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5n ABSTRACT
Apparati and methods for magnetic resonance imaging
a selected interrogation volume in a tissue of a human or
animal body, 10 provide increased signal-to-noise ratios
for fixed data scquisition times. ‘The method involves

ion of magnetic in @ selected i
tion volume that may be as small as 500-3.000 cm),
through controlisble focuun' or steering of a rotating
magnetic field signal used to induce magnetic reso-
nance. The response signals issued by the excited vol-
ume element are then collected by focusing of these
response signals, using s phased array of antennae. for
this purpose. Use of the invention with well known
nuclear magnetic resonance excitation procedures, such
43 3pin echo, echo planar, gradient recalled and back-
projection, are discussed.
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1

METHOD FOR FOCUSING OF MAGNETIC
RESONANCE IMAGES

FIELD OF THE INVENTION H

This invention reiates 15 medical imaging of a human
or animal bowy, and particularly of the cardiac region,
using RF focusing techmiques ther with nuclear
magnetic resonance imaging in high magnetic fields, to
improve the tignal-to-ncise ratio per unit data acquisi- 10
tion time and 10 improve the spatial rexolution, spectro-
$cOpie sensitivity and/or dats throughput rate of such
tmaging.

BACKGROUND OF THE INVENTION
Medical imaging techniques for organs and tissues in

13

0
2 =
excited by s radiofrequency (“RF} magnenc field in.
fensity Bi at or nesr the resoram frequency
foman/2m = yBy, the spin system wil draw energy
from the RF e1ziting field. Conversely, if the 1pin sys-
1em is near resonance, energy can be retumed 10 8 struc.
ture positioned io receive this RF energy. Analyss of
the system of equations is Eq. (1) is discussed by A.
Abragam, The Principles of Nuclear Magnetism, Oxford
Univerity Clarenden Press. 1961, Pp- 37-75, and s
incorporaled herein by reference. Medical imaging is
concerned generally with receipt sand interpretation of
the flelds produced by this given-back energy.

in subsequent discussions, it will be ausumed that the
feame of refereace is one that routes with the RF rowt-
ing magnetic field By at the resonant frequency fo The

2 human or animal body hsve changed
over the last 20 years, in good measure because of adop-
rion of nuclear magnetic resonance imaging for medical
unaging. Damadian(Science 171(1971) 1151-1133), 20
Wei Science 178 (1972) 1283-1290), Lauterbur(-
Maturs 343(1973) 190-191), Eggleston et alCancer
Research 33 (1973) 2156-2160) and Damadian et al
(Proc. Nat. Acad. Sci. 71 (1974) 1471-1473; Science 194
(1976) 1430-1431) were among the firut (0 recognize the
value of, and 10 appiy the techniques of, NMR 10 distin.
guish between normal and abnormal developments in
buman and animal bodies.

Nuclear magnetic resonance (“NMR"} is & relatively
young research ares and was first discussed and expen.
mentally investigated by Bloch and his co-workers in
346 (Phys Rev. 70 (1946) 460 174 and 474-485). The
Bloch articles are incorporated herein by reference. In
NMR. an aspprozi constant ic field
Bo=Bay is spplied in a fixed direction, which defines
the z-axis of the assacisted coordinate system, to the
urget(organ, tissue, ¢.c.), ard 3 time-varying field
By = By(is cos et + iy sin wt) is applied in & plane perpen-
Jicular 1o the 2-direction, where the smplitude B, is also
approaimately constant. The magnetic pclarization vec-
tor M satisfies the magnatization 10rque equation

18

0

M/ M X B TV M m
where vy is the gyromagnetic ratia, B-!o+!| s the
towl impressed magnetic fleld, Mo B an equilibrium

0 by the ization fleld, T1is
& characteristic time interval for return to equilibrium of
the of ization, T2 is &

i G g de-phasing of the
magnetization, and 1] is & disgonal second rank tensor
or dyadic that phenomenclogically sccounts for relax.
ation of the three magnetization components that is of
the form

4

33
)
uvnno o
a=j0 wvno |
e o wn
]

For protons. the retio ¢ is 42.57 MHz per Tesla The
spin-lattice relaxation time T1 and the spin-spin relax-
ation time T2 are often of the order of §00-1,000 msee
and 20-100 msec, respectively. The observable quanti-
ties are My and M. )
These equations can be solved under various driving
and recsiving field conditions 10 obtain the magnetiza-
tion components for the sysem. When the sysiem is

M, and My ase of particules
interest bers. In & frame rotating with the field, the
magnetic fleld directed along the x'-axis in the rouung
frame produces » magnetization ocaly along the y'-ans.
Inthhfﬂne.mcbmcdhnd“wmu\duﬁouuu-
dient magnetic flelds (discussed below) that perturb the
IPin sysiem sre easily visualized and analyzed.

One problem that faces any approach 10 excitation,
selective or otherwise. of a tissue, organ of other biolog-
ical component of a human or animal body (herein
referred to simply as “tissuc™ for convenience), or parts
thereo, is that the “ncise™, which arises from tissue not
within the desired volume element, is often substantial
because of the relatively large surrounding tissue vol-
ume that produces such noise. A time-varying magnelic
field By in (he titsue produces a corresponding electric
feld E| by Maxwell’s equations, and because the tissue
has non-zero conductivity, this produces s correspond-
ing non-zero current vector J. The volume integral of
the scalar product of J and E gives rise to power dissips-
tion in the entire tissue volume clement, and this pro-
duces noise at the signal sensing apparstus unless the
field of view of the tissue volume element can be some-
how limited. This process can be represented by a
“body noise™ resistor whose contribution is propor-
tional 1o tissue conductivity. Noise sets s lower limit on
the resolution. expresed as the amallest volume of tis.
sue that can be sensed by the receiver, and sets & lower
limit on the length of the time interva) over which sig-
nal acquisition is possible. Noise is produced by uncon-
trolled electronic sction in the receiver cireuis (“John-
son noise™), by the “body noise™ resistor noise source,
and by thermaily induced magnetization in the tissue
bring imaged.

Three volume elements, of quite different sizes, are
involved here: (1) tissue volume, which can be ¢ few
hundred to a few hundred thousand <m in size; (2) RF
signal interrogation volume from which the receiver
receives the sensed response signals; and (3) magnetic
resonance excitation volume or “voxel volume™ within

of other i
used to generate the RF magnetic field and by the ex-
tend of the unwanted electric field generated in the
body itself. In s this e

65 tion volume can be 50,000~ 100,000 cm?, which is much

larger than the tissue volume for cardisc monitoring.
Preferably, the interrogation volume should be about
the same size as the tissue volume, or smailer.
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According to one well known relation 1n magnenc
physics, the signal ratio (SNR} is
proportional to the product of Bo and a volume ratio:

SNR « Bojvasel volume/imierragauon volume|{ai]).

where At is the 3ats scquisition time and Ba1s the pri-
mary magnetic field strengih. Increase of Bo causes a
proportional increase in the sysiem's resonant fre-
quency. Incresse of Al is often constrained by through.
Put requirements. Increase of Boand/or reduction of the
interrogation volume is thus s primary concern, if the
signal-to-noise ratio is (0 be increased.

What is needed here is an approach that (1) minimizes
Or suppresses the body noise per unit acquisition time
that issues from the tissue volume, and (2) increases the
avaslable signal per unit acquisition time.

SUMMARY OF THE INVENTION

These needs are met by the invention which, in one
embodiment, ides a method for limiting Lhe field of
2] ¢ contribution, by reducing the
interrogation volume element to a size no larger than
3.000 cm? in & tissue in & human or animal body. The
method provides for increased signal by use of s pri-
mary mugnetc field Bo of larger magnitude (2-10 s
Tesla). In order 1o limit the field of view within the
body of lissue, s high frequency RF magnetic field,
With fo=85-140 MHa, is choten for the rowting field.
The g or effective gth A within
vely short (1141 cm), due (o the high
ity of tissus ot such frequencies. This
shon effective wavelength allows one to focus the RF
energy within a modest size interrogation volume ele-
ment in the tissue. thus markedly limiting the ficld of
view. 3

According 1o this methed, 8 first o primary magnetic
field (intensity) Bo= Bois s applied in a first (2} direction

4 » second focused magnetic field Bi(x.y.5.t), some-
times referred to herein as B, for convenier.ce of now.
tion, is applied in » perpendicular (zy) plane. where 8, 9
has comstant magnitude, rotates in the xy-plane with
approzimately constant angular frequency w, and i
applied only over a first time interval t) > 1> 1, + aey for

itics t1 and Aty. Application of the
field By provides a “iheta pulse™ that tips the magnetize- 43
tion vector M away from the 2-axis toward the 1y-plane
by a predetermined reorientation angle 8, and 1wo pop-

)

573 =

netic field Bolny) of of the gradient magneuc field
Bo(r.y) alone, 10 the tissue voxel volume elements
within the z.slice. The magnetization thus produced
excites electromagnetic signals that 1ssue from the se-
lected tissue voel volume elements within u determen.
abie lim interval given by 1, <t <tug+ Atug The spatiai
locations of these vael volume elements, from which
the electromagnetic signals issue, are thus “agged” by
the choice of the gradient magnetic fields.

