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Optical segmentation-based compressed
readout of neuronal voltage dynamics

Seonghoon Kim 1,2,3,7 , Jongmin Yoon1,2,7, Gwanho Ko 1,2, Iksung Kang 4,
He Tian 5, Linlin Z. Fan 5, Yixin Li3,6, Guihua Xiao 3,6, Qi Zhang3,6,
Adam E. Cohen 5, Jiamin Wu 3,6, Qionghai Dai 3,6 & Myunghwan Choi 1,2

Functional imaging of biological dynamics generally begins with acquiring
time-series images, followed by quantifying spatially averaged intensity traces
for the regions of interest (ROIs). The conventional pipeline discards a sub-
stantial portion of the acquired data when quantifying intensity traces, indi-
cative of inefficient data acquisition. Here we propose a conceptually novel
acquisition pipeline that assigns each ROI to a single pixel in the detector,
enabling optimally compressed acquisition of the intensity traces. As a proof-
of-principle, we implemented a detection module composed of a pair of
spatial light modulators and a microlens array, which segments the original
image into multiple subimages by introducing distinct angular shifts to each
ROI. Each subimage exclusively encodes the signal for the corresponding ROI,
facilitating the compressed readout of its intensity trace using a single pixel.
This spatial compression allowed for maximizing the temporal information
without compromising the spatial information on ROIs. Harnessing our novel
approach, we demonstrate the recording of circuit-scale neuronal voltage
dynamics at over 5 kHz sampling rate, revealing the individual action potential
waveforms within subcellular structures, as well as their submillisecond-scale
temporal delays.

Temporal dynamics of neuronal membrane potentials serve as the
fundamental signal in neural computation1. In particular, action
potentials encode rich information in their millisecond-scale ana-
logue waveforms, such as the composition of ion channels, electrical
excitability, and neural connectivity, which are indispensable for
understanding neuronal physiology and pathology2–5. Patch clamp
recording, which measures the electrical properties of individual
neurons with an electrode, has long been the gold-standard tool for
studying neuronal waveforms due to its unparalleled temporal
resolution and signal-to-noise ratio (SNR). However, its experi-
mental throughput is low, typically limited to one neuron at a time,

and targeting the fine processes of neurons is often infeasible due to
the physical size of the electrode6. These limitations hinder a deeper
understanding of neuronal dynamics at a circuit level.

With recent advances in fluorescent voltage indicators, voltage
imaging has gained interest since it provides a non-contact optical
readout on voltage dynamics with subcellular-scale spatial
resolution7–15. This unique capability, in principle, allows for kilohertz-
scale recording of voltage dynamics in neural processes, as well as cell
bodies, in a large neural population9,10,16–21. However, simultaneously
achieving the subcellular-level spatial and submillisecond-scale tem-
poral resolutions over the wide field-of-view remains challenging due
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to the technical limitations of optical detectors22. For example,
increasing a camera’s acquisition speed is achieved by compromising
spatial information, either by decreasing the field-of-view (subarray
readout) or reducing the spatial sampling rate (pixel binning). Con-
sequently, achieving kilohertz-scale acquisition speed inevitably
accompanies spatial crosstalk among adjacent objects or sacrifices
field-of-view, which poses a fundamental challenge in capturing com-
plex dynamics from spatially entangled neural circuits.

For measuring functional neural dynamics, time-series images
are generally acquired first and the intensity traces from the selected
regions of interest (ROIs) are subsequently analyzed by spatial
averaging (Fig. 1a)20,23–27. In this conventional pipeline, the data size
of the acquired time-series images is proportional to the number of
pixels in the imagemultiplied by the number of frames. For instance,
an acquisition of 20 neurons with 512 × 512 pixels and a 1 kHz frame
rate at a 16-bit depth exceeds 30 GB in aminute. In contrast, the data
size of the resulting intensity traces for the 20 neurons is merely ~2.4
MB, corresponding to less than 0.01% of the acquired data. In this
regard, the conventional pipeline is deemed inefficient, because a
large portion of the acquired data, obtained at the cost of com-
promised temporal resolution, is discarded during the analysis28,29.

