IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 32, NO. 4, APRIL 2013

809

Tracking the Position and Rotational Orientation
of a Catheter Using a Transmit Array System
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Abstract—A new method for detecting the rotational orientation and tracking the position of an inductively coupled radio frequency (ICRF) coil using a transmit array system is proposed. The
method employs a conventional body birdcage coil, but the quadrature hybrid is eliminated so that the two excitation channels can
be used separately. The transmit array system provides RF excitations such that the body birdcage coil creates linearly polarized
and changing RF pulses instead of a conventional rotational forward-polarized excitation. The receive coils and their operations
are not modified. Inductively coupled RF coils are constructed on
catheters for detecting rotational orientation and for tracking purposes. Signals from the anatomy and from tissue close to the ICRF
coil are different due to the new RF excitation scheme: the ICRF
coil can be separated from the anatomy in real time, and after doing
so, a color-coded image is reconstructed. More importantly, this
novel method enables a real-time calculation of the absolute rotational orientation of an ICRF coil constructed on a catheter.
Modified FLASH and TrueFISP sequences are used for the experiments. The acquired images from this technique show the feasibility of different applications, such as catheter tracking. Furthermore, applications where knowledge of the rotational orientation
of the catheter is important, such as magnetic resonance-guided
endoluminal-focused ultrasound, RF ablation, side-looking optical
imaging, and catheters with side ports for needles, become feasible
with this method.
Index Terms—Catheter tracking, inductively coupled radio-frequency (ICRF) coil, interventional MRI, rotational orientation,
transmit array.

I. INTRODUCTION

L

OCATING interventional devices quickly and precisely
is necessary to perform minimally invasive operations.
Generally, X-rays are used for these operations because of
their high-resolution instrument visualization, however, X-rays
cannot provide soft tissue contrast and they expose patients
and staff to ionizing radiation. Magnetic resonance imaging
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(MRI) offers impressive soft tissue contrast is a nonionizing
imaging modality, but it cannot detect and track interventional
devices such as catheters, guidewires, and biopsy needles
in real time. Various techniques have been developed for
identifying interventional devices for such operations. Active
tracking methods use antennae [1] or small coils [2] connected
as separate receive channels. Passive techniques use contrast
materials or metallic susceptibility for visualization, so there
is no connection to the MR scanner [3]–[5]. A third method
can be defined as wireless active visualization [6], [7], using
inductively coupled radio-frequency (ICRF) coils. In this
blended method, the tracking ICRF coil is coupled to a surface
receive coil inductively but there is no wired connection to the
MR scanner. Although passive and active catheter-tracking
methods have distinct advantages, passive tracking methods
have reliability problems, and active tracking techniques pose
device design and safety concerns [2], [8]–[16].
Due to frictional forces and catheter elasticity, applied torque
may not translate to the tip of the catheter; therefore its rotational
orientation may be unknown even when the torque is controlled
by skilled cardiologists. Determining the rotational orientation
of the cylindrically symmetric catheters is difficult, but this information may be useful when the asymmetric catheter design
is necessary, such as in MR-guided intravascular-focused ultrasound [17], [18] with independent transducer arrays [17]–[19]
and radio-frequency ablation. Although some researchers have
introduced solutions for the determining a catheter’s rotational
orientation [20], [21], this is a relatively untouched subject.
Transmit array systems have recently been introduced for hofields [22]–[25], but their capamogenizing high-frequency
bilities are also used for catheter tracking by inducing reverse
polarization [23]. In the current study, a new method that uses a
transmit array system is presented to 1) detect rotational orientation and 2) track the position of the interventional devices on
which ICRF coils are constructed [7], [26]–[29]. Two mechanisms are used in the transmit and receive chains; the first is the
coupling of the transmit body birdcage coil to the ICRF coil;
the second is the coupling of modulated spins around the ICRF
coil to a receive phased array coil. Conventional RF excitation
fields with
pulses are modified such that linearly polarized
changing direction are created during the transmit phase instead
of a forward-polarized magnetic field. As a result, the anatomy
image shifts in the phase-encoding direction so that two copies
of an ICRF coil image are created: one shifts in the phase-encoding direction and the other shifts in the opposite direction.
Moreover, the ICRF coil images have a phase difference directly
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proportional to the rotational orientation of the ICRF coil. In this
way, the method enables simultaneous acquisition of anatomy
and ICRF coil images with rotational orientation information.
II. THEORY
Modulated RF excitations are used in saturation bands for
eliminating artifacts [30], and for off-center slice excitation
[31]. However, such changes are limited to the phase modulations of conventional forward-polarized RF excitations.
Understanding the results of phase and/or amplitude modulations of linearly polarized RF excitations requires rigorous
analysis (see the Appendix).
A. General Theory of Circulating RF Excitations
1) Conventional Body Coil Excitation: A body birdcage
coil has two orthogonal transmit channels. If only one transmit
channel is excited, a linearly polarized magnetic field is created
or direction. Conventionally, a quadrature
in either the
hybrid is used to deliver the excitation signal through a single
channel [32], [33] [Fig. 1(a)]. The quadrature hybrid divides
the signal into two signals with equal magnitude and a 90
phase difference, which generates a forward-polarized field
[32]. This rotational excitation is two times more efficient in
total body specific absorption rate (SAR) and four times better
in peak SAR than a linear excitation [30].
2) Changing RF Fields: In this study, a transmit array system
is used to deliver modified RF excitations to two channels of a
body birdcage coil in place of the quadrature hybrid. By modifying the conventional sequences a linearly polarized RF excitation can be obtained instead of a forward-polarized one.
In conventional MR imaging, the RF excitation scheme is
constant throughout the sequence. Although it is not easy to
determine the results of arbitrary modifications of RF excitations, the effects of periodic changes can be calculated using the
Fourier theorem. Fig. 1(b)–(e) shows a modified linearly polarized RF excitation scheme in which RF amplitudes and phases
are changed at each repetition time (TR). Four different mag,
netic fields are repeated periodically, such that
where is the index of the TR. Changing the direction of the
linear polarization causes the excitation vector to circulate in
a counter-clockwise direction. At the first TR, the RF channel
is on and the channel along the -axis
on the x-axis
is off. As a result, the direction of the linear excitation field is on the x-axis. The second RF channel is on at the
next TR and the vector is on the -axis with a relative phase
of
. At the third TR,
is on but with a relative phase
of . Last, at the fourth TR, RF is on the
direction with a
. In this periodic scheme, the th magnetic field
phase of
can be shown as
, where is the reference-complex magnetic field expression. Assuming linear increments in
the k-space position with each TR and using the Fourier theorem [34], the resulting phase modulation in k-space produces a
shift in the image domain. Specifically, the modulation causes a
pixel shift in the image domain, where
is the number
of phase-encoding lines and is the period of the changing excitation, which equals 4 in the above case (Fig. 1).

