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Continuous-Wave Magnetic Resonance Imaging of Short T, Materials
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There is growing interest in the use of magnetic resonance
imaging (MRI) to examine solid materials where the restricted
motion of the probed spins leads to broad lines and short T, values,
rendering many interesting systems invisible to conventional
2DFT pulsed imaging methods. In EPR T, seldom exceeds 0.1 ps
and continuous-wave methods are adopted for spectroscopy and
imaging. In this paper we demonstrate the use of continuous-wave
MRI to obtain 2-dimensional images of short T, samples. The
prototype system can image samples up to 50 mm in diameter by
60 mm long and has been used to image polymers and water
penetration in porous media. Typical acquisition times range be-
tween 10 and 40 min. Resolution of 1 to 2 mm has been achieved
for samples with T, values ranging from 38 to 750 us. There is the
possibility of producing image contrast that is determined by the
material properties of the sample. © 2001 Academic Press

Key Words: continuous-wave; swept-field; solid imaging; high
field.

INTRODUCTION

which have been developed to overcome these problen
These fall into three main types: those that reduce the linewid
through manipulation of the sample, the gradients, or the F
pulses 1-6), those that use large gradients to compensate f
broad lines and minimize the period between pulse applicatit
and signal acquisition7¢13, and those that use pure phase
encoded acquisition with modest gradient strend#h—17.

The three most widely used approaches are oscillating me
netic field gradient imagingdj, stray field imaging (STRAFI)
(9-13, and single-point ramped imaging with enhancement
(SPRITE) (4-17. The oscillating magnetic field gradient
technique uses resonant gradient coil circuits to produce lar
rapidly changing gradients. RF excitation occurs when all tk
gradients pass through zero and a spin echo is acquired wt
the readout gradient reaches its maximum, and the phe
gradients are again zero. STRAFI uses the very large sta
magnetic field gradient which exists at the end of a superco
ducting magnet, together with repeated acquisitions in whic
the sample is moved or the magnetic field or RF frequency

Magnetic resonance imaging (MRI), with its ability to deadjusted, to determine the spin density of successive slic

termine the spatial distribution of the chemical and physictirough the sample. SPRITE is a pure phase-encoded mett
properties of a sample without intrusion, has become estathich acquires single data samples at a fixed time after F
lished as a powerful and expanding analytical tool in biologicaulses which are repeated as the magnitude of the magne
science and medicine. In biological systems the motion of tfield gradient is incremented.
spins averages out the local variations in the magnetic propertine narrowing methods tend to lose useful informatiol
ties of the sample, giving narrow magnetic resonance lines &nom the T, relaxation phenomena that broaden the lines. Mo
relatively long relaxation times. Under these conditions it isf the techniques demand high RF power and place restrictio
possible to form an image from the Fourier transformation (Fbh sample sizel3, 18.
of the signal from the spins as they evolve during a sequenceElectron paramagnetic resonance (EPR) spectra have la
of radiofrequency (RF) and magnetic field gradient pulses. linewidths, typically greater than 1 MHz, and shdt values
In recent years there has been increasing interest in the (sgs than 1us). As a result most EPR spectrometers an
of MRI to examine solid materials, porous media, and solvejphaging systems use continuous-wave detectib®). (They
diffusion in solids. Here restricted motion leads to line broadecord the changes in the electrical characteristics of the n
ening and rapid signal decay (shdif). Spatial resolution is crowave cavity or RF resonator as the magnetic field is swe,
ultimately limited by the maximum gradient that can be aringing the spins in the sample into resonance. Before tl
plied. These factors prevent the use of conventional pulsed fdvent of pulsed FT NMR, this method was used for all NMF
methods and MRI equipment to examine these samples. experiments and was employed for NMR spectroscopy
There are a number of techniques, still using pulsed Ré&pjids as early as 1942@). We have now adopted CW NMR
to image solids with very shoift, values. We have previously

