
US 20090187096A1 

(12) Patent Application Publication (10) Pub. No.: US 2009/0187096 A1 
(19) United States 

Tiernan et al. (43) Pub. Date: Jul. 23, 2009 

(54) SENSOR ARRAY FOR NUCLEAR MAGNETIC Related US. Application Data 

CE IMAGING SYSTEMS AND (62) Division of application No. 11/386,449, ?led on Mar. 
21, 2006, noW Pat. No. 7,535,228. 

Publication Classi?cation 

(75) Inventors: Timothy C. Tiernan, Newton, MA (51) Int CL 
(US); John Chetley Ford, A61B 5/055 (2006.01) 
Lexlngwn, MA (Us) (52) us. Cl. ...................................................... .. 600/421 

(57) ABSTRACT 

Correspondence Address: The present invention generally provides improved devices, 
TOWNSEND AND TOWNSEND AND CREW: systems, and methods for measuring materials With NMR 
LLP and/or MRI. Exemplary embodiments provide a sensor array 
TWO EMBARCADERO CENTER, EIGHTH for NMR mapping of the material. For example tissue can be 
FLOOR measured With the sensor array mounted on a probe body 
SAN FRANCISCO CA 94111_3834 (Us) having a distal portion Which can be inserted through a mini 

’ mally invasive aperture. While many tissues can be measured 
and/or diagnosed, one exemplary embodiment includes a 

(73) Assi nee, Radiation Monitorin Devices probe adapted for insertion into a lumen ofa blood vessel. The 
g ' I W t rt M A g S ’ sensor array can provide improved spatial resolution of tissue 

nc" a e Own’ (U ) and/or tissue structures positioned near the sensor array to 
diagnose potentially life threatening diseases, for example a 
?brous cap covering a vulnerable plaque. In speci?c embodi 

(21) APP1- NOJ 12/419,555 ments, the sensors are attached to an expandable member, for 
example a balloon, Which can be in?ated to urge the probe 
sensors radially outWard to position the sensors near the tissue 

(22) Filed: Apr. 7, 2009 structures. 

l 

Sensor Array 402 404 

/ r400 
. /. . . . t . . 

' ' |' ' I' \F‘_* +++++ 
406 406 406 

p P P P P 404 

00 w w 1% PI. 
+ : :l: : p \\ 

+ 406 40.6 
+ R3 + \ 

+ + + + + i c3 + ' 
+ + + 406 P 406 

P + + _“ — 402 
+ +++++ 

+ + + + + + T, / 
P + + 406 406 | 

+ 24 / 
+ + + + + + , _ 

+ P . 
- + 

-'—H—'-' + + + + + 





Patent Application Publication Jul. 23, 2009 Sheet 2 0f 15 US 2009/0187096 A1 

STATIC FIELD I MAGNETIC con. 

(PRIOR ART) FIG. 15 



Patent Application Publication Jul. 23, 2009 Sheet 3 0f 15 US 2009/0187096 A1 

/ / / / / / 
IRON /YOKE 

TIPS 38 IGRADIENTCOILS f , 

/////// 
WWW 

////// / 
AW 

(PRIOR ART) 
FIG. 1C 



US 2009/0187096 A1 

CLOSED LOOP 
PULSED COIL 

DRIVER CONTROL 

Jul. 23, 2009 Sheet 4 0f 15 

(50 

L 

L m 

m L T TN 

T TN D-LO N N FD OIR 0 RT 
0 RT OOT C DA 

0 M TS DDO E EE 
m E Em EEC T NP 

E T NP SSR 8 GM 

8 LE Y A 

P E GM 0U S 0 

MS 0 8 MC C R R S 0 Y H D M 

OT N M 

YH O > 

RE R = 

CH l N \ 4‘ 

: /_ < w R 

\0 DI 

\) \/ ww \ 

s \ 

@\\\\~\.Tc \ HM D M I 
- my 1 2f ,, 

,, \o . \ .. 

