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In the area of electrophysiology, the availability of comprehensive and user-friendly tools for single neuron data processing, statistical
analysis, and fast, intuitive data visualization is limited. To address this gap, we introduce pylabianca, a Python library tailored for
robust single and multi-unit data processing. Pylabianca leverages the power of standard Python packages and adopts the application
programming interface of MNE-Python, one of the most widely used electrophysiology packages. One of pylabianca’s primary objectives
is to provide a low entry threshold for scientists, requiring only basic Python programming skills. Pylabianca was designed to streamline
most common analyses of single neuron data, and provide convenient data structures to serve as a foundation for building custom
analysis pipelines. We believe that pylabianca will contribute to enhancing researchers’ capabilities and efficiency in the field of single

neuron electrophysiology.
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INTRODUCTION

Rapid development of the electrophysiological
methods allow us to monitor activity of hundreds of
single neurons and spikes they produce simultaneous-
ly in different brain areas (Jun et al., 2017; Lehongre et
al., 2022; Malach, 2021; Miccoli et al., 2019; Wang et al.,
2023), bringing us closer to unravelling the complex
mechanisms that underlie brain function. Across labo-
ratories worldwide, researchers collect and analyze sin-
gle-unit events from both animal and human subjects
using various tasks and recording setup. By establishing
connections between the firing rates of individual cells
and experimentally controlled variables, researchers
are able to construct models describing the transforma-
tion of sensory information from the receptor level to
the cortex (Quiroga et al., 2005; Wiesel & Hubel, 1963).
Single-unit studies contribute to an improved under-
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standing of neuronal representation of the external
world (Carvalho et al., 2020; Hafting et al., 2005; Quiroga
et al., 2005; Sargolini et al., 2006; Solstad et al., 2008),
or mechanisms of fundamental cognitive functions like
working memory (Kamitiski et al., 2017, 2020).

All this work requires an array of processing steps
from the initial spike-sorting through multiple stages of
analysis. However, a recurrent challenge arises from the
diversity of analysis pipelines employed by different re-
search teams, each implemented with custom code. This
prevailing practice not only results in an abundance of
redundant work reimplementing common functional-
ity, but also introduces opportunity for error and in-
consistency, impeding the comparability and replicabil-
ity of findings, even within the context of identically
sorted datasets. To address some of these challenges,
a practical solution involves establishing a general-pur-
pose library that exposes common data structures and
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operations. Such library, apart from providing standard
analysis operations, could also serve as a foundation for
building more complex and specialized analyses.

Within the Python ecosystem, the MNE-Python library
is an example of such a successful effort at unifying con-
tinuous signal electrophysiology (Gramfort et al., 2013;
2014). Multiple specialized electrophysiology packages
rely these days on MNE-Python: for example MNE-Con-
nectivity (https://pypi.org/project/mne-connectivity/)
and conpy (van Vliet et al., 2018) for connectivity estima-
tion in source space, pactools (Dupré la Tour et al., 2017)
for phase-amplitude coupling, mne-rsa (https://users.
aalto.fi/~vanvlm1/mne-rsa/) for representational simi-
larity analysis or MNELAB (https://mnelab.readthedocs.
io/en/latest/), providing a graphical user interface sim-
ilar to EEGLAB.

Over the years, the Application Programming Inter-
face (API) of MNE-Python has matured, offering an ex-
cellent framework for other packages to emulate. While
MNE-Python primarily supports the analysis of con-
tinuous signals rather than discrete spike trains, our
objective is to broaden its functionality to spike analy-
sis. To this end we developed pylabianca, a spike train
analysis package that adheres to the elegant API design
of MNE-Python. Guided by several principles, the de-
velopment of pylabianca focused on: 1) maintaining
object-oriented interface that offers a small number of
objects for efficiently representing and manipulating
spike train data; 2) allowing users to transition from
reading the data to statistical analysis and visualization
in a few simple steps; 3) utilizing labeled arrays (xarray
DataArrays) where possible. These principles collectively
aim to minimize the software’s complexity, lowering the
entry bar for new users. Object oriented data containers
hide unnecessary intricacies while presenting processing
options concisely and making them more discoverable
through the exposed methods. Establishing a fast route
to statistical inference requires an intuitive approach to
handling, selecting and comparing experiment metadata
(such as task conditions or subject responses). Lastly, the
use of richer array representation results in self-docu-
menting output, inheriting all the necessary experiment
metadata for subsequent analysis steps.

Other dedicated Python packages for single-unit
data analysis already exist, but they are either focused
only on spike sorting (e.g., spike-interface, Buccino et
al., 2020, SpyKING CIRCUS, Yger et al., 2018) or lack
a high-level API for working with epoched data, con-
dition selection, and statistical evaluation (elephant,
Denker et al., 2018; spiketools, Donoghue et al., 2023)
that pylabianca provides.

Arecent python package, pynapple (Viejo et al., 2023),
shares some common goals with pylabianca: pynapple
aims to provide a concise set of domain-general objects
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capable of representing various data streams in neuro-
science, including spike trains. However, there are note-
worthy distinctions between pylabianca and pynapple.
Pynapple adopts a more abstract approach, offering gen-
eral tools for discrete event analysis, while pylabianca
is specifically tailored for single-unit analysis. Conse-
quently, some operations such as plotting spike wave-
forms, raster plots, or firing rates are more straightfor-
ward in pylabianca. Moreover, while pynapple employs
its own objects for continuous signals, we integrate with
other popular packages such as MNE-Python and xar-
ray. By utilizing tools that many users may already be
familiar with, pylabianca becomes more accessible and
easier to maintain. Finally, pynapple does not currently
provide statistical analysis in the form of cluster-based
permutation tests or handling of experiment metadata
comparable to pylabianca.

