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Magnetic field stability plays a fundamental role in Nuclear Magnetic Resonance (NMR) and Magnetic Resonance Imaging (MRI) experiments, guaranteeing accuracy and reproducibility of results. While high levels of stabilization can be achieved for standard NMR techniques, this task becomes particularly challenging for Fast Field Cycling (FFC) NMR and MRI, where the main magnetic field is switched to higher or lower levels during the pulse sequence, and field stabilization must be guaranteed within a very short time after switching. Recent works have addressed the problem with rigorous tools from control system theory, proposing a model based approach for the synthesis of magnetic field controllers for FFC-NMR. While an experimental proof of concept has underlined the correctness of the approach for a complete FFC-NMR setup, the application of the novel, model based Field-Frequency Lock (FFL) system to a FFC-MRI scanner requires proper handling of field encoding gradients. Furthermore, the proof of concept work has also stressed how further advances in the hardware and firmware could improve the overall performances of the magnetic field control loop. The main aim of this perspective paper is then discussing the key challenges that arise in the development of the FFL system suitable for a complete MRI scanner, as well as defining possible research directions by means of preliminary, simulated experiments, with the final goal of favoring the development of a novel, model based FFL system for FFC-MRI.
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1 INTRODUCTION
Fast Field Cycling (FFC) Nuclear Magnetic resonance (NMR) and Magnetic Resonance Imaging (MRI) are two high-end techniques that exploit the dependence of the spin-lattice relaxation rate [image: image] on the [image: image] magnetic field experienced by the sample, to highlight information about molecular dynamics otherwise invisible to standard NMR or MRI. This eventually allows a more complete characterization of the sample and a better classification of healthy and diseased tissues.FFC experiments are characterized by a fast switching of the [image: image] field, whose magnitude cycles over three levels [1, 2]:
• a high polarization field [image: image], to pre-polarize the sample;
• a low relaxation magnetic field [image: image], whose intensity is changed at every repetition to observe relaxation at different field strengths;
• an acquisition field [image: image], to guarantee a sufficient Signal-to-noize Ratio (SNR) for signal acquisition;
As magnetic resonance techniques, FFC-NMR and MRI require a very precise and stable acquisition field. Due to the tight bound between magnetic field strength and resonance frequency, each magnetic field disturbance results in a perturbation of the resonance frequency and, ultimately, in noise affecting the experimental data. In addition, the FFC experimental design requires the desired level of field accuracy to be guaranteed as soon as possible, after the relaxation/acquisition magnetic field switch. As a matter of fact, the later the actual signal acquisition starts after the magnetic field reaches the acquisition value, the less information about the dependence of the spin-lattice relaxation rate on the magnetic field magnitude is encoded in the acquired signal [1, 2].
1.1 The Challenge of Field Stabilization in Fast Field Cycling Magnetic Resonance
In standard FFC setups, a magnetic field control loop, based on direct magnetic field measurements, takes care of the tracking of the field reference profile, but may not provide the desired field regulation and disturbance rejection performances during the acquisition phase [3, 4]. The main issue of this approach resides in the lack of a proper magnetic field sensor, which should be able to provide high resolution and quick response over a wide range of measured values, while being sufficiently compact and suitable to be placed very close to (virtually inside) the measured NMR sample [5, 6]. Furthermore, the need for field cycling capabilities does not allow for the application of the typical approaches adopted to generate stable magnetic fields, such as the use of permanent or superconducting magnets [7, 8]. The NMR Field-Frequency Lock (FFL) is another common approach to reduce magnetic field oscillations in NMR experiments [5, 6, 9, 10, 11, 12, 13, 14]. FFL systems exploit the dependence of the NMR signal on the magnetic field, and obtain an indirect but very precise measurement of magnetic field fluctuations from a parallel NMR experiment, called the lock experiment. To avoid cross-talk between main and lock experiments, the two are performed targeting different nuclear species. Very often, it is possible to construct samples containing the nuclei of interest for both the main and the lock experiments, obtaining measurements of the magnetic field at the exact position of the sample [9, 15, 16, 17]. The standard implementation of the FFL is the phase Locked Loop (PLL) [8, 10, 18]: the lock signal is first processed to extract its main frequency, which is compared with the reference one to generate an error signal. The error eventually feeds into a regulator that computes the necessary magnetic field adjustment to steer the field error, and thus the frequency error, to zero. However, the PLL control scheme is only effective for the compensation of slow magnetic field drifts, such as thermal drift effects, and does not allow for the rapid field stabilization [5] required in the FFC context. A reliable estimation of the frequency of the lock signal requires in fact a sufficient number of samples, as well as a sufficient Signal to Noise (SNR) ratio. Consequently, the control action can be computed and applied to the system only at a relatively low frequency, resulting in long closed-loop settling times and poor high frequency disturbance rejection capabilities [19, 20].
