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{(64) Abstract Title
MRI using non-homogeneous static field

(57) An NMR probe 3 for imaging external surrounding material produces a non-homogeneous static
magnetic field in a region of the material, which is then excited using broad band RF pulses. This allows the
excited region 5 to have a greater volume than in conventional homogeneous field arrangements, and so the
total received signal is increased. The probe may be integrated into an intravascular catheter and used for
imaging blood vessel walls.
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Magnetic Resonance Imaging Device

FIELD OF THE IN'VENTION

This jnvention is generally in the field of Nuclear Magnetic Resonance
(NMR) based techniques, and relates to a device and method for inagnetic
resonance imaging (MRI). Although not limited thereto, the invemtion is
particularly useful for medicaj purposes, to acquire imagés of cavities in the human
body, but may also be used in any industrial application.

BACKGROUND OF THE INVENTION

- MRI is a known imaging tecbnique, used especially in cases where soft
tissues are to be differentiated. Alternative techniques, such as ultrasound or X-ray *
based techniqﬁes, which mostly utilize spatial variations in material density, have
inherently limited capabilities in differentiaﬁng soft tissucs.

NMR is a term used to describe the physical phenomenon in which nuclei,
when placed in a static magnetic ﬁeld,AreSpond 10 2 superimposed alternating (RF)
magnetic field. It is known that when the RF magnetic field has a coruponent
directed perpendicular to the static magnetic field, and when this component
oscillates at a frequency known as the resonance frequency of the nuclei, then the
nuclei can be excited by the RF magnetic field. This excitation is manifested in the
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temporal behavior of nuclear magnetization following the cxcitation phase, which
in tun can be detected by a reception coil and termed the NMR signal. A key
element in the utilization of NMR. for imaging purposes is that the resonance
frequency, known as the Larmor frequency, has a linear dependence on the intensity |
of the static magnetic field in which the nuclej reside. By applying a static magnetic
field of which the intensity js spatially dependent, it is possible to dlﬁ'erennate
signals received from nuc1e1 residing-in different magnetic ficld intensities, and
therefore in different spatial locations. The techniques which utilize NMR
phenomena for obtaining spatial dlsmbumon images of nuclei and nuclear
characteristics are termed MRJ.

In conventional l\iRl techniques, spatial resolution is achieved by
superimposing a stationary rnagnebc field gradient on a static homogencous
magnetic field. By using a series of excitations and signal receptions under various
gradicnt orientations, a complete i Image of nuclear distribution can be obtained.
Furthezmore it is a unique quality of MR that the spatial distribution, of chemical
and physical characteristics of materials, such as biological tzssue can be enhanced
and contrasted in many different magners by varying the excitation scheme, known
as the MRI sequence, and by using an appropriate processing method.

~ The commercial appli¢ation ot MRI techniques suffers from the following
TWo basic drawbacks: the expenses involved with purchasmg and operating an MRI

etup; and the relatively low signal sepsitivity WhJCh requires long image
acquisition time. Both of these drawbacks are linked to the requirement in standard
MRI techniques to image relatively large volumes, such as the human body. This
necessitates producmg a highly homogeneous magneuc field over the entire imaged
volume, thereby requiring extensive equipment. Additionally, the unavoidable
distance between a signal receiving coil and most: of the imaging volume
significantly reduces i imaging sensjtivity,

There are a number of applications ; m which there is a peed for imaging
relatively small volumes, where some of the above-noted shortcommcs may be
overcome. One such apphcatlon is geephysu:al well loggmg where the “whole
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body” MRI approach is obviously impossible. Here, a hole is drilled in the earth’s
crust, and measuring eqmpment is inserted thereinto for local unagmg of t’ne :
surrounding medium at different depths.

Several methods and apparatuses have been developed, aimed at extracting
NMR data from the bore hole walls,. including US Patents Nos. 4,350,955;
4,629,986; 4,717,877 4.717.878; 4,717,876; 5,212,447; 5,280,243; and “Remote
Inside Out’ NMR", J. Magn. Res., 41, p. 400, 1980; “Novel NMR Apparatus for
z‘nveszigaﬁng. an External Sample”, Kleinberg et al., J. Magn. Res., 97, p. 466,
1992.

The apparatuses disclosed in the .above documents are based on several
permanent magnet configurations designed to create relatively homogeneous static
magnetic fields in a region external to the apparatus itsclf. RF coils are typically
used in such apparatuses to excite the nuclei in the homogeneous region and, in
tum, receive the created NMR signal. To create an external region of a
homageneous magpetic field, the magnetic configurations have to be carefully
designed, to reconcile the fact that small deviations in structure may have a
disastrous effect on magnetic field homogeneity. It turns out that such aregion of a
homogeneous magnetic field can be created only within a narrow radial distance
around a fixed position relative to the magnet configuration, and that the
characteristic magnetic field intensities created in this region are generally low. As
a result, such apparatuses, although permitting NMR measurements, have only
limjted use 2s imaging probes for imaging extensive regions of Bor&hole walls,

With respect to medical MRI-based applications, the potential of using an
intra-cavity receiver coil has been investigated, and is disclosed, for example, in
the following publications: Kandarpa ¢t al., J. Vasc. and Interventional Radiology,
4, pp 415-427, 1993; and US Patent No. 5,699,80]. Different designs for
catheter-based receiver coils are proposed for insertion into body cavities, such as
arteries during’ interventional procedures. These coils, when located close to the
region of interest, improve reception sensitivity, thus allowing hxgh—resohmon
imaging of these regions. Not\vfthstandmg the fact that this approach enables the
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resolution to be substantially improved, it still suffers from two major drawbacks:

(1) the need for bulk external setup in order to create the static homogeneous
magnetic field and to transmit the RF excitation signal; and (2) the need to maintain
the orientation of the coil axis within certain limits relative 1o the external magnetic
field, in order to ensure satisfactory image quality. Because of these two limitations,
the concept of an intra-cavity receiver coil is only half~way towards designing a
fully autonomous intra-cavity imaging probe.

