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Miniature Self-Contained Intravascular Magnetic
Resonance (IVMI) Probe for Clinical Applications

Aharon Blank,'* Gil Alexandrowicz'* Lev Muchnik,?
Gil Tidhar,* Jacob Schneiderman,® Renu Virmani,® and Erez Golan®

A miniature (1.73 mm in diameter) NMR probe, which contains a
magnet and a radiofrequency (RF) coil, is presented. This probe
is integrated at the tip of a standard catheter and can be
inserted into the human coronary arteries, creating local mag-
netic fields needed to obtain the NMR signal from the blood
vessel walls, without the need for external magnet or RF coils.
The basic theory governing the probe performance in terms of
signal-to-noise-ratio and contrast parameters is presented,
along with measured results from test samples. The NMR signal
can be analyzed to obtain tissue contrast parameters such as
T,, T, and the diffusion coefficient, which may be used to detect
lipid-rich vulnerable plaques in the coronary arteries. Magn
Reson Med 54:105-112, 2005. © 2005 Wiley-Liss, Inc.
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NMR and its descendant, MRI, are usually pursued in a
setup based on a highly homogenous static magnetic field,
B,, with variance <1 ppm, creating nuclear spin preces-
sion at a corresponding narrow band of frequencies (1,2).
The homogeneous static field setup has several advantages
such as the ability to obtain chemical shifts, while ensur-
ing good signal-to-noise-ratio (SNR) due to the small band-
width involved. However, this setup suffers from the need
to employ large magnets that usually surround the exam-
ined sample/object. In more specific cases, such as clinical
MRI systems, the large magnet, and the corresponding
large radiofrequency (RF) and gradient coils are a major
factor in the relative complexity and the high cost of such
systems. If one is interested only in a specific small region
within the body, it could be highly advantageous to obtain
NMR information by using either a noninvasive hand-held
probe or an intracavity self-contained (magnet + RF and
gradient coils) NMR probe, thus avoiding the requirement
for a large external magnet. Such an approach for NMR
measurement or NMR imaging without a sample-sur-
rounding magnet is termed “inside-out,” or ex situ (3-7).
Using the inside-out setup it is usually impossible to cre-
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ate highly homogeneous fields outside the magnet. Several
types of systems that operate in an inside-out geometry
were designed and built, demonstrating measurement ca-
pabilities of relaxation parameters (8,9), diffusion coeffi-
cients (10), spectroscopic data (11), and a capability of 3D
imaging (12). In the case of microscopic MRI, where very
high field gradients are required to obtain high resolution,
inside-out systems were found very useful and enabled the
acquisition of images with a resolution of about 1 pm,
outside a superconducting magnet (5,13), or near a fine
magnetic tip (14,15).

The efforts described above were mainly directed to-
ward materials science applications or related subjects,
with appreciable achievements. However, until now there
has been no demonstration of the full potential of this
method to approach clinically significant problems, for
which current MRI systems cannot provide an answer due
to limitations in resolution, SNR, gradient magnitude,
complexity, local measurement flexibility, and even cost.
The unavailability of such a demonstration is probably
due to the extreme difficulties that the inside-out method-
ology brings with it (as discussed below), which must be
resolved prior to realizing any clinical application. In the
present paper, a significant step toward clinical capability
is presented by means of a new type of self-contained
(magnet + RF coil) inside-out NMR probe. The probe is
intended for intravascular clinical use. The advantages of
this technique range from the very practical aspect of a
low-cost system (since no expensive external setup is re-
quired) to accessibility to the patient during the procedure,
compatibility with existing interventional tools, and fi-
nally resolution and diffusion contrast measurement capa-
bilities that are superior to conventional clinical MRI (due
to the strong local gradients created by the NMR probe and
its proximity to the examined tissue). The probe has un-
dergone an extensive set of tests including bench tests in
phantoms, ex vivo human heart measurements, in vivo
animal trials, and in vivo human clinical studies. This
article discusses the physical layout of the probe and its
principles of operation and presents some of the bench
tests results. The ex vivo results in human coronary arter-
ies are described in a complementary paper (16). The
intravascular probe serves as a first example for a wide
range of applications for this method, which in the near
future may open new possibilities to the field of clinical
MRI.

