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To compare in vitro navigation of a magnetically assisted
remote-controlled (MARC) catheter under real-time mag-
netic resonance (MR) imaging with manual navigation un-
der MR imaging and standard x-ray guidance in endovas-
cular catheterization procedures in an abdominal aortic
phantom.

The 2-mm-diameter custom clinical-grade microcatheter
prototype with a solenoid coil at the distal tip was de-
flected with a foot pedal actuator used to deliver 300 mA
of positive or negative current. Investigators navigated the
catheter into branch vessels in a custom cryogel abdomi-
nal aortic phantom. This was repeated under MR imaging
guidance without magnetic assistance and under conven-
tional x-ray fluoroscopy. MR experiments were performed
at 1.5 T by using a balanced steady-state free precession
sequence. The mean procedure times and percentage
success data were determined and analyzed with a linear
mixed-effects regression analysis.

The catheter was clearly visible under real-time MR im-
aging. One hundred ninety-two (80%) of 240 turns were
successfully completed with magnetically assisted guid-
ance versus 144 (60%) of 240 turns with nonassisted
guidance (P < .001) and 119 (74%) of 160 turns with
standard x-ray guidance (P = .028). Overall mean pro-
cedure time was shorter with magnetically assisted than
with nonassisted guidance under MR imaging (37 seconds
* 6 [standard error of the mean| vs 55 seconds * 3, P
< .001), and time was comparable between magnetically
assisted and standard x-ray guidance (37 seconds = 6 vs
44 seconds = 3, P = .045). When stratified by angle of
branch vessel, magnetic assistance was faster than nonas-
sisted MR guidance at turns of 45°, 60°, and 75°.

In this study, a MARC catheter for endovascular naviga-
tion under real-time MR imaging guidance was developed
and tested. For catheterization of branch vessels arising
at large angles, magnetically assisted catheterization was
faster than manual catheterization under MR imaging
guidance and was comparable to standard x-ray guidance.

©RSNA, 2014

Online supplemental material is available for this article.
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agnetic resonance (MR) imag-

ing guidance of endovascular

interventions affords a wealth
of physiologic and structural informa-
tion and can be used for delivery of
local therapy without the use of ioniz-
ing radiation (1-4). The promise of en-
dovascular MR-guided procedures re-
mains unrealized in part because of the
lack of MR-compatible catheters and
guidewires that the user can safely nav-
igate and track efficiently in real time
(1,3-5). Maneuverability and steering
performance of an endovascular cath-
eter from a remote access site to path-
ologic targets is of paramount impor-
tance because it affects procedural time
and efficiency (6,7).

Design solutions for deflecting a
catheter in the strong magnetic field of
the MR imaging unit can be categorized
into catheter tip microcoils, catheter
tip ferromagnetic beads, pull-wire cath-
eters, smart material actuators, and hy-
draulic catheters (6-13). The strengths
and weaknesses, including function,
cost, configuration in the operating
room, and safety, have been reviewed
previously (6,7). Whereas benchtop
studies have characterized catheter
functionality by the degree of rotation

Advances in Knowledge

B [n an abdominal aortic phantom,
magnetically assisted endovascu-
lar catheter navigation under
real-time MR imaging guidance is
superior to manual catheter navi-
gation (192 of 240 successful
turns [80%] vs 144 of 240 suc-
cessful turns [60%], P < .001;
and mean procedure time, 37
seconds * 6 [standard deviation]
vs 53 seconds * 3, P < .001).

B In the phantom, magnetically
assisted endovascular catheter
navigation under MR imaging
guidance is comparable to cath-
eter navigation under conven-
tional x-ray guidance (192 of 240
successful turns [80%] vs 119 of
160 successful turns [74%], P =
.028; and mean procedure time,
37 seconds = 6 vs 44 seconds *

3, P =.045).

achievable, preclinical or clinical stud-
ies present case studies or case series
performed in the interventional MR
imaging environment (2,3,14). How-
ever, to our knowledge, no researchers
in studies to date have tested the nav-
igability of an endovascular catheter
device in the MR imaging environment
versus a control to investigate whether
improvements in deflection result in in-
creased efficacy versus nonassisted MR
imaging guidance and standard x-ray
fluoroscopic guidance.