\ _ ._ m G _ 

_ _ C II _ 

/ ~ (\ F \ \8 r \ \ 0 0l\\ \\ 2 

\ 6 2 \ \ 

\ E86 \ 4 

LP \1/ \ 0 

\® m“ @ \ 2 

. ~ \ 

\\\\\ \\\\\\\\ 
\ 

Patent Application Publication 

FIG. 1E 



Patent Application Publication Jul. 23, 2009 Sheet 5 0f 15 US 2009/0187096 A1 

lh. { 

(PRIOR ART) 
FIG. 1F 



Patent Application Publication Jul. 23, 2009 Sheet 6 0f 15 US 2009/0187096 A1 

wmm 

NUE X / \\\\\\\\\\\\\\\\\\\\ 
\ 

mwm/ 0mm 



Patent Application Publication Jul. 23, 2009 Sheet 7 0f 15 US 2009/0187096 Al 

(N ..O_H_ 

own vwm ¢Nm 

N3. ..................... ...................... ........ ....... 8mg»... \ \\ \\ “k8” \\ \\ \\ \._....?§ 
....... ..m.mmu\. ............ .{m ..... ....... Q ..... 

x . 

o > A|% 

m 08 \ 

wmm N 



Patent Application Publication Jul. 23, 2009 Sheet 8 0f 15 US 2009/0187096 A1 

306 l ) 

BO 
[/330 I ‘ 

\c_—3s2 
/ :|——>B1 FIG 3 

360 | l 

200 microns 350 



Patent Application Publication Jul. 23, 2009 Sheet 9 0f 15 US 2009/0187096 A1 

[360 362 352 

FIG. 3A 

(360 352 

. 374 6 2370 
FIG. 3B 

428 430 
\ 

////////.432 
:| 0/4 34 B0 

/ / ///////// 

FIG. 3C 





Patent Application Publication Jul. 23, 2009 Sheet 11 0f 15 US 2009/0187096 A1 

@8 x 

m .91 m6 

AEEV mama =oozowcmw 523 £30 0.0 v.0 — _ 

Nd 

_ _ EmE 26.632 oEBw ozmcmmEozomm 

No.0 v0.0 mod mod N70 3.0 2.0 wfo 
(1) may vneu?ew 



Patent Application Publication Jul. 23, 2009 Sheet 12 0f 15 US 2009/0187096 A1 

456 

458 

FIG. 5A 

Field at Sensor from Tissue MR Signal 
10-9 I l I I I l I 

462 
10.10 _ Current RMD AMR sensor-J 1 

H I 464 
10-" r "°<><,<> Serpentine RMD AMR sensor-J - - 

00° C o 

‘o _ 0‘’<) 
460 E, 1012 - °o°°° 466 _ 

L: °°<><>°° High-Tc Loop AMR-J 
‘*5 13 000900 sensor 
C _ 0°00‘) \ - 

3 mo 

2 14 10 “00000000000 - 

10-15 _ . - 

10"“ 1 ' 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Depth below sensor/coil plane (mm) 

452 

FIG. 6 



Patent Application Publication Jul. 23, 2009 Sheet 13 0f 15 US 2009/0187096 Al 

N .OE AImE: 
ow? 

om; 

ow? 

om; 

om 

r ohv 



Patent Application Publication Jul. 23, 2009 Sheet 14 0f 15 US 2009/0187096 A1 

(.0 
I I I I I I I I I P. 

O 

O 

IN E I 
8 _ ‘I P. g g 
5 [.1 o 2 q. 
9;, ........................... ............................. L, , 
E I ------ -- D g 
g ------------------- _I_ "'f ___________________________ __\ 8 _ \‘w ‘_ g m 

“- 1 Q 0 

& ~ 2 (D 
' q) _ 

m ‘” LL 
9 E 
g 2 
U (D Q) 
o _ _‘Q _Q 
(X) o 5 
‘- Q 

' 8 8 g 
Q‘ q‘ 

_ A o \ X @ 
N'hI 0 
22 

I 

| a i 
l l l l l 1 | l l g 

‘- w. 0°. I\. <0. w. v. m. N. '1 Oo' 
o O O o O O O O o 

(L = 0W) uonezneu?ew eAnepz-aa 
o . 

O) 



Patent Application Publication Jul. 23, 2009 Sheet 15 0f 15 US 2009/0187096 A1 

410\ 
[412 

IMAGE 
CAPTURE 
DEVICE 

f418 f414 f416 
LESION 

Dlgalégs COMPUTER DETECTING 
DEVICE 

420 
F . 

- :1 

X? 

