the HCHs) are readily distilled to colder,
higher latitudes but that less volatile com-
pounds (such as endosulfan and DDT) are
not. Several factors appear to control the
global distribution of these less volatile
compounds: (i) chemical persistence in in-
dustrialized countries (such as the United
States) where large amounts of these com-
pounds were used in the past, (ii) present
use in developing countries (such as India)
where there is a market for inexpensive
organochlorine compounds, and (iii) lack of
use in countries (such as Ghana) that can-
not afford to import and manufacture these
compounds.
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Magnetic Resonance Elastography by
Direct Visualization of Propagating
Acoustic Strain Waves

R. Muthupillai, D. J. Lomas, P. J. Rossman, J. F. Greenleaf,
A. Manduca, R. L. Ehman*

A nuclear magnetic resonance imaging (MRI) method is presented for quantitatively
mapping the physical response of a material to harmonic mechanical excitation. The
resulting images allow calculation of regional mechanical properties. Measurements of
shear modulus obtained with the MRI technique in gel materials correlate with indepen-
dent measurements of static shear modulus. The results indicate that displacement
patterns corresponding to cyclic displacements smaller than 200 nanometers can be
measured. The findings suggest the feasibility of a medical imaging technique for de-
lineating elasticity and other mechanical properties of tissue.

The spatial and temporal pattern of strain
created within solid” objects subjected to
dynamic mechanical stress is of great inter-
est in many disciplines of science and engi-
neering. For instance, the dynamic strain
distribution associated with propagation of
shear and compression waves is of substan-
tial importance in materials science and in
ultrasonics, where such information may be
used to predict dynamic behavior and dem-
onstrate structural integrity and composi-
tion. However, there have been few nonin-
vasive methods for measuring the three-
dimensional strain effects (or strain dyadic)
created by mechanical waves within mate-
rials (1). We describe a method to spatially
map and quantitate displacement patterns

corresponding to harmonic mechanical

waves with amplitudes of 1 wm or less in
tissue and other materials with a nuclear
magnetic resonance (NMR) technique.
Strain and other mechanical characteristics

related to wave propagation can be comput®
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ed from these displacement patterns. Such
images could be used to noninvasively de-
duce important mechanical properties of
the internal structure of a wide range of
solid materials.

In the presence of a magnetic-field gra-
dient, the motion of nuclear spins causes a

phase shift ¢ in an NMR signal (2) given by

¢ = | Gt)r(t)de (1)
0

where 7y is the gyromagnetic ratio charac-
teristic of the nuclei, 7 is the time dura-
tion of the gradients after excitation, G (t)
is a temporal function of the magnetic
gradient superimposed on the static mag-
netic field By, and r(t) describes the posi-
tion of the nuclear spins as a function of
time.

If r(t) represents simple linear motion,
then

r(t) = ry + vot (2)

where r, and v, are, respectively, the posi-
tion and velocity at time t = 0. If the
acceleration and higher order terms are
negligible, then given an appropriate gradi-



ent function G,(t), Eq. 1 establishes a sim-
ple relation between the phase shift of the
NMR signal and the first gradient moment
(3, 4), which is used to estimate blood flow
velocity in clinical MRI (5-7).

Complex motion may be described by

£(t) = ro + &(r,0) (3)

where r, is the mean position of the nu-
clear spin and &(r, t) is the displacement of
the spin about its mean position. In Eq. 1,
G, (t) may be viewed as a basis function for
estimating the harmonic components of
nuclear spin position r(t), and a set of such
functions, mutually orthogonal over the
integral duration, could be defined for es-
timation of an arbitrary r(t).

Consider the specific case in which the
nuclear spins undergo simple harmonic
motion about their mean position r

-é(r, 0) = éocos(k'r — ot +0) (4)

where k is the wave vector, 0 is an initial
phase offset, w is the angular frequency of
the mechanical excitation, and &, is the dis-
placement amplitude. Under these circum-
stances, it is useful to consider a basis func-
tion gradient G, (t) that is switched in po-
larity at the same frequency as the nuclear
spin motion (8). If the time duration T is
chosen so that f§ G(t)dt = O, then the
observed phase shift in the NMR signal is
given by

7=NT<TE

&(r,0) =y G,(t)€ycos(ker — wt + 0)de

(5)

= w"_) sin(k‘r + (.))

where N is the number of gradient cycles, T
is the period of the mechanical excitation,
TE is the time at which the NMR signal is
received, and @ = 2w/T. Equation 5 indi-
cates that the observed phase shift in the
NMR signal obtained under these condi-
tions is proportional to the scalar product of
the displacement amplitude vector and the
gradient vector and to N. This latter depen-
dence increases sensitivity to small-ampli-
tude oscillatory motion by accumulating
phase shifts over multiple cycles of the me-
chanical excitation and synchronous gradi-
ent wave form. By considering the gradient
function as a basis function, it is possible to
“filter” out harmonic coefficients of arbi-
trary motion in view of the scalar product.