To address the limitation of the conventional pipeline, we devel-
oped a conceptually novel detection scheme named DeMOSAIC (Dif-
fractive Multisite Optical Segmentation Assisted Image Compression),
in which only a single pixel is assigned for each ROI so that the data
dimension of the acquisition matches that of the resulting data
(Fig. 1b). In the DeMOSAIC pipeline, the ROIs are preselected from a
snapshot image prior to time-series acquisition, and the field-of-view is
optically divided into a number of subimages configured to contain
individual ROIs. Consequently, the number of pixels closely matches
the number of ROIs, providing optimal efficiency in data size. We first
demonstrate the implementation of the DeMOSAIC system providing

optical segmentation by introducing a patterned blazed grating and a
microlens array along the detection path (Fig. 1c). Second, we show a
proof-of-principle that DeMOSAIC effectively realizes compressive
recording at >100 kHzwithout introducing spatial crosstalk. Lastly, we
demonstrate subcellular-scale voltage imaging of neural circuit
dynamics at a sampling rate of >5 kHz.

Results
Implementation of the DeMOSAIC system
We implemented the DeMOSAIC system as an add-on to the detector
port of an inverted epifluorescence microscope (Fig. 2a, Supplemen-
tary Fig. 1 and Supplementary Table 1). The sCMOS cameramounted in
the original detection path provided a snapshot image for the user-
defined selection of ROIs. Following ROI selection, we redirected the
detection beam path to the DeMOSAIC system using a motorized flip
mirror, which relayed the original image to the spatial lightmodulators
(SLM) for optical segmentation. In the meanwhile, we generated the
grating pattern for the SLMs by assigning one of eight 3-level blazed
grating patterns to each ROI, providing directional first-order diffrac-
tion at an angle of ~1° (Fig. 2a and Supplementary Fig. 2).

To impose phase modulation to unpolarized fluorescence emis-
sion, we divided the emission signal into s- and p-polarized beams by a
polarizing beam splitter (PBS) and introduced a pair of polarization-
sensitive reflective SLMs for each polarization (Fig. 2a and Supple-
mentary Fig. 1). In the beampath for the s-polarized beam, we placed a
half-wave plate at 45° to rotate the polarization by 90°. To account for
the reflection geometry at the PBS, we configured the input grating
pattern for the s-polarized beam to be inverted with respect to that for
the p-polarized beam. We coregistered the image planes of the SLMs
and the original image plane using the space transformation matrices
obtained by the point-based multimodal registration algorithm (Sup-
plementary Fig. 3). Consequently, we achieved distinct angular shifts
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Fig. 1 | Principle of DeMOSAIC. a A conventional functional imaging pipeline.
Time-series images are acquired first (image block size: M × N × T), and then
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proposed DeMOSAIC imaging pipeline. The ROIs are selected from a digital snap-
shot image prior to the acquisition. The subimages corresponding to individual
ROIs are optically segmented from the original image, and are assigned to each

pixel in a detector. Thus, the dimension of the acquired data closely matches with
that of the resulting data. c A conceptual illustration of the DeMOSAIC acquisition.
The original image is optically relayed to the ROI-based blazed grating pattern,
which provides distinct angular modulations for each ROI. Subsequently, the sec-
ond optical relay including a microlens array (MLA) projects each ROI-based sub-
image to each pixel in a detector.
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for up to 8 individual ROIs, while the remaining non-selected back-
ground remained in the zeroth order.

After angular modulation of the ROIs, we introduced another
image relay system comprising a microlens array (MLA) to segregate
individual ROIs into subimages. The MLA was fabricated by laser-
cutting of nine plano-convex lenses into 2.8-by-2.8mm2 square-shaped
lenslets and assembling them into a 3-by-3 square grid using optical
adhesive (Supplementary Fig. 4). This image relay systemprovided the
subimage plane (I3), composed of the central background subimage
and the surrounding eight ROI-based subimages. Each subimage
exclusively encodes the signal of the selected ROI, thus the intensity
trace for each ROI can be compressively recorded by a single pixel.

Having implemented the DeMOSAIC system, we evaluated its
feasibility for optical segmentation using a synthetic sample image.
Using a digital micromirror device (DMD) coupled to a red light-
emitting diode (LED), we projected a motorcycle-shaped light pat-
tern onto a mirror surface positioned at the sample plane. We cap-
tured a widefield image with an sCMOS camera (Fig. 2b) and
generated the ROI-based grating pattern to segment the motorcycle
into eight distinct parts (Fig. 2c). Next, the flip mirror redirected the
detection path to the DeMOSAIC beam path. Without the grating
pattern, all the signal was in the zeroth order (Fig. 2d, e). After dis-
playing the ROI-based grating pattern on the SLMs, the zeroth-order
signal was segmented and redistributed towards the selected first-
orders with high precision (Fig. 2d, e, Supplementary Fig. 5, and
Supplementary Note 1). Other than the user-defined selection of
ROIs, the process of DeMOSAIC acquisition is automated and is
completed within several seconds.

