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Neurochemostat: A Neural Interface SoC With Integrated Chemometrics for Closed-Loop Regulation of Brain Dopamine Bardia Bozorgzadeh, Member, IEEE, Douglas R. Schuweiler, Martin J. Bobak, Paul A. Garris, and Pedram Mohseni, Senior Member, IEEE



Abstract—This paper presents a system-on-chip (SoC) fabricated in AMS 0.35 2P/4M CMOS for closed-loop regulation of brain dopamine. The SoC uniquely integrates neurochemical sensing, on-the-ﬂy chemometrics, and feedback-controlled electrical stimulation to realize a “neurochemostat” by maintaining brain levels of electrically evoked dopamine between two user-set thresholds. The SoC incorporates a 90 , custom-designed, digital signal processing (DSP) unit for real-time processing of neurochemical data obtained by 400 V/s fast-scan cyclic voltammetry (FSCV) with a carbon-ﬁber microelectrode (CFM). Speciﬁcally, the DSP unit executes a chemometrics algorithm based upon principal component regression (PCR) to resolve in real time electrically evoked brain dopamine levels from pH change and CFM background-current drift, two common interferents encountered using FSCV with a CFM in vivo. Further, the DSP unit directly links the chemically resolved dopamine levels to the activation of the electrical microstimulator in on-off-keying (OOK) fashion. Measured results from benchtop testing, ﬂow injection analysis (FIA), and biological experiments with an anesthetized rat are presented. Index Terms—Brain-machine-brain interface, chemometrics, closed-loop neuromodulation, digital signal processor, dopamine regulation, interferent differentiation, neurochemical sensing, principal component regression, system-on-chip.



I. INTRODUCTION



I



NTEGRATED CIRCUITs (ICs) for activity-dependent neuromodulation constitute the core of implantable brain-machine-brain interface (BMBI) technologies that combine neural
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recording, embedded signal processing, and microstimulation functions in a single device for closed-loop interfacing with the nervous system. These ICs extract and analyze information from the neural activity recorded in one brain region to control microstimulation of another brain region in real time, and offer the prospect of new therapeutic strategies for treating neuropathologies. Currently, these ICs focus on bioelectric signals only [1]–[11], with no such approach extended to the neurochemistry yet. Closed-loop control of electrical stimulation based on neurochemistry permits neuromodulation at the level of a single neuron-type and therefore affords the prospect of ﬁner control of brain function [12]–[14]. Although great strides have been made over the past several years in developing ICs that support neurochemistry [15]–[20], these ICs only permit monitoring of neurochemistry and have no capability to extend such measurements to the realm of high-ﬁdelity, dynamic neurochemical control. One recent example has facilitated such an extension for the ﬁrst time by combining electrical microstimulation and neurochemical monitoring in a single-chip IC for high-ﬁdelity dopamine temporal pattern generation in vivo [21], [22]. However, this IC still does not have any embedded computational capabilities for chemically resolving dopamine levels, measured by fast-scan cyclic voltammetry (FSCV) with a carbon-ﬁber microelectrode (CFM), and directly linking them to activation of the electrical stimulator. FSCV with a CFM is recognized as the preferred choice for real-time monitoring of endogenous neurotransmitters in behaving animals due to its exquisite temporal, spatial, and chemical resolution [23]. Indeed, this measurement modality provided the ﬁrst monitoring of a behaviorally associated change in neurotransmitter levels with subsecond temporal resolution at a brain-implanted, micron-sized probe in an awake animal [24]. Basic processing of FSCV data to obtain a chemical signature in the form of a voltammogram for identiﬁcation of the target analyte as well as a temporal proﬁle of its concentration variation has traditionally been performed ofﬂine on a home-base computer post-data acquisition. To usher in next-generation, closedloop devices that combine sensing, computation, and control functions for an autonomous operation, basic FSCV computations need to be performed in real time (i.e., as the recording is taking place) by the device itself to obviate the need for ofﬂine data processing [25].
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Fig. 1. Conceptual illustration of the operation of a “neurochemostat” for regulating electrically evoked brain dopamine levels between two user-set thresholds via on-off-keying (OOK) control of electrical stimulation.



