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Abstract
Direct current applied to wire coils wound at the tip of an endovascular catheter can be used to
remotely steer a catheter under magnetic resonance imaging guidance. In this study, we derive and
validate an equation that characterizes the relationship between the number of solenoid turns,
applied current, catheter stiffness, magnetic field strength, and resulting catheter tip deflections.

Method and Materials—Solenoids of 50, 100, 150 turns were wound on separate 1.8F and 5F
catheters. Varying currents were applied using a DC power supply in the MRI control room.
Images were obtained with a 1.5 T or a 3 T MR scanner with the distal catheter suspended in the
main scanner magnetic field in a water bath on the scanner bed. ssFSE and FIESTA fast imaging
sequences were used. Deflection angles were measured on acquired sagittal images using eFilm
software.

Results—Relationships between variables predicted by the derived equation, θ/sin(γ−θ) = nIAB/
kθ, where θ is the deflection angle, n is the number of solenoidal turns, I is the current, A is the
cross-sectional area of the catheter tip, B is the MR scanner main magnetic field, kθ is related to
the catheter elastic modulus, and γ is the initial angle between the catheter tip and B, were
observed (R2 = 0.935–0.987).

Conclusion—An equation that predicts catheter tip deflection has been derived and validated
experimentally for MARC-steering of endovascular catheters in interventional MRI. Consequent
accurate prediction of catheter tip behavior using this novel mechanism will enhance control of the
endovascular catheter tip, as well as decrease the risk of procedural complications such as
dissection and embolus formation.
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INTRODUCTION
A growing number of image-guided endovascular interventions are being performed each
year as studies continue to demonstrate equivalent or greater efficacy and lower morbidity of
minimally-invasive endovascular interventions when compared to traditional open surgical
techniques1–5. Image-guided endovascular techniques are now routinely used in the
diagnosis and treatment of atherosclerotic disease, cancer6, 7, uterine fibroids2, arterio-
venous malformations6, cerebral aneurysms1, 6, end-stage liver disease8, the prevention of
pulmonary artery thromboembolization5, and many other pathological states6. The majority
of endovascular interventions require insertion of a guidewire, a small diameter highly
flexible metal wire with a hydrophilic coating. With the guidewire providing a stable rigid
track, a flexible catheter is then introduced over the wire9. Navigation into target vessels can
be achieved either by remote mechanical manipulation of the guidewire tip, along which the
catheter may be advanced, or by the use of preformed catheter shapes. A variety of
guidewires and catheters of different geometries, sizes, and stiffness are manufactured
today, allowing navigation into most large and medium-sized vessels in the body.

Catheter steering problems in endovascular interventions, however, do arise. Catheter
steering is difficult, for instance, when trying to enter an aneurysm whose neck is oriented
90 degrees to the parent vessel10, 11, or when several vessel turns have already been
negotiated and manual purchase on the guidewire tip is limited. Prolonged navigation can
result in increased radiation dose to the patient and interventionalist when using X-ray
fluoroscopic visualization, as well as thrombus formation and use of increased volume of
exogenous contrast material administered. In addition, the relative rigidity of the guidewires
compared to the vessel walls can result in vessel wall dissection, perforation, and
hemorrhage. Complication rates are low and vary across procedures and institutions, but are
of clinical significance12–21.

