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ABSTRACT

Purpose. The Magnetic resonance imaging (MRI) is an emerging technology for

catheter-based imaging and interventions. Real-time MRI is a promising method for

overcoming catheter and physiologic motion for intravascular imaging.

Methods. All imaging was performed on a 1.5 T Signa MRI scanner with high-

speed gradients. Multiple catheter coils were designed and constructed, including

low-profile, stub-matched coils. Coil sensitivity patterns and SNR measurements

were compared. Real-time imaging was performed with an interleaved spiral

sequence using a dedicated workstation, providing real-time data acquisition,

image reconstruction and interactive control and display. Real-time “black-blood”

imaging was achieved through incorporation of off-slice saturation pulses. The

imaging sequence was tested in a continuous flow phantom and then in vivo in the

rabbit aorta using a 2 mm catheter coil.

Results. The real-time intravascular imaging sequence achieved 120–440 micron

resolution at up to 16 frames per second. Low-profile stub-tuned catheter coils

achieved similar SNR to larger traditional coil designs. In the phantom experiments,

addition of real-time black-blood saturation pulses effectively suppressed the flow

signal and allowed visualization of the phantom wall. In vivo experiments clearly

showed real-time intravascular imaging of the rabbit aortic wall with minimal

motion artifacts and effective blood signal suppression.

Conclusions. Real-time imaging with low-profile coil designs provides significant

enhancements to intravascular MRI.
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INTRODUCTION

While coronary angiography remains the clinical gold

standard for evaluating patients for coronary artery

disease, it does not directly image the disease itself,

namely the atherosclerotic vessel wall. Luminal stenoses,

as depicted by angiography, are predictive of chronic

occlusion (1), but minor stenoses are often associated

with acute myocardial infarction (2,3). Postmortem data

suggest that plaque structure and composition, rather

than stenosis severity, correlate with plaque vulnerability

(4–6). Thus, directly imaging the coronary wall may be

useful to predict risk and guide medical therapy and/or

catheter-based interventions. It would also provide “pre-

morbid” data to understand better plaque features

associated with acute coronary events. Currently,

intravascular ultrasound is the primary technique used

to examine human coronary atherosclerosis in vivo (7),

but its ability to provide detailed plaque characterization

has been limited.

Magnetic resonance imaging (MRI) is a highly

flexible imaging technology, which can provide detailed

structural imaging with high soft tissue contrast.

Accordingly, it has been shown to be superior to

ultrasound in characterizing plaque (8,9). While progress

has been made in noninvasive MRI of the coronary wall,

spatial resolution has been limited to 0.5–0.8 mm (10–

13). One approach to improving resolution is to match

the receiver coil to the size of the region of interest,

which achieves better SNR as the noise volume is

reduced. Since Kantor first demonstrated the feasibility

of catheter-based MRI (14), several research groups have

developed intravascular MRI coils (15–20). A catheter

coil, however, is subject to significant motion and blood

flow artifacts, which has resulted in approaches that

occlude blood flow and/or impinge on the vessel wall

(21–24), which are clinically suboptimal in the coronary

arteries. Real-time imaging is an alternative approach to

avoid motion artifacts. Accordingly, we have developed

real-time black-blood intravascular imaging in combi-

nation with low-profile, high-SNR coil geometries. This

study demonstrates our results ex vivo and in vivo in the

rabbit aorta.

METHODS

Magnetic Resonance Imaging Hardware

Imaging was performed on a 1.5 T Signa whole-

body MRI scanner (General Electric Medical

Systems, Milwaukee, WI) with advanced gradients

(40 mT/m, 150 mT/m/msec). This system is augmen-

ted with a Sun workstation for real-time data

acquisition, data transfer, image reconstruction, and

interactive control, and display, as previously

described (25). The quadrature body coil was used

for RF transmission and the catheter coils were used

for signal reception.

