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Purpose: To assess the feasibility of multiplanar vascular navigation with 
a new magnetically assisted remote-controlled (MARC) cath-
eter with real-time magnetic resonance (MR) imaging at 1.5 
T and 3 T and to compare it with standard x-ray guidance in 
simulated endovascular catheterization procedures.

Materials and 
Methods:

A 1.6-mm–diameter custom clinical-grade microcatheter pro-
totype with lithographed double-saddle coils at the distal tip 
was deflected with real-time MR imaging. Two inexperienced 
operators and two experienced operators catheterized antero-
posterior (celiac, superior mesenteric, and inferior mesenteric 
arteries) and mediolateral (renal arteries) branch vessels in 
a cryogel abdominal aortic phantom. This was repeated with 
conventional x-ray fluoroscopy by using clinical catheters and 
guidewires. Mean procedure times and percentage success 
data were analyzed with linear mixed-effects regression.

Results: The MARC catheter tip was visible at 1.5 T and 3 T. Among inex-
perienced operators, MARC MR imaging guidance was not statis-
tically different from x-ray guidance at 1.5 T (67% successful ves-
sel selection turns with MR imaging vs 76% with x-ray guidance, 
P = .157) and at 3 T (75% successful turns with MR imaging vs 
76% with x-ray guidance, P = .869). Experienced operators were 
more successful in catheterizing vessels with x-ray guidance (98% 
success within 60 seconds) than with 1.5-T (65%, P , .001) or 
3-T (75%) MR imaging. Among inexperienced operators, mean 
procedure time was nearly equivalent by using MR imaging (31 
seconds) and x-ray guidance (34 seconds, P = .436). Among ex-
perienced operators, catheterization was faster with x-ray guid-
ance (20 seconds) compared with 1.5-T MR imaging (42 seconds, 
P , .001), but MARC guidance improved at 3 T (31 seconds). 
MARC MR imaging guidance at 3 T was not significantly different 
from x-ray guidance for the celiac (P = .755), superior mesenteric 
(P = .358), and inferior mesenteric (P = .065) arteries.

Conclusion: Multiplanar navigation with a new MARC catheter with real-time 
MR imaging at 1.5 T and 3 T is feasible and comparable to x-ray 
guidance for anteroposterior vessels at 3 T in a vascular phantom.

q RSNA, 2015
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a final distal catheter tip outer diameter 
of approximately 1.6 mm (5 F) (Fig 1). 
The copper wires were strung through 
the lumen and connected to a screened, 
fully shielded, twisted pair cable that 
was plugged into an MR imaging–com-
patible catheter controller cart.

Operating System and User Interface
The operating system (Figs 2, 3) con-
sisted of a custom hardware control 
board placed within a shielded MR 
imaging–compatible cart with direct 
communication to a laptop computer 
(MacBook Air; Apple, Cupertino, Ca-
lif) via a Universal Serial Bus. The 
computer was running a custom soft-
ware program designed in Laboratory 
Virtual Instrument Engineering Work-
bench (LabVIEW; National Instruments 
Corporation, Austin, Tex) to communi-
cate with the catheter control system 
(9). Both the catheter prototype and 
a row of mounted foot pedals (Aqui-
line; Linemaster Switch, Woodstock, 
Conn) in the interventional MR imag-
ing suite were connected to the MR 
imaging–compatible cart via screened, 
fully shielded, twisted pair cables to al-
low the operator to deliver current and 

included (a) the ability to deflect in 
only one plane, (b) a solenoid coil tip 
that required the phantom to be ori-
ented 90° to the MR imaging unit bore, 
and (c) the relatively large size of the 
catheter tip (2-mm diameter). In this 
study, we developed a third-generation 
MARC catheter with a double-saddle 
coil tip constructed with laser lithog-
raphy to address the limitations of the 
previous catheter. The purpose of this 
study was to assess the feasibility of 
vascular navigation with a new MARC 
catheter with real-time MR imaging 
at 1.5 T and 3 T and to compare it 
with standard x-ray guidance in sim-
ulated endovascular catheterization 
procedures.

