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ABSTRACT: Imaging ultrafast, faint biological events at micro- ’

second resolution remains a significant challenge. Compressive ‘ Temporal | > Frame 1§

limitations, yet existing implementations are often hampered by S~ e el

complex hardware and insufficient sensitivity, severely restricting +

their utility in biological studies. Here, we introduce a compressive ‘
= B — =

mechanism of a standard EMCCD camera to achieve ultrafast ~

imaging beyond one million frames per second. Integrated

seamlessly with a conventional fluorescence microscope, we --

demonstrate its capability by directly recording neuronal action 0.2 ms 0.4 ms

potential propagation with microsecond resolution, showcasing its

sensing provides a promising framework to overcome the speed M Shea””g transfer .
A2/

imaging technique that repurposes the intrinsic frame-transfer

potential as a versatile and accessible tool for high-speed biological imaging.

KEYWORDS: ultrafast compressive imaging, neuronal voltage propagation, frame-transfer camera, snapshot compressive imaging,
fluorescence voltage imaging

B INTRODUCTION In SCI, the temporally sheared and spatially encoded data cube
(%, y, t) is projected onto a 2D sensor, from which high-speed
image sequences are subsequently reconstructed from the
compressed measurements. A variety of temporal shearing
mechanisms have been employed, including external high-
speed encoding devices such as piezoelectric stages, digital
micromirror devices, and galvanometric scanners,” % as well
as intrinsic row-shift mechanisms found in cameras such as
time-delay integration, rolling shutter, and streak cameras.”' ™
Notably, when combined with a streak camera, SCI can
achieve temporal resolution in the picosecond regime, making
it one of the fastest imaging modalities reported to date'® and
enabling ultrafast imaging applications once out of reach.'®~"”
Nevertheless, existing platforms still lack the instrumental
simplicity and sensitivity required for photon-starved applica-
tions, such as imaging fast and faint fluorescent transients in
biological samples.

To address these challenges, we developed a minimalist
ultrafast compressive imaging technique that leverages the
inherent mechanism of a standard frame-transfer electron
multiplying charge-coupled device (EMCCD) camera. Our

Direct visualization of propagating voltage signals in neurons is
essential for unraveling the spatiotemporal dynamics of neural
circuits, which is a cornerstone for understanding brain
function and its neural basis in cognition and disease. Recent
advances in fluorescence voltage indicators have enabled all-
optical electrophysiology, offering a powerful paradigm for
noninvasive monitoring of large neuronal populations."”
However, the full potential of these indicators is constrained
by the challenge of capturing their ultrafast fluorescence
transient. Neuronal action potentials can travel at speeds over
meters per second in the living brain, with the associated
fluorescence transient lasting only microseconds.”® This
necessitates imaging systems with both high temporal
resolution and high sensitivity to capture these faint and
fleeting signals. While advanced high-speed cameras capable of
capturing over one million frames per second are available,
their speed typically comes at the expense of dynamic range
and sensitivity, limiting their ability to detect faint fluorescence
transients.” Consequently, existing methods often rely on
slower but more sensitive cameras, estimating fast dynamics via
frame interpolation based on known signal models.” Such
inference-based strategies are inherently limited and can lead
to a loss of information when imaging microsecond-scale
voltage dynamics.

In recent years, snapshot compressive imaging (SCI) has
emerged as a high-speed imaging technique capable of
exceeding the native frame rate of conventional cameras.”’
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Figure 1. Working principle of the frame transfer-enabled ultrafast compressive imaging (FT-UCI). (a) Schematic comparison of standard kinetic
and FT-UCI modes. (b) Timing diagram of frame transfer and exposure control. n, number of lines shifted between subframes; 7, line shift time.
(c) Illustration of moving-object imaging in kinetic and FT-UCI modes.

core innovation lies in repurposing the camera’s frame-transfer
process as a precise, linear temporal shearing operator, granting
our system the capability of microsecond resolution while
eliminating the requirement for any external spatiotemporal
modulation devices. By integrating our method seamlessly with
a conventional fluorescence microscope, we harness the
EMCCD’s exceptional sensitivity to enable the visualization
of action potential propagation with unprecedented temporal
resolution, revealing fine temporal features of propagating
signals that are difficult to resolve with conventional frame-
limited imaging techniques.

