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An MRI technique in which the similarity of samples

 from different portions of a body 1s determined and displayed. OBTAIN MULTIPLE OBTAIN MULTIPLE
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of a known primary tumor to other portions of a patient’s body. " THAT INCLUDES 1 70 BE SCANNED FOR

The MRI apparatus is used to produce a training sét comprising PRIMARY TUNOR SECONDARY TUMOR

one or more training samples. The training set is formed from a  re—— -

plurality of congruent first images of a training region of the -

bodv. Each first image is produced using an MRI pulse se- 82—~ SPATIAL 92 SPATIAL ||
i quence different from the pulse sequences used to produce the = CORRELATTN - A .

duce a plurality of test samples corresponding to a test region of L b ; 3

other first images. Each first image comprises an array of pixels, o ) o
“and each training sample comprises a spatially aligned set of g4 SELECT 92 SELECT |
pixels from each first image. The same technique is used to pro- | TRAINING 22T . TESTSET 1

the same body. The test samples are produced using the same - _ sw 'scu.z
| pulse sequences as the training samples. The training and test g5 (AND STANDARDIZE) 9¢ (AND STANDARDIZE)
~samples are then compared, to produce similarity data indicat-  THASHS S8 ' _ TAST SET

ing, for each test sample, the degree of similarity between the test
‘sample and the training samples. A display is then generated
based upon the similarity data. - | =
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MAGNETIC RESONANCE IMAGING USING PATTERN RECOGNITION
' Field of the Invention

The present invention relates to magnetic resonance imaging (MRI), and in
particular to the application of pattern recognition methods to MRI.

Background of the Invention

In a typical medical application of MRI, a pattent 1s placed within the bore

~of a large, donut-shaped magnet. The magnet creates a static magnetic field that

extends along the long (head-to-toe) axis of the patlent s body. An antenna (e.g., a

coil of wire) is also positioned within the bore of the large magnet, and 1s used to

create an oscillating radtofrequency field that selecttvely excites hydrogen atoms
(protons) in the pattent s body mto oscillation. The oscxllatmg field is then turned

off, and the antenna is used as a recetvmg element, to detect the proton oscillations
as a function of position ‘within the body. Typically, the intensity of the
oscillations is measured throughout a two-dimensional plane. When the intensities
are displayed as a function of posmon in this plane the result is an image that
“often bears a stnkmg resemblance to the actual anatomtc features in that plane. '

The intensity of proton oscillations detected at a given point in the pattent S

- ‘body is proportional to the proton density at that point.. Because different types of

tissues have different proton densities, dtfferent tissue types usually have different
1mage intensities, and therefore appear as dtstmct structures in the MR image.

However, the SIgnal mtensny also- depends on phvsmal and chemtcal properttes of
the ttssues being 1maged In a sxmphﬁed model of MRI the detected signal
~intensity, as a functton of posmon coordmates x and y m the plane betng 1maoed

is pmporttonal to
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(1 - e-TR/Tl) e --'I’E/T2 (1)

The parameters TR (recovery time) and TE (echo delay time) are under the control
of the operator of the MR imaging system, and are constants for any given image.

‘However, Ty and T, are functions of the tissue under examination, and therefore

vary with position in the x-y plane. By suitable selection of parameters TR and
TE, either the Ty or the T, term in Equation 1 can be made to dominate, thereby
producing so-called "T, - weighted" and "T, - weighted" images, respectively. '

One of the more important medical uses to which MRI has been put to date
1S to noninvasively scan a portion of a patient's body, in an attempt to identify
benign or malignant tumors. When MRI is used in this fashion, 1t 1S necessary to
have some methodology for concluding that a given portion of an MR 1mage
represents tumor, as opposed to other tissue types such as fat, cyst, etc. One
known approach to identifying tissue type has been to acquire multiple MR images
of the same region of the patient's body, using different imaging parameters, e.g.,
using different values of the TR and TE parameters. To take a simplified example,
if 1t were known that a given tumor produced a high image intensity at a first
parameter setting, a low image intensity at a second parameter setting, and a high
image intensity at a third parameter setting, then a portion of a patient's body that
produced that pattern of intensities (high, low, high) could be tentatively identified
as tumor. ' o

Pattern recognition approaches of this type are described in U.S.

Patent 5,003,979, This patent.describes a system for the detection and display of

lesions in breast tissue, using MRI techniques. In one described example, three
different types of images are obtained for a'give'n region, and the pixels of the
image are then classified by comparing their intensity patterns to known patterns
for pure tissue types, such as fat, cyst or cancer. The patent indicates that three
specific types of images are adequate for statiSticall'y separating MR images of
breast fat, cyst, carcinoma and fibroadenoma. , |

- Applicants have found that in many cases, comparlson of the pattem of
intensities of a patient's tissue to "standard" patterns for different tissue types does
not produce results of sufficient aCcuracy. “The basic problem appears to be that
there is too much va.riability from one patient to the next, as well as from one MRI
machine to the next. For this reason, the use of standard patterns does not result in
the high degree of confidence that one must have in order to forego a more certain
diagnostic technique, such as blopsy For this reason, cancer diagnosis based on
MRI has not yet achieved widespread acceptance.