Furthermore, as explained in more detail in Sections II and III, such closed-loop devices should also incorporate advanced processing of FSCV data in real time for differentiating the target analyte from interferents and creating a separate record for each component to ensure that neuromodulation control is performed based on information from the target analyte itself, and not that of interferents. In this paper, we report a system-on-chip (SoC) that uniquely integrates FSCV-based neurochemical sensing, digital data processing, and feedback-controlled electrical microstimulation, as conceptually illustrated in Fig. 1 [26]. For a proof-of-concept demonstration, the SoC is designed to realize a “neurochemostat” by maintaining electrically evoked brain dopamine levels between two user-set thresholds via on-off-keying (OOK) control of microstimulation. Our target analyte, dopamine, is implicated in the important brain functions of motivation, cognition, and motor control, and is associated with debilitating neuropathologies of addiction, schizophrenia, and Parkinson’s disease [27]. The SoC obviates the need for a home-base computer during the actual experimentation session by performing all basic FSCV data processing in real time, and uniquely executes a chemometrics algorithm based on principal component regression (PCR) to resolve dopamine in complex signals recorded by the CFM and enable interferent-insensitive, closed-loop operation in vivo. This work has the potential to pave the road to new clinical neuromodulation strategies that aim to impose therapeutic neurochemical proﬁles or maintain optimal neurochemical levels in disease states via real-time activity-dependent neuromodulation. The paper is organized as follows. Section II describes the fundamentals of dopamine sensing using FSCV with a CFM, and Section III presents the basics of the PCR algorithm for dopamine differentiation from interferents. Section IV presents the SoC system architecture, and Section V discusses the design and architecture of key building blocks within the SoC. Section VI presents our experimental results from benchtop, in vitro, and in vivo measurements. Section VII presents a discussion of this work, and Section VIII draws some conclusions from it. II. FSCV-BASED DOPAMINE SENSING FSCV with a CFM for dopamine sensing is depicted in Fig. 2. As shown in Panel A, the CFM potential is linearly swept every



Fig. 2. Fundamentals of fast-scan cyclic voltammetry (FSCV) with a carbonﬁber microelectrode (CFM) for dopamine sensing. These data were collected in vitro by exposing a CFM to a 5-second bolus injection of dopamine.



100 ms from 0.4 V to 1.3 V at 400 V/s, resulting in scan duration of 8.5 ms. In the positive sweep, dopamine (DA) loses two electrons and oxidizes to dopamine-ortho-quinone (DOQ), which is reduced back to dopamine by gaining two electrons in the negative sweep (see Panel B). The total current from this electrochemical reaction includes both background and faradaic components. Panel C shows a current recording obtained in an in vitro test with a CFM positioned in the inlet of a ﬂow cell reservoir. The dashed red line shows the background current obtained in one FSCV scan before a bolus injection of dopamine into the ﬂowing stream entering the reservoir inlet. The solid black line shows the measured total current (background + faradaic currents) obtained in another FSCV scan after a 5-second bolus injection of dopamine. Since the background current is typically stable over a short period of time (i.e., a few seconds), it can be prerecorded just before the bolus injection of dopamine and then subtracted from the total current to reveal the background-subtracted, faradaic current that is proportional to dopamine concentration, as depicted in Panel D. The faradaic current when plotted versus CFM potential creates the background-subtracted cyclic voltammogram, which serves as a chemical signature to identify the analyte as shown by Panel E where the oxidative and reductive peaks at 0.57 V and 0.2 V, respectively, indicate
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Fig. 3. Fundamentals of PCR-based chemometrics algorithm for determination of dopamine concentration in the presence of interferents encountered in FSCV with a CFM in vivo (see [28] for details).



dopamine. Dynamic information, characterizing the temporal pattern of concentration changes, is obtained by plotting peak current measured at dopamine oxidative potential in each voltammogram versus time in successive FSCV scans. This is shown in Panel F where each data point (indicated by a dot) represents the peak dopamine current determined from each voltammogram collected every 100 ms (a total of 200 voltammograms in 20 seconds with 10 Hz FSCV). The arrows in Panel F correspond to when dopamine injection in the ﬂow cell was turned ON and OFF (i.e., 5-second bolus). Hence, in basic processing of FSCV data, the temporal proﬁle of dopamine concentration variation is obtained via a univariate measurement of peak dopamine current at its oxidative potential versus time. However, this simplistic approach cannot resolve individual components of complex signals recorded at a brain-implanted CFM, rendering FSCV-based dopamine measurements susceptible to interferents within complex brain extracellular ﬂuid in vivo [28]. In particular, since the background current of a CFM is typically stable for only a few seconds, longer recording times can result in large background-current drifts that would interfere with selective monitoring of dopamine. As stated in Section I, the SoC solves these problems by running a multivariate chemometrics algorithm based upon PCR [28], [29], as discussed in further detail in the next section. III. PCR-BASED DOPAMINE DIFFERENTIATION The PCR technique is a combination of principal component analysis (PCA) and least-squares regression [28]. In order to differentiate dopamine from interferents (i.e., determine its concentration in the presence of interferents), the background-subtracted current obtained in each FSCV scan is ﬁrst projected onto relevant principal components (PCs) using PCA,
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and