Fig. 1. Standard and modified RF excitation schemes of the transmit body birdcage coil. a: The quadrature hybrid divides the input excitation signal into halves
with a 90 phase difference and enables a forward-polarized field inside a birdcage coil. b: Channel excitations change such that a linearly polarized field with
a circulating polarization vector is created. The RF is on the -axis in the first
is on and
is off. c: In the second TR,
repetition time (TR), because
the RF is on the -axis. The RF is on the -axis but in the negative direction in
the third TR (d) and in the fourth TR, the RF is on the negative -direction (e).
.
This scheme is periodic with period and in this example

Fig. 2. a: An ICRF coil and its orientation, . b: Interaction of the linearly
polarized RF and the ICRF coil.

B. Effect of Changing RF Fields on the ICRF Coil
With the excitation, the ICRF coil is exposed to a different
coupling mechanism than spins in the tissue are. The magnetic
field transmitted by the body coil induces a current in the ICRF
coil, which introduces a secondary field. When the excitation
field is linear, coupling of the transmit field and the ICRF coil
is directly related to the coil’s orientation. Fig. 2 shows the relation of the ICRF coil orientation and the excitation vector. As
is applied and the ICRF coil is tilted
an example, assume
such that the surface normal vector of the ICRF coil makes a
angle with
. This excitation pulse can be decomposed into
two orthogonal fields,
and
, which are perpendicular and parallel components to the surface normal vector of the
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ICRF coil, respectively. By using Faraday’s law of induction,
one can conclude that
induces a current on the ICRF coil
does not. Therefore, the effective magnetic field combut
ponent is
and the secondary field produced by the ICRF
coil becomes
(1)
where is a complex amplification factor due to the ICRF coil.
If one applies this operation to the other components of the RF
excitation pulses shown in Fig. 1, the magnetic fields due to the
excitation profile become
and
. This excitation profile
is periodic, but not as simple as the previous case because there
is now phase and amplitude modulation. A simpler form can be
obtained by decomposing each excitation

Fig. 3. ICRF coil is a loop of magnet wire resonated by a tuning capacitor.
100-mm-long ICRF coil was constructed on a 6 F catheter.

