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1
MOVING GRADIENT ZEUGMATOGRAPHY

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made

by reissue.

This application is a continuation of application Ser. No.
814,170, filed 12/23/85 and now abandoned.

BACKGROUND OF THE INVENTION

This invention relates to a nuclear magnetic reso-
nance apparatus for use in producing two-dimensional
images of internal body structures and more particu-
larly it relates to nuclear magnetic resonance apparatus
in which two-dimensional spin density distribution 1s
selectively encoded into a rapidly observable time sig-
nal whereby the necessary data for image reconstruc-
tion 1s immediately available.

Nuclear magnetic resonance 15 a phenomenon first
observed by physicists. When the positively charged
and spinning atomic nucleus is placed in a uniform mag-
netic field, there is a precession of the spin axis of the
nucleus. The angular frequency of precession w de-
pends on the magnetic field strength H and a constant 7y
which is called the gyromagnetic ratio. The relation
between these quantities is given by:

w=vyH. (D
Once the nucleus is set to precessing in such a magnetic
field, it is thereafter capable of absorbing electromag-
netic radiation at the angular precession frequency.
Following absorption of electromagnetic energy, the
nucleus reradiates some of the energy which may be
subsequently detected and observed. The water mole-
cule is one that i1s particularly amenable to study by such
nuclear magnetic resonance methods. This amenability
to study is largely thought to arise from the unpaired
hydrogen protons in the water molecule. Because bio-
logical cells and tissues comprise water as a major con-
stituent, nuclear magnetic resonance methods are par-
ticularly applicable to such specimens. In particular by
determining the nuclear spin population density in vari-
ous portions of a biological specimen, it is possible to
generate an image representative of internal body struc-
tures. because carcinomic cell structures exhibit a pecu-
liar affinity for water, these structures are well suited
for detection by nuclear magnetic resonance imaging
methods.

A typical value for the above-mentioned gyromag-
netic ratio y is approximately 4.26 KHz/gauss. For a
magnetic field strength H of approximately 1.2 kilo-
gauss, equation (1) above implies that a radio frequency
electromagnetic field of approximately 5.1 MHz is ap-
propriate for nuclear spin excitation. Following this
excitation two separate relaxation times occur during
which the sample reradiates. The spin-lattice relaxation
time, T}, is approximately 0.5 sec for human tissue; the
spin-spin relaxation time, T3, is approximately 0.05 sec
for human tissue.

Nuclear magnetic resonance imaging as a medical
diagnostic method offers significant advantages, the
most significant of which being the total noninvasive
nature of the procedure. No ionizing radiation is em-
ployed as is done in present computerized tomographic
imaging systems. However, in spite of apparent efforts
to solve the problem, investigators in this field have
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long been plagued with the problem of exposure time
length required to insure that image resolution is ade-
quate. A general requirement for two-dimensional zeug-
matographic image reconstruction is that the signal
representing the radiation from a particular pixel (pic-
ture element) be essentially independent of the signal
generated by all nuclear spins except the ones in the
physical location corresponding to the pixel position. In
some of the nuclear magnetic resonance imaging meth-
ods proposed, this pixel identification has been accom-
plished by operating on one pixel at a time (or one or
more lines at a time) and discarding the signals from the
remainder of the image. For example, such methods are
described in “Image Formation by Nuclear Magnetic
Resonance: The Sensitive-Point Method” by W. Hin-
shaw in Vol. 47, No. 8, pp. 3709-3721 of the Journal of
Applied Physics (1975) and also in “Biological and
Medical Imaging by NMR” by P. Mansfield and 1. L.
Pykett in Vol. 29, pp. 355-373 of the Journal of Mag-
netic Resonance (1978). Others achieved this pixel iden-
tification by coherently adding the signals from many
separate Fourier Transforms of the object. Such meth-
ods are described in “NMR Fourier Zeugmatography”
by Kumar, Webti, and Ernst in Vol. 18, pp. 69-83 of the
Journal of Magnetic Resonance (1975) and in “Sensitiv-
ity and Performance Time in NMR Imaging” by P.
Bruner and R. R. Emst in Vol. 33, pp. 83-106 of the
Journal of Magnetic Resonance (1979). Finally, in an-
other method of pixel identification, the images are
reconstructed by coherently adding the signal gener-
ated in many one-dimensional projections. Such a
method 1s described in “Image Formation by Induced
Local Interactions: Examples Employing Nuclear Mag-
netic Resonance” by P. C. Lauterbur in Nature, Vol.
242, No. 5394, pp. 190-191 (1973). However, while
these methods generally accomplish the desired objec-
tive, they result in poor signal-to-noise ratio for the
reconstructed image unless the data is obtained from a
very large number of free induction delays. However,
such approaches require a length of time to acquire such
data for exceeding the length of time that a patient can
be expected to remain immobilized. An alternative ap-
proach to this problem is to apply time-varying mag-
netic field gradients, such that the frequency history of
the spins in each pixel 1s distinguishably different from
that of every other pixel. This latter approach taken in
the present invention is more particularly described
below.

SUMMARY OF THE INVENTION

In accordance with a preferred embodiment of the
present invention, an apparatus for determining nuclear
magnetic resonance spin density distributions comprises
means for selectively exciting a slab of an object under
examination, means for applying to said object a spatial
differentiation magnetic field, means for receiving radi-
ated electromagnetic energy from said body, and means
for operating on an electrical signal produced by said
radiation to generate therefrom other signals represen-
tative of the spin density distribution in the slab. For
ease of presenting descriptions of the apparatus herein,
a coordinate frame of reference having mutually per-
pendicular x, y and z axes are used, said x and y coordi-
nate axes being within the slab of interest and said z
direction axis being perpendicular to said slab.
Throughout the data collection period, a constant mag-
netic field having an intensity Hois applied to the body.
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In accordance with a preferred embodiment of the pres-
ent invention, the excitation means further acts to apply
a time-dependent magnetic field gradient along the z
axis, during which a radio frequency pulse is applied.
The z field gradient is then removed to permit free
precession.

In accordance with another embodiment of the pres-
ent invention following the above-described excitation
for producing free nuclear precession, spatial differen-
tion means are engaged for applying to said object a
magnetic field having the form Ho+ Gi1(t)x+Ga(t)y. It
is the application of this spatial differentiation magnetic
field which permits encoding two-dimensional spin
density distribution information into a single time de-
pendent electrical signal. These electrical signals are
typically received from the excited nuclei by means of a
coil disposed about the sample body. These signals are
then operated upon by computational means in accor-
dance with several algorithms particularly suited to the
present spatial differentiation scheme to produce signalgs
representative of the spin density distribution in the
slab.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic block diagram illustrating the
organization of an imaging apparatus In accordance
with the present invention.

FIG. 2 is a partial cross-sectional side elevation view
(looking into the y-z plane) illustrating the relationships
between the magnetic field and radio frequency cotils to
the body under investigation.

FIG. 3 is a front elevation view of the apparatus of
F1G. 2, that is, looking into the x-z plane.

FIG. 4 is a detail drawing of a portion of FIGS. 2 and
3 illustrating the placement of the gradient coils.

FIG. § is a partial cross-sectional view illustrating an
alternate arrangement between the transmitting radio
frequency coil and the receiving radio frequency coil.

FIG. 6 illustrates several curves which are related to
the magnetic excitation signal.

FIGS. 7-9 illustrate several possible K-space trajec-
tories. (The concept of K-space is described below).

DETAILED DESCRIPTION OF THE
INVENTION

Before a description of the actual apparatus prefera-
bly employed in practicing the present invention is
described, it is instructive to consider the various stages
of the imaging process. In the apparatus of the present
invention, there are three such stages: excitation, spatial
differentiation, and reconstruction.

