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Abstract: Spike sorting, an indispensable process in the analysis of neural biosignals, aims to
segregate individual action potentials from mixed recordings. This study delves into a comprehensive
investigation of diverse unsupervised classification algorithms, some of which, to the best of our
knowledge, have not previously been used for spike sorting. The methods encompass Principal
Component Analysis (PCA), K-means, Self-Organizing Maps (SOMs), and hierarchical clustering.
The research draws insights from both macaque monkey and human pancreatic signals, providing a
holistic evaluation across species. Our research has focused on the utilization of the aforementioned
methods for the sorting of 327 detected spikes within an in vivo signal of a macaque monkey, as
well as 386 detected spikes within an in vitro signal of a human pancreas. This classification process
was carried out by extracting statistical features from these spikes. We initiated our analysis with
K-means, employing both unmodified and normalized versions of the features. To enhance the
performance of this algorithm, we also employed Principal Component Analysis (PCA) to reduce
the dimensionality of the data, thereby leading to more distinct groupings as identified by the
K-means algorithm. Furthermore, two additional techniques, namely hierarchical clustering and
Self-Organizing Maps, have also undergone exploration and have demonstrated favorable outcomes
for both signal types. Across all scenarios, a consistent observation emerged: the identification of
six distinctive groups of spikes, each characterized by distinct shapes, within both signal sets. In
this regard, we meticulously present and thoroughly analyze the experimental outcomes yielded by
each of the employed algorithms. This comprehensive presentation and discussion encapsulate the
nuances, patterns, and insights uncovered by these algorithms across our data. By delving into the
specifics of these results, we aim to provide a nuanced understanding of the efficacy and performance
of each algorithm in the context of spike sorting.

Keywords: biosignals; unsupervised classification; spike sorting; PCA; K-means; self-organizing
maps; hierarchical clustering

1. Introduction

The realm of neural signal analysis has witnessed remarkable advancements with the
emergence of clustering methods that play a crucial role in uncovering intricate patterns
within multi-dimensional data [1-3]. Among these techniques, spike sorting is crucial,
facilitating the isolation and classification of individual action potentials from complex
recordings [4-6].
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Accurate spike sorting is fundamental for unveiling neural dynamics, understand-
ing network interactions, and deciphering the underlying mechanisms governing neural
behavior [7]. However, the extraction of action potentials from biosignals has presented
formidable challenges due to the pervasive presence of noise, interference, and the diversity
of action potential shapes in biological recordings [8-10]. In recent years, these main draw-
backs have been studied from a computational viewpoint, where two seminal works have
been published [11,12]. In these articles, the most commonly used techniques for biosignal
analysis and spike sorting are mentioned, highlighting algorithms such as Wavelets and
PCA as feature extraction techniques. Some newer algorithms, such as Support Vector
Machines and neural networks, are also mentioned [13,14]. In the particular case of PCA,
three papers mention that this technique has been used to reduce the dimensionality of
the data. For clustering, some methods such as Bayesian and hierarchical clustering and
Gaussian mixtures are also mentioned as a possibility to analyze this kind of data [15].
The methodologies reviewed in these two papers leverage the synergistic potential of
machine learning, in particular, clustering methods and signal processing, to unravel the
complexities of action potential detection and classification.

Recent articles have introduced novel methods for spike sorting: In [16], they intro-
duced an approach for spike sorting by using a one-dimensional convolutional neural
network; their method achieved high accuracy in synthetic data. However, it has not been
tested with real acquisitions that have varying noise levels and overlapping spikes. They
outperformed methods like WMsorting and deep learning multi-layer perceptron (MLP)
models. The study by [17] proposed a deep learning-based technique for spike sorting,
termed deep spike detection (DSD), to improve spike detection accuracy. DSD incorporates
two convolutional neural networks (CNNs) into the conventional spike sorting pipeline.
These CNNs are employed for selecting active neural channels and removing artifacts from
the chosen channels, enhancing the overall classification performance. In [18], they present
another approach to spike sorting using a deep learning-based autoencoder method. This
method aims to improve clustering performance compared to traditional techniques like
PCA and ICA. The improvement has been demonstrated using both synthetic and real
datasets. Autoencoders are capable of learning underlying features from unlabeled data.
Spike sorting involves extracting informative features from spike waveforms, and autoen-
coders can discover these features in an unsupervised manner, eliminating the need for
labeled data, which can be difficult to obtain in spike sorting. Additionally, autoencoders
have been shown to be robust to noise, which is a common challenge in spike sorting due
to the low signal-to-noise ratio of recordings. In [19], the authors proposed a deep learning
network based on a convolutional neural network and sliding window Long Short-Term
Memory for spike sorting. LSTM [20] is a recurrent neural network architecture that has
recently attracted attention in the study of biosignals due to its ability to process spatiotem-
poral information. This paper presents important results for low noise and simulated
data, which is not the case for real neural recordings. In the same way as reinforcement
learning, Liu et al. [21] proposed a method for sorting under multi-class imbalance in two
public datasets with real neural recordings. They proposed a Markov sequence decision
and constructed a dynamic reward function (DRF) to improve the sensitivity of the agent
to minor classes based on the inter-class imbalance ratios. Another paper using deep
learning was presented in [22], where the authors developed a deep learning method,
which learns contextualized, temporal, and spatial patterns and classifies them as channels
containing neural spike data or only noise. From this, they created a batch of waveforms
to detect spikes in data recorded from a single tetraplegic patient. From the same author,
in [14], a method based on K-means for classifying the detected spikes was presented. The
methodology employed by these authors aligns closely with our approach, as we share a
parallel trajectory. Much like their sequence, we initially published a paper focusing on
spike detection and shifted our focus toward classifying the detected spikes. However,
in our instance, our exploration delves into distinct clustering algorithms. The K-means
algorithm was also recently investigated with template optimization in phase space as
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demonstrated in [8]. This method obtained interesting results on both simulated data and
real neural recordings. Wavelet [23] is another approach widely used in the analysis of
biosignals. In this paper, the authors use a continuous wavelet transform (CWT) with
optimized parameters to sort artificial and real data. The authors suggest that their results
outperform those based on PCA.