A. Sequences

(2)
and
.
Above,
One can express the th excitation in a sequence as
. Therefore, the resultant
image consists of two copies of the original ICRF coil image.
The first image shifts in the phase-encoding direction in the
same way that the anatomy image shifts. The second image is
called a “ghost” and shifts in the opposite direction, away from
the anatomy, which enables tracking of the ICRF coil. Furthermore, the phase of the ratio between signals in the two images
equals two times the ICRF coil orientation, , which enables
calculating the rotational orientation of the ICRF coil simultaneously. A more-detailed analysis is provided in the Appendix.
III. METHODS
In the present study, the aims are 1) to separate images of
the anatomy and interventional device and 2) to find the rotational orientation of the device using a linearly polarized body
birdcage coil and an ICRF coil on the device. The identical RF
pulse shape with changing amplitude and phase is used to excite the body birdcage coil, as described in Fig. 1. The quadrature hybrid excitation pattern on the body coil is replaced with a
two-channel linear transmit pattern. The FLASH and TrueFISP
sequences (see Section III-A below) are modified and a linearly
polarized field, modulated as a function of the k-space position,
is delivered to the body coil using this transmit system. To avoid
wrapping because of the shift, the field-of-view (FOV) was doubled in all experiments.
In this work, 3T Siemens TIMTrio (Siemens AG, Erlangen,
Germany) imaging and two channels of an eight-channel
transmit array system were used. Siemens phased-array receive
coils (body and spine matrix) were used for reception. A
MATLAB (version 7.6; Mathworks Inc., Natick, MA, USA)
code was written to reconstruct and calculate the rotational
orientation and color-code the ghost for catheter tracking.

The presented technique was applied to two fast and clinically relevant sequences, FLASH and TrueFISP. A MATLAB
simulation for the TrueFISP sequence was used to show that the
shifting mechanism is still valid for larger flip angles; however,
the TrueFISP sequence is sensitive to field inhomogeneities.
To understand signal behavior for the anatomy and the ICRF
coil, computer simulations were conducted using MATLAB.
The anatomy and catheter signals were simulated using the following parameters:
ms,
ms,
ms,
ms, and flip
.
B. Rotational Orientation
Two ICRF coils with different diameters but the same length
were constructed for the rotational orientation experiments and
rotated approximately 5 in each step (Fig. 3). The first ICRF
was 100 mm long and constructed on a Teflon catheter with
an outer diameter of 2 mm (6 French, F) using coated copper
wire 0.4 mm in diameter. A heat shrink tube was used for isolation, resulting in a prototype device with an outer diameter
of 3 mm (9 F). It was tuned by a 24 pF ceramic chip capacitor (ATC, Huntington Station, NY, USA) to 123.23 MHz using
an HP 8753D network analyzer (Agilent Technologies, Santa
Clara, CA, USA). The second ICRF coil was the same length
with a 22 F total diameter. Both ICRF coils were placed on the
plane with 22 angle to the
plane.
To determine the ICRF coil’s rotational orientation, which
is two times the phase difference between the ICRF coil and
ghost images, a magnitude squared weighting of accumulating
complex exponentials method [35] was used. For the
case explained in the theory section, the center of the final image
was the border of the original shifted images (Fig. 4). Cutting
one side and multiplying with the conjugate of the other side
of the original images provided appropriate weighting of the
phase information, which is two times the absolute orientation
of the ICRF coil. For proof of principle, a FLASH experiment
simulation was performed to change the rotational orientation
of the ICRF coil.
A plastic container (dimensions 15 cm 10 cm 30 cm)
filled with vegetable oil was used as a phantom and a protractor
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Fig. 4. Calculation of weighted exponentials. If a phantom is at the center of
image (a), changing the RF excitation causes shifting of the phantom and ICRF
coil image in one direction and the ghost in the opposite direction. Rotational
orientation is calculated using the shifted images.
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Fig. 6. Simulation result for TrueFISP. This plot shows the effect of field inhomogeneity on the ICRF coil and the ghost images. The anatomy signal was
not affected, but there was a 180 phase difference between the ICRF coil and
the ghost.

