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INTRODUCTION

Nuclear magnetic resonance imaging (MRI) is developing into a
powerful tool in medical ciagnostics. In order to produce the
state of the art, medically useful images (Figure 1.), this
technique has evolved into sophisticated and complex technology,
that should in spite of tais fact, be well understood by the
medical personnel. Figure 2. shows a picture of a professional MR
Imaging System. It is of course financially unacceptable to use
such an instrumentation for teaching and demonstration purposes.
As a consequence, demonstration of MRI which itlustrates the
essential features of NMR techniques, is of utmost necessity. The
Institute Jozef Stefan NMR Spectrometer/Imager is the first
demonstration instrument 3f this kind.

It was developed as the result of the joint efforts and
experiences of Jozef Stefan Institute, Ljubljana, SLO, Institute
fur Medizinische Physik Wien, Austria and Waterloo NMR
Spectrometers Inc., Waterloo, Canada.
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SMALL MR IMAGER AND NMR SPECTROMETER (SMR1)

The instrument is ideal ior undergraduate and graduate physics
and medical physics Naboratories. The special

emphasis is given
to the demonstration of i MR - imaging of phantom

samples that can
techniques without
imaging instruments in
.rlatiom and ‘teaching purposes. It can however
allow for the demondtration of all other essential effects of NMR

give an adequate +nderstanding of NMR
occupying expensive pmc essional MR
hospitals for demong:

as well:
- free induzltion decay
- spir-eche
SPiIr-spin and spin-lattice relaxation
- selVfadilffusien of molecules
- FFT:of the free sinduction decay
NMR omography
The Small MR Imager .and -NMR Spectrometer consists of two units:

- Pulsed NMR SpectrometerIMS4
Digital data acquis-tion

& processing system LCD SCOPE
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Figure 3. - Small'NR Imager and NMR Spectrometer



The NMR spectrometer MS4 is5 a self contained fixed frequency
spectrometer. It allows for the application and demonstration of
all standard techniques {(free precession, spin-echo, inversion-
recovery, Carr Purcell, ~NMR tomography). The built in permanent
magnet provides a stable, honcgeneous magnetic field. In order to
allow for the MR imaging, the magnet has a built-in gradient coil
system, that can generate a “inear gradient of the z- component of
the magnetic field (359{) The digital data acquisition and
processing system (LCD SCOPZ! has all the performances of the
digital oscilloscope. The system microcomputer controls the
operation of the entire measuring system and performs altl
necessary calculations {signal amplitude, digital averaging,
integral, Fourier trans“o-m,...). It can also provide interfacing
the external IBM PC XT/AT computer. The external IBM PC computer
s in principle not necessary as long as one wants to perform the
basic NMR experiments. Frowever in the case of the MR Imaging
experiment the external :-omputsr is unavoidable as it performs
the image vreconstruction. The available communication & data
processing software quides the user through the entire set of
basic NMR experiments providing al) necessary information,
performs MR image reconst-uction and also allows for large screen
live projection of the NMR experiments using the digital overhead
projector {See fig.l. and Table ).
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SPECIFICATIONS

Frequency 9 MHz
Magnetic field: streagth .21 7T
homogeneity 1075 T/cm
Magnetic field gradient 0 to 2!x 1074 T/cm
Sample dimensions outer diameter 8 mm, length 10 mm
Pulse sequences m/2; mn/2 - t - m Hahn echo;
n -t - n/2 inversion recovery;

Carr-Purcell seguence
R.f. phase channels 6%, 9c® phase shifted

with respect to the reference
3

R.f. transmitter power /2 r.f. pulse :s about 107" T
Receiver recovery tims= 4 120 us

Detection Fhase (sensitive and diode
Signal to noise - 100

Gain variation two orders of magznitude
Sampling frequency var:able in steps 1-2-5-10

from 2 MHz to 0.04 Hz

A/D resolution C.% %

Data memory 512 or 2048 bytes
Display LCC matrix 200 x 120
External Computer interface RS 232 ¢

IBM PC XT/AT compatible

IBM PC communication and data processing software

Table 1.