Investigators have used an electro-
magnetic microcoil on the microcathe-
ter tip to deflect the catheter and assist
endovascular navigation (13). When
energized inside the MR imaging unit
bore, the magnetic moment created
by the microcoil will align itself with
the direction on B, causing the cath-
eter tip to deflect. By controlling the
direction of the current, the interven-
tionalist can control the direction of
deflection, thus allowing the catheter
tip to be more easily steered into the
desired vessel branch (13,15,16). The
operating system, deflection capabil-
ity, and safety of such a system with
use of first-generation prototypes have
been described (13,15-19). The aim
of this study was to compare in vitro
navigation in an abdominal aortic phan-
tom of a magnetically assisted remote-
controlled (MARC) catheter under real-
time MR imaging guidance with manual
navigation under MR imaging and x-ray
guidance in endovascular catheteriza-
tion procedures.

Materials and Methods

Design of MARC Catheter

An in-kind donation of the catheter
substrate was given by Penumbra (Al-
ameda, Calif). The authors had control
of the data and information submitted
for publication. The MARC catheter
prototype was constructed by using a
1500-mm-long 0.97-mm-diameter cus-
tom microcatheter that was based on
the clinical slim catheter (PX Slim; Pen-
umbra) but braided with nonmetallic
polyether ether ketone fibers (Penum-
bra) instead of standard metallic fibers.

Two 0.01-mm-diameter copper wires in
the catheter lumen were connected to a
hand-wound solenoid coil at the distal
tip. The solenoid coil consisted of 30
turns of 0.02-mm-diameter copper wire
(California Fine Wire, Grover Beach,
Calif) wrapped around an alumina tube
with a 1.20-mm outer diameter. The
tip was covered with heat shrink tub-
ing (Component Force, St Louis, Mo),
resulting in a final distal tip outer di-
ameter of approximately 2 mm (Fig 1).
The copper wires were strung through
the lumen and connected to a screened
fully shielded twisted pair cable.

Design of Sham Catheter

The sham catheter used for the MR
imaging-guided (not magnetically as-
sisted) control arm was designed in a
similar manner to the MARC catheter
but without the solenoid coil at the tip.
Magnetic coil-tipped catheters were
difficult to visualize when no current
was running through them; therefore,
we used a passively marked catheter
as a sham catheter. Gadolinium oxide
powder (Sigma Chemical, St Louis, Mo)
was coated over the heat shrink tubing
(20). This small modification to the
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sham control catheter led to increased
visibility of the tip by creating an arti-
fact (T2* effect) similar to one created
by delivering 300 mA of current to the
functional experimental catheters.

Operating System

The operating system consisted of a
custom-hardware control board with
direct communication to a computer
(Latitude; Dell, Round Rock, Tex) via
a Universal Serial Bus connection po-
sitioned outside the magnet room.
The computer was running a custom
software program designed in Labo-
ratory Virtual Instrument Engineer-
ing Workbench (LabVIEW; National
Instruments, Austin, Tex) to commu-
nicate with the control system. Both
the catheter prototype and a row of
mounted foot pedals (Aquiline; Line-
master Switch, Woodstock, Conn) in
the interventional MR imaging suite
were connected to the control board
via 10-m screened fully shielded twisted
pair cables to allow the user to deliver
current and maintain free use of his or
her hands while deflecting the catheter
via foot pedal actuator. The foot pedal
actuator was set to deliver 300 mA of
positive or negative current to deflect
the catheter superiorly or inferiorly in
the MR imaging unit bore (ie, left or
right with respect to the axis of the aor-
tic phantom).