Below we provide a tutorial-like overview of pylabi-
anca functionality using example human intracranial
recording (data shared by our lab as a sample dataset
for pylabianca, see Methods section) and monkey intra-
cranial data provided in the Fieldtrip spike train analy-
sis tutorial (see details in the Methods section). The ex-
amples presented here can also be viewed and followed
interactively by downloading jupyter notebooks from
pylabianca github repository (https://github.com/
labianca/pylabianca/tree/main/doc).

METHODS
Software

We used Python 3.10.11 and pylabianca version 0.2
(https://github.com/labianca/pylabianca)  installed
from Python Package Index (PyPI) using a standard pip
command (pip install pylabianca). All other pack-
ages used (pylabianca obligatory and optional depen-
dencies) are listed in Table 1. The exact environment
used for this publication can be recreated using Conda
package manager form environment_ANE.yml file pro-
vided on pylabianca github page.

Primate intracranial recording

In some of the examples presented here we use
monkey intracranial data collected by Pascal Fries and
colleagues (2001, 2008), carrying out analyses on one
sample file shared on the FieldTrip spike train anal-
ysis online tutorial (Oostenveld et al., 2011). Here we
provide an overall description of the task and the re-
cording. For further details see (Fries et al., 2008). The
task of the monkey was to focus attention on one of
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Table 1. Table characterizing python packages and their versions used for the examples.

Package Functionality Dependency relation to pylabianca Version
numpy operations on numerical arrays required 1.24.4
pandas operations on tables (DataFrames) required 2.1.0
matplotlib visualization required for plotting 3.8.0
xarray operations and visualization of labelled arrays required 2023.8.0
scipy orocesking stope e itermg or comvolution required 1112
mne-python continuous signal electrophysiology required 1.5.1
tqdm progress bar display optional 4.66.1
scikit-learn machine learning optional 1.3.0
joblib parallel processing optional 1.3.2
numba just in time (JIT) compilation to speed up computations optional 0.57.1
neo reading various neurophysiology formats optional 0.12.0

two stimulus locations, wait for the stimuli to appear
and then report change in the stimulus color in the
attended location, ignoring color change of the stimu-
lus in the ignored location. The monkey was rewarded
with drops of apple juice for correctly reporting col-
or change between 150 and 650 ms after it happened.
While monkeys performed the task, electrophysiologi-
cal signal (local field potentials and Multi unit activity)
was recorded from the V4 brain area. The stimuli loca-
tions were set so that one of the locations overlapped
with mapped receptive fields (RF) of V4 neurons and in
a given trial, the stimulus in the RF was either attended
(attention inside the RF) or not attended (distractor;
attention outside the RF). In the examples provided in
this paper, we analyze the spike rate data around the
presentation of the stimulus, contrasting correct and
incorrect trials or attention in RF vs. attention outside
RF (only for correct trials).

Human intracranial recording

Other examples use human intracranial data re-
corded by our group. These data were obtained from
a patient who underwent epilepsy monitoring with im-
planted depth electrodes for localization of the seizure
focus as part of their presurgical plan for resection.
The patient volunteered to participate in the study
and gave informed consent. The study was approved
by the SUNY Upstate Medical University Institutional
Review Board, and all patients provided written in-

formed consent. Electrode localization and surgery was
based on clinical need and criteria only. The surgery
was performed in SUNY Upstate Medical University
Hospital, Syracuse, New York. Data contains recordings
from three Behnke-Fried electrodes implanted into
the medial temporal lobe (MTL). Each electrode con-
tained eight macro contacts and eight 40-um diameter
microwires. We recorded broadband (0.1-9,000 Hz fil-
ter) data sampled at 32 kHz from the microwires using
a Neuralynx Atlas system. Signal from each microwire
bundle was locally referenced to one of the microwires.
To extract single-units spikes, the data was filtered in
the 300-3,000 Hz using a zero-phase lag filter, and OS-
ort, a semiautomated template-matching algorithm
(Rutishauser et al., 2006) was used. As a result of local
referencing, units close to the reference microwire can
be seen on all other microwires from the same bundle.
To detect such cases we computed the coincidence of
spikes produced by all pairs of units recorded from
a given microelectrode bundle. Clusters of unit pairs
with spike coincidence 230% were considered as dupli-
cates - only one of these units was selected for further
analysis.

The task performed by the patient is a modified
Sternberg task (1966) - in each trial a sequence of 2-3
images is presented on a laptop screen and the goal is to
remember the identity and order of these images. The
patient maintains the images in memory for 10.5 sec-
onds after which a digit query is presented - a number
indicating the sequence position of the image to re-
call. After 2 seconds a probe image is shown (while the
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digit query is still present on the screen but in a mini-
mized form above the image). The participant then has
to report, by pressing a button on the response box,
whether the probe image was in the queried position in
the sequence or not. This procedure was preceded by
a screening session used to select images evoking good
image-selective responses in the recorded single units
(more detail can be found in Kaminski et al., 2017).