Several notable and contemporary contributions within the realm of spike sorting
have been highlighted [24]. Nevertheless, providing an exhaustive review of all existing
literature in this domain is an intricate task, further compounded by the challenges of
conducting a direct comparison across this large number of works. The intricacy arises
due to the divergent employment of various databases and algorithms for detecting and
classifying potentials.

In this context, we have spotlighted articles resembling our proposition, particularly
those grounded in PCA and K-means methodologies. However, to the best of our knowl-
edge, our pursuit did not yield evidence of articles employing hierarchical clustering or
Self-Organizing Maps as classification methods in neural recordings. Even those employing
PCA and K-means do so in a manner distinct from the approach proposed in this study.
Specifically, our approach involves an initial step of utilizing spike detections derived from
a prior research endeavor conducted by the research group and documented in [25]. This
antecedent work employed an adaptive threshold method for real-time action potential
detection. This precursor dataset facilitated the derivation of feature matrices capturing
statistical attributes of the action potentials. These matrices were then subjected to three
distinct clustering algorithms: K-means, hierarchical clustering, and Self-Organizing Maps
(SOMs). Notably, within the specific context of K-means, PCA was integrated to reduce
dimensionality and enhance the overall outcomes.

The article is structured as follows: First, the introduction is presented in Section 1.
Subsequently, the research methodology developed in this article is outlined in Section 2.
The biosignals and spike detection are covered in Section 2.1. Unsupervised classification
methods and results are presented in Section 3. Finally, the discussion and the conclusions
are drawn in Sections 4 and 5, respectively.

2. Materials and Methods

Spike sorting typically encompasses two distinct stages: detecting action potentials
and their subsequent classification. Each of these stages is further divided into sub-stages.
The first stage involves initial processing steps, such as filtering, while the second stage
involves extracting pertinent features for classification. Although these two stages are
intrinsically interconnected, innovation does not necessarily unfold in both simultaneously.
In this context, the current study extends the prior research undertaken by the same research
group. In a previous endeavor detailed in [25], our group developed a real-time action
potential detection hardware implementation for the two distinct biosignals used in this
work, a macaque monkey signal and a human pancreatic signal. In that study, the research
team successfully devised an FPGA implementation of an adaptive threshold method
tailored for detecting action potentials (spikes).

What is now proposed is to classify these spikes using various clustering methods,
among which the use of Self-Organizing Maps stands out. To the best of our knowledge,
SOM has not been applied to classifying these types of signals. We also propose using
a combination of Principal Component Analysis and K-means, which have been inde-
pendently used in other works. Finally, the implementation of hierarchical clustering is
suggested, a technique which, according to our literature review, has also not been utilized
in these type of signals.

The specific proposal is depicted at the bottom of Figure 1. We assume all detected
spikes have been stored, from which we extract their statistical attributes. These attributes
are subsequently normalized and serve as inputs for the unsupervised classification meth-
ods to execute their clustering procedures. Principal Component Analysis is also used to
reduce the dimensionality of the data.
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Figure 1. Methodology.

2.1. Biosignals and Spike Detection

In this study, two distinct biosignals are utilized: the first, captured in vivo from a
macaque monkey (Figure 2a), has a duration of 559 s, from which only 25 s were used
in this work, and a sampling frequency of 40 kHz; the second type, acquired in vitro for
13 s from human pancreatic cells (Figure 2b), is characterized by a sampling frequency of
10 kHz. The acquisition of these signals was not carried out in this work.
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Figure 2. Samples of raw biosignals: (a) macaque monkey signal, (b) human pancreatic signal

Spikes are identified within the signals illustrated in Figure 2, showcasing specific
instances of the raw biosignals acquired in vivo from a macaque monkey and in vitro from a
human pancreas (see Figure Al for some of the spike shapes found in the macaque monkey
and human pancreatic biosignals). The spike detection process employs an adaptive
thresholding method [26], automating the procedure while dynamically adjusting the
threshold to remain above the signal’s background noise level. Initial spike detection was
performed in a previous study [25]. Our primary emphasis in this current research lies in
thoroughly analyzing these spikes and classifying them.

