
US008390291B2

 

 

a2) United States Patent (10) Patent No.: US 8,390,291 B2
MacFarlaneet al. (45) Date of Patent: Mar.5, 2013

(54) APPARATUS AND METHOD FOR TRACKING 5,810,728 A 9/1998 Kuhn
MOVEMENTOFA TARGET 6,490,473 Bl 12/2002 Katznelsonetal.

6,584,339 B2 6/2003 Galloway, Jr. et al.

(75) Inventors: Duncan L. MacFarlane, Dallas, TX 6879.160 BS ee me etal.

(US); Richard Briggs, Dallas, TX (US), 6,891,625 B2 5/2005 Tomitaet al.
Andrei A. Zaremba, Richardson, TX 6,892,089 Bl 5/2005 Princeet al.

(US); Keith D. White, Gainesville, FL 7,167,575 Bl 1/2007 Nichaniet al.
(US) 7,190,991 B2* 3/2007 Cableetal. 600/407

7,295,290 B2 11/2007 Yanagisawaet al.
7,335,898 B2* 2/2008 Dond tal. 250/458.1

(73) Assignees: The Board of Regents, The University 7,466,303 B2 12/2008 Viet aL we

of Texas System, Austin, TX (US); The 7,498,811 B2* 3/2009 MacFarlane etal. ......... 324/318
United States ofAmerica, as 7,583,901 B2 9/2009 Nakagawaetal.
represented by the Depatmentof 7,599,731 B2* 10/2009 Rice et al. cscs 600/473

: : 7,747,312 B2 6/2010 Barrick et al.
Veterans Affairs, Washington, DC (US) 7,912,532 B2* 3/2011 Schmidt et al.0... 600/424

. 7,977,942 B2* 7/2011 White v. 324/307
(*) Notice: Subject to any disclaimer, the term of this 8,036,731 B2* 10/2011 Kimchyetal. oc. 600/436

patent is extended or adjusted under 35 2004/0019274 Al 1/2004 Galloway, Jr. et al.
US.C. 154(b) by 153 days 2004/0267111 Al 12/2004 Feinberg
— , 2005/0054910 Al 3/2005 Tremblay etal.

(21) Appl. No.: 13/065,924 2005/0182319 Al 8/2005 Glossop

(Continued)

22) Filed: Apr. 1, 2011 taps
(22) File pre's Primary Examiner — Brij Shrivastav
(65) Prior Publication Data (74) Attorney, Agent, or Firm — Schultz & Associates, P.C.

US 2011/0181893 Al Jul. 28, 2011 (57) ABSTRACT

. os The present invention discloses an apparatus and method to

Related U.S. Application Data track the movementof a target. One embodimenttracks the

(63) Continuation of application No. 12/152,951, filed on |movement ofthe patient during medical imaging scanning
May19, 2008, now Pat. No. 7,977,942. using optical technology. Optical systems record the position

and movementofthe target and provide inputs to a processor.
(51) Int. Cl. The processoris capable of performing mathematical analy-

GOV3/00 (2006.01) sis of the movementof the target to determine the positional

(52) US. CM. cceecccccessscssccssssessssessessseeens 324/318; 324/322 shift of the patient. Weighted averages, phase correlation,
(58) Field of Classification Search .......... 324/300-322;  Fourier-Mellin algorithms, and cross-correlation of data

600/407_445 related to X-Y translation are used to calculate movement of
See applicationfile for complete search history. the target subject. Feedback related to the movementis pro-

vided to the medical imaging scanning machine which allows

56 References Cited for adjustments in focusing coils for real time tracking of the(56) H 2 g

U.S. PATENT DOCUMENTS

5,365,927 A 11/1994 Roemeret al.
5,408,409 A 4/1995 Glassman etal.
5,617,857 A 4/1997 Chaderetal.

Slots

SAA.

!\
()

patient’s movements during the procedure. As a result, the
medical image scanning procedure becomes more accurate as

it is adjusted for the patient’s movements.

17 Claims, 10 Drawing Sheets

     

   
UiYhttiitien,



US 8,390,291 B2

 
Page 2

U.S. PATENT DOCUMENTS 2012/0259213 Al* 10/2012 Conquergoodetal. ....... 600/431
Es

2009/0039235 A1* 2/2009 MacFarlaneetal. ...... 250/206.1 2012/0265071 ALS 10/2012 Berke veers 600/439
2012/0078088 Al* 3/2012 Whitestoneet al. .......... 600/425

 

2012/0226152 Al* 9/2012 Porikli oe 600/427 * cited by examiner



U.S. Patent

FIG. I

  l

Mar.5, 2013 Sheet 1 of 10 US 8,390,291 B2

%CALCULATIONS OF THE FIRST MATRIX

A=0; B=0; C=0; D=0;

c=sum(t); %SumM of the columns
r=sum(t'); %Sum of the rows
For j=1:40,

A=A+C(j)*j; %calculating the weighed average for the columns
end

for i=:40,
B=B+r(i)*i; %calculating the weighed average for the rows
end

for j=1:40,
C=C+c(j); %Calculating the sum of the vector c(columns);
end
for i=1:40,

D=D-+r(i); %calculating the sum of the vector r(rows);
end
A=A/C; %A= center of mass of rows of the matrix
B=B/D; %B=center of mass of the columns on the matrix

%CALCULATIONS FOR THE SECOND MATRIX

Q=0; W=0; E=0; R=0:

c1=sum(y); %SumM of the columns
rt =sum(y'); %sum of the rows
for jj=1:40,
Q=Q+c1(j)*jj; %calculating the weighted average for the columns
end

for jj=1:40,

E=E+c1(jj); %calculating the sum of the vector c1 (columns);
end

for ii=1:40,

R=R+11 (ii); %calculating the sum of the vector r1 (rows);
end

Q=Q/E; %Q=center of mass of rows of the matrix
W=W/R; %W=center of mass of the columns on the matirx

%Calculation of the distance between the two
%Our variables are A->Q:B->W;:
columns =abs(A-Q);
rows =abs(B-W);
distance = (rowsA2 + columnsA2)A(.5);
angle =atan(columns/rows);
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x=imread(‘zero.jpq');

y=imread(‘Image_0140.jpg’):

c=normxcorr2(x(:,:,1), y(.1));

[max_c, imax] =max(abs(c(:)));

 

 

    

FIG. 2
[ypeak, xpeak] =ind2sub(size(c),

imax(1));

XY_offset= [(xpeak-size(y,2))

