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Cardiac Radiology

Myocardial tagging with magnetic
resonance imaging is useful for non-
invasive estimation of in vivo heart

wall deformation. To validate the
method of strain estimation and
quantify the error of deformation es-
timates, a deformable silicone gel
phantom in the shape of a cylindrical
anulus was built and imaged. Four

observers digitized the displacement
of magnetic tags in two deformation
modes: axial shear, caused by a 45#{176}
rotation of the inner cylinder, and
azimuthal shear, caused by a 13.5-mm
longitudinal translation of the inner
cylinder. In axial shear, good agree-

ment was found between the angular
displacement of stripes painted on
the gel and an analytic solution. Dis-
placement of magnetic tags also
agreed with that solution. Interob-
server and observer-model errors in

deformation estimates were quanti-

fled for homogeneous and nonhomo-
geneous strain analysis. In homoge-
neous strain analysis, errors in point
localization produced relatively large
errors, which were reduced in nonho-
mogeneous strain analysis. Both esti-
mates were unbiased across the range
of deformations.

Index terms: Heart, function, 51.121412
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CCURATE estimates of heart wall
motion and deformation are

necessary to evaluate normal and ab-
normal contraction and to model car-
diac mechanics (1,2). Myocardial tis-
sue tagging with magnetic resonance
(MR) imaging has enabled noninva-
sive measurement of material dis-
placement (3,4) and deformation (5,6)
in both normal and diseased hearts
(7,8). With spatial modulation of mag-
netization (SPAMM), two orthogonal
sets of magnetic saturation planes,
each orthogonal to the image plane,
can be created in a short interval (9).
The stripes persist for times on the
order of the longitudinal relaxation
time Ti and often can be tracked
throughout systole. The intersections
of the stripes with each other and the
image plane provide two-dimensional
information about the displacement
of material points. The relative mo-
tions of markers have been analyzed
to calculate local strain and rotation
with methods previously used in im-
planted radiopaque beads and ultra-
sonic crystals (10,11). If one assumes a
constant state of strain (homogeneous
strain [HS]) within a small group of
markers (three to six points) at each

deformed state, it is possible to calcu-
late the deformation gradient tensor
(eg, with linear least-squares fitting
[5,10,12,13]). Alternatively, higher-
order finite elements may be fitted to
the motion of more markers (typically
10-is markers) and may thereby en-
able nonhomogeneous strain calcula-
tion and some immunity to digitiza-
tion noise (14,15).

Validation of these techniques is
made difficult by the absence of a reli-
able standard against which to com-
pare methods for wall-motion mea-
surement. The most confidence has
been placed in implanted markers
(16); however, comparison between
markers and tagged MR images is dif-
ficult. One study (17) compared dir-
cumferential shortening in SPAMM
images with implanted ultrasonic

crystals and found greater shortening
in normal tissue with the SPAMM
technique than with the crystals. This
difference in shortening may have
been due to damage caused by crystal
implantation, together with the diffi-
culty in location of tags between crys-

tals due to susceptibility artifacts.
Other validation of MR tagging has

involved the use of rigid rotating
phantoms, which demonstrate that
these motions are accurately repro-
duced (18). However, validation of
MR tagging as a method for measure-

ment of deformation and strain re-
quires a deformable phantom with
known or independently measured
deformations. Such a phantom must
satisfy the following criteria:

1. The material should have mag-
netic properties (Ti and T2) similar to

those of heart wall tissue and produce
a good signal-to-noise ratio (S/N) in a
conventional MR imager.

2. The material should be able to
undergo large elastic deformations
(20% or greater) in a cyclic manner

with period on the order of Ti. In
conventional spin-echo (SE) MR im-
aging, at least 128 excitations (de-
formation cycles) are required to

generate an MR image of adequate
resolution.

3. The phantom should enable an

independent method for displace-

ment measurement, such as optical
tracking of points.

4. Finally, it would be desirable to
calculate the deformation with a
mathematical model and thereby en-
able comparison of exact (calculated)
and measured displacement and
strain fields. Such a model should be

Abbreviations: E = Lagrangian strain tensor,
F = deformation strain tensor, HS = homoge-
neous strain, R = rotation tensor, RMS = root
mean square, SE = spin echo, S/N = signal-to-
noise ratio, SPAMM = spatial modulation of
magnetization, LI = right stretch tensor.
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based on the theory of finite elasticity
and should be based on a realistic
material law (stress and strain rela-
tion).