An artay of umpling antennse, numbered n= 1, 2.,
-1 Ny which sensey the direction and amplitude of elec-
iromagnetic response signals issued by the sclected
nuclei, is provided, where antenns number n in the
AITRY is activated 10 sense these signals only over »
predetermined time interval, given by tuge<t<ts
ug.a+Btuge that depends upon n. This panticuiar nin
time interval corresponds o TECEipt, A1 antenns number
n, of the response signal that was istued by the excited
selected nucles in ihe predetermined time interva) tug<-
1 <tuy+ &ty Differences among these N time intervals
may be compensated for by use of phase shifts, ume
delays or othes similar adjustments in the fesponse ug-
nals received.

Esxciustion of magnetization in the selected voxel
volume clements can be accomplished by a number of
approachaes, including but not limited to the 1pin echo
method, the echo planar method. the gradient recalled
method. s backprojection method and various spectro-
scopic imaging techniques. All of these provide spa-
tially resolved discri ion of this izati

Selective sensing of the electromagnetic signals is-
sued by the selected nuclei in the voxel volume ele-
ments is implemented by an array of anteanae surround-
ing the tistue volume. The sequence of antenna acuva-
tion time intervals tups <t <lupe+ Alugs is chosen so
that the sensing antenns number n is activated and
senses the received or response signal RS (FID, spin
echo or other resultant signal) that was ixsued by the
selected magnetization in the tissue during the antenna’s
awn activation time interval tuga<1<luga+ Aluga,
within which it receives this response signal RS. Be.
<ause the RS signal thus issued by the selected magneti-
tation may require different amounts of time 10 reach
exch of the sensing antennac in the array, the tmes 1.
and/or the time interval lengths Atyg.e may differ from
one antenns to another. If the sensing antennae are

ular choices are 8m90" and §m=10°-20°, a3
below. For convenience of notation. 1he primes on the
coordinates x, y, z in iha routing frame for dropped in 30
Lhe following discussion.

A slice select gradiens magnetic field By(z) is applied
to the tissue, cither simultaneously with or preceding
application of the field By, to convert & portion of the
tongimdinal magnetization Ma in s selected 2.slice into 58
1y-plane magnctization M, and/or My over a predeter.
mined time interval given by <1<+ 4ly, where
udn.

One of more additi gradient mag fields

arrayed on the ci of a circle
with the selected voxel volume elements positioned at
the center, the parameters tug.e and, separately, the pa-
rameters Aluy, may b Approximately equal within esch
parameter set. If the sensing antennae are arrayed on
two or more planes adjacent 10 the tissue these parame-
ters may be quite different from one another with esch
parameter set.

The sensing antenna also serve as the source of the
ansmitted magnetic field By in one group of embodi-
ments of the i ion. In alteruative embodi the
i magnetic field B) is provided by a first array

By(z,y) is then applied to put the magnetization in se- &0
lected tissue voxel volume elements within the chosen
z-slice into differential magnetic resonance over a pre-
determined time interval, in order to “tag™ the (z.y)

of antennae or other sources and the sensing antennae
form a second, separate artay to recover ihe response
signal RS.

Inall i the i includes
for ing nuclear in 8 tissue

spatial locations of these voxels. The gradient
fields Bx(z) and Bi(x.y) al) have field vectors parallel 10 65
the field vector of the primary magnetic field Bo. A
“read” cycle is then initisted by application of an RF
magnetic field By(x.y,z.1) plus another gradient mag-

and for u-vm;g he RS signals induced in the selected
nuclei in the tissue. In a first embodiment, the apparatus
includes a dipole magnet, excited by current<arrying
coils. The magnet substantially surrounds the patient’s
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»ody and produces an approaimately homogeneous
magnetic field of specific field sirength in the cange
2-10 Tesla in a first (z) direcuon in the body. The appa-
raius inciudes sn RF magnetic field source that pro-
duces a rouating magnetic field with approuimaiely §
constent magnitude, with the magnetic field vector
rolating in *n ay-plane perpendiculsr to the z-direction
with spproximately constant angular frequency. The
Apparaius further includes a switched power source for
the rowting magnetic fieid source so that this rotating
magnetic field can be activated and deaclivated durning
predetermined time inlervals. The apparstus also has
gradient magnetic field means for applying one or more
additional gradient magnetic flelds, over predetermined
time intervals, to (he tissue 10 eacite selected magnetiza.
100 in selecied voxel valume elements in the tissue. The
1pparstus slso includes an array of sensing antenrue,
pontioned as s phased artay adjacent 1o the tissue, 10
sense the RS signals issued by the selected magnetiza-
tion. Several embodiments of these arrays sre available.
The apparatus further includes switching means con-

% sasing antenna 10 independently acti-
each anienna over a predetermined lime interval so
that each antenns senses the RS signais only over s
awn time interval.

Recall that the z-axis of the associsted coordinate
system is determined by the direction of the primary
magnetic field Boand that the magnenw field Bita.y.z.)
rotates in & piane that is perpendicular 10 the direction
of Bo. A second coordinate sysiem is defined by three
disiinct planes relstive to the human or animal body
DeINg eAsMIASS. (J) & Udusverse piane” TP that is
onented perpendicular to a longitudinal line that runs

P parailel 1o the of the body; (2)
s “ugittal plane™ SP that ncludes & longitudinal tine of 33
the body and includes a line that passes from the back to
the front of the body; and (3) a “coronal plane™ CP that
includes o longitudinal line of the body and includes a
line thet passes from the right side of the body to the left
side of the body. These three planes are illusirated in
FIG. 1 and ase defined by the body bitself. A transverse
pianc. sagittal plane or coronal plane may pass through
the body or be positioned outside and adjacent to the
body to which it refers.

In & first embodiment of the phased array of antennae,
the primary magnetic field Bo is oriented perpendicular
10 8 coronal plane and the RF magnetic field Bi(x.y.z.0)
rotates in this coronal plane. Two antennae artays, posi-
tioned in coronal planes located in front of and behind
the body, provide an RF magnetic field Bi. In a second
embodiment, the primacy magnetic field Boand the RF
magnetic field By are oriented as in the first embodi-
ment. dut the magnetic field B) is produced by s
differently positioned array of antenna, located a1 the
right side and left side of the body. in s third embodi-
ment of the phased array of antennae, the primary mag-
netic ficld Bo is oriented perpendicular to s transverse
plane and the RF magnetic field B) routes in this irans.
vérse plane. In a forth embodiment of the phased artay
of antennae, the primary magnetic field Bo is oriented
perpendicular (o a sagittal plane and the RF magnetic
field B) rowates in the sagittal plane.

In & general of the method i

10

1

0

o

40

L]

0

43

static, pri-
mary magnetic field Bo oriented in a predetermined () 635
direction is applied 1¢ the tissue, or to the interrogation
volume of U tissue, and an RF magneric fleid
Bi{a,y,z1), which rotates in a pilane that is approsi-

mately perpendicular to the field vector Bo. s apphied
over a first predeternuned ume wnterval given by (< -
1< + 44 A slice-select, gradient magnenc field Byiz)
is applied over & predetermined me intervai given hy
12<1 <1+ A1y, in order to select & parncular shice of the
vssue. This grudient magnetic field By(2) 15 onented
parallel to the primary magnetic field Bo but has much
smaller magnitude and varies stnclly monotonically
with change in position in the z-direction. One or more
additional gradient mugnetic fields By(x.y), with field
vector oriented parailel to the z-direction but changing
with position 10 directions x and y in 1 plane perpendic -
ular to the z-direction, is applicd over a predetenmined
time interval given by 13 <<ty + Aty, in order to selec.
tively eacite vozel volumes within the chosen z-slice for
study. The selected volume is cxcited by another RF
rotating magnetic field and another gradient magnetc
field. or by a gradient field slone. and a response signal
is sensed at one or more phase arTays of antennse. The
individual antennae receive the response signals RS a1
different times and compensate for this by means of
internal phase shifts, time delays or other adjustments at
the individual antennae that make up the arTay; these
adjustments are used to focus the antenna array on the
interrogation volume of interest. The resulting signals
are ol processed in order to properly analyze and
dispiny the response signais RS produced within the
\nierrogatiaon volume.

