Bruno Pinho Meneses 
  
Jason P Stockmann 
  
Nicolas Arango 
  
Paul-François Gapais 
  
Eric Giacomini 
  
| Franck Mauconduit 
  
Vincent Gras 
  
Nicolas Boulant 
  
| Alexandre Vignaud 
  
| Michel Luong 
  
Alexis Amadon 
email: alexis.amadon@cea.fr
  
  
  
Shim Coils Tailored for Correcting B0 Inhomogeneity in the Human Brain (SCOTCH): Design Methodology and 48-Channel Prototype Assessment in 7-Tesla MRI

Keywords: B0 Shimming, Human Brain Shimming, Solid Harmonics, Spherical Harmonics, Ultra High Field, Shim Coil Design, Susceptibility-Induced Inhomogeneity, Magnetic Resonance Imaging

Increased static field inhomogeneities are a burden for human brain MRI at Ultra-High-Field. In particular they cause enhanced Echo-Planar image distortions and signal losses due to magnetic susceptibility gradients at air-tissue interfaces in the subject's head. In the past decade, Multi-Coil Arrays (MCA) have been proposed to shim the field in the brain better than the 2nd or 3rd order Spherical Harmonic (SH) coils usually offered by MRI manufacturers. Here we present a novel MCA, named SCOTCH, optimized for whole brain shimming. Based on a cylindrical structure, it features several layers of small coils whose shape, size and location are found from a principal component analysis of ideal stream functions computed from an internal 100-brain fieldmap database. From an Open-Access external database of 126 brains, our SCOTCH implementation is shown to be equivalent to a partial 7th-order SH system with unlimited power, outperforming all known existing MCA prototypes. This 1 2 Pinho Meneses et al.

result is further confirmed by a low-cost 30-cm diameter SCOTCH prototype built with 48 coils on 3 layers, and tested on 7 volunteers at 7T with a parallel-transmit RF coil made to be inserted in SCOTCH. Echo-Planar images of the subject brains before and after SCOTCH shimming show large signal recoveries, especially in the prefrontal cortex.

into the generation of B 0 shim fields, with minor degradation in SNR. This approach is rather economical in terms of space, only requiring inductive chokes to connect the RF receive loops to the DC current driver while isolating the current driver from the RF signal.

The low-cost MCA approach has continued to be developed in recent works [START_REF] Aghaeifar | Dynamic B0 shimming of the human brain at 9.4 T with a 16-channel multi-coil shim setup[END_REF][START_REF] Zhou | An orthogonal shim coil for 3T brain imaging[END_REF][START_REF] Esmaeili | Andronesi. An integrated RF-receive/B 0 -shim array coil boosts performance of whole-brain MR spectroscopic imaging at 7 T[END_REF] , and has also become available as a commercial solution provided by MR Shim, GmbH. Yet until recently, MCA implementations have been built either by regularly distributing circular coils around some cylindrical former (matrix-like), or took advantage of pre-existing RF loops. No optimization of the coils' positions and geometry has been performed. With the perspective of brain imaging at 11.7 T with the Iseult MRI scanner [START_REF] Quettier | Commissioning Completion of the Iseult Whole Body 11.7 T MRI System[END_REF] , pushing the limits of MCA shimming capabilities is required, as B 0 inhomogeneity will be stronger than ever. We therefore developed an original MCA design methodology for judicious placement and geometry of each δB 0 -compensating coil [START_REF] Pinho | Static-magnetic-field shimming coil system for magnetic resonance imaging, Patent pending in Europe and the USA[END_REF] to improve performance for whole-brain shimming, based on Stream-Functions Singular Value Decomposition (SF-SVD) from a large database of δB 0 fieldmaps. We first presented 13-channel [START_REF] Pinho Meneses | First prototype of a Stream-Function-based Multi-Coil Array dedicated to human brain shimming at Ultra-High-Field[END_REF] and 36-channel [START_REF] Pinho Meneses | Shim Coils Tailored for Correction of B0 Inhomogeneity in the Human Brain (SCOTCH) at Ultra High Field[END_REF] SF-SVD-based MCA prototypes at ISMRM conferences, where in-vivo preliminary results were acquired at 7T from a simple Tx/Rx RF loop coil placed on the subject's forehead [START_REF] Pinho Meneses | Shim Coils Tailored for Correction of B0 Inhomogeneity in the Human Brain (SCOTCH) at Ultra High Field[END_REF] . Here a 48-channel shim prototype was built and evaluated in-vivo at 7T with a parallel transmit coil designed for insertion in the shim setup.

In the meantime, Aghaeifar et al. also started working on the optimization of MCA coil position and geometry, although their work has been limited to rectangular coil geometries [START_REF] Aghaeifar | A 32-channel multi-coil setup optimized for human brain shimming at 9.4T[END_REF] . Interest in MCA optimization is rising, with novel methodologies presented recently in [START_REF] Arango | Computational Shim Coil Design Applied to Augmenting a Shim Array with a Non-Eye-Occluding Face Plate[END_REF][START_REF] Oh | Machine designing: a multi-coil local shim design using Bayesian optimization[END_REF][START_REF] Cai | Optimization of Multi-Coil Array Design for Efficient Human Brain Shimming at 3T[END_REF] .

| METHODS

To design an MCA adapted to the inhomogeneous field patterns encountered in the human brain, a semi-heuristic approach was employed for optimization of channels' geometry and position. It is based on the principal components of a database of Subject-Optimal Stream-Functions (SO-SFs), which provide indications of where electric current is most demanded for B 0 shimming of the human brain.

The following steps were performed for design and validation of the optimized MCA: (1) a 100-subject database of δB 0 brain fieldmaps was acquired, covering all kinds of human head morphometries; (2) cylindrical SO-SFs were computed for each subject in the database, and SVD was performed on the SO-SF set; (3) from the first SF-SVD modes, indication of where electric current is most demanded for human brain shimming was obtained; then an MCA was designed based on this indication; (4) shimming simulations with the obtained design were performed on the in-house database (IHD) and on an external open-access database (OAD) for performance assessment and validation;

(5) a prototype was built, characterized and tested in-vivo. These steps are detailed next.

| Computation of Subject-Optimal Stream Function and Stream Function SVD Modes on a Coil Former

Given S subjects, b s = δB s 0 (x 1 ) δB s 0 (x 2 ) . . . δB s 0 (x Ks ) T ∈ Ks , for s = 1, . . . , S , is the target fieldmap to be compensated for in the human brain for a subject s containing K s voxels located at coordinates x k ∈ 3 , with k = 1, . . . , K s . For designing a shim coil, a cylindrical surface S ∈ 3 , of radius a and length L, used as coil former, exterior to the target region, is also defined. Employing the Dipole Boundary Method (DBM) [START_REF] Pinho | A fieldmap-driven few-channel shim coil design for MRI of the human brain[END_REF] , S is discretized into N square elements upon which an optimal stream function ψ s ∈ N can be computed, associated to the current flow required to mitigate inhomogeneity under power constraints. While we limit ourselves to a simple cylindrical geometry, well suited for DBM square elements, other coil former geometries can be envisioned, in which case it may be necessary to use other stream function calculation methods [START_REF] Pissanetzky | Minimum energy MRI gradient coils of general geometry[END_REF][START_REF] Poole | Novel gradient coils designed using a boundary element method[END_REF][START_REF] Bringout | Coil Design for Magnetic Particle Imaging: Application for a Preclinical Scanner[END_REF] .

The SO-SFs are then assembled in a matrix Ψ DB = ψ 1 ψ 2 . . . ψ S ∈ N ×S upon which an SVD can be applied to obtain a new matrix

Ψ SVD = ψ SVD 1 ψ SVD 2 . . . ψ SVD S
∈ N ×S whose columns are principal orthogonal modes that can be linearly combined to reconstruct each of the SO-SFs. A detailed explanation of the steps presented so far is available in 27;31 , but the design is nevertheless complex and non-trivial to be translated into an actual coil, as all iso-current lines (example in Fig. 1a) need to be carefully connected in series.

| Selection of MCA Windings

The SF-SVD coils computed in the previous step then serve to define the position and shape of independent windings to be used in a brain-optimized Multi-Coil Array. Since the SF-SVD modes in Ψ SVD are ordered by degree of correlation with the stream functions in Ψ DB , with the first mode (first column) being the most correlated and the last mode (last column) the least correlated, we expect that the decomposition of the first few modes into MCAs will provide the most important components for human brain shimming.