X-ray fluoroscopy allows high spatial and temporal resolution, making it very useful for
image-guidance of endovascular procedures. Recently, magnetic resonance imaging (MRI)
has emerged as a potential alternative, offering distinct advantages and disadvantages
compared to X-ray fluoroscopy. Real-time MRI allows exquisite visualization of soft tissue
anatomy not possible with projection X-ray images at comparable temporal resolution. Soft
tissue visualization would be extremely useful in the diagnosis and treatment of many
disease processes, which might include, but not be limited to, stroke therapy, aneurysm
occlusion, angioplasty, and myocardial stem cell delivery22, 23, where information about the
vessel wall and the tissue surrounding blood vessels in real-time is of tremendous
importance. In addition, there is no ionizing radiation exposure to the patient or the medical
staff in the MRI environment. Furthermore, so-called interventional MRI (iMRI) does not
require the use of iodinated contrast agents commonly used in traditional fluoroscopy, which
have been a not infrequent source of complications due to anaphylaxis and nephrotoxicity24,
causing in rare cases death during procedures. In interventional MRI, not only are these
agents not required, MRI is sensitive to a variety of physical parameters that can be used as
contrast mechanisms25–30with the potential for yielding information about physiology and
metabolism, in combination with anatomy.

The magnetic field present in an MR scanner also provides a unique environment and a
special opportunity for the development of novel endovascular catheter steering mechanism
as well as visualization of the catheter tip. Using 1.5F catheters in a 2T scanner, Roberts et
al.31 demonstrated that current applied to solenoid and Helmholtz-type coils wound at the tip
of a catheter can be used to steer a catheter tip through simulated vessel branch points. The
local field inhomogeneity created by the induced magnetic moment also allows visualization
of the catheter tip. The present study seeks to further investigate this novel mechanism by
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derivation and experimental validation of an equation that characterizes the relationship
between the catheter deflection and the physical factors affecting deflection: the number of
solenoid turns, applied current, catheter stiffness, and the magnetic field of the MR scanner.

Theory
Current running through a wire solenoid induces a magnetic moment, M, within the
solenoid, given by the equation,

(1)

where n is the number of turns in the solenoid, I is the current applied, and A is the cross-
sectional area of the solenoid and μr is the relative permeability of the medium (partly
catheter wall, partly catheter lumen) and μ0 is the permeability of free space (Figure 1). The
direction of the magnetic moment induced in the solenoid is given by the right hand rule,
with the 2nd to 5th digits of the right hand curling in the direction of the current, and the
thumb giving the direction of the magnetic moment. A current applied to a solenoid wound
around the tip of an endovascular catheter will thus induce a magnetic moment.

In a constant magnetic field, such as that of an MR scanner, the magnetic moment created in
the solenoid experiences a torque, τmag, given by the equation,

(2)

or,

(3)

where M is the magnetic moment vector, B is the main magnetic field vector, M and B are
the respective magnitudes, γ is the initial angle between M and B, and θ is the angle through
which the catheter tip is deflected. Note that γ−θ is the final angle between M and B. As a
result, the magnetic torque pulls the distal catheter tip into alignment or anti-alignment
(depending on the polarity of the current) with the main magnetic field (until θ = γ), in a
similar fashion to the way a compass needle behaves in the earth’s gravitational field (Figure
2).

The deflection of the catheter tip, however, is opposed by the stiffness of the catheter and its
movement resembles more that of a mechanical spring/cantilever than that of a compass
needle. As a result, the magnetic torque τmag will cause the catheter to deflect until it is
balanced by the mechanical restoring torque of the catheter, τmech, where

(4)

where kθ is related to the elastic modulus of the catheter, and θ is the deflection angle. Note
that the term kθ may also depends on θ. This means that stronger force is required to bend
the catheter the more it is deflected from its original position. At equilibrium, when τmag =
τmech, an equilibrium catheter deflection angle is attained.

By equating (3) and (4), the equilibrium catheter deflection angle, θ, can be calculated:

(5)

Substituting for M,
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(6)

which can be easily rearranged to obtain a linear equation to simplify data fitting.

(7)

To simplify discussion and data fitting, distinction in this study is made between the
equilibrium catheter deflection angle, θ, and the angular mechanical deflection, θ/sin(γ−θ).

This study seeks to further investigate this novel mechanism by experimental validation of
the equation (7) derived above. To this end, each variable is systematically varied while
keeping other variables constant. We demonstrate the predicted relationship between the
angular mechanical deflection and the physical factors affecting deflection: the number of
solenoid turns, applied current, catheter stiffness, and the magnetic field of the MR scanner.

