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Potentially important diagnostic information about athero-
sclerosis can be obtained by using magnetic resonance im-
aging and spectroscopy techniques. Because critical vessels
such as the aorta, coronary arteries, and renal arteries are not
near the surface of the body, surface coils are not adequate to
increase the data quality to desired levels. A few catheter MR
receiver coil designs have been proposed for imaging the
walls of large blood vessels such as the aorta. These coils
have limited longitudinal coverage and they are too thick to be
placed into small vessels. A flexible, long and narrow receiver
coil that can be placed on the tip of a catheter and will enable
multi-slice high resolution imaging of small vessels has been
developed. The authors describe the theory of the coil design
technique, derive formulae for the signal-to-noise ratio char-
acteristics of the coil, and show examples of high resolution
cross-sectional images from isolated human aortas acquired
by using this catheter coil. In addition, high resolution in vivo
rabbit aorta images were obtained as well as a set of spatially
resolved chemical shift spectra from a dog circumflex coro-
nary artery.

Key words: intravascular MRI; MR catheter coil; atheroscle-
rosis; MRI of arterial wall.

INTRODUCTION

Atherosclerotic disease is a major cause of mortality and
morbidity. Localized forms of the disease, such as
plaques, can compromise regional blood flow and re-
quire intervention in many cases. Although angiography
is effective in detecting luminal narrowing, it reveals
very little about the lesions themselves. Therapeutic
methods such as intravascular intervention suffer from
relatively high failure rates partly because of the lack of
valid animal models and no detailed information on the
pathologic plaques (1). An imaging method capable of
providing detailed qualitative and quantitative data on
the status of vascular walls at the time of intervention
could favorably influence patient outcomes by enabling
clinicians to select the best intervention method and
provide precise guidance for various forms of local ther-
apy. This problem has attracted considerable interest and
has led to the development of angioscopy (2) and intra-
vascular ultrasound (3), which are currently the only
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clinically approved methods for visualizing plaques. An-
gioscopy provides limited information about the surface
of the vessel wall. Intravascular ultrasound also suffers
from several drawbacks: its insensitivity to soft tissue
and the inability to reliably detect thrombus (new or
organized) superimposed on soft, lipid-laden plaques {3);
artifacts related to transducer angle relative to the wall;
an imaging plane limited to the aperture of the trans-
ducer; and variable resolution at different depths of view.

The use of MR scanners as x-ray-less fluoroscopes for
minimally invasive procedures offers great potential for
the performance of therapeutic intravascular procedures.
Recently, several open-architecture magnets that permit
direct access to the patient by an operator have been
introduced in the marketplace for such purposes. More
research needs to be done, but the implementation of
new therapeutic and diagnostic approaches employing
MR will be significantly enhanced by the development of
novel intravascular high resolution MR imaging tech-
niques. These techniques would provide morphologic
information about atherosclerotic plaques, and MR spec-
troscopy methods would provide information about their
chemical composition.

It has been shown in vitro that MR microimaging can
identify and quantify atherosclerotic lesions {(4~7). Re-
cent technological advances in MRI techniques allow
very high resolution images with short data acquisition
times. Yuan et al. (8) used a fast spin echo MR imaging
technique to image atherosclerotic plaques on an isolated
vessel that had been removed at the time of carotid end-
arterectomy. Since signal-to-noise ratio (SNR) decreases
with decreasing voxel size, special RF receiver coils were
designed. These authors showed that at 1.5 T, it is pos-
sible to discriminate foam cells, fibrous plaque, orga-
nized thrombi, new thrombi, areas of loose necrosis, and
calcium using various T,- and T,-weighted pulse se-
quences. Recently, Martin et al. (9) performed high res-
olution imaging of human arteries by using dedicated
surface coils. They demonstrated that MR imaging find-
ings correlated reliably with tissue type. Lipid deposits
in isolated human atheroma have also been imaged by
using special coils (10, 11). Other investigators showed
that the fat content of atherosclerotic plaques can be
determined by using chemical shift imaging (12-14).
These studies indicate that MR has the potential for fully
characterizing vessel wall disease but suffers from low
anatomic resolution unless used in vitro on small speci-
mens with high resolution methods.