(ypeak-size(y,1))];
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int =imread(‘rect1.jpg'); %input1 =abs(fft2(in1)); input! =imread(‘rect.jpg');
%input 1=double(input 1(:,:,1));
oRows =size(inputt, 1);
oCols =size(inputt 2);

dTheta=2*pi/ oCals; % the step size for theta
b=10 A (log1 O(oRows)/ oRows): % base for the log-polar conversion
for i=1:o0Rows % TOWS

for j=l:0Cols % columns
r=b“i-1;  % the log-polar
theta=j*dTheta;

x=round(r* cos(theta) + size(input,2)/2);
y=round(r*sin(theta) +size(inputt ,1)/2);
if (x>0) & (y>0) & (x<size(inputt ,2)) & (y<size(input1,1))

output(1,j)=inputt (y,x);
end

end
end

in2=imread(‘rect2.jpg'); input2=in2; %input2 =double(input2(:,:,1));
%input2 =abs(fft2(in2rotated));
oRows =size(input2,1); oCols=size(input2,2);
dTheta=2*pi/ oCols:; % the step size for theta
b=10 A (log10(oRows)/ oRows); % base for the log-polar conversion
for i=1:0Rows % rows

for j=1:0Cols % columns
r=b*i-1;  % the log-polar
theta=j*dTheta;
x=round(r* cos(theta) + size(input2,2)12);
y=round(r*sin(theta) + size(input2,1)/2);
if (x>0) & (y>0) & (x<size(input2,2)) & (y<size(input2,1))

output2 (i,j) =input2 (y,x);

end
end

end;
x=outputt; y=output2; fx=(fft2(outputl)); fy=(fft2(output2)):
Yotx= titshitt(fx); fy =fitshift(fy); %potar(fx); %tigure, polar(fy);

c=normxcorra(fx(:,:,1),fy(:,:,1));
{max_c, imax] =max(abs(c(:)));
{ypeak, xpeak] = ind2sub(size(c),imax(1));
XY_offset= [(xpeak-size(y,2)) (ypeak-size(y,1))]; %imagesc(output1), colormap(‘gray’),
figure, imagesc(output2), colormap(‘gray’);

———SS—S—————rrSe

FIG. 4
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14101 cTRUCTURED LIGHT IS GENERATED

1420~] PATIENTS INITIAL
POSITION IS MEASURED

1430~, STRUCTUREDLIGHTIS
RECEIVED BY OPTICAL SENSOR

1449-1 POSITION CHANGEIS CALCULATED

POSITION CHANGEIS
14507 TRANSMITTED TO MRI

t
MRI ADJUSTS FIELDS TO

14607| OPTIMIZE MR IMAGE   
FIG. 14
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1
APPARATUS AND METHOD FOR TRACKING

MOVEMENTOFA TARGET

CROSS REFERENCE TO RELATED

APPLICATIONS

This application is a Continuation claimingpriority benefit
from U.S.patent application Ser. No. 12/152,951, filed May

19, 2008 now U.S. Pat. No. 7,977,942 entitled “Apparatus and
Method for Tracking Movement of a Target” which claims

priority benefit from U.S. patent application Ser. No. 11/282,
046, now U.S. Pat. No. 7,498,811 issued on Mar. 3, 2009.

TECHNICAL FIELD OF THE INVENTION

The present invention relates, in general, to the field of
motion tracking, and in particular to head tracking in a mag-

netic resonance imaging application. In particular the inven-
tion teaches an apparatus and methodto track the movement

of a target in three-dimensional space during medical imag-
ing scanning using optical technology. The invention further

comprises an apparatus and methodto use the head tracking

data to control the magnetic field gradients and/or radio fre-
quencyfields of the magnetic resonance imaging instrument

thereby maintaining active image registration during the
scans.

BACKGROUND OF THE INVENTION

Computerized tomography (CT), magnetic resonance

imaging (MRI), and positron emission tomography (PET),

coupled with developments in computer-based image pro-
cessing and modeling capabilities have led to significant

improvements in theability to visualize anatomical structures
in humanpatients. This information has becomeinvaluable in

the diagnosis, treatment, and tracking of patients. The tech-

nology has been recently been expanded to be used in con-
junction with real-time interventional procedures.

MRIis the method of creating images (referred to as MR
images) of the internal organsin living organisms. Thepri-

mary purpose is demonstrating pathological or other physi-
ological alterations of living tissues. MRI has also found

many niche applications outside ofthe medicaland biological

fields such as rock permeability to hydrocarbons andcertain
non-destructive testing methods such as produce and timber

quality characterization. Superb image contrast for soft tis-
sues and millimeter scale spatial resolution has established

MRIas a core imaging technology in most medical centers.
MRIis unique among imaging modalitiesin that any one of a

multitude of tissue properties can be extracted and high-

lighted.
The MRIprocess requires a highly accurate and stable

target which to image. This is a consequenceofthe process by
which medical MRIfunctions. Medical MRI mostfrequently

relies on therelaxation properties of excited hydrogen nuclei
in water. Whenthe object to be imagedis placed in a power-

ful, uniform magnetic field, the spins of the atomic nuclei

with non-zero spin numbers within thetissue all align in one
of two opposite directions: parallel to the magnetic field or

antiparallel.
The difference in the numberofparallel and antiparallel

nuclei is only about one ina million. However, dueto the vast
quantity of nuclei in a small volume, the nuclei sum to pro-

duce a detectable change in field strength. The magnetic

dipole momentofthe nuclei then movesin a gyrating fashion
around the axial field. While the proportion is nearly equal,

slightly more nuclei are oriented at the low energy angle. The
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2
frequency with which the dipole moments processis called
the Larmor frequency. The tissue is then briefly exposed to

pulses of electromagnetic energy (RF pulse) in a plane per-

pendicular to the magnetic field, causing some of the mag-
netically aligned hydrogen nuclei to assume a temporary

non-aligned high-energy state.
In order to selectively image the different voxels (3-D

pixels) ofthe material in question, three orthogonal magnetic
gradients are applied. Thefirst is the slice selection, which is

applied during the RF pulse. Next comes the phase encoding

gradient, and finally the frequency encoding gradient, during
whichthe tissue is imaged. Mostofthe time, the three gradi-

ents are applied in the X, Y, and Z directions of the machine.
As a consequenceofthis methodology, any small shift in the

position ofthe patient with respect to these fixed gradient axes
will alter the orientations andpositions ofthe selected slices.

In order to create an MR image, spatial information must

be recorded along with the received tissue relaxation infor-
mation. For this reason, magnetic fields with an intensity

gradient are applied in addition to the strong alignmentfield
to allow encodingofthe position ofthe nuclei. A field with the

gradient increasing in each ofthe three dimensionalplanesis
applied in sequence. This information is then subsequently

subjected to a Fourier transformation by a computer that

transformsthe data into the desired imageandyields detailed
anatomical information results.

With conventional anatomic MR imaging,the presence of
moving biological tissue is problematic. The tissue produces

imageartifacts, degrades the quality ofthe images, and com-
plicates the interpretation ofMR images. The typical appear-

ance of such imageartifacts takes the form of “blurring,” or a

characteristic “motion ghost” in the phase encodingdirection
associated with incorrectly encoding the spatial frequencies

of a moving object that is assumedto bestatic.
The typical medical resolution is about 1 mm, while

research models can exceed 0.1 mm. Throughthe process of

MRI, anatomycanbe defined in great detail, and several other
biophysical and metabolic properties of tissue, including

bloodflow, blood volume,elasticity, oxygenation, permeabil-
ity, molecularself-diffusion, anisotropy, and water exchange

through cell membranes, can also be represented. Conven-
tional anatomical MR imaging uses this spin-echo, gradient-

echo, and inversion recovery sequencing. There are other

methods of MRthat are currently being used, including mag-
netic resonance spectroscopy (MRS), apparent diffusion

coefficient (ADC) mapping, diffusion-weighted imaging
(DWI) and its derivatives of diffusion tensor imaging and

tractography, perfusion imaging, permeability imaging, MR
angiography (MRA), and functional MRI (MRI). As the

techniques ofMR become moreprecise, there is correspond-

ing need for increased accuracy andthe tracking ofthe patient
during the MR procedure. See E. Fukushima andS. B. W.

