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Catheter Visualization with
Resonant Markers at MR
Imaging–guided Deployment
of Endovascular Stents in
Swine1

PURPOSE: To evaluate resonant circuits as markers for magnetic resonance (MR)
imaging–guided placement of nitinol stents.

MATERIALS AND METHODS: The study was approved by the institutional animal
research committee and complied with National Institutes of Health guidelines for
care and use of laboratory animals. Resonant circuits similar to catheter markers used
at conventional angiography were placed proximally and distally to a nitinol stent in
a stent delivery system. Resonant circuits were tested in vitro and in vivo for signal
intensity levels that would enable visualization during MR imaging–guided stent
deployment. Experiments were conducted by using real-time imaging with a 1.5-T
unit. Stents (n � 9) were deployed in the vena cava (n � 2), abdominal aorta (n �
2), isthmus of the aorta (n � 2), and carotid (n � 2) and iliac (n � 1) arteries in five
pigs. After intervention, the site of the stent was investigated with balanced fast
field-echo MR imaging and contrast material–enhanced MR angiography. Blood
flow velocities were measured in the stent lumen and next to the stent with
velocity-encoded cine MR imaging. Level of agreement was determined with Bland-
Altman analysis.

RESULTS: During all interventions, resonant circuits provided highly visible MR
signal that allowed fast and reliable visualization of the stent delivery system. Borders
of loaded stents were clearly marked, which allowed precise stent placement in all
experiments. Balanced fast field-echo MR imaging and contrast-enhanced MR an-
giography provided information about immediate postintervention position. Posi-
tions depicted on MR images were found accurate at postmortem examination.
Results of Bland-Altman analysis showed good agreement between blood flow
velocities measured in and next to the stent lumen, with a mean difference of �9
cm/sec � 5 (standard deviation).

CONCLUSION: Resonant circuits are well suited for use at deployment of endo-
vascular stents.
© RSNA, 2004

Magnetic resonance (MR) imaging–guided endovascular intervention is a rapidly devel-
oping field of basic research and preliminary clinical experience. MR imagers have been
recently modified for use in interventional procedures. At the same time, the technologic
development of MR-compatible devices is proceeding at a fast pace. Several groups (1–3)
have reported the feasibility of endovascular procedures performed with MR imaging
guidance.

MR imaging research with catheter tracking has resulted in a number of methods for
active and passive tracking. Active tracking is accomplished by incorporating a small
receiver coil into the tip of a device (4,5). Results of several studies, however, have shown
that the use of active catheter tracking techniques may be hazardous to the patient (6–8).

774

R
a

d
io

lo
gy



Passive tracking of endovascular cathe-
ters is based on the integration of mag-
netic susceptibility markers (9,10) or con-
trast agents (11) into the device. The use
of this technique, however, often results
in insufficient contrast between the in-
terventional instrument and the anat-
omy that surrounds it (1–3). In addition,
passive tracking techniques do not de-
liver coordinates, as is required for fast
and automated device localization.

The use of wireless resonant circuits
(RCs) as fiducial markers of endovascular
catheters has been proposed as an alter-
native to conventional passive and active
methods for catheter tracking (12–14).
The main advantages of RCs are that they
(a) produce an intense local signal inten-
sity enhancement, which is readily per-
ceptible to the observer at any catheter
orientation (14), (b) do not contain any
elongated conductors and can be con-
structed such that no physiologically rel-
evant heating occurs (13), and (c) allow
for automated tip detection and section
tracking (13).

RCs, if tuned to the Larmor frequency,
substantially enhance the excitation an-
gle in and adjacent to the fiducial coil
and locally increase the sensitivity of the
receive coil. Accurate fine-tuning of the
RC is essential for its appropriate func-
tion. However, tuning is problematic
when RCs are mounted on interven-
tional instruments such as stent delivery
systems (SDSs). SDSs are composed of
various materials and include multiple
layers of polyesters, as well as the loaded
metallic stents. In addition, during inter-
vention, various kinds of guidewires are
alternately inserted into the lumen of the
SDS. All these materials can either dimin-
ish the quality factor of the RC or elec-
tromagnetically interact with the RC and
in turn influence its tuning condition.

The aim of this study was to evaluate
RCs as markers on endovascular catheters
for MR imaging–guided placement of
nitinol stents.

