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Abstract

Analyzing the massive amounts of neural data collected using microelectrodes to extract
biologically relevant information is a major challenge. Many scientific findings rest on the ability
to overcome these challenges and to standardize experimental analysis across labs. This can be
facilitated in part through comprehensive, efficient and practical software tools disseminated to the
community at large. We have developed a comprehensive, MATLAB-based software package -
entitled NeuroQuest - that bundles together a number of advanced neural signal processing
algorithms in a user-friendly environment. Results demonstrate the efficiency and reliability of the
software compared to other software packages, and versatility over a wide range of experimental
conditions.
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1. Introduction

Ensemble recording of neural signals provides a window of opportunity to understand how
the brain represents and interprets the physical world in the coordinated spiking patterns of
its neurons. Spike data have been extensively collected to study how neuronal ensembles
represent sensory inputs (Panzeri et al., 2001; DeWeese et al., 2003; Tiesinga et al., 2008),
plan motor actions (Velliste et al., 2008; Reimer and Hatsopoulos, 2010) and perform
complex cognitive tasks such as decision making (Harris et al., 2003; Fujisawa et al., 2008;
Beck et al., 2008). Prior to interpreting the information they contain, however, spike data
recorded with microelectrodes have to undergo many processing steps that range from
simple detection of spike presence in noisy traces to fitting advanced mathematical models
to distinct patterns in neural spike trains.

Developing software packages that can efficiently help researchers in processing and
analyzing neural signals is therefore of utmost importance and many have been and continue
to be developed in recent years. Generally speaking, these can be categorized into two
groups: Processing and Analysis software packages. Processing packages are designed to
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extract spike trains from the extracellular recordings, and mainly consist of filtering, spike
detection, and spike sorting (Fee et al., 1996; Hulata et al., 2002; Hermle et al., 2004;
Quiroga et al., 2004; Rutishauser et al., 2006; Hazan et al., 2006; Takekawa et al., 2010).
Analysis software packages are designed to extract information from spike train data and
perform statistical inference about some underlying hypotheses being tested (Brown et al.,
2004). Very few software tools, if any, exist to date that integrate both types in one
comprehensive package. As a result, most research labs rely on in-house analysis tools in
one form or another. When coupled with a significant lack of community—wide standardized
set of tools that enables replicating experimental data analysis across labs, objective
comparison between scientific findings becomes very challenging and time consuming.
With a significant trend towards very large scale ensemble recording (Buzsaki, 2006), a
potential need to automate and streamline the processing of large scale datasets would
inevitably arise to alleviate the burden of continued user supervision typically performed in
today’s experiments.

In this paper, we present a detailed description of NeuroQuest - a MATLAB-based software
package for analyzing extracellular neural data acquired using penetrating microelectrodes
(Kwon et al., 2009). The software is packaged in a simple Graphical User Interface (GUI)
exclusively designed for ensemble neural data analysis and statistical inference, with a non-
expert user in mind. It can be distinguished from other software packages in several aspects:
First, the package includes algorithms for spike detection and sorting, as well as spike train
analysis. This creates a unified processing environment that is efficient and time saving.
Second, the spike detection algorithm implemented in NeuroQuest outperform those in other
software packages such as Klustakwik, WAVE_CLUS, and OSort (Harris et al., 2000;
Quiroga et al., 2004; Rutishauser et al., 2006), especially in low Signal to Noise Ratios
(SNRs) experiments. Robust spike detection and sorting are crucial because all-subsequent
data analysis depends largely on the outcome of these steps. Third, NeuroQuest is designed
to cope with distinct data characteristics that may be observed in different brain areas, such
as bursting versus sparse spiking patterns. Fourth, NeuroQuest provides a variety of
graphical tools to help the user with automated or semi-automated parameter selection by
instantaneously illustrating the effect of a particular selection on the analysis results, thereby
reducing the user time during the learning phase. Individual modules are designed as
independent GUIs that allow developers to easily integrate their own processing routines
within the software. Finally, NeuroQuest provides advanced spike train analysis tools that
enable identifying the functional and effective connectivity between simultaneously
recorded neurons. This is an important step, particularly when studying network dynamics to
elucidate the potential role of correlation coding, if any, of behavioral covariates.

2. Methods

2.1. Structure and Organization of NeuroQuest

NeuroQuest bundles six processing modules as illustrated in Figure 1.a. These are classified
into Processing and Analysis modules. The Processing modules provide a number of tools
that extract spikes from raw or pre-processed extracellular recording and perform spike
sorting, while the Analysis modules perform statistical analysis of the extracted spike trains.
Based on the format of the input data, a corresponding group of modules becomes available
in the main menu.

Figure 1.b illustrates the complete processing and analysis steps in NeuroQuest.
Extracellular recordings are first pre-conditioned to remove noise. Spikes are then detected
and sorted, after which examination of their statistical properties takes place. These include
Single Unit Analysis (SUA) tools, Multi Unit Analysis (MUA) tools, and Ensemble
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Analysis (EA) tools that include functional and effective connectivity estimation as detailed
below.