E. Animal Imaging Experiments

Fig. 5. Oil phantom setup and rotational orientation experiment result. a: A protractor was used to achieve equally spaced angles. b: The 9 F and 22 F ICRF coils
showed a very impressive correlation with the MATLAB FLASH simulation.

The animal imaging experiments were approved by the
Bilkent University ethics committee, Ankara, Turkey. Five
mg/kg of ketamine and 40 mg/kg of xylazine were injected
into a New Zealand rabbit to induce general anesthesia. Then
the 9F ICRF coil was lubricated and inserted via the mouth
into the duodenum, as described in our previous study [32].
Images were acquired using the following FLASH sequence:
ms,
ms, slice thickness
mm, flip
angle
, FOV 300 mm 300 mm, and imaging matrix
256 256.
IV. RESULTS

was used to change the rotational angle [Fig. 5(a)]. Before each
acquisition, the ICRF coils were rotated equally.
C. Catheter Tracking
The first ICRF coil, 9F, was also used in the phantom and
animal experiments and was similar to the one in the author’s
previous study [32]. The same oil phantom box as above was
used and four KCl-solution-filled straws were inserted.
The FLASH sequence was modified to obtain circulating
polarizations with the following parameters:
ms,
ms, slice thickness 5 mm, flip angle 30 , FOV 300
mm 300 mm, and imaging matrix 256 256. Proof-of-principle experiments were conducted with a modified TrueFISP
sequence using the following parameters:
ms,
ms, slice thickness
mm, flip angle
, FOV
300 mm 300 mm, and imaging matrix 256 256.
D. Transmit Array Calibration
Two channels of the transmit array system were used in the
site. After each system boot, different phase offsets between
the channels were observed. Therefore, before each experiment,
the phase difference was calibrated using the reverse-polarized
mode of the birdcage coil [23], [32].

A. TrueFISP Simulation
Fig. 6 presents the simulation result and shows the anatomy,
ICRF coil, and ghost signals. As a function of field inhomogeneity, these signals differ significantly. The anatomy signal
does not change and shows the TrueFISP characteristics: it has a
large plateau between
and 120 following a sharp signal
drop, which causes inhomogeneity artifacts on the TrueFISP
images. On the other hand, signal variations of the ICRF coil
and the ghost are significant because of the orientation dependence of the ICRF coil signal. The ICRF coil has two dips: the
first one is at the center (on resonance) and drops close to zero,
and the second is at 180 . The ICRF coil and its ghost have the
same shape with respect to field inhomogeneity, but there is a
180 phase difference. This behavior introduces another parameter for the method; field inhomogeneity can change the amplitudes of the ICRF coil and its ghost. For example, the ICRF coil
signal has a dip at the center while the ghost signal is nonzero,
so the center can be used to suppress the ICRF coil signal. The
signal variations were confirmed by phantom experiments, but
because of the space limitations these images are not given in
a figure. Note that signal levels of the ICRF coil and the ghost
were normalized and amplification factors were not taken into
account.
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Fig. 7. Transversal images with two different periods of the changing excita. The images show that the
tion, , and the phase-encoding lines of
number of shifting pixels can be adjusted. Three straws are filled with KCl solution (red arrows) and one straw has the ICRF coil inside it (yellow arrow). (a)
, there are only 32 pixels between the ICRF coil and the ghost
When
, there are 64 pixels between the ICRF coil and the
(no arrow). (b) When
ghost. Note that the images have been cropped.