To validate the method of strain
estimation with MR tagging and
quantify the errors involved, we de-
signed and built a deformable silicone
gel phantom that enables controlled
deformations. A similar silicone gel
system (model Q7-2218; Dow Corn-

ing, Midland, Mich) has been sug-
gested for use in MR imaging (19) be-
cause it has Ti and T2 values within

the range of human tissue and can be

cast into a variety of shapes. In addi-
tion, the elastic properties of the gel
can be adjusted to resemble a range of
biologic tissues, and it has been used

to model the response of brain tissue
to large rotational accelerations (20).
The gel system is composed of two

parts, catalyst (part A) and resin (part
B), the ratio of which determines its

elastic properties. (A decrease in A:B
produces stiffer gels.) The MR signal
is derived entirely from methyl pro-

tons; the dependence of Ti and T2 on
A:B is examined in reference i9. We
used the industrial counterpart of
model Q7-2218 (Sylgard Primeness
Dielectric Gel 527; Dow Corning).
This gel has similar properties to
Q7-22i8 but is industrial rather than

medical grade.
A cylindrical anulus geometry was

chosen because analytic solutions ex-
ist for constrained deformations of
this geometry (2i-23). For simplicity,
only axisymmetric shearing deforma-
tions were permitted. In these cases,

imaging planes were chosen in which
the motion was in-plane (no motion

through the imaging plane). This en-
abled direct comparison of the two-
dimensional displacement of mag-
netic tags in the image with the true
motion. Radial stripes were painted
onto the surface of the gel and

tracked with the help of a video cam-
era and digitizer. Analytic solutions
for the deformation were readily ob-
tamed on assumption of a simple law
of rubberlike material known as the
Mooney-Rivlin strain energy function
(21,23). The mathematical model was

verified by comparison with the opti-

cally measured deformation of the
painted stripes. In turn, the magnetic
tagging technique was verified by
comparison with the analytic solu-
tion. The mathematical model en-
abled the quantification of errors in

strain estimation due to both the ap-
proximation of HS within marker tn-
angles and the effect of interobserver
variation in tag location. Finally, a
higher-order finite element analysis

was performed on the same data to

ascertain the degree of improvement
possible with this technique for non-

homogeneous estimation of strain.

MATERIALS AND METHODS

Phantom Construction

The geometry of the deformable phan-
torn consisted of two concentric Delrin
cylinders (inner and outer [Fig 1]) at-

tached to two Lucite end plates. The inner
cylinder penetrated the two end plates
through Teflon bearings. Parts A and B of
the gel system were mixed in a 1:1 ratio,
stirred for 5 minutes, poured into the cay-

ity between the inner and outer cylinders,

and allowed to cure for 5 days. A 1:1 ratio
was chosen for the cylindrical phantom

because it provided a good combination of
flexibility under shear and integrity of
shape under inertial forces (including

gravity). The bottom end plate, which had
been greased with Vaseline jelly before
casting, was then separated from the gel
and reattached to the outer cylinder by
means of spacing washers. Thus, the gel
was firmly attached by its own adhesion
to the inner and outer surfaces of the cyl-

inder, with end surfaces free. The inner
cylinder was constrained to either (a) ro-
tate or (b) longitudinally translate with

regard to the outer cylinder, thereby pro-
ducing axial transverse shear or azimuthal
transverse shear, respectively, within the
gel. The inner cylinder was rotated by
pulling a lever arm attached to the axle

(Fig 1). Two stops were positioned on the
front end plate to limit the arc of travel of
the lever arm to 45#{176}.Adjustable Teflon
washers attached to the axle limited the
longitudinal translation of the inner cylin-

der to a range of 0-15 mm. The dimen-
sions of the gel phantom were as follows:

inner radius, 19.0 mm; outer radius, 47.6
mm; and length, 35 mm.

In each method of deformation estima-
tion (optical, MR imaging, and analytic),
motion was represented by means of a
cylindrical polar coordinate system in
which a material point initially at (R, 0, Z)
in the undeformed state moves to (r, 0, z)
in the deformed state. This system was
aligned with the phantom so that the un-

deformed gel occupied the region 0 � Z �

35 and R1 � R � R�, with R1 = 19.0 and R2 =

47.6.