Furthermore, with the recent development of better
gradient systems, with up to 200-250 T/s/m slew rates
on clinical scanners, real-time imaging is now routinely
possible. With echo-planar imaging (EPI) systems, 10
images/s are achievable and allow guidance and local-
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izétion of intravascular devices, as demonstrated by Du-
moulin et al. (15). Koechli et al. (16) recently discussed
the MR compatibility characteristics of various catheter
and guide wire systems for use in interventional MR
procedures.

High resolution imaging of atherosclerotic plaques is
optimally achieved by a coil placed closed to the target
vessel. A catheter coil was designed by Kantor et al. (17}
to improve the SNR of *'P spectroscopy of the canine
heart. They examined the right ventricle of beagles by
inserting the catheter coil through the jugular vein. Later,
two independent groups (18, 19) developed catheter coils
composed of opposed solenoidal coils to produce high
resolution images of atherosclerotic plaques. Recently,
Martin and Henkelman (20} demonstrated high resolu-
tion imaging of a live animal using this system. Single-
loop multi-turn RF coils were designed and tested on
human arterial specimens by Kandarpa et al. (21). The
disadvantages of these designs are that the coils are rigid
and too large to place into small diseased vessels. Unfor-
tunately, most of the vessels of interest (such as coronary
arteries) tend to be tortuous, and a catheter placed in
these vessels must be flexible and small. An additional
disadvantage of these designs is that multi-slice acquisi-
tion is limited in longitudinal coverage to a few millime-
ters in the opposed solenoidal design and to 1-2 cm in
the single loop, multi-turn design.

We have developed a new flexible, long and narrow
catheter RF receiver coil of a novel geometry that enables
high resolution multi-slice MR imaging and high resolu-
tion one-dimensional (1D) chemical shift imaging (1D
CSI) of small tortuous vessels in any crientation relative
to the main magnetic field. This catheter coil is com-
posed of two parallel conductors with a shorted end (Fig.
1). In this paper, we describe the theory of the coil design
technique, and derive formulae for the SNR characteris-
tics of the coil. We show examples of high resolution
cross-sectional images from isolated human aortas ac-
quired by using this catheter coil and demonstrate a set of
spatially resolved chemical shift spectra from a dog cir-
cumflex coronary artery.

THEORY

We designed a coil composed of two parallel conductors.
The conductors are shorted at one end, and the other end
is used as the terminal of the coil (see Fig. 1). A plastic
{vinyl) insulator covers the conductors. The coil works in
blood or in saline solution. The maximum diameter of
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FIG. 1. Diagram of the catheter coil. (a) longitudinal view (b} axial
view. The material between wires is dielectric and reduces the
dielectric losses of the coil.
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the catheter receiver coil is determined by the size of the
vessel of interest. This elongated coil design enables
multi-slice high resolution imaging and 1D CSI along the
length of the coil, and the longitudinal coverage of the
coils was the same as the length of the coils. Specific
absorption rate in an intravascular MR experiment is the
same as in a conventional MR experiment because the
catheter coil is serving as a receiver coil and is off during
RF transmission.

Electrical Model

By using transmission line theory, it is possible to for-
mulate the electrical characteristics of the coil (22). Once
one finds the circuit model of a differential length of
transmission line (in our case, it is two parallel conduc-
tors), the electrical characteristics of any length of line
can be calculated. The general electrical circuit model of
a differential length of a generalized transmission line is
shown in Fig. 2a. Let Z, and Z, be series and parallel
impedances in the model. The impedance of the catheter
coil is equal to the impedance of a transmission line with
zero load (22):

Z = Zytanh(yl) [1]

where Z, = Vr”Z;, ., is the characteristic impedance of the
wire and is a function of the separation and the diamster
of the conductors. w is the larmor frequency in radians
per second. j is the complex number /~1, I is the length
of the cable and y = /Z,/Z,, is the propagation constant.