B. Rotational Orientation of the ICRF Coil
Fig. 5 shows the rotational orientation experiment setup and
the results obtained using two different ICRF coils. In each measurement, one of the ICRF coils was rotated one step, which
is approximately equal to 5 . The experiment was repeated for
both ICRF coils. Considering possible experimental setup errors, the standard deviation was calculated to be 4.0 and 1.7
for the 9 F and 22 F catheters, respectively. Although smaller
ICRF coils have a lower signal quality and signal amplification, the results for both catheters are similar and successful
[Fig. 5(b)].
C. Tracking the ICRF Coil
In the theory section, the period of the changing excitation,
, was assumed as an example to be 4. The pixel shift can be
adjusted by changing the period.
values were 16 and 8 in
Fig. 7(a) and (b), respectively. Three straws were filled with KCl
solution (red arrows) and one straw had the ICRF coil (yellow
arrow) in it;
and a modified FLASH sequence was
used. Note that KCl-filled straws have higher signals than the
ICRF coil.
Fig. 8 shows transversal phantom images with counter-clockwise circulation [Fig. 8(a)], clockwise circulation [Fig. 8(b)],
and an A-P phase-encoding direction [Fig. 8(c)].
Fig. 9 shows different imaging planes with the FLASH sequence [coronal (a), sagittal (b), and oblique (c)] and the TrueFISP sequence [transversal (d), oblique (e), and coronal (f) images] when
. Although the signal levels of the straws are
higher than those of the ICRF coil, the method can successfully
separate the ghost from the phantom. As a result, the ghost’s
signal-to-noise ratio (SNR) is very high, as evident in the performance plots. The main drawback of the TrueFISP sequence is
field inhomogeneity at 3T [Fig. 9(f)]. The TrueFISP sequence is
more sensitive to off-resonance effects, requiring higher-order
shimming for good image quality.
D. Animal Experiment
Fig. 10 shows the rabbit experiment results with the FLASH
sequence on the sagittal and oblique planes. The performance
plots show that signal level of the ghost is higher than the noise
that enables color-coded images. The ICRF coil was successfully separated from the anatomy on the sagittal [Fig. 10(a)] and
oblique [Fig. 10(b)] planes alike. Fig. 10(b) shows that the re-

Fig. 8. Transversal images of the oil phantom, KCl-solution-filled straws, and
ICRF coil; the normalized performance plots through the yellow line, where
. a: The polarization vector circulates counter-clockwise and the phaseencoding direction is A-P. b: The polarization vector circulates clockwise, with
the same phase-encoding direction as a. c: The polarization vector circulates
counter-clockwise and the phase-encoding direction is L-R. All images show
that suppressing the phantom and KCl-filled straw signals are effective for MR
guidance.

Fig. 9. Color-coded images of different planes when
, and performance
plots with FLASH and TrueFISP sequences. (a) Coronal image, (b) oblique
image and (c) sagittal image with FLASH. (d) Transversal image, (e) oblique
image, and (f) coronal image with TrueFISP. Note that higher-order shimming
is necessary for the coronal image.

quirement of the doubled FOV can be reduced by using different
imaging planes.
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Fig. 10. Color-coded images and performance plots of the animal experiment.
The catheter was inserted into the esophagus of the rabbit. (a) Sagittal image
and (b) oblique image.

V. DISCUSSION
The field created by the ICRF coil depends on the direction
of the linearly polarized transmit field (Fig. 2). This fact is the
main principle of the method. In the anatomy image case, only
phase modulation occurs, which causes the shift of the anatomy
image. However, as the phase of the RF excitation field changes,
not only the phase but also the amplitude of the created ICRF
coil field varies. Furthermore, the phase and magnitude modulation mechanisms occur differently than in the anatomy case.
Modulations in k-space can be calculated analytically or by
a computer simulation. Similar modulations of the phase and
magnitude occur when a metallic wire is used instead of an
ICRF coil, because the current induced on the wire is also dependent on the phase of the electrical field [36]. As the phase of
the excitation changes, the phase of the electrical field and the
phase of the wire current also change, and as a result, the field
profile in the vicinity of the wire changes. This disturbance affects the k-space lines and a shifting, as in the ICRF coil case,
occurs.
In this novel method, the anatomy image and the ghost shift
in opposite directions, and therefore, a larger FOV and a longer
scan time are necessary to avoid overlapping. This disadvantage
can be eliminated using fast imaging methods and sequences.
In addition, the shift direction of the ghost can be changed by
switching the phase-encoding direction (Fig. 8), so if the appropriate phase encoding direction is chosen, the scan time increase
can be reduced.
As stated above, the forward-polarized excitation has a better
SAR performance than the linear excitation. The linear polarization used in this study (Fig. 1) doubles the average (whole
body) SAR and quadruples the peak (maximum local) SAR.
However, this is not the case for the circulating linear RF excitation. While the average SAR created by the circulating linear RF
excitation is still twice that of the forward excitation, the peak
SAR of this circulating excitation is reduced compared to the
linear excitation because the electrical field of the linear excitation is not symmetric; therefore the location of the maximum
local SAR varies from TR to TR. It should be noted that the
increased SAR comes with the benefit of tracking the position
and the rotational orientation of the catheter with an ICRF coil.