MATERIALS AND METHODS
Device construction

1.8 F (see Table 1) Baltacci catheters (BALT, Montmorency, France) were obtained and the
most distal part of the catheter tips containing heavy metal markers were cut off to eliminate
confounding magnetic forces and MR artifact. Solenoid coils of 50, 100, 150 turns of 44
AWG magnet wire (California Fine Wire, Grover Beach, CA) were wound on the tips of
modified catheters to make three 1.8 F catheters with solenoids of systematically-varied turn
number (n) (Figure 3). The final diameter of the wound tips was 0.7 mm and the length of
the solenoid coils were 3.2, 6.5 mm, and 10 mm, for the 50, 100, and 150 turn coil catheters,
respectively. In addition, a 100 turn solenoid of the same wire was wound on the distal tip of
a stiffer 5 F angioplasty catheter (Pursuit, Cook Inc, Bloomington, IN). The 5 F catheter was
also modified by removing the angioplasty balloon tip (distal 5 cm). Its final tip diameter
was 2.5 mm. and the length of the coil was 3 cm. Loose wire ends were wrapped around the
catheter along its length. Local field inhomogeneity artifact from the wire was minimized by
braiding of the wire ends along the length of the catheter.

Experimental setup
In device testing, the long axis of the solenoid on the distal catheter tips was suspended
perpendicular to the MR scanner main magnetic field in a 2 L glass beaker filled with water.
The catheter-beaker setup was placed within an 8 channel head imaging coil. Currents in the
±300 mA range were applied remotely using a DC power supply continuous with the
solenoid wire in the MRI control room.

Imaging
The sagittal plane containing the catheter tip was identified by an initial 3-plane localizer
pulse sequence. Images were obtained using pre-optimized “real-time” MR pulse
sequences32 on a 1.5T SIGNA Twinspeed Excite MR scanner (GE Healthcare, Wakesha,
WI) using FIESTA (Fast Imaging Employing Steady-state Acquisition) with TR = 2.9 ms,
TE = 1.0 ms, flip angle = 50°, 128 × 128 matrix, 5 mm slice thickness, 8-channel head coil.
For 3 T imaging, a Signa Excite HD 3T MR scanner (GE Healthcare, Wakesha, WI) was
used with a ssFSE (single shot fast spin echo) sequence, TR = 748.7, TE = 30.6, flip angle =
90°, 256 × 128 matrix, 10 mm slice thickness, and a similar 8-channel head coil.
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Measurement of deflection angles
Deflection angles were measured on acquired sagittal DICOM images using eFilm version
1.9.3 (Merge, Milwaukee, WI, USA). The angle γ was measured as the initial angle (before
current was applied) between the long axis of the catheter tip and a line drawn at water-air
interface (which was parallel to the MR scanner main magnetic field, at all times) (Figure
4A and B). The catheter deflection angle, θ, was measured as the difference between the
catheter’s original position before current was applied, and its final equilibrium position
after current application (Figure 4C and D). This method was repeated for each number of
solenoid turns, catheter type, or magnetic field strength. By definition, at θ = 90 degrees, the
catheter tip was in parallel alignment with the MR scanner main magnetic field, B.