Before describing the probe and the experimental re-
sults, a brief description of the field of interventional car-
diology and intracoronary arteries imaging is given. This
medical field was chosen as the first application for this
novel approach. New data obtained over the past 10 to 15
years suggests that the paradigm that acute coronary syn-
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dromes (ACS), including heart attacks, are caused by grad-
ual narrowing of coronary arteries is not accurate. It is
known today that more than 70% of heart attacks are
caused by sudden rupture or erosion of vulnerable coro-
nary plaques that are only moderately (<50%) narrowed,
prior to the formation of an occluding thrombus. Such
vulnerable plaque (VP) rupture is now known to happen in
coronary segments that contain a large lipid-rich necrotic
core making up more than 40% of the arterial cross-sec-
tion, covered by a thin (<100 pm) fibrous cap (17). In most
cases inflammatory processes play an important role in the
mechanical weakening of the fibrous cap, thereby acceler-
ating the rupture process in VPs (18). The ability to detect
VPs before they rupture in order to allow the interven-
tional cardiologist to treat them and prevent subsequent
ACS is currently one of the most important missions of
medical imaging. Current imaging modalities are limited,
either in resolution (e.g., MRI) or in tissue characterization
capability (e.g., ultrasound and optical coherence tomog-
raphy) (19). The probe developed and presented here is
aimed at addressing this challenge.

METHODS AND THEORY

In this section the new NMR probe is described in detail,
including its basic components, materials, method of con-
struction, and field profiles. Following that, theoretical
calculation of the NMR signal, in the context of the new
probe, is given.

The NMR Probe

A schematic drawing and a photograph of the NMR probe
are given in Fig. 1. The dimensions of the probe are de-
signed to enable its maneuvering in the tree of the coro-

~ 230 microns radial span
(80+150)
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FIG. 1. (a) A drawing of the miniature self-contained
“inside-out” NMR probe. The diameter of the probe
is 1.73 mm and its height (defined by the magnets) is
10 mm. The RF coil is made of an enameled bond-
able 22-pm copper magnet wire (80 windings)
placed between the permanent magnets. It has ellip-
tical shape as shown in the drawing with height of
1.5 mm, width of 1 mm, and thickness of 0.2 mm.
The inductance of the coil is ~18 pH and its DC
resistance is ~ 25 (), while at 10 MHz it is ~100 Q
(due to the skin effect). The resulting static field is
predominantly along the z-axis, and the RF field is
mainly along the x-axis in the measured region,
which is located just in front of the RF coil. (b) Pho-
tograph of the probe inside the catheter tube show-
ing the aluminum coating (see text). The balloon (not
shown) is located at the “rear” of the probe, opposed
to the coil side (see text). (c) A different view of the
probe components showing the direction of magne-
tization (the magnets are magnetized at an angle of
+45° with respect to the probe z-axis) and the ap-
proximate measured region in front of the probe,
which is limited in its radial, angular, and longitudinal
extent (see text). Magnetic flux lines are plotted as
small dotted arrows. (d) A cartoon showing the
method of signal acquisition with the probe inside the
blood vessel.

1
Detection Bands

nary arteries. For such a small-diameter probe, the mag-
netic field can be generated efficiently only by means of a
strong permanent magnet (Vacodym-722-AP from Vacu-
umschmelze, Germany, having energy density BH, . of
about 417 kJ/m® and remanent B, of about 1.36 T), and not
by a miniature electromagnet. The magnets, which are
made of moderately conductive anisotropic ceramic mate-
rial, can be machined to their required shape by conven-
tional spark and wire erosion. The resulting calculated and
measured static magnetic fields of the probe are given in
Fig. 2a. The field is strongest near the coil and is not
axis-symmetric due to the asymmetric nature of the mag-
netization direction of the magnet pair (Fig. 1c) and the
asymmetric shape of the magnets. The gradient that results
from such a small configuration is in the range of 150-200
T/m and may be controlled to some extent by changing the
angle of the magnetization and the dimensions of the gap
between the two magnet pieces (Fig. 1c). Thus, when the
magnetization vector M is closer to being parallel to the
probe axis (z-axis), the gradient in the measured volume of
interest becomes larger. Similarly, reducing the gap be-
tween the magnets also increases the gradient. The exis-
tence of a gap also minimizes the effects of eddy currents
(20,21) that may be generated in the conductive magnet
(conductivity ¢ ~ 5 X 10°> S/m) and also reduces potential
problems due to magnetoacoustic ringing (22) that are
typical for cases where the coil and the conductive magnet
are in close proximity. Due to volume constraints, a single
coil is used both for transmission and for reception. The
calculated and measured B,/I of the coil (the RF field
generated when 1 A of current flows through the coil) are
given in Fig. 2b.

