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A neurography system (10) Is disclosed for generating diagnostically useful images of neural tissue (i.e. neurograms) employing a
modified magnetic resonance imaging system (14). In one embodiment, the neurography system selectively images neural tissue
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Include an auxiliary data collection system (22), diagnostic system (24), therapeutic system (26), surgical system (23), and training
system (30). These various systems are all constructed to take advantage of the information provided by the neurography system

regarding neural networks, which information was heretofore unavailable.
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(54) Title: IMAGE NEUROGRAPHY AND DIFFUSION ANISOTROPY IMAGING

(57) Abstract

A r.:urography system (10) is disclosed for generating diagnostically useful images of neural tissue (1.e. neurograms) em-

| ploying a modified magnetic resonance imaging system (14). In one embodiment, the neurography system selectively images neu-
ral tissue by -mploying one or more gradients to discriminate diffusion anisotropy in the tissue and further enhances the image

- by suppressing the contribution of fat to the image. The neurography system is part of a broader medical system (12), which may
include an auxiliary data collection system (22), diagnostic system (24), therapeutic system (26), surgical system (28), and training
system (30). These various systems are all constructed to take advantage of the information provided by the neurography system
regarding neural networks, which information was heretofore unavailable.

¢ (Referred to in PCT Gazette No. 29/1993, Section 1)
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IMAGE NEUROGRAPHY AND
DIFFUSION ANISOTROPY IMAGING

Field of the Invention

The present invention relates generally to the field of imaging and, more
particularly, to the imaging of nerve tissue and other diffusionally anisotropic
structures.

Backeground of the Invention |
Although many techniques have been developed for locating and viewing the
brain, spinal cord, and spinal roots wit.hin the spinal canal, hitherto there has not been
a successful method for viewing the peripheral, autonomic, and cranial nerves. These
nerves,‘collectiv'ely referred to herein as peripheral nerves, commonly travel through

and along bone, muscle, lymphatics, tendons, ligaments, intermuscular septa,
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collections of fatty tissues, air and fluid spaces, veins, arteries, joints, skin, mucous
membranes and other tissues. The relatively small size of peripheral nerves, as well as
their close proximity to other tissue of comparable size and shape, makes them
difficult to locate and identify.

The examination of peripheral nerves is further complicated by the complexity
of many such neural structures, such as the brachial plexus, lutnbar plexus, and sacral
plexus. These structures include bundles of nerves that may join together, separate,
rejoin, intermix, and resegregate, forming intricate three dimensional patterns. A
compression or irritation of a small area of nerve within such a plexus (e.g. 1n the
shoulder) can cause pain, numbness, weakness or paralysis at some distant site (e.g. In
one finger). Even when a surgeon attempts to expose the plexus for direct inspection,
the anatomic complexity can prove overwhelming, rendering diagnosis inconclusive
and surgery difficult and dangerous.

Radiologic methods employing, for example, X-rays, have been developed to
generate tissue specific images of vanous physiological structures including bone,
blood vessels, lymphatics, the gastrointestinal tract, and the tissues of the central
nervous system. Due in part to the neural characteristics noted above, however, these
techniques have not been successfully used to generate suitable clinical images of
peripheral nerves.

Typically, the position of peripheral nerves in radiologic images has been
inferred by reference to more conspicuous, non-neural structures such as tendons,
vessels. or bone. For example, by producing an X-ray image of a region of the body
through which a nerve of interest passes, non-neural structures can often be readily
identified. Then, the locations of peripheral nerves in the region can be inferred from
standard reference information about human anatomy. Due to the vanability of nerve
position from one individual to another, however, this technique is of limited value.

One approach of particular interest that has been used to image physiological
structures is magnetic resonance imaging (MRI). By way of introduction, MRI
involves the exposure of tissue to a variety of different magnetic and radio-frequency
(rf) electromagnetic fields. The response of the specimen’s atomic nuclei to the fields
is then processed to produce an image of the specimen.

More particularly, the specimen is initially exposed to a polarizing magnetic
field. In the presence of this field, nuclei exhibiting magnetic moments (hereinafter
referred to as spins) will seek to align themselves with the field. The nuclei precess
about the polarizing field at an angular frequency (hereinafter referred to as the
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Larmor frequency) whose magnitude depends upon both the field's strength and the

magnetogyric constant of the specific nuclear species involved.
Although the magnetic components of the spins cancel each other in a plane

perpendicular to the polarizing field, the spins exhibit a net magnetic moment in the
direction of the polarizing field. By applying an excitation field perpendicular to the
polarizing field and at a frequency near the Larmor frequency, the net magnetic
moment can be tilted. The tilted magnetic moment includes a transverse component,
in the plane perpendicular to the polanzing field, rotating at the Larmor frequency.
The extent to which the magnetic moment is tilted and, hence, the magnitude of the
net transverse magnetic moment, depends upon the magnitude and duration of the
excitation field.