Reading the data

To read both the human and primate intracranial
data we use pylabinaca.io submodule. The import con-
vention of pylabianca is import pylabianca as pln,
so the io submodule is accessed as pln.io. The human
data are in OSort spike sorter format, so we use pln.
io.read_osort() to read it (Fig. 1, code snippet on the
left), while the primate data are in Plexon NeuroExplorer
format - for which we use pln.io.read_plexon_nex().
We showcase reading these two formats of spiking
data, but pylabianca also allows to read data stored in
FieldTrip format (.mat files with a matlab structure
following fieldtrip spike and spikeTrials convention),
combinato (structure of folders with HDF5 files) or
many other formats used by spike sorters via python
neo package.

Raw spike data are read in pylabianca as a Spikes
object. Spikes is one of two central data containers
allowing for many diagnostic plots and processing op-
tions, both inspired with how FieldTrip (Oostenveld
et al., 2011) organizes spike data. The data structure
of Spikes is shown in Fig. 1. For the rest of this paper
we will assume that the Spikes object resulting from
reading the human example data is stored in a spk_hum
variable, while the monkey data - in a spk_mnk vari-
able. Spikes object instance contains two obligatory
attributes: timestamps and sfreq. timestamps attri-
bute contains a list of arrays containing timestamps
when spikes occurred. The list is the same length as the
number of single cells that spikes were recorded from,
so spk_hum.timestamps[0] returns all the spike time-
stamps for the first cell (Python indexing is 0-based),
while spk_hum.timestamps[4][:100] returns the first
100 spike timestamps for the fifth cell. The sfreq at-
tribute contains a floating point value describing the
sampling frequency of the timestamps.

Spikes instance will often contain (but does not
have to) additional attributes containing for example
cell names (cell_names attribute containing a list of
strings), waveforms for individuals spikes (waveform
attribute, read only when waveform=True argument of
appropriate reading function is set) or a table with in-
formation about each cell (cellinfo containing pandas
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DataFrame). For a more detailed description of these
attributes see Fig. 1.

Diagnostic plots and preprocessing

Pylabianca Spikes objects (but also SpikeEpochs,
introduced later on) provide multiple methods for
visually assessing single unit quality and perform-
ing simple preprocessing. Two common approaches
to check quality of recorded single neurons are In-
ter-Spike Interval (ISI) and spike waveform plots. The
first visualizes the histogram of time differences be-
tween consecutive spikes of a given cell (Hill et al.,
2011) - a good single neuron should exhibit a drop in
ISI frequency below 2-3 milliseconds corresponding
to the refractory period. To plot an ISI histogram of
units, we use the .plot_isi() method of the Spikes
object (Fig. 2A, B for examples). The third plot visu-
alizes action potential waveforms for a given unit. In
pylabianca the waveform plots are implemented as
two-dimensional histograms, in essence displaying
the density of spike waveforms - this type of visual-
ization allows for easier assessment of waveform qual-
ity by eye (see examples in Fig. 2, panel C). To plot the
waveforms of one or multiple units, we use the .plot_
waveform() method of the Spikes object. Both of
these plots are also available through functions in the
viz submodule of pylabianca: pln.viz.plot_isi()
and pln.viz.plot_waveform(). Auto- and cross-cor-
relation histograms can also be plotted using
pln.spike_distance.xcorr_hist() (see Fig. 2, panel
D).

Pylabianca also implements some simple prepro-
cessing steps: peak-realigning waveforms and rejecting
spikes corresponding to improbable waveform shapes
(pln.utils.realign_waveforms), selecting or remov-
ing cells (.pick_cells() and .drop_cells() methods
of Spikes and SpikeEpochs), merging units together
(.merge() method of Spikes), adding brain anatomical
information to cellinfo attribute or sorting the cells
by some property added to the cellinfo table.

Epoching

To analyze changes in spiking activity related to some
event of interest, for example stimulus onset, we first
epoch the data using the .epoch() method of the Spike
object. Epoching is a process of selecting data that are no
further away from the event of interest than a specified
time range - and in the context of spikes, changing their
time representation from absolute timestamps to time
distance to the event of interest. To epoch the data we
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Fig. 1. Data organization in two fundamental pylabianca objects: Spikes and SpikeEpochs. The left side of the figure shows example code
snippets for reading and epoching the data, while the right side shows the data containers that are returned. Within each data container - smaller
boxes represent attributes - orange boxes mark required, while green boxes - optional attributes. Reading the output of a spike sorter returns
a Spikes object, which contains raw spike information - that is, spike timestamps. Spikes attributes are shown on the top-right side of the figure:
timestamps is a list of timestamp arrays (one list element corresponds to one neuron and its spike timestamps), sfreq is a floating point number
describing sampling frequency of the timestamps, cell_names is a list (or array) of cell names, waveform - list of arrays, each containing single spike
waveforms for respective neuron, waveform_time - time axis coordinates for the spike waveforms, cellinfo - cells x columns pandas DataFrame
of arbitrary cell-level information (can contain channel id, channel type, brain location etc.). Epoching the data using Spikes .epoch() method
creates a SpikeEpochs object instance. This object also contains spike times but now in seconds with respect to epoching events of interest - this
information is stored in the time attribute as a list of arrays (one timing array per neuron) Each spike time from time attribute has a corresponding
integer value in trial attribute that specifies the epoch index given spike belongs to. So spk_hum.time[3][9:15] - times of from 10th to 15th
spike of fourth neuron have their corresponding trial indices in spk_hum.trial[3][9:15]. All pylabianca analysis functions respect the fact that
spikes come from different trials and perform their computations accordingly. Two next attributes are created automatically during epoching:
time_limits correspondsto tmin and tmax arguments passed to .epoch() method and n_trials stores the information on how many trials were
there in total. The metadata attribute allows to store all experiment and behavioral information in a pandas DataFrame (trials x columns). Thismetadata
attribute is also optional but can be very useful to add as it allows to select trials based on experiment conditions (see section “Experiment metadata and
condition management”).