Assuming the M first SF-SVD modes are selected, each SF-SVD mode is discretized into windings based on a minimum inter-wire spacing δ w , and a family C m SVD of closed curves describing the wirepaths obtained from the discretization is obtained for each mode m. From the wirepath configuration of the SF-SVD mode in Fig. 1a, the presence of clusters of current is distinct. The clusters mark where electric current is most demanded for inhomogeneity mitigation. Taking into account the current requirements around the cylindrical surface, independently-driven windings with shapes analogous to the clusters can be positioned on the surface to form an MCA.

Our task now is to select, for each mode, the most suitable loops to generate the MCA. From Fig. 1b, the clusters of wirepath (or current) are associated with the extrema of the stream function, with current revolving around them: indeed the current density computed from a stream function is j (x) = ψ (x) × n(x), therefore, the more intense the local extremum, the greater the electric current density will flow around it. Based on this principle, a winding selection criterion was devised, where each winding corresponds to an independent current channel. Physically, windings selected from each mode will be placed on cylindrical layers of increasing radii.

If, when selecting a mode m for discretization, we observe some degree of symmetry, which can arise naturally given that these stream functions target the human brain, we effectively force symmetry on the SF by making

ψ sym m = ψ m (-φ, z ) + ψ m (φ, z ) 2 . (1) 
Let x m p ∈ S be the coordinates of the extrema of ψ m (x) (i.e. of local maxima or minima in the (φ, z ) plane), with p = 1, . . . , E m and E m the total number of extrema of ψ m . For each extremum, a subset of wirepaths C (x m p ) ⊂ C m SVD that enclose only x m p among the extrema coordinates can be constructed. For each subset C (x m p ), the cardinality #C (x m p ) (i.e. the number of wirepaths around the p extremum only) indicates its level of significance for shimming, as it is directly related to the amount of current flowing around the extremum. Finally, for those subsets with higher cardinality, we choose the largest loop c ∈ C (x m p ) to become an independent winding approximating the current requirement around that extremum. The particular choice of the largest loop is helpful to reduce electric current demand for generating some peak magnetic field strength in a ROI.

Having laid-out the required entities for channel definition, a number of desired loops/windings/coils N ch for the MCA is chosen. Limitations of the number of amplifying channels supported by the driving electronics must be taken into account. Therefore, selecting loops with low influence on the overall magnetic field should be avoided; this is why a minimum cardinality threshold τ card and/or a maximum number of channels per SF-SVD mode N m are advisable, allowing the loop selection to move to more relevant geometries in the subsequent SF-SVD modes without having to select all potential but eventually worse-performing coils from each mode.

For mode m, the first channel selected is the largest loop from the subset of greatest cardinality among all subsets C (x m p ) associated to the mode. This subset is then ignored, and the next channel is defined as the largest loop extracted from the subset of greatest cardinality among the remaining subsets. This process is repeated until either the cardinality threshold τ card , the maximum number of channels per mode N m , or the total number of channels N ch is reached. Once all channels within the established criteria are obtained from mode m, we move to the next mode, m + 1, and the selection procedure is repeated. The channel definition process must start at m = 1. Due to space limitations, a maximum number of modes M is also imposed to limit the number of layers and the overall thickness of the shim system. At the end of this process, the channels of the MCA are described by the set of closed loops W = {w 1 , w 2 , . . . , w N ch }. An illustration of a few loops selected with τ card = 3 from a symmetrized SF-SVD mode is shown in Fig. 1.c-d.

This "decomposition" process of SF-SVD coils into multiple independent coils is advantageous due to the multichannel capacity of better addressing asymmetries in field distribution inside the brain. When an SF-SVD coil, driven by a single current through all the wirings, is transformed into an MCA, the degrees of freedom of the system increase, providing better adaptation to anatomy variations. In particular, whereas the symmetrized SF-SVD coil only addresses carefully-positioned heads along the (y,z) vertical plane, the MCA flexibility is expected to help correcting for small rotations of the subject's head to the left or right. Construction of the system is also simpler than forcing a single input current through all wires. Some complex wiring patterns present in the SF-SVD can be discarded with practically no loss of performance, as observed in preliminary simulations (not reported here).

Notice that the windings defined so far were all considered to be over the same cylindrical surface. Although channel-loops from the same mode do not overlap, those from distinct modes may certainly do so, which could make the system defined so far impractical. The second, third and further modes must be projected onto cylindrical surfaces of higher radii, but the definition of these radii will depend on construction aspects. Each channel is described so far by a single loop, but the real system will consist of multiple turns for each channel-winding to allow the generation of higher fields with relatively low currents. Given a winding wire diameter, this will imply a radial wire bundle thickness, which will impose minimum radii of the subsequent channel layers.

To start defining building aspects of the system, an initial Single Loop Model (SLM) must be simulated.

| Ideal System Characteristics and Simulation

To characterize and simulate the shimming performance of an optimized MCA composed of channels defined by W, magnetic field, resistance and inductance should be estimated for each channel. In the SLM, for field assessment, it will be considered that each channel is composed of N turns of wire of infinitesimal thickness. From the Biot-Savart law, the magnetic field along z per unit current for the j -th channel in W can be computed as

B j z (x) = N ẑ • µ 0 4π ∮ w j d x × x -x |x -x | 3 . (2) 
Given the wire section A w and material conductivity κ, the wire bundle resistance is

r j = N (w j ) κA w . (3) 
where (w j ) is the length of the single loop wirepath w j .

The optimized MCA shimming performance can then be simulated on the fieldmap database. For a subject brain fieldmap b s to be shimmed, the contribution per unit current of each channel on the magnetic field can be calculated from eq.2, and the inverse problem of obtaining optimal currents to minimize the inhomogeneity in the brain is posed as:

i = argmin i∈ N ch σ (b s + B s i) , s.t. i j ≤ I max , 1 ≤ j ≤ N ch , (4) 
with σ (.) the standard deviation across brain voxels, B s ∈ Ks ×N ch the magnetic-field matrix of elements B j z (x k ), and I max the maximum current constraint. This problem was solved with MATLAB's fmincon function. Power dissipation resulting from the optimal currents is

P s = N ch j =1 r j i 2 j . (5) 
From eq.4, the final inhomogeneity achieved by the shim system under particular constraints can be obtained and compared, for instance, with SH-based systems for benchmark.

To find an adequate number of turns N per winding, we first set N = 1, simulate system performance and power dissipation for a given I max . Then allowing N to grow, performance would be kept the same with the new current constraint I max /N , and the power dissipation would drop to P s /N . On the other hand, winding self inductance would increase, as well as mutual inductance with gradient coils, which would make the shim channels more sensitive to gradient-induced eddy currents. In addition, assuming a fill factor f for the actual winding, the cross-section occupied by the wire bundle becomes N A w f -1 . The width and thickness of the bundle can be adjusted according to space limitations, noticing that the greater the bundle section, the more it will deviate from ideal single loop simulations, implying loss of performance of the shim array.

| Shim Coils Tailored for Correcting B0 Inhomogeneity in the Human Brain (SCOTCH): Shim System Design and Prototype

Our proposed system has been denominated SCOTCH for Shim Coils Tailored for Correcting B 0 Inhomogeneity in the Human Brain, and will be thereafter referred as such.

| Human Brain B0-map Collection

To design an SF-SVD-based MCA, an in-house (IH) database of 3D δB 0 fieldmaps of 100 subject brains was assembled.

Fieldmaps were acquired on a MAGNETOM Prisma 3 T imager (Siemens Healthcare GmbH, Erlangen, Germany) with 1.7 mm isotropic resolution; this acquisition followed a 2 nd order SH shimming performed by the scanner based on a bounding box of the brain manually defined by the MR technician from the three-plane localizer. FSL's brain extraction tool [START_REF] Smith | Fast robust automated brain extraction[END_REF] was later used for masking and restricting our analysis to the human brain voxels. Fieldmap acquisitions were performed with two consecutive 3D gradient-echo sequences, one with 2 distant echoes TE 1 = 1.88 ms and TE 3 = 4.9 ms, and one with a single echo at TE 2 = TE 1 + 0.7 ms. We assume TE 1 and TE 2 are close enough so that no phase excursion occurs in the brain beyond ±π during that 0.7 ms interval (underlying assumption: δB 0 does not exceed ±714 Hz in the brain at 3 T). Then for each voxel, a double-point linear fit of the phase evolution between TE 1 and TE 2 is first performed to potentially infer temporal phase unwrapping of the TE 3 echo; then a triple-point linear fit of the phase evolution is performed for δB 0 estimation. The resulting δB 0 maps were cleaned with an outlier filter to avoid singularities, especially at the edge of the brain. It was then scaled up by 7/3 for investigation at 7 T. Baseline inhomogeneity of the 2 nd order SH shimmed database at 7 T is 65.7 Hz (SD: 11.4 Hz) (where SD is the standard deviation across different subject field maps, here and elsewhere).

| SCOTCH and RF coil integration

The choice of geometrical parameters will vary and mainly depend on the RF coil dimensions. As a rule of thumb, the radius of the coil former should be as low as possible to produce higher intensity fields in the ROI with lower currents.