To evaluate and diagnose cardiac and other discases
of the haart and other organs and tssues non-invasively,
a device that can image the anatomical structures with
sub-millimeter resolution and that can view biochemical
functions such as ion and with sub-
centimeter resolution is provi 'ed. Diagnostic magneuc
resonance imaging and speciroscopy, using RF focus-
ing techniques and & high strength primary magnetic
field, provide the improved signal-io-noise ratios that
are required 10 achicve sud-millimeter spaual resolunion
and sub> localized ugnals. Fo-
cusing of the transmit and receive radiofrequency elec-
tremagnetic fields allows the volume of tssue from
which response signals are sensed 1o be limiird to 2
much smaller interrogation volume of interest, in order
to reduce the energy deposited in the tissue by this
radiation. Use of 1 plurality of sensing antennae. posi-
tioned in & phased array, allows an increase in the signal
to notse ratio and allows & concomitant improvement in
the data scquisition rate for the system.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1illusirates typical transvense, sagiteal and coro-
nal planes of a body.

FIG. 2 is u flow chart illustrating the method tnven-
tion generally.

F1G. 3 is a schematic view of the magnetic field con-
figuration used in an embodiment of the invention.

FIGS. 6 and § illustraie the signal atienuation coeffi-
cient and i length, respe Iy,
Tunction of signal frequency, for one biological material
of interest, canine Mux.ic, an analog of human tissye.

FIGS. 6A, 1A and 3A age flow chars illustrating the
steps in the invention when used together with the spin
echn method (FIG. 6A), the echo planar method (FIG.
TA) and 1he gradient recalled method (F1G. 8A).

FIGS. 68, 7B and 4B are graphs illustrating the se-
quence of magnetic fields used in the spin echo ap-
proach (FIG. 6B), the echo planar spproach (FIG. 78)
and the gradient recalled approach (FIG. 3B) for setec-
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tive excitation of a volume element sccording to the
invennon.

FIGS. 9A and 98 e front and side views illustrating
one embodiment of the source of the rolating magnetic
field By, rotating or oscillating in & coronal plane, and 5
sensing antennae for receipt of the RS signals.

F1GS. 10A an2 10B are front and side views illusirat-
ing a second embodimen of the source of ihe rotating
magnetic field B\, rotating or oscillating in a coronal
::ne. and sensing antennse for receipt of the RS sig- 10

8.

F1GS. 11A and 11B are top and end views illustrating
 third embodiment of the source of the rotating mag-
netic field By, rowting or oicillating in a transverse
plane, and snsing antennse for receipt of the RS sg-
nals.

FIGS. 12A and 128 are front and side views illustrat.
ing a fourth embodiment of the source of the routing
msgnetic field By, rowating or eacillating in a sagictal
plane, and sensing antennae for receipt of the RS sig-
nals. .

FIT 91 a fron: vigw dlustrating the magnetic field
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primary fieid Bo. The equations (1)-(4) are most eauly
analyzed in a rotating frame hat rotates with the rowt-
magnetic field Bi(1,y.2.1), as discussed by Abragam,
ibid. A slice.select gradient  magnetic  field
Ba(t)=Byfa)is (amplitude varying with » coardinate,
here 2) is applied to the sissue spprosimately simulta-
neously with the RF magnetic field B, to excite mag-
netization in selected voxel volume elements 33 in the
interrogation volume (FIG. 2. step 12), thown in FIG.
3. The RF magnetic field By(x.y.1.1) is spplied in s time
interval given by 11 <1<+ Atl,

FIG 3 illusteates the general configuration of the
magnetic fields 3o, B) and B; used (o collectively excite
magnetization in the selecied slice ar volume elements
33 in the tissue 31. The magnetic field vector Bx(z) is
oriented in the z<direction, with amplitude Bfi} in-
creating (or decreasing) strictly monotonically as the
coordinate 2 increases. The amplitude Bx(2) may in.
crease linearly with 2, as a power law in £ with Bx(z)
« 74a3k0), or in some other manner. The range of am.
plitudes of this third magnetic field Bx2) is chosen so

573

appsratus that produces the fields used in i
the invention shown in FIGS. 9A and 9B.

FIGS. 14A and 14B are front and 10 views illustrating
an of mugnetic field that pro-
duces the magnetic fields used in implementing the
invention shown in FIGS. 10A and 10B.

FIGS. 15 (top view) and 16 {front view) illustzate the

field used in i ing the ine
ventions shown 1n FIGS. 11A/11B and 12A/128B.

TG, 17wk icaliy il the i
used for focusing signals transmitted to & wrget element
or for focused seceipt of RS signals issued by the iarget
volume element at the sensing antennse. Ty

FIG. 18 sche £ ill A hat

23

that the dtiti for nuclear magnetic rexonance ase
satisfled in a narrow z-slice, given by n<I<n+az.
and this occurs over & predetermined time interval
given by 3<1<ty+ A1y,

Retumning ta FIG. 3, selective excitation of the se.
lected particles in the selected voxel volume elements
33 of the tissue 31 is caused to occur over a predeter-
mined time interval given by 1 <t<t+4L), with
1z, after which estarnal exciution of the selected
voxel volume elements by the fiedd(s) Biln,y.z,t) ceases.
In siep 18, a time saquence of one or more gradient
magnetic fields Bx(1.y), all with field vectors oriented in
the z-direction, is applied to spatially encode the mag-

[
is useful in obtaining focusing of magnetic fields a1 vari
ous positions along a line within » body.

‘1GS. 19A and 19B are schematic views of an em.

for ly Jog sigral ing of the
response ugnals received from the excited selected
nauclei in the intertogation volume.

FIGS. 20A and 208 are schematic views of an em-
bodiment for mostly-digital signal processing of the
response signals received from the excited auclei in the
interrogation volume.

DESCRIPTION OF BEST MODE

FIG. 3is s flow chart illustrating the general method
of the invention. The tissue, identified a3 31 in FIG. 3, is
placed in a suatic, homogeneous primary magnetic field
Bo. oriented in & first () direction in the laborsiary
frame, in the first step 12. A routing magnetic fleld
Bi{x.y.2.1) is spplied in an zy-plane that is approxi-
mately perpendicular 10 the z-direction in the third step
12. The rouating magneric field By has i

0
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in the voxel volume elements 33, sccording
1o a desired phase shift or resonance frequency pertur-
bation, as a function of the x- and/or y-coordinates.
This occurs over a time interval given by t)<-
1<+ At

Another rotating magnetic field, Bs(x.y,z.1) (not re-
quired in some of Lhe approaches discussed below),
having the same anguiar frequency as Bi(x.y.z.t) but
applied for a longer time interval or with's grester ficld
amplitude, is then applied in s1ep 16 to the tissue, in the
presence of a gradient cagnetic fiekd. Magnetization in
the voxel volume elements that were prepared by appli-
cation of the preceding magnetic flelds will cause issu-
ance of electromagnetic response signais RS. in a time
interval given by tug <1< tug+ Atug (Step 17). These
vozel volume elemenis will provide the predominant
response signals RS. A phased array of sensing antennae
is then provided adjacent 10 the tissu¢ 31 (FIG. 3) 10
sensq the response signals RS istued by the selectively
excited nuclei, a3 indicated by step 19. Each sensing

constant magritude and rotstes with spprozimately
constant angular frequency o in the zy-plane. The pri-
mary and rotating magnetic fields may be represented
appioximately as

Bo= o [

Biapa ) B1(x 0.0} (s OO + iy tisast). (U]
where ia iy and i form a mutuaily orthogonal trisd of &%
unit length vectors, oriented in the 2-, y- and z-direc-
tions in the rotaung (rame, respectively, where the
directi incides with the di of the static

antenna, aml, 2,..., N in the phased armay
is activated for a particular time interval or “sense win.
dow™ W given BY lupe<1<luge+Algs during
which the response signals RS produced in the selected
interrogation volume clement 33 (FIG. J) in the time
interval g <1 <Tuy+ Alng AfTivE 81 antenrs aumber n.
Devices that provide controllable phase shifis or time
deiays of one signal relative to another, for exampie.
electronically alierable phase shifters or mixers with
variable local oscillator phases or time delays, may be
used 10 controllably alter the signals mmmm;d by, or
recgived at, the phased array of antennse. This allows
focusing or steering of the signals in the interrogation
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volume, in & manner well known in propagation of
electromagnetic signals, as part of the signal processing
in step 21 in F1G. 2.

interior of & human or animal body has many
Organs, tissues, fluids and other components, each with
ach istic set of material such as di-
clectric and wuagnetic permittivity, eléct ical conductiv-
ity, e1c. Analysis of propagation of electromagnetic
signals within such a body often uses & se1 of average
parameters for purposes of evaluating signal attenuation

