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Abstract3

Objective: Multipolar intracranial electrical brain stimulation (iEBS) is a method that has potential to improve clinical4

applications of mono- and bipolar iEBS. Current tools for researching multipolar iEBS are proprietary, can have high5

entry costs, lack flexibility in managing di!erent stimulation parameters and electrodes, and can include clinical features6

unnecessary for the requisite exploratory research. This is a factor limiting the progress in understanding and applying7

multipolar iEBS e!ectively. To address these challenges, we developed the Bioelectric Router for Adaptive Isochronous8

Neuro stimulation (BRAINS) board. Approach : The BRAINS board is a cost-e!ective and customizable device designed to9

facilitate multipolar stimulation experiments across a 16-channel electrode array using common research electrode setups.10

The BRAINS board interfaces with a microcontroller, allowing users to configure each channel for cathodal or anodal11

input, establish a grounded connection, or maintain a floating state. The design prioritizes ease of integration by leveraging12

standard tools like a microcontroller and an analog signal isolators while providing options to customize setups according to13

experimental conditions. It also ensures output isolation, reduces noise, and supports remote configuration changes for rapid14

switching of electrode states. To test the e”cacy of the board, we performed bench-top validation of monopolar, bipolar, and15

multipolar stimulation regimes. The same regimes were tested in vivo in mouse primary visual cortex and measured using16

Neuropixel recordings. Main Results: The BRAINS board demonstrates no meaningful di!erences in Root Mean Square17

Error (RMSE) noise or signal-to-noise ratio compared to the baseline performance of the isolated stimulator alone. The18

board supports configuration changes at a rate of up to 600 Hz without introducing residual noise, enabling high-frequency19

switching necessary for temporally multiplexed multipolar stimulation. Significance: The BRAINS board represents a20

significant advancement in exploratory brain stimulation research by providing a user-friendly, customizable, open source,21

and cost-e!ective tool capable of conducting sophisticated, reproducible, and finely controlled stimulation experiments.22

With a capacity for e!ectively real-time information processing and e”cient parameter exploration the BRAINS board23

can enhance both exploratory research on iEBS and enable improved clinical use of multipolar and closed-loop iEBS.24
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27

Introduction28

Electrical stimulation is one of a small number of clinically-tractable approaches to neuromodulation[1], along with focused29

ultrasound methods[2, 3, 4]. Electrical neuromodulation comes in a diversity of forms (transcranial direct current[5, 6],30

transcranial alternating current[7], trancranial magnetic[8], and intracranial[9]) and targets (peripheral nerves cochlea, spinal31

cord, and intracranial targets including the subthalamic nucleus, substantia nigra, motor cortex, sensory cortex[10]). Within32

the forms of electrical neuromodulation, intracranial electrical brain stimulation (iEBS) is a cornerstone therapeutic approach33

in clinical neurology and neurosurgery, particularly for treating Parkinson’s disease, with expanding indications for obsessive34

compulsive disorder[11, 12], dystonia[13], and epilepsy[14]. In addition to these expanding indications, clinical neural implants35

capable of iEBS are being tested as prospective sensory prosthetics[15, 16, 17] and for providing feedback to improve36

the quality and e!cacy of motor brain-machine interfaces[18]. Furthermore, electrical microstimulation paradigms using37

low-amplitude and brief iEBS have been used for decades in animal research as a means activating small numbers of neurons.38

Despite widespread clinical use and its role in neuroscience research, our fundamental understanding of how iEBS a”ects39

neural circuits remains surprisingly limited. While we know that iEBS can activate varied neural elements - including somas,40

dendrites, and axons - the precise composition of recruited neural ensembles remains unclear[19, 20]. The general idea is that41

a small number of neurons in a uniform and symmetrical area around the stimulation site are activated; there is also ample42

evidence that the net e”ect of iEBS is suppressive even if some neurons in the field are briefly activated. This knowledge43

gap is particularly evident in clinical settings, where stimulation parameters must often be modified empirically by clinicians44

during patient follow-up visits[21], both to increase e!cacy and to reduce side e”ects that arise through modulation of neural45

targets not intended to be modulated by the iEBS protocol. Multipolar brain stimulation, which extend iEBS to multiple46

spatially and temporally patterned electrical stimuli, has been proposed as a potential solution for increased iEBS control.47

Early e”orts with small numbers of sites have shown promise[22] in providing more precise[23, 24] and e!cient therapeutic48

outcomes[25, 26].49
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Figure 1: Schematic of the BRAINS board. A. General connection
guide for full in-vivo application of the board with general part guides
and microcontroller requirements with the presence of an external output
trigger from a stimulating device, the key components of the board that
perform all the logic (computer output to microcontroller through octal
latch multiplexer throw single pull 3 throw switches) and isolation (solid
state relay to split control signal from stimulator cathode/anode/ground
signal connections to 16 output channels to connect to an implantable
16-channel electrode array), as well as a general setup of a in vivo invasive
experiment B. Modeled schematic of each electronic connection within the
BRAINS board demonstrating control through a microcontroller to send
signals to 4 Octal latch Multiplexers to 16 Single Pull 3 throw switches and
where isolation occurs through optical isolation to activate and deactivate
di!erent channels with cathode, anode, or signal ground C. 3D rendered
BRAINS board model with connectors D. 3D rendered BRAINS board
Model, including an integrated Raspberry Pi.

