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(57) Abstract

To produce image information from an object it is subjected to a continuous static magnitic field alonga Z axisand tosets
of sequences of orthogonal gradients Gy, Gy and Gz to the magnetic field. Spins in a selected plane (the X-Z plane) are excited
by selective 1f pulses and an associated Gy gradient and the selected spins are subjected to all three gradients of which the Gz
gradient provides twist or warp to each column of spins extending along the Z axis to phase-encode the columns. The spin-echo
signals are read out in the presence of a Gx gradient. In each set of sequences a different value of Z gradient is employed. The
Fourier transformed spin-echo signals obtained from each sequence, when arranged in order of increasing Gz gradient and sub-
jected to a second Fourier transform represent the distribution of spin density in the Z direction, thus giving a two-dimensional

image of the selected X-Z plane.
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METHODS OF PRODUCING IMAGE INFORMATION FROM OBJECTS

The present invention relates to methods of producing image

information from objects. It is concerned with producing images

. of samples containing nuclear or other spins whose spatial

distribution of density or relaxation time is detected by magnetic
resonance techniques. More particularly, it describes methods

for producing images from free induction decays (FID's) and spin
echoes of the sample in the presence of static magnetic fields

and switched magnetic field gradients.

In U.S. Patent No. 4,070,611 there is described a method of
producing images by a series of FID's following separate
excitations of the sample. During these FID's, magnetic fields
in two (or three) orthogonal directions are switched on and off
for specific lengths of time to yield two (or three) dimensional
images.

One of the problems associated with the above method is that
inhomogeneities of the static magnetic‘field can simulate the
effect of the deliberately introduced switched filed gradients
and mask the effect of these switched field gradients, thereby
destroying some of the information contained in the signal.

The masking effect can occur as follows. Different FID's
have field gradients of fixed strength switched on for varying
times. For any particular combination of gradient pulse lengths
during a single FID, spins in different regions of the sample
experience varying phase shifts relative to each other.

These phase shifts allow spatial discrimination and therefore
enable an image to be formed. The amount of phase shift between
two regions of the sample is proporéional to the difference in
local magnetic field of the two regions. If inhomogeneities in
the static magnetic field contribute to the local field (in
addition to deliberately introduced gradients), the spatial
distribution information can be distorted.

Suppose for example that in one of the FID's needed to
produce an image, the gradient Gz in the z direction is switched

on for time T. Consider a small volume element of a sample at

i WIPO
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"

Z =% . It experiences a field B(Z) B + ZoGz + AB(ZO), where

0 and AB(ZO) is the

"

B0 is the static magnetic field at Z
deviation from the static field at Zo due to the inhomogeneity
in the static field. Then at the end of time T the spins at Z =
Zo'experience a change in phaseA @ relative to spins at Z = O
given by

& = T(ZOGZ + AB(ZO) )T (1)
where y is the gyromagnetic ratio. So effectively the gradient
appears to be not G but & + AB(ZO)/ZO. A Fourier traznsform
along the Z direction will yield a distorted and non-linear scale
in that direction. Moreover, the extra phase shifts could cause
signals from some parts of the sample to appear incorrsctly in
the wrong part of the image (aliasing). '

A numerical example will illustrate the seriousness of this
problem.

In order to produce a well-determined NxN image, it is
necessary to take N samples from N signals. For whole-body
imaging, one would require a region at least 40 cm in diameter
and produce a 64 x 64 element image. .‘

Referring to equation (1), there need to be 64 different
values of A&J. These are obtained by having 64 differezt vaiues
of time during which the gradient GZ is applied. Ignoring the
B term in equation (1) for the moment, an example of such a
series is given by

%, =0

M, =9 =(ne) @

M. =208 = (v @) (D)
4, =388 = (2 C) (3T)

B
[

E 3
= - = (% 6) f(N - 1) T]
Note that the stength of the gradient is the same for each A%
but the time the gradients are appiied varies. There s a

*
condition, however, that 8F < 2 II across the sample. Tsin

o

rezsonable parameters based on a whole-body nuclear mazretic

/
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resonance imaging reference, the length of the sample can be set
toL =40 cm, T = 0.5 ms, ¥/20 = 4260 Hz/Gauss, and the condition
Aﬁ* <21 gives Gz < 0.012 Gauss/cm. At 20 cm, the maximum
distance from the centre of the field, Gz X Z = .24 Gauss. But the
inhomogeneity in a four coil, eighth order resistive magnet
(which is typical of those used for whole-body imaging) will be
about 10" at 20 cm, or .1 Gauss for a 1 kGauss magnet, nearly
half the contribution of the gradient. This situation is
unacceptable since one is trying to resolve those 20 cm into 32
parts, and the distortion introduced by such inhomogeneity would
ruin the image making process.:

Looked at in a slightly different way, the above difficulty
imposes a stringent condition on the homogeneity of the static
magnetic field. 7

The principal object of the present invention is to provide
an improved method of gyromagnetic resonance imaging employing
trains of free induction decays.

