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Surface normal imaging with a hand-held NMR device
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Abstract

Recently the capabilities of single sided nuclear magnetic resonance (NMR) devices have been extended towards three-dimen-

sional imaging. This paper details the use of a magnetic field sweep coil to obtain spatial resolution in the plane normal to the surface

of a hand-held NMR device—the NMR-Mobile Universal Surface Explorer (MOUSE). One-dimensional depth profiles can be

recorded by varying the current in the sweep coils. Preliminary results from multi-layer rubber and glass sample phantoms dem-

onstrate a sample penetration depth of 7mm. Two-dimensional images were acquired via the inclusion of phase encoding coils.

Non-destructive cross-sectional images of small rubber phantoms were successfully recorded.

� 2003 Published by Elsevier Inc.
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1. Introduction

Portable single-sided nuclear magnetic resonance

(NMR) probes have several advantages over conven-

tional NMR systems. They offer open access to the

sample space, are low in cost, and robust. The main
application of these devices has been the non-destructive

study of self-diffusion and relaxation phenomena in

volumes close to the surface of the sample [1]. Non-de-

structive imaging of samples using single-sided NMR

devices offers many more biomedical and industrial

applications. The device discussed in this paper has been

based on a hand-held probe: the NMR-Mobile Uni-

versal Surface Explorer (MOUSE)1 [2], with adequate
improvements [3] for one- and two-dimensional imag-

ing. This modified device has been named the magnetic

resonance imaging (MRI) MOUSE by the authors. The

nature of the probe prohibits the application of con-
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ventional linear field gradients perpendicular to its sur-

face. The B0 magnetic field of the MOUSE already has a

gradient in the order of 10–100T/m in this direction and

so any applied radio frequency (RF) excitation pulses

will automatically be spatially selective. Therefore the

observed NMR signal originates from a thin ‘‘slice’’
approximately parallel to the surface of the, and whose

displacement is controlled via the proton resonant fre-

quency [4]. This sample ‘‘slice’’ is known as the ‘‘reso-

nant volume’’ of the MOUSE. Early images from the

axis normal to the MOUSE surface were obtained by

manually tuning the resonant circuit to a succession of

frequencies using a selection of fixed capacitors [5]. This

had the effect of moving the resonant volume through a
series of discrete elevations above the surface of the

sensor. One drawback of this method was the time

consuming manual retuning of the resonant circuit that

was not necessarily reproducible. The results from such

experiments required careful calibration to allow signals

from different sample depths to be directly compared.

Now a continuous, computer controlled method of

depth penetration has been achieved by employing an
additional time-dependent magnetic field produced by a
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Fig. 1. (A) Schematic cross-section of a 2-D MRI-MOUSE, including a sweep coil to provide vertical spatial resolution, and phase encoding coils to

provide horizontal spatial resolution. Both imaging directions are normal to the B0 field. This provides a two-dimensional imaging plane in the centre

of the MOUSE. (B) Axes of image orientation relative to RF surface coil, providing a two-dimensional image in a plane normal to the surface of the

MOUSE.
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magnetic field sweep coil [6]. This coil was integral to the

design of the MRI-MOUSE. By varying the magnetic

field rather than the resonant frequency, a uniform sig-

nal is obtained at greater depths. By combining this

technique with regular phase encoding coils to provide
resolution parallel to the surface of the MOUSE, two-

dimensional images have been obtained including T2

relaxation time weighted image contrast. Full details on

the design, construction, and implementation of the

MRI-MOUSE can be found in [7].
2 Resonance Instruments, Whitney, Oxfordshire, UK.
2. The MRI-MOUSE

The MRI-MOUSE (Fig. 1) construction is based on

the palm-sized MOUSE designed by Bl€umler and

Bl€umich [2]. The total dimensions of the MOUSE are

96� 50� 50mm (length�width� height). The basic

MOUSE consists of two permanent magnets of dimen-

sions 40� 50� 25mm. They are made of highly

magnetised iron neodymium boron (FeNdB), providing
a B0 field of 0.45 T at the surface of the MOUSE. The

magnets are mounted in antiparallel positions leaving a

16mm horizontal gap between them, and are joined

underneath by an iron yoke that channels the magnetic

flux. A ‘‘figure-8’’ RF surface coil [3] was mounted in the

gap between the magnets. The B1 field is projected

normal to the surface of the MOUSE and is perpen-

dicular to the B0 field.
A magnetic field sweep coil was added to the basic

MOUSE design to obtain spatial information above the

surface of the MOUSE. The coil consisted of approxi-
mately 350 turns of 0.5mm diameter lacquered copper

wire, wound round the iron yoke below the gap between

the two magnets; see Fig. 1A. The coil was located on

the yoke where the thermal mass of the iron was suffi-

cient to prevent the magnets being damaged by heat
evolution in the coil during the experimental time. When

supplied with a current the sweep coil generates a

magnetic field that augments or reduces the existing

static B0 field. Here we use the convention that a positive

current produces a magnetic field that increases B0. A

field increase will cause the resonant volume to move

away from the surface of the MOUSE. Since the proton

resonant frequency x0 is fixed, the resonance condition,
x0 ¼ cB0 is fulfilled at different positions. Conversely a

negative current will move the resonant volume toward

the MOUSE.

