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Abstract

Two-photon calcium imaging allows for the activity readout of large populations of neurons at single
cell resolution in living organisms, yielding new insights into how the brain processes information.
Holographic optogenetics allows us to trigger activity of this population directly, raising the possibility
of injecting information into a living brain. Optogenetic triggering of activity that mimics “natural”
information, however, requires identification of stimulation targets based on real-time analysis of
the functional network. We have developed NeuroART (Neuronal Analysis in Real Time), software
that provides real-time readout of neuronal activity integrated with downstream analysis of correlations
and synchrony and of sensory metadata. On the example of auditory stimuli, we demonstrate real-time
inference of the contribution of each neuron in the field of view to sensory information processing.
To avoid the limitations of microscope hardware and enable collaboration of multiple research groups,
NeuroART taps into microscope data streams without the need for modification of microscope control
software and is compatible with a wide range of microscope platforms. NeuroART also integrates the
capability to drive a spatial light modulator (SLM) for holographic photostimulation of optimal stimula-
tion targets, enabling real-time modification of functional networks. Neurons used for photostimulation
experiments were extracted from Sprague Dawley rat embryos of both sexes.

Key words: auditory cortex tuning; holographic optogenetics; neuronal population activity; neuronal
receptive fields; real-time analysis; two-photon calcium imaging

Significance Statement

We have developed a software platform, Neuronal Analysis in Real Time (NeuroART), which addresses
the growing need in neuronal imaging studies for real-time analysis capabilities and has unique capa-
bilities when compared with other recently developed software (Giovannucci et al., 2017; Mitani and
Komiyama, 2018; Zhang et al., 2018; Giovannucci et al., 2019; Sheng et al., 2022). NeuroART stands
out in its real-time inclusion of functional network analysis, correlation analysis, synchrony analysis,
holographic optogenetic photostimulation, and integration of sensory information metadata.
Furthermore, this tool enables experimenters to assess data quality in real time. With these unique
features and its demonstrated ability to work with several widely used microscope platforms,
NeuroART is poised to enable novel closed-loop model-guided experiments.
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Introduction

Multiphoton laser scanning microscopy of cytoplasmic calcium concentrations is a
powerful tool in modern neuroscience, enabling researchers to observe the temporal
dynamics of large populations of neurons with single-cell resolution. Neurons can be
labeled with exogenous and genetically encoded calcium indicators that produce time
series of neuronal activity for each neuron in an imaging field of view (FOV; Greenberg
et al., 2008; Kerr and Denk, 2008; Dombeck and Tank, 2014). Countless studies have
used two-photon (2P) excitation fluorescence imaging to great effect providing ground-
breaking insights into the functionality of the brain (Svoboda et al., 1997; Ohki et al.,
2005; Wang et al., 2006; Maeda et al., 2014).

Recent advances in holographic optogenetics make it possible to target groups of cells
for stimulation, e.g., to mimic the neuronal activity seen during sensory perception (Gill
etal., 2020; Paul et al., 2023; Kang et al., 2024). These studies showed that injecting infor-
mation into neuronal networks requires coordinated input into groups of functionally
linked neurons (Gill et al., 2020). However, identification of functional groups of neurons
is usually done after the end of an experiment, since 2P imaging data is inherently noisy
and requires significant preprocessing and analysis to produce interpretable signals
(Oheim et al., 2001; Mitani and Komiyama, 2018; Griffiths et al., 2020). Thus, the typical
cadence within a neuroimaging study is to conduct 2P imaging and then analyze the
data after the experiment has concluded.

Utilizing the neuronal population readout from these 2P image analysis pipelines and
performing subsequent downstream analysis, one can begin to explore questions about
the function of the brain such as (1) which neurons are most active, (2) which neurons are
most correlated, (3) what the sensory receptive field of each neuron is, and (4) which neurons
are encoding behavioral choice. Having an answer to these four questions in real time would
facilitate rapid insight into the responsiveness of a neuronal population to stimuli, on-the-fly
measurement of the functional relationships and tuning properties of a neuronal population,
and closed-loop experiments with informed optogenetic stimulation including new model-
based experimental paradigms. However, most of the downstream analysis of neuroimaging
datais done offline in existing software packages without real-time capabilities. There exists a
growing need for user-friendly software that can go beyond preprocessing and perform
downstream analysis and photostimulation in real time during a 2P imaging experiment.

We have developed software called NeuroART (Neuronal Analysis in Real Time) that
processes and analyzes 2P neuroimaging data in real time, enabling observation and
quantification of neuronal population dynamics during an in vitro, acute slice, or
live-animal experiment. Our real-time analysis application runs via an easy-to-use graph-
ical user interface (GUI) in MATLAB (Fig. 1). NeuroART taps into existing data streams of
microscopes and allows us to rapidly analyze every image as it is acquired, integrate other
experimental information (e.g., stimulus parameters), and thus quantify the functional
properties of all imaged neurons while the experiment is in progress. Furthermore, the
photostimulation module of NeuroART enables holographic optogenetic stimulation of
neurons that are identified as potential stimulation targets based on real-time analysis.