In addition, placement of the shim system outside of a shielded RF coil allows decoupling between the shim and RF arrays. On the other hand, if the RF coil radius is too large, it could be envisioned that the shim system is placed on the inside of the RF transmit array, provided enough space is available, but at this point care must be taken to minimize RF-MCA interactions, which could be done with the use of RF-chokes [START_REF] Stockmann | Combined shim-rf array for highly efficient shimming of the brain at 7 tesla[END_REF] .

Here the shim system is positioned outside a dedicated home-built 8Tx/32Rx channel shielded RF coil, named AVANTI2, of 270 mm external diameter. Incidentally, the AVANTI2 coil is a precursor of the very similar "Iseult" coil [START_REF] Luong | A compact 16tx-32rx geometrically decoupled phased array for 11.7t mri[END_REF] , currently in test at 11.7T. For information, AVANTI2 Rx elements are geometrically decoupled and do not rely on preamp-decoupling.

For the SCOTCH+AVANTI2 system to be centered at the scanner's isocenter, a 21 mm-space should be respected between AVANTI2's external diameter and table top.

| SCOTCH Prototype Components and Dimensions Thereof

To benefit from the first three SF-SVD modes' characteristics, a three-layer SCOTCH system was designed. In previous work [START_REF] Pinho | A fieldmap-driven few-channel shim coil design for MRI of the human brain[END_REF] , we showed that adding subsequent SVD-modes or layers would only improve the B0 homogeneity by less than 1 % each; therefore such modes are ignored here. Also from previous simulations [START_REF] Pinho | Static-magnetic-field shimming coil system for magnetic resonance imaging, Patent pending in Europe and the USA[END_REF] , 20 turns per channel are considered a good compromise to provide high performance with relatively low electric currents (< 5A); discussion on this aspect will be further provided in section 4. Copper wire of 1 mm diameter was chosen, providing a good compromise between rigidity and malleability for winding the coils while also having a section large enough to keep power dissipation down. Considering the number of turns, wire section and fill factor of 0.45 (estimated from manualwound preliminary prototypes), the wire bundle cross section is expected to be approximately 36 mm 2 . Once mounted and held on top of the cylindrical surface, the bundle section shape can be approximated by that of a half-ellipse. The bundle section spread on the supporting cylindrical former is around 9 mm and the bundle thickness normal to the former surface is approximately 5 mm. The desired distance between the external radius of a former and the internal radius of the former on the next layer was then set to 6 mm.

The inner and outer hollow cylindrical formers were chosen to be 4 mm-thick, the outer one only acting only as a cover for the shim system. The thickness of the 2 internal formers in-between was set at 2.5 mm. The internal radius of the inner former was set to 271 mm to be able to slide over the AVANTI2 coil. A 3D model of the shim system formers around the AVANTI2 coil is shown in Fig. 2.

Under the described configuration, the SF-SVD mode calculation was performed using the 2 nd -order-shimmed database as baseline (online shim as described in section 2.4.1). The first three SF-SVD modes were calculated on coil formers of radii a 1 = 141 mm, a 2 = 149.5 mm and a 3 = 158 mm. The length of the cylindrical surfaces for SF calculation was L = 300 mm. Cylinders were assumed to be centered at the MRI isocenter. Noticing a tendency for SF symmetry with respect to the central sagittal plane on the first three SVD-modes, they were forced to symmetry before channel extraction, by taking the average of the SF found on either side (cf. eq.1). A total of 48 channels were defined from the symmetrized modes, with 24 channels obtained from the first SF-SVD mode, placed on the first layer of radius a 1 , 12 channels from the second one (at radius a 2 ), and 12 other channels from the third (at radius a 3 ). Coil disposition for each layer is shown in Fig. 3.

| Computational Design Method and Building Process

Magnetic field, resistance and inductance of the SCOTCH coils were obtained from SLM simulations in Ansys® Electronics Desktop. Shimming simulations on the human brain database are performed for different maximum electric current constraints: 1 A, 3 A, 5 A, 10 A, and unconstrained. The average final inhomogeneity across the database after shimming with the SLM is compared to unconstrained SH shimming systems of increasing order. A balance between performance and power dissipation is studied to define the ideal operation point of the optimized MCA.

For construction of a prototype, cylinders with the previously defined dimensions were fabricated using grade 5 Flame Retardant (FR-5) Fiberglass Epoxy. Circular holes of 2 mm diameter were punched through for cable-ties passage for holding the wire bundles of each channel. 10 mm-diameter circular holes were punched throughout the surface to facilitate convection, avoiding overheating of the shim system. Winding molds for each coil were modeled in Ansys® and 3D printed with a Formlabs Form 2 printer (cf. 

| Current-Driving Source and System Calibration

One important aspect of MCA design is its current driver. It should provide a stable current of at least 1 A (used in [START_REF] Juchem | Dynamic multi-coil shimming of the human brain at 7T[END_REF] ), must be able to switch rapidly from one current configuration to the next for dynamic shimming, and finally be robust to gradient-induced voltages.

Our SCOTCH system is controlled, via an Arduino board, by an open-source multi-channel feedback-controlled current driver [START_REF] Arango | Open-source, low-cost, flexible, current feedback-controlled driver circuit for local B0 shim coils and other applications[END_REF] , theoretically capable of delivering up to 8 A per channel. Nevertheless, for this work, power supplies were dimensioned to deliver up to 3 A per channel, which seemed sufficient for shimming at 7T (cf. Results). A control interface (cf. Fig. 6) was designed in MATLAB to communicate with the Arduino board and transfer ideal current setpoints to the current driver.

For fieldmap estimation per 1A unit current in each channel, a triple-echo GRE sequence was repeatedly played on our 7 T MAGNETOM scanner (Siemens Healthcare GmbH, Erlangen, Germany), using a 180 mm-diameter spherical oil phantom. Sequence parameters were TR = 10 ms, TE 1 = 1.6 ms, TE 2 = 4.3 ms and TE 3 = 7 ms, 2 mm isotropic resolution, and 1860 Hz pixel bandwidth. For each channel, three acquisitions were performed: at -1 A, 0 A and 1 A.

For each measurement, the TE2-TE1 phase difference images are first spatially unwrapped using SEGUE [START_REF] Karsa | SEGUE: A Speedy rEgion-Growing Algorithm for Unwrapping Estimated Phase[END_REF] ; then in each voxel, as for the human database acquired at 3T, the third echo phase is potentially temporally unwrapped based on the phase evolution trend given by the first two echoes, and a triple point linear fit of that evolution is performed to estimate the fieldmap in the characterization volume. The three fieldmaps for each channel are finally used in a An important step in the calibration phase was to precisely record the position of the shim insert to ensure it will always be identically positioned when performing in-vivo measurements. To do so, once aligned with the MRI scanner laser used for patient positioning, reference points along the SCOTCH cover cylindrical surface coinciding with the laser were marked with a permanent marker pen.

After characterization, shimming performance was assessed on the database by inputting the measured fields per unit current as shimming basis for the inverse problem in eq.4. It is then compared to expected performance obtained from SLM simulations.

| Validation with External Open-Access Fieldmap Database and Spherical Harmonic Rating

Hold-out cross-validation of the proposed design method has been presented in a preliminary study [START_REF] Pinho | Optimized multi-coil array design for human brain shimming at Ultra-High Field[END_REF] . So in the current work, it was decided to employ the entire database of 100 subjects for SCOTCH design. Nonetheless, an OAD composed of 126 brain fieldmaps at 7 T with 4 mm isotropic resolution has been made available [START_REF] Elshatlawy | 18X7 Human brain field maps for shim coil designs[END_REF] ; so shimming brains from that alternative database acquired at a different research site would increase confidence in the proposed design.

No information on the FOV center coordinates of the OAD fieldmaps was made available. Therefore, a preliminary verification was performed to determine if the OAD fieldmaps would fit in our RF coil of 210 mm internal diameter. In order for the brains to fit, each one must lie within a range defined by the RF coil radius minus the distances between dimensions from each volunteer are readily available, the distances between brain extremities and head extremities in the posterior-anterior (PA) direction are not. An average for those distances was then estimated by measurements performed on 10 IHD subjects (where DICOM images are available). Average thicknesses are d back = 13.6 mm and d front = 18.0 mm.

