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(57) ABSTRACT 

MRI scans typically have higher resolution Within a slice 
than between slices. To improve the resolution, tWo MRI 
scans are taken in diiferent, preferably orthogonal, direc 
tions. The scans are registered by maximizing a correlation 
between their gradients and then fused to form a high 
resolution image. Multiple receiving coils can be used. 
When the images are multispectral, the number of spectral 
bands is reduced by transformation of the spectral bands in 
order of image contrast and using the transformed spectral 
bands With the highest contrast. 
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MAGNETIC RESONANCE IMAGING WITH 
RESOLUTION AND CONTRAST ENHANCEMENT 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention is directed to a system and 
method for improving the resolution and tissue contrast in 
MRI. 

[0003] 2. Description of Related Art 

[0004] The best current source of raW image data for 
observation of a complex soft tissue and bone structure is 
magnetic resonance imaging (MRI). MRI involves the trans 
mission of RF signals of predetermined frequency (e.g., 
approximately 15 MHZ in some machines, the frequency 
depending upon the magnitude of magnetic ?elds employed 
and the magnetogyric ratio of the atoms to be imaged). 
Typically, exciting pulses of RF energy of a speci?c fre 
quency are transmitted via an RF coil structure into an object 
to be imaged. A short time later, radio-frequency NMR 
responses are received via the same or a similar RF coil 
structure. Imaging information is derived from such RF 
responses. 

[0005] In MRI, a common imaging technique is the for 
mation of images of selected planes, or slices, of the subject 
being imaged. Typically the subject is located in the static 
magnetic ?eld With the physical region of the slice at the 
geometric center of the gradient ?eld. Generally, each gra 
dient Will exhibit an increasing ?eld strength on one side of 
the ?eld center, and a decreasing ?eld strength on the other 
side, both variations progressing in the direction of the 
particular gradient. The ?eld strength at the ?eld center Will 
thus correspond to a nominal Larmor frequency for the MRI 
system, usually equal to that of the static magnetic ?eld. The 
speci?c component of a gradient Which causes the desired 
slice to be excited is called the slice selection gradient. 
Multiple slices are taken by adjusting the slice selection 
gradient. 

[0006] HoWever, MRI often introduces the folloWing tech 
nical challenges. Many of the anatomical structures to be 
visualiZed require high resolution and present loW contrast, 
since, for example, many of the musculoskeletal structures 
to be imaged are small and intricate. MRI involves the use 
of local ?eld coils to generate an electromagnetic ?eld; such 
local ?eld coils form a non-uniform illumination ?eld. MRI 
images can also be noisy. 

[0007] In particular, MRI has the folloWing limitations in 
resolution and tissue contrast. Although current MRI 
machines can achieve relatively high intra-plane resolution, 
the inter-slice resolution is not so good as the intra-plane 
resolution; also, the inter-slice resolution is limited by the 
ability of the system to stimulate a single spatial slice or 
section. Although tissue contrast can be adjusted by select 
ing the right pulse sequence, analysis of a single pulse 
sequence is not enough to differentiate among adjacent 
similar tissues. In other Words, the resolution is typically 
poor in the out-of-plane dimension, and the contrast is 
typically loW betWeen soft tissue structures. 

SUMMARY OF THE INVENTION 

[0008] It Will be readily apparent from the foregoing that 
a need exists in the art to overcome the above-noted limi 
tations of conventional MRI. 
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[0009] Therefore, it is an object of the present invention to 
increase inter-slice resolution. 

[0010] It is another object of the present invention to 
improve tissue contrast. 

[0011] It is still another object of the present invention to 
improve inter-slice resolution and tissue contrast simulta 
neously. 
[0012] It is yet another object to provide a simple tech 
nique for image registration. 