Catheter Coils

Initially, three coil prototypes similar to those

previously reported were built and tested in our

laboratory (Figs. 1 and 2). In the opposed solenoid

design (Fig. 1a), two 7-mm long counter-wound loops

were constructed from fine wire (34 awg) with a 6-mm

gap between loops, resulting in overall length of 20 mm

and a 4-mm diameter. The central gap between the two

solenoids experiences a substantial radial protrusion of

field lines with superior radial homogeneity at a cost of a

fall-off in SNR outside of the central region (15,16). The

twin-lead design (Fig. 1b) has the advantages of a smaller

profile, longer FOV, and more flexibility for tortuous

vessels (18). The imaging element is a two-conductor

wire connected by a tuning capacitor at one end. The

insulator between the wires forms the loop gap. Its larger

longitudinal FOV allows for multislice axial imaging at

the cost of reduced radial homogeneity. The tuning

circuitry is also placed locally. The loopless coil (Fig. 1c)

is a dipole antenna formed by unfolding a small coaxial

outer and inner conductor (19). It can be placed into very

small blood vessels with remote matching and tuning.

These probes demonstrate other design aspects, specifi-

cally the use of thin coax (50V characteristic impedance,

2.7-mm diameter), and remote location of Q spoiling and

final matching circuitry with half-wavelength coax

cable. The Q spoiling circuitry forces the coil into a

high-impedance state when the PIN diode is switched on

to prevent interaction with the high-power MRI

transmitter.

In order to overcome the size limitation of fixed-coil

capacitors, additional coil designs were developed based

on solenoid (Fig. 1d) and twin-lead (Fig. 1e) imaging

elements (26). These designs replace discrete capacitors

with open-circuit transmission line stubs of 0.5-mm

microcoaxial cable, whose lengths, which run parallel to

the main coax, are then trimmed to tune the circuit. The

smaller profile coax-stub-matched twin-lead catheter coil

(Fig. 2) could fit into a standard 6 French (2 mm)

introducer and was used for our flow phantom and in vivo

rabbit experiments.
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Figure 1. Schematics of the catheter coil designs.
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Image Acquisition

The real-time imaging system has been described

previously (25). In general, a water-selective 7.68 msec

spectral-spatial excitation is followed by spiral inter-

leaved acquisitions. Spiral trajectories are used because

of their efficient k-space coverage and good motion

properties. The spiral interleaves can be adjusted for the

desired readout duration and spatial/temporal resol-

ution. Real-time images are reconstructed on a single

multiprocessor machine. Each image consists of data

from the previous 6–20 interleaves, as prescribed by the

pulse sequence. The sliding window creates an image

from the most recently acquired spirals at rates of up to

16 frames per second (27). Real-time control and display

are implemented using an X-Window environment.

Separate interactive sliders control FOV, flip angle,

imaging slice thickness, and 3-dimensional image plane.

A separate Image Panel allows arbitrary oblique slice

prescription. A “fast” real-time sequence was used for

higher temporal resolution, consisting of six spiral

interleaves, TR 40 msec, 240 msec per image, nominal

FOV 2 cm, nominal slice thickness 5 mm, flip angle 308,

and 440 micron inplane resolution. A “slow” real-time

sequence was also used for higher spatial resolution,

consisting of 20 interleaves, TR 40 msec, 800 msec per

image, nominal FOV 1 cm, thickness 5 mm, and 120–

360 micron resolution. In addition to the real-time

sequence, conventional gradient-echo and fast spin-echo

imaging were performed for coil measurements,

localization, and ECG-gated intravascular imaging.

Black-Blood Imaging

Real-time black-blood imaging is achieved through

the use of out-of-slice saturation pulses for blood signal

suppression (28) (Fig. 3). Two RF pulses (each exciting

one side band) are followed by a large dephaser gradient

in the slice-select direction. Typical parameters:

saturation pulse flip angle-908, saturation band thick-

ness-4 cm, saturation deadband-1.5 cm (space between

saturation band and imaging slice). The real-time control

system was modified to allow interactive adjustment of

slab thickness, dead band thickness, and the saturation

pulse flip angle.