An external return coil is used to sense the field associated with the transverse
magnetic moment, once the excitation field is removed. The return coil, thus,
produces a sinusoidal output, whose frequency is the Larmor frequency and whose
amplitude is proportional to that of the transverse magnetic moment. With the
excitation field removed, the net magnetic moment gradually reorients itself with the
polarizing field. As a result, the amplitude of the return coil output decays
exponentially with time.

Two factors influencing the rate of decay are known as the spin-lattice
relaxation coefficient T; and the spin-spin relaxation coefficient T,. The spin-spin
relaxation coefficient T, represents the influence that interactions between spins have
on decay, while the spin-lattice relaxation coefficient 1 represents the influence that
interactions between spins and fixed components have on decay. Thus, the rate at
which the return coil output decays is dependent upon, and indicative of, the
composition of the specimen.

By employing an excitation field that has a narrow frequency band, only a
relatively narrow band within a nuclear species will be excited. As a result, the
transverse magnetic component and, hence, return coil output, will exhibit a relatively
narrow frequency band indicative of that band of the nuclear species. On the other
hand. if the excitation field has a broad frequency band, the return coil output ~ay
include components associated with the transverse magnetic components of a greater
variety of frequencies. A Fourier analysis of the output allows the different
frequencies, which can be ndicative of different chemical or biological environments,
to be distinguished.

In the arrangement described above, the contribution of particular spins to the

return coil output is not dependent upon their location within the specimen. As a
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result, while the frequency and decay of the output can be used to identify
components of the specimen, the output does not indicate the location of components
in the spectmen.

To produce such a spatial image of the specimen, gradients are established In
the polarizing field. The direction of the polarizing field remains the same, but Its
strength varies along the x, y, and z axes oriented with respect to the specimen. By
varying the strength of the polarizing field linearly along the x-axis, the Larmor
frequency of a particular nuclear species will also vary linearly as a function of its
position along the x-axis. Similarly, with magnetic field gradients established along
the y-axis and z-axis, the Larmor frequency of a particular species will vary linearly as
a function of its position along these axes.

As noted above, by performing a Fourier analysis of the return coil's output,
the frequency components of the output can be separated. With a narrow band
excitation field applied to excite a select nuclear species, the position of a spin relative
to the xyz coordinate system can then be determined by assessing the difference
between the coil output frequency and the Larmor frequency for that species. Thus,
the MRI system can be constructed to analyze frequency at a given point In time to
determine the location of spins relative to the magnetic field gradients and to analyze
the decay in frequency to determine the composition of the specimen at a particular
point.

The generation and sensing of the fields required for proper operation of an
MRI system is achieved in response to the sequential operation of, for example, one
or more main polarizing field coils, polarizing gradient field coils, rf excitation field
coils, and return field coils. Commonly, the same coil arrangement 1s used to generate
the excitation field and sense the return field. A varety of different sequences have
been developed to tailor specific aspects of MRI system operation, as described, for
example, in U.S. Patent No. 4,843,322 {Glover); U.S. Patent No. 4,868,501
(Conolly); and U.S. Patent No. 4,901,020 (Ladebeck et al.)

One application of conventional MRI systems is in the production of
angiograms, or blood vessel images. Various different pulse sequences and
processing techniques have been developed for use in MRI anglography, as described
in, for example, U.S. Patent No. 4,516,582 (Redington); U.S. Patent No. 4,528,985
(Macovski); U.S. Patent No. 4,647,857 (Taber), U.S. Patent No. 4,714,081
(Dumoulin et al.); U.S. Patent No. 4,777,957 (Wehrli et al.); and U.S. Patent No.

4,836,209 (Nishimura).
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As will be appreciated, blood vessels are readily differentiated from
surroundihg tissue by the pulsatile flow of blood therethrough. MRI angiography
exploits this distinguishing characteristic to generate images of the blood vessels in
various ways. For example, if the excitation field 1s pulsed at systole and diastole, the
contribution of blood flow to the return field will differ, while the contribution of
static tissue and bone to the return field will be the same. By subtracting one return
from the other, the static component cancels, leaving only the contribution from the
blood vessel.