According to the present invention a method of deriving image
information from an object using nuclear magnetic resonance signals
comprises subjecting an object to a continuous static magnetic field
along one axis and repeatedly carrying out a set of secuential
steps each set of steps comprising:

1) seiectively exciting nuclear spins in a plane in the presence
of a first gradient of the magnetic field vhich has a gradient
direction perpendicular to said plane;

2) reversing the dirsction of the said first gradient and
applying a second gradient and a third gradient of the magnetic
field, the direction of the second gradient being orthogonal to
the gradient direction of the first gradient, and the third
gradient having a gradient direction orthogonal to the gradient
directions of both the first and second gradients;

3) reversing the direction of the seconé gradient of the magnetic
field and holding the said reversed gradient while reading out the

resultant free induction decay signal from the said obiect;

Q_,7_~ WIPO \Y,
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and then successively repeating the above set of steps with different
values of gradient of the third gradient, fhere being a recovery
interval between the repetition of successive sets of steps.

Preferably the period of application of the said third
gradient of the magnetic field is equal in each of the sets of
steps. )

In carrying out the invention it may be convenient to apply
the first, second and third gradients of the magnetic field in step
2) simultaneously.

In order that the invention may be more fully understood

reference will now be made to the accompanying drawings in which

~ the single figure shows pulse sequences for an embodiment of the

invention. -

For the purpose of the following description a static magnetic
field B lies along the Z axis and the radiofrequency (rf) field
lies along the Y axis. There are coils to produce gradients Gx’

Gy and GZ to the magnetic field B0 in the X,Y and Z directions.

The production of a two-dimensional image of a thin slab
perpendicular to the Y axis is considered. Where the method is
applied to humen whole body imaging it is convenient to position the
patient horizontazlly with the Z di?ection vertical and the ¥
direction horizontal zlong the leng{h of the patient., The X direc-
tion is then horizontzl across the patient.

The pulse sequence used to form an image from single spin

" echoes following sepzrate excitations is shown in Figure 1. The

time axis is divided into six into six successive intervals repeated
cyclically. The fields which are zpplied in each of these intervals

are as follows:

Interval 1. A 180° rf pulse is applied simultaneously with a

magnetic field gradiert G;. This selectively inverts the nuclear
spins in and close to the plane Y:YO. The value of YO czn be
altered by = change iz the frequency of the 180° pulse.
Alternatively, = non-selective 18¢° pulse can be applied with no
gradients present. Y=zl again non-selzsctive spin inversion can be

obtained by an adiatztic fast passage in which the rf fieid is
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swept through a frequency range. y-dimension selection is then
done entirely by the events in interval 3.

Interval 2. The nuclear spin system is allowed to relax by
spin-lattice relaxation for a chosen time T. No fields other than

B0 are applied during this interval.

Interval 3. A weak 90O rf pulse is applied simultaneously with a
magnetic field gradient G;. This selectively excites nuclear

spins in and close to the plane Y=Yo. The value of YO can be

altered by a change in the frequency of the 90o pulse.

Interval L. A gradient of the magnetic field having a negative value
G; is applied to rephase the selected nuclear spiné along the Y

direction. Simultaneously a negative gradient G; to the magnetic

‘field is applied to dephase the nuclear spins along the X direction.

Simultaneously a gradient GZ of the magnetic field is applied to
dephase the spins along Z.

Interval 5. A smaller positive magnetic field gradient G; is
applied. During this interval, the nuclear spins rephase to

form a spin echo, when the free induction signal is a maximum, and
then dephase. It is desirable to keep G; constant during this
interval, at which time the nuclear free induction signal is
collected.