MATERIALS AND METHODS

Stents and SDSs

Self-expanding nitinol stents (Flexx;
Angiomed, Karlsruhe, Germany) with a
diameter of 10 mm and a length of 30
mm were used. The nitinol stents consist
of a paramagnetic metal alloy composed
of 50% titanium and 50% nickel (15).
Stents were front-loaded into a custom-
made 6-F SDS that comprises an outer
and an inner catheter. The outer catheter
is made of polyurethane and has a mate-

rial thickness of 0.4 mm. The inner cath-
eter is made of polyester and provides a
working lumen with a diameter of 0.035
inch. Stent delivery is achieved by pulling
back the outer catheter over the front-
loaded stent while a small polyester
plunger at the tip of the inner catheter
holds the stent in place during its expan-
sion.

Resonant Circuits

RCs were coils constructed of thin cop-
per wire and tuned to the Larmor fre-
quency at 1.5 T. Tuning was achieved
with multilayered ceramic capacitors
with a capacity of 10–24 pF and a hous-
ing that measured 0.25 � 0.25 � 0.50
mm (Philips, Eindhoven, the Nether-
lands). Each RC coil consisted of between
eight and 10 revolutions of 0.12-mm in-
sulated copper wire. Coils were wound
diagonally around the SDS at an angle of
45° to the long axis of the SDS (Fig 1).

RCs were glued to the outer catheter of
the SDS and were positioned directly ad-
jacent to the distal and proximal margins
of the loaded stent (Fig 1). For the exper-
iments, two different sets of RCs were
constructed. The first set consisted of sin-
gle RCs, whereas the second set com-
prised a pair of decoupled RCs. For de-
coupling, two individually tuned RCs
were superimposed and oriented perpen-
dicular to each other (14). The MR signal
in catheters equipped with a pair of de-
coupled RCs is largely independent of
catheter orientation with regard to the B0

field direction, whereas the signal in
catheters with single RCs is not (14).

While submerged in isotonic saline so-
lution, RCs were tuned to 63.87 MHz
with a network analyzer used in S-11
mode. Tuning was performed while a
0.035-inch nitinol guidewire (Microvena,
White Bear Lake, Minn) was inserted
through the working lumen of the SDS.
For fine-tuning, a flexible coaxial cable
(Precision Interconnect, Wilsonville, Ore)
was connected to the capacitor, in parallel

with the guidewire and with an open end.
The coaxial cable yields an electric capacity
of 0.94 pF/cm at 63.87 MHz. Fine-tuning
was realized by shortening the coaxial ca-
ble stepwise to an average length of 7
mm � 2. After tuning, RCs were coated
with polyurethane. In their entirety, the
RCs (including copper coils, capacitor, co-
axial cable, and coating) had an average
thickness of 1.8 mm � 0.5. The outer di-
ameter of the SDS with the RCs was 7.5 F.
The quality factor of the RCs measured
with the network analyzer in saline solu-
tion was 42 � 10.

MR Imaging

All experiments were performed with a
short-bore 1.5-T MR imager (Intera; Phil-
ips Medical Systems, Best, the Nether-
lands) by using a phased-array surface
coil. In vitro measurements and MR guid-
ance of interventional procedures were
based on an interactive real-time steady-
state free precession sequence. Imaging
parameters were as follows: repetition
time msec/echo time msec, 2.9/1.6; vari-
able flip angle, 5° or 45°; variable section
thickness, 8–10 mm; variable field of
view, 200–350 mm; reconstruction field
of view, 80%; matrix, 128 � 128; and
cartesian k-space sampling. The acquisi-
tion rate was 8 frames per second, and
the online reconstruction and display
rate was 195 frames per second.

Preinterventional assessment of the
targeted vasculature and postinterven-
tional evaluation of stent position were
performed with both balanced fast field-
echo (FFE) MR imaging and contrast ma-
terial–enhanced three-dimensional (3D)
MR angiography. Imaging parameters for
the balanced FFE sequence were as fol-
lows: 2.7/1.4, flip angle of 50°, section
thickness of 8 mm, field of view of 200–
350 mm, and matrix of 256 � 256. Im-
aging parameters for 3D MR angiography
were 5.2/1.6, flip angle of 35°, section
thickness of 1.6 mm, field of view of 350–
400 mm, and matrix of 512 � 512. During

Figure 1. SDS with RCs (arrows) positioned at the distal and prox-
imal ends of the loaded stent.

