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Abstract

Large-scale simultaneous recording could help us to understand the complex behavior of neuronal ensembles. Field
potentials (FPs) and multi-unit activities (MUAs) are to complement each other. Here, a hybrid multichannel system
was proposed to record FPs and MUAs. Firstly, a three-stage signal-conditioning unit was designed that offered low noise,
low cost and excellent line-driving capabilities. The parallel architecture of the filter stage, just before the analog-to-digital
(A/D) converter card, allowed the MUA and FPs to be recorded simultaneously without further signal processing. Sec-
ondly, to obtain a precision map, a 64-channel high-speed A/D card and its software program were purchased, which
allowed ‘‘pseudo-synchronous’’ acquisition among different channels. Finally, a practical application of this system in
investigating cortical responses showed that it met the requirements of ensemble recording. The detailed design consider-
ations and methods for implementing the system could be valuable to other neuroscience laboratories.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Amplifier; Data-acquisition; Field potential; Multichannel; Multi-unit action potentials
1. Introduction

The processing of somatosensory information in
the mammalian brain involves the transmission of
neural activities from the skin to the neocortex
through parallel pathways, which ascend through
a hierarchical sequence of neural structures [1,2].
Even the simplest response will depend on the syn-
chronous activation of neuron populations [3,4].
Multichannel recording is thus becoming indispens-
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able. The recording of field potentials (FPs) and
multi-unit activities (MUAs) have been used to
observe the activities of groups of neurons and pro-
vide information about the distribution and func-
tions [5,6]. FPs provide the macrocosm and
MAUs give the microcosmic of the brain activities,
they are to complement each other.

Fortunately, recent advances in micromachine
multichannel probes have made large-scale record-
ing of neural ensembles feasible [7,8]. Modern high
performance signal-conditioning and data-acquisi-
tion systems have further advanced the application
of multichannel recording techniques [9–11]. How-
ever, so many manufacturers and publications of
.
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multichannel system that could be recorded only
alone either FPs or MAUs.

The current paper details a complete multichan-
nel system, which can easy and rapid to be con-
structed, including a 16-channel preamplifier, two
16-channel filters, a 64-channel analog-to-digital
(A/D) converter card, and a user interface. Novel
ideas are suggested concerning the line-driving
capability of the amplifiers, the parallel architecture
of the filters and ‘‘pseudo-synchronous’’ acquisition
for the sampling of neuronal signals. Furthermore,
this system can record MUAs as well as FPs concur-
rently. A cortical evoked response is used to illus-
trate its utility. The design considerations for each
module provide detailed information about the con-
struction of a multichannel system for neural activ-
ities recording. We believe that this information will
be useful for other neuroscience laboratories.

2. System construction

2.1. Design considerations

As a complete multichannel recording system
would have been expensive, complicated and appli-
cation specific, several factors were carefully consid-
ered from the outset of the study. The first question
was whether to build or to buy? This led us to think
about the nature of the functional blocks that would
make up the complete system. In principle, a multi-
channel microelectrode, a signal-conditioning unit
(usually comprising amplifiers and filters) and a
data-acquisition system are the essential parts of
this type of system.

The specification of a multichannel electrode
depends not only on the technologies available,
Fig. 1. Complete system architecture. Each channel of the signal-conditi
For low noise interference, the head stage was placed close to the micr
beside the stereotaxic apparatus and was far away from the instrumen
inputs of the A/D converter card.
but also on the characteristics of the recording tar-
get; in other words, the major factor that affects
the configuration of a multichannel electrode is the
recording site of the neuronal signals. However,
multichannel microelectrodes purchased from com-
mercial manufacturers or academic laboratories are
suitable for many experimental paradigms [12–15].

The second problem is determining the architec-
ture or composition of the signal-conditioning unit.
The major consideration for a multichannel condi-
tioning unit is its performance. Fig. 1 illustrates
the proposed architecture. Instead of the time-mul-
tiplex technique [16], parallel architecture was used
to avoid the problem of a long settling time between
channel switching.

Considering the potentially large number of
channels, the data-acquisition system deserves close
attention. For biomedical applications, the signal
sampling should be simultaneous among the chan-
nels [17] and closely synchronized with external
events [18]. Currently, the maximum number of
simultaneous channels for a commercial A/D card
is eight. Therefore, to increase the number of input
channels, the ‘‘pseudo-synchronous’’ technique was
used [19]. The necessary hardware development is
too complex to be completed in a short time. Fur-
thermore, it would have been impractical to develop
a user interface within the given time restrictions.
Therefore, the PCI-6071E A/D data-acquisition
card and associated software was purchased. This
card features 64 analog inputs and can stream data
to disk at a rate of up to 1.25 M words per second.
For instance, with a 16-channel application, the
maximum sampling rate of each channel is
�78 kHz under idealized conditions. Finally, a Pen-
tium III (1 GHz) computer was used as the platform
oning unit consisted of a head stage, a preamplifier and two filters.
oelectrode and was battery powered. The preamplifier was placed
t frame. The filters were rack mounted as close as possible to the
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for the graphic user interface, which was developed
using the LabVIEW programming language.

