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Efficient and effective use and re-use of data requires productive tools and approaches 
for curating, organizing, processing, and sharing datasets, all of which needs to be 
appropriately designed for the specifics of the data under study. While recent work has 
developed myriad tools and resources for common recording modalities such as human 
neuroimaging or animal model electrophysiology, less common recording modalities – for 
example recordings of single-neuron activity from human neurosurgical patients – have 
fewer available resources that provide the dedicated tooling and procedures needed to 
meet the specific needs of managing, analyzing, and sharing such data. To address this 
need, here we introduce the ‘Human Single-Neuron Pipeline’, an open-source processing 
pipeline for managing projects collecting and/or analyzing human single-neuron data. 
This pipeline leverages existing resources by adopting and adapting available tooling 
as well as developing novel required elements. This functionality is organized into a 
unified framework in a modular fashion, to create a set of template structures that 
address the specifics of human single-neuron recordings. This includes resources and 
utilities for assisting with pre-processing human single-neuron data, organizing the data 
into the Neurodata Without Borders standardized data format, and analyzing such data, 
all of which is designed for flexible use across variable task designs, pre-processing 
approaches, and analysis goals. Overall, the Human Single-Neuron pipeline provides a 
guide for structuring projects and managing analyses following best practices in code and 
data management that can be used to organize projects within individual labs, assist with 
coordinating between labs, and, where relevant, promote productive sharing of data and 
code for human single-neuron projects. 

INTRODUCTION 

As recording devices, task designs and analyses become 
more complex, there is a need for scientific investigations 
to adopt systematic protocols for managing the collection, 
curation, organization, and storage of data which can sup
port the application of robust and replicable analyses. In 
addition, ongoing work seeks to develop approaches for 
sharing datasets to allow for re-analyses and integration 
into other projects,1,2 as well as to ensure that analysis code 
is robustly developed and shareable,3‑5 in order to sup
port open materials that can contribute to the transparency 
and reliability of datasets and analyses and which can be 
made available for future investigations. Collectively, these 
goals have led to the development of numerous resources, 

including protocols, data standards, and open-source soft
ware tools for managing and analyzing neuroscientific data 
of various modalities. 

Approaches for managing research projects need to be 
appropriately designed to meet the needs and specificities 
of the data under study and the analyses to be undertaken. 
While common recording modalities such as human neu
roimaging have large user-bases that have collectively de
veloped community standards, for example, the Brain 
Imaging Data Structure for standardized data organiza
tion6,7 and general-purpose analysis tools such as 
FreeSurfer8 and FSL,9 other less common recording modal
ities have had less development of tools for standardized 
data management and analysis. One such recording modal
ity with a relative lack of available tools and resources for 
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standardization are human single-neuron recordings, a rel
atively rare and valuable approach in which single-neuron 
recordings can be recorded from awake, behaving human 
patients and used to examine questions in cognitive and 
clinical neuroscience. 

Human single-neuron recordings are available in situa
tions in which electrodes capable of detecting the activity 
of individual neurons are implanted in patients undergoing 
intracranial recordings for clinical purposes, for example, 
for epilepsy monitoring (Figure 1AB).10,11 While examples 
of recording human single-neurons date back to the early 
days of developing invasive clinical recordings from pa
tients,12,13 more recent developments of specialized elec
trodes and associated advances for implanting and record
ing from such electrodes as well as an increase in the 
number of clinical centers and research labs pursuing this 
work has led to an expansion of this field of research (Figure 
1C). This work has contributed many notable scientific ad
vances, including on topics such as semantic memory,14,
15 episodic memory,16,17 spatial navigation,18,19 and high-
level visual representations20,21 in the field of cognitive 
neuroscience, as well as contributions in clinical neuro
science.22‑24 Notably, the study of single-neuron activity in 
humans allows for many unique research opportunities that 
are difficult in animal models, for example, studying lan
guage,25 visual imagery,26 subjective visual experience,27 

conceptual representations,28 representations of others be
liefs,29 and volitional movements.30 

Human single-neuron recordings have a set of practical 
considerations that motivate the development of curated 
procedures and standards. To this end, there are guides 
for electrode implantation and data collection using mi
crowires from which single-neuron activity can be iso
lated,10,11 as well as descriptions of other electrode types 
that have recently been trialed, including tetrodes31 and 
NeuroPixels.32,33 Human single-neuron recordings are a 
subset of intracranial human recordings, for which there 
are associated guides for collecting such data.34,35 While 
these resources focus on data collection, there is thus far 
not, to our knowledge, any available resources for manag
ing human single-neuron data and analysis pipelines. Hu
man single-neuron research is therefore a paradigm for 
which there is much potential upshot to developing and 
employing standardized procedures and data standards to 
support efficient, robust, reliable, and shareable research 
projects. 