Demonstration of DeMOSAIC acquisition at 125 kHz
Given that DeMOSAIC acquisition provides optical segmentation
enabling compressed readout, we designed an experiment to
demonstrate its high-speed capability (Fig. 3a). First, we created a
set of graffiti letters (D, E, M, O, S, A, i, C) and loaded them onto
the DMD memory in the sequence of ‘i AM CODES’ and displayed
each letter sequentially at the maximum refresh rate of 9.5 kHz
(Fig. 3b). The sequential light patterns were projected onto a
mirror surface, and the reflected signal was recorded via DeMO-
SAIC acquisition. This synthetic sample poses a challenge for
conventional imaging approaches since it requires for both high
spatial resolution to distinguish the intertwined graffiti letters
and high temporal resolutions exceeding >19 kHz to avoid tem-
poral aliasing.

To capture the dynamic signal with a refresh rate of 9.5 kHz, we
employed a PMT array connected to a 125-kHz digitizer as a detection
module (Supplementary Figs. 1 and 6). After optical segmentation,
however, we observed inter-channel crosstalk, which primarily arose
from the −1st order diffractions (Fig. 3c, d). The measured diffraction
efficiencies for the 8 directions were 47.4 ± 11.9% for the +1st order,
13.6 ± 3.5% for the 0th order, 5.3 ± 0.3% for the −1st order, and the
residual 32.8 ± 9.4%% for higher orders. Diffraction towards diagonal
directions exhibited lower diffraction efficiency conceivablydue to the
pixelation of the grating. To resolve this issue, we employed a linear
unmixing algorithm, which computationally redistributed the zeroth
and −1st order signals to their corresponding +1st order channels
(Supplementary Fig. 6 and Supplementary Note 2). After applying the
linear unmixing, the signal improved to 63.2 ± 8.8%, while diffraction
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crosstalk decreased from 5.3% to 0.3%. Consequently, we faithfully
decoded the sequence of letters ‘i AM CODES’ by the DeMOSAIC
acquisition with a temporal resolution of 8 µs (Fig. 3e).

DeMOSAIC acquisition on neuronal calcium dynamics
Weproceeded to apply theDeMOSAIC acquisition for imaging calcium
dynamics of live neurons. To accomplish this, we adopted an EMCCD
camera due to its high quantum efficiency, minimal read noise, and
notably, the capability of analoguepixel binning. This capability, which
is not supported by the alternative sCMOS camera, enabled us to
customize pixel dimensions for optimized readout while preserving
low read noise (Supplementary Fig. 7).

To capture functional dynamics over a large number of neurons,
we optimized the acquisition pipeline (Fig. 4). First, we introduced
pixel binning along the vertical axis using the ‘asymmetric binning
mode’. In our demonstration, we used a subarray readout of 120 ×
120 pixels and introduced a vertical pixel binning of 40 pixels. The
overall pixel dimension was reduced to 120 × 3 pixels, with each
subimage containing 40 × 1 pixels. This barcode-like subimage
allowed to accommodate multiple ROIs in a subimage, particularly if
the ROIs were sparsely distributed along the horizontal axis in a
subimage. This configuration facilitated the simultaneous recording
of over 20 neurons with DeMOSAIC acquisition. Second, we
observed that the residual zeroth-order signal often saturated the
sensor and interfered with the nearby subimages. To address this
issue, we introduced patterned excitation, which selectively targets
the excitation light to the signal-producing ROIs (Supplementary
Fig. 8). The patterned excitation also offered advantages in reco-
vering the zeroth-order signal through the linear-unmixing algorithm
and minimizing photodamage to the neurons. Moreover, it enabled
robust delineation of the optical segmentation boundary using the
watershed algorithm (Supplementary Fig. 8).

