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After over 30 years of advances, multiphoton microscopy (MPM) is now instrumental in a wide range of in vivo biological imag-
ing applications. However, it has, until recently, remained not achievable or affordable to meet the unmet need for fast monitor-
ing of biological dynamics and large-scale examination of biological heterogeneity. Only within the past few years have new
strategies emerged to empower MPM at a speed that was once inconceivable, notably at kilohertz two-dimensional (2D) frame
rate, and 3D rate or beyond. This Review highlights the latest high-speed innovations and discusses the potential of their syn-
ergism with other advanced, but less speed-centric MPM toolboxes. Recognizing these prospects and challenges could inspire
new approaches for reprioritizing imaging speed in future MPM developments.

in the past three decades, have unleashed the power to gener-

ate numerous high-definition views of cells, tissues and organ-
isms. Many frontier imaging methods now attain a spatial resolution
and image contrast that are undoubtedly beyond the imagination
of Robert Hooke, who asserted that ‘by the help of Microscopes,
there is nothing so small as to escape our inquiry’ in his masterpiece
Micrographia in 1665'. However, what often escapes our investiga-
tions is not just the ‘smallness; but also the fast dynamics of cel-
lular processes, which slip under the radar of existing microscopes.
Studying the rapidly evolving behaviour of live cells and tissue
in vivo, which holds the key to deciphering how cells maintain (or
lose control of) their functions in their native biological context,
is especially pertinent. Multiphoton microscopy (MPM) stands out
among state-of-the-art light microscopy technologies, primarily
because of its unique ability to harness the nonlinear light-matter
interaction to generate high-resolution (micrometre or even sub-
micrometre) and optically sectioned images even from deep (few
millimetres) and highly scattered tissues (for example, the brain,
skin and other organs). This attribute has proven instrumental in a
wide range of applications that involve in vivo animal imaging and
intact tissue imaging, notably neuroscience, developmental biology
and cancer research. Since its first working demonstration in 19907,
MPM has made remarkable progress in pursuing high spatial reso-
lution in deep tissue. However, development in scaling the temporal
resolution of MPM has long been lacking.

The fundamental hurdle to be overcome is rooted in the
extremely low probabilities of multiphoton (nonlinear) events (for
example, multiphoton absorption), as predicted by Maria Goppert-
Mayer in 1931°. To generate a plausible multiphoton signal strength
(or signal-to-noise ratio, SNR), the excitation light intensity has
to be concentrated in space as a focused spot and/or in time as a
short pulse (Box 1). This explains why the available MPM platforms
largely rely on a laser-scanning imaging strategy, that is, scanning
a spatially focused, pulsed laser spot across a plane to produce the
axially resolved images. Over the years, laser scanning speeds have

Leapfrogging advances in modern light microscopy, especially

progressively improved. However, many of the in vivo biological
dynamics known or believed to exist have remained out of reach until
recently. Notable examples include the millisecond dynamics of the
voltage changes of a neuron membrane, cell trafficking dynamics
and the in vivo contractile dynamics of striated muscle sarcomeres.
Furthermore, high-speed MPM could also find a new application
in high-throughput image-based screening. It is especially valuable
for revealing the cellular phenotypes that are uniquely read out by
MPM contrasts (for example, lipids, metabolites and other chemical
constituents revealed by coherent Raman imaging and cellular/tis-
sue structural anisotropy by second harmonic generation).

Within the past few years, we have witnessed an arsenal of novel
high-speed MPM strategies that overcome the speed limitations
of classical MPM modalities, especially those that are beginning
to enable two-dimensional (2D) full-frame MPM at kilohertz rate
or volumetric MPM imaging at video rate (and even beyond). It
is thus now more affordable to prioritize imaging speed in MPM
design and development. Given this acceleration in developments,
this Review aims to review the emerging fast MPM strategies from
the past five years, mainly in the context of multiphoton fluores-
cence imaging because of its triumphant high-speed demonstra-
tions in neurobiology and developmental biology. Identifying their
strengths and limitations, we will discuss the key challenges ahead
for high-speed MPM to support the continuing exploration of the
biological enquiries that were once inconceivable.