FIG. 9 



US 2009/0187096 A1 

SENSOR ARRAY FOR NUCLEAR MAGNETIC 
RESONANCE IMAGING SYSTEMS AND 

METHOD 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

[0001] The present application is a Divisional of US. Ser. 
No. 11/386,449 ?led Mar. 21, 2006; the full disclosure of 
Which is incorporated herein by reference in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] The present invention generally relates to the mea 
surement of tissue and other materials, often so as to diagnose 
vulnerable plaque, colon cancer, and other diseases of tissues 
adjacent body lumens or the skin. Embodiments of the inven 
tion may employ insertable probes utilizing magnetic reso 
nance imaging (MRI) and/or nuclear magnetic resonance 
(NMR) phenomena. 
[0003] Many diseases exist that can be successfully treated 
if diagnosed in a timely manner. Examples of such life threat 
ening diseases that can be successfully treated include ath 
erosclerosis and cancer. A variety of diagnostic imaging 
modalities have been developed to help diagnose these and 
other diseases including ultrasound, angiography, optical 
coherence tomography (OCT), thermography, spectroscopy, 
and MRI. Unfortunately, current techniques and apparatus 
used to diagnose diseases are often less than ideal, in some 
instances being ineffective and/or too complex or costly to 
implement on a routine clinical basis. Failures and delays in 
diagnosing life threatening diseases such as cancer and ath 
erosclerosis can lead to morbidity and/or mortality. 
[0004] Atherosclerosis, a hardening and/or thickening of 
the arteries, is a leading cause of mortality and morbidity in 
the United States. Atherosclerosis is a progressive pathologi 
cal process, often involving the sloW buildup of fatty sub 
stances, cholesterol, cellular Waste products, calcium, and 
?brin in the arterial Wall that can lead to blockage of the 
artery, and that can be a factor in multiple conditions includ 
ing coronary heart disease, myocardial infarction, angina 
pectoris, cerebral vascular disease, thrombotic stroke, tran 
sient ischemic attacks, organ damage, vascular complications 
of diabetes, and/or the like. 
[0005] Interventional treatments of standard plaques 
include coronary artery bypass surgery, percutaneous trans 
luminal angioplasty, and stenting, With these therapies gen 
erally being targeted at hemodynamically signi?cant stenoses 
identi?ed by conventional x-ray angiography. These treat 
ments are often quite effective in treating standard calci?ed 
and other stenotic plaques, and drug-eluting stents may 
extend the bene?ts Within the coronary arteries. HoWever, the 
materials and potential effects of plaques may vary betWeen 
different patients, and even betWeen different lesions of a 
single patient. Some plaques, and particularly those referred 
to as “vulnerable plaque” (Which may be characterized by one 
or more particular materials or structural forms) may play a 
disproportionate role in acute coronary syndromes and sud 
den heart attacks. 
[0006] The components of vulnerable plaques may include 
a soft or even liquid lipid-rich substance and a hard, collagen 
rich tissue cap. In postmortem studies, vulnerable plaques 
may be characterized by a thin (in some cases less than 65 
microns) ?brous cap, a large lipid-rich pool, and increased 
macrophage activity. Treatments appropriate for standard 
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stenotic plaques may be undesirable for such lesions, as a 
disruption of the ?brous cap integrity in these rupture-prone 
plaques may release procoagulant factors, resulting in throm 
bus formation and the potential for an acute coronary event. 
Therefore, practical diagnostic techniques able to distinguish 
vulnerable, high-risk, rupture-prone plaque from loW-risk, 
calci?ed plaques could prove very valuable in evaluation and 
treatment of atherosclerosis-related cardiovascular disease. 
As knoWn techniques for characterizing plaques have not yet 
gained Wide acceptance, a need exists for neW and improved 
techniques to identify and diagnose patients With vulnerable 
plaque. 
[0007] Colon cancer is also a major cause of death, and can 
affect the population at a relatively early age. Colon cancer 
can be successfully treated, and both diagnosis and treatment 
are available. Nevertheless, for a number of reasons, colon 
cancer continues to take lives. In some cases, this may be 
related to inadequacy of knoWn colonoscopy techniques in 
identifying cancerous lesions. While cancerous polyps may 
be anatomically distinct, some cancers can manifest them 
selves as a thickening of the colon Wall, Which can be dif?cult 
to evaluate. Therefore a need exists for an improved probe 
that can be used in conjunction With colonoscopy to resolve 
these ambiguous cases, potentially resulting in improved 
diagnostic e?icacy. 
[0008] There are still other clinical applications Where 
there exists a need to examine suspicious areas identi?ed 
during examination With visible light. These include broncos 
copy, urethral, esophageal and skin examinations, and the 
like. 
[0009] While MRI has shoWn promise for the diagnosis of 
diseases, current NMR systems and images have limitations 
that have limited the application of these techniques. In par 
ticular, standard NMR images of small and/or internal tissue 
structures may have a resolution Which is less than ideal for 
detecting and diagnosing ?ne tissue structures implicated 
With many diseases, including the ?brous cap of atheroscle 
rotic plaque and the thicker colon Walls that can be associated 
With colon cancer. Also, current MRI systems can be costly 
and bulky, and a patient scan can take several minutes. 
[0010] While knoWn MRI systems have alloWed a large 
number of patients to bene?t from diagnostic imaging, still 
further improvements Would be desirable. For example, it 
Would be advantageous to provide smaller MRI systems that 
are compatible With existing diagnostic equipment. 
Decreased patient scan time Would also be desirable and help 
to integrate MRI With current diagnostic tests. It Would also 
be advantageous to more effectively diagnose diseases, for 
example With high resolution MRI images. At least some of 
these potential advantages may be realized by the systems, 
devices, and methods described herein beloW. 