Catheter Coil Q and SNR Measurements

The coil quality factor (Q) was measured as the ratio

of center frequency to bandwidth in both loaded (with

saline) and unloaded conditions. Bandwidth was

estimated as the full width at half maximum of the

resistance-tuned peak (for coils tuned with a series

capacitor followed by a shunt capacitor) or the

capacitance-tuned peak (for coils tuned with a shunt

capacitor followed by a series capacitor). Axial and

coronal catheter coil sensitivity profiles were also

obtained by sequentially placing each coil in the center

of a 32-mm-diameter container of saline and imaging

with a gradient-echo sequence: FOV 8 cm, matrix

256 £ 256, TE/TR 3.8/100 msec, flip angle 608, thickness

Figure 3. Real-time black-blood technique. Thick saturation

slabs (typically 4 cm) are located on both sides of the imaging

slice, separated by a deadband (typically 1.5 cm).

Figure 2. Catheter coils. From top to bottom: opposed

solenoids, loopless probe, twin lead, coax-stub-matched twin

lead, and coax-stub-matched single solenoid.
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3 mm, NEX ¼ 1: SNR gain for each catheter coil was

then measured relative to a 5-inch surface coil separated

from the catheter coil by 15 cm, using a 20-cm FOV. The

catheter coil was placed inside a 1.25 cm tube of saline

and 4-liter container of saline was placed between the

catheter coil and the surface coil. A 6-mm ROI was

drawn adjacent to the catheter coil to measure signal

intensity.

Flow Phantom Studies

Continuous flow phantom studies were performed with

the real-time intravascular imaging sequence. The

catheter coils were inserted into the phantom via a 6

French introducer. The phantom consisted of an 8-mm

inner diameter plastic tube surrounded by a 3-mm thick

water-based silicone gel (Dow Corning Corp., Midland,

MI). Water was doped with manganese chloride to

simulate blood in its relaxation properties, and a constant-

rate flow pump was used (Masterflex model 7520-25;

Cole-Palmer Instrument Company, Chicago, IL) at a rate

of 1.5 m/sec. Reference velocities were confirmed using a

phase contrast sequence as previously described (28).

Ex Vivo Imaging

Ex vivo human aortae were imaged to evaluate the

radial SNR and sensitivity fall-off relative to the vascular

features of interest. Aortic samples were harvested at

autopsy, stored in moist gauze at 48C, and imaged within

48 hr at room temperature. A T2-weighted fast spin-echo

sequence was used: FOV 4 cm, thickness 3 mm, matrix

256 £ 256, TE eff=TR ¼ 54=2500 msec; 16 averages,

time 21:35.

In Vivo Imaging

Three male New Zealand white rabbits (3–4 kg),

which have an aortic diameter (,3 mm) similar to that of

human coronary arteries, were imaged under an approved

protocol of the Stanford University School of Medicine

Administrative Panel on Laboratory Animal Care.

Animals were anesthetized with IM Ketamine

(35 mg/kg), Glycopyrolate (0.02 mg/kg), and Metatomi-

dine (250mg/kg) to minimize pain, distress, and motion.

Prior to imaging, a right iliac artery cut-down was

performed and a 6F introducer was inserted. The catheter

coil was then advanced into the aorta through the

introducer under x-ray fluoroscopy guidance. As

described above, both conventional and real-time in

vivo imaging of the rabbit aorta was performed. The ECG-

gated fast spin-echo sequence parameters were: FOV

4 cm, thickness 3 mm, matrix 256 £ 256, TE 17 msec,

echo-train length eight, four averages, time 1:49. At the

conclusion of the MRI studies, the animals were

euthanized with Beuthanasia-D solution, 0.5 mL/kg IV.

RESULTS

Catheter Coil Measurements

Table 1 shows the measured Q values of our catheter

coils. The measured Q values of our first prototype coils

are within the range that has been previously reported

(16). The Q values for our new coax-stub matched coils

are within the range one would expect for the smaller

magnetic field energy per volume. The loopless probe

behaved like a broadband 50V resistor (Q , 1) and

required a DC blocking capacitor to prevent electrolysis.

