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(57) Abstract: A tissue imaging system (10) includes a stationary array of magnets (12) arranged to generate an inhomogeneous
main magnetic field (B0), a tissue holder (16) adjacent the array of magnets (12) and operative to move tissue (14) placed therein
about and/or along a coordinate axis, one or more RF receive coils (20) adjacent the tissue holder (16) and the magnets (12), and an
MRI processor in communication with the magnets (12), the RF receive coils (20) and the tissue holder (16). An image of the tissue
(14) is created by using spatial encoding of magnetic resonance signals generated by the magnets (12) and RF receive coils (20) for
difterent spatial orientations of the tissue (14) moved by the tissue holder (16) with respect to the magnets. Spatial inhomogeneities
in the main magnetic tield spatially modulate a phase of each ot the magnetic resonance signals.
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MRI IMAGING SYSTEM USING PERMANENT MAGNET ARRAY
FIELD OF THE INVENTION

The present invention relates generally to devices and methods for imaging tissues,
such as an excised tumor or other tissue, and particularly to a magnetic resonance imaging
(MRI]) system that uses permanent magnets for the main magnetic field to image tissue.

BACKGROUND OF THE INVENTION

Breast cancer is usually treated with surgery and then possibly with chemotherapy
or radiation, or both. There are two surgical options: mastectomy (removal of entire breast)
and lumpectomy (removal of lump only). Lumpectomy is currently the most common
treatment, suitable for at least 60% of women with breast cancer.

During lumpectomy, it is important to take out all cancerous tissue, in order to
minimize the risk of cancer recurrence. However, surgeons avoid excision of unnecessarily
large-tissue volumes, which negatively impacts cosmetic results. In order to verify that all
cancerous tissue has been removed, the lump is pathologically examined in order to check
if the lump’s outer edges contain cancerous tissue or not (positive or negative margins). If
positive margins are retrospectively detected on the lump during pathology, in many cases a
repeated operation is necessary in order to take out additional tissue.

There is a significant unmet clinical need to provide breast cancer surgeons with a
system that can indicate the margin status of excised breast lumps (including any additional
“augmentation” pieces of breast tissue) during the surgical procedure, so that if needed,
additional tissue can be excised, until all margins are indicated as negative.

PCT Patent Application PCT/US2011/023101 describes systems and methods for
confirming the existence of a clean margin of healthy tissue around an excised tumor. The
system includes an imaging scanner controlled by an imaging control unit and an ex-vivo
sample holder for holding a sample of an excised tissue. The sample holder is sized so that
excised lump edges of the excised tissue are forced against a surface of the sample holder
such that the edges change shape to have a predetermined geometry. The imaging scanner
is positioned relative to the sample holder such that the imaging scanner acquires images
(or measurements) not of all the tissue but rather of the edges that have the predetermined
geometry and which are in a sensitive region extending into a peripheral margin of the
tissue.

US Patent Application 20140111202 describes a portable magnetic resonance
imaging (MRI) system that spatially encodes images using spatial inhomogeneities in the
static polarizing magnetic field rather than using gradient fields. The inhomogeneous static

field is used to polarize, readout, and encode an image of the object. To provide spatial
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encoding, the magnet is rotated around the object to generate a number of differently
encoded measurements.
SUMMARY OF THE INVENTION

The present invention also seeks to provide an MRI system that uses permanent
magnets for volumetric mapping and imaging of a tissue, as described in more detail further
below. The invention is described as a 2D imaging system but may be used as part of a 3D
volume imaging system.

The invention is not restricted to imaging clean tissue margins at the tissue
periphery; rather the invention can also provide volumetric mapping of the tissue sample
with a fast speed of image acquisition. This is in contrast with the system of
PCT/US2011/023101 which is slower and which can provide images only of the tissue
periphery.

There is thus provided in accordance with an embodiment of the present invention a
tissue imaging system including a stationary array of magnets arranged to generate an
inhomogeneous main magnetic field (By), a tissue holder adjacent the array of magnets and
operative to move tissue placed therein about and/or along a coordinate axis, one or more
RF receive coils adjacent the tissue holder and the magnets, and an MRI processor in
communication with the RF receive coils and the tissue holder, and operative to construct
an image of the tissue by using spatial encoding of magnetic resonance signals generated by
the magnets and RF receive coils for different spatial orientations of the tissue moved by
the tissue holder with respect to the magnets, wherein spatial inhomogeneities in the main
magnetic field spatially modulate a phase of each of the magnetic resonance signals.