US Patent No. 5,572,132 discloses a concept of combining the static
magnetic field source with the RF coil in a self contained intra-cavity medical
imaging probe. Here, several permanent magnet configurations are proposed for -
creating a-homogeneous magnetic field region external to the imaging probe itself,
a maoner somewhat analogous to the concept uﬁon which the bore-hole
apparatuses are based. Also disclosed in this patent are several RF and gradient coil
configurations that may be integrated in the imaging probe in order to allow
autoﬁomous imaging capabilitieg. The suggested configurations. nevertheless,
suffer from the same problems discussed above with respect to the bore-hole
apparatuses, namely: a fixed and narrow homogeneous region to which imaging is
limited, and low magnetic field values characteristic of homogeneous magnetic

 feld configurations.

SUMMARY OF THE INVENTION

There is accordingly a need in the art to improve MRI based techniques, by
providing 2 fully autonomous intra-cavity MRJ probe and an imaging method.

The present invention is based on the realization that rather than attempting -
1o overcome problems of non-homogeneity of the magnetic field, this
non-homogcncity ‘may be used to the advantage of Iﬁgh-rcsolﬁtién imaging. The
imaging probe according to the invention comprises all components necessary to
allow magnetic resonance measurements and imaging of Jocal surroundings-of the
probe, obviating the need for external magnetic field sources. The imaging method
is based on the non-homogenequs static magnetic field created by permanent
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magnets and on 2 high sensitivity RF coﬂ block, all Jocated in the imaging probe: :
itself. This makcs the imaging probe an autonomous hlgh-rcsolumn magnetic

. resonance imaging device, capable of imaging the medium surrounding the probe.
There is thus provided according to one aspect of the present invention, a
H method for detecting NMR signals coming from a medium, the method comprising:
(1) producing a primary, substantially non-homogeneous, external

“ magnetic feld in the medium, ‘
() detecting the magnetic resonance signals from within at least one
region of said primary, substantially non-homogeneous magnetic
10 : field.

The method enables the simultaneous detection of NMR signals originating
from nuclei residing in the non-homogeneous primary magneﬁc field, and
characterized by a substantially wide frequency range with respect 10 a mean
frequency value. The term “substantially wide frequency range” used herein

15 signiﬁes the wide frequency range as compared to that utilized by conventional
techniques, which is limited to 1% of the mean value. Thus, the wide frequency
range is, generally, more than 1% of the mean value.

According to another aspect of the present invention, there is. provided a
probe for producin.g Nuclear Magnetic Resonance (NMR) signals coming from a

20 medium surrounding the probe and detecting the produced signals, the probe
comprising: | }
- @ magnetic field-forming assembly that produces a primary, substantially
non-homogeneous, external magnetic field; and
- a fransceiver unit comprisihg at least one coil block capable of detecting
25 magnetic resonance signals within at least one region of said primary
magnetic field, said-at least one region extending from the probe up to
distances substantially of the probe dimensions. _
: The receiving coi] block has sufficiently high sensitivity, namely such a
sensitivity that enables the signal detection with sufficiently high signal-to-noise
50 ratio from even a small yolume cell of the medium locategl at a substantially large
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distance from the probe. For example, the following condition is indicative of the
sufficiently high sensitivity: the NMR signal-to-noise ratio per volume cell (voxel)
accumulated in a time frame of less than one minute (constituting the averaging -
time period) exceeding a value of five can be obtained, wherein the NMR signal
part is originated from nuclei in the voxel of 0.1x0.2x1mm in size located in the

primary magnetic field at a distance up to the probe dimensions between the center

of the voxel and the closest part of the probe. The noise part relates to the noise

level of ihc coil block integrated over a frequency bandwidth equal to the

bandwidth of the NMR signal originating from the same voxel. _

Preferably, the coil block is composed of au RF coil, typically wound around
a substantially toroidal core. The at least one region of the sufficiently high
Sensitivity is provided by forming the coil block with at least one narrow core gaé,
so that the gap plane is aligned substantially parallel to the direction of the pﬁmary
magnetic field in the region of sufficiently high sensitivity. Several such
spacéd-apart core gaps may be provided so that more than one region of sufficiently
‘high sensitivity can be created. The RF coil block may serve for both signal
transmission (i.e., generates an RF magnetic field for exciting the nuclei), and for
signal reception. Alternatively, the transceiver may comprise a separate element
(e.g., coil block) for genérating the transmission RF ma@etic field.

Préfefably, the field-forming asserobly comprises two permanent magnéts
(which may be shaped as cyiindrical rings) positioned in an axial, spaced-apart
relationship on a common cylindrica] ferromagnetic core, with their symmetrv axes
coinciding and defining the Z-axis, and a small inter-magnet gap remaining
between the magnets. The magnets are magnetized along the X-axis perpendicular
to the Z-axis and in opposite directions to each other, that is the N- and S-poles of
one magnet face, respectively, the S- and N-poles of the other magnet. The
assembly formed by the permanent magnets on the magnetic core creates the
primary static magnetic feld, which externally to the probe assembly and in the
symmetry plane pezpendicular to the Z-axis (hereinafter at times the ;‘X-Y-plane”)
is directed substentially in the +-Z direction ith a maximura intensity obteined
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along the X-axis. The operation of the probe defines an imaging or measurement
slice as the region where changes in the magnetic field component along the Z-axis
are substantially small with respect to changes in the position along the Z-axis. By
changing the size of the it;ter—maghet gap, the profile of the static magnetic field in
the imaging slice can be varied. The RF coil block is preferably located in the gap
bétwecn the magnets. _

As for the RF coil block, when used for signal reception, the at least one
region of the pri;nary magnetic field from which the magnetic resonance signals are
detected is located in proximity of 1ﬁe coil gap(s). In this region, the coil is
substantially sensitive to variations in the transverse nuclear magnetization, i.e., in
the X- or Y-component, depending on the RF-coil winding method. If the reception
RF-coil block is used for transmission as well, the magnetic flux lines of. the
transmission magnetic field are substantially perpendicular to the Z-axis, and the
transmission magnetic field intensity is highest in proximity of the coil gap(s). For
bothn reception and transmission purposes, the at least one region of sufficient
reception sehsitivity and of maximum transmission intensity, respectively, can be |
visualized as at least one angular segmient of the X-Y-plane, which is symmetrical
with respect to the X-axis.