B RESULTS
Working Principle

The frame-transfer architecture in EMCCD cameras enables
mechanical-shutterless imaging by quickly transferring the
photon-generated charges within milliseconds from the
photosensitive array to a shielded storage region, allowing
continuous real-time image acquisition. In this work, we
leverage this rapid transfer process to realize frame-transfer-
enabled ultrafast compressive imaging (FT-UCI), operating
under similar principles of snapshot compressive imaging” and
compressed ultrafast photography.'* During the frame transfer
process, the spatially encoded three-dimensional scene (x-y-t)
is temporally sheared and projected onto the two-dimensional
sensor (Figure 1a). The entire process can be represented by a
linear forward model: E = TSCI, where I, is the input
dynamic scene, E represents the measured image, C denotes
the spatial encoding operator, S represents the temporal
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shearing operator inherited from the frame-transfer process,
and T is the spatiotemporal integration. Given prior knowledge
of the operators, the original dynamic scene I can be
computationally restored by solving the minimization problem

of

- f1 2
I= —||[E-TSCI||; + Ap(I
arg min{ 2 B-TSCIlE + 20(0) | o

in which A and @(I) are the regularization parameter and
function, respectively. To solve eq 1, we employ a generalized
alternating projection-total variation algorithm, which has been
widely used to reconstruct natural scenes in existing
compressive imaging techniques.zo’m

The frame rate of the FT-UCI microscope is given by (n, X
7,)”!, where n, is the number of lines shifted between
subframes and 7z is the line shift time (Figure 1b, c). During
frame transfer, each subframe is illuminated by a light pulse
with a duration < 7, to mitigate interframe smearing. The
EMCCD camera employed in this work (1024 X 1024,
ProEM-HS, Teledyne) supports configurable line shift time 7,
0f 0.7, 1.2, 2, or S us. When operating at n, = 1 and 7, = 0.7 s,
the system achieves a maximum frame rate of 1.43 million
frames per second (fps). Increasing n, reduces the overlap
between successive subframes, favoring higher-quality image
reconstruction at the expense of temporal resolution. Notably,
when subframes are fully transferred without spatial overlap
(e.g, when the subframe line count equals n,), the camera
switches to the standard kinetic mode.”” In this mode, it
captures a sequence of discrete subframes at reduced speeds,
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Figure 2. Schematic of the compressive ultrafast imaging microscope. f, and f, are x and y-focusing cylindrical lenses with focal lengths of 400 and
100 mm. In FT-UCI mode, a switchable binary mask is positioned at the intermediate plane for spatial encoding.
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Figure 3. Fluorescent beads tracking with both FT-UCI and kinetic imaging modes. (a) Trajectories of moving beads captured in kinetic mode at
4, 000 fps. Images show 10 even-numbered frames out of a 20-frame sequence; frame-to-frame time interval, SO0 ys. (b) Trajectories of the same
beads captured in FT-UCI mode at 25, 000 fps (left) and 1.43 million fps (right); dashed lines indicate fine-scale trajectories at discontinuities
highlighted in (a); images show 2- and 20-frame intervals (80 and 14 us) extracted from 108- and 130-frame sequences, respectively. Laser
intensity: 85 W cm ™ (pulse duration = 7,) for all tests.
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Figure 4. Ultrafast compressive imaging of action potential propagation. (a) Schematic of the extracellular field stimulation (40 V, 1.2 ms pulse;
left) and corresponding imaging time diagram (right). (b) Widefield fluorescence image of a cultured neuron expressing HVI*-Cy3b voltage
indicator. (c) Action potential propagation time maps reconstructed from kinetic mode (4, 000 fps, left) and FT-UCI mode (20, 000 fps, right)
recordings of the neuron shown in (b). (d) Selected frames from the action potential propagation movie reconstructed from the FT-UCI mode. (e)
Voltage traces extracted from three colored ROIs in (b). (f) Voltage traces from five consecutive ROIs along the neurite (zoomed box in (b)), with
the insets showing magnified rising phases. An average of 36 and 43 trails were used in FT-UCI and kinetic modes. (g) Timing of action potentials
across the neurites in five neurons (mean + SD, n = S tests). The ROIs were evenly distributed across the neurites. Data is shown for the neuron in
(b) (diamonds) and four additional neurons (dots). Linear regression (dashed lines) indicates a propagation velocity of approximately 150—500
um ms™", Laser intensity: 3, 500 W cm™ (pulse duration = 7,) for all tests.

eliminating the need for computational reconstruction (Figure
la). The temporal imaging window, determined by the
product of the number of transferable lines and line shift
time, typically spans 1—5 ms, rendering it fit for imaging the
dynamics of millisecond neuronal action potentials.