BASIC NMR EXPERIMENTS

The SMRI instrument iig designed to measure the nuctear magnetic
resonance observables: such as ‘free induction decay (FID), spin-
echo, spin-spin amd sSpan relaxation times, self-diffusion

coefficient and in tte Firgt place, MR images of phantom objects.

When the sample containing (protons is inserted into the NMR coil
in the center of ithe +£{ii1-iin. permanent magnet, the nuclear
magnetization orientts algng the: static magnetic field. If an
intense radiofrequency “ielld .at a resonant freguency:

where W - Larmor frequency
) .
E = gyromagnetic ratio

By, = static magnetic field

the nuclear magnetivition -starts nutating away from the axis of
the static magnetic field fr-axis, . L. e leagch of ine r.f.
pulse is properly &djusttec, the magnetization will end up
perpendicular to the static ‘magnetic field (90° puise). Being
perpendicular to th: magnztic field it will precess around the
magnetic field axis it & Lermor frequency nducing a signal in the
NMR coil -free Preressian stgnal. Due to the local
inhomogeneities of ‘the magnettic field caused by field gradient
and spin-spin 1nteraﬁmdﬁﬂs:the:pmrtia1 lTocal magnetizations will
precess with difiizrent Larmor frequencies. So  partial

magnetization will <oon .ge dephased and the signal will decay to
zero (See Fig. 6).

The entire process can dbe very well followed by the SMRI
instrument that alllows for [the adjustment of the resonance
condition, the 90° jpulls: length, the detector gain and the
detector reference whase. Throughout the entire experiment the
free precession sigmal iis followed by the digital oscilloscope
and displayed on its UCO matrix sgreen.
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If the static inhomogere uy:of the magnet is the major reason for
a decay of the free grecession signal, the second r.f. pulse,
being twice as long as twe First 909 pulse - 180 © pulse, will
cause a time reversal inl the relative motion of partial
magnetizations. So the pertial magnetization that got dephased
during 'the time betwzenlire first r.f. pulse and the second r.f.
pulse (180°) will refocus .again after the same time that elapsed
between the first and the second r.f. pulse. The signal called
the spin-echo will :appezar (See ;Fig. 7). The refocusing of the
spins would be complete (xpin-echo signal = FID) if there were no
spin-spin interactions. Ax lthese interactions are time dependent
a time reversal" causet y:a 1800 puise cannot correct for the
partial magnetization dedhésing due to spin-spin interactions.
Therefore the amplituds of "the spin-echo will decay with
increasing delay time It bwtween :the first and the second pulse
with the characteristic time called spin-spin relaxation time T2
(See Fig. 8). So repeatinz this experiment for a number of times
with different delazy times t, one can get the spin-spin
relaxation time T2 from the dependence of the spin-echo amplitude

of the delay times .

Instead of measuring ‘the time dependence of the spin-echo
amplitude by varying theidelay time t between 90° and 180° pulse,
one can apply another 18D" pulse after the time t after the first
spin-echo signal. This jpulise will again cause refocusing of the
magnetization and iapgpearance of another spin-echo signat.
Repeating this proceduns “or number of times one gets the well
known Carr - Purce’ll pulse: sequence. This sequence generates a
train of spin-echo 'signals. Just as in the case of the single
spin-echo experiment the amplitudes of the spin-echo signals
generated this way :decay with the spin-spin relaxation time T2
See Fig. 9). So wusing 'thtis sequence one can measure spin-spin

retaxation time To 1n onz single experiment.

The decay of the nuc wear “iree precession signal is not governed
only by the magnetic ‘field inhomogeneity and spin-spin
interactions described abowe. As the FID signal is caused by the
precession of the tramswewise magnetization generated by the 90°
r.f. pulise one can ewpert fthat this magnetization will sooner or
latter return to its equillibrium orientation along the static
magnetic field.
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A simple thermodyranic analogy of vrelaxation of nuclear
magnetization towards original rest state ig based on the concept
of spin temperature. Following r.f. excitation, the spins can be
considered "hot". The environment, generally referred to as
"lattice", (even in liquids) can be perceived as a heat sink with
a large heat Ctapacity, absorbing the nuclei’s excess energy
through thermal contact (Fig.10). However, the spins are actually
quite effectively insula-ed from the lattice. Hence the "heat"
transfer is slow, and relaxation times are consequently long. In
pure water, the protcn spin-lattice relaxation time at room
temperature is approximately 3 seconds. In biological tissue, it
varies between a few hundred milliseconds and about 2 seconds.