[F—
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A problem that occurs frequently in cancer treatment is detecting when a
primary tumor has spread to other sites in the patient's body, to produce so-called
secondary tumors, known as metastases, at those sites. Detection and cOITect
‘dentification of metastases, using MRI or other imaging techniques, is often
complicated by the fact that a remote lesion discovered during staging could
represent either a metastasis or a benign incidental finding. A number of bemgn
lesions (such as hepatic hemangiomas and nonfunctioning adrenal adenomas) occur
as frequently in patients with a known primary tumor as they do in the general
population. | |

Resolving this dilemm'a.requireﬁs additional imaging studies or biopsy, but
often significant uncertainty persists. Biopsy may expose the patient to substantial
risk when the lesion is in the brain or mediastinum, or when the patient has
impaired hemostasis. ‘Even when biOpsy does not present a significant risk to the
patient, it may be technically challenging, such as sampling focal lesions 1n
vertebral marrow. I -

 Summary of the Invention
For the reasons set forth-above, it WOuld b'e useful to have a method that

‘could noninvasively measure the similarity between a known primary tumor and a
remote lesion of -unknown tissue type. The clinician would use the measured

similarity to determine the likelihood that the two lesions represent the same tissue.

Such a method could be _used to distinguish a pathological fracture from a benign
osteoporotic compression fracture in a patiﬁent.With 2 known tumor. Similarly, the

method could be used to distinguish' a metastasis froman infarction in a patient

with lung cancer who presents with a supratentorial solitary enhancing leston.

Using the computed similarity to determine the likelihood that two lesions
represent the same tissue would significantly _improve' the confidence of
noninvasive imaging diagnosis.', o . o

- Such an approach is provided by the MRI imaging technique of the present
" “invention. In a preferred embodiment, an MRI apparatus is used to produce:a
training set comprising‘ one Or more training samples. The training set is formed
" from a congruent set of first images of a.training ;g:gion of the body. The training
‘region may be the region of a known primary 'tum:o'r.' The term "congruent” refers

to the fact that each of the first images represents. the same physical slice or plane
through the patient's body. The first images are produced using a predetermined
set of MRI pulse sequences that differ from one another. Each first image
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compnises an array of pixels, and each training sample comprises a spatially
aligned set of pixels from each first i 1mage.

The MRI apparatus is also used to produce a test set comprising a plurality
of test samples. The test set is formed from 2 congruent set of second images of a
test region of the same body. The test region may comprise a region to be scanned
for a secondary tumor. The second i Images are produced using the same MRI pulse
séquences as the first images. FEach second image comprises an array of pixels,
and each test sample comprises a spatially aligned set of pixels from each second

‘For each test sample, one then produces similarity data indicating the
degree of similarity between the test sample and the training samples. A display is
then produced based upon the SImllanty data. The display identifies the test
samples having the highest degree of mmllanty to the training samples For
example, one of the second images may be displayed using a conventional gray
scale, while the most similar pixels are hlghhohted in color. In the secondary
tumor example, the regions of the second image that are highlighted in color will
correspond to those regions most similar to the first region (the training set) which
compnses the primary tumor. The color highlighted regions will therefore 1dentify

 possible sites of secondary tumors.

In another aspect the invention also prowdes for the generation of spatial
correlation images based on each of the ﬁrst and second j images, and the use of the
spatial correlation lmages in combination with the first and second images to

produce the training and test samples. Instrument standardlzauon techmques may

also be applied, to mlmmlze errors when the ﬁrst and second 1mages are acquired

from different planes through the body, or at different times. In another aspect,

the present invention may prowde a techmque for :~:1uppressmcr or enhancing certain
tissue types In an MR image.

Brief Descngnon of the Drawmgs
FIGURE 1 is a schematic perspective view of an MRI i imaging apparatus.
FIGURE 2 illustrates the concept of a set of congruent images.
FIGURES 3A 3C 1llustrate three techmques for formmg the training and
test sets.

FIGURE 4 is a ﬂow chart showmg the prmc1pal steps of one preferred
embodiment of the mventlon

FIGURE 5 xllustrates the concept of first and second nearest neighbor
pixels. o
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FIGURE 6 illustrates the combination of spatial correlation images with the
original images to form the training or test set .

FIGURE 7 illustrates the use of the present invention to adjust a portion of
an MR image containing a predetermined tissue type.
FIGURE 8 is a graph showing the conversion of similarity data into an

'image.

FIGURES 9A and 9B are MR images illustrating fat suppression according
to the present invention. !

Detailed Dgch'p;ion of the Preferred Embodiment
FIGURE 1 presents a simplified schematic view of a conventional apparatus

for performing magnetic resonance imaging. The apparatus comprises housing 12,
computer 14 that serves as an operator console, power supply module 16, and
signal processing module 18. Housing 12 has the form of a hollow cylinder that
surrounds a patient 20 for whom MR imaging is to be performed. 1 he housing
includes field coil 22 that is used to create a static magnetic field along the central
cylindrical axis (z axis) of the housing. The housing also includes antenna 24 that

is used both to apply an oscillating radiofrequency field, and then to detect the
radiofrequency signals produced by the patient's body In response to the applied

static and oscillating fields. The signals detected by the antenna are coupled to

signal processing module 18 where they are amplified, conditioned, and digitized
for storage in computer 14. ‘The computer processes the stored data and produces
and displays an image of one or more planes or slices 26 through the patent's
body. '

Unlike computed tomography (CT), magnetic resonance (MR) imaging
generates data that are well-suited for quantitative analysis. This is because the
MR signal intensity is determined by several variables; hence MR data are said to
be multidimensional. It is the multidimensional nature of MR signals that allows
them to be analyzed by the group of multivariate statistics known as pattern

- recognition methods.

