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A new method for NMR characterization of mechanical waves,
based upon radiofrequency field gradient for motion encoding, is
proposed. A binomial B1 gradient excitation scheme was used to
visualize the mobile spins undergoing a periodic transverse me-
chanical excitation. A simple model was designed to simulate the
NMR signal as a function of the wave frequency excitation and
the periodicity of the NMR pulse sequence. The preliminary re-
sults were obtained on a gel phantom at low vibration frequencies
(0–200 Hz) by using a ladder-shaped coil generating a nearly con-
stant RF field gradient along a specific known direction. For very
small displacements and/or B1 gradients, the NMR signal measured
on a gel phantom was proportional to the vibration amplitude and
the pulse sequence was shown to be selective with respect to the vi-
bration frequency. A good estimation of the direction of vibrations
was obtained by varying the angle between the motion direction and
the B1 gradient. The method and its use in parallel to more conven-
tional MR elastography techniques are discussed. The presented
approach might be of interest for noninvasive investigation of elas-
tic properties of soft tissues and other materials. C© 2002 Elsevier Science
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INTRODUCTION

Radiofrequency field gradients were proposed as an alte
tive to static magnetic field gradients for spatial encoding
MRI. Such gradients are presently used for MR microsc
(1–3) or diffusion measurements (3–5). Recently it was shown
that two-dimensionalB1 imaging was possible on planar objec
without any use of the static field gradient (6). The advantage
of B1 over B0 imaging lie in a reduction of eddy current ar
facts, due to theB0 gradient switching, in a lower sensitivit
to magnetic susceptibility artifacts and a simplification of
instrumentation required.

NMR can be used to measure the elastic properties of ma
The knowledge of the wavelength, the celerity, and the am
tude of a propagating mechanical wave can lead to the deriv
1 To whom correspondence should be addressed. E-mail: thiaudiere@r
u-bordeaux2.fr.
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of Young’s modulus and the dispersion pattern. NMR char
terization of viscoelastic properties of matter may constitut
beneficial alternative to other methods (7) because of its nonin-
vasiveness and its potential application to clinical purposes (n
diagnostic techniques and tissue characterization for comp
surgery). MR elastography could also be applied to other mat
als (biomaterials, composites,. . .), when the assessment of the
mechanical properties is of critical importance. Another adv
tage of NMR detection of mechanical waves is the possibility
receiving signals from relatively deep parts of the object or
subject under investigation.

Several theoretical approaches have dealt with the use of s
field gradients for the determination of viscoelastic propert
by MRI. The principles of those methods consisted of imag
displacements induced by a mechanical wave using a Lar
frequency modulation (8, 9) or by changing the phase of th
transverse magnetization (10, 11). Successful applications o
the theoretical developments were achieved on gel phanto
where the elasticity modulus and the refraction pattern of tra
verse mechanical waves were imaged (12, 13). MRI of trans-
verse strain waves was also carried out on human calf mu
(14). Another motion-sensitive MR method based upon sin
soidal modulation ofB0 gradients allowed imaging at ultrasoni
frequencies (15, 16). A further development inB0 fast imaging
of propagating waves was achieved without synchronizing
oscillating gradients with the mechanical stimulation (17).

The latter work opened the way for spectroscopic inves
gations of such waves, i.e., their resonance character
directional selectivity. From another theoretical study, it w
shown that spectroscopic elastography (18) could also be as-
sessed by tuning the gradient oscillation frequency with resp
to the vibration frequency.

Spin motions, such as diffusion, perfusion, and slow fluid flo
can be detected using radiofrequency field gradients (19, 20).
However, to our knowledge there is no report on the use ofB1

gradients applied to spectroscopic MR elastography. The ad
tages ofB1 overB0 techniques are the following: (i) the absenc
of acoustic noise induced by gradient coil switching; (ii) a redu
tion of eddy currents induced by fast switching rates; and (iii
2
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DETECTION OF VIBRATIO

decrease in hardware requirements. The goal of the present
is to introduce an alternative NMR detection method in orde
characterize mechanical waves by using aB1 radiofrequency
field gradient instead of aB0 gradient. The basis of this new
method is the application of RF gradient pulses with alternat
phases. As a consequence, mobile spins experience a va
excitation scheme resulting in a modulation of the MR sig
magnitude as a function of the frequency, the amplitude, and
direction of the displacement. Results obtained on a gel phan
were in agreement with the theoretical background and valid
this new approach to MR elastography.