Due to its small size and the steep radial fall-off of its
static and RF magnetic fields, the probe can obtain the



Miniature Self-Contained NMR Probe for Clinical Applications

FIG. 2. (a) Calculated and measured B of 15
the probe at the plane z = 0. The calculations
were performed with Maxwell finite element
software (Ansoft) and the measurements were
obtained by computerized 3D scanning of a
miniature Hall probe (Model 3RT100-2-2—
0.2T, Sentron, Switzerland) around the mag-
net. The Hall probe measures the 3D field
vector from a very small integrated volume of
100 X 100 X 100 wm. (b) Calculated and a
measured B/l of the RF coil at the plane z =
0. The calculations were performed by numer- L
ical integration along the coil path using Biot—
Savart law. The measurements were per-
formed with the same Hall probe employed
for the static field measurements, but at a
frequency of 100 Hz. Due to measurement
limitations, one cannot obtain the fields in all
calculated points. The region from which the
NMR signal is obtained (black lines) is super- 0
imposed on the calculated plots. b )
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NMR signal only from a very limited and specific volume
of interest (cf. Figs. 1c and 2). This limited volume, how-
ever, is sufficient for clinical operation where the probe is
in contact with the inner boundary of the blood vessel (16)
and has to obtain a signal only from a limited region
(typically 250 pm) going into the blood vessel wall (17).
The unique static magnetic field profile created by this
inside-out probe at the measured volume is significantly
different from that created by conventional NMR or MRI
setups. This static field profile results in typical system
characteristics, which are very different from those of stan-
dard NMR or MRI machines. For example, the required
bandwidth of the system, relative to the center frequency
of operation, is very large since the required imaging re-
gion, spanning ~0-250 wm from the probe (17), corre-
sponds to a total bandwidth of ~2.5 MHz around a center
Larmor frequency of ~9 MHz (Fig. 2). For practical trans-
mitter power, the entire bandwidth of interest cannot be
covered efficiently with a single center-frequency hard
pulse (23). Rather, the measured region should be divided
into frequency bands (2 bands of ~1.3 MHz in the present
probe design), which are excited separately by a selective
pulse (see Fig. 3). Another challenge is the low baseline
SNR. For example, in order to obtain signal only from the
vulnerable plaque’s fibrous cap, the radial dimension of
the closest measured voxel (extending away from the
probe, see Fig. 4) should be ~80 pm (16,17). This require-
ment leads to a very small volume of spins and therefore to
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a very low signal level. At the same time, the bandwidth of
the 80-pm voxel is ~1.3 MHz, giving rise to significant
thermal noise.

To increase the number of averaged echoes as much as
possible and to minimize signal decay due to diffusion
(see below), the system must have very short dead time
between RF pulse transmission and echo signal reception.
Achieving short dead time (1t < 6 us) with ~100 V trans-
mission pulses over the long CPMG sequence (Fig. 3), and
for relatively low RF frequency (~9 MHz), requires a mul-
tistage passive and active duplexer system. The duplexer
system that was constructed (described schematically in
Fig. 5) achieved a dead time of ~4.5 ps with reasonable
noise figure of 2 dB for the entire bandwidth of operation.
This short dead time is superior to that achieved in previ-
ous experiments, performed under similar conditions (31).
A block diagram of the major system components is shown
in Fig. 6.

In contrast to clinical MRI systems, which can operate
efficiently only in an RF shielded room, the inside-out
probe should be operated in conventional unshielded
catheterization labs. This poses major noise problems that
can potentially degrade the probe performance. Fortu-
nately, the potential difficulties can be solved by taking
advantage of the unique “inverted” geometry of the inside-
out probe. This is achieved by vacuum deposition of a thin
layer of aluminum on the probe (Fig. 1b), which effectively
shields out noise disturbances coming from the outside

T.f2 FIG. 3. An example for a pulse sequence employed
by the NMR probe. Typically T = 5 psec, 1000 pulses
are produced in the CPMG train, T = 100 msec, and