Magnetic Deflection

Using the MARC catheter prototype
and operating system, current was
delivered to the catheter tip. When
excited inside the MR unit bore, the
magnetic moment created by the mi-
crocoil will tend to align itself with the
direction on B, causing the catheter tip
to deflect. By controlling the direction
of the current, the interventionalist
can control the direction of deflection.
The equation for predicting deflection
as experimentally validated previously
is as follows: 7 =1 ., wheret =
nIAB; sin (y — 0) and 7, = (EI, /L)
0. In this equation, the catheter was
modeled as a cantilever beam, where
a torque produced by the magnetic mo-
ment of the solenoid interacting with
the magnetic field of the imaging unit,

Heat Shrinl
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Figure 1:

Images of catheter prototype. A, MARC catheter diagram. B, Distal end of MARC catheter

prototype with solenoid covered by heat shrink tubing at the tip. Coronal balanced steady-state free preces-
sion 1.5-T MR images (repetition time msec/echo time msec, 3.1/1.1) of MARC catheter prototype while
activated with 300-mA of, C, positive current and, D, negative current.

Toae 18 balanced against the torque of
the catheter attempting to restore to
the initial state, T ., where n is the
number of turns in the solenoid, I is the
current, A is the cross-sectional area of
the solenoid, B is the strength of the
magnetic field of the MR imaging unit,
v is the initial angle of the catheter with
respect to the direction of B, 0 is the
angle of catheter deflection from the
initial angle, E is the elastic modulus

of the catheter, I, is the area moment
of inertia of the catheter, and L is the
unrestrained length of the distal end of
the catheter (13,15,16).

Phantom Design

In vitro navigation was tested in a polyvi-
nyl alcohol (Sevol Grade 165 PVA powder;
Sekisui Specialty Chemicals America,
Dallas, Tex) cryogel simplified abdom-
inal aortic vascular phantom (Fig 2),
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Figure 2

Figure 2:  Coronal MR image (3.1/1.1) of phantom. White areas = water in the vessel lumens, dark areas

= polyvinyl alcohol cryogel phantom material.

created by using a process previously
outlined by Surry et al (21). The phan-
tom provided slippery walls and physio-
logically relevant vessel trajectories with
multiple symmetric angles (30°-75°)
and diameters (6.4-22.2 mm). The
phantom was placed in distilled water
in a plastic bin with one-half-inch vi-
nyl tubing connected to the bin, and a
5.3-mm introducer sheath (Check-Flo
Performance Introducer; Cook , Bloom-
ington, Ind) was inserted into the tubing
to mimic the size of a typical vascular
access, although as if coming from an
upper extremity access site to the ab-
dominal aorta (antegrade) as opposed
to from the femoral artery (retrograde).

Experimental Design

A total of 240 turns were attempted with
magnetic assistance and without assis-
tance, and 160 turns were attempted
by using x-ray guidance. Four interven-
tionalists (S.W.H. with 11 years, D.L.C.
with 7 years, and M.W.W., with >15
years of experience with conventional
endovascular procedures and A.D.L., a
medical student with no previous expe-
rience with conventional endovascular
procedures) attempted navigation of
the catheter into each blood vessel with
magnetic assistance, starting at 30°
and alternating sides (right and then

left) until navigation of all branches
had been attempted. For the navigation
with magnetic assistance and without
assistance, three interventionalists (two
with experience [S.W.H., D.L.C.]), one
without experience [A .D.L.]) attempt-
ed 80 trials each. For x-ray guidance,
four interventionalists (three with expe-
rience [S.W.H., D.L.C., M.\W.W.], one
without experience [A.D.L.]) attempt-
ed 40 trials each. The guide catheter
was parked at the origin of the next
most distal branch point (ie, the guide
catheter tip was at the level of the 45°
origins for attempts to catheterize the
30° branches with the MARC catheter)
for each attempt, and the phantom was
oriented perpendicular to B, to maxi-
mize potential magnetically assisted
catheter tip deflections. A trial at-
tempting every branch was repeated 10
times. The end point for each naviga-
tion was successful completion of turn-
ing into the branch and advancement
to the edge of the phantom within 90
seconds. For successful attempts, the
time was stopped once the catheter was
advanced past the edge of the phantom
(6 cm laterally to the main branch). If
the catheter tip did not reach the edge
of the branch vessel within 90 seconds,
the trial was scored as a failure. The
MR imaging-guided experiment was