Current FDA-approved devices typically o”er50

unipolar, bipolar, or limited multipolar stimulation51

options up to 8 contacts[27]. In practice, clinicians52

typically exhausting unipolar configurations before53

exploring more complex stimulation patterns[19].54

Research devices with more contacts have been55

developed [28]; whether more advanced iEBS56

approaches enabled by such density, such as multipolar57

psuedo-contacts[29] and current steering[30], which58

have been pioneered in peripheral neuromodulation,59

can add specificity[31] to intracranial DBS-style60

devices is less clear. Investigation of the e”ects61

of advanced iEBS approaches, including complex62

multipolar stimulation, patterned stimulation, and63

other current steering paradigms faces significant64

technical and practical barriers in most research65

settings. The tools for exploring multipolar66

stimulation, such as clinical neurostimulators or67

high-end research systems can be either prohibitively68

expensive, inflexible in their configuration, or69

excessive in their complexity for basic research70

applications[25]. The research community currently71

lacks a flexible, open-source, cost-e”ective tool for72

exploring multipolar stimulation paradigms. These73

limitations have created a significant barrier to74

entry for researchers interested in exploring novel75

stimulation paradigms and understanding the basic76

principles of neural activation patterns.77

To address these challenges, we developed a78

modular and readily reprogrammable interface –79

the Bioelectric Router for Adaptive Isochronous80

Neuro stimulation (BRAINS) board for control of81

electrical brain stimulation. This system enables82

rapid switching and multipolar stimulation while83

maintaining compatibility with existing monopolar84

and bipolar stimulation experimental frameworks.85

Our approach prioritizes accessibility, flexibility,86

and signal isolation while allowing integration with87

standard experimental setups.88

Methods89

Device Design and Prototyping We designed,90

fabricated, and evaluated a system for adaptive91

isochronous neurostimulation that enables software92

controlled selection channel state when using multisite93

electrical stimulation devices. Functions of this device94

(figure 1A) include software selection of anodal and95

cathodal channels without needing to change physical96

connections, enabling multiple connections to anode97

and cathode channels, control of the state of non-used98

channels, and rapid switching between configurations.99

The BRAINS board was conceived and tested for use100

with silicon multi-channel electrodes (figure 1A, right,101

Neuronexus Technologies), but in principle can be102

coupled to any passive stimulation device.103

The BRAINS board provides electronic switching capabilities for 16 independent electrode channels between four states104

(cathode, anode, signal ground, and floating) without requiring manual intervention during experiments while maintaining105

signal integrity. The board’s architecture centers around four key interfaces (figure 1A): 1) A 2x20 female header compatible106
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Table 1. Control Electronics Properties. Timing and electrical characteristics of the Arduino, octal latch, and SP3T
switch components indicating the theoretical minimum and maximum delays for rapidly switching channels due to every

piece of hardware other than the solid state relay.

with both the Raspberry Pi 4B as a direct shield and adaptable to use with any Arduino. Here, we present experiments and107

tests with the BRAINS board using an Arduino Pro Micro. 2) A complementary 2x20 90° male header providing access to108

auxiliary pins for external sensors, actuators, grounding, power, or triggers and access to the microcontroller’s built in +5V,109

+3.3V, and grounds. 3) Three standard banana connectors to connect to any analog stimulus isolator: a red connector for110

positive terminal, black connector for negative terminal, and a green connector for connection to a signal or building ground.111

There is also a pad for a 1x1 header pin that is connected to the same ground. 4) Two standard 2x8 box connectors from112

Samtec (TSS-108-01-G-D) with dedicated building/signal ground connections to minimize noise, supporting flexible electrode113

configurations.114

Signal routing and control are managed through multiple components, beginning with an octal transparent D-Type latch115

(Texas Instruments, CY74FCT373TSOC). This component provides stable channel selection through its latching capabilities116

while enabling e!cient pin multiplexing. Operating at +5V, each latch interfaces directly with the microcontroller’s logic117

levels with a theoretical maximum 8 nanosecond delay when latching per latch (Table 1). The multiplexing functionality118

reduces the number of required microcontroller connections to allow for scalability for future iterations and customization119

options beyond current intended use. The latch’s output and enable controls ensure precise timing of state changes across120

channels.121

To ensure deterministic state selection, an analog SP3T triple-throw switch for each potential output (Texas Instruments,122

TS5A3357DCUR) routes signals between the four possible states (cathode, anode, signal ground, or floating). This switch123

has a theoretical maximum 7 nanosecond delay to support rapid state transitions for, in the case of the current design, 16124

channels independently. (Table 1).125

Table 2. Solid State Relay Properties: Isolation,
input/output, and delay characteristics of the Solid State
Relays on the BRAINS board as it theoretically a”ects our
output signal through capacitance, leak, and limitations of

the maximum Voltage that can be sent from a analog isolated
stimulating device.