1.2 State-of-the-Art Solutions for Field Stabilization in Fast Field Cycling Magnetic Resonance
To overcome the above limitation, the FFL approach can be adapted as discussed in some recent works. References [5, 6] demonstrate that a series of low power, high repetition rate Radio Frequency (RF) pulses, which bring the sample in a Steady State Free Precession (SSFP) regime ([15, 21, 22, 23, 24]), generate a continuous NMR signal measuring the field deviation from the resonant one. In the reminder of this work, the SSFP NMR signal will be denoted as [image: image]; the magnetic field deviation from the value resulting in perfect resonance will be denoted as [image: image]. The [image: image] signal can be effectively adopted as feedback signal in a continuous-time control loop [5, 6, 11]. Furthermore, [5, 6], characterize the lock experiment as a sensor, both in term of static and dynamic response, by means of simulations and real experiments. The analysis underlines that the static response of the sensor is linear and bijective in a symmetric interval centered in [image: image], with [image: image] corresponding to [image: image] at steady state. Moreover, the analysis underlines that the sensor dynamic response can be approximated in this region as that of a linear dynamic system. In addition, both works stress the impact of field homogeneity on both static and dynamic responses, and provide further insight on how the sample spin-lattice and spin-spin time constants, [image: image] and [image: image], could affect the sensor dynamics. Finally, [6, 25], propose a methodology for the synthesis of a linear regulator, based on the linear model of the NMR lock experiment, providing robust field regulation to the desired value within a specified time deadline, as well as field disturbance rejection capabilities. Reference [25] also demonstrates the effectiveness of the approach by means of experiments performed on a complete FFC-NMR setup, based on Stelar [26] (magnets, probes, firmware and software) and IECO [27] equipment (power supplies) [27]. The FFL setup tested in [25] provides regulation of magnetic field to the setpoint in about [image: image], while the effects of sinusoidal disturbances at [image: image], [image: image] and [image: image] can be reduced by [image: image], [image: image], and [image: image], respectively. The effect of the FFL system on the main FFC-NMR experiment (S1P sequences, generating a standard decay) is quantified as the power of the imaginary NMR signal component, which should be null when the experiment runs in perfect resonance. The best FFL setup tested in [25] allows reduction of the imaginary signal power to [image: image] and [image: image] of the original, open-loop values in presence of [image: image] and [image: image] current sinusoidal disturbances, respectively.
While delivering promising results, a more specific analysis of the experiments presented in [25] can highlight a series of issues that may act as limiting factors for the FFC-FFL performances. Therefore, this perspective paper aims at discussing such issues and proposing possible research directions, based on preliminary simulated experiments. Moreover, the final goal of this research is the integration of a FFL into a novel FFC-MRI scanner, as the one described in [28]. Field stabilization of standard MRI scanners represents a great challenge itself, due to the spatial distribution of the magnetic field and the presence of field-encoding gradients. Only few works address this problem, adopting both feedforward [29, 30, 31, 32] or feedback control methods [13, 33, 34, 35]. However, none of them is currently examining solutions for FFC-MRI scanners. Therefore, this work also aims at discussing possible approaches to adapt the state-of-the-art field stabilization strategies for FFC to handle the presence of field-encoding gradients characterizing FFC-MRI scanners, thus moving a step forward toward the design of a suitable FFL system for FFC-MRI.
2 DISCUSSION
The Discussion section of this work addresses the key issues in the implementation of a FFL system for FFC-NMR and MRI, as well as possible ways to face them. In particular, Figure 1A depicts the overall FFL scheme for FFC-MRI proposed in this work. The main enhancements to its components are analyzed in the reminder of this Section, by means of simulated experiments. The simulation environment models all the main components of the NMR lock experiment, consisting of magnet and power supply, NMR physics, transmission and acquisition chains, linear regulator. The simulation environment is discussed in detail in [6, 25].