The experiments that determine the spin-lattice relaxation rate
are based on the fact, that the signal following the 90° pulse is
proportional to the magnetization parallel to the magnetic field.

If at the beginning of the experiment, that has to determine the
spin-lattice relaxatior time 7. 180° pulse is applied to the
sampte, the magnetization isg inverted to be antiparallel to the
magnetic field. As su:zh orientation s not thermodynamically
stable, the magnetization will relax with the spin-lattice
relaxation time towarcs tre equilibrium orientation. After time t
after the first 186° pulse a 96°% pulse is applied. The signal
following it g proportional to the magnetization component
parallel to the magnetic field, Varying the delay time t between
the 180° pulse and the 90° pulse one can determine the time
evolution of the componen- of the magnetization parallel to the
magnetic field by measurirg the amplitude of the free precession
signal following the 90° sylse. This experiment is a well known
inversion recovery method.
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MR IMAGING

The basic principle cf magnetic: resonance imaging is the
conversion of the spatial dependence of NMR parameters (spin
density, spin Tlattice and spin-spin relaxation times) into
the frequency dependence. As the Larmor precession frequency 15
proportional to the stat:c magnetic field

the spatial variation »of the wagretic field induces spatial
variation of larmor frecLency . The required variation of the
magnetic field can be Lest done with set of gradient coils
producing linear gradient of tre Z-component of the magnetic
Field. By making the nuclei "see" different static magnetic field
values according to thei- spatial location, one can in principle,
differentiate signals eritted from: nuclei in different volume

elements voxels. Al1]1 NMR imaging: methods are based on this
fundamental principle (Fi3.11}.

Tweo diferent voluma elerments (voxels)
corresponding 10 diflerent values of the detected
magnelizalign,

Figure 11.



This can be illustrated w'th a simple phantom consisting of a
teflon block having two water-filled cylindrical holes aligned
with the z axis (axis of the static field), but with different
locations with respect to x {Fig.12). 1n the absence of a
gradient, (Gx=0) the samples are indistinguishable. They resonate
at exactly the same frequency, btecause they experience the same
field, and hence, the free induction decay contains only one
frequency. (Fig.12a). Howeve-, as soon as the gradient is turned
on, the two tubes will no longer experience the same magnetic
field strength, and the resilting free induction decay will be
the superposition of -wo different frequency components

(Fig.12b}).
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In reality, signalsiare collected from a multitude of spatial
Tocations and the FIG s & «comoesite consisting of many different
frequencies., To .deterrine individual frequencies in such
situations, one resprts 1¢ a mathematical analysis, carried out
in a digital computer. Tre process is called Fourier transform.
Whereas the FID rep-esents the time evolution of the transverse
magnetization, the ‘Fourier transform represents its frequency
distribution. This 'not only a lows extraction of the individual
frequencies, but also 'thelir .associated amplitudes, which are
proportional ‘to the spim density at the particular spatial
location. However,.a fuarier Transform of one orientation of such
phantom sample: is 10t suffficient to determine the actual spatial
position of the phantorn. To achieve this, one must generate
signals which may ke regardad as projections onto both x and y
axes by first applyimg a :gradient, Gx, collecting and
transforming the resulting isigral and then repeating the process
by substituting gradienlt Gy #or Gx as illustrated in Fig.13. One
can see, however, ifror tle batk projection of these profiles,
that an ambiguity remains (Fig.13b). At least one more
projection, wusing i{for exanple., a gradient that is tilted 45
degrees, is reguired to inaqui'wdcally determine the location of
the samples (Fig.13c). The conrsttruction of an image consisting of
N x N pixels requires alt leact .l :independent views {projections),

