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Visual Abstract

In vivo electrophysiology experiments require the collection of data from multiple subjects, often for extended
periods. Studying multiple subjects for extended periods can be made more efficient through simultaneous re-
cordings, but scaling up recordings to accommodate larger numbers of subjects simultaneously requires coor-
dination and consideration of costs and flexibility. To facilitate this process, we have developed OpBox, an
open source set of tools to acquire electroencephalography (EEG) and electromyography (EMG) flexibly from

Significance Statement

Current commercial solutions for electrophysiology recordings in awake, behaving animals can be relatively
expensive, inflexible, or challenging to interface with custom-built equipment. Here, we describe the devel-
opment of OpBox, an open source set of hardware and software to perform simultaneous acquisition of
electroencephalography (EEG) and electromyography (EMG) signals from multiple behaving subjects.
Together with off-the-shelf data acquisition systems, OpBox increases flexibility and lowers the cost for the
simultaneous acquisition of electrophysiology from multiple behaving subjects.
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multiple rodent subjects simultaneously. OpBox combines open source hardware and software with off-the-
shelf components to create a system that costs less than commercial solutions ($500 per subject), and can be
easily deployed for multiple subjects. Coded in MATLAB, OpBox scripts can simultaneously and flexibly col-
lect and display multiple analog and digital data streams, for instance real-time EEG and EMG, event triggers
from a behavioral system, and rotary encoder data. OpBox also calculates and displays real-time spectral rep-
resentations and event-related potentials (ERPs). To verify the performance of our system, we compare our
amplifiers with two other commercial amplifiers, a Grass P55 AC preamplifier and an Intan RHD2000-series
amplifier. The OpBox amplifier performs comparably to commercial amplifiers for signal-to-noise ratios (SNRs),
noise floors, and common mode rejection. We also demonstrate that our acquisition system can reliably re-
cord multichannel data from multiple subjects, and has been successfully tested with 12 subjects running si-
multaneously on a single standard desktop computer. Together, OpBox increases the flexibility and lowers the
cost for simultaneous acquisition of electrophysiology data from multiple subjects.
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Introduction
The search for new understandings and treatments of

neuropsychiatric disease depends in part on reproducible
and translatable biomarkers (Drinkenburg et al., 2015; Jones
et al., 2015). Electrical brain activity, as revealed by electro-
encephalography (EEG), can reveal brain states and dynam-
ics (Berger, 1929) relevant to various clinical conditions
(Engel and Romano, 1959; Tatum, 2001; Brown et al., 2010;
Mashour and Hudetz, 2018; Chen and Koubeissi, 2019).
Some of these conditions, such as delirium, can be clinically
heterogeneous, making reproducible measurements of rig-
orous biomarkers particularly important (Trzepacz et al.,
1992; van der Kooi et al., 2015; Kimchi et al., 2019).
Reproducible in vivo electrophysiology experiments require
the collection of data from multiple subjects, often for ex-
tended periods. While long-term recordings from multiple
subjects can be made more efficient by performing them si-
multaneously, scaling up recordings requires careful coordi-
nation and consideration of costs and flexibility.
Open source devices can improve research reproducibil-

ity and flexibility, potentially at lower costs, including for
electrophysiology experiments. By sharing not only the
methodology of an experiment, but the equipment as well
(such as through design files), variability caused by differen-
ces in tools can be minimized (White et al., 2019).

Furthermore, open source communities allow for direct
feedback on best practice and allow for more community
input on development of new tools. Important steps in EEG
studies in multiple subjects are amplification of low-power
EEG signals and acquisition through coordinated digital sys-
tems. Several open source amplifier designs are available,
including a simple, single-channel analog system (Land et
al., 2001), and a more flexible, higher-channel count (�16
channels) digital system (Wang et al., 2014; Frey, 2016;
Siegle et al., 2017). Both of these systems were initially de-
signed for recording from single experimental preparations,
rather than from multiple subjects simultaneously. We have
therefore identified design parameters more specifically
suited for flexible, multisubject rodent EEG recordings, as
would be desired for epilepsy, sleep, or delirium related
translational studies (Trzepacz et al., 1992; Bragin et al.,
1999; Oishi et al., 2016; Kadam et al., 2017), as well as other
possible experiments. We identified goals of recording up to
four channels per subject, at moderate sampling rates
(500Hz to 2kHz), with filters appropriate for EEG recordings
relevant to epilepsy and sleep (0.3–200Hz). Most impor-
tantly, we desired to record from at least 10 subjects simul-
taneously with a target goal of less than $500 per
simultaneous subject.
We have developed an open-source system for simulta-

neous EEG/electromyography (EMG) acquisition from
multiple rodent subjects, following the above design ob-
jectives, named OpBox. OpBox is a modular and flexible
hardware and software system that constrains costs
through judicious coordination of custom, open source
circuits and software with off-the-shelf components and
software commonly found in neuroscience laboratories
(Fig. 1). Here, we verify our electrophysiology recording
system by benchmarking it against commercially avail-
able amplifiers. We also demonstrate acquisition and vis-
ualization of EEG and EMG data from 12 subjects
simultaneously, including real-time spectral analysis and
averaged event-related potentials (ERPs) from subjects
performing behavioral tasks.

Materials and Methods
Amplifier design
The main hardware component of our physiology

system is a multichannel amplifier designed to collect
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electrophysiologic data, including EEG and EMG (Fig. 2).
The OpBox amplifier is a four channel extension of a prior
open source amplifier (Land et al., 2001). All four channels
are referenced to a single electrode input, with an addi-
tional ground connection. Our design uses fixed filters,
set by electrical component values, for a range of 0.3–
200Hz. Although we have not elected to use adjustable
filters, the filter bandwidth could potentially be made ad-
justable by substituting a trim potentiometer for RHpfA
(Fig. 2A) to adjust the high pass cutoff, and a dual potenti-
ometer for RLpfA and RLpfB (Fig. 2A) to adjust the low
pass cutoff. However, this might risk distorting the gain
values of the amplifier. We cannot comment on the reli-
ability of untested modifications of our design. The ampli-
fier is powered by four AA batteries (total 63 V) to reduce
power line noise.
We connect electrodes from subjects to each amplifier

using a short, passive cable via a commutator (details
below within Multisubject simultaneous acquisition).
Screw terminal inputs on the amplifier allow one to inter-
face flexibly with various electrodes or cables, so labs can
choose to use existing electrodes, cables, and commuta-
tor solutions from commercial companies, or integrate
with other open source solutions (Medlej et al., 2019).
Outputs from the four channel amplifiers are provided
using an RJ45 or Ethernet jack, which allows one to trans-
mit data via standard Ethernet cables to another RJ45
breakout connected to the data acquisition system. The
cost of the four-channel amplifier, including printed circuit
board (PCB) and components, is ;$150 per amp when
buying parts for 10 builds.
There are potential downsides of buffering the EEG sig-