E. C. Burdette et a), “In-Situ Tissue Permittivity at
F ies; Perspective, Techniques, Re-

=

::n:‘n 20;-& Thus, for NMR imaging of protons in mate-

$uch as canine muscle, pri field sirengths
Bom 3-8 Tests, ing m’:::mm [ .
fomyBoof 127.7 MHx ~ 340.6 MHz, are quite attractive
for this purpote. For studies in humans or animals, the
range of primary magnetic field srengths will be num).
lar, but no: necessarily identical, and will cover 1 total
;mu of primary magnetic fieid urengths Bom2-10

esla

TABLE

Masenal Purameters For Casine Muacle Vervus Fraquency
w 0

o
Froquency  (d8/cm)

suita™, 8 in Medical Applic M
Imaging. ed. by L. E Larsen, LEEE Press, New
York, 1986, pp. 1340, were used to determined & suit-
able resosant frequency range for NMR imaging in
such materials. Analysis of the Maxwell equations in »
linear, isouropic, lossy, electromagnetic medium lesds 10
solutions for the electric and magnetic field amplitudes
& aind B in vise spatial dimension (r) of the form:

EBceapl—{a+18Wem) 23]

(LRI LR s (]
B RAEnInG [ eability i insue muoe 42 x 10- 7

N Heary/meter, m
¢ mreal pan of comples delestnc permutivity in
[Peey ®
@ = dectrica) conductiviry (mha/Meter) m tmsve. "
= panal CoO/dinate Mersured in Wave propagaton
dirncicm, gy

where ¢ 1nd @ may be frequency-dependent. Physic
cally realistic solutions of Eq. (4) are:

an{utud 23]+ aald) - 1, un

B fwue 7211« aalB) o 1, un

- b /e an
The quantity Am2x/8 serves a3 an effective wave-
length for an undulating wave in the spatial coordinate
r. the quantity v=w/8 services as the phase velocity for
this wave, and the quanitity a’ =20 logic{a) (in dB/cm)
serves as an exponential attenustion coefficient for &
wave of temporsl frequency fww/2w tin,
through the material. F1G. 4 and S present the resuits of
calculations of a' and A, using interpolaticas of the
experimental data of Burdette et al, suprs, for 17 fre-
qQuencies shown in Tabie 1, ranging from 14.9 MHz to
30.6 MHz. For NMR imaging of protons with
y=42.57 MHz/Tesla, these 17 frequencies correspond
10 primary magnetic field strengths Boof 0.35 Tesla to 8
Tesls, as indicated in Tadle 1. For proton NMR, pri-
mary magnetic field strengihs Boof 3 Tesla 10 § Tesla
- produce wavelengths A in the range of 11.3 cm (Bo=8
Tesla) to 30 cm (Bo=3 Tesls), with corres) ling sig-
nal attenuation coeflicients a’ of 1.95 dB/cm (8 Tesla)
down to 1.4 dB/cm (3 Tesla). This is an sttractive range
of wavelengths A for NMR imaging of protons, and the

3s

45

38

(]

(Tala) £/ts  otmha/meer)

) IMH: 08 164

as 3 [ 123

0 a2 an 0.1

13 W 108 01

10 1 124 71

13 1084 511 @

16 r1 140 @1

13 ieen 147 e

40 173 154 e

45 19te 14 324

10 a0 147 1

53 2t m n1

0 1354 L 38

[y 12 Hi

10 0 13 K

T ney .94 303

10 304 198 0.2

To form medical images of argets such as organs and

tissues within g being, magnetic racnance imag.
ining techni will be used. A description of some of
these techniques follows. A selected voxel volume cie-
ment of the tissue can be excited in 8 predetermined
time interval by use of certain time-dependent gradient
magnetic fields 10 produce the conditions required for
such resonance in, or adjacent 10, that volume element
Ona such method. the spin echo method, is discussed by
L. E. Crooks in “An la.vduction 10 Magnetic Reso-
nance Imaging™, 1.E.E.E. Engrg. in Med. and Biol., vol.
4 (1985) pp. $-13, incorporated herein by reference, and
proceeds as folluws.

With reference 10 FIQ. 6A. the tissue 1o be imaged is
prepared by placing it in & static, approximately homo-
gencous ic field Bo and si spplying
an RF rotsting magnetic field Bi(x,7,2,1) in the 1y.plane
and » r-slice select gradient magnetic field Ba(z). which
may have the form By(z)=Q,x5; or any othes form that
is moadtonically increasing in z. The field By is often
referred 10 a5 & “90° pulse” in the spin echo method.

Another gradient magnetic fleld By(y) is introduced,
with fleld vector oriented slong the 2-direction and field
strengh increasing monatonically (e.g. linearly) in the
y-direction. The range of field strengths of this fourth
magnetic field By is chosen 10 that the conditions for
resonance within the z-alice are the same withia narrow
y-slices given by y1 <y <y3+ Ays, snd this occurs only
over a p i time interval given by 131<-
1<13+ Aty Each of these narrow y-slices has a different
characteristic phase shift associated with it because the
local magnetic field st each vozel volume element is
slightly different. This phase shift changes monotoni-
cally (e.g., linearly) with change in the position coordi-
nate y. Another gradient magnetic ficld gn(l) is intro-
duced, with field vector in the r-direction and ficld

corresponding range of signal
a' is acceptable for path lengths in the body of no more

strength i (e.g.. linearly) in the
reng

for are satisfied
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within narrow x-shices given by <A< a+Axy, and
this occurs only over s predetermined time interval
Biven by L <t Qe+ Aty, with 3+ A13St4. The appro-
priale frequency associated with each narrow x-slice
changes with change of the position coordinate 1. The
amplitudes By(y) and Bu(x) of the fourth and fifth gradi-
ent magnenc fields are strictly monotonically incressing
(or decreasing) in the indicated coordinales y and x.
respectively.

A sizth rotsting magnetic field Bs(r.y,z.t), with
longer duration or  greater amplitude than the field By,
1 spplied a1 & predetermined time Tz/2 after applics.
tion of the fifth magnetic fleld Bu(x) a1id is often referred
10 13 3 130 degree pulse™. Application of the field Bs
teverses the sense of increasing phase in the selected
nucler. Al a determinable time Tz after application of
the field B), & response signal RS issues from the previe
ously excited selected nuclei within the original z-slice.
This response signal is ofien referred to 3 & spin echo
signal.

The fourth, fifth and sixth magnetic fields are repest-
&dly spphed a predetermined towl of M times, with the
magnitude of the fourth o phase encode magnetic Neld
| Bily)| being incremented by a fixed amount with sach
repetition. After the founth, fifth snd sixth

-]
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ences. First, the amplitude of the slice-select gradient
magnetic field Br=B2.1) 15 initially positive (o negs-
tive) and then changes sign before the ficld disappenrs,
with the time integral of the field Bzaver the time inter-
vai of application being 2ero. Second, the amplitude of
the frequency encode gradient magnetic  field
Bam By(2.1) ais0 changes 1ign st a predetermined time,
ind the integral over the time for which this field is
applied is zero. Third, the product of the magnitude of
the rotating magnetic field By and the time over which
this field is spplied is such that the magnctization vector
is not tipped by @=90° into the zy-plane, but is tipped
by & amaller ang:¢ that is usually no more than 6 =20°.
FIG. 8B illusirates the sequence of magnetic field am.
plitudes used 10 implement the invention, when used
together with the gradient recalled method. The gradi-
ent recalled method is discussed by A. Haase et al in
“FLASH Imaging. Rapid NMR Imaging Using Low
Flip-Angle Pulses”, Jour. of Mag. Resonsnce, vol. 67
(1986) pp. 258-164. which is incorporated hercin by
reference.

Aunother useful method is the convolution/dackpro-
jection method, discussed by P. D, Lauterbur in “imag-
ing Formation by Induced Local Interactions; Exam-

fields have been applied, response signals RS issue from
the selectively eacited volume element, and these sige
nals can be sensed by an adjacent phased array of coils
Of antennae.