[0013] To achieve the above and other objects, the present 
invention is directed to a system and method for creating 
high-resolution MRI volumes and also high-resolution, 
multi-spectral MRI volumes. At least one additional scan is 
obtained in an orthogonal direction. Then, through a data 
fusion technique, the information from an original scan and 
an orthogonal scan are combined, so as to produce a 
high-resolution, 3D volume. In addition, one may use a 
different pulse sequence in the original orientation or in an 
orthogonal orientation, and a data fusion technique can be 
applied to register the information and then visualiZe a 
high-resolution, multi-spectral volume. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] A preferred embodiment Will be set forth in detail 
With reference to the draWings, in Which: 

[0015] FIG. 1 shoWs a block diagram of an MRI system 
according to the preferred embodiment; 

[0016] FIGS. 2 and 3 shoW ?oW charts shoWing steps 
performed in registering and fusing tWo images; 

[0017] FIG. 4 shoWs a blurring effect caused by the 
correlation of the tWo images; 

[0018] FIGS. 5A-5C shoW a typical signal, its gradient 
and a comparison of the autocorrelations of the signal and its 
gradient, respectively; 
[0019] FIGS. 6A and 6B shoW tWo voxels scanned in 
orthogonal directions; 
[0020] FIG. 6C shoWs the problem of deriving high 
resolution information from the voxels of FIGS. 6A and 6B; 

[0021] FIGS. 7A-7I shoW comparisons betWeen the indi 
vidual scans and the fused image; 

[0022] FIGS. 8A-8I shoW a comparison among simple 
fusion Without registration, simple fusion after registration 
and complete fusion; 

[0023] FIGS. 9A-9I shoW fusion of orthogonal images 
Without correlation; 

[0024] FIGS. 10A and 10B shoW images taken With three 
and four local receiver coils, respectively; 

[0025] FIGS. 11A and 11B shoW a tWo-band spectral 
image of a knee; and 

[0026] FIGS. 11C and 11D shoW principal components of 
the image of FIGS. 11A and 11B. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0027] A preferred embodiment of the present invention 
Will noW be set forth in detail With reference to the draWings. 
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[0028] FIG. 1 shows a block diagram of an MRI system 
100 on Which the present invention can be implemented. The 
system 100 uses an RF coil 102 and a gradient coil 104 to 
apply the required RF and gradient ?elds to the subject S. A 
spectrometer 106, acting under the control of a computer 
108, generates gradient signals Which are ampli?ed by an X 
ampli?er 110, a Y ampli?er 112 and a Z ampli?er 114 and 
applied to the gradient coil 104 to produce the gradient 
?elds. The spectrometer 106 also generates RF signals 
Which are ampli?ed by an RF ampli?er 116 and applied to 
the RF coil 102 to produce the RF ?elds. The free induction 
decay radiation from the sample S is detected by the RF coil 
102 or by one or more local receiving coils 118 and applied 
to the spectrometer 106, Where it is converted into a signal 
Which the computer 108 can analyze. 

[0029] The computer 108 should be suf?ciently poWerful 
to run a mathematical analysis package such as AVS, a 
product of Advanced Visualization Systems of Waltham, 
Mass., U.S.A. Examples are the Apple PoWer Macintosh and 
any IBM-compatible microcomputer capable of running 
WindoWs 95, 98 or NT. The signi?cance of the local 
receiving coils 118, and particularly of the number used, Will 
be explained in detail beloW. The other components of the 
system 100 Will be familiar to those skilled in the art and Will 
therefore not be described in detail here. 

[0030] The various techniques to enhance the images Will 
noW be described in detail. 

[0031] Inter-Slice Resolution 

[0032] The inter-slice resolution problem is solved by 
using tWo volumetric data sets Where scanning directions are 
orthogonal to each other, and fusing them in a single 
high-resolution image. FIG. 2 shoWs an overvieW of the 
process. First, in step 202, a ?rst scan of the subject is taken. 
In step 204, a second scan of the subject is taken in a 
direction orthogonal to that of the ?rst scan. Third, in step 
206, the images are registered. Finally, in step 208, the 
images are fused. FIG. 3 shoWs the steps involved in image 
registration. In step 302, gradients of the image data are 
formed. In step 304, the gradients are correlated. In step 306, 
the correlation is maximized through a hill-climbing tech 
nique. 