* To whom correspondence should be addressed. Fa#: 1224 685 645. demonstrated the feasibility of CW-MRI by performing one
E-mail: lurie@abdn.ac.uk. dimensional “imaging” experiments on samples of vulcanise
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of resonance advances through the sample in the direction
the gradient. The signal from the lock-in amplifier is propor
tional to the change in the number of spins that are in the pla
Hybrid of resonance. Thus the trace over time is the first derivative
unction spin density of the sample projected onto the axis of th
gfurce {} Detector gradient. If a series of projections is acquired and the directic
of the gradient rotated, in a fixed plane, between each proje
tion, it is possible to compute the projection of spin densit
onto this plane. Rotating these planes can, in principle, exte
Magnet Q reconstruction of the image to three dimensions; however, or
2-dimensional images were recorded in the work describe
here.

As with “conventional” MR imaging methods, the achiev-
able spatial resolution in CW-MRI is determined by the nature
FIG. 1. Block diagram of a basic continuous-wave magnetic resonanfigewidth, Af, of the material being studied, and by the mag
Spectrometer. netic field gradientG (22). The achievable spatial resolution

can be estimated as

500

Resonator Sample

rubber, with aT, of ~1 ms @1). We have now improved and
expanded the apparatus and have used it to generate 2-dimen-
sional images of a number of shdrt solid samples.

Ax = 2mAf/(yG), [1]

wherey is the gyromagnetic ratio of the probed nuclei. As

METHODS
Af = 1/(7T,), (2]
CW-MR

Figure 1 shows a schematic diagram of a basic continuolRd- [1] can be expressed as
wave magnetic resonance spectrometer. The sample is placed
in a resonator located in a magnetic field. A signal from a Ax = 2/(yGT). [3]
radiofrequency source is applied to one of the terminals of a
hybrid junction. The resonator is tuned and matched, so that,?igparatus
impedance is equal to 5Q and the RF power is split equally Figure 2 shows a block diagram of the CW-MRI apparatu
between the resonator and the@0ead. As the magnetic field used in this work. An Oxford Instruments superconductin
is swept the spins reach resonance, absorbing energy amafnet provides a fixed 7-T field. Our homebuilt probe fits int
changing the impedance of the resonator. The impedance niiee 183-mm bore of the magnet. The probe consists of
match of the resonator and the load causes power to pass fluimdcage resonator, tuned to 300 MHB (= 300 when
the hybrid junction to the detector and a plot of detector outpotatched to 5()), a split solenoid coil to provide magnetic
versus magnetic field shows the sample’s magnetic resonafiell sweep and modulation, a Golxygradient coil set, and a
absorption spectrum. Maxwell pair to provide theZ gradient. Figure 3 shows a

The change in power as resonance is achieved is often vechematic diagram of the probe assembly, illustrating the re
small compared to the electrical noise present in the circudttive positions of the various components. The solenoid al
Using diode detection the RF power is effectively rectified argtadient coils are wound from enameled copper wire ar
smoothed to a DC voltage (typically about 0.5 V) with @ooled by water. Their specification is shown in Table 1.
variation as resonance is achieved of the order gf¥OThus We have attempted to build a resonator that is as free
it is common practice to apply audiofrequency magnetic fiefbssible from hydrogen protons that might be picked up as
modulation in addition to the sweep of the magnetic field arithckground signal. The design used is an eight-leg, high-pe
to use lock-in detection to select the signal with the saniérdcage resonator with diameter 52.5 mm and length 80 mi
frequency as the modulation and at a fixed relative pht@e ( The legs of the resonator are supported by PTFE rings (i/d -
The output from the lock-in amplifier is proportional to thenm, o/d 73 mm, thickness 5 mm). The resonator, shown in Fi
change in the voltage or the power reflected from the resonadigiis capacitively coupled at the halfway points between two
as the field is swept, i.e., it is the first derivative of the signathe legs on the upper and lower rings to ensure that all the le

With the application of a magnetic field gradient, the spinsarry current and provide as unifornBa field as possible. The
that come into resonance are confined to a plane perpendictibeed tuning capacitors are miniature chip capacitors (Tekele
to the gradient. As the main magnetic field is swept, the plafeance).
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FIG. 2. Block diagram of the CW-MRI system developed in this work.