BRIEF SUMMARY OF THE INVENTION 

[0011] The present invention generally provides improved 
devices, systems, and methods for measuring tissues and 
other materials With MRI. Exemplary embodiments provide a 
sensor array for NMR mapping and imaging of the material. 
Tissue can be measured With the sensor array mounted on a 
probe body having a distal portion that can be inserted 
through a minimally invasive aperture or body ori?ce. While 
many tissues can be measured and/ or diagnosed, one exem 
plary embodiment includes a probe adapted for insertion into 
a lumen of a blood vessel. The sensor array can provide 
improved spatial resolution of tissue and/ or tissue structures 
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positioned near the sensor array to diagnose potentially life 
threatening diseases, including a ?brous cap covering a vul 
nerable plaque. In speci?c embodiments, the sensors are 
attached to an expandable member, for example a balloon that 
can be in?ated to urge the probe sensors radially outWard near 
the tissue structures of interest. 

[0012] In a ?rst aspect, the invention provides a device for 
NMR mapping of a material. The invention includes a magnet 
to orient nuclei of the material, and a coil to excite the oriented 
nuclei and induce an emission of NMR signals. An array of 
magnetoresistive sensors detects at least one of a magnetic 
?eld amplitude or a magnetic ?eld phase of the NMR signals, 
and each sensor occupies an array site to map detected signal 
locations. 

[0013] In exemplary embodiments, the magnetoresistive 
sensors are selected and arranged to provide improved sensi 
tivity of NMR measurements. For example, the magnetore 
sistive sensors can be arranged to detect the NMR signals in 
quadrature. In speci?c embodiments, each sensor is sensitive 
to a magnetic ?eld along a single direction in a sensor plane, 
and the axes of the sensors are arranged to detect the NMR 
signals in quadrature. The magnetoresistive sensors can 
include at least one of an anisotropic magnetoresistive sensor, 
a tunneling magnetoresistive sensor or a colossal magnetore 
sistive sensor. In some embodiments the magnetoresistive 
sensors may include at least one giant magnetoresistive sen 
sor. 

[0014] In exemplary embodiments the sensors, magnet and 
coil are arranged to provide a compact device. For example, 
the magnet can be positioned in proximity to the sensor array. 
Also, several magnets can be used to orient the nuclei of the 
material and each of the magnets can be positioned in prox 
imity to at least one sensor. The magnet can comprise at least 
one of an electromagnet or a permanent magnet, and the 
radiofrequency coil can be positioned in proximity to the 
sensor array. An external induction coil can poWer the radiof 
requency coil With inductive coupling, or a conductor can 
conductively couple the radiofrequency coil to a poWer 
source. The magnet can be positioned in proximity to the coil 
and the sensor array. 

[0015] Many embodiments include a display to shoW an 
NMR image of the material to a user, and a processor to map 
the signals from the sensors to the image. The material can 
include tissue of a patient, and the processor can superimpose 
the image on an anatomic image of the patient. The image can 
include at least one of a radiographic projection image, a CT 
image, an MRI image, or an ultrasound image. 