In proposing materials for managing human single-neu
ron projects, any such proposal must reflect the complexity 
and idiosyncrasies of human single-neuron projects. Since 
such projects often including multiple sites, data collection 
and analysis must be flexible to variations across patients 
and hospitals, including differences in recording devices, 
noise sources, electrode locations, task engagement and 
performance, and clinical schedules as well as managing 
idiosyncratic events that can happen in hospital settings. 
Similarly, pre-processing and data analysis work may also 
be split across people and locations, including with varying 
in-house processing approaches, analysis goals, program
ming languages, etc., that may later need to be integrated. 

Collectively, these considerations motivate both the chal
lenges and potential utility of developing a standardized 
pipeline for the study of human single-neuron activity – 
the increased shareability, interoperability, and trans
parency of shared procedures and data standards can assist 
with sharing data and analyses within and between teams 
and projects, as long as such procedures are sufficiently 
flexible and modular to support the variability and idiosyn
crasies within and between single-neuron projects. 

To address this need, we here describe the Human Sin
gle-Neuron Pipeline, a resource for assisting with manag
ing, organizing, and analyzing human single-neuron ac
tivity, including template structures for managing 
pre-processing, data organization, and analyses of such 
data, as well as the adoption of a standardized data format. 
The goal is both to provide a structured guide for pursuing 
human single-neuron projects and in doing so to facilitate 
open-science practices – once a project is complete, shar
ing the standardized data files and organized analysis code 
allows for others to reproduce the analyses of a project as 
well as to further explore the data. In curating a flexible 
pipeline for use with human single-neuron projects, this 
project seeks to provide a resource that can be productively 
employed to provide productive standardization across 
studies, addressing the need to evaluate and integrate tools 
to ensure that they work together and meet the needs of the 
data under study. This means supporting notable features 
of human single-neurons, for example distributed data col
lection and their specific processing requirements, in order 
to provide structured approaches for pre-processing, orga
nizing, storing, and analyzing data that work together to 
provide efficient and effective project management. By do
ing so with the combination of existing tools from across 
the ecosystem that are robustly developed and increase 
interoperability combined with novel tools and templates 
that are all evaluated to work together, this pipeline pro
vides a novel resource to increase the efficiency of project 
management, the shareability of datasets, and the robust
ness of analyses in order to effectively leverage the scien
tific utility of human single-neuron recordings. 

METHODS & RESULTS 

The pipeline is designed to support research designs in 
which single-neuron activity is recorded from human neu
rosurgical patients. For example, human single-neuron 
data can be collected from epilepsy patients who are can
didates for surgical intervention and therefore have elec
trodes implanted for the clinical purpose of localizing 
epileptogenic regions for potential resection. In hospitals 
engaged in this kind of research, patients may be asked if 
they would like to consent to be involved in research with 
single-neuron recordings and if so, they are implanted with 
electrodes capable of doing so. The data from these elec
trodes, such as microwires that extend beyond the tip of 
clinical macro-electrodes, are the primary neurophysiolog
ical data of interest. In the case of epilepsy, patients in the 
epilepsy monitoring unit (EMU) are asked to complete be
havioral tasks, which are usually presented on a laptop, and 
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Figure 1. Overview of Human Single-Neuron Studies. A) Human patients with implanted electrodes for clinical purposes 
can participate in research that records activity that can detect single-neuron activity, and which may be collected with 
concurrent tasks. B) Schematic of a bundle of implanted microwires, which record data from which single-neuron 
activity can be isolated. C) The number of studies recording and analyzing human single-neurons is increasing over time, 
as shown by the number of papers referring to human single-neuron recordings from the Pubmed literature database. 
Counts of papers are plotted for 5-year increments for 1960-2025. D-F) Overview of key elements of project 
management, including pre-processing (D), in which data files are organized and pre-processing steps, such as spike 
sorting are applied; data conversion (E), whereby data are organized into a standardized format; and data analyses (F), in 
which analyses of interest are applied to the data. Literature data was collected and analyzed with the lisc Python 
module.36 Simulated time series and spikes were created with the neurodsp Python module.37 Data organization and 
single-neuron analyses related visualizations were created with hsntools and spiketools.38 

may include visual and/or auditory stimuli, virtual naviga
tion, memory tasks, etc. These tasks generate behavioral 
data, typically including information about the operation 
of the task (such as condition information, trial structure, 
etc.) as well as responses from the patient through clicks 
or key taps and/or through other streams such as audio 
recordings, which then need to be aligned with and com
pared to the neural recordings. Other research designs that 
may include single-neuron recordings include intraopera
tive studies, in which recordings are taken during surgery 
(e.g., during surgical resection of epileptogenic regions) or 
during the implantation of deep-brain stimulation (DBS) 
devices. Human single-neuron research projects may also 
include other measurements, such as additional physiolog
ical or behavioral measures, and associated data such as 
anatomical recordings. 