Optical Measurement

In the case of axial shear, angular dis-
placement can be expressed as a function
of undeformed radius: w(R ). The compo-
nents of displacement in the radial and

longitudinal directions were very small

relative to the angular component and
therefore were ignored. To evaluate the
angular displacement function, four lines
(1 mm thick each) were painted onto one

of the free end surfaces of the gel in radial
orientations (ie, constant 0 lines). This end
was viewed with a video camera, and im-

ages of the undeformed and deformed

Figure 1. Schema of phantom construction.

Plan (top) and elevation (bottom) show di-

rections of motion (double arrows).

states were digitized with a video frame

grabber. The digitized coordinates were

scaled with a 1-cm grid imaged in the

same location and then were converted to

cylindrical polar coordinates. Each line

was sampled at 10 points approximately

equally spaced along its length in the un-

deformed state. Corresponding points in
the deformed state were found along the
same line with the same radial coordinate

as that of the undeformed points. The an-

gular displacement between correspond-
ing points was then calculated and plotted
as a function of radius.

Measurement with MR Imaging

The phantom was secured firmly in a
transmit-receive extremity coil 17 cm in

diameter and imaged with a 1.5-1 super-
conducting magnet (Signa; GE Medical
Systems, Milwaukee, Wis). Images were

obtained in the central circumferential

plane of the phantom (constant Z) in the
case of axial shear and in a central longitu-

dinal plane (constant 0) in the case of azi-
muthal shear. In both cases, symmetry of
both the phantom geometry and the dis-
placement boundary conditions imply
that no through-plane motion can be pre-

sent. The SPAMM pulse sequence (9) was

used to generate an orthogonal tagging

grid with an interstripe spacing of 5 mm
and stripe width of approximately 1 mm
in 12 msec. After tagging, there was a de-

lay of 700 msec while the phantom was

manipulated into its deformed position. A

conventional SE MR imaging pulse se-
quence was then performed, followed by a
further delay of 700 msec before the cycle
repeated. Images in the undeformed posi-
tion were also obtained without motion.

Thus, only stop-to-stop motion was im-

aged. A 3-mm section thickness was used,

and 128 phase encodings (each of which
required a deformation cycle) were ob-

tamed with a 20-cm field of view. The im-
age was reconstructed to a 256 x 256 ma-
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ually determined on a zoomed interpo-

lated image (magnification, x 5) and

tracked between undeformed and de-
formed states. Image coordinates were
converted to cylindrical polar coordinates
for comparison of displacement and defor-
mation. Each image was analyzed inde-
pendently by four observers.

Figure 2. SPAMM images. Yellow squares denote position of tag intersections predicted by
means of the analytic solution. (a) Axial shear undeformed. (b) Axial shear deformed. (c) Azi-

muthal shear undeformed. (Blue points are not used in the analysis.) (d) Azimuthal shear de-

formed. (e) Single-shot axial shear undeformed. (1) Single-shot axial shear deformed.

Homogeneous Analysis of
Deformation

Deformation can be measured in a vari-
ety of ways. A useful measure in cases of
large displacements is the Lagrangian
strain tensor E, which relates a small line

segment dX of length dS in the unde-

formed state to its deformed state dx of
length ds (23): ds2 - dS2 = 2dXTE dx. The
deformation gradient tensor F relates the

deformed and undeformed line segments:
dx = FdX. Triangles of adjacent markers
were selected to calculate deformation,
with the HS approximation within the tn-

angle. The deformation gradient tensor F

was calculated from the relative displace-
ments of the vertices (5,12,13). This was
then used to calculate E:

E= �(FTF_ 1), (1)

and the associated rotation tensor R and
right stretch tensor U:

F = RU (2)

The principal strains were considered to
be the eigenvalues of E (X1 and X�., with
xl � X2)’ which are the most positive and

most negative strains experienced by the

gel at that point. The principal direction �3
was defined as the angle between the eig-
envector associated with X� and the radial
direction. The angle of rotation a was cal-

culated from the rotation tensor R (5), giv-

ing the rigid body rotation of the triangle.
Finally, the relative change in area of the
triangle, #{163}4,was calculated from the
product of the eigenvalues of U.

