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VISSOR Workflow Diagram (Figure S1):
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Figure S1. Overall structure of the proposed SS-SPDF method/algorithm. Step-by-step illustration of the
spike-sorting process based on shape, phase, and distribution features (SS-SPDF method) and K-TOPS
clustering (K-means and template optimization in phase space) with validity and error indices. White sub-
blocks represent the common steps of a spike-sorting algorithm. Gray sub-blocks indicate the main
methodological contributions of the proposed spike sorting approach, —that were the SS-SPDF method of
feature extraction and the K-TOPS clustering algorithm for systematically sorting both single-unit spikes and
overlapping waveforms. Notice that, shape features refer to measures extracted from spike waveform in time
domain of the first derivative, phase features refer to measures extracted from spike trajectory in phase-space
(spike first derivative vs. spike second derivative), and distribution features concern to features extracted from
spike amplitude distribution function for both the first and second derivatives. At the last step (resulting
clusters), a summary subblock (also in gray) for reporting the relevant information of the whole process was
implemented. This approach facilitates the physiological interpretation of the extracted spike features, the
assessment of the modulating properties of the involved neurons, and the functional characterization of the
neural process under study.



VISSOR Feature Extraction (Figure S2):
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Figure S2. Schematic representation of the feature-extraction method. (a) Six fundamental points (P1 —
Ps, see Table S1 below) and 11 shape-based features (F1 — F11) from each spike event in the time domain of
the spike first derivative (FD). (b) Eight phase-based features (F12 — F1g) from each spike trajectory in the phase
space (second derivative (SD) vs. FD). (c) Five distribution-based features (Fx — F24) for the statistical
amplitude distribution of the FD (i.e., F0, F22, and F23) and SD (i.e., F21 and F.4) of the spike. Note that for
each spike amplitude distribution (probability density function, PDF), the mean, median, mode, interquartile
range (Qs — Qa), kurtosis (e.g., k — 3 > 0), and asymmetry (e.g., s > 0) are indicated. In summary, a vector of
24 features (F1 — F24, see Table S2 below) was determined for each spike event.

VISSOR Feature Extraction (Tables S1 and S2):

Table S1. List of the selected waveform components. Six fundamental points (P1 — Pg) determined each
detected spike. These points were graphically identified in both time domain [see panel (a) in Figure S2] and
phase space [see panel (b) in Figure S2], considering the first derivative (FD) and the second derivative (SD)
of the action potential.

Spike-points number Definition

P1 First zero-crossing of the FD before the action potential has been detected
P2 Valley of the FD of the action potential

Ps Second zero-crossing of the FD of the action potential that has been detected
P4 Peak of the FD of the action potential

Ps Third zero-crossing of the FD after the action potential has been detected

Pe Valley of the FD after the action potential




Table S2. Neurophysiological features of each spike characterizing the process of creating objects (24D
feature-vectors). List of shape (F1 — Fu1), phase (Fi2 — Fio), and distribution (F2 — F24) features and their
algebraic definition (see Figure S2), considering the first derivative (FD) and the second derivative (SD) of

each action potential. * The three common features (Fis, F1s and Fio) proposed also by other authors.

Number Name Algebraic definition
F1 Waveform duration of the FD of the action potential tps — tpy
F2 Peak-to-valley amplitude of the FD of the action potential 4FDp, — 4FDp,
Fs Valley-to-valley amplitude of the FD of the action potential aFDps ~ AFDp,
Correlation coefficient between the FD of the action potential OFD et
Fa (ap) and the reference spike-waveform (ref), considering their #
o R FDap FDref
corresponding standard deviation ogp
Fs Logarithm of the positive deflection of the FD of the action log (M)
potential tps = tpy
. . . . AFDps — 9AFDp,
w Fe Negative deflection of the FD of the action potential tre — tpa
T E Logarithm of the slope among valleys of the FD of the action log (M)
@ potential tpe — tp2
= Root-mean-square of pre-event amplitudes of the FD of the appp, + Xl = m-13i
action potential m
E i i i . aFDp, — aFDPl)/(aFDP3 — 3FDp,
9 Negative slope ratio of the FD of the action potential try — tpy tps — tpy
o . . . 4FDp, — aFng) (aprs — appp,
Fio Positive slope ratio of the FD of the action potential trs — tp / trs — tpg
4FDp,
Fu Peak-to-valley ratio of the FD of the action potential appp,
F1 Amplitude of the FD of the action potential relating to P1 4FDp,
Fis Amplitude of the FD of the action potential relating to P3 aFDps
Fae* Amplitude of the FD of the action potential relating to P, aFDp,
Ijé Fis Amplitude of the FD of the action potential relating to Ps 4FDps
E Fie Amplitude of the FD of the action potential relating to Pg 4FDps
F17 Amplitude of the SD of the action potential relating to P; asDp,
Fag* Amplitude of the SD of the action potential relating to Ps AsDps
Fao* Amplitude of the SD of the action potential relative to Ps AsDps
Fao Inter-quartile range (Q, — Q,) of the FD of the action potential, Prss — Pasio
considering the percentiles P;s.  and Py,
For Inter.-qua_lrtile range (Qg.— Q,) of the SD of the action potential, Prs. — Pasqy
> considering the percentiles P,s . and P,s
o Kurtosis coefficient of the FD of the action potential, > (app, — Ef
'5 F2 considering the fourth sampling moment of n amplitudes app, "T
Q about its mean ayp, and the standard deviation o, P
o Fisher asymmetry of the FD of the action potential, considering n _)3
= F . . . . 21:1(3FDi aFD)
n | F2z3 the third sampling moment of n amplitudes agp, about its mean T S
a arp, and the standard deviation ogp Fb
Fisher asymmetry of the SD of the action potential, considering 2 (aso, - E)?’
Faa the third sampling moment of n amplitudes agp, about its mean L'T
agp, and the standard deviation ogp SD