State-of-the-art methods for high-speed planar access

Traditional imaging strategies (for example, laser scanning using
galvo-mirrors) adopted in MPM (Box 2) face challenges if they are
to meet the continuing demand for speed. For example, if we were
to adopt the standard raster beam scanning approach to achieve
the kilohertz (2D) frame rate in MPM required for recording the
fast neuronal voltage dynamics in living brains, a line-scan rate well
beyond 1 MHz is required—a speed regime unattainable in any clas-
sical laser scanners. Different novel strategies have recently emerged
to scale MPM speed (Fig. 1a). Generally, the speed-scaling trend
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Box 1| Essential ingredients for MPM

Although wide-field MPM is feasible, it is generally fa-
vourable to spatially focus the excitation beam (mostly by
high-numerical-aperture (NA) optics), as the MPM signal scales
supralinearly with the excitation intensity and can thus be en-
hanced exclusively in the perifocal region. This naturally results in
an optical sectioning effect, minimizing tissue photodamage (see
figure). On the other hand, temporally concentrating the excita-
tion photon density in a short pulse is particularly advantageous as
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in the past five years does not scale only in the imaging frame rate
(beyond kilohertz), but also in the overall imaging throughput in
terms of the image pixel rate (beyond tens of megapixels per sec-
ond, or even hundreds of megapixels per second). As we will dis-
cuss in the following, this substantial progress is made possible with
new methods that share similar design rationales: (1) paralleliza-
tion of sample illumination (with multiple scanning foci, a scan-
ning line beam or even wide-field illumination), (2) multiplexing
of image acquisition spatiotemporally, as far as the available photon
budget allows (Fig. 2 and Table 1), and (3) a combination of these
methods with advanced strategies for enhancing the imaging field
of view (FOV; discussed in the section ‘Challenges and opportuni-
ties ahead’).

Kilohertz full-frame 2D MPM with spatiotemporal multiplex-
ing. MPM based on spatiotemporal multiplexing typically scans
multiple foci across the sample and records the image signals from
these foci simultaneously using a fast detector array/camera or
sequentially by a high-speed single-pixel detector. The general rule
of thumb is that the more the scanning foci can be generated, the
less the time needed to scan across the FOV (that is, higher frame
rate). In principle, an array of tens to hundreds of beamlets (in 1D or
2D) can be generated with minimal pulse broadening from an ultra-
fast laser beam by off-the-shelf optical devices, namely a microlens
array (MLA)**, diffractive optical elements® and a spatial light mod-
ulator (SLM)’. In practice, the overall frame rate of multifocal MPM
is also influenced by the speed (and sensitivity) of the photodetec-
tors and the scanning speed of the beamlets. Using a state-of-the-art
high-speed scientific complementary metal oxide semiconductor
(sCMOS) camera and careful design of the MLA-generated beamlet
scanning pattern, Zhang et al. recently achieved multifocal (20 x 20)
two-photon fluorescence microscopy (2PFM) at 1,000f.p.s., which
revealed fast microcirculation and calcium (Ca®*) dynamics in
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the MPM signal is known to be enhanced by a factor of 1/(zR)"~!
compared to the continuous wave excitation, where R is the pulse
repetition rate, 7 is the pulse width and m is the number of photons
involved in the process (that is, m =2 for two-photon absorption).
Thanks to the increasingly mature ultrashort pulsed laser technol-
ogy, all MPM systems now routinely run on excitation laser pulses
with subpicosecond width and a rate of 1-100 MHz, offering an
enhancement factor of at least 10*.
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awake mice brain at millisecond resolution (Fig. 2a)°’. A major
limitation of this method is the background arising from the scat-
tered fluorescence photons in tissue, which thus degrades the image
brightness and contrast when imaging deeper.

Instead of using a detector array or camera, multifocal MPM
signals can be acquired with a single-pixel photodetector sequen-
tially at high speed by temporally multiplexing the scanning foci.
This can be done by introducing a time delay between the scanning
foci, either passively or actively. A new technique, called free-space
angular-chirp-enhanced delay (FACED), employs a pair of pas-
sive (static) and almost parallel mirrors (similar to the concept of
an ‘infinity mirror’) to transform a line-focused pulsed laser beam
into a reconfigurable array of spatiotemporally multiplexed beam-
lets (~100 in practice) and achieved a line-scan rate as high as tens
of megahertz (determined by the laser’s repetition rate; Fig. 2b).
By adding a galvo-mirror (1.5kHz) to scan the linear array of foci
along the slow axis, this technique achieved 2D full-frame 2PFM
imaging up to 3,000f.p.s., capturing the millisecond dynamics of
the neuronal voltage events at subcellular resolution in the deep
mouse brain (345 pm below the brain surface)®. Note that this tech-
nique, when applied to fluorescence microscopy, should configure
the delay between neighbouring foci longer than the fluorescence
lifetime to minimize the crosstalk between the foci. When applied
to microscopy utilizing instantaneous coherent light scattering as
a contrast mechanism, the delay is only limited by the response
time of the photodetector’. Another similar approach of spatio-
temporal multiplexing is based on spectro-temporal encoding of
the scanning foci. This is achieved by active intensity-modulation
of a wavelength-swept source to generate a spectrally encoded
picosecond (~65ps) pulse train, then the pulses are sequentially
mapped into a linear array of foci on the image plane by a diffrac-
tion grating at a line-scan rate of 342kHz (Fig. 2¢)". Although
this technique has lower two-photon excitation efficiency because
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Box 2 | Traditional strategies for speed scaling in MPM