RESULTS
To validate the derived equation (7), each independent variable was varied systematically
while holding others constant. The first independent variable tested was the applied current,
I. A 1.8 F catheter with 100 turns was placed in the 1.5 T main magnetic field and current
was varied using a DC power supply. Images for a 1.8 F catheter with 100 turns (Figure 5)
showed that the equilibrium catheter deflection angle, θ, the angular mechanical deflection
angle, θ/sin(γ−θ), and local field inhomogeneity artifact increased with increasing current
(Figure 5A, C, D and Figure 6). The catheter experienced negligible magnetic torque in the
absence of current. As predicted by the derived equation, the increase in the angular
mechanical deflection was linear with increasing current in the range of applied currents
tested. In fact, significant catheter tip deflections of up to 90 degrees were obtained with
applied currents up to 300 mA for the 1.8 F catheter with a 100 turn solenoid at 1.5 T.
Direction of deflection was reversed with reversal of current polarity (Fig 5B and C).
Although not a primary goal of the study, the catheter and solenoid device was found to be
able to tolerate currents as high as 1 A for over 1 minute, without melting the wire insulation
and causing an electrical short-circuit. The linear relationship between angular mechanical
deflection and current predicted by equation (7) is shown in Figure 7B. The relationship
described by equation (7) also held for reversed polarity and for the 5 F catheter (data not
shown).

The linear relationship predicted between the angular mechanical deflection, θ/sin(γ−θ), and
the number of turns in the solenoid, n, was also observed (Figure 7, R2 = 0.9342). For a 1.8
F catheter, with 60 mA applied, deflection angle, θ, was 31.5, 36, and 45.5 degrees from
baseline for 50, 100, and 150 turns, respectively (Figure 7A).

In contrast to the more flexible 1.8 F catheters, higher currents were necessary to achieve
significant deflection of the 5 F percutaneous transluminal angioplasty catheters. The 5 F
catheter was much stiffer than the 1.8 F catheter (Figure 8). With 800 mA applied to a
solenoid of 100 turns on the tip of the 5 F catheter, only 20 degrees of deflection was
observed. As predicted, an inverse relationship between catheter elastic property, kθ, and the
angular mechanical deflection was observed.

Finally, the magnetic field strength was also systematically varied by carrying out
experiments in both a 1.5 T MR scanner and a 3 T MR scanner. While keeping other factors
constant, the doubling in field strength resulted in a doubling of the angular mechanical
deflection over a wide range of current values, as predicted by the derived equation (7)
(Figure 8B).
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DISCUSSION
The aim of the present study was to develop and validate an equation for predicting catheter
deflection angles for MARC steering of endovascular catheters. We examined the
relationship between angular mechanical deflection and a variety of factors affecting MARC
steering of endovascular catheters: number of solenoid turns wound around the catheter tip,
the applied current, magnetic field strength, and catheter elastic modulus. Our findings
indicate that, as predicted by our derived equation (7), angular mechanical deflection at
equilibrium, θ/sin(γ−θ), varies linearly with the number of solenoid turns, the applied
current, and the magnetic field strength, as well as inversely with catheter stiffness.

Note that the stiffness of the catheter was expected to increase with increasing catheter
deflection angles, causing higher currents to be necessary to deflect the catheter tip at
deflection angles closer to 90 degrees. According to the results of these experiments,
however, kθ remained unchanged, behaving essentially as a constant. Thus, kθ could be
rewritten as k, and the effect of changes in deflection angle on the catheter stiffness could be
ignored for this particular catheter and setup.

Successful implementation of a catheter device based on this mechanism is dependent on
fundamental understanding of the physical factors affecting tip deflection. Subsequent to
optimal visualization on the MR image of the catheter tip, the ability to gain fine control of
catheter tip deflection under a variety of conditions is essential for proper guidance and
prevention of complications. The relationships predicted by the derived equation provide a
framework for accurate modeling of the behavior of the specialized catheter tip under a
variety of conditions. Accurate understanding of physical factors affecting catheter
deflection using this model will potentially allow improved analysis of other issues related
to application of this technology, such as image artifact and heating31, which were not
primary objectives of this study.