Unfortunately, because peripheral nerve does not exhibit the flow-
distinctiveness of blood vessels, MRI angiography systems and pulse sequences can
not be used to generate suitable images of peripheral nerve. Further, conventional
MRI systems and sequences used for general imaging of tissue and bone do not

provide acceptable results. Given the poor signal-to-noise (S/N) ratio of the return

signals (e.g., on the order of 1x to 1.5x) and the small size of the nerve, the

conspicuity of imaged nerves relative to other tissue is collectively rendered so poor
as to be diagnostically useless.

One technique proposed for use in enhancing the utility of MRI systems in
imaging neural tissue involves the use of pharmaceutical agents to enhance the
contrast of neural tissue relative to surrounding tissue in the images produced. As
described in PCT Patent Application No. PCT EP 91/01780 (Filler et al., WO
92/04916), published on April 22,1992, a two-part contrast agent, such as wheat
germ agglutinin or dextrin-magnetite, is injected so that 1t 1s subsequently taken up,
and transported, by the nerve of interest. The first part of the agent promotes neural
uptake, while the second part of the agent has the desired "imageable” property.

The agent 1s injected into muscle and undergoes axoplasmic flow 1n the nerve

supplying that muscle, tagging the nerve in subsequently generated images of the
specimen. If MRI 1s used, the second part of the agent is selected to have a

magnetically active (e.g., ferrite) component. An agent having a high nuclear density
can, however, be used to increase the contrast of the nerve upon X-ray or computed
tomography (CT) examination, while a radioactive (e.g. positron emitting) element
can be used to enhance visibility during positron emission tomography (PET)
scanning.

To illustrate the effectiveness of contrast agents in 1maging nerve, reference is
had to FIGURES 1-5. In that regard, FIGURE 1 1s a diagram of a transverse section

of the upper forearm FA of a rabbit. The forearm includes the triceps muscle TM,
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ulnar nerve UN, brachial veins BV, median nerve MN, radial nerve RN, humerus H,
cephalic vein CV, and biceps muscle BM.

FIGURES 2A and 2B illustrate spin-echo MR images of such a section, using
a ferrite contrast agent, produced by a conventional MRI system at six-hour intervals.
Although some of the larger structural elements are readily identified, the location of
some objects appears skewed. More particularly, the humerus marrow appears
shifted relative to the humerus H, as do ligaments L, and fat F between the biceps or
triceps. In addition, smaller neural structures are difficult to distinguish.

Several approaches are available, however, to attempt to identify nerves in the
images generated. For example, as shown in FIGURE 3, if a short tau inversion
recovery (STIR) sequence of the type described in Atlas et al., STIR MR Imaging of
the Orbit, 151 AM. J. ROENTGEN. 1025-1030 (1988) is used, the humerus marrow
disappears from the image as does, more importantly, certain ambiguous, apparently
non-neural structures adjacent the median nerve MN. Thus, as shown in the enlarged
image of the region including the median nerve MN and ulnar nerve UN, provided in
FIGURE 4, the median nerve MN is visible.

Similarly, even when the contrast agent images of FIGURES 2A and 2B are
enlarged to better illustrate the region including the median nerve MN, as shown in
FIGURES 5A and 5B, respectively, the nerves are distinguishable to a highly skilled
observer. More particularly, transport of the fernte contrast agent during the six-hour
interval between the generation of images 4A and 4B results in a loss of intensity in
the MN relative to the non-neural structure adjacent median nerve MN. Given this
observation and the STIR-based assessment, the median nerve MN can, thus, be
identified.

In J Guyetal, Fat Suppression MRI: Gd-DTPA Enhancement in
Experimental Optic Neuritis, BOOK OF ABSTRACTS, SOCIETY OF MAGNETIC
RESONANCE IN MEDICINE, 913 (1991), the use of fat suppression in combination
with a contrast agent (Gd-DTPA) for imaging the optic nerve is disclosed.

The use of contrast agents, while promusing, does have certain limitations. For
example, there i1s an increasing preference to avoid the use of invasive technologies in
medicine whenever possible. Further, contrast agents generally can be used to image
only a single nerve or nerve group. Of perhaps greatest importance, the contrast
agents employed typically reduce the intensity of the imaged nerve. Since nerves are
already difficult to see in current MRI images, the impact of the contrast agent upon
the image can be difficult to interpret, as illustrated by the discussion of FIGURES 2-

5 above.
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In another application, MRI has been used, without contrast agents, to map
non-peripheral, white matter nerve tracts in the brain. The white matter tracts extend
through gray matter tissue in the brain and exhibit relatively high anisotropic
diffusion. More particularly, given their physical structure (1.e., axonal pathways

5  surrounded by
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myelin sheaths), water mobility along the white matter tracts is relatively high, while
water mobility perpendicular to the tracts is low. The surrounding gray matter does
not, however, exhibit this same anisotropy.

