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Abstract- High static magnetic field magnetic resonance imaging (MRI) is commonly used for preclinical studies in rodents. In this context, minimization of coil losses is mandatory to scan samples that are small compared to the radiofrequency wavelength in the medium. In this study we construct a radiofrequency (RF) birdcage probe with distributed capacitors, operating in quadrature, tailored for 7.0T 1H MRI of small animals. The design eliminates the need for extra electrical components on the probe structure and affords a high SNR, a uniform B1+  field (homogeneity of 93% in the axial plain of the phantom) and a coil sensitivity of 9.8 
. Feasibility experiments of mouse imaging are conducted and the competitive capability of a 7.0 T human system equipped with the proposed coil is demonstrated in both body and brain preclinical imaging.[image: image1.wmf]μT/W
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I.  Introduction
In high-resolution preclinical studies the use of Magnetic Resonance Imaging (MRI) at high static field (>3T) provides substantial advantages in terms of spatial resolution and Signal to Noise Ratio (SNR). A dedicated small animal scanner can allow MRI with impressively high spatial resolution (beyond 100 μm) in combination with excellent soft tissue contrast, but major drawbacks of this dedicated equipment are its high costs and its limited availability. An increasing number of research groups use human scanners to perform small animal MRI featuring well-established human protocols [1]. In this context, we investigated the potential of a human 7T scanner equipped with a tailored coil to perform small animal MRI.
When dealing with samples that are small with respect to the radiofrequency (RF) wavelength, the main problem in coil construction is usually the reduction of coil losses [2, 3]. That is because while in large coils the sample losses are dominant, in small coils the main source of losses (and therefore noise) is the coil itself [4]. Another issue associated with small animal RF coils is magnetic field inhomogeneity due to susceptibility artifacts introduced by the coil, which must be minimized via optimized coil design, since shimming coils are usually not very effective for small dimensions. For example, the presence of a large number of capacitors is a source of susceptibility artifacts [2]. The presence of soldered capacitors for tuning the coil to the operating frequency also decreases the coil quality factor Q, and hence the SNR, especially when a high number of legs (and thus of capacitors) is required for improving homogeneity [5]. Different designs that rely on distributed capacitance (i.e. the capacitors are built into the structure of the probe) instead of lumped components have been proposed in the literature. An example is the millipede coil, first proposed in [6], that uses the interdigital capacitance in a birdcage with a high number of legs. A different design achieves the tuning by printing the capacitors directly on the coil substrate [7]. An adaptation of this concept to high-field MRI has been proposed in [8], where a dual-tuned high-pass birdcage probe was constructed to fit a mouse head, tailored for 19F (fluorine) and 1H MRI. Here, we propose a7.0 T1H quadrature birdcage to further improve the coil SNR with respect to linear-feeding performance. The size of the coil prototype described here is suitable for mouse body imaging.

II.  Methods
Coil design- In this study we built a transmit-receive (Tx/Rx) low-pass 32-leg birdcage coil for small animals operating in quadrature with dimensions suitable for either adult mice or young rats: the accessible diameter D is 48 mm and the length L of the legs is 70.7 mm. The coil prototype and holder are shown in Fig. 1.
The circuit, including the distributed capacitors, is etched on a Taconic CER10CH/CH1 (εr=10, tangent loss=0.015, thickness d=0.638 mm) Printed Circuit Board (PCB), 35-μm copper coated on both sides: on one side of the PCB 32 copper legs of width wleg = 2.44 mm are etched so to overlap with the two end rings of width wer that are etched on the reverse side of the PCB, as shown in Fig. 2. A parallel plate capacitance of controlled value[image: image4.png]
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 is in this way generated between the legs and the end ring; the amount of overlapping, and therefore the capacitance value, depends on the end ring width wer according to the parallel-plate capacitance formula C=ε0εrwerwleg/d. 
The coil has a copper shield, with diameter of 72 mm chosen accordingly to [4], segmented to prevent the circulation of gradient field eddy currents. 