In the excitation stage, a constant magnetic field Hois
applied to the sample under consideration. Addition-
ally, there i1s also applied to the sample a time varying
magnetic field varying linearly in the z direction. The
time variation of the field is characterized by the func-
tion G(t), a preferable form of which is shown in FIG.
6a, and i1s more particularly described below. Function
G(t) contains substantially audio frequency compo-
nents. For the purpose of illustration, the most salient
feature of the applied magnetic field is its linear varia-
tion in the z direction. Because of this linear variation,
the precession frequencies predicted by equation (1)
likewise vary linearly in the z direction throughout the
sample body. Also, the resonant frequencies of electro-
magnetic radiation absorption vary linearly in the z
direction. Thus, by applying a radio frequency electro-
magnetic field to the sample body at a selected fre-
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quency, only those nuclear spins in a selected slab Az
thick are excited. The temporal variation of the excita-
tion magnetic field is chosen in a manner to be described
below, so as to optionally select the spins in a thin slab
for excitation and subsequent reradiation. Thus, the
magnetic field during the excitation stage 1s described
as:

H(z,t)=Hg+ zG(t). (2)
The second stage of image generation is referred to as
spatial differentiation. Once having excited a thin slab of
spins within the body under investigation by applying a
magnetic field such as that given in equation (2) and by
concurrently applying a radio frequency radiative
source to excite said nuclear spins, the excitation is
removed and spin relaxation occurs. During spin relax-
ation, previously absorbed magnetic radiation is reradi-
ated and typically received by a coil surrounding the
body. During this free induction decay time period
following excitation, the sample is subjected to a differ-
ent magnetic field. This second applied magnetic field is
given by:
H(x,y,t)=Ho + G1{t)+ yGa(1). 3
As 1s seen above, this spatial differentiation magnetic
field does not depend upon z. It is to be particularly
noted, to avoild confusion, that the functions of time
G(t) and G2(t) in equation (3) are unrelated to the G(t)
seen in equation (2). Nonetheless the functions G(t) and
G2(t) play a significant role in reconstructing an image
from the signals received. This is more particularly
described below. For the proper understanding of the
spatial differentiation properties associated with the
magnetic field given by equation (3), it is most signifi-
cant that this field depend upon the x and y coordinate
locations within the slab. This dependence upon x and y
permits the later determination of the nuclear spin dis-
tribution association with a particular pixel centered at
the location (x,y) in the slab. Additionally, the depen-
dence of the spatial differentiation magnetic field on the
time parameter permits x and y coordinate data to be
coded into a single time signal. Because of the presence
of this spatial differentiation magnetic field, the radiated
magnetic signal occurring during free induction decay,

comprises components whose frequencies are depen-
dent upon spatial location within the slab. Moreover,

this dependence on spatial location is also dependent
upon time because of the variation of the magnetic field
during this stage with time as specified by equation (3)
and in particular by functions Gi(t) and G(t) which
comprise substantially audio frequency components.
The functions Gi(t) and G2(t) are said to define mag-
netic gradient fields because of the following relation-
ship between the magnetic field as specified in equation
(3) and the functions Gi(t) and G2(t), in particular:

Gi(t)=asH/ox 4

Gay(t)=aH/dy (3)
Additionally, two functions, Ki(t) and K{t), are de-

fined which are determined by G{t) and G(t), respec-
tively, as follows:

r {6)
Kin = J Giyar
Y
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-continued

! (7)
K1) = f G(r')dr
04

If t i1s considered as a time parameter, the numbers K;(t)
and K(t) describe a point in a two-dimensional space
referred to herein as K-space. With the variation of the
time parameter, t, the point in the K-space traces out a
single trajectory or sequentially, a plurality of trajecto-
ries. An understanding of the implications of these K-
space trajectories 1s desirable for a complete under-
standing of the present invention, particularly with
respect to the reconstruction stage. Gi(t) and Gaf(t)
determine the K-space, trajectories which are often
periodic with period T'. The precession frequency w
and phase angle ® are associated by the relation

_ d¢ (8)

dr '

}

where P 1s a function of x, y, and t given by:

P(x,y,)=K()x+ K(t)y + ot. (9)
The last linear term in wt corresponds to the free pre-
cession frequency w at the average value of the field,
Hp. Thus, a slab of nuclear spin within a thin slab of the
sample body is selectively excited by the combination of
a magnetic gradient field and a radio frequency energy
source. Following the excitation, free induction decays
occur during which absorbed radio frequency energy is
reradiated at spatially differentiated frequencies. To
receive such reradiated energy the sample body is sur-
rounded by a receiver coil which has a voltage V(t)
induced therein having the following form:

V(t)=Ciiwe™ [-f u(x,y)expli(K 1(t)x + Ka(-
Oy + w1(x,y)t)—t/T2(x,y)]dxdy

(10)
where Ci is a constant of proportionality, u(x,y) is the
local nuclear spin population density, and Ta(x,y) is the
local spin-spin relaxation time (on the order of 0.05 sec),
and 1 is the square root of — 1. Equation (10) expressed
the desired coding of spatial information about the ob-
ject into a time-dependent signal. Such a process re-
duces the problem of signal encoding to devising field
gradient histories, that is K;(t) and K(t) signals, which
are readily realizable in practice and which transform
the spatial information of the object into a temporal
dependence of a nuclear magnetic resonant signal. This
is done in a way such that the encoded spatial informa-
tion is readily decoded by linear reconstruction algo-
rithms. It is also seen that the voltage V(t) in equation
(10) 1s regarded as a complex time function having re-
spectively, in-phase and quadrature phase, base-band
signals I(t) and Q(t) respectively:
V() =1(1)+iQ(t) (11
It is also to be noted that in equation (10) Ta(x,y) is
included because the spins at various points within the
slab radiate only for an effective period of length Ty and
for medical applications this effect is very desirable
since T for protons tends to vary more widely than
u(x,y) for the internal organs.
Next considered is the third and last stage of nuclear

magnetic resonance image generation produced in ac-
cordance with the present invention. The object of
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reconstruction i$ to determine u(x,y) from V(t). These
quantities, according to equation (10), are related like
Fourier transforms except for the factor
exp[—t/T2(x,¥)). Equations (6), (7), (9), and (10) implic-
itly define K-space, a two-dimensional space whose
coordinates are given by K;(t), Ka(t). With non-zero
field gradients, the spin system traces out a time depen-
dent trajectory in K-space whose geometric properties
largely determine the characteristics of the recon-
structed picture. From equation (10), it is clear that the
signal has the form of a Fourier transform of a local
spin-spin density evaluated at a particular point of the
trajectory in K-space. It is possible to enhance edge
contrast in the image by employing a K-space trajectory
dominated at points distant from the K-space origin.
K-space trajectories near to the K-space origin empha-
size gross or low frequency features of the image. The
“velocity” of a point in K-space is proportional to the
field gradients applied to the object and the acceleration
of a point in K-space is proportional to the rate of
change of these field gradients. It is also to be noted that
K-space trajectories may be repeated several times by
varying parameters which cause the trajectories to tra-
verse K-space in a preferably uniform pattern.

In general, the reconstruction from V(t) takes the
following form:

uR(x,y)= [ V(OF({Dexp| —ilK ((t)x + K2(t)y + o (x-
Yotllde,

(12)
where uR(x,y) represents the reconstructed form of the
local spin density at point (x,y). In the above f(t) is a
suitably chosen weighting function (for example, a
damped exponential) and w(x,y) is determined by spa-
tial inhomogeneities of the static field in accordance
with the following:

wi(x,y)="yAH(x,y), (13)
where AH(x,y) represents slight variations in the Hp
magnetic field. Equation (12) above expresses a general
method of reconstruction; however, various specific
simplifications of this equation result with certain judi-
cious choices for the K-space trajectories, that is for the
various K(t) and K2(t) functions. These are more par-
ticularly described below and certain of these K-space
patterns may be seen in FIGS. 7, 8, and 9.

Having considered the three stages of image genera-
tion, attention is now turned to the apparatus of the
present invention for carrying out the functions associ-
ated with each of the above-described stages, namely,
excitation, spatial differentiation, and reconstruction.