Volume 233 � Number 3 Resonant Markers for Endovascular Stents in Swine � 775

R
a

d
io

lo
gy



MR angiography, gadopentetate dimeglu-
mine (Magnevist; Schering, Berlin, Ger-
many) at a dose of 0.2 mmol of gadolinium
per kilogram body weight was injected in-
travenously at a rate of 4 mL/sec.

Velocity-encoded cine MR imaging
was used for measurement of blood flow
velocities in the stent lumen and adja-
cent to the stent immediately after inter-
vention. Imaging parameters for veloc-
ity-encoded cine MR imaging (16) were
as follows: 16/9, flip angle of 15°, field of
view of 200–350 mm, reconstruction
field of view of 50%, matrix of 256 � 256,
section thickness of 8 mm, retrospective
gating, 20 phases, and maximum limit of
200 cm/sec for velocity encoding.

In Vitro Experiments

A total of 12 SDSs were tested in vitro:
Six were fitted with single RCs, and six,
with a pair of decoupled RCs. All SDSs

were immersed in a saline bath contain-
ing gadopentetate dimeglumine with a
gadolinium concentration of 2.5 mmol/L
(T1 � 360 msec, T2 � 280 msec). Signal
intensity (SI) of the RCs was measured at
flip angles of 45° and 5° by using interac-
tive real-time MR imaging with a steady-
state free precession sequence. Measure-
ments were made with the SDSs aligned
parallel to the B0 field and at angles of
10°, 20°, 30°, 40°, 50°, 60°, 70°, 80°, and
90° to the B0 field. SI was determined
before and after release of the stent. Dur-
ing SI measurements, the lumen of the
SDS was filled with saline solution. Fur-
ther separate SI measurements were per-
formed with the saline solution–filled lu-
men of the SDS alternately containing
(a) a 0.035-inch nitinol guidewire and
(b) a custom-made 0.035-inch polyester
guidewire. SI was measured in an area of 4
pixels at the site of the RCs by three inde-
pendent observers (T.K., F.B., S.W.).

In Vivo Experiments

All procedures were performed in ac-
cordance with the National Institutes of
Health guidelines for care and use of lab-
oratory animals and with the approval of
the committee of animal research at our
institution.

In five pigs (weight range, 18–28 kg),
nine endovascular nitinol stents were de-
ployed with MR imaging guidance. The
animals were given an intramuscular in-
jection of a mixture of telazol, ketamine,
and xylazine at a dose of 0.025 mg/kg for
induction of anesthesia, and 2% isoflu-
rane was administered for maintenance
of general anesthesia. Monitoring of vital
parameters included electrocardiography
and measurement of oxygen saturation.
Vascular access was gained with the
Seldinger technique in the iliac artery
and vein and in the carotid artery. The
animals were moved into the MR imag-

Figure 2. MR images acquired with interactive
steady-state free precession (2.9/1.6; flip angle,
45°; section thickness, 8 mm; acquisition frame
rate, 8 per second; field of view, 280 mm; matrix,
128 � 128) show SDS with RCs in saline bath.
Note the intense signal of the RCs before (left)
and after (right) delivery of the nitinol stent.

Figure 3. Parasagittal interactive steady-state free precession (2.9/
1.6; flip angle, 5°; section thickness, 8 mm; acquisition frame rate, 8
per second; field of view, 280 mm; matrix, 128 � 128) MR images of
the thoracic aorta, carotid artery, and SDS with single RCs show good
contrast between SI of RCs and SI of background anatomy achieved
with flip angle of 5°. A, Advancement of the SDS through the aortic
arch. B, SDS in the carotid artery immediately before stent delivery. C,
Release of the nitinol stent accompanied by detuning of the distal RC
(arrow). D, Retraction of the SDS into the descending aorta.
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ing unit after this preparation in the an-
imal care facilities. The targeted vascula-
ture was investigated with balanced FFE
and 3D MR angiographic pulse se-
quences. The SDS then was advanced
through the sheath into the desired po-
sition during MR imaging with steady-
state free precession for real-time interac-
tive guidance.