As with other human intracranial research designs, hu
man single-neuron data for a particular experiment is often 
collected across multiple hospitals, including variations in 
the recording devices, amplifiers, file types, and pre-pro
cessing steps. It then requires specific procedures for pre-
processing and analyses. While some of these aspects are 
shared with other human intracranial EEG (iEEG) work, the 
specifics of the single-neuron elements differ from projects 
analyzing the local field potential (LFP) from clinical macro 
electrodes. While some aspects of human single-neuron 
projects also overlap with animal model electrophysiology, 
the clinical context as well as differences in the recording 
equipment and task design means that processes and tool
ing can also differ significantly from what is required in sin
gle-neuron recordings from animal models. Ultimately, hu
man single-neuron projects require an idiosyncratic set of 

approaches that overlap with both other human intracra
nial research and invasive animal electrophysiology, but 
which also entail unique considerations that differ from 
both. To address these needs, this pipeline implements a 
series of standardized workflows that can be used specifi
cally for human single-neuron data. 

Acknowledging the overlap with other recording modal
ities, the goal of this pipeline is to productively integrate 
available tooling and resources to meet the needs of human 
single-neuron projects. Accordingly, this pipeline generally 
does not reflect new tools or standards – there is no new 
data format or general-purpose software package proposed 
and introduced. Benefits of not requiring novel or bespoke 
elements include increased inter-operability with existing 
tools and resources, and less development burden required 
to maintain novel resources. The pipeline is also designed 
to be modular, such that a project may adopt templates and 
outlines for one aspect of the project, without needing to 
adopt the whole pipeline. In doing so, the pipeline also pro
vides an outline for managing human single-neuron pro
jects that is implementation agnostic, in the sense that the 
organizational structure, data standard, and general rec
ommendations do not require any particular programming 
language or specific tools. In practice, the associated code 
for the pipeline is developed in the Python programming 
language. As part of its modular design, the pipeline is or
ganized into three sections: pre-processing, including ap
plying spike sorting to the raw recordings; data conversion, 
with the goal of combining different data streams into stan
dardized data files; and analysis, providing template struc
tures and related tooling for robust and reproducible analy
ses. 

HSNPipeline: A processing pipeline for human single-neuron studies

Aperture Neuro 3



Figure 2. Overview of the Human Single-Neuron Pipeline. A) HSNPipeline supports workflows to pre-process data from 
human single-neuron projects and organize them into Neurodata Without Borders (NWB) files, which can then be used 
with standardized analysis tools to support robust and reproducible analyses. B) The HSNPipeline is openly available, 
with documentation and descriptions hosted on a website (https://hsnpipeline.github.io/) and resources available on 
Github (https://github.com/HSNPipeline). C) A schematic of the main components and workflow of the human single-
neuron pipeline. D) Details on the templates that are part of the human single-neuron pipeline, including for data pre-
processing and spike sorting (top), data curation and organization into a standardized data file (middle) and analysis of 
the data (bottom). 

To support and enact the pipeline, this project includes 
code, documentation, and templates that implement 
needed functionality and provide guidelines for human sin
gle-neuron projects. Each section of the template is avail
able as an individual Github repository with key materials, 
supported by dedicated documentation, such that any pro
ject seeking to use the project can simply take a copy of 
the repository and start using it. All code and resources 
developed for this pipeline are licensed with permissive 
open-source licenses for reuse. A key part of the template 
cutting across sections is the hsntools module, which is 
an open-source Python module that is documented, ver
sion-controlled, and tested, which provides a collection of 
utilities for working with the pipeline (documentation: 
https://hsnpipeline.github.io/hsntools/). This includes 
functionality including managing data files and objects, ap
plying spike sorting processes, aligning multiple data 
streams, creating standardized outputs, and managing 
analyses of output files. In doing so, this module prioritizes 
the use of existing tools over novel solutions and imple
mentations, connecting together existing tooling for the 
use with human single-neuron data into a single module, 
for example, using neo39 for loading and interacting with 
recorded data and pynwb for creating and interacting with 
NWB files.40,41 

