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Abstract: There are many cases in which the separation of different sources from single channel
recordings is important, for example, in fluorescence spectral overlap compensation, electrical
impedance signaling, intramuscular electromyogram decomposition or in the case of spike sorting
of neuron potentials from microelectrode arrays (MEA). Focusing on the latter, the problem can
be faced by identifying spikes emerging from the background and clustering into different groups,
indicating the activity of different neurons. Problems are found when more spikes are superimposed
in overlapped waveforms. We discuss the application of Biogeography-Based Optimization (BBO) to
resolve this specific problem. Our algorithm is compared with three spike-sorting methods (SpyKING
Circus, Common Basis Pursuit and Klusta), showing statistically better performance (in terms of F1
score, True Positive Rate—TPR and Positive Predictive Value—PPV) in resolving overlaps in realistic,
simulated data. Specifically, BBO showed median F1, TPR and PPV of 100%, 100% and about 75%,
respectively, considering a simulated noise with the same spectral density as the experimental one
and a similar power with highly statistically significant improvements of at least two performance
indexes over each of the other three tested algorithms.

Keywords: microelectrode arrays (MEA); spike sorting; Biogeography-Based Optimization (BBO)

1. Introduction

Technological progresses have made it possible to record the activity of living neuron
cells in vitro [1] and in vivo [2]. For example, microelectrode (or multi-electrode) arrays
(MEASs) can measure the action potential of neurons, using a certain number of electrodes
placed in vitro [3]. Depending on the position of the neurons with respect to the electrode,
a different waveform is recorded, allowing to distinguish the activity of each sensed neuron
(i.e., spike sorting [4]). In this scenario, a serious complication is that the signal generated
over time by each channel is often very noisy, so only the activity of nearby neurons can be
discriminated from the potential recorded by an electrode. Experimentally, a few neurons
can be correctly detected by modern spike-sorting algorithms on each channel [5,6]; the
more neurons are sorted, the higher the probability for generating false positives and false
negatives [7].

The correct identification of the activity of each neuron perceived by an electrode is
very important. For example, a certain number of false positive spikes assigned to a neuron
could significantly change some physiologically important parameters, such as the firing
rate (FR) and the variability of the inter-spike intervals (ISI).

One of the most annoying yet unsolved problems in spike sorting is the discrimination
of overlaps that occur when different neurons in the detection volume of a channel fire
at close time instants [8]. A single neuron can hardly generate overlapping fires alone
since it remains refractory for a few ms after firing [9,10]; moreover, the maximal observed
FRs are usually lower than 50 Hz, whereas the generated spikes have a duration of a few
ms [11]. Instead, it is pretty common to have two or more different neurons that fire in
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a narrow time window, generating a resulting potential that is a mixture of more single
neuron spike waves.

Most modern spike-sorting algorithms do not take into consideration the overlapping
spikes problem by ignoring and discarding the recognized overlapping waves [12]. In fact,
some separate computations performed after the main spike-sorting algorithm are required
to distinguish the activity of two or more sources firing together. A few algorithms do
face the problem, usually by template matching (e.g., SpyKING Circus [13], KiloSort [14],
MountainSort [15] and KlustaKwik [16]), or other techniques, such as sparse optimization
(Continuous Basis Pursuit [17]), but performance is often not good [18,19].

We propose an innovative approach to solve this problem by an integer optimization
method. Specifically, an overlapping spike wave is optimally reconstructed by the convo-
lution of prototypes of single neuron spikes (estimated by clustering and averaging not
overlapped waves) with solution vectors obtained by Biogeography-Based Optimization
(BBO) [20]. This evolutionary-based algorithm was chosen because of the big dimension
of the solution space. BBO is appreciated for the capability of finding good solutions in
reasonable time and when the cardinality of the solution space makes very intensive use of
classical integer optimization approaches [20]. Compared to the popular genetic algorithm
(GA) [21], BBO is a more recent approach that has outperformed GA in many different
scientific and engineering fields [22,23].

Our method was tested on different simulated data with different levels of noise.
The performance was compared to those obtained with three other spike-sorting algorithms,
which face the problem of temporal overlapping: SpyKING Circus (SC, [13]), KlustaKwik
(KK, [16]) and Continuous Basis Pursuit (CBP, [17]). All of these algorithms are open source
and available online in Github repositories [24-26].

2. Methods

In this section, the simulated ground truth signal is first described. Then, a simple
spike identification algorithm, used to find the spikes and estimate prototypes, is described.
The proposed solution of the overlapping spike problem by BBO is then introduced. Finally,
the performance indexes are described.