The product of the magnitude of the rotating mag.
netic field By and the time over which this field is ap
plied is chosen so that the magnetization vector Mis
“tipped™ from its initial orieatation along the z-axis by a
reorientation or 1ipping angle 8. The magnetization
vector M lies in the ay-plane after application of the
field Bi(a,y.2.1), corresponding to the tipping sngle
@=90%, tn a similar manner, the RF field Bafx.y.z.1) is
< -zn 10 schieve a tipping angle of 180°, The spin echo
M..10d, used together with the method of tke inven-
sion, is illusirated in a flow chart in FIG. 6A, with the
sequence of magnetic fields applied being illustrated in
F1G. 6B. The manifold of spin echo signals is processed
into & useful image using two-dimensional Fouries
transforms of response signals RS,

In the echo planar method, fint discussed by P.
Mansfield and 1. L. Pykett in Jour. of Mag. Resonance.
vol. 29 (1978) pp. 353-373 and incorporated herein by
reference. the rolating RF magnetic fleld B) for a
8=50" pulse and the 2-gradient magnetic field B; (2) are
switched on during the same time interval, then
switched off. FIG. 7A shows in flow chart form the
steps followed in this version of the echo planar
method. A steady z-gradient magnetic field Bu(x) is
established for s second time interval of length 4 m
(m=1.2 3, .. .) where r is predetermined, and the

3
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pies Employing Nuclear Magn . Nature,
vol. 292 (1973) pp. 190-191, and by L. Axel e1 al in
“Linogram R for M ic R

Imaging”, LEEE. Trans. in Medical Imaging, vol. 9
(1990) pp. 447449, incorporated by reference herein.

FIGS. 9A and 9B illusirate a top view and side view,
respectively, of one embodiment of the source (the
“spplicator”) of the rowating or oscillating RF second
magnetic field Bi(x,y,2.5) according to the invention. In
these figures, the tissue 71 is shown in outline as a
human form for defini but any other
form could also be used. The primary magnetic field Bo
is oriented perpendicular 1o the coronal plane in the top
view in FIG. 9A 50 that the field vector points from
back ta front (or from front 1o back), as shown in FIG
9B. The applicator inciudes two plaics 73 and 78, each
containing an array of open waveguides. stripline an-
tenna or similar sources (“antennae™) that produce a
focused sum of magnetic fields By that rotates approxi-
mately in a plane paralle! 1o the spplicator plates at
approximately constant angular frequency.

The retating magnetic field B) may be replaced in any
of the embodiments discussed herein by & magnetic field
By that oscillates in & single direction lying in the rota-
Tion plane. For convenient reference, a roating mag-
aectic field By (corresponding 1o circular potarization)
and » uni-ditectional oscillating magnetic field By (cor-

ding to linear ization) will
referred to here as a “rotting magnetic field™.

Referring again to FIQ. 9A, the two sections 73 and
7S of the spplicator may each have a fluid or solid 77,

it between the i section and the outer

y-gradient magnetic field By(y) is iblished and peri-
odically reversed during this second time interval, as
shown in the graphical views of the echo planar mag-
netic pulse sequences in FIG. 7B. This sequence may be
repeated to imprave signal definition, bul & single such
sequence allegedly provides all information for & two-
dimensional scan of a slice defined by the 2-gradient
magnetic field Bx(z). In anther version, 130" pulses are
pravided 10 produce spin echos by periodically revers.
ing the x-gradient magnetic field Bu(r).

The gradient recailed method, illusirated in flow
chart form in FI1G. 8A, proceeds in & manner similar to
that of the spin echo method with the following difTer-

&
&

boundary of the tissue 71, that spproximately matches
the sversge complex impedance of the tissue material ar
the anguiar frequency w applied by the focused rotating
ic field By. This “i hing material”

77 may be water, physicological saline, gels or other
suitable material. Alternatively, the tissue 71 could de
i in the i ing mate.

rial, as discussed by S. J. Foti ¢t al in “A Water Im-
mersed Phased Array Sysiem for Interrogation of Bio-
logical Targets”, published in Medicol Applications of
Medical Imaging. ed. by L. E. Larsen, LE.E.E. Press,
1986, New York, pp. 148-166. Prefersbly, the applica.
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tor sections should be positioned as close 10 the tissue T
3s possible. within 5 cm thereof or even contacung the
target, in order to reduce the signal loss that oceurs in
fransmussion of an electromagnetic Ignal between ap-
plicstor and nissue 71.

The spplicator sections 73 and 75 are connected 1o a
swiiched pow.. supply 78 that activates and deactivaies
the applicator dunng predetermined time niervals, as
discussed above. A source of the primary magnetic field
Boand of the gradient magnetic fields. all oriented in the
same direction as may be provided as shown in
FIC:. 13, 14A/14B, 18 and 16 for the respective em.
bodiments shown in FIGS. 9A/9E, 10A/10B, 11A/11B
and 12A/12B. The source of the gredient magnetic
fields in FIGS. 9A/9B may be connecied 10 & switched
pcwer supply 79 that activates and deactivates the 8ra-
dient magnetic fields during predetermined time inter-
vals. The array of antennae that serves as source of the
focused rotating magnetic fleld Bi may also serve as the
array of focused sensing antenna¢ used to sense the RS
sugnals issued by nucle: in the selected voxel volume

i uic ussue 71, A plurality of phased transmit.
ters 1o individually phase shift the signals By(x.y,z.1)
transmitted from the antenna would be required here.

FIGS. 10A and 10B illustrate another i of

10
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e1c. that serve as the sources for the focused magnetic
field By may also serve as sensing sntennae for sensing
the RS signals 1ssued by the selectively eacited parnicles
in the selected voxel elemems of the tissue 91,

FIGS. 1A and 12B are tOp and side views. respec.
tively, of a fourth embodiment of the applicator accord.
ing to the invention. The tissue 101 has rwo plates 103
and 108, positioned near the front and back surfaces of
the patient or tissue, that serve as part of the applicator.
The plates 103 and 108 contain & plurality of antennac
that produce a focused magnetic field B that rotstes in
& uagital plane within the tissue 101 The primary mag-
netic field Bo has its field vector directad perpendicular
to this sagiltal plane within the tissue. A plurality of
switched power supplies 108 and 109 provides power
for the focused rotating magnetic field Brand for the
gradient magnetic fields, respectively, as discussed
abave. Optionally, an impedance-matching fluid or
solid 107 may fil) the volume between the plistes 103 and
105 and the target 101, a3 done in the embodiments of
the applicator shown in FIGS. 9A, 9B, 104, 10B, 11A
and 11B. Optionally. the plurality of coils or other
sources contained in the plates 103 and 108 may aiso
serve as the mnsing sniennae for the RS signals issued

the applicator, in top view and side view, respectively.
The nasue 81 is pantly by two

by the y eacited nuclei within the selected
voxel volume elements of the tissue 101.
. 43l

43 and 88 of the applicator. both of which are con-
necied to one or 2 plurality of switched power sources
98. The pnmary magnetic field Bois again perpendicy-
lar to the coronal plane and is directed from back to
tront, or from front 10 back, 15 Shown. 1 he two applica-
tor components 83 and 83 together provide a rotating
magnetic feld Bi(x.y.2,1) that rotates with Bpproxi-
mately constant angular frequency w parallel to a coro-
nal piane passing through the tissue from the left side 10
the nght side. Optionally, the volume between the tis-
sue 811 and the applicatar components 83 and 85 may be

iled with an impedance-maiching fluid or solid &7 that
matches the relevant electromagnetic properties of the
tissue material. A switched power supply #8 provides
power for the rotating magnetic field sources 83 and 88.
Anather switched power swurce 89 provides power for
the gradient fields. whose field vectors are parallel to
Bo. Optionally, the sources for the focused magnetic
fleld Bi may 4iso serve as the sensing antennae for the
RS signals issucd by selectively eacited nuclei in the
selected voxel volume eiements in 1he tissue.

FIGS. 11A and 118 illusirate a third embodiment. in
t0p view and end view, resp of one appii
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a front view of ane embodiment of
appasatus useful in producing the magnetic fields re-
quired dy the invention shown in FIGS. 9A and 98.
The useful interrogation volume that can be selectively
excited by this spparstus, operating at 3 primary field
steength of 2-10 Tesla, is about S00-3,000 cm? but may
be made larger if desired. A dipole magnet having a
yoke 41 of suitable material is provided with a sequence
of coils 43a and 435, preferably superconducting, (o
produce the primary magnetic ficld Bo, which is perpen-
dicular 1o & coronal plane in this embodiment The
focused rotating magnetic field is provided by 8 phased
array 44 of antennse, positioned in 1w coronal planes
adjacent to the body or lissue $3. that produce 3 mag-
netic field vector B)(1,y,2.1) that rotates at an approxi-
mately constant angular frequency w in a coronal plane.
a3 seen in top view in FIG. 9A. Power for producing
the magnetic field By is provided by one or a plurality of
switched power supplies 48. Gradient coils 47, 48 and
49 provide the supplemental magnetic field or fields B;,
B3and/or Ba for excilation of the selected voael volume
clements and are connected ta ancther switched power
supply 46. An oplional pole piece 51 provides flua con-