NeuroART is focused on downstream analysis and can work on a separate computer
with the most popular microscope platforms, making it well suited for team collaborations
among multiple labs and collaborations between experimental and theory labs. This focus
distinguishes it from the rapidly growing group of 2P calcium image analysis pipelines
(Pachitariu et al., 2017; Zhou et al., 2018; Giovannucci et al., 2019; Cantu et al., 2020;
Lee et al., 2020; Guarnieri et al., 2021; Sheng et al., 2022). NeuroART stands out in its real-
time inclusion of advanced functional network analysis, correlation analysis, and informed
real-time holographic optogenetic stimulation capabilities which are not available in any of
the recently developed software tools for real-time analysis (Giovannucci et al., 2017; Prsa
et al., 2017; Mitani and Komiyama, 2018; Zhang et al., 2018; Giovannucci et al., 2019;
Griffiths et al., 2020; Sheng et al., 2022). The overall workflow of NeuroART is illustrated
in Fig. 2, which will be discussed in detail in the results section.

Materials and Methods

Experimental procedures for example datasets. All procedures were approved by the
University of Maryland Institutional Animal Care and Use Committee (IACUC). Figures
for in vivo experiments are based on two-photon imaging performed on one adult mouse
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Figure 1. NeuroART GUI for analysis and stimulation. A, GUI for real-time analysis. Key features highlighted include the augmented image with overlaid
neuronal activity, automatically identified and manually selected neurons to closely monitor AF/Fy traces, and the photostimulation trigger for optogenetic
stimulation. B, Separate tab for holographic stimulation. Both the phase mask (phase pattern projected on the SLM) and the simulated intensity patterns

are displayed for the convenience of the user.
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Figure 2. Analysis workflow. Left, Identifying cell ROIs by manual clicking, automatic detection via CalmAn, or loading previously identified cell coordi-
nates. Middle, Real-time processing on each acquired image (30 frames per second for ~150 neurons, higher rates for fewer neurons, rate dependence
shown on inset plot). Right, Analysis of signal correlations, synchrony, and behavioral readout on multiple timescales spanning from updating at the image
acquisition rate to minutes.

(postnatal day 185) expressing genetically encoded calcium indicator GCaMP6s. Mouse was F1 offspring of
Thy1-GCaMP6s (JAX: 024275) mice crossed with CBA/CaJ mice (JAX: 000654) and was implanted with a cranial window
centered above the auditory cortex. Imaging was performed as described previously (Francis et al., 2018; Bowen et al.,
2019; Liu et al., 2019) on a rotatable microscope (Bergamo Il series, B248, Thorlabs) using a pulsed femtosecond Ti:
Sapphire 2P laser (Vision-S, Coherent) using Thorimage LS and ThorSync software (version 3.1). Imaging was performed
at 940 nm excitation wavelength with a ~370 pm x 370 pm FOV at a frame rate of 30 Hz. Sound stimuli consisted of
sinusoidally amplitude-modulated tones played at a range of frequencies (3—45.3 kHz at half-octave spacing) and
sound pressure levels (50, 60, 70 dB) with 10 trial repeats for each unique stimulus. Each tone presentation had 1 s duration
with a 3 s intertrial interval.

Primary rat embryonic cortical neurons from Sprague Dawley rats were used for the in vitro experiments to demonstrate
holographic optogenetic stimulation capabilities of NeuroART. Embryos of both sexes were obtained from killed pregnant
rats at embryonic day of gestation 18 (E18) according to and with the approval of the University of Maryland IACUC protocol
(R-JAN-18-05, R-FEB-21-04, R-JAN-24-01). Following the dissection of hippocampi and cortices, the cortices were gently
triturated using a fire-polished pipette. These cells were then plated onto culture dishes that had been precoated with
poly-D-lysine, which promotes neuronal cell adhesion and growth. Subsequently, the cultured cells were maintained in neu-
robasal media and incubated at 37°C temperature and 5% carbon dioxide. After incubation for 3 d, neuronal cells were trans-
duced using the bicistronic lentiviral vector, pLV[Exp]-Bsd-SYN1-jGCaMP8s-P2A-ChrimsonR-ST, which provides robust
coexpression of the calcium indicator (jGCaMP8s) and the opsin (stChrimsonR) used for holographic optogenetic stimulation
(LaFosse et al., 2023). Neurons were incubated at 37°C temperature and 5% carbon dioxide, while doing full media swaps
every 3 d. In vitro calcium imaging and holographic optogenetic photostimulation were performed 1 week after transduction.

2P photostimulation and imaging laser setup for in vitro experiments. Simultaneous imaging and photostimulation were
performed using a custom-built dual beam path microscope (Fig. 3). 2P calcium images (512 x 512 pixels per frame, 30 frames
per second) of in vitro neuronal cells were acquired using resonant-galvanometer raster scanning of a femtosecond-pulsed
laser beam (Chameleon Discovery, Coherent, tunable range 680-1,300 nm), where the 2P fluorescence was captured using
photomultiplier tubes (PMTs) and femto signal preamplifiers. A 25x/1.05 NA water immersion objective (Olympus) was used
for 2P imaging and photostimulation. The genetically encoded calcium activity indicator, jGCaMP8s, was imaged at 920 nm
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Figure 3. Custom-built dual beam path microscope for imaging and holographic optogenetic stimulation. A fixed laser beam of 1,064 nm is used for photo-
stimulation, and the imaging laser is tunable within the range, 680-1,300 nm. 2P images are captured and amplified using photomultiplier tubes in parallel
to simultaneous wide-field imaging through Hamamatsu ImageM X2 EMCCD camera. (L1, L2, L3, L4, lenses; PC, Pockels cell; HWP, half wave plate; SL,

scan lens; TL, tube lens; PMTs, photomultiplier tubes; Obj, objective; SLM, spatial light modulator). A 25x/1.05 NA water immersion objective and Boulder
Nonlinear Systems (1,536 x 1,536) SLM with voltage overdrive and thermoelectric heating are used in our photostimulation setup.

with an FOV of 90 x 90 ym and adjustable laser power on sample, up to 40 mW. 2P calcium imaging is controlled by Vidrio
Scanlmage 2021, while image frames are read and analyzed by NeuroART simultaneously.