Table 1 shows a subset of the statistical data extracted from 12 detected spikes within
the monkey signal. A similar table exists for the spikes in the human pancreatic signal.
In total, 327 spikes were identified within the monkey signals, while 386 spikes were
detected in the human pancreatic signals. These data were subsequently utilized as inputs
for clustering algorithms, enabling the aggregation of spikes exhibiting similar statistical
characteristics. The table employs a color scale to indicate value intensity, revealing a
notable level of variability within the dataset. This inherent variability has been addressed
within this study through data normalization as follows:
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Table 1. Feature matrix for a subset of 12 detected spikes within the monkey signal without normal-
ization. The complete feature matrix contains all 327 detected spikes.

Average Deviation Variance Wavelength RMS
0 0.00849887 0.000187308 0.179557 0.0135544
1 0.0065741 7.09735 x 107> 0.0791692 0.0084606
2 0.00466847 3.33185 x 107° 0.0555136 0.0058420
3 0.00888798 0.000247485 0.1864338 0.0156036
4 0.00582276 3.57568 x 10~° 0.0469245 0.0060722
5 0.0043362 2.65052 x 107° 0.0528824 0.0051284
6 0.00344435 2.10582 x 1072 0.0561784 0.0045793
7 0.00493412 2.81377 x 107° 0.0615169 0.0057737
8 0.00467569 3.12088 x 10~° 0.0561566 0.0055327
9 0.00974478 0.00025559 0.1881129 0.0158705
10 0.00392492 2.48305 x 1072 0.0521927 0.0049249
11 0.00998542 0.00024017 0.1824477 0.0153818
12 0.00390623 2.15412 x 107° 0.0936657 0.0047380

This normalization primarily involves extracting the mean and scaling the data based
on the standard deviation. This process aims to center the features and align the standard
deviations, thereby mitigating the potential dominance of features with larger amplitudes
within the clustering algorithms. This precaution prevents any feature from overpowering
the learning process, ensuring that the estimator effectively learns from all features.

Upon normalizing the feature matrix presented in Table 1, the resulting data are
illustrated in Table 2 for macaque monkey data and similarly for the human pancreatic
data in Table 3. Unlike the former data, it is evident that the values are no longer widely
separated, yet they maintain the same underlying distribution. Consequently, the clustering
algorithms can effectively learn from all the features without the undue influence of any
particular feature on the learning process.

Table 2. Feature matrix for a subset of 12 detected spikes in the monkey signal with normalization.

Average Deviation Variance Wavelength RMS

0 0.616557 0.507503 0.982358 0.690902
1 —0.0435587 —0.476921 —0.5054 —0.269358
2 —0.697112 —0.795558 —0.855978 —0.762997
3 0.750005 1.01672 1.08427 1.0772

4 —0.301236 —0.774925 —0.983269 —0.719604
5 —0.811067 —0.853212 —0.894972 —0.89753
6 —1.11693 —0.899305 —0.846125 —1.00105
7 —0.606004 —0.839398 —0.767008 —0.775876
8 —0.694634 —0.81341 —0.846448 —0.821307
9 1.04385 1.08531 1.10916 1.1275
10 —0.952118 —0.867384 —0.905193 —0.935889
11 1.12638 0.954852 1.0252 1.03539
12 —0.958528 —0.895218 —0.290559 —0.970757

The datasets presented in Tables 1-3 constitute the feature matrices used in the subse-
quent description of the clustering algorithms. These algorithms have undergone valida-
tion for both feature matrices, and the outcomes of these validations are presented in the
subsequent sections.
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Table 3. Feature matrix for a subset of 12 detected spikes in the human pancreatic signal with normalization.

Average Deviation Variance Wavelength RMS

0 —0.625955 —0.556876 —0.512561 —0.574781
1 —0.643811 —0.578161 —0.856704 —0.641413
2 1.92222 2.23712 1.76218 2.07959
3 1.72554 1.86247 1.81155 1.87429
4 —0.207561 —0.403196 0.215127 —0.250521
5 —0.689361 —0.589357 —0.879274 —0.674468
6 —0.468224 —0.508807 0.36071 —0.464447
7 1.92925 2.01965 1.38249 1.95593

8 1.92233 1.88622 1.43699 1.87117
9 2.01004 2.13762 1.93265 2.02572
10 —0.629296 —0.574017 —0.682783 —0.629894
11 —0.678137 —0.588473 —0.756864 —0.666986
12 0.800711 0.448739 0.658404 0.799653

2.2. Unsupervised Classification Methods

Three distinct methods were employed to classify the identified spikes for both signals:

K-means, hierarchical clustering, and Self-Organizing Maps (SOMs). The protocol and
parameters used during experiments are depicted in Figure 3. In this work, we chose
to avoid using features incurring high computational costs. Therefore, we only utilized
time-domain statistics as features. Below are the features utilized during the experiments:

Mean Absolute Value (MAV). It is the average of the absolute values of the N samples taken:

1y
MAV = l; |s(i)] )

Variance (VAR). It defines the dispersion of the data with respect to the mean:

VAR = Li(x-—x)Z 3)
TN-—1&Y

Root Mean Square (RMS) is a scalar value corresponding to the root mean square. It is
used to help obtain the amplitude of the signal:

The Integral of the Absolute Value (IAV). It represents the sum of the absolute values
of the signal in a period of time:

N
IAV =Y x| (5)
i=1

Simple Square Integral (SSI). It calculates the energy of the signal:

N
SSI =Y |x7| (6)
i=0

Waveform Length (WL). It specifies the cumulative length of the waveform shape in a
particular segment:

N-1

WL=) |xi1—x )
i
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e Entropy (H). Entropy measures the complexity of an uncertain system. It is a statistical
method for quantifying the unpredictability of variations in both deterministic and
stochastic signals:

N
H=-Y pin(p;) 8)
i=1

where p; is the corresponding probability of each of the N-states.

Feature extraction Feature matrix

Stored data E —

MAV = N Z [s(i)| 0 03556876

N4 1 ~0578161

2 223712

1 N 3 1.86247
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VAR= —— (z:-7)* 5 0689 0589357

ﬁ N - J ; ﬁ 6 7:1 wzgl —0.508807
7 192925 201965

8 192233 1.88622

h 9 201004 213762
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12 0.800711 448739 0.658404
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Figure 3. Protocol and parameters used during experiments with each unsupervised classification method.

To enhance the differentiation between action potentials, additional features based on
their waveform characteristics were calculated. These features included the zero-crossing
rate (the number of times the waveform crosses zero), the peak-to-peak distance (the
distance between samples at the minimum and maximum peaks), and the peak amplitude.
This focus on waveform properties aimed to improve the ability to distinguish between
action potentials. The following sections delineate the outcomes attained through the
application of these methodologies.

3. Experimental Results
3.1. K-means

The K-means algorithm [27,28] underwent testing through two approaches. Firstly, it
was applied to the feature matrix acquired without data modifications or normalization as
depicted in Table 1.
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The elbow method was employed to ascertain the optimal number of clusters in
the K-means algorithm. This involved calculating the dispersion curve of the data while
varying the K value from 2 to 12. The resulting graphs of the elbow method for each signal
before normalization can be observed in Figure 4a,b.

—-elbow atk =5, score = 533,017.670
< --elbow at k = 4, score = 2,831.788

12000 3.0
10000

8000

Distortion score

Distortion score

() (b)
Figure 4. Visualization of the elbow method encompassing values of K ranging from 2 to 12, employed
by the K-means algorithm for the clustering of detected spikes in (a) signals from monkeys and
(b) signals from human pancreatic cells. The green line represents the time taken to train the clustering
model for each cluster number, while the blue line represents the distortion score.

The elbow method graphs depicted in Figure 4 are generated by summing the squared
distances between each point and their assigned center. They also indicate the training time
for each value of K, represented by the green graph. Figure 4 illustrates that the optimal fit
of K for monkey and human pancreatic detected spikes without normalization occurs at
four and five, respectively.

Figure A2 shows the data distribution in blue before normalization with the centroids
obtained with the K-means algorithm. The number of groups/clusters used was four for the
spikes in the monkey signal and five for the spikes in the human pancreatic signal. It can be
seen that for the clusters associated with the spikes in the monkey signal (Figure A2a), three
centroids are very close at the bottom of the data, leaving only one centroid for the data at
the top. Regarding the clusters associated with the spikes in the human pancreas signal
(Figure A2b), two clusters overlap at the bottom of the graph. Although this grouping
already gives us a previous idea of what is expected to be obtained, there is still a significant
loss of information since all the data with greater amplitude are grouped in a single group.

To improve the outcomes achieved through K-means without normalization, a sec-
ondary approach is adopted. This approach involves utilizing the normalized data from
Tables 2 and 3 as the input feature matrices for the K-means algorithm. Results for normal-
ized data are shown in Figure 5.

Figure 5 displays the updated elbow graph and cluster distributions based on normal-
ized data. Notably, the number of clusters for spikes within the monkey signal has been
adjusted from four to six. Conversely, the number of clusters for spikes within the human
pancreatic signals remains consistent, yet the distribution and differentiation among these
clusters have been modified.

The application of K-means clustering yields Tables 4 and 5 for spikes in the monkey
signal and Table 6 for spikes in the human pancreatic signal, revealing the spike shapes
attributed to each group within the spikes distribution space. These tables provide insight
into the number of spikes sorted within each group. Tables 4 and 5 correspond to the
clustering before and after normalization for the spikes in the macaque monkey data,
respectively. The latest shows three groups, which were generated from group 0 in Table 4
after data normalization.
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Figure 5. K-means clustering with normalized data: (a) elbow graph for spikes in the monkey signal,
(b) elbow graph for spikes in the human pancreatic signal, (c) clusters/groups for the spikes in the
monkey signal, and (d) clusters/groups for the spikes in the human pancreatic signal.