For a catheter coil in a lossy medium such as blood, the
electrical model is shown in Fig. 2b. In this model, L
represents the inductance of the transmission line per
unit length. R is the combination of conductor surface
resistance and an equivalent resistance due to inductive
losses. G; and C, are the capacitance resulting from
charge stored in the insulator and in blood external to the
coil, respectively, as shown in Fig. 3. G; and G, are
equivalent conductances for the dielectric losses in a unit
length of transmission line.

Standard formulae for inductance and capacitances are
(from ref. 22):

L=" cosh~i(s/d) 2]
ko

TEE;

" n(s/d)

i
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FIG. 2. The electrical model of transmission lines of differential
length.
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FIG. 3. The cross-sectional view of an insulated transmission line
in blood.
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where s and d are the separation and diameter of the
conductors. p is the magnetic susceptibility and is almost
the same in blood and insulator as in vacuum. ¢, and ¢,
are the dielectric constants of the insulator and blood,
respectively. €, is the permittivity of the vacuum. For a
26 AWG two-conductor cable with a conductor diameter
(d} of 0.5 mm and a separation (s) of 1.6 mm, the induc-
tance and capacitance values are calculated as shown in
Table 1. In this calculation we assumed ¢, = 72.8 (23))
and €; = 3.0 (24). To verify these calculation results, we
measured the open and short circuited impedances of
pieces of the 26 AWG cable with various lengths (116, 51,
24, and 10 ¢cm) by using a vector impedance meter in the
64 = 10 MHz range in both saline solution and air (saline
and blood have very similar dielectric properties (23)).
The series and parallel impedances (Z; and Z, values) of
cable were estimated by using a numeric optimization
(simulated annealing) algorithm (25). As expected, the
series impedance was not significantly affected by the
loading condition. The corresponding inductance values
are listed as the measured values in Table 1. A change
with a factor of 2.55 in the series impedance was ob-
served depending on the loading condition. Since the
capacitance is proportional to the dielectric constant, in
the absence of blood, the capacitance resulting from in-
teractions external to the coil will decrease to C,/e,.
Using this fact, we evaluated the measured C, and C,
values as shown in Table 1. The theoretical results and
measurements are in agreement, suggesting that the elec-
trical model is correct.

Table 1

Comparison of Theoretical and Experimental Values of
Inductance and Capacitances of the Electrical Circuit Model of a
26-AWG Duat Conductor Wire in Saline Solution

Parameter Theory Measurement
Licaged 732 nH/m 750 nH/m
Lunloaded 732 nH/m 710 nH/m
G 72 pH/m 76 pF/m
C, 3031 pF/m 3400 pF/m
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Once C; and C, values are known, it is possible to
calculate the conductance values by using the following
formula:

G

G =2 (5]
€€,
G

Gb _ Tplsp [6]
€p€qg

where o, and o, are the conductivity of the insulator and
blood at the larmor frequency, respectively. For the
26AWG wire, G, and G,, values can be calculated as 7 X
10" and 6.8 v/m. For this calculation, o, and o, were
taken as 1.3 v/m (23) and 2.5 X 167" u/m (24}, respec-
tively.

Neglecting inductive losses from induced eddy cur-
rents in the surrounding medium, the surface resistance
of the conductor determines R:

B 2R, s/d

== = 7
wd \[s/d)* — 1 7]

where R, is the surface resistance at the larmor frequency
{22). For copper, B, = 2.61 X 107 \/f. For the 26 AWG dual
conductor wire (d = 0.5 mm, s = 1.6 mm), the value R is
calculated as 2.8 Q at 64 MHz. Therefore, the series
impedance per unit length, Z, is 2.8 + j292 (). Similarly,
the parallel impedance per unit length, Z_, is 0.14 — j32.9
Q). The characteristic impedance of the wire in the saline
solution, Z,, is 98.1 — j0.26. The propagation constant, v,
is calculated as 0.02 + j2.98 m™".