2.2. Implementation of the signal-conditioning unit

As illustrated in Fig. 1, the signal-conditioning
unit was separated into the headstage, preamplifier,
and filter sections. The detailed circuits are shown in
Fig. 2. Usually the headstage was integrated into the
multichannel electrode for noise reduction. For each
channel, an ultra-low-power operational amplifier
(OP; 1/4 OP481; 4 lA) was used as a voltage fol-
lower for impedance conversion.

Because the preamplifier was the first gain stage,
its characteristics were crucial to the overall perfor-
mance of the system. As the headstage consumed
relatively little power, the preamplifier could not
be placed a large distance away. In fact, the distance
Fig. 2. Circuit diagram of the signal-conditioning unit. Only one
channel of the head stage (a), the preamplifier (b) and the filters
(c) is shown for simplicity. A photograph of the finished filter
module is shown in (d).
between them was kept within 1 m. Therefore, the
requirements of the preamplifier included low noise,
a high common-mode rejection ratio (CMRR) and
an excellent line-driving capability to accommodate
the capacitive loading of the long cable connecting
to the filter stage, which was mounted on the instru-
ment frame [20] could be achieved. In addition to its
electrical specifications, the size and cost-per-chan-
nel needed to be kept as low as possible because
many channels were to be utilized. Thus, the instru-
mentation amplifier (IA)—AMP01 (Analog
devices)—that could fulfill all of these requirements
was selected to implement one channel of this stage
[21]. As a result of the current-feedback architec-
ture, this IA had a high CMRR (>125 dB;
gain = 1000), low noise performance (15 nV/

p
Hz)

and excellent driving capabilities (60 mA/±15 V),
which made it the best candidate for our purpose.
The gain of this stage was programmed as 50.

The final component of the signal-conditioning
unit was the filter. A fixed gain of 50 was adopted
in this stage to make an overall gain of 2500. Also,
a low-noise OP (OP27) was used to amplify the sig-
nal. A general-purpose OP (AD711) was used to
implement a second-order Butterworth low-pass fil-
ter. Two of these amplifiers were used to construct a
second-order Bessel band-pass filter. The dual-inline
package version (AD712) was used to conserve
space. The Butterworth and Bessel filters were uti-
lized for the FPs and the MUA applications, respec-
tively [22]. They were arranged in parallel after the
gain stage. Because the connection cable of the
A/D card was 2-m long, a push–pull output stage
(2N9012 and 2N9013) was incorporated into the
feedback loop of the OPs for current boosting.

2.3. Data-acquisition unit

The data-acquisition portion of the multichannel
system plays a key role in ensemble recordings. To
utilize the power of digital signal processing for
2D or 3D mappings, a high performance A/D card
is necessary. Thus, a high-speed 64-channel A/D
card (PCI-6071E) and its operating environment
(the LabVIEW programming language) were pur-
chased in order to implement the data-acquisition
system. To map the responses in a 2D or 3D region
accurately, the multiplexing delay between channels
should be kept to a minimum. As a conversional
concept, a low-speed A/D card is adequate to sam-
ple the slow-varying FPs. However, as the number
of channels increases, the latency between the first



Fig. 3. Principle of pseudo-synchronous acquisition (a) and the
graphic user interface (b) of the data-acquisition system.

Fig. 4. The frequency responses of the preamplifier stage (a), the
Butterworth (b) and the Bessel filters (c).
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and the last channels can rise to an unacceptable
level (as shown in Fig. 3a). The concept of
pseudo-synchronous acquisition was proposed to
solve this problem. Fig. 3a shows the difference
between the conventional method (upper trace)
and the proposed approach (lower trace). The sam-
pling rate of the FPs does not necessary very high
that only have to satisfy the sampling theorem; for
example, in this case it is �1 kHz. If 16 channels
of the FPs are to be acquired at 1 kHz (1/T) each,
an A/D card sampling at 20 kHz (1/Dt1) could be
used in conversional acquisition. In this case, the
latency between the first and the last channel is
0.75 ms. By contrast, we can digitize the 16 channels
of the FPs at 1 MHz (the pseudo-synchronous
method) and limit this latency to 15 ls (Dt2). As
the minimal latency between two consecutive chan-
nels of the PCI-6071E is only 0.8 ls, the character-
istics of the pseudo-synchronous method can be
fulfilled.