Roeder, ExperimentalPulseNUR Addison-Wesley, Reading,
Mass. 1981; T. C. Farrar, An Introduction To Pulse NMR

Spectroscopy Farragut Press, Chicago, 1987; R. C. Jennison,
Fourier Transforms and Convolutions Pergamon Press, NY

1961; E. O. Brigham, The Fast Fourier Transform Prentice-

Hall, EnglewoodCliffs, N.J. 1974; and A. Carrington A. D.
McLachlan, Jntroduction To Magnetic Resonance Chapman

and Hall, London 1967 which are each hereby incorporated
by reference.

Functional MRI (fMRI) measures signal changes in the
brain that are due to changing neural activity. This scan is

completed at a low resolution but at a very rapid rate (typi-

cally once every 1-3 seconds). Increases in neural activity
cause changes in the MRsignal via a mechanism called the

BOLD(blood oxygen level-dependent)effect. Increased neu-
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ral activity causes a corresponding increased demand for
oxygen, which is respondedto by the vascular system, which

increases the amount of oxygenatedrelative to deoxygenated

hemoglobin. Because deoxygenated hemoglobin attenuates
the MRsignal, the vascular responseleadsto a signal increase

that is related to the neural activity. The use of MRI to mea-
sure physiologic and metabolic properties oftissue non-inva-

sively requires dynamic imaging to obtain time-series data.
One example of the use of {MRI is to measure brain activ-

ity. This use relies on a well-established neurovascular cou-

pling phenomenonthatresults in transient increases in blood
flow, oxygenation, and volumein the vicinity of neuronsthat

are functionally activated above their baseline level. Signal
changes due to the blood oxygenation-level-dependent

(BOLD)effect are intrinsically weak (only several percent
signal change from baseline at 4.0 T or less). In addition, as

BOLDimagingis typically coupled with a repetitive behav-

ioral task (e. g., passive sensory, cognitive, or sensorimotor
task) to localize BOLD signals in the vicinity of neurons of

interest, there is significant potential for {MRI to be con-
foundedbythe presence of small head motions. Specifically,

such motion can introduce a signal intensity fluctuation in
time dueto intra-voxel movementofan interface between two

different tissues with different MR signal intensities, or an

interface between tissue and air. Random head motion
decreases the statistical power with which brain activity can

be inferred, whereas task-correlated motion cannotbe easily
separated from the fMRI signal due to neuronal activity,

resulting in spurious and inaccurate images of brain activa-
tion. In addition, head motion can cause mis-registration

between neuroanatomical MR and fMR images that are

acquired in the same examination session. This latter point is
important because the neuroanatomical MRIdata serve as an

underlay for {MRI color maps, and mis-registration results in
mis-location of brain activity. An analogous problem exists

for aligning anatomical and functional MRimagesperformed

on different days.
Lack of motion in current MRI examinations anatomic

motion is not merely preferred, but is instead absolutely
essential. Most aspects ofhuman motor system performance

require the patient to execute a movement as part of the
behavioral task that is imaged to visualize brain activity.

Movements can be very simple(e. g., self-paced finger tap-

ping) ormore complex(e.g., visually-guided reaching). Such
examinations require both that the desired movementis per-

formed in a well-controlled or well-quantified fashion, and
also that the movement does not induce task-correlated head

motion that confounds the ability to observe brain activity
using fMRI. Perhaps the most complicated scenario involves

combining use ofvirtual reality (VR) technology with fMRI,

to determine brain activity associated with VR tasks for
assessment and rehabilitation of impaired brain function.

Such applications are important from the standpoint of “eco-
logical validity” as they provide the opportunity to visualize

brain activity associated with tasks that generalize well to
everyday behavior in the real 3D-world. For example, posi-

tion tracking would be required to provide realistic visual

representation of a virtual hand operated by a data glove in a
virtual environment.

The problem of motion tracking within an fMRI environ-
ment has been well documented in published medical litera-

ture describing various aspects ofmotion detection and quan-
titation. See Seto et al., Neurolmage 2001, 14:284-297;

Hajnal et al., Magn Res Med 1994, 31: 283-291; Friston et al.,

Magn Res Med 1996, 35:346-355; Bullmore et al., Human
Brain Mapping 1999, 7: 38-48; Bandettini et al., Magn Res

Med 1993, 30:161-173; Cox. Comp Med Res 1996, 29:162-
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4
173; Cox et al., Magn Res Med 1999, 42:1014-1018;
Grootoonk et al., Neurolmage 2000, 11:49-57; Freire et al.,

JEEFETrans Med Im 2002, 21(5):470-484; Babak et al., Magn

Res Im 2001, 19:959-963; Voklye et al. 1999, Magn Res Med
41:964-972, which are each incorporated by reference.

As the clinical applications of MRI expand, there is a
concurrent requirementfor improved technologyto visualize

and determinethe position and orientation ofmoving objects
in the imagingfield. Improvementsin position tracking tech-

nology are required to advancethe resolution and quality of

the MRI, including the ability to image the anatomy of a
patent, the imaging of tissue functions, the use of MRI data

for other imaging modalities, and interventional applications.
For anatomical and functional MRIapplications, as well as

interventional MRI, there is the additional need to register
data from other imaging modalities to provide comprehensive

and complementary anatomical and functional information

about the tissue of interest. The registration is performed
either to enable different images to be overlaid, or to ensure

that images acquired in different spatial formats (e. g., MRI,
conventional x-ray imaging, ultrasonic imaging) can be used

to visualize anatomyor pathology in precisely the same spa-
tial location. While some algorithms exist for performing

such registrations, computational cost would be significantly

reduced by developing technology that enables data from
multiple different imaging modalities to be inherently regis-

tered by measuring the patient’s orientation in each image
with respect to a commoncoordinate system.

Bydetecting, tracking, and correcting for changes in move-
ment, data acquisition can be synchronizedto a specific tar-

get. As a consequence, MR data acquisition is gated to a

specific position ofthe target, andby implication, to a specific
position of a specific target region.

U.S. Pat. No. 6,067,465 to Foo,et al. discloses a method for
detecting and tracking the position of a reference structure in

the body using a linear phase shift to minimize motionarti-

facts in magnetic resonance imaging.In one application, the
system and methodare used to determine therelative position

of the diaphragm in the body in order to synchronize data
acquisition to the samerelative position with respect to the

abdominal and thoracic organs to minimize respiratory
motion artifacts. The time domain linear phase shift of the

reference structure data is used to determine its spatial posi-

tional displacementas a function ofthe respiratory cycle. The
signal from a two-dimensional rectangularor cylindrical col-

umn is first Fourier-transformed to the image domain,
apodized or bandwidth-limited, converted to real, positive

values by taking the magnitude ofthe profile, and then trans-
formed back to the image domain. Therelative displacement

of a target edge in the image domain is determined from an

auto-correlation of the resulting time domain information.
There is often a need in neuroimaging to look for changes

in brain imagesoverlong periodsoftime, such as the waxing
and waning of MSlesions, progressive atrophy in a patient

with Alzheimer’s disease, or the growth or remission of a
brain tumor.In these cases, the ability to determine the posi-

tion of anatomyas a function of time is extremely important

to detect and quantify subtle changes. High-spatial resolution
is a basic requirement of 3D brain imaging data for patients

with neurological disease, andmotion artifacts a consequence
ofmovement during scanning pose asignificant problem.Ifa

patient does not stay completely still during MR neuroimag-
ing, the quality of the MR scan will be compromised.