The final key component of the board design is the use126

of a solid state relay (IXYS Systems, PAA193STR). These127

relays provide optical isolation between the control circuitry128

and stimulation pathways to prevent introduction of noise129

and maintain an isolated stimulation. The optical coupling130

mechanism prevents unwanted electrical interference while131

maintaining high-voltage handling capabilities at up to 600V132

(Table 2) necessary for accommodating variable tissue and133

electrode impedance during current stimulation. The default134

configuration is ”floating”, or open; this configuration135

minimized the potential for unintended stimulation through136

an electrode not selected as anode or cathode. The board137

includes a circuit for status indicators: a red LED power138

indicator and a green LED output enable indicator that139

illuminates when active channel state modifications are in140

progress.141

We designed the BRAINS board using the Electronics142

Design function of Autodesk Fusion360, using design files143

and 2-dimensional part footprints from each part’s documentation. We first designed a schematic before we placed all parts144

in a printed circuit board layout, ensuring through-hole vias and layers for ground and VCC along with top and bottom145

layers. We performed routing automatically through the built-in auto router with design rules set up for a 4-layer board146

with no blind or buried vias. Finally, we checked that the board passed the electrical rule check and had no airwires.147

We exported and packaged the gerber files, pick and place (PnP) information, and the bill of materials (BOM); original148

Autodesk Fusion360 CAD files with the schematic and PCB layout are written as .sch and .brd files (see the Supplement for149

all design and production files). We produced this board through the local third party PCB manufacturing and assembly150

company (Colorado PCB Assembly). The bare board production ensured that the BRAINS board was RoHS compliant.151

The manufacturer acquired all turnkey components listed in the BOM, and assembled the PCB as specified in the design152

and PnP files.153

154

Software design and development We designed two primary control interfaces for the BRAINS board: an Arduino-based155

serial communication protocol and direct Raspberry Pi GPIO control. We first describe the Arduino-based serial protocol.156
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The Arduino implementation utilizes a serial communication protocol operating at a baud rate of 115200 bits per second157

(bps), enabling precise temporal control of electrode states through a structured command syntax. Each electrode channel158

can be configured to one of the four states that the SP3T switches allow: floating, cathode, anode, or signal ground. State159

changes are managed through the octal latch system to ensure stable transitions.160

Figure 2: Software Procedure for the BRAINS board. A. Illustrated
guide for input power for control devices to program individual channels
with indications of what signal and latch enable outputs are required to
enable a certain channel on an electrode. Each latch controls a set of 4
channels and the 8 signal pins are used in groups of 2 to determine the
which of four possible channel states is selected for each channel. Any
channel is modified by setting the output enable HIGH, which allows each
latch to modify its 8 output states, and configuring each latch enable
signal output pins to reset the HIGH/LOW state for each signal input.
LOW+LOW = floating, HIGH+LOW = cathode, LOW+HIGH = anode,
and HIGH+HIGH= signal ground. B. Basic programming guide using
serial commands with indications of individual channel settings, varying
forms of delays unique to electrical stimulation experiments, and how to
setup loops within the framework of the Arduino Pro Micro code, with []
used to open and close setting the states, a hexadecimal value utilized to
write to each individual channel, a concurrent letter corresponding to the
channel state following, and key triggers between sets of [] to setup delays
and loops for rapid switching purposes. 115200bps baud rate through
the Arduino serial command or Arduino serial command interface (e.g.,
PySerial). Full code available (see Data Availability Statement). C.
Arduino Pro Micro wiring connection schematic for setup direct to the
BRAINS board D. Pinout for the control input 2x20 header (top) and
signal output 2x8 headers (bottom) with bare minimum number of pins
that are required to setup states for all individual channels as well as the
exact order for channel number setup from BRAINS board to output pins.
More detailed pinouts can be seen in Supplemental figure 1.

The control architecture employs multiplexing161

to e!ciently manage the 16 channels through a162

minimal pin configuration. The output enable163

pin (Arduino Pin 16) coordinates with four latch164

enable pins to select specific channel groups (1-4,165

5-8, 9-12, and 13-16). Eight Data Input pins,166

connected across all octal latches, control the state167

transitions through a two-bit encoding scheme. This168

encoding determines the SP3T switch states, where169

the combinations of Input 1 and Input 2 (LOW-LOW:170

floating, HIGH-LOW: cathode, LOW-HIGH: anode,171

HIGH-HIGH: signal ground) define the channel172

configurations (figure 2A).173

The serial command protocol implements a174

bracketed syntax e.g., ([...]) for channel configuration,175

supporting hexadecimal channel addressing e.g., (0-9,176

A-F) and state characters e.g., (F, C, A, G).177

Additional control features include external trigger178

synchronization (via pin A0), programmable delays179

(in seconds, milliseconds, or microseconds), and loop180

functionality for repeated patterns. This protocol181

structure enables complex stimulation sequences while182

maintaining precise timing control (figure 2B). The183

Arduino can easily be connected using simple male to184

male jumper wires (figure 2C) or can be connected to185

any alternative microcontroller using the drawn pinout186

(figure 4D)187

As an alternative to this serial command protocol,188

a Raspberry Pi interface can provide direct GPIO189

control through a dedicated pin mapping, eliminating190

serial communication overhead. This implementation191

is particularly advantageous for applications that192

benefit from wireless control, or require integration193

with complex input processing. The Raspberry Pi194

4B’s GPIO pins 22-27 manage the BRAINS board195

output enable and latch enable functions, while pins196

5, 6, 12, 13, 16, 17, 19, and 26 handle digital input197

control. This direct interface supports Python-based198

programming for flexible sequence generation and199

timing control through a precise sleep function.200

Each control interface o”ers distinct advantages:201

the Arduino implementation is convenient for202

scenarios requiring minimal latency and integration203

with Windows-based instrumentation (e.g., Multi204

Channel Systems’ STG5 Isolated Analog Stimulator).205

The Raspberry Pi configuration is optimal for wireless206

control applications or complex input processing207

requirements. The choice between interfaces depends208

heavily on experimental requirements regarding209

timing precision, communication flexibility, and210

system integration needs. The signal ground211

configuration connects any channel to a reference212

ground (accessed via the green banana connector),213

maintaining a consistent reference potential for214

electrophysiology and stimulation experiments. This215

comprehensive grounding scheme ensures the integrity216
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of the signal in all operating modes. All code is open-source and publicly available (see Data Availability Statement).217

