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INTRODUCTION

During the past few years, there has been a dramatic change in medical imaging
subsequent to the introduction of new diagnostic imaging modalities and tech-
niques. Computerized tomography and ultrasonography have found their place in
the field of diagnostic radiology. Conventional radiography has become more
complex due to many factors, including the availability of newintensifying screens
such as rare earth screens, new developments in image intensifier and fluoros-
copic systems, specially sensitized lower silver content films, chemistry and film
processor advances, x-ray tube target materials, selective beam filtration, x-ray
tube focal spot size considerations for reducing geometric unsharpness and for
magnification techniques, carbon fiber and low absorbing materials for cassettes
and table tops, and scatter reducing techniques such as scanning multiple slit
methods. Test procedures for quality assurance and equipment compliance are
becoming increasingly more important in the radiology department. Advances in
nuclear medicine imaging have taken place, in particular, computer-assisted car-
diac studies and emission tomography. At present, digital radiographic techniques
and nuclear magnetic resonance (NMR) are being used or considered as diagnostic
imaging methods. With such an increase in possibilities, important decisions must
be made in order to select the best diagnostic imaging modality, system or tech-
nique for the appropriate diagnostic task. These decisions will be based on three
fundamental considerations: (1) diagnostic information and accuracy; (2) patient
risk (radiation dose); and (3) monetary costs.

The SPIE Application of Optical Instrumentation in Medicine scientific programs
and resulting proceedings publications have provided valuable information on the
topics outlined above. In recent years, this meeting has been presented jointly by
the Society of Photo-Optical Instrumentation Engineers (SPIE) (now SPIE—The
International Society for Optical Engineering) and the Society of Photographic
Scientists and Engineers (SPSE) and has been held in conjunction with the
American Roentgen Ray Society (ARRS) meeting. The meeting has been held in
cooperation with the Bureau of Radiological Health, the American Roentgen Ray
Society, the American Association of Physicists in Medicine, and the Society for
Radiological Engineering. The program has provided a format for important scien-
tific contributions to both the clinical and technical aspects of conventional and
new imaging systems, techniques and methods of evaluation.

The 1981 Application of Optical Instrumentation in Medicine IX meeting was held
in March in San Francisco, CA. Nearly 300 physicians, physicists, and engineers
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from medical institutions and industry were registered. Invited and contributed
papers were presented in eight sessions. The session topics were: (1) nuclear
magnetic resonance (NMR); (2) conventional imaging systems evaluation; (3)
digital radiography; (4) quality control; (5) nuclear medicine; (6) joint session with
the ARRS; (7) computerized tomography; and (8) recording, storage and processing
of images. The joint session with invited or specially selected papers from the
Application of Optical Instrumentation in Medicine IX and the ARRS meetings
produced an overflow turnout. Much of the interest for this year's meeting was in
digital radiography and NMR imaging. Separate break-out sessions on NMR,
computerized tomography, digital imaging and conventional imaging system eval-
uation provided for lively informal discussions.

Arthur G. Haus
M.D. Anderson Hospital & Tumor Institute
University of Texas System Cancer Center
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Nuclear magnetic resonance (NMR) tomography at Nottingham:
methods system technology and results

G. N. Holland, W. S. Moore, R. C. Hawkes
Department of Physics, University of Nottingham, University Park
- Nottingham, NG7 2RD, United Kingdom

Abstract

The techniques employed in the Nottingham whole-body NMR imaging system are described.
Attention is paid to the design philosophy of the instrument, describing in detail the
construction of the apparatus. Results obtained from approximately one year's experience
of head scanning are described.

Introduction

Since the first practdical demonstration of nuclear magnetic resonance (NMR) imaging in
1973 by Lauterburl, there has been considerable research work bn the subject carried out at
Nottingham University. Initial experlments were performed during 1971 on a modified
conventional NMR spectrometer operatlng at 60 MHz proton resenance frequency, using a
technique devised by Moore and Hinshaw The results obtained using this, the 'sensitive
point method', were from samples up to 6 mm diameter. In 1975 a research team was set up
to construct an imaging system to operate at 30 MHz with access for samples up to 8 cm
diameter. This machine which became operational in 1977 was designed solely for.operation
using the 'multiple sensitive point' technique of Hinshaw. A wide range of images were
produced using the apparatus from anima13,“, vegetab1e5, and mineral® samples.