Pattern recognition methods have become widely used in science and
medicine because they can achieve greater accuracy with lower cost than can
traditional methods of data analysis. For example, suppose that we wish toO
identify an unknown chemical compound by comparison to a library of standard
compounds. The traditional approach is to obtain a proton nuclear magnetic
resonance (NMR) Spectrum of the compound and to compare it to the spectra of
the known standards;'By 'using an NMR spectrometer of sufficiently high
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‘another.

resolution, even closely-related compounds can often be distinguished from one
another. However, the accuracy of even these instruments is limited, and their
limited availability make this approach infeasible for many investigators.

An alternative approach is to use pattern recognition methods. Instead of
trying to identify a compound by making a single high-resolution measurement, the
pattern recognition approach relies on combinations of low-resolution
measurements. 'Forz example, spectra of the unknown compound would be
obtained from low resolution NMR,. near-infrared, and mass spectrometers.
Multivariate statistics would then be used to compare these three spectra to a
library of reference spectra.".- Combining low resolution measurements made by
different modalities usually results in more accurate identification than could be
achieved by a high-resolution NMR spectrometer alone.

The ability of pattem 'recoonition methods to recognize similarities between
samples 1s related to the dlscnmmatmo vaniance of the data that describe the
samples. The greater the dtscnmmatmg vanance of the data, the greater the
potential resolution of the pattern recogmtton method. It is often possible to obtain
greater discriminating variance by combtmng several low-resolution measurements

‘made on different modaltttesthan can be obtained with measurements made on a

single high-resolution instrument. .
With conventional MR imaging, the user prospectively chooses pulse
sequences that are most likely to answer the Clinical'question. Withthe present

invention, however, the user applies sequences that have been chosen to maximize

the information (variance) acquired from a tissue The user then apphes pattern
recognition techniques to the data to retrospecuvely answer the spec1ﬁc chinical
question. ' . ,
The appltcatton of pattern recogmtton techniques to MRI is based on the
acquisition of multtple 1mages taken of the same region of a patient's body The
views differ from one another, however, because they are each acquired using

different MRI pulse sequences, i.e., using different parameter settings on the MRI

apparatus. A set of images acquired 1n this way are said to be congruent to one

FIGURE 2 schemattcally 1llustrates a set of etght congruent xmages 31-38.
All images are acqutred from the same slice or plane through a patient's body,
using dtfferent parameter settmos for each 1maoe Preferably images 31-38 are all

- acquired usmg the same MR 1nstrument as close in time to one another as
’practtcal Each 1mage compnses a rectaneular or square array of pixels,
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represented by pixel 41 of image 31. By way of example, there may be 256 pixels
along one direction (the frequency encoding dimension), and 64-256 pixels along
the other direction (the phase encoding dimension), depending upon the particular
pulse sequence used. However, other numbers of pixels could also be used.
5 Images 32-38 include pixels 42-48, respectively, that correspond to pixel 41, 1n
that they represent measurements made at the same physical position within the
patient's body.
It is important to recognize that the acquired resolution of the array
(256 x 64 for example) usually differs from the displayed resolution of the array
10 (typically 512 x 512). The acquired array is usually interpolated to 512 x 512, and
the interpolated array is then mildly smoothed (typically using a low-pass filter).
Both of these operations are performed by the magnetic resonance imager to
improve the subjective appearance of the images. The pixel based operations of
the present invention may be performed either on the acquired pixels or on the
15 pixels that have been interpolated and smoothed for display. In general, the latter
option will be more convenient, and 1s therefore préferred.

A collection of pixels from the same relative positions within a set of
congruent images, and therefore from the same physical position within a patient's
body, are referred to herein as a "sample". There is one such sample associated

20  with each pixel position 1n the region covered by images 31-38. Sample 50 can be
thought of as a very low -resohition spectrum that conta.ins information concerning
the nature of the patient's tissue at the correspondin'g pixel position. Sample 30
can also be thought of as a vector in a measurement space having eight dimensions.

As previously de.scribe'd, it is desirable for the data represented by a

25  congruent set of images to have as much discriminating variance as possible. This
means that the particular parameter settings used to generate the images need to be
selected with care, to maximize the usefulness of the data. For the purpose of
discriminating tumor from other tissue types, it has been found that the images are
preferably generated using the following standard MR pulse sequences: a

30 T,-weighted spin-echo sequence (one image); a six-echo multiple spin-echo (ME-6)

- sequence (six images); and a short inversion time inversion recovery (STIR)
sequence (one image). Suitable ‘echo times for the ME-6 sequence
are 26/52/78/104/130/156 ms, with TR of 1500 ms. For the STIR sequence,
suitable parameters are'TR '1800-2000 ms, and an Inversion time of 110 ms. This

35 partlcular combmauon of pulse sequences generates an eight-image data set having

a large variance, and is well-sulted to the requirements for multivariate analysis.
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Many other pulse sequences and combinations of pulse sequences can be
used for practicing the present invention. Other suitable combinations include a
Tl-weighted gradient echo sequence, a fast T2-weighted spin or gradient echo

sequence, and a spin or gradient echo sequence adapted for fat suppression. Fat

suppression sequences are described in Tien, Robert D, "Fat Suppression MR
Imaging in Neuroradiology: Techniques and Clinical Application," American
Journal of Roentgenology 158:369-379, February 1992, herein incorporated by
reference. Magnetization transfer sequences and diffusion sequences may be
suitable for certain applications. Contrast materials can also be used to produce a
contrast enhanced Tl-Weighted image. In addition, other spin-echo sequences can
be used, with different multiples. For example, a 4-echo multiple spin sequence
will produce excellent results in many cases. On some MRI devices, an ME-4
sequence has the advantage that it can automatically acquire multiple stacked
slices, in a manner typical of most Tl-weighted and STIR sequences. ‘For all
sequences used, any parameters available with the sequence can, of course, be
adjusted to maximize the usefulness of the invention for particular applications.
For example, the inversion time for a STIR sequence can generally be adjusted in
the range of 30-160MS, W1th the htgher inversion times generally being suitable
for higher field strength systems With gradient echo sequences, the RF flip angle
can be adjusted to mammtze the dtscnmmatmo vanance of the data.