It was initially assumed that the center of the 3D matrices containing the fieldmap data is coincident with the MRI isocenter. Under this assumption, the spread of voxels in space is shown in Figure 7a, with RF coil limits and allowed brain voxel limits displayed for reference. We observe that the OAD fieldmaps need to be translated in the PA direction in order to fit within our AVANTI2/SCOTCH setup and respect the estimated allowed region for the brain. This translation is performed on the entire database such that the back of each brain is located at the lower limit, providing a voxel position distribution as depicted in 7b. The adjusted OAD will be employed in all further simulations and analysis.

As will be observed in the results and subsequently discussed, despite OAD baseline inhomogeneity being very close to IHD's, OAD shimming simulations lead to much superior relative inhomogeneity improvement than IHD's.

Therefore, direct assessment of shimming system performance through inhomogeneity or relative improvement values could lead to an incorrect evaluation. A new metric, the Spherical Harmonic Rating (SHR), is proposed to overcome this issue, presented in [START_REF] Pinho | The Spherical Harmonic Rating: A Metric for B0 Shim System Performance Assessment[END_REF] and summarized next.

For a given fieldmap, if the resulting inhomogeneity σ shim after shimming by some arbitrary system is between that obtained by unconstrained SH shimming of orders n and n + 1 (σ SHn ≥ σ shim > σ SH n+1 ), the SHR of such a system for this particular fieldmap is given by:

S H R = n + σ SHn -σ shim σ SHn -σ SH n+1 (6) 
The SHR obtained by SCOTCH shimming simulation on the IHD is then compared to the SHR obtained from simulation on the OAD.

| Performance Comparison with Matrix MCAs

To assess how the optimized MCA obtained from the proposed method improves homogeneity relatively to more conventional matrix designs, simulations of three matrix MCAs (m-MCA) of increasing channel count were performed.

Circular loops are considered as channel elements of the arrays, and are regularly distributed on top of a cylindrical coil former of a =140 mm radius and 300 mm length. The magnetic field generated by circular loops can be calculated analytically. For a circular loop of radius a , centered at cylindrical coordinates (a, φ , z ) over the cylinder, the magnetic field in the z direction produced by the loop per unit current is (after some algebra):

B z (x) = µ 0 8π √ a (a -x cos φ -y sin φ ) (z -z ) ρ 5/2 k 2 -k 2 1 -k 2 E (k 2 ) -2K (k 2 ) (7) 
with

ρ = (x sin φ -y cos φ ) 2 + (z -z ) 2 (a) (b) (c)
F I G U R E 8 Matrix MCAs of 24, 48 and 96 channels simulated for comparison with the optimized MCA.

k 2 = 4aρ (a + ρ ) 2 + (a -x cos φ -y sin φ ) ,
and K and E complete elliptical integrals of first and second kind, respectively.

Three m-MCAs of 24, 48 and 96 channels are designed for comparison, with coils' dimension and position defined so that the cylindrical surface is practically fully covered. The corresponding arrays are shown in Fig. 8, with loop radius of 45 mm for the 24-channel array, and 35 mm for the 48 and 96-channel arrays .

| In-Vivo Experiments

In previous work 21;22 , we showed the proof of concept of the SCOTCH setup with few channels on subjects whose head was scanned by a single Tx/Rx loop as our 8Tx/32Rx AVANTI2 coil was not yet available. Here we provide further evidence for SCOTCH's experimental validation with 48 shim channels and our in-house built pTx coil, which ensures entire brain coverage. However, for safety reasons in the time frame alloted for SCOTCH tests, this pTx coil was used in a very restricted mode (cf. next subsection).

in-vivo acquisition was performed with SCOTCH shimming in a MAGNETOM 7 T scanner on seven adult healthy volunteers. All subjects signed an informed consent form according to the rules approved by our Institutional Review Board (IRB). The first two subjects were included when SCOTCH had only two layers (36 channels, before full prototype completion).

As for the IHD acquisition, a baseline 2nd order SH shimming was first performed by the scanner based on the subject's brain bounding box. For the first subject, the SCOTCH shimming currents were computed based on the fixed baseline SH settings, yielding a somewhat sub-optimal B0 inhomogeneity. SCOTCH shimming was optimized jointly with the 1st-and 2nd-order SH components for the subsequent subjects. Moreover, even though channel currents were constrained to stay inferior to 3 A, in order to limit power deposition in the SCOTCH insert, the combined SH+SCOTCH optimization for subjects 2-7 was constrained to step back from optimal shimming by relaxing the maximum achievable SHR by a 0.1 unit. For those subjects, the later-reported SHR could be upgraded by such an amount with little risk for the volunteers.

| Safety precautions

Indeed prior to in-vivo experiments, temperature rise measurements were performed in the lab with all SCOTCH channels driven with the maximum 3 A current at the same time, to verify that heating of the entire set (MCA + RF coil) was within safe levels.

Now considering pTx coil approval, to accelerate IRB authorization for the shimming experiments, MRI sequences were all played in the restricted SAR (rS) mode [START_REF] Vignaud | Fast and unconditionally safe in vivo MR head protocol for home-made coil prototype assessment at 7T[END_REF] . Under this mode, idealized to provide unconditionally safe SAR levels, all transmitted RF power is assumed to be deposited into 10 g of biological tissue. Then TR must be adjusted such that local SAR constraints would be respected even under this conservative premise. Assuming the acquisition sequence contains only a single RF pulse per TR (such as the conventional GRE sequence), given the RF excitation pulse waveform v R F (t ), to meet the 10 W kg -1 local SAR constraint:

TR ≥ 1 100 mW ∫ τ v 2 R F (t )d t R Load ( 8 
)
with R Load assumed equal to 50 Ω for a matched load.

| Quantitative Analysis with B0-map improvement

The 3D non-selective rS-GRE was then employed for fieldmap estimation by means of a triple-echo acquisition with TE 1 = 2 ms, TE 2 = 3.6 ms, TE 3 = 6 ms and TR = 100 ms. Short k T -points pulses [START_REF] Cloos | Kt points: Fast Three-Dimensional Tailored RF Pulses for flip-angle homogenization over an extended volume[END_REF] were used for excitation homogeneity, earlier computed from previously collected head-like phantom B1-maps. Isotropic resolution of 2.0 mm was used, which was within recommendations from [START_REF] Juchem | B0 shimming for in vivo magnetic resonance spectroscopy: Experts' consensus recommendations[END_REF] . Bandwidth per pixel was 1313 Hz. Images were reconstructed with the Sum of Squares technique, and the resulting DICOM data was employed for fieldmap estimation. As for the 3T database, the amplitude image was used as input in FSL's BET [START_REF] Smith | Fast robust automated brain extraction[END_REF] to create a brain mask, thus limiting the ROI to brain voxels. Then, as for the phantom calibration at 7T, phase images were used to performed spatial unwrapping of the phase difference between the two first echoes within the masked regions using SEGUE [START_REF] Karsa | SEGUE: A Speedy rEgion-Growing Algorithm for Unwrapping Estimated Phase[END_REF] . The phase of the third echo was then temporally unwrapped. The field excursion was finally estimated in each voxel as the slope of a linear fit of the phase evolution across the three echo-times. In fact, 2 rS-GRE acquisitions were performed throughout the experiment.

An initial acquisition was used for baseline field estimation after scanner 2 nd order shimming (shimming bounding box manually located from localizer images). Subsequently, SCOTCH current calculation was performed in a joint optimization with scanner's 1 st and 2 nd order SH coefficients, except for the first volunteer for whom the SH currents remained the same. SCOTCH current amplitude was constrained to 3 A per channel. The resulting currents and SH coefficients were applied for static whole-brain shimming. Then a second rs-GRE acquisition was performed for quantitative assessment of the residual magnetic field, to be compared with the expected field from simulation.