as two common



and the projections along the PCs are then related back to concentration by performing a least-squares regression. PCs can be considered as unit vectors in a coordinate system, whereas the background-subtracted current of each FSCV scan can be thought of as a vector in space that can be described as a linear combination of the unit vectors. Fig. 3 shows various steps involved in the PCR algorithm, namely, training set construction, calibration, and concentration determination. We only considered pH change and CFM background-current drift as dopamine interferents in this work, but this method can be extended to include other interferents, if their background-subtracted voltammogram is sufﬁciently distinct from that of dopamine. A. Training Set Construction In this step, a training set is assembled that comprises a series of background-subtracted currents associated with known samples of dopamine , , and , as shown in the top right plot of Fig. 3. The currents for each component are obtained in one scan of FSCV with a CFM, as previously described in Section II. Four or ﬁve different samples per each component are typically needed in the training set to build an accurate model, with the samples fully spanning the expected range of each component in the actual experiment to ensure that unknown samples fall within the calibration range [28]. In Fig. 3, the training set matrix is denoted as in which is the total number of known samples in the training set, while is the number of data points in each sample (96 in this work, see Section V-C. for more details.) A concentration matrix, , is also assembled in which each row contains the concentration of each of the known samples of the training set expressed as the peak absolute current in their voltammograms (see top right plot).
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B. Calibration In this step that is performed ofﬂine using MATLAB on a home-base computer (see [28] for details), PCs are ﬁrst calculated for the data spectrum in the training set matrix, , using singular value decomposition (SVD) (1) The unitary matrix, , contains the PCs in decreasing order. The ﬁrst three columns of this matrix are selected, because these PCs describe the majority of the variance in the data spectrum, whereas other columns contain PCs that are primarily related to noise and are thus discarded. Matrix is then constructed to contain all relevant PCs (2) Next, the projections of the data spectrum in the training set matrix, , along the relevant PCs are calculated (3) Finally, a regression matrix, , which relates the projections along the PCs to concentrations is obtained (4) C. Concentration Determination of Unknown Samples In this step that takes place during the actual experiment, the background-subtracted current obtained in each FSCV scan serves as an unknown dataset matrix, . To differentiate dopamine from its interferents, the projections of the data spectrum in matrix along the relevant PCs of the training set are ﬁrst calculated using (5), and then related to concentrations using the regression matrix according to (6). (5) (6) In practice, for hardware implementation of the PCR algorithm, an initial round of experimentation is performed for training set construction to obtain matrices and , followed by MATLAB computations on a home-base computer to obtain matrices and that are subsequently programmed into the SoC. The actual experiment will then take place during which computations in (5) and (6) are performed in real time by the SoC in each FSCV scan. IV. SYSTEM ARCHITECTURE Fig. 4 shows the architecture and timing operation of a proof-of-concept, closed-loop SoC interfaced with brain-implanted electrodes, incorporating an FSCV-sensing front-end, digital signal processing (DSP) unit, stimulating back-end, clock generator from 10 MHz external reference, and wireless frequency-shift-keyed (FSK) transmitter (TX) at 433 MHz.



The sensing front-end applies the FSCV scan to the CFM working electrode (WE) and converts the total current measured in each FSCV scan to an oversampled digital output bit-stream using a 3rd-order, delta-sigma modulator with 1 b quantization. The DSP unit incorporates a decimation ﬁlter to remove the out-of-band noise and convert the low-resolution (1 b), oversampled, digital data at the output to high-resolution (14 b), decimated data. The decimator is followed by two embedded processors. The FSCV processor computes the background-subtracted current (Bckgnd Sub) component of the total measured current in each FSCV scan, as described in Section II. The PCR processor next runs the chemometrics algorithm to compute the individual contributions of dopamine , , and to Bckgnd Sub data in each FSCV scan. Finally, the feedback controller manages the stimulating back-end operation in OOK fashion by comparing to two user-set threshold levels and generating a trigger signal to electrically evoke dopamine release, if necessary, by delivering 12 or 24 biphasic current pulses ( , 60 Hz, 2.1 ms/phase) to the stimulating electrode (SE). The SoC timing operation, as also illustrated in Fig. 4, is managed by the timing control signal generated in the sensing front-end. When goes high, the is activated, the FSCV scan is applied to the CFM WE after a 2.3 ms delay, and a total current is recorded for 13.1 ms, when is high. The DSP unit is also concurrently enabled for real-time FSCV data processing and determination of dopamine concentration. is computed just after the falling edge of the signal, and remains valid until it is updated in the next FSCV scan. The SoC affords combined stimulation and artifact-free dopamine recording due to a fully integrated electrodeswitching scheme managed by an on-chip switching control signal, and a synchronized timing operation that avoids temporal overlap of sensing and stimulation by equally distributing the 12 (24) biphasic current pulses in between 2 (4) successive FSCV scans [21]. The SoC also has an embedded memory to retain decimator coefﬁcients, FSCV processor parameters, and feedback-controller thresholds, and a PCR memory to retain matrices and from the calibration step. The memories are programmed only once prior to the actual test via two wired interfaces. All data are frame-marked and serialized by the DSP unit and wirelessly transmitted out by the FSK TX. V. INTEGRATED CIRCUIT ARCHITECTURE A. FSCV-Sensing Front-End The design of the FSCV-sensing front-end improves upon that in our previous work [21], with an enhanced layout and fully integrated electrode-switching scheme with 5 V transistors that obviates the need for external switches to handle stimulus artifacts. As seen in Fig. 5, the sensing front-end incorporates a duty-cycled, 3rd-order, continuous-time with 1 b quantization formed by a cascade of three 1st-order integrators in the feed-forward signal path and clocked at 625 kHz for an oversampling ratio (OSR) of 64. It achieves a measured input noise current of 67.4 (dc-4.88 kHz) within an input
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Fig. 4. Architecture of the closed-loop SoC in which the main building blocks in the signal path for closed-loop operation (thicker arrows) are shown in color. The SoC timing operation for dopamine level-based triggering of electrical stimulation is also shown.



