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MR signal conditioning for an electro-optical conversion with a polarization state modulator

Synopsis 1 (95/100w max)

The coaxial cables connecting coils to the MRI are subject to many unwanted interactions with RF pulses and with patients' tissues. Currents flowing on the shielding of the cable can lead to local SAR increase and RF-induced burns. Despite their limitations and the amount of effort to discard them, there is still no satisfying alternative. One of the issue for competing technologies is to safely provide on coil power supply without cables inside the MRI. In this work, we propose to evaluate the feasibility of passive optical conversion and transmission of the signal to the MRI console.

Intro (246/250w)

During an MRI examination, one of the main safety concern is related to the specific absorption rate (SAR) [START_REF] Fiedler | SAR Simulations & Safety[END_REF] . It represents the amount of energy absorbed per unit of mass by the tissues during the radiofrequency (RF) magnetic field B1 emission. The average value can be estimated in volumes of homogenous medium, but local rises can occur and lead to unacceptable increase of temperature (> 1 °C). One of the risks that is difficult to predict is the interaction between the RF field and the coaxial cable of the receive coil. Currents flowing on the shielding of the cable can induce high electric field close to the patient's body, and it is highly geometric dependant 2 . The elements added to reduce this phenomenon (cable traps) are voluminous or difficult to miniaturize and heavy, which is troublesome for some applications such as endoluminal coils.

Several attempts have been made to replace galvanic cables. One strategy is to transmit the signal wirelessly [START_REF] Aggarwal | A Millimeter-Wave Digital Link for Wireless MRI[END_REF] . This can be done either using Wi-Fi or infrared optics, but the emitter has to be supplied (by a nonmagnetic battery for example). Another option is to use optical fibers for transmission, as fibers do not interact with B1 field. Despite all the efforts to supress coaxial cable, no solution has been yet widely implemented. We believe that the main reason is the power supply, which creates other sources of concern [START_REF] Nohava | Perspectives in Wireless Radio Frequency Coil Development for Magnetic Resonance Imaging[END_REF] . Our approach is to evaluate making use of passive elements, to propose a safe optical transmission of the signal acquired.

Methods (289/300w)

The acquisitions are performed on a preclinical 7T MRI (Bruker, Germany), the resonance frequency is 300.13 MHz. We convert the signal received from a 23 mm inner diameter quadrature volume coil (Rapidbiomed, Germany). The phantom consists in a 15 mm diameter tube placed inside the volume coil filled with saline solution (5 g/l) and NiSo4 (1.25 g/l). The output of the coil is connected to the electro optic (EO) modulator. This is the element converting the useful electrical signal into an optical one by modulating a laser beam passing through it. It is based on a crystal whose refractive indexes are linearly modified according to the applied E field (Pockel's effect) [START_REF] Saniour | Active Optical-Based Detuning Circuit for Receiver Endoluminal Coil[END_REF] . We used two modulators in this study, a commercial amplitude modulator (LN82S-FC, Thorlabs, Germany) and a custom polarization state modulator (PSM) realized by FemtoST lab (France). The PSM has lower sensitivity but does not require a bias voltage and is completely passive. The modulators are connected to an optoelectric unit (eosense, Kapteos, France) including both a laser source, and the photodiode converting the beam in an electric signal sent to the MRI console (figure 1).

To evaluate the requirements of this technique, we evaluate the performance of the optical transmission chain, by changing the amplitude of the signal sent to the EO modulator. To do so, we use RF amplifiers (Minicircuit, USA), to reach 40 dB of gain with 10 dB step (Noise figure = 0.9 dB).

The optical power provided by eoSense is also swept to find the optimal working point, because both the signal amplitude and the noise are linked to the optical power. The Laser has four power calibers, from 3 to 15 mW.

Results (106/100w)

The images obtained with the commercial EO modulator are shown in fig 2. It shows that we can obtain similar quality with optical transmission as with galvanic transmission with sufficient amplification.

Both modulators behaved similarly, a SNR difference of 5 dB is observed, only due to the respective sensitivity of the modulators. The signal to noise ratio (SNR) rises along with the sensitivity of the modulation. For 40 dB amplification, we recover an equivalent SNR of image. The difference is mostly due to the several meters of coaxial cables to reach the modulator that is not on chip yet and placed far (3 meters) from the bore due to the magnetism of the packaging.

The figure 3 shows that the SNR increases with the optical power.

Discussion (124/150w)

The sources of noise involved in the optical conversion are the noise of the laser (RIN), the noise of the photodiode (shot noise) and the thermal noise. Because the RIN and the shot noise depend on the optical power and the SNR rise almost linearly with power, we can deduce that the thermal noise is the dominant factor here. This means that the noise power is comparable to that of the galvanic transmission where thermal noise is also present. Thus, the amplitude of the signal is what matters the most. To dismiss the amplifiers, we want to optimize first the modulation's depth by designing an EO modulator with lower bandwidth and greater sensitivity [START_REF] Williamson | Sensitivity-bandwidth product for electro-optic modulators[END_REF] . Additionally, using more optical power to increase the SNR is another axis of improvement available.

Conclusion (53/50w)

We demonstrate that the conversion and transmission of the NMR signal with an optical link could be achieved without degrading the images SNR. The use of specifically designed conversion elements (modulator, high power laser and photodiode) could allow transmission without amplifier, leading to a completely passive transduction between NMR signal and associated optical modulation. 
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 123 Fig.1: Chain of reception with electrical to optical conversion for optical transmission followed by conversion back to electrical before to be processed by MRI console. The yellow wires represent the optical fibers connected to the modulator, the blue represent coaxial cable.
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Summary of Main Findings (249/250c)

This work presents images acquired through an optical transmission line. Requirements for a passive conversion are estimated by performing parametric sweep. The gap in modulation depth is still high (40 dB) with off the shelf components, but custom-design elements could reduce this gap significantly.