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The use of miniaturized NMR receiver coils is an effective approach for improving detection sensitivity in studies using magnetic resonance spectroscopy and magnetic resonance imaging. By optimizing the filling factor, the fraction of the coil occupied by the sample, and by increasing the RF magnetic field produced per unit current, the sensitivity gain offered by NMR microcoils is particularly interesting when small volumes or regions of interest are investigated. For in vivo studies, millimetric or sub-millimetric microcoils can be deployed in tissues to access regions of interest located at a certain depth.

In this study, the implementation and application of a tissue-implantable NMR microcoil with a detection volume of 850 nL is described. The RF magnetic field generated by the microcoil was evaluated by a finite element method simulation and experimentally determined by high spatial resolution MRI acquisitions. The performance of the microcoil in terms of spectral resolution and limit of detection was measured at 7 Tesla in vitro and in vivo in rodent brains. These performances were compared to those of a conventional external detection coil. Proton magnetic resonance spectra were acquired in the cortex of rat brain. The concentrations of main metabolites were quantified and compared to reference values from the literature.

In vitro and in vivo results obtained with the implantable microcoil showed a gain in sensitivity greater than 50 compared to detection with an external coil. In vivo proton spectra of diagnostic value were obtained from brain regions of a few hundred of nanoliters. The similarities between spectra obtained with the implanted microcoil and those obtained with external NMR coil highlight the limited invasive nature of the coil implantation procedure. These implantable microcoils represent new tools for probing tissue metabolism in very small healthy or disease regions using magnetic resonance spectroscopy.

Introduction

The miniaturization of RF coils is well known to be an effective approach to increase NMR detection sensitivity per unit volume. Indeed, as a first approximation, the sensitivity of an NMR coil scales linearly with the inverse of the coil size [START_REF] Hoult | The signal-to-noise ratio of the nuclear magnetic resonance experiment[END_REF] . In addition, reducing the detection volume of the coil allows the filling factor of the coil to be optimized.

Consequently, when sample volumes or the quantities of materials to be analyzed are limited, the use of miniaturized coils represents one of the most efficient solutions, together with the increase in the static magnetic field, for carrying out spectroscopy or magnetic resonance imaging on these samples [START_REF] Webb | Radiofrequency microcoils for magnetic resonance imaging and spectroscopy[END_REF] . NMR microcoils with submillimeter dimensions have been designed and used for applications with high-resolution NMR [START_REF] Dean | High-Resolution Microcoil 1H-NMR for Mass-Limited, Nanoliter-Volume Samples[END_REF] and with high-resolution magic-angle coil spinning [START_REF] Wong | Evaluation of High Resolution Magic-Angle Coil Spinning NMR Spectroscopy for Metabolic Profiling of Nanoliter Tissue Biopsies[END_REF] . In the preclinical field, applications of microcoils have been described for ex vivo MRI of biological tissues [START_REF] Radecki | Functional magnetic resonance microscopy at single-cell resolution in Aplysia californica[END_REF] and for on-line MRS on cerebral microdialysis [START_REF] Crémillieux | Online 1H-MRS measurements of time-varying lactate production in an animal model of glioma during administration of an anti-tumoral drug[END_REF] . When the dimensions and geometry of the microcoils are suitable, one can envision to take advantage of their sensitivity to perform MRI or MRS measurements in situ in biological tissues.

The motivations for performing NMR studies using implanted microcoils, referred to here as i-µcoil, are identical to those for extracorporeal microcoils, i.e. to acquire MRS or MRI data of sufficient SNR (signal-to-noise ratio) on a small volume of interest, such as a specific brain area or a localized tumor region.