To test the hypothesis that the proposed
method can be used to quantitatively image
the characteristics of propagating mechan-
ical waves, we performed experiments with
a whole-body NMR tomography system (9)
(Fig. 1). The pulse sequence controlling the
MRI system used conventional phase- and
frequency-encoding gradients to allow im-
age reconstruction with a two-dimensional
Fourier transformation algorithm (10). The
sequence incorporated harmonic motion—
sensitizing gradient wave forms and syn-
chronous trigger pulses, which were fed to a
wave-form generator driving an electro-
mechanical actuator. A balanced acquisi-
tion scheme was used to suppress systematic
phase errors while doubling the phase sen-
sitivity of the system (11-13). Typical ac-
quisition parameters were pulse repetition
times (TR) of 40 to 300 ms, echo delay
times (TE) of 20 to 60 ms, section thick-
nesses of 10 mm, 128 to 256 phase-encod-
ing views, and image acquisition times of 10
to 120 s.

Figure 2 shows results obtained from a
uniform agarose gel phantom, with shear

Fig. 1. Experimental :
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monic motion and to
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electrical coil attached to
a pivot bar and is driven
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Direction of motion-
sensitizing gradient

by a wave generator at 50 to 1000 Hz. The alternating flux of the coil interacts with the main magnetic field
of the imager, yielding a cyclic force, which is coupled by a contact plate to the surface of the object to
be studied. The period and the number of motion-sensitizing gradient pulses are adjustable, as is the
phase relation (8) between the cyclic gradient wave form and the trigger pulses. An adjustable number of
trigger pulses can be applied before the initial radio frequency (RF) excitation to establish a mechanical
steady state. The motion-sensitizing gradients can be applied along any desired axis (indicated by
shaded regions) in combination with the imaging gradients.
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waves applied at two discrete points on the
surface. The pixel values of the phase image
(Fig. 2B) vary sinusoidally as predicted by
Eq. 5, with wavelength N (where A = 27/
[k!) in the direction of wave propagation,
depending on the temporal phase relation
between the strain wave and the harmonic
motion—sensitizing gradient at each posi-
tion in the image. By solving Eq. 5 for the

-1.5 -1.0 -0.5 0.0 0.5 1.0 15
Displacement (um)

Fig. 2. Propagating shear waves. (A) Spin-echo
MR image showing a uniform tissue-simulating gel
object measuring 20 cm transversely. Acoustic
shear wave excitation (500 Hz) was applied at two
discrete points (arrowheads) separated by 54
mm, with the transverse motion of 2 um directed
perpendicular to the image plane. (B) The strain-
wave imaging sequence illustrated in Fig. 1 was
used with the harmonic motion-sensitizing gradi-
ent (20 cycles) directed perpendicular to the im-
age plane. This phase image demonstrates a pat-
tern of phase shifts corresponding to shear waves
propagating from each source. Various wave
properties such as wavelength and attenuation
are depicted, as well as a classic dual-source in-
terference pattern with regions where phase shifts
add constructively and destructively. (C) Using
Eq. 5, we converted the phase shifts (A) to dis-
placement values encoded in a color scale to em-
phasize the quantitative nature of the method.
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Fig. 3. Comparison of NMR and mechanical estimates of
shear modulus. The static shear modulus p, was mea-
sured with a mechanical displacement-load compres-
sion technique (77, 18, 22, 23) in a series of 10 different
agarose gel specimens (1.0 to 2.6 weight %) with varying
stiffness. Before mechanical testing, NMR strain-wave
imaging was performed on the same specimens, at a
shear-wave frequency of 300 Hz. The wavelength (A) of
the shear waves in the uniform gel specimens was mea- Ok L
sured in the displacement images. The magnitude of the

shear modulus (p,g) Was computed from the relation

r=0926 ~+
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= v2\%p, where v is the frequency of excitation and p is the density of the medium (24). The two
independent estimates of shear modulus are well correlated (r2 = 0.926, g = 1.88 p, — 1.41). The
slope of the graph is not unity because the MR estimate of shear modulus incorporates both elastic and
viscous components of the complex shear modulus (24). In addition, the NMR estimate is based on
microscopic displacements, whereas the mechanical estimate is based on much larger strain values that
lead to nonlinearities as a result of creep and other phenomena (23).

proportionality constant relating the dis-
placement to NMR phase shift, we are able
to depict the displacement at each point in
the image quantitatively (Fig. 2C). An in-
dependent measure of displacement at the
surface was obtained with an optical deflec-
tion method (14) over a range of 0 to 60
pm; all experiments were performed within
this range. The displacements computed
from the MR images were in good agree-
ment with those obtained with the optical
technique (correlation coefficient > =
0.955).