Our imaging system is also equipped with simultaneous epifluorescence imaging with a Hamamatsu cooled ImagEM X2
EMCCD camera, using a 20x/1.05 NA air objective. This wide-field imaging component was utilized to observe a larger FOV
of the sample prior to 2P imaging. The excitation source for 2P photostimulation is a laser fixed at 1,064 nm (Fianium ampli-
fied fiber laser, adjustable average output, up to 5.25 W; pulse width, 160 fs; 80 MHz repetition rate). A reflective spatial light
modulator (SLM; Boulder Nonlinear Systems; 15.36 x 15.36 mm active area, 1,536 x 1,536 pixels, calibrated for 1,064 nm)
was used to generate beamlets for photostimulation of the neuronal cells that coexpress the stChrimsonR opsin along
with the calcium indicator, GCaMP8s. To stimulate neuronal cells transduced with stChrimsonR, 6.5 mW per cell is required
for photostimulation (if a laser with low repetition rate in the range of 500 kHz is used). However, since our laser is 80 MHz
(160 fs pulse width), a laser power in the range of 370 mW per cell was required. The active area of the SLM (Shane et al.,
2019) was rescaled and mapped to the back aperture of the 2P microscope objective.

Hologram computation. The Gerchberg-Saxton (GS) algorithm (Gerchberg and Saxton, 1972) was utilized to calculate
phase masks (phase patterns) which are required to be projected on the SLM to generate holographic intensity patterns
(Curtis et al., 2002). These computer-generated holograms modulate the phase front of the reflected laser beam to gen-
erate the desired intensity patterns for selective photostimulation of neuronal cells at objective focus. The NeuroART soft-
ware generates phase masks required for photostimulation of the manually selected or automatically identified neurons
and subsequently projects the phase masks on the SLM to generate holographic intensity patterns on the imaging
FOV. It typically takes ~200 ms to generate each phase mask. Once the photostimulation beam path is aligned properly,
a separate phase mask optimization step is not required. NeuroART also provides an option for sequential stimulation,
where the phase masks corresponding to each targeted neuron are predownloaded to the SLM driver. Once all the
required phase masks are available, the SLM driver iterates through the phase masks sequentially, at the rate specified
by the user, enabling photostimulation of neurons in a sequence.

NeuroART system tests. NeuroART has been tested on arange of different imaging systems with different imaging soft-
ware and image formats. NeuroART does not require changes to these imaging software packages. Instead, NeuroART is
designed to read the output from these imaging systems, including imaging specifications or metadata (such as XML files),
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in real time. NeuroART can thus be deployed either on the same computer or a different computer than the imaging soft-
ware if the files and hardware where images are stored are read-accessible to NeuroART.

Furthermore, NeuroART has an offline mode that can be used for troubleshooting, as well as for processing and analysis
of previously acquired datasets. Here we list the system setups that have been tested at the time of submission, though
the list will continue to grow. Specific system configurations of tests are shown in Table 1.

1. Imaging systems: Thorlabs B-Scope (rotatable Bergamo |l series, B248), Bruker Ultima 2P and Ultima 2P Plus/
Prairie View (there is an initial delay in processing due to Bruker software placing a lock on the current raw image
file while it is being written to storage), Sutter MOM-2P with Resonant scanner/Scanimage, and Custom Sutter
MOM with Thorlabs Multiphoton Resonant scanning kit/Thorimage LS.

2. Imaging software: Thorlabs Thorimage LS (v3.0, v3.1, v4.0), Bruker Prairie View (v.5.5U2, v.5.5U3), and Vidrio
Scanlmage 2021.

3. Readable image formats: u-int16 (Thorimage LS) and s-int16 (Prairie View) raw binary, u-int16 TIF, and u-int8 TIF.

4. Operating systems: Windows 7 Pro, Windows 10, Mac OSX (offline mode).

2P image analysis. 2P image sequences were processed using methods previously described (Bowen et al., 2019;
Bowen et al., 2020) adapted for real-time processing. Image sequences were corrected for x—y drifts and movement arti-
facts using discrete Fourier transform registration (Guizar-Sicairos et al., 2008) implemented in MATLAB (MathWorks).
Neurons were identified manually from the average image of the motion-corrected initial sequence of the user-specified
number of frames. Ring-like region of interest (ROI) boundaries were programmatically drawn based on the method
described in Chen et al. (2013). Overlapping ROI pixels (due to closely juxtaposed neurons) were excluded from analysis.
For each selected neuron, a raw fluorescence signal over time (Fsoma) Was extracted by averaging across pixels from the
ROl overlying the soma. For the in vivo experiments, neuropil (NP) correction was performed on the raw fluorescence of all
soma ROls (Fsoma; Peron et al., 2015). In short, the neuropil ROl was drawn based on the outer boundary of the soma ROI
and extended from 1 pixel beyond the soma ROI outer boundary to 15 pm excluding any pixels assigned to neighboring
somata. The resulting fluorescence intensity (F) used for analysis was calculated as F = Fgoma — (0 x Fnp), Where we use a
default value of a=0.7 (adjustable) to reduce fluorescence contamination from the neuropil (Peron et al., 2015). The
neuropil-corrected fluorescence for each neuron was then converted to a relative fluorescence amplitude (AF/Fg), where
AF =(F — Fo). Fo was estimated by using a sliding window that calculated the average fluorescence of points less than the
50th percentile during the previous 10 s window.