A classical approach for speeding up MPM imaging is to increase
the scanning speed of the spatially focused spot (mostly in a
raster-scan manner), as far as the laser scanner design and pho-
ton budget allow. The gold-standard laser scanner used in classi-
cal MPM is a galvanometric mirror (or galvo-mirror), which cur-
rently can achieve a line-scan rate of up to ~10kHz (panel a in the
figure)'®. Further speed improvement could be achieved by a ro-
tating polygonal mirror, which can scale the speed up to ~100kHz
(panel b in the figure). Combining two galvo-mirrors mirrors (one
resonant galvo and one conventional galvo) scanning orthogonal-
ly to each other, one could support bioimaging at a 2D video rate,
typically 10-30 frames per second (f.p.s.). For a typical image size
of 512 x 512 pixels, the frame rate of 30 f.p.s. results in a total pixel
rate of ~8 Mpixels~. This generally explains that the pixel rate of
many conventional MPM systems based on galvo-mirror scan-
ning (most prevalent in the first two decades after the first MPM
system was invented in the early 1990s) is well below 10 Mpixel s™*
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of the longer pulses, it allows 2PFM and two-photon fluores-
cence lifetime imaging microscopy (2P-FLIM) of microalgae at
a 2D frame rate of 2,000f.p.s. (or at a throughput of 10,000 cells
per second). One should note that pixel binning is necessary to
yield enough photon budget for high-fidelity lifetime extraction at
this speed. It thus compromises the spatial resolution in high-speed
2P-FLIM.

Subkilohertz wide-field MPM in 2D. Instead of using a scanning
array of discrete foci, high-speed parallelized acquisition can, in
principle, be realized by continuous wide-field illumination in 1D
or 2D. In this scenario, the imaging speed is largely governed by
the frame rate of the camera, which has been progressively acceler-
ated over the years. Despite state-of-the-art high-speed cameras (for
example, a SCMOS camera and a gated intensified camera'"'?) now
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(see the speed-scaling progress plot in Fig. 1a). Although the speed
of the galvo-mirror is fundamentally limited by mechanical iner-
tia, there is a family of non-mechanical (inertia-free) laser scan-
ners, including acousto-optic deflectors (AODs) and electro-optic
deflectors (EODs), that allow faster scanning at up to hundreds of
kilohertz, albeit compromising the angular scan range, number of
resolvable scan points and thus the imaging FOV'*.

To achieve volumetric MPM, the most common approach is
to translate the imaging objective lens axially using a mechanical
actuator (for example, a piezeoelectric scanner) and to perform
planar image acquisition at each axial step (panel c in the figure).
In general, due to the mechanical inertia of the bulk objective, 3D
MPM based on axial objective scanning is limited to a volume
rate of 1-10Hz, with a limited number of image planes'’, except
with a ‘roller-coaster’ scanning strategy that compromises
the scan depth (for example, 28 um at 150Hz and 17pm at
700 Hz)' ™2,

\.*
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enabling sensitive wide-field fluorescence imaging at a 2D frame
rate beyond 1,000f.p.s. at high resolution (>1,000x 1,000 pixels),
wide-field MPM faces two critical challenges to achieve a kilohertz
frame rate. First, widespread illumination across a large area signifi-
cantly reduces the excitation intensity and thus imaging sensitivity.
Second, wide-field multiphoton detection degrades the image qual-
ity with increasing imaging depth because of signal contamination
by scattered fluorescence photons. Among the available wide-field
approaches, temporal focusing (TF)"* and light-sheet illumination'
(also called selective plane illumination microscopy, SPIM) stand
out in pushing the speed limit of wide-field MPM.