sccording to the invention. The tissue 91 is surrounded
by a plurality of coils or other RF magnetic field
sources 93A, 938, . ... 93F, 93G, etc. that are part of the
applicstor. These sources together pioduce & focused
rotating magnetic field By, best shown in the end view
in FIG. 118, that rotates in a transverse plane with
approximately constant angulsr frequency w. Another
magnetic field source (not shown) produces the primary
magnetic field Bo that is oriented perpendiculas 10 thus

plane in this i The sources for
the rouating magnetic field By and for the gradient mag.
netic fields are powered by a plurality of switched
power supplics 98 and a switched power supply 99,
respectively. Optionally, the volume between the sppli-
cator componenis and the edge of the lissue may be
filled with an impedance-matching fluid or solid 97, as
in the embodiments illustrated in FIGS. 9A. 9B, 10A
and 10B. Optionally, the asray of components 93A, 938,
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for the primary magnetic field Bo The body
or tissue 33 is optionally supported on a tissue suppon
55 that can be ransported into and cut of the primary
field region 37 for the apparatus.
FIGS. 14A and 4B are fromt and top views of an
i of useful in the mag-
netic fields required by the invention shown in F1GS.
10A and 10B. The apparatus shown in FIGS. 14A and
148 operates in s manner similar to the spparatus shown
in FIG. 13. The primary magnetic field Bois again per-
pendicular 1o 5 coronsl plane in this embodiment. The
focused rotating or other time~dependent magnetic field
By(x,y,2.t) is provided by » phased array &4 of coils or
antennae, positioned in 1wo sagital planes adjacent to
the body or tissue 33, that produce a magnetic field
vector B) that rotates a1 an approzimately constant
sngular frequency w in a coronal plane, as seen in the
top view in FIG. 10A. Power for producing the mag-
netic field By is provided by a plurality of swuched
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power supplies 43. Gradient coils 47, &8 and 49 provide
the suppiemental magnetic field or fields By, By and/or
Ba for excitation of the salected voxe! volume elementy
and are connected 1o other switched power 1upplies 46.
An optional pole piece 81 provides flux concentration $
for the primary magnetic fleld Bo. The dody of tissue 53
1 optionally supporrad on a tissue support 38 that can
be iransported inia and out of the primary field fegion
for the apparatys,

Another embodiment is illusteated in he top view of 10
FIG. 18, in which the magnetic coils 43¢ and 43 pro-
duce x pnmary magnetic field Bo that is perpendicular
10 a transverse plane within the body of tissue 83. A
focused rorating magnetic field By(1.y.7.1) that rotaies in
this plane is prod Y 2 i isl )
l;kl;l_:ly of iongitudinally-orienied coils or anlennse
59. This i i

10 4
embodiment sthown in FIGS. 11A snd 118. Power for
the rotating and gradien: magnetic fNelds comes from
switched power supplies 43 and 46.

F1G. 16 illustrates an embodiment of the magnetic
field apoaratue that is uaaful in providing the fields used
in the embodiment of the applicator thown in FIGS.
12A and 12B. The coils 43" and 43’ have been rotated
by 50° from their orientatioa in FIGS. 13 and 14A 1o
produce a primary ic fleld Bo that is b
1ar to & sagittal plane of the patieai. The tources 47, 45
and 49" of the gradient magneric fields have also been
rotated by 90° to produce gradien magnetic flelds par-
sliel 10 By The focused rotsting magnetic fleid Biis
provi by the antennse 44~

FIG. 17 iltzstrates the desired focusing or steering of
€xCitation signals transmitted by a linear aay of trans-
mitters Ay, Az, . ... A, located s positions that need
R0t be equidistantly spaced. The distanced of interroga.
tion volume element § to its perpendicular “foot™, indie
cated as F. on the line containing the linesr array of
transmitters is taken (o be h, and ihe distance from the
foot - 10 the nth wransmitter A, is taken t0 by G, The
tota: phase shift W, including propagation delay for &
ugnal of effective wavelengih A that travels from the
transmitter, through a phase shifter, 10 an array element
As 10 the interrogation volume element S. or in the
reverse direction, decomes

VemltRA b,

ki
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e 43

Roa 4 d 0, s
v phase hefl miroduced iiermally o iressmeter
aunber 1, R i
In order to achiieve focusing or steering 3t the interro-
gation clement S, it is desirable that
V= by (mod In) an
which can be schieved by arranging that the i-urnpl
phase shift §, introduced af the array element A, satis
fies the relation

Sa=banIAXR = Ry} (mod 1w} (mamb b,
M an

1f n signal, issued st the interrogation volume element S,
is 10 be coherently received rather than transmitted 3t
0 array of antenns receivers, also indicated as A1, Az, 43
- -+ ANin FIG, 17, the associated phase shifts §'m and
&'y impressed at (he feueivers Awand A, respectively,
should slso satisfy Eq. (18). The phase shifts '« = $a)

5,185,573
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for transmission and/or reception for the phased array
of antennse {A,}. shown in FIG. 17, can be introduced
clectronically and will Yary with the locanan of the
nterrogation volume slemen §. However, these phase
Shifts can also be introduced in the software used to
process signals 10 be transmined or recaived a1 the
untenna {AL}, and this is the preferred approach for the
invention.

S. J. Foti et al, suprs. have discussed provision of 4
phased array of transmitters of receivers a1 frequencies
30 times as high (~) GHz) as those of interest here,
with the transmitting or receiving elements spaced
equal distances ape.1 and with the interrogation volume

s clement $ effectively located a1 infinity (h infinite). The

used with the i disclosed here 15
somawhat mare comples because b is finite, and (he
ame elecironic components can be used for both trans.
mitting (he rotating magnetic field tignals Bi(z.y.nt)
and for senting the RS signals received from the interro.

» gation volume element S that i selectively excited.

F1Q. 17 illusirates focuting o the interrogation vol-
ume by a i 0 Ty of § and/or
receiving clements, arranged along ¢ line LL". A one-
dimensiona) lmyofn:hclca\enumymobepuu-
tioned wong 8 curvilinear path, such as s circle, ellipse,
hypertola or parabala. More often, use of & two-dimen-
sional arrsy of iranamitting and/or receiving clements is
appropriate; and in this instance the elements may be
positioned at the vertices of: (1) recungular lattice: (2)
a regular hexagonal lattics; (3) an equilateral triangular
lattice; (4) a lattice of noo-equilsteral tnangles; or ()
some appropriate two-dimensional lattice, on a
planar or curved surface. The iransmiiting snd/or re-
ceivisg elements can olso be formed as two or more
anaular arrays of such slements ARY, AR2 and AR), as
shown in F1Q. 18, in order 10 provide focusing of the
excitstion RF signals of response signals RS st & posi-
tion along s line LL’ that passes through the body.

In performing magnetic resonance imaging by focus-
ing of the selective excitation signal or focused pick-up
of the RS signal, use of the gradient magnetic fields
allew resolution of structures of the size of vosel vol-
umes. Focusing the armay of RF signals allows resolu-
tiom of & siructure the size of the interrogation volume.
Movement of the transmitter or receiver in an
axial direction, as recommended by Foti et al, supra is
not required for thi i i selective
or signal pick-up aceording to the invention.

FIG. 19 illustrates ane embodiment of a signal pro-
cessor that can be used to process the response 1
RS received by the array of antennse A, shown in FIG.
17. Whea the apparatus opersies ia the receiver mode,
fesponse signals RS1, RS2, RS3, . ... RSN arrive on
their respective signal lines st N transmitter/receiver
switches T/R1, T/R2, ..., T/RN and are patsed slong
N receiver path signal lines to N signal amplifiers 203,

-« - » 20N, respectively. The itter/receiver
switches T/Ra are used 10 protect sensitive circuits
from damage by high power pulsea. The output signals
thnl?-ul\!onnchohhlﬂmplmenln.ﬁl.u..
20N ary split and sent along N signal lines 10 an assem.
bly of heterodyne receivers 2tn—-m (a=1,2, ..., N;
m=i, 2., M. with M a3 in this exemple), each with
its own associsted local oscillstor (“LO™), 22a-m
Esch heterodyne receiver 21n —m produces an output
signal with much lower output frequency b_'n with
phase angle preserved, after appropriate filiering. and
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the heterodyne autput signals are passed ta phase shift
devices 23n - m. The phase shift device I3a ~ m wniro-
duces a controllable phase shift du.m into the received
response tignal passing through thal phase shift device,
Thus, for example, the phase shift devices 231-1, 2321
tnd 233-1 introduce phase shifts &1.0 $2.1 and &) 1 into
the respect: e cutput signals that issue from these three
devices; and these three output signals are combined in
8 summing device 251 whose output signal is the sum of
the N input signals RS1, RS2, ..., RSN, suitably phase
shifted. Alternanvely, the phase shift devices 21a —m
may be deleted and the desired phase shifts may be
through the phase shifts in the

local oscillator signals from the LOs. The phase-shifted
output signals from the summing devices 281, 252 and
are received by snalog.io-digital converters
{"ADCs") 261, 263 and 263, respeciively, and the out-
pul ugnals from these ADCs, after sppropriste post-