Experimental Setup

We implemented the ultrafast compressive imaging paradigm
on an upright fluorescence microscope (BXS3, Olympus)
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(Figure 2). The excitation source was a 532 nm continuous-
wave laser (MLL-FN-532, CNI, Changchun). Its output was
coupled to a @ 200 um, 0.22 NA multimode fiber for delivery.
An embedded acousto-optic modulator with a 1 MHz analog
bandwidth enables the laser to precisely tailor the illumination
pulses for specific imaging. We shaped the fiber output using a
pair of orthogonally oriented cylindrical lenses (LJ1S67RM-A
and LJ1363RM-A, Thorlabs). The resulting elliptical beam was
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subsequently focused through an objective lens (1.0 NA,
XLUMPLFLN20XW, Olympus), producing a focal spot of
~222 pum X 56 um. Fluorescence emission was reflected by a
dichroic mirror (DMR-5S0SP, LBTEK), filtered by a long-pass
filter (MEFH10-550SP, LBTEK), and finally projected onto
the camera sensor by a 1:1 relay lens (TECHSPEC, Edmund).
At the intermediate plane, an adjustable stop was used to
define the effective field of view for both FT-UCI and kinetic
modes. When operating in FT-UCI mode, a transmission
pseudorandom binary mask was inserted into this plane to
realize spatial encoding. To characterize the spatial resolution
of the system, we imaged a USAF 1951 resolution target under
FT-UCI mode; the microscope resolved the line patterns in
Group 7, Element 6 (line width 2.19 ym) (Figure S1).

Experimental Demonstrations

We first imaged fast-moving fluorescent beads using the FT-
UCI microscope. A mixture of fluorescent beads with
diameters of S, 10, and 20 ym was embedded in agarose and
mounted on a motorized translational stage moving linearly at
0.1 um ps™'. Same beads can be imaged repetitively under
both kinetic and FT-UCI modes. In kinetic mode, 20 frames
were captured at 4, 000 fps (n, = 50, 7, = 5 ps; 400 X S0 pixels;
Figure 3a). In FT-UCI mode, 108 and 130 frames were
recorded and restored at 25, 000 fps (n, = 8, 7, = S us; 400 X
160 pixels) and 1.43 million fps (n, = 1, 7, = 0.7 us; 400 X 160
pixels), respectively (Figures 3b and S2). In both imaging
modes, the short exposure time (z,) ensured motion artifact-
free imaging. Because its frame rate was insufficient to fully
sample the rapid movements, kinetic mode produced
discontinuous trajectories. In contrast, compressive imaging
mode achieved both higher frame rate and vertically expanded
field coverages. This enhanced temporal sampling yielded
smoother trajectories, demonstrating its capability for micro-
second-resolution dynamic studies.

Next, we imaged action potential propagation in cultured rat
hippocampal neurons expressing HVI*-Cy3b voltage indica-
tor.”® Action potentials were evoked by field stimulation using
a pair of platinum wire electrodes (1 mm diameter, 15 mm
separation) positioned 2—3 mm above the cultured neurons,
which were centered between the electrodes. Square pulses (45
V, 1.2 ms) were delivered by a stimulator triggered every 15 s
via a digital delay generator, and neuronal activity was imaged
using both kinetic and FT-UCI modes (Figure 4a). In kinetic
mode, 20 frames were captured at 4, 000 fps (n, = 25, 7, = 10
us; 190 X 25 pixels); in FT-UCI mode, 90 frames were
recorded at 20, 000 fps (n, = S, 7, = 10 us; 190 X 62 pixels).
Note that 2 X 2 hardware pixel binning was used to increase
the signal-to-noise ratio, consequently doubling the line shift
time and exposure time. Compressed images were robustly
restored by the space- and intensity-constrained reconstruction
framework with prior knowledge of neuronal morphologies.”*
Action potential timing (Figure 4b—d and Supporting
Information Video) was estimated using the SNAPT algorithm
developed to map voltage propagations from recordings at
kilohertz frame rates.