nals on the acquisition side and not the animal’s head.
Delayed buffering potentially increases the susceptibility

of signal acquisition to environmental electrical noise.
This may be problematic with long cables. We therefore
mitigated this through early 1000� amplification at the
top of the recording chamber and tested our system with
typical cable lengths for rodent operant chambers, which
allowed for longer cables (30’ BNC cables) before digitiza-
tion by the data acquisition devices. The performance we
report therefore may not be reflective of longer cables be-
fore amplification. Additionally, our system was designed
for low impedance electrodes typically used for EEG stud-
ies, however, higher impedance electrodes for intracellu-
lar recordings may also be more vulnerable to delayed
buffering. Because shielding may also mitigate the effects
of delayed buffering, we provide details on the shielding
we employed. Recordings were performed with both
anesthetized and freely moving rats, as detailed below, to
evaluate whether recordings remained satisfactory even
when rats were moving, which may also be more suscep-
tible to noise with delayed buffering.
In addition to the four-channel amplifier, we have de-

signed a three-channel amplifier with similar components
but a different referencing montage. Two channels share
a common reference, but the third channel has a separate
reference to enable a more specific bipolar configuration.
We have found this configuration to be useful for separat-
ing EMG from EEG signals in studies involving sleep or
convulsive seizures. Outputs for the three-channel ampli-
fier are provided by dedicated BNC connectors for each
channel. In practice, we have not routinely needed to use
a line filter or further shielding with these amplifiers,
although these features can be considered for use in elec-
trically noisy environments.
We have used through-hole electronic components in

the design of our PCBs, rather than surface-mounted

Figure 1. Overall architecture of the OpBox system. On the leftmost are the subjects and devices that may be placed within a be-
havioral chamber. Arrows in the top part of the figure indicate the flow of electrophysiology (EEG and EMG) data to the amplifier,
data acquisition card, and software scripts. Additional arrows indicate the ability to add behavioral and video modules as well.
Pictures of modules described in this paper in detail (OpBox amplifier and MATLAB GUI) are shown above their respective nodes.
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Figure 2. OpBox amplifier designs. A, Circuit schematic for one channel of the electrophysiology amplifier. For clarity, power con-
nections and decoupling capacitors are not shown. B, Photograph of a four-channel amplifier PCB with all components. All chan-
nels in this four-channel amplifier share the same reference and there is an additional ground connection. C, Photograph of a three-
channel amplifier PCB with all components. In this three-channel amplifier, channels 1 and 2 share a reference, while channel 3 is a
separate bipolar channel. Details for B, C are as follows: Signal inputs via screw terminals for unamplified electrophysiology input
signals (EEG and EMG). Single channel amplifier components. Amplifier chips are highlighted with dashed yellow outlines. Leftmost
is an instrumentation amplifier (INA114, Texas Instruments) with low offset voltage (50mV), drift (0.25 mV/°C), and high common-
mode rejection (115dB at G=1000), set for a fixed voltage gain of 10�. The middle and rightmost chips are operational amplifiers
(TLC277, Texas Instruments) with gain of 10� each, for a total system gain of 1000�. Each also implements one of two successive
two pole active high-pass (0.28Hz, Q�0.71) or low-pass (200Hz, Q� 0.71) filters in Sallen–Key configurations (6 dB/octave).
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components, to simplify bench fabrication of the amplifier
more easily by lab members with limited electronics and
soldering experience. While this design choice means the
device is too large to be mounted on a rodent subject’s
head, the multichannel, battery-powered amplifier is small
enough to sit directly on top of a recording or behavioral
chamber. We also elected to use an analog amplifier feed-
ing into an off-the-shelf analog-to-digital data acquisition
system capable of handling data from multiple amplifiers,
to simplify implementation and reduce costs.
We designed our circuits within Fritzing (http://fritzing.

org), an open source electronic circuit layout program that
incorporates breadboard, schematic, and PCB views,
and is commonly used in the Arduino community. We ini-
tially prototyped our circuits using breadboards, but then
organized the design for a PCB. We exported the PCB as
Gerber files for printing. These PCBs can be made in the
lab using a desktop printer with etching solution or sent
digitally to commercial manufacturers (e.g., $27.70 when
purchased from Sunstone). In the Extended Data 1,
alongside our PCB design files, we also provide bills of
materials for our boards.

Physiology data acquisition
Our amplifiers produce analog outputs that are commu-

nicated to off-the-shelf analog-to-digital data acquisition
devices. We initially explored using microcontrollers for
analog-to-digital acquisition (DAQ); however, at the time
of design, Arduino microcontroller ADCs were limited to
10bits, and timing accuracy can be inaccurate by .0.1%
(D’Ausilio, 2012), which can be more problematic for
electrophysiology than behavior. Since that time, micro-
controllers have become a more viable option, with com-
mercially available boards such as the Teensy being
employed to acquire 12-bit, 512-Hz EEG data (Blino.io).
We elected to use National Instruments data acquisition
devices given their widespread use in other otherwise
open source electrophysiology systems, including often
as benchmark devices for timing calibration (Rolston et
al., 2010; Suter et al., 2010; Englitz et al., 2013;
Campagnola et al., 2014). Potentially lower-cost alterna-
tive data acquisition devices such as LabJack are avail-
able but have yet to be tested with OpBox. We have
successfully used OpBox with several National
Instruments Data Acquisition devices (PCIe-6323, PCI-
6225, USB-6009, USB-6210, and USB-6211). Amplified
data are carried from the amplifier to the DAQ devices
via twisted-pair (Ethernet) or coaxial (BNC) cables over
an;3-m distance.
We have developed data acquisition scripts to manage

data streaming from the amplifiers. National Instruments
currently supports several programming environments,
including MATLAB via the Data Acquisition Toolbox or C/
Python. At the time of initial development, National

Instruments provided official support for a MATLAB inter-
face library, but did not provide official support for
Python, so we followed other open-source acquisition ef-
forts and developed our system in MATLAB (RRID:SCR_
001622). We expect that a similar approach to that de-
scribed below can also be used in Python. NI-DAQmx
drivers should be downloaded from the NI website and in-
stalled before using OpBox.
A key design constraint was the ability to start and stop

recordings from different subjects asynchronously. In
most data acquisition devices, a single high-precision
hardware clock starts and stops all channel acquisition si-
multaneously. Recording from multiple subjects might
therefore require processing and saving data from all
channels at once, with post hoc or retrospective splitting
of individual subject data. In OpBox, we have instead
coded an overarching set of scripts that allow for easy
multisubject acquisition. OpBox supports the use of sin-
gle or multiple hardware clocks across subjects. Even
when recordings are acquired using a single hardware
clock, the data streams from each subject are processed
and saved independently by OpBox. End users simply
identify subjects or amplifiers for which to start or stop re-
cordings. Internally, all data from the DAQ system, includ-
ing both used and unused channels, are consistently
reported to the software scripts. However, our software
uses two configurable text-based comma-separated
value (CSV) spreadsheets to track: (1) which subjects are
assigned to which recording boxes/amplifiers; and (2)
which channels on our data acquisition devices are as-
sociated with those specific boxes/amplifiers. Assigning
channels this way allows for flexibility in channel assign-
ments for different amplifier configurations and makes it
easy to track data selectively from only the active sub-
jects at any given time, to process and save data from
different subjects separately. This feature increases flex-
ibility to stagger start and stop times and decreases fur-
ther processing and storage requirements, allowing for
data to be more easily displayed, processed, and saved
in real time.
Real-time data processing includes online Fourier trans-