218

Bench-top Validation We performed two types of bench-top tests to match in-vivo stimulation parameters: measurement219

of signal conditioning (figure 3A) and measurement of stimulation artifacts when stimulating through an electrode and220

recording independently through a neurophysiology recording electrode, in a conductive saline bath (figure 3B).221

For signal conditioning measurements, we directly connected a high-power analog isolated stimulator (AM 4100, AM222

Systems) to the BRAINS board using a shielded pair of banana connectors. A third banana connector connected the signal223

ground of the BRAINS board to the building ground. We attached two 8-position, single-row female connectors directly to224

the output pins of the BRAINS board, and connected them through a resistor 10k#, 100k#, 4x 100k# in series, or 1M#),225

and attached a BNC connector in parallel. We attached the BNC connectors for recording into either a National Instruments226

PXI-6133 or an Open Ephys Acquisition Board with connections to the digital and analog I/O system. We powered and227

controlled the BRAINS board with an Arduino Pro Micro. Channel configurations for each experiment were set using Arduino228

serial commands (figure 2B). An analog isolated stimulator sent custom waveforms (constant current or constant voltage)229

with variable shape (anodal monophasic, cathode leading biphasic or anode leading biphasic), phase durations, amplitude,230

and frequency for each pulse train. Stimulator output was coupled to the BRAINS board via a resistor for each individual231

channel (figure 3A). A parallel set of measurements, made by recording the outputs of the analog stimulus isolator through232

the same resistance but without routing through the BRAINS board, served as a control for the e”ect of BRAINS board233

routing.234

For measurements in saline, we stimulated through a NeuroNexus A1x16 Electrode Array in 1X Phosphate Bu”ered Saline235

(PBS) and recorded voltage with a Neuropixels 1.0 (see In-vivo Valiation for details on Neuropixels recording methods). We236

designed custom connectors using two 8-position single-row female connectors that were soldered directly to an Omnetics18237

to free wire (A79045-001) connector, which directly connects to a NeuroNexus Adpt-A16-OM16 headstage. We performed238

impedance tests on all probes prior to experimentation using a dedicated impedance testing device (NanoZ, White Matter239

LLC) with an adapter to connect to the NeuroNexus array. During these tests we acquired continuous voltage series data240

through Neuropixels and Open Ephys GUI at 30kHz and processed it using Open Ephys python tools and custom python241

scripts.242

243

In-vivo Validation All procedures using animals were approved by the University of Colorado Anschutz Institutional244

Animal Care and Use Committee (IACUC). C57BL6/J mice (n = 3) initially underwent a surgical procedure to attach an245

aluminum head-fixation plate to the skull. Mice were anesthetized with isoflurane (5%). The head-fixation plate was secured246

to the exposed skull using translucent Metabond dental cement. To seal the surgical site and facilitate later identification247

of lambda and bregma for sterotactic procedures, the translucent Metabond was applied to any remaining exposed skull.248

Following surgery, mice were given a 7-day recovery period before beginning head-fixation habituation. The habituation249

process involved gradually increasing the duration of head-fixation over 1-2 weeks until the mice exhibited no signs of distress250

during up to 2 hours of head-fixation.251

Following habituation and directly before the electrophysiological recordings, mice were anesthetized and placed in a252

stereotaxic apparatus. Burr holes or small craniotomies were performed over the left visual cortex. Subsequently, mice253

were transitioned to a head-fixation platform on an in-vivo electrophysiology rig and allowed to recover from anesthesia.254

Neuropixels 1.0 recording electrode(s) and a multichannel stimulating electrode (Neuronexus A1x16-5mm-50-703-A16, plated255

with IrOx for more e”ective current delivery) were inserted into the brain under piezoelectrical micromanipulator control256

(New Scale Technologies) at a rate of 50-100µm/min to a depth of greater than 1mm. The Neuropixels recording electrodes257

were inserted at a 45-degree angle to the brain surface and intersected the stimulating electrode, which was inserted at a258

90-degree angle (vertically through the cortical depth), approximately 100-200µm apart to prevent collisions. A stimulus259

isolator (AM4100, A-M Systems) was either (i) directly connected to the stimulating electrode via banana to mini-hookup clip260

attached to free wires from an Omnetics18 pin adapter (A79045-001, DigiKey) that mated with the A16 stimulating electrode261

adapter (Adpt-A16-OM16, Neuronexus) or (ii) routed through the BRAINS board via shielded banana to banana connectors.262