first need to read information about the timing of the
events: the human dataset has this information stored in
a separate Neuralynx file - Events.nev and we read it us-
ing pln.io.read_events_neuralynx function; while for
the monkey dataset, the events are in the same file as the
spiking data - we use pln.io.read_events_plexon_nex.
The default representation of event identity and timing
in pylabianca is the same as MNE-Python - a numpy
array of shape n_events by 3, where the first column
represents event time, in timestamps, while the last col-
umn - numerical event identity (the middle column is
not used but kept for compatibility with mne). We epoch

the data with respect to presentation of each image to
memorize in the human data; and with respect to stim-
ulus presentation for the monkey data. For both data-
sets we set the lower time limit, controlled by the tmin
argument, to -0.5 (0.5 seconds before event onset) and
the upper time limit, controlled by the tmax argument,
is set in the following way: 2 seconds for the human data
and 1 second for the monkey data (the monkey data con-
tain V4 neurons with fast responses to stimuli, while the
human data contains units from medial temporal lobe,
where responses to images are typically no earlier than
300-400 ms).
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Fig. 2. Example diagnostic plots created with pylabianca. The left side of the figure shows a code snippet used to create the three plots on the right.
(A) inter-spike interval histogram created by calling .plot_1isi method. picks=0 argument is used, so the histogram is plotted only for one unit. The
histogram manifests some violations of the refractory period, suggesting that this unit is in fact a multi-unit. (B) Same as A, but for another unit (picks=1),
which does not manifest clear violations of the refractory period. (C) Waveform density plots were created only for the units verified by the ISI histogram
to be single cells. These cells' original names end with “U_wf", so we select them by name (single_units variable, “# panel C" section of the code snippet)
Then, after peak-aligning the waveforms for these units, we plot the realigned waveforms using the .plot_waveform() method. (D) Example auto- and

cross-correlogram computed with pylabianca.

The result of epoching in pylabianca is an
SpikeEpochs object instance - the second of the two
fundamental data structures used in pylabianca to rep-
resent spiking data. SpikeEpochs stores spike times
in seconds with respect to selected epoching events.
This information is contained in the time argument -
a list of numpy arrays of spike times. Because these
spike times, stored in one array, now can appear in dif-
ferent trials, each of these spikes has a corresponding
trial index stored in trial attribute. See lower part of
Fig. 1 for a graphical explanation of SpikeEpochs and
a detailed description of its attributes.

Firing rate

Next, we estimate peri-stimulus time histogram both
using standard sliding rectangular window approach
and by calculating spike density - that is by convolving
a binned representation of the spikes with a gaussian
window. Both approaches are implemented in pylabian-
ca as methods of SpikeEpochs object. Rectangular spik-
ing rate is calculated using .spike_rate() method and
parameterized with window length (winlen) and steps

size when sliding the window across time (step). Spike
density, calculated using .spike_density() method
is implemented in two steps: first the spiking data are
transformed to binned format (peri-stimulus spike his-
togram) with bin width defined as sampling frequency
(sfreq argument, defaults to 500 Hz); then the binned
representation is convolved with a gaussian window
whose width can be defined both in terms of standard
deviation (gauss_sd) or full width at half-maximum
(fwhm).

The output of both methods is an xarray DataArray
of size cells x trials x time. Because xarray is an array
format that stores data along with dimension names
and coordinates, the returned arrays are self-docu-
menting and intuitive to work with in terms of manip-
ulation and plotting. We showcase some of the benefits
of this array format in Fig. 3: each of the subplot panels
in the figure is generated with a simple line of code.
Additionally, because xarray currently does not allow
for drawing line plots with error intervals, we expose
pylabianca.viz.plot_shaded, a function for creating
such plots from xarray DataArrays - with standard er-
ror of the mean intervals shaded around the lines rep-
resenting the average (Fig. 3D and Fig. 4B-D).
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Fig. 3. Calculating and visualizing firing rate with pylabianca and xarray. The left side of the figure shows a short code snippet needed to generate the
plots displayed on the right side. First, spike density is calculated for all the units and trials. The resulting frate xarray is then used to plot: (A) average
spike density for all units; (B) single-trial spike density for the third cell using a heatmap; (C) single-trial spike density for the fourth cell with separate lines;
(D) pln.viz.plot_shaded is used to plot peri-stimulus time histogram of second cell with shaded intervals representing standard error of the mean.

Firing of a neuron can also be displayed in an unag-
gregated way with a raster plot - in pylabianca this can
be done with pln.viz.plot_raster() function. This
function does not rely on xarray DataArrays - it takes
SpikeEpochs object as its first input, but similarly to
pln.viz.plot_shaded() - it allows to plot condition
levels with different colors with groupby keyword ar-
gument (see examples in Fig. 4, panels A and B). Adding
condition information to SpikeEpochs is covered in the
next section.

