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A new portable magnetic resonance imaging device was built. not attainable by other methods. Spatial localization has pr
Spatially resolved NMR was achieved by placing a gradient coil  viously been achieved employing the MOUSE by differen
pair and a Helmholtz pair type radio-frequency probe in the gap  procedures. A lateral-direction profile can be acquired by di
between two antiparallel polarized permanent magnets. The flat placement of the probe over the sampled surfacd @. Mil-
face of the low-field (¥, = 20 MH2) apparatus allowed for the limeter scale resolution is associated to this process due to t

study of arbitrarily large objects in situ. Relaxation time weighted finite di . f th . d . | In addi
1D images were achieved over a 15-mm field of view by a single- inite dimensions of the monitored sensitive volume. In addl

point spin-echo sequence. A phase encoding time on the order of ~ tion, relative signal intensity after repositioning of the scanne
200 ps permited the scanning of a wide range of heterogeneous May be unreliable owing to the highly inhomogeneous stat
materials.  © 2000 Academic Press and excitation fields and the load dependency of the prol
Key Words: MRI; NMR; mobile probe; elastomers. tuning. Depth selectivity ¥ direction) can benefit from the
rapidly decaying strength of the static magnetic field (ca. 1
T/m). Although the sensitive region is not flat, relaxation time:
INTRODUCTION can be determined for different depths into a samp® by

o . retuning the radio frequency (rf) probe at the expense
The concept of inside-out NMR£3) has been widely used for relative signal amplitude manipulation. The outward vanishin

low spectral resolution applications. NMR tools have been de; the rf field has been used for rotating frame imaging. Thi

; Lo . of
voted to near-surface studies of arbitrarily large objects. Success-

e . . . method suffers from low sensitivity, but it has been succes
ful applications include geophysical exploratich, 4 such as fully applied using a large number of averaged scans
groundwater and oil-well loggings), contents of organic solids y app 9 9 g '

(3), assessment of water in concrete bridge de@kspblymeric The addition of a single-axis magnetic field gradient coil to th
ma'terialsﬁ 7, and medical diagnosis), MOUSE improves the lateral spatial resolution (to the order c

@0 um) and introduces the possibility of obtaining a centimete

Recent reports have shown the benefits of a simple desi . ) . o )
palm-size NMR probe, the so-called NMR-MOUSE (mobile uni ale field of view without repositioning of the probe. The benefit

versal surface explorery{9—-12 based on a concept similar toof this novel procedure include relaxation time weighted profile:

the scanner presented by Matzkar@h (This relatively low fre- diffusion constan_t, and spin interaction g_sse'_ssment and the f
quency device (typicalliB, < 0.5 T) allows for the measurementIOW'UP pf (_jynam|cal processes. A quantification of the e_ffect C
of NMR parameterdn situ with an approximately one kilogram thg excitation pulges_ln the presence of controlled gradlents !
scanner attached to a small size PC-console setup. Aside ff##fes the determination of the sensitive voluriid) (which can
on-line quality control applications, valuable chemical and phy8¢ attained empirically by scanning homogeneous specime
ical information is retrieved for a wide range of materials. Just ¥¢hen imaging using a gradient coil pair in the MOUSE, spin
in a conventional in-magnet experiment, relaxation tim&sho methods are affected by the highly inhomogeneous static
(10, 11, 13, signal intensity, and diffusion constants can be cofXcitation fields. This feature does not allow for pure Hahn ©
related to molecular dynamics and mobility, and to chemical ag@lid echo conditions along the entire field of view. Thus, th
mechanical properties of a sample in a noninvasive fashion. Fiehgsiuired profile is a function of the sensitive volume characteri:
of study include a wide range of heterogeneous specimens wifi$ and the system response to different excitation pulses. Or
diverse compositions such as polymers, soft tissues, food prg@f. fields are determined, this effect can be used to one’s adv:
ucts, and porous media. tage in assessing the spin-system interactions.