DeMOSAIC acquisition on neuronal voltage dynamics
Harnessing the optimized DeMOSAIC acquisition pipeline, we
observed subcellular-scale voltage dynamics in an intact neural circuit.
We stained cultured neurons with a voltage-sensitive dye, BeRST1,
providing excellent response kinetics and linearity to membrane
potentials14,15. In a widefield fluorescence image, we selected 23 ROIs
from three neurons, encompassing their neuronal processes and cell
bodies. While recording their functional dynamics at a frame rate of
5.5 kHz, weperiodically applied electric field stimulations (pulsewidth:
1ms, pulse interval: 200ms), sufficient to elicit action potentials in
most neurons. Following linear unmixing, we extracted the voltage
dynamics for each ROI and represented them as ‘dF/F0’ (Fig. 5a).

To analyze the analogue waveform of the measured action
potentials, we temporally aligned the action potentials using the trig-
ger input to the electric field stimulator and averaged the 75 action
potentials, referred to as stimulus-triggered averaging. This process
increased the SNR by a factor of ~8. Subsequently, to eliminate the
direct electric field stimulation artifact, we treated the same neurons
with a sodiumchannel blocker, tetrodotoxin (TTX), suppressing action
potential generation, and repeated the same measurement and ana-
lysis. The obtained waveform for each ROI, corresponding only to the
stimulation artifact, was subtracted from the averaged action potential
waveform of the ROI, as reported previously (Fig. 5b)30. Individual
subcellular compartments showed distinct kinetic parameters of
action potentials, including rise/fall kinetics and spike width
(Fig. 5c, d).

We further applied the DeMOSAIC acquisition to quantitatively
investigate a spontaneously active functional neural circuit. In-depth
understanding of neural circuit function requires a faithful quantita-
tive analysis at the level of individual action potentials, referred to as a
single-trial analysis. However, waveform analyses on individual spikes
at submillisecond-scale temporal resolution (5.5 kHz) suffered from

a

Raw

Su
bi

m
ag

es

d

Widefield image Selected ROIs
Array PMT

#: PMT channel

Unmixed

0

1

Intensity

0

1

Int.

Mirror

1 2 3

4 6

7 8 9

5

b

e

Off
On

105 μs

All inputs

100 μs

i A M C O D E S

Channel 1
Channel 2
Channel 3
Channel 4
Channel 6
Channel 7
Channel 8
Channel 9

c

0

1
Unmixed

PMT channelPMT channel
1 2 3 4 5 6 7 8 91 2 3 6 7 8 9

Raw

4 5

40x
NA 1.05

0 +1-1 0 +1-1

Measured
(125 kHz)

Fig. 3 | Ultrafast acquisition of a dynamic image via DeMOSAIC. a The experi-
mental procedures of the DeMOSAIC acquisition equipped with a PMT array
detector. Each letter in the graffiti image was selected, segmented, and assigned to
each PMT channel. Scalebar, 200 μm. b Dynamic graffiti image. Using the binary
pattern display mode of the DMD, each letter is displayed sequentially at a refresh
rate of 9.5 kHz (105 μs for each letter with 105 or 210 μs intervals). c, d Linear
unmixing of inter-channel crosstalk. Inter-channel crosstalk by −1st order signals is

evident in the raw diffraction efficiency matrix and subimages (left). Linear
unmixing algorithm relocates the 0th and −1st order signals to the desired 1st order
(right). The dashed boxes indicate the −1st, 0th, and +1st orders for the letter ‘S’, as
indicated. Scalebar, 200 μm. e The 125-kHz readout of the dynamic graffiti pattern.
The data was acquired by a 9-channel PMT array at 125 kHz and post-processed by
applying the linear unmixing. The sequence is decoded as ‘i AM CODES’.

Article https://doi.org/10.1038/s41467-025-62663-4

Nature Communications |         (2025) 16:7194 4

www.nature.com/naturecommunications


low SNR, caused primarily by shot noise. To address this issue, we
employed a deep learning-based statistically non-biased denoising
technique, DeepCAD-RT, to the DeMOSAIC data31–36 (Fig. 5e). To our
surprise, the denoising algorithm demonstrated highly effective in
suppressing the shot noise, resulting in SNR improvement of over
2-fold without introducing significant waveform distortion (Fig. 5f).
Since single-trial data faithfully recapitulated the action potential
waveforms, we were able to reliably quantify the peaks and widths of
individual spikes, as well as their submillisecond-scale delays (Fig. 5g).