As previously noted the present mventxon does not seek to characterize
samples based upon thetr sumlanty to prior, known patterns for particular types of
tissue. Instead, the invention compares samples from a pattent o other samples for

the same patient. For example referring to FIGURE 3A a congruent set 60 of

Images IS first obtained for a patient. A first group of one or more samples is then

selected as training set 62 whtle a second group of samples is then selected as test

set 64. Training set 62 may lie w1th1n a known primary tumor, while test set 64

.may be an area to be scanned for the presence of a secondary tumor related to the

- Once trammg set 62 and test set 64 have been selected, one then determines
the degree of 31m11ar1ty, or the "dtstance between each sample in test set 64 and
the training set. Suttable techmques for prov1dmg a similarity measurement are

- discussed below However two general approaches are preferred. In the first
"-approach the dtsta.nce from the test sample to each training sample 1s determined,
and then._themtmmum of thesed_lstances is selected. In the second approach, an
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average training sample is computed, and the distance from the test sample to the
average training sample is determined.

Once a distance or similarity measure has been determined for each test set

‘sample, one of the images making up test set 64 is displayed, with the "most

5  similar" pixels (e.g., the one percent most similar pixels) highlighted. A preferred
highlighting technique is to display the most similar pixels in color, superimposed

on a conventional gray scale display of one of the images of the test set. The
resulting display has proved to be clinically valuable for permitting a practitioner

to identify the extent, 1f any, to which a primary tumor represented by the training

10  set has spread to regions encompassed by the test set.

FIGURES 3B and 3C illustrate different techniques for selecting the
training and test sets. In FIGURE 3B, one obtains two sets 66, 68 of congruent
images, for example from two different slices or planes through a patient’s body.
A training set 70 is selected from set 66, while the entire second set 68 1s used as

15 the test set. This variation permits the similarity measurement technique of the
present invention to be used to measure the similarity of any two sites within the
patient's body, not just two sites within the same image plane.

FIGURE 3C illustrates the case in which a first set 72 is acquired at one
point in time, and a portion of set 72 is used to form training set 76. At a later

20 point 1n tume, which' could be days, ,weeks'or months later, a second congmeht
set 74 is obtained through the same region of the patient's body, and used to form
the test set. In this variation, the present invention can be used to trace the
development of a single tumor and assess its response to therapy, as well as to
track the spread of the tumor to other sites in the patient's body.
23 It will be understcod that the apprbaches illustrated in FIGURES 3A-3C are
" not exhaustive, and that other variations could also be used. For example, the
techniques of FIGURES 3B and 3C could be combined, to track the spread of a
~ tumor both in time, and to remote sites in a patient's body.
.+ FIGURE 4 provides a flow chart illustrating the steps used to carry out any
30  of the procedures illustrated in FIGURES 3A-3C, to track the spread of a primary
tumor. In step 80,-a c0nVenti0nal MR imaging apparatus is used to obtain a first
set of multiple congruent images of a region of the patient's body that is believed
to contain a primary'tumor. In step 82-,. each of the images in the first set 1s
preferably subjected to a spatial correlation procedure that is outlined in
35 FIGURESSand6. - '
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Referring to FIGURE 35, P represents any pixel in any of images in the first
set. For pixel P, the eight bordering pixels, labelled 1 in FIGURE 5, are referred
to as the first nearest neighbor pixels, while the next group of 16 pixels, labelled 2,
are referred to as the second nearest neighbor pixels. In spatial correlation step 82
5  shown in FIGURE 4, each of the "original" images in the first set is processed,
separately from the other original images, to generate two new images. In the first
new image, each pixel has a value equal to the average value of the first nearest
neighbor pixels. In the second new image, each pixel has a value equal to the
average of the second nearest neighbor pixels. This process is performed for each
10 of the original images in the first set. If there were eight original first set images
(as 1llustrated, for cxample in FIGURE 2), then this step will produce a total of 24
images as shown in FIGURE 6. Stack 110 represents the 8 original first set of
images; stack 112 represents the 8 new images generated by first nearest neighbor
averaging, while stack 114 represcnts the eight new images produced by the second
15 nearest neighbor averaging. Thus, as a result of the spatial correlation step, there
are now a total of 24 congruent images representing a single slice through the
patient. Thus each sample for this shce has a total of 24 intensity values associated
with it. N .

Returning to FIGURE 4, the next step 84 is to select the training set, i.e., a
20  subset of samples in this slice that contain the primary tumor under investigation.
‘This step may be carried 0ut by displaying one of the eight original images to the
operator on a display screen of computer 14 (FIGURE 1), and asking the operator
to position a variable-sized box: over the | tmaoe portion to be selected for use as the
training set. Once the tratmng set has been selected, the training set samples are

25  scaled in step 86. Scahng is a conventional pattern recognition procedure in
which, for example the data intensity values are Irnearly adjusted such that they

have zero mean value and a standard deviation of umty. The training set may also

be standardized in step 86. Standardization is a technique for correcting for the

- dnft of an MRI instrument over time, or for differences between :different MRI

30  instruments, and is further descrtbed below. .