Achieving spatial resolution with a palm-size NMR probe The present work is aimed to describe the advantages
has the advantage of providing a nondestructive mobile sc&g¢hieving MRI with a portable low-cost probe and to show ths
ning tool that renders informatioim situ, which is otherwise advantages of applying a controlled magnetic field gradient |

characterize a heterogeneous specimen through NMR para

! To whom correspondence should be addressed. eters. The scope of the technique is presented through imag
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rf tuning A LakeShore Hall sonde (0.2 mm width, 0.01 mT precision

ﬂ ﬂ rf in/out was used for scanning the polarizing magnetic field. The sont

~ magnet was driven by a LakeShore 420 Gaussmeter and displaced il

plane 0.5 mm above the probe surface by a Roland DG DX}

X] 880A plotter. The monitoring and acquisition processes wel
z

controlled by PC-based software (B-field Scanner). Figure -
shows a contour map of the component ofB,. Closed
contours are produced by reorientation of the field lines as tt
— edge of the magnet is approached. By component along
the center of the gap is plotted in Fig. 2b. This behavior dictate
yoke the maximum field of view attained by the imaging procedure
The overall change 0B, along the sensitive volume is under
1 T/m, which compares to ca. 10 T/m in tlgedirection. The
FIG. 1. Top view of the MRI probe based on the NMR-MOUSE. Thestray-field selective depthl®, 16 is associated with pulse
Helmholtz pgir rf coil excite_s an _elongated region _along the center of the 93 rations under 1@s. This highly inhomogeneous polarizing
A pair of antiparallel sole_n0|d c0|_Is generates a uniform gradient a_long the gld does not allow one to retrieve chemical shift information
and over a ca. 16-mm field of view. The portable MRI probe weighs 1.2 kg. ’ i ) .
The imaging process was controlled by a Bruker DSX console. The rf field is produced by a Helmholtz pair coil (monolayer
multiturn) (Fig. 1), which generates an elongated excited re
gion following the gap between the individual sections. Th

of a series of rubber samples. A detailed calculation of tfoustic ringing is under 4@s. We noticed that coils with

sensitive volume for a particular probe configuration will be
reported elsewherel ).

—
gradient gradient
coil input

EXPERIMENTAL

Static and Radio-Frequency Fields

The characteristics of the NMR-MOUSE have been reported
previously , 10. For the prototype presented in this work (Fig.
1), the static polarizing magnetic fieRl}, is produced by antipa
rallel NdFeB permanent magnets (Dexter Magnetic Materials,
GmbH, Planegg, Germany). The resulting field lines at the scan-
ner surface are oriented approximately across the magnetz gap (
direction), and its strength decreases rapidly in the outward direc-
tion. The rf excitation field, is produced by a coil positioned in
the MOUSE gap which generates predominagtiyomponents,

i.e., those perpendicular to the static field.

A new MOUSE-based probe was built to achieve 1D spatial 4
resolution and then perform MRI studies (Fig. 1). The portable 14 mm
imager is characterized by fine resolution100 wm) and an
extended field of view (16 mm long, approximately 2 mnP 044}
wide, and under 0.5 mm thick). The MRI-MOUSE was con- o2t
structed using rectangular block permanent magnets separated. ,,, [
by a 14-mm gap (proton Larmor frequency at surfac0.1 )
MHz). With this configuration, the smallest static field gradient &’
is along the gapX direction). This is thus the selected dimen-
sion for imaging because it allows for the largest field of view.
Although the point of null derivatives, 0321

55 mm
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FIG. 2. Map of thez component (across the magnets gap) amplitude of th

. . . polarizing magnetic field at 0.5 mm from the probe’s surface: (a) contour plc
is located between the magnets, a nonuniform sensitive VOlUFI a magnetic field strength increment of 8 mT per level, (b) profile along th

can be generated near the probe. center of the gap.
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gradient coils (Figs. 1 and 4a). Due to the presence of hetel
geneous static magnetic fields, a phase encoding imaging
quence was employed by varying the field gradient streng
along thex direction.