The use of i-µcoils imposes strong constraints on the geometry of the implanted coils in order to limit their invasiveness along the implantation path in the tissue and to preserve the region of interest to be investigated. These constraints make it almost impractical, for example, to implant volume coils such as micro-solenoids. On the other hand, it is necessary to design i-µcoil with a detection volume suitable for localized NMR acquisition and, ultimately, the dimensions of an implanted coil will be a compromise between its invasiveness, the size of the region of interest explored and the available SNR. Finally, it is necessary to limit the distortions of the static magnetic field by ensuring the best possible match between the magnetic susceptibility of the surrounding tissue and that of the coil. Excluding the use of implanted coils with diameter above several millimeters [START_REF] Koretsky | 31P NMR spectroscopy of rat organs, in situ, using chronically implanted radiofrequency coils[END_REF][START_REF] Ginefri | Implanted, inductively-coupled, radiofrequency coils fabricated on flexible polymeric material : Application to in vivo rat brain MRI at 7T[END_REF] , very few in studies using i-µcoils have been reported so far [START_REF] Baxan | Limit of detection of cerebral metabolites by localized NMR spectroscopy using microcoils[END_REF][START_REF] Handwerker | A CMOS NMR needle for probing brain physiology with high spatial and temporal resolution[END_REF] and the in vivo one has focused on water signal detection due to very small volume of detection and limited level of signal-to-noise ratio [START_REF] Handwerker | A CMOS NMR needle for probing brain physiology with high spatial and temporal resolution[END_REF] .

Taking into account the constraints mentioned above (invasiveness, susceptibility matching, sensitivity), we evaluated in this study the performance of an i-µcoil aimed at obtaining in vivo proton NMR spectra of diagnostic quality.

In order to preserve tissue during microprobe implantation we opted for an i-µcoil of elongated shape with an outer diameter limited to a few hundred micrometers. The i-µcoils were manufactured using insulated copper microwires (diameter of 150 micrometers) suited for magnetic susceptibility matching of the tissue. With the necessity of keeping a simple, fast and cost-effective manufacturing process for performing preliminary tests and validation, the i-µcoils were kept as simple as possible and did not include at this stage any imbedded pre-amplifier. This simple manufacturing process allowed us to build and validate i-µcoils at 7 Tesla and hence to assess the benefits and drawbacks of these i-µcoils. In this paper, we detail the manufacturing process of the i-µcoils, present the simulated and experimental characterization of these microcoils and report in vitro and in vivo results obtained in rats.

Experimental methods

Microcoil design and manufacturing

The i-µcoils described in this study were manufactured using insulated copper wires with 150 µm diameter (Tru Components 2UEWF, Conrad, Hirschau, Germany). The geometry used for the i-µcoil is shown in Figure 1A. The copper wire is bent to form an elliptical-shape loop with typical outer dimensions of 3 mm for the long axis, 700 micrometers for the short axis and 150 micrometers thickness.

The two extremities of the copper wire were then wound one on top of the other and inserted into a 5 mm long biocompatible polyamide tubing with an inner and outer diameter of 350 and 380 µm respectively (MicroLumen Medical Tubing, Oldslar, Florida). A biocompatible glue (DENTALON plus, Phymep, Paris, France) was used to seal the polyamide tubing. The endings of the microwire were then soldered on a circuit board approximately 1 cm away from the tubing ending. Constant (CMS 0805 Weltron 460036 10 pF, Conrad, Hirschau, Germany) and variable amagnetic capacitors (Vishay BFC280905271 2-18 pF, RS COMPONENTS, Beauvais, France) were used for tuning and matching of the microcoil. The i-µcoils were tuned for resonating at proton Larmor frequency of 300 MHz. The assembly was then connected to the preamplifier of the spectrometer via a 2-m coaxial cable (RG 58 RP-SMA, Conrad, Hirschau, Germany). An overview of the assembly is shown in Figure 1B.

F I G U R E 1 (A)
Picture of an implantable microcoil with its loop inserted in the brain and the polyamide tubing kept outside the brain. (B) Overview of the main elements of the assembly including an implantable microcoil.

Radiofrequency simulations and characterization of microcoils

The distribution and the amplitude of the B 1 RF magnetic field generated by the i-µcoils were simulated using the modeling software COMSOL Multiphysics 5.5 (COMSOL AB, Stockholm, Sweden) based on finite element method (FEM). The associated RF electric field was obtained in the same way. A virtual capacitor, wired in parallel to the microcoil, was included in the electromagnetic simulation. Its value was swept to obtain a resonant frequency of the microcoil at 300 MHz. These values were later on used as a starting value for manufacturing the microcoil.