We emphasize that due to the rS constraint, employed sequences were relatively long, with approximately 7 min required for each GRE fieldmap acquisition, and around 1 min for each EPI sequence. This makes the experiment prone to errors caused by patient movement during or in-between acquisitions. Indeed patient motion was observed in the course of the experiment. In order to ensure comparisons between identical anatomic regions, image registration was employed using Matlab to compensate for subject movement. More precisely, a rigid 3D transformation is found between the GRE raw amplitude images acquired at baseline (fixed reference) and during scotch shimming (moved image). Its inverse is applied to the moved B0 map to have it in the baseline reference frame.

| Qualitative Analysis with 3D-EPI

For qualitative assessment of B 0 -inhomogeneity artifact mitigation, a 3D non-selective EPI sequence [START_REF] Poser | Three dimensional echo-planar imaging at 7 Tesla[END_REF] was employed in rS mode to assess to what extent geometric distortion and signal-loss could be reduced. After each fieldmap acquisition step (baseline and SCOTCH shimming), isotropic resolution images were acquired along the axial direction, with the first phase-encoding direction set to Anterior-Posterior (AP). Repetition time was TR = 150 ms and again, short k T -points pulses targeting 15°flip angle were used for excitation homogeneity. A GRAPPA factor of iPAT=4 [START_REF] Griswold | Generalized autocalibrating partially parallel acquisitions (GRAPPA)[END_REF] with a CAIPI shift of 2 [START_REF] Setsompop | Blipped-controlled aliasing in parallel imaging (blipped-caipi) for simultaneous multi-slice epi with reduced g-factor penalty[END_REF] was applied to avoid artifacts that can simply be overcome with acceleration at 7T. For subjects 1 and 2 in SCOTCH2.36, a 1.5-mm resolution was used with TE = 25 ms. For the other subjects (in SCOTCH3.48), a 1.0-mm resolution was reached with TE = 30 ms.

| RESULTS

Throughout this section, mentions of simulated fields or ideal SCOTCH on one hand, and measured fields or realistic SCOTCH on the other hand, refer to the B s matrix of basis fields input for shimming simulation, either simulated with Ansys® or measured from GRE characterization acquisitions.

The notation L.C H indicating L layers and C H channels will also be employed throughout the text for brevity, i.e.

1.24, 2.36, 3.48 designate the SCOTCH configurations spawned from one, two and three SVD-modes.

| Expected SCOTCH Performance from Simulated Field Basis and Subsequent Choice of Maximum Channel Current

SCOTCH shimming simulation results on the 100-subject database at 7 T are shown in Fig. 9, based on simulated fields. Different electric current constraints were assessed for performance in terms of the resulting inhomogeneity across the database. Average power requirement was also estimated. The results are shown for different shim system configurations as the number of channels and layers increase.

In all simulations, improvement of the resulting homogeneity is observed as the number of optimized channels increases. At 3 A, for instance, inhomogeneity drops from a baseline of 65.7 Hz (SD: 11.4 Hz) to 47.6 Hz (SD: 8.2 Hz), 44.3 Hz (SD: 7.4 Hz) and 42.9 Hz (SD: 7.2 Hz) as the number of channels is increased from 24 to 36 and 48. Better performance is accompanied by increased power dissipation for all current constraints. At 3 A rating, power dissipation values as the number of channels increases are 3.0 W (SD: 1.5 W), 12.5 W (SD: 2.5 W) and 19.0 W (SD: 2.9 W) for 24, 36 and 48 channels, respectively. Also it is worth noticing the SCOTCH-3.48 performance at 3 A is comparable to a power-unlimited 7 th order SH shimming set (42.9 Hz (SD: 6.9 Hz)). When unconstrained, resulting SCOTCH-3.48 shimming inhomogeneity of 40.7 Hz (SD: 6.5 Hz) is comparable to unconstrained 8 th order SH shimming, yielding 40.8 Hz (SD: 6.5 Hz). However, significant increase in power ratings is observed. The change from 3 A-constrained to unconstrained for SCOTCH-3.48 causes power dissipation to rise from 19.0 W (SD: 2.9 W) to 904 W (SD: 989 W).

It was also observed that significant improvement is obtained when moving from 1 A rating to 3 A rating, as we see performance increase (for SCOTCH-3.48) from a 6 th order SH equivalent to a 7 th order equivalent; but as current is further increased, reduction in inhomogeneity is smaller and brings significant power dissipation increase. Considering the low-cost prototype envisioned, it was decided to restrict current rating to 3 A in the in-vivo experiments at 7 T.

F I G U R E 9 Top plot: IHD average inhomogeneity after SCOTCH shimming at 7 T with simulated fields. Different maximum currents and numbers of layers/channels are considered for exploration of the performance evolution. Dotted lines across the plot indicate the average inhomogeneity achieved by unconstrained SH shimming of different orders, as indicated on the right. Bottom plot: Estimated average power dissipation for the different parameters considered.

| Performance from Measured Field Basis

The SCOTCH prototype was built up to 3 layers and 48 channels. The 3.48-system was characterized, and measured fieldmaps were used as basis for shimming simulation, first on our IHD. Comparison of inhomogeneity values obtained with simulated and measured fields serves as preliminary validation of the prototype. Results are shown in Fig. 10a for electric current constrained to 3 A. Inhomogeneity values resulting from simulated matrix-MCA shimming are also provided for comparison. In addition, the performance of joint shimming of the SCOTCH system with the 2nd-order SH system embedded in the 7T scanner is provided, since we were able to characterize the latter with specific B0-field maps of a spherical phantom.

From the 100-subject database, a small drop in performance of the prototype is observed relatively to ideal SCOTCH. Resulting inhomogeneity with the SCOTCH-3.48 prototype, as evaluated with the measured fields, is 43.8 Hz (SD: 7.3 Hz), a 2% increase from 42.9 Hz (SD: 7.2 Hz), expected from simulated fields. Compared to SH systems, whereas SCOTCH-2.36 is equivalent to an unconstrained 6 th order SH system, realistic SCOTCH-3.48's rating exceeds SHR = 6.6 (vs 7 for ideal SCOTCH).

| Comparison with Matrix MCA

Compared to m-MCAs, the realistic SCOTCH-1.24 shimming is expected to provide 48.6 Hz (SD: 8.3 Hz) inhomogeneity, 7.6 % (SD: 4.0 %) lower than the 24-channel MCA resulting inhomogeneity of 52.6 Hz (SD: 8.8 Hz). This is a first evidence of amelioration provided by the improved channel location and geometry obtained from the design method.

The realistic SCOTCH-1. Increasing the m-MCA channel count to 96, resulting inhomogeneity is 42.7 Hz (SD: 7.1 Hz), close to the 42.9 Hz (SD: 6.9 Hz) obtained with 7 th order SH shimming. From simulated fields, SCOTCH-3.48 would be capable of reaching approximately the same inhomogeneity (42.9 Hz (SD: 7.2 Hz)), but with half the amount of channels.

| Validation on External Database

For further validation purposes, Fig. 10b shows shimming simulation results on the external 126-fieldmap OAD. The realistic SCOTCH-2.36 shimming results in an average inhomogeneity of 39.5 Hz (SD: 6.7 Hz), close to the 39.3 Hz (SD: 6.9 Hz) inhomogeneity stemming from 48-channel m-MCA shimming, but obtained with 12 channels less. SCOTCH's performance in the 2.36 configuration is still close to the 38.6 Hz (SD: 6.4 Hz) inhomogeneity obtained by a 6 th order SH shimming system. For the realistic SCOTCH-3.48 shimming simulations, resulting inhomogeneity is 38.1 Hz (SD: 6.6 Hz), a 2.9% increase from 37.0 Hz (SD: 6.2 Hz) expected from simulated fields. The latter is close to the 36.4 Hz (SD: 5.9 Hz) average inhomogeneity achieved with unconstrained 7 th order SH shimming. The 96-channel MCA slightly outperforms SCOTCH-3.48 on this particular database.

We notice that the OAD absolute average inhomogeneities vary considerably from those obtained when shimming the IHD. The realistic SCOTCH-3.48 yields a 5.7 Hz difference when shimming the OAD versus the IHD. Analyzing the relative inhomogeneity reduction from baseline, 41.1 % (SD: 5.6 %) and 30.4 % (SD: 7.1 %) are obtained for the OA and IH databases, respectively. For m-MCAs, similar large differences in resulting inhomogeneity are also observed. This can be due to differences in the B0 map resolutions, in the way baseline shimming is performed at the scanner, or in the way brain masking is carried out.

Nevertheless we can evaluate SCOTCH's robustness from the SHR: for instance the realistic SCOTCH-2.36 leads to an OAD SHR of 5.7 (SD: 0.6 ), versus 6.0 (SD: 0.6 ) for the IHD, therefore a OAD/IHD ratio of 0.95. If robustness performance is measured by such a metric, we can conclude that SCOTCH is robust to new fieldmaps. The SHR was also calculated for the resulting inhomogeneity after 48-channel m-MCA shimming, leading to 5.7 (SD: 0.5 ) and 5.8 Hz (SD: 0.4 Hz) on the IH and OA databases, respectively, resulting in a 1.02 OAD/IHD ratio. Since the m-MCA performs similarly on both databases, the SHR is confirmed to be a universal indicator of system performance, regardless of the B0-map database.