Our algorithm was implemented using Matlab 2020b and run on an 8-core AMD
Ryzen 2700x CPU of a desktop computer with a Windows 10 operating system. CBP was
also run on the same system, whereas the tests with SC and KK were performed using
Python 3.8 with a Conda virtual environment [27].

2.1. Ground-Truth Signal Generation
To create a reasonable ground-truth signal, we defined three essential parameters:

1.  The number of neurons that independently fire, N;

The FR of each neuron, f; (chosen randomly in the range 10-20 Hz);

3. The coefficient of variation (CoV) of the ISI of each neuron, ISI; (Gaussian random
distributions of the ISI were assumed; CoV of ISI was 15% for each firing pattern).

N

Then, we generated N vectors of zeros with length f;T, where f; is the sampling
frequency (10 kHz) and T the signal duration in s (90 s). Each of the N zeros vectors
was then populated with ones, randomly chosen to follow the parameters defined above.
This way, we got the firing pattern of each neuron. To obtain the firing trains of each
neuron, such vectors were then convoluted with appropriate kernels, each representing the
prototype of the wave measured by the electrode when the corresponding neuron fires.

The N kernels were the templates extracted by the SpyKING Circus by processing a
real dataset with default parameters [28]. Using the Phy Python GUI [29], we searched for
a channel with more than two clusters detected. Channel 9, with three different neurons
detected, was chosen and we imported in Matlab the corresponding three templates (thus,
N = 3). The templates were normalized, dividing by the maximum value M, of the highest
peak. This way, each template had an amplitude less than or equal to 1.
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The ground-truth signal was generated as the summation of N firing trains and
random noise.

To better simulate the noise present in a real MEA acquisition, from the same dataset,
we extracted the residual noise and then characterized it. Specifically, given the firing
matrix obtained by SpyKING Circus, a window of 5 ms centered on each spike was
removed. The remaining sample series was considered as the residual noise of the original
signal. A white Gaussian noise was then filtered, using the coefficients of an autoregressive
Burg’s model (of order 20) of the residual noise. Thus, a colored Gaussian process with
approximately the same power spectral density (PSD) as the experimental residual noise
was obtained.

Different noise levels were added to the simulated signal. An estimation of the noise
level present in the dataset was obtained calculating the standard deviation of the residual
signal normalized by M, obtaining 0.09. Then, we selected 0.05 and 0.1 as different levels
of the noise to be applied over our simulated signal, in order to consider a lower noise
level, and another a bit higher than the experimental one.

2.2. Spike Sorting Algorithm

We developed a simple spike-sorting algorithm to identify the neuron firings, build
the prototype waveforms of their action potentials and find the overlaps. The resolu-
tion of those overlaps will allow to measure the possible improvement provided by the
introduction of the BBO in the pipeline.

At first, the input signal was band-pass filtered in the range 300-3000 Hz [7] (5th order
low-pass and high-pass Chebyshev filters of type I, forward and reverse application to
get zero-phase).

An appropriate threshold proportional to the noise was then applied to the signal.
Specifically, the mean absolute deviation was used to estimate the noise (since it is more
robust than standard deviation). A proportional factor of k = 5 was chosen [7].

A 5 ms time window centered on the positive identified peaks was chosen to select
each waveform.

Principal component analysis (PCA) was applied to the dataset of waveforms, extract-
ing the first components that allowed to keep 60% variance included in the data (a few
tests showed that increasing the represented energy did not improve the performance of
our method for spike identification). The resulting transformed dataset was then passed to
a k-means algorithm. In order to avoid bad clustering, due to an unfortunate initial seed,
the k-means was run 150 times. The best clusterization in terms of inter-cluster distance
from the centroids was then selected. At last, waves belonging to the same clusters were
averaged to obtain the N prototypes. Those clusters included also a few overlapping
waves. Overlaps were identified as those waves with low cross-correlation with the cluster
prototype (i.e., the cross-correlations between the prototype and all spikes of the cluster
were computed; mean and standard deviations of these cross-correlations were computed;
the overlaps were the spikes showing cross-correlation with the prototype lower than the
mean minus 2.5 times the standard deviation).

2.3. Biogeography-Based Optimization

The Biogeography-Based Optimization algorithm (BBO) [20] was used here to separate
overlapping spike waves. The BBO is an evolutionary optimization algorithm that tries to
minimize an objective function, measuring the high suitability index, HSI, that depends on a
candidate solution found by the algorithm. HSI is an index of the goodness of the solution,
similar to the fitness score used in genetic algorithms [21].