Experiment metadata and condition
management

Similar to mne-python, pylabianca allows add-
ing a metadata table to the epoched data format
(SpikeEpochs). Such a metadata table represents ad-
ditional experiment per-trial information like condi-
tion variables, or behavioral outcomes of a trial (reac-
tion time, correctness etc.). In pylabianca this table is
a pandas DataFrame (the pandas development team.,
2020) with the same number of rows as there are trials
in SpikeEpochs and an arbitrary number of columns.
These columns can be later referenced by their name
to simplify trial selection. For the human data we add

the metadata by reading a csv file generated by the ex-
periment, while for the monkey data we create such
metadata table based on the event sequences read from
the .nex file (the code for creating this table is avail-
able online: https://github.com/labianca/pylabianca/
blob/main/pylabianca/scripts/manipulate_fieldtrip_
events.py).

Once the metadata table is added to SpikeEpochs,
additional trial management options become avail-
able. This includes convenient trial selection by in-
dexing the SpikeEpochs instance with a pandas que-
ry string: for example selecting specific experiment
condition, like memory load (number of items stored
in memory) can be simply done by writing spk_load3
= spk_epochs[‘load = 3']; or retaining trials with
sufficient performance of the participant, like fast re-
action time and correct response would be spk_good =
spk_epochs[‘RT<2. & correct = True’]. By sub-se-
lecting trials in this manner, the relevant metadata ta-
ble rows are retained, relieving the researcher from the
onerous task of book-keeping all trial-level experiment
details. The added metadata is also inherited by xarray
DataArrays produced as a result of pylabianca func-
tion computing spike rate or cross-correlation - these
metadata can then be used during plotting or statistical
analysis (see examples in Fig. 4).
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Fig. 4. Firing rate analysis and visualization. Lines representing average spike density were grouped and color-coded by condition levels. Shaded areas
around the lines represent standard error of the mean. (A) Raster plot for the first cell (multi-unit) split by trials ending with correct vs. incorrect response.
Each row is a single trial and each dot represents an action potential ; (B) peri-stimulus spike density plot for the sixth unit computed only for correct trials.
The lines represent averages for separate attention conditions. (C) comparison of correct and incorrect firing density averages for the first unit (multi-unit)
Black bar at the bottom and gray background highlight cluster ranges (here the cluster-level P<0.001) D) effects of attention in or away of the receptive

field of neuron - tested on correct trials.

Cluster-based statistics

To test for the presence of a significant difference
between conditions - for example image selectivity of
a cell - we use cluster-based permutation test (Maris &
Oostenveld, 2007). The core idea of this test is to compute
statistics for continuous clusters passing a predefined
threshold, not individual points in the data space. In
the simplest case of time-resolved data, like firing rate
of a cell or population of cells, the cluster-based test is
performed by: a) first computing relevant statistical test
(for example independent or repeated measures t-test or
ANOVA) for each timepoint; b) defining adjacency clus-
ters by finding continuous time ranges where the sta-
tistical test passes a predefined threshold (for example
P<0.05 or specific t value); c) computing summary statis-
tics by aggregating statistical test results for each cluster
- a frequently used measure is the sum of individual test
results. Once cluster-level summary statistics are calcu-
lated the significance is estimated via permutations: the
condition structure is shuffled (permuted between ob-
servations for independent test or shuffled within some
observations for repeated-measures test) and the steps

a-c are repeated. The maximum/minimum cluster sum-
mary statistic is stored (depending on the statistical test
performed, for example when using two-tail t test both
minimum and maximum are stored, while for F test only
the maximum is kept) at the end of each permutation.
Repeating the permutations creates a null distribution
for the cluster summary statistic. To get the p value,
cluster summary statistics from the actual, non-permut-
ed data are compared to the null distribution.
pylabianca relies on mne-python and borsar (https://
github.com/mmagnuski/borsar) when performing the
cluster based permutation test. The test can be per-
formed and visualized in an easy, straightforward way -
the type of statistical test can be inferred automatically
and the condition structure is gathered from the xarray.
This is for example how one would conduct and visualize
the test comparing correct and incorrect trials:
frate_sel = frate.isel(cell=0)
stats, clusters, pval = pln.stats.cluster_based_test(
frate_sel, compare='correct’, paired=False)

pln.viz.plot_shaded(frate_sel, groupby='correct’)
pln.viz.add_highlights(frate_sel, clusters, pval)
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In the first line, the first neuron is selected by its in-
dex from the firing rate frate xarray. In the second line
the cluster based test is performed using pln.stats.
cluster_based_test passing the selected cell along
with compare and paired arguments. The compare ar-
gument specifies the condition to perform compari-
sons for - this is the metadata column that the xarray
DataArray inherited from SpikeEpochs. The paired
argument specifies whether the condition type is in-
dependent (paired=False) or repeated (paired=True).
Based on these two arguments the correct statistical
test and permutation scheme is inferred. The next two
lines visualize the results of the cluster-based test:
pln.viz.plot_shaded is used to draw average firing
rates with standard error of the mean grouped by the
selected condition (groupby="correct’) and pln.viz.
add_highlights marks time ranges with clusters cor-
responding to cluster-level p value<0.05 (this default
can be changed by specifying p_threshold keyword
argument). See Fig. 4, panels C and D for the resulting
plot.