Manyof the advantages of MRI that make it a powerful

clinical imaging tool are also valuable during interventional
procedures. The lack ofionizing radiation and the oblique and

multi-planar imaging capabilities are particularly useful dur-
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ing invasive procedures. The absence ofbeam-hardening arti-
facts from bone allows complex approaches to anatomic

regions that may bedifficult or impossible with other imaging

techniques such as conventional CT. Perhaps the greatest
advantage of MRIis the superior soft-tissue signal contrast

available, which allows early and sensitive detection oftissue
changes during interventional procedures.

MRis used for procedures such as “interventional radiol-
ogy,” where images produced by an MRI scanner guide sur-

geons in a minimally invasive procedure. However, the non-

magnetic environmentrequired by the scanner, and the strong
magnetic radiofrequency and quasi-static fields generated by

the scanner hardware require the use of specialized instru-
ments. Exemplary of such endoscopic treatment devices are

devices for endoscopic surgery, such as for laser surgery
disclosed in U.S. Pat. No. 5,496,305 to Kittrell et al, and

biopsy devices and drug delivery systems, such as disclosed

in U.S. Pat. No. 4,900,303 and U.S. Pat. No. 4,578,061 to
Lemelson.

Prior art attempts at tracking motion using cross-correla-
tion and other simple distance measurement techniques have

not been highly effective where signal intensities vary either
within images, between images, or both. U.S. Pat. No. 6,292,

683 to Gupta et al. discloses a method and apparatusto track

motion of anatomy or medical instruments between MR
images. The invention includes acquiring a time series ofMR

images of a region of interest, where the region of interest
contains the anatomyorstructure that is prone to movement,

and the MR images contain signal intensity variations. The
invention includesidentifying a local reference region in the

region ofinterest of a reference image and acquired from the

timeseries. The local reference region ofthe reference image
is comparedto that ofthe otherMR imagesand a translational

displacement is determined between the local reference
region of the reference image and of another MR image. The

translational displacementhassignal intensity invariance and

can accurately track anatomy motion or the movementof a
medical instrument during an invasive procedure. Thetrans-

lational displacement can be used to align the images for
automatic registration, such as in myocardial perfusion imag-

ing, MRA, fMRI,or in any other procedure in which motion
tracking is advantageous. One of the problems with this

invention is that the application and implementation of this

methodology has proven difficult.
Two implementationsofthis correction scheme have been

disclosed. The first is where a correlation coefficient is cal-
culated and used to determine thetranslational displacement,

and one in which the images are converted to a binary image
by thresholding (using signal intensity thresholds) and after

computation ofa filtered cross-correlation, a signal peak is

located and plotted as the translational displacement.
Examples of techniques using this approach are shown in

USS. Pat. No. 5,947,900 (Derbyshire) and U.S. Pat No. 6,559,
641 (Thesen)

USS. Pat. No. 6,516,213 to Nevo discloses a method and
apparatus to determine the location and orientation of an

object, while the body is being scanned by magnetic reso-

nance imaging (MRI). Nevo estimates the location and ori-
entation of various devices (e.g., catheters, surgery instru-

ments, biopsy needles) by measuring voltages induced by
time-variable magnetic fields in a set of miniature coils, said

time-variable magneticfields being generated by the gradient
coils ofan MRI scanner during its normal imaging operation.

However, unlike the present invention, the system disclosed

by Nevo is not capable of position tracking when imaging
gradients are inactive, nor is it capable of measurements

outside the sensitive volume of the imaging gradients.
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6
A subsetofall ofthe above correction schemesis currently

conventionally employed in fMRI. As in anatomical MRI,

these schemes remain an incomplete solution to the problem

and the search for improved motion suppression continues.
Typically, fast imaging is employedto “freeze” motion within

the {MRI acquisition time frame, in combination with use of
headrestraints to limit motion.It is still possible to achieve

poor activation image quality if patients exhibit task-corre-

lated motion on the order of 1 millimeter. This problem is
particularly manifest in specific patient populations (e.g.,

dementia, immediate post-acute phase of stroke). Further-
more, image-based coregistration algorithms suffer from

methodological limitations. Consequently, the resulting co-
registered imagesstill can suffer from residual motion con-

tamination that impairs the ability to interpret brain activity.

Another methodoftracking the position of a patient in an
MRIis disclosed inUS Application 2005/0054910, published

Mar. 10, 2005. In this approach, a reference toolis fixed to a
stationary target as close as possible to the centre of the

sensitive measuring volume of an MRI-compatible camera
system. There are several drawbacksofthis approach, includ-

ing the requirement of a second “tracking” componentthat

mustbe calibrated with a dummyobject, the position ambi-
guity due to the configuration ofthis approach,andthe inher-

ent limitation ofthe resolution provided by this approach.
USS. Pat. No. 6,879,160 to Jakab describes a system for

combining electromagnetic position and orientation tracking
with magnetic resonance scanner imaging. Jakab discloses a

system where the location of a magnetic field sensorrelative

to a reference coordinate system of the magnetic resonance
scamneris determined by a tracking device using a line seg-

ment model of a magnetic field source and the signal from a
magnetic field sensor. However, resolutions provided by the

Jakab invention are not as precise as is possible.

There is consequently a need for improved patient move-
menttracking techniques in medical imaging. There is a need

for improved patient movementtracking that can function in
adverse environments including high strength magnetic and/

or radio frequency fields without the tracking mechanism
exerting it’s own RF pulse or magnetic field. There is a need

for improved patient movementtracking techniques that can

be performed in real time. In particular, but without limita-
tion, there is a need for real time tracking of a patient’s head

position in a highfield strength fMRI without disrupting the
scanning by the fMRI.

SUMMARY OF THE INVENTION

The present invention includes improvementsto the field of

tracking patient movement in an MRIapplication. An appa-

ratus and method are taught to track the movement of a
patient’s head during medical imaging scanning using optical

technology. Feedback control of the gradient and/or radiof-
requency magnetic fields can provide real time correction of

imaging data.
The following terms should be given the following mean-

ings:

“Cross-correlation”—Cross-correlation is meant to
include the process used to calculate the geometric translation

differences between two separate and independent images.
This process also compares two sequences of images on

element-by-element bases and can provide the point ofpeak
ofmost similarity.

“Structured light’—Structured light is meant to include

patterns of light that are suitable for cross-correlation. Gen-
erally speaking this may include a bundle oflight rays that

may bepatterned or structured in order to enhance the per-
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formanceofan optical measurement. Typically, the encoding

of structured light is predetermined, so that the record of

optical data can be optimally processed for spatial measure-

ments. Examplesof structured light may include, but are not
limited to, amplitude encoding, phase encoding, or a chro-

matic (or color) encoding.
“Phase correlation’”—Phasecorrelation is meant to include

the method of taking the Fourier Transform of two or more

images andcorrelating the relative phases to find rotation or
scale between them.