The unloaded quality factor (the resonance frequency over the full width at half-maximum of the reflection coefficient) of microcoils were measured using a vector network analyzer (VNWA 3EC, SDR-Kits). The quality factor of the loaded coils positioned within the magnet were measured using the network analyzer of the MRI spectrometer.

MRS and MRI acquisitions

Magnetic resonance measurements were performed on a preclinical 7-T Bruker BioSpec 70/20 MRI (Bruker BioSpin, Ettlingen, Germany) running under Paravision 6.0.1. Quadrature birdcage coils with inner diameter of 86 mm (Bruker, Ettlingen, Germany) were used for RF excitation. The i-µcoils were centered and positioned vertically within the volume coil. The normal to the elliptical surface of the microcoil was placed perpendicular to the B 0 static magnetic field. No active decoupling of the microcoil was used during RF excitation.

For shimming a 3D magnetic field distribution was first acquired with the transmit volume coil using the MAP-SHIM protocol. Localized first and second order automatic shim were then performed using the microcoil as a receiver.

Magnetic resonance spectra were acquired using a single-voxel PRESS (point-resolved spectroscopy) sequence with the following parameters : echo time TE = 15.3 ms ; repetition time TR = 2000 ms ; voxel size = 2 x 4 x 2 mm 3 .

The VAPOR (variable pulse powers and optimized relaxation delays) module was used for water peak suppression.

MR spectra were postprocessed using a java-based version of the MR user interface package jMRUI [START_REF] Dcf | Quantitation of magnetic resonance spectroscopy signals : The jMRUI software package[END_REF] . A first order phasing and a Lorentzian apodization of 5 Hz were performed and the residual water components were removed using the HLSVD (Hankel-Lanczos Singular Value Decomposition) algorithm [START_REF] Pijnappel | SVD-based quantification of magnetic resonance signals[END_REF] .

A ZTE (zero echo time) sequence was used to acquire fast and isotropic 3D volumes with the microcoil as a receiver. The repetition time was 2.5 ms for a total acquisition time of 2 min. The FOV was 9 mm 3 with a matrix size of 128 3 pixels, resulting in 70 micrometers isotropic resolution.

To localize the position of the implanted microcoil in the brain during in vivo experiments, high resolution T2weighted images were acquired using a Turbo RARE (rapid imaging with refocused echoes) sequence with the following parameters : echo time TE = 33 ms, repetition time TR = 2500 ms, flip angle 90°. Matrix size was 256x256, resulting in a pixel size of 0.14x0.14 mm 2 . 9 slices were acquired with a slice thickness of 0.8 mm (slice gap = 0 mm) using the volume coil as a transceiver.

In vitro experiments

The in vitro studies were performed on an artificial cerebrospinal fluid solution aCSF [START_REF] Ec Mcnay | From artificial cerebro-spinal fluid (aCSF) to artificial extracellular fluid (aECF) : microdialysis perfusate composition effects on in vivo brain ECF glucose measurements[END_REF] (NaCl, 147mM ; KCl, 2.7mM ; CaCl 2 , 1.2mM ; MgSO 4 , 0.85mM) with the addition of seven metabolites present in the brain : choline (Cho), creatine (Cr), glutamine (Gln), lactate (Lac), myo-inositol (mI), N-acetylaspartate (NAA) and taurine (Tau) at a concentration of 25 mM. NMR acquisitions were performed at 7 Tesla using the PRESS sequence described above and were carried out using (i) the quadrature birdcage coil as a transceiver and (ii) the i-µcoil immersed in the solution as a receiver only.

When using the birdcage coil as a transceiver, the PRESS acquisition volume was positioned so as to exclude the presence of the microcoil.