Given that this probe is mobile and usually repositioned b
an operator’s direct handling, the gradient-coil's copper-wir
winding specifications were determined by maintaining a lov

XT_, power threshold. This bears a twofold advantage, i.e., safe
and minimal size of the driving power amplifiers. The current
generated magnetic field produced by the coil pair was me
sured with the Hall probe as described in the preceding sectic
This monitoring was performed by placing the coils in a holde
prior to the positioning at the edge of the magnets gap. Figu
4a shows a contour plot of the component of the added

35 mm

bl magnetic field. A maximum strength of 0.85 mT/A was mea
sured above each coil. The current at continuous rate had to
754 kept under 0.7 A due to heat dissipation limitations. The
& derivative 9B,/d x, was calculated and the fitted line is dis
~ 50 ; ; : s :
o played in Fig. 4b. The region for the least squares fitting i
25 /
a 11 mm
0 T T T T T R »
20 -10 0 10 20 I1=070A
x(mm) ‘2 wp
FIG. 3. Bench test (dc) of thg component (outward from probe) of the @%;g@%%
magpnetic field produced by the Helmholtz pair coil used for rf excitation: (a) x \\;__// -0.26 mT
contour plot of measured data, (b) profile along the center of the gap. ===

1
.~

additional layers of wires were prone to arcing due to the high
voltage difference among the layers resulting from the long
turn design. Thg component of the rf field was measured near
the surface of the probe by the Hall probe scanner mentioned
above. The rf coil has an inductance lof= 3.5 uH and a
loaded quality factor o = 70. Short excitation pulses can be
generated (2s at under 200 W), and the tuning is significantly,
sensitive to probe loadindl{). Figure 3 shows th&,, com 04l
ponent strength measured in 0.2 mm steps. This excitation field
is homogeneous over a 30-mm region along the gap and decays ,
across the gap to 50% of its maximum strength at 2 mm from
the center line. Surface-grounded probes with a low sensitivity{:
to loading are currently being tested. g
Initial tests to measure the sensitive volume were performeds”
by displacing a 1-mm wide natural rubber sample over the 02
probe. A sensitivity range of around 16 mm is estimated by the
signal magnitude dependence with scanning sample position- -4}
ing. Because of the response of the spin system to the strength . i . .
and direction of the magnetic fields, the profile can be modu-
lated by the choice of the examining sample. This phenomenon x (mm)
is discussed with more detail below. FIG. 4. Performance of the gradient coil in a bench tdst(0.7 A): (a)
contour map of the component of the added field with a 0.04 mT change

Gradient Caoil between levels, (b) current driven magnetic field gradient along the center

. . . the magnet's gap. The straight line on the graph represents a least-squc
Spatial resolution along the magnets gap was achieved ja¥ar fit to the data in the indicated region. A constant gradienGpf=
two 10-mm diameter 100-turn multilayer solenoid antiparalleB,/ax = 0.0138(3)T/(m A) was computed.

0.26 mT

00|




ONE-DIMENSIONAL IMAGING WITH A PALM-SIZE PROBE 203

a

k = v G te,, andte, is the encoding timeA represents the
sensitive volume excited by the hard rf pulse in the presence
/2 a nonuniform field, thus, it is a function of the excitation
frequency wy, the position, and the pulse length,s, This
H factor is responsible for the profile shape even when imagir
homogeneous samples. It was demonstrated in the previc
tuse TE/2 TE/2 section that the added field gradient can be considered const
% over the sensitive region.
G . *" - To ensure excitation of the same volume by both rf pulse
T generating a Hahn echo (nominaf2 andr flip angles), they
are set with the same duration but different amplitude. Th
signal is then detected at the echo tini&, overcoming the
effect of strong read gradients. After heterodyne mixing,
J\ weighted profile is obtained by Fourier transformation of thi
— st — reciprocal space signal,

X

GMOUSE

RX o
TE
FIG. 5. Single-point spin-echo imaging sequence used for scanning of the

k space by pure phase encoding. The data are collected at the echo time in thg’ (x) = |[FT[S(k,) ]|
presence of inhomogeneous underlying magnetic fields.