Interval 6. System recovery time until the occurrence of

interval 1 of the next sequence. This should be long compared
with the Spin-latticé relaxation time T and is of the order of a
second in the whole-body imaging apparatus described in reference 4.
The various gradients of the magnetic field described above need
not have a square wave time profile but can have a sinusoidal profile
of amplitude against time, which mekes less demand on the switching
circuits for the gradient coils.
Two different kinds of free induction signals, SA and SB are
obtained using this pulse sequence, for any one value of the
altered high frequency of interval 1 or interval 3 and any one
value of [th GZ in interval 4, where fth indicates the integral

over interval 4,

OMFI
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SB: The relaxation interval (2) is comparable with the spin-
lattice relaxation time being measured. That is, Tﬁﬂq, which is a
few hundred milliseconds for human soft tissue at 1.7 MHz.
: SA: The events of intervals 1 and 2 are omitted, but the rest of
05 the sequence is identical.

'SA contains mainly proton density information, and SB contains
both spin-lattice relaxation time (Tq) information and proton
density information.

It may be desirable to consider the events in interval 4 in
10  more detail. 1In that interval all three orthogonal magnetic field
gradients are applied simultaneéusly. At first sight this would
. appear to make analysis of the spin behaviour rather difficult but
since no radio frequency field is present in interval 4 the effects
of the three gradients can be considered separately. The
15 resultant effect of the three gradients although applied simul-
taneously is the same as if they were applied sequentially and the
coincidence in timing is simply a convenience which serves to save
time between excitation and signal acquisition in interval 5.
The G;’gradient serves to rephase the spins across the width of the
2C  selected slice and thus it maximises the signal that is eventually
obtained. The G; gradient serves to dephase the spins along the
X direction as a preliminary to the readout step im interval 5 in
which a G; gradient is applied to cause the spins to rephase and
produce a kind of gradient-induced spin echo in the middle of the
25 signal acquisition period. The Fourier transform of this spin echo
signal is therefore a one-dimensional projection of the spin
density within the slice on to the X axis.

" The function of the gradient Gz is to provide discrimination
in the Z direction. It is introduced in interval L4 to give a known

20 amount of twist or "warp" to each vertical column of spins
(Z exis vertical), and thus it phase encodes the signal prior to
projection on to the X axis. In fact it meximises the response to
a particular vertical spatial frequency in the column ecual to the

spatial frecuency of the "warp".

e \I RE A ¥
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The entire set of steps described above is successively
repeated a number of times and in each repetition a different
amplitude of gradient GZ is utilised to cover a range of vertical
spatial frequencies from zero up to a maximum. Now suppose that the
projected spin density values for any one column (obtained from the
Fourier transforms of the spin-echo signals) are arranged in order
of increasing GZ pulse size, and subjected to another Fourier
transform, then this will represent the distribution of spin
density up the column. When this is done for each column a complete
two~dimensional image of the selected slice is obtained. Thus,
an N x N image can be obtained by taking N projections on to the
Same axis, a procedure which is obviously impossible in X~ray or
radio~-isotope imaging, simply because the basic signal has no
phase information in it.

Another view of the action of the phase-encoding gradient GZ
is that in each imaging column Il projections are collected onto the
X axis. The projections are different beczuse spins at different
heights are given varying amounts of phase twist by the presence
of different values of Gz (hence the name "spin warp').

The phase information in zn NMR signal is preserved by
employing two phase-sensitive dstectors in szuadrature to produce
two signals which are then treztsd as a single complex number.

The outcome of the double Fourier transformstion is a matrix of
complex numbers whose amplitudes represent the required spin
densities. Their phases would Zdeally be identical in a perfect
magnetic field; in practice they may vary considerably by many
cycles over the image plane, representing as they do the primary
effect of main magnetic field irzhomogeneity. This is of no
consequence, however, since the phase information is abandoned at
this stage of the processing.

In order to derive an N x i proton dexsity image, N samples
from each of N SA signals must te collected. The N signals have N
different distributions of the thase shift glong Z aad hence N

different values of Jhdt Gz. Zor this purpose a series of wave-
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forms for Gz’ namely Gzo’ qu, ceey Gz(N-ﬂ) are utilised such
that, for example

GZo =0

fjate =2 [t c = 2ot

Jth G,z =3 f#dt G, = 36*

[ at G, yoqy = (-1 [Lat G, = (N-1)G*
where G¥ = fth qu. | 7

In other words, the Z gradient is always applied for the same
period 6f time but changes in strength for different pulse
sequences. In fact in each successive sequence Gz has the same
shape and length but its amplitude changes by equal steps from
zero to a maximum value. There is a maximum condition on the
series, namely that if the total length of the sample in the Z
direction is LZ, then YLZG <2I. If this limit is exceeded,
aliasing will occur, and some parts of the sample may contribute
to more than one region of the image.