A techmique for MRI-based mapping of white matter nerve tracts that exploits
this characteristic of neural tissue is described in Douek et al., Myelin Fiber
Orientation Color Mapping, BOOK OF ABSTRACTS, SOCIETY OF MAGNETIC
RESONANCE IN MEDICINE, p. 919 (1991). Basically, in addition to the fields and
gradients described above, this process involves the use of a pair of field gradient
pulses (heremnafter referred to as diffusion gradients), oriented pei'pendicular and
parallel to the white matter tracts to be imaged. The effect of a pulsed gradient is to
change the phase of the received signal from all of the spins. For stationary spins the
effect of the two diffusion gradients cancels out. In contrast, spins moving from one
spatial position to another in the time between the two diffusion gradients experience
changes 1n the frequency and phase of the spin magnetization with the net effect being
a reduction in the received signal. The signal reduction is greatest for those spins that
diffuse the greatest distance between the two pulsed gradients.

As noted above, given the anisotropic nature of the tracts, water will diffuse
freely along a tract, but is restricted in it motion perpendicular to the tract. When the
diffusion gradient is aligned with the tract there is thus a greater reduction in signal
than when the diffusion gradient 1s aligned perpendicular to the tract. Because this
phenomenon is not exhibited by the surrounding gray matter tissue, the white matter
tracts can be identified.

Anisotropic diffusion is also a recognized characteristic of peripheral nerve, as
indicated in Moseley et al., Anisotropy in Diffusion-Weighted MRI, 19 MAGNETIC
RESONANCE ON MEDICINE 321 (1991). The Douek et al. technology, however,
does not distinguish peripheral nerve from muscle and other tissue for a number of
previously unrecognized reasons. First, while the size and structure of the white
matter tracts ensure that the resultant signals will be sufficiently strong for imaging,
peripheral nerve is considerably smaller and more difficult to distinguish. Second,
unlike the white matter tracts, peripheral nerve is commonly surrounded by muscle
and fat, both of which impair the ability of the Douek et al. system to image nerve.

A technique similar to that described by Douek etal 1s disclosed 1n
J.V. Hajnal et al., Normal and Abnormal White Matter Tracts Shown by MR Imaging
Using Directional Diffusion Weighted Sequences, JOURNAL OF COMPUTER
ASSISTED TOMOGRAPHY, 14(6):865-873 (1990). Hajnal et al. describes imaging
of an anisotropic structure by orienting diffusion gradients perpendicular to the
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structure’s axis along which diffusion occurs, and illustrates how this technique can be
used to highlight white matter tracts in the brain. Hajnal et al. also recognized that
peripheral and cranial nerves exhibit diffusion anisotropy. However, while
Hajnal et al. used their diffusion gradient technique to attempt to image a peripheral
nerve, namely, the sciatic nerve, the technique used does not distinguish the sciatic
nerve to the extent needed to be clinically useful.

The use of diffusion gradients to image neural tissue is also disclosed in
M.E. Moseley et al., Diffusion Weighted MR Imaging of Anisotropic Water Diffusion
in CAT Central Nervous System, RADIOLOGY, 176:439-445 (August 1990). In
particular, in Moseley et al. diffusion gradients are applied perpendicular and pérallel
to tissues of the central nervous system, e.g., white matter tracts of the brain. Then,
the two images are subtracted to generate an image in which primarily only central
nervous system tissue 1s shown. However, like the other prior art uses of diffusion
gradients, the technique in Moseley et al. cannot generate images in which peripheral
nerves are clearly distinguished from surrounding tissue.

By way of elaboration, given its fibrous structure, muscle also exhibits
diffusional anisotropy, as recognized in Moseley et al., Acute Effects of FExercise on
Echo-Planar T, and Diffusion-Weighted MRI of Skeletal Muscle in Volunteers,
BOOK OF ABSTRACTS, SOCIETY OF MAGNETIC RESONANCE IN
MEDICINE 108 (1991). As a result, the simple anisotropic analyses of Douek et al.,
Hajnal et al. and Moseley et al. (RADIOLOGY, 176:439-445) are
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unable to distinguish peripheral nerve and muscle. While fat is 1sotropic and,
therefore, distinguishable from nerve, it also impairs the imaging of peripheral nerves.

Specifically, the relative signal strength of fat returns to neural returns is so high as to
render perip ral nerves unidentifiable in images produced.