In 1978 two of the authors (WSM, GNH) initiated a program to construct a whole-body NMR
-imaging system; the aim being to produce a versatile instrument not restricted to one
particular technique. This paper describes the NMR methods which have been implemented on
the apparatus, and discusses in detail the design philosophy behind the construction of the
equipment. The results obtained to date are also discussed.

Methods

The scaling up of an NMR system presents special problems due to the low frequency,
large size and inherently low sensitivity of the experiment. Experience gained with the
small 30 MHz system using the multiple,sensitive point (MSP) technique indicated that even
if this method was not optimal in terms of efficiency of data collection it was at least
capable of producing high resolution NMR images. Congequently it was decided to implement
this technique at whole-body sizes. For more rapid data collection, the ability to perform
projection reconstruction methods under a wide range of pulse techniques was also included
in the design schedule.

Initial results were obtained from the apparatus using the MSP technique. In this
technique a unique column of spins through the sample by applying two orthogonal
sinusoidally modulated field gradients. A third mutually orthogonal static field gradient
is used to give a spread in resonant frequencies along the column.

The direction of a uniform field gradient is the direction along which the field changes

at a maximum rate; the field in the plame perpendicular to this does not vary. In the
apparatus coil systems are so arranged so as to produce magnetic fields in the z direction,
which is also the direction of the steady applied magnetic field Bzg. The three gradient
fields are therefore:

%Z.z.coth

«(x = xo)51th
[~ .
By b

where the grad%ent strength gy, gy and g, are the spatial rates of change of By in the x,
y and z directions: Thus the total field experienced at any point in an extended sample,

centre (0,0,0) is:-

Bz(x,y,z,t) = Bzo + gx(x - xo)sith + gy.y + g, .zc08Qt (1)
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The total field is thus time dependent with frequency of ospillation Q everywhere except
along the 'sensitive line' x = x5, 2z = O.

In order to collect components of signal with no time dependence, the signal is averaged
over a large integral number of gradient cycles. Only time independent signals can be
moved electronically by altering xo, the position where the x gradient contributes zero’
field which is achieved by varying the ratio of currents fed to the pair of currents that
generates gx. Thus a thin section image in the plane x = O can be obtained.  The actual
dimensions of the sensitive line depend on gz which alters section thickness and gx which
alters resolution in the x direction.

In the MSP method, in combination with the field gradient scheme described above a pulse
technique called steady-state free precession (SFP) is employed which consists of applying
a rapid sequence of phase alternated resonant RF field pulses at wo to the specimen. After
a time ~ T7 (the spin-lattice relaxation time) an equilibrium is set up where the steady-
state NMR signal S can be approximated by:-

& psina (2)
(Tl/T2 + 1) - (TI/T2 - 1)cosa

for a homogeneous collection of protons with longitudinal and transverse relaxation times
respectively. Here p is the actual number density of hydrogen atoms and o = yH18 (where

Y is the gyromagnetic ratio, Hl the RF field strength and 8§ RF pulse duration. The
condition of maximum signal amplitude is when a = 7/2 (a '90° pulse') and T} = Tp >> 1
where 1 is the RF interpulse interval. Under these conditions signal amplitude is directly
proportional to proton density. However this does not mean that the greatest degree of
image contrast is exhibited at a maximum signal condtion. The observed signal S' is the
sum of responses S of many types of proton with differing values for the ratio T1/T2. Some
information about the type of proton contributing to S' can be obtained by observation of
the behaviour of S' as a is varied. This is shown in Figure 1 where normalized 5ignal
amplitude is plotted against pulse angles for various T1:T» ratios typical of those
encountered in biological systems. Examination of fhe curves indicate that whilst signal
maxima are obtained for a > 900 the greatest discrimination between components occurs at
900 < o > 1200, It thérefore can be seen that combinations of pulse lengths and power can
be used to influence o in order to vary image contrast.

-~
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Fisure 1: Signal response vs pulse angle for various Ty:T

> ratios.
Facilities in the apparatus are also provided to obtain projection data for image
reconstruction by filtered back projection. In this case the field gradients must be
handled_rather differently than for the MSP technique. Assuming transverse plane imaging
gz remains time dependent but gy becomes a static linear gradient. During the course of an
experiment ‘gxy and gy are generated by coil sets driven with currents of the form Isin6 and
Icgse where 6 has a range of O to m, and traverses this range in a total of N steps, where
N is the number of projections collected. Since a field gradient is a vector it can be
seen that the resultant of gy and gy is:=-

SPIE Vol. 273 Application of Optical Instrumentation in Medicine IX (1981)/ 3



g y(00829 + sine)

o=

= JBygl (3)
Any point on |GX therefore traverses an arc of 1800 during the course of a scan. As in
the MSP method collecting only time independent data results in a thin section image in the

plane z = O.