TE
o - ~ j J p(X, Y, Z)GX% _T(XZ):|
indicated 10 to 10 mm) and a gradient &, = 0.0138(3) vz 2%
T/(m A) was computed.
The MRI performance of the new coils is presented below. X Alwg, X, Y, Z, thusddydz [3]

Evaluations of linearity, switching delay time, and maximum
strength are discussed based on spin-echo imaging tests.

where the integral is performed over a plane perpendicular
the gradient direction. Computation of thpé profile can be

When a hard rf pulse is applied, the excited volume can B&ained only when the sensitive volume is determined and w
assessed by the pulse frequency spen, (.. = (1/t,..)). For contain information on the spin interactions due to inhomoge
protons and a s rf pulse, the sensitive volume is a low deptteous rf excitation. Calculation of the magnetization-distribu
(Ay < 1 mm) elongated Ax > 15 mm) region, as can betion expectation values through a density matrix formalisn
calculated from the results plotted in Fig. 2a. Neither proje¢i4, 18 include the rotation operators, which are not constar
tion-reconstruction frequency encodingy8( nor single-point over they—z planes. Furthermore, the high inhomogeneity o
imaging (9, 20 can be performed under the MOUSE statithe polarizing field produces rapid phase and amplitude mo
field conditions because signal amplitude vanishes within thiation over the narrow sensitive plane at thposition. One
probe’s dead time. Due to the strength of the present static reath thus consider the signal-weighted average over the narr
gradients and the associated rapid dephasing of the signay—a region and evaluate the effect along the field-of-view by .
pure spin echo phase encoding method can be used. Ehmaple experiment with an homogeneous phantom. Then, tl
echo—amplitude change with a controlled external gradiesidserved profile during the single-point spin-echo measur
(Fig. 5) is detected to scan the reciprocal-space signal. ment becomes

For a nuclear density distributiop(r), if diffusion effects
are not significant, the signal after a tihé determined by

Imaging Method: Single-Point Phase Encoding

TE
p'(X) = p(X)eXp[ 100 (X)] A, X, touse - (4]
S(k,) = f p(r)exi wo(r)t]explik,x) 2

A T, contrast weight is realized by pulses preceding th
imaging sequence. An additional modulation can be product
during the transient state toward saturation if the time betwet
whereG, is the controlled gradient in thedirection,w,(r) is sampling ofk-space points does not allow for full magnetiza-
the frequency distribution resulting from the static polarizinion recovery. This produces two effects, restrictions in signz
fields, andk, is thex component of the reciprocal space vectorgesolution and spin—lattice image contradt)(

t
X exp[ - T*Z(r)] A((JUrfa r, tpulse)dr! [2]
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FIG. 7. (a) Multiturn commercial rubber band phantom used in (b), (b) 1D
map, and (c) uniform natural rubber specimen larger than the rf coil.

RESULTS AND DISCUSION

Imaging with a portable single-sided probe offers a powerft
technique for material science applications. In this respe
phase encoding is of great advantage in the imaging process
specimens presenting a fast decaying signal, which are fi
quently found in solid-like materials and fluids in confinec
environments. The technique can then be extended to s
tissues and liquids, considering diffusion restrictiof8)( In
order to present the capabilities of the method, a nonvulcaniz
elastomer and a commercial rubber band were imaged usi
the MRI-MOUSE. The vulcanized materials had spin—spil
relaxation times under 1.5 ms, and thus they required fa
gradient switching during phase encoding.

The probe was tuned at 20.1 MHz, corresponding to the ne
surface frequencyy < 1 mm). Rf pulses were calibrated to

FIG. 6. Profiles of a nonvulcanized elastomer with two 1-mm groves
separated by a 3-mm gap. The field of view is kept constant by changing t
number of gradient steps and maximum amplituge= 300 us: (a) 32 points,
(b) 64 points, and (c) 128 points.