[0016] Exemplary embodiments include NMR signals to 
characterize the material. For example, the NMR signals can 
include at least one of a free induction decay signal, a spin 
echo signal or a sequence of spin echo signals . The NMR 
signals can include encoding to determine a slice for the 
locations of the signals in the material. The magnet can gen 
erate a static inhomogeneous magnetic ?eld and the signal 
encoding can include at least one of a radiofrequency excita 
tion phase encoding, a radiofrequency excitation frequency 
encoding, or a radiofrequency excitation amplitude encoding 
in the static inhomogeneous magnetic ?eld. The NMR signal 
can correlate With at least one of a nuclear density, a spin 
lattice relaxation time, a transverse relaxation time, a diffu 
sion, a magnetiZation transfer, a ?oW or a spectral distribution 
Within the material. At least one contrast agent can be used to 
enhance the NMR signals. 
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[0017] Speci?c embodiments of the device include bene? 
cial structures. For example, a protective enclosure can be 
used to protect at least one of the sensors, the coil or the 
magnet. A structure having a cavity formed therein, for 
example a bore in a magnet, can be provided to position the 
material in the cavity near the sensors. 
[0018] In another aspect, the invention provides a probe for 
measuring a tissue. The probe includes a body and an array of 
sensors. The body has a proximal portion and a distal portion 
that is inser‘table into a minimally invasive aperture. The array 
of sensors are sensitive to at least one of a magnetic ?eld 
amplitude or a magnetic ?eld phase, and each sensor occupies 
an array site to map an NMR signal from an associated mea 
surement region of the tissue. 
[0019] In speci?c embodiments the sensors are arranged in 
roWs. The distal portion of the body can have an axis extend 
ing toWard a distal end of the body, and the roWs can extend 
axially along the probe. Each sensor can have a ?eld of vieW 
and each roW can have an angular orientation arranged to 
separate the ?eld of vieW of each sensor in a ?rst roW from the 
?eld of vieW of each sensor in a second roW. 

[0020] In many embodiments, the distal portion of the body 
has an axis extending toWard a distal end of the body, and the 
probe is adapted to ?t Within a tissue structure as the probe is 
advanced along the axis. The sensors can be positioned cir 
cumferentially around the axis. 
[0021] In speci?c embodiments, the probe body is ?exible, 
Which can be bene?cial for tissue measurements. For 
example, the probe body can include a ?exible substrate, for 
example polyimide, having a printed circuit etched thereon, 
and the circuit can be connected With the sensors. The distal 
portion of the probe body can be adapted to deform to place 
the sensors in proximity With a tissue structure. For example, 
the probe body can include an expandable balloon to deform 
the distal portion of the probe body and place the sensors in 
proximity With the tissue structure. The probe body can be 
adapted for insertion into a vaginal, rectal, bronchial, urethral 
or esophageal body cavity. For example, the distal portion of 
the probe body can be disposed on a distal end of a catheter, 
and the probe adapted to measure a blood vessel. The tissue 
can include skin tissue and the probe can be adapted to lie on 
a surface of the skin tissue. The distal portion of the body can 
comprises a tube to drain ?uid from the tissue, for example 
Where the probe is implanted in tissue. 
[0022] In another aspect the invention provides a method of 
forming an NMR image of a material. Nuclei of the material 
are oriented With a magnet and excited With a coil to induce an 
emission of NMR signals. At least one of a magnetic ?eld 
amplitude or a magnetic ?eld phase of the NMR signals are 
measured from the material With a plurality of magnetoresis 
tive sensors, and each sensor occupies an array site on a probe. 
The signal from each sensor is mapped to a location in the 
image substantially dependent on the site on the probe. 
[0023] In many embodiments, the NMR signals are spa 
tially encoded to provide a depth of the signal from each 
sensor. The signal measured With each sensor can be mapped 
to the location in the image in correlation With the signal 
depth and sensor position on the probe. 
[0024] In exemplary embodiments, the material includes a 
tissue With a structure, and the array is conformed to the tissue 
structure to position the sensors near the tissue structure. For 
example, an expandable member can be in?ated to radially 
urge the sensors toWard the tissue structure such as a vessel 
Wall. 
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[0025] In another aspect, the invention provides a ?exible 
NMR assembly including a magnet, a coil and a magnetic 
?eld sensor. The magnet generates a magnetic ?eld along an 
axis to generate an orientation of nuclei along the axis. The 
coil excites the oriented nuclei to detect the nuclei With the 
sensor. The magnetic ?eld sensor is sensitive to magnetic 
?elds extending along a sensor plane, and the sensor plane 
oriented to avoid detection of the magnetic ?eld With the 
sensor. At least one of the sensor, the coil or the magnet is 
arranged to alloW the assembly to ?ex. The assembly can 
include ?exible substrate Which supports the magnet, the coil 
and the sensor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] FIG. 1A schematically illustrates a prior art MRI 
system; 
[0027] FIG. 1B schematically illustrates gradient coils of a 
prior MRI system; 
[0028] FIGS. 1C to IE schematically illustrate iron yoke 
magnets of prior MRI systems; 
[0029] FIG. 1F schematically illustrates a prior RF receive 
coil distinct and decoupled from an RF transmit coil; 