[0033] Although the fusion of the tWo volumes seems to 
be trivial, tWo issues have to be taken into account: 1) the 
registration among volumes scanned at different time (step 
206) and 2) the overlapping of sampling voxel volumes (step 
208). Those issues are handled in Ways Which Will noW be 
described. 

[0034] Image Registration (Step 206) 

[0035] The goal of image registration is to create a high 
resolution 3D image from the fusion of the tWo data sets. 
Therefore, the registration of both volumes has to be as 
accurate as the in-plane resolution. The preferred embodi 
ment provides a very simple technique to register tWo very 
similar orthogonal MRI images. The registration is done by 
assuming a simple translation model and neglecting the 
rotation among the tWo volumes, thus, providing a fair 
model for small and involuntary human motion betWeen 
scans. 

[0036] An unsupervised registration algorithm ?nds the 
point (x, y, Z) Where the correlation betWeen the tWo data 
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sets is maximum. The Schwartz inequality identi?es that 
point as the point Where they match. Given tWo functions 
u(x, y, z) and v(x, y, z), the correlation is given by: 

M. y, z) = 

If u(x, y, z) is just a displaced version of v(x, y, z), or in other 
Words, u(x, y, z)=v(x+Ax, y+Ay, z+Az), then the maximum 
is at (-Ax, —Ay, —Az), the displacement betWeen the func 
tions. 

[0037] In MRI, every voxel in the magnetic resonance 
image observes the average magnetization of an ensemble of 
protons in a small volume. The voxel can therefore be 
modeled as the correlation of the continuous image by a 
small 3D WindoW. Let gl(x, y, z) and g2(x, y, z) be the 
sampled volumes at tWo orthogonal directions, Which are 
given by: 

Where W1(x, y, z) and W2(X, y, z) are the 3D WindoWs for the 
tWo orthogonal scanning directions, (Ax, Ay, Az) is a small 
displacement, and II(x, y, z) is the sampling function. 
Therefore, the correlation of the tWo sampled volumes is 

That is just a blurred version of the original correlation; the 
exact location of the maxima is shaped by the blurring 
function h(x, y, Z)=Wl(X, y, Z)*W2(X, y, z). That is, the 
correlation is distorted by the function h(x, y, z). FIG. 4 
shoWs an idealized WindoW function for W1(x, y, z) and 
W2(X, y, z) and its corresponding supporting region of the 
blurring function, h(x, y, z). 

[0038] Finding the displacement using the above proce 
dure Works ?ne for noise-free data, but noise makes the 
search more di?icult. Let gl(x, y, z)=(f(x, y, z)+nl(x, y, 
Z))*Wl(X, y, z) and g2(x, y, z)=(x+Ax, y+Ay, z+Az)+n2(x, y, 
Z))*W2(X, y, z) be the corresponding noisy volumes, Where 
n1(x, y, z) and n2(x, y, z) are tWo uncorrelated noise sources. 
Thus, the correlation of g1 and g2 is given by 

"206, y, 1)] *MX, y, z) * u(x, y, z), 

and the maximum is no longer guaranteed to be given by the 
displacement, especially for functions With smooth autocor 
relation functions like standard MRI. The smooth autocor 
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relation functions make the error a function of the noise 
poWer. Autocorrelation functions Whose shapes are closer to 
a Dirac delta function 6(x, y, Z) are less sensitive to noise, 
Which is the reason Why many registration algorithms Work 
With edges. The autocorrelation function of the gradient 
magnitude of standard MRI is closer to a Dirac delta 
function. Therefore, the registration of the gradient is less 
sensitive to noise. 

[0039] FIGS. 5A-5C shoWs a 1D example of the e?fect of 
the derivative on the autocorrelation function of a band 
limited signal. FIG. 5A shoWs an original signal f(x). FIG. 
5B shoWs a smooth estimate of the magnitude of the 
derivative, namely, 

g(x)=]f(x)*[—l —l 0 0 0 l 1]] 

FIG. 5C shoWs autocorrelations; the dashed curve repre 
sents f‘kf, While the curve shoWn in crosses represents g*g. 
For that example, a smooth derivative operator is used to 
reduce the noise level. 