METHODS

Experimental Setup

A wave generator (Yokogawa, Tokyo, Japan) produced a
function amplified by a common audio stereophonic 100-W a
plifier. The root mean square (RMS) voltage after amplificat
was measured by an oscilloscope (Tektronics, Inc., Beaver
OR). The amplified sine wave was converted into vibration b
homemade exciter. The vibrations were transmitted via a r
fiberglass rod to a plate incorporated into a gel phantom (10)
included into a polystyrene box. The phantom was then
sitioned at the isocenter of the magnet for NMR experime
(Fig. 1).

To convert the amplified voltage into a vibration amplitud
a calibration of the exciter was carried out using a laser be
produced by a 0.5-mW helium–neon laser operating at 632.8
(Melles Griot, Carlsbad, CA). The beam was reflected by a m

FIG. 1. Experimental setup. A sinusoidal signal was generated, amplifi
and transmitted to the vibrating exciter. It was connected by a rigid rod
5× 2-cm2 plate which was incorporated in the gel. Upon excitation along
z axis, transverse waves were generated and detected using the ladder-s
coil with its main axis parallel to the motion of the plate. The NMR coil w

positioned in (A) for the experiments of Figs. 4 and 5 and in (B) for the expe
ments of Fig. 6. The distance between the gel box and the coil was 2 cm an
contact between them was allowed.
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ror installed on the vibrating exciter and measured by a C
(charge-couple device) detector (1024 pixels, Ulice Optroniq
Gif-sur-Yvette, France). The vibration amplitude was then c
culated from the CCD detector signal. By systematically vary
both the voltage and the frequency of the input wave a very
curate calibration of the exciter was ensured.

NMR Experiments

Experiments were performed using a Bruker Biospec 47/50
(Bruker Medical, Karlsruhe, Germany) equipped with a 50-c
bore superconducting magnet operating at 4.7 T. A homem
ladder-shaped coil tuned at the proton resonance freque
200.3 MHz, was positioned 2 cm from the gel phantom. T
coil operated in the transmit/receive mode with its main a
parallel toB0. Detailed information on this ladder-shaped co
is given in Ref. (6). The NMR acquisition was triggered b
an external 5-V TTL (transistor transistor logical) signal
phase with the sine function used for the exciter. Water pro
free induction decays (1024 data points, 500-Hz sweep wi
5-s recovery delay) were Fourier transformed. Spectra were
analyzed separately using Igor Pro (Wavemetrics, Lake Osw
OR) data processing software. This software was also used
the calculations described in the next section.

THEORY

One-dimension space encoding may be achieved by the qu
constant radiofrequency field gradient produced by the ladd
shaped coil (6). The application of a first rectangular RF puls
with a phaseϕ can be thought of as a nonhomogenous exc
tion of the sample in which the transverse magnetization can
described as

Mx′,y′ = M0(z) · sin(γG1ϕTp · z), [1]

wherex′y′ are the rotating frame coordinates,M0(z) the equi-
librium magnetization at positionz, γ the magnetogyric ratio
of the spin,G1ϕ the RF gradient along thez direction, andTp

the RF pulse length. Neglecting off-resonance effects and
laxation processes, the application of a second RF pulse
the same duration but an opposite phase (−ϕ) is expected to
achieve the recovery of the longitudinal magnetization, as lo
as the spins are stationary. Thus a null magnetization at the
rier frequency should be observed after such a simple binom
excitation.