[0030] FIG. 2. shoWs intravascular MR probe for scanning 
vulnerable plaque, in accordance With an embodiment; 
[0031] FIG. 2A shoWs sensor pairs arranged in a 3x3 array 
for quadrature detection of the MR signal; 
[0032] FIG. 3 shoWs a close-up schematic of single AMR 
sensor, a magnet, and an RF transmit coil; 

[0033] FIG. 3A shoWs an RF coil conductively coupled to a 
poWer source; 

[0034] FIG. 3B shoWs an RF coil inductively coupled to a 
poWer source; 

[0035] FIG. 3C shoWs a probe With a cavity formed therein 
to position the material in the cavity near the sensors; 

[0036] FIG. 4 shoWs AMR sensors on a 1 mm silicon die 
having several arrays of barber-pole sensors in various con 
?gurations; 
[0037] FIG. 5 shoWs magnetic ?eld pro?le as a function of 
depth beloW the planar electromagnetic coil for the intravas 
cular MR probe. The resistive losses from this coil can be 5 W; 

[0038] FIG. 5A shoWs basic schema of a bi-layer spiral 
static BO magnetic ?eld coil and a serpentine AMR sensor. A 
700 um diameter spiral coil comprising 100 turns in tWo 
layers produces the magnetic ?eld pro?le shoWn in FIG. 5 
With approximately 5 W of Joule heating. A serpentine AMR 
sensor With serpentine geometry With overall dimensions of 
approximately 100x120 um ?ts in the interior of the coil. The 
detectability of the coil and sensor is shoWn in FIG. 6; 

[0039] FIG. 6 shoWs calculated MR signal versus depth 
beloW the coil, along With detectability limits of various mag 
netoresistive sensors assuming averaging signal from 10 
slices of 10 pm each and collecting data for 100 seconds; 
[0040] FIG. 7. ShoWs a Carr-Purcell-Meiboom-Gill 
(CPMG) MR pulse sequence With self-refocusing RF pulses 
at a speci?ed carrier frequency in the intrinsic ?eld gradient to 
provide slice selection; 
[0041] FIG. 8 shoWs a simulation of arterial Wall proton 
magnetiZation folloWing a 180° ‘pancake’ RF pulse applied to 
spins in the inhomogeneous static ?eld of a small electromag 
net; and 
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[0042] FIG. 9 illustrates an exemplary imaging system 
Which can be combined With the sensor array. 