PRE-PROCESSING & SPIKE SORTING 

Prior to analysis, electrophysiological recordings need to be 
pre-processed, including spike sorting to isolate putative 
single-neuron activity.42 Single-neuron recordings from 
human patients are typically recorded with microwires, 
such as with Behnke-Fried electrodes, in which individual 
microwires extend beyond the tip of the clinical depth elec
trode.10 Notably, this use of microwires in human record
ings is different from current recording and pre-processing 

standards used in animal models, which often use grids of 
electrodes which allow for using spike sorting algorithms 
that leverage the known geometry of the electrodes.43 As 
such, despite the similar goals for spike sorting, in practice 
the requirements and specific tools of human single-neu
ron studies typically differ substantially from current prac
tice with animal models, motivating the need for human 
data specific procedures and resources. Human recordings 
also often include probes across multiple areas and are 
recorded in a clinical setting with possible idiosyncratic 
noise sources, all of which adds variability to the record
ings. Accordingly, spike sorting solutions from human 
recordings typically require verification through the exam
ination of quality metrics and/or through manual inspec
tion of the extracted waveforms. Overall, human single-
neuron projects require the use of spike sorting approaches 
that can be applied to individual microwires with no known 
geometry, and functionality that allows for visually inspect
ing and curating spike sorting solutions.42 

To address the specificities of human single-neuron 
recordings, this pipeline implements a recommended ap
proach for spike sorting human single-neuron data, de
signed to work with microwire recordings. There are several 
available spike sorting algorithms which have been devel
oped for human recordings, including Combinato,44 

WaveClus,45 and OSort.46 Leveraging these available tools, 
the pipeline does not implement a new spike sorter but 
rather offers a template structure that can be integrated 
with existing spike sorters. Several of these sorters are also 
available in SpikeInterface,47 a framework for running and 
comparing spike sorting which can also be used within the 
pipeline as a way to run one or more of the aforementioned 
spike sorting algorithms, and/or to compare across spike 
sorting solutions. In the default template of the pipeline, 
the Combinato spike sorting algorithm is used, with some 
available utilities for managing the outputs of this tool. 
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To support the data pre-processing and spike sorting, the 
hsntools module includes functionality for loading neural 
data files and managing spike sorting related outputs. 

Regardless of which individual spike sorting algorithm is 
used, the process for spike sorting activity recorded from 
individual microwires typically follows the same protocol, 
wherein putative spike events are detected by a threshold
ing procedure, after which clusters of events are created re
flecting putative single-neuron clusters. The main differ
ences across algorithms largely relate to differences in the 
clustering algorithms that are used or in pre- and post-pro
cessing steps. This process typically requires manual cura
tion, in which visual inspection verifies spike sorting solu
tions such that putative clusters may be rejected if they are 
considered to reflect non-neural noise. Clusters may also 
need to be separated if they are over clustered (if events 
have been combined that appear to arise from different 
neurons) and/or combined if they are under clustered (if 
multiple clusters appear likely to stem from the same neu
ron). In addition to curating the clustering process, ad
ditional properties may need to be verified in identified 
clusters – for example, a neuron with a well-defined wave
form may have too few spikes and/or have spike events 
that are only present over a too small proportion of the 
task to be effectively analyzed. In order to support this 
functionality, the spike sorting materials and the hsntools 
module include guidelines and utilities for assisting with 
these processes, including curating and labelling spike sort
ing clusters and extracting, organizing and exporting spike 
sorting solutions for analysis. 

DATA CONVERSION & STANDARDIZED DATA FILES 

Following pre-processing, the next element of the template 
is to organize collected data into a standardized format, 
that can be used for analyzing the data within the project, 
and later for sharing the data (and associated analyses) 
publicly at the time of project completion. To do so, the 
pipeline adopts a data standard and includes tools and tem
plates for organizing data into this format. Data organiza
tion for human single-neuron experiments involves effec
tively structuring and coordinating at least three key types 
of data: metadata, neural data, and behavioral data. Op
tionally other data, such as the original local field potential 
data from the microwires and/or other data streams such as 
recordings from clinical macroelectrodes can also be added 
to these files. The template is agnostic to the file types or 
organization of the original recording files, which can vary 
across different recording amplifiers, and can be applied to 
a broad range of collected data, as long as the relevant data 
can be loaded and organized. The data conversion step in
cludes organizing and converting the single-neuron data 
along with a structured representation of behavioral data 
and task information into a standardized file that should 
also include metadata necessary for understanding and re
porting on the tasks, subject, and collected data. 