Fig. 5. Circuit architecture of the FSCV-sensing front-end and schematic block diagram of the decimation ﬁlter in the DSP unit.



current range of 900 nA, while dissipating 9.5 at 2.5 V during 10 Hz FSCV. The measured peak SNR and SNDR in 4.88 kHz bandwidth are 77.8 dB (at 900 nA) and 72.1 dB (at



500 nA), respectively, improving upon our previous design in [21] by 1.5 dB and 1.4 dB, respectively.
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Fig. 6. Simulated frequency response of the decimation ﬁlter in the DSP unit.



B. Decimation Filter Fig. 5 also depicts the schematic block diagram of the decimation ﬁlter of the DSP unit realized using three lowpass ﬁlter stages and designed to decimate the output by a factor of 64. The decimation ﬁlter additionally generates the decimated sampling clock, , for the DSP unit. Filters that operate at a higher (lower) sampling rate are designed to have wider (narrower) transition bands; thus the ﬁlter order increases from top to bottom. This design strategy, which was also previously veriﬁed on a ﬁeld-programmable gate array (FPGA) [25], reduces the amount of computation at higher sampling rates to save power. A multiplier-free, 4th-order, cascaded integrator-comb (CIC) ﬁlter is used as the ﬁrst stage to decimate the 3rd-order output by a factor of 16 and adequately attenuate the noise that would otherwise alias into desired signal band [30]. Following the CIC ﬁlter, a cascade of 18th-order, half-band (HB) and 50thorder ﬁnite impulse response (FIR) ﬁlter stages is used to decimate the data further by a factor of 4 to a rate of 9.77 kHz, targeting a transition band centered at 3 kHz for the decimation ﬁlter to limit the bandwidth and further reduce noise. An HB ﬁlter is a subset of FIR ﬁlter family in which all the odd coefﬁcients are zero except for the center one, resulting in fewer taps and computations to save power. Each FIR ﬁlter uses only one multiplier to also save silicon area. Since the features a dynamic range (DR) of 80 dB with an input current range of (resolution of 13 b) [21], the ﬁxed-point arithmetic precision in the two FIR ﬁlters is increased via 20 b word-length in the internal nodes and 18 b coefﬁcients to ensure that the sensing front-end performance is not degraded by the decimator. Finally, the output word-length is converted to 14 b, including an extra bit of sign information (LSB of 146.5 pA). Fig. 6 depicts the simulated frequency response of the decimation ﬁlter and its passband. C. FSCV Processor Fig. 7 shows the schematic block diagram and operation timing of the FSCV processor in the DSP unit, incorporating functional blocks for background-current averaging, background-current subtraction and moving average, and peak oxidation current (Peak Ox) detection. The signal is high for 13.1 ms, during which 127 decimated data points are
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generated at the rate of 9.77 kHz. The ﬁrst 31 data points are discarded due to decimation ﬁlter delay ( 2 ms) and the 2.3 ms delay from the rising edge of the signal to the start of the FSCV scan (see Fig. 4.) The rising edge of each cycle indicates when each decimated data point is ready. The background current-averaging block prerecords and stores a stable, averaged background current (Avg Bckgnd) for the purpose of subsequent subtraction. Upon receiving a Reset signal, Avg Stat goes low and, depending upon user-set Avg Mode1 parameter, background currents of consecutive FSCV scans ( , 8 or 16) are added and stored in an internal memory of 96 18 b. Next, Avg Stat goes high in the subsequent FSCV scan, and the averaged background current associated with each timestamp, , is generated by dividing the memory content for that timestamp by . Avg Stat remains high and the memory content does not change until the next Reset signal arrives, indicating that the user needs to update the averaged background current. When Avg Stat goes high, the background-current subtraction/moving average block is also activated. Upon receiving each decimated data point , the averaged background current associated with the corresponding timestamp, , is subtracted from it, and the resulting data point, , is converted to 11 b to obtain the background-subtracted current, Bckgnd Sub, prior to a moving average for smoothing the response. Next, depending upon user-set Avg Mode2 parameter, each Bckgnd Sub data point of the present FSCV scan is averaged with those of the 0 (i.e., no averaging), 1 or 3 previous scans (i.e., -scan moving average with , 2 or 4). Three internal memories of 96 11 b store up to three previous background-subtracted currents for this purpose. The computation of each data point starts at the rising edge of each cycle, and the data point becomes stable by the time the falling edge arrives. Sub Stat goes high at the start of the FSCV scan number and remains high until the next Reset signal from the user. With Sub Stat high, the peak oxidation current detection block is enabled to ﬁnd Peak Ox in each FSCV scan. The start and range of timestamps in Bckgnd Sub data to search for Peak Ox in the vicinity of dopamine oxidative potential is deﬁned by the user-set Start (S) and Range (R) parameters. Peak Ox is determined among by the time the falling edge of arrives, and remains valid until the next FSCV scan. D. PCR Processor Fig. 8 depicts the schematic block diagram and operation timing of the PCR processor in the DSP unit interfaced with the PCR memory, incorporating a digital controller as well as projection and concentration computation units (PCU/CCU) for hardware realization of (5) and (6), respectively. With Sub Stat high, the PCR processor is enabled and ﬁrst computes the projections of Bckgnd Sub along the relevant PCs of the preassembled training set and then relates , , and to , , and , respectively. The PCR memory (99 33 b) is implemented using D ﬂipﬂops and retains matrices and from the calibration step.
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Fig. 7. Schematic block diagram and operation timing of the FSCV processor in the DSP unit.



