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Abstract

Objective: The objective of this paper is to introduce an acousto-optic optical fiber sensor for
tracking catheter position during interventional magnetic resonance imaging (MRI) to overcome
RF induced heating of active markers.

Methods: The sensor uses a miniature coil coupled to a piezoelectric transducer, which is in turn
mechanically connected to an optical fiber. The piezoelectric transducer converts the RF signal to
acoustic waves in the optical fiber over a region including a fiber Bragg grating (FBG). The elastic
waves in the fiber modulates the FBG geometry and hence the reflected light in the optical fiber.
Since the coil is much smaller than the RF wavelength and the signal is transmitted on the
dielectric optical fiber, the sensor effectively reduces RF induced heating risk. Proof of concept
prototypes of the sensor are implemented using commercially available piezoelectric transducers
and optical fibers with FBGs. The prototypes are characterized in a 1.5T MRI system in
comparison with an active tracking marker.

Results: Acousto-optical sensor shows linear response with flip angle and it can be used to detect
signals from multiple coils for potential orientation detection. It has been successfully used to
detect the position of a tacking coil in phantom in an imaging experiment.

Conclusion: Acousto-optical sensing is demonstrated for tracking catheters during
interventional MRI. Real-time operation of the sensor requires sensitivity improvements like using
a narrow band FBG.

Significance: Acousto-optics provides a compact solution to sense RF signals in MRI with
dielectric transmission lines.
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l. INTRODUCTION

Interventional device tracking and guidance in the body is essential for any interventional
procedure. X-ray fluoroscopy is the leading medical imaging technology utilized for real
time device-tracking purposes since X-ray fluoroscopy delivers high-resolution projection
based images of metallic guidewires and tungsten or BaSO,4 doped catheters easily.
However, there are intrinsic problems with X-ray fluoroscopy; it depicts soft tissue poorly
and requires experienced eyes to determine the device position and orientation relative to
anatomic landmarks.[1]. More importantly, medical staff and patient are exposed to harmful
ionizing X-ray radiation during the entire procedure [2]-[5]. Magnetic resonance imaging
(MRI) is an attractive imaging technology with several advantages for interventional
procedures. MRI provides excellent soft tissue contrast; pathology and abnormalities can be
detected at an earlier stage [6], [7]. Unlike other imaging techniques, different planes,
standard or oblique, can be imaged without moving the patient. More importantly, MRI
utilizes magnetic and electromagnetic fields, thus procedure is completely ionizing radiation
free. Commercially available catheters compatible with X-ray fluoroscopy are mostly not
MRI compatible or invisible under MRI due to the fundamental differences between MRI
physics and X-ray physics. There are two main approaches, based on active and passive
devices, to visualize devices under MRI [8]. Passive visualization relies on the material
intrinsic magnetic properties. Ferromagnetic, paramagnetic and novel contrast agents can be
utilized to enhance the visibility of catheters [9], [10]. Although passive visualization
technique requires minimum device modification, it is still not a preferred technique for
physicians due to obstruction of the surrounding anatomy and distortion in the MR images
depending on the device orientation. Active visualization techniques requires incorporating
RF receiver antennas [11], usually in small coil form, to collect localized RF signal [12].
While active catheter tacking systems offer conspicuity without obstructing the surrounding
anatomy, they suffer from RF induced heating on the conductive transmission lines that
transmit the RF signal out of body to MR scanner [13], [14]. Several methods such as
detuning circuits [15], [16] and RF chokes [17], [18] were implemented to address RF
induced heating. However, these techniques currently do not offer an active device design
that can have clinically acceptable mechanical performance.

Dielectric transmission lines can be used instead of conducting electrical transmission lines
to eliminate RF induced heating since dielectric materials do not absorb RF energy. As a
dielectric transmission medium, optical fiber offers low insertion loss, mechanical flexibility,
easy integration with electronics and immunity to RF heating. To use this method, a
transduction scheme is needed to convert electrical signal to optical signal that will be
guided within the optical fiber. Optoelectronic circuit based catheter tracking systems have
been developed by several groups[19]-[22]; an optoelectronic circuit is used for electro-optic
modulation where the circuit is powered by laser light carried via optical fiber. However,

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yaras et al.