Materials and Methods

Design of the MARC Catheter
The MARC catheter prototype was 
constructed by using 150-cm-long 0.90-
mm–diameter (2.9-F) custom catheters 
based on the clinical PX Slim (Penum-
bra, Alameda, Calif) neurovascular 
microcatheter but braided with non-
metallic polyether ether ketone fibers 
instead of standard metallic fibers. The 
catheter shaft was an in-kind donation 
from Penumbra; the authors who are 
not employees of or consultants for 
Penumbra had control of all data and 
information submitted for publication. 
Four 0.13-mm–diameter copper wires 
in the catheter lumen were connected 
to a double-saddle coil at the distal tip 
that was constructed by using a laser 
lithography method (8). With this 
method, a titanium and copper con-
ductive seed coating is used in which a 
positive electrodeposited photoresist is 
patterned by using a 405-nm, 50-mW 
diode laser. Copper is electroplated 
into the developed pattern, after which 
the seed coating and remaining photo-
resist are chemically removed. We used 
this method to create saddle coil pairs 
consisting of 19 turns for each half of 
the coil pair (Fig 1). The final catheter 
tip consisted of two coil pairs oriented 
at 90° relative to each other. The tip 
was covered with heat shrink (Compo-
nent Force, St Louis, Mo), resulting in 
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Advances in Knowledge

nn In an abdominal aortic phantom 
among inexperienced operators, 
magnetically assisted remote-
controlled (MARC) MR imaging 
guidance was equivalent to x-ray 
guidance at 1.5 T (67% suc-
cessful vessel selection turns with 
MR imaging vs 76% with x-ray 
guidance, P = .157) and at 3 T 
(75% with MR imaging vs 76% 
with x-ray guidance, P = .869).

nn Mean procedure time among the 
inexperienced group was equiva-
lent by using MR imaging (31 
seconds) and x-ray guidance (34 
seconds, P = .436).

nn Experienced operators were 
more successful in catheterizing 
vessels with x-ray guidance (98% 
success within 60 seconds) than 
with 1.5-T (65% success, P , 
.001) or 3-T (75% success) MR 
imaging.

nn In the experienced group, cathe-
terization was faster with x-ray 
guidance (20 seconds) compared 
with 1.5-T MR guidance (42 sec-
onds, P , .001), but MARC guid-
ance improved at 3 T (31 
seconds).

nn MARC MR imaging guidance at 3 
T was not significantly different 
from x-ray guidance for the 
celiac (P = .755), superior mes-
enteric (P = .358), and inferior 
mesenteric (P = .065) arteries.

Performing endovascular proce-
dures with magnetic resonance 
(MR) imaging guidance is a key 

application in the growing field of inter-
ventional MR imaging (1–5). Exploiting 
the MR imaging environment to treat 
various diseases currently treated with 
x-ray fluoroscopic guidance can yield 
real-time physiological information, such 
as diffusion and perfusion, which aug-
ments intraprocedural decision making.

We previously demonstrated the 
navigation capabilities of a second-gen-
eration magnetically assisted remote-
controlled (MARC) catheter at 1.5 
T (6,7). Limitations of that catheter 
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MARC catheter before they conducted 
navigation tests. In total, 200 turns 
were attempted with both MR imaging 
(200 turns at 1.5 T and 200 turns at 
3 T) and x-ray guidance. Four opera-
tors, two experienced attending inter-
ventional neuroradiologists (S.W.H., 
with 13 years of endovascular expe-
rience; and D.L.C., with 9 years of 
experience) and two inexperienced 
operators that included a radiology 
resident physician (P.M., with 3 years 
of experience) and a medical student 
(A.D.L., with less than 1 year of ex-
perience), attempted navigation of 
the catheter into each branch vessel 
(10 attempts per branch for a total of 
50 attempts by each operator). With 
magnetic assistance, the operator 
started at the celiac artery, then pro-
ceeded down inferiorly to catheterize 
the SMA, then the IMA, then returned 
rostrally from the IMA to the SMA to 
the celiac artery with sagittal MR im-
aging guidance. Selection of the renal 