Wherever possible, the triangles were
oriented with the longest side perpendic-
ular to the radial coordinate to maximize
the number of triangles across the wall
(the direction in which the deformation

was changing).

trix with a pixel size of 0.78 mm (Fig 2). A

tag flip angle of 180#{176}and an echo time
(TE) of 27 msec were used with a net repe-

tition time of approximately 1,500 msec. In

subsequent experiments, a single-shot gra-

dient-recalled-echo (GRE) imaging tech-
nique was used in which the entire image
could be acquired with a single SPAMM
excitation (one deformation cycle). This

technique used a spoiled GRE in the
steady state pulse sequence with a 256 x

128 sampling of k space by means of a sim-

ple linear ramp in the phase-encoding di-
rection (24,25). Two circumferential planes

were acquired in axial shear mode, one at
the edge and one in the center (Z = 2.5

and Z = 17.5 mm), each with four signals

averaged (four deformation cycles). For
both axial and azimuthal shear, deforma-

tion was produced manually by means of

nylon cables attached to the inner cylinder

and lever arm (pull-pull actuation). Figure
2 shows the deformed and undeformed

images obtained with both conventional

SE MR and single-shot GRE imaging tech-

niques. The ratio of contrast (difference

between striped and unstriped regions) to
noise (C/N) (standard deviation) in the

deformed images was approximately 4.5,

similar to that in end-systole images of the

human heart (C/N, 3.5-4.5).
The MR images were transferred to a

custom-written analysis package (5). The

center of the phantom was chosen by
manually fitting a circle of correct diame-

ter to the contour of the inner cylinder. (A

rectangle was used in the azimuthal

shear.) Tag intersection points were man-

Nonhomogeneous Analysis of
Deformation

The motions of the magnetic tag inter-
sections were also analyzed with a finite-

element model of the deformation. The
method was a two-dimensional version of
that used to estimate nonhomogeneous
strain distributions from bifurcations of

the coronary arteries (14) and arrays of
radiopaque implanted markers (15). In the

case of axial shear, four bicubic Hermite
elements were used to describe the central
z plane of the anulus, with nodes equally
spaced in the angular direction at 90#{176}in-

crements. These elements were specified
in rectangular Cartesian coordinates with

element coordinates that were initially

aligned in radial and circumferential di-
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3.

Figures 3-5. (3) Angular displacements for axial shear; optical measurement of painted lines is compared with analytic solution obtained by

means of the Mooney-Rivlin strain energy function (Mooney-Rivlin in 3-5). In 3-5, R = radial position. (4) Angular displacements for axial

shear; magnetic tags are compared with analytic solution. In 4 and 5, Spanz�;z = SPAMM. (5) Longitudinal displacements for azimuthal shear;

magnetic (Sparnm) tags are compared with analytic solution.

rections. In the case of azimuthal shear, a
single bicubic element was used to model
the right side of the gel image, with ele-
ment coordinates initially aligned in the
radial and longitudinal directions.

After the element coordinates of the tag

intersections were calculated, the mesh
was deformed to fit the displaced locations
of the tag intersections by means of the
linear least-squares method (14,15). Com-

parison between the two states (unde-
formed and deformed) enables calculation
of the nonhomogeneous deformation gra-
dient tensor-and hence the quantities X�,
x2, 13,a� and �A-at any material (element)
point within the finite-element model.

Mathematical Model

On assumption of a simple, isotropic,
incompressible-material law for the gel,
analytic solutions were obtained for both
deformation modes (Appendix). The non-
homogeneous deformation gradient ten-
sor can be calculated analytically from the

displacement field (Appendix), without
the need to construct elements. E, R, and
U were calculated with Equations (1) and
(2), and the quantities X�, X�., 13, a� and �A
were calculated for the desired values of
undeformed radius.

MR Imaging

RESULTS

A summary of the MR imaging
properties of three samples with vary-
ing stiffness (part A:part B) is shown
in Table 1. It can be seen that over the
range tested the signal is proportional
to the amount of part A in the mixture
but that both Ti and T2 are relatively
constant and are similar to values
found in biologic tissue. Figure 2

shows both SE MR and single-shot

GRE images. In some places, the de-

formed SPAMM stripes appear jagged
or broken. This is due to undersam-
pling in the phase-encoding direction
and can be reduced by increasing the

number of phase-encoding steps in

higher frequencies. In the axial shear
images, the root mean square (RMS)
error in tag intersection location be-
tween the four observers averaged
0.30 mm in the undeformed state and

0.42 mm in the deformed state. For
azimuthal shear, these values were
0.19 and 0.29 mm.