Page 3

rigid and relatively large electronics and packaging used for the catheter tracking system
makes this solution undesirable for practical interventional procedures. Another approach is
using an intermediate coupling mechanism between electrical and optical domains, such as
acousto-optic modulation. In acousto-optic modulation, elastic properties of optical medium
are modulated using acoustic waves [23]. RF energy received by the antennas can be
converted into acoustic waves by a piezoelectric transducer for acousto-optic modulation.
One approach for such modulation scheme is interferometer based acousto-optic modulators
utilizing reflectors and a reference beam [24]. Although interferometric transducers are easy
to implement, they suffer from low sensitivity and mechanical stability. Another approach is
employing Fiber Bragg grating (FBG). FBG based sensors have been widely employed for
ultrasound detection for the past few decades [25]-[28]. FBG based acousto-optic
modulators are small in size; gratings are already embedded in the dielectric transmission
line, the optical fiber in this study, and the piezoelectric layers can directly be deposited over
the optical fiber[29]. Moreover FBG modulators offer high bandwidth [30] and multiple
FBGs can be easily fabricated on a single fiber [31] enabling multiple sensors on one optical
fiber.

In this paper, we describe a sensor that relies on acousto-optic modulation technique for
distal tip tracking of active catheters while eliminating RF induced heating risk due to the
use of long conductor transmission lines. A preliminary version of this work has been
reported [32]. The principle of operation for the proposed system is given in Fig. 1(a). RF
signal is received by a small loop coil and used to drive a piezoelectric transducer. The piezo
electric transducer is used to convert electrical signal to acoustic waves. Acoustic waves on a
FBG sensor modulate the reflected light from the FBG sensor. Optical signal is carried out
via optical fibers to a photo detector located away from MRI system. Electrical signal from
the photo detector contains the spatial location information of the distal tip coil within the
scanner. This paper is organized as follows: first, the operation principles of the sensor is
given in Section 2; then, a proof of concept prototype is introduced in Section 3;
experimental test results of the prototypes are given in Section 4; finally, several conclusions
with a discussion of possible future performance improvements are provided in Section 5.

PRINCIPLE OF OPERATION

MRI is based on the nuclear magnetic resonance (NMR); hydrogen nuclei absorbs and emits
electromagnetic radiation (RF signal) under magnetic field. Frequency of emitted RF field is
proportional to the magnetic field, called Larmor frequency, governed by;

_
fRF T~ 2n (BO + Bgradient) o))

where fp£is the frequency of RF signal, -y is the gyromagnetic ratio, Byis the static
magnetic field and By agjen is the gradient magnetic field used in order to distinguish
different voxels from each other thus atoms in each voxel emit RF signal at a slightly
different frequency.
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RF receiver loop coils of active catheters receive signals from only nearby hydrogen nuclei
of the surrounding anatomical location. The spatial location information is extracted from
the RF signal transmitted to the scanner through conductive transmission lines. However, the
conductor cables heat up during the interventional procedure due to the standing wave and
eddy current formation [13].

The block diagram of the proposed catheter tracking sensor is shown in Fig. 1(a). Sensor
system consists of four main components: a loop coil antenna to receive RF signal; a
piezoelectric transducer to convert electrical signal to acoustic waves; an FBG sensor
embedded in an optical fiber for acousto-optic modulation; and backend optoelectronics
(light source and photodetector) for converting optical signal to electrical signal.

The loop coil antenna collects RF signal emitted by the nearby hydrogen atoms at frequency;,
frr This time varying magnetic field going through a conductive loop induces a voltage due
to Faraday’s law of induction. Voltage induced on the coil is a function of time varying
magnetic field and coil geometry; area and number of turns. A larger coil will produce more
voltage whereas a smaller coil will provide more precise location information as the coil
picks up RF signal from only the nearby atoms.