L1 |
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T = 300 msec. Since the typical T, of the tissue is
~30-50 ms (34), which is much shorter than T, one
can cover the entire bandwidth of interest during a
single Ty by several CPMG trains at different excita-

tion frequencies (f,, f,, etc.). Averaging for a typical
H period of 40 s enables the accumulation of ~135000

echoes, which improves the single shot SNR by a
factor of ~365.
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FIG. 4. Spatial distribution of the NMR signal from the measured region, as calculated using the method described in Ref. (29). (a) The
signal in the xy plane; (b) the signal in the xz plane. Two regions of excitation are clearly visible, corresponding to the two frequencies of
excitations employed by the probe (8 and 9.5 MHz). The spatial resolution of the measurement is determined for the z- and the y (angular)
axis, mainly by the size of the coil, while the x-axis (radial) resolution is determined by the excitation bandwidth and the curvature of the
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magnetic field. The single-shot SNR for the two excited bands was calculated to be 0.12 and 0.07, respectively.

(that can be characterized mainly as plane electromagnetic
waves). On the other hand, such a thin layer still enables
the transmission with small losses (~1 dB) of the spherical
wave of the RF magnetic field coming from the coil (exci-
tation pulses) and those coming back to the coil from the
precessing spins (24). The shield in the present probe was
found efficient when used in patients despite the fact that
the human body tends to couple noise interferences to
objects inserted into it (25,26).

To facilitate the clinical function of the NMR probe, it
was encapsulated inside the distal tip of a 1.73-mm
outer-diameter catheter. The probe is electrically con-
nected to the external console by a coax cable (Model
PCX40K10 from Axon, France) running through the
catheter (Fig. 6). The catheter itself can be navigated
into and inside the coronary arteries over a 0.014-inch
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Tx
—— 1 transformer

L
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protector

control

lco ntrol

conventional guidewire, through an 8-Fr guiding cathe-
ter. A gentle side balloon located adjacent to the NMR
probe can be inflated during signal acquisition in order
to stabilize the catheter and ensure good SNR for the
high-resolution measurements. It should be emphasized
that the ability to stabilize the magnetic fields with
respect to moving tissue, and thus to average the signal
efficiently over many seconds of acquisition, is a major
advantage of the self-contained NMR configuration.
Conventional MRIs produce field gradients from the out-
side and therefore cannot ensure stationary static (B, +
gradient) fields in a moving tissue, unless gating tech-
niques are used (which reduce the effective signal ac-
quisition time and in turn the SNR and spatial resolu-
tion). More details regarding the clinical procedure ap-
pear in Ref (16).

control

[ 3 High [ -
Toroid active| | Pass Protection 7 LNA
protector filter [ diodes
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FIG. 5. Block diagram of the duplexer circuit. During the transmission, high-voltage RF pulses coming from the transmission line are
coupled to the RF coil in the catheter through a multi-inputs RF transformer. The transmission pulses are also coupled to the line going to
the LNA, but with reduced voltage, due to a favorable turn ratio in the transformer. The residual voltage coming out of the transformer to
the LNA during transmission is attenuated with active toroid protectors (one specific design is shown here surrounded by a dashed box
(35)). Each toroid protector has primary and secondary turns, where the signal goes through the primary turns and the secondary can either
be shorted out, by means of PIN diodes, or provide an open circuit. When the secondary is shorted out the primary of the toroid shows low
RF impedance and the signal passes through easily. The opposite holds when the secondary exhibits an open circuit. The toroid protectors
that lie in series to the signal lines exhibit high RF impedance during transmission, while the toroid protector that is in parallel to the lines
exhibits RF low impedance during transmission (the opposite holds for reception mode). Following the toroid protectors is a passive
high-pass filter to remove any DC or low-frequency bias that may be generated during the high-voltage pulses. Finally, just before the LNA
there are low junction voltage Schottky diodes (shown here in the dotted box) that protect the LNA directly and limit the maximum voltage
in its input.
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Varactor tuning

FIG. 6. Block diagram of the imaging system. A
host PC initiates a pulse sequence within the mas-
ter clock (Model 50-24 SpinCore, FL). Each timing
pulse results in an appropriately shaped RF pulse
by means of the arbitrary waveform generator
(Model NI 5411 from National Instruments). The RF
pulses are being amplified (1 kW amplifier from
Kalmus/AR) and then pass through a duplexer (Fig.
5) to the coil in the catheter. The returned echo
signal is picked up in the resonant coil (its reso-
nance frequency is controlled via a varactor diode)
and goes back through the duplexer to a low noise
amplifier, sampled in the A/D card (model PDA14
from Signatec) in the PC, where the signal is pro-
cessed to provide the tissue contrast parameters.