TF is a ‘light sculpting’ technique in which multiphoton absorp-
tion is reinforced in the focal plane and rapidly diminished away
from it, resulting in optical sectioning even if the illumination is
spatially weakly focused'*"” (Fig. 2d). To obtain sufficient excitation
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High-speed two-photon fluorescence microscopy (2D)
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Fig. 1| Advances in high-speed 2PFM. a, 2PFM imaging throughput scaling from 2005 to 2020 (Supplementary Table). b-k, Recent 2PFM demonstrations
with kilohertz 2D frame rate (b-e) and >10-Hz volumetric (3D) frame rate (f-k). b, Flowing HEK-293T cells (top images) and the flow speed map in cerebral
arterioles (bottom). ¢, Glutamate activity in mouse cortical dendrites. d, 2PFM (left) and 2P-FLIM of Euglena gracilis (right). e, Kilohertz voltage imaging in
awake mouse brain. f, Multiplane 2PFM of mouse brain vasculature. g, Projected 2PFM of reticulospinal and vestibulospinal neurons in a larval zebrafish by
Gaussian (left) or Bessel (right) beam scanning. Arrowheads (same colour code as in the depth colour bar) point to example structures (neurons or axons)
at a deeper depth. h, Large-area 3D Ca?* recording in mouse posterior parietal cortex. i, 3D imaging of zebrafish heart beating. j, Neutrophil trafficking in
mouse cerebral cortex. k, Ca** dynamics (green) of cultured neurons at different depths overlaid with structural images (magenta). Scale bars, 10 pm (b-e)
and 50 pm (k). Images reproduced with permission from: b, ref. °, Springer Nature America, Inc,; ¢, ref. 7/, Springer Nature America, Inc.; d, ref. °, under a
Creative Commons license CC BY 4.0; e, ref. ¢, Springer Nature America, Inc.; f, ref. >4, Nature America, Inc.; g, ref. */, OSA; h, ref. 74, Elsevier; i, ref. %,

OSA; j, ref. “°, Springer Nature America, Inc.; k, ref. 2, OSA.

efficiency, wide-field TF MPM commonly employs high-energy
(on the scale of microjoules per pulse) short-pulsed lasers (sub-
picosecond) with low repetition rate (submegahertz) to boost the
multiphoton excitation enhancement factor 1/(zR)"~' (Box 1). A
wide-field (diameter of 60 pm) TF 2PFM system has achieved Ca**
imaging of GCaMP5 in the head of Caenorhabditis elegans at a 2D
frame rate up to 200f.p.s. (ref. '*). Special care should be taken to
ensure that the overall average power and thus thermal load depos-
ited on the biological samples are kept low to minimize the risk
of photoperturbation and photodamage'. To ensure sufficient
SNR and minimize the thermal load at high speed, one could also
carefully restrict the FOV of interest and reduce the parallelization
to 1D line-scanning, which appears to be more practically scalable
in the TF-based MFM speed'*.

Light-sheet imaging or SPIM is another promising parallel-
ized imaging strategy that offers tremendous promise in fluores-
cence imaging at high speed and with low phototoxicity (Fig. 2¢)*.
Similar to the case of wide-field TF, parallelization in two-photon
SPIM is preferably implemented in a 1D line-scanning mode (that
is, scanning of the illumination beam synchronously with the
camera readout) to attain sufficient SNR'**7** at high speed, for
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example, in vivo two-photon SPIM of the zebrafish heart at 488 f.p.s.
(ref. **). One technical restriction of SPIM is that the orthogonality
between the illumination and detection paths generally requires a
dual-objective geometry and thus generally limits its applications
to biological samples (for example, zebrafish larvae and Drosophila)
that can be easily immobilized and accessed from different orien-
tations. Different implementations of single-objective SPIM, which
are generally compatible with MPM, have recently been developed
and show initial promise to address this optical access issue without
compromising speed'>*>%.

Kilohertz computational MPM in 2D. Recently, a tomographic
imaging strategy also showed initial promise in achieving a kilo-
hertz frame rate”. This method applies sequential line-scanning
traversing the FOV along four different directions (or projec-
tions) and compresses all the pixels along the line-scan into a sin-
gle measurement by a detector (Fig. 2f). By leveraging the prior
morphological information of the sample (the brain structural
image at dendritic resolution) pre-captured using slow raster scan-
ning, one can reconstruct the fast dendritic glutamate transients
across the FOV from the four projections continuously recorded

803


https://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturephotonics

NATURE PHOTONICS

REVIEW ARTICLE

‘ Spatial and/or temporal multiplexing ‘

a b
2D multifoci array
P

M —
- : ,,/MM /i FACED — ﬁ
> / Diffraction grating -

5 Infinity mirror

Spectral encoding

X Cylindrical e
Galvo-mirror I
Microlens array ens \‘ A)
g o, »
Gal ® & . \ Galvo
alvo ® Galvo ¥ l scanning
scanning a0 L4 scanning >,
. ® . i e i) . 1 ————
. | =)
»
O
®

Scanning pattern

Scanning pattern

Scanning pattern

‘ Wide-field ‘
d e
Cylindrical Diffraction v l
lens _-grating e
I E \ - <« _>Galvo Galv‘o
‘ 7 scanning i
X N
Temporal focusing \ “«
(line scan) Scanning pattern Dual-objective SPIM Scanning paton
Tomographic ‘ ’ Targeted sampling
f g

Multiple (four)
line scans

Scanning pattern

Plane 1 .