Comparison between MRI-derived esti-
mates of shear modulus (p,g) and indepen-
dently obtained measurements of static
shear modulus (w,) (Fig. 3) support the
hypothesis that the technique can be used
to quantitatively probe the mechanical
characteristics of material. A nonuniform
object containing two agarose gel cylinders
with high and low stiffness embedded in
intermediate-stiffness agar gel was studied.

Fig. 4. Magnetic resonance elastography. A tis-
sue-simulating gel object containing two embed-
ded gel cylinders (dotted lines, 44-mm diameter)
with differing stiffness was imaged. Shear-wave
excitation at 250 Hz (perpendicular to the image
plane) with a lateral-displacement amplitude of
5.0 pm was applied to a wide contact plate on the
surface. (A) This NMR displacement image dem-
onstrates planar shear waves propagating down
from the surface. The cylinder on the left is stiffer
than the surrounding gel, resulting in a wavelength
larger than that in surrounding gel. Conversely, the
wavelength in the softer gel cylinder on the right is
shorter than that in surrounding gel. The image
also demonstrates refraction phenomena, caus-
ing a focusing effect within the softer cylinder. (B)
Quantitative map of shear modulus (p,s) comput-
ed from the local wavelength of the displacement
image. The NMR-estimated shear modulus of the
plug on the left, for instance, is ~22 kN/m?2, in
good agreement with earlier measurements of
large homogeneous samples of the same gel
(23.8 KN/m?).
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The resulting displacement image (Fig. 4A)
reflects shear wave propagation in a medi-
um of varying stiffness. The local wave-
length of the shear waves was calculated at
each location in the image (15). These data
were then used to compute the local shear
modulus, with a mean density of 1.0 g/cm?,
which is appropriate for tissue-equivalent
gels and soft tissues (16). The resulting
image (Fig. 4B) provides an estimate of the
local shear modulus at each location in the
section through the object.

To test the feasibility of using the tech-
nique to image the mechanical properties of
tissues, we imaged a porcine kidney speci-
men using shear-wave excitation at 200 and
400 Hz (Fig. 5). The computed shear mod-
ulus image demonstrated a rim with high
shear modulus in the peripheral cortex of the
kidney, distinct from the medullary region
and the surrounding gel. Experiments to as-
sess the sensitivity of the strain-wave imag-
ing method at low amplitudes of mechanical

-10.0 -5.0 0.0 5.0 10.0
Displacement (um)

0 5 10 15 20 25
Hyg (10% N/m?)
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excitation demonstrated that shear waves
with displacements of less than 100 nm
could be readily observed.

Prior attempts to assess the mechanical
properties of tissues have used Doppler
ultrasound to assess tissue motion in re-
sponse to low-frequency strain waves (17,
18). These methods are constrained by
limited lateral resolution and low sensitiv-
ity. An ultrasound technique (19) and a
phase-contrast MR technique (20) using
nonharmonic static or repeated ‘“single
shot” mechanical excitation to assess me-
chanical properties have been described.
These techniques in general require
knowledge of boundary conditions or an-
alytical solutions to compute the mechan-
ical moduli, which may be difficult to
obtain. The possibility of using a spectro-
scopic NMR technique to detect Larmor
frequency modulations caused by longitu-
dinal mechanical waves in the presence of
a constant gradient has been suggested
(21), but the sensitivity and feasibility of
imaging with such a technique is yet to be
determined. Also, at low frequencies the
wavelength of longitudinal waves typically
far exceeds the size of the objects being
imaged. Potential advantages of the MR
elastography (MRE) method described

10 15 20 25 30
Hygr (10° N/m?)

Fig. 5. Porcine kidney. (A) Conventional gradient
echo image of a fresh kidney specimen embed-
ded in gel demonstrates renal cortex surrounding
renal medulla. (B) MR elastogram computed from
wavelength data averaged from four images each
at 200- and 400-Hz shear-wave excitation. The
superficial layer of the cortex has a shear modulus
of 21 to 30 kN/m?, distinctly higher than that of the
medulla.



here include direct quantitative imaging
of cyclic displacements as small as 100 nm,
a freely oriented field of view unencum-
bered by the “acoustic window” required
for ultrasound-based techniques, and the
ability to study strain-wave propagation in
a dynamic fashion. The flexibility of NMR
methodology allows the motion-sensitiz-
ing gradient to be placed along any axis, so
that with multiple acquisitions it is, in
principle, feasible to estimate all compo-
nents of the strain dyadic.