Visualization of the position and orientation of an endovascular catheter tip is essential for
its proper guidance and prevention of complications. Heavy-metal compound markers at the
catheter tip are typically used for tip visualization in X-ray fluoroscopy. In MRI, however,
such markers may either disrupt the image, or, in the case of markers with ferromagnetic
properties, be unsafe. Therefore, alternative visualization methods such as passive and active
catheter tip tracking are being developed33–35. The specialized catheter studied here takes
advantage of the magnetic moment induced in the solenoid at the catheter tip. In addition to
experiencing a magnetic torque from the main MR scanner field, the magnetic moment
causes local magnetic field inhomogeneity. As a result, in the area of the induced magnetic
moment, signal from nearby water proton spins is rapidly lost, resulting in a signal void
(often termed a magnetic susceptibility “artifact”) on the MR image. This effect functions
beneficially as a catheter tip tracking mechanism, since the catheter tip is located in the area
of the signal void. If the effect is too large, however, the image can be severely distorted by
the local magnetic inhomogeneity artifact. One approach used to mitigate this effect has
been to use an MR imaging pulse sequence that is relatively less sensitive to local magnetic
inhomogeneities (such as the ssFSE approach used in the 3T studies reported here). A
general approach involves using the derived equation to minimize the applied current and
resulting magnetic moment for a given deflection (for example by increasing the number of
solenoid turns, or in principle, by increasing μr).

Current applied to a wire causes heating through power dissipation. The heat produced can
be hazardous to the health of vessel walls and tissue and is of great concern. Power
dissipation is proportional to the square of the applied current and to the resistance of the
wire or circuit. The model derived here provides a framework for minimizing the current
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applied and the resulting heat produced. Further work is ongoing to quantify, characterize,
and minimize heating effects of this MARC steering family of devices. The model should
also facilitate manufacturing of a device with thermal properties designed to dissipate the
heat generated.

Although not affecting the generalizability of our results, there are some factors which
limited this study that warrant discussion. The relationship between angular mechanical
deflection and magnetic field strength was determined using only 3 different field strengths,
at 0 T, 1.5 T and 3 T. A fourth field strength would have further improved the
characterization of the relationship between angular mechanical deflection and magnetic
field strength. Unfortunately, MRI scanners of field strengths other than the ones used, and
with “real-time” pulse sequence capabilities, were unavailable at our institution.
Nonetheless, the doubling of the angular mechanical deflection with the doubling of
magnetic field strength, however, occurred consistently over a wide range of current values,
consistent with equation 7.

The data in this study supports the conclusion that the angular mechanical deflection is
inversely related to the catheter stiffness. No quantitative estimates of the elastic modulus of
the catheters, however, were made. Obtaining pre-manufactured catheters of identical
geometry but differing elastic modulus is virtually impossible. A large difference in elastic
modulus, or stiffness, between the 1.8 F catheter and the 5 F catheter was noted
qualitatively. However, there is also a difference in the cross-sectional area of the catheters,
another factor affecting the angular mechanical deflection (equation 7). Indeed, the inverse
relationship between angular mechanical deflection and catheter stiffness was readily
apparent.

Lastly, the derived equation fits a two-dimensional model for catheter tip deflection. Using a
single solenoid at the catheter tip, two possible deflection movements for the catheter tip
exist: alignment with the main magnetic field or anti-alignment with the main magnetic
field. This movement is similar to a pendulum swing and results in deflections within a two-
dimensional plane. For three-dimensional deflections, magnetic moments in three-
dimensional space are necessary. This can be achieved by inducing orthogonal magnetic
moments in paired Helmholtz coils at the catheter tip, in addition to the solenoid coil. The
resultant three-dimensional magnetic moment vector (composed of the combination of
individual magnetic moments in the Cartesian axes) would experience three-dimensional
torque, and result in three-dimensional catheter tip deflections. This was demonstrated by
Roberts et al.31 and the derived equation can be readily generalized to three-dimensions.