Condition selectivity

pylabianca enables users to search and test for con-
dition selectivity of single units - pln.selectivity
module provides multiple functions to achieve
this. One of these functions, pln.selectivity.
cluster_based_selectivity, performs a clus-
ter-based test on each of the cells to detect those that
differentiate levels of the condition of interest. Here,
we will demonstrate this functionality in the context of
image selectivity of medial temporal lobe neurons. We
first perform a search for cells selective to image iden-
tity for all the images that appear on the first position
in the sequence, and then to validate their selectivity
we perform another cluster based test on a separate
part of the data. This second test is restricted only to
the units selected by the first test and time segments
corresponding to presentation of the images on the
second position in the sequence (see Fig. 5 for the full
code and plot examples). Searching for selective cells
with pln.selectivity.cluster_based_selectivity
returns a pandas DataFrame with one row per detect-
ed cluster (irrespective of cluster-level p value) con-
taining cell name, brain region (if it was provided in
“region” column in SpikeEpochs.cellinfo table - and
later inherited by firing rate xarray), cluster-level p
value, cluster timespan, preferred condition levels
(multiple levels can be specified if they evoke compa-
rable firing rate to the preferred one), depth of selec-
tivity (Rainer et al., 1998) or explained variance (Jacob
& Nieder, 2014; Okada, 2013) as well as average abso-
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lute and baseline-relative firing rate to the preferred
category. These results can be then narrowed down
to leave only units with good selectivity using pln.
selectivity.assess_selectivity. Rigorous selec-
tivity criteria can be defined with pln.selectivity.
assess_selectivity - for example minimum cluster
timespan in window of interest (window_of_interest
and min_time_in_window arguments) or minimum ex-
plained variance by the condition levels. An example
unit surviving these steps can be seen in Fig. 5, panel A.

Decoding

Thanks to integration with scikit-learn, a powerful
machine learning package, and mne-python, extending
some of the scikit-learn functionalities to better suit
electrophysiology data, pylabianca allows to perform
decoding analyses in just a few lines of code. Decoding
analyses are run with pln.decoding.run_decoding(),
which, as many other pylabianca functions, takes an
xarray DataArray as the first argument. The target
to predict is specified with target argument, which
indicates the name of the metadata column (inher-
ited as a trial coordinate by the xarray DataArray).
By default pln.decoding.run_decoding() performs
classification “sliding” across time, that is the clas-
sification is done for each timepoint. To reduce the
computation time the signal can be decimated (decim
argument) and classification for separate points can
be run in parallel (n_jobs controls the number of par-
allel workers). To perform generalization across time
(King & Dehaene, 2014), where for each timepoint the
trained classifiers are tested on all other timepoints,
time_generalization=True can be specified. The de-
fault classifier used in plt.decoding.run_decoding()
is a linear support vector machine, but any scikit-learn
compatible classifier of classification pipeline can be
passed to the function using the c1f argument. pylabi-
anca also provides an implementation of the maximum
correlation classifier (maxCorr, Di Liberto et al., 2021) as
pln.decoding.maxCorr. The output of pln.decoding.
run_decoding() is an xarray DataArray with fold x time
dimensions (where the “fold” dimension corresponds
to results from successive train-test partitions in the
k-fold approach) or fold x training time x test time for
time_generalization=True.

To statistically evaluate the decoding results, one
can construct a null distribution of decoding accura-
cy by permuting the relationship between condition
labels and actual data many times. For each permuta-
tion the same decoding pipeline is run. This procedure
is efficiently handled by the pln.decoding.permute()
function (see Fig. 6 code snippet and panel D). To use
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Fig. 5. Example of searching for selective units. After calculating the firing rate for all cells pln.selectivity.cluster_based_selectivity() is
called to scan all units with a cluster-based test, evaluating their selectivity to image identity (for the first image in the sequence) n_permutations=100
is used here for speed, but for real analysis that number should be higher. pln.selectivity.asses_selectivity() is then used to select units
fulfilling selectivity criteria: cluster-level p value should be below 0.05 (min_cluster_p=0.05), the cluster timespan has to cover at least 0.2 seconds of
0.1-1 s time window (window_of_interst=(0.1, 1)andmin_time_in_window=0.2). Additionally, the average firing rate within the cluster has to
be at least 1.5 of the average firing rate in the prestimulus window of that cell (nin_FR_vs_baseline=1.57). The first selective cell is plotted along with
the timespan of the cluster and the raster plot (panel A) using pln.viz.plot_pikes(). Then to validate the selectivity of the cell we perform a cluster
based test for this specific unit, but now using a separate data segment - presentation of the second image in the sequence (panel B). As the last, step we
compare the omega squared percentage of explained variance by image identity (using pln.selectivity.explained_variance()) depending on

the position on the image in the sequence (panel C).