Noise

The real part of Z, R(Z), represents losses in the coil and
the rms voltage of the noise can be calculated as (from ref.

26):
Vnoise = \ 4](TER (Z)Af [8]

where k is the Boltzmann constant, T is the temperature
of the body, and Afis the effective pixel bandwidth, The
effect of data averaging is accounted for in effective pixel
bandwidth by dividing the pixel bandwidth by the num-
ber of excitations and the number of phase encoding
steps. For an imaging protocol with a matrix size of 512 X
512, a receiver bandwidth of +16 kHz, and a number of
averages (NEX) of 2, the effective pixel bandwidth is 0.06
Hz.

For the wire that we characterized, the open circuit
noise voltage on the catheter coil as a function of the coil
length can be calculated as shown in Fig. 4 by using Egs.
[1] and [8]. We also calculated the noise generated due to
conductance of the copper by setting Z, to infinity (dot-
ted line). The difference between these curves will show
how much noise is generated due to the currents in the
blood and in the insulator. As can be seen, if the length of
the catheter coil of the proposed geometry is less than 15
cm, the noise is determined by the finite conductance of
the copper. For longer coils, the noise is determined by
the capacitive losses. Noise increases to unacceptable
levels when the coil length approaches a quarter wave-
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FIG. 4. Open circuit noise voltage generated on the sample cath-
eter coil as a function of coil length (solid line). The dotted line
represents the noise with no parallel impedance between the
wires. Noise voltage represented by this dotted line is due to
conductors. The difference between these lines shows the contri-
bution of losses in the blood and insulator to noise. The vertical
axis is the rms noise voltage, and the horizontal axis is the coil
length in miflimeters.

length (=50 cm). Note that in this analysis, we assumed
that the inductive losses are small. Later, we will show
that this assumption is correct.

Signal. MR signal picked up with a catheter coil is a
function of position of the sample and is defined as the
voltage generated across the terminals of the coil due to a
unit volume of water immediately after 90° RF excitation.

The signal received from a catheter coil is very high in
the vicinity of conductors and drops as the distance from
the conductors increases. One can use the reciprocity
principle (26) to calculate the amount of signal as a
function of the position in the sample. To determine the
voltage generated across the terminals of the coil for a
unit magnetization at point (x, y, z), the magnetic field
produced at that point is calculated for an applied unit
current across the coil terminal (26).

Our calculations assume that the lossy medium does
not alter the magnetic and electric field distribution, the
z and x-y dependence of the magnetic field is separable,
and the z component is approximately proportional to
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the current on the conductors at that position:

H(x, y, z) =~ Hy(x, y)I(2) [9]

where H, is the field perpendicular to the long axis of the
conductor. For a unit RF current applied to the terminals
of the coil, the current distribution along the length of the
coil can be calculated by using basic transmission line
theory (22):

Kz) = cosh(y]) — tanh(y)sinh(yz) [10]

For coil lengths much smaller than the wavelength, this
equation yields a current distribution that is very close to
unity. Thus, the magnetic field distribution is uniform
along the length of the coil. The normalized current along
the length of the coil is plotted for coils of the proposed
geometry, 72 mm and 1 m long in Fig. 5. The current is
uniform along the length of the 72-mm coil but drops to
zero around the center of the 1-m coil.

The magnetic field distribution in the x-y plane can be
calculated by using basic electromagnetic theory. To sim-
plify the equations, we assume the two conductors are
infinitely long and carry unit current in opposing direc-
tions. Without loss of generality, we can assume that the
conductors are along the z direction and located at posi-
tions (s/2, 0) and (—s/2, 0) in the x-y plane. By using Biot
and Savart Law, the magnetic field at position (x, y) can
be calculated for a given unit current applied to the coil
terminals as:

1 (yf( - (x—s/2)y B yR— (x+ slz)jl) [11]