Also shown in Table 1 are the SNR gains of these coils in

saline compared to a 5-inch surface coil using identical

pulse sequences. Note the favorable SNR gain of our new

coil designs despite their smaller size. The loopless probe

has lower near-field SNR compared to other catheter

coils, as previously reported (19), despite its favorable

profile.

Catheter Coil Sensitivities

Figure 4 shows the axial and longitudinal sensitivities

of the coils in saline. The twin-lead coil provided the

most longitudinal homogeneity (Figure 4d) with a loss in

axial homogeneity and peak SNR compared to the

opposed solenoids (Fig. 4b vs. 4a). The loopless coil

provided the least SNR (Fig. 4c and f). The sensitivity

patterns of the locally-tuned coax-stub catheter coils

(Fig. 4g and h) appeared similar to those that utilize

discrete capacitors.

Table 1

Catheter Coils: Measured Q, SNR Gain

Coil Configuration Unloaded Q Loaded Qa SNR Gain

Opposed solenoid 110 60 48

Flexible twin lead 50 50 59

Loopless probe ,1 ,1 4

Single solenoidb 47 44 34

Flexible twin leadb 47 41 30

a NaCl 150-mmol/L.
b Coax-Stub Matched Coils.
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Flow Phantom Experiment

Real-time black-blood imaging was initially demon-

strated with the coil placed in the flow phantom (Fig. 5).

The phantom wall is clearly seen with flow off (Fig. 5a).

When flow is turned on (without the black-blood

feature), the image becomes dominated by flow-related

artifacts (Fig. 5b). With the black-blood saturation pulses

are turned on, flow artifacts are suppressed and the edge

of the outer, water-based silicone rubber layer is visible

(Fig. 5c).

Ex Vivo Imaging

An ex vivo human aorta was imaged with the twin-

lead coil. (Fig. 6a) With T2-weighting, three aortic wall

layers are clearly visualized, as previously described

(30,31).

In Vivo Imaging

Imaging of the coil in the rabbit aorta, using

conventional sequences, is shown in Fig. 6. The ECG-

gated FSE image (Fig. 6c) clearly has significant artifacts

related to catheter motion. Real-time in vivo intravas-

cular images are shown in Fig. 7. The black-blood

saturation pulses effectively suppress the blood flow

signal, and the rabbit aortic wall is seen without motion

Figure 4. Coil sensitivity profiles. Axial and coronal images

obtained in saline, with arrowheads on the coronal images

indicating the position of the axial images. Coils in (g)–(j)

utilize coaxial stub matching strategies. Note the increased

longitudinal sensitivity of the twin-lead and loopless probes (d,

f, j). In contrast, the solenoid designs have more uniform axial

sensitivity (b, g), with limited longitudinal sensitivity (e, i).

Figure 5. Real-time flow phantom experiment. (A) Flow off:

Bright signal around coil, with a dark band representing the

plastic wall (arrow), surrounded by a thicker gray band

representing the silicone gel (arrowhead). (B) Flow on: Flow

signal artifacts dominate the image. (C) Flow on, saturation

pulses on: Flow signal effectively suppressed, with reduced

signal around the coil. The silicone gel layer is now well seen

(arrowhead), as in (A).
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artifacts (Fig. 7b and d). Both “fast” and “slow” real-time

sequences visualize the aortic wall, with the expected

trade-offs between spatial and temporal resolution.

DISCUSSION

This is the first description of real-time, interactive

intravascular MR imaging. Results demonstrate that real-

time spiral acquisition and blood signal suppression

methods can overcome flow- and motion-related artifacts

in combination with low-profile, coaxial-stub-matched

catheter coils.

The MRI of atherosclerotic plaque has made

significant advances over the last decade, from ex vivo

plaque characterization (30,32–36) to in vivo imaging of

human carotid and aortic plaque (37–40). Coronary

plaque imaging has been the most challenging, due to the

small size and cardiac and respiratory motion. Recently,

techniques have been developed to image the coronary

wall noninvasively (10–13,41). However, the 0.5–

0.8 mm spatial resolution is suboptimal for detailed

assessment of coronary plaque features. In particular,

fibrous cap thickness, which is correlated with risk of

plaque rupture, can be on the order of 100m or less (42).