A critical step in the process of data organization is syn
chronization, which ensures that disparate data streams are 
precisely temporally aligned, which is essential for accu
rately relating behavioral events to neural activity. There 

are multiple available strategies for synchronizing data in 
use in neuroscientific experiments, though there can be no
table idiosyncrasies for human single-neuron studies which 
are recorded in clinical contexts. For example, beyond the 
typical situation of having different computers running and 
collecting the behavioral and neural data, there may ad
ditionally be different systems running the clinical macro
electrodes that record the local field potential and the mi
crowire electrodes that record single-neuron activity, 
requiring strategies that can synchronize across potentially 
multiple disparate neural recordings. Synchronization 
strategies include using photodiodes or other outputs sig
nals whereby time-stamped light flashes or other outputs 
can be sent from one system, typically the task computer, 
to an input channel on one or more other systems that 
need to be synchronized such that corresponding events 
can be detected and aligned in order to synchronize col
lected data across systems. Required functionality for these 
processes – including utilities for detected pulses on syn
chronization channels, computing temporal differences be
tween synchronization channels, fitting models and re
aligning timestamps, and visualizing utilities to verify 
alignments – is available in hsntools as part of the pipeline. 
Further discussion on synchronization is also available in 
other guides for intracranial recordings which share similar 
synchronization requirements.35 

The data standard used in this pipeline is the Neurodata 
Without Borders (NWB) format. NWB is a standardized data 
format that has been proposed for organizing and sharing 
multiple modalities of neuroscientific data.48‑50 NWB is 
based on the HDF5 data format,51 and as such has the bene
fit of allowing for flexible definition and encoding of differ
ent data objects and the capacity to store large quantities of 
data while allowing for efficient read access, all organized 
into a hierarchical data object. The NWB format is ideal for 
human single-neuron data, as it already supports extracel
lular recordings with corresponding behavioral information 
for animal studies, and therefore already supports the nec
essary data structures required for human data without re
quiring any significant extensions or customization. In ad
dition, NWB is already a format which has been used to 
share multiple available datasets of human single-neuron 
recordings,52‑54 emphasizing its appropriateness for this 
use case. Other shared human single-neuron datasets55,56 

use the NIX format,57 and/or use custom data files,58‑60 

overall suggesting that while there is not as yet a domi
nant data format for human single-neuron data, NWB is the 
most consistent choice thus far. 

One of the key benefits of the NWB data format is that it 
is an extendable format offering the capacity to add multi
ple pre-defined data types, as well as offering functionality 
for designing custom definitions for additional data fields if 
needed. This serves the needs of human single-neuron pro
jects, which may also include additional data streams such 
as eye-tracking, audio or video recordings, and/or other 
additional information from the patients. This flexibility 
also supports variability in the task designs, as NWB sup
ports the integration of variable information as required 
for the task, including structured trials tables for event-
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based tasks, dedicated data structures for position and re
lated information for (virtual) spatial navigation tasks, and 
support for storing stimulus information, including being 
able to add images, videos, and/or sound files into the NWB 
data structure. Once data is loaded and synchronized, NWB 
then enforces the use of a consistent time unit and clock 
across all the data within a session, allowing for the unified 
analysis of data from across the file, regardless of its origi
nal provenance. There are also data structures for defining 
and managing recording device information, allowing for 
the specification of information about electrodes including 
their organization and location, and a structured definition 
of expected metadata, that can also be extended for the 
project’s needs, to ensure that each data file contains all 
the relevant information for understanding and analyzing a 
session of data. 

DATA ANALYSIS FOR ROBUST & REPRODUCIBLE 
ANALYSES 

The third and final part of the template relates to analyzing 
the data. The specifics of human single-neuron data analy
ses are necessarily specific to the task and research ques
tions of the experiment. As such, the goal of the analysis 
template is not to serve as a guide for any specific analyses, 
but rather to provide a structure with associated guidelines 
to organize code and associated files that promotes best 
practices in scientific coding and in particular supports the 
use and development of readable, robust, and reproducible 
analyses.3,4 To do so, this section of the pipeline provides 
a recommended structure including templates and outlines 
for organizing code, running analyses across neurons, and 
creating reports and figures to visualize the results. This in
cludes the use of Jupyter notebooks61 which allow for in
tegrated examination and exploration of code and outputs, 
which is ideal for the development of analyses and the ex
amination of individual examples and figures. Once analy
ses have been developed, the template recommends orga
nizing code into dedicated analysis scripts, which are more 
efficient and robust for running analyses at scale. 