The RF shield is a brass tube with i/d 73 mm, o/d 76 mn25 um) acting as the dielectric between the copper strip and t
and length 204 mm. It is split down its length to prevent thghield.
magnetic field modulation causing eddy currents, which would RF is supplied by a synthesiser (Hewlett Packard, Mod
cause acoustic interference and prevent the modulation frétR8647A) to a homebuilt quadrature-hybrid junction which i
penetrating the shield to the sample. The split is closed to RBnnected to the resonator, a 8doad, and the diode detector
penetration by forming a capacitor comprising the shield itseflfircuit. Figure 5 shows a schematic diagram of the quadratur
a strip of copper (width 22 mm, thickness 40m), which hybrid junction, which consists of a small diecast box with fou
bridges the gap with a strip of PTFE (width 40 mm, thicknesBNC sockets mounted on its sides. Twi lengths of coaxial

Maxwell pai

split solenoid

Golay coil set Golay coil set Golay coil set

0 50 mm
[ T

FIG. 3. Diagram of the arrangement of the resonator, shield, solenoid, and magnetic field gradient coils.
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TABLE 1 50Q

Details of Magnetic Field Sweep and Modulation Coil transmit K ] O %‘ggmy
and Magnetic Field Gradient Coils 28
10 .6 pF 10.6 pF
Field sweep
Coll and modulation  X-gradient Z-gradient
receive C i -t Dresonator
Type Split solenoid ~ Golay set Maxwell pair
Length (mm) 142 300 190 FIG. 5. Diagram of the hybrid junction.
Center gap (mm) 8 101
Inner diameter (mm) 90 100 138
Outer diameter L . .
(mm) 92 122 170 during image collection are about 5 kHz. In some experimen
No. of turns 120 28per segment) 144 we have used an output from the AFC to the solenoid pow
Wire diameter (mm) 1 1.7 1.7 supply to match the frequency drift with a comparable mag
Resistance() 0.8 0.3 0.8 netic field offset.
Field calibration 0.7 mT A 9.0mTm*A" 185mTm*A™

Current to generate th¥-gradient is provided by a DC
power supply (Power 10 Inc., USA, model 4680D) whick
drives the Golay coils. Current to generate the Z-gradient
cable connect pairs of sockets. The central conductors of f@vided by a DC power supply (Wayne Kerr, UK, Model
coaxial cables are coupled to each other at each end by adjug*6050) which drives the Maxwell pair.
able capacitors set to about 10.6 pF (so that their impedance i¥he RF source, lock-in amplifier, sweep generator, ar
equal to 50€) at 300 MHz). gradient supplies are controlled through an IEEE 488 GPIB bt

A lock-in amplifier (Stanford Research Systems, Model 838y a microcomputer (Acorn, Model A5000) which collects the
DSP) provides a reference signal at about 1 kHz which is feldta from the lock-in amplifier and handles the sequence cc
to the solenoid power supply. Here it is added to the sign@bl as well as data and image processing.
from the field sweep generator which consists of a microcom-
puter (Acorn, UK, Model BBC B) that produces a digital signaé . tal P d
at the user port which is then converted to an analogue Signgﬁpenmen al Frocedure
by a 16-bit DAC (Burr Brown DAC707). The sample is loaded into the resonator usingHafree

The diode detector converts the amplitude-modulated Rfanipulator, consisting of a PTFE strap and block mounted
signal to a signal at the modulation frequeneyl(kHz). The 3 glass rod. The resonator is tuned and the coupling adjus
signal is then amplified before being split between the lock-{jith the aid of a network analyser (Anritsu, Japan, Model M:
amplifier and an automatic frequency control (AFC). Thiggpg B). Fine tuning is then performed by observing the pha:
homebuilt device Z3) is used to ensure that any drifts in theand amplitude of modulation of the power reflected from th
tuning of the resonator are compensated with adjustmentsié@onator when a small (1-kHz deviation at 33 kHz) frequenc
the source frequency. Drifts up t&a50 kHz (equivalent to modulation is applied to the source by the AFC.
about*1.2 mT) can be tracked with this device. Typlcal drifts Once the samp|e is in position and the resonator has be