DETAILED DESCRIPTION OF THE INVENTION 

[0043] Embodiments of the present invention are directed 
to improved MRI systems and methods. Many of these sys 
tems incorporate sensors based on the anisotropic magnetore 
sistive effect or giant magnetoresistive effect (AMR and 
GMR, respectively). These magnetoresistive effects include, 
but are not limited to the anisotropic magnetoresistive effect, 
tunneling magnetoresistive effect, colossal magnetoresistive 
effect, and giant magnetoresistive effect. Many of the sensor 
arrays described herein permit the formation of images by 
direct signal localiZation, rather than by frequency encoding. 
Although embodiments Will be discussed beloW in terms of a 
catheter probe to be used principally in the imaging of the 
coronary arteries, similar con?gurations can be used for 
examining suspicious areas of the colon identi?ed during 
colonoscopy, or in broncoscopy, urography, or for examina 
tion of the skin, and other applications, for example NMR 
testing of ground Water for contamination. 
[0044] In a preferred embodiment, the sensors described 
herein are integrated With small magnets and RF transmit 
coils to provide self-contained probes. Though the sensor 
arrays obviate the need for gradient coils, they can also obvi 
ate the need for large RF receive coils, and some alternative 
embodiments may use magnetoresistive sensors in conjunc 
tion With large external magnets and/or RF transmit coils 
Which are separated from the sensors. Because the gradient 
coil and poWer supply (gradient subsystem) can limit perfor 
mance, obviating the need for these components may create a 
fundamentally different environment in Which MRI is prac 
ticed. For instance, a major limitation on pulse sequence 
design can be the time associated With stabiliZation of the 
gradient magnetic ?eld. This time can sloW doWn imaging 
speed and decreases the e?iciency (signal-to-noise) of the 
imaging process. 
[0045] MRI is a Well-knoWn and commercially available 
non-invasive procedure for obtaining diagnostic information 
about the internal structures of living tissue. Elements of 
knoWn MRI systems and methods can optionally be incorpo 
rated into embodiments of the systems and methods of the 
present invention. In very brief summary, NMR nuclei (e. g., 
hydrogen, sodium, phosphorous) are nominally aligned, or 
oriented, With a static homogeneous magnetic ?eld B0. By 
applying predetermined sequences of NMR RF nutation 
pulses and magnetic gradient pulses of selected duration and 
in selected directions (e.g., to selectively cause transient gra 
dients in the B0 magnetic ?eld along the usual orthogonal x, y, 
Z coordinate directions), some of these nuclei are disturbed, 
or excited, in a predetermined manner from their equilibrium 
orientations. As they return to the loW energy orientation, they 
emit characteristic spatially encoded RF signals Which are 
detected, digitiZed and processed in knoWn Ways to produce a 
visual image representing the distribution of NMR nuclei 
(e.g., along selected planar “slice” volumes of the living 
tissue) Within a predetermined image volume. 
[0046] In conventional commercially available MRI sys 
tems, there are different geometries and coordinate systems 
used to practice MRI. For example, one common arrange 
ment uses a solenoidal cryogenic super conducting electro 
magnet to produce the nominally static homogeneous stable 
magnetic ?eld B0 along a Z axis centered Within the bore of the 
solenoid, as described in US. Pat. No. 4,607,225 issued to 
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Crooks Aug. 19, 1986, entitled “Apparatus and method for 
reducing spurious currents in NMR imaging apparatus 
induced by pulsed gradient ?elds,” the full disclosure of 
Which is incorporated herein by reference. Another arrange 
ment uses an array of permanent magnets and magnetic cir 
cuit yokes betWeen enlarged pole pieces disposed above and 
beloW the image volume, as described in Us. Pat. No. 5,386, 
191, to McCarten, et al. issued on Jan. 31, 1995, and entitled 
“RF coil providing reduced obstruction access to image vol 
ume in transverse magnet MRI system.”Yet another arrange 
ment uses a ferromagnetic core and superconducting coils to 
produce the B0 ?eld, as described in Us. Pat. No. 5,250,901, 
issued to Kaufman, et al. on Oct. 5, 1993, and entitled “Open 
architecture iron core electromagnet for MRI using supercon 
ductive Winding,” the full disclosure of Which is also incor 
porated herein by reference. 
[0047] Referring noW to FIG. 1A Which schematically 
illustrates a prior art MRI system employing a gradient coil. 
As those skilled in the art Will appreciate, the FIG. 1 depiction 
is schematic and omits much complexity so as not to obfus 
cate important features. In such a typical MRI system, a stable 
uniform and static magnetic ?eld B0 may be created by a main 
solenoidal magnetic 10 (e.g., a cryogenic superconducting 
electromagnet).A set of three gradient coils 12 can be used for 
creating gradients in the main magnetic ?eld along each of 
three mutually orthogonal coordinate directions x, y, Z, 
respectively. A radiofrequency (“RF”) coil 14 can be tightly 
coupled to an interior image volume (e.g., containing a 
patient’s head) for transmitting and receiving RF signals into 
and out of the image volume. FIG. 1B shoWs a schematic of 
gradient coils for a cylindrical magnet of the prior art, for 
example U.S. Pat. No. 4,607,225, the full disclosure ofWhich 
has been previously incorporated herein by reference. The 
gradient coil includes three gradient coils 12A, 12B and 12C 
for generating magnetic ?eld gradients along the x, y, and Z 
axis respectively. Other con?gurations for magnets and gra 
dient coils are possible. For example, FIG. 1C shoWs a cross 
section of an iron yoke magnet With permanent magnet driv 
ers 40 and 42 incorporating ?at gradient coils 36 and 38, as 
described in Us. Pat. No. 5,250,901, the full disclosure of 
Which has been previously incorporated by reference. In yet 
another con?guration shoWn in FIGS. 1D and 1E, symmetri 
cal 50 and asymmetrical 200 iron yoke magnets are driven by 
superconducting coils 160 and 212, respectively, and also 
incorporate ?at gradient coils 60 and 62 and 204 and 208, for 
example as described in Us. Pat. No. 5,250,901. The RF 
transmit and RF receive functions need not be incorporated 
into a single coil. As shoWn in FIG. IF an RF receive coil 122 
is distinct and decoupled from an RF transmit coil 100, for 
example as described in Us. Pat. No. 5,386,191, the full 
disclosure of Which has been previously incorporated by ref 
erence. 