forms to display frequency content of the electrophysiologi-
cal data and evoked potential monitoring. These data are
updated according to the internal data communication rate
set by the MATLAB Data Acquisition Toolbox, for which we
use the default of 10Hz (100ms). A screenshot and detail of
a single subject’s stream during multisubject acquisition can
be seen in Figure 3. Data are saved in a simple binary format
for offline analysis, which can include analog physiology
data, digital behavioral data or event markers, and rotary en-
coder data, for example, from linear treadmills in head-fixed
preparations.
Using our software design, a single data acquisition de-

vice can be shared by multiple amplifiers. Therefore, a

continued
Output connections for amplified signals. Four-channel amps use a single RJ45 (Ethernet) connector for all channels, three-channel
amps use BNC connectors for each channel. LED indicators to check power connections and battery level for the positive and neg-
ative rails (63V). Each power rail uses two AA batteries in series (13 V and �3 V). Photographs in B, C were adjusted to improve
contrast and remove lab logo for blind review.
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DAQ device with many channels (for example, 80 chan-
nels in the PCI-6225) can support many subjects (for ex-
ample, 20 subjects with four channels each). Under this
architecture, the primary scaling limitation of the number of
channels that can be recorded from per computer is the
number of PCI/e slots or USB connections for data

acquisition devices collecting electrophysiology and be-
havioral data through analog and digital input channels.
Expanding the system is primarily a matter of building new
amplifiers to make use of all available input channels. PCI/
e-based National Instruments devices can also be
synchronized at the hardware level using a Real-Time

Figure 3. Simultaneous EEG/EMG recordings from rat subjects using OpBox scripts. A, Data stream from a single subject. The larg-
est plot shows overlaid amplified voltages from all channels (�1 to +1 V) over the past 5 s. The overlapping blue and green traces
represent EEG, while the red trace is EMG from nuchal muscles. Rectangular traces in the EEG plot represent digital behavioral
event markers (each color of yellow, magenta, and cyan represents a different type of behavioral event). Box number and subject ID
are shown to the left of the plot. The top right of this plot shows elapsed time since the start of the recording. Below each EEG plot,
a real-time FFT based power spectrum (0–100Hz, plotted with log power on the y-axis) is shown to the left. The mean accumulated
evoked potential (1-s total window length, auditory stimulus onsets are at time=0ms) is shown in the bottom right; y-axis is in am-
plified volts and the number of stimuli is indicated in the top left corner. This GUI is running in MATLAB on a Windows desktop com-
puter. B, Full GUI window showing simultaneous acquisition from twelve subjects. Eight rats are performing an auditory Go/No-go
discrimination, each with their own mean evoked potentials displayed. The last four subjects are recordings of spontaneous behav-
ior, i.e., while not performing a task, and thus have no evoked potentials. This multisubject GUI allows the experimenter to monitor
all subjects simultaneously with a consistent configuration.
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System Integration (RTSI) cable (e.g., uniting a PCIe-6323
and PCI-6225 for a total of 112 analog input channels and
72 digital input/output channels). Hardware clocks of dif-
ferent USB devices cannot easily be synchronized, how-
ever; therefore, when using USB devices, all channels from
a given individual subject should be kept on the same data
acquisition device.

Acquisition of additional data streams
OpBox software scripts can be configured to acquire

additional data streams. For example, behavioral markers
can be sent to digital input channels using transistor-tran-
sistor logic (TTL) signals or can be multiplexed and trans-
mitted to analog input channels on the data acquisition
device. The onsets of these behavioral events, such as ro-
dent nosepokes, stimulus deliveries, or reward deliveries,
can be used to demarcate sections of electrographic data
for averaging automated, real-time ERPs. This is reliant
on a low-latency behavioral system capable of sending
out these TTLs, with one channel dedicated to each event
of interest or through use of a multiplexed analog signal.
Collecting behavioral data simultaneously with analog
physiology data eliminates the need for post hoc attempts
to synchronize timestamps. OpBox can also be used to
simultaneously sample rotary encoder data, for example,
from treadmills, using NI data acquisition devices that
support rotary encoder data (e.g., USB-6211).
Lastly, OpBox also has the capability to display and

save video data using any standard webcam supported
by the MATLAB Image Acquisition Toolbox. Webcam
video streams are synchronized with OpBox physiology
by software. While software synchronization sets limita-
tions on synchronization precision, it potentially allows users
to employ less expensive cameras and may be sufficient if
subsecond synchronization is required, rather than millisec-
ond precision. In order to synchronize, every time data are
updated from the NI DAQ to MATLAB (at the rate deter-
mined by the NotifyWhenDataAvailableExceeds property of
the DAQ object, default 10Hz), we register the time reported
by the DAQ that the data were collected and also poll the
MATLAB video input object at that moment to determine
the number of the current frame just recorded (typically at
30Hz). These data are saved independently for each subject
and can be used for off-line video and physiology alignment,
timestamp interpolation, and analysis.

Performance benchmarking
We tested our OpBox system on a Dell Optiplex 9020

with an Intel Core i7-4770 CPU running at 3.4GHz, with 16
GB of RAM and a 500-GB SCSI SSD (Samsung 840 EVO),
running 64-bit Windows 7 (system cost ;$1200 at pur-
chase) and MATLAB R2013a (win64). Our scripts were
originally developed in MATLAB version 2013a but have
been tested to work up to version 2019b. We bench-
marked the OpBox amplifiers using a National Instruments
DAQ (PCIe-6323). We compared at least two different
OpBox amplifiers to two systems previously available for
purchase: (1) a Grass P55 AC preamplifier set to 1000�
gain, with highpass/lowpass cutoff values set to 0.3 and