The capacitance value C corresponding to the tuning (of the fundamental mode) at 298 MHz is initially calculated according to the theory of the birdcage resonator [9, 10]. Specifically, given the geometry of the coil, by using the equations reported in [10] it is possible to estimate the inductances of the birdcage and consequently the mode structure for a given capacitance value. Then, the theory given in [9, 10] is implemented in a MATLAB script and the value of C corresponding to the tuning at 298 MHz is obtained. An equivalent method that leads to a similar estimation for C is to use the free tool Birdcage Builder [11]. Once this initial theoretical estimation of C is available, full-wave EM simulations can be performed iteratively in order to refine the analytical calculation. As shown in the result section, this procedure leads to an end-ring width wer equal to 4.30 mm[image: image6.png]
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. Another possibility to estimate the initial value of C is to use the theory given in [12], which is suited for birdcages constituted by a large number of closely spaced conducting elements. 
Quadrature driving is implemented by using two inductive matching loops placed 90° apart (in red in Fig. 2c). In this way it is possible to balance the coil with respect to the electric fields and guarantee an almost independent tuning and matching adjustments [3]. The inductive matching loops are fed by two coaxial cables connected to two Tx/Rx switches and then to the in-phase and quadrature (I/Q) channels of the MR scanner. The inductive matching is performed on the coil loaded with a 50-ml conical centrifuge tube (diameter=30 mm) filled with 0.01 M saline (NaCl) solution. The inductive loops are directly etched on the same PCB as shown in Fig. 2c. The inductance of the matching loop is measured with a Vector Network Analyzer- VNA (Agilent E5071C) equipped with a pick up loop when a test capacitance is connected to the matching loop. Then, the capacitance Cm to be inserted in series to the matching loop in order to guarantee matching condition is determined according to the procedure described in [3]. Fine-tuning is performed by positioning two trimmers (Voltronics A1 series) diametrically opposite to the feeding loops and connected to the pads showed in Fig. 2c.
EM simulations - The full-wave EM simulations are based on the Finite Element Method for solving the Maxwell Equations implemented in the Ansoft HFSS (ANSYS Inc., Canonsburg, PA, USA) software package. The inductive matching loops are also included in the simulations. An automatic adaptive tetrahedral mesh is chosen to closely fit the geometry of the coil’s conductors. The 0.01 M saline solution load is modeled as a lossy homogeneous dielectric having relative dielectric constant εr =80 and conductivity σ =0.1 S/m, as derived from [13, 14]. 
Workbench and scanner testing- The birdcage is built and tested both on the workbench (measuring the S parameters) and on the scanner, both with phantoms and ex-vivo measurements. In more detail, before the insertion of the matching networks, the full spectrum of the birdcage in unloaded condition is measured by the VNA with a pick-up loop positioned in the peripheral region of the coil. Moreover, the unloaded and loaded Q factor is measured using a decoupled double probe. The loaded Q factors are determined by loading the birdcage with 50-ml conical centrifuge tubes (diameter=30 mm) filled with saline solutions of different concentrations (0.01 M and 0.1M). After the insertion of the matching network and the fine tuning, the coil is tested again directly connecting the two coaxial ports to the VNA and measuring the S-parameters.