The piezoelectric transducer is connected to the terminals of receiver antenna, such that the
induced voltage on the coil drives piezoelectric transducer. The vibration mode of the
piezoelectric transducer and its geometry should be chosen such that the electrical input
from the coil antenna is efficiently converted into acoustic waves in the FBG region of the
optical fiber. In this particular case, a thickness mode piezoelectric transducer attached on a
FBG sensor was used as thickness mode piezoelectric transducers that inherently have the
highest electro-mechanical coupling and the thickness can be chosen so that a resonance of
the transducer coincides with the Larmor frequency.

Fiber Bragg grating (FBG) is a type of distributed Bragg reflector; multiple mirrors in the
fiber core are formed by periodic refractive index variations. FBG sensors have already been
used as acousto-optic modulation sensors for nondestructive testing of structures [33].
Wavelength of the reflected light, called Bragg wavelength (Ag;,40), strongly depends on the
periodicity of the mirrors and refractive index of the fiber core [34]. FBG based acousto-
optic modulation relies on the Bragg wavelength change by acoustic waves. Reflectivity
spectrum of the FBG shifts due to both periodicity change of Bragg grating due to induced
mechanical strain and refractive index change by elasto-optic effect. Fig. 1(b) illustrates the
FBG based acousto-optic modulation technique used in this study. A narrow linewidth laser
is used as input light source and wavelength of the laser is fixed on one of the side slope of
notch in the FBG reflectivity spectrum. As the reflectivity spectrum of the FBG constantly
shifts back and forth due to acoustic waves created by the piezoelectric transducer, power of
the reflected light from the FBG is modulated since incoming light is fixed at a certain
wavelength. A photo detector captures the reflected light from FBG sensor. Spectral
information of the output signal from the photo detector gives the location information of the
receiver coil. Note that the overall electrical length (a few millimeters) of conductive parts
(coil antenna and electrodes of piezoelectric transducer) of a intravascular active catheter
sample is much smaller than a quarter wavelength within the body (around 12 cm for 64
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MHz) Therefore, RF induced heating risk is reduced significantly as compared to active
sensors with conductive transmission lines.

Prototyre IMPLEMENTATION

Proof of concept prototypes were built for an 1.5 Tesla interventional MRI system (Aera,
Siemens Healthcare Systems) and tested in vitro. Using (1), fpris 63.87 MHz as the Larmor
frequency at isocenter with a sensitivity of 85 kHz/meter for 20mT/meter gradient field. For
a 1.2m long MRI bore, RF signal has a maximum bandwidth of 100 kHz.

The prototype consists of two main systems; an acousto-optic modulator probe and a back-
end optoelectronic system for system control and MRI integration. overall system schematic
is given in Fig. 2(a).

A. Acousto-optic probe

Acousto-optic probe incorporating a loop coil is placed at the catheter distal tip. It consists
of a receiver coil for RF signal pickup, a piezoelectric transducer and a FBG sensor for
acousto-optic modulation. Fig. 2(b) illustrates the acousto-optic probe designed for the
prototype.

one of the primary design criteria for acousto-optic probe is size, mainly dictated by the coil.
There is a trade-off between sensitivity and coil size as larger profile coils receive more RF
signal emitted by the nearby atoms. The coil used in this prototype has a diameter of 3mm
and length of 10mm with 40 turns offering small enough size for potential interventional
applications. Note that the size of the coil can be further decreased with the expense of
reduced signal.