Then let us assume that a sinusoidal mechanical vibra
induces an oscillatory motion within the sample. The positi
of each spin after a timet can be described as

z(t) = z0+ A · sin(ω · t + φ), [2]
d no
wherez0 is the position of the spin without vibration,A is the
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vibration amplitude,ω is the motion pulsation, andφ is the
constant phase shift.

The effect of motion on the magnetization flip angle dis
bution within the sample during a rectangular RF pulse can
written as

αn = αn−1+
tn∫

tn−1

γ · G1 · (z0+ A · sin(ω · t + φ)) · dt, [3]

whereαn is the flip angle of the spin at positionzn and at time
tn, andαn−1 is the flip angle of the spin at positionzn−1 and at
time tn−1. The pulse length is then (tn − tn−1).

Integration of Eq. [3] overt gives

αn = αn−1+ γ · G1 · z0Tp

+ γ · G1 · A

ω
[cos(ω · tn−1+φ)− cos(ω · tn+φ)]. [4]

Equation [4] can be used to predict the flip angle distribut
of a vibrating sample immediately after the spin excitation p
duced by a rectangular RF pulse. In the case of a sequence
pulses, the evolution of the positions of the spins during the
lays separating the pulses can be calculated using Eq. [2].
the flip angle distribution at the end of the pulse sequence ca
modeled in an iterative manner by alternating calculations w
Eqs. [2] and [4]. The total normalized signalScorresponding to
a given flip angle distribution is then

S= 1

zm

zm∫
0

M0(z) sinα(z) dz [5]

for spins present within a distancezm.
One simple pulse sequence can be designed in order to d

the vibration frequency of the spins: (τ–α(ϕ)–τ–α(−ϕ))n, where
τ is the interpulse delay,ϕ the pulse phase, andn the number of
loops. For a single spin system (e.g., water protons excited
resonance), if the period of the loop is equal to the period of
vibration and if the vibration phaseφ is equal to zero, one expec
a constant flip angle within the whole sample which is amplifi
each time the number of the loop is incremented. The total si
is thenM0 · sin(α), a value that can be approximated toM0 · α
for very small flip angles, i.e., for very low vibration amplitude
In such a case, the NMR signal may be taken as proporti
to the vibration amplitude. For accurate measurements, t
must be no signal (neglecting diffusion processes) at the ca
frequency in the absence of vibration. Using the experime
setup described above (see Methods) it was not possible to r
an acceptable cancellation of the NMR signal for a loop num
of 16. This could be due to an imperfect RF pulse; therefore

basic sequence was changed to that depicted in Fig. 2, whe
binomial 13̄ 31̄ pulse was chosen. The total recovery time wa
T AL.
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FIG. 2. Gradient pulse sequence. FourB1 gradient pulses of lengthTp were
generated and interspersed with delaysτ . The binomial shape 1̄3 31̄ was cycled
16 times with a characteristic periodTv = 4(Tp + τ ) matched to the vibration
period. For appropriate detection, a trigger signal was generated in-phase
the wavefunction. Also shown is the vibration wave in-phase with the pu
sequence.

set to an integer multiple of the vibration period in order to avo
unwanted dephasing.

Figure 3 shows the calculation from Eqs. [2] and [4] of t
expected NMR response for a spin system oscillating at an
erating frequency of 0–280 Hz. The pulse sequence was cy
at a period of (1/60) s with a gradient pulse of 1 ms and in
terpulse delays of 3.1667 ms. The number of loops was
Clearly a well-resolved line was visible at a vibration frequen
of 60 Hz, corresponding to the characteristic pulse seque

FIG. 3. Theoretical simulation of the NMR detection of a mechanical wa
using the sequence depicted in Fig. 2. Input parameters:G1= 40 µT/m for
the α pulse, A (vibration amplitude)= 504 µm, Tp= 1 ms, τ = 3.1667 ms,
re a
s

corresponding to a characteristic pulse sequence period of 60 Hz. The result is
represented according to Eq. [5] with the equilibrium magnetizationM0 set to
unity.
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DETECTION OF VIBRATI

cycling time. It was noticed that vibration frequencies of 1
and 180 Hz could also be detected with this sequence. How
only the lowest detectable frequency for a given pulse sequ
period will be taken into account under Results and Discuss
Several simulations were carried out for different loop peri
and various loop numbers. It was clear that increasing the n
ber of repetitions (n) of the basic pulse sequence resulted in a
ter frequency selectivity of the vibration modes. This behav
was in good agreement with the excitation bandwidth estim
by Fourier transformation of the pulse sequence chronogram
various pulse lengths, interpulse delays, and numbers of l
(not shown).