The field-forming assembly and the RF coil block may have the capability

of revolving, together or scparately, around the Z-axis. This revolution results in

 rotation of the angular segment(s), thereby scauning the imaging slice.

The device may also comprise a gradient coil to create variable magnetic
ficld gradients in the lateral direction, i.e. perpendicularly to the radial direction and
10 the Z- axis (a so-called “¢ -gradient coil ).

The static magnetic field strength decreases with the increase of radial
distance from the Z-axis, creating a substastially static ;nagncﬁc field gradient in
the radia] direction. This can be utilized for creating 2 radial image dimension.
tha':)jthe probe is positioned at a fixed angle, i.e. without rotation about the Z-axis,
the device can be used for dbtaining pseudo-one-dimensional cross-sections of the
surrounding medium residing substantially along the X-axis, i.e., along the radial .
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passirig through the RF-coil gap. An additional imagé dimension may be created by
several techniques. As indicated above, one such technique utilizes a ¢ -gradient
coil that can be added to-the probe conﬁgurat;ion, as a means to achieve lateral
separation (i.e. in the ¢ direction). Alternatively, lateral separation may be achieved
by other methods, such as angular selective excitation or special signal processing.

Preferably, the probe is slowly rotated around the symmetry axis.” A
vs;ide-band (non-selective) multiple-spin-echo excitation scheme may be used to
acquiré the magnetic resonance signal created by nuclei in wide overlapping

angular sectors external to the probe. The signals acquired may then be dveraged in

order to improve the signal-to-noise ratio, and processed to create a

two-dimensional image in polar coordinates (z, d).

The probe may be integrated into an intravascular catbeter and used for
imaging a series of 2-D cross-sections of blood vessel walls. The cross section -
images will extend appreciably into the vessel walls, providing high-resolution
characterization of wall morphology, such as the structure and content of existing
atherosclerotic lesions. | _

The imaging probe of the invention for intravascular medical use is included

within a catheter that has preferably at least one hollow lumen to permit flow of

| blood therethrough. Such a hollow lumen may be achieved by the use of a hollow,

e.g. tubular, magnetic core supporting the two magnetic field forming members
(e.g., permanent magnets). A catheter probe in accordance with an embodiment of
the invention comprises at least one inflatable balloon. When inflated, the balloon
fixes the imaging probe to the vessel walls, minimizing relative motion during the
time of image acquisition, while not obstrﬁcting the blood circulation.

The unagnng probe may have a variety of different designs to meet particular
applications, all being within the scope of the invention as defined herein.
Varjations may be in shape, cross section (tubular, cylindrical, rectangxilar,

- polygonal, etc.), proportions, size,- material properties (mechanical,

electromagnetic, etc.) and the like.
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For example, the static field symmetric with respect to rotations about the
7.axis can be created. This can be achieved by magnetizing the “upper” magnet
(ie., one of the two magnets positioned on the Z-axis) radially outward and the
“lower" magnet radially inward, lcaving the ferromagnetic core unchanged. It can
further obviate the need for rotating the magnetic structure.

Multiple high-intensity RF field segments or segments of substantially bigh
sensitivity can be created, directed along a series of an:gfes {(for example: along 0,
45, 90,..., 315 degrees) covering the X-Y-plane. This will obviate the need for
A “stack” of RFcoil blocks or of magnets/RF-coil blocks aligned along the
Z-axis can’ be provided for the simultaneous imaging of muitiple slices
(X-Y-planes).

The preferred structure in terms of static magpetic field strength is the use of -
the original permanent magnets, having only solid cylindrical shapes (not rings)
and no ferromagnetic cc;re, or with a ferromagnetic core connecting two periphery
regions of the magnets (not centered ;x’round the Z-axis). In this configuration, the
RF-coil block is not necessarily a perfect toroid, but it is again in the inter-magnet.
gap and the entire magnets-coil combinatioﬁ tevolves, since both field patterns are
not symmetric for rotations around the Z-axis. . »

All the above configurations can be made solid, namely without an iniemal
lumen for blood flow.” When such configurations are used for imtravascular
applications, blood flow can be allowed externally to the probe.

| The above-described transceiver unit comprising & coil block having
sufficiently high sensitivity for receiving magnetic resonance signals within at least

one region of the primary magnetic field can be advantageously used in any MRI-

- or NMR-aimed device, irrespective of the homogeneity or non-homogeneity of the

primary magnetic field, which can be created by an external static magnetic field
source. _ N

There is thus provided according to yet another aspéct of the present
invention, a tramsceiver unit for use in a probe for detecting NMR signals of a

s
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surrounding medium, the transceiver unit comprising at least one coil block capable
of detecting magnetic resonance signals within at least one region of a primary
external magnetic fielf, wherein said coil hlack comprises.a ¢oil. wound on a
substantially toroidal core having at least onc core gap. _ -
According to yet another aspect. of the present invention, there is provided a
device for NMR measurements or magnetic resonance imaging of a medium, the

device comprising an imaging probe to be located in the vicinity of said-medium

‘and connected to a control station for generating transmission pulses, and for

receiving, processing and displaying data generated by the probe, the probe
comprising:- - '
(a) a magnetic field forming assembly that produces a primary, substantially
'r;.on homogeneous, external magnetic field in the medium; and
(b) a transceiver unit comprising at least one coil capable of detecting
magnetic resopance signals from within at least one region of said
primary, .substantially non—hbmogeneous ﬁlagnetic field, said at least one
region extending from the probe up to distinces substantially of the probe
dimensions. o '
Imaging of human blood vessels is a preferred embodiment of the invention
and the description bellow refers specifically thereto. It should, howm;er, be
undoubtedly clear that the following description of the preferred embodiments does
not limit the present invention, but rather serves only to illustrate the invention. It is
clear 1hat by routine design,modiﬁcaﬁons, which are within the reach of the artisan,

probes in accordance with the invention for other applications may be designed.