Neuronal receptive fields and tuning. Neuron receptive fields (RFs) were determined as the average AF/F, response to
each frequency-intensity combination across all stimulus repetitions during the stimulus presentation. Best frequency
(BF) for each neuron was determined as the stimulus frequency that elicited the highest average AF/F, response at any
sound level in the receptive field. Eight distinct stimulus frequencies (4, 5.7, 8, 11.3, 16, 22.6, 32, and 45.3 kHz) and three
sound pressure levels (50, 60, and 70 dB) were used in the example shown in Fig. 4.

Pairwise correlations. To assess the functional similarity of neurons, we computed correlations based on the covariance
of their activity over time. Pairwise correlations were obtained for each neuronal pair by calculating the correlation coef-
ficient of their AF/Fy utilizing MATLAB’s “corrcoef” function, which performs the following:

1 N(A—1a\ (B — s
A, B) =
oA, B) N—m( ) (B,

Table 1. Specifications of imaging systems where NeuroART has already been deployed

Operating system, storage,

Imaging system Imaging software

Readable image formats

data link

Thorlabs B-Scope (Bergamo Il series, Thorlmage LS v. 3.1

B248)
Bruker Ultima 2P PrairieView v. 5.5U3
Bruker Ultima 2P+ PrairieView v. 5.5U2

Sutter MOM with resonant scanner Scanlmage 2021

(Vidrio Technologies)
Custom Sutter MOM with Thorlabs Thorlmage LS v. 4.0
Multiphoton Resonant scanning kit

Offline Mode N/A

u-int16 raw binary

Series of s-int16 raw binary
files converted to u-int16

Series of s-int16 raw binary
files converted to u-int16

u-int16 TIF stack converted to
u-int16 raw binary

u-int16 raw binary

u-int16 raw binary / u-int16 TIF

Windows 7 Pro, RAID6 NAS,
10Gb line

Windows 7 Pro, RAIDO, local
TCP socket interface

Windows10, SSD, local TCP
socket interface

Windows10, SSD, USB3

Windows7, RAIDO, USB3

Windows10/ Mac OS, SSD
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Figure 4. Integration of real-time stimulus information for analysis of neuronal tuning during an ongoing experiment. A, Example calcium responses from a
single neuron during tone presentations. Color represents the sound frequency of the stimulus and the height of the marker represents sound pressure
level. B, Corresponding receptive field (or frequency response area) from the example neuron where response amplitude during tone presentation is aver-
aged over time and then organized according to the frequency and sound pressure level of the stimulus. The maximum response indicates the frequency
tuning of the neuron (BF =8 kHz in this example). C, Example GUI readout during tone presentation experiment. Each neuron is colored according to its
best frequency. Tuning analysis, along with this visualization, can be turned on and off during the experiment with the checkbox.

where A and B represent the AF/F, of each neuron at frame j out of N acquired imaging frames and where  and o represent
the mean and standard deviation of AF/Fq over all frames.

Functional networks and neuronal ranking. Functional networks are constructed by considering all pairwise correlations
between neurons and then pruning them in two separate applications via (1) thresholding or (2) a topological constraint
(minimum spanning tree, MST). The method employed is chosen by the user prior to entering the real-time analysis
loop. The thresholding method prunes all connections below the chosen threshold amount. For the MST method, the net-
work is pruned such that the overall weight of the graph is minimized (Bowen et al., 2024). In a response pattern of N nodes,
the minimum spanning tree picks N—1 edges such that every node within the graph is connected while minimizing the total
edge weight of the tree and without creating any loops within the graph. The edge weight is defined as one minus the abso-
lute value of the pairwise correlation. This allows the weight-minimizing algorithm to pick out the most interconnected neu-
rons. In both methods, the degree of each neuron is the number of connections to it in the functional network. The ranks of
neurons are determined according to their degree within the functional network, where a higher degree corresponds to a
higher rank.

Software accessibility. The NeuroART software described in the paper and instructions to run the software are freely
available online at https:/github.com/losertlab/NeuroART.

Results

Real-time analysis software (NeuroART)

Our real-time analysis software provides an easy-to-use graphical interface and data processing pipeline integration
that can be run alongside image acquisition. NeuroART provides the user with an augmented version of their imaging
FOV (Fig. 1A, left) which is easier to visually parse than a typical live acquisition preview. The augmented FOV displays
a time-averaged image of the FOV with a circle centered on each identified neuron. The center of each circle is animated
with the current activity of the neuron where a brighter circle indicates a higher magnitude of activity, as measured by
baseline-corrected fluorescence (AF/Fg).