then repeated with the sham control
catheter, without magnetic assistance,
and a phantom oriented parallel to B
so that no magnetic torque was impart-
ed on the catheter. All MR imaging ex-
periments were performed while view-
ing an in-room monitor that displayed
real-time imaging by using a balanced
steady state free precession sequence
and a 1.5-T clinical MR imaging unit
(Achieva; Philips, Cleveland, Ohio).
The pulse sequence parameters were
3.1/1.1; field of view, 280 X 190 mm?;
acquisition time, 590 milliseconds; tem-
poral resolution, 1.7 seconds; matrix,
224 X 224 pixels; section thickness, 15
mm; bandwidth, 160 kHz; and average
specific absorption rate, 2.8 W/kg.

The experiment was then repeated
by using x-ray fluoroscopic guidance
(OEC 9600; GE Medical Systems,
Milwaukee, Wis) with a 1300-mm-
long 0.93-mm-diameter coaxial mi-
crocatheter system (2.4-F Progreat
Omega; Terumo, Somerset, NJ) and
an 1800-mm-long 0.46-mm-diameter
shapeable-type guidewire (Glidewire
GT; Terumo). The guidewire was man-
ually curved into a C shape before the
start of the experiments. End points
were the same as for the MR imaging—
guided experiments.

Statistics

The mean procedure times were deter-
mined and presented as means * stan-
dard errors of the means, and the per-
centage success data were presented
as percentages. A linear mixed-effects
regression analysis (xtmixed) was used
to compare mean procedure times and
percentage success data. The model
included a random effect for interven-
tionalist. A P value of less than .05 in-
dicated a significant difference. Statis-
tical analyses were performed by using
software (Stata, version 12, StataCorp,
College Station, Tex; and MatlLab,
MathWorks, Natick, Mass). To explore
the learning curve of using the catheter
system with and without magnetic as-
sistance, a graph with the total time per
trial for experienced interventionalists
and the inexperienced interventional-
ist was constructed, with a best fit line
marking the slope.

Radiology: \olume 271: Number 3—June 2014 = radiology.rsna.org
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Catheter Visualization

The MARC catheter was visible in the
phantom while activated under mag-
netic guidance (Fig 3) and nonassisted
guidance (Fig 4). Visualization of the
catheter allowed the users to navigate
the catheter to targeted vessels.

Navigation Success

For all interventionalists combined, 192
(80%) of 240 turns were successfully
completed within 90 seconds with mag-
netically assisted guidance versus 144
(60%) of 240 turns successfully com-
pleted with nonassisted guidance (P <
.001) and 119 (74%) of 160 turns with
x-ray guidance (P = .028). Overall mean
procedure time was significantly different
between magnetically assisted and non-
assisted guidance (37 seconds * 6 [stan-
dard error of the mean| vs 55 seconds *
3, P < .001) and between magnetically
assisted and x-ray guidance (37 seconds
+ 6 vs 44 seconds * 3, P =.045).

For the two experienced interven-
tionalists, 141 (88%) of 160 selective
catheterizations were successfully com-
pleted within 90 seconds with magneti-
cally assisted guidance versus 114 (71%)
of 160 turns successfully completed with
nonassisted guidance (P < .001); and
for the three experienced intervention-
alists, 98 (82%) of 120 turns were suc-
cessfully completed with x-ray guidance
(P = .223). Mean procedure time was
significantly shorter by using magnet-
ically assisted versus nonassisted guid-
ance under MR imaging visualization (31
seconds * 3 vs 49 seconds * 3, P <
.001). There was no difference in mean
procedure time between magnetically
assisted MR imaging guidance and x-ray
fluoroscopic guidance (31 seconds * 3
vs 37 seconds * 4, P =.132).