[0048] Referring again to FIG. 1, the RF coil 14 (or in some 
applications separate transmit and receive RF coils) can be 
connected to suitable transmit and receive RF circuitry 18 as 
Will be appreciated by those of ordinary skill in the art. The set 
of gradient coils 12 are individually driven by the usual Gx, 
Gy, and G2 gradient drivers 20, 22, and 24. The sequencing of 
the gradient drivers and of RF transmit/receive operations is 
typically controlled by a preprogrammed sequence controller 
26 Which is, in turn, under control of a human operator via 
console 28 and the remainder of the typical MRI system (e. g., 
processor 30 Which ultimately receives RF signal responses 
from the image volume and converts them into a suitable 
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visual image that may be displayed, photographed or other 
Wise recorded for medical diagnostic purposes). 
[0049] In such Whole-body MRI systems as those described 
above, the dimensions of the main magnet and of the associ 
ated gradient coils can utiliZe relatively large scale geometry 
for a number of reasons. First of all, the system is often large 
enough to accommodate a human body (or at least the portion 
of the human body that is to be imaged). But, perhaps even 
more importantly, to obtain the desired uniformity, linearity 
and/or reproducibility of magnetic ?elds Within the image 
volume, the image volume can often include a relatively small 
and limited portion of the entire volume bounded by the above 
MRI structures. The siZe of such systems can affect hardWare 
costs as Well impose complex and expensive siting require 
ments. 

[0050] The gradient coils can be used for encoding position 
information into NMR signals so that the position of the NMR 
signal source can be determined, for example U.S. Pat. No. 
4,318,043, issued to Crooks, et al. on Mar. 2, 1982, and 
entitled “Method and apparatus for rapid NMR imaging of 
nuclear densities Within an object”, the full disclosure of 
Which is incorporated herein by reference. Thus, an MRI 
system can bene?t from the use of a robust gradient system 
capable of fast and strong gradients. Even With robust gradi 
ent systems, the gradient subsystem can, and often does, limit 
the performance of an MRI unit. 

[0051] There are clinical applications (including character 
iZing of vulnerable plaque, characterizing tissues adjacent 
body lumens and cavities, characterizing tissues adjacent 
skin, and the like) Where it Would be bene?cial to obtain 
images With a small ?eld-of-vieW (FOV) and very high spatial 
resolution. The speed and strength of knoWn MRI gradient 
?elds, and the available peak RF poWer, can limit spatial 
resolution. In a Whole body imaging system, even though the 
FOV of interest may be small (on the order of a millimeter), 
the gradient and RF ?elds are established over the Whole 
volume of the unit, in some instances larger than 50 cm. The 
physical requirements for accomplishing a smaller FOV, high 
resolution, and reasonable speed using knoWn MRI structures 
can be extensive. 

[0052] A further limitation can be imposed by the reception 
coil: Although a signal may be desired from only a small 
volume in the subject, an external coil is sensitive to all of the 
tissue Within its ?eld, so that noise is received from a very 
large volume as compared to the volume of interest can 
degrade signal-to-noise (S/N) levels. U.S. Pat. No. 5,699,801, 
issued to Atalar, et al. on Dec. 23, 1997, and entitled “Method 
of internal magnetic resonance imaging and spectroscopic 
analysis and associated apparatus; and Us. Pat. No. 6,263, 
229, issued to Atalar, et al. on Jul. 17, 2001, and entitled 
“Miniature magnetic resonance catheter coils and related 
methods,” (the full disclosures of Which are incorporated 
herein by reference) seek to better match coil FOV and the 
desired FOV, and selected structures and methods of these 
knoWn techniques may be used With those described herein. 
Such Intravascular MRI (IVMRI) can utiliZe an RF coil that is 
inserted via a catheter into the artery, affording a close-up, 
‘inside-out’ MRI vieW of the arterial Wall. IVMRI may offer 
a potential solution for acquiring high-quality images of arte 
rial plaque in ex vivo applications. As more fully explained in 
an article by Correia, et al., “Intravascular magnetic reso 
nance imaging of aortic atherosclerotic plaque composition,” 
Arlerioscler Thromb Vasc Biol., 17, 3626 (1997), IVMRI 
applied to human aortic specimens may also have an ability to 
