For the evaluation of the coil's performance, the indicators taken into account were the time-normalized mass sensitivity Sm, defined as the SNR normalized to the acquisition time Tacq and divided by mol, the number of observed moles within the detection volume of the coils,

Sm = SN R mol. Tacq (1)
the time-normalized concentration sensitivity, Sc, where C is the concentration of the observed molecules,

Sc = SN R C. Tacq (2)
the normalized mass and concentration limits of detection nLODm and nLODc defined as,

nLODm = 3.mol. Tacq SN R = 3 Sm (3)
And

nLODc = 3.C. Tacq SN R = 3 Sc (4)
corresponding to the time-normalized mass or concentration thresholds providing an SNR of 3 required for NMR detection [START_REF] Lacey | High-Resolution NMR Spectroscopy of Sample Volumes from 1 nL to 10 L ». English (US)[END_REF] .

The factor of gain, FOG, of the microcoils was computed as follows :

F OG i-µcoil = nLODm volume coil nLODm i -µcoil (5)
The values of the Sm, Sc, nLODm, nLODc and FOG indicators were measured for the choline, N-acetylaspartate, lactate doublet and creatine resonances. The SNR and spectrum FWHM (full width at half-maximum) values were obtained using the TopSpin software (Bruker, Ettlingen, Germany).

In vivo experiments

Male rats of Wistar strain (7 weeks of age, 160-180 g) were used for in vivo experiments. Animals were procured from Janvier Laboratory (Le Genest-Saint-Isle, France). They were kept in standard housing conditions (12 h light-dark cycles) with a standard rodent chow and water available ad libitum. The study protocol was approved by the local animal welfare committee (University of Bordeaux, reference number 04490.02) and complied with EU guidelines (directive 2010/63/EU). Every precaution was taken to minimize stress and the number of animals used in each experiment.

A total of 20 animals were needed in this study to validate and optimize the surgery procedure, the spectroscopy and the imaging protocol using the implanted microcoils.

Sterile surgical procedures were used for the implantation of the cannula hosting the i-µcoil. During surgery, rats were anesthetized with 2.5% isoflurane in a mixture of air/O 2 (70/30) via a facial mask and fixed in a stereotaxic frame.

Following a midline incision, two small holes were drilled in the skull : one using a 1 mm diameter drill bit for the placement of the cannula (+3 mm medio/lateral right hemisphere according to the atlas of the rat brain and corresponding to the barrel cortex, S1BF area [START_REF] Buttner-Ennever | The Rat Brain in Stereotaxic Coordinates, 3rd edn[END_REF] ) and one with a 1.3 mm drill bit for the plastic screw close to the previous hole.

Screws and cannula were fixed on the skull with dental cement (Dentalon Plus, Kulzer, Germany) on the surface of the skull. The plastic screw increases the grip of the cement on the skull and thus consolidates the fixation of the cannula.

After surgery, rats were housed individually and received doses of buprenorphine 0.05 mg/kg every 12 h for 48 h.

The NMR experiment took place one day after the surgery. The rat was anesthetized in an animal chamber using a gas mixture of O 2 and isoflurane (3%). After lying the animal down in prone position in an animal bed, the detection loop and polyamide tubing assembly were inserted in the cannula. Only the detection loop was implanted in the brain of the animal. The animal bed was moved inside the magnet with the microcoil positioned at the magnetic isocenter.

The animal was maintained under anesthesia using a gas mixture of O 2 and isoflurane (1-2%). Body temperature was maintained around 37°C by a hot water circuit that passes under the cradle. During the acquisition, physiological parameters were monitored to control the anesthesia and to record the state of the animal. A breathing sensor was placed under the animal.

An overview of the anesthetized animal with the implanted microcoil at the entrance of the 7 Tesla magnet bore is shown in Figure 2.

F I G U R E 2 Illustration of the experimental set-up. 

Radiofrequency simulations and characterization of microcoils

In vitro results

An example of magnetic resonance spectrum acquired at 7 Tesla using the i-µcoil immersed in the aCSF solution with the addition of seven metabolites is shown in Figure 5. Non overlapping identified peaks with SNR greater than 3 The values of the Sm, Sc, nLODm, nLODc are reported in Table 2 for five of the NMR spectra resonances acquired with the immersed microcoil and the birdcage coil as a transceiver and using the PRESS sequence with an acquisition time of 8 min. The corresponding FOG i-µcoil are given as well for these NMR resonances in Table 3.