One of the best practice guidelines enacted by the tem
plates is the recommendation to use implementations from 
well-developed modules that include code tests and docu
mentation, as such code is typically more robust, efficient, 
validated, and portable as compared to idiosyncratic re-im
plementations. To make sure such module code is avail
able, we previously created and continue to support the 
spiketools Python module,38 which includes functionality 
of analyzing single-neuron responses and relating them to 
task performance (https://spiketools.github.io). Note that 
the pipeline does not enforce or require any particular 
analysis software, and the template structure can also be 
used with other openly-available analysis toolkits, for ex
ample, pynapple62 or pylabianca.63 In cases where desired 
functionality is unavailable and/or the analysis requires the 
implementation of novel analysis techniques, custom code 
can be developed and integrated for such analyses. To share 
such functionality back to the research community, these 
implementations can also be proposed to be added to mod
ules such as spiketools. In addition, to assist with managing 

such analyses, hsntools includes control-flow related utili
ties for managing analyses across neurons, including man
aging paths and outputs, managing control flow by robustly 
catching and documenting errors encountered in individual 
neurons while allowing analyses to continue, and collect
ing, organizing, and saving results. 

Another suggested approach is the use of ‘reports’, 
whereby a structured output reflecting statistical analyses 
and visualizations is designed to create a report that can 
be saved out as a document that reflects the overview of an 
analysis of an individual neuron, combining metadata and 
quality control information with results from the analyses. 
Additional report formats can also be created that reflect 
the analysis of a session of data, allowing for the systematic 
examination of behavioral results per session paired with 
summary data about the recorded neurons and/or across a 
group of sessions or patients, to visualize properties of the 
entire dataset. This approach emphasizes visibility and in
terpretability of results, in that it allows for running analy
ses while systematically saving out reports that allow for 
the examination and verification of neural and behavioral 
responses as well as providing visibility for potential issues 
or errors. Note that such reports do not seek to replace, but 
rather to supplement, group level analyses that examine 
patterns and summaries across neurons. Structuring analy
ses to include such report generation helps with analysis 
steps such as visually inspecting results, debugging possi
ble issues, examining results across entire populations, and 
selecting example neurons for visualization by building re
port generation directly into the analysis framework. 

One of the goals of emphasizing reports for the analysis 
of each recorded neuron is to assist with monitoring and 
evaluating quality control of neuron recordings and indi
vidual analyses. Quality control information included on 
such reports can include information such as the average 
spike waveform, spike quality metrics such as the presence 
ratio, and potentially raster plots across the whole task ses
sion and/or across all trials that can be used to identify po
tential drop out / drop in (if neurons are not consistently 
recorded across the whole recording). Notably, employing 
such measures that prioritize and visualize neuron quality 
metrics can also help address the subjective elements of 
curating spike sorting solutions. While any unambiguously 
artifactual or inconsistently recorded neurons should be re
jected during manual curation there may be cases which 
are difficult to adjudicate as to whether individual clusters 
should be considered to be of neural origin and/or whether 
different clusters reflect one or multiple neurons visible on 
the same recording electrode. By having spike quality met
rics available in the analysis reports, potential issues can 
be identified, for example, neuron presence varying across 
trials or conditions in ways that complicates the analysis, 
or observing different clusters with similar waveforms that 
appear to have very similar task-related response profiles 
such that they should potentially be merged. 

Reports also seek to systematically create visualizations 
for each of the analyses applied to the neurons, for exam
ple, visualizing raster plots around events of interest or the 
pattern of firing across place or time bins. To do so, vi
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sualizations need to be created and tuned for each analy
sis, which can typically be efficiently created based on the 
templates available in spiketools. This can then be used in 
combination with functionality from hsntools for creating 
and saving multi-panel report figures. These reports seek 
to provide visibility on analyses that are being applied, al
lowing for verifying that analyses work as intended. Visu
alizations may also help to identify unexpected patterns 
– for example, visualizations of trial-by-trial raster plots 
or comparisons across conditions may suggest neural re
sponses that respond to or discriminate between aspects 
of the task that were not initially hypothesized by the task 
design, allowing for further exploratory analyses of such 
cases. Reports can also help to identify if there may be po
tential issues with the data or analyses, such as if there are 
suspicious patterns that may not be visible in group sum
maries – for example, an unlikely consistency across neu
rons in terms of which place bin or time point or stimu
lus shows a significant response. The goal of such reports 
is to emphasize visibility and quality control of analyses of 
human single-neurons. Such reports can be efficiently de
signed and created using the available tooling, and can be 
modularly extended as new analyses are added. Note that 
while these reports do collect and visualize information 
across analyses, they are not intended as the main output 
for the statistical analyses – in addition to report genera
tion, the template scripts, using functionality from hsntools 
and spiketools, also structure analyses to systematically col
lect results across analyses and neurons and save them out 
in structured, machine-readable formats which can then 
be used for examining group level results across the whole 
dataset. 