- Still refernng to FIGURE 4, steps 90 96 perform a series of steps

analogous to steps 80—-86 to create a test set cornprrsmg a congruent set of 24

- images of the test regton of the pattent S bodv to be scanned for secondary tumor.
In step 90 a second set of congruent second tmaoes of the test r region are obtatned
35 The sccond 1mages are obtained usmg the same MRI pulse sequences, i.e., the
' same operator adjustable paranteters as the ﬁrst images obtained in step 80. In
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step 92, the second images are each c.s:.bject to the spatial correlation procedure
described above and illustrated in FIC JF 2S5 and 6. In step 94, the test set is
selected. In many cases, the test sci will be the complete second images.
However, 1n certain cases, to save processing time, it may be desirable to specify a
subregion that includes the actual target of the investigation. Finally, 1n step 96,
the test set i1s scaled (and standardized) in a manner similar to that performed 1n
step 86. '

Once the training and test sets have been prepared, they are then compared
to one another in step 100, in order to determine the relative "distance” between
the training set and each member of the test set. A number of known statistical
techniques are available for computing the distance between pairs of pixels in a
multidimensional data space. For the purpose of the present invention, however,

the preferred technique has been determined to be a simple Euclidian distance,
computed as follows: ’

(2)

R. represents the ith coordinate of the training sample, S; represents the ith
coordinate of the test sample, and N is the total number of dimensions (e.g. 24) in
each data set. Two preferred techniques have previously been described for
associating a distance value with each test set sample. In the first technique, an

‘average training set sample i1s calculated. and the distance between each test set

sample and the average training set sample is determined. In the second technique,
for each test set sample, the distance from the test set sample to each training set
sample is measured, and the minimum of these distances is selected. However, it
will be understood that other measures of similari'ty'coul.d also be used without
departing from the spirit of the present invention. ,

The distance measurement of Equation2 above is an example of the so-

called KNN method (K nearest neighbor) for the case of K=1. It is equivalent to

the Euclidean distance between samples in a multidimensional measurement space
in which each dimension corresponds to one of the images. This embodiment of
the KNN .techniquf:. 1S an example of .supérvised classification using a
nonparametric classification algorithm. It has been determined that nonparametric
techmques are preferable for the purpose of the present invention, as compared to
pa:ametnc classification approaches such as Bavesian and SIMCA methods. In
parametric methods,_ there are a przorz chmces that must be made by the user,
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leading to the possibility that the classification will reflect observer bias. A
potential limitation of nonparametric methods is that they cannot recognize outliers
in the data. However, this limitation is overcome in practice, because the human '
~observer will be able to consider the results of classification in the context of the
5  entire image, 1.e., the observer serves to recognize outliers.
Computing the Euclidean distance between the average value of the samples
In the training set and a given sample in the test set is computationally fast, but has
the disadvantage of providing little information about the heterogeneity of the
training set. Tissue heterogeneity is more accurately expressed by measuring the
10  distance between each sample of the trammcr set and a given sample in the test set,
and selecting the smallest drstance as the representauve distance. The minimum
distance measured 1n this way represents the sample in the training set that i1s most
similar to the sample in the test set.
The accuracy Of_the pattern recognition technique of the present invention
15 depends on the discn‘rninating variance of the training and test sets; the greater the
discriminating variance of the data, the 'greater"the- likelihood that two different
tissue typeswill be distinguished. The discriminating variance can be increased by
' increasing the number of different pulse sequences (images) applied to the region
of interest. In theory, the accuracy of classification can be made arbitrarily high
20 by increasing the number of sequences used 1In practice, the need for greater
‘accuracy must be balanced by the requxrement that the data not be excessively
overdetermined, and by pracncal limits on imaging time. Using excessively
overdetermmed data reduces the ablhty of the classxﬁcatlon o generalize the
prOpemes of the trammg set to 1dentify srmxlar ‘but not identical, samples; using
25  undetermined data for classrﬁcanon wrll lead to a larae degree of nonspecific
 highlighting. . N o
- We have found that maximum classu’tcatlon accuracy is reached using
' 'relatlvely low spatial resolutxon for the ME-6 pulse sequence, which helps decrease
- -the total 1maging ttme Using this sequence with a 64 X 256 pixel array: (phase,
30 frequency) leads to greater classrﬁcatlon aocuraov than an array having a higher

spatlal resolution ( 128 X 256) because decreasmo the spatial resolution increases o
L,the plxel size, whrch 1mproves the 51gnal -to-noise ratlo This amounts to trading 5
spatial resolutton to gam greater spectraI resolutron which represents greater ¥
mforrnatlon content per prxel ThlS departs from the traditional approach in MRI, !

35 .whtch stnves above all else to aohreve hlgh spatral resolution.
o
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The degree of tissue discrimination achieved by the invention depends on
the percentage of nearest distances that are highlighted. Highlighting a very small
percentage (e.g., 0.2% to 2% of the test samples) results in high discrimination,
but lowers the sensitivity for detecting unsuspected lesions. Highlighting a larger
percentage (2% to 8%) will decrease the degree of tissue discrimination, but will
increase the likelihood of detecting unsuspected lesions. If the principal purpose of
using MRI is to characterize a recognized lesion of unknown origin rather than to ’
detect unsuspected lesions, then it is generally preferable to highlight only the
nearest 0.5% to2% of the pixels in the test image, to maximize tissue
discrimination. .