By(x, y) = Y+ (x—s/2¢ v+ (x + s/2)

where % and y are the unit vectors along the x and y
directions, respectively. For s < |x* + y?|, the above
equation can be simplified as:

H(r, ) ~ #(sin(w)f{ + cos(26)) [12]

where r,8 are radius and angle of the position vector. By
using the reciprocity formula described in ref. 26, the
open rms circuit voltage across the coil can be written as:

Voo = _jwl-LM(Hx + ]Hy) [13]

where H, and H, are the x and y components of the
magnetic field, H. u is the magnetic susceptibility and j is

0.8

0.6}

0.4, 4

FIG. 5. Current distribution along
the length of (@) 72 mm and (b) 1 m
catheter coils. The current is nor-
malized to current at the terminals
of the coil. The current distribution
is proportional with the sensitivity
of the coil. The horizontal axis is the
coil length in millimeters.
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the complex number /—1. M is the total magnetization in
an imaging voxel.
Signal-to-Noise Ratio

Finally, the SNR on the image can be calculated as:

VDC

SNR = | | [14]

noise

Combining Eq. [14] with Eqgs. [8] and [13] and assuming
that the conductivity of the copper is the only noise
source, one can obtain the following approximate equa-

tion:
SNR~ o .S \F [15]
B O e e
MY Y

where ¢ is 5.9 X 10° m - s"*/T. In Fig. 6a, maps (the
sensitivity maps) of SNR of an axial image acquired by
using a catheter coil can be seen. In this calculation, we
assumed a catheter coil with a length of 72 mm, a slice
thickness of 3 mm, a matrix size of 512 X 512, a TE of 0,
a TR of infinity, 2 excitations (NEX), a receiver band-
width of =16 kHz, and a field of view (FOV) of 5 cm.

With similar imaging parameters (TR:6000 ms, TE:
34ms), we imaged a saline solution by using a GE Signa
1.5 T scanner with high speed gradient upgrade. We
divided all the pixel values by the root mean square noise
value measured on the background of the image to obtain
SNR as a function of space. The contour plots of the
measured SNR of the acquired images are shown in Fig.
6b. The results are in excellent agreement with our the-
oretical predictions shown in Fig. 6a, suggesting that the
approximations and assumptions in the development of
the theoretical results are valid.

If the coil is not positioned along the main magnetic
field, the magnetic field H, can be calculated by a simple
coordinate transformation of Egs. [11] or [12]. The SNR is
plotted for various orientations of the coil relative to the
main magnetic field, including an oblique orientation in
Fig. 7. The plots show that the coil can be used to detect
MR signals in all orientations relative to the main field as
was shown for the opposed solenoidal coils (27).

Atalar et al.

The phase of the received signal is nonuniform. The
phase map can be calculated as the argument of V,_ (see
Fig. 8). The theoretical results agree well with the mea-
sured phase of that produced in the saline MRI experi-
ment. The phase map also depends on the direction of
the main magnetic field (see Fig. 9).

METHOD
Coil Manufacturing

We built several catheter coils from 6-8 cm and 26—
30AWG dual conductor cables. For tuning and matching,
small sized fixed chip capacitors (1.5 X 1.5 X 1.4 mm)
were connected to the coil (see Fig. 10 for the circuit
diagram). The entire coil and the capacitors were sealed
with Teflon tape, heat shrink tubing, or plastic dip (see
Fig. 11). A 50-ohm coaxial cable is used to transmit the
MR signal to the preamplifier. For decoupling the trans-
mit (body) and the catheter coil, a PIN diode is placed
shunt to the coaxial cable at a tuned distance, /, from the
matching capacitor (28). The diode can be relocated away
from the coil and outside the vessel by adding a A/2
cable. Qs of the coils were measured between 40-60
when the coils were in a saline solution. The resonance
frequency decreased by about 1 MHz when the coil was
loaded with the saline solution compared with what_it
was in air.