vascular phantom. The abdominal aorta 
phantom mold was created with Delrin 
rods (McMaster-Carr, Elmhurst, Ill) 
and provided physiologically relevant 
vessel trajectories and angles of the ce-
liac artery (diameter, 8 mm; angle, 60° 
relative to the aorta), superior mesen-
teric artery (SMA) (diameter, 8 mm; 
angle, 50°), bilateral renal arteries (di-
ameter, 6 mm; angle, 60°), and inferior 
mesenteric artery (IMA) (diameter, 6 
mm; angle, 60°). The simulated IMA 
is larger than most human IMAs to fa-
cilitate catheterization. After removal 
of the Delrin rods, the phantom was 
placed in distilled water in a plastic bin 
with 0.5-inch vinyl tubing connected to 
the bin, and a nonferrous 15-F Check-
Flo Performance Introducer (Cook, 
Bloomington, Ind) was inserted into the 
tubing to mimic vascular access.

Experiment Design
All interventionalists were given 5 mi-
nutes of proctored practice with the 

maintain free use of the hands to push 
or pull the catheter in the craniocaudal 
axis parallel to the imager bore, while 
magnetically deflecting the catheter in 
the mediolateral or anteroposterior 
axes via foot pedal actuator. The foot 
pedal actuator was set to deliver 6300 
mA to either or both tip coils to deflect 
the catheter superiorly, inferiorly, left, 
or right. Although in theory the cath-
eter can be deflected up to 90° in any 
direction, in practice because of the 
mechanical properties of the catheter 
and tip, the limits of deflection experi-
mentally have been up to 25° for single 
coil activation and up to 32° for dual 
coil activation for the specific prototype 
tested in this study.

Phantom Design
In vitro navigation was tested quan-
titatively in a polyvinyl alcohol (Sevol 
Grade 165 PVA powder; Sekisui Spe-
cialty Chemicals America, Dallas, Tex) 
cryogel simplified abdominal aortic 

Figure 1

Figure 1:  Diagram of the catheter prototype.
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Control navigation experiments 
were performed in the abdominal 
aortic phantom by using C-arm x-ray 
fluoroscopic guidance (OEC 9600; 
GE Medical Systems) with a clini-
cally standard 110-cm 4-F UCSF3 Su-
per Torque Catheter (Cordis, Miami 
Lakes, Fla) and a 150-cm-long 0.035-
inch–diameter angled stiff-type Glide-
wire (Terumo, Somerset, NJ) instead 
of a MARC catheter.

Statistical Analysis
Mean procedure times were deter-
mined and presented as means 6 
standard error of the mean. Percent-
age branch catheterization success 
was reported. A linear mixed-effects 
regression analysis was used to com-
pare mean procedure times and per-
centage success. The model included 
a random effect for each intervention-
alist that performed the procedure. 
A P value of less than .05 indicated 
a significant difference. Statistical 
analyses were performed by using 
Stata version 13 software (StataCorp, 
College Station, Tex). The statistical 
power was computed for both the 
percentage success comparisons and 
the mean procedure time compar-
isons between x-ray guidance and 
MR imaging. When comparing data 
pooled from both experienced and 
inexperienced interventionalists (n 
= 200), a difference of 12% in suc-
cess rate could be detected with 81% 
power. When comparing the individ-
ual data sets (ie, only inexperienced 
or only experienced interventional-
ists, n = 100), a difference of 18% in 
success rate could be detected with 
81% power. For procedure times, 
a difference of 5.6 seconds and 8.0 
seconds could be detected with 80% 
power for the pooled data and individ-
ual data sets, respectively. Percentage 
success power calculations assumed a 
baseline success rate of 85%, while 
procedure time power calculations as-
sumed a standard deviation of 20 sec-
onds. These values were taken from 
results obtained in a previous study 
with the MARC catheter (7). All sta-
tistical powers were computed by us-
ing two-sided models with a = .05. 

room display, Cleveland, Ohio) that 
displayed real-time imaging by using 
a single-section balanced steady-state 
free precession sequence on a clinical 
MR imaging unit (Achieva; Philips). 
The pulse sequence parameters were 
repetition time msec/echo time msec, 
3.2/1.1; field of view, 28 3 28 cm2; re-
constructed image matrix, 224 3 224; 
in-plane resolution, 1.25 3 1.25 mm2; 
flip angle, 60°; frames per second, 1.6; 
section thickness, 10 mm; and specific 
absorption rate, 2.8 W/kg.