For large temporal delays across neuronal structures, both
imaging modes achieved consistent voltage propagation
characteristics, revealing a voltage propagation speed of 301
+ 53 yum ms™' (mean + SD, n = 6 neurons) in major neurites
(Figure 4b, e), consistent with previous research.”™*" We
further examined voltage propagation along a ~27 pm-long
neurite segment by analyzing the signal profiles from five
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consecutive regions of interest (ROIs) (Figure 4b, f). The
action potential propagated across this segment in approx-
imately 80 ps. As a result, kinetic mode failed to resolve fine-
scale dynamics due to its constrained temporal resolution (250
us frame time). In contrast, the S-fold better temporal
resolution in FT-UCI mode enabled more accurate temporal
characterizations, retrieving naturalistic voltage dynamics
(Figures 4f, g and S3). These observations underscore the
efficacy of our microscope in studying rapidly propagating
action potential, with potential applications including direct
imaging of propagation along fast-conducting fibers and
submillisecond electrical coupling via gap junctions.”* "'

B DISCUSSION AND CONCLUSION

In summary, we developed a minimalist compressive
fluorescence microscope that exploits the frame transfer
mechanism of a conventional EMCCD camera to enable
ultrafast imaging exceeding one million frames per second. Our
technique distinguishes itself from the state-of-the-art snapshot
compressive imaging and compressed ultrafast photography
platforms by generating the necessary temporal shearing
through the camera’s internal frame-transfer process. Rather
than matching the extreme temporal resolution achievable with
streak cameras, our approach strikes a practical balance
between microsecond-scale temporal resolution and high
sensitivity. Furthermore, it eliminates the need for external
temporal-shearing devices, such as piezoelectric stages® or
galvanometric mirrors.'” The high sensitivity of the EMCCD
camera also favors fluorescence imaging compared with
snapshot compressive imaging that levera%es conventional
time-delay integration and sCMOS cameras." ' Importantly,
our technique remains compatible with standard fluorescence
microscopes while offering system-level advantages, including a
compact integrated architecture, simplified optical alignment,
and the absence of mechanical moving components.

Our approach capitalizes on the EMCCD camera’s intrinsic
high sensitivity and dynamic range, which is essential for
resolving ultrafast, weak fluorescence transients, such as the
neuronal action potentials imaged. Furthermore, the electronic
pixel shifts in frame transfer result in a linear and precisely
controllable smearing process to shear the three-dimensional
spatiotemporal data cube, thereby avoiding the nonlinear
distortions that can occur with mechanical shearing strat-
egies.'” This inherent linearity significantly simplifies the
reconstruction process, enabling high-fidelity imaging without
additional postacquisition calibration associated with mechan-
ically sheared systems.’” The temporal resolution of the FT-
UCI technique is limited by the camera’s 0.7 ys minimum line
shift time. Furthermore, the field of view is constrained by the
number of transfer lines employed for temporal shearing,
introducing a trade-oft between temporal depth and spatial
coverage. With the 1024 X 1024 sensor and the given line shift
time, the achievable temporal depth is only a few milliseconds,
making it insufficient for imaging longer transients. Improving
the temporal resolution and depth would require a frame-
transfer camera with a higher pixel count and faster line shift
capabilities, which would correspondingly increase system cost.

While current mapping of voltage propagation requires
multitrial averaging (n > S) to enhance signal-to-noise ratio for
accurate reconstruction (Figure S4 and Supporting Informa-
tion Video), continuous advances in voltage indicators could
enable reliable single-shot measurements—essential for captur-
ing nonrepeatable dynamic events, such as stochastic neuro-
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transmitter release or spontaneous network bursting. We
anticipate that our technique will enable new investigations of
a wide range of fast biological processes at microsecond time
scales.
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