AOD pair

Fig. 2 | High-speed strategies enabling planar MPM at subkilohertz to kilohertz frame rate. a, Generation of a 2D multifoci array (for example, 20 x 20)
combined with linear scanning of the array at a tilt angle. b, FACED: generation of a linear array of foci by an infinity mirror. ¢, Generation of a linear array of
spectrally encoded foci based on the use of a diffraction grating and a high-speed wavelength-swept source. d, Temporal focusing for wide-field MPM (in
1D). e, Wide-field MPM by SPIM using either a dual-objective or single-objective approach. f, Tomographic MPM, achieved by sequentially scanning a line
beam along four different orientations. g, Targeted/on-demand sampling. This accesses multiple areas on the plane at high speed either sequentially by
scanning the focus beam using an AOD or simultaneously by holographic projection using an SLM. Note that these targeted sampling methods can

also be achieved in 3D, that is, with multiple planes in the axial dimension.

at 1,016 f.p.s. The tomographic approach requires fewer measure-
ments than the compressive-sensing-based wide-field MPM, which
requires more measurements for final image reconstruction, and
hence is slower*. Nevertheless, the image reconstruction accuracy
in this tomographic approach requires a lack of axial sample motion.
It is subject to stronger prior information of the ‘sparseness’ for the
sample (typically employed in many other compressive-sensing
methods) as well as the fluorescence signal dynamics. These priors
are particularly applicable to many high-resolution brain-imaging
applications where the imaged neurons are sparsely populated and/
or the neuronal spiking activities are sparse. An additional SLM
masking was also employed to allow dynamical glutamate activity
recording within the areas of interest with the user-defined line-scan

804

patterns. Not only can this masking reduce signal mixing and ther-
mal load, but it also artificially introduces sparsity in the densely
labelled samples.

Kilohertz targeted sampling. A targeted sampling strategy can be
used if prior knowledge of the spatial information of specific struc-
tures (for example, neurons or vasculatures) is available. In a usual
protocol, these regions are first identified with a prior full-frame
scan in 2D or 3D. The laser focus (or foci) is then rapidly moved
(hopped), commonly by AOD scanners, to the identified regions of
interest in 2D or 3D for MPM excitation and readout (Fig. 2g). This
targeted approach is particularly favourable for accelerating the
imaging speed (compared to the raster scan) while maximizing the
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Table 1| Representative techniques to scale the MPM speed

Key technique

Working principle

Imaging
access

Imaging speed
(H2)
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Remarks and caveats

Ref.

Full-frame spatial
and/or temporal
multiplexing?

Wide-field®

Line-scan tomography

Target sampling®

Fast axial scanning

Multiplane imaging

Extending the depth
of field

Multifoci excitation

All-optical laser scanning

Spectro-temporal encoding

Light-sheet illumination

Temporal focusing

Scanned-line angular
projection

Random access

Inertia-free axial focus shift

Remote focusing

Axial spatiotemporal

multiplexing

PSF engineering

Planar

Planar

Planar

Planar and
axial

Planar

Planar

Planar and
axial

Axial

Axial

Axial

Axial

1,000 (2D)

1,000-3,000

(2D)

2,000 (2D)

<500 (2D);
1-10 (3D)¢

10-100 (2D)¢

1,000 (2D)

1,000s (2D);

10-100 (3D)

<100 (3D)

30-60 (3D)

10-100 (2.5D)f

1D fast galvo scanning of a tilted array of
2D foci (for example, 20 x 20) generated
by an MLA; presence of background
fluorescence arising from the scattered
fluorescence photons

Fast line-scan rate (>1MHz) by linear
virtual source array generation using an
infinity mirror; number of scanning foci
(~100) is governed by the infinity-mirror
geometry and fluorescence lifetime

Fast line-scan rate (>1MHz)

using a diffraction grating and fast
wavelength-swept source; fluorescence
excitation efficiency could be limited by the
narrow spectral width of each spectrally
resolvable focus