2.1.1 Data format—Most commercial data acquisition systems store the data according to
a vendor-specific data structure. Proper data conversion is therefore an important step to
facilitate the use of NeuroQuest. In the absence of a standard data format, data conversion is
a challenge. There has been a consensus on unifying structures of neural data, and
NeuroShare (neuroshare.org) is one such example. This data structure is designed to
efficiently store neural data, and several commercial and academic software packages
support this format. Therefore, NeuroQuest includes a conversion routine for Neuroshare
support. In case the data is not available in the NeuroShare format, a generic MATLAB data
file can be used as the primary input data format for NeuroQuest. The software works with
a .MAT file containing a specific data structure (see Appendix A) that can be easily created
from ASCII data with a data conversion tool provided in NeuroQuest. NeuroQuest
automatically enables the modules to be applied to the loaded data.

2.2. Processing modules

2.2.1 Pre-conditioning module—The pre-conditioning modules are designed to
improve the Signal-to-Noise Ratio (SNR) and reduce artifacts. This is believed to increase
the accuracy of subsequent processes such as spike detection and spike sorting. Three pre-
conditioning modules are provided in NeuroQuest: Local Field Potential (LFP) Extraction,
Avrtifact Removal, and Wavelet Denoising.

2.2.1.1 L FP Extraction: LFPs are low frequency signals in the range of 0.5 Hz — 300Hz
and are hypothesized to represent the aggregate activity of synchronized populations of
neurons (Buzséaki, 2006). Many studies suggest that LFP contain information about neural
representations of behavioral correlates such as hippocampus place fields (Murthy and Fetz,
1992; Mizuseki et al., 2009). NeuroQuest extracts LFP data from the extracellular recording
and displays them using a spectrogram (Bokil et al., 2009). A 5 order Butterworth filter is
implemented in NeuroQuest for LFP extraction where the upper and lower band limits of the
filter can be adjusted (Geiger and Sanchez-Sinencio, 1985).

2.2.1.2 Artifact Removal: An often observed noise component in extracellular recording
are artifacts caused by a number of sources such as muscle movement in the scalp, jaws,
neck, or body, as well as other types of electrical artifacts from animal movements (Musial
et al., 2002). These artifacts are highly correlated across electrodes with occasionally similar
spectral content to the desired neural spikes. This similarity may cause neural spikes to
overlap in a feature space and makes it difficult to define clear cluster boundaries for spike
sorting.

Avrtifacts can be identified using principal components analysis (PCA). Specifically, the data
from all electrodes except for one are stacked together and projected onto the PCA domain
using the first two or three principal components (PCs) that best represent the variance
across the data (Musial et al., 2002). The selected electrode data is then projected onto the
PCA domain. This projection is subtracted from the data yielding a cleaned signal. The
entire process is performed sequentially for each electrode. The overall process of artifact
removal is illustrated in Figure 2. It is noteworthy that this method should not be used for
data with substantial correlation on neighboring electrodes such as stereotrodes or tetrodes,
since any neural spikes appearing on multiple adjacent electrodes could be classified as
artifacts in such case. More details of the method are found in (Musial et al., 2002).
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2.2.1.3 Denoising: Noise in extracellular recordings is predominantly neural, and therefore
is temporally correlated. As a result, it often occupies the same frequency band as the signals
of interest. Linear filtering techniques to enhance SNR in such cases have limited capability.
Other non-neural noise components (for e.g. thermal and electrical) are typically suppressed
by the amplification and bandpass filtering in the recording hardware and do not require
further software-based processing.

Reducing colored noise in extracellular recordings can be achieved in a number of ways.
Prewhitening - a linear transformation that de-correlates the signal - is one approach to
enhance SNR (Pouzat et al, 2002). A similar effect can be achieved using the Discrete
Wavelet Transform (DWT) as it substantially sparsifies the signal (Mallat, 1999; Oweiss and
Anderson, 2002a; Oweiss, 2006; Oweiss and Aghagolzadeh, 2010), eventually concentrating
the signal energy in very few coefficients with large amplitude while small amplitude noise
coefficients are widely spread. This feature permits suppressing the noise by thresholding
small coefficients. The performance of DWT denoising depends on the choice of the
threshold and six different thresholding methods are provided: Heursure, Rigrsure,
VisuShrink, SureShrink, BayesShrink, and Minimaxi. Details of these methods are found in
(Mallat, 1999; Chang et al., 2002; Donoho, 2002).

2.2.2 Spike Detection module—Detection theory plays a crucial role in processing
neural signals, largely because of the highly stochastic nature of these signals and the direct
impact that the spike detection step has on subsequent analysis steps (Oweiss, 2010). Since
it is widely accepted that spike arrival times carry all the information about information
processing in the nervous system - not the actual spike waveform shape, detecting the arrival
time of spikes is a fundamental step in the analysis of neural recordings. Some of the major
challenges in spike detection are the presence of high levels of time-varying noise statistics
as well as the similarity between the spike waveforms and the background noise. Many
spike detection algorithms are available to overcome these challenges (Kim and Kim, 2002;
Oweiss and Anderson, 2002a; 2002c; Oweiss and Anderson, 2002d; Obeid and Wolf, 2004;
Nenadic and Burdick, 2005; Franke et al., 2009; Shahid et al., 2010).

NeuroQuest provides three time-domain spike detection methods based on single amplitude,
absolute amplitude, and energy-based statistics. Single amplitude detection identifies any
signal that crosses the threshold (only positive or negative) as a spike, while absolute
amplitude detection applies both positive and negative thresholds simultaneously (Lewicki,
1998). Energy-based spike detectors compare the local power of the signal to a threshold
estimated from the noise power. Manual detection is also provided to allow the user to select
a threshold value from the selected data segments. Three different data segments, the lowest
SNR, the smallest noise variance, and a large data segment (30 sec of data is selected
empirically) can be selected for the threshold value estimation.