%
&

Catheter

Theory of Operation

Having described the probe and the NMR system, we now
turn to a more quantitative discussion regarding the theory
governing the probe performance: The single shot SNR,
assuming proton density as in water, is given by (27)

9.3 X 10°- By*+ (B,/I) - AV
J4k,  T-AF-R-NF

SNR = , [1]

where (B,/]) is the sensitivity of the pickup coil as de-
scribed above, AV is the excited volume, k;, is Boltzmann’s
constant, T is the temperature, AF is the bandwidth of the
receiver, and R is the pickup coil resistivity. Here it is
assumed that the amplification stage has noise figure of NF
(the ratio of the output SNR to the input SNR). As noted
above, in any inside-out scenario, B, and B, vary signifi-
cantly within the excited volume of interest and a numer-
ical calculation must be performed to obtain the exact
signal amplitude (28,29). Although Eq. [1] is an approxi-
mation, (for the finite volume with varying B, and B,) it is
useful to provide a rough estimate of the SNR perfor-
mance. The volume of the measured spins can be approx-
imated by means of the coil dimensions in the z and y
directions (Fig. 1), which are 1.5 and 1 mm, respectively,
and by the sampling resolution (~100 pm) in the x direc-
tion. For typical B, of 0.2 T, (B,/I) of 0.06 T/m (in the
rotating frame), AV of 1.5 X 10~ '° m®, and temperature of
37°C, one obtains a typical single-shot SNR of 0.11 (NF =
2). A more accurate numerical calculation, employing the
method described in Ref. (29), provides the exact sensitive
volumes (Fig. 4). This numerical calculation provides sin-
gle shot SNR of 0.12 and 0.07 for the imaged voxels cen-
tered at a distance of ~35 and ~140 pm away from the
probe surface and spanning ~80 and ~150 pm in the
x-axis, respectively (Fig. 4). Due to this relatively low
single-shot SNR, one must employ an extensive averaging
scheme to further increase it by means of repeated CPMG
sequences, as shown in Fig. 3 (28,30). At distances beyond
~400 pm the averaging time is too long for clinical appli-
cations (typically it should be not more than 40 s in the
present probe configuration, due to partial occlusion of the
blood vessel by the inflated balloon). Fortunately, most of
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the relevant clinical information lies at distances smaller
than 250-300 pm from the edge of the probe (17).

As mentioned briefly above, the large static field gradi-
ents of the probe can cause a severe decrease of the NMR
signal. This is due to the fact that under the extremely
large field gradients in the measured region, the echo de-
cay in the CPMG train is strongly affected by the self-
diffusion of the nuclear spins. Again, for inside-out
probes, an exact description of this phenomenon requires
rather involved numerical calculations (28,29). Neverthe-
less, for the sake of the present discussion, good approxi-
mate results are given by the equation (23)

2
A(m) = "m0/, exp( - gszzDTZ(mT)) (2]

where m is the index of the echo in the CPMG train, 7 is the
separation between the 90° and 180° pulses (which are
certainly not perfect for the inside-out case (28)), vy is the
nuclear gyromagnetic ratio, G is the gradient, and D is the
diffusion coefficient. Equation [2] shows that the echo
decay along the CPMG train is dominated by diffusion
effects (for large 7) or by T, effects (for short 7). This
statement can be made more quantitative: To have a more
or less equal contribution to A(m) from diffusion and T,
effects, in the present configuration (G ~ 200 T/m), one
requires that the echo decay in water-like tissue (D = 107°
m?/s) over 10 ms will not exceed ~50% (assuming a typ-
ical water T, of ~30 ms). In view of Eq. [2], this require-
ment implies that T should be shorter than ~6 psec, as was
indeed achieved with the duplexer of the present system
(Fig. 5). The capability to employ even shorter T enables
one to obtain (for water-like tissue) either a predominantly
T, weighted echo decay (r < 6 ws), or a D-weighted echo
decay (v > 6 ps), at will.