Fig. 8. Schematic block diagram and operation timing of the PCR processor and feedback controller in the DSP unit.



The ﬁrst 96 rows of the PCR memory are devoted to , whereas the last three rows are dedicated to . Given that each element in matrices and is quantized with 11 b, the three elements in each row of the PCR memory are combined together to form 33 b data. The PCR memory is serially programmed with P-Data through an external interface (P-EN, P-RST, P-CLK), and the Mem Ready signal goes high upon successful programming. A 99:1 multiplexer controlled by the 7 b Mem Addr signal from the digital controller properly selects a row of matrices or for projection or concentration computations, respectively, at each timestamp.



Fig. 8 also shows the architecture of the PCU and CCU, which share a multiplication/addition unit with three embedded registers ( , , and ) to save silicon area. When goes high at the start of an FSCV scan, registers are reset to zero to clear them for projection computations in that same FSCV scan. Based on system simulations in MATLAB, to increase the arithmetic precision of ﬁxed-point computations at the internal nodes, the 11 b Bckgnd Sub data points, , are converted to 15 b by adding four LSBs. Next, the 15 b data points are converted to 18 b by 3 b sign extension to avoid overﬂow at internal nodes before being stored in register .
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Upon receiving Bckgnd Sub data points, , at each timestamp, the appropriate 33 b data representing a row of matrix in the PCR memory are selected, divided into three 11 b subsections, , and sequentially stored in register . The multiplication/addition unit multiplies the content of register (18 b ) by that of register (11 b ) and adds the result to that of register (18 b from the previous timestamp) to generate . The contents of the three output registers are then updated with the new value. This results in three multiplications and additions in each timestamp and a total of 288 (96 3) multiplications and additions in each FSCV scan. As illustrated by the timing diagram in Fig. 8, the projections of Bckgnd Sub along the relevant PCs of the training set are computed in each FSCV scan by the time the falling edge of arrives. The concentration computation phase starts when goes low. The three projections, , obtained by the PCU are sequentially selected and stored in register . To compute , the 33 b data representing the ﬁrst row of matrix (i.e., row #97 in the PCR memory) are selected, divided into three 11 b subsections, , and sequentially stored in register . The multiplication/addition unit multiplies the content of register by that of register and adds the result to the content of register to generate . After three multiplications and additions, the value of is divided by a factor of 16 and rounded to 14 b data, which is then converted back to 11 b data by clipping the ﬁrst three MSBs. The content of the dopamine output register is then updated with the new 11 b data. To compute and , this procedure is repeated, while selecting the second and third rows of matrix , respectively. The values of , , and remain unchanged until the next FSCV scan. E. Feedback Controller Fig. 8 also depicts the schematic block diagram of the feedback controller in the DSP unit that manages the operation of the stimulating back-end in OOK fashion. Using a digital control unit, two digital comparators, and a trigger generator, this block compares the value of updated in each FSCV scan with two user-set minimum and maximum thresholds stored in the SoC embedded memory. With feedback control enabled (i.e., both the FB-EN and Sub Stat high), this block determines the new state of stimulator (Stim. State) based on its previous state and the two outputs of the digital comparators. Speciﬁcally, with Stim. State OFF, if becomes less than the minimum threshold, the feedback controller changes Stim. State to ON to generate a stimulus trigger signal for activating the back-end stimulator. Similarly, with Stim. State ON, if exceeds the maximum threshold, the feedback controller changes Stim. State to OFF to shut down the back-end stimulator. VI. MEASUREMENT RESULTS A prototype chip was fabricated in AMS 0.35 2P/4M CMOS, measuring including the bonding pads. Fig. 9 shows a micrograph of the fabricated chip. This section presents the measured results from benchtop characterization, in