|B1+| maps of the 0.01 M saline phantom are acquired by using the Bloch-Siegert Shift (BSS) method [15] on a GE MR950 7.0 T human system equipped with 50 mT/m gradients (GE HealthCare, Milwaukee, WI, USA). SNR is calculated using magnitude images of the same phantom (SPGR imaging sequence, FA=30°, FOV=6×6cm2,matrix=512×512, 3mm slice thickness, axial prescription, TE/TR=15/200ms, bandwidth=31.2 kHz), calculating the ratio between the average of two acquisitions in a ROI inside the phantom and the standard deviation of the difference between the two acquisitions in the same ROI. The coil is used for ex-vivo body and brain mouse imaging experiments.
III.  Results
The initial theoretical estimation for the capacitance value obtained using the birdcage theory [9, 10] or Birdcage Builder is C=1.0 pF, while a slightly lower value (C=0.85) is obtained if employing the procedure given in [12]. The initial estimation can be used as a starting point in full-wave EM simulations: after a few iterations, the value C=0.728 pF is found to be the capacitance needed to tune the coil. Considering the parallel plate capacitance formula, the required overlapping area corresponding to this value is A=10.49 mm2, and this leads to an end-ring width equal to wer=4.30 mm[image: image8.png]
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 (being the leg width wleg= 2.44 mm). Given coil the geometry, the self and effective leg inductances are 64.5 nH and 126.5 nH, respectively, while the self and effective end-ring inductances are 1.2 nH and 3 nH, respectively (calculated using the birdcage theory [9, 10] or Birdcage Builder).
The inductive matching loops have a measured inductance Lm=71 nH, and therefore the capacitance Cm=4 pF has to be inserted in series in order to obtain the match to 50 Ω. The spectrum of the birdcage obtained prior to the insertion of the matching and fine tuning can be seen in Fig. 3a. The measured resonance frequency of the fundamental mode in the unloaded condition is 305 MHz.
After the insertion of the matching network and the fine tuning, the coil is connected to the VNA and the resulting S matrix for the fundamental mode is measured using the 0.01M solution as load. The measurement shows reflection coefficients of -30 dB and -14 dB on the two channels and -25 dB of coupling between them (see Fig. 3b). The measured Q factors, obtained by S12 measurement with two decoupled pick-up loops (in weak-coupling with the coil) are: 142 for the unloaded probe, 90 for 0.01M saline solution, and 20 for 0.1M saline solution. We also verified that Q factor for a mouse is similar to 0.01M saline solution (relative difference <10%).
The S parameters are calculated also through EM simulations in the both unloaded and loaded condition, using the 0.01M solution as load. The simulation in the loaded condition shows reflection coefficients of -16 dB on both the channels. Fig. 4a shows the magnitude of the B1 field for the fundamental mode in the unloaded condition, for a unitary input power (1W) on each channel and quadrature driving. The coil structure and the typical homogeneous field distribution of the fundamental mode are clearly visible in Fig 4a. The simulation requires 2 hours on an Intel i7 920 with 12Gb of RAM memory (number of tetrahedrons approximately 400000).
The [image: image10.png]
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|B1+| 
maps are acquired on the scanner, loading the birdcage coil with 0.01M saline solution and using a total input power P of 0.28 W for the two channels: note that this value represents the total input power at the coil ports, since it has been obtained after removing all the cable losses in the RF chain. Fig. 4b shows the central axial plane, while Fig. 4c shows the central sagittal plane. For the axial plane, the maximum [image: image12.png]
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|B1+| 
is 5.2 μT while the minimum [image: image14.png]
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|B1+| 
is 4.6 μT. Thus, the 32-legs probe guarantees a homogeneity of 93% in the axial plane. The measured SNR is ≈ 350, while the maximum measured coil sensitivity
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. Full wave EM simulations are also used for calculating the [image: image18.png]