In carrying out the present invention, the data should be adequately
overdetermined, such that the ratio of the number of samples to the number of
variables describing each sample is at least three. Each sample that represents the
combined ME-6, STIR, and Tl-weighted sequences consists of 8 origidal data
and 16 derived data that represent spatial correlation variables. A training set that
contains 24 or more samples will result in a system that 1s adequately
overdetermined with respect to the original 8 data acquired for each sample.

Even though it is theoretically important to have the system adequately
overdetermined to -avoid spurious correlations (i.'.e., those that arise by chance), we
have found that the number of samples included in the training set has surprisingly
little effect on the accuracy of classification. Although a training set with 4
samples is relatively undetermined, it can result in classification that is similar to
the classification achieved by a training set consisting of 25 to 50 samples. At the
other extreme, a training set containing 700 samples decreased the amount of
nonspecific highlighting compared to a 25-sample training set. However, the
700 sample set required about 25 times more computer time than the 25 sample
set. In general, we find that a training set size of 16 to 25 samples balances the
cla531ﬁcat1on accuracy and computational burden.

" The additional imaging time required for the present invention will depend
on the radiologist's approach to oncologic imaging. If radiologists rely on
combinations of T1-weighted and T2-weighted images for evaluation of body and
CNS metastases, the time required to obtain one or more STIR sequences and
multiple spin-echo seQuences may be impractical. However, because much body
and spinal oncology 1mag1ng 1s accomplished with a combination of STIR and T1-
weighted spin-echo sequences, acquinng a multiple-echo spin-echo sequence at two
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selected anatomic sections adds less than seven minutes to the overall imaging
time, when a relatively low spatlal resolution is used for the ME-6 pulse sequence.
The accuracy of classification depends on how accurately the training set

_ Tepresents the known tissue. If an area of normal fat adjacent to a known tumor is

unintentionally included in the training set, the classified image will highlight both
tumor and normal fat. Likewise, if the training set contains only necrotic tumor,
viable areas of tumor in the test set will not be identified. Cluster analysis could
be used to detect the inadvertent inclusion of two distinct tissue types within a
single training set, which would alert the user to the potential problem.

The most accurate classification occurs when the test and training sets are
both acquired in parallel planes; namely, if thetraining set 1S acquired in the
coronal plane, the test set should be acquired in the coronal plane. The training
and test sets should be acquired in parallel planes because the pixels in a given
image are not isotropic. When the training and test sets are acquired at different
times, as shown in FIGURE 3C, then the standardization technique described
below should be used, to minimize effects caused 'by-instrumental. drift. In. all
cases, the corresponding sequences used to produce the training and test sets should

‘be acquired using identical instrument parameters' identical phase-encoding
. direction, slice thickness, field of view, averages, STIR inversion time, and TR.

Preferably, the training and test sets should be acqmred on the same instrument.
However, if they are acquxred on different mstruments standardization techniques

can be used to minimize the effects of dlfferent_ instrument responses, as described
below. ' '

circumstances: first, when the dlscnmmatmg vanance of the data is insufficient to

enable a classxﬁcatlon method to distinguish between tumor and an unrelated

tlssue, second, when there is a vxolanon of the basm assumption that the MR

signatures of tissues depend only on type of tissue and not on the location of the
- tissue within the imaged plane. Conditions that violate this assumpuon are:

motion artifact along the direction of the phase- encodmg gradient; 1nhomoeene1ty

of the gradlents poorly shaped radlo frequency pulses and truncation artifact and
chemical shift artxfact occurrmg at’ the boundary between tissues that have

-substantlal dlfference In then' MR 31gnal mtensxtv such as at the border between

sohd organs and mesentenc fat ,
In evaluatmg the accuracy of the method it 1s 1mportant to- dlsnngulsh

'between the dlagnostlc quesuons Wthh thc method has the potential to solve and

——

Nonspecxﬁc hlghhghtmg of plxels in the test set occurs under two
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those questions that the method 1s incapable of solving. The invention measures
the similarity between different tissues, but generally cannot characterize a tissue
as benign or maiignant, or as infected or steriie. [he user 1s obligated to apply the
invention in a clinicailv valid way, because the proceaure wiil generate a matnx ot
distances from any combination of training set and test set. The method 1s meant
to compiement. not replace, percutaneous biopsy.

As previously described in connection with FIGURE 3C, 1n one
application. the present invention produces the training and test sets from images
formed at different times. However. when the training and test set samples are
produced at different times, it 1s possible that drift in the response of the MRI
instrument could produce differences between the training and test samples that
would influence the resuits of the present method. In addition. 1n cerain cases. it
may be necessary to acquire the training and test sampies using dirferent MRI
nstruments.  In this case. differences between the responses Of the two INStruments
could affect the distances between samples in a way hot related to the similarity ot
the underlying tissue.

To eliminate or at least minimize these effects. muitivariate instrument
standardization techniques are preferably used to limit errors due (o Instrument
variation. Suitable technigues are described in the article by Wang, Veltkamp and
Kowalski. “"Multivariate Instrument Standardization.” Analviical Chemistry,
63:2750-56. Of the techniques described by
Wang et al.. the preferred technique 1s the "cirect’ technique (inciuding the
piecewise direct) in wnich the sampies produced during one imaging session are
corrected to produce estimates of the sampies that would have peen produced
during the other imaging session. Because there will tvpicaily be more test
samples than training sampies. 1t may be preferable in terms oI computer ume o
correct the training samples. which will typically be acquired during the nrst
imaging session. to produce estimates of the target samples that would have been
produced at the second imaging session. wnen the test sampies were acquired.