DISCUSSION 

Pursuing, managing, and sharing large, complex, multi-
site research projects, as is typically the case for studies 
collecting and analyzing human single-neuron recordings, 
requires dedicated resources and procedures for ensuring 
projects are organized, robust, efficient, and portable. Here, 
we propose the Human Single-Neuron Pipeline 
(HSNPipeline) to assist with these goals for human single-
neuron data, a rare data type for which there is thus far a 
relative lack of existing resources. Examples of the use of 
this pipeline are available in a recent study examining sin
gle-neuron activity during a virtual spatial navigation and 
memory task, for which the data and code are made openly 
available,64 and in a comparison of place-cells analyses 
across humans and animal models.65 Additional ongoing 
projects are currently using the pipeline, ensuring that it 
has been developed and tested in a way as to ensure gener
alizability and applicability across multiple projects. 

In its design and implementation, this template seeks 
to be a guide and framework to help support the develop
ment of robust, replicable, and shareable data and analy
sis pipelines for human single-neuron projects. In doing 
so, several key design choices are worth noting. First, this 
pipeline is organized in a modular fashion that is designed 
to be flexibly applicable to the varying details and require

ments of human single-neuron projects. This flexibility is 
such that projects can choose to use different aspects of 
the pipeline as needed, as well as working to ensure that 
the pipeline can be adapted to projects across different 
kinds of tasks, research questions, and analyses. Second, 
this pipeline purposefully prioritizes the adoption of exist
ing standards and tools. This approach effectively leverages 
available resources, which assists with inter-operability and 
avoids unnecessary development or duplication of func
tionality in novel bespoke standards or resources, which 
also reduces development burden for ensuring this pipeline 
remains active and supported. 

A notable design choice for this pipeline is the choice of 
the NWB data standard for organizing data. There are other 
data formats in use for data collected from human subjects, 
most notably BIDS, which has specifications for managing 
imaging data6 as well as electrophysiological recordings in
cluding iEEG.66 However, the BIDS ecosystem does not cur
rently support single-neuron recordings, and as such would 
have required significant development of an appropriate 
extension to support this. In addition, such an extension 
would likely not be as interoperable with existing tools for 
single-neuron pre-processing and analysis, for which NWB 
is already a common standard. However, the use of a data 
standard different from that more commonly in use in other 
modalities in human data does have limitations, perhaps 
most notably that while iEEG data can also be organized 
into NWB files, it is perhaps more common to manage such 
data in BIDS, which creates some potential tension for pro
jects seeking to analyze both LFP and single-neuron data 
from the same sessions. Future work that explores and de
velops best-practices for supporting integration across data 
formats and/or proposes a unified approach for studies ex
amining both data types will be a valuable contribution. 

A key goal of this pipeline is to embody and promote 
best practices for scientific project management including 
for managing and sharing data, code, and project outputs. 
The code related to this pipeline, including the hsntools and 
spiketools Python modules, are developed following best 
practices for module development, including being version 
controlled, documented, tested, and following a develop
ment and release schedule including semantic versioning. 
Other included resources, including templates for analysis 
code, documentation, and examples, seek to promote best 
practices by being openly-accessible, version controlled, 
and robustly documented. These principles seek to embody 
and promote coding principles that are appropriate for sci
entific code and that promote readability, resilience, and 
reuse,3,4 to support robust and reliable analyses. Such ap
proaches also promote portable and interoperable analyses 
that can be applied across the different people and labs 
that are often involved in such projects. Finally, these ap
proaches also build in standardized approaches for sup
porting readable and shareable resources, allowing for pub
lic release without significant additional work for cases in 
which the code and analyses are to be publicly released as 
part of a publication. 

A key consideration when working with human clinical 
patients is ethics and privacy.34 Projects that include data 
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collected from across multiple sites and potentially from 
across multiple different countries must consider data gov
ernance and relevant regulations for data sharing.67 If data 
is to be shared, then the privacy of patients must be en
sured, removing names, dates and other potentially iden
tifiable information. Notably, using a structured and stan
dardized data format such as NWB is useful for this as 
standardized data fields only contain information explicitly 
added to the file (as opposed to raw recording files which 
may contain sensitive labels and dates in headers or other 
sections) and can be easily scrubbed of sensitive data fields 
for public release. This pipeline also does not discuss the 
details of managing anatomical data which is likely to be 
included in such projects, as there are guides to such as
pects elsewhere,35 though it should be noted that if 
anatomical data is to also be shared there are additional 
privacy concerns to be addressed for such data, for example 
due to the potential for re-identification from facial recon
struction from anatomical recordings.68 