TA B L E 2 Sensitivities, Sc and Sm, and limits of detection, nLODc and nLODm, for the implantable microcoil and the surface coil measured for five resonance lines. Relative to the number of protons contributing to the NMR signal, the 4 singlet resonances of choline, creatine and NAA have equivalent sensitivities and detection limits. When using the i-µcoil, the average value of the nLODc is in the order of 15 mM.min When using the volume coil, the value of the nLODc is two to three times higher, 42.5 mM.min The FOG i-µcoil , ratio of the nLODm values, taking into account the respective detection volume of the two coils illustrates more particularly the gain in sensitivity per unit of volume brought by the use of the i-µcoil. The average FOG for the five resonance lines is equal to 52. Assuming similar sensitivity for the i-µcoil when used in vivo, nLODc values of 5.65, 1.31 and 5.04-6.09 mM obtained in one minute of acquisition for NAA, choline and creatine respectively, are comparable to the concentration values of 5.7, 1.6 and 5.7 mM for these metabolites in rat brains as reported in the literature by Doblas et al. for instance [START_REF] Doblas | In vivo characterization of several rodent glioma models by 1H MRS[END_REF] .

In vivo results

Five animals in total were investigated with similar i-µcoils and identical acquisition parameters.

An anatomical MR T 2 -weighted image of the rat brain shows the positioning of the implantable microcoil and the acquisition voxel (Figure 6).

A representative example of postprocessed NMR spectrum acquired in the right cortex of the healthy rat using an implanted microcoil is shown in Figure 7. Assignments of resonances as indicated in Figure 7, obtained using jMRUI, are creatine (Cr), glutamate (Glu), glutamine (Gln), glutamate and glutamine complex (Glx), myo-inositol (mI), lactate (Lac), N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), total choline (tCho), total creatine (tCr), taurine (Tau) and macromolecules (MM). Spectra obtained in the 5 animals were fitted and quantified with the QUEST (quantitation based on QUantum ESTimation) procedure in jMRUI. A basis set of 12 metabolite spectra was simulated at 7 T for the in vivo experimental protocol with the NMR Scope-B. The basis set included choline and phosphocholine (tCho), lactate (Lac), creatine and phosphocreatine (tCr), N-acetylaspartate and N-acetylaspartylglutamate (tNAA), glutamate (Glu), glutamine (Gln), myo-inositol (mI) and taurine (Tau).

A representative example of metabolite quantification using jMRUI is shown in Figure 8. The spectrum was obtained using a PRESS sequence as defined in experimental methods section and 512 averages corresponding to a total acquisition time of 17 min.

For each metabolite, QUEST returns an amplitude and Cramér-Raw lower bound (CRLB). The CRLB analysis represents the standard method to assess the validity of the fitting model and the presence of uncertainties in the quantification of metabolites. To discriminate a correct fitting of metabolites from more poorly fitted metabolites, a criterion represented by CRLB / amplitude <20% was used.

To estimate the short T 2 macromolecular background signal contribution, the first data-points of each spectral signal were truncated (15-25 truncate points). This contribution was removed from the basis set fitting procedure using the QUEST-subtract method.

F I G U R E 8 Example result of jMRUI QUEST metabolite analysis. From bottom to top, the original spectrum of a rat brain acquired in vivo at 7 T ; the estimated spectrum ; the residual signal after metabolite basis set fitting.

Relative concentrations of metabolites were determined relative to the total creatine concentrations and data reported in the article by Coquery et al. [START_REF] Coquery | The three glioma rat models C6, F98 and RG2 exhibit different metabolic profiles : in vivo 1 H MRS and ex vivo 1 H HRMAS combined with multivariate statistics[END_REF] was used as a reference for concentration of metabolites in the rat brain.

F I G U R E 9 Relative metabolite concentration/tCr ratios in the rat brain in vivo resulting from an jMRUI analysis.

The overall results of relative metabolite concentrations for each of the animals are presented in Figure 9.

Taking into account the fitting criterion, the average relative concentrations of metabolites are summarized in Table 4. 