“Laser’—Theterm laser includes illumination sources of
sufficient intensity to drive detector optics to get a result. The

illumination sources can include broadband sources such as
incandescent lamps and flashbulbs. Narrowband sources are

also included such as gas discharge lasersor solid-state com-

pound ataxia lasers. I/}umination sources can also include
LEDs and/orarrays ofLEDs.I//umination sources can further

include sources of selected wavelength ranges or groups of
ranges.
One embodimentofthe instant invention is a system thatis

taught used in conjunction within an MRI machinethat uses

a predetermined pattern placed or projected onto a patient’s

head to track movement of a patient during an MRIscan.
Optical systems incorporating structured light and a proces-

sor record the position and movementofthe pattern and are
able to perform mathematical analysis ofthe pattern to deter-

mine the positional shift of the patient. Weighted averages,
Fourier transforms, Hadamard matrices and cross-correlation

ofdata related to X-Y translation, rotation and scaling of the

image of the pattern are used to analyze movementof the
patient’s head. Feedbackrelated to the movementis provided

to the MRI machinethat allows for adjustments in focusing
coils for real time tracking ofthe patient’s movements during

the MRI procedure. As a result, the MRI procedure becomes

more accurate asit is adjusted for the patient’s movements.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the features and
advantagesofthe present invention, reference is now made to

the detailed description of the invention along with the
accompanying figures in which corresponding numerals in

the different figures refer to correspondingparts and in which:

FIG. 1 is example of pseudo Matlab code that can be used
in the weighted average approach of comparing two images.

FIG. 2 is example of pseudo Matlab code that can be used
in the cross correlation of two images.

FIG.3 is illustration of the conversion between different
coordinate systems.

FIG.4 is example of pseudo Matlab code that can be used

in the Fourier-Mellin approach of comparing two images.
FIG. 5 is a schematic illustration of a head tracking appa-

ratus comprising a light source, structured light generated
between the light source and the conveying light path, an

object to be imaged, and a detectorarray.
FIG.6 is a schematic illustration of a head tracking appa-

ratus comprising a light source, structured light generated in

the conveying light path, an object to be imaged, and a detec-
tor array.

FIG.7 is a schematic illustration of a head tracking appa-
ratus comprising a light source, structured light that is gener-

ated between the conveying light path and the object to be
tracked, the object to be imaged, and a detectorarray.

FIG.8 is a schematic illustration of a head tracking appa-

ratus comprising a light source, a structured light generator at
the object to be imaged, the object to be imaged, and a detec-

tor array.
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FIG.9 is a block diagram ofa head tracking apparatus used

to provide active feedback to the measurementfields of the

MRI.
FIG.10 is a flow chart illustrating a methodofheadtrack-

ing.
FIG.11 is an illustration of one predetermined target that

can be used to with structured light.

FIG.12 is an illustration of a predeterminedtarget being

placed onto a patient’s forehead.
FIG.13 is an illustration of a predeterminedtarget being

projected onto a patient’s forehead.
FIG. 14 is a flow chart illustrating a method of providing

active feedback to the measurementfields of the MRI based
on headtracking data.

FIG. 15 is a flow chart illustrating a translation detection

algorithm.
FIG.16 is a flow chart illustrating a calibration algorithm.

FIG. 17 is a flow chart illustrating one preferred embodi-
ment of imagecorrelation.

FIG. 18 is an illustration of a target comprised of three
patterns made up of different dyes irradiated by sources of

different frequencies.

DETAILED DESCRIPTION OF THE INVENTION

While the making and using ofvarious embodiments ofthe

present invention are discussed in detail below, it should be
appreciated that the present invention provides many appli-

cable inventive concepts which can be embodied in a wide
variety of specific contexts. The specific embodiments

described herein are merely illustrative of specific ways to

make andusethe invention and do not delimit the scope ofthe
invention.

In one embodimentofthe instant invention is a system that
is used in conjunction within an MRI machine that uses a

predetermined pattern placed or projected onto a patient’s

head to track movement of a patient during an MRI scan.
Optical systems record the position and movement of the

pattern and are able to perform mathematical analysis of the
pattern to determinethe positional shift of the patient.

In this preferred embodiment, light is projected onto a
target that reflects some ofthe light into an optical receiver.

Oneofthe innovationsofthe present inventionsis the use of

structuredlight. Structured light consists ofan orderly pattern
ofrays oflight that is suitable for cross-correlation. Examples

of methods to create structured light include, but are not
limited to, using ofa laser to create a speckle pattern, a spatial

filter using a projector to convey the structured light pattern
(an example would be withuse ofa patternedslide), and using

a light source directed towards an area with a knownpattern.

Other examplesare an array oflight emitters either positioned
as a projector towards the target or as a light emitting tag

placed on the target. Another example is a spatial light modu-
lator used in the path ofprojected light such as a liquid crystal

display or a MEMSdevice. Chemically patterned light emit-
ting tags can also be used. Examples of these devices are a

light emitting tag containing patterns created by phosphores-

cent paint, inks or dyes. Other examples include variousfluo-
rophores used in inks or dyes such as pthalacyamine and

napthacyanine. In embodiments whereinks and dyes are used
with frequency shifting capabilities such as up converters and

down converters, illuminating light should match the fre-
quencies at which the tag produceslight in detectable levels.

Since motion detection was implemented using a cross-

correlation algorithm, any form of similarity within the struc-
tured light would adversely influence the robustness of the

algorithm. Therefore, any regularity or order in the pattern
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would produce multiple peaks in the cross-correlation thus
making it difficult to decide upon the highest one. This

embodimentavoids the problem of similarity within the pro-

jected light source by the use of an optimized pattern of
structured light.

Manyalgorithms and methodsofsignal processing can be
employed by the present invention in order to determine and

track movementof the structured light received either from
the targetor from the structured light generator. The preferred

embodimentuses weighted averages, cross-correlation, Fou-

rier-Mellin, phase correlation and image maximization to
determine movement. Of course, other signal processing

methods knowninthe art will suffice. A weighted average is
one methodused to calculate X andY translational motions.

The methodtreats every black pixel as a one and every light
pixel as a zero. A pixel is considered black if its RGB value

exceeds a certain preset value. In addition, a pixel is consid-

ered white if its RGB value is lower than a certain preset
value. The algorithm calculates the center of the image’s

imaginary weight in much the same way as a center of mass
would be calculated. The algorithm calculates the weighted

average ofthe columnsand rows. Whenthepattern translates
in two-dimensionalspace, the weighted average stays at the

same place within the pattern. This allows for the determina-

tion of the amountoftranslation that has occurred between
the two images. One example of an implementation of this

weighted average approach in a software application such as
Matlab is given in FIG.1.