tuned and matched, a number of spectra are collected, with

a the application of a gradient. The amplitude and frequency

\ |\ the magnetic field modulation, the RF power, the field swee
{‘ rate and width, and the time constants on the lock-in amplifi

aZ a are adjusted to optimize the signal. These spectra also prov

some insight into the bulk properties of the sample. The d

a pendence of the signal strength on the RF power and t
:Lr frequency of magnetic field modulation is related to the
i~ relaxation time of the sample wheregsdetermines the rela
A tionship between the amplitude of magnetic field modulatio
)i{ and signal strength.

¢ An appropriate gradient strength is then selected, based
the observed linewidth and desired resolution, and two proje
tions, one along theX-axis and one along th&-axis, are

FIG. 4. The layout of the capacitors on the birdcage with the foIIowingS’iCqu_Ier'_AS the signal-to-noise ra_‘tlo decreases with increas
assignmentsa = 15 pF (Tekelec, Francel, = 33 pF (Tekelec)c = 5 pF  dradient, if an image of a narrow-line component of the samp
(Tekelec), andd = 2 to 10 pF (Oxley, UK). is desired a small gradient and small field modulation at
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selected. The shorter thE, the larger will be the gradient
strength and modulation amplitude that are used.

These two projections are then examined to confirm the
choice of parameters and the positioning of the sample befor
the system is set to acquire and store a number of projectior
(typically between 15 and 65) with the gradient rotated by &
small angle f/number of projections) between each.

The projections are then baseline corrected, integrated, ar
baseline corrected again before being entered into a file whic
is submitted to a filtered back-projection program. The recon
struction program allows the possibility of deconvolution of
the projections with the zero gradient spectrum; however, thi
is not always used as it demands that the spectral linewidt
does not vary with position in the sample, and this is not
necessarily the case.

RESULTS AND DISCUSSION

A number of solid objects with a range @f, values have
been imaged with the CW-MRI system. These studies wer
performed primarily to test the CW-MRI methodology; never-
theless they also serve to highlight potentially useful applica
tions of the technique. Signal-to-noise ratios (SNR) for the
images, quoted in the figure legends, were determined from tr. 50 100 150 200 250
ratio of the average intensity of the pixels in a region of interest FiG. 6. Cw-MRI image of Duplo ABS plastic brick (SNR: 6).
to the standard deviation of the intensity.

ABS Plastic Brick of the back-projection reconstruction technique. These wou

) ) ) ) be reduced if more projections were used. Such artifacts wot
_ An ABS plastic toy brick (Duplo) was studied. It is 30 MMy 5, pe |ess pronounced in images of an object with few
in section and 19 mm in height to the “turrets,” which prOtr“dF‘egular features.

a further 5 mm from the top face. The ABS polymer in this
brick has aT, of about 750us (8) so that it could not be perspex Phantom

imaged with a medical MRI system in standard configuration. ’
According to Eq. [2] thisT, gives a linewidth of 424 Hz, which A Phantom made of Perspex (polymethyl methacrylate) w:

is equivalent to 10uT. We chose this item to image as it2/SO studied. A diagram of the phantom is shown in Fig. 7
straight sides would provide an indication of the uniformity of €'SPex has &, of ~38 us (16), which leads to a linewidth of

our field gradients and other features would demonstrate $i&H2 Or 197uT. The image shown in Fig. 7b was acquirec
resolution of the system. with 31 projections, e_ach _takm_g 16 s, with a sweep1 width c

The image of the brick shown in Fig. 6 was acquired with 333-33 MT. The gradient in this case was 200 mT nRF

projections, each projection being the average of two gl@Wer was 10 dBm,_ and the f_|eld modulation amplltude_wa
sweeps, with a sweep width of 6.66 mT. The magnetic ﬁe%m wT. It took 10 min to acquire the complete set of projec
gradient was 100 mT i, the RF power was 10 dBm, and thd'o"S- | o |
field modulation amplitude was 78T. The total data acqui- _ 1 N€ image shows that the smallest hole, which is 2 mm |
sition time was approximately 10 min. The limited speed of tHfiameter, can be resolved at this gradient strength. This is

Acorn computer leads to image reconstruction times of tfgasonable agreement with the resolution predicted from E
order of 5 min. [3], which is approximately 1 mm.