Nitinol stents were deployed in one pig
in each of the following locations: the
inferior vena cava below the insertion of
the renal veins (two stents), the abdomi-
nal aorta below the origin of the renal
arteries (two stents), the isthmus of the
aorta (two stents), the origin of the left
common carotid artery at the aortic arch
(two stents), and the common iliac artery
distal to the bifurcation (one stent).

During intervention, SI was measured
over 4 pixels at the site of the RCs and in
the vessel lumen in the vicinity of the
RCs with interactive real-time steady-
state free precession imaging. Measure-
ments were made at flip angles of 45° and
5°. For interventions in the vena cava
and the aorta, SDSs with single RCs were
used, because during these procedures
the SDS is aligned parallel to the B0 field.
For interventions in the carotid and iliac
arteries, SDSs with a pair of decoupled
RCs were used. During these procedures,
the SDS is oriented at different angles to
the B0 field as it is advanced from the
aorta into the carotid or iliac artery. SI of
the RCs was determined within the aorta,
the vena cava, and the carotid and iliac
arteries. SI was measured before and after
stent delivery. Finally, SI in six SDSs
(three with single RCs and three with a
pair of decoupled RCs) was measured

while the lumen of the SDS was (a) filled
with saline solution, (b) filled with saline
solution and holding a 0.035-inch niti-
nol guidewire, and (c) filled with saline
solution and holding a 0.035-inch poly-
ester guidewire. All measurements were
repeated three times.

After intervention, the site of the stent
was investigated with balanced FFE imag-
ing and 3D MR angiography to deter-
mine the accuracy of deployment. Fi-
nally, peak flow velocities were measured
in the stent lumen and distal or proximal
to the stent with velocity-encoded cine
MR imaging. Velocity measurements
were performed twice at each site. All
procedures were analyzed independently
by each of three investigators (T.K., F.B.,
P.E.).

Autopsy of Animals

After completion of the study, the an-
imals were euthanized with intravenous
sodium pentobarbital (200 mg/kg). The
inferior vena cava, aorta, and carotid and
iliac arteries were dissected, and the po-
sition of the stent was determined with
consensus by five authors (T.K., F.B., P.E.,
B.S., S.Y.).

Statistical Analysis

A paired Student t test was used to com-
pare SI measured for the same type of RC at

different orientations to the B0 field and in
different conditions (with and without use
of guidewires and before and after stent
delivery). An unpaired Student t test was
used to compare SI (a) between the single
RC and a pair of decoupled RCs and (b) be-
tween the RC and the vascular blood pool.
Bland-Altman analysis was used to test for
the limits of agreement between flow ve-
locities measured next to the stent and in
the lumen of the stent. Data for SI, stent
position, and flow velocity were expressed
as mean � standard deviation. A value of
P � .05 was considered to indicate a statis-
tically significant difference. Interobserver
variability for measurements of SI, stent
position, and flow velocity was calculated
by using the Bland-Altman test. Statistical
analysis was performed by using software
(Statistical Package for the Social Sciences,
version 10.0 for Windows XP; SPSS, Chi-
cago, Ill).

RESULTS

In Vitro Experiments

RCs produced an intense local signal
enhancement, which clearly marked the
margins of the stent loaded within the
SDS (Fig 2). No significant difference in SI
was measured between the single RCs
and the pair of decoupled RCs when the
SDS was aligned parallel to the B0 field.

Figure 4. Parasagittal interactive steady-state
free precession (2.9/1.6; flip angle, 45°; section
thickness, 8 mm; acquisition frame rate, 8 per
second; field of view, 280 mm; matrix, 128 �
128) MR image of the thoracic aorta and SDS
with single RCs (arrows).

Figure 5. Bar graph shows in vivo SI measurements with two differ-
ent flip angles over 4 pixels at the sites of single RCs and paired
decoupled RCs and in blood within the vessel near the RC. Only SI of
the blood pool (�) decreased significantly when the flip angle was
changed from 45° to 5° (P � .001). No significant difference was
found between SI measurements with the SDS lumen containing
saline solution alone, saline solution and a nitinol guidewire, or
saline solution and a polyester guidewire.
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Mean SI of the single and paired RCs was
2744 arbitrary units (au) � 97 and 2688
au � 89, respectively. SI was orientation
dependent for single RCs but not for the
pair of decoupled RCs. In single RCs, SI
decreased significantly (P � .01) when
the SDS was positioned at an angle of
more than 30° with respect to the B0

field. The extent of the SI decrease de-
pended on the rotation angle of the long
axis of the catheter, which at a certain
angulation resulted in total signal loss.