Standardization is performed by including o piurality of calibranon
standards in the MR imaging apparatus during each 1maging session. This can pe
accomplished bv posituoning the calibration standard such that some Dixels
representing each of the calibration standards appear in each image. Alternately.
the calibration standards couid be separately 1maged on a periodic basis (e.g., once
a day), and used to standardize zall 1mages acquired during that day. For the

purpose of the present invention. sultable cziibration standards inctude water.
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I mM (millimolar) CuSOg4(aq), 1:1(v:v) acetone:water, safflower oil, mineral oil,
saturated sucrose solution, 95% ethyl alcohol, glycerin. However. other
calibration standards can also be used. To produce accurate results, the identical

- calibration standards must be used during acquisition of both the training and test

sets, and the calibration standards must not have undergone variation or
degradation with time. A suitable number of calibration samples 1s 8, equal to the

- number of independently obtained images.

As described above, the results of the method of the present invention may
be displayed by displaying one of the original gray scale MR images, and by color
highlighting the pixels of that image that correspond to the most similar samples.
As long as the training and test sets are obtained from the same set of images, it is
accurate to assume that the nearest X% of samples of the test set are truly stmilar
to the training set. However, this assumption is not necessarily true when the
training and test sets are obtalned from different sets of images. This can be
understood by considering classification of a test set that does not contain any of
the training tissue, i.e., the tissue in the region spanned by the training samples.

Displaying the nearest 1% of distances will highlight_l % of the test set pixels but

these distances will be significantly greater than would have been found had the
test set contained the training tissue. '
To avoid this problem, one can incorporate distance as a threshold in the

display process. In this variation, ‘the present invention preferably identifies
the X% of the pixels of the test set that have the smallest distance. Of those

samples, only those samples that have distances. less than Y are displayed, where Y
1s a selected threshold Thxs means that if the user chooses to highlight the most
similar 2% of the plxels and those 2% of plxels have distances less than the
threshold distance Y (also chosen by the user), then 2% of the pixels will be
highlighted. However if some of those 2% have distances greater than the
threshold, then only a portion of the 2% will be highlighted. If none of the

|

The present invention can be applied so as to permu: adjustment of an MRI

“ image to selecuvely enhance or suppress those poruons of the image resulting from
a given type of tissue. ~For example, m many chmcal apphcauons a tissue In
which one is mterested may be surrounded by another tissue such as fat, that has a

SImllar MRI bnghtness However if the two ussue types can be distinguished

using pattern recognmon then the portion of the images corresponding to fat can

be reduced 1n bnghtness lmprovmg the resoluuon of the tissue of interest.
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An example of this procedure is illustrated in FIGURES 7-9. The
procedure begins, as above, by the generation of a congruent set 120 of images
that include a region of interest of a patient. Set 120 preferably includes additional

images generated by spatial correlation, as previously described. Set 120 forms

the test set, while a small subset 122 is selected to form the training set. The
training set is selected such that the training set samples, to the maximum extent
possible, correspond only to the tissue type that one wishes to suppress (or
enhance).

The test and training set samples are compared in step 122, in the manner '
described above, to produce similarity data 124 representing the distance between
each test set sample and the training set samples. In step 126, the similarity data is
converted into a similarity image. The similarity image depicts those portions of
the test set region that are similar to the training set. Thus if the training set
contains fat tissue, then the similarity image will depict the fat in the test set
region. The similarity image may then be displayed, if the goal is to identify other
portions of the test region that are similar to the training region. Alternately, the
similarity image may be adjusted, as described below, and then subtracted from
one of the original images 120, to selectivel’y suppress the fat portions of the
original image. '

A suitable techmque for producmg the similarity image is diagrammed in
FIGURE 8. Similarity data 124 comprises a distance value for each sample of the
test set, the distance value being a measure of the distance of the test sample from
the training samples in a multidimensional measurem'ent space. Thus the smaller
the distance, the greater the similarity. 'I,nFI.GURE 8, line 130 represents the
mathematical relationship used to convert a distance value into a pixel intensity for
constructing the similarity image. For zero distance, i.e., identical samples, a

“maximum pixel intensity 132 is selected As the distance increases from zero, the

assigned pixel mtensuy decreases, until a cut off distance 134 is reached. For

- distances equal to'or greater than the cut off distance, the pixel intensity’is set to
30

zero. In this manner, a plxel intensity 1s assocu—lted with each sample, producing a
similarity image congruent with the original images in set 120.

In step 140, an mten31ty threshold 1s chosen to enable the user to limit the
subtraction to those pixels of the smzlanty image that are most similar to the
training set. In step 142, the plxels of the sxmﬂanty image that are greater than the
threshold are "scaled”, preferably by a user-supplied scaling factor between zero
and 1. Thus each pxxel 1nten51ty in the similarity image that is greater than the
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threshold is multiplied by the scaling factor. The adjusted similarity image,
represented by line 144, is then subtracted from one of the original images,
represented by line 144, to produce an adjusted image 148 that is displayed. The

overall effect of the process is that for samples having a pattern or signature similar

to the pixels in training set 122, the intensity is reduced in the adjusted image. The
amount of reduction is controlled by the scaling factor applied 1n step 142. A
similar procedure can be used to produce enhancement of selected tissue types.

An example of the image adjustment process shown in FIGURES 7 and 8 is
lllustrated in FIGURES 9A and 9B. FIGURE 9A shows a conventional T1-
weighted MR image through a patient's head. The region behind each eye contains
optic nerves and surrounding fat. The fat tends to obscure the optic nerves and
would very likely obscure a contrast-enhanced tumor of the optic nerve because
both fat and contrast-enhanced tumor have approximately the same intensity. The
congruent images for this application were generated by standard T1-weighted and
T2-weighted spin-echo sequences. In this case, training set 150 was selected from
a region that included fat but not optic nerves. This training set was used to
construct a similarity image which was then subtracted from the original Image,
producing the adjusted image shown in FIGURE 9B. Subtraction of the fat
portions of the image enables much clearer resolution of the optic nerves
themselves.