RESULTS AND DISCUSSION

As an initial step to verify the performance of the probe,
the single-shot SNR was measured and compared to the
calculated results (see above and also Fig. 4). The measure-
ments were performed by dipping the catheter probe in a
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mixture of 70% water and 30% glycerol, at 25°C (which
has similar D ~ 0.5 X 10~° m*/s and T, ~ 30 ms charac-
teristics to that of a typical lipid rich nectrotic core (16), at
the probe static magnetic field). The CPMG sequence,
shown in Fig. 3, was employed with * = 5.5 ps and Ty =
0.6 s (much larger than T,). Each echo in the train is
sampled at several points (acquisition bandwidth of
40 MHz) and the peak of the Fourier transform of this
time-domain signal is taken as the echo signal (for each
echo in the train). The sequence was repeated 2000 times
and, for single-shot SNR measurements, the average of
only the first echo in the train was considered. The SNR of
this averaged echo was found to be 4.5 and 2.7 for the first
and second measured voxles, respectively (Fig. 4), which
translates to a single-shot SNR of 0.1 and 0.06, respectively
(after dividing by \/2000 = 44.7). This is in good agree-
ment with the calculated single-shot SNR results of 0.12
and 0.07 for the first and second measured voxles, respec-
tively (Fig. 4). A much higher SNR is obtained by averag-
ing all the echoes in the train, in addition to the averaging
along the Ty axis (Fig. 3). Thus, in the case of 70% water
and 30% glycerol (D ~ 0.5 X 10~ m?/s), for T = 5.5 ps, the
echo decay after 1000 echoes is only ~15% (Eq. [2]), and
considering all these echoes can enhance the SNR substan-
tially. The measured SNR after 40 s of acquisition, when
averaging these 66000 (= 1000 X  40/0.6)
echoes to a single result, was 22.5 and 14 for the two
volumes of excitation (Fig. 4), again in good agreement
with the calculations.

An additional important parameter that was verified
during the bench tests is the radial resolution of the probe.
This was carried out by measuring the signal in the two
excitation bands with the same probe for several different
types of outer-layer coatings. Sequential addition of these
coatings (made of thin heat shrink plastic tubes) causes a
gradual increase in the distance between the probe and the
water/glycerol mixture, thereby making it possible to
know the distance to the region excited by each band. A
summary of these measurements is given in Fig. 7. The
first band (9.5 MHz) gets its signal mainly from the first
~70 pm near the probe, while the second band gets its
signal mainly from a radial distance of ~60—-200 pwm from
the probe. These measurements are in good agreement
with the predictions (Fig. 4).

After the signal has been acquired with sufficient SNR,
one must analyze it to obtain the image contrast that would
enable the possible diagnosis of the existence of vulnera-
ble plaque. Basically, three types of contrasts can be ex-
tracted from the measured data, namely T,, T,, and/or D. It
was most useful to differentiate between the lipid-rich
necrotic core and the fibrotic tissues by means of the
apparent diffusion coefficient (16,32). This parameter is
quantified through the characteristic decay time, T,, of the
echo signals along the CPMG train, which is a function of
the tissue T, and D, and the probe/system parameters G
and 7 (Eq. [2]). Thus, for a typical T = 5.5 ps, the lipid pool
is characterized by T, ~ 15 ms, and the fibrotic tissue has
T.~ 4.5 ms (16,32). We have verified in our bench tests the
capability to accurately differentiate between different T,’s
during the 40 s available for clinical measurements. This
was done with two samples having different characteristic
echo decay times, as shown in Fig. 8. These results show
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FIG. 7. The NMR signal as a function of the radial distance from the
probe for the two frequencies of excitation. The experimental points
(stars) represent the decrease in the measured signal as coatings
are added to the probe. Thus, for example, at the origin, without
applying any additional coatings on the probe, the measured signal
for both measured regions (excited at 8 and 9.5 MHz) is maximal
and the measured signal decrease is 0. As one adds additional
coatings to the probe, the measured signal from the two regions of
excitation becomes smaller, and the measured signal decrease
becomes larger. A polynomial fit (solid red line superimposed on the
experimental points) was used to extract the functional behavior of
this measured signal decrease. The solid red line is thus the cumu-
lative distribution of the NMR signal as a function of the radial
distance. In other words, the red line corresponds to the measured
signal, assuming that instead of adding coatings to a probe dipped
in liquid, one would have added layers of liquid around a probe
placed in the air (which is experimentally not practical and that is
why we employed the present method of measurement, with this
particular measured signal decrease terminology). The derivative of
this line (black solid line) represents the signal distribution as a
function of radial distance from the probe edge, which is the infor-
mation of importance extracted from this type of experiment.