300Hz, respectively, and line filter off; and (2) an open
source system, based on the Intan RHD2000-series ampli-
fier chips for signal amplification and digitization, similar to
OpenEphys (Siegle et al., 2017). While the Grass amplifier
is no longer commercially available for new purchase, a
similar amplifier is available from AM Systems (Model 3000
AC/DC differential amplifier). For acquisition of the signal
from the Intan systemwe used the RHD2000 USB interface
board and the OpenEphys Graphical User Interface (GUI).
To be most comparable to our recordings, we used high-
pass/lowpass cutoff values of 0.3 and 200Hz, respectively.
All systems were sampled at 1 kHz, except where indicated
below.
To measure the noise floor for each amp, 5-min record-

ings were taken with each amplifier on, and a connection
made between the differential inputs with a wire, a 1-kX
resistor, and a 10-kX resistor. Another recording with all
inputs unconnected was made as well. To better simulate
noise that may be picked up by a tethered animal subject,
we connected two channels of a shielded cable via a 10-
kX resistor inside the behavioral chamber and the other
ends to the differential inputs on the amplifier. The shield
for the wire was connected to ground. Root mean square
(RMS) values of the amplifier outputs were calculated for
10 non-overlapping 30-s segments. Mean RMS and SEM
of windows were calculated for each combination of test
and amplifier type. One-way ANOVAs were performed for
each test condition to test for an effect from amplifier type
on RMS values.
To measure the common mode rejection ratio (CMRR)

for each amplifier, a 1-V peak-to-peak 60-Hz sine wave
was output from an Agilent 33250A function generator
and the positive lead was split and connected to both dif-
ferential inputs. The negative lead was left floating; 5-min
segments of recordings were taken from each amplifier
type. The ratio of RMS of the output signal to the RMS of
the input signal (from an ideal signal generated using
MATLAB) was calculated for 10 non-overlapping 30-s
segments for each amplifier type to determine the mean
and SEM of signal reduction in decibels.
As a test of amplifying a known signal, a 100-mV peak-

to-peak, 10-Hz sine wave signal was delivered to each
amplifier input using the function generator. As this was
below the output voltage range of the signal generator, a
100-mV peak-to-peak signal was stepped down by a fac-
tor of 1/1000 using a precision voltage divider circuit. We
took 5-min recordings and compared amplifier outputs by
computing the power spectrum densities of these record-
ings. To calculate signal-to-noise ratio (SNR) for each am-
plifier in these test recordings, we used the MATLAB SNR
function (snr) to calculate the SNR in 20 non-overlapping
15-s windows for each recording. Mean and SDs of SNR
values were taken for each amplifier and compared using
a one-way ANOVA, with post hoc tests Bonferroni cor-
rected for multiple comparisons.
In order to test the performance of inexpensive commu-

tators, we performed an additional 30-s test signal re-
cording in which the output of the voltage divider was
sent to the amplifier input via our commutator. The com-
mutator was spun by hand at ;0.2Hz using a stopwatch
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as a guide. Since this benchmarking recording setup
does not allow us to spin our cables indefinitely, we spun
clockwise for two revolutions, counterclockwise two revo-
lutions, and then clockwise for two revolutions again. The
raw signal was plotted alongside the approximate rota-
tional position as well as a spectrogram of the recording
made using 2-s windows and 80% overlap.
Cross talk between different channels of the same

OpBox amplifier and between different amplifiers on the
same DAQ was measured by recording unused channels
during test signal amplification. Again, by using our func-
tion generator and voltage divider circuit, a 1-mV peak-to-
peak, 10-Hz triangle wave was sent to the first channel of
an OpBox amplifier. We recorded from the channel re-
ceiving the input, another unused channel on the same
amplifier, and an unused channel from a second amplifier
connected to an adjacent DAQ input, all for 5min. RMS
values of all three channels were calculated, as well as the
RMS value of an idealized output (a 5-min, 500-mV, 10-
Hz triangle wave generated in MATLAB) for 10 non-over-
lapping 30-s segments. Mean and SEM of RMS values for
each channel were calculated and compared with the
idealized signal.
For tests measuring phase distortion, gain, step re-

sponse, and impulse response, we increased the sample
rate in our OpBox MATLAB script from 1 to 100 kHz. For
step and impulse response tests using the Intan devices,
the max sampling rate of 30 kHz was used; however,
since no means of bypassing the amplifier was possible
for the Intan device, it was not included in phase distortion
and gain analyses. To measure phase distortion, a 1-V
peak-to-peak signal was split and sent both directly to
our DAQ and to an input on the amplifier via voltage di-
vider. Tests were performed with sine waves at frequen-
cies of 5, 10, 25, 50, and 100Hz. The 10-s recordings
were Hilbert transformed and phase discrepancy was cal-
culated for each frequency as the instantaneous differ-
ence in phase at each sample. Mean and SEM of phase
difference was reported for each amplifier at each fre-
quency tested. Using the same recordings, we calculated
effective gain at each frequency by calculating the ratio of
RMS of amplifier outputs to RMS of the input signals (si-
mulated by dividing the direct-to-DAQ signal by 1000).
For step signals, a 0.05-Hz 1-mV unipolar rectangular

wave was sent to the amplifier input using the function
generator and voltage divider. Rise time was calculated
as the time difference between an amplifier output reach-
ing 10% and 90% of the max amplitude after delivery of
signal. Plots were included to show amplifier response to
step onset until outputs had settled completely. For an
impulse signal, we used the signal generator and voltage
divider to send a 500-mV unipolar, 1-ms pulse to one
channel of each amplifier. Plots of a single impulse re-
sponse were visually compared between amplifier types.
Measurements of input impedance for each amplifier

were calculated by sending sine waves from the function
generator and voltage divider at frequencies of 1, 5, 10,
25, and 50Hz. This was done using a fixed gain, tuned so
that the input was as large as possible without saturating
the amplifier. At each frequency tested, recordings were

made with the upper arm of the voltage divider output
passed to the amplifier via a wire, and again passed via a
10-MX resistor. Recordings of each type were split into
20 non-overlapping windows, for which RMS was calcu-
lated. Input impedance values were then calculated using
the formula: Input Impedance=10 MX � RMS10 MX/
(RMS0X – RMS10MX) and are presented as medians and
interquartile ranges.
To benchmark the synchronization of analog data and

video streams, we flashed an infrared LED (Everlight
IR333C/H0/L10) at both a webcam (Digital Innovations
4310100) and a phototransistor (TT Electronics/Optek
Technology OP535B). Voltage across the phototransistor
was measured by an NI DAQ (USB-6210). Data from both
the webcam and the NI DAQ were recorded by OpBox
within MATLAB R2018b using a Windows 10 desktop
computer, and data streams were synchronized in soft-
ware. The LED was flashed using an Arduino Mega, and
was on for 1 s, and off for 2 s. We recorded 36min of data.
Offline, we identified LED onset times by thresholding each
data stream at 1.5 times the median value. The difference
between LED onset times in the two streams were com-
pared, and descriptive statistics are reported in Results.