Fig. 9. SoC die micrograph fabricated in AMS 0.35



2P/4M CMOS.



vitro testing with ﬂow injection analysis (FIA), and biological experimentation with an anesthetized rat. For all in vitro and in vivo experiments, Avg Mode1 and Avg Mode2 parameters were both set to three in the DSP unit (see Fig. 7). A. Benchtop Characterization Fig. 10(a) and (b) shows the measured frequency spectrum at the output of and “ + decimator”, respectively, for a 500 Hz, 900 nA sinusoidal input current. Both structures exhibited the same SNDR of 67.6 dB in 4.88 kHz bandwidth, which was limited by the 2nd- and 3rd-order harmonics. The decimation ﬁlter degraded the SNR of the by only 0.8 dB from 77.8 dB to 77 dB. Fig. 10(c) depicts the measured SNR and SNDR of both structures as a function of the input current amplitude normalized to (1.2 ), with the input frequency at 500 Hz. For a normalized input signal less than 10 dB, the SNR and SNDR of the “ + decimator” were 1 dB higher than those of the , given the lower 3 dB bandwidth of the decimation ﬁlter ( 2.7 kHz) that further reduced the noise. As the normalized input signal amplitude increased beyond 10 dB, the quantization noise of the decimation ﬁlter also increased and slightly degraded the SNR of the (by 0.8 dB at the peak). The DR of the was measured to be 82 dB (input noise current of 67.4 , ). Table I provides a summary of the SoC measured performance, and Table II compares it with that in recent published works. Fig. 11 shows the breakdown of the silicon area and power consumption for the SoC and its DSP unit. The SoC core area, excluding I/O pads, was , of which 75% was occupied by the DSP unit. The DSP unit, which was implemented using Verilog HDL, occupied of area, of which 72% was occupied by its embedded memories implemented with D ﬂip-ﬂops. Memory implementation using static
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Fig. 10. Measured frequency spectrum at the output of (a) and (b) “ SNR and SNDR as a function of the normalized input current amplitude



+ decimator” for a 500 Hz, .
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900 nA sinusoidal input current. (c) Measured



TABLE I SUMMARY OF SOC SPECIFICATIONS AND MEASURED PERFORMANCE



random-access memory (SRAM) cells would decrease the required area for the DSP unit. The SoC power breakdown, excluding the wireless FSK TX, was derived with the assumption that the stimulating back-end continuously delivered biphasic current pulses at , 60 Hz, 2.1 ms/phase. The total power consumption of the SoC in closed-loop operation was measured to be , of which 42% was dissipated in the DSP unit. In order to breakdown the power consumption of the DSP unit, it was simulated in Cadence environment using the NCSim tool and prerecorded data from the output obtained during an in vitro experiment. The switching activity of the DSP unit was then fed into the Encounter Digital Implementation (EDI) tool to calculate the power consumption of each building block. The power consumption of the DSP unit was estimated by the tool to be 97.8 at 2.7 V using the typical corner model. This was also in good agreement with the measured power of 90 at 2.5 V. Based on the power analysis obtained by the tool, 70% of the DSP unit power was dissipated in the clock network of its individual building blocks. The leakage