Additionally, we demonstrated an all-optical neurophysiology
study by integrating patterned optogenetics into the DeMOSAIC sys-
tem (Supplementary Fig. 9). In cultured neurons transfected with a
soma-targeted optogenetic actuator, STChRger2, patterned optoge-
netic stimuli were sequentially delivered to each target neuron using a
programmed DMD input while the DeMOSAIC system acquired vol-
tage dynamics at 4 kHz. The optogenetic stimuli reliably elicited action
potentials in targeted neurons and generated post-synaptic potentials
in functionally connected non-targeted neurons, providing single-
neuron scale information on effective functional connectivity.

In vivo applicability
To test the in vivo feasibility of DeMOSAIC, we first prepared a mouse
cranial window model with blood cells sparsely labeled with a fluor-
escent membrane stain, DiD (Fig. 6a, SupplementaryMethods). Under
anesthesia, the mouse was secured on a microscope using a custom-
built head fixative. We selected 7 ROIs along the pial blood vessels and
performed DeMOSAIC acquisition at 4 kHz, mimicking the line-scan
mode in laser-scanning microscopy (Fig. 6b-d). To measure the velo-
city of DiD-labeled blood cells, we extracted the space-time (x-t)
kymograph for each ROI and quantified the slope, corresponding to
the flow velocity (dx/dt).

For in vivo voltage imaging, we prepared the mouse cranial win-
dow model expressing soma-targeted Voltron2 in GAD2+ inhibitory
neurons, using the sameanesthesia andmounting procedures as in the
blood vessel imaging (Fig. 6f). In a widefield fluorescence image, tissue
scattering impeded observation of deep-lying cortical neurons,
resulting in signal-to-background ratio (SBR) of less than 1. To resolve
this issue, we introduced the morphology-based ROI-specific

illumination technique referred to as targeted illumination (Fig. 6g, h).
Compared to conventional widefield illumination, targeted illumina-
tion improved SBR by approximately an order-of-magnitude for layer
2–3 cortical interneurons located at ~100 μm depth. Additionally, we
expanded each segmentation ROI by 15% to capture diffuse fluores-
cence emission. Consequently, DeMOSAIC reliably acquired sponta-
neous voltage dynamics of multiple neurons in a living mouse brain at
4 kHz, enabling the detection of millisecond-scale latency in action
potentials between two neurons with a temporal resolution of 0.25ms
(Fig. 6j, k).

Discussion
We have reported a novel optical segmentation-based detection
scheme, DeMOSAIC, which assigns each user-defined ROI to aminimal
number of pixels in the detector. By minimizing the number of used
pixels in the detector, the DeMOSAIC system provides optimally
compressed data acquisition, advantageous especially for high-speed
functional imaging on spatially entangled structures. We demonstrate
its unique detection capabilities in a synthetic graffiti sample at
>100 kHz and in neuronal circuit dynamics at >5 kHz, which is chal-
lenging for the conventional detection scheme (Supplementary
Table 3). We expect the DeMOSAIC acquisition will open new oppor-
tunities for investigating circuit-scale neural dynamics at unprece-
dented spatiotemporal resolutions.

In conventional ROI-based functional imaging, spatial resolution
is required for defining the margins of the ROIs. Since the sensors of
conventional cameras are composed of an array of square pixels, a
large number of pixels is required to represent the margins and inner
areas of the ROIs at high spatial precision. Conceptually, our DeMO-
SAIC system resolves this inefficiency in spatial representation by
optically transforming the square pixel into the shape of the ROI.
Employing adaptive optics, the pixel-to-ROI transformation is flexibly
configured to match the spatial distribution of the ROIs. This spatial
compression constitutes the essence of the DeMOSAIC acquisition for
maximizing the temporal information.

The current DeMOSAIC system has room for further technical
improvement. First, we used a 3-by-3 MLA for relaying the zeroth and
first-order diffractions therefore the higher-order diffractions were
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discarded, and the collectionefficiencywas limited to ~70%. Expanding
the MLA to a 5-by-5 or larger array would enable the collection of
additional higher-order signals (Supplementary Fig. 4). In addition, the
electron multiplication gain of the emCCD camera introduces a shot
noise penalty by a factor of ~1.41. Replacing the detector with a low-
noise alternative such as a SPAD array could mitigate this noise pen-
alty. Combined, these improvements could yield a 2-fold increase in
signal-to-noise ratio. Second, the field-of-view of the current DeMO-
SAIC system is limited by the size of SLM active window (Supple-
mentary Fig. 8). Reducing the relaymagnification on the SLM increases
the field-of-view but also compromises the resolution for optical seg-
mentation. Introducing the SLMwith a higher pixel resolution can be a
solution to this problem. The smaller pixel size also accompanies