The ability to generate sharp images of peripheral nerves would have
numerous applications. For example, such images would be extremely useful during
surgery involving peripheral nerves. In the PCT patent application WO 90/05494,
published May 31, 1990, a system that uses three-dimensional images generated by
magnetic resonance imaging or computerized axial tomography (CAT) to guide
neurosurgical operations is disclosed. However, because no effective technique for
imaging peripheral nerves is disclosed in the patent application, the system is not very
useful 1n surgical procedures involving peripheral nerves.

As will be appreciated from the preceding remarks, it would be desirable to
develop a method for rapidly and non-invasively imaging a single peripheral nerve, or
an entire neural network, without resort to contrast agents. The images generated
should be sufficiently detailed and accurate to allow the location and condition of
individual peripheral nerves to be assessed. It would further be desirable to provide a
system that processes neural irnages to enhance the information content of the images,
diagnose neural trauma and disorders, and inform and control the administration of
treatments and therapy.

Summary of the Invention

The present cliisclosure relates to a new method, which quite remarkably, is
capable of generating a three dimensional image of an individual patient's nerves and
nerve plexuses. The image can be acquired non-invasively and rapidly by a magnetic
resonance scanner. These images are acquired in such a way that some embodiments
of the invention are able to make all other structures in the body including bone, fat,
skin, muscle, blood, and connective tissues tend to disappear so that only the nerve
tree remains to be seen. A plurality of the nerves passing through a given imaged
region may be observed simultaneously, thus alleviating any ambiguity of nerve
identification which nmught arise were only a single nerve imaged as with some contrast
agent techniques.

The invention is based on the discovery of a method of collecting a data set of
signal intensities with spatial coordinates which describes the positions of the nerves
within any two dimensional cross section of a living mammal or within any three
dimensional data acquisition space. There exist a large number of pulse sequences
capable of controlling or operating a magnetic resonance imaging apparatus and each
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of which accomplishes some preferred image optimization. Previously, however, no
simple (single) or complex (double or multiple) pulse sequence has been able to
increase the relative signal intensity of nerve so that it is brighter than all other tissues
in the body or limb cross section. Surprisingly, the inventors have discovered that
there are certain novel ways of assembling complex pulse sequences, wherein even
though the simple components of the sequence decrease the signal-to-noise ratio of
nerve or decrease the signal strength of nerve relative to other tissues, the fully
assembled complex sequence actually results in the nerve signal being more intense
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than any other tissue. In this fashion, the 1image

conspicuity of nerve 1s greatly increased.

~ .

In accordance with one aspect of the present

invention, there is provided a method of utillzing magnetic

g—

resonance to determine the shape and position of mammal

tissue, said method including the steps of: (a) exposing an
in vivo region of a subject to a magnetic polarizing field,
the in vivo region including non-neural tissue and a nerve,
the nerve being a member of the group consisting of
peripheral nerves, cranial nerves numbers three through

twelve, and autonomic nerves; (b) exposing the in vivo

region to an electromagnetic excitation field; (c) sensing a

resonant response of the in vivo region to the polarizing

1)

and excitation fields and producing an output indicative o:
the resonant response; (d) controlling the performance of
the steps (a), (b), and (c) to enhance, in the output

produced, tThe selectivity of said nerve, while the nerve is

living 1n the 1in vivo region of the subject; and (e)
processing the output to generate a data set describing the
shape and position of said nerve, said data set
distingulishing said nerve from non-neural tissue, in the

in vivo region to provide a conspicuity of the nerve that is
at least 1.1 times that of the non-neural tissue, without

the use of neural contrast agents, saild processing including

the step of analyzing said output for information

p—
——

representative of fascicles found in peripheral nerves,

cranial nerves numbers three through twelve, and autonomic

nerves.

In accordance with a second aspect of the present
invention, there 1s provided a method of utilizing magnetic
resonance to determine the shape and position of mammal

Lissue, said method including the steps of: (a) exposing an
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in vivo region of a subject to a magnetic polarizing field,

the in vivo region including non-neural tissue and a nerve,

the nerve being a mempber of the group consisting of
peripheral nerves, cranial nerves numbers three through

twelve, and autonomic nerves; (b) exposing the in vivo

region to an electromagnetic excilitation field; (c) sensing a

resonant response of the i1n vivo region to the polarizing

and excitation fields and producing an output indicative of

the resonant response; (d) controlling the performance of
the steps (a), (b), and (c) to enhance, in the output
produced, the selectivity of said nerve, while the nerve is
living 1n the 1in vivo region of the subject, said step of
controlling the performance of steps (a), (b)), and (c)
including selecting a combination of echo time and

repetition time that exploits a characteristic spin-spin

relaxation coefficient of peripheral nerves, cranial nerves
numbers three through twelve, and autonomic nerves, wherein
sald spin-spln relaxation coefficient is substantially
longer than that of other surrounding tissue; and

(e) processing the output to generate a data set describing
the shape and position of said nerve, said data set
distinguishing said nerve from non-neural tissue, in the

1n vivo region to provide a conspicuilty of the nerve that is

at least 1.1 times that of the non-neural tissue, without

the use of neural contrast agents.