For the one inexperienced interven-
tionalist, 52 (65%) of 80 selective cathe-
terizations were successfully completed
with magnetically assisted guidance ver-
sus 30 (38%) of 80 turns successfully
completed with nonassisted guidance (P
< .001) and 21 (53%) of 40 turns with
x-ray guidance (P = .186). Overall mean
procedure time was significantly faster
with magnetically assisted guidance

Figure 3

Figure 3:

Coronal MR images (3.1/1.1) of catheter deflecting into branch vessel arising at 60° from

the parent vessel. A, Catheter tip (white arrowhead) became visible by delivery of current to microcoil and,
B, deflected instantaneously while the guide catheter (black arrowhead) remained stationary. C, Then the
interventionalist advanced the catheter forward to enter a vascular branch angled 60° to the parent vessel,
D, turning off the current once the tip was within the branch vessel and manually advancing the catheter in

the branch vessel to the edge of the vascular phantom.

than with nonassisted guidance under
MR imaging visualization (49 seconds *
4 vs 67 seconds * 5, P = .002). There
was no difference in mean procedure
time between magnetically assisted and
x-ray guidance (49 seconds * 4 vs 537
seconds *= 7, P = .239).

The results stratified by angle of
vascular branch are presented in Table.
Percentage success data and mean pro-
cedure times under MR imaging visu-
alization were significantly higher and
faster at turns of 45°, 60°, and 75°
with magnetic assistance compared with
nonassisted for both experienced and
inexperienced interventionalists. Mean
procedure time under MR imaging visual-
ization with magnetic assistance was sig-
nificantly faster at the turn of 45° when
compared with x-ray guidance for both
experienced and inexperienced interven-
tionalists. Table E1 (online) presents re-
sults according to interventionalist.

Learning Curve

The learning curve of using the cathe-
ter system with and without magnetic
assistance in a graph is presented for
experienced interventionalists and the

Figure 4

Figure 4:  Coronal MR image (3.1/1.1) of control
catheter with gadolinium powder at tip. Catheter tip
= white arrowhead.

inexperienced interventionalist (Fig 5).
Total time per trial does not change for
guidance without magnetic assistance.
By contrast, total time decreases per
trial for catheter guidance with mag-
netic assistance for experienced and
inexperienced interventionalists.

The ability to navigate an endovascular
catheter under MR imaging guidance to
a specific target to deliver local therapy
is a novel goal (6,7). A second-gener-
ation prototype endovascular MARC
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Percentage of Successful Turns and Mean Procedure Time in Vascular Phantom

Clinical Data 30°* PValue  45°¢ PValue  60°* PValue  75°* P Value
Percentage success data for all interventionalists
Magnetically assisted guidance 92 (55/62) ... 80 (48/60) ... 75 (45/60) ... 73 (44/60) ...
Nonmagnetically assisted guidance 97 (58/60)  .179 48 (29/60)  <.001 55 (33/60) .011 38(23/60)  <.001
Conventional x-ray guidance 100 (40/40)  .046 70 (28/40) .089 68 (27/40) 136 60 (24/40) .064
Procedure time for all interventionalists*
Magnetically assisted guidance 20 (3) . 35(9) e 24 (9) . 53 (6) .
Nonmagnetically assisted guidance 16 (4) .204 66 (5) <.001 64 (5) <.001 75 (5) <.001
Conventional x-ray guidance 14 (4) 107 53 (6) .001 49 (6) .088 53 (6) 781
Percentage success data for experienced interventionalists’
Magnetically assisted guidance 95 (38/40) ... 90 (36/40) ... 85 (34/40) ... 80 (32/40) ...
Nonmagnetically assisted guidance 98 (39/40)  .495 68 (27/40) .012 63 (25/40) .016 55 (22/40) .017