Two general fields of application for this
technique are anticipated. The first is the
study and visualization of strain-wave prop-
agation within objects or materials that can
be imaged with MRI. In principle, the meth-
od can depict the spatial patterns of wave
propagation characteristics such as diver-
gence, scatter, attenuation, interference, dif-
fraction, and dispersion. If at least one full
cycle of mechanical excitation is applied
within the TE interval of the NMR se-
quence, then the practical low frequency
limit is ~10 Hz. The upper frequency limit is
determined by the maximum slew rate of the
gradient system of the imager and is in the
range of 1 to 2 kHz if the motion-sensitizing
gradient oscillates at the same frequency as
the mechanical excitation. Our experiments
have shown that we can image mechanical-
excitation.wave forms ranging from contin-
uous waves to repeated short wave trains or
even single cycles of mechanical excitation
repeated each TR cycle.

A second general area of application is
to apply mechanical strain wave excitation
to interrogate the properties of materials
within a heterogeneous object. Elastic mod-
uli are of special interest in the context of
medical applications. For centuries, physi-
cians have used palpation of the body to
detect the presence of tumors and other
diseases. Unfortunately, many structures of
the body are not accessible to the palpating
hand. It is not unusual at the time of ab-
dominal laparotomy for surgeons to discov-
er tumors by direct palpation of abdominal
organs that have gone undetected in prior
imaging by computed tomography, ultra-
sound, or conventional MRI. In addition to
potentially providing a noninvasive “palpa-
tion” technique that extends the reach and
resolution of the diagnostic method, MRE
offers the possibility of providing other
measurable viscoelastic parameters such as
attenuation and dispersion as criteria for
further tissue characterization. We specu-
late that MRE may have a role in the
detection of tumors of the breast, liver,
kidney, and prostate.
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Anisotropy and Spiral Organizing Centers in
Patterned Excitable Media

Oliver Steinbock, Petteri Kettunen, Kenneth Showalter*

Chemical wave behavior in a patterned Belousov-Zhabotinsky system prepared by print-
ing the catalyst of the reaction on membranes with an ink jet printer is described. Cellular
inhomogeneities give rise to global anisotropy in wave propagation, with specific local
patterns resulting in hexagonal, diamond, and pentagonal geometries. Spiral wave sourc-
es appear spontaneously and serve as organizing centers of the surrounding wave
activity. The experimental methodology offers flexibility for studies of excitable media with

made-to-order spatial inhomogeneities.

Propagating waves are observed in living
organisms and biological tissues (1) as well
as excitable chemical systems (2). The fa-
miliar rotating spiral waves and expanding
target patterns of the Belousov-Zhabotinsky
(BZ) reaction (3) are also observed in thin
slices of heart tissue (4), in the cytoplasm of
frog oocytes (5), and in animal retinas (6).
Three-dimensional scroll waves, extensive-
ly studied in the BZ reaction (7), have now
been characterized in migrating slugs of the
slime mold Dictyostelium discoideum (8), and
it is likely that these waves are precursors to
ventricular fibrillation in mammals (9).
The celluldr nature of living systems, how-
ever, gives rise to inhomogeneities and an-
isotropy not present in homogeneous reac-
tion systems, and these may play an impor-
tant role in the behavior of biological me#
dia. A crucial example is found in the
anisotropy of mammalian heart muscle
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(10). The cellular structure of cardiac tissue
not only causes local variations in wave
velocity (4) but also gives rise to propaga-
tion failure (11). In this report, we describe
wave behavior in excitable media with
well-defined cellular inhomogeneities ob-
tained by printing catalyst patterns on a
BZ-membrane  system. Our experimental
and numerical investigations show that lo-
cal patterns determine the global wave ge-
ometry and give rise to spontaneous orga-
nizing centers.

Noszticzius and co-workers (12) have re-
cently demonstrated that bathoferroin, a
catalyst and indicator for the BZ reaction
(13), is effectively immobilized on polysul-
phone membranes. Our experimental meth-
od is based on the precision loading of this
catalyst onto the membranes with an ink jet
printer (14). Patterns were generated as
black and white images by a commercial
graphics program, which were then printed
with the catalyst solution on the polysul-
phone membranes. Following Noszticzius
(12), the ready-to-use membranes were
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