At last in both Fig. 10a and10b, one can appreciate how combined SCOTCH + up to 2nd-order SH shimming improves performance compared to SCOTCH-only shimming (green curves).

| SCOTCH power dissipation

Average power dissipation of m-MCAs and SCOTCH constrained to 3 A per channel is estimated from simulated and measured field bases in Fig. 11. It is observed to increase as the number of channels and shimming performance increase. For a given system design, power dissipation is practically the same on both databases. When shimmed Incidentally, increase in power dissipation is yet much more drastic from the 24-channel m-MCA to the 96-channel, The joint SCOTCH + SH shimming reduces the power dissipation drastically (for an even better performance), provided a 0.1 unit relaxation on the achieved SHR.

with power dissipation at 24 channels equal to 0.3 W (SD: 0.2 W) and 0.2 W (SD: 0.1 W) for the IH and OA databases, respectively.

Fig. 12 shows power histograms across the IHD subjects with SCOTCH3.48 shimming simulations. From Fig. 12.a, as implied earlier, an average 16% increase in power can be observed between simulated and measured fields. However Fig. 12.b demonstrates this power loss can be largely recovered by applying a joint SCOTCH + 2nd-order SH shim, whereby a small SHR degradation is compromised to reduce power intake (as exposed in section 2.7). As derived from the histogram, this effectively reduces the required amount of power by 35% while improving performance (as shown on Fig. 10a).

At last, under the 3 A maximum current constraint, SCOTCH heating was assessed through thermal camera measurements with all 48 channels driven at full current for 1.5 h. Power dissipation estimated using measured channels' resistances was 50 W. Maximum temperature observed was 48.4 °C, with initial temperature of the setup at 21 °C.

This was deemed safe for operation, with pain threshold of 65 °C far from being attained (the pain threshold was estimated from [START_REF] Ungar | A New Approach to Defining Human Touch Temperature Standards[END_REF] with thermal conductivity, specific heat and density of 0.343 W m -1 K -1 , 1.1 J g -1 K -1 and 1.85 g cm -3 , respectively).

| In-Vivo Results

| Quantitative Assessment from B0 field standard deviation

Fieldmaps estimated from the rS-GRE acquisitions before and after SCOTCH3.48 shimming are shown in Fig. 13 for two representative volunteers. Usual inhomogeneity, B0-offset hotspots are observed around ear canals and above the nasal sinus. After SCOTCH shimming, these hotspots are reduced as expected from the simulations. The match between simulation and measurement is enhanced once the B0 map is moved back to the position the volunteer had during the baseline scan, as can be seen from columns 2 and 4 as compared to column 3 (expected). In particular, note the milder hotspot at the top corner after motion correction, and the absence of olfactory bulb in the axial view of subject 6 before motion correction. This demonstrates our rigid motion correction procedure is valid.

Significant improvement of whole-brain shimming with SCOTCH was observed, as demonstrated in Fig. 14 for all 7 subjects. The 3 subplots show equivalent results using different conventions: subplot (a) reports the brain inhomogeneity before and after SCOTCH shimming, before and after motion correction. Again note how much motion correction brings results closer to expectations, with motion-corrected homogeneities even exceeding expectations for subjects 2, 3 and 6. This could be due to a relaxed rotation of the head towards an upside-down sphinx position, naturally favoring shimming [START_REF] Valette | B0 homogeneity throughout the monkey brain is strongly improved in the sphinx position as compared to the supine position[END_REF] . Else it could be due to smoothing incurred by voxel interpolation in the fieldmap transformation. Overall, the average inhomogeneity reached after motion correction is 38.3 Hz, in agreement with what was found for OAD (cf. Fig. 10.b). Subplot (b) reports the improved SCOTCH performance relative to baseline ((σ basel i neσ scot ch )/σ basel i ne ), between 29.5% for subject 4 and 47.7% for subject 6 (after motion correction), with an average 38.0% improvement across subjects 2-7 (cf. section 2.7). The inhomogeneity values were transformed into SHRs in subplot (c), so as to render the performance independent of the way we acquired our B0 maps. There the average SHR obtained across subjects 2-7 is 6.24 (which can be increased by 0.1 unit by relaxing power constraints), again in good agreement with Fig. 10.b. Note the rather large variations between subjects (e.g. SHR = 7.46 for subject 6, SHR = 4.38 for subject 7, acquired both the same day).

| Qualitative Assessment from Echo-Planar Images

Selected slices located in challenging regions to shim are shown for baseline and SCOTCH-shimmed rs-EPI acquisitions in Fig. 15 for subjects 2-5 (following registration). The outline of the mask brain obtained from the GRE acquisition is overlaid. Zones improved by SCOTCH-shimming are indicated by yellow arrows.

Subject 2 acquired in SCOTCH2.36 shows enhanced contrast in the right temporal lobe (TL), while some geometric distortion correction and signal recovery above the ear canals can also be observed. In the following slices, there is outstanding signal recovery in the ventral part of the pre-frontal cortex (PFC). Indeed moving to slices above the maxillary and sphenoid sinuses, SCOTCH managed to recover signal in initially large void regions. Moving further in the Feet-Head direction, more signal recovery and contrast enhancement in the PFC are observed. Similar artifact reductions are shown in the three other subjects (SCOTCH3.48), where a 1-mm isotropic resolution is reached with a lengthened TR=30ms.

The EPI acquisitions ultimately corroborate the homogeneity improvements expected to be brought by SCOTCH from the rS-GRE acquisitions.

| DISCUSSION AND CONCLUSION

| SCOTCH Added-Value with Respect to Prior Art

A novel method for optimized MCA design for global human brain shimming was proposed in this work. Contrarily to other proposed MCA optimization methods 23;25 , no a priori assumption is made relative to the coil geometries, other than the cylindrical support. As such, SCOTCH coil geometries were observed to be very different from circular or rectangular loops employed in other MCA optimization works. A common feature between resulting designs from the different methodologies is the accumulation of channels in front and on the sides of the subject's head, where frontal

F I G U R E 1 3
Expected and acquired fieldmaps at 7T before and after in-vivo SCOTCH shimming. The 3D volume central slices are depicted in all three directions (axial, coronal, sagittal from top to bottom). The SCOTCH fieldmap was rigidly moved back to the subject's original position, so as to have a better match of the compared volumes. Subjects 2-7 were shimmed using combined SH+SCOTCH optimization, but were constrained to stay 0.1 unit away from best achievable SHR to limit power dissipation.

F I G U R E 1 5 Comparison of Restricted-SAR 3D-EPI acquisitions on four subjects before and after joint SCOTCH + up-to-2 nd -order SH shimming. Note all the artifact reductions pointed by arrows: distortions are reduced near the ear canals and in the prefrontal cortex, but mainly signal recovery is striking above the mouth and nasal sinus, where intravoxel dephasing induced by susceptibility gradients has been overcome.

sinus and ear canals are located and are known to generate strong magnetic field excursions.

Once optimal channel geometries were defined, the effects of increasing the allowed electric current in each channel were explored, as well as the expected power dissipation accompanied by the relaxation of these constraints.

This exploration is useful to find an adequate operation point for the system by finding a balance between performance and power dissipation; the latter needs to be limited to avoid overheating and the need for a dedicated fluid circulation system to dissipate heat, which would increase complexity and cost. In our case, 3 A was considered a good compromise as, for the 3-layer design, it provided a 7 th order SH equivalent performance against a 6 th order equivalent when at 1 A. But further increase in current to 5 A would provide marginal improvement, while average power dissipation would be more than double (19.0 W to 41.7 W). While considerations to heating and safety are made and experimental verification is carried out in several MCA related works 6;16;23 , little attention has been given

to the power dissipation itself and how it evolves as shimming performance increases. Despite being somewhat overlooked in most MCA related works, power dissipation was extensively analyzed in this work, and was verified to be a bottleneck for performance. To improve this analysis, further thermal simulations could be envisioned in the future to have a better assessment of what is indeed acceptable.

Despite having the potential to present shimming performances equivalent to that of an 8 th order SH system (cf. Fig. 9), the 3-layer ideal design is limited by the very high power consumption of almost 1 kW required to achieve this potential, which is evidently impractical for a system so close to the patient, unless forced cooling is employed.

Gradient systems, for instance, can indeed reach much higher power consumption (more than 30 kw), but are actively cooled, and completely isolated from the patient. Our choice in this work was to avoid this supplementary burden for our system. We do not discard, however, the possibility that this could be necessary if shimming performances must be increased. Although power dissipation values alone don't provide a clear picture of the max temperatures achieved by the system, a rough estimation of max temperature evolution as a function of power dissipation can be made from the thermal measurements performed for safety assessment of the shim system. A 0.5 °C temperature rise per Watt is estimated, and a limit of 80 W max power could be established resulting in 60 °C max temperature, below the pain threshold temperature of 65 °C.