FIG. 1 i1s a schematic diagram indicating the interre-
lationship between the various portions of the present
nuclear magnetic resonant imaging apparatus. A de-
scription of this apparatus is best begun at the object 20
which is the specimen from which an image is gener-
ated. This object is subjected to static magnetic field by
means of static magnetic field coils 100. These coils are
operating during the entire data collection process (ex-
citation and spatial differentiation stages) to generate a
constant magnetic field Hyo. However, because of geo-
metric and physical constraints, the magnetic field Hy
may exhibit some slight dependency on x and y coordi-
nate locations. Such slight variations may be compen-
sated for by shim coils 106 powered from shim coils
power supply 108. These shim coils provide any needed
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correction and operate in conjunction with the static
field electromagnet 110 which is energized by static
field power supply 112. Also coupled to object 20 are
transmission coils 24 which are energized by radio fre-
quency amplifier 128. These transmission cotls 24 oper-
ate during the excitation stage of the imaging process to
selectively excite the nuclear spins within a selected
slab. Slab selection is controlled by a combination of the
frequency with which coils 24 are energized and the
variation of the magnetic field in the z direction. The
radio frequency pulses applied to the transmission coils
are shaped, as described below, by modulator 126. The
shaping of the radio frequency pulses serves to more
nearly isolate the slab whose image is desired. During
the excitation stage, the z gradient magnetic field 1s
provided by gradient coils 104. Gradient coils 104 are
energized by audio amplifiers 124. While described as
gradient “coils”, these coils may, in fact, simply be
current carrying conductors disposed approprately in
the vicinity of the specimen 10. They are, nonetheless,
coils in the sense that there is a return path or loop
which is typically not in the vicinity of the object and
which is generally configured to minimize the presence
of any stray magnetic fields. These structures are more
particularly described in FIGS. 2-4, discussed below.
The object 20 is also coupled to receiving coil 22 which
acts to receive reradiated electromagnetic radio fre-
quency energy during the spatial differentiation stage of
image. The signal from the coil V{(t) is input to nuclear
magnetic resonance spectrometer 130. The spectrome-
ter 130 provides both I{t) and Q(t) signals to the input
board 132. This input board acts as an analog-to-digital
interface between the spectrometer 130 and digital com-
puter 120. Computer 120 receives the digitized output
signal V(1) and stores it on disk memory 140 for later
analysis and reconstruction. The computer 120 inter-
faces with apparatus operators through terminal con-
trols 141. Computer 120 drives the imaging system
through output board 122. The output board primarily
controls the radio frequency modulator 126 and the
audio amplifiers 124. It is the function of the output
board to provide timing and trigger information and
also to provide such signals as G{(t), G(t), and G2(t).
Following data collection in the excitation and spatial
differentiation stages, signals representative of the local
spin population distributions are generated by computer
120 from data stored in the disk memory 140. This is
typically done in a non-real-time mode.

FIG. 2 is important for an understanding of the rela-
tionships between the physical parts of the present ap-
paratus. In FIG. 2 is shown specimen body 20 where
thin slab 21 is shown in phantom view. Planar slab 21
has oriented therein x and y coordinate directions. A
normal to the slab defines the z coordinate direction so
that the x, y, and z axis form the mutually orthogonal
directions of a Cartesian coordinate system. Surround-
ing the body 20 is receiving coil 22. Surrounding receiv-
ing coil 22 is transmission coil 24. An alternate configu-

ration of these coils is shown in FIG. §. The static mag-
netic field Hp is provided by electromagnets 30. While

these magnets are depicted as having pole faces, they
may comprise air core magnetic coil structures, if de-
sired. The primary requirement for magnetic structure
30 is that it provide a spatially uniform static magnetic
field throughout the specimen 20. Also shown are gra-
dient coils 26, 26°, 27’, [37'], 27, 28, and 29. Coils 26, 26,
27, and 27 provide magnetic field gradient control in the
y direction. These last listed coils carry the signal G2(t).
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Likewise, coils 28 and 29 (along with 28 and 29’ visible
in FIG. 3) are employed to determine the magnetic
gradient field in the x direction. That is to say, these
lastly described coils carry the G(t) signal. An appre-
ciation of this is found in equation (3) which describes
the spatial and temporal variations of the magnetic field
during the spatial differentiation stage of image genera-
tion. Similarly, coils 26, 26’, 28, and 28’ act in unison
during the excitation stage in opposition to coils 27, 27,
29, and 29’ to produce the time-varying magnetic field
varying linearly with the z direction as given in equa-
tion (2). Alternatively, the z field gradient could be
provided by separate circular loops arranged as a Max-
well coil pair and connected in opposition. Not shown
in FIGS. 2-4 for the gradient coils are current return
paths which are selected to minimize stray magnetic
field and interference between the coils. This is readily
achieved by providing relatively long and straight con-
ductors in the vicinity of the object to be studied.

FIG. 3 is 2 view of the apparatus shown in FIG. 2
viewed from a direction orthogonal to the x-z plane.
Here shown are receiving coil 22 and transmission coil
24 surrounding the specimen 20 with the desired slab 21
therein lying in the x-y plane. Because of the relative
strength of the transmitted and received electromag-
netic radiation, it is preferred that the receiving coil 22
be located more proximal to the excited slab. An alter-
nate orientation of the receiving coil is shown in FIG. 5.
Also shown in FIG. 3 are electromagnetic structures 30
for providing a static and uniform and magnetic field
Hg. Seen too are coils 29°' and 28’ for controlling x-direc-
tion gradiations. Coils 28’ and 29’ are not visible in FIG.
2 because of the viewing direction, but their function is
nonetheless accurately discussed above. It is readily
seen that the conductors 26, 26', 27, 27, 28, 28', 29, and
29’ are operable to produce the magnetic fields de-
scribed in equations (2) and (3).

FIG. 4 illustrates a portion of the apparatus shown In
FIGS. 2 and 3. In particular, it illustrates the relation-
ship of the gradient coils to electromagnetic structure
30 in the vicinity of the specimen. Gradient coils 26, 26',
28 and 28’ are shown. It is, of course, understood that
these conductors are insulated from one another. These
current carrying conductors, along with their counter-
parts 27, 27, 29, and 29’, produce the desired magnetic
fields within the specimen 20 when driven by appropri-
ate current signals from audio amplifier 124.

FIG. § illustrates an alternate arrangement of the
transmission and receiving coils 24 and 22, respectively.
In particular, FIG. § describes a portion of the same
view seen in FIG. 2. However, in FIG. §, receiving coil
22 is now oriented orthogonally to the axis of the trans-
mission coil 24, whereas in FIG. 2 the axis of these
respective coils are substantially coincident. The con-
figuration shown in FIG. 5§ is preferred because this
configuration produces minimal interference with the
radio frequency pulses during the excitation stage.

Next are considered the specific details for proper
selective excitation. To achieve the maximal resolution
and two-dimensional imaging for a limited bandwidth
and fixed scan time, it is necessary to limit the region of
excitation to a relatively thin slab. This can be accom-
plished by providing a spatially dependent ratio fre-
quency field which saturates the spins outside a selected
plane, or by low frequency (audio) magnetic field gradi-
ents which establish spatially dependent precession
frequencies for selective excitation. The latter approach
is preferably employed in the present invention. Re-
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gardless of the method used to achieve this selective
excitation, a truly two-dimensional imaging method
prevents the dephasing of adjacent spins on opposite
surfaces of the two-dimensional excited region. This
implies that the gradient must be greatly reduced during
the free induction decay. To insure that nuclear spins at
a greater offset z distance than a few Az are not greatly
excited by the radio frequency field, it is required that:

(GXAz)=Hj, (14)
where G is the maximum absolute value of G(t) and H;
is the peak amplitude of the radio frequency pulse.

If the imaging period i1s longer than T;, repeated
excitation is required. Repeated excitation is easily
achieved in practice by a periodic pulse sequence whose
period is shorter than T; which is applied when the
spins to be excited are in phase. This last requirement is
satisfied by assuring that there is no net current in the
gradient coils between radio frequency pulses. To mini-
mize field gradients when implementing a perniodic
pulse sequence, it is necessary to take the longest pulse
interval compatible with signal intensity losses. By way
of example, for an image arranged in an array of
100X 100 pixels, the shortest acceptable trajectory
length for paths that return to the origin of K-space
passes through approximately 500 pixels. For a pulse
repetition rate of 30 Hz, this implies that the entire
trajectory takes approximately 0.6 sec or that gradients
of at least 4 gauss are required. One method of exciting
the object is to reduce the x-y gradients to approxi-
mately 0.2 gauss, increase the z-gradient to approxi-
mately 1 gauss/cm and apply an RF pulse. However,
this method of selective excitation selects out a different
surface for excitation than an isochromat of the static
field. This 1s due to nonuniformities in either the static
field, the z-gradient field, or both. In accordance with a
preferred embodiment of the present invention, this
selective excitation problem is achieved by applying a
time-dependent z-field gradient with no DC component
together with a modulated radio frequency pulse whose
amplitude is proportional to the gradient multiplied by
an appropnate window function.