Piezoelectric transducers have highest electro-mechanic coupling efficiency when operated
at around their first resonance frequency [35]. Resonance frequency of thickness mode
piezoelectric transducers is determined by their thickness, which is around 20-30
micrometer range for common piezoelectric materials for 63.87 MHz. Since it is difficult to
fabricate and handle mechanically, a commercially available 100-um thick piezoelectric
transducer (Boston Piezo Optics Inc., MA, USA) with a resonance frequency of 21 MHz
was used at its third harmonic resonance frequency of around 63 MHz. The measured
electrical impedance of the particular piezoelectric transducer is shown in Fig. 3, which
clearly shows the first and third harmonic mode resonances. Since the piezoelectric
transducer is driven at its third harmonic, electromechanic coupling efficiency is
significantly reduced.

Acoustic waves created by the piezoelectric transducer are coupled to FBG sensor via a
rigid, Hertzian contact; FBG section of the fiber is attached to the piezoelectric transducer
with low viscosity cyanoacrylate (3M Company, MN, USA). In order to increase sensitivity,
a i phase shifted FBG was used in this study [36]. A phase shift, abrupt discontinuity on the
grating, is introduced in the grating to create a Fabry-Perot cavity in the fiber with a very
narrowband notch in the reflected wavelength spectrum, given in Fig. 1(b). Bragg
wavelength is chosen as 1550 nm because of its extensive use in telecommunication. A
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commercially available m phase shifted FBG with 250 MHz central bandwidth (Teraxion
Inc., Quebec, Canada) is used for acousto-optic modulation. The single mode optical fiber
used at the distal end has a diameter of 250 pm with the acrylic protection layer. All
components at the probe end are held together by a printed circuit board (PCB) piece for
easy handling.

B. Back-end optoelectronic system

Back-end optoelectronic system handles the read-out from acousto-optic probe. Back-end
optoelectronics schematic is given in the lower section of Fig. 2(b). A tunable laser source
(NKT Photonics, Denmark) provides a narrow linewidth, less than 1 kHz, laser light. One
way optical isolator is employed in order to prevent reflected light from FBG to go back into
laser cavity. A three way optical coupler separates laser light going into the probe end and
reflected light from probe end. Reflected light with its intensity modulated around the
Larmor frequency from the FBG is captured by a high trans-impedance gain InGaAs photo
detector with 125MHz bandwidth (New Focus Model 1811, CA, USA).

Gradient magnetic field change creates acoustic noise up to kHz due to Lorentz forces
created on the gradient coils [37]. Since FBG sensor is sensitive to any elastic wave induced
on the fiber, the acoustic noise also modulates the reflected light from the FBG. AC output
from the photodetector is filtered with a band-pass filter to reject the AC signal caused by
the acoustic noise. Filtered AC signal is analyzed with an oscilloscope. AC signal is also fed
back into coil plug of MRI system, which is used for visualization of the active catheter.

Middle section of the side slope in the notch of FBG spectrum offers a linear operating
region, Fig. 1(b). Therefore, it is crucial to ensure that laser wavelength is kept in the linear
operating region of the FBG spectrum. Wavelength of the FBG can shift due to operating
conditions such as temperature and mechanical load on FBG as well as high amplitude
acoustic noise. Thus, a wavelength controller was designed based on an op-amp
proportional-integral controller. The wavelength of the laser source is initially adjusted to
desired point on the linear operating region of the FBG via temperature control on the laser
source. DC output from the photodetector is used to track the power level of the reflected
light from FBG. Dynamic changes in the FBG spectrum are tracked via piezoelectric
wavelength adjustment in the laser source. Wavelength controller compares the DC output
level with the set value and creates an error signal in the presence of a mismatch. Error
signal is first amplified by a high voltage amplifier and then used for driving the
piezoelectric actuator of the laser source. Wavelength controller can track wavelength
changes up to 20 kHz, which covers all the acoustic noises frequencies. Note that,
wavelength change created by mechanical loading and temperature changes on the FBG
sensor has much lower frequency and are readily adjusted for by the controller.

C. Sensor operation with multiple coils

Position and orientation of the catheter tip are two parameters used for tracking purposes.
Position information of distal tip can be obtained from single coil. However, at least two
active markers are required in order to get the orientation information of the catheter tip,
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[38]. Orientation information is especially important when catheter is guided through
complex tortuous vasculatures.