TA B L E 4 Average relative concentrations in the in vivo rat brain

Discussion

As mentioned in the Introduction, the design and the use of implantable microcoils relies on a fine balance between the invasiveness of the device and its NMR performances in order ultimately to make its use relevant in vivo.

In this respect, intracerebral microdialysis probes, widely used in experimental neuroscience, provide a good indication of the size of implantable devices for which invasiveness appears acceptable. For rodent central nervous system applications, commercial microdialysis probes are available with an outer membrane diameter typically ranging from 200 to 500 µm and a membrane length of 1 to 4 mm [START_REF] Chefer | Overview of Brain Microdialysis[END_REF][START_REF] Zapata | Microdialysis in Rodents[END_REF] . The thickness (150 µm) and length (3 mm) of the i-µcoils used in this study are comparable in size to microdialysis membranes for rodents. Although the width of the i-µcoils surpasses the usual microdialysis membrane diameter, the implantation of the i-µcoils did not result in the occurrence of any bleeding, leading to the failure of the experiment, that could be observed either visually or by MRI or MRS.

The use of copper microwires whose volumic susceptibility χv equal to -9,63 ppm [START_REF]CRC Handbook of Chemistry and Physics[END_REF] is close to that of tissue, ranging between -9.2 to 8,8 ppm in the brain [START_REF] Duyn | Contributions to magnetic susceptibility of brain tissue[END_REF] and helps to limit the magnetic field distortions induced by the differences in magnetic susceptibility between the two media. As a point of comparison, the volumic susceptibility of silicon, the substrate used for NMR-on-a-chip microcoil is equal to -3.24 ppm and silicon substrate can be expected to be a significant source of magnetic field distortion when implanted in tissue.

The good susceptibility matching between the copper microwires and the surrounding tissue is reflected in the NMR spectrum and MRI images obtained with the i-µcoils. FWHMs of water and metabolites obtained in vitro were as low as 4 Hz. FWHM of 15 Hz were obtained in vivo for the water peak, a value similar to those obtained when using extracorporeal NMR coil at 7 T, indicative of negligible static magnetic field distortion. In the same way, MRI images did not show artifacts related to a static field disturbance and high-resolution images were obtained in immediate vicinity of the microwires.

The primary motivation for the use of implanted microcoil is the gain in detection sensitivity per unit volume that offers receive coil size reduction and the resulting ability of investigating small functional and anatomical areas. This gain in detection sensitivity was quantified by measuring the factor of gain FOG between the i-µcoil and a conventional transceiver coil.

As a first approximation, the FOG is assumed to vary linearly with the ratio between the dimensions of the two coils, such as their diameter equal respectively to 0.7 and 86 mm. Taking into account the fact that the volume transceiver coil operates in a quadrature mode -gain in SNR of √ 2, the expected FOG is equal to 87. This value is close to the average actual FOG measured in vitro and equal to 52.

This large FOG results in a 2700-fold decrease in acquisition time to obtain a spectrum or image with an SNR equivalent to that obtained with the volume coil. In current practice, a centimeter-sized surface coil is used to collect NMR signals from regions located a few millimeters below the surface. However, FOG greater than 70 were recently reported [START_REF] Deborne | Implantable NMR Microcoils in Rats : A New Tool for Exploring Tumor Metabolism at Sub-Microliter Scale ?[END_REF] when comparing microcoil and commercial array coil. This makes it impossible in practice to obtain in vivo NMR spectra or images of sufficient quality in sub-microliter regions.

Although this gain in sensitivity can be used for very high-resolution in vivo imaging, this study focuses on applications in spectroscopy, which at the same time makes it possible to evaluate the integrity of the tissues surrounding the implanted microcoil. In this respect, the similarities between the relative concentrations of metabolites obtained in the rodent brain with the i-µcoils and those reported in the literature, in particular creatine, NAA and glutamate, indicate that the metabolism and functionality of the brain tissue analyzed is maintained after implantation of the microcoil. In vivo results show that with an acquisition time of 17 minutes, a duration compatible with animal experimentation, NMR peaks corresponding to NAA, creatine, glutamate, taurine, choline, myo-inositol, lactate as well as macromolecules are detectable and quantifiable in the CNS of healthy rodents in the detection zone of the i-µcoils.