0 ] : d

able with the i vol-
ume of the assue, such as density of the selected auclei,
ki 3R ice sciaxstion time T1. the spin-spin refsx-
stion time T2, a local diffusion constant for a vozel
volume clement, or some spectroscopic parameter.
Such s physically deserminable parameters can be rep-
resented s a spatisily resolved quantity. Any parameter
associated with a voxel volume element that can be
measured using this approach will be referred 10 as a
“ch M " here. The d of
phased array signal processing may be used with any
array of two or more receivers for the response signals

A,
When (he apparatus shown in FIG. 19 is used as 2
fransmitter rather than as 8 receiver, 8 master oscillator
("MO™) 280 with a predetermined output signal fre-
quency produces an oscillating output signal that 1
received by each of N phase shift devices 281, 2, . . .
+ 28N that introduce N predetermined phase shifts &,
&, ..., b, im0 the MO signal. These phase shifted
signals are 1hen directed through N signal amplifiers
292,.. ., 29N, the amplified output signals are sent
through the respective transmitier/receiver switches
T/RLT/R2, ..., T/RN, and the transmitter/receiver
output signals are ransmitted by the respective anten-
nae A), Ay, ..., Ax. This process is repested for S — |
additional se1s of phase shilis dmdu, (j=2...., Nto
seiectively excite J different interroy
The phase shifted antenna curput signals are focused
ons i gation volume in this
mode, in order to selectively excite that selected vole
ume. Alternatively, the phase shifts ¢a (0= 1.2,...,N)
msay be deleted and the body or tjssue may be bathed in
magnetic radiation, (o non-selectively excite the whole
body. Selective excitation of an interrogation volume is
preferred here, for two reasons. First, wradiation of the
whole body or tissue should be limited 10 the specific
portion being examined, in order 10 limit the energy
deposition and consequent heating 10 that specific por.
tion. Second, indiscriminate escitarion of nucleas cung-
oetic resonance in the body as & whole will produce
undesired response signais from regions that are of no
interest, and these unwanted response signals musi be
filiered or otherwise canceled in order 10 eaamine the
response signals from the interrogation volume of inter-
ost.
Additional computes processing. including signal
storage, computation of two-dimensional Founer trans-
forms and other image processing in 8 memory and

10
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Founer transform moaule 271 13 apuionaily provided 10
complete the signal processing. A suitable Image display
173 may also be provided to visually display the pra-
cessed unages.

The signals configuration of FIG. 19 is useful if the

phase shift devices 27~ m and the summing devices
25m are relatively inexpensive and if most of the pro-
cessing is 1o be done for signals in analog form. If, in the
other hand, most of the processing 18 to be done for
signals in digital form, or if & phase device or ugnal
summing device i relatively expensive, another config-
uration, shown in FIG. 30, may be used for processing
of the res)onsive signals RS. In the receiver mode, the
response signals RS, RS2, . . ., RSN arrive st the
Tespective antennae Ay, Az, » Axyand are sent along
their respective signal output lines to signal amplifices
301,302, ..., 30N, respectively. The amplified reaponse
ugnals RS1, RS, ..., RSN are received and proces.ed
by heterodyne receivers 311, 313. . . ., JIN and their
associsted local oscillstors 321, 322, . . ., 31N, respec-
tively, 10 reduce the effective carrier frequencies to the
de-to-kHz range. The heterodyne receiver outpul 1g-
nals are passed through ADCs 331, 332, . . . 13N,
respectively. The output signals of the ADCs 131, 332,
-+ .+ 33N are received by memory moduies 341, 342,
- . 3N, respectively, of & memory unit. The memory
moduile 341 receives end temporanily s1ores a sequence
of sampies of the response signal RS1. taken at different
times, for subsequent processing. In s similar manner,
the memory modules Ma (nw 2, 3,..., N} esch receive
and temporarily store s sequence of samples of the re-
sponse signal RSn.

A first sequence of phase shifts =100, (n=1.2..
-+ » N) is determined and losded into phase shift com-
pensation devices 35a thal may be part of the memory
units 34n, and each sequence of response ignal samples
RSn held in the memory modules 347 is sent through
the phase shift compensation device 334 10 impress a
selected phase shift dmds,) or a corresponding fime
delay on that sequence. Allernatively, these phase shifts
can be impressed on Lhe response signals RSn being
processed dy deleting the phase shift compensation
devices 38a and introducing the desired phase shifts
through controllable phase shifis in the local oscillator
signals. The phase shifted output signals are then sent to
¢ signal summing device 361, and a first sum signal OSt
issucs that represents a magnetic resonance response
signal received from a first selected interrogation voi-
ume. This process is repeated with J— 1 additional sets
of determined phase shifts ¢, (i Jn=i,
2.....N) 1o produce J <! additional sum signais OSj,
representing J — | other selected interrogation volumes.
The collection of sum signals OS1, OS2, ..., OSJ repre-
sents the response signals issued by the different se-
lected interrogation volumes. Note that, beyond the
memory unit, signal processing may be done “off-line™
because the rexponse signal samples are fised in the
memory modules. The signal processing embodiment
shown in FIG. 20 alluws off-line signal processing,
requires only N phuse shift devices M and one signal
sum device 361 to be provided for the processing, and
allows most of the processing to be performed on the
signals in digital form. If the response signals RS are 10
be phase shilted and processed in parallel, the entire
signal processing module 367 shown in F1G. 20 may be
reproduced a suitable number of times and these signal
processing modules may be operated simultaneously to
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produce the desired images of the interrogation vol-
umes.

Operating in the transmitter mode. the apparatus of
F1G. 20 beging with an oscillstory signal produced by s
masier cscillator 370 and deliver the MO output signal

10 an array of phase shift devices 371, 372, ..., 39N that
8 first seq of pred ined phase shifts
dp.) On these output signal. The phase shifted MO

outpul signals are amplified by a power amplifier 38n

are thes passed (o Lhe respective antennse Al Ag,
u--Auﬁﬂr-nMouultaeundhu-.Thispm-
218 continues for cach sequence of chosen transmission
phase shifts dm gy (nm1,2,..., N:ju1, 2,...,J), with
each such sequence of phasa shifts causing the transmit-
ted magnetic field signals (o focus on o selecied interro-
gation volume. Agan, if the body or tissue is 1o be
uniformly bathed in the rotating magnetic field signal,
;Mphucshiﬂdtvm’ 3N, 3%, .., 3N may be de-
eted.

1 claim:

1 A method of medically imaging s selected interro-
uﬁuvﬂmm«dmmhrwlhul.mew‘
in & tissue of 8 human o animal with increased signal-io-
noise ration, the method compriting the of:

(1) spplying a temporally statie, spatially homogene-
ous magnetic field Bo that has 2 magnetic field
oriented in a predetermined first or z-direction
with associated first potition coordinate 1 10 ofient
the magnetization vector of selected nuclei parallel
to the first direction:

12 applying 3 plurality of radinfrequency second
magnetic flelds Bs 10 the tissue, with each such field
haviog & fleld direction that rotates with & prede-
termined angular frequency w in & roiation planc
that is approximately perpendicular 10 the z-direc-
tion, where the angulas frequancy o is at least 10
radians per second and these second magnetic
fields By being applied over a predetermined time
int given by (1 <t<+41; to reorient the
magnetization vector of the selected nucksi st 3
predetermined recrientation angle & relative to the
first direction, application of the second magnetic
flelds By, and with the fleids By being spplied 10
focus the sum of the flelds B in & selected interro-
gation volume of size 8o larger than 3,000 cm’;

(3) applying a third magnetic field Bx(z), which is 3
gradient field, o the tissue over a predetermined
time interval given by t3 <t <13+ A1) where ty 1),
the field having s fleld vector oriented in the z-
direction with am By(z) that i
strictly moaotoaically with cBange of the position

5

te
(4) applying one or more sdditional gradient mag.
netic flelds, wi VeCiorns ofiented in the 2+

direction and with fleld

changing with position in a plane that is perpendic-
ular to the z-di 10 the tissue to preferenti.
condition selecied voxel volume elements so ther
nuclei of 2 selected chemical element within one or
more of the selected voxel elements are in magnetic

resonance;
(9) allowing the selected nuclei in the selected voxel
slements (0 issue electromagnetic signals in a time

-

L]

interval given by tyg <t <tug+ Aty in response 1o
iy L]

— _excitation of these nuclei;

(6) providing & phased array of st least 1wo sensing
antennse, numbered n=1, 2,. ... N, that sense the
direction and i of el ic signals