The imageris finally obtained by applying a two-dimensional

Fourier transformation to the N echo signals consisting of N
samples each. If the signals are designated as fmCTn), wheré}’nr
are the sampling times and m and n go from 1 to K, an example of

such a transforma%ion is given by

T ' ]
- - 21 - N
P(1,7) = exp Y_—qm’yG L, (_.__aN )

m= 1

L 2N

b
TN
= E\:TJZ

N
g
-
[
=
,-<
P
-
N

o

C.

!
vz

| I {

Pb
=
3
N
W
g

where LX is the length of the sample in the X direction, LZ is
the lengtnr of the sample in the Z direction, P(I,J) is the image
element &t co-érdinate (I,J), and I and J each zo from 1 to H.
An image containing mostly T,l information can be obtaired
by collecting N SB signals along with N SA sigre_s, derivizng an
SA imgge srray and an SB image array as outlined zbove, and
calculatizg the T, values (from these arrays) correspondirg to
each imzging elemént. An image containing a mixzture of T,i
informaticn and proton density information can te obtained from

-

a collection of N SB signals zlone.
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The method described above lessens the effect of
inhomogeneities in the static megnetic field. The effect of an
inhomogeneous static field as in equation (1) can be included thus
o = A2 jth G+ yaB(z ) T (L)
EB(ZO) is the difference between the static fieid value at Zo
and ' the nominal static field value, and T' is the duration of
interval 4. This difference is due to inhomogeneities in the
static field. Equation (4) shows that there is extra phase shift
caused by the inhomogeneity, but the extra phase shift is the
same for all pulse sequences because T' is the same for all pulse
sequences. VThis extra, constant, phase shift for all s?gnals
cannot affect the linearity and scale in the Z direction. This
conclusion relaxes the stringent condition imposed on the
homogeneity of the static magnetic field by the method of
U.S. Patent No. 4,070,611.
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CLAIMS
1. A method of deriving image information from an object using
nuclear magnetic reséinaice 'signals comprising subjecting an object
to a continuous static magnetic field and carrying out a set of
sequential steps which comprise:
1) selectively exciting nuclear spins in a selected plane in
the presence of a first gradient of the magnetic field which
has a gradient direction perpendicular to said plane;
2) reversing the direction of the said first gradient and
applying a second gradient and a third gradient of the 7
magnetic field, the direction of the second gradient being
orthogonal to the gradient direction of the first gradient,
and the third gradient heving a gradient direction
orthogonal to the gradient directions of both the first and
second gradients;
3) reversing the direction of the second gradient of the
magnetic field and holding the said reversed éradient while
reading out the resultant free induction decay signal from
the said object;
and then successively repeating the above set of steps with
different values of grac¢ient of the third gradient, there being
a recovery interval between the repetition of succezsive sets
of steps.

2. The method as cisirsd in cizim 1 in which the gperiod of

" application of the szid third grzdient of the magneiic field is

equal in each of the s=:= of steps.

3, The method as élai:ed in cizim 1 or claim 2 iz which the said
first, second and thirc gradients of the magnetic Zield in step 2)
are all applied simuiltzxsously.

L, The method as clazirzd in any one of the preceding claims in
vhich the plane in wnicz nuclezr spins are selectivzly excited
lies parallel to the directioz of the magnetic fie>Z.

5. The method as clzired in axy one of the prececding claims in

vhich prior to step 1) iZere is an initial step of inverting the

//;ﬁBE;E;YZT

OMPI
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spins followed by an interval approximately equal to the average
relaxation time of the spins.

6. The method as claimed in claim 5 in which the said inversion
is achieved by an adiabatic fast passage.

05 7. The method as claimed in any one of the preceding claims in
which successive different values of the third gradient differ
from each other by equal amounts.

8. The method as claimed in any one of the preceding claims in
which the free induction signals are Fourier transformed.

10 9. A method of deriving image information from an object
substantially as described herein with reference to the

accompanying drawing.
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