NeuroART allows for tracking the activity of neurons of interest in real time. During imaging, five neurons are selected
automatically, with AF/Fg traces displayed (Fig. 1A, middle top). These are the neurons with the highest overall correlation
to the rest of the population, as measured by degree in the functional correlation network (see Materials and Methods for
details). At any given time, the user can manually pick neurons from these correlated neurons or other identified neurons in
the FOV to be displayed in the manual section (Fig. 1A, middle bottom). The AF/F traces of manually selected neurons will
remain displayed until the user decides to hide or replace them, though the app will keep track of every manually selected
neuron timestamped throughout the experiment. In the augmented FOV, automatically selected cells are highlighted in
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different colors based on their ranking (1, red; 2, green; 3, blue; 4 and 5, magenta), and the manually selected neurons are
marked with a highlighted yellow circle.

Lastly, the “Stimulation” tab (Fig. 1B) includes parameters for holographic optogenetic stimulation using an SLM. Once
the stimulation button is pressed, the coordinates of the identified neurons for stimulation are used to generate phase
masks (phase patterns to be projected on the SLM) required for holographic optogenetic stimulation. These phase masks
are sent to the SLM driver in real time through the PCle communication interface between NeuroART and the SLM. The
resulting network dynamics of this perturbation can then be observed in real time by NeuroART, enabling experimenters to
perform closed-loop stimulation experiments.

Cell identification

Cell identification is an essential first step in the workflow (Fig. 2, left), so the user is given the option whether they want to
manually select cells or use automatic detection algorithms provided with CalmAn (Giovannucci et al., 2019), the most widely
used Al-based algorithm for Calcium image segmentation, or CITE-On (Sita et al., 2022), a recently developed fast alternative
to CalmAn. Manual cell selection is performed by the experimenter by manually clicking the center of each neuron using a
time-averaged image from a short initial batch of images. The automatic cell detection via CalmAn involves running the
CalmAn workflow on an initial batch of images which will identify regions of interest based on activity from these initial images
(implementation of CalmAn on-line version of pipeline is planned for future releases). CITE-On is a convolutional neural
network-based algorithm for fast automatic cell identification in two-photon calcium imaging data.

The coordinates of neurons, identified either manually or automatically, are then passed forward to the real-time analysis
loop. Manual selection requires fewer initial images than automatic selection and allows for concentration on only a subset
of neurons based on experimenter’s preferences. The automatic cell selection via CalmAn is expected to be significantly
less biased, yet it takes more computational resources and might miss cells or have false positives. CITE-On generalizes
across calcium indicators, brain regions, and acquisition parameters, while providing faster detection of cells and similar
performance compared with state-of-the-art methods used for cell identification (Sita et al., 2022).

Real-time analysis workflow

Now we introduce the workflow implemented in our current version of NeuroART. If the experimenter is employing a
workflow that differs in some elements, the open-source MATLAB source code can be adjusted to the experimenter’s pre-
ferred analysis approach. We chose MATLAB as a platform because it is widely used among the neuroscience research
community. Furthermore, it allows users to leverage existing code and libraries written in different languages such as C/C++,
Java, and Python.

Following cell identification, NeuroART enters the real-time analysis loop (Fig. 2, middle inset). The real-time loop reads
each new image as it is written and leverages the average image from the cell identification step as a template to motion
correct each image. Subsequently, the ROl mask is used to extract fluorescence of the relevant pixels from the image for
each neuron. The values from pixels corresponding to each neuron are averaged resulting in the raw fluorescence for that
time point. The raw fluorescence is then corrected for neuropil signal contamination as described in the Materials and
Methods, where the fraction of neuropil signal subtracted is specified by the user. The neuropil-corrected raw fluores-
cence, F, from each neuron is used to calculate relative change in fluorescence (F — Fo)/Fo = AF/Fq, where baseline fluo-
rescence Fy is computed from a sliding window of previous time points as described in the Materials and Methods.
The baseline-corrected fluorescence traces (AF/F) of several select neurons are then displayed in the GUI (Fig. 1).

The baseline-corrected fluorescence of each neuron serves as a proxy of its activity and is then used in further down-
stream analysis that elucidates the functional properties of the neuronal population. As a first demonstration of this capa-
bility, NeuroART employs a pairwise correlation-based analysis to construct functional networks and rank cells according
to highest degree, explained in detail in the Materials and Methods, 2P image analysis. The downstream analysis within the
real-time loop runs rapidly enough to be computed at the GUI update rate in real time on a laptop [Intel(R) Core i7-8565U
CPU @ 2 GHz, 12 GB RAM, Intel UHD 620 Graphics Card, 64 bit Windows 10]. The speed of the real-time loop is limited
most heavily by how many neurons are being analyzed, while a secondary rate limiter is how often the user chooses to
update the GUI indicator panels (Fig. 2, middle inset). In our evaluation tests, the real-time loop processed ~30 frames
per second for 150 neurons when the GUI is set to be updated twice per second.

Customizable downstream analysis for informed optogenetic stimulation

NeuroART implements downstream analysis as a flexible step that can integrate information from any or all prior time
points, not just the current frame, mostly through analysis of AF/F, traces that can go back arbitrary time intervals (Fig. 2,
right inset). Real-time analysis of AF/F, traces allows the experimenter to identify neuronal groups of interest: the most
active or inactive neurons, the most correlated neurons, or, if used in conjunction with sensory input data and models
of sensory perception, the neurons most important for sensory perception. Optogenetics have emerged as a promising
tool to directly activate or inactivate individual neurons or groups of neurons and then observe how response dynamics
or behavior is altered (Rickgauer et al., 2014; Grosenick et al., 2015; Gill et al., 2020). With the real-time traces obtained by
NeuroART, one could achieve informed optogenetic stimulation to target neurons that fit certain desired characteristics as
quantified during the experiment, enabling model-guided experiments.
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While processing the AF/Fq traces and correlations in real time, some of the downstream analysis (e.g., tuning analysis,
synchrony analysis) is more time intensive and thus cannot be updated as often. However, many of these downstream
analyses yield quantitative descriptions of neurons that change minimally from frame to frame. Therefore, we are not lim-
ited to only including analysis that is efficient enough to be performed in every single frame but additionally to periodically
conduct more intensive postprocessing analysis on the full batch of images that have been preprocessed. The time inter-
val of this periodic analysis and the amount of information from prior time points used for it depends on the type of analysis
chosen by the experimenter. For example, pairwise correlations can be computed using fewer prior time points compared
with receptive field calculations which require data from multiple trials of several unique stimulus presentations as dis-
cussed in detail later.