There are two criteria to be satisfied by spatially
adequate selective excitation. The first of these is that
the excitation be well confined to a definite physical
region, that is the “tails” of the excited region are negli-
gible. Second, the signal from all spins should add co-
herently, that is, the transverse magnetization points
everywhere in the same direction. To satisfy these re-
quirements, it is necessary to apply an audio field gradi-
ent orthogonal to the desired plane of excitation and to
use long radio frequency pulses with controlled, care-
fully shaped envelopes determined by the time depen-
dence of the audio field gradient G(t). The function K(t)
18 defined as follows:

f (13)
Kny= [ G@r.
Y

If this is the case, then the relative phase ¢’ of spin
located Az above the center of the desired slab is:

To achieve a well localized excitation, it is necessary
that the radio frequency pulse envelope (which van-
ishes outside the interval [ —-Kg,Ko]) have concentrated
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spectral content. From the above, it can be shown that
these considerations lead to a choice for the radio fre-
quency pulse envelope hi(t) which 1s as follows:

hi(e)=h1yGORK/KoXTo/Ko. a7
wherein h( is a constant and Tgis a point in time when
G(t) 1s close to zero, and f is a properly chosen window
function. A particularly suitable example of this excita-
tion method is provided by a set of G(t), K(t), and f(w)

given below:
G(t)=Go[To? —t2)/To?lexp{—(t/Tq)?/2) (18)

K({t)=yGot exp[—(t/Tq)*/2] (19

20

1 w| = 0.8 (20)
Aw) =9 0.5(1 + cos 57w)0.8 < |w]| <1
0 w| > 1

The functions shown in equation (18) and (19) are
shown in FIGS. 6a and 6b, respectively. The function
f(w) 1s simply a cosine roll-off window function (not
shown). However, the resulting radio frequency pulse
envelope hi(t) is shown in FIG. 6c. In these figures,
To=1 msec. The average radio frequency field during
the pulse i1s approximately 3.7 milligauss. The peak
radio frequency field is somewhat larger, being approxi-
mately 6.5 milligauss. Fields of approximately this
stength lead to the largest average nuclear magnetic
resonance signal for the given relaxation times and a 30
Hz excitation rate. These excitation functions fulfill the
above-mentioned criteria of having a well-localized
region of excitation over which the excited spins all
point in the same direction. This excitation is novel and
a substantial improvement over prior known excitation
sequences.

Next is considered specific details associated with the
reconstruction stage and the spatial differentiation stage
of image generation. Several examples of K-space tra-

jectories are now considered. These include the Lissa-
jous trajectories, the “bull’s eye” trajectories, and the

rosette trajectories. An example of a Lissajous trajec-
tory is seen in FIG. 7. For a Lissajous trajectory, it is
seen that K(t) and K3(t) are given by:

Ki{t)=K sin ajt (21)

Ki(t)=K cos azt (22)
where a; =27m /T’ and az=2mwne/T’, n1 and nz being
relatively prime odd integers. The signal from such a
K-space trajectory is obviously periodic: ¢’ is therefore
decomposible into a line spectrum except for the expo-
nential decay in amplitude due to relaxation which
causes the spectral lines to broaden. The primary ad-
vantage of the Lissajous K-space trajectory is the ease
with which it is generated, that is, through sinusoidally
varying gradient fields. Additionally, the Lissajous tra-
jectory for K-space satisfies some of the above-
described criteria that such trajectory should possess.

Another suitable trajectory for K-space is the rosette
pattern illustrated in FIG. 8. For the rosette K-space
trajectory, suitable choices for K (t) and K(t) are the
following:

Ki(t)=K sin {ait) cos {ast) (21)
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Kx{t)=K sin (at) sin {ajt) (24)
where K,a| and a» are constants. A suitable value for ay
is 277(90) Hz and for a2 is 27(30) Hz, assuming an imag-
ing period of 33 milliseconds has been chosen. Such
values cause the rosette to be traced out at a rate of 30
trajectories per second. The constant K is approxi-
mately equal to 10 per centimeter and determines the
maximum spatial resolution attainable by the relation-

ship:

KAx=. (25)
For these conditions, Ax is approximately equal to 0.3
cm. The rosette pattern shown in FIG. 8 is rotated by 6°
after each reexcitation pulse. This results in complete
coverage of a disk in K-space after 20 repetitions of
excitation for a period r followed by relaxation for a
period T. In the above example, these 20 repetitions are
accomplished in approximately 0.76 secs. This sequence
generates data necessary for imaging objects of approxi-
mately 30 cm? with a resolution of approximately 0.3
cm. In general, the maximum size of the object that can
be imaged by such a method is determined by:

X(AK)=m (26)
where AK is the typical spacing between adjacent por-
tions of the trajectory in K-space and X is the diameter
of the sample. The rosette trajectory is particularly well
suited in its simplicity; the x and y gradient fields are
produced with the sum of two sinusoidally varying
currents each. Additionally, matched filter reconstruc-
tion algorithms for this trajectory lead to closed-form
analytical expressions for the point response functions.
An additional K-space trajectory 1s the spiral of Ar-
chimedes, r=a0, expressed parametrically as:

{rﬂz + 4Cr)4 — 7, (27)
r 2 . ]
2
(ro? + 4CHE — », (28)

6 = o

Typical values for the constants in the above equations
for the spiral of Archimedes include a value of 6.7 ¢ 103
cm—2sec— ! for C, a value of 0.5 cm for a, and a value of
1/ecm for ro, where r and 8 are polar coordinates in
K-space. This trajectory is followed for approximately
3 turns about the origin until the trajectory winds back
to the origin on the curve r=—ad. One reason for
choosing the spiral trajectory is that a family of rotated
spirals easily fills the two-dimensional disk extremely
uniformly at any fixed value of @, the r values for adja-
cent curves being in a linear progression between r=0
and r=rgp. The time parametrization of these Ar-
chimedian spirals was chosen in such a way that, in the
limit of a large number of curves the amount of time
spent in any small element of area by the family of
spirals tends to be constant for sufficiently large values
or r. It is clear that these conditions are satisfied by the
Archimedian spirals with the given parametrization.
These spirals express the property of having a uniform
density of trajectory lines in K-space and spend a uni-
form amount of time in each K-space region. These
spirals essentially give a constant signal-to-noise ratio
distribution over all different spatial frequencies of the
object. If it is necessary to emphasize higher spatial

5

10

15

20

25

30

35

435

30

335

60

65

12

frequencies, the curves are modifiable so as to traverse
the uniform space and the lines but to increase their
density to achieve greater signal-to-noise ratios at
higher spatial frequencies.

Next is considered a set of K-space trajectories re-
ferred to herein as the “bull’s eye’ pattern, the term
being obvious from the pattern depicted in FIG. 9. A
preferred form of the reconstruction algorithm is given
for this pattern. In particular, consider the series of

N+ 1 circles in K-space given by:
K1(t)=nAK sin wpgt (29)
K2 (t)=nAK cos wnt (30)

for n=0, 1,..., N. The form of these trajectories is
shownin FIG.9forn=1, 2, 3, 4, 5. For n=0, the trajec-
tory 18 obviously the single point at the origin in the
K-space. If the nuclear spins are prepared in the initial
state where K;” (0)=0 and K3” (0)=nAK, then the
K-space trajectories given immediately above are gen-
erated by the following field gradients:

G1")=(nw,AK/Y) cos @yt {(31)

G (t)=(—nw,AK/7Y) sin wyt (32)
if the spins begin at K| =K =0, for example, the initial
preparation cited above is achieved by applying a v
gradient of magnitude Go for a time n(AK/yGg). It is
also noted here that if w, is chosen to be inversely pro-
portional to n, then the amplitude of the field gradients
as given in equations (31) and (32), is independent of n.
This guarantees a constant signal bandwidth. Under
these conditions, the phase of the spin at point (x, y) is
given by:

= Ki(thx + K2y (33)

= nAK(xsinwyd + ycoswul)
—— ﬂr(M hin(mﬂt "I" ﬂ}g

P(x.»)

in which the first of the above cited equations has been
transformed to polar coordinates wherein x=r cos fand
y=r sin #. The signal voltage observed for the n* circle
18:

2m

J

0

(34)

Vi = C dfm u(y,DexplinrAKsin(wnt + 8)}rdrd8,

wherein the superscript n i1s a true superscript and not
an exponent. By taking note of the following identify
involving Bessel function expansion:

35
expfizsiny] = 3 193)
m=—co

I(Dexplimv],

~ where J,»(z) is the n*® order Bessel function, the voltage
for the n? circle in equation (34 ) may be written as:

gy = 5 (36)

M= — ot

FrMexpl{imwpi],

where
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o (37)
i = C [ um(rWm(nrAK)rdr
0
where
27 (38)
pm(r) = [ u(n@explim6]ds.
0

The form of these equations suggests that the image of
the object be reconstructed in a two-step process in
which pn(r) is found from equation (37) and then to
reconstruct um(r,8) from equation (38). Proceeding in
this direction, the function V7(K) for K=nAK is given
by:

VAMmAK)=Vam, 39

‘This may be substituted into equation (37) to yield:

(40)

o0
Of m(rW m(Kr)rdr,

FiK) = C

in which K is treated as a continuous variable. The
solution of equation (40) is then immediately provided
by the Hankel transform inversion formula (see “Tables
of Integral Transforms”, Vol. 2, page 5 by Erdelyi et
al.):

o (41)
und) = (V) [ VPO Im(KnKaK

Equation 41 may written as an approximate integral
having the following form:

N (42)
Wplr) = ((QK)Z/ ) % 0 n V" (nrAK)
n=

In view of equations (38) and (42), u(r,®) is solved for as
follows:

(43)
p(r.@) = E pwmlr)exp] —imd]

- @r0 3 M
B n=0 n=—M(n)

n VI (nrAK)exp[ — im8).

The limits on the summation over n in equation (43) are
determined by bandwidth of the system as expressed in
equation (36). The condition that the effective sampling
rate in K-space be equal for the radial and angular direc-
tions leads to the condition that M(n) is approximately
equal to w(n), which implies that the number of side
bands required is proportional to the radius of the circle
in K-space. The required bandwidth B is given by:

B =2Mfy =2mnfa =nwn. (44)
It i1s also noted that in equation (36) the V7™ may be
obtained from conventional Fast Fourier Transform
methods. Knowing these then, the nuclear spin density
u(r,6) 1s expressed in polar coordinates in equation (43).
Accordingly, it is seen how the spatial differentiation
magnetic field gradients as specified in equations (31)
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and (32) result in an easily constructible image indica-
tive of the nuclear spin densities.

It 1s also noted that less esoteric algorithms may be
applied to effect an image reconstruction. In particular,
it is noted that a matched filter could be provided (al-
gorithmically) for each pixel. Digital filter methods for
such operations are well known, but because of the
large number of pixels, an algorithmic approach such as
this requires a large amount of time to generate an im-
age.

From the above, it may be appreciated that the appa-
ratus of the present invention may be operated in a rapid
manner to produce images representative of nuclear
magnetic resonant spin densities quickly and accurately.
The spatial spin density information is encoded into a
time-dependent signal. The field gradients employed in
the present invention are readily realizable and permit
transformation of the spatial information of the object
into a temporal dependence which is readily reconstru-
cible. Straightforward linear reconstruction algorithms
are employed. Additionally, the field uniformity re-
quirements of the present invention are significantly
better than other methods of nuclear magnetic resonant
imaging. Also, the apparatus of the present invention
operates to selectively excite a well-defined slab of the
specimen. The imaging method of the present invention
leads to a greater contrast among the internal organs
than is presently available in other nuclear magnetic
resonance imaging devices.

While the invention has been described with refer-
ence to particular embodiments and examples, other
modifications and variations will occur to those skilled
in the art in view of the above teachings. Accordingly,
it should be understood that within the scope of the
appended claims, the invention may be practiced other-
wise than is specifically described.

The invention claimed is:

1. A nuclear magnetic resonance apparatus for deter-
mining spin density distribution in a thin planar slab of
an object under examination containing nuclear spins,
said body being oriented with respect to orthogonal x
and y coordinate directions defined therein and also to
a z coordinate direction orthogonal to said slab and to
said x and y coordinates within said slab, said apparatus
comprising:

excitation means for selectively exciting said nuclear

spins in said slab, said excitation means including
means for applying to said object for a predeter-
mined time period an excitation magnetic field
having a gradient in the z-axis direction, said gradi-
ent being defined by a function G(t) not having a
DC component, said excitation means also includ-
ing means for applying a pulse of RF energy to said
object during the time that said excitation magnetic
field is applied, said pulse having an envelope de-
fined by a function
hi () =h1yG()F(K/Ko)(To/Ko) wherein hy 1s a
constant, Tgis a point in time when G(t) is approxi-
mately zero, and f is a window function, so that
said excited nuclear spins undergo a radiative free
induction decay following termination of said exci-
tation and so that nuclear spins in other regions of
said object are substantially unexcited;

means for applying to said object a spatial differentia-

tion magnetic field H(x,y,t), during at least a por-
tion of the free induction decay of said excited
nuclear spins, said magnetic field having the form

Ho+G1(t)x + Gat)y;
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means for receiving radiated electromagnetic energy
produced by said free induction decay and con-
verting said energy to a time-varying electric signal
representative of the magnitude of said energy; and

means for operating on said electrical signal to gener-
ate therefrom signals representative of the spin
density distribution in said slab.

2. The nuclear magnetic resonance apparatus of claim
1 in which G(t)=Go((T¢2—t2)/Tod)exp[—(t/To)*/2].

3. The nuclear magnetic resonance apparatus of claim
1 in which said receiving means comprises a coil dis-
posed about said object.

4. The nuclear magnetic resonance apparatus of claim
1 in which said radio frequency pulse means includes a
transmission coil disposed about the object.

5. The nuclear magnetic resonance apparatus of claim
4 in which said radio frequency pulse transmission coil
is the same as the means for receiving radiated electro-
magnetic energy.

6. The nuclear magnetic resonance apparatus of claim
4 in which said radio frequency pulse transmission coil
is disposed within and axially perpendicular to a coil
operating as the means for receiving the radiated elec-
tromagnetic energy.

7. The nuclear magnetic resonance apparatus of claim
1 in which said functions G(t) and G(t) are selected to
produce K-space trajectories which are Lissajous fig-
ures.

8. The nuclear magnetic resonance apparatus of claim
1 in which said functions Gi{t) and Gz(t) are selected to
produce K-space trajectories which are rosettes.

9. The nuclear magnetic resonance apparatus of claim
1 in which said functions G(t) and G(t) are selected to
produce K-space trajectories which are Archimedian
spirals.

10. The nuclear magnetic resonance apparatus of
claim 1 in which said functions Gi(t) and G»(t) are
selected to produce K-space trajectories which are
concentric circles.

11. The nuclear magnetic resonance apparatus of
claim 1 in which said spatial differentiation magnetic
field H(x,y,t) defines a plurality of K-space trajectories,
wherein said trajectories provide a complete and um-
form coverage of K-space and wherein the dwell time
in each region of K-space is approximately equal so that
a detailed image of the entire portion of said object
lying in the K-space plane is produced.

12. The nuclear magnetic resonance apparatus of

claim 1 in which said spatial differentiation magnetic 5¢

field H(x,y,t) defines a plurality of K-space trajectories,
wherein said K-space trajectories concentrate on and
have greater dwell time in selected region of K-space,
thus enhancing the image contrast in said selected re-
gions.

13. The nuclear magnetic resonance apparatus of
claim 1 wherein the relation of the maximum absolute
value G of said function G(t) to the peak amplitude H;
of said function hi{t) is given by the expression
(GXAZ)=H,.

14. A nuclear magnetic resonance apparatus for deter-
mining spin-density distribution in a thin planar slab of an
object under examination containing nuclear spins, said
object being positioned in a static magnetic field, Hy and
being oriented with respect to orthogonal x- and y-coordi-

nate directions defined therein and also to a z-coordinate
direction orthogonal to said slab and to said x and y coordi-
nates within said slab, said apparatus comprising:
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excitation means for selectively exciting said nuclear
spins in said slab so that said excited nuclear spins
undergo a radiative free-induction decay thereby to
produce an NMR signal in the form of radiated elec-
tromagnetic energy following termination of said exci-
tation and so that nuclear spins in other regions of said
object are substantially unexcited;

means for applying to said object a spatial differentiation

magnetic field H(x.y,t), during at least a portion of
the NMR signal produced by said excited nuclear
spins, said spatial differentiation magnetic field hav-
ing the form Ho+ G1(Dx+ Ga(t)y, wherein the mag-
netic-field gradients G\(f) and G(t) are selected to be
continuously varying with time during the NMR sig-
nal so as to produce a plurality of trajectories in K-
space as parameter t varies, said trajectories being
selectable to have variable uniformity and dwell times
in predetermined regions of K-space;

means for receiving the radiated electromagnetic energy

associated with said NMR signal and converting said
energy to a time-varying electric signal representative
of the magnitude of said energy, and

means for operating on said electrical signal to generate

therefrom signals representative of the spin-density
distribution in said slab.