Charge-balanced bipolar and monopolar biphasic pulses with amplitudes varying from -100 to 100 µA were delivered through263

direct connection to stimulator and routed through the BRAINS board for direct comparison. Each parameter set was264

repeated 75 times with 2 seconds between pulses.265

266

Electrophysiological analyses Neuropixels data was acquired using Open Ephys software. Neuropixels 1.0 implements267

hardware filtering on data, separating data stream into a first-order high-pass filtered (300-6000 Hz) stream (AP band) and268

a first-order low-pass filter (0.1-300 Hz) stream (LFP band) All data was processed and analyzed using custom Python code269

in Jupyter notebooks.270

RMS calculations and despiking AP band RMS calculations were averaged from 10 1-second chunks of the AP band across271

each channel for both direct and BRAINS board connection setups. The voltage traces were despiked by removing values272

that exceeded 2.5 times the standard deviation of the mean voltage for each channel.273

LFP signal processing 10 seconds of LFP data were extracted corresponding to each connection setup (direct and BRAINS274

board). These segments were baseline-corrected to remove any direct current o”set by subtracting the median voltage for275

each channel across the selected time points. Power spectral density (PSD) analysis between 0-100 Hz was conducted using276
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the Welch method for each channel individually. The power values were then converted to a logarithmic scale (dB). The277

mean gamma-band power was calculated by averaging the PSD from 30-50 Hz for each channel and smoothed for plotting278

with a Gaussian filter (ω = 2).279

280

281

Figure 3: Stimulation Fidelity Bench Testing. A. Direct current
stimulation through resistor testing setup B. Stimulation in saline
through NeuroNexus A1x16 electrode and recording with a Neuropixel C.
Stimulation directly through A-M Systems 4100 vs through BRAINS board
with a 400k# resistor with varying stimuli at 100µs per phase cathode and
anode leading square biphasic waveforms, demonstrating the loss and shift
in output waveform that is incurred due to capacitance of the solid state
relay D. Magnitude of peak to peak area under the curve for varying
amplitudes across 400k#s for the BRAINS board and direct stimulation
with a demonstration that a similar stimulus can be incurred by accounting
for the capacitance by stimulating with a higher current, validated in the
in vivo testing E. Peak to peak area under the curve charge balance for
BRAINS board and direct stimulation parameters.

Adobe Stock Photos were utilized for the beaker in282

figure 3B and schematics for the Arduino setup of283

the BRAINS board in figure 2C were designed in284

Fritzing.285

286

Results287

Fidelity of stimulation The fidelity of iEBS288

waveforms is critical to controlling the e!cacy of289

iEBS. Any system needs to ensure high-fidelity290

waveforms, whether they are generated by in-built291

control circuitry or if the waveform passes through,292

as with the BRAINS board. To validate the fidelity293

of stimulation waveforms, we ran two types of294

validation tests: directly stimulating current through295

various resistors (figure 3A) and recorded by an296

analog signal acquisition system and stimulation297

through the stimulation electrode in saline and298

recording with a Neuropixel (figure 3B). There299

was a noticeable alteration in the signal output300

when routing with the BRAINS board (figure 3C),301

which we attribute to the output capacitance of302

the solid state relays (50pF, Table 2). We303

built an empirical comparison of the observed304

output magnitude to account for this capacitive305

drop by matching the peak to peak magnitude306

of current output over waveform time (figure 3D).307

Furthermore, the charge balance between the two308

devices is minimally di”erent (p < 0.001, Cohen’s309

d < 0.2) within ranges that were recordable in310

direct resistor testing. (figure 3E). This is further311

explored with adjusted resistances of 100 k# and312

1 M# resistors to demonstrate the di”erences313

between the direct current response compared to314

BRAINS board response in Supplemental figure315

2.316

317

Leak and channel isolation318

We designed the BRAINS board to enable multipolar319

stimulation through independent channel control. Our320

evaluation focused on characterizing the temporal321

dynamics and isolation properties of the stimulation322

channels. We demonstrated the board switches both input and output configurations across all 16 channels at 689.7323

Hz with no statistically significant noise caused by latency between control output and Solid State Relay On/O”324

transitions (one sample t-test of the SNR of the O” Channels, p < 0.1) (figure 4A). To verify the contact switching325

speed, we delivered electrical pulses (n=150) from an analog stimulus generator while alternating between two latch326

enable groups, each controlling 4 output signals. During active phases, we configured channels as either cathode or327

anode, defaulting to ground state when inactive, with latches 1 and 3 operating synchronously opposite to latches328

2 and 4 (channel configuration details provided in figure 2A). Temporal characterization of the Arduino Pro Micro329

implementation revealed that the output enable signal initialization for a 4-channel configuration through a single latch330

required approximately 146 µs (mean=146 µs, sd=±1 sample for a 30KHz recording rate), with each additional latch or331

4-channel group requiring an incremental 67 µs ±1 sample for state transitions during configuration switching (figure 4B).332

We did not observe significant cross-talk, with inactive (grounded) channels showing no detectable noise or cross-channel333
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interference during rapid channel switching at 500 Hz stimulation frequencies (figure 4C). The recorded maximum and334

minimum voltages aligned precisely with theoretical predictions based on stimulation parameters (±5V for -50µA biphasic335

stimulation across 100 k# resistance), indicating robust channel isolation with no significant signal degradation beyond the336