Construction of the prototype was carried out as the ideal SCOTCH simulations showed IHD shimming performance superior to that of 6 th order SH for the 2-layer 36-channel design, and equivalent to 7 th order SH for the 3-layer 48-channel design. To our knowledge, when compared to unconstrained SH shimming systems, no MCA shimming system presented in the literature so far has shown expected whole brain shimming performances as high as those. The 32-channel optimized array presented in [START_REF] Aghaeifar | A 32-channel multi-coil setup optimized for human brain shimming at 9.4T[END_REF] showed superior performance to a 4 th order SH system when constrained to 2 A at 9.4 T, and slightly better than a 5 th order SH system when unconstrained. In 17 , the judicious placement of a set of coils in front of the frontal lobe provided a 3 A-constrained 39-channel MCA with simulated performances comparable to a 6 th order SH system at 3 T.

| Performance Loss from Ideal Single-Loop Model to Realistic Multi-Turn Bundles

With the prototype built and characterized, shimming simulations constrained to 3 A (the chosen operation current) could be performed for comparison of realistic versus ideal SCOTCH performances. Resulting inhomogeneity from realistic SCOTCH shimming simulation was greater than expected, on both IH and OA databases. The loss in performance is not surprising since ideal SCOTCH simulations were performed considering the basis field for each channel as the field of a single loop multiplied by the number of turns (twenty); however, realistic wire bundles composing each channel deviate from the ideal SLM. This deviation also causes an increase in power dissipation, as electric currents also become higher. Due to the proximity of some ideal loops to one-another, the thick wire bundles could not always be wound having their geometric center coincident with the ideal loop coordinates, causing some windings to be slightly deformed towards the center of their loop. This in turn reduces the effective magnetic moment of the associated channel, therefore the magnetic field generated, finally leading to the rise in currents and power dissipation.

Nevertheless, the power dissipation deviation as seen from the histograms in Fig. 12.a is not drastic.

| SCOTCH Design Validation and Spherical Harmonic Rating

One of the most important aspects of the design was its validation on both internal and external brain B0-map databases, required to guarantee robustness to new fieldmaps and inter-subject variability. However, resulting inhomogeneity after shimming simulations on the IH and OA databases, independently of the shim MCA employed (SCOTCH or matrix-like), was very different from one database to the other, despite baseline inhomogeneity being numerically close. Surprisingly, shimmed inhomogeneity was lower on the external OAD, maybe due to a downgraded image resolution. This suggested that the inhomogeneity metric might not be the ideal for any cross-validation study.

Looking at the SH equivalent performance indicated by the dotted lines in Fig. 10, a more stable behavior is observed.

The matrix MCAs, which should deliver the same performance independently of the database, provide practically the same performance with the SH equivalence, despite showing numerical differences in the final inhomogeneity. From this observation, the SHR was envisioned as a proposed new metric for assessing shim system performance and comparing MCAs (more results bolstering SHR robustness are shown in [START_REF] Pinho | The Spherical Harmonic Rating: A Metric for B0 Shim System Performance Assessment[END_REF] ). Despite a realistic SCOTCH performance lower on OAD than on IHD, SHR still exceeds 6.5, making SCOTCH3.48 equivalent to a system correcting up to partial 7 th order SH with no power limitation. The loss of performance on the OAD could be explained by a IHD-biased SF-SVD design. Alternatively, the re-positioning of the OAD fieldmaps to match the AVANTI2 coil dimensions was performed such that subjects were lifted in the PA direction only enough to respect the estimated position limits. This caused the fieldmaps to be located further away from the frontal channels, compared to imaging routine where cushions can be positioned under the subject head, lifting it even more. In this way, OAD performance could be further reduced.

This was nevertheless a conscious choice to avoid biasing the shifted database in our favour, but might have biased it to provide lower performance.

The issue of the variability of inhomogeneity values observed across different research sites has been mentioned in some works 15;17 . This variability might be caused by different factors ranging from fieldmap acquisition and postprocessing to brain mask topology differences.

Translating inhomogeneity values into the SH equivalents can provide a sense of engineering effort required to achieve a certain homogeneity level. Considering our IHD, the difference in average inhomogeneity when shimmed by unconstrained 6 th and 7 th order SH systems is 2.4 Hz. While it could be considered a low improvement, a total of 15 SH-based coils would need to be added to a 6 th order SH system in order to attain this seemingly low improvement.

The small numeric improvement in inhomogeneity as SH orders are increased is likely due to remaining higher-degree localized magnetic field patterns; this incremental improvement ends up being diluted by the global inhomogeneity metric, but is nonetheless required to recover good image quality in δB 0 critical regions.

| SCOTCH vs Matrix-MCAs for Whole-Brain Shimming

The shimming simulations and comparison of ideal SCOTCH to ideal m-MCAs showed that the SCOTCH optimized channels' positions and geometry provided improved homogeneity with less channels. From simulations on our IHD, the SCOTCH-1.24 shows vastly superior performance to that of a 24-channel m-MCA. With the former presenting SHR superior to 5 and the latter inferior to 4. With the 2.36 configuration, SHR is superior to 6, whilst the SHR for the 48-channel m-MCA is inferior to 6, despite presenting higher channel count. As the number of SCOTCH channels are increased to 48, further improvement in performance is observed, and a 7 th order SH equivalent is reached. This is similar performance to that achieved by a 96-channel m-MCA, but with half the amount of channels, which vastly decrease electronics hardware cost and complication.

| What About Dynamic Shimming ?

The proposed method is aimed at whole brain shimming, and performances of the shimming system under this condition was thoroughly explored. Other shimming techniques such as dynamic slice-by-slice or region-specific shimming were not assessed in this work, but have been explored in one of our previous studies [START_REF] Pinho | Human brain shimming performance comparison between matrix-like and stream-function SVD-based multi-coil arrays[END_REF] , where it was shown that SF-SVD based MCAs could still provide high dynamic shimming performance, although not quite as high as m-MCAs.

Although dynamic shimming has been shown to provide high inhomogeneity reduction and to significantly alleviate artifacts in EPI [START_REF] Juchem | Dynamic multi-coil technique (DYNAMITE) shimming for echo-planar imaging of the human brain at 7 Tesla[END_REF] , as submillimeter resolution is targeted, SNR will drop when acquiring a single slice, and either 3D or Multi-Band EPI will be required to compensate this signal loss. If 3D acquisition is employed, whole brain shimming is required a priori. In the case of Multi-Band (MB), it has recently been demonstrated that 2-slice MB with an SH-based shim insert of up to full 4 th order and 2 extra 5 th order coils is actually capable of providing the same performance as slice-by-slice shimming 2 . Moreover in [START_REF] Stockmann | In vivo B 0 field shimming methods for MRI at 7 T[END_REF] , it was shown in simulations that dynamic shimming with M B = 3 still presented better performance than global shimming for m-MCAs. Nevertheless, as the MB factor increases to provide higher acceleration beneficial to fMRI at UHF, dynamic MB shimming and global shimming performances will likely converge. Therefore, global shimming would be preferred, as the burden of rapid current switching can be avoided.

| In-Vivo Measurements

A good match between measured and simulated fieldmaps was observed after motion correction, with an average difference of only 1.6 Hz between expected and measured inhomogeneity (with measured inhomogeneity higher than simulated). SCOTCH provided a mean 38% shimming performance improvement compared to the scanner shim, comparable to what would be achieved by a partial 7 th order unconstrained SH system, as indicated by an average SHR of 6.34, which is close to the 6.5 score found for the 0A database.

Our inhomogeneity match was slightly better than what was observed in [START_REF] Juchem | Dynamic multi-coil shimming of the human brain at 7T[END_REF] (average 2 Hz difference in global inhomogeneity across 6 subjects in dynamic shimming) and significantly better than in [START_REF] Aghaeifar | A 32-channel multi-coil setup optimized for human brain shimming at 9.4T[END_REF] , where the difference was 4.8 Hz (when re-scaled to 7 T) averaged across 5 subjects. We believe our improved accuracy to be the result of a careful reproducible positioning of the SCOTCH system with respect to the scanner SH coils, which were also characterized for joint shimming. Indeed this resulted in an improvement compared to our previous results in a preliminary SCOTCH setup [START_REF] Pinho Meneses | Shim Coils Tailored for Correction of B0 Inhomogeneity in the Human Brain (SCOTCH) at Ultra High Field[END_REF] .