Uniform signal intensity image

The signal intensity of the images acquired by using the
catheter coil is nonuniform. It is difficult, if not impos-
sible, to see all the parts of the images at any one time by
merely adjusting the contrast and brightness of the im-
ages. To be able to see the regions that are close to the
coil, low contrast and brightness is necessary. QObjects,
for example, 1 cm away from the coil, cannot be seen
with this adjustment and the optimum contrast and
brightness level for this position causes saturation
around the catheter coil.

A solution to this problem is to calculate a uniform
signal intensity image by dividing the image intensity by
the corresponding sensitivity map. In this case, noise on

FIG. 8. The sensitivity (SNR) map of
the catheter coil for slice thickness
of 3 mm, matrix size of 512 X 512,
TE of 0, TR of infinity, 2 NEX, re-
ceiver bandwidth of +16 kHz, and
FOV of 5 cm. (a) Theoretical calcu-
lation, {b) experimental results with
TR of 6000 and TE of 34 ms. All the
dimensions are given in millimeters.

-20 -15 -1¢ -5 0 5 0 15 20



Intravascular MRI and MRS

601

a
25
20}
15+
10+

st
ot
-5t

-10f

-15}

-20/

B S0 0 10 20

C

the images is not uniform, but a single brightness and
contrast level can be used for a convenient display of all
the parts of the image.

This display method has been implemented as an X-
windows program that reads an image, derives the main
magnetic field orientation with respect to the imaging
plane, and assumes that the coil is perpendicular to that
plane. Coil position and angle can be entered manually
with the aid of a mouse. The program computes the
sensitivity map and divides the image by it.

-20 -10 o 10 20

FIG. 7. The sensitivity (SNR) map of the cath-
eter coil for various orientations of the coil. The
coil is (a) perpendicular, (b} tangential, and (¢)
45-45° oblique to the main magnetic field. All
the dimensions are given in millimeters.

EXPERIMENTS
High Resolution Imaging of Isolated Human Aorta

As part of a feasibility study, 16 isolated human aortas
from cadavers were imaged by using the catheter coil.
The aortas were kept refrigerated before the experiment
for a maximum of 24 h. The aortas were secured to a
plastic container by using tape, and the containers were
filled with water. Corks were placed at both ends of the
aortas to maintain their original shape. Small holes in the

FIG. 8. The calculated and mea-
sured phase map of the catheter
coil. The values represent phase in
degrees of an image acquired using
the catheter coil. The axes are
given in mm.
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corks were used to insert the catheter coil into the aorta.
In the magnet, the aorta was aligned with the main mag-
netic field. Coronal scout images were obtained by using
a fast spin-echo pulse sequence. Axial images were ob-
tained by using the following spin-echo imaging proto-
col: image matrix 256 X 256; pixel dimensions 0.27 X
0.27 mm; slice thickness 3 mm; TR 1500 ms; two echoes;
TE 17 and 80 ms; acquisition time 12:51; 2 NEX; and 14
slices. Uniform signal intensity images were obtained by
using the signal intensity correction program described
above. After the intravascular MRI, we placed a 7.5-cm
surface coil just under the aorta and imaged it with the
same protocol for comparison with the intravascular im-
ages.

Coil

2mm O.D. Coax Cable

el - X°

{30 AWG wire) ¢ I
==_] c2 ]

FIG. 10. The circuit diagram of the catheter coil. The tuning and
matching network is composed of two capacitors. Decoupling of
the coil from a transmit coil is achieved by using a diode placed
shunt to the coaxial cable at a critical distance from the matching
capagcitor,

FIG. 9. The phase map of the catheter coil for
various orientations of the coil. The coil is (a)
perpendicular, (b} tangential, and (c) 45-45°
oblique to the main magnetic field. All the di-
mensions are in mm, phase values are given in
degrees.