[0040] For the above reasons, the automatic registration is 
based on ?nding the maximum on the correlation among the 
magnitude gradient of the tWo magnetic resonance images: 

(AX, Ay, AZ) = 

[0041] In sampled images the gradient V can be approxi 
mated by ?nite di?‘erences: 

261 

Where 6x, 6y, 6Z are the sampling rates, and l(x, y, Z) is a loW 
pass ?lter used to remove noise from the images and to 
compensate the differences betWeen in-slice sampling and 
inter-slice sampling. 

[0042] The maximization can be done using any standard 
maximization technique. The preferred embodiment uses a 
simple hill-climbing technique because of the small dis 
placements. The hill-climbing technique evaluates the cor 
relation at the six orthogonal directions: up, doWn, left, right, 
front and back. The direction that has the biggest value is 
chosen as the next position. That simple technique Works 
Well for the registration of tWo orthogonal data sets, as the 
one expects for involuntary motion during scans. 

[0043] To avoid being trapped in local maxima and to 
speed up the process, a multi-resolution approach can be 
used. That multi-resolution approach selects the hill-climb 

Jun. 8, 2006 

ing step as half the siZe of the previous step. Five different 
resolutions are used. The coarsest resolution selected is 
tWice the in-plane resolution of the system, and the smallest 
siZe is just 25 percent of the in-plane resolution. 

[0044] Even With a very simple optimiZation approach, the 
computation of the correlation of the Whole data set can be 
time consuming; therefore, the registration of tWo images 
can take time. To speed up the correlation of the tWo data 
sets, just a small subsample of the points With very high 
gradient are selected for use in the correlation process. 

[0045] Some images sulfer from a small rotation. In that 
case, the algorithm is extended to search for the image 
rotation. The same hill-climbing technique is used to ?nd the 
rotation betWeen images; but instead of doing the search in 
a three-dimensional space, the algorithm has to look at a 
six-dimensional space. That search space includes the three 
displacements and three rotations along each axis. At each 
step the rotation matrix is updated and used to compensate 
for the small rotation betWeen images. 

[0046] 
[0047] Once the tWo images are registered, an isotropic 
high resolution image is created from them. Due to the 
different shape betWeen voxel sampling volumes (W2(X, y, Z) 
and W1(x, y, Z)), one has to be careful When estimating every 
high resolution voxel value from the input data. Assume that 
the ?rst image has been scanned in the x-direction and the 
second has been scanned in the y-direction. Therefore, there 
is high-resolution information in the Z-direction in both 
images. 
[0048] FIGS. 6A and 6B shoW the voxel shapes of the tWo 
input images, Where the in-slice resolution is equal, and the 
inter-slice resolution is four times loWer. Given that con 
?guration, the problem of ?lling the high-resolution volume 
is a 2D problem. In a single 4><4-voxel WindoW of the high 
resolution image, as seen in FIG. 6C, then for every 16 
high-resolution voxels there are only 8 knoWn loW-resolu 
tion voxels; therefore, that is an ill posed problem. 

Image Fusion (Step 208) 

[0049] To address that problem, assume that every high 
resolution voxel is just a linear combination of the tWo 
loW-resolution functions: 

Where hl, h2 are tWo functions Which are back projected in 
such a Way that 

That represents a linear system With the same number of 
knoWns as unknoWns. The knoWn values are the observed 
image voxels, While the values to back-proj ect Which match 
the observation are estimated. Noise and inhomogeneous 
sampling make the problem a little bit harder; but that linear 
system can ef?ciently be solved using projection on convex 
sets (POCS). Although, in theory, all the components have 
to be orthogonally projected, it can be shoWn that the 
folloWing projecting scheme also Works: 
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Vyewl 
ll/ 

We. y/sd. z) = m. y/sd. z) - 

Where 0<0t<l, n=the WindoW size of W1, m=the WindoW size 
of W2: hlO(Xs y: Z)=g(X> y: Z) and h2O(Xs y: Z)=g2(X> y: Z) are 
the initial guesses for the estimation of back-projected 
functions. The advantage of that approach over standard 
orthogonal projection is that is equations are simpler and 
that they can be implemented ef?ciently on a computer. 