The magnets may be arranged in a Halbach array or may be iron cored. The RF
receive coils may be stationary or movable within the main magnetic field.

In accordance with an embodiment of the present invention the magnets may
include magnetic yokes.

In accordance with another embodiment of the present invention the magnets
include magnetic yokes connected to permanent magnets of a Halbach array.

In accordance with another embodiment of the present invention the magnets
include permanent magnets and one or more shims.

In accordance with an embodiment of the present invention a method for magnetic
resonance imaging including: a) arranging an object within a stationary array of magnets; b)
generating a radio frequency (RF) field to the object to excite spins therein; c¢) receiving
magnetic resonance signals responsive to the generated RF field from the object; d) moving

the object to a different orientation with respect to said magnets; e) repeating steps b)-d) a
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plurality of times to receive magnetic resonance signals from the object at a plurality of
different orientations; and f) reconstructing an image of the object from the received
magnetic resonance signals.

BRIEF DESCRIPTION OF DRAWINGS

The present invention will be understood and appreciated more fully from the
following detailed description, taken in conjunction with the drawings in which:

Fig. 1 is a simplified schematic illustration of a tissue imaging system, constructed
and operative in accordance with a non-limiting embodiment of the present invention;

Fig. 2 is a simplified pictorial illustration of the global coordinate system for
imaging, in accordance with an embodiment of the present invention;

Fig. 3 is a simplified schematic illustration of a tissue imaging system, constructed
and operative in accordance with another non-limiting embodiment of the present
invention, in which a pair of magnetic yokes and permanent magnets are employed (e.g.,
“iron cored” topology);

Fig. 4 is a simplified schematic illustration of a tissue imaging system, constructed
and operative in accordance with another non-limiting embodiment of the present
invention, in which magnetic yokes are connected to permanent magnets of a Halbach
array;

Fig. 5 is a simplified schematic illustration of a tissue imaging system, constructed
and operative in accordance with another non-limiting embodiment of the present
invention, with the addition of one or more shimming magnets (e.g., permanent magnet) or
other magnetic materials (e.g., iron sheet); and

Fig. 6 is a simplified illustration of a method for imaging using PATLOC and
resolving ambiguous spatial encoding magnetic fields by relative rotation or displacement,
in accordance with an embodiment of the invention, Fig. 6 being a graphical illustration of
PATLOC acquisition, showing CPMG spin-echo sequences and images constructed
therefrom.

DETAILED DESCRIPTION OF EMBODIMENTS

Reference is now made to Fig. 1, which illustrates a tissue imaging system 10,
constructed and operative in accordance with a non-limiting embodiment of the present
invention.

System 10 includes a stationary array of magnets 12 arranged to create a main
magnetic field, which is the static magnetic field (By). The direction of the main magnetic
field is indicated by arrow 13. Although the invention can be carried out with any kind of

magnet, such as electromagnetic elements or a combination of permanent and
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superconducting magnets, in a preferred embodiment, magnets 12 are permanent magnets,
such as but not limited to, iron or rare earth (e.g., neodymium-iron-boron or samarium-
cobalt), or a combination thereof, with or without cores of magnetic material. In one
embodiment, magnets 12 are permanent magnets, whose magnetic field may be shaped with
materials such as Mu metals (nickel-iron soft magnetic alloys) cored with other magnetic
material (e.g., a soft magnetic material such as iron), which results in an inhomogeneous
polarizing field (main magnetic field).

In the embodiment illustrated in Fig. 1, the magnets 12 are permanent magnets
arranged in a Halbach array (e.g., cylindrical array). Fig. 3 illustrates another embodiment,
in which a pair of magnetic yokes 12A, which may be made of high permeability materials
such as Mu metals (nickel-iron soft magnetic alloys) cored with other magnetic material
(e.g., a soft magnetic material such as iron), are placed on either side of the tissue 14 and
permanent magnets 12B are placed between the yokes 12A. Fig. 4 illustrates yet another
embodiment, in which magnetic yokes 12A are connected to permanent magnets 12 of the
Halbach array. The term “yoke” as used herein encompasses any arrangement of magnets
with air gaps (such as H-shapes, C-shapes and other shapes, with or without the addition of
magnetic material cores.

Reference is now made to Fig. 2, which illustrates the global coordinate system for
imaging. The 2D imaging plane is the x-y plane, and each tissue slice is taken along the z
axis. A tissue sample 14 is disposed in a tissue holder 16, which is rotatable about a rotation
axis 18, such as the symmetry axis of holder 16, and/or translatable along any coordinate
axis.