Animal care and use
We also tested the performance of our amplifiers for re-

cording EEG and EMG in animal subjects. All animal
procedures were performed in accordance with the
Massachusetts General Hospital animal care committee’s
regulations. Young (three-month) and aged (24-month)
male Brown Norway (Rattus norvegicus) rats were ac-
quired from the National Institute on Aging Aged Rodent
Colonies (RRID:SCR_007317) and housed in standard ca-
ging on a 12/12 h light/dark cycle with ad libitum access
to food and water until the start of behavioral training, for
which food restriction was used as a motivator for obtain-
ing a caloric fluid reward from correct task performance.
All experiments were started at ;Zeitgeber time (ZT)3.
Behavioral tasks consisted of a Go/No-go auditory dis-
crimination, where responses to Go tones (pure tones at
3.5 or 12 kHz, ;55dB, 1-s duration) yielded 100ml of re-
ward delivered via a spout (Ensure clear), and responses
to No-go tones (counter-balanced 12 or 3.5 kHz), were
unpunished. Behavioral protocols were run locally on an
Arduino Mega, a microcontroller and embedded com-
puter system dedicated to each behavioral chambers.
Behavioral results are not described in this manuscript,
which is focused on the physiology system, but further
details are available on request and hardware and soft-
ware are freely available on our website (http://www.
kimchilab.org/opbox/). Animal behavior was monitored
using an infrared webcam (Digital Innovations P/N:
4310100) and training sessions typically lasted 1–2 h, with
training typically taking at least two weeks before
implantation.
After training, rats were implanted with four extradural

skull screw electrodes and 2 EMG pads (Plastics One)
under general anesthesia [ketamine 100mg/kg (for induc-
tion and supplements if needed) 1 diazepam 10mg/kg
(for induction only)] and local anesthetics (lidocaine). Opioid
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pain management (buprenorphine 0.05mg/kg) and NSAID
analgesia (ketoprofen 4mg/kg) were administered peri-op-
eratively. Relative to bregma, extradural skull screw electro-
des were located: 2 mm anterior and 62 mm lateral from
sagittal midline (bilateral); 3 mm posterior and63 mm lateral
from sagittal midline (bilateral). The anterior right electrode
was used as ground. The anterior left electrode was used as
a reference to record two channels: an ipsilateral recording
and a contralateral recording from the left and right posterior
screws, respectively. EMG pads were placed in between
nuchal muscles after blunt dissection posterior to the occi-
put. A bipolar EMG recording was made using the third
channel, taken as the differential between the two pads. The
screws, leads, and exposed skull were covered with dental
cement (AM Systems). Daily ketoprofen administration con-
tinued for 2 d following the procedure. To avoid damage
from cagemates chewing on headstage connectors, ani-
mals were housed individually after surgery. Rats were al-
lowed to recover for at least one week. After recovery,
behavioral testing was resumed, with concurrent electro-
physiology data acquisition.

Multisubject simultaneous acquisition
To demonstrate the capabilities of our system’s simul-

taneous, multisubject acquisition, we recorded EEG and
EMG from 12 subjects simultaneously on a single com-
puter. Subjects were placed in a custom-made acrylic
box (Dan-Kar Plastics) inside of a laminated wooden box
lined with acoustic foam (McMaster). Headstage connec-
tors were attached using short cables (PlasticsOne P/N:
363–000 W/SPRING) to a commutator (Adafruit P/N: 736)
at the ceiling of the chamber, which was connected to our
three-channel OpBox amplifier. Amplifiers were con-
nected via BNC cables to National Instruments breakout
boards (NI P/N: 777145–02), which were connected to
two data acquisition cards (NI PCIe-6323 and PCI-6225).
A single instance of MATLAB on our desktop computer
running Windows 7, installed with the NI-DAQmx drivers,
handled data acquisition and visualization of incoming
data streams, including raw EEG/EMG traces and real-
time FFT power spectrum plots.
Physiologic data were synchronized with behavioral

data streams at the hardware level by sending digital
event markers from the Arduinos to the DAQ. Therefore,
behavioral (or other digitally-encoded data) and physio-
logical data could be supervised by different devices to
maximize the number of ports available for each device

type. Recording sessions lasted from 1 to 6 h depending
on the experimental need. We united the data for further
analysis offline though network and cloud services.

Other hardware devices
In the Extended Data 1, we provide more details on the

few other hardware devices in our system. These remain-
ing components, like many others in OpBox, are chosen
flexibly in modular fashion. For instance, we have tested
our system with two different sets of EEG electrodes
(PlasticsOne and custom-made screw electrodes) with
similar results. For situations in which additional shielding
is desired, we have employed prebuilt aluminum enclo-
sures for our amplifiers with minor modifications to
ground them and expose connections. We also have 3D-
printed enclosures for our National Instrument interfaces
to protect them and break out channels of interest in a
patchbay of Ethernet or BNC connectors.

Costs
The initial cost of OpBox is for 10 simultaneous subjects is

;$5000 ($497 per subject) when buying parts for the initial
10 setups, including a desktop computer, MATLAB licenses,
and National Instruments devices. A parts list spreadsheet
with links to parts and cost is available as Extended Data 1.
Commercial solutions, such as those offered by Pinnacle
Technology and Biopac Systems can cost upwards of
$35,000 or $42,000, respectively, for the initial 10 setups.
Other open-source solutions like OpenEphys could be used,
although not expressly designed for high subject, low chan-
nel count experiments and thus would still be more expen-
sive (;$14,000 for just the headstages and USB interface
boards for an initial 10 simultaneous subjects).

Code accessibility
The code/software described in the paper is freely avail-

able online at https://github.com/KimchiLab/OpBoxPhys.
The code is available as Extended Data 1.

Results
Amplifier benchmarks
We benchmarked and compared our amplifiers using a

variety of standard conditions. Noise testing experiments
are reported in Table 1 as the average and SEM of RMS
values with different resistance loads. OpBox amplifiers

Table 1: Noise floor testing

Amplifier
Inputs shorted
(mV rms)

Connected by
1 kV (mV rms)

Connected by
10 kV (mV rms)

Connected by 10 kV and
30-cm cable (mV rms)

Inputs open
(mV rms)

OpBox A 1.32260.005 1.3246 0.009 1.3376 0.008 1.3426 0.006 1.7086 0.011
OpBox B 1.28260.006 1.2846 0.006 1.2976 0.006 1.3066 0.007 1.8966 0.021
Grass 0.55460.009 0.5966 0.046 0.5896 0.008 0.5296 0.018 12.7566 0.122
Intan 2.63260.009 2.7086 0.046 3.0326 0.055 22.1076 1.034 13.1046 0.508