15. The nuclear magnetic resonance apparatus of claim
14 in which said excitation means comprise:

means for applying to said object for a predetermined

time period an excitation magnetic field directed
along said z direction, said excitation magnetic field
having an intensity given by Ho+zG(t), and

means for applying a pulse of electromagnetic, radio-fre-

quency energy to said obfect during the time that said
excitation magnetic field is applied, whereby the nu-
clear spins in said slab are selectively excited to a
higher energy state and said nuclear spins in other
regions of said object are substantially unexcited.

16. The nuclear magnetic resonance apparatus of claim
14 in which said excitation means operates by applying a
time-dependent gradient magnetic field in the z direction
together with a radio-frequency pulse.

17. The nuclear magnetic resonance apparaius of claim
14 wherein said excitation means includes means for apply-
ing to said object for a predetermined time period an exci-
tation magnetic field having a gradient in the z-coordinate
direction, said gradient being defined by a function G(¥)
not having a DC component, said excitation means aiso
including means for applying a pulse of radio-frequency
energy during the time that said excitation magnetic field
is applied.

18. The nuclear magnetic resonance apparatus of claim
I7 wherein

() = Gol(To? — 2/ To?] exp [t/ To)2/2]

where Go is a magnitude constant,

To is a point in time when G(t) is substantially zero, and

t is a time parameter.

19, The nuclear magnetic resonance apparatus of claim
17 wherein said pulse of radio-frequency energy comprises
a pulse having an envelope defined by a function

m{6)=myG(OAK(t)/Ko) (To/K0)

where hy is a constant,

v is the gyromagnetic ration, and
[ is a window function in which
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K(ty=y [IG(t)dr.

20. The nuclear magnetic resonance apparatus of claim
19 wherein the relation of the maximum absolute value G
of said function G(t) to the peak amplitude H,| of said
Sfunction hi(t) is given by the expression

(G) (AZ)=H)

where AZ is the thickness of the excited slab.

21. The nuclear magnetic resonance apparatus of claim g
14 in which said receiving means comprises a coil disposed
about said object.

22. The nuclear magnetic resonance apparatus of claim
14 in which said excitation means includes a transmission
coil disposed about the object.

23. The nuclear magnetic resonance apparatus of claim
22 in which said radio-frequency pulse transmission coil Is
the same as the means for receiving radiated electromag-
netic energy.

24. The nuclear magnetic resonance apparatus of claim

22 in which said radio-frequency pulse transmission coil is
disposed within and axially perpendicular to a coil operat-
ing as the means for receiving the radiated electromagnetic
energy.

25. The nuclear magnetic resonance apparatus of claim
14 wherein said means for applying a spatial differentiation
magnetic field includes means for simultaneously applying
magnetic-field gradients G1(f) and G(t), such that in the
sequential applications thereof said gradients produce K-
space trajectories which transverse K-space in a substan-
tially uniform pattern, and wherein the dwell time in each
region of K-space is approximately equal so that a detailed
image of all spatial frequency components, up to a maxi-
mum spatial frequency, of said object is produced.

26. The nuclear magnetic resonance apparatus of claim
14 wherein said means for applying a spatial differentiation
magnetic field includes means for simultaneously applying
magnetic-field gradients G(f) and G(t), such that, in the
sequential applications thereof, said gradients produce
K-space trajectories which concentrate on and have a 40
greater dwell time in predetermined regions of K-space so
as to enhance predetermined qualities in the reconstructed
image.

27. The nuclear magnetic resonance apparatus of claim
14 in which said functions G\(t) and G2(t) are selected to
produce a K-space trajectory which is a Lissajous figure.

28. The nuclear magnetic resonance apparatus of claim
14 in which said functions G1(t) and Ga(t) are selected to
produce a K-space trajectory which is a rosette.

29. The nuclear magnetic resonance apparatus of claim
14 in which said functions G1(f) and G(t) are selected to
produce a K-space trajectory which is an Archimedian
spiral.

30. The nuclear magnetic resonance apparatus of claim
14 in which said functions G\(f) and Ga(t) are selected to
produce K-space trajectories which are concentric circles.

31. The nuclear magnetic resonance apparatus of claim
14 wherein said means for operating includes means for
determining the local nuclear spin density uR(x,y) distri-
bution in said slab by evaluating
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wixy)= [ fNexp| — iKi{x + Ko}y + o1 (x-
)] | dt

where V(1) is the voltage induced in a receiver coil sensing ¢5s
the NMR signal,

A1) is a weighting function,

—1 Is the square root of — 1,

_ 18

K1(®) and K3{1) are functions defining a point in K-

space, and
w1 Is the resonant freguency offset at (x,y).
32. A nuclear magnetic resonance apparatus for deter-
mining spin-density distribution in a region of an object
under examination containing nuclear spins, said region
being positioned in a static magnetic field, Ho and being
oriented with respect to orthogonal x- and y-coordinate
directions defined therein and also to a z-coordinate direc-
tion orthogonal to said x and y coordinates within said
region, said apparatus comprising:
excitation means for exciting said nuclear spins in said
region so that said excited nuclear spins undergo a
radiative free-induction decay thereby to produce an
NMR signal in the form of radiated electromagnetic
energy following termination of said excitation,

means for applying to said region a spatial differentia-
tion magnetic field H(x,y,t), during at least a portion
of the NMR signal produced by said excited nuclear
spins, said spatial differentiation magnetic field hav-
ing the form Ho+ G\(Dx+ G(t)y, wherein the mag-
netic field gradients G(t) and G(t) are selected to be
continuously varying with time during the NMR sig-
nal so as to produce a trajectory in K-space, said tra-
Jectory being selectable to have variable uniformity
and dwell times in predetermined regions of K-space;

means for receiving the radiated electromagnetic energy
associated with said NMR signal and converting said
energy to a time-varying electric signal representative
of said energy; and

means for operating on said electrical signal to generate

therefrom signals representative of the spin-density
distribution in said region.

33. The nuclear magnetic resonance apparatus of claim
32 in which said excitation means comprise:

means for applying for a predetermined time period to

said object an excitation magnetic field directed along
said z direction said excitation magnetic field having
an intensity given by Ho+2G(t); and

means for applying a pulse of electromagnetic, radio-fre-

quency energy to said object during the time that said
excitation magnetic field is applied, whereby the nu-
clear spins in said region are selectively excited to a
higher energy state and said nuclear spins in other
regions of said object are substantially unexcited.

34. The nuclear magnetic resonance apparatus of claim
32 in which said excitation means operates by applying a
time-dependent gradient magnetic field in the z direction
together with a radio-frequency pulse.

35. The nuclear magnetic resonance apparatus of claim
32 wherein said excitation means includes means for apply-
ing to said object for a predetermined time period an exct-
tation magnetic field having a gradient in the z-coordinate
direction, said gradient being defined by a function G(i)
not having a DC component, said excitation means also
including means for applying a pulse of radio-frequency
energy during the time that said excitation magnetic field
is applied.

36. The nuclear magnetic resonance apparatus of claim
35 wherein

G(1) = Go[(To? — 12)/To?] exp [—(t/Tg)*/2]

where Go is a magnitude constant,
To is a point in time when G(3) is substantially zero, and
t is a time parameter.
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37. The nuclear magnetic resonance apparatus of claim
36 wherein said pulse of radio-frequency energy comprises
a pulse having an envelope defined by a function

(D =h1yGNAK(D/Ko) (To/Ko)

where hy is a constant,

v is the gyromagnetic ration, and

J is @ window function in which K(t)="y (*G(¢')dY.

38. The nuclear magnetic resonance apparatus of claim
37 wherein the relation of the maximum absolute value G
of said function G(t) to the peak amplitude H\ of said
function h\(t) is given by the expression

(G) ()= H)

where AZ is the thickness of the excited region.