Thus, a significant increase in sensitivity is needed to

provide adequate SNR at very high spatial resolutions,

leading to the development of intravascular coils.

Martin and Henkelman were the first to successfully

perform intravascular MRI in vivo (21). However, to

suppress motion artifacts, a 9-mm bullet-tip modification

was required to limit coil motion, greatly limiting its

clinical utility. A second approach involved placing an

Figure 7. In vivo real-time intravascular MRI. (a) Real-time

imaging in the rabbit aorta using the “fast” pulse sequence

(240 msec per complete image, 440-mm resolution, 2 cm FOV)

without saturation pulses. The blood flow signal dominates the

image. (b) Intravascular imaging as in (a), except now with

saturation pulses. Note the suppression of the blood flow signal,

revealing the aortic wall (arrow). (c, d): Real-time intravascular

imaging as in (a, b), except using the “slow” pulse sequence

(800 msec per complete image, 360-mm resolution, 3 cm FOV).

With saturation pulses on (d), the aortic wall is visualized

(arrow) with good blood flow suppression. The decreased

temporal resolution did not cause significant motion artifacts

and allowed improved image quality at higher spatial

resolution.

Figure 6. Nonreal-time imaging. (a) T2-weighted intravas-

cular imaging of ex vivo human aorta at 156-mm resolution.

Note the bright signal of the intravascular coil (arrow) and the

adjacent three-layered vessel wall. (b) Coronal gradient-echo

image, using the body coil, of a rabbit prior to intravascular

imaging, showing the position of catheter coil (arrow) in the

aorta via the right iliac artery. (c) Intravascular imaging of the

rabbit aorta using a gated fast-spin-echo sequence at 156-mm

resolution. The periadventitial fat (arrow) surrounds the thin

normal aortic wall. Note the significant artifacts due to catheter

motion, despite cardiac gating.
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expandable coil in an adjacent vein, the loss in SNR from

radial fall-off being compensated by the potentially

larger coil size (22). However, these images also suffer

from motion artifacts. To overcome the size limitations

of both the presence of a loop and the need for local

tuning, a loopless catheter antenna with remote tuning

was proposed (19). Despite its favorable low profile, the

catheter’s low SNR would make it impractical for real-

time imaging. Another approach, involving the mounting

of an intravascular coil on an inflatable balloon, was

shown to provide high-resolution in vivo images of

atherosclerosis (20,24). While balloon occlusion of over

3 min may be tolerated in the periphery, this would be

problematic in the coronary and carotid arteries. This led

to an autoperfused balloon catheter modification, which

has been used to image the pig carotid artery in vivo (23).

However, the use of small-diameter coaxial cables in

these coil designs leads to reduced SNR. Moreover,

balloon expansion exposes the vessel wall to injury and

restenosis. The advantage of real-time intravascular

imaging is that it allows nonocclusive, nontraumatic

imaging of the vessel wall without motion artifacts.

While this study demonstrates the feasibility of real-

time intravascular imaging, further improvements are

required for clinical application. The quality of the in

vivo images is limited, which is partially due to the very

thin normal rabbit aortic wall (,200m ). An athero-

sclerotic aortic wall in the rabbit can be .500m (43) and

would be more easily visualized. Further gains in SNR

are required to allow higher spatial resolution while

maintaining adequate temporal resolution. Tissue con-

trast methods, such as T2-weighting, need to be

incorporated to allow detailed plaque characterization

(30). As this study used normal rabbits, real-time in vivo

plaque characterization could not be assessed. Real-time

catheter tracking should also be incorporated to guide

catheter placement and have the imaging plane follow as

the coil is passed through the vessel of interest (44–47).

Finally, catheter coils designed for human use would

need to be tested for heating effects and safety.

In conclusion, real-time, interactive intravascular

MRI is a promising approach to detailed, motion-free

imaging of atherosclerosis in vivo. Real-time MRI is an

ideal platform for catheter-based diagnosis and inter-

ventions in cardiovascular disease.
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