ONE-DIMENSIONAL IMAGING WITH A PALM-SIZE PROBE 205

2.2 us by setting the refocusing pulse amplitude in Fig. 5 at

double the amplitude of the initial excitation pulsgl). A 1.0
repetition time of 80 ms allowed for rapid averaging and the
fast echo decay required a short encoding delay of under 400
us. The phase encoding gradients were switched after the =
second pulse in order to avoid spurious refocusing due to long
gradient raise times. The gradient-amplifier power requirement
for 64-point profiles over a field-of-view of ca. 20 mm was
under 80 W.

Figure 6 shows the scanned profiles for the nonvulcanized
elastomer which was prepared with two carved 1-mm groves
separated by 3 mm. In all three profiles the phase encoding
time was 30Qus and the nonzero filled data were acquired with
a 1us dwell time and a 500-kHz filter. The spin echoes for Fig.
6a were acquired in 5.8 min for the 32 gradient amplitudes,
while for Fig. 6b, 64 spectra were acquired in 58 min, and for . , . . , . . . .
the profile in Fig. 6¢, 128 spectra were acquired in 250 min. | oo
The estimated resolution is 1200, 600, and 308, respec- X (mm)
tively. Higher sensitivity and improved resolution can be ob-
tained with an appropriated setup. Elongated solenoid coils afid
repositioning the gradient coils closer to the excitation volume
were tested for this purpose. The observed increase in S/N ratio
is achieved at expenses of a reduced field-of-view.

A rubber band wrapped on teflon (Figs. 7a and 7b) was used
for the x-scale calibration. The reciprocal space data were
zero-filled to 256 points prior to Fourier transformation. A
signal-to-noise ratio of 60 for a homogeneous natural rubber
sample (Fig. 7c) was estimated after a 40 min acquisition for
the 64 gradient values with an encoding time of 150 Notice
that the nonuniform shape of the profile is due to the nonuni- "
form sensitive volume, as explained in the preceding section.

T, weighted profiles (Eq. [4]) are obtained by changing the 021 ‘ .
echo time and keeping the encoding time constant. Three
natural rubber samples were prepared for this experiment. The 00 , .
rubbers were cut 2 mm thick and positioned with a 2-mm gap 1 2 3 4 5
among them. Eight differenfE values were set in the range TE (ms)

0.8 to 4.3 ms. Three of the computed profiles are plotted in Fig.

8a. One hundred twenty-eight points were attained in 14 minFIG. 8. Set_ of three 2-_mm natural rupber specimens separated by _2-m
per proffe. A fve-point average for the signal magritude wies, (6%, olier Pl e s oo s O
calculated for each of the three samples. The signal deqayor o o P gie-exp
corresponding to that of the samples is shown in Fig. 8b. A

spin—spin relaxation time of, = 1.1 = 0.2 ms was fitted

with a least-square algorithm. The values corresponding to the ) ) )

three specimens are not significantly different, due to the fahough it was driven by a Bruker DSX console, it can b
that the variations are in the curing time and not in the chemic@jerated by a small-size NMR system.

magnitude (norm

0.8 -
0.6

0.4

magnitude (norm)

cross-linking during vulcanizatiorlp). The gradient coil produced a close to uniform gradient ove
the field of view. Due to the highly inhomogeneous underlying
CONCLUSIONS static fields, a single-point spin-echo phase encoding sequer

was used for the imaging procedure. The potential of th

A new portable probe for spatially resolved NMR studietechnique was shown by the MRI measurements on heterog

was built. A pair of gradient solenoid coils and a Helmholtneous rubber specimens, presenting spin—spin relaxation tir

pair rf probe positioned in the gap between antiparallel polasn the order of 1 msT, contrast on the profiles was achieved

izing permanent magnets resulted in profiles over a 15-nimy the data acquisition with different echo delays and consta
field of view. The weight of the imager probe is about 1 kg anghase encoding time.
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