To facilitate the use of this system, a graphic user
interface was developed, as shown in Fig. 3b. Users
could configure the sampling rate, the latency
between two consecutive channels, the number of
cycles for signal averaging and the data points per
cycle, and could simultaneously monitor the
acquired signals online.

3. Practical application of the system

The frequency response of the preamplifier is
plotted in Fig. 4a. The cutoff frequency was
105 kHz with a measured gain of �51.2. The fre-
quency responses of the filters are shown in
Fig. 4b and c: the former is the response of the



Fig. 5. An example of mapping. (a) The FP (upper trace) and
MUA (lower trace) detected by the same electrode can be recorded
at the same time. (b) Simultaneous recording of the eight-channel
FPs in the cerebral cortex of a Wistar rat. The middle portion of
the rat tail was stimulated by an electrical stimulator (Digitimer
DS2) at 1 Hz. The vertical calibration bar represents 500 lV for all
the waveforms. (c) A 2D CSD distribution of the response at 29 ms
latency (the dashed line in Fig. 5b) was plotted. The responses were
recorded at a depth of 500 lm from the surface of the cortex.
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Butterworth low-pass filter, with the actual pass-
band from 0.18 to 110 Hz; the latter is that of the
Bessel band-pass filter, with the actual pass-band
from 280 Hz to 3.8 kHz. These gains were slight
deviations from our original design, but remained
within the acceptable limits.

A recording trial is illustrated in Fig. 5. The
traces (hardcopied from the screen of the oscillo-
scope) show the FP and MUA data recorded by
the same electrode. The eight-channel cortical FPs
(as shown in Fig. 5b) were recorded 2.0 and
1.8 mm lateral and posterior to the bregma, respec-
tively. The recordings were carried out 500 lm
below the surface of the cortex. The current source
density (CSD) distribution obtained by performing
a Laplacian operation on the FPs is shown in
Fig. 5c. The CSD mapping shows a current sink
1.8 and �1.8–2.1 mm posterior and lateral to the
bregma, respectively, so the active center at this
point could be approximated by a dipole with the
source 0.1 mm posterior to the sink.

4. Discussion

Multichannel microelectrodes have been devel-
oped for various applications during the past three
decades. Some previous studies have focused on
using microwires as the electrode [23–25]. Recent
advances in micro-electro-mechanical systems
(MEMS) technologies have promoted the use of sil-
icon-based probes for neuroscience research, as is
done with the Michigan neural probes, and thus,
increasing the demand of multichannel recording
system.

There are many ways in which to implement a
multichannel signal-conditioning unit. Usually, sev-
eral stages are adopted for noise reduction. With
high performance in mind, three stages were used
in our design, each of which showed excellent flexi-
bility. For example, the battery powered headstage
could be placed within the Faraday’s cage and the
preamplifier could drive a cable longer than 10 m
with no deterioration of the signals. For the electro-
physiological characteristics, the maximum flatness
Butterworth filter and constant group delay Bessel
filter are implemented, respectively. Moreover, the
new parallel architecture of the filter stage allowed
the MUAs and FPs to be recorded simultaneously
without any extra signal processing.

In addition to maximizing the performance-to-
cost ratio of the conditioning unit, pseudo-synchro-
nous acquisition is a novel concept that highlights
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the problems of using a conversional multiplexing
method to acquire multichannel neuronal signals
that are highly correlated to each other. Burst mul-
tiplexing or pseudo-synchronous acquisition
appears to limit the errors of channels. This idea is
a compromise between hardware complexity and
cost, and is an affordable approach at present. Here,
this equipment, including the LabVIEW environ-
ment, was purchased, not only to save time but also
to take advantage of its user friendly interface.

The progress of electrophysiology relies heavily
on advances in new recording technologies. Multi-
channel simultaneous recording of the neuronal
ensemble is a promising method. In order to func-
tion properly, this new trend requires complex and
expensive systems, such as those currently produced
by Plexon Inc. (Multichannel Acquisition Proces-
sorTM, Texas, USA) and Axon Instruments (Califor-
nia, USA). However, these systems are usually too
expensive for laboratories with limited financial
budgets. Furthermore, most they are specifically
designed for use in MUA recording and analysis,
and the accompanying programs cannot be modi-
fied for use in other applications, such as current-
source-density analysis. The proposed system is
designed for FPs as well as MUA recordings. It is
cost effective, reliable and provides the flexibility
of a modular design. Both the hardware circuits
and the analytical programs can be added as
required. Although this might not be the optimal
system, it is workable and cost effective. Thus, the
proposed system should be useful for neuroscien-
tists who want to set up their own system.
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