Integrated downstream analysis of functional connectivity and synchrony of neurons

Functional connectivity of the neurons is assessed by pairwise correlations based on the covariance of the AF/Fg traces
(Fig. 5A). NeuroART provides two methods to prune the correlation matrix into a functional network: (1) we impose a spe-
cific topology in the network or (2) we prune graph edges based on a threshold value of the correlation. In the first
approach, we utilize an MST algorithm to prune the matrix down to the fewest and strongest functional connections in
a manner that retains all neurons within a single network (Bowen et al., 2024; Fig. 5B). This allows rapid, unbiased assess-
ment of a functional network without having to define numeric thresholds or omit neurons. In our implementation of the
MST algorithm, we invert the pairwise correlation magnitudes, so that the MST retains links between the most correlated
neurons (i.e., highest correlation values). In the second approach, we threshold the correlation network by omitting
correlations below a value determined by the user. In the resulting networks from both methods, the degree is calculated
for each neuron which indicates its overall connectivity to the rest of the network. Therefore, we can rapidly rank the
population correlation of neurons in an FOV by sorting them by network degree. Using this ranking, we can target and
stimulate cells and observe the effect as a function of their correlation and to the rest of the network.

A B
MST nework Stability of the top 10 nodes
o R RN/ 50
AN pre02
400 e Iy
p:O865 40 = |hre_|§hold 0.6
% dF/F E I! F ~- Random control (MST)
O \
0 A n § \
E
4007 0335 5 o
% dF/F | p=u.5 = .
- \...Lﬁw.__,,__.,h‘,_m, 820 T
0 povtomnms] et J 200 e
400 =
% dF/F E Q p=0.124 10 S
0 P : ; . T ]
Os 10s 20s 30s o
0 10 20 30 40 50 60 Cumulative
Window Size(s)
LT ey F————
D DF/F of the top 10 nodes E DF/F of the top 10 nodes F
\[\ 1 N AT A — -
i shillis : : -
~S~ e I
S . . > -
Synchrony 5 Synchrony
I .
T3 u £ 3 St ReaiTimaAvabss | [ Stmute ) GrowpID (1 v
O 4 O 4 Synchrony
0s 10s 20s 30s 0s 10s 20s 30s £ i
EH 251
o w @ 7 aw

Figure 5. Multi-timescale downstream analysis of correlations and synchrony. A, Calcium traces from three example neuronal pairs with high, moderate,
and low pairwise correlations (top, middle, and bottom plots, respectively). B, The functional network constructed from the minimum spanning tree (MST)
technique shown in the imaging FOV. The functional connections to the highest degree neuron are highlighted in blue. The functional network is updated
every second within the real-time analysis workflow. C, Stability of cell ranking within the functional network depending on the size of the analysis window.
The percentage change between two adjacent frames (averaged over all the frames) of the top 10 ranks is shown for each functional network type. Random
control was computed on 10 surrogate datasets of random signals. D, Dynamic analysis of higher-order coordination (synchrony) of neuronal spiking activ-
ity using NeuroART (for details, see Mukherjee and Babadi, 2021). Example calcium traces that demonstrate significant second-, third-, and fourth-order
synchrony (only the calcium traces of the top 10 ranked cells are shown here). Figures are updated every 30 s, and a significant presence of synchrony is
indicated by red color. E, Example calcium traces that demonstrate significant suppression of second-order synchrony (only the calcium traces of the top
10 ranked cells are shown here). Figures are updated every 30 s, and a significant level of suppression of synchrony is indicated by blue color. In this exam-
ple, there are only a few active cells, and therefore there is no coordinated neural spiking activity. F, The NeuroART GUI readout for synchrony analysis. This
output is displayed below the image of the augmented FOV and the user can select between different types of downstream analyses which include syn-
chrony analysis. The top 10 ranked neurons are highlighted in the augmented FOV image where red, green, and blue represent the first, second, and third
ranked neurons.
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NeuroART facilitates multi-timescale downstream analyses during experiments. To demonstrate this capability, we
have implemented synchrony analysis of neuronal spiking activity, measuring higher-order correlations among neurons
based on the framework proposed by Mukherjee and Babadi (2021). A fast online deconvolution framework (Friedrich
etal., 2017) is integrated to the synchrony analysis pipeline to enable real-time synchrony analysis based on calcium activ-
ity traces. Synchrony analysis involves an adaptive greedy filtering algorithm based on a discretized Markov point process
model of ensemble spiking to identify higher-order correlations in spiking activity. Due to computational constraints, we
consider only up to fourth-order neuronal synchrony. During the real-time analysis workflow, the functional correlation net-
work gets updated every second while the synchrony of spiking activity is assessed every 30 s. Synchrony is indicated in a
bar graph that is distinct between periods of high synchrony (Fig. 5D) and periods of low synchrony (Fig. 5E) and is suitable
for display directly in the GUI (Fig. 5F).