MARC experiments were also per-
formed in a 3-T clinical MR imaging 
unit by using a balanced steady-state 
free precession sequence (GE Discov-
ery 750w; Milwaukee, Wis) (in-room 
monitor provided by Nordic NeuroLab, 
Milwaukee, Wis). The pulse sequence 
parameters were 3.3/1.5; field of view, 
31 3 31 cm2; reconstructed image 
matrix, 256 3 256; in-plane resolu-
tion, 1.21 3 1.21 mm2; flip angle, 30°; 
frames per second, 2.3; section thick-
ness, 10 mm; and specific absorption 
rate, 3.44 W/kg.

arteries was performed with coronal 
MR imaging guidance, alternating be-
tween the right and left renal arteries. 
The guide catheter (custom pure plas-
tic tubes with 16-F outer diameter 
and 12-F inner diameter) was parked 
at the origin of the next-most-distal 
branch point (eg, the guide catheter 
was placed at the celiac origin for at-
tempts at microcatheterization of the 
SMA) for each attempt, and the phan-
tom was oriented parallel to B0. The 
end point for each navigation was suc-
cessful completion of turning into the 
branch and advancement to the edge 
of the phantom within 60 seconds. 
For successful attempts, the time 
was stopped once the catheter was 
advanced past the edge of the phan-
tom (6 cm lateral to the branch ori-
gin from the aorta). If the catheter tip 
did not reach the edge of the branch 
vessel within 60 seconds, the trial was 
scored as a failure.

All 1.5-T MR imaging experiments 
were performed while viewing an in-
room monitor (Philips examination 

Figure 2

Figure 2:  Photograph of the navigation operating system and user interface.
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with x-ray guidance. Specifically, 150 
(75%) of 200 turns were completed 
successfully with MR imaging guidance 
at 3 T versus 174 (87%) of 200 turns 
with x-ray guidance (P = .001). Mean 
procedure time for MR imaging guid-
ance at 3 T was 32 seconds 6 2 versus 
26 seconds 6 3 for x-ray guidance (P = 
.001) (Table 1).

For the two inexperienced in-
terventionalists (50 turns each), 67 
(67%) of 100 selective catheteriza-
tions were completed successfully 
with MR imaging guidance at 1.5 T 
versus 76 (76%) of 100 turns com-
pleted successfully with x-ray guid-
ance (P = .157). There was no sig-
nificant difference in mean procedure 
time between MR imaging at 1.5 T 
and x-ray guidance (39 seconds 6 3 
vs 31 seconds 6 2, respectively; P = 
.259) (Table 1). Catheterization rates 
and navigation times again improved 
with 3-T MR imaging; in fact, 3-T MR 
imaging and x-ray guidance (75% vs 
76% successful turns, 34 seconds 6 3 
vs 31 seconds 6 2, respectively; P = 
.869) were equivalent (Table 1).

For the two experienced interven-
tionalists, 65 (65%) of 100 selective 
catheterizations were completed suc-
cessfully with MR imaging guidance at 
1.5 T versus 98 (98%) of 100 turns 
completed successfully with x-ray 
guidance (P , .001). X-ray guidance 
was faster compared with MR imag-
ing at 1.5 T (20 seconds 6 2 vs 42 
seconds 6 2, respectively; P , .001) 
(Table 1). Catheterization success 

The statistical powers computed for 
the percentage success comparisons 
included continuity correction (10).