Standard cross-correlation is another method that can be
used to calculate the X and Y translation differences of the

images. Cross-correlation compares two sequences ofimages

of a single target on an element-by-elementbasis and1s able
to provide the point or peak of “most similarity.” By calcu-

lating the coordinates of this peak, it is possible to find the
translation between the two images. Cross-correlation oftwo

images can be imagined as sliding one three dimensional

image over another until a perfect fit 1t found. The cross-
correlation of two complex functions f(t) and g(t) of a real

variable t, denoted fHg is defined by the following equation
where * denotes convolution and f is the complex conjugate

of f(t):

figaf-o*20,

One example of an implementation of this cross-correla-

tion approach in a software application such as Matlab is
given in FIG.2.

In another embodiment, the cross-correlation ofrotation is
found by using a Fourier-Mellin algorithm. Fourier-Mellin

methodtransforms Cartesian coordinatesto polar coordinates

and correlates the Fourier Transform ofthe two imagesto find
the angle of rotation. Oneillustration of the difference in the

coordinate systems is given by FIG.3. Thetraditional defi-
nition of the Fourier-Mellin transform is:

1 +Hoo
_ stf@= sil. F(sje" ds, t> 0,

The Fourier-Mellin transform is invariable in translation,
rotation, and scale. The Fourier-Mellin method consists of

four steps. First, the FFT (Fast Fourier Transform) of an
image is taken. A FFT is a discrete Fourier transform algo-

rithm which reduces the number of computations needed for

N points from (N?) to (2*N*(lg N)), where lg is the base-2
logarithm. If the function to be transformed is not harmoni-

cally related to the sampling frequency, the response of an
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FFT lookslike a sinc function (although the integrated power

is still correct). Aliasing (leakage) can be reduced by apodiza-

tion using a tapering function. However,aliasing reduction is

at the expense of broadening the spectral response.

The secondstep ofthe Fourier-Mellin transform is involves

the step of taking the Cartesian coordinates and converting

them to Log-Polar coordinates. This allows for a correlation

between translation in the Fourier-Mellin domain androta-

tion in Cartesian domain.

Third, the Mellin Transform is taken. The Mellin transform
is an integral transform that and is generally regarded as the

multiplicative version of the two-sided Laplace transform.
The general equation for a Mellin transform on an equation

f(t) 1s:

ax
{Mfis) = g(s) = ftxp.

0 x

Finally, the data from the output is analyzed to determine

the point of most similarity and adjustments for movement
may be made. One example of an implementation of this

Fourier-Mellin approach in a software application such as
Matlab is given in FIG. 4.

Another signal processing method used is Phase Correla-

tion. Phase Correlation consists of taking the Fourier Trans-
form of the two imagesandcorrelating the relative phases to

find rotation or scale. Phase correlation is another technique
thatutilizes a Fast Fourier Transform or FFT.

By taking the two dimensional FFT of an image, phase
information can be visualized. One equation used to acquire

the FFT of an imageis:

n-l

fiz » eFCy,

k=0

Intwo dimensions,the x,canbe viewed as ann, xn, matrix.

The algorithm correspondstofirst performing the FFT ofall
the rows and then ofall the columns(or vice versa).

In the phase correlation technique,it is possible to compare

the phases ofthe two imagesto detect the difference between
the two images. By determining the point where the phases

are at the maximum congruency,it is possible to determine
the angle of rotation between two images. By analysis of the

transform, the phase information that is contained in an image
is acquired. The change in the phase information holds the

key to determining the rotation angle of the image. The peak

in the middle of the graph correspondsto the point of most
congruency of the phases of the two images, and gives the

change in angle that the image has undergone. The phase
correlation algorithm wasutilized using the following steps.

First, the discrete FFT of two imagesis calculated. Second,
the conjugate ofthe second imageis taken. Third, the Fourier

transforms are multiplied together element-wise. Fourth, the

product of this multiplication is normalized element-wise.
Fifth, the normalized cross power spectrum inverse transform

is performed. Sixth, the peak ofthe inverse transform is taken.
This step may include using sub-pixel methods to determine

where a peak is found.
In one preferred embodiment, the results from the struc-

tured light were optimized by maximizing the percentage of

the image taken up by structured light without the structured
light exceeding the boundariesofthe target image. This pre-

ferred upper boundary (i.e. the structuredlight staying within



US 8,390,291 B2

11
the target image) is a result of the reliance by the cross-
correlation algorithmson a pixel-by-pixel comparison oftwo

images. Since the algorithm comparesstructured light, it is

desirable to achievethebestratio ofpixelsper structured light
element.Ifthe structuredlight takes up 100% ofthe image, no

change can be perceived betweenthestructuredlight and the
surrounding environment.Ifthe size of the structured lightis

too big (90%), different translational and rotational motions
might take someofthe structuredlight out ofthe field ofview

of the camera thus contributing to loss of information con-

tainedin the structured light. On the other hand, if the struc-
tured light constitutes too little (1%) of the overall image,

cross-correlation and Fourier-Mellin algorithms will not be
robust enough to perform precise calculations.

In FIG. 5, one preferred embodiment is shown. Lightis
generated with coherent laser 520. The light passes through

structured light generator 530 that is located between light

source 520 and conveying light path 540. Structured light
generator 530 could be implementedas, but not limited to, a

speckle pattern, a spatialfilter, a slide, an array of light emit-
ters, or a spatial light modulator based, for example, on a

liquid crystal or a MEMSdevice. The structured lighttravels
through conveying path 540 to object to be imaged 550.

Conveying path 540 could be an imagepreserving optical

fiber, free space, or any medium which does not disrupt the
transmission of the structured light. The structured light

appears on object to be imaged 550. Next, the structured light
is reflected onto return light path 560 which could be an image

preserving optical fiber, free space, or any medium which
does not disrupt the transmission of the structured light. If

return light path 560 is free space, image optics have to be

correctly determined using lenses, mirrors or other optical
train as would be well knownin the art. The light arrives at

analyzer 570, which could be a filter or polarizer before
entering detector array 580. In this embodiment, detector

array 580 is implemented as a CCD camera. One exemplary

part that could be used is a Digital Rebel XT made by Canon.
Thestructured light pattern is used to detect the movement of

object 550.
FIG.6 shows another preferred embodiment. Light is gen-

erated with coherentlaser 620. It enters conveying light path
640. Conveying light path 640 could be a multimodefiber or

any medium that does not disrupt the transmission of the

structuredlight. Inside conveying light path 640, a structured
light pattern is generated, for example a speckle pattern. the

structured light appears on object to be imaged 650. Next the
structured light goes into return light path 660, which could

be an imagepreserving fiber, example-coherent bundle, free
space, or through any medium which does not disrupt the

transmission ofthe structuredlight. Ifreturn light path 660 is

free space, image optics have to be correctly determined using
lenses, mirrors or other optical train as would be well known

in the art. The structured light enters detector array 670
which,in this embodiment, is implemented as a CCD camera.

Thestructured light pattern is used to detect the movement of
the object 650.