No significant difference in SI in either
type of RC was noted between measure-
ments made at a flip angle of 45° and
those at a flip angle of 5°. In addition, SI
levels measured before and after stent de-
livery were constant (Fig 2). During stent

delivery, however, the distal RC was de-
tuned as the outer catheter of the SDS
was pulled, together with the distal RC,
over the front-loaded stent. Detuning of
the RC resulted in total signal loss. No
significant difference in SI was measured
between conditions in which the lumen
of the SDS was (a) filled with saline solu-
tion, (b) filled with saline solution and
containing a nitinol guidewire, or
(c) filled with saline solution and con-
taining a polyester guidewire. For the in
vitro experiments, interobserver variabil-
ity in measured SI was 1.3% � 0.3.

In Vivo Experiments

During the interventional procedure,
resonant markers produced an intense lo-
cal MR signal (Figs 3, 4). For the observer,
the signal was easy to distinguish from
the background anatomy and allowed
fast and reliable MR monitoring of the
SDS position. The margins of the loaded
stent were clearly and unequivocally de-
fined by the RCs (Figs 3, 4). Stent place-
ment was successful in all cases. There
was no technical failure, stent malposi-
tioning, or vascular injury due to the in-
tervention. The SDS was maneuvered eas-
ily within the vasculature.

Mean SI of the pair of decoupled RCs
was not substantially lower than mean SI
of the single RCs (2381 au � 123 and
2130 au � 101, respectively) in the aorta
and vena cava (Fig 5). SI levels of the pair
of decoupled RCs were independent from
the orientation of the SDS with respect to
the B0 field direction. SI levels of the sin-
gle RCs remained constant when mea-
sured in the aorta and vena cava but de-
creased when the SDS was positioned at
an angle with respect to the B0 field. Ac-

cording to the results of in vitro experi-
ments, SI decreased when the SDS was
angled more than 30° with respect to the
B0 field (eg, when the SDS was moved
through the aortic arch). The decrease in
SI depended also on the rotation angle of
the long axis of the RC, which at a certain
angulation resulted in total signal loss. At
angles greater than 30°, SI levels of single
RCs ranged from 148 au (total signal loss)
to 2360 au. Mean SI levels for the pair of
decoupled RCs were 2145 au � 121.

No significant difference in SI in RCs of
either type was noted for measurements
made at a flip angle of 45° or 5° (Fig 5). SI
of the vascular space, however, decreased
significantly from 1059 au � 188 to 234
au � 33 with a change in flip angle from
45° to 5° (P � .001), which, in turn, en-
hanced the contrast between the RC and
the background anatomy (Figs 3–5).

No significant difference in SI of the
RCs was found between measurement be-
fore and measurement after stent deploy-
ment. The distal part of the RC, however,
detuned during stent delivery. Detuning
resulted in total signal loss. No signifi-
cant difference was found for the RC,
whether the lumen of the SDS contained
saline solution alone, saline solution and
a nitinol guidewire, or saline solution
and a polyester guidewire (Figs 5, 6). For
the in vivo experiments, interobserver
variability in measured SI was 1.8% �
0.4.

After stent deployment, the position of
the stent was verified on cine images ac-
quired with the balanced FFE sequence
and on 3D MR angiographic images (Figs
7, 8). The site of the deployed stent was
evident because of magnetic susceptibil-
ity artifacts and radiofrequency shielding
effects. All stents were successfully placed
at the desired position. Stent position
was confirmed at autopsy. Postmortem
examination revealed that stents placed
in the inferior vena cava or abdominal
aorta were 3 mm � 2 below the insertion
of the renal veins or arteries and 2 mm �
2 distal to the origin of the common ca-
rotid and iliac arteries from the aortic
arch or aortic bifurcation. Interobserver
variability of the determined stent posi-
tion was 1.7% � 0.4. The lumen of all
placed stents was obscured because of ra-
diofrequency shielding, which limited
the evaluation of stent patency on bal-
anced FFE and 3D MR angiographic im-
ages (Figs 7, 8). Assessment of blood flow
velocity, however, was possible in all
cases by using velocity-encoded cine MR
imaging. The Bland-Altman test showed
good agreement between peak flow veloc-
ities measured in the lumen of the stent