One may also compare this method to catheter tracking using reverse-polarized RF excitation [23]. Although the SAR (both the
peak and the average) in a reverse-polarized excitation is half of
the present method, the present method provides a higher SNR
compared to the reverse-polarization method.
The proposed method requires a transmit array system to
create circulating RF excitation. Although commercial transmit
array systems have been introduced, they are still used for research only. General usage of the transmit array system includes
homogenizing high magnetic field strengths, and the proposed
application is promising for clinical usage.
To facilitate the circulating RF excitation, an ICRF coil
must be attached to the catheter. In addition to the global SAR
problem mentioned above, local heating due to the ICRF coil
must be considered. In the authors’ previous paper, the safety
of the ICRF coils was analyzed rigorously [32]. Furthermore,
the ICRF coil makes the catheter stiffer, which may make it
more difficult to direct, thus the design of the catheter requires
more attention.
There are three significant parameters to be manipulated
depending on the application and imaging plane: , the vector
circulation direction, and the phase-encoding direction. In
Fig. 7(a),
was 16, therefore the ICRF and the ghost were
separated by 32 pixels, which successfully separated the ICRF
coil image (yellow arrow) from the phantom in all cases. In
Fig. 7(b),
was 8, and images were separated by 64 pixels.
As an example of the second parameter, Fig. 8(a) shows a
color-coded image of the counter-clockwise circulation of
the vector with
. Shifting the circulation direction to
clockwise swaps the anatomy image and the ghost [Fig. 8(b)].
The phase-encoding direction (the third parameter) is A-P in
Fig. 8(a) and (b); changing it to L-R [Fig. 8(c)] changes the
whole image.
At the site, the x- and y-channels of the body coil were unbalanced; therefore, the transmit channels had to be adjusted
to obtain linear excitations [23]. Because of this imperfection,
residual anatomy images remained in the animal and phantom
experiments. In this study, the system imperfection was not analyzed using quantitative measures, but both the phantom and
animal images showed that the proposed system successfully
obtained catheter information.
Symmetry of the ICRF coil in the direction of the cylindrical coordinates is a minor problem of the method. Rotational
orientation is symmetric and the method cannot discriminate
from
. This problem can be solved by using asymmetric ICRF coil designs.
The rotational orientation of a catheter is crucial information
for certain applications, such as MR-guided intravascular focused ultrasound, side-looking optical imaging, and asymmetric
needle puncturing, because devices or tools are placed on one
side of the catheter. Therefore, targeting may require not only
translating but also rotating the catheter. The theory of rotational
orientation is derived in detail in the Appendix and the proof of
principle is demonstrated by the phantom experiments. However, these were unable to be shown in the animal experiment,
and a proper experimental setup must thus be designed to measure quantitative errors of rotational orientation results in the
animal model.
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VI. CONCLUSION
This study presented a novel method to simultaneously acquire the rotational orientation of and track an ICRF coil built
on a catheter. The anatomy and ICRF coil images are separated,
then the orientation is calculated and a color-coded image of
the ICRF coil is reconstructed for tracking. Phantom experiments demonstrated the method’s proof of principle using both
FLASH and TrueFISP sequences.
APPENDIX
Small-Tip Angle Approximation
Validity of the method for a larger flip angle is shown with
a computer simulation (Fig. 3) and the general theory of the
present study is given in the Method section. A small-tip angle
approximation can be used for a more detailed formulation and
analysis. Assume
is the spin magnetization of the
anatomy and that the signal resulting from a conventional sequence (Fig. 1) is