Referring again to Fig. 1, one or more RF receive coils 20 may be mounted adjacent
to the tissue 14 and the magnets 12. In the illustrated embodiment, there are more magnets
12 than RF receive coils 20, but in other embodiments there may be the same number of RF
receive coils as magnets, or alternatively, there may be more RF receive coils than magnets.
In one embodiment, each RF receive coil 20 may be mounted between the tissue 14 and one
of the magnets 12. In another embodiment, one or more of the RF receive coils 20 may be
mounted between magnets 12.

The RF receive coils 20 collect a time-varying RF (B;) magnetic field perpendicular
to the Bo field, for example, pointing towards the center of tissue sample 14. The RF
receive coils 20 may be large enough relative to the sample height so that the intensity of
the B; field is relatively constant throughout the height of the sample. The RF receive coils
20 sense nuclear spins (which may be excited by transmit coils, not shown) in the tissue

sample for magnetic resonance as is well known to the skilled artisan. The system images a
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field of view (FOV), as indicated by arrow 15 in Fig. 1. A magnetic resonance imaging
processor 30 is in communication with RF receive coils 20 and tissue holder 16.

In contrast to the system of PCT/US2011/023101, the present invention does not
need to employ gradient coils to create the MR images. Rather, in this embodiment, the
spatial encoding is based on the main magnetic field’s inhomogeneity, which is used to
polarize, readout, and encode an image of the tissue 14. If the main magnetic field is non-
linear, then in order to resolve the non-linear spatial encoding, the imaged tissue 14 1is
rotated and/or translated within the static main magnetic field and signals are collected from
the RF receive coils 20. The RF receive coils 20 may either be stationary or may be rotated
or displaced within the static magnetic field. This is in contrast to the system of US Patent
Application 20140111202, in which the magnets are rotated and the imaged object is
stationary and cannot be rotated.

The inhomogeneous magnetic field of magnets 12 serves to polarize the tissue 14 to
be imaged and to readout magnetic resonance signals. Tissue 14 is moved (rotated and/or
translated) after each image acquisition, such that tissue 14 has a different spatial
orientation for each image acquisition. For example, the first acquisition might have the By
field oriented transversely from left-to-right through the tissue 14. The tissue 14 is then
subsequently moved to different spatial orientations, each with a unique magnetic field
orientation. The spatial inhomogeneities in the magnetic field generated by magnets 12
spatially modulate the magnetic resonance signal phase, such that in conjunction with the
rotation and/or translation provides spatial encoding of the signals that can be used to
construct an image of the tissue 14. The Halbach array configuration of the magnets
naturally forms a nonlinear magnetic field whose variation in Larmor frequency (which
may vary about 50-100 KHz over the FOV) can be used for spatial encoding, as is known in
the art.

The spatial localization of magnetic resonance signals is improved by using the RF
receive coils 20. Information from the RF receive coils 20 may be used to reconstruct an
image in a process analogous to parallel imaging in conventional MRI. During image
construction, the spatially varying coil sensitivities are incorporated directly into the
encoding matrix. Further image encoding can also be achieved by limiting the bandwidth of
the RF excitation pulse used. In this case, the excitation is limited to a constrained “onion-
shell” of spatial regions, which may be useful for imaging clean tissue margins.

Reference is now made to Fig. 5, which illustrates the embodiment of Fig. 1, but
with the addition of one or more shims 22, which may be an iron or Mu metal sheet or a

permanent magnet. In this MRI system, the main magnetic field is generated by the set of
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permanent magnets 12 shimmed by shim(s) 22 so that a linear field is attained in a way that
uses the static magnetic field's permanent, uniform gradient for encoding the spatial
location of nuclear spins. This uniform gradient can enable using uniform, gradient-
dependent MRI contrast parameters, such as ADC (Apparent Diffusion Coefficient), to be
imaged. The spatial encoding may be based on the main magnetic field’s permanent
gradient as a readout gradient while the relative rotation between the permanent gradient
and the imaged tissue is carried out for a polar phase encoding gradient. To resolve the
polar spatial encoding, MR signals are collected from the one or more RF receive coils 20
at different rotation angles of the tissue 14 in a “projection reconstruction” scheme.

The magnetic field may be homogenous in the z direction so that there are only
permanent gradients in the 2D imaging plane alone. This is obtained by using the
permanent magnets 12 and shim(s) 22 which are generally constant in the z direction.