Two phase encoding coils, connected in series, were

mounted horizontally (aligned along the B0 field) just

below the RF coils (see Fig. 1A) and a copper shield was

added to eliminate RF noise induced in the resonant

circuit. These phase encoding coils were also made from
lacquered 0.5mm diameter copper wire, counter-wound

into multi-layer solenoids, each comprising of 100 turns

in total. The phase encoding coils provided a magnetic

field gradient that varied across the long axis of the RF

coils; see horizontal (parallel) image axis in Fig. 1B.

The imaging experiments performed using the MRI-

MOUSE were controlled by a Maran Ultra spectrome-

ter manufactured by Resonance Instruments.2 The pulse
sequence employed was a hy–ðs–hx–s–echoÞn sequence
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[8], similar to a standard CPMG pulse sequence [9,10],
where was the optimised spin flip angle that provided

the largest initial echo amplitude. The flip angles from

the applied pulses were not precisely defined due to the

spatial inhomogeneity in both B0 and B1. The first ex-

citation pulse flips the spins onto the x-axis. The second

excitation pulse is applied along the x-axis after a time s
to approximately rotate the spins into the x–z plane so

they refocus along the x-axis, forming a detectable echo
at time 2s. The second excitation pulse is repeated at

intervals of 2s to form a train of echoes. The pulse se-

quence used a CYCLOPS phase cycle, and all the

alternate echoes were co-added to improve signal-

to-noise. The sweep gradient is applied constantly, but

the phase gradient is only active between the initial two

excitation pulses. During the collection of 1000 echo

trains, at a repeat delay of 1 s, the temperature of the
sweep coil increased by 20 �C.

A Techron3 8300 series class A/B audio amplifier,

regulated by a Resonance Instruments gradient control

card, drove the sweep coil. The current through the

sweep coil could be incremented from )24A to +24A,

using up to 60 steps, depending on the required resolu-

tion. A current of +24A corresponded to a field strength

increase of 160mT in B0 at the surface of the RF coil.
However, it was discovered that the permanent magnetic

field of the MOUSE had already caused magnetic sat-

uration in the iron yoke. Therefore, additional magnetic

flux from the sweep coil could not be used to augment

the B0 field. Instead, only negative sweep currents could

be applied to reduce the B0 field. Accordingly the proton

resonant frequency was set at 12MHz which corre-

sponded to a volume 7mm above the surface of the
MOUSE, determined from the known B0 field profile.

When a sweep current of )20A was applied, the reso-

nant volume moved down to be adjacent to the surface

of the RF coil. There was an inherent loss in sensitivity

caused by the use of a lower resonant frequency. A

larger yoke could have been fitted to allow positive

sweep currents and a higher resonant frequency to be

used. However, the inclusion of more iron would greatly
increase the weight of the device and reduce its porta-

bility. Another Techron amplifier was used to provide

the phase encoding gradients. For each sweep current

step, a standard phase encoding sequence [11] was run to

capture a horizontal one-dimensional profile. The

maximum safe gradient currents were applied at all

times to provide the best horizontal resolution.

Calibration experiments were conducted on a series
of phantoms consisting of Otoform4 (proton-rich rub-

ber) and glass layers. All the experiments were con-
3 Techron Division of Crown International, Elkhart, IN, 46517-

4095, USA.
4 Otoform-K2; Condensation-vulcanising silicone impression ma-

terial, supplied by Dreve Otoplastik GmbH, 59423-Unna, Germany.
ducted at room temperature (�20 �C), inside a mobile
Faraday cage to reduce external environmental noise.

The phantoms were designed to determine the resolution

and penetration depth of the sweep system. The profile

depths were found to have a non-linear dependence on

the applied sweep current. This non-linear relationship

was used to re-scale all the subsequent measurements.

The system was found to have a resolution limit in the

order of 2mm. This relatively poor resolution is partly
due to the curved shape of the resonant volume [4].