Optical sectioning by orthogonal
detection of light-sheet illumination;

the line-scanning mode is preferred for
sufficient SNR; imaging speed is limited
by the frame rate of the 2D image sensor;
signal crosstalk due to tissue scattering

Line-scanning mode is preferred for
sufficient SNR; imaging speed is limited
by the frame rate of the 2D image sensor;
special care is needed to minimize the
thermal load due to wide-field excitation;
signal crosstalk due to tissue scattering

High-speed sequential line-scanning along
multiple projections; single-pixel detection
of all line scans; additional computation
cost for image reconstruction; prior
knowledge of sample structure is required

Mainly based on an AOD; imaging speed
inversely scales with the number of
targeted points or effective FOV in 2D/3D;
prior knowledge of the sample is required;
susceptible to motion artefacts

Axial scan speed: ~1kHz (electrically
tunable lens) and up to 1MHz (TAG lens);
extra optical aberration introduced

Axial scanning at ~ 1kHz with minimal
optical aberration; extra relay optics
required

Nearly simultaneous multiplane imaging
at different depths; typically limited to a
few planes (2-6 planes) depending on the
laser’s repetition rate and fluorescence
lifetime

Using elongated PSF (Bessel, Airy and
V-shaped foci) to project a 3D image onto

a 2D plane; effectively transfer the 2D
frame rate to the volume rate; tailored for
sparsely expressed samples; axial resolution
compromised

14,22-25

13,19

27

29-35

39-41

45-49,74,86

51,54,74

56-61,73,88,89,94

2Full-frame refers to the full scanning coverage accomplished by the technique. ®"Wide-field 2PFM refers to two-photon excitation with continuous wide-field (line or plane) illumination instead of
discrete-foci illumination (for example, the techniques based on spatial/temporal multiplexing or targeted sampling). Both wide-field and discrete-foci illumination methods allow full-frame imaging.
<A time synchronization algorithm can be used to achieve an equivalent 3D frame rate as high as 168 Hz (ref. **). “Temporal focusing can also be used to engineer the shape of the scanning focus (not
necessarily diffraction-limited) for a raster scan’. ¢The reported imaging speed of target sampling is not often equivalent to the full-frame rate. Instead, it is the speed required to image one or multiple

regions of interest (of any arbitrary shape), which is not the entire full-frame region. 2D projection of a 3D volume.
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Fig. 3 | Strategies for high-speed MPM axial access. a, Inertia-free axial scan by an ETL or TAG lens, which controls the beam divergence and thus

the focal plane. b, Remote focusing by an objective and an axially scanned mirror (actuated by a voice coil motor) positioned at the conjugate plane of

the sample. This can also be done by transforming lateral beam scanning across a remote step-mirror into an axial focal shift. ¢, Axial spatiotemporal
multiplexing by splitting the excitation pulses into multiple time-delayed beamlets focused onto different depths. This is accomplished by multiple optical
delay lines or a reverberation optical loop. d, Axial projection by an axially elongated scanning focus (for example, a Bessel beam generated by an annulus
mask (or using an axicon or SLM) and an Airy beam generated by a cubic phase mask). One can also scan a stereoscopic V-shaped beam to generate twin

2D projection images that encode the axial information.

SNR and minimizing the thermal load and phototoxicity. There is
a major class of high-speed in vivo Ca** imaging techniques, called
random-access microscopy, that exploits the fast foci scanning and
switching stability of AODs**. Advanced random-access MPM can
scale up the Ca?* imaging speed to the kilohertz regime by carrying
out various fast user-defined scanning strategies, such as targeted
multiple subvolume, plane, line and point scanning, with a focus
jumping time on the order of microseconds and a line-scan rate of
up to 100 kHz (refs. **%). In general, there is a trade-off between the
speed and the number of targeted regions (for example, neurons)
that can be imaged (for example, Ca** transient recording of 5-30
neurons at a speed of ~1 kHz versus tens to hundreds of neurons at
a lower rate of 0.1-0.2 Hz; refs. **?). Taking advantage of new volt-
age indicator development, high-speed random access MPM has
also enabled direct recording of action potentials**~*°. It has been
used for tracking voltage spikes (for example, 25 scan points on
the dendritic tree*) in organotypic brain slice cultures as well as in
the cortical and hippocampal neurons of awake behaving mice at a
sampling rate of 15kHz per neuron®. The random-access sampling
strategy also can be adopted in digital micromirror device-based
2PFM to achieve focus scanning and switching up to 22.7kHz
(ref. *°). Apart from accessing multiple points in a sequence, an SLM
can be used to generate multiple random-access foci in parallel
and to adopt wide-field detection to allow imaging at high speed®.
A balance among the number of targeted points, the excitation
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efficiency and possible signal crosstalk due to tissue scattering is
necessary during experimental design. Random-access sampling is
susceptible to sample movements and can result in motion artefacts
that cannot be easily corrected post hoc, especially when imaging
awake behaving animals. Variants of random-access 2PFM involv-
ing driving the AODs to quickly scan alocal volume surrounding the
targeted points can minimize such motion artefacts’>*. Recently, a
real-time motion correction approach has been developed to track
brain movements at 1kHz and correct motion artefacts at submi-
crometre precision in behaving animals”.