In the proposed tracking sensor, one way to obtain multiple location information is
incorporating multiple coils. A straightforward approach is to use multiple sensors on the
same fiber since multiple FBG regions can easily be defined on single fiber. However this
approach will make the back-end optoelectronics more complicated as each FBG requires
individual laser sources and controller units. Another approach is to connect multiple coils at
different locations on the catheter to a single acousto-optic modulator since the modulator
has wide enough operation bandwidth and linear response at the low power levels generated
by the coils.

In order to demonstrate multiple coil capability of the system, an experimental set-up is
prepared as shown in Fig. 4 (a). Localized echo signals from the surrounding tissue inside
the MRI system were emulated with large coils connected to a signal source. Large coils
were air coupled to small coils of the probe. Two large coils are fed by the signal generator
at the frequencies of 64 MHz and 64.001 MHz. 1 kHz frequency difference corresponds to a
distance of 11.7 mm under 20mT/meter gradient field. Fig. 4(b) shows the frequency
spectrum of the captured signal showing peaks at 64 MHz and 64.001MHz, indicating the
feasibility of multiple coil readout.

Frequency response of the sensor is tested with the same experimental set-up but using only
one coil. Frequency was swept between 63.8 MHz and 63.9 MHz covering the full
frequency range of the aforementioned MRI system. Frequency response of the sensor is
given in Fig. 4 (c). Mean of the amplitude is 82.8 mV with a standard deviation of 1.6 mV
resulting in a relative standard deviation of 1.9% over 100 kHz.

IV. UNDER MRI TESTING RESULTS AND DISCUSSION

A prototype was tested in a water phantom model using a 1.5 Tesla MRI system (Aera,
Siemens Healthcare Systems, Germany). The prototype was characterized before each
experiment: first, the wavelength of the laser is swept in order to find the central notch of the
FBG; then controller is set for 50% of the reflected power to ensure linear operation; finally,
functionality of the probe is tested with a high amplitude RF pulse sequence in the MRI.

RF transmission signal, which is used to excite the atoms, was used for signal analysis and
functionality tests, since RF transmission signal is much higher than the emitted RF signal
by the atoms. The acousto-optic based sensor was compared with a conventional active
marker; an identical coil connected to conducting transmission lines.

Fig. 5(a) shows the AC signal at the output of photodetector and conventional active marker
for a spin-echo RF transmit signal. Acousto-optic sensor has a peak amplitude of 1.72 V
whereas conventional marker has a peak amplitude of 50.7 V, which is 30 times higher than
acousto-optic sensor. However, when the frequency spectrum is analyzed with normalized
amplitudes, Fig. 5(b); there is only 10 dB difference between signal to noise ratios (SNR) for
a bandwidth of 100 kHz; SNR of 57dB for the prototype and SNR of 67dB for the
conventional active marker.
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The prototype was further tested for linearity. Flip-angle is an important parameter to
improve image contrast during MRI and it is directly proportional to the received RF signal
amplitude. The prototype was tested for different flip angle values without changing any
other MRI parameter. Fig. 6(a) compares the output signal from the acousto-optic sensor for
flip angles of 20 and 40. The peak frequencies of both signals are exactly the same as the
location of the sensor was not changed. The amplitude for 20° flip angle is 75 mV whereas
40° flip angle results in 148mV. The prototype sensor response was recorded for different
flip angles ranging from 2° to 90°, shown in Fig. 6(b). Flip angle vs sensor signal amplitude
is linear with a slope of 3.7mV/°, except for the region where flip angle approaches to 90°
and the amplitude of the sensor saturates the photodetector. This can be prevented by
reducing the laser power. In practice, small flip angle operation is favorable since higher flip
angle sequences requires more time and elevates SAR values. When the sensor is used for
tracking purposes with faster imaging sequences utilizing small flip angles, weak echo
signal will not saturate the system.