Table 4. Spikes groups formed with K-means for the monkey signal (before normalization).

Group Spike Shape Number of Spikes
0 V\\w 147
1 W 113
2 W 24
3 W 43
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Table 5. Spikes groups formed with K-means for the monkey signal (after normalization).

Group Spike Shape Number of Spikes
0-0 J\\/\/ 8
0-1 ﬂ/\A 59

Table 6. Spikes groups formed with K-means for the human pancreatic signal (after normalization).

Group Spike Shape Number of Spikes
0 W 52
1 M/\‘/\—//V 62
2 /\/W&V\j\/\/\/\'\/‘ 101
3 WW/\W\/\]V 116
4 M/\/v/\/ 55
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Although these action potentials have similar amplitude and shape, some differences
can be perceived between them, mainly after the repolarization stage of the potential.
Figure 6 shows the differences in these three spikes.

0-1 0-2
0.03 0.04
0.02
— ~— 0.02
= 001 2
8\000 81
S S 0.00
-+ 4+
5001 3
-0.02 =002
-0.03
-0.04
-0.04
0 10 20 30 40 50 60 0 10 20_ 30, 40 50 60
Samples Samples
0-0
0.04
0.02
=)
7] 0.00
&
+-0.02
9]
>
-0.04
-0.06
0 10 20 30 40 50 60
Samples

Figure 6. Differences of the spike shapes in Table 5.

Figure 7 presents a three-dimensional representation illustrating the distinctive spike
shapes within each group formed from the detected spikes within the monkey signal. In
this visualization, the three spike types outlined in Figure 6 are prominently discernible.
Moreover, other detected shapes from the lower groups are also depicted, revealing a
range of spike patterns. Notably, while certain shapes correspond to noise eliminated
during the potential detection stage, others signify spikes resembling action potentials.
However, the clustering method encounters challenges in distinguishing these from the
noise. This confusion arises because some of these spikes share the same amplitude level
as the detected noise, underscoring the complexity of isolating genuine action potentials in
the presence of signal artifacts.

Zero crossing

Figure 7. A 3D representation of the groups for the spikes in the monkey signal after normalization.
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Five distinct groups emerge after applying K-means to the detected spikes within
the human pancreatic signal. Among these, groups 1 and 4 yield the most favorable
outcomes. Notably, in these groups, the spike shapes are distinctly defined, in contrast to
the remaining groups, where residual noise in the spike shapes persists. This phenomenon
arises due to the complexity of this particular signal, whose amplitude is in the nV range,
which can clearly be mistaken for noise (see Figure Alb).

Upon observing the data distribution graphs in Figure 5c,d, it becomes evident that
while distinct groups are identifiable, some clusters remain in close proximity to each other.
This proximity raises the potential for confusion within the K-means algorithm, as certain
clusters contain elements mixed with their neighboring counterparts. Consequently, spikes
become challenging to differentiate, leading to their association with clusters, suppressing
noise detection. To address this issue, Principal Component Analysis (PCA) was integrated
for dimensionality reduction, aiming to enhance outcomes using the K-means method. The
PCA method is described in the following section.

3.2. Principal Component Analysis (PCA) Method

Principal Component Analysis (PCA) [29] stands as a key technique in the field of
signal analysis, especially when confronted with multi-dimensional datasets such as neural
recordings. The fundamental goal of PCA is to reduce the complexity of high-dimensional
data by transforming them into a lower-dimensional space while retaining the maximum
variability present in the original data. In the context of spike sorting from biosignals,
PCA serves as a powerful tool to extract the most informative features from the recorded
waveforms. By identifying the principal components orthogonal axes along which data vary
the most, PCA effectively reorients the data, allowing for a more intuitive representation
that often captures the underlying patterns and relationships among different spikes. This
dimensionality reduction not only aids in visualization but also facilitates subsequent
analysis techniques, such as clustering algorithms, by reducing noise and improving the
separability of distinct spike shapes. In this regard, PCA improves the precision and
efficiency of spike-sorting procedures and provides more insightful interpretations drawn
from neural recordings.