BRIEF DESCRIPTION OF THE DRAWINGS

In order to understand the invention and to see how it may be carried out in
practice, a preferred embodiment will now be described, by way of non-limiﬁng
example only, with reference to the accompanying drawings, in which:

Fig. 1 is a schematic illustration of a device according to the invention
utilizing an imaging probe integrated in an intravascular catheter;
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~ Fig. 2A more specifically illustrates the main components of the imaging

probe of Fig. 1;

Fig. 2B is an enlarged view 6f an RF coil of the imaging probe of Fig, 2A;

Fig. 3 is a cross-sectional view of the imaging probe of Fig. 2A showing the
static magnetic field lines created by the primary magnetic field source;

Fig. 4 is a cross-sectional view of the RF-coil of Fig. 2B, showing thc RF
magnetic field lines created when current is driven into the coil; ’

Fig. 5 exemplifies the static magnetic field profile calculated along a radial
vector for the imaging probe configuration of Fig. 2A having an outer diameter of
3mm; » |

Fig. 6 exemplifies the RF magnetic field profile calculated along a radial
vector for the imaging probe configuration of Fig. 2A, having an outer diameter of
3mm; ‘

Figs. 7 to 9 graphically illustrate the operational principles of the imaging
probe according to the invention; and .

‘Figs. 10a to 10c illustrate three more embodiments of the imaging probe
respectively, suitable to be used in the device of Fig. 1.

DETAJILED DESCRIPTION OF A PREFERRED EMBODIMENT

Referring to Fig. 1, there is illustrated an MRI-based system for
intravascular imaging, generally design‘ittcd 1, utilizing an intravascular catheter 2
that comprises an imaging probe 3 and two inflatable balioons 4a and 4b. The
catheter 2 is insertable towards a region of interest by “riding” on a pre-positioned
guide-wire 4c. This is a known procedure in interventional -cardiology, and
therefore need not be elaborated further herein. To fix the relative position of the
imaging probe 3 relative to the vessel walls (noi shown), the perfusion balloons 4a
and 4b are inflated until mlﬁicieqt contact js achieved between the balloons and the
vesse] walls. The positioning and operation of the imaging ‘probe 3 permits imaging
of a region or slice 5 that intersects the vessel walls. The balloons positions are 50
designed that the shape distortion at both distal and proximal planes of coptact of
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'the wall will have a negligible effect on the original wall morphology at the

imaging slice 5.

In this specific example; the balloons 4a and 4b have an annular shape and
define openings 6a and 6b, respeéﬁvely, and the imaging probe 3 is designed to
have 2 lumen 6c 5o as to allow the continuous circulation of blood therethrough,
both during an image acquisition phase and at all other time periods. Rather, there
are lumens through probe 3, -the imaging probe may include several inner 11und
passageways to permit passage of various liquids, e.g. a contrastmg agent, as well
as through-flow of blood.

Further provided are leads 7 that run along the intravascular catheter 2 to
and from the imaging probe 3 to connect it to a motor drive unit 8 located at the
catheter’s rear portion. The motor drive unit 8 serves to rotate the imaging probe 3
at the distal end of the éatheter 2 around the Z-axis (see Fig. 2A), while image
acquisition is in progress. It should be noted, although not specifically shown, that
the motor drive unit 8 may also house a transmit/receive switching unit, a
pre-amplification circuit or an amplifying unit for creating the req'izimd
transmission pulses. Alternatively, although not specifically shown, the switching
unit and the pre-amplifying components may be integrated into the catheter 2, in

proximity to the imaging probe 3.

The motor dnve unit 8 is controlled and powered by a spcctrometer
module 9 via cable 10. Receiving and transmitting  channels, designated
respectively 11a and 11b are also connected to the spectrometer module 9, which
controls the synchronized transmit pulse generation, signal acquisition, imaging
probe rotation and, possibly ¢-gradient activation and level, as the case may .be. The
spectrometer 9 is further connected to a control station 12 (e.g., a personal
computer), through which the operator interfaces with the system.

The system 1 operates in the following manner, Wheh triggered by' the
operator, the acquisition process takes place by running the imaging sequence and
collecting received signals while the imaging probe 3 is rotated, as will be-
described more specifically further below. In the end of the acquisition phase, the
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received sigr;als are processed, and a high-resolution image of a cross section of the
vessel contained in the imaging slice 5 can be displayed on a monitor of the control
sté,tion 12. Multiple cross section images can readily be collected by moving the
imaging probe 3 along the Z-axis. It should be noted, although not specifically
shown, that the same can be achieved by using an array or “stack” of magnets/RF
coil units aligned 'along the Z-axis. The so-obtained cross section images can be
further processed to reconstruct 3-D images of the vessel.

It should be noted that the imaging method may not require the ‘mechanical

~ rotation of the imaging probe 3. In this case, the motor drive unit 8 can be replaced

by an alternative catheter interface unit, having ‘mostly electrical functions (ot

e

Turning now to Fig. 2A, the imaging probe 3 is thore specifically illustrated.

- The perfusion balloons and the crmde—wxre are not shown here, solely to snnphfy

the illustration of the main componen’ts of the imaging probe 3. The probe 3is
Jocated in a blood vessel lum_en 13, and is surrounded by vessel walls 14. The
minimally obstructed flow of blood through the imaging probe 3 is shown by |
arrows F.

The imaging probe 3 comprises a magnetic field forming assembly
composed of two permanent magnets 15 and 16 which, in the present example,
have an annular shape, and are mounted on a hollow cylindrical magnetic core 17,
leaving an inter-magnet gap 18 between them. The pemianent magnets 15 and 16
can be made of a rare-earth magnetic material, such as NdFeB (Neodymium Ferrite
Boron), and the magnetic core 17 can be made of a soft ferromagnetic material of
relatively high permeabilityv and high saturation flux dénsity, such as sintered iron
powder. Surrounding inter-magnet gap 18 is an annular virtual imaging slice 5.

