces. struct the laminar structure of the heart. This hypothesis

Figures TB)—7(E) shows the reconstructed ventricle is supported further by the data shown in the inset of
of Fig. 7(A) into which 12 of 20 short-axis DTMRI Fig. 5, which demonstrate the predominant transmural
sections are inserted. Each of these sections shows fibePrientation of the secondary diffusion tensor eigenvector.
inclination angle coded according to the indicated color We have conjectured previously as to possible anatomi-
map. In general, these sections show a transmural varia-cal origins for the correlation between the tertiary eigen-
tion in fiber angle from the epicardial to endocardial vector and the sheet norm&lHowever, confirmation of
surfaces. As described in Nielsenall® there are sharp  this hypothesized correlation awaits histological recon-
transitions in fiber orientation in the mid wall near the struction of sheet structure in a heart reconstructed using
RV-septal junctions. DTMRI.
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(blue wire mesh ) and endocardial surfaces (RV endocardium—red;

rabbit ventricular myocardium in which fiber inclination angle is
(B); 2,8,14 (C); 3,9,15 (D);

FIGURE 7. (A) Reconstruction of epicardial
LV endocardium—gold ). (B)—(E) Short-axis sections of
color coded. Short-axis section numbers, beginning from the most basal section, are: 1,7,13

4,10,16 (E).
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Finally, in this study we have made no attempt to
represent the spatial complexity of the cardiac ventricular
fiber field using finite-element models—work which has
been pioneered by researchers at Auckland
University8-1013-15and UCSD?* As with anatomical
data, such models would provide efficient representations
of the wealth of structural data now available using
diffusion-tensor MR imaing in fixed myocardium.
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