Figure 8 provides insight into the data distribution following dimensionality reduction
to three principal components. The centroids of the groups obtained via K-means are
prominently displayed. Furthermore, a 3D representation of the formed groups is depicted
in Figure 9. Notably, this representation illustrates the segregation of three distinct spike
groups for the human pancreatic signal instead of the two initially found by the K-means
without PCA (Table 6), which struggled to achieve such differentiation. Moreover, PCA
exhibits the capability to identify an additional group within the macaque monkey signal,
a spike group that was initially misconstrued as noise by the K-means algorithm. This
misclassification stemmed from the fact that the spike and the noise signal shared identical
amplitudes as can be observed in Figure A5. The affirmation of a shape’s correspondence
to a spike depicted in Figure A5a stems from a distinct classification criterion. Specifically,
a total of 30 samples were grouped in this particular spike configuration. This contrasts
with the shape depicted in Figure A5b, where only a single signal was identified. This
discrepancy hints at a potential distinction, the former shape aligning with a grouped spike,
possibly originating from a nearby neuron, while the latter’s sole detection might suggest
a spike emitted by a more distant neuron [30]. The discernible difference in amplitude
between the two shapes contributes to this analysis, corroborating their distinct neural
origins. These results probe how PCA, by extracting salient features, contributes to the
improved effectiveness of the K-means clustering method.
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Figure 8. Distribution of clusters resulting from the application of K-means in conjunction with PCA
on detected spikes from (a) macaque monkey signals and (b) human pancreatic signals.
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Figure 9. A 3D distribution graph of clusters resulting from the application of K-means in con-

junction with PCA on newly detected spikes from (a) macaque monkey signals and (b) human
pancreatic signals.

3.3. Hierarchical Clustering

Like the K-means method, hierarchical clustering is an unsupervised algorithm [31,32]
This technique constructs a series of nested clusters, forming a hierarchy typically visualized
as a tree-like structure known as a dendrogram. This graph provides a visual representation
of the cluster hierarchy. The hierarchical clustering process follows a bottom-up approach
where each data point initiates as an independent cluster, subsequently merging clusters
based on a chosen metric (e.g., Euclidean distance). In other words, the algorithm treats
each sample as an individual cluster and employs a defined merging strategy to combine
clusters progressively. This iterative merging continues until the top of the tree is reached,
culminating in forming the root cluster that encompasses all samples.

In the hierarchical clustering method, we start from the dendrogram that represents
our data. In the K-means method, we observe that the normalized data present better
results, allowing the algorithm to train in a more efficient way. In this case, the data used
also correspond to those normalized; Figure 10 shows the dendrogram formed with the
data of the feature matrix of normalized characteristics.

The dendrogram graph is a reference for determining the optimal number of clusters
to create. A straightforward approach to selecting this number is employing a horizontal
line as demonstrated in Figure A3. The count of vertical lines intersecting the horizontal
line designates the number of clusters. While the figure distinctly illustrates two discernible
groups, limiting the clusters to just two might result in the loss of valuable information.

By analyzing the dendrogram’s distribution, a strategic placement of the horizontal line
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is established as exemplified in Figure 11. This choice yields a cluster count of six for
both signals.
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Figure 10. Dendrograms with normalized data from (a) macaque monkey signal and (b) human
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Figure 11. Selected clusters from the dendrograms for (a) macaque monkey data and (b) human
pancreatic data. Where data detection at the bottom begins forming new groups based on
distance similarity.

In the case of detection conducted on the macaque monkey signal, the resultant
grouping closely resembles that derived from the K-means approach. The distribution of
the 327 spikes across these groups is enumerated in Table 7. Evidently, it becomes possible
to discern the three distinct types of potentials depicted in Figure 6, notably spanning
groups 3, 4, and 5. Nonetheless, the K-means method supplemented with PCA more
accurately distinguishes the distant potentials. It achieves this by effectively minimizing
confusion with noise. However, it is worth noting that while the hierarchical grouping
method endeavors to isolate the distant potentials within a group, it still exhibits a degree
of blending with noise. Nevertheless, despite this challenge, the outcomes attained through
the hierarchical grouping method slightly surpass those derived from K-means without
PCA, signifying incremental improvement. Similar observations extend to the clusters
formed from the spikes within the human pancreatic signal, mirroring the findings. The
detail of these clusters can be observed in Table 8.

The data distribution and clusters for the spikes in the macaque monkey and human
pancreatic signals are shown in Figure 12a,b.
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Table 7. Groups formed with hierarchical clustering (macaque monkey data).

Group Spike Shape Number of Spikes
0 \W 110
1 r\/\/\ 61
2 W 24
3 \h\/\v& 59
4 J\\/N 8
5 + 65
e« 0 . e 0
T -t 30
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o 4 o 4
2 e 5 , e 3 .
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Figure 12. Hierarchical clustering from the detected spikes within the (a) macaque monkey and
(b) pancreatic human data.
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Table 8. Groups formed with hierarchical clustering (human pancreatic data).
Group Spike Shape Number of Spikes
0 /V\r\/\/m >
4 WW\W 104
5 \/\/\L\/\/\/\J 40

3.4. Self-Organizing Maps (SOMs)

One of the major contributions of this work is the use of Self-Organizing Maps in the
spike sorting of biosignals, as this type of neural network had not been used in this type of
signal. A SOM, also known as a Kohonen map [33,34], is a type of artificial neural network
used for unsupervised learning and the visualization of high-dimensional data. SOMs
are particularly effective for clustering and dimensionality reduction tasks. The network
consists of a grid of interconnected nodes (see Figure 13), each representing a specific region
in the input data space. During training, the SOM learns to map input data points to nodes
in a way that preserves the underlying data topology. Neighboring nodes on the grid
respond similarly to similar input patterns, leading to a self-organized representation of
the input data in a lower-dimensional space. This arrangement enables the visualization
of complex data relationships and grouping of similar data points into clusters on the
grid. SOMs are especially useful for exploratory data analysis, pattern recognition, and
data visualization.
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Figure 13. (a) A 6 x 6 map for the macaque monkey data and (b) a 5 x 5 map for the human
pancreatic data.