Values from noise floor testing of the different amplifiers; 5-min segments of recordings were taken from each amplifier type with differential inputs shorted using
a wire, connected using different resistors, or left completely unconnected. To mimic the effect of having EEG travel via a cable in a tethered subject recording,
we also connected the amplifier inputs to a 10-kV resistor but at the end of a 30-cm shielded two conductor cable. The shielding of the cable was grounded.
Mean RMS values of these 5-min segments were calculated using 10 non-overlapping 30-s windows. Mean and SEM values are reported for each combinations
of amplifier type and testing criteria; n=10 non-overlapping 30-s windows for all table cells.
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had comparatively low noise on all tests performed. When
resistors were directly connected to the amplifiers in this
particular setup, OpBox amplifiers had higher RMS than
the Grass amplifier and lower than the Intan amplifier. We
elected to use a consistent methodology for all amplifiers
in the shielded cable tests; however, it should be noted
that Intan headstage amplifiers are unlikely to have a
cable run of this length, and thus this test does not neces-
sarily reflect typical use for these amplifiers as compared
with the Grass or OpBox amplifiers.
We next tested CMRR to see how well OpBox amplifiers

rejected common signals (1-V peak-to-peak, 60-Hz sine
wave). CMRR tests show OpBox amplifiers have good
performance rejecting common mode signals in this partic-
ular setup (n=10: Grass = �61.546 0.01dB; OpBox A =
�101.8761.49dB; OpBox B = �111.696 0.09dB; Intan =
�66.656 1.10dB). We note that the noise and CMRR val-
ues for the Intan recordings are higher than reported in their
datasheet and further shielding would likely produce a re-
sult more comparable with their reported values; however,
we kept conditions standard here between amplifiers as
described.
OpBox amplifiers also reliably outputted clean, ampli-

fied signals from sine waves. As seen in Figure 4, power
spectrums of test signal amplification show OpBox ampli-
fiers were comparable to the SNR of other commercial
amplifiers. Under these specific conditions, SNR values

for amplifiers were as follows (mean 6 SD): Grass=
26.726 0.1732 dB; OpBoxA=24.336 5.54 dB, OpBoxB=
23.60 6 4.11 dB, and Intan=15.7362.38 (p, 0.01 for
comparisons of Intan amplifier to each other amplifiers;
p. 0.05 for comparisons between all other amplifiers). In
cross talk tests, RMS analysis of the active channel (291.00
mVrms) showed a close value to an idealized triangle wave
signal (288.79 mVrms). Unused channels had low RMS val-
ues both within the amplifier (1.84 mVrms) and between
amplifiers (1.73 mVrms), suggesting minimal cross talk.
High sample rate tests, as seen in Figure 5, were per-

formed to measure phase distortion, gain, step response,
and pulse response. Analysis of phase distortion showed
minor phase distortion effects from amplifiers that in-
crease with frequency. Even at the highest frequency
measured (100Hz), distortion time remained steady (for
n=106 observations, standard error was 60.001 rad for all
Grass amp tests and 60.005 rad for all OpBox amp tests)
and never more than half a cycle behind the direct-to-DAQ
recording for both Grass and OpBox amplifiers. OpBox
amplifiers show steady gain with some roll-off at higher fre-
quencies. For the step responses shown in the figure, rise
times were 1.9ms for the OpBox amp, 1.6ms for the Grass
amp, and 6.3ms for the Intan amp. Impulse responses for
each amplifier are included in Figure 5 as well.
Impedance tests showed good performance from

OpBox amplifiers for all frequencies tested (Table 2).

Table 2: Input impedance testing

Amplifier 1 Hz 5 Hz 10 Hz 25 Hz 50 Hz
OpBox 0.861 GX [0.859, 0.864] 0.866 GX [0.861, 0.868] 0.869 GX [0.866, 0.872] 0.885 GX [0.883, 0.889] 0.902 GX [0.899, 0.905]
Grass 0.100 GX [0.100, 0.101] 0.101 GX [0.101, 0.101] 0.102 GX [0.102, 0.103] 0.116 GX [0.116, 0.116] 0.204 GX [0.204, 0.205]
Intan 2.832 GX [1.926, 4.915] 2.301 GX [1.570, 2.861] 1.842 GX [1.775, 1.888] 1.391 GX [1.324, 1.471] 0.959 GX [0.901, 1.024]

Input impedance values for each amplifier at various EEG relevant frequencies. Two 3-min recordings were taken of sine wave signals, once using a 0-V upper
arm resistor (wire) and once using a precision 10-MV resistor. Recordings were divided into 20 segments, and the RMS values were calculated for each segment.
Ratios between RMS values using the different resistors were used to calculate the input impedances. Data are displayed as median [interquartile range].

Figure 4. Amplification of a 10-Hz test signal. A, Comparison of power spectrum density over a 5-min period, where a 10-Hz, 100-
mV peak-to-peak sine wave was sent to one channel of each amplifier using a function generator and voltage divider circuit.
Spectrograms were taken of the amplifier outputs using 4 s, non-overlapping windows (n=75 windows per amplifier). Spectra are
shown with shaded 95% confidence intervals. No line filters were used. Signals were also sent via an inexpensive commutator used
by our lab to verify their performance. Commutators were spun by hand. B, Approximate rotational position in radians of our com-
mutator where 0 is equivalent to the initial position. C, Raw recording of the test signal. D, Spectrogram of the signal.
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Grass amplifiers showed similar performance. The calcu-
lated values for the Intan amplifier were affected by in-
creased variability, because of the large scaling factor in
impedance calculations; i.e., variability of 1 GX in this test
is resultant of ,0.5% variability in ratios of recordings’
RMS values.
We benchmarked our synchronization protocol for analog

data and video streams for a single camera by flashing an
LED. LED onset times as captured by the video were delayed
relative to onset times captured by a phototransistor going
into the OpBox system by a mean of 66.1ms (SD 13.2ms).

There was no significant drift between the first and last half of
the 36-min recording (t test of delays from first vs second half
of recording, p=0.843).

Animal data acquisition
In Figure 6, we validated the simultaneous acquisition

from 12 subjects. Recording from 12 subjects simultane-
ously (three analog channels, up to four digital channels
per subject, each at 1 kHz) for over 6 h used 12% of total
CPU power and 1.5-GB RAM. Battery life depended on

Figure 5. High sample rate tests. OpBox and Grass amplifiers were sampled at 100 kHz via OpBox scripts in MATLAB, and the
Intan amplifier was sampled at their max rate of 30 kHz using the Open Ephys GUI. A, Phase distortion from Grass and OpBox am-
plifiers at 5 different frequencies; 1-mV peak-to-peak sine wave signals at varying frequencies were split from a function generator
and sent to one channel of the amplifier via a voltage divider as well as directly to the DAQ. Data from both inputs were sampled si-
multaneously at 100 kHz. Recordings were Hilbert transformed and the difference in phase angle was calculated for each frequency
tested. B, Measured gain for Grass and OpBox amplifiers at each frequency. Using the same recordings, RMS values over the entire
10 s were calculated and the ratio of amplified signals versus direct to DAQ signals divided by 1000 (to match the voltage divider
output) are reported for each frequency. C, Amplifier responses to a step response, a 10-s, 500-mV unipolar rectangular wave. A si-
mulated version of the amplifier input is shown in the top plot. D, Amplifier responses to an approximate impulse response, a 1-ms,
500-mV unipolar pulse. A simulated version of the amplifier input is shown in the top plot.
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the duration of use for each amplifier, but lasted more
than a week when running continuously and more than a
month when recording for 6 h/d.
We performed spectral analyses on the first hour of

EEG recorded from each subject’s session and deter-
mined that all power spectrums showed physiologically
relevant data in the form of band-specific power, which
appeared to vary by subject age and behavioral state. We
also analyzed ERPs from two subjects (one young and
one aged) undergoing behavioral testing with delivery of
tones, using digital triggers sent out by our behavioral
system at the time of cue delivery, to validate the capabil-
ity of our system to be sensitive to low-power events
which are only discernible in time-locked averages.