Adjustable analysis time window

NeuroART includes the option to change the timescale of downstream analyses on the fly. By default, the real-time anal-
ysis app uses a cumulative window to analyze all acquired images for downstream functional analysis. However, the neu-
ronal network itself may evolve during long experiments. Thus, NeuroART includes an option to pick a custom sliding
window size (Fig. 1A, bottom left) such that real-time downstream analysis only includes a user-defined prior time window.
A smaller window size will allow observation of rapid changes in correlations which might better suit an optogenetic exper-
iment where characterization of short-term changes following a manipulation is most informative. The tradeoff is that
shorter window sizes provide a less stable estimation of the state of the neuronal network. This custom sliding analysis
window can be adjusted on the fly during an experiment. As one assessment of how the robustness of our analysis
depends on window size, we quantified how cell rankings change with analysis window size in both MST networks and
thresholded correlation networks, focusing on the top ranked neurons since those would likely be perturbation targets
(Fig. 5C). While cumulative analysis of all available images provides the most stable correlations, network rankings remain
stable down to window sizes of 30 s (Fig. 5C). Both MST networks and thresholded networks performed similarly with
regard to the stability of cell ranking. However, thresholded networks can be very sensitive to the threshold value chosen.
As aresult, using the MST method is more consistent from experiment to experiment, while thresholded networks allow a
wider range of choices for the sparsity of the resulting functional network.

Thresholded networks with certain threshold values may demonstrate more stability in some cases but it depends on
the underlying correlations within the network. The MST method is more generalized, and it is not required to change
parameters from experiment to experiment. Furthermore, thresholding correlations will ignore any weak correlations
completely and omit neurons, whereas MST benefits by including every neuron with at least one connection, even if it
has a weak correlation.

Live integration of sensory metadata: auditory cortex tuning example

The ongoing development of NeuroART will involve implementing optional modules for specific use cases. As proof of
concept, we have implemented a module that computes the frequency tuning of each neuron within an FOV of the auditory
cortex in real time during an experiment. The typical auditory neuroscience experiment involves presenting sounds that
span a range of frequencies within the animal subject’s hearing range. Sounds are presented repeatedly over many indi-
vidual trials (Fig. 4A). Depending on how neurons respond to presentations of different sound frequencies, we can assess
the “tuning” of each neuron (i.e., which sound frequency is most likely to drive activity) by constructing a receptive field
which averages the responses over all trials (Fig. 4B). The tuning module in NeuroART is optional and can be turned on
and off during the experiment. The module computes the tuning of each neuron as described previously (Bowen et al.,
2020) and uses information from all available trials to provide the best current assessment of tuning properties to the
experimenter. The tuning module periodically updates the augmented FOV with the color-coded best frequency of
each neuron (Fig. 4C). As a result, the experimenter can continue to add sound presentation trials and visually inspect
whether the measured tuning properties are robust. Furthermore, this feature enables auditory neuroscientists to get a
robust quantification of what part of the auditory cortex and tonotopic gradient they are recording from during image
acquisition.

Real-time 2P holographic optogenetic photostimulation: in vitro demonstration

NeuroART allows for tracking the activity of neurons of interest in real time. During imaging, five neurons are emphasized
automatically, with AF/Fq traces displayed and updated in real time (Fig. 1A, middle top). As described in the Materials and
Methods: Functional networks and neuronal ranking, these are the neurons that are most correlated to the activity of the
rest of the population as measured by degree in the functional correlation network. The user interface provides an option to
track the activity of these most correlated neurons or manually selected neurons in the FOV (Fig. 1A, middle bottom). While
tracking the activity of the neurons of interest, the NeuroART software enables 2P holographic optogenetic photostimula-
tion of the identified neurons for photostimulation. The coordinates in the imaging FOV are mapped to the coordinates in
the SLM based on a calibration process conducted prior to the live imaging session.

To demonstrate the real-time 2P photostimulation capability (Movie 1), calcium activity (inferred through AF/F, traces) of
primary rat embryonic hippocampal neuronal cells was analyzed in real time using NeuroART (see Materials and Methods for
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Movie 1. Demonstration of real-time holographic optogenetic stimulation of neuronal cells. A movie that was captured during real-time holographic
optogenetic stimulation of neuronal cells. This experiment was conducted using our custom-built dual beam path microscope and the Scanimage software
for image acquisition. [View online]

details). These cells were transduced using the bicistronic lentiviral vector, pLV[Exp]-Bsd-SYN1-jGCaMP8s-P2A-
ChrimsonR-ST, that provides robust coexpression of the calcium indicator (GCaMP8s) and the opsin (stChrimsonR) used
for holographic optogenetic stimulation (LaFosse et al., 2023). Imaging and photostimulation were performed using a
custom-built dual beam path microscope (Fig. 3).