Results

Catheter Deflection and Visualization
The MARC catheter tip was visible 
with MR imaging in the phantom while 
activated for magnetic guidance by us-
ing 6300 mA of electric current. The 
catheter tip could be deflected in four 
planes, depending on the channel set-
ting and the current polarity (positive 
or negative) for each tip coil (Fig 4).  
Visualization of the catheter tip allowed 
the users to navigate the catheter into 

Figure 3

Figure 3:  A, Photograph of the catheter control system, with a laptop running the graphical user interface 
shown at the top and the foot pedal actuator shown at the bottom. B, Screen shot of the graphical user inter-
face used to control current delivery to the catheter. On the left are indicators that are illuminated when the 
corresponding foot pedal is pressed. On the right are numerical fields where the user can enter the desired 
current value for each channel. C, Schematic depiction of the electrical connections between components 
inside and outside of the control system cart. The two printed circuit boards that are responsible for deliver-
ing electrical current to the MARC catheter are located at the bottom of the system. Dotted lines demonstrate 
connections made inside the cart, while solid lines demonstrate connections made outside the cart.

Figure 4

Figure 4:  Diagram shows that the catheter tip 
could be deflected in four orthogonal directions, 
depending on the channel setting and the current 
polarity (positive or negative).

targeted vessels with MR imaging guid-
ance (Fig 5) (Movies 1, 2 [online]).

Navigation Success
For all four interventionalists com-
bined, 132 (66%) of 200 turns were 
completed successfully within 60 sec-
onds with MR imaging guidance at 
1.5 T versus 174 (87%) of 200 turns 
with x-ray guidance (P , .001). Over-
all mean procedure time was longer 
with MR imaging guidance at 1.5 T (40 
seconds 6 2) than for x-ray guidance 
(26 seconds 6 3) (P , .001) (Table 1).  
At 3 T, for all interventionalists com-
bined, success rate and navigation 
times improved as compared with 1.5 
T but were still not equivalent to those 
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tomography [CT], perfusion MR im-
aging, or diffusion MR imaging) per-
formed before an endovascular inter-
vention is started. Intraprocedurally, 
x-ray fluoroscopy provides vascular lu-
minography, not real-time tissue-level 
physiological information, such as dif-
fusion or perfusion. It is currently not 
ideal to perform multiple flat-panel CT 
perfusion studies in the angiography 
suite, given the relatively high doses of 
x-ray radiation involved and the lack 
of validation of such techniques. The 
ability to perform stroke interventions 
with real-time MR imaging guidance 
would allow diffusion-weighted imag-
ing sequences to be performed multi-
ple times during an intervention, thus 
allowing differentiation of viable from 
nonviable brain tissue at any point 
during the procedure and therefore 
helping to guide the interventionalist 
as to which occluded arteries should 

vessels, MARC navigation at 3 T was 
more successful and faster (Table 4).

Discussion

The third-generation dual-axis pro-
totype MARC catheter demonstrates 
progress toward creating a clinically 
relevant endovascular catheter that is 
safe and visible at MR imaging, with 
augmented steering capabilities. When 
fully developed, such a system would 
enable interventionalists to make treat-
ment decisions based on real-time MR 
imaging–based physiological informa-
tion (not available with current x-ray 
guidance), while still navigating as 
fast as with clinically standard x-ray 
guidance. This is especially pertinent 
to the treatment of acute ischemic 
stroke, since, currently, many treat-
ment decisions are made on the basis 
of noninvasive imaging (eg, computed 

rate and navigation times improved 
with 3-T MR imaging for experienced 
interventionalists, but x-ray guidance 
was still used more successfully and 
faster than 3-T MR imaging guidance 
(98% vs 75% successful turns, respec-
tively, P , .001; 20 seconds 6 2 vs 31 
seconds 6 3, respectively; P , .001) 
(Table 1).

Results stratified by branch vessels 
are presented in Tables 2 and 3. For 
both inexperienced and experienced 
interventionalists, the renal arteries 
were the most difficult to catheterize 
on the basis of both success rate and 
mean procedure time. At 3 T, renal 
artery catheterization improved (both 
success rate and mean procedure 
time) but was still more challenging 
than visceral artery (celiac artery, 
SMA, and IMA) catheterization. Direct 
comparison between 1.5 T and 3 T 
demonstrates that overall and for most 

Figure 5

Figure 5:  Images demonstrate navigation experiments in the abdominal aorta phantom (white arrowhead indicates 
the catheter tip). A, Navigation is shown in the coronal plane of the renal arteries with 3-T and 1.5-T MR imaging and 
x-ray guidance. B, The tip of the microcatheter is deflected into the renal arteries. C, Navigation is shown in the sagittal 
plane with 3-T and 1.5-T MR imaging and x-ray guidance. D, The tip of the microcatheter is deflected into the SMA.
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are particularly vulnerable to ionizing 
radiation, would thus benefit most from 
MR imaging–guided endovascular inter-
ventions made possible by an efficient 
MR imaging catheterization system.