Discussion
We have developed OpBox, an open source system for

acquiring electrophysiology data in behavioral experi-
ments. We have successfully employed this system to re-
cord EEG and EMG in behaving rats, and have also used
the system to record in behaving mice. Our system has
been specially crafted to suit our experimental needs but
is modular and flexible so that it can be tailored for differ-
ent experiments. Flexibility is offered through dynamic

channel assignment tailored to each subject specifically,
the ability to acquire multiple signal types simultaneously,
the ability to stagger start and stop times, and the result-
ing ability to combine subjects from separate protocols
on a shared computer by way of these features. The scal-
ability and modular design of our system allows for incre-
mental expansion without a significant additional burden
on each subsequent setup. After setting up a single ampli-
fier, a second amplifier can still use the same computer,
acquisition card, protocols, and analyses. Since the capa-
bility of our software in handling multiple subjects is not a
limiting factor, adding subjects in software takes a minor
amount of user input. OpBox simplifies multisubject pro-
tocols through the ability to have independent subject
start times, synchronized data streams, and modular
combinations of behavioral devices and cameras. We
achieve similar performance per channel compared with
a commercial general-purpose single channel amplifier
at a fraction of the cost per channel, although with the
trade-off of fixed filters and gain. Importantly for smaller
labs, the system costs approximately an order of magni-
tude less on a per-subject basis than less customized
commercial systems, although those may have their own
advantages.

Figure 6. Multisubject session demonstrating the ability to record electrophysiology (EEG and EMG) data from 12 subjects simulta-
neously. A, Combined plot of all 12 subjects’ ipsilateral EEG power spectrums. Each trace represents the mean power spectral den-
sity from one subject over 1 h of EEG recording. Traces are color coded by cohort, determined by age and whether subjects are
performing a Go/No-go task or are resting. B, C, Evoked potential data from a young and aged subject, respectively, from the same
session, demonstrating the consistent ability to synchronize EEG recordings with behavioral event triggers. Evoked responses
shown were collected over the entire 4-h behavioral session. Each column represents a channel of EEG (ipsilateral or contralateral)
or EMG. Top plots represent analog rasters for each trial, bottom plots represent the channel means, plotted with shaded SEM,
although the high trial counts have reduced these intervals too much to visualize. Stimuli presentations were 1 s long and self-initi-
ated by a nosepoke at least 100ms in duration. Depending on task criteria, tones were 3.5, 6.5, or 12 kHz in frequency, at ;55dB.
Time 0 s indicates tone onset, with preceding nosepoke registration at �0.1 s.
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By using open source designs, collaboration and replica-
bility can be achieved more easily and with less of a finan-
cial burden. The primary closed source but off-the-shelf
components of our system are MATLAB and National
Instruments DAQs. MATLAB is already used widely in
many neuroscience laboratories. National Instruments de-
vices are flexible, have a multitude of channels, and use
well-maintained drivers (Parker et al., 2013). We decided
that ease of implementation in these two domains were
worth the use of proprietary designs. However, open
source alternatives exist, for example, Python, a program-
ming language which is increasingly used in laboratories as
an alternative to MATLAB, and OpenDAQ, an open source
USB-based data acquisition device. Through careful con-
sideration of the synchronization capabilities of our off-the-
shelf components, we can use of all available channels of
the data acquisition devices to maintain reliable timing, in-
cluding across PCI devices.
We anticipate that different labs will have different

needs, and most labs that explore OpBox will use a subset
of the open source modules, the amplifier and MATLAB
scripts, we have designed. The modular nature of our sys-
tem allows for users to only adopt certain parts, either spe-
cific hardware or software components without a loss in
their functionality. This design philosophy allows for other
equipment or data streams to be integrated with the
OpBox system, as opposed to systems in which inputs
and outputs are more tightly restricted. Consistent with
the way in which we have benefitted from open source re-
sources, we have made all of our hardware designs freely
available on our website (https://github.com/KimchiLab/
OpBoxPhys) under a Creative Commons Attribution-
ShareAlike 4.0 International License (http://Creative
Commons.org/licenses/by-sa/4.0/), and software freely
available under an MIT license (https://opensource.org/
licenses/MIT).
This system has been fully implemented in our lab for

more than four years and in the lab of a collaborator for more
than half of that time. Our three-channel and four-channel
amplifiers have proven sufficient for the recording montages
desired in different experiments such as the behavioral ex-
periments described here, experiments concerning EEG
under anesthesia, recordings of sleep, and chronic EEG re-
cordings of epileptic animals. We hope this system will also
assist others in a wide range of applications perhaps beyond
those described here, and that open source tools may help
address ongoing concerns of replication and translation in
neuroscience (Gleeson et al., 2017; White et al., 2019).

References
Berger H (1929) Ûber das Elektrenkephalogramm des Menschen.
Archiv Psychiatrie 87:527–570.

Bragin A, Engel J, Wilson CL, Vizentin E, Mathern GW (1999)
Electrophysiologic analysis of a chronic seizure model after unilat-
eral hippocampal KA injection. Epilepsia 40:1210–1221.

Brown EN, Lydic R, Schiff ND (2010) General anesthesia, sleep, and
coma. N Engl J Med 363:2638–2650.

Campagnola L, Kratz MB, Manis PB (2014) ACQ4: an open-source
software platform for data acquisition and analysis in neurophysi-
ology research. Front Neuroinformatics 8:3.

Chen H, Koubeissi MZ (2019) Electroencephalography in epilepsy
evaluation. Contin Minneap Minn 25:431–453.

D’Ausilio A (2012) Arduino: a low-cost multipurpose lab equipment.
Behav Res Methods 44:305–313.

Drinkenburg WHIM, Ahnaou A, Ruigt GSF (2015) Pharmaco-EEG
studies in animals: a history-based introduction to contemporary
translational applications. Neuropsychobiology 72:139–150.

Engel GL, Romano J (1959) Delirium, a syndrome of cerebral insuffi-
ciency. J Chronic Dis 9:260–277.

Englitz B, David SV, Sorenson MD, Shamma SA (2013) MANTA–an
open-source, high density electrophysiology recording suite for
MATLAB. Front Neural Circuits 7:69.

Frey J (2016) Comparison of an open-hardware electroencephalogra-
phy amplifier with medical grade device in brain-computer interface
applications: In: Proceedings of the 3rd international conference on
physiological computing systems, pp 105–114. Lisbon: Science
and Technology Publications.

Gleeson P, Davison AP, Silver RA, Ascoli GA (2017) A commitment
to open source in neuroscience. Neuron 96:964–965.