power was estimated to be 20 nW, and the decimation ﬁlter consumed 60% of the overall power of the DSP unit. B. Flow Injection Analysis The objective in this experiment was to determine dopamine concentration using FIA in the presence of as an interferent in vitro. The FSCV-sensing front-end was interfaced with a CFM WE positioned in the inlet of a ﬂow cell reservoir, and an Ag/AgCl reference electrode (RE) was placed at the bottom of the buffer-ﬁlled reservoir. All measurements were collected in buffer containing 150 mM NaCl and 15 mM TRIS . To assemble a training set and construct matrices and , dopamine concentrations of 125 nM, 250 nM, 500 nM, 750 nM, and 1 , as well as pH-unit changes of 0.2, 0.2, 0.4, and 0.6 were separately applied as 2-second bolus injections to the ﬂowing stream entering the reservoir inlet via a loop injector driven by a pneumatic actuator. Fig. 12 depicts the measured calibration curves for dopamine and in which the data are the mean standard error of the mean (SEM) for three repetitions at each dopamine concentration and value
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TABLE II COMPARISON OF SOC FUNCTIONALITY AND MEASURED PERFORMANCE



constant-potential amperometry



cyclic voltammetry



estimated based on reported SNR



per neurochemical sensing channel



Fig. 11. Breakdown of silicon area (excluding I/O pads) and power consumption (excluding FSK TX) for the SoC and its DSP unit.



Fig. 12. Calibration curves of dopamine and measured wirelessly by input interfaced to a CFM WE, demonstrating measured FIA with the and , respectively. sensitivity of 23.3



(as well as three repetitions of a buffer-only injection, representing dopamine concentration or value of zero). The red dashed line is the best-ﬁt line determined by linear regression, and is the correlation coefﬁcient. As can be seen, a highly linear response was achieved in both cases, with measured sensitivity of and for dopamine and , respectively. The training set was assembled comprising the backgroundsubtracted currents associated with each of the ﬁve dopamine and four samples, and subsequently used to construct matrices and . The calibration step was next performed ofﬂine in MATLAB to obtain matrices and that were then uploaded to the PCR memory of the SoC.



Fig. 13. Differentiation of dopamine from using the chemometrics of 0.4 function of the SoC. A dopamine concentration of 750 nM and were applied as a 2-second bolus injection of a mixture solution.



Next, a dopamine concentration of 750 nM and of 0.4 were applied together as a 2-second bolus injection of a mixture solution into the ﬂow cell. Fig. 13 shows the dynamic plot obtained in real time at the output of the FSCV and PCR processors of the SoC during 16 seconds of 400 V/s, 10 Hz FSCV. The rise and fall time instances correspond to when bolus injection into the ﬂow cell was turned ON and OFF, respectively. The time offset was due to an inherent lag with FIA, as the analyte was injected distal to its measurement. As can be seen, the FSCV processor output, Peak Ox, underestimated the dopamine current to be 10 nA, because the basic
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Fig. 14. Differentiation of dopamine from using the chemometrics of 0.2 function of the SoC. A dopamine concentration of 750 nM and were applied as a 2-second bolus injection of a mixture solution.



elicited current at the oxidative potential of dopamine in the opposite direction as dopamine current. However, the PCR processor was fully capable of differentiating between dopamine and contributions, determining the dopamine and currents to be nearly 20 nA and 20 nA, respectively, which were also in agreement with the two calibration plots in Fig. 12. Fig. 14 depicts similar results from another experiment using a mixed bolus injection of dopamine at 750 nM and of 0.2. This time, the FSCV processor overestimated the dopamine current, because the acidic elicited current at the dopamine oxidative potential in the same direction as dopamine current. Nonetheless, the PCR processor was once again capable of teasing out the dopamine contribution from Peak Ox in the presence of as an interferent. C. Biological Experimentation Biological tests were also performed using a urethane-anesthetized, adult, male Sprague-Dawley rat in accordance with guidelines approved by the Institutional Animal Care and Use Committee at Illinois State University. A twisted, bipolar SE was implanted in the medial forebrain bundle (MFB), and a CFM WE was placed in the dorsal striatum of the forebrain. The electrodes position was optimized to sense dopamine released from terminals in the dorsal striatum in response to electrical activation of dopamine axons traversing the MFB. The CFM was externally interfaced with the FSCV-sensing front-end, and FSCV measurements were conducted at a sweep rate of 400 V/s and scan frequency of 10 Hz. To collect known samples of dopamine and for constructing the training set in vivo, trains of stimulus pulses with a varying number of pulses (12, 24, 48, 72, 96) at a ﬁxed stimulus intensity and frequency ( , 60 Hz) were applied to the MFB. The measured voltammograms were subsequently analyzed ofﬂine to select 5 dopamine and 5 samples (i.e., background-subtracted currents) for the training set. To collect samples of , an averaged background current of the brain-implanted CFM was initially determined, and the background-subtracted current was then monitored for a period of 10 minutes without updating the initial background current value. As the background-subtracted current started to increase, one sample was selected every few
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Fig. 15. Closed-loop regulation of electrically evoked dopamine levels between two user-set minimum and maximum thresholds in the dorsal striatum was determined of an anesthetized rat. A calibration factor of during CFM post-calibration with FIA and used to convert current values to concentration levels for the dopamine response. The SoC also successfully and in real time resolved the dopamine response from that of using the chemometrics function of the DSP unit.