20
issued by the selected nuclei in the selected voxel
elements, where antenna number n in the array s
Activated 10 sense these ¢cleciromagnetic signals
Over s predetermined time interval given the array
of sensing sntenase of electromagnetic signals is-
sued by the selected nuclei in the selected vozel
elements in the time interval given by tuctgr.
ug+Aug: and
(7) processing these electromagnetic signals received
at each of the arnay of sensing antennae 10 produce
2 signal rep ing a izi of
the selected nuclki in the selected volel elements,
where this signal proceasing comprises the steps of:
(78) providing predetermined first and second
phase shifts for s first electromagnetic tignal
received st sensing anienas number n= i, ang
forming first and second antenna output signals
that are equal 10 the first electromagnetic signal
with & phase shift equal to the first and second

n thifts, respectively;
{70} providing predetermined third and fourth
phase shifts for & second electromagnetic ngnal
received sl sensing antenns number nm 2, and
forming third and fourth antenna output signals
that are equal 1o the second electromagnetic
signal with a phase shift equal to the third and
predetsrmined phase shifts, respectively;
{7¢) adding the and third antenna output sig-
a8 (o form and issue ¢ first sum signal as a func-
tiom of tlime that represents » first compensated
¢lectromagnetic signal received from the inter-
rogation volume; and

(7d) adding the second and fourth antenns output
:ip-blufnﬂnmdisuelﬁmmﬁmdnl
function of time that represents a second com-
pensated elactromagnetic signal received from
the interrogation volume.

1. The method of claim 1, wherein siep (2) further

comprises choosing aid reorientation angle @ to be
approximately 90°, and wherein step (4) comprises the

eps of:
(4a) spplying & founth magnetic field Byly) that is s
gradieni

it fleld with amplitude changing with posi-
i second or y-directs

tion in & thay
EY o said first di in 8 prede-
termined tima interval given by ny<t<ty+An,

where the amplitude of the fourth magnetic field
Byy) is srictly monotonically incressing with
change in the position coordinate y messured in the
second direction:

(4) applying s fifh magnetic field _5'4(:) that is a
gradient field with amplitude changing with posi-
tion in s predetermined third or x-direction that is
perpendicular 10 said first direction and to the sec-
ond direction, in » predetermined time interval
given by L4 <t <4+ AL, where the amplitude By(a)
of tha fifth L is strictly "
increasing with change in tke third position coordi-
nate X messured in the third direction and wis ot
least equal to 13+ Aty
{4c) applying s plurality of sixth ndbfrequenc'y mag-
netic fields Bs over & predetermined time interval
given by t3< <ts+Ats where tsBta+Ata, where
each of the fialds By has & field direction that ro-
Lates with angular frequency w in the roution plane
0 that the component of magnetization pnnll.el to
the second direction or parailel 10 the third dires-
tion is inverted with respect (0 the corresponding
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magnetization component of the wecond magnetic
field By, and where the ficlds Bs are applied in 2
phased array 10 focus ihe sum of the fields Bsin the
selected interrogation volume;

(4d) repeating sieps (4a), (4b) and (4<) at & sequence
of ive limes for & § sequence
of fourth magnetic fields Bi(y) onented in the first
direction, where the amplitudes of the sequence of
fields By(y) evaluated a4 any fixed value of the
second position coordinate y, form s strictly mono-
tonically increasing sequence in time, and whese
the fifth and sixth magnetic ficids are mainwined at
their respecti i and directi

3. The method of claim 2, further comprising the step
of repeating said steps (2) and (3) cach time said steps
(48), (4b) and (4c) are repeated at said successive se-
quence of times.

4. The method of claim 2, further comprising the step
of choosing an amplitude By(2) of said third magnetic
field Bx(2) 10 be of the form By =G,2. where G, is ap-
nrozimately cansuaal,

3. The method of claim 2, further comprising the step
of choosing an amplitude By(y) of said fourth magnetic
field By(y) to be of the form By = G,y, where G, is ap-
proximstely constant,

6. The method of claim 2. further comprising the s1¢p
of choosing an smplitude Bu(x) of said fifth magnetic
field Be(2) to be of the form By=Gx, where Gy is ap-
pronmately constant.

7. The method of claim 2, further comprising the step
of choOSING e Mmagniludes of said second magnetic
fields Bj and said sinth magnetic fields Bs and said time
intervais associated with these magnetic fields so that
the magnetization vectors of said selected nuclei lie in
said rotation plane after application of each of these
magnetic fields.

8. The method of claim 7, further comprising the step

-

b

of choosing said time interval lengths &t and Ats 10 be ©

approximately equal.

9. The method of claim 1. wherein step (2) further
comprises choosing said reorieciation angle 9 10 be
approximately 90°, and wherein step (4) comprises the
steps of:

(42) applying s fourth magnetic field By(y) that is a
gradient field with ampiitude changing with posi
tion in 8 i or y-direction that
is 10 said fira direction, in a prede-
termined time- interval given by n<t<nu+4aty,
where the amplitude of the fourth magnetic field
By(y) is strictly monotonically increasing with
change in the second position coordinate y, and
jodi i ization of this field;

and
(4b) applying & fifth magnetic field Be(x) that is a
gradient fleld with amplitade changing with posi-
tion in & predetermined third or a-direction that is
ular (o said first direction and to the sec-
ond direction, in & predetermined time interval
given by <t <t4+ Ata. where the amplitude Bu(x)
of the fifth magnetic fleld is strictly monotonically
increasing with change in the third positien coordi-
nate 3 and t4 is at least equal 10 13+ 4t).

10. The method of claim 9, further comprising the
step of repeating said steps (2) and (3) each time said
steps (4a), (4b) and (4c) are repeated at said successive
sequence of times.
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11. The method of claim 9, funher compnising the
step of choosing an amplitude By(2) of said third mag-
netic fleld B1(2) to be of the form By = G e. where G,is
approximately consiant.

12. The method of claim 9, further comprising the
step of choosing an amplitude B)(y) of said fourth mag-
netic field B)(y) to be of the form By = Gy, where G, is
approximately constant.

13. The method of claim 9, further comprising the
step of chocaing an amplitude Bafx) of wid fifth mag-
netic field Bu(x) 10 be of the form By=G,a, where G, 1s
spproaimately constant.

14. The method of claim 1, wherein siep (3) further
comprises sllowing the amplitude of said third magnenuc
field Bx(z) to change 1:gn st a time within said time
interval given by 12 <t<12+ 812 50 that the amplitude
of said third magnetic field, integrated over this time
interval, is approsimately zero, and wherein sicp (4)
comprises the steps of:

{#a) applying a fourth magnetic field By(y) thal is a
gradient field with amplitude changing with posi-
non in e i d or y-di ion that
is perpendicular 10 said first direction, in & prede-
termined time interval given by h<t<h+4An,
whare the amplitude of the fourth magnetic field
Bily) is nrictly monotonically incressing with
change in the second position coordinate y;

{4b) applying a Nih magretic field Buin) that is a
gradient field with amplitude changing with posi-
tion in 8 predeermined third or x-direction that is
perpendicular 10 said first direction and to the sec-
ond direction, in & predetermined time interval
given by ta<t<t-+Aw, where the amplitude of
the fifth magnetic field Bu(x) is strictly monotoni-
cally increasing with change in a third position
coordinaie x, te is 8t least equal 10 13+ Al and the
amplitude of the fih magnetic field Ba(x). inte-
grated over this time interval, is spproximately

z810;

(4c) repeating steps (4a) and (4b) 81 & sequence of
ive times for a g sequence of
fourth magnetic flelds By(y) lying in the second
direction, where the amplitudes of the sequence of
fields By(y), evaluated at any fixed value of the
second position coordinate y, form a strictly mono-
tonicaily increasing sequence in time, and where
the amplitude and direction of the fifth magnenc

field are maintained.

18. The method of ciaim 14, further comprising the
step of repeating said steps (2) and (3) cach time said
steps (4a), (4b) and (4c) are repeated ot said successive
sequence of time intervals,

16. The method of claim 14, further comprising the
step of choosing sn amplitude Bx(2) of said third mag.
netic fleld Bx(z) to be of the form By =Gz, where G5
approximately consuant.

17. The methed of claim 14, further comprising the
step of choosing an amplitude Bi(y) of said fourth mag-
netic field By(y) 1o be of the form By = G,y. where G, 15
spprosimetely consuant.

18. The methcd of claim 14, further comprising the
step of choosing an amplitude By(x) of said fifth mag-
netic field Ba(x) to be of the form Bs=Gia, where Gris
approximately constant.

19. The method of claim 14, further comprising the
step of choosing said reorientation angle & to be no
more than 20°.

“ s e