this function, several parameters need to be specified:
target variable; decoding_fun - the function used
to perform the decoding, with decoding_fun=pln.
decoding.run_decoding being the standard choice in
our case; arguments: any additional arguments neces-
sary for the decoding function; n_permutations - the
number of permutations to generate; n_jobs - number
of parallel processes to employ. The output of this pro-
cess is an xarray with a structure closely resembling
the one returned by pln.decoding.run_decoding().
However, an additional “perm” dimension is intro-
duced: each element along this dimension represents
the decoding results for different permutations of the
target variable. This permutation array becomes a crit-
ical component in defining significance thresholds for
each timepoint of the decoding. To account for multi-
ple comparisons (given that each time point has a sep-
arate threshold for significance), you can use the pln.
stats.cluster_based_test_from_permutations().
This function uses the permutation distribution to:

a) specify a one-tail or two-tail threshold of signifi-
cance (this can be controlled by the tail argument);
b) conduct a cluster-based test to correct for multiple
comparisons using the thresholds computed in the pre-
vious step. These two steps are semi-independent, as
the first step focuses only on each of the time points
separately, while the second one leverages continuous
effects across time points by performing cluster-based
correction for multiple comparisons. This approach is
particularly valuable when dealing with measures that
lack straightforward significance thresholds, such as
decoding accuracy, the percentage of selective units or
various connectivity measures (for example spike-field
coupling). As a result, this approach finds broad appli-
cability in single spike analysis, proving instrumental
in rigorously evaluating effects that may deviate from
the assumptions of classical statistical tests. Note, that
this method can also be used in pln.stats.cluster_
based_test by changing the n_stat_permutations
argument,
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Fig. 6. Example of decoding analyses and visualizations. (A) Results of the pln.decoding.run_decoding() with default settings (scaling + linear
Support Vector Machine classifier, default scikit-learn regularization) on the population of all hippocampal cells for the given patient. (B) Comparison
of the default decoding accuracy vs. using pylabianca maxCorr implementation (pln.decoding.maxCorr) The maxCorr was used without wrapping
it with scikit-learn Pipeline including standard scaling (see Results section for a discussion). The shaded areas around lines represent standard error of
the mean across k train-test folds. (C) Results of using the same maxCorr classifier in the generalization across time approach. The classifier is trained
for each time point (y axis) and then tested across all other timepoints (x axis). Accuracy is represented by a colormap centered at random performance
(25%, white). (D) Testing decoding significance by applying permutations and cluster-based test to the maxCorr decoding. Gray line represents the top 5%
of the permutation distribution (95th percentile) for each timepoint. Cluster ranges are marked with black bars and gray background. The corresponding

cluster-level p values are shown in text boxes at the top.

Integration with other packages

Thanks to the integration with MNE-Python, which
implements a host of functions for processing continu-
ous signals, pylabianca can also be used for spike-field
analysis: measuring relationship between spike times
and features of the local field potential (LFP). A full ex-
ample of such analysis performed with pylabianca and
MNE-Python can be found online (https://github.com/
labianca/pylabianca/blob/main/doc/spike-triggered_
analysis.ipynb), here we will just summarize it briefly.
We can identify and extract LFP segments centered on
spike times of unit of interest using pln.utils.spike_
centered_windows() which takes SpikeEpochs and
mne.Epochs as inputs (although the second argument
can be an xarray DataArray as well). The output is an
xarray DataArray of size spikes x 1fp_channels x time.
This array can be averaged across spikes dimension to
produce LFP spike-triggered average. We can compare
this average LFP to what we would expect to get by ran-
domly pairing trials from SpikeEpochs and LFP array.
This can be achieved by first shuffling the SpikeEpochs

trials using pln.utils.shuffle_trials() function
before extracting spike-centered windows. The result
of such comparison performed on example primate
data can be seen in Fig. 7A. To further characterize
the obtained spike-triggered oscillation we compute
multitaper power spectral density using MNE-Python
(using mne.time_frequency.psd_array_multitaper,
Fig. 7B).

Pylabianca also provides functions to convert
SpikeEpochs objects to representations used by oth-
er packages: elephant (.to_neo() method, converting
to neo.SpikeTrain) or spiketools (.to_spiketools(),
converting to lists of numpy arrays of spike times). This
way pylabianca can be used to perform epoching and
manage conditions and the analysis can be delegated to
one of these packages. To streamline this kind of dele-
gation, SpikeEpochs object exposes .apply() method
that can be used to iteratively apply a function to mul-
tiple units and trials. An example of interacting with
spiketools from pylabianca can be found here: https://
github.com/labianca/pylabianca/blob/main/doc/
working_with_spiketools.ipynb.



Acta Neurobiol Exp 2023, 83: 432-446

Pylabianca: python package for single-neuron analysis 443

Fig. 7. Example of integrating pylabianca with MNE-Python to perform spike-triggered LFP analysis on the primate data. The full example can be found
online (see text for link). (A) Spike-triggered LFP averages for original (blue) and trial-shuffled data (orange). (B) Multitaper spectrum of spike-triggered LFP

averages.

RESULTS

To demonstrate the capabilities of the pylabianca
package, we perform analyses on two example datasets,
examining single unit responses in relation to various
experimental conditions.

In the first part of the examples we use data from
monkey recordings (Fries et al., 2001). First we visual-
ly examine superimposed spike waveforms and inter-
spike interval (ISI) plots, as exemplified in Fig. 2. These
visualizations allow to reveal groups of single and
multi-units and assess their quality.