In summary, we have derived and experimentally validated an equation for magnetically-
assisted remote control steering of endovascular catheters. The equation provides a
framework for accurate modeling of the behavior of the specialized catheter tip. Such
understanding is pivotal to the application of this novel mechanism in MR-guided
endovascular intervention.
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Figure 1.
Wire solenoid wound around a catheter tip. A current applied to the wire induces a magnetic
moment, M, within the lumen of the solenoid. The induced magnetic moment is proportional
to the number of turns in the solenoid, n, the magnitude of the applied current, I, and the
cross-sectional area, A. The direction of M is given by the right-hand rule.
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Figure 2.
Catheter positioned in a magnetic field, B. When current is applied, the rotational movement
(curved arrow) caused by magnetic torque generated is shown. This magnetic torque is the
cross-product of the magnetic moment, M, and the magnetic field, B (large arrows). By
definition (right-hand rule), the actual direction of the torque is out of the page,
perpendicular to M and B.
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Figure 3.
Catheter positions in a magnetic field. The torques generated are shown, in relation to the
angular mechanical deflection θ, the main magnetic field, B, the induced solenoidal
magnetization, M, and the original angle between the catheter and main magnetic field, γ.
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Figure 4.
1.8 F catheter with a 100 turn magnet wire solenoid wound at its catheter tip. A penny
shown for scale.
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Figure 5.
Measurement of deflection angles. A. 0 mA applied B. same as (A) but with angle
measurements. The MR scanner magnetic field, B, is in the sagittal plane (therefore, co-
planar with the images), parallel with the meniscus of the water, and points towards the top
of the page (white arrow). The initial angle between the catheter tip and B, defined in this
study as γ, was measured as 108 degrees. C. 60 mA applied. Note the movement of the
catheter from its original position as well as the magnetic susceptibility artifact induced by
the solenoid at the catheter tip. D. The deflection angle, θ, is measured as the change in the
position of the catheter relative to its original position in A and B. All images show a 1.8 F
BALT catheter with a 100 turn solenoid. Imaging done using FIESTA with TR = 2.9 ms, TE
= 1.0 ms, flip angle = 50°, 128 × 128 matrix, 5 mm slice thickness, 8-channel head coil.
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Figure 6.
MR Images of 1.8 F Catheter with a 100 turn solenoid (FIESTA) A. no current applied. B.
−60 mA applied. Note catheter deflection from baseline in A, and local inhomogeneity
artifact caused by induced magnetic moment. C. 60 mA (reversed polarity). D. 200 mA
(reversed polarity). Note the larger deflection and larger local field inhomogeneity artifact.
All images show a 1.8 F BALT catheter with a 100 turn solenoid. Imaging done using
FIESTA with TR = 2.9 ms, TE = 1.0 ms, flip angle = 50°, 128 × 128 matrix, 5 mm slice
thickness, 8-channel head coil.
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Figure 7.
A. Plot of the equilibrium catheter deflection angle, θ, as a function of current for a 1.8 F
Baltacci catheter with a 100 turn solenoid at 1.5 T. B. Plot of the angular mechanical
deflection as a function of current for a 1.8 F Baltacci catheter with a 100 turn solenoid at
1.5 T (R2 = 0.98).
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Figure 8.
A. Plot of angular mechanical deflection as a function of current for a 1.8 F Baltacci
catheters with solenoids of 50, 100, and 150 turns (R2 = 0.959–0.988). C. Plot of angular
mechanical deflection as a function of number of solenoid turns for 1.8 F Baltacci catheters
at 1.5 T (R2 = 0.935).

Settecase et al. Page 17

Med Phys. Author manuscript; available in PMC 2014 April 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
A. Plot of angular mechanical deflection as a function of current for a 1.8 F Baltacci catheter
with a solenoid of 100 turns and a 5 F PCTA catheter with a solenoid of 100 turns at 1.5 T.
B. Plot of angular mechanical deflection as a function of current for a 1.8 F Baltacci catheter
with a solenoid of 50 turns at 1.5 T and 3 T.
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Table 1

Catheter diameter (outer) conversion table: French to metric.

French Millimeters

1 0.33

1.8 0.6

2 0.66

3 0.99

4 1.32

5 1.65
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