each defined by N poirts.
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The method of image reconstruction by back-projection as
demonstrated on Fig. 13 s analogous to x-ray CT, where the
dttenuation profiles -ake the place of the NMR frequency-domain
signal: Fourier transforms of the phantom free induction decay
(measured at 32 different ¢crientations of the phantom with
respect to the static magnetic field gradient) are measured and
the x-2 cross section of the phantom sample is calculated in the
[BM PC computer using the standard backprojection reconstruction
technique. The resulting MR image is shown on the figure 14. The
blur, resulting from simple back-projection, is eliminated by
first convolving the projection signals with suitable filter
functions, a procedire acain well known from x-ray CT.

Thanmn1sampw

Fiqure 14,



Algebraic Reconstruciiem s iterative reconstruction technique
for determining density matrix of protons from projections. It
was suggested for us2 in U-ray tomography (Herman 1973, 1976). It
gives significantly betier results as simple backprojection
technique:

First step of calculation i3 to:determine initial values for the

density matrix (n x m). Dme of the approaches is to start with
average density @l

I n

DI IS ST

Zeroth approximation iis 'ttzn iterated by the following formutla

'P(r.8)- R,(r.8)
]

Prari W)= pAT Y]+

where P,{r,8) 1is measurer value' of density {projection data),
which is going through poinht (x,y) at angle 8 and Ri(r,Q) is
calculated sum of thr =lmmants of the density matrix which go
through point (x,y) :dt ancle §. Ni(r.8) is the number of elements
that are lying at the amg e @ along Ri(r,Q) in density matrix,
One iteration is compwizexl of the calculation iteration formula
for all points in :each projection and for all projections
(Fig.15).

In principle one should rezeat iterative procedure unti) required
accuracy 1s achieved. This appnoach could lead to noneffective
lTarge number of iteratians an¢ long computation time. A.R.T.
algorithm converges ionty wren the projection data is accurate. In
case of noisy data there ds1a great chance that the result would
diverge. The stability: of the iterative procedure can be improved
if the corrective factor 5y<lis wsed. The factor s; being less
than 1 causes the calcu:lted correction not to be completely
performed, which means =hat: @ the: result is updated for less than
it was estimated to be recessary.

'L (r.6)— R,(r.6)
N(r, @)

Pipdz ) = mliay)+0, -
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- Gallery of ‘images obtained after consecutive angular

dependence mzasurement (32 steps from 0° to 360°
rotation). ¥%fter the 32’'s measurement (single
rotation ‘for 3J6D*) ) the MR Image already represents a
very realisticiimage of the phantom sample.



To remain on the safe side, the value of s¢0.5 is recomended for
the first iteration ard value of s¢0.25 for all the others. With
the normal quality of the NMR signals a single A.R.T. iteration
is sufficient as demonstrated on fig. 16 showing a "gallery" of
MR Images of different phantom sampies.

TEST1.NMP TEST2.NMP TEST3.NMP TEST4.NMP

(D
]

TESTS.NMP

Figure 16. - MR Image jallery: display of MR images of different
phantom szmples

There are of course many other approaches to the problem of MR
imaging and image reconstructicn. Most of them make use of timed
rather than stationary gradients. Such methods however require a
more complex gradient coil system design and would be relatively
difficult to demonstrate them in a small permanent magnet built
tn the SMRI instrument. Nevertheless the simple, one gradient
axis, backprojection and A.R.T. technique realized in the 1JS
Small MR Imager & NMR Spectrcmeter demonstrate clearly enough
what the MR imaging is al® about.



Combining the presence of the Tinear gradient of the z component
of the magnetic field with a r.f. pulse thaz is sufficiently weak
and has small frequency bandwidth $0, that it can excite only a

narrow slice of a thickness Z, @ cross-sectional images can be
obtained (Fig. 17).

By combining a frequency-selzctive pulse in
the presence of a z gradient, excitation can be confined
to a slice of thickness Az.

Figure 17.