Angular Displacement

The angular displacement of the
painted stripes as a function of radius
is plotted in Figure 3 in the case of

axial shear caused by a 45#{176}rotation of
the inner cylinder. Comparison is
made with the analytic model (Ap-
pendix). No appreciable deformation
due to gravity or time-dependent be-
havior occurred after actuation of the
deformation, a finding that implies
that viscoelastic effects are small
throughout the experiment. The RMS
error between the measured and the-
oretically calculated angular displace-
ments at the same radius was 1.01#{176}

(n = 40 points distributed over the
undeformed radius, iO in each stripe).
In comparison, the RMS error in the
angular coordinate of the unde-
formed stripes was 0.34#{176}averaged
over all points. Figure 3 shows that
the model approximates the displace-
ment field very well; the slight positive
bias may be attributed to a small rigid

body rotation of the entire phantom.

Figure 4 compares the angular dis-
placement of the magnetic tags lo-
cated by one observer with that of the
model; like Figure 3, it shows good
agreement between these displace-

ments (RMS error, 0.80#{176};n = 236
points averaged over four observers).
In the single-shot SPAMM images ob-

tamed at two circumferential planes
(one at the free edge of the gel and
one at the central plane of the gel), no
appreciable difference in tag displace-
ment from the SE central-plane image

Table 1

Magnetic Properties of Gel

A:B Signal*
Ti

(msec)
T2

(msec)

1:1 1,381 930 70
1:2 911 952 71

1:3 679 907 72

Note.-A:B = part A: part B.
*/�bitrary units.

was seen. This implies that nonangu-

lar displacements due to the Kelvin
effect (Appendix) at the edges of the
phantom are small for this deforma-

tion.
In the case of azimuthal shear

caused by a 13.5-mm longitudinal

translation of the inner cylinder (Fig

5), the RMS error in longitudinal
translation between magnetic tags
and the analytic model was 0.24 mm

(n = 56 points averaged over four ob-

servers). Near the free edges of the

gel, the deformed model did not fit

the imaged intersections as well as in
the interior region. This was due to a
small radial displacement of the gel

near the free edges that was ignored

in the analytic model. Thus, for the

case of azimuthal shear, only the in-

ner two-thirds of the phantom was
used for error analysis.

Homogeneous Analysis of
Deformation

Two sources of error exist in calcu-
lation of deformation from the rela-

tive motions of triangle vertices: The
first source-inaccuracy in selection

of the intersection location on the im-

age-is due to digitization, image

S/N, image resolution, and human
variability. The second source is the
HS approximation within the triangle
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Table 2

Average Errors in Homogeneous Strain Calculation in Axial Shear

Comparison of Values

Average Error

X� X2 a*

0/0
0/A
SSS/A
M/A
Percentage of analytic solution

0/A
M/A

0.173
0.156
0.122
0.081

33
10

0.057
0.046
0.036
0.019

24
8

8.83
6.32
5.27
1.03

17
3

3.67
3.21
2.56
1.59

51
43

0.133
0.118
0.101
0.072

12
7

Note.-O/O = observer/observer, 0/A = observers/analytic model, SSA/A = single-shot SPAMM
image/analytic model, M/A = modeled displacement (noiseless)/analytic model, X� and k� = principal
strains, 13= principal angle, a = rotation angle, �.A = change in area.

* � except for percentage of analytic solution. -
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20 25 30 35 40 45

(i3). Figure 6 shows the deformation
measured at the centroids of the
marker triangles for the axial shear
mode by one observer compared with
the analytic solution. Also plotted in
Figure 6 are the values obtained from
an HS analysis of triangles deformed
according to the Mooney-Rivlin mod-
el; these values show the error due to
the HS approximation in the presence
of perfect (noise-free) data. In most
cases, it can be seen that the effect of

noise in the data is to increase the HS
error substantially. Table 2 summa-
rizes the average interobserver and

10

�10
#{149}+ #{149}#‘+� � �.

, .

-15 . .. . .

observer-analytic model errors for HS

calculation in axial shear. The observ-
er-analytic model error (33% for X�,
24% for X2) is approximately three
times the expected noise-free estimate
(modeled displacement/analytic mod-
el: 10% for Xi, 8% for X2). The percent

error in rotation angle (a) is inflated
because a approaches zero toward
the inner cylinder (Fig 6d). Values
based on the central-plane, single-
shot SPAMM image were similar to
values based on the conventional SE
MR image, a finding that indicates
that substantial errors are not intro-

50

duced with this method. Errors calcu-
lated for the azimuthal shear mode
are presented in Table 3. All the esti-
mates were unbiased (ie, the average

error was not statistically significantly
different from zero), the worst case
being X1 in axial shear (average error,
-0.009), which was underestimated
by the observers in the inner 5 mm of
radius.