In accordance with a third aspect of the present

invention, there is provided a method of utilizing magnetic

resonance to determine the shape and position of mammal
tissue, said method including the steps of: (a) exposing an
in vivo region of a subject to a magnetic polarizing field,

the 1n vivo region including non-neural tissue and a nerve,

the nerve being a member of the group consisting of

peripheral nerves, cranial nerves numbers three through
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field

twelve, and autonomic nerves, sald magnetic polarizing

including a first diffusion-weighted gradient that is

substantially parallel to the nerve and a second diffusion-
weighted gradient that 1is substantially perpendicular to the

nerve; (b) exposing the 1n vivo reglion to an electromagnetic

excltation field; (c) sensing a resonant response of the

1n vivo reglion to the polarizing and excitation fields and

producing a first output indicative of the resonant response

to salid first diffusion-weighted gradient and a second

F

output indicative of the response to said second diffusion-

welghted gradient; (d) controlling the performance of the
steps (a), (b), and (c) to enhance, 1n the output produced,
the selectivity of said nerve, while the nerve is living in

-

the 1n vivo region of the subject; and (e) subtracting said

first output from said second output to generate a data set
describing the shape and position of said nerve, said data
set distinguishing said nerve from non-neural tissue, in the

in vivo region to provide a conspicuity of the nerve that is

at least 1.1 times that of the non-neural tissue, without

the use of neural contrast agents.

In accordance with a fourth aspect of the present

invention, there is provided a method of utilizing magnetic

resonance to determine the shape and position of mammal

tissue, said method including the steps of: (a) exposing an

—

1n vivo region of a subject to a magnetic polarizing field

that i1includes a predetermined arrangement of diffusion-
welghted gradients, the in vivo region including non-neural
tissue and a nerve, the nerve being a member of the group

P

consisting of peripheral nerves, cranial nerves numbers

three through twelve, and autonomic nerves; (b) exposing the
1n vivo region to an electromagnetic excitation field:

(c) sensing a resonant response of the in vivo region to the

poclarizing and excitation fields and producing an output
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indicative of the resonant response, said produclng an

output indicative of the resonant response 1ncluding the

step of producing a separate output for each diffusion-
welghted gradient of said predetermined arrangement of
diffusion-weighted gradients; (d) controlling the

Jr—

performance of the steps (a), (b), and (c) to enhance, in

the output produced, the selectivity of said nerve, while
the nerve 1s living in the 1n vivo region of the subject;
(e) processing the output to generate a data set describing

the shape and position of said nerxrve, sald data set

distingulshing said nerve from non-neural tissue, in the

in vivo region to provide a conspicuity of the nerve that is
at least 1.1 times that of the non—-neural tissue, without
the use of neural contrast agents, said processing the
output including the step of vector processing the separate
outputs for each said diffusion-weighted gradient of said

gh—

predetermined arrangement of diffusion-weighted gradients to

i
bt

fusion

generate data representatlive of anisotropic di:

exhibited by the nerve, and processing said data

representative of said anisotropic diffusion to generate

sald data set describing the shape and position of the

nerve.,

In accordance with a fifth aspect of the present
invention, there 1is provided a method of utilizing magnetic
resonance to determine the shape and position of mammal
tissue, said method including the steps of: (a) exposing an
1n vivo region of a subject to a magnetic polarizing field,
the 1n vivo region including non-neural tissue that includes
fat and a nerve, the nerve being a member of the group

[

consisting of peripheral nerves, cranial nerves numbers

three through twelve, and autonomic nerves; (b) exposing the
1n Vivo region to an electromagnetic excitation field;

(c) sensing a resonant response of the in vivo region to the
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polarizing and excitation fields and producing an output

ﬁ

indicative of the resonant response; (d) controlling the

performance of the steps (a), (b), and (c) to enhance, in

-y

the output produced, the selectivity of said nerve, while

the nerve 1s living 1n the in vivo region of the subject;

and (e) processing the output to generate a data set

[

describing the shape and position of said nerve, said data

set distinguishing said nerve from non-neural tissue, in the

in vivo region to provide a conspicuity of the nerve that is

at least 1.1 times that of the non-neural tissue, without
the use of neural contrast agents; and said steps of
exposing the in vivo region to an excitation field and
producing an output being designed to suppress the

i

contribution of fat in the output, said step of processing

the output to generate the data set including the step of

analyzing the output for information representative of
fascicles found in peripheral nerves, cranial nerves numbers

three through twelve and autonomic nerves.