The solutions were searched stochastically and iteratively through hundreds or thou-
sands of iterations, modeling the rationale of the speciation, migration and extinction of
species. Considering an ecosystem (the entire set of candidate solutions), species living
there are likely to migrate from “islands” where there are poor living conditions to others
with better conditions. Each problem solution is considered to be a habitat of our species
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and each independent variable of a candidate solution characterizes the habitability of
species in that habitat (called the suitability index variable, SIV).

Habitats with great values of HSI have solutions with a high probability of emigration
(high emigration rate ) and a low probability of immigration (low immigration rate A);
the opposite holds for low HSI habitats.

The parameter u represents how likely a solution will share its features with other
solutions; A, instead, represents how likely a solution will accept features from other
solutions. It is low when the number of species in the habitat (and, therefore, HIS) is high.
With this rationale, good solutions with high HSI have low probability of changing their
own features but a high probability of sharing their features with other solutions.

2.3.1. Solution Encoding

The first essential step is encoding our solution. Since we want to process only a
little portion of the signal where an overlap is present, the solution is a vector of dimen-
sion overlap_time x f;, where overlap_time is the time duration of an overlap in's. As
overlap_time, we chose 5 ms and f; was 10 kHz, so the solution was a 50 x 1 vector.

Each bit of the solution represents a time instant where a spike can occur or not; if
it occurs, it may come from neurons 1, 2 or 3. Hence, as the solution space, we have all
50 x 1 vectors, where each bit can be either 0 (if no spike occurred), or one of the following
numbers (when one neuron fires): 1, 2 or 3. Notice that a perfect superposition of spikes is
not allowed (but the sampling frequency is high enough to make this occurrence unlikely
and to reduce its effect in the case that it occurs).

The solution space being spanned by the BBO is huge, as it contains about 4> solutions.
In this case, a brute-force approach to search the optimal solution for a single overlap would
be very expensive. By adding the constraint that each neuron can only fire once within the
window, the number of the search space can be drastically reduced. However, the number
of feasible solutions is still considerable, i.e., KN, where N is the number of neurons (3 in
our case) and K = 50 is the number of samples in a 5 ms window sampled at 10 kHz.
The number of feasible solutions, in this case, is more then 10° for each overlapping spike.

2.3.2. Objective Function

The choice of a good objective function is crucial. The candidate solution evaluated
by the BBO algorithm was used to reconstruct the original overlap, using the templates
estimated by the spike-sorting algorithm. As we want that the reconstructed signal to be
similar to the original, the following squared error was used as the metric of similarity:

50

Cost(k) = ) [s(i) —r(i)]? 1)

i=1

where i is the ith bit of the kth candidate solution, s is the input signal (i.e., the overlap)
and r is the reconstructed version of it, using the estimated templates.

2.3.3. Initialization and Parameters

As for GAs, also for BBO, there were several choices to be made and problem-
dependent parameters to be set. At first, an initial population of 90 candidate solutions was
randomly selected. Then a reasonable feasibility check was made; as already mentioned,
since the overlap time is small, a candidate initial solution was accepted only if the number
of spikes for each neuron was less than two (i.e., the inter-spike period of a neuron was
assumed to be larger than the duration of our window).

As the stop criterion, a maximum number of iterations equal to 50 was chosen and
8 independent trials were made for each overlap signal. The crossover probability was set
to 1, and the mutation probability to 0.01.

Among the 8 independent trials, the minimum cost solution was chosen to build the
corresponding firing matrix.
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A low number of iterations and a small population size were chosen mainly for
two reasons.

e It was experimentally seen that most of the relevant changes in the solutions were in
the very first generations of each trial. To help the algorithm explore a larger solution
space, we preferred to perform a higher number of independent trials.

e  We wanted the BBO to find an optimal solution in a reasonable time frame (about 5 s
in our PC) for each overlap.

2.4. Performance Tests

After setting up the sampling rate (10 kHz), width of the templates (5 ms) and
peak polarity (positive), the default parameters were chosen for SC, KK and CBP. For SC,
the parameter indicating the maximum number of clusters was set to 3, according to the
generated input signal.

Some performance indexes were calculated to compare the estimated firing matrix
with the ground truth. The firing matrix columns of all algorithms were rearranged in
order to refer to the same ground-truth template. To match the firing patterns to the
correct neuron, the prototype with maximum cross-correlation with the ground truth
kernel was selected. If a template had high correlation with more prototypes, the closest
relative amplitude was used to make the selection. The correctness of the choice was finally
checked by comparison of the estimated FRs with the ground truth.