If the coils that generate gz are separately driven, then by varying the ratio of
currents in the two coil half sets the zero field plane position can be shifted, allowing
a set of images of parallel planes through the specimen to be obtained without any movement
of that specimen. The range through which the zero field plane may be moved is dependent
on the linearity of the gradients and/or the range of receiver coil sensitivity. Further- .
more, by reallocating the time dependent field gradient to either gy or gy with static
gradient rotation in the yz or xz plane sagittal or coronal images may also be generated.

Further aspects of the methods relating to data collection and processing are discussed
in the next section as they are closely related to the particular instrumentation used.

Apparatus

Magnet, Gradient and RF Coils

The primary consideration for any whole-body NMR imaging is the selection of the magnet
system. At the time the authors were considering their choice of magnet only four systems
of any type to their knowledge had been delivered worldwide, and all were of-the 4-coil
resistive air cored solenoid type. Whilst the acquisition of a superconducting magnet
system was discussed this was ruled out easily on several grounds - most notably cost -
but also delivery schedule and environmental specifications. Since only proton NMR
imaging was envisaged the major feature of superconducting by magnet systems - namely the
ability to generate high field from low power input - was not considered advantageous
since the RF conductive losses exhibited by body tissue above 10 MHz give rise to an upper
field 1limit of '~ 0.25 T for proton NMR. Of the two resistive magnet types available the
model with aluminium tape would coils rather than copper wire wound coils was preferred on
the grounds of anticipated superior thermal characteristics and smaller winding errors.
The magnet was manufactured by Walker Scientific Inc. (Worcester, Mass.), and is capable
of generating a field of 0.1 T for a 15 kW power input. Its bore is 60 cm. The 1 @
resistance exhibited by the four coils in series allowed the unit to be driven by a 220 A
Varian DC regulated power supply available in the authors' laboratory. Water cooling for
both magnet and power supply was provided by a custom built closed cycle cooling system.
The mechanically crude coil mounting scheme incorporated in the magnet design, coupled with
the desire to site the unit in a normal laboratory environment with close proximity of
large amounts of ferrous material was instrumental in the decision to attempt to attain
only modest field hemogeneity. In practice, using AC field plotting techniques with a
small NMR probe mounted on an arm capable of axial and radial movement as well as rotation
in a fixed plane enabled a homogeneity of 1 part in 104 over a head sized volume (10 em
radius sphere) to be attained with only a few hours shimming procedure.

The form of gradient coils used in our imaging system has already been described else-
where7. Golay coils are used for the generation of ‘gradients gx and gy. Golay coils used
to produce a gradient in the z direction consist of four current arcs spaced by 1200 on a
cylinder of radius R. The separation of currént arcs is 0.78 R and the length of an
individual coil is 2.13 R. Separation of coil centres is thus 2.91 R.