The energy-based spike detection method is more robust to noise than the amplitude
threshold methods. To gain some insight on why this is the case, let’s express the detection
problem as a binary hypothesis testing problem:

Null hypothesis:Hy:y=n
Alternative hypothesis:H;:y=s+n

where y is the observations of length N, s denotes the L-dimensional spike to be detected,
and n is an additive noise term. When the spike s is unknown, Bayesian analysis yields the
generalized likelihood ratio test (GLRT) or the incoherent energy detector (see (Oweiss and
Anderson, 2002d; Oweiss, 2010) for details) expressed as
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Under the assumption of a zero mean Gaussian noise, the GLRT in (1) can be simplified as
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where 2'is the noise covariance and  is a threshold value chosen by the user to achieve a
constant false positive rate. One way to interpret this detector is to spectrally factor the
kernel matrix £ using singular value decomposition (SVD) to yield the form ==UDUT,
where U is an eigenvector matrix and D is a diagonal matrix of eigenvalues arranged in
decreasing order of magnitude. The detector in this case takes the form
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Since X is a square positive definite covariance matrix, the eigenvector matrix inverse U1 is
simply its transpose UT. The transformation D 2U~1 is lower triangular and has the effect
of whitening the observation vector with respect to the noise. The test statistic in this case
becomes a blind energy detector, where the observations are whitened, squared, and then
compared to a threshold. The whitening step de-correlates the observations and therefore
improves the overall performance (Oweiss and Aghagolzadeh, 2010).

Two additional improvements to the energy-based time domain spike detection method are
provided in NeuroQuest. The first method deals with the case when the noise is colored and
possibly correlated with the spike (e.g. neural noise). In such case, transform domain
techniques that yield the most compact representation of the signal are the most desirable
because of the transient nature of spikes, which in turn enables superior identification of the
information bearing properties of the waveforms (Oweiss and Aghagolzadeh, 2010).
NeuroQuest performs multilevel stationary wavelet packet decomposition (SWT) of the
recorded data and uses the GLRT based on the transformed data for detection (Kwon and
Oweiss, 2011). Different wavelet bases are provided in NeuroQuest for the user to select
from which helps to maximize the compactness of wavelet coefficients.

The second method uses the additional information provided when spikes are recorded using
an array of electrodes. The sufficient statistic in (2) in such case is computed from a
snapshot of the entire array to minimize the effect of the spatially correlated noise
component, particularly when the array is closely spaced. More details on this method are
provided in (Oweiss, 2002).

2.2.3 Spike sorting module—When a given electrode records the activity of multiple
neurons, spike sorting is needed to identify the spikes belonging to each neuron. Spike
sorting methods are categorized into two approaches: 1) The pattern recognition approach,
which operates on the individual spikes extracted after the spike detection step and assumes
that spikes from each neuron can be discriminated based on differences in their waveform
shapes; 2) The Blind Source Separation (BSS) approach which operates on the raw data
without the need to perform spike detection a priori (Oweiss, 2010). The spike sorting
algorithm implemented in NeuroQuest combines these approaches as illustrated in Figure 3.
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Two types of spike sorting techniques are included in NeuroQuest: single- and multi-
channel sorting. In the multi-channel mode, the design of the recording electrode device
must be specified to choose the proper spike sorting method. If spacing between electrodes
is small such as stereotrodes or tetrodes (McNaughton, 1983), there is a high probability to
record the same action potential by an adjacent group of electrodes. Recordings from these
electrodes allow additional information to be used for more accurate spike sorting (Harris et
al., 2000; Oweiss and Anderson, 2002b; Oweiss, 2010). The multi-channel sorting mode
takes into account the correlation among multiple electrodes and uses this information to
resolve any potential ambiguity in the source of the spikes. On the other hand, single-
channel sorting does not consider any correlation between the recordings from the adjacent
electrodes and processes individual electrode channels independently.

If two or more adjacent spike events overlap, the event is considered to be a complex spike.
In that case, the Multiresolution Analysis of Signal Subspace Invariance Technique
(MASSIT) can be used to resolve the spike overlap (Oweiss and Anderson, 2007). This is
based on an augmented representation of the observation space to simultaneously
incorporate the spectral, temporal and spatial information of the spike waveform. The
algorithm estimates the number of sources in the complex spike and uses singular value
decomposition (SVD) to separate the individual eigenmodes of the data matrix. Multiple
cases are considered and summarized in (Oweiss and Aghagolzadeh, 2010).

2.2.3.1 Spike Extraction and Alignment: In the pattern recognition approach to spike
sorting, proper extraction and alignment of spikes is crucial for spike sorting accuracy. Spike
alignment based on either positive or negative peak is commonly used. Alignment based on
the energy of a spike, however, yields better results, particularly in low SNR (Franke et al.,
2009). Energy-based spike alignment is performed as follows:

1. Detected spikes are extracted around the peak detection point.
2. The mean of all spikes is calculated.

3. Spikes are translated in time to minimize the Euclidean distance between each
spike and the mean.

4. The process is repeated until convergence or a maximum number of iterations is
reached

2.2.3.2 Feature Extraction: The second step in spike sorting is the feature extraction.
Features that yield the largest separation between spike classes while maintaining the most
compact spike representation in the feature space are the most desirable. NeuroQuest
provides two time-domain feature extraction methods: peak-to-peak and temporal PCA. In
addition, NeuroQuest provides a DWT-based feature extraction, which has been shown
recently to outperform the PCA-based feature extraction with properly selected wavelet base
(Oweiss and Anderson, 2002c; Oweiss and Anderson, 2007; Aghagolzadeh & Oweiss 2009;
Geng et al., 2010; Takekawa et al., 2010). Different combinations of features or wavelet
bases can be adjusted to achieve the best cluster separation in the selected feature space.