Comparing firing rates

We proceed by segmenting the data into epochs us-
ing the .epoch() method, and illustrate the process of
generating firing rate (FR) plots for the units. Because
both .spike_rate()andspike_density() methodsre-
turn xarray DataArrays, we can take advantage of their
versatile plotting options as depicted in Fig. 3. Pylabi-

anca allows to attach the experiment metadata table
describing task conditions to the SpikeEpochs object
simplifying further data visualization and statistical
testing. These metadata are inherited by xarray Data-
Arrays produced by many pylabianca processing func-
tions and methods. Thanks to this visually comparing
conditions is as easy as adding a groupby keyword to
respective plotting function. For example trials ending
with correct vs. incorrect responses are compared on
a raster plot (.plot_raster() method) and firing rate
plot (plot_shaded function operating on xarray Data-
Arrays) just by adding groupby="correct’ argument
(Fig. 4A and 4C). Similarly, we can statistically contrast
the dynamics of unit responses across levels of atten-
tion condition by specifying compare='attention’
argument in pylabianca.stats.cluster_based_
test(). This function automatically determines the
adequate statistical test to perform depending on the
number of condition levels (this can be controlled by
stat_fun parameter) and contrasts these conditions
with correction for multiple comparisons by perform-
ing the cluster-based permutation test. The time rang-
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es and p values of obtained clusters can be marked on
the plot using pylabianca.viz.add_highlights()
(although it is important to remember that techni-
cally the p values do not pertain to the cluster time
ranges per se, but to the overall null hypothesis of
condition exchangeability, see Sassenhagen and Dra-
schkow 2019 or https://www.fieldtriptoolbox.org/faq/
how_not_to_interpret_results_from_a_cluster-based_
permutation_test/ for more information).

Testing for stimulus selectivity

We next present pylabianca data analysis of single
units recorded in humans. We identify units selec-
tive to specific images with a cluster-based permu-
tation test by first using pylabianca.selectivity.
cluster_based_selectivity() and then refining
selectivity criteria with pylabianca.selectivity.
assess_selectivity().Raster plots and average firing
rate responses of one such selective unit are shown in
Fig. 5. To validate selectivity of this unit, we perform
the cluster-based test again - now using responses to
the images that were shown on the second position
in the sequence. The unit manifests selectivity to the
same image in the second test, so it retains its selec-
tivity from the first image position. To summarize the
selectivity of the unit we can plot the percentage of ex-
plained variance in unit firing rate by image category
for each timepoint using pylabianca.selectivity.
explained_variance() (Fig. 5C).

Running a decoding analysis

In Fig. 6 we present example decoding analyses
aimed at inferring the identity of presented imag-
es from the entire population of hippocampal cells.
A decoding analysis can be easily performed with
pylabianca.decoding.run_decoding() passing an
xarray DataArray (firing rate) and the name of the
metadata column to use as target in the decoding
(target="image’). To begin with we compare decod-
ing accuracy obtained when using the default Support
Vector Machine (SVM) and the maxCorr classifier. The
maxCorr classifier is available in pylabianca, but any
classifier or sklearn Pipeline can be passed to the de-
coding function.

Finally, to statistically evaluate the decoding re-
sults we perform a cluster-based permutation test.
Because this is a less common application of the clus-
ter-based test (bear in mind that we don’t have repe-
titions like multiple trials, cells or participants here)
it is not handled by pln.stats.cluster_based_
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test(). Instead, we run the permutations ourselves
with pln.decoding.permute(), shuffling the decod-
ing target in each permutation, and then pass the
xarray DataArray of permutation outcomes to more
specialized pln.stats.cluster_based_test_from_
permutations(). The results of the decoding analysis
can be then visualized using the same set of functions
that were used to plot firing rate results (compare
code snippet for Fig. 4C and 4D with that for Fig. 6D).

DISCUSSION

Pylabianca is a software package developed to
streamline the processing of single unit data. It provides
a straightforward Application Programming Interface
inspired by MNE-Python and utilizes a data storage
structure similar to FieldTrip. Like MNE-Python, pyla-
bianca offers the ability to include trial-level metadata
in the SpikeEpochs object simplifying subsequent con-
dition selection and statistical analysis. It makes use of
the xarray framework to store various outputs, such as
firing rate, cross-correlation histograms, and decoding
accuracy: these xarray DataArrays are equipped with
dimension names and coordinates and inherit condi-
tion and cell metadata, making data manipulation and
plotting more convenient. Pylabianca also simplifies
the execution of cluster based tests and decoding anal-
yses. We hope that by simplifying complex data analy-
sis tasks and introducing rich visualizations, pylabian-
ca will position itself as a valuable resource in the field
of single-unit electrophysiology, offering a versatile
toolkit to researchers.

In the ever-evolving landscape of scientific soft-
ware, no software project is static, except for those that
have been abandoned. We believe in the continuous im-
provement and evolution of pylabianca to ensure that
it remains a valuable resource for the scientific com-
munity. As we move forward, the feedback and insights
from pylabianca users will be at the core of our devel-
opment efforts. In the near future we plan to extend
pylabianca by exposing more utilities for spike-field
analysis and providing better support for high-density
probes by integrating with the Probelnterface package
(Garcia et al., 2022).

CONCLUSION

In conclusion, pylabianca is a user-friendly soft-
ware package for efficient single-unit data processing
in electrophysiology. It provides a straightforward API,
integrates experiment metadata, and utilizes a robust
data storage structure. The software simplifies com-
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plex data analysis tasks, offers rich visualizations, and
facilitates cluster-based tests and decoding analyses.
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