increase in the diffraction angle, thereby improving the maximum
collection NA (Supplementary Fig. 2). Third, the current DeMOSAIC
system, designed for the near-infrared window, lacks compatibility
with visible fluorophores due to the wavelength dependency of the
diffraction angle (Supplementary Fig. 1). The introduction of differ-
ently sizedMLAsmounted in a stepperwheel could facilitate the useof
diverse fluorophores across a broader spectral range. Fourth, post hoc
computational source separation algorithms27,37,38, which rely on dense
spatial information, may not be applicable to the data acquired by
DeMOSAIC. Developing a new algorithm tailored for the spatially
compressed data requires further investigation. Lastly, the ROIs are
preselected for theDeMOSAIC acquisition, so that the sampleneeds to
be stationary during the acquisition, which could be challenging for
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Fig. 5 | Recording subcellular-scale neuronal voltage dynamics at 5.5 kHz.
a Electrical stimulation evoked voltage dynamics recorded from the 23 ROIs at a
frame rate of 5.5 kHz. The shaded areas indicate the electric field stimulations.
b Stimulus-triggered averaging analysis of the voltage dynamics acquired in (a).
The electrical stimulation artifact was measured in the presence of TTX and sub-
tracted from the action potential waveforms. n = 75 spikes for each ROI. c The
resulting waveforms for the 23 ROIs. d Quantification of kinetics parameters from
the action potential waveform. The action potential waveform and its time deri-
vative are shown. tFWHM, full-width-half-maxima of the action potential. trise, the

10–90% rise time. tfall, the 90–10% fall time. e, Spontaneously spiking neural
dynamics acquired at 5.5 kHz. Thedenoised traces by applying theDeepCAD-RT are
overlayed with the raw data. f A representative single-trial recording of action
potential waveform. The data is from ROI 9 in (e). The denoised data (magenta) is
overlayed with the raw data (light pink). The residual is obtained by subtracting the
denoised trace from the raw trace. g Submillisecond time delays of action poten-
tials. The arrows indicate the peaks of action potentials. The ROIs 1 and 4 indicate
the soma and the connected neural process, respectively.
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in vivo imaging. In our in vivo study with head-restrained condition,
themotion artifact was nearly negligible, in the order of a micrometer,
which was readily mitigated as the neurons stayed stably within the
assigned ROIs. To further address this limitation, a closed-loop
approach could be introduced in which structural images acquired
in real time are used to automatically update ROI positions. These
updated ROIs can then be dynamically fed to the SLM or DMD, to
continuously track target neurons even under motion artifact. Alter-
natively, a single ROI may be divided into four subimages to function
as a quadrant cell photodetector for tracking the center-of-mass while
recording its intensity trace7.

Our DeMOSAIC system has a modular design so that it can be
flexibly integrated into a camera port of various widefield microscopes

(Supplementary Fig. 8 and Supplementary Table 2). The DeMOSAIC
system may be combined with structured illumination microscopy to
attain higher resolution in defining the ROIs39,40. For imaging thick bio-
logical specimens such as organoids, brain tissues, and whole organ-
isms, optical sectioning techniques such as light-sheet illumination,
temporal focusing two-photon excitation, or spinning disk confocal
microscopy can be applied39–42. Alternatively, targeted photostimulation
combinedwith optogenetic actuatorswill allowprecise control of neural
activities while recording the circuit-scale neural dynamics12,41,43–47.
Moreover, the DeMOSAIC system is also compatible with various
detectors for versatile applications. Faster detectors such as a
silicon photomultiplier array with a GHz digitizer can be adopted for
allowing fluorescence lifetime imaging35,48 or fluorescence correlation
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spectroscopy36,49,50. We anticipate that our DeMOSAIC system will be
broadly adopted to study complex dynamic phenomena.

Methods
Adetailed descriptionof allmethods is provided in the Supplementary
Material.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. Additional data are available
from the corresponding authors upon request due to the structure of
theDeMOSAICoutput. Requestswill be fulfilledwithin 2weeks. Source
data are provided with this paper.

Code availability
All the source codes written in Python and MATLAB are available on a
GitHub repository: https://github.com/Neurophotonic/DeMOSAIC.
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