2.2.3.3 Clustering: Estimating the number of clusters in a given ensemble recording is an
important — yet one of the most challenging — problem, often requiring substantial user
supervision. Because automation of the analysis is a highly desirable feature in any software,
it is important to provide users with some degree of automation without compromising
accuracy — a well-established tradeoff in multivariate data analysis. NeuroQuest therefore
was designed to give users the ability to choose the level of manual versus automated
analysis as a function of desired accuracy. For clustering, automated methods for
determining the number of clusters yield an accurate estimate provided enough separability
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between different clusters exists (Duda et al., 2001). NeuroQuest employs the modified
Expectation-Maximization (EM) algorithm to estimate the number of clusters (Figueiredo
and Jain, 2002). This specific algorithm can be applied to any type of parametric mixture
models. The estimated number of clusters can then be used for clustering the extracted
features using four clustering methods provided in NeuroQuest: Fuzzy c-means, EM, k-
means, linkage, and manual cluster cutting (Bezdek and Ehrlich, 1984; Duda et al., 2001).

2.2.3.4 Sub-Clustering: NeuroQuest provides two graphical tools to evaluate and enhance
the spike sorting result. Once an initial run of the spike sorting algorithm has been
performed, spike clusters can be further split into smaller clusters using the sub-clustering
tool. Sub-clustering allows selecting one of the labeled clusters, and projecting it onto a
different basis in the original feature space or a new feature space. If there is potential for
further splitting of the labeled cluster in the new feature space, one (or more) new cluster is
identified. Details of sub-clustering are illustrated in Figure 4.a. The sub-clustering
algorithm is performed as follows

1. Aninitially-formed cluster is selected.

2. The corresponding spikes are projected onto the selected feature space.

3. The modified EM algorithm estimates the numbers of clusters in that feature space.
4

The features are clustered into a number of sub-clusters corresponding to the
number estimated in the previous step.

5. The initial results are updated with the new clustering results.
6. The process is repeated until all the initial clusters are processed.

The process also can be done manually by selecting individual clusters and providing an
estimated number of sub-clusters.

The Inter-spike Interval Histogram (ISIH) metric is used to validate the sorting result to
determine whether individual clusters from the first run should be further split or selectively
merged together. The ISIH is a distribution of the observed times that elapsed between
successive spikes collected in ‘bins’ of fixed width. A significant number of inter-spike
intervals within the refractory period would indicate that the sorting results are not perfectly
indicative of single units and that sub-clustering should be used to further refine the results.
The Class merging tool prevents overfitting the data by combining multiple labeled clusters
into a single one without re-clustering the entire data. It can also be used as a manual
clustering tool by initially clustering the data into many clusters and then combining them
based on the user’s judgment. This technique is particularly useful when several clusters are
overlapping in the feature space. Figure 4.b illustrates a 2D feature space that has a total of
clusters: two clear clusters, located in the bottom left and the top of the feature space,
respectively, and three close clusters, located at the center. Applying the k-means algorithm
with 5 clusters gave an undesired clustering result by cutting a well separated cluster into
two clusters as shown in Figure 4.b in which the top well separated clusters are split into two
clusters, while the three center clusters are clustered as two. Manual clustering of the center
cluster was done by first clustering the data into ten clusters then merging them into five
clusters. As demonstrated by the ISIH and the uniformity of the spike variance around the
mean across time of each cluster in Figure 4.b, the manual clustering using cluster merging
yields more accurate spike sorting result.

2.3. Analysis modules

The spike train of a given neuron represents its output in response to the dynamics of its
intrinsic properties, such as the membrane conductance, the rebound and refractory effects,
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and the interactions with other presynaptic neurons. After spike sorting, the spike train is
represented as a series of binary zeros and ones, where the presence of a spike is indicated
by a *1” and “0’ otherwise, provided the sampling rate is sufficiently small. NeuroQuest
provides a number of spike train analysis tools categorized into three groups: single unit
analysis (SUA), multi unit analysis (MUA), and ensemble analysis modules.

2.3.1 Single Unit Analysis (SUA) module—One of the simplest ways to study the
pattern of activity in a spiking neuron is to construct an ISIH. This is useful not only for
evaluation of spike sorting accuracy, but also for estimating intrinsic properties of the
neuron. The ISIH of an excitatory pyramidal neuron exhibits negative exponential
distribution with histogram offset due to the refractory period. One-way to model neuronal
firing characteristics is using an inhomogeneous Poisson distribution where the distribution
of the inter-spike interval becomes exponentially distributed. A curve fitting tool provided in
NeuroQuest validates the closeness of a given spike train to a Poisson distributed by fitting
the distribution of the ISIH with an exponential density (Brown et al., 2004).

The Post-stimulus Time Histogram (PSTH) is a histogram of the times at which the neuron
fires (Perkel et al., 1967). It is used to visualize the rate and timing of neuronal spike
discharges in response to an external stimuli or events, or during the preparation for an
upcoming movement (Ellaway, 1978). The SUA GUI displays the raster plot of multiple
spike trains and the stimulus, if present, in addition to the number of parameter selections for
ISIH and PSTH, such as bin size and pre- and post-stimulus duration for the PSTH display.