In FIG.7, another preferred embodimentis shown. Lightis

generated with coherent laser 720. The light travels on con-
veying path 740 to structured light generator 730 that is

located between conveying light path 740 and object to be
imaged 750. Conveying light path 740 could be an optical

fiber, free space, or any medium that does not disrupt the
transmission of the structured light. Structured light genera-

tor 730 could be implementedas, but not limited to, a speckle

pattern, a spatialfilter, a slide, an array of light emitters, or a
spatial light modulator based, for example, on a liquid crystal

or a MEMSdevice. The structured light appears on object to
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be imaged 750. Nextthe structuredlight goes into return light
path 760 which could be an imagepreserving fiber, example-

coherent bundle, free space, or any medium that does not

disrupt the transmission ofthe structured light. Ifreturn light
path 760 is free space, image optics have to be correctly

determined using lenses, mirrors or other optical train as
would be well knownin the art. The lightarrives at analyzer

770, which could be afilterorpolarizer before entering detec-
tor array 780. Detector array 780 is implemented in this

embodiment as a CCD camera. Thestructured light pattern is

used to detect the movementof object 750.
In FIG.8, another preferred embodimentis shown.Lightis

generated with coherent laser 820. The light travels on con-
veying path 840 to structured light generator 850 that is

located on the object. Structured light generator 850 is a
reflective material that producesstructured light; an example

would be a tag with a high-resolution matrix on it, or a

hologram.Thestructuredlight appears on object to be imaged
860. Next the structured light goes into return light path 870.

If return light path 870 is free space, image optics have to be
correctly determined using lenses, mirrors or other optical

train as would be well knownin the art. The light arrives at
analyzer 880, which could be a filter or polarizer before

entering detector array 890. Thefilter can be responsible for

selectively allowing a specified frequency oflight to reach the
detector. In this embodiment, detector array 890 is imple-

mented as a CCD camera. Thestructuredlight pattern is used
to detect the movementof object 860.

In yet another preferred embodiment, structured light gen-
erator 850 is a physical target with the ability to indepen-

dently producea structuredlight pattern. In this embodiment,

a matrix of high intensity LED devices is arranged in the
pattern to transmit a structured light beam to a receiver.

In another embodiment, structured light generator 850 is a
tag which has impressed onit a laser luminophore such as a

polycyclic chemical compoundthat is usually characterized

as fluorescent. Fluorophores are also suitable. Suitable laser
luminophores are available as laser pumped dyes sold for

example by Lambda Physik Goettingen, Germany. Typical
laser luminophoresdisplay fluorescence in the range of300 to

2500 nm and have a peak width of about 200 nm. Suitable
dyesare applied to a reflective tag in a patternwhich produces

structured light when illuminated with radiation and wave-

lengths which produced fluorescence. Light sources such as
laser light sources emitting in the 200 to 600 nm range are

suitable. The most preferred sources include XeCl-excimer
lasers (309 nm), nitrogen lasers (337 nm) and Nd:YAG (335

nm). Other preferred light sources LEDs which generally
emit light in a wavelength range of about 400 to 600 nm.

Chemical compoundsuseful as fluorophoresin this embodi-

ment include polycyclic hydrocarbons including catacon-
densed and pericondensed aromatics, heterocyclic hydrocar-

bons, including condensedand substituted indoles, oxazoles,
oxadiazoles and furnin compounds and xanthono and xan-

thonone derivatives including condensed systems, acids and
salts. Representative laser luminophores which are useful in

this embodiment include p-quatraphenyl, perchlorate ben-

zoic acid, monohydrochloride. Ofcourse, other laser lumino-
phores and fluorophores will also suffice. Representative

laser luminophores which are useful in this embodiment
include p-quatraphenyl, perchlorate benzoic acid, monohy-

drochloride. Of course, other laser luminophores will also
suffice.

In yet another embodiment, visible dyes andinvisible dyes

such as laser luminophoresor fluorophonesare used on a tag
in different or similar patterns. Iliminating radiation of dif-

ferent frequencies can then be used to producereflectances in
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structured light of different frequencies so that changes in
motion ofthe structuredlight generator can be detected in two

frequencies at the same time. The redundanciesare available

allow more accurate determination ofmovementofthe struc-
tured light generator.

In FIG. 18, another preferred embodimentis shown.Struc-
tured light generator 1850 in this embodimentis a physical

tag having three different patterns impressed on it with dyes
including a visible dye, a laser luminophore dye, and a fluo-

rophone. Each ofthe patterns is different. Light is generated

correspondingto thefirst dye by light source 1805. Reflected
light from light source 1805 impinges on structured light

generator 1850 andis reflected toward filter 1810 and receiver
1815. Filter 1810 is designed to tunethe light received from

structured light generator 1850 to a frequencyreceptive to the
laser luminophore dye. Light source 1820 produceslightat a

certain different frequency which impinges on structured

light generator 1850 andis reflected toward filter 1825 and
receiver 1830. Filter 1825 is designed to tune the light from

light source 1820 to the frequency of the fluorophone
includedin structured light generator 1850.

Light source 1830 generates light at a third frequency
which impinges on structured light generator 1850 and is

reflected at a certain visible frequency towardfilter 1835 and

receiver 1840. Filter 1835 is designed to tune the reflected
light from tag 1850 to a visible frequency. Eachofthe receiv-

ers is capable ofregistering the pattern producedby a specific
dye on structured light generator 1850.

In a block diagram ofhead tracking apparatus 910 provid-
ing active real time feedback to the measurementfields of

MRIinstrument 980 is shown. Light is generated with head

tracking apparatus 910. The structured light travels on con-
veying path 920 to object 930 under analysis. Next the struc-

tured light goes into return light path 940 which could be an
image preserving fiber, example-coherent bundle, or free

space. Thestructuredlight is registered at head tracking appa-

ratus 910 andsent to interface 960 between MRI instrument
980 and the headtracking apparatus via information-carrying

channel 950. Interface 960 can be implemented as a com-
puter. Interface 960 calculates the changein position ofobject

930 under analysis and sends the information to MRIinstru-
ment 980 via information carrying channel 970. MRIinstru-

ment 980 adjusts the fields according to the new position

information. This is accomplished in real time between suc-
cessive scans of the MRIinstrument.

In FIG. 10, a flow chart illustrating the method of head
tracking is shown.In thefirst phase structured light is gener-

ated 1010. In the second phase, structured light is used to
measure position 1020 of the object. In the third phase, the

object moves and the received structured light 1030 pattern

changes. In the fourth phase, the change in the received struc-
tured light pattern is calculated 1040.

The object for the structured light to be focused on may be
created in a number of ways depending on the embodiment

chosen. One preferred embodiment is the use of a random
monochromatic pattern that is used as a target. FIG. 11 is an

example ofone target that may be used to optimizethe results

from structured light. FIG. 12 is an illustration of the tech-
nique of placing this type of target pattern or tag onto a

patient’s forehead. FIG. 13is an illustration of the technique
of projecting this type of pattern onto a patient’s forehead.

One an exemplary part that can be used forprojection is an EP
751DLP made by Optima.

In FIG. 14, a flow chart illustrating the methodofproviding

active feedback to the measurementfields of the MRI based
on the head tracking data is shown.In thefirst phase struc-

tured light is generated 1410. In the second phase, structured
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light is used to measure position 1420 of the object. In the
third phase, the object movesandthe received structuredlight

1430 pattern changes. In the fourth phase, the change in the

received structuredlight pattern is calculated 1440.Inthe fifth
phase, the calculated change in the position of the objectis

sent to MRI instrument interface 1450. In the sixth phase,
interface 1450 communicates with the MRI instrument to

adjust the fields of the MRI to improve scan 1460. This is
accomplished in real time between successive scans of the

MRIinstrument.