Figure 6. Transverse interactive steady-state free precession (2.9/1.6; flip angle, 45°; section
thickness, 8 mm; acquisition frame rate, 8 per second; field of view, 280 mm; matrix, 128 � 128)
MR images of the inferior vena cava and SDS with paired decoupled RCs (arrows) show that SI of
the RCs remained comparable in three different conditions: with the working lumen of the SDS
filled with saline solution (A); with a 0.035-inch polyester guidewire advanced through the saline
solution–filled lumen (B); and with a 0.035-inch nitinol guidewire inserted in the saline solution–
filled lumen (C). Because the nitinol guidewire acts as an antenna, SI in the SDS is increased on C.

Figure 7. Transverse balanced FFE (2.7/1.4;
flip angle, 50°; section thickness, 8 mm; field of
view, 260 mm; matrix, 256 � 256) MR image
shows decreased SI in the lumen of a nitinol
stent placed in the aorta (right arrow), com-
pared with SI in the adjacent vena cava (left
arrow).
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and those measured at locations distal or
proximal to the stent. The mean difference
was �9 cm/sec, and the standard deviation
of difference was � 5 cm/sec. All measure-
ments were within the interval of two stan-
dard deviations. Stent patency was con-
firmed at autopsy. Interobserver variability
of flow measurements was 2.3% � 0.5.

DISCUSSION

The major finding of this study was that
RCs provide an intense local MR signal in
various major vessels and at various ori-
entations that is easily perceived by the
observer. At MR fluoroscopy, RCs clearly
marked the position of the nitinol stent
in the SDS. All stents were placed cor-
rectly in the desired sites shown on bal-
anced FFE and 3D MR angiographic im-
ages. Postinterventional velocity-encoded
cine MR imaging measurements of peak
flow velocities indicated patency of the
stent lumina, which was confirmed at au-
topsy.

In the current study, monitoring of the
SDS position was based on visual percep-
tion of intense local SI enhancement in
the area of the RCs. RCs, however, also
have potential for automated tip detec-
tion and section tracking. Weiss et al (13)
recently demonstrated that switchable
RCs can be optically tuned and detuned
with use of a photodiode connected to an
optical fiber.

Orientation-independent position mon-
itoring of catheters is essential to perform
endovascular intervention safely. As previ-
ously reported by Kuehne et al (14), the MR
signal of a pair of decoupled RCs is largely
independent of catheter orientation with
regard to the B0 field. In this study, we
mounted single RCs and a pair of de-
coupled RCs on the SDS. Unlike the pair of
decoupled RCs, the single RCs were orien-
tation dependent. Therefore, we used SDSs
with single RCs for interventions in the
aorta and vena cava and SDSs with a pair of
decoupled RCs for interventions in the
other blood vessels (eg, the carotid and il-
iac arteries), which are not strictly parallel
to the B0 field. Thus, a pair of decoupled
RCs may be needed in tortuous blood ves-
sels.

The use of guidewires in endovascular
interventions with conventional fluoro-
scopic guidance is routine. Currently, re-
search efforts have been undertaken to
develop guidewires suitable for MR imag-
ing–controlled intervention. In theory,
the MR signal of RCs is very susceptible
to changes induced by guidewires, metal-
lic or not. Metallic guidewires can couple

with the RC to produce a higher RC res-
onance frequency due to the reduction in
the effective cross-sectional area of the
coil and, thus, an increase in its induc-
tance. In addition, the RC signal benefits
from the signal that originates in the wa-
ter in the lumen of the catheter. Thus,
the insertion of any type of guidewire
through the lumen of the catheter might
cause a decrease in MR signal of the RC.