2.3.2 Multi Unit Analysis (MUA) module—NeuroQuest provides two well-known
multi-unit analysis tools: Cross-correlogram (CC) and Joint Peri-stimulus Time Histogram
(JPSTH). The CC is a function that correlates the firing pattern of a target neuron to that of a
reference one. Therefore, it provides some information about the statistical dependence
between the neuron pair (Perkel et al., 1967). The JPSTH quantifies a similar relationship
conditioned on the presence of a stimulus. This allows the JPSTH to be used in studying
neuronal functional connectivity over short time scales in the order of a few milliseconds
(Perkel et al., 1967). Similar to the SUA GUI, the MUA GUI also provides a number of
parameter selections for both JPSTH and CC such as bin size, window size for the CC, and
pre- and post-stimulus duration for the JPSTH display.

2.3.3 Ensemble Analysis modules—NeuroQuest provides a number of ensemble level
analysis tools that are superior to pairwise measures such as the CC and the JPSTH. The
tools are based on the rich literature of graphical models - an elegant blend of probability
and graph theories to capture complex dependencies between random variables. They have
been widely used in mathematics and machine learning applications such as bioinformatics,
communication theory, statistical physics, signal and image processing, and information
retrieval (Wainwright and Jordan, 2008; Koller and Friedman, 2009). The ability of these
models to capture multimodal, nonlinear and non-Gaussian characteristics of joint
population density makes them well suited for analyzing neuronal interactions. Surprisingly,
it’s not until recently that they have been introduced to analyze spike trains (Eldawlatly et
al., 2009; Eldawlatly and Oweiss, 2010a; Eldawlatly and Oweiss, 2010b)

Briefly, a graphical model of a neuronal population uses a vertex (or a node) to represent a
neuron’s state during a specific time interval and an edge to connect the neuron to other
neurons (vertices) in the observed population. Inferring graphs with undirected edges would
be equivalent to discovering the functional connectivity between the neurons, i.e., the
statistical dependency between their spike trains. Graphs with directed edges, on the other
hand, would indicate their effective connectivity, i.e., the causal influence exercised between
the neurons (Friston, 1994; Bullmore and Sporns, 2009). Graphical representation of
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neuronal interactions is intuitive because it can be easily visualized and allows the use of
many established graph metrics to quantify certain features of the inferred graph that can be
compared to imaging and anatomical neural data.

NeuroQuest offers two algorithms that fall under probabilistic graphical models: Multiscale
clustering and Dynamic Bayesian Network (DBN). We detail each algorithm below.

2.3.3.1 Multiscale Clustering: This algorithm identifies functional connectivity between
spike trains (Eldawlatly et al., 2009). First, the spike trains are projected onto a scale space
using Haar wavelet transform (Mallat, 1999). This projection step enables studying neuronal
interactions at different time scales. A similarity matrix is then formed at each time scale
where each entry in that matrix corresponds to the Pearson correlation coefficient between
the projections of a given pair of neurons. Other similarity metrics (for e.g., mutual
information) can also be used to fill this matrix. The computed similarity matrices across
time scales are then fused together using Singular VValue Decomposition (SVD) to obtain a
single similarity matrix. Neurons are then represented as nodes in a graph connected with
edges whose weights correspond to the entries of the fused similarity matrix. We then use a
probabilistic spectral clustering algorithm to cluster the neurons in the obtained graph by
solving a minimum graph cut optimization problem (Jin et al., 2006; Eldawlatly et al.,
2009).

2.3.3.2 Dynamic Bayesian Networks (DBN): This algorithm infers the effective
connectivity between neurons from the spike trains using a Bayesian framework (Eldawlatly
etal., 2010). In the case of time varying stochastic processes with potentially many possible
causes such as spike trains, Bayesian analysis provides a powerful framework because it
treats all model quantities as random variables. In this approach, connections are randomly
proposed one at a time. A score is then computed to assess how well the proposed network
fits the data. The network space is searched to identify the network with the highest score.
One notable difference between DBN and other measures of effective connectivity (such as
cross-correlogram and directed coherence (Jarvis and Mitra, 2001)), DBN does not rely on
pair-wise relationships. Rather, it takes into account the activity of the entire observed
ensemble when searching for relationships between the neurons. This enables DBN to
identify only direct, and not indirect, relationships among observed neurons. We have
recently demonstrated the ability of DBN to infer stable, stimulus-specific networks in the
medial prefrontal cortex as well as the somatosensory cortex of rats (Eldawlatly and Oweiss,
2011; Eldawlatly and Oweiss, 2010a; Eldawlatly and Oweiss, 2010b). NeuroQuest provides
a MATLAB interface with the Bayesian Network Inference with Java Objects (BANJO)
toolbox developed in Java (Smith et al., 2006).

Together, the two algorithms constitute a two-stage framework for statistical inference in
large-scale neural population data. The multiscale clustering algorithm is used first to reduce
the dimensionality of the problem to a smaller number of neuronal clusters. The DBN
algorithm is then applied to identify the connectivity within each cluster (Eldawlatly and
Oweiss, 2010b).