In-vivo EPI acquisitions with SCOTCH showed significant image quality enhancement in the PFC relative to baseline, with some improvements also observed near ear canals in the TLs. Geometric distortion correction and strong signal recovery were observed, with the resulting shimmed EPI brain contour closely resembling the actual brain outline, particularly for slices closer to the dorsal part of the brain. Several artifacts were completely or partially mitigated, with an impressive amelioration in the PFC, where signal was improved and contrast enhanced. Signal recovery comes from reduced intra-voxel dephasing due to compensation of the magnetic susceptibility gradients close to air cavities in the head. Although this explanation generally holds for long-TE GRE-based sequences, here SCOTCH's B0 homogeneity improvement could also lead to better-performing k T -points, resulting in unexpected further artifact reduction. However this hypothesis is hard to confirm based on our data. A dedicated study would be required.

Nevertheless, despite the relatively high shimming performance, additional improvement would still be beneficial in the lower parts of the PFC and TLs. Overall, application of SCOTCH shimming brought impressive signal recovery, with contrast between gray and white matter enhanced in the frontal and TLs, regions notoriously hard to shim.

| Perspectives at 11.7T

Although experiments were performed with 3 A max current, the employed current driver is theoretically capable of driving up to 8 A as stated in the operational amplifier datasheet [START_REF] Ti | High-Voltage, High-Current Op Amp, Excellent Output Swing[END_REF] , as long as temperature rise in the OPA is limited to 125 °C. Nonetheless, as configured, static gain limits maximum current to 4 A. At 11.7 T, to where our group at NeuroSpin is heading, the current performance of the SCOTCH-3.48 system could be maintained if electric current is allowed to increase to 5 A, which requires small changes in the control feedback loops.

With 5 A circulating in several SCOTCH channels, power dissipation and temperature rise might become too high.

Nevertheless, an improved inverse problem formulation was verified to provide significantly lower power dissipation at the same current constraint while marginally reducing the SHR. This method, however, requires an initial step of estimating the maximum SHR achievable under the current constraint, to subsequently compute the new currents, increasing the required time in the shimming pipeline.

Estimation of the voxel distortion map shows promising artifact mitigation at 11.7 T with 48-channel SCOTCH at 5 A 50 , but strong geometric distortion clusters will still remain. For these SCOTCH simulations, further increasing the max current to 8 A provides small improvement in homogeneity and SHR, whilst average power dissipation would rise to 161.8 W. Therefore, further improving global homogeneity might not be possible without a high performance cooling system for the shimming insert. Alternatively, if only a specific region within the brain is being targeted, optimized MCA designs to address such regions could be obtained using the presented SCOTCH methodology. As has been shown in [START_REF] Pinho | Physical limits to human brain b0 shimming, engineering implications thereof[END_REF] , focused shimming could improve local homogeneity under the same power dissipation level. In particular, this could be very useful for enhanced shimming in TLs around ear canals.

| Conclusion

To address susceptibility-induced artifacts such as signal dropout close to air cavities in the human head at high and ultra-high field, we have developed a novel method, so-called SCOTCH, to design an optimized Multi-Coil Array for whole brain shimming, which specifies the placement, size, and shape of coil windings in a few layers around the subject's head. Arranged in a 3-layer cylindrical support of about 30-cm diameter, our low-cost 48-channel prototype with 3-A maximum current per channel was shown to be equivalent to a partial 7 th -order SH system without power limit, outperforming all known existing MCA protypes. Echo Planar images after SCOTCH shimming showed reduced distortions and large signal recoveries, especially in the prefrontal lobe above the nasal sinus. The SCOTCH design method can be further used to build shim MCAs dedicated to specific cerebral regions or to other human organs.
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 1 Current wire patterns from brain-based SF-SVD mode: (a) Subject-optimized Stream function on a cylindrical surface used as coil former with current paths overlaid; (b) the same laid-out on a plane for easier visualization of the stream function's extrema and wire paths cluster formation around them; (c) the selection of 12 loops from the symmetrized SF-SVD mode according to the proposed criteria; (d) coils' geometry and position around the human head; an accumulation of coils is observed close to the frontal and temporal lobes.

F

  I G U R E 2 3D model depicting the supports of the SCOTCH + RF shim system from 3 different viewing angles. (a) Perpective view. The white casing houses the 8-Tx-32-Rx RF coil whereas the red cylinders (FR-5 fiberglass) separate the shim windings. (b) Front view showing three coil layers. (c) Exploded view. Note small hole pairs allow insertion of cable ties to maintain the wire bundles where appropriate. Larger holes allow for air convection and cooling.

Fig. 4 .

 4 a-b). Coils were wound to 20 turns, attached to the cylindrical supports via cable-ties and finally coated with a high temperature epoxy resin (Duralco 4461) for rigidity and sturdiness with respect to the strong Laplace forces (cf. Fig.4.c). In the end, the 3-layer 48-channel SCOTCH prototype is depicted in Fig.5.
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  I G U R E 3 Ideal loop geometries selected for constituting the optimized MCA. The first (a), second (b) and third (c) layers of 24, 12 and 12 channels, respectively, are depicted. I G U R E 4 CAD model of a particular winding mold (a), 3D printed winding molds (b) and the resulting windings (c) after epoxy coating. I G U R E 5 SCOTCH prototype. (a) and (b): first and second coil layers; (c) complete SCOTCH3.48 setup with the AVANTI2 RF coil inside. F I G U R E 6 Control interface for SCOTCH to simplify shimming workflow. least-squares fit to obtain the field per unit current produced by the channel.

  front of the brain to front of the head, and back of the brain to back of the head -accounting for thickness of CSF, bone, fat and skin surrounding the brain -resulting in the interval [-a RF + d back , a RFd front ]. While OAD brain (a) (b) F I G U R E 7 Histogram of OAD brain voxels position relatively to the AVANTI2 RF coil (a) before and (b) after adjustment.

  24 provides inhomogeneity almost equivalent to that of an unconstrained 5 th order SH system, while the m-MCA with the same number of channels provides slightly inferior performance to what would be achieved by a 4 th order SH shim system. Increasing the number of m-MCA channels to 48 provides 46.4 Hz (SD: 7.7 Hz) inhomogeneity, closer to the inhomogeneity achievable by a 6 th order SH based shimming, but still worse than the realistic SCOTCH-2.36, despite possessing 12 extra channels.

F I G U R E 1 0

 1 SCOTCH shimming simulations performed on the (a) in-house (IHD) and (b) open-access (OAD) databases. Measured and simulated field bases are used. M-MCAs are also simulated on both databases for comparison with the SCOTCH optimized MCA designs. Electric current is constrained to 3 A in all MCA shimming simulations. Average inhomogeneity values obtained by unconstrained SH shimming simulations are indicated by dotted lines with the SH order indicated on the right of the plots. Shimming simulations on the OAD serve the purpose of external validation. F I G U R E 1 1 Power dissipation for different shimming system configurations as estimated from simulations on the IH and OA databases at 3 A maximum current per channel. Simulated and measured field bases are also considered for comparison.

2

 2 Power dissipation histograms for SCOTCH3.48 shimming simulations on IHD at 7 T with 3 A max per channel. (a) Simulated and measured fields are used for shimming simulation. The histograms provide detailed information on the increased power dissipation already observed in Fig.11 as we move to the realistic SCOTCH. (b)

F I G U R E 1 4

 4 Expected and acquired B0 homogeneity performance at 7T before and after SCOTCH shimming in each of the seven subjects, before and after motion correction. (a): raw inhomogeneity results (standard deviation in whole brain), (b): relative homogeneity improvement, (c): equivalent Spherical Harmonic Rating. The same color codes apply in all plots. Note subjects 1 and 2 were acquired in SCOTCH2.36 (subjects 3-7 in SCOTCH 3.48).

  

  

  

  by the 96-channel m-MCA, power dissipation values are 38.2 W (SD: 4.3 W) and 35.7 W (SD: 4.4 W) for the IH and OA databases, respectively. For SCOTCH-3.48, power dissipations estimated from simulations with measured fields and resistances were 22.6 W (SD: 3.7 W) and 22.6 W (SD: 3.3 W) on the IH and OA databases, respectively. These are slightly superior to the 19.4 W (SD: 2.9 W) and 20.0 W (SD: 2.6 W) obtained from ideal SCOTCH simulations. Power dissipation is multiplied at least by six between the 1.24 configuration and the 3.48 configuration, with the former

presenting 3.2 W (SD: 1.6 W) and 2.6 W (SD: 1.2 W) power dissipation, for IH and OA databases, respectively, with ideal SCOTCH simulations.
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