that the probe has enough SNR (for such short measure-
ment time) to identify with high precision the character-
istic echo decay time and to enable tissue characterization
with fine radial resolution that can potentially allow VP
identification (16) in the future. In addition, the high spa-
tial radial resolution (~70 wm) of the first excited volume,
which is adjacent to the inner boundary of the vessel wall,
enables one to estimate the distance of the lipid pool from
the lumen with high precision and thus provides good
assessment of the vulnerability of this lipid pool (16,17).
Given its high lipid-specific tissue characterization ca-
pability, high spatial resolution along the radial dimen-
sion, and voxel conformity to the lumen, the probe should
be superior to clinical MRI for this application. Thus,
while conventional MRI can obtain images of the coronary
arteries in a rectangular grid with ~0.46-mm planar reso-
lution and ~2- to 5-mm slice thickness (33), the present
probe obtains the signal in a cylindrical-type grid (that is
more suitable for blood vessels), with z resolution of
~1.5 mm, angular resolution of ~60°, and radial resolu-
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FIG. 8. Typical echo decay plots used to characterize the type of
sample measured. Measurements were performed with the NMR
probe at 9.5 MHz with = = 5.8 ps for a period of 40 s. The upper plot
shows the 1800 echoes measured for a water sample, which has
characteristic echo decay time, T, of 4 = 0.4 ms (the superimposed
red line), due to its relatively large diffusion coefficient. The lower plot
shows the 3000 echoes measured for sample of 60% glycerol and
40% water. Here the characteristic decay time is 26 = 5.2 ms. Each
point represents a moving window average over 100 echoes.

tion of 70—-150 pm. On the other hand, the intravascular
probe is by definition invasive and has a limited field of
view compared to conventional cardiac MRIs. Thus, we
envision this novel technique as an important real time

Stable plaque

v

FIG. 9. Example of the qualita-
tive apparent diffusion coefficient
(Ty) in a “multisite” probe mea-
surement of an ex vivo heart
(adapted from Ref. (16)). The color
scale (blue/yellow) corresponds
to short/long T.. The measure-
ments show results from three
different sites, where in each site
two radial bands were measured
in four quadrants. On the left one
can see a stable plaque, where T,
all over is short. In the center one
can see an area of lipids, but it is
distant enough from the lumen,
and thus it is not considered a
potential problem. On the right
one can see typical VP, where the
lipid-rich necrotic core is very
close to the lumen.
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complement to cardiac MRI or multislice CT for diagnos-
ing coronary plaque during cardiac catheterization. Future
developments may allow the combination of several mea-
surements at different angular positions as well as at dif-
ferent longitudinal positions along the artery to recon-
struct a three-dimensional image of the vessel wall. Each
measurement obtains the signal for a limited angular and
longitudinal blood vessel wall segment (Fig. 1d). Different
sectors of the blood vessel can be measured by a combina-
tion of longitudinal movement of the probe and rotation
around its guide wire. We provide here (Fig. 9), just for
reference, representative results from such multisite mea-
surement, as obtained in recent ex vivo experiments (16).
It shows qualitatively the capability of differentiating be-
tween areas of low and high T, and identifying the dis-
tance of these areas from the lumen of the blood vessel.

SUMMARY AND CONCLUSIONS

A new approach to clinical NMR measurements has been
presented, directed at the diagnosis of coronary VP, which
is currently an “open problem” for the current diagnostic
or imaging modalities. System performance has been ana-
lyzed using theoretical predictions and measured bench
test results. The capability of diagnosing VP in a clinical
setting is currently being validated both by a series of ex
vivo experiments (16) and in human clinical studies. The
methodology developed here can be extended to other
applications in medicine and beyond. Scaled-up versions
of the NMR probe can be designed for applications where
local NMR information of an adjacent tissue or organ is
needed and specifically where conventional MRI systems
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cannot be practically used. If the probe is more than a few
millimeters in diameter, it may allow the inclusion of
gradient coils for better resolution. One such example is
the use of a transrectal NMR probe for imaging the prostate
gland. The SNR considerations given here can be used to
demonstrate that a larger transrectal probe can be designed
to give a field of view of a few centimeters into the pros-
tate, allowing for potential use in diagnosing prostate can-
cer, guidance of biopsy needles, and staging. Utilizing this
method in such applications is not intended to replace
clinical MRI scanners but rather to enhance the applica-
bility of MRI, with its tissue contrast capabilities, to a
whole new range of medical uses, where employing con-
ventional scanners is impractical or too costly.
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