FIG. 15 is a flow chart illustrating one implementation of
the Translation Detection Algorithm. Structuredlight is pro-

jected on target 1505. A first image is recorded (image N)
1510. Another image is then recorded (image N+1) 1515.

Host computer cross-correlates images (images N and N+1)
1520. The host computer finds the peak of cross-correlation

that corresponds to the point of ‘most similarity’ 1525. The

host computerinfers transformation data from the location of
the cross-correlation peak and sendsresults to the MRI 1530.

The next image is recorded (image N+2) 1535. Host com-
puter cross-correlates images N+2 and N+1 1540. Find the

peak of cross-correlation that corresponds to the point of
‘most similarity’ 1545. Infer transformation data from the

location ofthe cross-correlation peak and send results to MRI

1550.
FIG. 16 is a flowchart illustrating a possible method of

calibration. Structured light is projected on target 1605. The
first step is for a first image is recorded 1610. The nextstep is

for a second image is recorded (image N+1) 1615. The host
computer cross-correlates acquired images 1620. The coor-

dinates from image Nare assignedto be at a point based in

Cartesian coordinate system 1625. This point can be used as
a reference pointfor all further image calculation.

FIG.17is a flowchart illustrating another method ofusing
structured light to correct for motion data. In this embodi-

ment, there are three separate components: a host connected

to an optical receiver capable of receiving, processing, and
cross-correlating images, a network computer to create a

motion file based on information obtained from the host com-
puter, and an MRI controller capable of interfacing with the

network computerto accept data from the network computer
and correct MRI results based upon data obtained by the

network controller.

In the embodimentthatis illustrated by FIG. 17, thefirst
step is to project a predetermined pattern of structured light

onto target, where the area ofthe structured lightis less than
the area of the pattern, and where the structured light falls

completely within the target 1705. Structured light is
reflected off the target and into the host optical receiver, and

an image (image N)is captured by host optical receiver and

time stamped 1710. The next step is for a second imageto be
recorded (image N+1) and time stamped 1715. The host com-

puter cross-correlates images (images N and N+1) and finds
the peak of cross-correlation that corresponds to the point of

‘most similarity’ 1720. The host computer infers transforma-
tion data from the location of the cross-correlation peak and

sends results to network computer 1725. The network com-

puter creates a motion file indicating where motion has
occurred, what type of motion has occurred, and the magni-

tude of the motion and creates correction file 1730. The net-
work computertransmits the correction file to MRI controller

1735. The MRI controller corrects the MRIresults to adjust
for the motion detected by the host computer by using the

time stamps on each image taken by the MRIto the motion

data time stamped by host computer 1740. If the MRI scan is
complete, the host turns off structured light 1760. If the MRI

scan is not complete, image M is recorded by host and time
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stamped 1750. The host computer cross-correlates images

(images N and M)andfindsthe peak of cross-correlation that

correspondsto the point of ‘most similarity’ 1755. The host

computer infers transformation data from the location of the

cross-correlation peak from the original image N and the new

image M andsendsresults to network computer 1725.

It is envisioned that the embodimentillustrated by FIG. 17

could be modified to allow for the three components (e.g.

network computer, host computer, and MRI controller) to be

integrated into one or more components. It is further envi-

sioned that one computer to accomplish one or more of the

tasks, i.e. a central computer both capture and process images

and transmit the data directly to an MRI.It is further envi-

sioned by the inventors that the comparison in images could

be made from the each previous image in the sequencerather

than from the first image to give a clearer view of subtle

changes in movement.

It is further envisioned that there are other methodsto use
structured light patterns; i.e. electronic detection patterns

such as sensors attached to the patient’s head that could be

used as an alternative to optical receivers. Moreover, any
numberof different types of light source may be used to

project light, including, but not limited to, strobe lights.It is
further envisioned that in some embodiments target itself

emanate light by the use of a target that emits light directly
into an optical receiver.

While this invention has been described in reference to

illustrative embodiments, this description is not intended to
be construed in a limiting sense. Various modifications and

combinationsofthe illustrative embodiments, as well as other
embodiments of the invention, will be apparent to persons

skilled in the art upon reference to the description.It is there-
fore intended that the appended claims encompass any such

modifications or embodiments.

Aswill be recognized by those skilled in the art, the inno-
vative concepts described in the present application can be

modified and varied over a tremendousrangeofapplications,
and accordingly the scope of patented subject matter is not

limited by any ofthe specific exemplary teachings given.

The invention claimedis:

1. An apparatus for tracking the movementof a target,

comprising:
(a) a light source,

(b) a target capable ofreflecting structured light;
(c) an optical receiver capable ofreceiving structured light;

(d) a processor programmedto:
(1) accept a set ofimage inputs from theopticalreceiver;

and,

(2) determine the movementofthe target based upon the
set of inputs from the optical receiver.

2. The apparatus of claim 1, wherein the processoris fur-
ther programmed to determine the movementof the target

through an algorithm selected from the group consisting of:
weighted average algorithm, phase correlation algorithm, and

Fourier-Mellin algorithm.
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3. The apparatus of claim 1, further comprising a medical

imaging device programmedto receive the movementofthe
target and adjust a medical image based on the movementof
the target.

4. The apparatus of claim 1, further comprising a spatial
light modulator located between the light source and the
target.

5. The apparatus of claim 1, wherein the light source is a
laser.

6. The apparatus of claim 1, wherein the optical receiveris
a CCD camera.

7. The apparatus of claim 3, wherein the medical imaging
device is a MRIdevice.

8. The apparatus of claim 1, wherein thetarget is a sticker
attachedto a patient.

9. A methodfor tracking movementofa target, the method
comprising:

producing light from a light source;
passing the light through a structured light generator;
projecting structured light onto the target;
reflecting structured light off the target;
passing the reflected light through an analyzer;
receiving reflected light from the analyzer into a detector

array;
processing received reflected light to determine spatial

coordinatesofa first position of the target;
processing received reflected light to determine spatial

coordinates of a secondposition ofthe target; and,
tracking movementof the target.
10. The methodfor tracking movementofa target of claim

9, further comprising the step of selecting the structured light
generator from the group consisting of a speckle pattern, a

spatialfilter, a slide, an array of light emitters, a liquid crystal
display, or a MEMSdevice.

11. The methodfor tracking movementofa target of claim

9, wherein the step of producing light includes producingat
least two frequenciesoflight.

12. The methodfor tracking movementofa target of claim
9, further comprising affixing a reflective tag to a patient.

13. The methodfor tracking movementofa target of claim
9, wherein the step of receiving reflected light includes

receiving at least two frequencies oflight.

14. The methodfor tracking movementofa target of claim
9, further comprising the step of selecting the analyzer from

the group consisting ofa filter or a polarizer.
15. The methodfor tracking movementofa target of claim

9, wherein the step of receiving reflected light includes
receiving reflected light from the analyzer ina CCD camera.

16. The methodfor tracking movementofa target of claim

9, further comprising:
transmitting tracked movementto a medical imaging scan-

ning device; and
adjusting the medical imaging scanning device in response

to the determined movement.
17. The methodfor tracking movementofa target of claim

16, further comprising transmitting tracked movementto an

MRI.