The magnetic field in the x-y plane may have a single vector component in the FOV
(or at least with other negligible components) so that imaging may be possible without
resorting to complicated processing techniques.

The goal of shimming is to provide a field which is as linear as possible, i.e., the
local gradient is almost constant in magnitude and direction. Realistically it is understood
that a certain amount of residual inhomogeneity is present.

The gradient value takes into consideration the T2*-ADC relation so that the
resulting value enables a reasonable T2* fit for each pixel (a zero gradient disables
diffusion expression). An accurate local “effective gradient” may be measured so that the
T2* map attained for each pixel may be transformed to a uniform ADC value which
depends only on the tissue microstructure.

Slice selection may be based upon on the transmit coil’s z axis sensitivity.
Alternatively, slice selection may be based upon a z direction gradient or other slice
encoding schemes.

Reference is now made to Fig. 6, which illustrates a method for imaging using
PATLOC and resolving ambiguous spatial encoding magnetic fields by relative rotation or
displacement, in accordance with an embodiment of the invention.

PATLOC (Parallel Imaging Technique Using Localized Gradients) is a method for
attaining MR images in a heterogeneous encoding field, in which there is no single, uniform
gradient in the entire imaging domain but rather a "local" gradient for each spatial point.
The heterogeneous encoding field may be created either by heterogeneous polarizing fields
or by nonlinear gradient coil responses. The heterogeneous encoding field may have a non-

unique spatial encoding, so this ambiguous encoding must be resolved. In PATLOC, the
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spatial encoding magnetic fields (SEMs) are inherently ambiguous because they produce a
non-bijective correlation between k-space and the image domain.

In order to resolve the ambiguity, in the prior art, a multiple receiver RF coil array is
typically used for data acquisition. In general, the number of receiver elements in the RF
coil array is equal to or greater than the degree of ambiguity present in the SEM.

In one embodiment of the present invention, a method of resolving the ambiguous
spatial encoding includes recording the received signals with a plurality of receiver RF coils
and rotating or displacing the imaged object with respect to the encoding field. Again, in
contrast to the system of US Patent Application 20140111202, in the present invention, the
encoding field and the object are rotated or displaced relative to each other (the object is
also moved), and the MR image contrast mechanism is gradient affected (e.g., diffusion
weighted MRI).

In this embodiment, the encoding magnetic field employs a plurality of magnets
(either permanent or other), possibly in conjunction with gradient coils to create an
inhomogeneous magnetic field (encoding magnetic field) with a specific relationship
between the field and its gradient. (This may be done as described above in Figs. 1-5, in
which the inhomogeneous magnetic field of magnets 12 serves to polarize the tissue 14 to
be imaged and to readout magnetic resonance signals.) The relationship between the field
and its gradient is characterized in a way that all spatial locations with a certain field
magnitude share a similar gradient level (optimally they should be equal but a certain
gradient variation is natural and the greater the variation the greater the error in correction).

Spatial encoding may be based on the main magnetic field's inhomogeneity or by
using heterogeneous gradient fields (together comprising the SEM). Thus, an
inhomogeneous field is used to polarize, readout, and encode an image of the object.

To resolve the non-linear spatial encoding, the imaged object may be either rotated
or displaced within the encoding magnetic field and signals collected from a plurality of RF
receiver coils (again as described above for Figs. 1-5). The received signals from each
rotation\displacement step may be corrected as described below (Local Gradient Correction
Method). The receive coils may either be stationary or may be rotated or displaced within
the encoding magnetic field.

Local Gradient Correction Method - For a certain specimen voxel, experiencing a
different local gradient at each rotation step, the gradient's effect on the MR experiment
may be normalized by applying a different correction to each frequency component
(corresponding to each encoding field's magnitude) according to a predefined gradient

calculation (by pure calculation, measurement, calibration, etc.) corresponding to the field's
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magnitude. This is possible considering the special relationship between the field and its
gradient as described above. For each frequency component the correction may be
performed according to the way the gradient's value affects the image contrast (see the
Apparent Diffusion Coefficient Example below) and can be applied in any case the
gradient's value can be characterized in the image contrast (such as by contrast weighting
by an analytical formula, iterative correction, etc.). Data collected from different
rotations/displacements of the specimen may be normalized and combined with a gradient-
based contrast to reconstruct an image from different acquisitions which took place while
the same specimen voxel experienced different local gradients.