39. The nuclear magnetic resonance apparatus of claim
32 wherein said excitation means includes means for excit-
ing said region a plurality of times so as to produce a corre-
sponding plurality of NMR signals, and wherein said
means for applying includes means for applying a spatial

differentiation magnetic field during at least a portion of

each of said plurality of NMR signals such that a K-space
trajectory produced for at least one of said NMR signals
differs from a trajectory produced for another one of said
NMR signals by at least one trajectory parameter.

40. The nuclear magnetic resonance apparatus of claim
39 wherein said trajectory parameter comprises at least one
of uniformity and dwell time.

41. The nuclear magnetic resonance apparatus of claim
39 wherein said trajectory parameter is selected such that
collectively said K-space trajectories traverse K-space in a
substantially uniform pattern.

42. The nuclear magnetic resonance apparatus of claim
39 wherein said trajectory parameter is selected so as to
vary the dwell time of said trajectories in said K-space.

43. The nuclear magnetic resonance apparatus of claim
32 in which said functions G1(t) and G(t) are selected to
produce a K-space trajectory which is a Lissajous figure.

44. The nuclear magnetic resonance apparatus of claim
32 in which said functions G(t) and G2(f) are selected to
produce a K-space trajectory which is a rosette.

45. The nuclear magnetic resonance apparatus of claim
32 in which said functions G(1) and G(?) are selected to
produce a K-space trajectory which is an Archimedian
spiral.

46. The nuclear magnetic resonance apparatus of claim
32 in which said functions G(t) and Gx(1) are selected to
produce K-space trajectories which comprises concentric
circles.

47. The nuclear magnetic resonance apparatus of claim
32 wherein said means for operating includes means for
determining the local nuclear spin density uR(x,y) distri-
bution in said region by evaluating

uRxp)= [ V(A Dexp |
— [ K1(Dx+ KOy + w1 (xp)] | dt

where V() is the voltage induced in a receiver coil sens-
ing the NMR signal,
A is a weighting function,
—1i s the square root of — 1,
Ki(?) and Ky(t) are functions defining a point in K-
space, and
w1 is the resonant frequency offset at (x,y).
48. The nuclear magnetic resonance apparatus of claim
32 wherein said means for applying a spatial differentiation
magnetic field includes means for simultaneously applying
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magnetic-field gradients G\(f) and G(t), such that in the
sequential applications thereof said spatial differentiation
magnetic field produces K-space trajectories which collec-
tively traverse K-space in a substantially uniform pattern,
> and wherein the dwell time in each region of K-space is
approximately equal so that a detailed image of all spatial

Jrequency components, up to a maximum spatial fre-

quency, of said object can be produced.

49. The nuclear magnetic resonance apparatus of claim

10" 32 wherein said means for applying a spatial differentiation

magnetic field includes means for simultaneously applying

magnetic-field gradients G(f) and G:(t), such that, in the

sequential applications thereof, said spatial differentiation

magnetic field produces K-space trajectories which collec-

15 tively concentrate on and have a greater dwell time in

predetermined regions of K-space so as to enhance prede-
termined qualities in the reconstructed image.

J0. A nuclear magnetic resonance apparatus for deter-
mining spin-density distribution in a thin planar slab of an
object under examination containing nuclear spins, said
object being positioned in a static magnetic field, Hy and
being oriented with respect to first and second orthogonal
directions defined therein, said apparatus comprising:

excitation means for selectively exciting said nuclear

spins in said slab so that said excited nuclear spins
undergo @ radiative free-induction decay thereby to
produce an NMR signal in the form of radiated elec-
tromagnetic energy following termination of said exci-
tation and so that nuclear spins in other regions of said
object are substantially unexcited:

means for applying to said object a spatial differentiation

magnetic field H(x,y,t), during at least a portion of
the NMR signal produced by said excited nuclear
spins, said spatial differentiation magnetic field hav-
ing the form Ho+ Gi1(Hx+ G2y, wherein x and y
designate, respectively, said first and second direc-
tions, and wherein the magnetic-field gradients Gi(¢)
and Ga(t) are selected to be continuously varying with
time during the NMR signal so as to produce a trajec-
tory in K-space;

means for receiving the radiated electromagnetic energy

associated with said NMR signal and converting said
energy to a time-varying electric signal representative
of the magnitude of said energy; and

means for operating on said electrical signal to generate

therefrom signals representative of the spin-density

distribution in said siab.
| 21. The nuclear magnetic resonance apparatus of claim
50 J0 wherein said means for applying a spatial differentiation
magnetic field includes means for simultaneously applying
magnetic-field gradients G\{(f) and G2(t), such that in the
sequential applications thereof said spatial differentiation
magnetic field produces K-space trajectories which collec-
tively traverse K-space in a substantially uniform pattern,
and wherein the dwell time in each region of K-space is
approximately equal so that a detailed image of all spatial
frequency components, up to a maximum spatial fre-
quency, of said object can be produced.

32. The nuclear magnetic resonance apparatus of claim
30 wherein said means for applying a spatial differentiation
magnetic field includes means for simultaneously applying

magnetic-field gradients G, (t) and Ga(t), such that, in
the sequential applications thereof, said spatial differentia-

65 ton magnetic field produces K-space trajectories which
collectively concentrate on and have a greater dwell time in
predetermined regions of K-space so as to enhance prede-
termined qualities in the reconstructed image.
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33. The nuclear magnetic resonance apparatus of claim
50 wherein said excitation means includes means for excit-
ing said region a plurality of times so as to produce a corre-
sponding plurality of NMR sighals, and wherein said

means for applying includes means for applying a spatial 5

differentiation magnetic field during at least a portion of

each of said plurality of NMR signals such that a K-space
trajectory produced for at least one of said NMR signals
differs from a trajectory produced for another one of said
NMR signals by at least one trajectory parameter.

54. The nuclear magnetic resonance apparatus of claim
53 wherein said trajectory parameter comprises at least one
of uniformity and dwell time.

55. The nuclear magnetic resonance apparatus of claim
53 wherein said trajectory parameter is selected such that
collectively said K-space trajectories traverse K-space in a
substantially uniform pattern.

56. The nuclear magnetic resonance apparatus of claim
33 wherein said trajectory parameter is selected so as to
vary the dwell time of said trajectories in said K-space.

37. The nuclear magnetic resonance apparatus of claim
50 in which said functions G1(t) and Gx(t) are selected to
produce a K-space trajectory which is a Lissajous figure.

58. The nuclear magnetic resonance apparatus of claim
30 in which said functions G1(t) are selected to produce a
K-space trajectory which is a rosette.

59. The nuclear magnetic resonance apparatus of claim
30 in which said functions Gi(t) and G(t) are selected to
produce a K-space trgjectory which is an Archimedian
spiral.

60. The nuclear magnetic resonance apparatus of claim
30 in which said functions G(?) and Gy(t) are selected to
produce K-space trajectories which comprises concentric
circles.

61. The nuclear magnetic resonance apparatus of claim
30 wherein said means for operating includes means for
determining the local nuclear spin density uf{x,y) distri-
bution in said slab by evaluating

pRxp)= [ DA nexp
| K ((Ox+ K2y +w1(xp)e] | dt

where V(t) is the voltage induced in a receiver coil sens-

ing the NMR signal,

A1) is a weighting funcion,

—1i is the square root of — 1,

Ki(t) and Kx(¥) are functions defining a point in K-

space, and

w1 is the resonant frequency offset at (x,y).

62. A nuclear magnetic resonance apparatus for deter-
mining spin-density distribution in a region of an object
under examination containing nuclear spins, said region
being positioned in a static magnetic field, Hy and being
oriented with respect to first and second orthogonal direc-
tions defined therein, said apparatus comprising:

excitation means for exciting said nuclear spins in said

region so that said excited nuclear spins undergo a
radiative free-induction decay thereby to produce an
NMR signal in the form of radiated electromagnetic
energy following termination of said excitation,
means for applying to said region a spatial differentia-
tion magnetic field H(x,y,t), during at least a portion
of the NMR signal produced by said excited nuclear
spins, said magnetic field having the form
Ho+ Gi(t)x+ Ga(t)y, wherein x and y designate, re-
spectively, said first and second directions, and
wherein the magnetic field gradients G(t) and Gi(?)
are selected to be continuously varying with time dur-
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ing the NMR signal so as to produce a trajectory in
K-space;

means for receiving the radiated electromagnetic energy
associated with said NMR signal and coverting said
energy to a time-varying electric signal representative
of said energy; and

means for operating on said electrical signal to generate

therefrom signals representative of the spin-density
distribution in said region.