Conventional x-ray guidance

Procedure time for experienced interventionalists*
Magnetically assisted guidance
Nonmagnetically assisted guidance
Conventional x-ray guidance

100 (10/10)  .207 80 (24/30) .301

Percentage success data for inexperienced interventionalistt

Magnetically assisted guidance
Nonmagnetically assisted guidance
Conventional x-ray guidance

Procedure time for inexperienced interventionalistt
Magnetically assisted guidance
Nonmagnetically assisted guidance
Conventional x-ray guidance

16 (3) 28(5)
15 (4) 823 56 (6) <.001
13 (4) 389 46 (7) .007
85(17/20) ... 60 (12/20) ...
95(19/20)  .252 10(2/20)  <.001

100 (10/10) 175 40 (4/10) 238
28 (5) . 49.6) .

17 (7) 17 85 (9) <.001
17 (9) 235 72 (1) 037

83 (25/30) .869 63 (19/30) 139

34 (4) 47 (5)
58 (6) <001 68(7) .002
40(7) 426 49(7) 809
55(11/20) ... 60 (12/20) ...

40 (8/20) 334 5(1/200  <.001
20 (2/10) 066 50 (5/10) 538
58 (6) . 63 (6) :

779 033 88(9 .002
46 (1) 107 63(10) 979

Note.—Reference group is magnetically assisted guidance. Percentage success data refers to the percentage of successful turns.

* Angle is the angle of the vascular branch.

T Numbers in parentheses were used to calculate the percentage success data.
* Procedure time data are presented in seconds as means; numbers in parentheses are the standard errors of the means.

catheter has been developed and tested
under real time MR imaging guidance.
The catheter navigation was faster and
more accurate than without magnetic
assistance and was comparable to con-
ventional x-ray fluoroscopic guidance.
The results indicate that when a vascular
target arises at 45° or greater from the
parent vessel, our magnetic navigation
system can improve this process. In ad-
dition, a rapid learning curve was shown
by interventionalists who were using the
catheter system with magnetic assis-
tance, but not without magnetic assis-
tance, suggesting that our system would
require a short training period. The
similar times and success rates of mag-
netic assistance compared with x-ray
guidance signify that our system already
closely mimics current practice, with the
additional benefit of MR imaging.

Technological and logistic chal-
lenges of implementing endovascular in-
terventional MR imaging in the clinical
setting include visualization of vascular
wall and catheter tips, size of vessels
and catheters, and training for cathe-
ter steering performance (1,4,5,7). A
key to developing technology adaptable
to the clinical setting is making it user
friendly and intuitive to the interven-
tionalist. Previous testing of another
magnetic navigation system required
up to 6 months of nonclinical training
in magnetic navigation prior to partic-
ipation in a validation study (22). In
contrast, interventionalists in our study
were allowed 5 minutes to work with
the catheter system before they start-
ed the trial, yet catheterization times
were comparable to times with con-
ventional x-ray guidance with standard

clinical microcatheters and guidewires
that the experienced interventional-
ists use. Gaining more experience with
the MARC catheter system resulted in
higher success rates and shorter pro-
cedure times with magnetic assistance.
Furthermore, in a prior study with an-
other magnetic system, participants
were required to have at least 5 years of
experience in conventional procedures
(22). We showed that both experienced
and inexperienced interventionalists
can benefit from using magnetically as-
sisted guidance of the system. This is
important because the range of level of
training is broad in each practice set-
ting, and any new system should be us-
able by interventionalists with varying
experience.