The image, a projection onto two dimensions, shows Straiggément
sides and the ribs inside the brick which are 1.5 by 1.5 mm In
section can be resolved. The central support tube is evident buthe photograph in Fig. 8a shows a phantom made fro
the turrets, which are shorter and thus contain less material, eadcium—aluminate cement (La Farge Aluminates, France, ty
only partially visible. Secar 80). The cement powder was mixed with water ar
The faint streaks that project beyond the brick are an artifamdmpressed in a pot-shaped mold while setting to reduce t
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a amplitude was 31@.T. It took 40 min to acquire the complete
mount hgle Perspex set of projections. Figure 8c shows an image obtained, usi
(8 mm diameter) (15 mm thick) the same parameters, after one of the components had b

soaked in water for 40 min. The 8.3-g piece of cement wze
weighed before and after soaking and found to have absork
0.7 g of water. This shows that the technique can be used
examine water penetration of porous media. It was impossik
to obtain an image of the cement sample by conventional MF
measurements using pulsed NMR at 4.7 T indicated thafthe
of the water protons was approximately fS.

Imbibation into Aeolian Sandstone

A cylindrical sample (length 60 mm, diameter 38 mm) oOf
aeolian sandstone was provided by the Department of Geolc
and Geophysics, University of Edinburgh, UK. The end of th
sample was allowed to stand in 10 mm of water for 15 s durir
which time it took up 1.6 g of water. Figure 9a shows the imag
which was obtained 30 min after imbibation. Thirty-one pro
jections were obtained, each projection being the average
four 4-s acquisitions, with a sweep width of 10.48 mT. Th
gradient was 100 mT i, RF power was 10 dBm, and the field
modulation amplitude was 316T. Collection of the image
data took approximately 13 min. Figure 9b shows an imac
acquired with the same parameters 5 h later. It can be seen
the distribution of the water in the sample has changed ov
this period. Unlike the cement, in which water chemically
reacts with the cement powder, incorporating hydrogen ator
in the final product, there is no evidence of the presence
hydrogen atoms in the dry portion of the sandstone.

It should be noted that the iron content of this rock (0.32%
made it impossible to image the imbibed water by convention
MRI; measurements made on the sample using pulsed NMR
4.7 T indicated that th@? of the water protons was apprexi
mately 80us.

The four spots on the left and two on the right of both image
are probably due to proton NMR signals from the capacitors
the end of the birdcage resonator. It is, however, curious tr
the same arrangement of capacitors is not visible at both en

0 50 100 150 200 250 Acquisition Times and Signal-to-Noise Ratios

FIG. 7. (a) Diagram of the Perspex test object and (b) the corresponding The acquisition time in _CW'MRI IS larg_ely determined bY
CW-MRI image (SNR= 15). the need to extract weak signals from a noisy background usi
a lock-in amplifier. SNR is improved by using a long time
constant for the lock-in amplifier’s filter (i.e., a narrow band
pore size. The pot was not fired to remove water as wouhddth), which in turn requires a long field sweep time to avoi
usually be the case. A ring was then sawed from the top of tbistortion of the recorded spectrum.
pot and further cut down into three components to fit into the Although it is possible to calculate SNR theoretically, usin
imager. an expression for the RF coil's thermal noise, in practice mol
Figure 8b shows an image obtained with 31 projectionsignificant contributions to noise come from radiofrequenc
each projection being the average of four acquisitions takisgurce phase noise and noise in the preamplifier. Anoth
16 s, with a sweep width of 10.47 mT. The gradient was 15®urce of noise that could not be eliminated was acoust
mT m™*, RF power was 10 dBm, and the field modulatiointerference of the resonator from the modulation solenoi
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0 50 100 150 200 250