While the preferred embodiment of the invention has been illustrated and
described, it will be appreciated that various changes can be made therein without
departing from the spirit and scope of the invention. For example, the significant
cost of an MRI apparatus means that the only practical application for MRI at the
present time is for medical applications for humans. However, the principles of
the present invention are also applicable to other subjects, such as animals or food
products, in which there is a nonhomogeneous body whose MR response varies
from one position to another within the body.
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The embodiments of the invention in which an exclusive property or
privilege is claimed are defined as follows:

1. A method of using magnetic resonance imaging (MRI) to produce an
image of a body, the method comprising the steps of:

using an MRI apparatus to produce a training set comprising one or more
training samples, the training set being formed from a plurality of congruent first
images of a training region of the body, each first image being produced using an
MRI pulse sequence different from the pulse sequences used to produce the other
first images, each first image comprising an array of pixels, each training sample
comprising a spatially aligned set of pixels from each first image; '

using an MRI apparatus to produce a test set comprising a plurality of test
samples, the test set being formed from a plurality of congruent second images of a
test region of the same body, the second images being produced using the same
MRI pulse sequences as the first images, each second image comprising an array of
pixels, each test sample comprising a spatially aligned set of pixels from each
second image; ’ ' '

producmg similarity data indicating, for each test sample, the degree of
similarity between the test sample and the training samples; and

producing a display based upon the 31m11ar1ty data

2. The method of Claim I, 'wherein, the training set comprses a
plurality of training samples. '

3. The method of Claim 2, wherein for each fes_t sample, the similarity

data is produced by determining similarity values that ’represent the similarity
between each training sample and the test sample, and then selecting the greatest

. .
' '
. 3
1 . ; |-
. " ]
[

4. The method of Claim 2, wherein for eaeh test sample, the similarity

data is produced by determining the similarity of the test sample to an average of
the training samples. ' o
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J. The method of Claim 1, wherein the MRI pulse sequences comprise

a Tl-weighted pulse sequence, a multiple spin echo pulse sequence, and an STIR
pulse sequence.

6. The method of Claim 1, wherein the step of producing a display
comprises displaying a selected one of the second images, and visually highlighting

those portions of the selected second image that correspond to the test samples
having the highest degree of similarity.

7. The method of Claim 6, wherein that the selected second image 1s

displayed using a grey scale, and wherein the highlighting is performed in color.

3. The method of Claim 1, wherein the first and second 1mages are the

same as one another, the trammg and test sets being formed from different portions
thereof. '

9. The method of Claim I, wherein the first and second images are

different from one another, and wherein the training region and test region
‘comprise different portions of the body.

10.  The method of Claim 9, wherein the first and second images are
produced using the same MRI apparatus.

11. The method of Claim 1, wherein the first and second images are
different from one another, and wherem the training region and test region

represent the same region of the body, the first and second images being produced
at different times. ‘

o 12, The method of Claim 1, wherein the display identifies the test
samples having the highest degree of similarity to the training samples.

13.  The method of Claim 1, comprising the further steps of converting
the similarity data into a similarity image.

14.  The method of Clalm 13, comprising the further step of combining
the s1m11ar1ty image w1th one of the second images to produce the display.

[ ¥ e B SR B T . am " .
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15.  The method of Claim 14, wherein the similarity image comprises a
plurality of pixels, and wherein the combining step comprises adjusting the

~ intensity of the ptxels of the similarity unage that are above a predetermined
threshold to produce a modtﬁed similarity 1rnage and subtracttng the modified

similarity image from the selected second i 1mage

16.  The methOd of Claim 1 wherein each pixel comprises a pixel value
correspondmg to the mtensrty of a magnettc resonance signal from a correspondmg
position wrthrn the body, wheretn the tratntng set 1ncludes at least one spattal
correlation image correspondtng to and congruent wrth one of the first images, the
spatial correlation 1mage compnsrng an array of spatral correlatton ptxels each
spatial correlation pixel having a pixel value that is a predetermtned function of
one or more neighboring pixel values in said correspondtng one first 1mage,
wheretn each training sample compnses 3 spattally ahgned set of ptxels from each

first image and from each ﬁrst spattal correlatton tmage wherein the test set
: includes at least one second Spattal correlatron 1mage correspondmcr to and

congruent with one of the second unages the second spattal correlation image '

comprtsmg an array of second spattal correlatton ptxels each second spatral;

correlatton ptxel havrng a ptxel value that 1s a predetermmed functton of one or‘

_ more netghbonng ptxel va.lues in said correspondtng second rmage, each test -

'sample compnsmg a spatrally ahgned set of ptxels from each second 1mage and.
| ..._.from each second spattal correldtton 1mage o ' "‘ o

' 17." The method of Clatm 16 wheretn satd predetermtned functton 1s an Lo

e i average value functton

18, The method of Clarrn 16 wheretn two spattal correlatron 1mages are..-'
. 'generated for each of the first and second 1mages one in whtch ‘the spattal -
o correlatton ptxel values are averages of the ﬁrst nearest netghbor ptxels and the‘
other 1n whtch the spatral correlatton ptxel values are averages of the second.,lg

. '_nearest netghbor ptxels - g ot ' IR o
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