It should however be noted that the permanent magnets 15 and 16 and the
magnetic core 17 may have non-circular cross-sections. The permanent magpets 15
and 16 may be ﬁxgd differently to the magnetic core 17, as well as be movable With‘ |
respect to one another and to the magnetic core 17. Alternatively, the core mzy be
located off the Z-axis, may have a cross-section different from. that descrchd in the
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drawing, and the provzslon of any core is optional, as will be described below with
reference 10 Plgs 102-10c. The permanent magnets may be solid (no lumen), have
a different cross section or may be magnetized in a different direction (for example,
radially outward/inward).

The Z-axis 23 is a symmetry axis of the Cylindrical core 17 (and,
consequently, of each of the magnets 15 and 16), and is perpendicular to the
X-axis 25 and the Y-axis 26. The permanent magnets. 15 and 16 are magnetized
along the X-axis, i.e., perpendicularly to the Z-axjs, and in opposite directions to
each other: the N- and S-poles (not shown) of the magnct 15 face, respectively, the
S- and N-poles (not shown) of the magnet 16.

As shown in Fig. 3, the magnetic configuration so ér;ated (i.c.; by thie first
magnet 15.‘ the second magnet 16 and the. magnetic core 17) produces a static
magnetic field (i.e., a primary magnetic field), havmg two regions R, and R, where
static magnetic ficld lines 22 are directed substantzally along the Z-axis 23. As
shown, these regions R; and R, are aligned along the X-axis and located
s‘ymmetrically with respect to the Z-axis, m the lateral space of the inter-magnet
gap 18. The imaging slice 5 is formed by regions where changes in the magnetic
ficlds Z-component are substantially small with respect to changes in the
Z-position. By changing the size of the inter-magnet gap 18, the profile of the static
magnetic field By in the imaging slice 5§ can be varied. A cross section of the
imaging slice 5 in the figure plane is outlined. .

Turning back to Fig. 2, an RF coil block 19, composed of an RF coil wouzd
on a toroidal magnetic core, is mounted in the inter-maénets gap 18. As shown, the
RF coil block 19 is designed so as to form a narrow coil gap 19a, the purpose of
which will be explained further below,

It should be noted, although not specifically shown, that an “¢ -giachent
coil” may be added to the RF coil block. Furthermore, an additional and: separate
coil may be used for transmission. The transmission coil may be wound around the
receiver coil, wound as opposed rings above and below the X-Y-plane, wound
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around the permanent magnets and core 50 to have a rectangular cross-section in
the Y-Z-pblane, etc. Some possible exampies of the transmission coil geometry are
described in the above prior art patents.

It should also be noted that the device can be utilized for obtaiming
pseudo-one-dimensional cross sections of the blood vessel wall by positioning the
RF-coil gap 19a in the requested radial direction (a set angle in the X-Y-plane).
The received NMR signal can' be used to obtain one-dimensional profiles of
material density and other physical characteristics.

For a given imaging probe 3 having Aa 3mm outer diameter. the static
magnetic field By was calculated at points along a radial vettor 25, which extends
along the X-axis 25 starting at the X-position of the edges of the permanent
magnets 15 and 16. The calculation results are grapi]icany illustrated in Fi.g. 5. The
calculated Z-component.of the static magnetic field By as a function of the distance
alon.g the radial vector 25 (X-axis) can be seen. It is reaciily noticed that the
mggﬁetic field strength decreases substantially with the increase of the radial

distance from the Z-axis, creating a static magnetic field gradient %—’;— . According

to the present invention, this magnetic field gradient is employed to advanta.gé for

' imaging purposes, as will be described more specifically further below. It should be
understood that the field profile depends on magnetic materials used in the

magnetic field forming assembly.

In order to excite the nuclei in the 'imaging 'slic‘e 5, an oscillating (RF)
magnetic field, oriented perpendicularly to the static magnetic field, is, iﬁ one
embodiment of the juvention, created by the RF coil block 19 piaced in the gap 18
between the magoets 15 and 16.

Referring to Fig. 2B, the RF coil 19 is preferably wound around the toroidal
core 31, as illustrated by a few represéntaﬁve coil windings 30. The toroidal
core 31 is made of a ferrite material and has the narrow core gép 19a. Thc Wmdmg '
.meth,oc.l can be eitherina single direction along the toroid perimeter, in one or more

layers, in groups of winding, or in any other manper well known in the art. The
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conducting wire can, a.ltemamvely, be wound in opposxte directions, namely a
right-hand-helix from the gap 192 along half of the toroid perimeter, and therefrom
reversing winding direction to a lefi-hand-helix up until the other side of the gap-
19a. ' A

As shown in Fig. 2a, the RF-coil 19 is preferably fixed to the magnetic core
17 so that the coil gap 19a is aligned with the X-axis 25. In other embodiments,
such as where the static magnetic field is symmetric around the Z-axis, the RF-coil
19 may rotate separately from the rest of the probe 3 components. |

Fig. 4 illustrates a cross section of a preferred embodiment of the RF coil
unit 19 in the X-Y (‘imaging”) plane, the X and Y axes marked 25 and 26
respectively. According to this specific example, the RF coil unit 19 is used for
signal reception, and may also be used for transmission of excitation pulses. As
indicated above, the construction of the imaging probe may be such that a sepamtc
coil is used for transmission. The magnetic core 17 s not shown in the
cross-section for clarity. The RF coil unit 19 having a smooth circular cross-section
in this embodiment, may altemamvelv have different cross-sections. The coil
windings 30 may also vary in number, geometry, etc.

For illustrating the contribution of the RF coil 19 having the
above-described geometry to its semsitivity when used as a reception coil, a
situation in which a current is driven through the coil should be discussed. When
used as a reception coil, a current is obviously not driven into the coil, but is rather
induced in the coil by variations in external nuclear mé_e_ncﬁzaiion. However, thé
principle of reciprocity states that coil sensitivity to magneﬁc field variations at a
certain point in space is directly proportional to the mag]etic field produced at that
same poiﬁt by 2 unit current driven through the coil. The discussion below should

'be understood as an illustration only for describing coil sensitivity when used for

reception purposes. In embodiments where the same coil is used for transmission,
the situation of a current driven into the coil can be taken literally.