capacitance e”ects previously addressed in figure 3D.337

Figure 4: Stimulation Fidelity Bench Testing. A. Rapid testing (n=75
trials per frequency) of leak through o!-channels and reduction of stimulus
through on channels (100µs per phase cathode leading biphasic stimulation
at 5V amplitude through 100k# resistance stimulation) while switching
every channels’ states from a cathode-anode pair to a ground state B.
Output enable delay due to Software and Arduino Pro Micro delays
for 1 to 4 latches enabled and switched C. Rapid Switching at 500Hz
over 16 output monopolar channels directly connected through 100k#
resistors with -50 µA cathode leading biphasic current stimulation with
500 µs waveforms with inactive channels grounded D. Gaussian smoothed
average plot of 300 channels of a single Neuropixel recording in saline
average voltage measurement over n=75 trials for -50µA cathode leading
biphasic stimulation through a single cathode and multiple adjacent
anodes 1 ms post-stimulus delivery E. Average channel distance of
voltage spread within a full spread threshold for Neuropixel recording of
stimulation with varying amplitudes of cathode leading biphasic current
stimulation through a single cathode and multiple adjacent anodes 1 ms
post-stimulus delivery F. Average area under the curve of a 300 channel
range Neuropixel recording of stimulation with varying amplitudes of
cathode leading biphasic current stimulation through a single cathode and
multiple adjacent anodes 1 ms post-stimulus delivery.

We evaluated the BRAINS board’s capacity to338

enable multipolar stimulation through an electrode339

array with a single analog stimulus isolated using a340

systematic characterization of observed stimulation341

field properties in saline. When implementing focused342

multipolar configurations with a single cathode and343

distributed anodes positioned 50 µm above and below344

the stimulating electrode, we observed systematic345

enhancement of peak voltages with increasing anode346

count (figure 4D). Correlation analysis revealed a347

strong positive relationship between anode count and348

maximum voltage (Spearman’s ε = 0.90, p < 0.05),349

with peak voltages increasing from 86.85 ± 3.21350

µV (2 anodes) to 112.74 ± 3.06 µV (4 anodes) to351

164.13 ± 3.12 µV (6 anodes) 157.88 ± 2.97 µV352

(8 anodes) 188.17 ± 3.07 µV (10 anodes). The353

spatial extent of stimulation, quantified as the full354

width of the voltage profile above threshold, showed355

a corresponding positive trend with anode count (ε356

= 0.87, p = 0.054), expanding from 76 to 109357

channels. While individual configuration comparisons358

did not reach statistical significance for either359

maximum voltage or spread width (Kruskal-Wallis360

test, p = 0.41 for both metrics), the monotonic361

relationship suggested systematic modulation of both362

field strength and spatial distribution through anode363

count manipulation.364

Analysis of stimulation spread across Neuropixels365

recording channels (2 channels per 10 µm) revealed366

consistent spatial distributions across configurations,367

except the 2-anode, -25 µA condition (figure 4E).368

Statistical analysis demonstrated significant e”ects369

of both stimulation amplitude (Kruskal-Wallis H =370

17.03, p < 0.001) and anode count (Friedman ϑ² =371

13.60, p < 0.01) on spread characteristics. Post-hoc372

analyses revealed that -100 µA stimulation produced373

significantly broader spreads compared to -25 µA374

(p < 0.01) and -5 µA (p < 0.001) conditions, but375

not -50 µA (p = 0.54). Both -50 µA and -25376

µA conditions generated significantly larger spreads377

than -5 µA stimulation (p < 0.001). While positive378

correlations between anode count and spread distance379

existed across all amplitudes (ε = 0.70-0.80), these380

relationships did not achieve statistical significance381

(all p > 0.10). Area Under Curve (AUC) analysis382

across 300 channels suggested amplitude-dependent383

e”ects on total voltage distribution (figure 4F). This384

e”ect appeared most pronounced at -100 µA, where385

AUC values ranged from 11.1 to 16.5 mV·channels386

and exhibited saturation with increasing anode count. The relationship between AUC and anode count followed similar387

patterns across all tested amplitudes (-5 µA, -25 µA, -50 µA, and -100 µA), characterized by steep increases between 2 and388

4 anodes followed by more gradual increases or plateaus. An ANOVA revealed significant amplitude e”ects (F = 63.14, p389

< 0.001), with post-hoc comparisons confirming hierarchical di”erences between all amplitudes except -25 µA and -5 µA390

(p = 0.078). Linear relationships between AUC and anode count achieved significance for -50 µA and -25 µA conditions391

(p < 0.05), while the -100 µA condition demonstrated apparent saturation, likely due to recording system limitations.392

393
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394

In vivo testing395

To validate the utility of the BRAINS board in experimental conditions, we inserted a linear 16-channel stimulating electrode396

and high-density electrophysiological recording array (Neuropixel) in mouse visual cortex (figure 5A). First, to ensure that397

connecting the stimulating electrode through the BRAINS board does not meaningfully increase the noise in the recording398

compared to direct connection, we measured the RMS of despiked high-pass voltage traces across channels (figure 5B,C).399

BRAINS board increased the mean RMS by 0.46 µV (direct: 10.49 µV ± 3.45, BRAINS board: 10.95 µV ± 3.14, Wilcoxon400

test p < 0.01). This di”erence, while statistically significant, represents a negligible physiological di”erence and supports401

that the BRAINS board is not adding a meaningful source of electrical noise. Next, we qualitatively compared the LFP402

signal recorded during direct connection and connection through BRAINS board. The raw LFP signal (figure 5D), the403

frequency power spectra, and the gamma power across channels are remarkably similar, suggesting that connection through404

the BRAINS board is not altering the signal.405

Figure 5: in vivo comparison of signal and noise with direct connection and
BRAINS board. a. schematic for in vivo electrophysiology with electrical
stimulation setup b. raw (gray and pink traces) and despiked (red and
black traces) AP voltage traces from a single channel for direct connection
(top, red) and BRAINS board (bottom, black). c paired despiked RMS
with mean for direction connection and BRAINS board (n = 300 channels,
Wilcoxon Test, p = 0.02). d-f raw LFP heatmap (d), LFP spectral power
(e), and gamma power (f) for direct connection (top) and BRAINS board
(bottom).