Methods for improving this resolution have been con-

sidered elsewhere [12]. Measurements on a uniform

block of Otoform indicated that only sweep currents

between )10 and )20A influenced the position of the

resonant volume. The number of sweep current steps

used in all subsequent measurements was reduced to this

operating range.
3. Experimental results

Three-dimensional Otoform phantoms were con-

structed to test the two-dimensional imaging capabilities

of the MRI-MOUSE. The raw cross-sectional image

from one such phantom, a p shape, can be seen in
Fig. 2A. A binary image has also been shown that was

created by applying a non-linear normalisation function

to the raw data. This function was determined from an

image of a solid rubber phantom. The true sample cross-

section has been illustrated, and the imaged area out-

lined in Fig. 2B. The image plane was normal to the

surface of the MOUSE and along the long axis of

the RF coil and has been sketched in Fig. 2C for clarity.
The image is a reasonable representation of the actual

phantom, providing a non-destructive cross-section. The

horizontal dimensions of the image are limited by the

shape of the B1 field and hence the size of the RF coil. A

third dimension could, in principle, be imaged by the

inclusion of a second set of phase encoding coils, but the

field of view would be extremely narrow. Rather, three-

dimensional images could be generated simply by me-
chanically moving the entire MOUSE across the surface

of the sample. T2 weighted images were also produced,

demonstrating the ability of the MRI-MOUSE to dis-

tinguish materials with different relaxation times. To

demonstrate this, a glass and two rubber (Otoform,

T2 ¼ 80ms and Blu-Tack, T2 ¼ 40ms) p phantom was

produced. The three materials were distinguishable in

the image due to their different relaxation times; see
Fig. 3.
4. Conclusions

In this paper it has been successfully demonstrated

that two-dimensional images can be obtained from a



Fig. 3. T2 contrast imaging of a Blu-Tack, Otoform, and glass phantom. The image plane is identical to that shown in Fig. 2C. The image is distorted

to the irregular shape of the resonant volume. However, the three regions are distinguishable. The glass and air, containing no protons, have been

shaded black. The Blu-Tack, with a short T2 is dark grey, and the Otoform with a long T2 is light grey. The edges of the Otoform pillars have become

distorted and cannot be distinguished from the relaxation time of the Blu-Tack since it was difficult to fit a single exponential decay to the signal in

partially filled voxels.

Fig. 2. Two-dimensional, surface normal image recorded using the MRI-MOUSE. (A) The non-destructive, cross-sectional image obtained from the

Otoform phantom (top), shown normalised and with a threshold (bottom) for clarity. The true shape is illustrated in (B). The dotted lines in (B)

outline the imaged portion of the �pi� phantom. The sketch in (C) illustrates the orientation of the image on the surface of the MRI-MOUSE, normal

to, and on the long axis, of the RF coil; see Fig. 1B.
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basic, low-cost, hand-held NMR sensor. Work has been

presented elsewhere on a portable (but not palm-sized)

three-dimensional MRI device [13]. Significantly the

MRI-MOUSE design demonstrated here has the ad-

vantage of being small enough to be carried and oper-

ated by one person. The novel implementation of a

sweep coil system [6] in a portable device has removed

the need to manually retune the probe [5,14] to obtain
spatial resolution vertically above the RF coil. One-di-

mensional profiling has been successfully achieved, and

preliminary results on several multi-layer rubber and

glass phantoms demonstrated a resolution better than

2mm, and a sample penetration depth of 7mm. For the

future, the performance of the magnetic field sweep coil
may be improved to reduce the required current and

hence provide a more economic and portable set-up. It

has been suggested that a car battery combined with a

suitable time and amplitude regulator could be used to

drive the sweep coil, making the system truly mobile.

However, the rise and fall times of the sweep coil current

are dependent on the source and it is doubtful that car

batteries could provide the same performance as a 1 kW
audio amplifier. Careful consideration would have to be

given to such issues if this system were to be eventually

implemented.

Two-dimensional images were produced in a plane

normal to the surface of the MOUSE by adding a set

of phase encoding coils (see Fig. 1A) [12]. The phase
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encoding sequence could be improved in the future by
the implementation of oscillating gradient currents [15].

This would allow small current sources, e.g., car bat-

teries, to drive the field gradients instead of audio am-

plifiers, making the system truly portable. T2 relaxation

time image contrast was also achieved, potentially

leading to medical applications [16] of the MRI-

MOUSE. This method could one day lead to the

successful construction of a commercial, hand-held,
portable MRI device that could have many industrial

applications, such as cross-sectional imaging of me-

chanical rubber products, e.g., car tyres and airsprings

on railway carriage suspension systems.
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