(3)

and
are the phase and unit vectors of
, and
surface normal vector of the ICRF coil, given by

where is the area of the ICRF coil. For every different RF
excitation mentioned in Fig. 1, the dot product of the surface
normal vector of the ICRF coil and the unit vector of the transmit
magnetic field in (8) causes different complex parameters.
In (7),
is the peak value of the magnetic field generated
by the ICRF coil at a point of interest when a unit current is
applied to an imaginary terminal of the coil
(10)
Above,
is the magnitude of the magnetic field,
is the orientation of the magnetic field vector at the point of
interest, is the phase term of the magnetic field related to other
than the orientation of the ICRF coil. Note that the field vector
orientation is directly related to the orientation of the ICRF coil,
therefore appears in the magnetic field expression. Using the
above equations, the and components of the
can
be expressed as

(11)

(4)
can be ex-

is the
(9)

where
and
are spatial frequency variables in the and
directions, respectively. In this signal equation, assuming
, a generalized magnetization after the th RF (or th TR) can
be expressed as

Assuming is the phase-encoding direction,
pressed in terms of imaging parameters as
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Converting the lab frame expressions into the rotating frame
will be useful for calculations [37]

(5)
is the image resolution in the phase-encoding diAbove,
rection. Substituting (5) into (3) gives

(6)
Equation (6) states that the modified RF excitation causes a
shift in the image location in the phase-encoding direction with
an amount of
, where
.
As stated above in the general theory of the method, the effect of changing the linear polarization vector to the ICRF coil
is more complex than the anatomy. The transmit field induces
a current on the ICRF coil and the induced current creates a
secondary magnetic field. This time-dependent magnetic field
created by the ICRF coil can be represented as
(7)
where
is the time-dependent current due to the
transmit magnetic field and is expressed as

(12)
and
are the
where
positively rotating frame. Ignoring
not effective in NMR

and components of the
components, which are

(13)
Above,
.
These rotating frame components are enough to express magnetizations. For the sake of simplicity, assume a small-tip angle
to obtain the and components of the magnetization

(14)

(8)

Here, is the gyromagnetic ratio and
is the instantaneous
magnetic moment per sample voxel immediately after applying
a 90 pulse. Assuming a rectangular pulse

Above,
is the peak value of the time-dependent transmit
magnetic field envelope function,
is the Larmor frequency,

(15)
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Above, is the duration of the pulse. The complex transverse
magnetization of the ICRF coil magnetic field can be written as
, and substituting (15) gives

(16)

is not known,
is related to the total number of phase lines
and number of pulses in one cycle and is given by
. As a result, for the particular case where
equals the center row of the image
. In a more general
formula for an arbitrary , the anatomy and ICRF coil signals
can be expressed as

. The remaining
where
terms on the right side of (16) are directly related to the orientation of the ICRF coil. As the RF pulse scheme changes, the complex transverse magnetization of the ICRF coil changes, similar
to the anatomy case. However, the orientation-related complex
term in (16) has a very important difference. At the first TR,
the unit vector of the transmit magnetic field will be
,
because its direction shows the -axis. Substituting this information into (16) results in the first complex transverse magnetization of the ICRF coil
(17)
The second, third, and fourth transmit magnetic field unit vectors become
, and
, respectively, and one can
generalize the th RF as
(18)
The above equation states that the modified RF pulse scheme
given in Fig. 1 adds a phase term
to
the ICRF signal. Also, not only does the phase change in each
TR, but so does the magnitude of the effective RF field.
For the case explained above, the signal expression can be
given as

(19)
Substituting (5) into (19) gives

(20)
One can derive two conclusions from (20). First, the modified
RF scheme causes shifting of the original image. The anatomy
shifts in the phase-encoding direction by
pixels; the original ICRF coil image also shifts in the phase-encoding direction
in alignment with the anatomy, and the ghost shifts in the reverse direction. These shifts enable the separation of the ICRF
coil image from the anatomy image, so that the ICRF coil image
can be color-coded and placed into the anatomy image and the
catheter can be tracked. Next, (20) states that the phase difference of the ICRF coil and the ghost image is equal to two times
the rotational orientation angle of the ICRF coil, .
Assume
is the central line between the ICRF coil image
and the ghost. Although the exact location of the original image

(21)
Equation (21) states that the resulting image shift is
pixels; therefore the shift can be adjusted by changing the
number of cycles over the phase-encoding direction in k-space.
For example, the amount of shift can be increased by decreasing
the value of and vice versa while the direction of the shift
can be changed by changing the sign of the modulation.
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