Next, we compared the stimulation e!cacy406

through the BRAINS board compared to direct407

connection in vivo. We stimulated in mouse visual408

cortex while simultaneously recording the nearby409

artifact and evoked potential from a Neuropixel410

recording electrode. During prior benchtop testing,411

we established a near equivalent stimulation dose by412

using the waveform AUC measured at 400 k# for413

direct connection and BRAINS board (figure 3D).414

The circuit resistance changes the dose relationship415

(Supplemental figure 2), and we selected 400 k#416

resistance because it approximated the mean contact417

impedance of the stimulating electrode (407±31418

k#), and thus an approximation of the in vivo419

circuit. Using this relationship, we identified that the420

measured AUC of -100 µA routed with the BRAINS421

board (24.054 ± 2.96) is less than 5 percent (4.8422

percent) di”erent from -25 µA direct connection (25.01423

± 2.96) in the benchtop configuration. Thus we424

compared -100 µA routed with the BRAINS board425

and -25 µA direct connection, expecting less than426

a 5 percent di”erence. The electrophysiologically427

measured artifact and evoked potentials at a single428

channel (figure 6A, top) and the corresponding429

voltage heatmap for all inserted recording channels430

(figure 6B, bottom) are visually similar for the431

approximated equivalent currents. To quantitatively432

assess similarity, we compared the AUC for the433

recorded extracellular voltage (including artifact and434

subsequent evoked potentials) for both conditions.435

Routing stimulation through the BRAINS board436

statistically increased the AUC of recorded response437

(direct -25 µA : 21.65 ± -2.3, BRAINS board -100438

µA : 22.48 ± 1.5, unequal variances t-test: p =439

0.02), but remained less than 5 percent di”erent (4.8440

percent). Thus, while we note small di”erences, the441

BRAINS board can deliver current dosages within 5442

percent of those delivered through direct connection,443

when accounting for electrode impedances. The single444

channel raw voltage traces and full probe voltage445

heatmaps for amplitudes -100, -50, -25, -5, 5, 25, 50,446

and 100 for bipolar and monopolar can be viewed in447

Supplemental figure 3.448

449

450

8

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 1, 2025. ; https://doi.org/10.1101/2025.01.28.635122doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.28.635122
http://creativecommons.org/licenses/by-nd/4.0/


Discussion451

Figure 6: in vivo Comparison of BRAINS Board and Direct Connection
Stimulation. a. single channel (channel = 150) raw voltage trace (top)
and mean voltage heatmaps across all inserted channels (n = 75 trials)
for matched current doses (-25 µA direct and -100 µA BRAINS board)
measured in vivo in mouse visual cortex b. AUC for measured in vivo
extracellular voltage during electrical pulses for -25 µA direct and -100 µA
BRAINS board (n = 75 trials for each condition, unequal variances t-test:
p = 0.02)

The goal of the device reported here, the BRAINS452

board, is to allow simultaneous multipolar and/or453

rapidly switching electrical stimulation through high454

contact count devices, particularly in research455

settings. We demonstrate that the BRAINS board456

faithfully transmits arbitrary waveforms to any457

available electrode (figure 2), does not introduce458

electrical noise to either stimulation waveforms (figure459

4C) or into the nearby extracellular space, and enables460

both multipolar stimulation and rapid switching. The461

BRAINS board interfaces with any lead or passive462

electrode array, and we validate its use in intracortical463

electrical stimulation in mice. Most notably, the464

BRAINS board can be produced for low cost and465

we provide to the community specifications and parts466

and the open-sourced designs and software to enable467

manufacture of this device at or near materials cost.468

Intracranial electrical brain stimulation, in both469

research settings (e.g., microstimulation[32, 33]) and470

clinical applications (e.g., deep brain stimulation[9]),471

is typically relies on a stimulus isolator[34]. Such472

isolators can be analog- or digitally-controlled, and473

rely on an optically-isolated battery powered circuit474

to generate constant voltage or constant current pulse475

that to a single set of anode and cathode outputs. The BRAINS board does not replace this isolator in a neuromodulation476

system, but instead is positioned between an isolator and the stimulus e”ector in tissue (i.e., the lead or electrode) to allow477

flexibility in the routing of the limited anode and cathode outputs of stimulus isolators. In simpler applications, the BRAINS478

board allows for iterative exploration of the e”ect of single-site or all paired bipolar configuration allowed by any electrode479

geometry. This functionality is particularly useful for the rapidly expanding field of high density[35, 36, 37, 38], usually480

silicon-based[39] neural microelectrodes. Because the BRAINS board is digitally-controlled (figure 2), when paired with a481

digitally-controlled stimulus isolator the spatiotemporal pattern of neuromodulation is limited only by the BRAINS board482

rate of switching (figure 4A-B). The BRAINS board facilitates novel application of neuromodulation through high-density483

electrode arrays, both extant and arising electrode technologies[40]. The BRAINS board could also be applied to empirically484

validate complex stimulation protocols for peripheral neuromodulation devices[lambrecht], where for some devices such as485

cochlear implants complex neuromodulation is known to have benefits[41, 42], while in others such approaches remains not486

yet empirically vetted (e.g., vagus nerve stimation[43]).487

By enabling the routing of stimulator outputs to any connected electrode, the BRAINS board allows nearly arbitrary488

spatiotemporal control of neuromodulation (e.g., multipolar or temporal interference stimulation protocols) with any lead or489

passive electrodes. While the BRAINS board facilitates using such complex protocols with arbitrary electrodes, these protocols490

are not unique to the BRAINS board. One example is “current steering” through multiple contacts simultaneously[31].491