When a current is driven through the coil windings 30, a magnetic flux is
created in the ferrite material through the toroidal core 31 and across the coil gap
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192. In a figurative way of speaking, the ferrite material in the toroidal core 31
effectively collects the magnetic fux produced by the coil current and concentrates

it in the coil gap 19a. Stray flux lines 32 in the vicinity of the coil gap 19a produce

a transverse magnetic field in the X-Y plane of a relatively high strength in
comparison with alternative coil designs of similar dimensions, such as solenoids
or saddle coils. When used for receptiop of alternating magnetic fields, such coil

.geometry provides an improved coil sensitivity, which’ allows high-resolution

images to be obtained even at highly inhomogeneous magnetic fields. The
segment-like region 33 is a'region in the imaging slice 5 where the magnetic field is
of sufficient strength, or, when used for reception, where sepsitivity is sufficient.
Varying the coil gap 192 size effects the RF magnetic field strength (or sensitivity)
in the region 33.

It should be noted, although not specifically shown, that in embodiments
where the conductmg wire is wound in the opposed manner, as described above,
the magneuc flux lines create a dlﬁ"erent pattern, having a predominant radxal
component along the X-axis.

Fig. 6 is a graphical representation of the RF magnetic field strength per unit
current as calculated for various pomts along the radial vector 25 (X-axis) of an
imaging probe 3 havmg a 3mm outer diameter. It can readily be seen that the RF
magnetic field is highly non-homogeneous, a factor which has to be taken into
account in the imaging sequence and in a further signal processing method, as will
be described further below. It should be understood that the present example relates
to a specific choice of the geoﬁnetry of the coil block 19, ferrite material, a coil
winding method and the number of windings.

An exemplary imaging method that may be used in accordance with the
present invention is based on a sequence illustrated in Fig. 7, which is a variant of
the Carr-Purcell-Meiboom-Gill (CPMG) sequence. The terminology and graphical
method used to describe this sequence is known per se, and therefore need pot be
specifically described. The first graph 61 describes the time-base envelope of the
transmitted RF pulses used to excite the suclei. The second graph 62 is a qualitative
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sketch of the expected magnetk resopance Signal. A series 63 of wide-band,
non-selective (or “hard”) RF pulses is preferably used to simultaneously excite -

nuclei in the entire imaging sector 33, so as to obtain a series of spin-echoes 67.

‘One alternative for obtaining the spin-echoes 67 ‘is the transmission of a 90°RF

pulse 65 followed by a series of 180°RF pulses 66, using the time delays given in
graph 61. It should, however, be noted that numerous other excitation schemes are
applicable for obtaining a series of spin-echoes 67, and can therefore be used for
the purposes of the present invention. Sequences based on magnetization tilt angles
different than 90°and 180, on stimulated echoes, and on variations in pulse timing
and phase are few examples of many different sequences well known in the art,
which can be used in accordance with the present invention.

The spin-spreading, which is rephased at each echo center, stems
predominantly from the strong x-gradient in the static magnetic field, which exists
peﬁnanenﬂy in the imaging sector 33. By reference to Fig. 5, which relates to one
specific example of the present invention, this gradient can be estimated at around
100Tesla/meter, comesponding to a magnetic resonance frequency range of
3.5MHz to 8.5MHz for nuclei in an imaging sector 33 of a 2mm radial dimension.
It is thus evident that the method according to the invention emables to
simultaneously operate within a substantially wide frequency bandwidth of the
magnetic resonance signals with respect to the mean frequency value. In the present
example, this frequency bandwidth is approximately 100% of the mean frequency -
value. In general, the method of the invention enables to successfully operate in
most any nop-homogencous magnetic field that ensures a sufficiently high
signal-to-noise ratio, whereas conventionally known techniques are limited to the
NMR frequency bandwidth of less than 1% of the mean frequency value.

It will be understood that one-dimensional (1-D) spin-density profiles of the
imaging sector 33 can readily be obtained by sampling the echo signal (67a in Fig.
7, for examople). using typical ¢ values and acquisition window sizes of several

microseconds, and transforming it using a Fourier transform based algorithm. The

-
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fact that the static magnetic field profile (Fig. 5) is not perfectly linear can be
readily compensated for during post-processing, | "

The relatively short 1 values make possible the acquisiion of a few
thousands of spin-echoes 67 in one excitation series 63, haviﬁg the duration of a
typical transverse relaxation time (known as T3). The multiplicity of spin-echoes 67
acquired can be averaged prior to any transformation in order to improve the
signal—té—ﬁoise (S/N) ratio and, as a result, the quality of the final image.

- In accordance with the present invention, several methods are available for
obtaining two dimensional (2-D) images of the imaging slice 5. One type of
methods utilizes an integrated ¢-gradient coil, of which one suggested design is
disclosed in the above-indicated US Patent No. 5,572,132. Simpler gradient coil
designs are also possible since it is sufficient to control the gradient profile over the
imaging sector 33 alope. An altemative method for obtaining Jateral (¢) separation,
which may obviate the need for a d-gradient coil, utilizes processing of phase
variations in the recejve signals acquired from overlapping imaging sectors (not
shown) as the imaging probe 3 is rotated around its axis 23. Possible RF pulse

series to be used for exciting nuclei in consecutive, preferably overlapping, imaging

- sectors are represented by 63 and 64 in Fig. 7. The time separation between the

20

30

series 63 and 64 is labeled Tr.