FIG. 8. (a) Calcium—aluminate test object attached to the glass rod and PTFE sample manipulator. (b) CW-MRI image from the dry cemeritQ)SNF
(c) image after one of the components had been soaked in water for 5 min £{SNR.

occurring at the detection frequency of the lock-in amplifiefield was inducing eddy currents in the shield which interacte
(This phenomenon is sometimes referred to as “microphoniasith the field from the superconducting magnet. In practice
in CW EPR spectroscopy.) This interference probably resultegs found that this background signal could be as much as
from mechanical coupling between the RF shield and tlienes greater than the NMR signal. Variations in its intensity
solenoid, despite attempts being made to isolate and damp plogsibly caused by the changing stresses in the coil asseml
shield. It is also possible that, as the solenoid was shorter traused deviation from linearity of the projections’ baseline
the shield, the nonaxial component of the oscillating magneticich in turn degraded image quality. If the system was bui
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again from scratch the acoustic interference could probably |
reduced substantially.

CONCLUSIONS

Our prototype CW-MRI system has produced images frol
samples up to 45 mm in diameter and 60 mm in length, wit
acquisition times in the range of 10 to 40 min. Spatial resolt
tion of about 2 mm has been realized for samples Wittess
than 40us, using a gradient strength of 200 mT'm

Pulsed solid imaging methods have the advantage that it is e:
to introduce relaxation time contrast into the images, and inde
to measure the spatial variations of relaxation times in order
characterize the physical structure of the sample. Methods |
guantitative mapping of relaxation parameters with CW-MRI ar
not nearly as straightforward; nevertheless, contrast can be int
duced into the images by adjustment of the acquisition pararn
ters, including the applied RF power and the frequency ar
amplitude of the magnetic field modulation. High RF power wil
tend to saturate spins with lon@,, reducing their signal in
comparison to shorff; samples; variation of the modulation
frequency will also giver, contrast, since at higher modulation
frequencies spins with lond, will be unable to “follow” the
modulation and will give a smaller signal than shbyregions of
0 50 100 150 200 250  the sample. Changing the field modulation amplitude will intro
duceT, contrast, since a broad line (shdk) sample requires a
large modulation amplitude to give its optimum signal. Using |
small modulation amplitude will favor regions of the sample
exhibiting a narrow linewidth. Another option is to use spectral
spatial imaging Z4), which offers the possibility of quantifying
the spatial variation of the NMR linewidth in the sample. By
integrating the image over the spectral dimension a pure sy
density image can be generated that is independent of linewi
and amplitude. If the relationship between the area of the spect
lines, their maximum amplitude, and their linewidth is known, thi
information in an intensity image and a spin density image can |
used to generate a linewidth image. This technique has been u
in EPR to measure the spatial variation of the linewidth of a sp
probe in order to generate a tissue oxygen concentration2Bap (

In NMR T, is generally much longer than in EPR, and thi:
leads to lower RF power input before saturation occurs. B
cause the SNR increases with applied RF power, CW NMR
less sensitive than EPR, for the same number of spins at |
same RF frequency. However, the density of hydrogen nucl
in a polymer is typically five orders of magnitude greater tha
that d a 1 mM concentration spin probe in a typical vivo
EPR experiment.

CW-MRI shows considerable potential for imaging poly-:
mers and porous media. The method has the advantage tl
: : provided that sufficient sensitivity and gradient strength ai
0 50 100 150 200 250  available, it is able to study any sample, no matter how short |

FIG. 9. CW-MRI images of water imbibed into aeolian sandstone (a) 362 Value, since_, in contrast to pulsed _magnet_ic resonan
min after imbibation (SNR= 12) and (b) 5 h later (SNR= 6). systems, there is no dead time or echo time during which tl




CW-MRI OF SOLIDS

297

signals decay. We are continuing development of the instri8. P. J. McDonald and B. Newling, Stray field magnetic resonance
ment to allow three-dimensional imaging, as well as imaging

of other nuclei such ad'P, in order to expand the range ofl4-

applications of the technique.

10.

11.

12.
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