While this project seeks to fill a niche in providing re
sources for human single-neuron projects to fill a gap in the 
available resources, this project is only possible due to the 
integration of existing tools to support the different aspects 
of this overall pipeline. In terms of the key element of the 
data structure, this includes the NWB data format and re
lated tools for creating and interacting with such files,40,49 

and well as notable previous examples demonstrating and 
advocating for using NWB for human single-neuron pro
jects.52 Other related tools, for example, SpikeInterface, that 
integrates multiple different spike sorting algorithms and 
related functionality into a unified interface,47 and neuro
conv,69 a tool that supports converting various data streams 
to NWB, offer additional functionality in the broader 
ecosystem and that can potentially be productively inte
grated in future development of the pipeline. 

Further potential development and extension to this 
pipeline may be useful to extend beyond its current scope. 
Although designed to be broadly applicable to different task 
and analysis contexts, its adoption across additional pro
jects may assist in assuring its scope and utilities genuinely 
do apply across contexts. For example, many of the cur
rent experiments and tasks that have been used with the 
pipeline are Behnke-Fried electrode recordings of spatial 
navigation and memory tasks using similar approaches for 
behavioral data logging, and most of the analysis have been 
applied at the level of individual neurons (e.g., running 
analyses across each individual neuron). Further extensions 
to the components of the pipeline may come from extend
ing support to explicitly include other kinds of electrodes; 
exploring its use with different kinds of tasks and logging 
processes; and different analysis approaches, such as pop
ulation analyses – all of which, if explored through the 
pipeline, could provide additional functionality that could 
be merged into the code and resources of the pipeline to 
better support the breadth of human single-neuron pro
jects. 

While the main motivations of standardized processing 
pipelines relate to individual projects, there can also be 
additional benefits to standardization within and between 

labs and research hospitals. A notable aspect of single-neu
ron experiments is that the same patient is typically in the 
EMU for a week or more, and if they have consented to 
research, are likely to complete multiple sessions of the 
same task, and/or multiple different tasks. This allows for 
the possibility of analyzing recordings from the same pa
tients across multiple sessions and tasks.70 This research 
design can be useful to address research questions com
paring representations, for example, examining the same 
neurons across different kinds of tasks to examine the flex
ibility of hippocampal representations.64 However, these 
different tasks are often affiliated with multiple different 
labs, with data integration and comparison depending on 
interoperability across potentially different kinds of task 
designs, data streams, recording equipment, and pre-pro
cessing. This can complicate combining and analyzing the 
data together, even for data recorded from the same sub
jects. If studies being recorded at the same or overlapping 
hospitals coordinate to adopt consistent practices and data 
standards, as is supported by the pipeline proposed here, 
then such cross-task comparisons should become much 
easier. 

The field of human single-neuron recording is rapidly 
advancing, with significant investment having been put 
into developing equipment and protocols to safely and ef
fectively implant electrodes in the context of clinical 
recordings that allow for basic and clinical research inves
tigations. This data is valuable, both in the rareness of the 
opportunity to collect it, and in the cost of doing so when 
possible, which behooves us to ensure that such datasets 
are efficiently and effectively collected, curated, and ana
lyzed, and shared to the broader community, if and when 
possible. This has the benefit not only of supporting re
search projects that include between-task comparisons by 
design, but also of making it easier to do post-hoc data in
tegration and comparison, comparing between tasks from 
across distinct projects that happened to be recorded in the 
same patients – research designs that are thus far vanish
ingly rare with human single-neuron datasets, but which 
could be supported by increased standardization, as seen in 
other modalities that have adopted standardized practices 
for data collection, organization, and analysis. 

CONCLUSION 

The efficient storage, analysis, sharing, and re-use of scien
tific data requires the use of interoperable and interpretable 
data standards and processing procedures that allow for 
standardization of data and analyses within and between 
projects that match the requirements for the data under 
study. Here, we propose an overarching pipeline for assist
ing with this goal for single-neuron recordings as recorded 
from human clinical patients, a relatively rare but very use
ful data modality for which there is currently a lack of 
standardization. This pipeline includes the adoption of a 
standardized data format (NWB), as well as providing tem
plates, guides, and associated utilities and resources for 
pre-processing and analyses of human single-neuron data, 
all designed in a modular way. Collectively, this pipeline of
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fers support and resources to increasing the standardiza
tion of human single-neuron projects. 
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