State-of-the-art methods for high-speed axial access

To maintain a similar level of SNR and thermal load as 2D MPM,
volumetric MPM generally requires some degree of sequential
acquisition instead of full 3D parallelization, that is, scanning the
laser focus, foci or 1D/2D wide-field illumination beam/sheet in
the axial direction (Table 1). Hence, the overall volumetric rate has
to be scaled down. Because of the diverse methods for accessing
image information in 3D, the reported volumetric imaging rates
in the literature should be interpreted carefully. There are three
major strategies for volumetric MPM: (1) continuous volumetric
sampling, (2) discrete multiplane sampling and (3) projection
sampling by extended depth-of-field (eDOF). Recent advances in
high-speed access to the axial dimension have made video-rate
(>10Hz) volumetric MPM progressively more practical.
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Continuous volumetric sampling. In contrast to the mechanical
objective scanning methods (Box 2), various inertia-free methods
are now available to move the laser focus/foci axially, without the
need for translating the objective or sample. One approach is to use
focus-tunable lens™ (for example, electrically tunable lens (ETL)*
and tunable acoustic gradient-index (TAG) lens)** (Fig. 3a).
Combining the TAG lens with resonant galvo-scanners, full-frame
2PFM of Ca?* signals in the dendritic spines of neurons at a volume
rate up to 56 Hz across 60X 3.75x 40 pm® can be achieved®. Such a
TAG-lens approach can also be used for generating a 2D scanning
light sheet within a millisecond in a two-photon SPIM system™.
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The focus tuning design in both ETL and TAG lens generally does
not take into account the higher-order aberration. Hence, addi-
tional effort on wavefront shaping/engineering is necessary to
ensure diffraction-limited focus during the fast axial scan***'.
Another method is remote focusing, which controls focal shifts
via an additional remote objective and a scan mirror (typically
mounted with a voice coil motor*”) positioned at the conjugate
plane of the sample. As this remote scan mirror is typically light-
weight and thus of low inertia, the axial scan speed can be sig-
nificantly scaled up (1kHz) compared to the objective actuation*
(Fig. 3b). Although slower than a TAG lens, remote focusing allows
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the scan pattern to be more arbitrarily defined in 3D across a wider
range of focal shift (hundreds of micrometres)*>*” without extra
optical aberrations. Taking advantage of the flexibility of manipu-
lating the scan pattern in remote focusing, Chakraborty et al.
recently showed that the lateral beam scan motion can be effec-
tively transformed into axial scanning at 12kHz in 2PFM*. Lateral
beam scans (in 2D) have also been adopted in SPIM for full-frame
3D imaging owing to this orthogonal system configuration. As the
2D raster scan rate and the camera frame rate continue to advance
(beyond kilohertz), full-frame 3D SPIM at video rate or beyond is,
in principle, feasible?*, but is often compromised by the limited
sensitivity of the camera (down to a few hertz)'**>**>** and limited
by the photon budget. When prior knowledge of the dynamics is
available (for example, periodic contraction of a beating heart), one
could digitally reconstruct the 3D motion pictures in two-photon
SPIM up to 0.5kHz through post-processing synchronization of
the motion*.

Discrete multiplane sampling. Spatiotemporal multiplexing can
also be employed for multiplane imaging in MPM by splitting
the excitation pulse trains into time-delayed beamlets (nanosec-
onds apart), which are then focused on different imaging depths
(approximately four image planes (for example, ref. *'); Fig. 3¢). In
this way, the MPM signals are less susceptible to contamination by
light-scattering tissue because they can be registered to the specific
image planes based on their arrival time at the detector’’~>*. Another
approach for spatiotemporal multiplexing is the ‘reverberation
optical loop™, from which the laser pulse generates a sequence of
subpulses focused at different depths. This method allows multi-
plane 2PFM (four planes) of neuronal Ca** dynamics in the mouse
motor cortex and olfactory bulb at video rate (30 Hz). Notably, the
decreasing power trend along the subpulses sequence (due to the
cavity ring-down effect of the loop) could automatically balance the
increasing scattering loss in deep tissue, and a similar fluorescence
signal level can be obtained across all the image planes.