Figure 13 provides insight into the weighting of each input variable across various
segments of the map. This visualization allows us to discern the significance of each
variable within each node of the map. However, a more comprehensive understanding of
the variable importance within the map is encapsulated in Figure A4. In this illustration, a
set of contrast graphs is presented for each individual variable. These visual representations
offer a clearer indication of the variables that wield the most influence when activating
each neuron within the map, thereby dictating the assignment of input data to these
specific nodes.

Figure A4 shows the predominant impact of each variable across distinct regions of the
map through the pronounced red and orange hues. Unlike the representation in Figure 13,
this graph deliberately amplifies the contrast between areas with high and low values. This
emphasis serves to facilitate a more intuitive grasp of the variable influence distribution
within the map.
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Figure 14a exhibits a density graph, an illustrative visualization that facilitates the
identification of regions within the map housing the highest concentration of instances.
This density mapping is depicted using a color scale that conveys the prevalence of data
points within each node. It is important to note that the nodes within the map themselves
do not directly correspond to the formed groups. Rather, these groups emerge later through
the aggregation of nodes based on common characteristics.

To assemble the groups, the method involves calculating the Euclidean distance be-
tween each neuron and its neighboring nodes. Illustrated in Figure 14b, the distance graph
offers a visual representation of the formed map, facilitating the subsequent formation of
groups. This process entails aggregating neurons sharing a comparable distance, as nodes
belonging to the same group typically exhibit proximity to each other.

@

) s
N ES
5 5 i

10

(a) (b)
Figure 14. (a) Density and (b) distance graphs.

As previously highlighted, it is imperative to note that the nodes within the map do
not inherently equate to groups. However, these nodes are structured in a manner where
adjacent nodes share analogous weight vectors. Consequently, each map node operates as
a precursor to a group and subsequently undergoes hierarchical grouping. The outcome
of this process is evident in the dendrograms depicted in Figure A6. These dendrograms
serve as a guiding framework to ascertain the optimal number of groups to form from
the detected spikes for the macaque monkey (Figure A6a) and human pancreatic data
(Figure A6b). Notably, through careful analysis, a decision was reached to shape six distinct
groups for the former and five for the latest. This choice stems from the discernment of
six groups effectively capturing differentiable disparities among the detected potentials as
observed through the utilization of previous grouping methodologies. Moreover, aligning
this determination with the distribution of the dendrogram attests to the judicious selection
of the resulting groups.

With the optimal number of groups identified, the subsequent step involves establish-
ing the grouping within the Self-Organizing Map. Illustrated in Figure 15, this graphical
representation highlights the distinct clusters that emerge as a result of uniting nodes with
the closest Euclidean distance. These clusters manifest as an embodiment of cohesive
neural patterns, effectively grouping nodes that exhibit similar characteristics. Notably,
Figure A7 offers a 3D visualization portraying the spatial distribution of these clusters,
affording an insightful view into the intricate relationship among grouped neural activities.

Through this approach, we successfully delineate the three primary categories of
potentials depicted in Figure 6 for the macaque monkey data. Furthermore, our results
closely parallel those attained via the K-means method augmented with PCA in the accurate
identification of distant potentials. The distinctive profiles characterizing the groups are laid
out in Tables 9 and 10, providing an overview of the shape attributes intrinsic to each group
for both signals, complemented by the corresponding number of constituent elements.
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@) (b)
Figure 15. Groups formed on the Self-Organizing Map for (a) macaque monkey data and (b) human

pancreatic data.

Table 9. Groups formed with Self-Organizing Maps (macaque monkey data).

Group Spike Shape Number of Spikes
1 \»\/y 27
2 w 24
3 M\/\ 76
4 w 93
5 d\/\/ 49
6 J\\/\/ 8
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Table 10. Groups formed with Self-Organizing Maps (Human pancreatic data).
Group Spike Shape Number of Spikes
1 W/\W\M/ 61
3 VJ\L\/\/\//\J 25
4 VAW/\\W 98
5 V\/\A[\/\\/J\/\/ 41
6 W 56

4. Discussion

The comprehensive exploration of clustering methods within the context of spike
sorting in both macaque monkey and human pancreatic signals has yielded valuable
insights into the intricacies of neural signal analysis. The amalgamation of advanced
computational techniques with the distinct characteristics of neural recordings underscores
the multi-faceted nature of this endeavor.

The initial step of spike detection formed the foundation for subsequent analysis. The
application of an adaptive threshold, as described, facilitated the automatic identification
of action potentials while efficiently adapting to background noise levels. Notably, this
strategy allowed us to focus on the nuanced shapes and patterns of the detected spikes
without being encumbered by noise artifacts.