We evaluated the performance of the software by comparing: 1) the data handling
capability; 2) the spike detection performance; 3) the effectiveness and flexibility in
extracting features for advanced analysis; and 4) the spike sorting performance. Data
handing capability is a major feature to consider when evaluating software usability. Spike
detection helps demonstrate the robustness of the software under low SNR scenarios.
Comparison of different feature extraction methods helps demonstrate that the plurality of
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feature extraction methods available in NeuroQuest is necessary to deal with variable data
quality under different experimental conditions. Spike sorting helps assess the reliability and
accuracy of NeuroQuest relative to other software packages when analyzing the same data
sets. We demonstrate the performance of NeuroQuest compared to Osort, Klustakwik, and
wave_clus. We analyzed four simulated datasets provided by Osort, wave_clus and one
experimental dataset from our archive. Each software was used as is, with only a slight
adjustment to the detection threshold values to fix the false detection rates and assess the
corresponding true detection rates.

3.1 Data handling capability

Osort supports Neuralynx data format (*.Ncs, both analog and digital cheetah versions) and
a text file, and the data extraction routine in the software can be customized. Klustakwik is
not a stand-alone spike sorting software, and has been used primarily as a clustering method.
The precompiled Windows version of KlustakKwik used in this study only supported a text
file. Wave_clus supports cheetah data format (*.csc), ASCII text file and *.mat. NeuroQuest
supports Neuroshare, TDT data tank, and *.mat with data conversion routines. Since most
major data acquisition system vendors support the Neuroshare standard, experimental data
can be analyzed with NeuroQuest with minimal data conversion effort. NeuroQuest, in
addition, is the only software capable of using information provided by multichannel data
with different array geometries such as stereotrodes, tetrodes and polytrodes, while other
software packages are limited to a single channel at any given time.

3.2 Spike detection comparison

Spike detection performance of three software packages, Osort, wave_clus, and NeuroQuest,
was compared. Three simulated datasets (labeled sim1, sim2, and sim3) with four different
SNRs obtained from OSort were used (Rutishauser et al., 2006). Simulated datasets were
generated by using a database of 150 spike waveform templates taken from well-separated
neurons recorded in previous experiments. The background noise was generated by
randomly selecting and scaling spike waveforms from the database before adding them to
the noise traces. Sim1 dataset contained three neurons, each simulated by a renewal Poisson
process with a refractory period of 3 ms and a mean firing rate of 5, 7 and 4 Hz,
respectively. The different noise levels (1, 2, 3, and 4) were processed and evaluated
independently. In sim1 dataset, they corresponded to an average SNR of 1.2, 2.2, 3.4, and
6.7 dB, respectively. Sim2 dataset contained three neurons and was generated in a similar
manner to sim1 with an average SNR of 1.3, 1.7, 2.6, and 5.2 dB, respectively. Spikes in
sim2 dataset were hard to detect compared to sim1 dataset, mainly because the spike
waveforms in sim2 dataset have similar peak-to-peak values. Sim3 dataset contained five
neurons and was the most challenging to process due to the similarity among the spike
waveforms. The five neurons in sim3 had an average SNR of 1.2, 1.6, 2.3, and 4.7 dB,
respectively (Rutishauser et al., 2006).

We used the wavelet-based spike detection method in NeuroQuest. This particular algorithm
enables integrating information about spike transitions represented across scales — often
referred to as a wavelet footprint (Dragotti and Vetterli, 2003). A wavelet footprint is
defined as a scale space vector obtained by gathering all the wavelet coefficients around the
discontinuities of a signal, which usually carry information about piecewise polynomial
signals. Spike detection implemented in OSort is an energy-based spike detector that
compares the local power of the signal with a threshold estimated from the noise power
(Kim and Kim, 2002). Wave_clus provides spike detection based on amplitude thresholding
with 4 x standard deviation of the background noise (Donoho and Johnstone, 1994). The
spike detection results obtained by NeuroQuest were compared to the results obtained by
Osort and wave_clus.
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Figure 6 illustrates the performance, where the detection rate is defined as the total number
of correctly detected spikes divided by the total number of actual spikes. As Figure 6 shows,
NeuroQuest provides more robust detection under various noise levels at a similar false
detection rate. Details of the spike detection comparison between NeuroQuest, OSort, and
wave_clus results are summarized in Table 1.

3.3 Effectiveness of feature extraction

We evaluated the effectiveness of feature selection and spike alignment. Three different
feature sets were extracted: 1) peak-to-peak, 2) temporal PCA, and 3) wavelet footprint. The
effectiveness of each method was assessed based on clustering separability. Specifically, the
separability of spike clusters {Cj| i =1, 2, ..., P} was defined as

S
r{C)=2%
SW

where Sg is the between-clusters scatter and Syy is the within-clusters scatter, defined
respectively as (Tan et al., 2006)

— P Z\ef,' Z\x»t(‘, ||’( - "H
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where |Cj| equals the number of spikes belonging to class Cj and ||.| represents the Euclidean
norm.

For a more strenuous comparison between the different feature extraction methods, 12
simulated data sets with different noise levels and spike waveforms were randomly
generated from a database of 131 spike waveform templates that were detected, extracted
and averaged from spontaneous activity recorded in the primary motor cortex of an
anesthetized rat. The Institutional Animal Care and Use Committee at Michigan State
University following National Institutes of Health (NIH) guidelines approved all procedures.
Details of the experimental procedures to obtain these recordings are described in (Oweiss,
2006). Noise obtained from spontaneous activity was added to the spike templates selected
from the database using a renewal Poisson process with a refractory period of 3 ms and a
fixed firing rate of 5Hz.