Finally, another prototype sensor was tested and compared to an active marker for visibility
in the MRI setting. A Gradient Echo (GRE) sequence with following parameters was used:
Flip Angle, 90°:TR, 150 ms; TE, 3.4 ms for acousto-optic marker and Flip Angle, 15°; TR,
150ms; TE, 3.4 ms for active marker. Acquired MR images can be seen in Figure 7. In order
to increase the visibility of acousto-optic sensor, an averaging of 32 was used. Locations of
acousto-optic sensor and active marker are slightly shifted as both sensors and their
corresponding coils were placed in same phantom side by side. MR image of acousto-optic
sensor has a lower contrast compared to MR image of active marker due to lower amplitude
and SNR.

Detection of the acousto-optic sensor position in the MR image is encouraging for further
investigation of the proposed sensor scheme with improved sensitivity. Sensitivity can be
improved with several straightforward ways. The sensitivity of the sensor is directly
proportional to the slope of the FBG reflectivity curve (Fig. 1-b), which in turn is inversely
proportional to the bandwidth of the FBG. By Using a readily available 50MHz bandwidth
FBG [39] will improve the SNR by about 14dB. In the prototype, only a small portion of the
power from the piezoelectric transducer is coupled to the FBG since lateral fiber dimension
(125 pum in diameter) is much smaller than the lateral transducer dimension (1 mm). A
custom thin film piezoelectric transducer coated over the optical fiber with overall resonance
frequency tuned at Larmor frequency will increase the overall electro-mechanical coupling
efficiency significantly by focusing the available power to the core of the optical fiber [40,
41]. Moreover, using a thin film coating approach will reduce the size of the sensor which is
crucial for interventional procedures. These approaches to improve the sensor SNR beyond
the corresponding active markers are currently being investigated.

V. CONCLUSION

An acousto-optic catheter tracking sensor for interventional MRI procedures has been
presented. Prototype sensors were built by combining miniature receiver coils, commercially
available piezoelectric transducers and optical fibers with integrated fiber Bragg grating for
testing in 1.5T MRI systems. The sensor is shown to have a linear response with respect to
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RF signal amplitude (flip angle). It is tested with multiple coils to demonstrate the
possibility of orientation detection. The position tracking capability is demonstrated in a
phantom experiment in comparison with an active marker. Although the current prototypes
of the acousto-optical sensor have lower SNR as compared to an active marker using the
same size coil, these initial results are promising with potential significant improvements on
the Bragg grating bandwidth and electromechanical coupling by custom designed
piezoelectric transducers. This dielectric transmission line based approach to acquire RF
data during MRI can be useful for tracking as well as RF safety assessment with minimal
image distortion or RF heating.
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(a) Block diagram of the FBG based acousto-optic catheter tracking sensor. Note that FBG
sensor is embedded in the optical fiber, FBG part of the fiber is enlarged for illustrative

purposes. (b) Acousto-optic modulation read-out scheme.
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(a) Schematic overview of the test setup. (b) Close up illustration of the acousto-optic probe
showing receiver loop coil, piezoelectric transducer and FBG sensor.
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Measured electrical input impedance of the piezoelectric transducer used to implement the
sensor.
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Figure 4.

(a) Experimental set-up for demonstration of multiple coil capability. (b) Frequency
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spectrum of the captured signal showing peaks at 64 MHz and 64.001 MHz. c¢) Frequency
response of the sensor with single coil over 100 kHz range
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(a) Comparison of acousto-optic sensor output and conventional marker for a spin-echo RF
transmit signal (b) Normalized frequency spectrum of acousto-optic sensor and conventional

marker for SNR comparison.
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(a) Acousto-optic sensor output for flip angles 20 and 40.(b) Acousto-optic sensor output vs

flip angle
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Figure7.
MR image of (a) conventional marker, (b) acousto-optic marker using a GRE sequence and

the device receiver channel only. Locations of acousto-optic marker and conventional cable
connected marker are highlighted with red and yellow circles respectively
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