[image: Figure 1]FIGURE 1 | Enhanced FFL control scheme for MRI and preliminary closed-loop simulations. Simulations are performed with a virtual version of the Copper Sulfate sample from [25]. (A) The control loop, including power supply, magnet, lock sample, three state transceiver, quadrature detector with hold procedure and a linear regulator. The cascade sample-transceiver-detector plays the role of lock magnetic field sensor (green, dashed box). The main signals in the loop are the voltage control action [image: image], the current correction [image: image], the magnetic field correction [image: image], the magnetic field disturbance [image: image], the overall magnetic field deviation [image: image], the gradient magnetic field contribution [image: image], the measured lock signal [image: image], the error signal [image: image]. Additionally, two different field encoding gradient compensation strategies can be implemented, according to the gradient intensity in the lock sample volume. When the gradient intensity is small, a Feedforward Gradient Compensation strategy (red, dotted-dashed box) exploits a dynamical model of the lock sensor to compute and adapt in real time the closed-loop reference [image: image] and require regulation to the correct field intensity. With high intensity gradients, a Gradient-Aware Frequency Dwitch policy (purple, dotted box) adapts the receiver working frequency to account for the presence of the gradient, thus obtaining a lock signal measuring the field deviation from the new resonance condition. (B) Closed-loop simulation with sinusoidal field disturbance: a standard receiver gate procedure during the receiver blank time [image: image] (repetition time [image: image]) results in chattering of the control action and, in turn, in chattering of the magnetic field. (C) Closed-loop simulation with sinusoidal field disturbance: the proposed receiver hold procedure during the receiver blank time [image: image] (repetition time [image: image]) avoids chattering and helps improving the FFL regulation performances. (D) Closed-loop simulation with sinusoidal field disturbance and high intensity field gradient active from [image: image] to [image: image]: the GAFS procedure restores the correct FFL operation after a short transient phase characterized by underdamped oscillations. (E) Closed-loop simulation with sinusoidal field disturbance and low intensity field gradient active from [image: image] to [image: image]: the FGC procedure quickly restores the correct FFL operation with almost no oscillations after gradient switch on and off.
2.1 Field Frequency Lock Hardware and Firmware Improvements
The proposed FFL can benefit from the hardware and firmware enhancements described in the reminder of this Section, in case of application to both FFC-NMR and MRI setups.
2.1.1 Receiver Hold Procedure
As previously introduced, the main step allowing to overcome the use of PLLs and improve the FFL performance is the generation of a continuous NMR signal, acting as magnetic field disturbance measure. To this end, the lock sample must be stimulated with low power RF pulses, with a repetition time T such that [image: image]. In this way, a SSFP is enforced [15, 21, 22, 23, 24], and the resulting NMR signal provides high sensitivity to magnetic field disturbances [5, 6]. However, it must be noted that the signal is not actually acquired during the RF pulse (with a receiver gate procedure, the signal is typically set to zero), as well as immediately before and after it, to avoid measuring noise related to transmitter operations (polarization, transmission and discharge) [9, 15, 16, 17]. This interval of time will be denoted as receiver blank time, [image: image]. The temporary lack of significant lock signal represents a (typically high frequency) measurement disturbance acting on the FFL closed-loop. While linear regulators can be tuned to provide rejection of high frequency measurement noise [19, 20], as well as some degree of robustness, the temporary lack of feedback signal inevitably results in chattering of the control action and in degraded regulation performance. Simulations (as an example, see Figures 1B,C) suggest that, when the receiver is not operating, holding the last meaningful lock signal sample during [image: image] represents a simple but effective improvement with respect to setting the missing samples to zero. This modification can be implemented in the firmware or hardware receiver chain in a straightforward way.
2.1.2 Three-State Transceiver Design
Even when applying low power pulses, due to field inhomogeneity, the sample [image: image] limit may require the RF pulse repetition time T to be so short that [image: image] may constitute a significant portion of T. In this scenario, the hold procedure described above may not be sufficient to guarantee correct and effective operation of the lock control loop. The analysis performed in [5, 6] suggests that a longer T may results in poor sensitivity of the lock signal to field disturbances. On the other hand, improving the field homogeneity, e.g, by means of a local shimming setup, has the effect of increasing the lock signal sensitivity, but, at the same time, shrinking the field disturbance region where the lock signal response is approximately linear. The proposed linear regulator can guarantee robust field regulation and disturbance rejection, provided that the magnetic field deviation from the resonance condition does not exceed the linear region characterizing the lock experiment [6, 25]. Therefore, local shimming may not be a viable solution.The design of a high-power RF transmitter would allow reducing the time needed to deliver the required energy, but may require a much longer time for discharge, thus delaying the start of signal acquisition. To overcome this trade-off, a novel transceiver design is proposed in this work, with the goal of combining high power transmission capabilities, fast damping of the associated spurious, discharge signal, and high SNR during signal acquisition. In addition, the new transceiver should be compact and shielded against external RF pulses, since it must be included in an existing NMR/MRI instrument. The proposed design is based on the online adaptation of the probe Q factor, according to three operating states on the transceiver:
1.transmit: a high Q factor is engaged to handle high transmission power [image: image];
2.Q-damping: a low Q factor is engaged to quickly discharge the coil;
3.receive: a high Q factor is engaged again to provide high SNR.