 QUOTE 
|B1+| 
map in 0.01M saline solution, allowing the evaluation of the maximum simulated coil sensitivity which is equal to 12.8 
[image: image19.wmf]μT/W
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The coil is tested on ex-vivo mice as well, as shown in Fig. 5, using a CUBE imaging sequence with TE/TR = 58/2000 ms, receiver bandwidth (BW)= 42 kHz, Echo Train Length = 32, voxel size: 0.3 mm isotropic for body imaging (scan time =10 min), voxel size: 0.3×0.15×0.15 mm3 for brain imaging (scan time =1 hour). 
IV.  Discussions and Conclusions
The advantages of using distributed capacitors can be summarized in the improved symmetry of the coil’s conductors, the easier manufacturing process and the reduced losses obtained by minimizing the soldering connections required for assembling lumped capacitors into the coil structure. An additional advantage of eliminating discrete capacitors is the cost saving, considering that non-magnetic high-Q capacitors are generally very expensive.
Regarding the initial estimation of the capacitance C, the birdcage theory [9-10] or Birdcage Builder can be used equivalently considering that this number is refined by full-wave EM simulations and that fine tuning is achieved with trimmer capacitors. Note that full-wave EM simulations are required for refinement since, as operational frequency increases, quasi-static approaches are no longer reliable for electromagnetic characterization and modal frequencies prediction [16]. Moreover, it can be observed that [12] provides a more accurate initial estimation of C since it resorts to the generalized theory of transmission lines constituted by an infinitely large number of closely spaced conducting elements, i.e. it is particularly reliable for coils having a high number of legs.
The values of coupling achieved between the two channels (-25 dB for 0.01 M saline solution) confirm the symmetry in coil construction. The value of Q unloaded and the Q ratio (Q loaded/Q unloaded) compared to those obtained with similar coils [8] confirm the performance of the coil in terms minimization of losses and efficiency. Specifically, we obtain a Q unloaded of 142. Since we use capacitors built into the structure of the probe, the Q unloaded (142) is comparable to that (130) reported in [8]; note that the Q unloaded of a similar birdcage with 16 legs and soldered capacitors reported in [5] is 70. The Q ratio is 0.65 for 0.01M saline solution; assuming the efficiency defined as: 
[image: image20.wmf]1-Q ratio

[4], we obtain an efficiency of 0.59 which is, again, comparable to that reported in [8], i.e. 0.53. The measured S11 and S22 parameters show an excellent agreement with the simulations with a relative error in the resonance frequency of the fundamental mode lower than 3%; conversely, some discrepancy is observed between the simulated S21 and measured S21, which is probably due to the perturbations introduced by the numerical model of feeding sources in HFSS [17]. The slight difference between measured and simulated coil sensitivity can be due to possible errors in the dielectric parameters used when simulating the 0.01 M saline solution and to a possible underestimation of the cable losses.
This coil design eliminates the need for extra electrical components on the probe structure and provides a [image: image22.png]
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field homogeneity of 93% in the axial plane and SNR of ≈ 350 (for the sequence applied and sequence parameters). Images in Fig 5 demonstrate the performance of the coil in terms of SNR at high spatial resolution and, therefore, the capability of a 7T human system of being used in preclinical imaging. The large FOV in axial and longitudinal direction make this coil suitable for both brain and body mouse imaging. The proposed design is potentially suitable for a large variety of preclinical applications or sample studies. The proposed birdcage, lacking solder and discrete capacitors, could be particularly suitable as RF Tx/Rx module in combined PET-MRI systems, where traditional RF coil components introduce significant attenuation and impair accurate quantification of PET tracers.
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Figure Captions

Fig. 1 Coil Prototype (left) and coil holder with RF shield (right).

Fig. 2 3D drawing (a) with enlargement (b) of the PCB showing the overlapping between the end ring and the legs; c) sketch of unrolled PCB used to realize the 32-leg low-pass birdcage with the 2 layers shown in red and blue (top side, red, includes end rings, matching loops, fine-tuning pads; bottom side, blue, includes legs, connections to fine-tuning pads).
Fig. 3 Birdcage spectrum measured with a pick-up loop positioned in the periphery prior to the insertion of the matching and fine tuning (a); S matrix for the fundamental mode after the insertion of the matching network and the fine tuning, using the 0.01M solution as load (b).
Fig. 4 Magnitude of the simulated B1 field, unloaded (a) for a unitary input power on each channel and quadrature driving; measured |B1+| maps, axial (b) and sagittal (c) plane, using a total input power of 0.28 W for the two channels and 0.01 M saline solution as load.
Fig. 5 Ex-vivo acquisition of a mouse (CUBE imaging sequence, TE/TR = 58/2000 ms, receiver BW = 42 kHz, Echo Train Length = 32, voxel size: 0.3 mm isotropic for body imaging, scan time =10 min; voxel size 0.3×0.15×0.15 mm3 for brain imaging, scan time =1 hour).
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