In accordance with a sixth aspect of the present

invention, there is provided a method of utilizing magnetic
resonance to determine the shape and position of mammal
tissue, said method including the steps of: (a) exposing an
in vivo region of a subject to a magnetic polarizing field,
the 1n vivo region including non-neural tissue that includes
blood vessels and a nerve, the nerve being a member of the
group consisting of peripheral nerves, cranial nerves
numbers three through twelve, and autonomic nerves;

(D) exposing the in vivo region to an electromagnetic

excitation field; (c) sensing a resonant response of the

in vivo region to the polarizing and excitation fields and
producing an output indicative of the resonant response;
(d) performing the steps (a), (b), and (c) to produce a

—

second output 1n which the conspicuity of blood vessels is
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p—

enhanced; and (e) processing sald output i1ndicative of the

resonant response and sailid second output to generate a data
set 1n which conspiculty of the blood vessels 1s suppressed,
sald data set describing the shape and position of said
nerve and distinguishing said nerve from non-neural tissue,
in the in vivo region to provide a consplculty of the nerve
that 1s at least 1.1 times that of the non-neural tissue,

without the use of neural contrast agents.

In accordance with a seventh aspect of the present
invention, there 1is provided a method of utilizing magnetic
resonance to determine the shape and position of mammal

tissue, said method 1ncluding the steps of: (a) exposing an

in vivo region of a subject to a magnetic polarizing field,
the 1n vivo region including non-neural tissue and a nerve,

- gr—
p—

the nerve beling a member of the group consisting of

peripheral nerves, cranial nerves numbers three through
twelve, and autonomic nerves; (b) exposing the in vivo
region to an electromagnetic excitation field; (c) sensing a
resonant response of the in vivo region to the polarizing
and excitation fields and producing an output indicative of
the resonant response; (d) controlling the performance of
the steps (a), (b), and (c) to enhance, in the output
produced, the selectivity of said nerve, while the nerve 1is
living 1n the 1n vivo region of the subject; and

(e) processing the output to generate a data set describing

the shape and position of said nerve, said data set

distinguishing said nerve from non-neural tissue, in the

-

1n vivo reglion to provide a conspicuity of the nerve that is

at least 1.1 times that of the non-neural tissue, without
the use of neural contrast agents; wherein said steps (a)
through (c) include the step of exposing the in vivo region
to a readout gradient rephasing pulse and a slice-selective

excitation pulse, salid readout gradient rephasing pulse
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being generated directly before said output pulse is

produced 1nstead of directly after the generation of the
slice-selective excitation pulse, so0 as to reduce the

appearance of undesirable cross-terms in said data set.

In accordance with an eighth aspect of the present
1nvention, there is provided a method of utilizing magnetic

resonance to determine the shape and position of mammal

tissue, sald method including the steps of: (a) exposing an
1n vivo region of a subject to a magnetic polarizing field,
the 1n vivo region including non-neural tissue and a nerve,
the nerve including epineurium and perineurium and being a

g—

member of the group consisting of peripheral nerves, cranial

nerves numbers three through twelve, and autonomic nerves;
(b) exposing the 1n vivo region to an electromagnetic
excltation field; (c) sensing a resonant response of the
in vivo region to the polarizing and excitation fields and
producing an output indicative of the resonant response;
(d) controlling the performance of the steps (a), (b), and

(c) to enhance, in the output produced, the selectivity of

sald nerve, while the nerve 1s living in the in vivo region

of the subject; and (e) processing the output to generate a

data set describing the shape and position of said nerve,

said data set distinguishing said nerve from non-neural

tissue, in the 1n vivo region to provide a conspicuity of

pre—

the nerve that 1s at least 1.1 times that of any adjacent

non-neural tissue, without the use of neural contrast

agents.