The development of our third-gen-
eration catheter addresses limitations 
of our previous catheter (7). First, in-
stead of only deflecting in one plane, 
the double-saddle coil tip now allows 
deflection in multiple planes. Second, 
the new catheter is no longer limited 
by its orientation relative to the main 
B0 magnetic field of the MR imaging 
unit. Previously, phantoms had to be 
placed with the primary axis at 90° 
to the magnetic field (ie, transverse 
across the bore of the imaging unit) 
to produce deflection of a catheter 
with a solenoidal coil at its tip. The 
current double-saddle coil catheter 
produces magnetic moments that cre-
ate left-right and anterior-posterior 
deflection, thus permitting phantoms, 
animals, or eventually human subjects 
to be placed into the MR imaging unit 
along the long axis of the bore. Third, 
laser lithography has permitted fur-
ther miniaturization of our catheter 
tips, which is especially important 
for future applications in the smaller 
vessels of the brain, liver, and heart. 
Laser lithography has enabled fabrica-
tion of multiple coil tips that are both 
precise and consistent, allowing pre-
dictable catheter tip deflections and 
equations that describe correlation 
between applied current and catheter 
tip movements (15–18).

The MARC system is relatively easy 
to use. Experienced and inexperienced 
interventionalists were only given 5 
minutes to practice and were able to 
implement this technology effectively. 
Previous testing of another magnetic 
navigation system required up to 6 
months of nonclinical training in mag-
netic navigation prior to participation 
in a validation study (19). Our results 
demonstrate that the MARC catheter 
can be used among interventionalists 
with a wide range of training experi-
ence, which is important when intro-
ducing a new technology into clinical 
practice. Furthermore, our catheter 
system was successful in an abdominal 

endovascular catheters for the MR im-
aging environment would eliminate the 
risks associated with ionizing radiation 
to both patient and operator. Although 
relatively higher doses of x-ray radia-
tion are justifiable during interventions 
for treatment of severe acute conditions 
like ischemic stroke and brain aneu-
rysm rupture, many patients undergo 
multiple catheterization procedures 
either acutely (eg, to treat cerebral 
vasospasm after brain aneurysm rup-
ture) (14) or over a lifetime (eg, to fol-
low up previously treated aneurysms). 
Patients destined for multiple angio-
grams, as well as young patients who 

be revascularized (to improve blood 
flow to living brain tissue) and which 
occluded arteries are more safely left 
occluded (those supplying dead brain 
tissue that may be more likely to hem-
orrhage if reperfused).

Furthermore, radiation from medi-
cal imaging has come under increasing 
scrutiny from the medical community 
and the lay press. Patients are increas-
ingly concerned about the radiation 
doses they receive and in some cases 
may delay or defer nonemergency 
image-guided procedures, resulting in 
an overall greater risk to themselves 
(11–13). Successful development of 

Table 1

Navigation Success Rate and Time for MR Imaging vs X-ray Guidance

Parameter

1.5-T MR Imaging 3-T MR Imaging

Overall P Value Overall P Value

Percentage success for all  
  interventionalists (%)*

  Magnetically assisted MR imaging  
  guidance

66 (132/200) ,.001 75 (150/200) .001

  Conventional x-ray guidance 87 (174/200) 87 (174/200)
Procedure time for all  

  interventionalists (sec)†

  Magnetically assisted MR imaging  
  guidance

40 6 2 ,.001 32 6 2 .001

  Conventional x-ray guidance 26 6 3 26 6 3
Percentage success for experienced  

  interventionalists (%)*
  Magnetically assisted MR imaging  

  guidance
65 (65/100) ,.001 75 (75/100) ,.001

  Conventional x-ray guidance 98 (98/100) 98 (98/100)
Procedure time for experienced  