To acquire these spectra, the use of i-µcoil in reception only was preferred to its use as a transceiver. The main reason is related to the possibility of achieving a homogeneous excitation pulse by using an external volume coil. The use of a PRESS type sequence furthermore allows to reduce the excitation region to a voxel centered around the i-µcoil, thus avoiding the possible recording of unwanted NMR signals coming from regions located between the detection loop itself and the capacitances on the circuit board.

Active decoupling between the excitation volume coil and the i-µcoil was not implemented in this study. The absence of decoupling usually translates into a distortion of the RF excitation magnetic field in the vicinity of the receive coil. However, due possibly to the very small size of the i-µcoil, the coupling between the two coils did not appear to impact the quality of the NMR spectra. The RF excitation B 1 maps in the vicinity of the implanted microcoil are available in the supporting information file (Supporting Information S2).

In addition to the implementation of coil decoupling, several improvements can be considered for the i-µcoils. For example, the use of smaller diameter copper microwires can reduce the size and invasiveness of the i-µcoil, provided sufficient rigidity is maintained for insertion of the device into the tissue. Finally, the realization of i-µcoils operating at higher magnetic field, 9.4 Tesla and beyond, will make it possible to increase the detection sensitivity and spectral resolution as is usual in MRS studies.

This proof-of-concept study was carried out on healthy animals with the objective of evaluating the feasibility, reproducibility and potential of these i-µcoils in the field of in vivo spectroscopy. The results obtained open the door to applications, yet to be implemented, in the field of experimental neuroscience for the study of small anatomical and functional regions under physiological or pathological conditions. Localized MRS analysis of small tumors or metastases are also envisaged. Very high-resolution imaging represents another potential field of application for these i-µcoils as illustrated by the high spatial resolution 3D images produced in this study.

In the longer term, it is quite possible to envisage the use of i-µcoils in the clinical field. Due to the invasive nature of these devices, their use in humans will of course have to be based on a motivated clinical indication, but in the field of implanted intracerebral devices, the deep neurostimulation technique has demonstrated the viability of using implanted probes with a diameter greater than one millimeter [START_REF] Pycroft | Deep brain stimulation : An overview of history, methods, and future developments[END_REF] .

Conclusion

The main objective of this proof-of-concept study was to evaluate the feasibility and relevance of in vivo NMR acquisitions using implantable NMR microcoils.

The results presented in this paper demonstrate that the proposed implantable NMR microcoils are a worthwhile tool for obtaining proton quality NMR spectra in sub-microliter volume in rat brains. Further research is needed and ongoing in our research group to evaluate the potential benefits of these implanted microcoils in pathological situations or in experimental neuroscience studies using MRS as well as MRI.

Figure 3

 3 Figure3illustrates a few steps of the FEM simulations used for the RF characterization of the i-µcoil. Figures3A and 3Bdisplay respectively the coil geometry as defined in previous section and the corresponding mesh used for the FEM simulation. Figure3Cshows the B 1 RF field in space and figure3Dshows an isosurface view of the transverse component of the B 1 field amplitude. More details about the mesh geometry used for the RF simulations are available in supporting information file (Supporting Information S1).To estimate the detection volume of the i-µcoil, an empirical and arbitrary threshold for the detection sensitivity of the microcoil was set to 33% of the maximum amplitude value of the transverse B 1 RF field. Based on this definition, the detection volume of the i-µcoil was evaluated equal to 850 nanoliters.