The ability to visualize the catheter
tip directly affects the capability of the
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Figure 5:  Average total time per trial with and without magnetic assisted guidance for experi-
enced and inexperienced interventionalists at 1.5 T. MA = magnetic assistance.

interventionalist to reach the desired
target (3,5). While our device uses the
tip microcoil for simultaneous deflec-
tion and active tracking, and was clearly
visible in all MR experiments, the arti-
fact created by activation of the tip mi-
crocoil was several times the diameter
of the actual device tip. Other groups
have encountered this issue: for exam-
ple, when ferromagnetic spheres are
placed on a catheter tip, they create a
large artifact, making it difficult to navi-
gate into smaller branches (11,12). This
artifact is inherent to the ferromagnetic
material compromising the spheres. In
our system, the artifact is present only
when the microcoil is charged with cur-
rent. A smaller current can be used to
intentionally produce a smaller artifact
when needed for visualization without
deflection, or a passive catheter tip
marker such as gadolinium or dyspro-
sium can be used (as in the sham cath-
eter in our control experiments).
Other groups have developed cath-
eters by using pull-string technology
and have made advances in the angle
of deflection achievable (up to 150°).
However, their catheter devices remain

large (3-4 mm) because of the space
required for suitable pull strings and
are not useable in the smaller vascu-
lature (8,10). Our device has a final
tip diameter of 2 mm. While this is a
welcome step toward miniaturization,
there is still room for further improve-
ment if the catheter is to be used in
smaller cerebral and cardiac vessels
to treat stroke and myocardial infarc-
tion. Future prototypes will use laser-
lithographed coils with very thin heat
shrink tubing, allowing for smaller coils
coupled with greater deflection ability
by increasing the number of coil turns
per millimeter (23).

Steering performance is an impor-
tant aspect of navigation in interven-
tional MR imaging. While we showed
superior performance with magnetic
assistance versus without magnetic as-
sistance and noninferior performance
with magnetic assistance versus x-ray
guidance, we tested only single turns in
one plane up to 75°. While it is true
that an angled guide catheter could
decrease the x-ray guidance times,
the same is true for using the MARC
catheter with an angled guide catheter;

hence, we used a straight guide cathe-
ter in both situations. One of the ad-
vantages of other designs, such as a
pull-string apparatus or ferromagnetic
spheres at the catheter tip, is the ability
to achieve greater degrees of deflection
in any direction independent of the MR
imaging magnetic field (8,10-12).

The copper wires running down
the catheter shaft and current deliv-
ered to the coil tip make the MARC
catheter susceptible to radiofrequency
and resistive heating, respectively. In
in vitro studies (18,19) of our device,
radiofrequency resulted in maximal
temperature increases of 0.73°-1.91°C
in air and 0.45°-0.55°C in saline. Re-
searchers in an in vivo study (14) of the
MARC catheter found that, for cathe-
ter tip coil activations, with current of
300 mA or less for 1 minute or less in
normal carotid flow, zero of 43 samples
had tissue damage.

Current limitations of the MARC
catheter system are the ability to de-
flect in only two directions and relying
on the orientation of the magnetic field
of the bore. Future prototypes will fo-
cus on using laser-lithographed coils,
with solenoid and Helmholtz coils lay-
ered on each other to maximize degree
of bending and rotation achievable (23).
Previous prototypes with use of this
approach achieved a deflection angle
of 50° in four planes in the 1.5-T en-
vironment when charged with 350 mA
(16). Gudino et al (9) have proposed
alternative designs by using an array of
coils along the shaft of the catheter tip
that can be independently controlled.
While this has been shown to increase
the deflection angle, it has the poten-
tial to limit torqueability of the catheter
tip. In addition, this in vitro study does
not assess variation provided by clinical
physiology, including the effect of blood
flow, viscosity, and vessel elasticity.

In conclusion, in the abdominal
aortic phantom, the MARC -catheter
system was faster and more accurate
than a similar nonmagnetic catheter
under MR imaging guidance and was
catheterization efficiency
to standard clinical microcatheteriza-
tion under x-ray guidance. Future re-
searchers in in vivo studies under MR

similar in
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imaging guidance will subsequently
evaluate the MARC catheter system in
a simulated clinical environment.
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