63. The nuclear magnetic resonance apparatus of claim
62 wherein said means for applying a spatial differentiation
magnetic includes means for simultaneously applying
magnetic-field gradients G1(t) and G2(?), such that in the
sequential applications thereof said spatial differentiation
magnetic field produces K-space trajectories which traverse
K-space in a substantially uniform pattern, and wherein
the dwell time in each region of K-space is approximately
equal so that a detailed image of all spatial frequency
components, up to a maxitmum spatial frequency, of said
object can be produced.

64. The nuclear magnetic resonance apparatus of claim
62 wherein said means for applying a spatial differentiation
magnetic field includes means for simultaneously applying
magnetic-field gradients G1(t) and G:(t), such that, in the
sequential applications thereof, said spatial differentiation
magnetic Jield produces K-space trajectories which concen-
trate on and have a greater dwell time in predetermined
regions of K-space so as to enhance predetermined qualities
in the reconstructed image.

65. The nuclear magnetic resonance apparatus of claim
62 wherein said excitation means includes means for excit-
ing said region a plurality of times so as to produce a corre-
sponding plurality of NMR signals, and wherein said
means for applying includes means for applying a spatial
differentiation magnetic field during at least a portion of
each of said plurality of NMR signals such that a K-space
trajectory produced for at least one of said NMR signals
differs from a trajectory produced for another one of said
NMR signals by at least one trajectory parameter.

66. The nuclear magnetic resonance apparatus of claim
65 wherein said trajectory parameter comprises at least one
of uniformity and dwell time.

67. The nuclear magnetic resonance apparatus of claim
65 wherein said trajectory parameter is selected such that
collectively said K-space trajectories traverse K-space in a
substantially uniform patterne.

68. The nuclear magnetic resonance apparatus of claim
65 wherein said trajectory parameter is selected so as to
vary the dwell time of said trajectories in said K-space.

69. The nuclear magnetic resonance apparatus of claim
62 in which said functions G1(t) and Gy(?) are selected to
produce a K-space trajectory which is a Lissajous figure.

70. The nuclear magnetic resonance apparatus of claim
6.2 in which said functions G1(t) and Gi(t) are selected to
produce a K-space trajectory which Is a roselte.

71. The nuclear magnetic resonance apparatus of claim
62 in which said functions G1(t) and Gu(t) are selected to
produce a K-space trajectory which is an Archimedian
spiral.

72. The nuclear magnetic resonance apparatus of claim
62 in which said functions Gy(t) and Gy(r) are selected to
produce K-space trajectories which are concentric circles.

73. The nuclear magnetic resonance apparatus of claim
62 wherein said means for operating includes means for
determining the local nuclear spin density uR(x,y)distribu-
tion in said slab by evaluating
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uR(x,p)= Nn)fitexp |
— K 1(0x + K2(t)y + wi(x )] | di

where V(1) is the voltage induced in a receiver coil sens-

ing the NMR signal,

Rt} is a weighting funcion,

—{ is the square root of — 1,

Ki(t) and Ky(t) are functions deftning a point in K-

space, and

w1 is the resonant frequency offset at (x,y).

74. A nuclear magnetic resonance apparatus for deter-
mining spin-density distribution in a region of an object
under examination containing nuclear spins, said object
being positioned in a static magnetic field, Hy and being
oriented with respect to first and second orthogonal direc-
tions defined therein, said apparatus comprising:

excitation means for applying to said object a time-

dependent gradient and a radio frequency pulse, said

radio frequency pulse being applied in the presence of

said time-dependent gradient, and modulated so as to
selectively excite said nuclear spins in said region so
that said excited nuclear spins undergo a radiative
free-induction decay thereby to produce an NMR
signal in the form of radiated electromagnetic energy
Jfollowing termination of said excitation and so that
nuclear spins in other regions of said object are sub-
stantially unexcited;

means for applying to said object a spatial differentiation

magnetic field during at least a portion of the NMR
signal produced by said excited nuclear spins so as to
encode in said NMR signal information of the spin-
density distribution of said nuclear spins in said re-
gion,

means for receiving the radiated electromagnetic energy

associated with said NMR signal and converting said
energy to a time-varying electric signal representative
of the magnitude of said energy; and

means for operating on said electrical signal to generate

therefrom signals representative of the spin-density
distribution in said region.

75. The nuclear magnetic resonance apparatus of claim
74 wherein said first and second orthogonal directions
define, respectively, x- and y-coordinate directions, and
Sfurther including a z-coordinate direction orthogonal to
said x and y coordinates, wherein said excitation means
comprises.

means for applying to said object for a predetermined

time period, an excitation magnetic field directed
along said z direction, said excitation magnetic field
having an intensity given by Ho+ 2G(t); and

means for applying a pulse of electromagnetic, radio-fre-

quency energy 1o said object during the time that said
excitation magnetic field is applied, whereby the nu-
clear spins in said region are selectively excited to a
higher energy state and said nuclear spins in other
regions of said object are substantially unexcited.

76. The nuclear magnetic resonance apparatus of claim
75 wherein said excitation means includes means for apply-
ing to said object for a predetermined time period an exci-
tation magnetic field having a gradient in the z-coordinate
direction, said gradient being defined by a function G(r)
not having a DC component, said excitation means also
including means for applying a pulse of radio-frequency
energy during the time that said excitation magnetic field
is applied.

77. The nuclear magnetic resonance apparatus of claim
76 wherein

G(1)= Gol(To* — 1)/ To?) exp [—(¢/ Tp)2/2)

where Gp is a magnitude constant,
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1o is a point in time when G(¥) is substantially zero, and

! is @ ime parameter.

78. The nuclear magnetic resonance apparatus of claim
75 wherein said pulse of radio-frequency energy comprises
a pulse having an envelope defined by a function

h1(6) =k yG(OAK(1)/Ko) (To/Ko)

where hi is a constani,

v is the gyromagnetic ration, and

[ is a window function in which K(t)= [ 'G(t')dr .

79. The nuclear magnetic resonance apparatus of claim
78 wherein the relation of the maximum absolute value G
of said function G(t) to the peak amplitude H)\ of said

function h(?) is given by the expression

(C) (AL) = H,

where AZ is the thickness of the excited slab.

80. The nuclear magnetic resonance apparatus of claim
78 wherein said means for operating includes means for
determining the local nuclear spin density uR(x,y) distri-
bution in said region is given by

uR(x3)= V) iDexp |
— i K1()x+ K()y + @1(x.p)t] | dt

where V(t) is the voltage induced in a receiver coil sens-

ing the NMR signal,

At) is a weighting function,

—i is the square root of — 1,

Ki(?) and K(t) are functions defining a point in k-space,

and
w1 Is the resonant frequency offset at (x,y).
81. A nuclear magnetic resonance apparatus for de-
termining spin density distribution in a region of an
object under examination containing nuclear spins, said
region being positioned in a static magnetic field, Ho,
and being ortented with respect to orthogonal x and y
coordinate directions defined therein and also to a z coordi-
nate direction orthogonal to said x and y coordinates with
said region, said apparatus comprising:
excitation means for exciting said nuclear spins in said
region so that said excited nuclear spins undergo a
radiative free-induction decay thereby to produce an
NMR signal in the form of radiated electromagnetic
energy following termination of said excitation;

means for applying to said region a spatial differentia-
tion magnetic field H(x,y,t), during at least a portion
of the NMR signal produced by said excited nuclear
spins, said magnetic field having the form
Ho+ G1(Ox+ G20)y wherein at least one of the mag-
netic field gradients G\(t) and Gx(1) is chosen to be
varying with time during the NMR signal so as to
produce a trajectory in K-space, said K-space being
the Fourier transform space within which the spatial
Sfrequency of the distribution related to the spin density
within said region under examination can be speci-
fied, and wherein said spatial differentiation magnetic
field is chosen such that the frequency history of the
spins at each point of said region is distinguishably
different from that of every other point;

means for receiving the radiated electromagnetic energy

associated with said NMR signal and converting said
energy to a time-varying electric signal representative
of said energy; and

means for operating on said electrical signal to generate

therefrom, based on the frequency history of the spins,
signals representative of the spin density distribution
in said region.

82. The apparatus of claim 81 wherein both gradients

G1(f) and G(t) are varying with time.
W . ¥ P i
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