In accordance with a ninth aspect of the present

invention, there is provided a method of utilizing magnetic

F
p——

resonance to determine the shape and position of a

structure, said method including the steps of: (a) exposing

a region to a magnetic polarizing field including a

predetermined arrangement of diffusion-weighted gradients,
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the region including a selected structure that exhibits

diffusion anisotropy and other structures that do not

exhibit diffusion anisotropy; (b) exposing the region to an

p

electromagnetic excitation field; (c) for each of said

1)

diffusion-weighted gradients, sensing a resonant response O:

the region to the excitation field and the polarizing field

-

including the diffusion-weighted gradient and produclng an

—

output indicative of the resonant response; and (d) vector

p
pr—

processing said outputs to generate data representative of

y—
.

anisotropic diffusion exhibited by said selected structure

i

in the region, independent of the alignment of said

1y

di:

fusion-weighted gradients with respect to the orientation

F

of said selected structure; and (e) processing sald data

gr—
.

representative of anisotropic diffusion to generate a data

set describing the shape and position of said selected

structure in the region, said data set distinguishing said

.

selected structure from other structures in the region that

do not exhibit diffusion anisotropy.

In accordance with a tenth aspect of the present

H

invention, there is provided a method of utilizing magnetic

P

resonance to determine data representative of diffusion

anisotropy exhibited by a structure, said method including

the steps of: (a) exposing a region to a suppression

sequence of electromagnetic fields that suppresses the

electromagnetic responsiveness of structures in the region

r

that do not exhibit diffusion anisotropy, so as to lncrease

P Jr—

fusion anisotropy of structures 1in the

the apparent di:

ﬁ

region that exhibit diffusion anisotropy, said suppression

gp—

sequence of electromagnetic fields not including diffusion-

-

welghted magnetic gradlents; (b) exposing the region to a

- X —

predetermined arrangement of diffusion-weighted magnetic

gradients, sald predetermined arrangement of diffusion-

weighted magnetic gradients chosen to: 1) emphasize a
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selected structure in the region exhibiting diffusion
anisotropy in a particular direction; and 11i) suppress other

structures in the region exhibiting diffusion anisotropy in

directions different from said particular direction; (c) for

gr—

each of said diffusion-weighted gradients, sensing a

resonant response of the region to the diffusion-weighted

griva

gradient and producing an output indicative of the resonant

response; and (d) processing sald outputs to generate data

P

representative of the diffusion anisotropy of the selected

structure.

In accordance with an eleventh aspect of the

present i1nvention, there 1s provided a magnetic resonance

r*

apparatus for determining data representative of the

diffusion anisotropy exhibited by a structure, said

apparatus 1ncluding: (a) excitation and output arrangement

pr—
-

means for exposing a region to a suppression sequence of

electromagnetic fields that suppresses the electromagnetic

responsiveness of structures in the region that do not

exhibit diffusion anisotropy, so as to increase the apparent

diffusion anisotropy of structures in the region that
exhibit diffusion anisotropy, said suppression sequence of

electromagnetic fields not including diffusion-weighted

magnetic gradients; (b) polarizing field source means
positioned near sald excitation and output arrangement means
for exposing the region to a predetermined arrangement of
diffusion-weighted magnetic gradients chosen to:

1) emphasize a selected structure in the region exhibiting
diffusion anisotropy in a particular direction; and

11) suppress other structures in the region exhibiting

-
.

diffusion anlsotropy 1n directions different from said

particular direction, said excitation and output arrangement

means further for sensing a resonant response of the region

to the diffusion-weighted gradient and producing an output
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indicative of the resonant response, for each of said

diffusion-welighted gradients; and (c) processor means

coupled to said excitation and output arrangement means for
processing said outputs to generate data representative of

the diffusion anisotropy of the selected structure.

In accordance with a twelfth aspect of the present
invention, there 1s provided a magnetic resonance apparatus
for determining the shape and position of a structure, said

F

apparatus 1ncluding: (a) polarizing field source means for

exposing a region to a magnetic polarizing field including a

F

predetermined arrangement of diffusion-welighted gradients,

the region i1ncluding a selected structure that exhibits

diffusion anisotropy and other structures that do not

exhibit diffusion anisotropy; (b) excitation and output
arrangement means positioned near sald polarizing field

source means for: 1) exposing the region to an

electromagnetic excitation field; and 1i) for each of said

diffusion-weighted gradlents, sensing a resonant response of
the region to the excitation field and the polarizing field
including the diffusion-weighted gradient and producing an
output indicative of the resonant response; and

(c) processor means coupled to said excitation and output

arrangement means for: 1) vector processing sald outputs to

'

generate data representative of anisotropic diffusion

exhibited by the selected structure in the region,

independent of the alignment of said diffusion-weighted

gradients with respect to the orientation of said selected

structure; and 11) processing said data representative of

anisotropic diffusion to generate a data set describing the
shape and position of said selected structure in the region,
sald data set distinguishing said selected structure from

other structures in the region that do not exhibit diffusion

anisotropy.
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Another aspect of the present invention provides a

method of selectively imaging neural tissue of a subject

ey

without requiring use of intraneural contrast agents, the
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