[0050] Experimental Data 

[0051] Some experimental data produced by the above 
technique Will noW be described. 

[0052] FIGS. 7A, 7B and 7C respectively shoW the origi 
nal MRI sagittal scan, the original MRI axial scan and the 
fused image of a human shoulder seen along an axial vieW. 
FIGS. 7D, 7E and 7F shoW the same, except seen along a 
sagittal vieW. FIGS. 7G, 7H and 71 shoW the same, except 
seen along a coronal vieW. In all three cases, the image is 
noticeably improved. 
[0053] FIGS. 8A, 8B and 8C shoW axial, sagittal and 
coronal slices, respectively, of simple fusion Without regis 
tration. FIGS. SD, SE and SF shoW the same slices With 
simple fusion after registration. FIGS. 8G, 8H and 81 shoW 
the same slices With complete image fusion. The simple 
fusion is g(x, y, z)=0.5 gl(x, y, z)+0.5 g2(x, y, Z), and the 
complete fusion is g(x, y, z)=hl(x, y, z)+h2(x, y, Z), Wherein 
hl and h2 are the tWo functions Which minimize the recon 
struction error. 

[0054] FIGS. 9A-9I shoW fusion of orthogonal images 
Without correlation. FIGS. 9A, 9B and 9C shoW axial vieWs 
of the original MRI sagittal scan, the original axial scan and 
the fused image, respectively, for an axial vieW. FIGS. 9D, 
9E and 9F shoW the same for a sagittal vieW. FIGS. 9G, 9H 
and 91 shoW the same for a coronal vieW. 

[0055] Multiple Local Coil Receivers and Multispectral 
Imaging 
[0056] Good signal-to-noise ratio is very important for an 
unsupervised segmentation algorithm. Even more important 
is the contrast-to-noise ratio among neighboring tissues. 
When local receiving coils are used, the signal from points 
far from the coil location is Weak; therefore, contrast among 
tissues located far from the receiving coil is loW. Some 
researchers have proposed several softWare alternatives to 
correct this signal fading, but this Will increase the noise 
levels as Well. Thus, it Will not solve the problem. The 
preferred embodiment uses tWo or more receiving coils, 
Which Will improve the signal reception at far locations. 

[0057] FIGS. 10A and 10B shoW the advantage of using 
multiple coils. FIG. 10A shoWs an MRI image of a knee 
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using three surface coils. FIG. 10B shoWs an MRI image of 
the same knee using four surface coils. 

[0058] Multispectral images Will noW be considered. Such 
images can be analogized to multispectral optical images, in 
Which, for example, red, blue and green images are com 
bined to create a single color image. 

[0059] FIGS. 11A and 11B shoW a tWo-band spectral 
image of a knee. FIG. 11A shoWs a cross section of a fat 
suppression MRI scan of the knee, Where fat, and bone 
tissues have almost the same loW density, cartilage has a 
very high density, and muscle tissue has a medium density. 
FIG. 11B shoWs the same knee, but noW, muscle tissue and 
cartilage have the same density, making them very hard to 
differentiate. Those images clearly shoW the advantage of 
the multispectral image approach in describing the anatomy. 

[0060] The analysis of a multispectral image is more 
complex than that of a single-spectrum image. One Way to 
simplify the analysis is to reduce the number of bands by 
transforming an N-band multispectral image in such a Way 
that passes the most relevant image into an (N-n)-band 
image. The transform that minimizes the square error 
betWeen the (N-n)-band image and the N-band image is the 
discrete Karhuen-Loeve (K-L) transform. The resulting indi 
vidual images from the transformed spectral image after 
applying the K-L transform are typically knoWn as the 
principal components of the image. 

[0061] Let the voxel x be an N-dimensional vector Whose 
elements are the voxel density from each individual pulse 
sequence. Then the vector mean value of the image is 
de?ned as 

Where M is the number of voxels in the image. 