Two slices of the proton density and T,-weighted hu-
man aorta images obtained by using the intravascular
imaging technique are shown in Fig. 12. For comparison,
the images obtained by using a 7.5-cm surface coil are
shown. The profile of the catheter coil can be seen as a
black region in the water. The black region just next to

LA
1

TR | LT i
aml2) 3l U4l Vsl gl |7

FIG. 11. A catheter coil. The coil has a diameter of 1.5 mm (4.5
French), and its tuning and matching circuit has a thickness of 3
mm (9 French).
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FIG. 12. Isolated human aorta images obtained using a catheter
coil. {a) Proton density TR/TE 1500/17; (b) TR/TE 1500/80. The
voxel size is 0.27 X 0.27 X 3 mm. Data acquisition time is 12:51.
The images (c), {d) were acquired using a 7.5-cm surface coil from
the same planes with the identical imaging parameters.

the coil was due to slight maladjustment of the position
of the PIN diode. This was confirmed subsequently by
correcting the position of the PIN diode. SNR of the
images obtained by using the surface coil is more uni-
form than the intravascular images, therefore direct com-
parison of these images is not possible. In some regions,
intravascular MR images gave superior SNRs. Thus, the
catheter coil delivered comparable SNR to the maximum
realized from a 7.5-cm surface coil and could do so at
depth in the body.

The plaque that can be seen between the 1 and 3
o’clock positions was studied by histopathology (see Fig.
13). It contains intraplaque hemorrhage and calcification
that cause signal void. The calcified plaque at the 4
o’clock position appears dark in both proton density and
T,-weighted images. The fibrous cap of this plaque can
also be seen.

In Vivo High Resolution Imaging of a Rabbit Aorta

A 9-French (3-mm) catheter coil was inserted into the
aorta of a rabbit from the lower abdomen while the ani-
mal was under general anesthesia. An image with 3-mm
thickness, an FOV of 50 mm, and a matrix of 512 X 512,
2 NEX, TR/TE 1900/32 ms was obtained using a fast
spin-echo pulse sequence. A magnified version of the
image is shown in Fig. 14. The lumen of the aorta, as well
as the root of an artery, can be seen clearly. The dark
circular region around the lumen is the aortic wall. Flow
artifacts are relatively small because of the saturation of
blood during multi-slice imaging.
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FIG. 13. Histologic section of the plague shown in Fig. 12 between
1 and 3 o’clock position.
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FIG. 14. in vivo rabbit aorta images obtained by using the catheter
coil. Pulse sequence was fast spin echo with eight echo-train
length. TR/TE were 1900/32 ms. Receiver bandwidth was =16
kHz. FOV was 50 mm, and the number of excitations was 2. Matrix
size was 512 X 512. The voxel size was 98 um X 98 um X 3 mm.
Data acquisition time was 4:03.

1D CS8I of Dog Coronary Artery

A set of spatially resolved chemical shift spectra was
obtained by using this coil. Since the sensitivity of the
coil is cylindrical, 1D chemical shift imaging (1D CSI),
substantially along the length of the coil, is a logical
approach. In this case, the imaging voxel is cylindrical as
shown in Fig. 15. A TR of 2000, 140-mm FQOV, and
64-phase encoding steps along the coil with 2 NEX was
used. We used the body coil for transmit and the catheter
coil for receive. In situ proton spectra from the circum-
flex coronary artery of an isolated normal dog heart are
shown in Fig. 16. Water and lipid resonances are clearly
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FIG. 15. The cylindrical sensitivity region of a catheter coil and a
cylindrical voxel in 1D CSI.

identified. Since the phase of the coil sensitivity above
the coil and under the coil oppose each other, some
signal cancellation may result.

DISCUSSION

The most significant advantages of the proposed catheter
coil are its small size, its high SNR, its capability to
operate at any orientation with respect to the main mag-
netic field, its flexibility, and its extended FOV along the
long axis of the coil. These features allow the coil to be
used to acquire MR images and spectroscopy of small
tortuous vessels such as coronary arteries. We have dem-
onstrated very high resolution images (100 pm) with an
SNR of 20 or more in vitro and in vivo in a 10-mm
diameter region. We also showed localized spectra of
small vessels. Our calculations show that in this catheter
coil design, the dominant source of the noise is the noise
generated on the copper wire. Moreover, the calculated
SNR and electric properties of the coil were entirely
consistent with experimental measurements.