Nonhomogeneous Analysis of
Deformation

Bicubic Hermite, rectangular Carte-
sian elements were fitted to the mea-

sured displacements of the tag inter-
sections recorded by each observer.

The average RMS error between the

tag locations in the deformed state
and the locations predicted with the
finite-element model was 0.35 mm for
axial shear and 0.13 mm for azimuthal

45 50 shear. These were both less than the
interobserver error in point location
in the deformed state (0.42 and 0.29

mm). Measurements of principal

strains recorded by one observer are

compared with the analytic solution
in Figure 7. Table 4 summarizes the
errors obtained between the nonho-
mogeneous strain calculated at each

triangle centroid within the finite ele-
ment model and the analytic solution.

Azimuthal shear results are presented
in Table 5.

DISCUSSION

Previous attempts to validate MR
tagging as a method for strain estima-

tion and to quantify the errors in-
volved include comparisons between
tags and ultrasonic crystals (17) and

measurement of rigid body rotation
(18). Direct in vivo comparison be-
tween tags and markers has been elu-
sive because it is difficult to locate

both tags and markers in the same
region of tissue. Alternatively, experi-
ments with rigid phantoms do not
address the measurement of deforma-

tion.
We have designed a deformable

silicone gel phantom that allows well-
controlled axisymmetric deformations
only. The deformation was repeatedly
reproduced with stops to limit the
travel of the lever arm and axle. Stop-
to-stop deformation was analyzed
with optical markers, magnetic tags,
and a mathematical model. The dis-
placements of the magnetic tags
showed excellent agreement with
both optical markers and the analytic
solution. If the interobserver errors
were independent and the mathemat-



Table 3
Average Error�in Homogeneous Sfrain Calculation in Azimuthal Shear

Comparison of Values

ftMS Error

X1 A2 a*

0/0 0.063 0.040 5.59 2.09 0.075
0/A 0.075 0.031 5.31 2.10 0.062
M/A 0.010 0.003 0.15 0.29 0.011
Percentage of analytic solution

0/A 24 17 10 15 6
M/A 3 1� 2_ 1

Note.-O/0 = observer/observer, 0/A = observers/analytic model, M/A = modeled displacement
(noiseless)/analytic model, X� and X2 = principal strains, �3 = principal angle, a = rotation angle, i�A =

change in area.
S Degrees, except for percentage of analytic solution.
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ical model were exactly correct, we
would expect the error between ob-
servers to be greater than the observ-
er-model error by a factor of �2. In our
study, they were approximately the
same (cf 0/0 with 0/A in Tables 2
and 3), a finding that indicates the

existence of a small systematic compo-
nent in the error between observers.

This systematic component may be

caused by a variety of factors: consis-
tent human error (in axial shear near

the inner cylinder, the observers

tended to underestimate the displace-

ment), systematic contributions due

to field inhomogeneity, or violations

of the assumptions that underlie the
analytic model. However, the system-
atic component is small compared
with the random error in point place-
ment, because the error between ob-

servers is similar to the observer-
model error. The errors obtained with

single-shot SPAMM imaging were
also similar to those obtained with

conventional SE MR imaging, despite
the increased sensitivity of the former
to field inhomogeneities. GRE tech-

niques are potentially very useful for
reduction of respiration artifact in

breath-hold images. Single-shot
SPAMM images are also potentially

important for examinations in which

cyclic deformations are impossible
(eg, in soft-tissue injury or musculo-
skeletal structures).

Homogeneous strain analysis of
triangles yielded unbiased estimates

of principal strains, principal angle,

and rotation angle. However, noise in

tag point location greatly increased
error in point estimates over the

noise-free case (Table 2). This error is

largely due to the resolution of the
images and is governed by the magni-
tude of the imaging magnetic field

gradients. In addition, the spacing of
the tags must be small compared with

the gradient of the underlying strain
field. A higher-order finite-element

analysis reduced both the interob-
server and observer-analytic solution
errors (Table 4). The finite-element

analysis enables some smoothing of
the displacement field because, in

general, there are fewer degrees of

freedom in the mesh (nodal parame-

ters) than data points. Furthermore,

the strain may vary according to the
order of the interpolation functions.
Care must be taken that the finite-
element model does not smooth out
real variations in the data; a good

check is the error between data points
and their predicted locations in the

deformed state, which should be on

the order of the interobserver error in

point location.