As depicted in Figure 2A, online adaptation of the probe Q factor is obtained by connecting the probe to a damping resistor during the Q-damping state. The three-state transceiver operation state is determined by a three-way switch that connects the probe to the transmitter, the damping resistor and the receiver, respectively. An example of logic circuit to control the state of the transceiver is depicted in Figure 2B. Note that, while in the example the logic circuit is designed to be driven by three lines, it can be straightforwardly adapted to a two lines framework. Finally, to protect the receiver during the high power transmission, the circuit includes protection diodes and preamp disabling during transmit and Q damping states. The proposed three-state transceiver design allows for impedance matching and adjustable gain, and provides filtering of out-band noise and overall low noise amplification, as underlined by preliminary simulations performed with models of commercially available discrete components. In particular, the plots reported in Figures 2C–E, which depict the current through the RF coil for a [image: image], AC input, the voltage gain of the LC network during receive oration and return loss (S11 in dB), in case of impedance matching with [image: image], respectively.
[image: Figure 2]FIGURE 2 | Three state transceiver. (A) Conceptual block scheme including transmitter, receiver, Q damping resistor, three way switch, tuning and matching capacitors and RF coil. (B) Example of logic circuit (three command lines) driving the three state transceiver over transmit, Q-damping and receive states at each RF pulse repetition time T. The receiver blank time [image: image] spans over transmit and Q-damping states. (C) Current through the RF coil [image: image] for a [image: image], AC input, as function of the working frequency [image: image]. (D) Voltage gain of the LC network during receive operation [image: image], as function of the working frequency [image: image]. (E) Return loss [image: image], in case of impedance matching with [image: image], as function of the working frequency [image: image].
2.2 Handling of MRI Field Encoding Gradients
Despite the enhancements discussed in the previous section, the application of the FFL system to a FFC-MRI scanner unavoidably requires explicit handling of field gradients. From the FFL perspective, each magnetic field moving the resonance condition from the original, resonance one represents a disturbance to be rejected. In case of field gradients, the lock sensor would detect a field disturbance and try to restore the resonance condition corresponding to no gradient active, possibly spoiling the results of the encoding procedure. In a worst case scenario, this may spoil the results of the whole experiment. Preliminary simulations suggest two possible ways to mitigate this problem, and retain some of the benefits of the FFL system during the application of field gradients: the Gradient-Aware Frequency Switch (GAFS) and the Feedforward Gradient Compensation (FGC) procedures. Both techniques are based on the hypothesis that the field deviation introduced with gradients is known (with sufficient precision) at the lock sensor site. Since gradient generation is controlled by the MRI equipment, this hypothesis is typically reasonable.
2.2.1 Gradient-Aware Frequency Switch Procedure
The GAFS procedure, depicted in Figure 1A, consists in the online switch of the lock sensor receiver frequency, [image: image], from its original value [image: image], to the gradient dependent value [image: image], with γ the gyromagnetic ratio of the lock target nucleus, [image: image] the magnetic field value corresponding to perfect resonance without gradients, and [image: image] the magnetic field value corresponding to perfect resonance with the current gradient configuration. This approach requires a preliminary, offline phase to determine the value of [image: image] for each possible gradient configuration and construct a look-up table for online consultation, at the benefit of negligible online computational effort. Simulations (see Figure 1D for an example) suggest that GAFS can effectively restore the FFL functioning after a short time transient, where the magnetic field may undergo some oscillations. The duration of the transient is related to the closed-loop settling time of the main FFL control loop. This behavior can also be interpreted as a step change in the closed-loop reference.
2.2.2 Feedforward Gradient Compensation Procedure
The FGC procedure, depicted in Figure 1A, aims at reducing the impact of such sudden reference change, by dynamically adapting the closed-loop reference according to a dynamic model of the lock sensor response. Note that, as a first approximation, this model can coincide with the linear model used for the model based tuning of the FFL regulator, and is therefore available at no additional effort. While preliminary simulations (see Figure 1E for an example) highlight the benefit of the approach, it must be remarked that, due to the use of a linear model for the dynamic lock sensor response, FGC can only be applied for gradients whose intensity, [image: image], allows the lock sensor to work in its linear operating region [25]. On the contrary, the GAFS procedure can be straightforwardly applied regardless of the gradient intensity, therefore the two solutions can be considered as complementary, rather than alternatives.
2.3 Concluding Remarks and Open Issues
Based on the results presented in the recent literature regarding FFL systems for FFC-NMR, this perspective article highlighted and discussed some key problems and possible ways to improve the FFC-FFL performances, and allow its implementation on a FFC-MRI scanner. Since preliminary simulations suggested that the proposed approaches can provide promising results, the future work will focus on their practical implementation and experimental evaluation. Moreover, while this work focused more on issues related to hardware and firmware enhancements, it is worth mentioning in this concluding section that room for further improvement can also be found in the engineering of a control sample whose characteristic time constants and dynamic behavior could allow for even faster regulation of the magnetic field [5, 25]. Finally, the tuning of the regulator could be optimized and automatized, by adapting optimization-based procedures suitable to handle systems characterized by very complex high frequency behavior [36].
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