The signal drop with distance to the coil is both an
advantage and a disadvantage. Since it is not sensitive to
the objects at far field, image wrap-around is not a prob-
lem in high resolution, small field-of-view images. Also,
the lack of sensitivity to sources far from the coil means
less noise. On the other hand, displaying the acquired
images with a very bright region around the coil makes it
difficult to adjust the contrast and brightness. This dis-

Water
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FIG. 16. The spectra of three adjacent voxels along the length of
the catheter obtained by the 1D CSI technique on the isolated
heart by using the catheter coil. BW was 1000 Hz, with 1024-point
resolution, and the z dimension of the voxel was 2.2 mm. Radial
dimension of the voxel is determined by the sensitivity of the coil.
Water and lipid peaks may vary between normal and atheroscle-
rotic vessels.
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advantage has been reduced by postprocessing software
that generates a uniform signal intensity image.

Further increases in SNR with modifications to the
design are possible. Placement of an ultra-low noise pre-
amplifier next to the coil may decrease the additive noise
of the coaxial cable and preamplifier. The shorter the
coil, the higher the SNR of the acquired images. This is a
compromise to obtain longer coverage of the vessel of
interest. A problem with very short coils is that the
necessary matching and tuning capacitance values be-
come very high.

Perhaps the most challenging problem in intravascular
imaging is the issue of flow and motion artifacts. To
acquire high resolution images, high strength gradient
waveforms must be applied. Such pulse sequences be-
come more sensitive to flow and motion artifacts than the
standard pulse sequences. In addition, possible vibration
of the coil in the vessel may increase motion artifacts.
More studies must be performed to understand the ef-
fects of blood flow and physiological motion on image
quality and the extent to which motion artifacts can be
overcome by fast imaging methods such as EPL

For small vessel imaging, further reduction in the size
of the catheter coil is necessary. We investigated ways to
produce these coils by using flexible circuit boards. The
conductors of the coil as well as the matching/tuning/’
detuning circuit can be placed on the same flexible cir-’
cuit. There is almost no practical limit on the diameter of
the coil, although the reduction of the size of the tuning
and matching circuit size is a challenge. An initial com-
ponent search showed that the coil size can be reduced to
1.5 mm or lower. Further reduction of the size of the
circuit elements may be possible with custom-designed
circuit elements.

In the 1D CSI technique, the phase variation of the coil
can cause signal cancellation. This problem may be elim-
inated by using the catheter coil for both transmission
and reception. Adiabatic RF pulses will enable uniform
flip angle excitation. Methods for discrimination of the
pericardial from the vascular signal of the plaques will be
important.

CONCLUSION

The development of new scanners has led to interven-
tional possibilities that will require the development of
intravascular devices. Interventional techniques for ath-
erosclerotic disease may be monitored by using real-time
high resolution high-speed imaging and spectroscopy
techniques. In addition to precise guidance of angio-
plasty and atherectomy procedures, this method can be
used to fully stage lesions. The goal of high resolution
imaging and spectroscopy of atherosclerotic plaques can
only be achieved by increasing the SNR. In this context,
we designed a long and narrow flexible catheter RF coil
that will have very high sensitivity to the target plaque.
The design is very small in diameter and can be used in
imaging and spectroscopy of small tortuous blood ves-
sels. We theorstically calculated the SNR of the images
acquired by using the catheter coil and experimentally
verified our result. As a preliminary study, we used these
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coils in high resolution intravascular MR imaging of iso-
lated human aortas and a rabbit aorta in vivo. We also
acquired chemical shift spectra from the circumflex cor-
onary artery of a dog. Water and lipid resonances were
clearly identified.

We believe that by using the intravascular MR imaging
and spectroscopy system, reliable diagnostic information
on atherosclerosis can be obtained and MR-guided inter-
ventions could be performed with high precision.
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