In both methods, a slow rotation of the imaging probe can be used to collect
data from imaging sectors 33 covering the entire imaging slice 5. This data can then
be processed and displayed as a 2-D image. |

Two aspects of the previously mentioned RF magnetic field inhomogeneity
will now be considered. The first one covers the effect of non-uniform excitation in
wide-band excitation schemes, for cases where the RF coil block 19 having the
filed profile of Fig. 6 is utilized for transmission purposes. Several phase-cycling .
techniques exist and are well known in the art, which can effectively compensate
for nop-uniform excitation. An alternative method may be emﬁloyed for
minjmizing the effective RF magnetic field inhomogeneity by using tailored
transmission RF waveforms. In reference to Figs. 5 and 6, a spectral distribution of
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the RF magnetic field strength can be calculated, i.e. the relative RE magne‘uc field
strength at each magneuc resonance frequency. Inverting the calculated spectral
distribution yields the pulse spectrum required for obtaining 2 uniform excxtanon.
Fig. 8 illustrates a graph 70 corresponding to an RF waveform calculated in
this manner for the typical magpetic field profiles given by the graphs of F igs. 5
and 6. The calculated RF (current) waveform is displayed in relative units vs. a
time base in microseconds. Replacing the rectangular enveloped RE pulses 65 and
66 in the sequence 60 by the calculated RF waveform of an appropriate level will
create an effectively uniform RF magnetic field throughout the imaging sector 33.
- Fig. 9 illustrates the relative RF magnetic ﬁéld strength 82, created by the

“calculated RF waveforn vs. the magnetic resonance frequency scale 81.

Uniformity of the relative RF magnetic field strength 82 can be readily observed in
the magnetic resonance frequency range of 3.5 to 8.5 MHz, characterizing nuclei in
the imaging sector 33 of an imaging probe 3 of 3mm outer diameter.

A second effect of RF magnetic field non-homogenkity, -when the RF coil
block is used for signal reception, is the existence of spamally dependent coil
sensitivity, The effect of variable sensitivity on signal intensity across the image can
be readily compensated for during the processing stage, at the expense of enhanced
noise levels in image regions characterized by poor sensitivity.

Turning now to Figs. 10a-10c, there are illustrated threc different cxamples,
respectively, of alternative constructions of an imaging probe suitable to be used in
the MRI-based system, for example, the system of Fig. 1. ‘

According to the example of Fig. 10a, an imaging probe 103 comprises two
permanent magnets 115 and 116 mounted on a magnetic core 117, which, in
distinction to the previously descnbed example ‘connects the periphery regions of
the magnets rather than their central regions. The magnets are magnetized along the

- X-axis, the magnet 115 along the +X and the magnet 116 - along the -X direction,

and spaced from each other along the Z-axis to form an mter-magnet gap 118 in .

which an RF coil block 119 is accommodated. As shown, the coil block 119 has a
coil gap 119a. : - .
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In the example of Fig. 10b, an imaging probe 203 comprises 2 magnetic
field forming assembly formed by a single permanent magnet 215 having a thinner
region 218 between its two poles 2152 and 215b. The magnet 215 is magnetized
along the Z-axis. An RF coil block 219 is positioned in the X-Y plane such that its
coil gap 2192 is located proximate to the magnet gap 218.

According to the example of Fig. 10c, an imaging probe 303 comprises two

- spaced-apart axially oriented peﬁﬁanent magnets 315 and 316 mounted on a

magnetic core 317, for example, connecting their central regions. As for the RF coil
block 319, it is formed with four spaced-apart coil gaps 319a, 319b, 319¢ and
319d. ' ‘

It should be understood that the above construction of the RF coil block 319
is suitable for any possible geometry of the magnetic field forming assembly.
Moreover, the RF coil block according to the invention, namely formed with at

least, one coil gap arranged in 2 plane substantially perpendicular to the imaging

plane (Z-plane) can be advantageously used with any magnetic field forming

assembly producing either homogeneous or non-homogeneous primary magnetic
feld. _

Generally speaking, any design of the probe is possible, provided that; the
RF coil block bas the region of the sufficiently high sensitivity, the primary static
magnetic field is substantially perpendicular to the RF field (which would have
beén created if a current was to be driven into the RF coil) at any point in this
region, and the combination of the static field intensity and the RF coil sensitivity is
sufficiently high to obtain the required signal-to-noise ratio. For imaging ‘purposes,
the static field pattern (combined with field gradients, if any) should allow the
required mapping, ie., points which are to be resolved in the image can be
subjected to distinct static field values. “

In accordance with the present invention, the MRI probe enables imaging
either from within cavities in the human body, or by immersion in any medium to
be tested, or in any other industrial application. Adaptation of the invention for a
specific application can be aécomplished by means of variations in most of the
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imaging probe characteristics. Also, the imaging method can be varied in
accordance with the imaging requirements of the specific application.
: The advantages of the present invention are thus self-evident. The provision
of a sufficiently high sensitivity receiving coil block enables operation with an
extremely non-homogeneous static magnetic field. The non-homogeneity of the
static magnetic field allows for advantageous use of more extremely multiple echo
averagmg for imaging purposes. The provision of the high sensitivity reception coil
enables to significantly improve the image resolution. Pulse shaping allows for
compensating for non-homogeneous transmission RF fields. The single-gap coﬂ
block enables to obtain 1-D images without the coil rotation, and rotation is
required in cases where 2-D imaging is to be achieved. Rotation is requu-ed only for
those magnetic field sources, which create fields asymmetric for rotation about the
Z-axis. If the static field is symmetric, the permanent magnet(s) may not be rotated.
Similarly, if multiple coil gaps create imaging sectors which cover the entire 360°
space, the coil block may not be rotated. Rotation of the permanent magnets and/or
the coil block is therefore only a minor and certainly not an essential part of the
invention. |