Real-time analysis of the functional correlation network determines the neurons that are most correlated to the activity of
the rest of the population. These neurons were identified as potential targets for 2P holographic optogenetic photostimula-
tion. A separate photostimulation module is available within NeuroART to read the coordinates of the identified neurons, to
calculate, and to transfer phase masks to the SLM for 2P holographic optogenetic photostimulation (see Materials and
Methods for details). These projected phase masks generate holographic intensity patterns on the imaging plane of the neu-
ronal cells that lead to spiking events (action potentials) in the targeted neurons. Subsequently, the resulting network dynam-
ics of this perturbation can be observed in real time through NeuroART, enabling closed-loop 2P imaging and informed
optogenetic photostimulation experiments. Figure 6 demonstrates how the activity of a neuronal cell (indicated by the cor-
responding AF/Fg traces) was modulated by NeuroART through holographic optogenetic stimulation.

The criteria used for photostimulation can be modified based on the experimental needs (e.g., if a preidentified group of
cells becomes active, then automatically calling the callback function of the stimulation button in NeuroART).

Discussion

In summary, we have developed NeuroART, software that performs real-time neuronal activity analysis during an exper-
iment in a microscope platform-independent manner allowing for closed-loop experimental designs. NeuroART facilitates
live assessment of experimental quality and integrates information from longer timescales as part of the suite of real-time
downstream analyses. NeuroART demonstrates the integration of analysis tools from multiple labs into such real-time
analysis. Analysis of a range of complexities are integrated in a single workflow utilizing multiple timescales, from
30 Hz measurements of calcium traces to 2 Hz figure updates, 1 Hz correlation measurements, and 0.03 Hz synchrony
calculations. This enables identification of functional properties, such as the most correlated or synchronous neurons,
and performing informed holographic optogenetic stimulation. The software is also well suited for intuitive on-line optimi-
zation of experimental parameters.

We have also demonstrated real-time holographic optogenetic stimulation capabilities of NeuroART through in vitro
experiments involving primary rat embryonic hippocampal neuronal cells. NeuroART provides the user interface for simul-
taneous calcium image analysis, photostimulation, and observation of the resulting network dynamics in real time;
enabling experimenters to perform closed-loop neuronal stimulation experiments.

Furthermore, as chronic imaging of awake animals has become more common, behavioral training paradigms have
become more abundant. Real-time readout of neuronal activity in conjunction with behavioral variables (response
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Figure 6. Real-time holographic optogenetic stimulation of neuronal cells. The figures illustrate the response of a single neuron during a real-time
holographic optogenetic stimulation experiment conducted using a cell culture of primary rat embryonic hippocampal neurons. Optogenetic stimulation
(using the photostimulation laser, 1,064 nm, 80 MHz, 160 fs, 370 mW at the sample) was provided for a duration of 30 ms, every 3 s. The vertical lines were
drawn to indicate photostimulation events. A, Holographic optogenetic stimulation using optical vortex-shaped beamlets of light. The three trials shown
here correspond to photostimulation using optical vortices of three different sizes (vortex mode, L =5, 4, and 6 respectively). B, Holographic optogenetic
stimulation of the same neuron using disk-shaped beamlets of light. The two trials shown here correspond to photostimulation durations of 50 and 30 ms,
respectively, delivered every 3 s during photostimulation. NeuroART software facilitates adjusting these parameters (size of the beamlets, photostimulation
duration, and the photostimulation frequency) in real time during an experiment.

Table 2. Comparison of NeuroART to other available software tools for real-time analysis of neuronal activity: CalmAn Online
(Giovannucci et al., 2019), OnACID (Giovannucci et al., 2017), Vidrio Scanimage 2021, ClosedLoop (Zhang et al., 2018), Mitani
et al. (Mitani and Komiyama, 2018), and ORCA (Sheng et al., 2022)

CalmAn Mitani
ONLINE OnACID Scanimage ClosedLoop etal. ORCA
NeuroART (2019) (2017) (2021) (2018) (2018) (2022)
Motion correction 4 v v 4 v 4 4
Automated cell identification 4 v v X v X v
Fluorescence extraction v v v v v v 4
AF/Fq calculation v v v X v v v
Functional network analysis v X X X X X X
Multi-timescale analysis (e.g., correlations, synchrony) v X X X X X X
Identification of stimulation targets v v X X v X v
Real-time holographic optogenetic photostimulation v X X X X X X
Integration of sensory information 4 X X X X X v
Works on multiple imaging and operating systems (OS) v v X v X X v

latencies, hit vs miss trials) could allow a researcher to adapt their experimental conditions on the fly, based on the neu-
ronal population activity, or ensure that there is high-quality neuronal readout to pair with behavioral readout. For example,
behavioral imaging sessions typically start with a “passive” block to get a baseline reading of neuronal activity prior to
starting the “active” block where behavioral tasks are performed. Real-time analysis during a passive block could stream-
line this process and ensure that the imaging FOV will produce long-term consistent and high-quality neuronal population
recordings prior to starting the full behavioral paradigm experimental block. In our first demonstration of this approach, we
identify neurons during a passive block and subsequently infer tonotopy for each of the identified neurons.

This integration of sensory stimulation information, e.g., to quantify tuning preference of neurons, is one of the unique capa-
bilities of NeuroART. When compared with other recently developed software (Giovannucci et al., 2017; Mitani and Komiyama,
2018; Zhang et al., 2018; Giovannucci et al., 2019; Sheng et al., 2022) in this growing area, as reported in Table 2, NeuroART
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also enables real-time inclusion of functional network analysis, correlation analysis, and real-time holographic optogenetic stim-
ulation driven by knowledge gained from real-time analysis. With these unique features and its demonstrated ability to work with
several widely used microscope platforms, NeuroART is poised to enable novel closed-loop model-guided experiments.
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