A match in the identification of a spike was identified if the estimation had a lag lower
than 0.5 ms from the ground truth. The following performance indexes were used: F1
Index, True Positive Rate (TPR) and Positive Predictive Value (PPV). Possible statistically
significant differences were assessed by the Wilcoxon signed rank test (paired tests could
be applied as the same signals, thus the same overlaps were processed by the algorithms).

A sensitivity analysis of the sampling frequency was performed by repeating our tests
on the same data down-sampled at either 8§ kHz or 6 kHz.

3. Results

Figure 1 shows the flow chart of our algorithm, together with the representation of a
few steps. The signal was filtered and then thresholded. Peaks over the threshold were
identified and then split into clusters. Those which were very different from others were
selected as overlaps, which were then resolved by BBO.

Figure 2 explains the simulator. Experimental data from a single channel was pro-
cessed by SpyKING Circus. The prototypes of waveforms indicating the firings of different
neurons were identified. Their contributions were then subtracted from the original signal
to obtain the residual noise. The prototypes were used to simulate the noise-free signal,
to which colored Gaussian noise with same PSD as the experimental one was added.

Figure 3 shows the test on overlap resolution. The same simulated signal was pro-
cessed by SpyKING Circus (SC), KlustaKwik (KK), Continuous Basis Pursuit (CBP) and
our method (BBO). The simulated signal included 100 overlaps for which we focused on
testing the performance compared to the ground truth of the different methods in resolving
them. Some examples of overlaps are shown in (A). The performance is shown in (B),
considering the four methods applied to the same data corrupted by two levels of noise.
Three relevant performance indexes are indicated: F1 Index, True positive rate (TPR) and
positive predictive value (PPV). The proposed method showed statistical improvements
with respect to the other three methods: at least two performance indexes were statistically
better for BBO in comparison to each of the other methods; no performance index was
statistically better for another method than for BBO.

Figure 4 displays the sensitivity of BBO on the sampling frequency. The same signals
used before were down-sampled, considering 8 kHz and 6 kHz (in addition to the original
signals, sampled at 10 kHz) with two different levels of noise (¢ = 0.05 or o = 0.1, as before).
A statistically significant degradation of performance was obtained. However, it was
small when using a sampling frequency of 8 kHz; on the other hand, a relevant drop in
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the performance was observed if the data were sampled at 6 kHz (some perturbation of
the prototypes could be observed with such a low sampling frequency, as they are very
spiky). Despite this drawback, the reduction of the sampling frequency has the advantage
of speeding up the computations, with an average reduction in the computational times
with respect to the original data of 18% and 34.5% for 8 and 6 kHz, respectively.
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Figure 1. Flow diagram of our method, with example application of some steps. (A) Flow diagram.
(B) Example of signal with indication of the selected threshold, the peaks identified (with different
color of the markers indicating membership) and an overlap. (C) Clustering of spikes, alignment of
windows including them and averaging to get an estimation of prototypes. (D) Resolution of the
overlap indicated in (B), with identification of the prototypes superimposed in it.
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Figure 2. Simulation of data. (A) Portion of experimental data considered to extract prototypes
of neuron spikes. (B) Example of spikes identified by SpyKING Circus, separated after sorting.
(C) Prototypes identified. (D) Simulation of a portion of data by generating the firing patterns
corresponding to each prototype, the firing trains (by convolution) and the overall signal (sum of
firing trains). (E) Model of noise: The experimental noise is obtained by subtracting the identified
spikes from the experimental data and its power spectral density (PSD) is estimated (by Burg method
of order 20). (F) Final simulation of noisy data by summing the noise-free signal (D) and colored
Gaussian noise with the same PSD as the experimental one (E).
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Figure 3. Overall results on the resolution of 100 overlaps randomly occurring in simulated data.
(A) Few examples of overlap, with indication of the prototypes superimposed. (B) F1 Index, True
Positive Rate (TPR) and Positive Predictive Value (PPV) are shown in box and whiskers plots.
The performances of SpyKING Circus (SC), Continuous Basis Pursuit (CBP), KlustaKwik (KK) and
Biogeography-Based Optimization (BBO) are shown for two levels of noise. Paired comparisons
between one of the three reference methods (SC, CBP and KK) and BBO, providing statistically
significant differences, are indicated.
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Figure 4. Sensitivity test on the sampling frequency. Same data as in Figure 3 are considered. F1 Index,
True Positive Rate (TPR) and Positive Predictive Value (PPV) are shown in box and whiskers plots.
The performance of BBO is shown for two levels of noise and three different sampling frequencies.
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4. Discussion