RESULTS

In order to confirm the principles of NMR detection of tran
verse vibrations using a radiofrequency field gradient, sev
experiments were carried out using the experimental setup
scribed in Fig. 1. The characteristic period of the pulse
quence was matched to a vibration frequency of 60 Hz
described under Theory. As a control measurement, the N
signal cancellation was checked at the null vibration freque
The vibration frequency was then incremented from 40
200 Hz. The result of such an experiment is reported in Fig
It must be mentioned that the NMR data were corrected for
intrinsic response of the vibrating exciter (see Methods). F
Fig. 4, it is clear that the 60-Hz vibration mode was well detec
together with a correct frequency selection. The 120-Hz m
(2ν) was also well detected but to a lesser extent as comp
to what was expected from the theoretical simulation prese
in Fig. 3. Moreover the 180-Hz mode (3ν) was barely detected

FIG. 4. Experimental NMR detection of transverse waves for various
bration frequencies. The experimental setup is described in Fig. 1. The vibr
amplitude of the plate incorporated in the gel was 0.16 mm. NMR signals

rived from magnitude spectra were obtained with the pulse sequence dep
in Fig. 2. Pulse lengthTp was 1 ms andτ was 3.1667 ms.G1 was 13µT/m for
theα pulse.
NS USINGB1 GRADIENT 25
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FIG. 5. NMR response as a function of the vibration amplitude. The vibr
tion frequencies were 60 Hz (crosses), 120 Hz (circles), and 180 Hz (triangles
each case, the pulse sequence characteristic period was matched to the vib
period withTp = 1 ms andτ = 3.1667 ms (60 Hz),τ = 1.083 ms (120 Hz), and
τ = 0.389 ms (180 Hz). Solid lines represent the fit to a straight-line functio

Obviously, the gel itself could be at the origin of dispersio
processes that might decrease the vibration amplitude at hig
frequencies. Other experiments with a pulse sequence perio
the range of 40–80 Hz also showed the same kind of respo
atν and 2ν (not shown).

In order to assess that the NMR signal was quantatively c
related to the vibration amplitude, experiments at constant
quencies and variable exciter amplitudes were carried out. T
was possible because of a careful calibration of the vibrat
exciter (see Methods). For each vibration frequency (60, 1
and 180 Hz) the characteristic period of the pulse sequence
matched accordingly with the constant RF pulse length (1 m
and adequate interpulse delays. Figure 5 shows that the N
response increased almost linearly as a function of the vibra
amplitude. This linearity indicated that the productγ ·G1 ·Tp ·z
was small enough to allow the approximation sinα = α. This
was confirmed with other experiments where theG1 gradient
and/or the exciter amplitudes were higher: then the linea
was no longer observed. Again, the slopes of the fitting lines
Fig. 5 are frequency dependent, indicating that the actual mo
amplitude in the gel was different from that of the exciter.

The ladder-shaped RF coil used in this study was designe
produce a quasi-constantB1-gradient along its main axis, with
other gradients remaining in a perpendicular direction that
will call y (details are given in Ref. (6)). These additional gradi-
ents were shown (from both a theoretical and experimental p
of view) to be symmetrical with respect to the main axis of t
coil. Thus if the coil is centered at a positiony = 0 for conve-
nience, it can be shown thatG1(y) = −G1(−y). For a direction
of mechanical vibration parallel toy, the NMR signal arising

from the (+y) region should be cancelled by the NMR sig-
nal arising from the (−y) region. In other words, an oscillatory
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FIG. 6. Directional dependence of the NMR detection. The ladder-sh
coil was moved in the (xz) plane about they axis. The angles reported in th
graph refer to the direction of motion that was parallel to thezaxis. The vibration
frequency was 60 Hz and the vibration amplitude was 0.36 mm. The solid
is the fit to a cosine function.