Overall, the temporal PCA feature selection exhibited good separability, while the wavelet
footprint feature showed higher separability in datasets 2, 5 and 6 as illustrated in Figure 7.
These specific datasets contained spike waveforms with large similarities that could not be
captured by the first few PCs. Peak-to-peak features yielded poor performance in most
cases, but showed equal separability to the PCA in datasets 1, 2, and 6, and to the wavelet
footprint method in datasets 1, 4, and 10. These results indicate that there is no single feature
extraction method that is superior to the others across all datasets.
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To demonstrate how spike alignment can affect the spike sorting results, we processed three
simulated data (sim1, sim2, and sim3 with SNR3) obtained from Osort using three different
spike alignment methods: 1) negative peak; 2) positive peak; and 3) energy-based. The
results are summarized in Table 2. Figure 8 shows an example PCA feature space of the
sim3 dataset with different alignment methods. These results highlight the importance of
proper spike alignment for accurate spike sorting.

3.4 Spike sorting comparison

Four simulated datasets and one experimental dataset were used to evaluate the spike sorting
performance of NeuroQuest. The simulated data used in spike detection comparison were
reused with some modifications. The three datasets (sim1, sim2, and sim3) were combined
into one dataset (3 channel data), and the dataset was duplicated into three datasets with
three different noise levels (SNR2, SNR3, and SNR4). Each dataset (3 channels) contained
11 total units (3 units in channel 1 and channel 2, and 5 units in channel 3). Another
simulated dataset obtained from wave_clus (labeled difficultl _010.mat) was also analyzed
for comparison. The data was generated in a similar manner as the Osort data: three distinct
spikes with a Poisson distribution of interspike intervals with mean ring rate of 20 Hz. This
particular dataset was considered difficult to sort because three spike classes share the same
peak amplitude with very similar widths and shapes. Relative noise level of the data was
10% of average spike peak values. The experimental dataset analyzed was recorded in the
dorsal cochlear nucleus of an anesthetized Guinea pig where five units were clearly isolated
and sorted by an expert.

Spikes were detected using Osort and spike event times were given to NeuroQuest and
wave_clus where the first five principal components of the extracted spikes obtained by
NeuroQuest were used as an input to Klustakwik. The spike sorting results are shown in
Table 3. NeuroQuest yielded consistent spike sorting performance in all datasets that was
also superior to other software packages.

4. Discussion

NeuroQuest was developed to address one fundamental need in the neuroscience
community: the analysis of massive amounts of neural data with highly sophisticated
algorithms while keeping simplicity and automation as primary features for wide user
adoption. As summarized in Table 4, most of the current academic software packages fall
into either spike sorting or spike train analysis software categories. Since both are required
to perform a comprehensive data analysis, multiple software packages are typically needed
to analyze a given dataset. Table 5 lists the features available in several known software
packages. Among the spike sorting packages, only NeuroMAX and OSort offer limited
spike train analysis tools (Rutishauser et al., 2006). Among these tools, FIND is the only
software equipped with spike detection and a rather elementary spike sorting tool (Meier et
al., 2008).

The comprehensive analysis capability in NeuroQuest reduces the burden of converting the
data between different software packages and speeds up the analysis. The simple GUI in
NeuroQuest reduces the complexity in parameter selection and shortens the learning time.
The graphical tools provided help the user during manual parameter selection by
instantaneously illustrating the effect of parameter changes on the analysis results. The
extensive visualization of this process helps to improve the accuracy of the analysis results.
Since individual processing modules are designed as independent GUIs in NeuroQuest,
algorithms developed by users can be easily integrated into NeuroQuest for performance
comparison using a template GUI provided.
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Although NeuroQuest runs under MATLAB environment, we circumvented possible
memory usage issues by dividing large datasets into smaller segments. This segmentation
helps to speed up the processing and resolves the ‘out of memory’ problem. The
segmentation process also helps to improve the accuracy of the analysis when signals are
nonstationary by estimating signal parameters independently for each segment.

Extracellular recordings using microelectrode arrays with different geometries require
specially designed algorithms that most software packages do not offer, which hinders
efficient use of spatial information that can improve sorting results, particularly when
resolving complex overlapping spikes. NeuroQuest is the only software - to our knowledge -
that is comprehensive in offering spike detection and sorting algorithms that can analyze
data recorded with closely spaced microelectrode arrays.

The current version has some limitations that we continue to overcome. For example, the
GUIs were designed using the (GUIDE) tools in MATLAB. Although the GUIDE tools
provide basic elements for building a simple GUI structure, they are not efficient to allow
more sophisticated user interfaces. Careful optimization and more efficient implementation
in a programming language such as C++ and a better GUI programming language such as
C# will provide substantial improvements in speed and more interactive user interfaces.
Another limitation is that the current version does not allow processing in real time. Online
spike detection and spike sorting are sometimes desirable, particularly in BMI applications
where real-time neural decoding is needed. Future versions of NeuroQuest will be equipped
with real-time algorithm implementation that is adapted to most of the available commercial
data acquisition systems. This will provide a platform to test custom-built analysis tools and
enable replicating experimental data analysis across labs to facilitate objective comparison
between scientific findings. We believe NeuroQuest is a good first step towards
standardizing the analysis of neural recordings in a variety of experimental designs.