There are many applications requiring the separation of the activity of different sources
from single channel recordings, for example, in the identification of single motor unit (MU)
activity from an intramuscular electromyogram (EMG) [30] or in spike sorting of single neu-
ron potentials from microelectrode arrays (MEA) [7]. One of the most important difficulties
is separating two or more source spikes occurring at close time instants, thus generating a
waveform that is the superposition of different contributions. Due to phase cancellation,
superimposed noise and lack of precise information on the prototype waveforms, which
could be superimposed, the problem is under-determined. It is then converted into an opti-
mization problem, e.g., minimizing the mean squared error in reconstructing the overlap
by superimposing delayed versions of prototypes. However, the global solution may even
be not correct. For example, an artifact or the superposition of other waveforms not in-
cluded in the set of prototypes cannot be recognized as such, but they can be approximated
using the available waveforms; this would indicate the activity of a neuron that has not
actually fired.

Most of the spike sorting algorithms do not resolve overlaps but simply discard
them [12]; others, in large part, use algorithms based on template matching [13-16]. Here,
we propose an innovative method for resolving spike overlapping, based on the solution
of an integer optimization problem. The search for an optimal solution of this problem
can be approached with different methods (but excluding the exhaustive search, due
to the prohibitive computational cost). We selected an evolutionary algorithm, i.e., the
Biogeography-Based Optimization (BBO) [20]. It has found many applications in different
research fields and it is here applied for the first time on a problem of overlap resolution
in data from spiking neurons. BBO is appreciated for its good performance and relatively
low computational cost [20,22,23]. Some constraints are imposed: a waveform should be
included with the correct amplitude (i.e., a neuron either fires or not, with no possibility of
including an amplitude scaled prototype, which could be accommodated by a template
matching approach, instead); repetitive firings of the same neuron with a non-physiological
lag are not allowed.

The performance of our algorithm was tested on MEA data simulated with an ap-
proach driven by an experimental signal. Specifically, a single channel recording was
considered; our simulations were obtained by summation of real spikes (extracted by a
sorting algorithm) and random noise with same PSD as in the experiment. Our results
indicated significant improvements in resolving overlaps with respect to three popular
spike-sorting algorithms used as reference, i.e., SpyKING Circus, KlustaKwik and Continu-
ous Basis Pursuit.

Some specific choices were made in the generation of the simulated signal and in the
test. For example, the length of the overlap window (5 ms) and the sampling frequency
(10 kHz) are two parameters that were fixed. Our choices have the following rationale.
The window duration is related to the maximum expected duration of an overlap: as
we considered three neurons, each producing a spike of duration of about 1.5-2.0 ms,
5 ms allows to get non-overlapping spikes in the case of maximal separation among them.
Thus, enlarging the window is not very useful (and increases the computational cost) and
shortening it exposes the risk of not including the entire overlap waveform. Thus, some
variations of the duration of the window can be allowed, but in a small range (e.g., about
4-6 ms). About the sampling frequency, it is important to fix it close to the Nyquist limit
so as to avoid increasing the computational cost by oversampling. A test on the effect of
decreasing the sampling frequency is provided in Figure 4: a decrement in the performance
was observed, mostly when the sampling frequency was so small so as to introduce some
perturbations in the spike prototypes.

As a limitation of our study, we assumed that the signals were stationary: thus,
possible variations of the prototype waveforms were not allowed. Moreover, we considered
a basic method to identify spikes (focusing only on resolving overlaps): thus, prototypes
may not be optimally estimated. However, our preliminary tests documented that using
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BBO for overlap resolution improves performances over other reference algorithms. Thus,
the integration of the overlap resolution by BBO into an efficient algorithm for spike
identification can be a promising direction.

5. Conclusions and Further Work

We documented on simulations some improvements of the spike overlap resolution
with respect to some popular algorithms by solving approximately an integer optimization
problem by Biogeography-Based Optimization (BBO). Our promising results, if confirmed
on a larger dataset, suggest the integration of the overlap resolution by BBO into efficient
spike-identification algorithms. The promising results we achieved suggest the possibility
to apply this method also to other applications. For example, fluorescence spectral over-
lap compensation [31], electrical impedance signaling [32] and the intramuscular EMG
decomposition problem [30] are suggested for future work.
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Abbreviations

The following abbreviations are used in this manuscript:

PSD  Power Spectral Density

BBO Biogeography-Based Optimization
FR Firing Rate

ISI Inter-Spike Interval

SC SpyKING CIRCUS

KK  KlustaKwik

CBP  Continuous Basis Pursuit
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