motion along the main axis of the coil should be detected whe
no signal should be recorded from vibrations perpendicula
the main coil axis. Despite the difficulties in gathering the res
(mainly because the experimental setup was quite cumber
with respect to the magnet diameter), the confirmation of
idea is given in Fig. 6, where the orientation of the coil was va
from 0◦ to 90◦ with respect to the motion direction. Even thou
the experimental data were quite spread out, the angular d
dence could reasonably be fit to a cosine function. Thus, t
is both frequency and directional selectivity for the detectio
mechanical waves using RF gradients.

DISCUSSION

The present work deals with an alternative method for cha
terizing transverse mechanical waves in a homogenous me
by using radiofrequency field gradients. This is the first re
on the use of RF pulses for assessing the frequency, the
plitude, and the direction of an oscillatory motion. The m
goal of this study was to validate in the simplest way the ph
ical principles of this method, i.e., by measuring the NMR
sponse in a homogenous gel. One has to notice that the vibr
parameters were obtained from spectroscopic data. Furthe
velopments are required to extend the method to MR ima
and are beyond the scope of this report. The most direct
to show the feasibility of such an approach was to synchro
the mechanical vibration with the RF pulse sequence (Fig
The latter was designed with binomial compensated pulse
terspersed with delays in such a way that the period of the p
sequence coincided with the vibration frequency. When this

quence was repeated enough, a good frequency selectivity
obtained (Figs. 3 and 4). A drawback of this method was tha
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trigger signal, in-phase with the mechanical wave, was neces
to obtain measurable NMR signals. However, by systematica
varying the phase shift between the vibration and the NMR pu
sequence, it was easy to capture the highest NMR signal in a v
reproducible way (data not shown). Thus, the identification of
unknown frequency mode within a sample is feasible by va
ing the pulse period and the trigger phase shift. At present, o
very low frequencies (0–200 Hz) were attainable. Such a lim
tation was due to the radiofrequency amplification used in t
study, which did not enable the use of very short and inten
RF pulses in order to decrease the pulse cycling time. A m
powerful RF transmitter is required to increase the frequen
domain in experiments carried out on our spectrometer ope
ing at 4.7 T. Since the measurements can be made without
need of theB0 gradient unit, the technique may be used wi
simplicity on cheaper NMR systems. Besides, the method
easily be implemented on standard NMR systems operatin
a lower static field (1.5 T or lower): in such cases, a lower R
power is required and the RF hardware specifications enab
much higher RF gradient switching rate (>10 kHz). Moreover
a higher bandwidth would be of interest for investigating t
frequency response of the material. Indeed, the gel used
did not exhibit a constant vibration amplitude as a function
the input frequency. The understanding of this behavior is i
portant for the characterization of the viscoelastic properties
the material. The systematic study of the frequency depende
of the vibration amplitude for standard materials is planned
well as a comparison with other physical methods.

An important contribution of this work was the estimation o
the direction of vibration. As seen from Fig. 6, the ladder-shap
coil made it possible to cancel the NMR detection when its m
axis was normal to the direction of motion. On the other hand
seemed difficult to determine the direction of propagation, a
other important parameter of a vibrating medium. In the p
few years the use ofB0 imaging on clinical MRI systems made
it possible to detect the direction of propagation, but not t
direction of vibration. A more complete description of the vi
coelastic properties of matter would be achieved in combin
both B0 andB1 capabilities. RF-encoded motions during an e
ternal mechanical stimulation could then be imaged in a class
way by B0 imaging. The major advantage of such a procedu
is the elimination of artifacts from the sound produced by t
gradient coils. This opens the way for the use of acoustic wa
as an external mechanical stimulation. Even though numer
technical difficulties remain to be solved, this approach wou
be of interest in various clinical applications.
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