The current beta version of the software can be downloaded from (www.neuroquest.org)
with and end-user licensing agreement (EULA). In the EULA, we required user feedback
primarily to help tailor the software design at this initial development stage to users needs
and further provide adequate support as needed.
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Appendix A

File format

NeuroQuest works with MAT files that contain the following data structure.

» data: A cell array where each cell contains 1 sec of raw data. Each cell contains a
matrix with each row representing a single channel and each column representing
one sample.

» BinWidth: Inverse of the data sampling rate.
» chanlinfo: Channel labels in a row vector. (e.g. Four channel data:[1 2 3 4])

» plotOption: A structure array containing the following flags: raw, denoise,
detection, stimulus, LFP, spiketrain, and Trials. Each flag should be set to 1’ if the
file contains that type of data or ‘0’ if it does not.

» fileDescription: a cell array that contains a short description, a string, of the data.
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The processed results in each step are added to the above data structure. For example the
spike detection process produces spike position data and updates plotOption and
fileDescription. If spikes have already been detected by another software package, the spike
position data can be included in the data file using the following data structure.

» denoised_data: A cell array structured identically to the data array containing the
raw data that has undergone noise reduction. This can be calculated using the
PreConditioning tool.

» spikeposition: A cell array where each cell contains the time stamps of detected
spikes in 1 sec data. This can be calculated using the spike detection tool.
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Figure 1. NeuroQuest v1.0 architecture and Flowchart

(a) Architechture: A total of 6 processing modules (colored blocks) provided in the
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software are classified into two groups: Processing group and Analysis group. Individual
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modules are connected through the main GUI which has an access to the input and output
data. Spike sorting modules require the raw or preprocessed extracellular recordings, while
spike analysis tools handle single or multiple spike trains. Once the input data is loaded, the
corresponding group of modules becomes available in the main menu. Each module contains
sub-modules that assist to yield more accurate analysis results. (b) Flowchart of
NeuroQuest: After the extracellular recording data is loaded, spike sorting tools are
activated for further processing. The first stage is to denoise the data to enhance the neural
yield. After denoising, spikes are detected and subsequently sent to the spike sorting
algorithm to obtain the spike trains. These are further analyzed using the primary spike train
analysis tools such as Interspike Interval Histogram (ISIH), Peristimulus Time Histogram
(PSTH), Joint Peristimulus Time Histogram (JPSTH), Cross-Correlogram (CC)(Oweiss and
Anderson, 2002b; Oweiss, 2010), and the ensemble analysis tools such as functional and
effective connectivity estimation.
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Figure 3. Flowchart of the spike sorting algorithms implemented in NeuroQuest

Two spike sorting algorithms are available: single-channel and multi-channel. The Multi-
channel mode uses spatial information about the distribution of the spike events across
channels for sorting in addition to the temporal and spectral information used in the single-
channel mode. MASSIT: Multiresolution Analysis of Signal Subspace Invariance Technique
identifies the number of signal sources in overlapping spikes observed when two or more
neurons fire nearly simultaneously (Oweiss and Anderson, 2002c; Oweiss, 2010).

sub-clustering
class merging
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(b)

Figure 4. Sub-Clustering and cluster merging

(a) Example of a sub-clustering process (b) Example of cluster merging process
Classified clusters in feature space, spike templates, and ISIH plots are displayed. Color
indicates the corresponding clusters and their spike templates and ISIH. Spike template
displays an average of a cluster with a centerline and variance of a cluster with a shaded
area.
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@

Figure 5. Sample screen shot of the spike train analysis tools
(@) Single Unit Analysis Tools (b) Multi Unit Analysis Tools (c) Functional connectivity
estimation GUI (d) Effective connectivity estimation GUI
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Figure 6. Comparison of spike detection performance in NeuroQuest, wave_clus, and OSort
Sim1 dataset contains three neurons with different noise levels (1, 2, 3, and 4) that is an
average SNR of 1.2, 2.2, 3.4, and 6.7 dB, respectively. Sim2 dataset contains three neurons
with an average SNR of 1.3, 1.7, 2.6 and 5.2 dB, respectively. Sim3 dataset contains five
neurons, some of which have very similar waveforms, with an average SNR of 1.2, 1.6, 2.3,
and 4.7 dB, respectively.
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Figure 7. Separability comparison between three feature extraction methods

A total of 12 datasets generated using a renewal Poisson process with a refractory period of
3 ms and a fixed firing rate 5Hz were examined. Each dataset has different noise levels and
spike waveforms that were randomly selected from a database of 131 average spike
waveforms obtained from spontaneous activity recorded in the primary motor cortex of an
anesthetized rat.
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@ (b) ©

Figure 8. Sample Clustering result of detected spikes in a temporal PCA feature space with
different alignment methods
() Negative Peak Alignment (b) Absolute Peak Alignment. (c) Positive Peak Alignment
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Table 2
Spike sorting results with three spike alignment methods
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() indicates the number of classified units.

Negative

Positive

Absolute

sim1l (3)

TP : 99.8% (3)

TP : 97.8% (3)

TP : 99.8% (3)

sim2 (3)

TP : 98% (3)

TP : 97.3% (3)

TP : 100% (3)

sim3 (5)

TP : 85% (4)

TP : 95% (5)

TP : 92% (5)
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Table 4

Existing software packages

Page 31

Category

Spike Sorting

Spike Train Analysis

Software

MClust, OSort, Klusters, Klustakwik, Chronux, NeuroMAX, , Wave_clus

MatOFF, Spike Train Analysis Toolkit, FIND
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