Apparent Diffusion Coefficient (ADC) Example

Recalling the time decay formula of the diffusion term in the Bloch equation (in
MRI, a Bloch equation is a member of a set of macroscopic equations that are used to
calculate the nuclear magnetization M=(My, My, M,) as a function of time when relaxation
times T1 and T2 are present), the analytical relation between the magnetization dephasing

time constant (T2%*), the apparent diffusion coefficient and the gradient is given by:

-1
T, = {T%Jr% 72G212D}

where G is the local gradient (which in the general case may be frequency
dependent since it may correspond to a certain encoding field magnitude), T2 is the spin-
spin relaxation time constant, y the gyromagnetic ratio, t the echo time and D is the ADC.
In order to attain an ADC weighted T2* contrast the echo time is chosen so that T2 is
negligible in the formulation of T2*. In this example T2* is attained by fitting the echoes
from a CPMG (Carr-Purcell-Meiboom-Gill) sequence doing this by evaluating each pixel's
time decay individually (T2* and ADC is calculated for each pixel individually). For an
acquisition performed in a heterogeneous encoding field, a CPMG sequence MR
experiment is performed at each step of the rotation. Each echo's spectrum is normalized
(by a predefined frequency dependent correction function such as an inverse of the above
equation considering the relation between the gradient and frequency). The PATLOC
scheme is then utilized to reconstruct an independent image for each echo.

Fig. 6 is a graphical illustration of PATLOC acquisition, showing CPMG spin-echo
sequences and images constructed therefrom,

Afterwards a '"T2* like' calculation (of the gradient normalized T2*) may be
performed for each pixel (taken from multiple images) finally forming a normalized T2*

(or ADC weighted) map.
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CLAIMS
What is claimed is:
1. A tissue imaging system (10) comprising:

a stationary array of magnets (12) arranged to generate an inhomogeneous main
magnetic field (By);

a tissue holder (16) adjacent said array of magnets (12) and operative to move tissue
(14) placed therein about and/or along a coordinate axis;

one or more RF receive coils (20) adjacent said tissue holder (16) and said magnets
(12); and

an MRI processor (30) in communication with said RF receive coils (20) and said
tissue holder (16), and operative to construct an image of the tissue (14) by using spatial
encoding of magnetic resonance signals generated by said magnets (12) and RF receive
coils (20) for different spatial orientations of said tissue (14) moved by said tissue holder
(16) with respect to said magnets (12), wherein spatial inhomogeneities in the main
magnetic field spatially modulate a phase of each of the magnetic resonance signals.
2. The tissue imaging system (10) according to claim 1, wherein said magnets (12) are
arranged in a Halbach array.
3. The tissue imaging system (10) according to claim 1, wherein said RF receive coils
(20) are stationary.
4. The tissue imaging system (10) according to claim 1, wherein said RF receive coils
(20) are movable within said main magnetic field.
5. The tissue imaging system (10) according to claim 1, wherein said magnets
comprise magnetic yokes (12A).
6. The tissue imaging system (10) according to claim 1, wherein said magnets
comprise magnetic yokes (12A) connected to permanent magnets (12B) of a Halbach array.
7. The tissue imaging system (10) according to claim 1, wherein said magnets
comprise permanent magnets (12) and one or more shims (22).
8. A method for magnetic resonance imaging comprising:

a) arranging an object within a stationary array of magnets (12);

b) generating a radio frequency (RF) field to the object to excite spins therein;

¢) receiving magnetic resonance signals responsive to the generated RF field from
the object;

d) moving the object to a different orientation with respect to said magnets;

e) repeating steps b)-d) a plurality of times to receive magnetic resonance signals

from the object at a plurality of different orientations; and
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f) reconstructing an image of the object from the received magnetic resonance
signals.
9. A method for magnetic resonance imaging comprising:

a) arranging an object within an inhomogeneous magnetic field (SEM);

b) generating a radio frequency (RF) field to the object to excite spins therein;

¢) receiving magnetic resonance signals responsive to the generated RF field from

the object;

d) causing relative movement between said object and the SEMs;

e) repeating steps b)-d) a plurality of times to receive magnetic resonance signals
from the object at a plurality of different orientations; and

f) reconstructing an image of the object from the received magnetic resonance
signals while performing a local gradient correction method comprising, wherein for each
voxel, experiencing a different local gradient at each movement of the object, normalizing
an effect of the gradient on the magnetic resonance image contrast by applying a different
correction to each frequency component, corresponding to a magnitude of each SEM,

according to a predefined gradient calculation corresponding to the SEM's magnitude.
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