The existence of simple analytic

solutions to the finite deformation
problems enabled comparison of HS
triangles and higher-order finite ele-
ments with the expected strain field
under both noiseless and noisy condi-

tions. The noiseless HS error (Fig 6,
open circles) is due to the assumption
of constant strain within each tnan-

gle. The error increases with the gra-

dient of strain toward the inner cylin-
der, and it appears to be random
because triangles of different orienta-
tion cover different lengths in the ra-

dial direction (the direction of great-
est strain variation). In previous
studies, Douglas et al (13) and McCul-
loch and Omens (15) quantified the

error due to the homogeneous strain

50

approximation by simulating the ap-

proximate physiologic deformation of

the middle ventricular free wall.
These studies did not quantify the
effect of noise on the calculated strain;

however, McCulloch and Omens (15)

noted that a nonhomogeneous finite-

element analysis of implanted bead
data produced less variation in the

time series of strain throughout the
cycle.

Some approximations were made in
the derivation of the analytic solution.
First, the deformation was assumed to

be one dimensional: 0(R ) for axial
shear and z(R) for azimuthal shear. In
general, small radial displacements

are expected in both cases near the
free edges of the material because of



Table 4

�-- �-�- � �

Average Errors in Nonhomogeneous Strain Calculation in Axial Shear

Comparison of Values

Average Error

X� A2
�3*

�*
j�J�

0/0
0/A
SSS/A
M/A
Percentage of analytic solution

0/A
M/A

0.063
0.075
0.050
0.010

14
5

0.040
0.031
0.012
0.003

8
4

5.59
5.31
2.32
0.15

8
3

2.09
2.10
0.89
0.29

24
10

0.075
0.062
0.036
0.032

6
3

Note.-0/O = observer/observer, 0/A = observers/analytic model, SSA/A = single-shot SPAMM
image/analytic model, WA = modeled displacement (noiseless)/analytic model, X� and X2 = principal
strains, �3 = principal angle, a = rotation angle, M = change in area.

* Degrees, except for percentage of analytic solution.

Table 5

Average Errors in Nonhomogeneous Strain Calculation in Azimuthal Shear

Comparison of Values

Average Error

X� X2 13 a�

0/0
0/A
M/A
Percentage of analytic solution

0/A
M/A

0.023
0.044
0.007

18
2

0.021
0.016
0.002

10
1

0.95
3.06
0.13

6
0

2.95
0.99
0.23

9
2

0.035
0.028
0.001

3
0

Note.-0/O = observer/observer, 0/A = observers/analytic model, M/A = modeled displacement
(noiseless)/analytic model, X� and X2 = principal strains, f3 = principal angle, a = rotation angle, A.A =

change in area.
* Degrees, except for percentage of analytic solution.
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the Kelvin effect (26). In the case of
azimuthal shear, the solution became
increasingly inaccurate toward the
free edges (Fig 2d); hence, only the
inner two-thirds of the image was
used. For axial shear, no appreciable
difference was found in the displace-
ment field between images at the free
edge (Z = 2.5 mm) and central

(Z = 17.5 mm) circumferential planes.

The angular displacement of stripes
painted on the surface of the gel also
agreed with that of tags in the central
plane.

Second, the gel material was as-
sumed to obey a Mooney-Rivlin con-
stitutive law. This is the simplest hy-

perelastic material law that accurately
models the displacement fields in our
simple, quasistatic equilibrium experi-
ments. The derived displacements are
also independent of the material con-
stants (stiffness or bulk and shear

modulus). A more complicated mate-
rial law may be required to model
other experiments performed over
different durations (eg, experiments
that include viscoelastic, stress-soften-
ing, or creep effects).

Third, inertial effects caused by
gravity or sudden accelerations were

assumed to be small compared with
the imposed deformations and image
resolution. Only slight deformation
under gravity was observed, and no
transients caused by hitting the stops
were noticed.

Because simple shear in one coordi-
nate system is equivalent to biaxial
stretch in another, a wide range of

deformations are represented by this
phantom. However, the deformations
are not intended to model those that
occur in the beating heart. The shear
strains are many times higher and the
strain field is considerably less homo-
geneous than those in the normal hu-
man heart (5). In previous simulations
of contraction, the greatest error oc-
curred in transmural shear strains
(13,15). Thus, our shear deformation
modes represent worst-case situa-
lions, especially as the strain gradi-
ents become very high near the inner

cylinder. The errors obtained with the

phantom are therefore expected to be

higher than those in the heart. How-
ever, small errors in tag intersection
location (eg, 0.42 mm for axial shear)

can cause large errors in the principal
strains (33% for X1). For clinical use,

this noise can be reduced by averag-

ing a number of triangles in a region
in which the strain does not vary
greatly, because the estimates are un-
biased. Alternatively, a nonhomoge-
neous approach reduces the noise by
smoothing the displacement field. In
either case, the biologic variation is
expected to exceed the errors of the

- method (eg, in a previous study [12],

the variation in maximum principal

strain between four dogs was approx-
imately 33%).