  interventionalists (sec)†

  Magnetically assisted MR imaging  
  guidance

40 6 2 ,.001 31 6 3 ,.001

  Conventional x-ray guidance 26 6 2 20 6 2
Percentage success for inexperienced  

  interventionalists (%)*
  Magnetically assisted MR imaging  

  guidance
67 (67/100) .157 75 (75/100) .869

  Conventional x-ray guidance 76 (76/100) 76 (76/100)
Procedure time for inexperienced  

  interventionalists (sec)†

  Magnetically assisted MR imaging  
  guidance

39 6 3 .012 34 6 3 .436

  Conventional x-ray guidance 31 6 2 31 6 2

* Data are the percentage of success, with the numerator and denominator in parentheses.
† Procedure time data are presented in seconds as mean 6 standard error of the mean.
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aortic phantom with diameters and an-
gles of branch vessels that are anatom-
ically relevant.

Although x-ray guidance was faster 
and more successful than magnetically 
assisted MR imaging guidance among 
experienced interventionalists, the 
latter was still effective, especially at 
3 T. Given that experienced interven-
tionalists operate with x-ray navigation 
every day in clinical practice, it comes 
as no surprise that they were efficient 
at using x-ray guidance. Furthermore, 
to mimic the real-world environment, 
interventionalists used angled-tip cath-
eters with x-ray guidance, thus making 
navigation easier compared with using 
straight catheters (as was done in mag-
netically assisted experiments).

Navigation with MR imaging was 
feasible at both 1.5 T and 3 T, and 
there was a trend toward it being more 
successful at 3 T. At a higher magnetic 
field strength, there was better visu-
alization of the catheter tip. Addition-
ally, at a higher magnetic strength, the 
catheter tip is deflected more strongly 
for the same amount of current. Use 
of 3-T MR imaging clinical systems is 
increasingly popular because of in-
creased signal-to-noise ratio and spatial 
resolution and quicker imaging times 
(20). Furthermore, we previously dem-
onstrated experimentally that there is 
less resonant radiofrequency heating of 
a variety of endovascular catheters at 3 
T compared with 1.5 T (21).

Our study was limited in its statis-
tical power by a small number of oper-
ators (a total of four); thus, we cannot 
claim that MR imaging–guided cathe-
terization is equivalent to x-ray–guided 
navigation. Limitations of the MARC 
catheter system included navigating 
right-left into the renal arteries. This 
may be secondary to the small diameter 
of the renal ostia and the 60° oblique 
angle of the vessels, making navigation 
more difficult. Furthermore, to navigate 
into the renal arteries, a thick coronal 
plane had to be used to visualize the 
full course of the renal arteries with-
out it running out of the imaging plane. 
Although this third-generation catheter 
tip was smaller than our previous cath-
eters (7), susceptibility at the catheter 
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tip during current activation can ob-
scure navigation into smaller vessels. 
Continued improvement with laser 
lithography and thin heat shrink will 
help us further miniaturize the cathe-
ters, allowing for future use in smaller 
vessels, such as cerebral and coronary 
arteries. Finally, although our double-
saddle microcoil tip demonstrated 
successful navigation, in future clinical 
practice, interventionalists will likely 
require a variety of catheters in their 
armamentarium. Possibilities include 
catheters with a variety of microcoil 
tips (solenoid or saddle) with which the 
interventionalists can change channels 
to activate each. Alternatively, a variety 
of different catheters, each with differ-
ent microcoil tips, can be produced and 
exchanged (over guide wires safe for 
use with MR imaging that are currently 
being developed) (22), as is done in 
clinical practice with x-ray fluoroscopy.

In conclusion, MR imaging–guided 
navigation in an abdominal aortic phan-
tom with the third-generation MARC 
catheter system is feasible at 1.5 T, 
improves at 3 T, and is comparable to 
x-ray guidance for a variety of vessels 
at 3 T. Furthermore, this technology 
can be used by operators of different 
skill levels. Future in vivo studies with 
MR imaging guidance will be needed to 
evaluate the MARC catheter system in 
simulated clinical environments, such 
as ischemic stroke thrombolysis and tu-
mor embolization.
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