The potential benefits of such protocols have been an area of active research for years. Notions of current steering for492

neuromodulation originated with theoretical and computational models[44, 45, 46], with the control of stimulated volume493

(and therefore potential limitation of o”-target e”ects) a primary proposed benefit of current steering. However, biological494

validation of these proposed benefits of current-steering has been di!cult. The most robust testing has come in direct clinical495

studies[47, 48], pre-clinical validation in animal neural tissue are limited[49]. Some pre-clincal behavioral detection studies496

show di”erences with current steering[50], but direct measurements of activated volume, and therefore insight into mechanism497

of action, are much more sparse[51]. The BRAINS board will allow such measurement in neurophysiology labs. to push the498

potential, need to try other geometries, and the BRAINS board will allow current steering with higher density and other499

bespoke stimulating electrodes.500

In addition to current steering and directional stimulation through spatial patterning, temporal pattering is another501

frontier in neuromodulation[52]. Temporal patterning of single stimulation sites, where these patterns are determined a502

priori, has strong impacts on deep brain stimulation (DBS) e”ectiveness, with proscribed patterns able to both increase503

[53] and eliminate[54] the therapeutic e”ectiveness. Biomimetic stimulation, where the temporal patterning is designed504

to mimic known statistics of the neural activity in the area being modulated, can also profoundly e”ect perception of505

neuromodulation for sensory prostheses[55]. Both a priori temporal patterning and biomimetic patterning could be extended506

to include spatiotemopral ”flow” of patterns across neural circuits with multiple electrodes. Research into the e”ectiveness507

and mechanisms of these protocols is enables by the BRAINS board. Finally, “real-time” or ”closed-loop”[56] control of508

neuromodulation based on neural or other feedback[57] to achieve an optimal modulation is a rapidly expanding form of509
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neuromodulation. The combination of software control of rapid switching through the BRAINS board with complex neural510

readout available in research settings[58], can shed light on relevant biomarkers for such closed-loop neuromoduation.511

The BRAINS board’s capabilities enable novel studies of electrophysiological e”ects of iEBS stimulation. Clinical trials512

have highlighted that optimal stimulation parameters may not be intuitive, and may require computational identification[59].513

While clinical systems deliver directional stimulation, they cannot readily facilitate systematic investigation of neural responses,514

especially with the single neuron resolution across populations and neural circuits needed to optimize these therapies. Clinical515

research shows that LFPs features such as beta oscillations could serve as biomarkers for stimulation optimization[60];516

studying how complex spatiotemporal stimulation patterns influence these population-level signals requires experimental517

flexibility. The BRAINS board fills this research gap by enabling precise control over stimulation parameters while allowing518

simultaneous electrophysiological recordings, making it possible to systematically map relationships between stimulation519

patterns and population dynamics. Such a systematic map, enabled by the BRAINS board, will enhance approaches to520

stimulation programming and could help resolve ongoing questions about how directionality, current steering, and temporal521

patterning influence therapeutic outcomes at the circuit level.522

The BRAINS board, in its current form, enables research experiments into complex spatiotemporal neuromodulation523

and integration with neurophysiology tools to understand the mechanisms of neuromodulation. To continue to improve the524

capacities of the BRAINS board future developments the BRAINS board can be extended in future versions. Pass-through525

signal fidelity will be improved by upgrading the solid-state relays (e.g, to IXYS Systems, OAA160STR). This modification526

will reduce output capacitance from 50pF to 5pF on isolated channels and decreasing leak current from 10µA to 250nA,527

enhancing signal fidelity to 97% when working with high impedance electrodes. Ground loop interference remains a persistent528

challenge in electrophysiology experiments, particularly manifesting in the LFP band during serial command transmission.529

To address this, we propose integrating an embedded microprocessor directly onto the BRAINS board to establish a single530

ground reference point and implement comprehensive electrical isolation from computer interfaces. Alternatively, removal of531

Arduino dependency should notably reduce serial command-related noise in the LFP band while maintaining signal integrity532

across all connected components. Future development will focus on implementing modular architecture, with a base control533

module serving as the central processing unit and ground reference point, supplemented by attachable 16-channel shields for534

scalable expansion. This modular approach will facilitate integration with various neuroscience tools, including recording535

devices and optogenetic instruments.536

In conclusion, the BRAINS board enables novel software-based and near real-time control of electrical stimulation537

through any stimulating electrode, facilitating the study of complex spatiotemporal pattering of intra- and transcranial538

neuromodulation through electrode arrays. By enabling research into such patterning with emerging research devices, the539

BRAINS board will advance understanding of the basic mechanisms of neuromodulation and facilitate improvements in540

current approaches as well as novel technologies.541
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