In this study, RCs were tuned when a
0.035-inch nitinol guidewire was placed
in the lumen of the SDS. Removal of the
guidewire slightly lowered the resonance
frequency of RCs by 120 kHz � 20. The
results of in vitro and in vivo experi-
ments, however, showed no significant
difference between SI of the RCs mea-
sured during (a) use of a 0.035-inch niti-
nol guidewire, (b) use of a 0.035-inch
polyester guidewire, and (c) retrieval of
the guidewires (Fig 6). These findings can
be explained by the fact that a shift in
resonance frequency of 120 kHz is less
than 15% of the RC bandwidth of ap-
proximately 1500 kHz when using an RC
with a quality factor of 42. In addition,
the coil configuration proposed in this
article produces a very asymmetric mag-
netic field. Therefore, the generated RC
signal certainly benefits from but does
not necessarily depend on signal that
originates in the lumen of the SDS.

In the current study, RCs were mounted
on the outer catheter of the SDS and were
positioned directly adjacent to the bor-
ders of the stent. During retraction of the
outer catheter for stent delivery, the RC
positioned at the distal tip of the SDS was
pulled back and moved over the loaded
stent. This caused severe detuning of the
distal RC, which in turn resulted in total

loss of the RC signal. This problem could
be eventually solved by deploying RCs
on the inner catheter of the SDS and not,
as in this study, on the outer retractable
sheath. Such a setup, however, has to be
tested in a systematic manner in future
research.

Real-time interactive steady-state free
precession imaging allows interactive
change of the flip angle, which can be
helpful for fast monitoring of catheter
position during MR imaging–guided in-
tervention. Good visualization of the RCs
and the background anatomy was real-
ized at a flip angle of 45° (Fig 4). Small
tortuous vessels with pulsatile blood flow
may result, however, in circumscribed ar-
eas with high signal intensity that might
appear similar to the signal intensity of
RCs. In such cases, fast identification of
the RCs can be facilitated with the use of
a smaller flip angle (5°–10°). Use of small
flip angles results in a substantial de-
crease in the SI of the background anat-
omy without a decrease in SI in the RCs.
Consequently, the contrast between RCs
and the anatomic background is much
improved (Figs 3–5).

Balanced FFE and 3D MR angiographic
imaging sequences were used for postin-
terventional assessment of stent position
and patency. The combination of mag-
netic susceptibility artifacts and radiofre-
quency shielding effects allowed visual-
ization of stents in the vascular beds.
Radiofrequency shielding effects, how-
ever, also caused a reduction in SI in the
lumen of the stent, which prevented a
reliable assessment of patency in the
stent lumen (Figs 7, 8). Nevertheless, we
found, in concordance with the results of
other studies, that quantitative blood

Figure 8. Contrast-enhanced MR angiograms (5.2/1.6; flip angle,
35°; section thickness, 1.6 mm; field of view, 380 mm; matrix, 512 �
512) before (left) and after (right) stent placement in the carotid
artery (arrows).
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flow rates can be accurately assessed
within the lumen of nitinol stents with a
diameter of 10 mm (17). Future research
is required to determine whether postin-
terventional in-stent stenosis can be ac-
curately determined by using velocity-
encoded cine MR imaging.

The construction of very small RCs is
time-consuming and technically diffi-
cult. Future research should address the
development of techniques for produc-
ing smaller RCs. In addition, the poten-
tial use of RCs with small catheters (1–3
F) is questionable because the inductance
of very small coils might be insufficient
to produce any local enhancement of sig-
nal and hence SI. This matter should be
investigated in a systematic manner.

In conclusion, the results of this study
demonstrate that RCs are well suited for
use in MR imaging–guided stent place-
ment in the major blood vessels. Cathe-
ters with integrated RCs produce an in-
tense local MR signal that is readily
perceptible to the interventionist and al-
lows variation of signal contrast between
the RCs and the background anatomy
with interactive adjustments of the flip
angle. RCs can be used with interven-
tional instruments such as guidewires
and implant devices and may allow au-
tomated tip detection and section track-
ing in patients. Finally, MR imaging pro-
vides valuable information about the
position of the stent immediately after
placement and allows measurement of
physiologic blood flow velocity within
the lumen of nitinol stents.

Practical application: The use of RCs
as fiducial markers of endovascular cath-
eters during MR imaging–guided endo-
vascular intervention has the potential to

increase catheter tracking accuracy and
enable avoidance of radiofrequency heat-
ing. The proposed MR imaging method
could increase patient and operator
safety.
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