  are, from left to right, unresolved CH triplet from mI, methylene protons singlet from Cr, unresolved methine multiplet from Glu, triplet from mI, unresolved multiplet from Cho, unresolved multiplets from Tau, trimethyl protons singlet from Cho, methyl protons singlet from Cr, unresolved multiplet from NAA, unresolved multiplet from Glu, methyl protons from NAA and methyl doublet from Lac.For this last resonance, the line splitting of 7 Hz due to J-coupling is apparent, indicating a spectral resolution better than 7 Hz. The average value of the FWHM for the four singlets of the spectrum (Cr at 3.91 ppm, Cho at 3.18 ppm, Cr at 3.02 ppm and NAA at 2 ppm) is 4.2 Hz.F I G U R E 5 Microcoil magnetic resonance spectrum acquired with the i-µcoil (detection volume = 850 nL). PRESS sequence with water peak suppression was used with an acquisition time of 8 min 32 s (256 averages).
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 11 per proton. It is 24 mM.min per proton for the lactate doublet due to the spin-spin splitting.
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 1 per proton for the singlet resonances and 54.6 for the lactate doublet.

F I G U R E 6

 6 Visualization of the implantable microcoil and the PRESS voxel (in red) in anatomical T 2 -weighted MR image of the rat brain. F I G U R E 7 Example of microcoil magnetic resonance spectrum acquired in the rat brain at 7 Tesla using a PRESS sequence (TR/TE = 2000/15.3 ms, 512 averages, acquisition time : 17 min) after jMRUI postprocessing (first order phasing, Lorentzian apodization of 5 Hz, HLSVD water suppression).

FWHMs

  and SNRs values averaged from the 5 animals were equal to, FHWM : 16±1Hz, SNR : 26±4 ; FWHM : 22±3 Hz, SNR : 15±2 ; FWHM : 18±1 Hz, SNR : 20±1 ; FWHM : 19±2Hz, SNR : 18±4 for the tNAA, Glu, tCr and Glu/Gln resonances respectively. For comparison, FMWMs values of an in vivo spectrum obtained with an external coil in the same region of interest and the same acquisition parameters were 19±2 Hz, 24±1 Hz, 20±2 Hz, 20±2 Hz, for the tNAA, Glu, tCr and Glu/Gln resonances respectively.

  

  

  Some characteristics of a i-µcoil operating at 7 T are summarized in Table1. Based on the reciprocity principle, the probe efficiency B 1 / √ P (where B 1 is the RF magnetic field for a 90°pulse at a given transmitter power P) is directly proportional to the detection sensitivity of a probe[START_REF] Badilita | Microscale nuclear magnetic resonance : a tool for soft matter research[END_REF] . As a point of comparison, the probe efficiency of the volume

	coil used as transceiver was equal to 4 µT/	√	W .		
	TA B L E 1 Main implantable microcoil characteristics	
	Probe	Frequency	Volume detection Unloaded	Loaded	Loaded	Probe efficiency
		[MhZ]	[nL]	Q-factor	Q-factor (in vitro) Q-factor (in vivo)	[µT.W -1 2 ]
	Implantable microcoil	300	850	55	53	50	0.0003

  FOG i-µcoil values averaged from five resonance lines.

	Probe	Detection volume		Parameters	Lactate doublet	NAA	Choline	Creatine	Creatine
						1.31 ppm		2.00 ppm	3.18 ppm 3.02 ppm	3.91 ppm
	Implantable microcoil	0.850 µL	Sm SNR.µmol -1 s -1 2	36.45		80.50	346.29	91.13	74.42
			Sc SNR.mM -1 min -1 2	0.24		0.53	2.28	0.60	0.49
				nLODm µmol.s 2 1	0.08		0.04	0.008	0.03	0.04
				nLODc mM.min	2 1	12.34		5.65	1.31	5.04	6.09
	Volume coil	16 µL	Sm SNR.µmol -1 s -1 2	0.85		1.82	4.91	1.63	1.55
			Sc SNR.mM -1 min -1 2	0.08		0.18	0.78	0.20	0.17
				nLODm µmol.s 2 1	3.52		1.65	0.61	1.84	1.94
				nLODc mM.min	2 1	36.06		16.52	3.84	14.71	17.78
	TA B L E 3 Metabolite of interest	Lactate doublet	NAA		Choline	Creatine	Creatine
				1.31 ppm	2.00 ppm	3.18 ppm	3.02 ppm	3.91 ppm
		FOG i-µcoil		43	44		71	56	48
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