minutes to collect a total of 5 samples for the training set. Fig. 15 shows closed-loop regulation of electrically evoked dopamine levels in the dorsal striatum of an anesthetized rat between the two user-set thresholds of 0.4 and 1.2 . As can be seen, the stimulating back-end turned ON and OFF whenever dopamine levels reached the minimum and maximum thresholds, respectively. With Stim. State ON, the back-end stimulator was programmed to deliver 12 biphasic current pulses ( , 60 Hz, 2.1 ms/phase) per stimulus trigger to activate dopamine neurons innervating the striatum. The SoC also successfully resolved the dopamine response from that of and in real time using the chemometrics function of the DSP unit. VII. DISCUSSION The “neurochemostat” SoC presented in this work combined FSCV-based neurochemical sensing, PCR-based chemometrics, and feedback-controlled microstimulation for proof-of-concept demonstration of regulating electrically evoked brain dopamine levels between two user-set thresholds. The SoC functions were selected judiciously as FSCV affords exquisite temporal and chemical resolution for monitoring electroactive species in vivo [23], while PCR enhances the chemical resolution of FSCV by extending it to the multivariate domain [28]. Convenient and effective for activating neuronal circuitry, electrical stimulation is also used clinically in the neurosurgical approach of deep brain stimulation (DBS) for treating motor and neurologic disorders [14]. Our target analyte for closed-loop control was also selected judiciously, as dopamine is critical for important brain functions and associated with debilitating neuropathologies [27], and is arguably the neurotransmitter best characterized by real-time microsensors. Its electrically evoked release is also captured with high ﬁdelity by FSCV and PCR [23]. Because FSCV with a CFM is a versatile analytical approach that is amenable to monitoring a variety of electroactive
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species [23], it is conceivable that brain levels of other neurotransmitters, such as serotonin, norepinephrine, adenosine, and histamine, could be similarly regulated by the SoC after optimizing the FSCV and electrical stimulation parameters for each neurotransmitter. However, deposition of a thin Naﬁon layer on the CFM WE is required for monitoring serotonin to avoid sensor fouling [31]. The PCR strategy for resolving dopamine from and can be adopted for other neurotransmitters as well, because these two interferents are commonly encountered using FSCV with a CFM in vivo. Once identiﬁed, additional interferents can be added to the training set to improve chemical resolution. Although PCR is well established for FSCV, other chemometrics approaches such as partial least-squares (PLS) regression can also be considered in the future [32]. Potential applications of the “neurochemostat” SoC are dependent on the availability of well characterized neurochemical signals and suitable microsensors. FSCV with a CFM is now established for monitoring the so-called dopamine transients in the striatum of awake laboratory animals [24]. These short-lived elevations in brain dopamine levels are elicited by synchronous burst ﬁring of dopamine neurons and are important for normal reward-related learning [33]. Moreover, drugs of abuse are thought to hijack brain reward systems by over-activating dopamine transients [34]. Thus, with modiﬁcation of the DSP unit to detect dopamine transients, the SoC could be utilized to control these behaviorally relevant dopamine signals. One possible strategy is to use the SoC to detect dopamine transients and electrically stimulate inhibitory inputs to dopamine neurons to quiet their burst ﬁring when dopamine transients are hyperactive. Conversely, excitatory inputs to dopamine neurons could be activated when dopamine transients are underactive. Closed-loop control of basal dopamine levels is more challenging, because FSCV is best suited to monitoring relative changes in neurotransmitter concentration. However, the continued development of fast-scan controlled-adsorption voltammetry (FSCAV) for measuring absolute levels of brain extracellular dopamine may one day afford this application as well [35]. The realization of the closed-loop feedback strategy for clinical applications is more challenging, because it will require establishing the neurochemistry underpinning the pathology of neuromodulation and the availability of chemical microsensors for chronic implantation. FSCV has been applied to the human brain for acute measurements of dopamine [36] and adenosine [37] in the context of DBS surgery. For the human dopamine measurements, the microsensor was a CFM similar to the one used herein, except fabricated using polyimide-coated fused silica instead of borosilicate and previously demonstrated to support chronic recordings in the rat brain for up to four months [38]. PCR, which was used to resolve dopamine in the human brain [36], employed a prerecorded training set obtained in rats. Similarly, a prerecorded training set has been used for PCR of recordings collected at chronically implanted CFMs in the rat (e.g., [39]). Thus, this approach may be possible for months-long recording of dopamine in the human, although this has not been attempted yet. The microsensor used for human adenosine measurements was fabricated using either a
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