Jones KA, Menniti FS, Sivarao DV (2015) Translational psychiatry–
light at the end of the tunnel. Ann NY Acad Sci 1344:1–11.

Kadam SD, D’Ambrosio R, Duveau V, Roucard C, Garcia-Cairasco
N, Ikeda A, de Curtis M, Galanopoulou AS, Kelly KM (2017)
Methodological standards and interpretation of video-EEG in
adult control rodents. A TASK1-WG1 report of the AES/ILAE
Translational Task Force of the ILAE. Epilepsia 58:10–27.

Kimchi EY, Neelagiri A, Whitt W, Sagi AR, Ryan SL, Gadbois G,
Groothuysen D, Westover MB (2019) Clinical EEG slowing corre-
lates with delirium severity and predicts poor clinical outcomes.
Neurology 93:e1260–e1271.

Land BR, Wyttenbach RA, Johnson BR (2001) Tools for physiology
labs: an inexpensive high-performance amplifier and electrode for
extracellular recording. J Neurosci Methods 106:47–55.

Mashour GA, Hudetz AG (2018) Neural correlates of unconscious-
ness in large-scale brain networks. Trends Neurosci 41:150–160.

Medlej Y, Asdikian R, Wadi L, Salah H, Dosh L, Hashash R, Karnib N,
Medlej M, Darwish H, Kobeissy F, Obeid M (2019) Enhanced setup for
wired continuous long-term EEG monitoring in juvenile and adult rats:
application for epilepsy and other disorders. BMCNeurosci 20:8.

Oishi Y, Takata Y, Taguchi Y, Kohtoh S, Urade Y, Lazarus M (2016)
Polygraphic Recording procedure for measuring sleep in mice. J
Vis Exp. Advance online publication. Retrieved Jan 25, 2016. doi:
10.3791/53678.

Parker MO, Ife D, Ma J, Pancholi M, Smeraldi F, Straw C, Brennan
CH (2013) Development and automation of a test of impulse con-
trol in zebrafish. Front Syst Neurosci 7:65.

Rolston JD, Gross RE, Potter SM (2010) Closed-loop, open-source
electrophysiology. Front Neurosci 4:31.

Siegle JH, López AC, Patel YA, Abramov K, Ohayon S, Voigts J
(2017) Open Ephys: an open-source, plugin-based platform for
multichannel electrophysiology. J Neural Eng 14:e045003.

Suter BA, O’Connor T, Iyer V, Petreanu LT, Hooks BM, Kiritani T, Svoboda
K, Shepherd GMG (2010) Ephus: multipurpose data acquisition soft-
ware for neuroscience experiments. Front Neural Circuits 4:100.

Tatum WO (2001) Long-term EEG monitoring: a clinical approach to
electrophysiology. J Clin Neurophysiol 18:442–455.

Trzepacz PT, Leavitt M, Ciongoli K (1992) An animal model for delir-
ium. Psychosomatics 33:404–415.

van der Kooi AW, Zaal IJ, Klijn FA, Koek HL, Meijer RC, Leijten FS,
Slooter AJ (2015) Delirium detection using EEG: what and how to
measure. Chest 147:94–101.

Wang J, Trumpis M, Insanally M, Froemke R, Viventi J (2014) A low-
cost, multiplexed electrophysiology system for chronic mECoG re-
cordings in rodents. Conf Proc Annu Int Conf IEEE Eng Med Biol
Soc IEEE Eng Med Biol Soc Annu Conf 2014:5256–5259.

White SR, Amarante LM, Kravitz AV, Laubach M (2019) The future is
open: open-source tools for behavioral neuroscience research.
eNeuro 6:ENEURO.0223-19.2019.

Opbox: Open Source Tools and Methods 13 of 13

September/October 2020, 7(5) ENEURO.0212-20.2020 eNeuro.org

https://github.com/KimchiLab/OpBoxPhys
https://github.com/KimchiLab/OpBoxPhys
http://creativecommons.org/licenses/by-sa/4.0/
http://creativecommons.org/licenses/by-sa/4.0/
https://opensource.org/licenses/MIT
https://opensource.org/licenses/MIT
http://dx.doi.org/10.1007/BF01797193
http://dx.doi.org/10.1111/j.1528-1157.1999.tb00849.x
https://www.ncbi.nlm.nih.gov/pubmed/10487183
http://dx.doi.org/10.1056/NEJMra0808281
https://www.ncbi.nlm.nih.gov/pubmed/21190458
http://dx.doi.org/10.3758/s13428-011-0163-z
http://dx.doi.org/10.1159/000443175
https://www.ncbi.nlm.nih.gov/pubmed/26901675
http://dx.doi.org/10.1016/0021-9681(59)90165-1
https://www.ncbi.nlm.nih.gov/pubmed/13631039
http://dx.doi.org/10.5220/0005954501050114
http://dx.doi.org/10.1016/j.neuron.2017.10.013
https://www.ncbi.nlm.nih.gov/pubmed/29216458
http://dx.doi.org/10.1111/nyas.12725
https://www.ncbi.nlm.nih.gov/pubmed/25752480
http://dx.doi.org/10.1111/epi.13903
http://dx.doi.org/10.1212/WNL.0000000000008164
https://www.ncbi.nlm.nih.gov/pubmed/31467255
http://dx.doi.org/10.1016/s0165-0270(01)00328-4
https://www.ncbi.nlm.nih.gov/pubmed/11248340
http://dx.doi.org/10.1016/j.tins.2018.01.003
https://www.ncbi.nlm.nih.gov/pubmed/29409683
http://dx.doi.org/10.1186/s12868-019-0490-z
https://www.ncbi.nlm.nih.gov/pubmed/30832562
http://dx.doi.org/10.3791/53678
http://dx.doi.org/10.1088/1741-2552/aa5eea
https://www.ncbi.nlm.nih.gov/pubmed/28169219
http://dx.doi.org/10.3389/fncir.2010.00100
https://www.ncbi.nlm.nih.gov/pubmed/21960959
http://dx.doi.org/10.1097/00004691-200109000-00009
https://www.ncbi.nlm.nih.gov/pubmed/11709650
http://dx.doi.org/10.1016/S0033-3182(92)71945-8
https://www.ncbi.nlm.nih.gov/pubmed/1461966
http://dx.doi.org/10.1378/chest.13-3050
https://www.ncbi.nlm.nih.gov/pubmed/25166725
http://dx.doi.org/10.1523/ENEURO.0223-19.2019

	OpBox: Open Source Tools for Simultaneous EEG and EMG Acquisition from Multiple Subjects
	Introduction
	Materials and Methods
	Amplifier design
	Physiology data acquisition
	Acquisition of additional data streams
	Performance benchmarking
	Animal care and use
	Multisubject simultaneous acquisition
	Other hardware devices
	Costs
	Code accessibility

	Results
	Amplifier benchmarks
	Animal data acquisition

	Discussion
	References