The 60 cm magnet bore allows a patient tube of 55 cm diameter with the Golay gradient
coils fixed to its exterior to be used. For the Golay coils therefore R =~ 28 cm. These
coils are linear to within ~ 10% over region of radius 0.7 R, and to better than 5% over
0.5 R. Since the methods to be used do not require rapid gradient changes (i.e. pulsed
gradients are not employed) the coils were wound with a large number of turns. Individual
coils were wound from 2.5 x 1.2 mm rectangular cross section enamelled copper wire and each
consists of two layers each of 34 turns with a total resistance of » 1 Q or 2 Q per half
set. A complete set gives a gradient of 10-3 T m~1 A-l. The experiment requires a gradient
G = 2nN/ytD where N is the number of time data points sampled in t and D is the diameter of
the object. For head imaging this translates, under typical operating conditions to
v 6 x 10-3 T m~1l, obviously therefore requiring drivers capable of providing ~ 6 A. The
gradient g, is generated by a Helmholtz pair of coils driven in opposition and mounted
between patient tube and the inner coils of the U4-coil magnet. Wire diameter and number of
turns, and also coil radius is chosen so that a similar resistance is exhibited by these
coils when compared to x and y gradient coil sets. Resistance is also ~ 2 Q with each coil
containing 100 turns of s.w.g. enamelled copper wire wound on a 38 cm radius former.
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In our apparatus the NMR probe is of the crossed coil variety, i.e. separate transmitter
and receiver coils and their associated tank circuits are provided. The major reasons for
this are (i) to reduce noise plck up in the receiver from the RF amplifier (ii) to allow
different receiver coils varylng size and geometry to be used without disturbing the
transmitter coil and tank circuit which because of their high power handling capability
are difficult to construct. The transmitter coil consists of two single turn plane
ellipses cr0531ng at right angles, and wound from 2.5 mm radius copper tube on a former of
50 cm diameter. At fo = 4,3 MHz the measured inductance is ~ 14 uH glVlng a tuning
capacitance value Cof 98 pF from C = (4m2fy2L)-l. This value of capacitance and that of
an associated series element for impedance matchlng can be prov1ded by using high break-
down air dielectric transmitter capacitors. It is our experience, however, that with
coil voltages in excess of 12 kV peak-to-peak, generated by the RF pulse, arcing can occur
within the tank circuit, even when DC breakdown figures are not exceeded. Our solution
has been to o0il fill the complete tank circuit rather than employ expensive vacuum
capacitors since in this latter case interconnections would still be susceptible to arcing.
As mentioned previously several forms of receiver coil have been used for specific
experiments, but for head imaging a similar geometry to that of the transmitter coil is
employed, but with the field axis orthogonal to the transmitter. As diode isolation is
used, only low voltages are present in the tank circuit and no special precautions, except
RF shielding, are required. The receiver tank circuit output connects directly to the
input of the NYR preamplifier which is sited as close as possible to the tank circuit
enclosure.

The entire magnet assembly, magnet, gradient and RF coils is enclosed in an aluminium
- mesh Faraday cage, to reduce RF interference. All leads entering the cage are heavily
filtered. Also inside the cage is a patient handling system. In order to minimize the
effect of magnet field homogeneity of structural steel work in floor and ceiling of the
laboratory, the magnet has been sited on a plinth so that its axis is equidistant between
the two surfaces. Consequently the patient handling system incorporates a hydraulic 1ift
facility to allow the patient®to be translated from normal bed height of ,800 mm to the

n 1500 mm required for entry of the bed into the patient tube. When positioned for head
scanning the patient is in visual contact with the operator by a 'periscope'. However,
since no ionizing radiation is employed, it is possible for medical staff to remain with
the patient inside the cage during the scanning procedure.

The Electronics

The electronics may be divided into three areas - namely high frequency analog (RF),
low frequency_ analog and digital (control and processing).

Commencing with a description of the RF electronics which comprises thHe NMR spectrometer
and the RF amplifier. The initial source of RF is a digitally programmable frequency
synthesizer. The RF output of this unit feeds both transmitter and receiver. In the
transmitter the CW RF enters phase shifters to produce phase shifts of between w/4 and
3m/U. A gating network allows selection of any of the derived phases. Then follows a
scheme for generating the resonant RF frequency fy only during the RF pulse envelope
which arrives from the digital control circuitry. The resultant pulse at fo is fed to
the RF amplifier. The RF amplifier is entirely soliq state and since its recent uprating
is capable of a peak pulse output of 7.5-8 kW depending on operating frequency. The basic
design has been described elsewhere8, but basically consists of eight identical water
cooled power modules, each capable of providing 1 kW into 50 Q. The eight outputs are
combined with commercial passive power couplers to derive the final output. The reason
for such high power requirement can easily be seen as the power requirement to give a
900 pulse in a pulsed NMR experiment can be defined as:

VNI-2
3

P =~
9Y2T

where V is the transmitter coil volume, N is the number of points sampled in interval rt.
Under realistic operating conditions for a 50 cm diameter saddle shaped transmitter coil
with N > 100 and t < 10 ms then power up to 8 kW can easily be required.

The receiver employed in the NMR system is quite conventional. The signal received
from the preamplifier is further amplified and is sent eventually to a pair of phase
sensitive detectors (PSD's) with references derived from synthesizer output-in phase
quadrature. The PSD outputs are filtered, amplified and sent to a pair of analog-to-
digital converters (ADC's). The signals are sampled N times during the interval between
successive RF pulses. The capability exists for up to 1 MHz throughput rate for da%a
conversion. The ADC outputs, suitable buffered, are sent as a single 16-bit parallel
data word to the processing section of the digital electronics.

1
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