Those skilled in the art will readily appreciate that various modifications and
changes can be applied to the preferred embodiments of the invention as
hereinbefore exembliﬁed without departing from its scope defined in and by the
appended claims.
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- CLAIMS:
.1. A method for detecting NMR signals coming from a medmm, the method

comprising:
(@) producing: a primary, substantially non-homogeneous, external
magnetic field in the medium;
(i) detecting the magnetic resonance signals from within at Jeast one
region of said primary, substanﬂally non-homogeneous magnetic field.
2. The method according to Claim 1, wherein the magnetic resonance signals,
are‘ simultaneously detected from said at least one region.
3. The mettiod according to Claim 2, wherein said simultaneously detected
NMR signals are of a substantially wide frequency bandwidth with respect to their
mean frequency value. ‘ ’
4, The method according to Claim 3, wherein said substantially wide
ﬁ:eqﬁency bandwidth is grea&aer than 1% of the mean frequency value.
5. A probe for producing Nuclear Magnetic Resonance (NMR) signals coming
from a medium surrounding the probe and detecting the produced signals, the
probe comprising: | ' '
- a magnetic feld-forming assembly that produces a primaiy, substantially
non-homogeneous, external magnetic field; and
- a transceiver unit comprising at least one coil block capable of detecting
1nagneti<; resonance signals within at least one region of said primary
magnetic field, said at least one region extending from the probe up to
distances substantially of the probe dimensions.
6.  The probe according to Claim 5, wherein said at least one coil block is
formed with at least one coil gap, the gap plane being aligned substantially parallel.
to the direction of the primary magnetic field in said at least ope region.
7. The ‘probe according to Claim 6, wherein said at least one region is in the
form of a segment extending radially from said at least one coil gap.
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8.  The probe according to Claim 5, wherein said magnetic field forming
assembly comprises two magnets mounted on a common magnetic core and
arranged  in a spaced-apart axial relationship along. the Z-axis, defining an
inter-magnet gap therebetween, said at least one segment extcnding}radially. from
said at least one coil gap towards a slice defined by a radial space surrounding the
inter-magnet gap .

9.  The probe according to Claim &, wherein said magnets are magnetized in
opposite directions along an axis perpendicular to the Z-axi;, thereby producing the
primary external magnetic field substantially paralle] to the Z-axis.

10. The probe according to Claim 8, wherein said magnets are radially

magnetized in opposite directions, such that one of the magnets is magnetized in a
radially inward diréction and the other magnet is magnetized in the radially
outwards direction. '

11. ~ The probe according to Claim 5, being rotatable so as to provide rotation of
said at least one region through the surroﬁnding medium.

12. . The probe according to Claim 5, being displaceable relative to the
surrounding medium.

13.  The probe according to Claim 5, wherein said transceiver unit comprises at
least one additional coil block capable of detecting the NMR signals within at least
one addition region of said primary magnetic field. _ _

14. The probe according to Claim 3, and also comprising at least one additiopal
magnetic field forming assembly with a corresponding at least one additional coil
block.

15.  The probe according to Claim 5, wherein said at least one coil block also
serves for signal transmission, being thus capable of generating an oscillating
magnetic field producing said magnetic resonance signals. '

16. The probe acco@ng to Claim 6, wherein said at least one coil block
dompx-ises a coil wound on a magnetic core havihg a non-continuous substantially
toroidal shape defining said at least ope coil gap. |
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17. The probe according to Claim 8, wherein said magnets are substantially

cvlindrical.

18. The probe according to Claim 17, wherein said magnets are tubular.
19. The probe according to Claim 8, wherein said magnets ar¢ permanent
magnets. ‘ ‘ .
20, The probe according to Claim 5, for use in medical equipment for NMR
signal detection, wherein said probe is a catheter, said magnetic ﬂe}d forming
assembly and said at least one RF coil block being housed within said catheter.
21. The probe accordihg to Claim 20, having a hollow lumen to allow blood .
flow therethrough.
22. The probe according to Claim’ 20, being integrated in a medical
catheter-based therapeutic or diaghostic device.
23. A device for magnetic resonance imaging of a medium, the device
comprising an imaging probe to 'be located in the vicinity of said medium and
connected to a contro! station for generating transmission pulses, and for receiving,
proccssiﬁg'and displaying data generated by the probe, the probe con.;prising:
(c) a magnetic field forming assembly that produces a primary, substantially
non homogeneous, external magnetic field in the medium; and
(d) 2 transceiver unit comprising at least one coil capable of detecting
magnetic resonance signals from within at least one region of said
primary, substantially non-homogeneous magnetic field, said at least one
region extending from the probe up to distances substantially of the probe
dimensions. ‘
24. A device for NMR measurements in a medium, the device comprising a2

probe to be located in the vicinity of said medium and connected to a control

"station for geperating transmission pulses, and for receiving, processing and

displaying data generated by the probe, the probe comprising:
(2) a magnetic field forming assembly that produces a primary, substantially
non homogeneous, external magnetic. field in the medium; and
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' (b) a transcciver unit comprising at least one coil capable of detecting
magnetic resonance signals from within at least ome region of said
primary, substantially non-homogeneous niagnetic field, said at least one
region extending from the probe up to distances substantially of the probe

dimensions.

. 25. A device for magnetic resonance imaging (MRI) and NMR measurements
* of a medjum surrounding an imaging probe of the said device, the imaging probe

comprising: _ .

- 2 magnetic field-forming assembly defining a longitudinal, Z-axis, and
comprising two magnets spaced-apart along the Z-axis to define an
inter-magnet gap and an imaging slice within an*annular radial space around
the inter-magnet.gap, wherein thé magnets are magnetized so as to produce a
primary substantjally non-homogeneous external magnetic feld;

- at least one coil block capable of inducing an oscillating magnetic field

| substantxally orthogonal with respect to the Z-axis and capable of dctecting

magnetic resonance signals within at Jeast one region of said primary
magnetic field, wherein the coil block is accommodated in said inter-magnét
gap and has at least one coil gap located in a plane substantlally '
pcrpcnd.lcular to the Z-axis such that the coil gap plane is substantially
parallel to the Z-axis, said at least one region being located within a segment
like region extending from said at least one coil gap towards said imaging
slice. ]

26. A trapsceiver unit for use in a probe for detecting NMR signals of 2

surrounding medium, the transceiver unit comprising at least one coil block capable

of detecting magnetic resonance signals within at least one region of a primary

external magnetic field, wherein said coil block comprises a coil wound on a

substantially toroidal core having at least one core gap.

27.  The unit according to Claim 26, wherein said at Jeast one coil block induces

an oscillating magnetic field directed substantially orthogonal to the static primary
magnetic field. :
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