Feature extraction emerged as an intermediate stage, enhancing the interpretability
of the data while reducing their dimensionality. The utilization of Principal Component
Analysis (PCA) for signal dimensionality reduction effectively captured essential informa-
tion in both signals. This reduction in dimensionality proved beneficial for subsequent
clustering algorithms, enabling more effective differentiation among distinct spike shapes.
In the context of the macaque monkey signal, this approach enabled the identification of
a cluster of spikes that were initially misinterpreted as noise due to their similar signal
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amplitude. In the scenario of the human pancreatic signal, the combined utilization of
PCA and K-means led to enhanced classification outcomes. Specifically, it transformed a
scenario with only two distinct groups achieved through K-means alone into one featuring
three well-defined groups, underscoring the complementary power of these methods when
employed together.

The integration of Self-Organizing Maps (SOM) introduced a novel dimension to the
study. The SOM methodology offered an unsupervised learning framework that revealed
underlying data topology. The resulting clusters enabled the identification of similar neural
patterns, thereby contributing to a refined understanding of neural activity. The delineation
of clusters as showcased through density graphs and distance measurements provided a
visual representation of the spatial distribution of these neural patterns.

The hierarchical clustering approach further refined the clustering process, allowing
for the formation of cohesive groups based on the proximity of nodes. This hierarchical
arrangement effectively organized the neural patterns into clusters that aligned with their
inherent similarities. The discernment of optimal group numbers through dendrogram
analysis attested to the efficacy of this approach in capturing meaningful clusters while
avoiding over-segmentation. The results of this method are similar to those obtained jointly
by PCA and K-means. This indicates that the intermediate use of PCA can be omitted if we
focus on hierarchical clustering.

A comparison of the results achieved through different methods unveils noteworthy
findings. The identification of the six types of potentials demonstrates the ability of the
proposed approach to disentangle complex neural patterns. Furthermore, the resemblance
of the results to the K-means method augmented with PCA in the identification of distant
potentials underscores the robustness of the methodology.

5. Conclusions

This study presents a significant advancement in spike sorting by strategically com-
bining established techniques with a pioneering application: Self-Organizing Maps (SOMs)
for biosignal analysis. SOMs excel in unsupervised learning and dimensionality reduction,
revealing the complexities of neural signal analysis from macaque monkey and human
pancreatic signals. This multi-faceted endeavor unveils the nuanced effectiveness of SOMs
and leverages them to form cohesive neural patterns through hierarchical clustering. Our
approach successfully classified the neural data, achieving results comparable to estab-
lished methods. Building on the foundation of adaptive thresholding, which effectively
isolated action potentials while filtering background noise, PCA emerged as a crucial
step for dimensionality reduction. This enhanced data interpretability and facilitated the
identification of previously misclassified noise spikes in macaque monkey signals. The
combined power of PCA and K-means in human pancreatic signals transformed a binary
classification into one with three distinct groups. The introduction of SOMs added a novel
unsupervised learning dimension. SOMs delineated clusters based on spatial distribution
by revealing underlying data topology, offering a refined perspective on neural signal
organization. Hierarchical clustering further refined this process, forming cohesive groups
based on node proximity. This method effectively captured significant clusters without
over-segmentation, achieving results comparable to PCA and K-means, suggesting PCA
might be optional for specific analyses.The proposed approach successfully disentangled
complex neural patterns, identifying six types of potentials. This robustness, mirrored in
the similarity of results to the PCA-augmented K-means method, underscores the efficacy
of the methodologies. Future research can explore additional clustering algorithms, feature
extraction methods, and more sophisticated noise-filtering techniques. Extending this
analysis to various real-world scenarios where other types of biosignals could validate the
generalizability of these methods, this will be imperative for future research. Additionally,
investigating real-time implementations and integrating these techniques into clinical ap-
plications or brain—-computer interfaces is essential for improving signal processing and
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information decoding for real-world applications, thus offering promising avenues for
advancing neural science and its practical applications.
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Figure A1. Spike shapes found within the (a) macaque monkey signal, (b) human pancreatic signal.

0.35

: o
%
0.25 * s * * * o* *
. * s
- * il < * * ok . *a: . *
< * =3 * *#
020 B 5 * *
5 2 * *
H s N B T4
P 30 *

g e = wF ot * * R ek

0.15 *%* * ., N

o'y * M
»* W £ L
0.10 - 25 Sk *
* * * ok Q"* %
o *ox ke K K -
* * * *
005 | * e
e *
20
00025 00050 00075  0.0100 00125 00150 00175 00200  0.0225 05 1.0 15 20 25
RMS RMS
() (b)

Figure A2. K-means clustering for spikes in both signals (a) macaque monkey and (b) human pancreatic.
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Figure A3. Example of the selection of the number of groups in the dendrogram of the macaque
monkey data.
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Figure A6. Dendrogram of the map nodes for (a) macaque monkey data and (b) human pancreatic data.
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Figure A7. Groups distribution for (a) macaque monkey data and (b) human pancreatic data.
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