[0062] Because Cx is real and symmetric, a set of n 
orthogonal eigenvectors can be found. Let ei and M, i=1, 2, 
. . . N, be the eigenvectors and the corresponding eigenval 
ues of CK, so that }\,J->}\,j+1. Let A be the matrix formed With 
the eigenvectors of CK. Then the transformation 

FAQ-m). 

is the discrete K-L transform, and yi, i=1, 2, . . . N, are the 
components of a multispectral image. FIGS. 11C and 11D 
shoW the principal components of the tWo-band spectral 
image shoWn in FIGS. 11A and 11B. The advantage of the 
K-L decomposition of a multispectral image is that the 
image With the highest contrast is associated With the highest 
eigenvalue of the correlation matrix, and the image associ 
ated With the smallest eigenvalues usually is irrelevant. 

[0063] The high-contrast, multispectral images thus 
formed can be utilized for diagnosis and for input to post 
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processing systems, such as three-dimensional rendering 
and visualiZation systems. If the multispectral data are from 
orthogonal planes or are acquired With some misregistration, 
the registration and orthogonal fusion steps described herein 
can be employed to enhance the resolution and contrast. 

[0064] While a preferred embodiment of the present 
invention has been set forth above, those skilled in the art 
Who have revieWed the present disclosure Will readily appre 
ciate that other embodiments can be realiZed Within the 
scope of the present invention. For example, While the 
invention has been disclosed as used With the hardWare of 
FIG. 1, other suitable MRI hardWare can be used. For that 
matter, the invention can be adapted to imaging techniques 
other than MRI, such as tomography. Also, While the scans 
are disclosed as being in orthogonal directions, they can be 
taken in tWo different but non-orthogonal directions. There 
fore, the present invention should be construed as limited 
only by the appended claims. 

1-20. (canceled) 
21. A method of forming an image of a subject, the 

method comprising: 

(a) performing an MRI scan on the subject to take image 
data having a plurality of spectral bands; and 

(b) forming the image from the image data. 
22. The method of claim 21, Wherein step (b) comprises 

selecting a subplurality of the plurality of spectral bands to 
form the image. 

23. The method of claim 22, Wherein the subplurality of 
the plurality of spectral bands is selected by ranking the 
plurality of spectral bands in order of image contrast and 
selecting the spectral bands Whose image contrast is highest. 

24. The method of claim 23, Wherein the plurality of 
spectral bands is ranked in order of image contrast by: 

deriving a covariance matrix from the plurality of spectral 
bands; 

deriving a set of orthogonal eigenvectors and a corre 
sponding set of eigenvalues from the covariance 
matrix; and 
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ranking the orthogonal eigenvectors in order of their 
corresponding eigenvalues. 

25. The method of claim 21, Wherein step (a) is performed 
With a plurality of receiving coils. 

26. The method of claim 25, Wherein step (a) is performed 
using at least three receiving coils. 

27. The method of claim 26, Wherein step (a) is performed 
using at least four receiving coils. 

28-47. (canceled) 
48. A system for forming an image of a subject, the system 

comprising: 
scanning means for performing an MRI scan on the 

subject to take image data having a plurality of spectral 
bands; and 

computing means for forming the image from the image 
data. 

49. The system of claim 48, Wherein the computing means 
selects a subplurality of the plurality of spectral bands to 
form the image. 

50. The system of claim 49, Wherein the subplurality of 
the plurality of spectral bands is selected by ranking the 
plurality of spectral bands in order of image contrast and 
selecting the spectral bands Whose image contrast is highest. 

51. The system of claim 50, Wherein the plurality of 
spectral bands is ranked in order of image contrast by: 

deriving a covariance matrix from the plurality of spectral 
bands; 

deriving a set of orthogonal eigenvectors and a corre 
sponding set of eigenvalues from the covariance 
matrix; and 

ranking the orthogonal eigenvectors in order of their 
corresponding eigenvalues. 

52. The system of claim 48, Wherein the scanning means 
comprises a plurality of receiving coils. 

53. The system of claim 52, Wherein the plurality of 
receiving coils comprises at least three receiving coils. 

54. The system of claim 53, Wherein the plurality of 
receiving coils comprises at least four receiving coils. 

* * * * * 