A phantom that mimics the physio-
� logic strain field of the heart could be

used to determine the optimum tag
- spacing and order of the finite-ele-

ment model for a particular image
resolution. Analytic solutions for the
strain field do not exist in general;
however, if a realistic material law is
assumed, it is possible to obtain accu-
rate solutions with the finite-element
method (27). Deformable phantoms of
the type described herein could also

. be used to validate three-dimensional
- reconstructions of deformation (28-

30) and quantify the effect of image

� S/N, respiration artifacts, and variable
- RR interval on the calculated defor-
- mations. In conclusion, our results

demonstrate that MR tagging pro-
vides an accurate estimate of the dis-
placement field within a deformed

�- body. Unbiased estimates of the strain
field can be easily obtained; however,
greater accuracy can be achieved with
nonhomogeneous finite-element ap-
proximations than with homoge-

neous strain triangles.

APPENDIX

Analytic solutions for simple deforma-
tions of a cylinder are discussed by Adkins
(22), Spencer (23), and Green and Zerna

(21). In our study, the deformations are

described by the following:

r=R; 0=w(R)+#{174}; z=Z (Al)

for axial shear and

r=R; 0=0; z=-y(R)+Z (A2)

for azimuthal shear, where R, 0, and Z are
coordinates of a material point in the un-
deformed state and r, 0, and z are the cor-
responding coordinates in the deformed
state. Here, 0) and -y are the angular and
longitudinal displacements (functions of R

only) caused by the applied loads. In real-
ity, because of the large deformations un-
dergone, small displacements normal to
the applied loads occur in each case unless
fractions are applied to the free ends. This
is called the Kelvin effect (26) and occurs
in all incompressible isotropic hyperelastic
materials. However, these displacements
are small and must be zero in the central Z
plane of the phantom because of the sym-
metry of the applied loads and the isotro-
pic nature of the material.



(A3)

where (0’ is the derivative of w with regard

to R. The Cauchy stress tensor (T) for an
isotropic incompressible material is as fol-
lows (23):

aw aw\ 3W
T=-pI+2 _+Ii_)B_2_B2�

all �‘2 312
(A4)

where p is hydrostatic pressure and 1, and
‘2 are the first and second invariants of
B = FFT. The equations of equilibrium (ne-
glecting body forces and inertial effects)
are as follows: div T = 0. For a Mooney-
Rivlin (rubberlike) material, the constitu-

tive law is expressed by the strain energy
function:

W = C,(1, - 3) + C2(12 - 3), (AS)

where K is a constant of integration. Sub-
stitution of A4 and AS yields the follow-
ing:

where L is another constant of integration.
Substitution of the boundary conditions
w(R,) = wi and w(R2) = 0 produces the fol-
lowing:

where w� is the angle of rotation of the
inner cylinder. Note that the displacement
(and hence the deformation) is indepen-
dent of the material constants C1 and C2
(ie, the deformation is unchanged by the
stiffness of the gel [or ratio of part A to
part B]).

Azimuthal Shear

This case is similar to that in “Axial
Shear,” except the deformation gradient
tensor is now the following:

I 00

F= 0 1 0

�1” 0 1
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Axial Shear

In this case, the deformation gradient
tensor (F) (in cylindrical polar coordi-
nates) is as follows (23):

1 00

F= Rw’ 1 0

0 01

where C1 and C2 are material constants.
Examination of the equilibrium equation
for the radial-circumferential component
of the stress tensor, t�, yields the follow-
ing:

fT0 =

-K
(0=

4R2(C1 + C2)

(R�2-R2)
w(R) (oi

where -y’ is the derivative of -y and the ap-

propriate equation governing equilibrium
is as follows:

trz

which produces the following:

-y�[ln (R) - ln (R2)]
-y(R) , (All)

[ln (R,) - in (R2)]

where -y, is the longitudinal translation of

the inner cylinder relative to the outer cyl-
inder and ln = natural logarithm. Thus,
deformation in this mode is also indepen-

dent of material stiffness. U
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