Projection sampling. Another strategy to scale up the volume
rate of MPM is to exploit eDOF imaging to capture a 2D projected
view of a volumetric structure (Fig. 3d). This is useful for imaging
sparsely labelled structures with minimal structural overlap in their
2D projections (for example, in neuronal and vasculature imaging
in brain volumes). This approach generates an axially elongated
focus, which can simultaneously read out the MPM signals within
an extended axial range, thus making the 2D scan rate equivalent
to the volumetric rate. The axially elongated focus can, in principle,
be generated in the form of a non-diffracting beam that maintains
its intensity generally invariant during propagation®. Practical
examples employed in MPM include the Bessel beam™* and the
Airy beam™*. Notably, scanning Bessel foci has enabled high-speed
volumetric 2PFM (~30-100Hz) of neural activity in the mouse
brain®® and zebrafish larvae”’, as well as vascular dynamics of mouse
brain®®. Robust operation of Bessel-based (or Airy-based) MPM
requires a greater average laser power than the standard configu-
ration using a raster-scan Gaussian beam, as the power spreads to
the side lobes of the Bessel and Airy beams, requiring attention to
the potential unwanted background signal and leading to an extra
thermal load on the sample. Note that, as well as the Bessel or Airy
focus, which is continuous along the axial dimension, multiple axi-
ally separated foci generated with an SLM have also been adopted
for 2PFM to simultaneously access different axial planes®. A dif-
ferent 2D projection approach is to raster-scan an elongated and
stereoscopic V-shaped point spread function (PSF) in 2D, which
effectively produces twin 2D projection images in which the spa-
tial offset between the projections encodes the axial information in
the volume® at a 2PFM volume rate of 30 Hz. For a more densely
labelled structure with temporally sparse dynamical patterns
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(for example, Ca?* transients), a signal demixing algorithm is neces-
sary to combat the increased background®.

Challenges and opportunities ahead

Biological dynamics cover 3D spatial scales spanning from single
cells (micrometres) to the whole-organ level (millimetres), includ-
ing local and long-range neuronal activities in the complex brain
network®. High-throughput in vitro imaging assays are now under-
going a dramatic shift to the use of organoid models (other than 2D
cell cultures), where 3D live characterization of intact organoids (as
large as millimetres) is becoming increasingly critical for large-scale
spatiotemporal studies of organogenesis®*. The full potential of
recent high-speed MPM developments could be exploited for these
growing demands, but only when the imaging range in both lat-
eral and axial dimensions can be maximized in deep tissue with-
out severely compromising image quality and fidelity. Here, we
highlight the fundamental challenges and how the aforementioned
frontier of high-speed MPM could bring new promise in pushing
such limits (Fig. 4).

Wider FOV. For a required spatial resolution (and thus NA), guided
by the application, enlarging the imaging FOV (that is, maximiz-
ing the image information capacity”) generally requires large beam
diameter and custom-designed optical elements, such as a larger
objective and laser scanners with larger lenses to support a wide
angular scan range*>*>*** or custom multiscale lens designs to cover
an ultra-large FOV”’. The system complexity often scales with the
imaging FOV, as more compound lens modules are required to
correct or reprioritize the optical aberrations that blur/distort the
large-FOV image and decrease the multiphoton excitation efficiency.
It is also feasible to achieve large FOV in MPM by carefully choosing
the combinations of off-the-shelf optics. It has been demonstrated
that systematic optical invariant analysis of commercially available
optics can be used as an effective design strategy for large-FOV
(diameter of 7mm) and high-resolution (<1.7-pm lateral resolu-
tion) raster-scan 2PFM"', with the caveats of additional loss of SNR
and extra aberrations introduced when combining multiple opti-
cal components. Another strategy for extending the effective FOV
is to access multiple distant areas on demand, as fast as possible,
for example by spatiotemporal multiplexing of multiple FOVs**
or by designing a fast rotating micro-optic-based beam scanner in
the post-objective space”. These large-FOV methods also demon-
strate the importance of also using fast scanning methods (mostly
resonant mirror scanners in these cases**>”?) in scaling the imaging
pixel rate up to tens to hundreds of megapixels per second (Fig. 1a).
To maintain high volumetric imaging speed, emergent large-FOV
MPM systems are expected to increasingly incorporate the afore-
mentioned fast axial scanning methods based on a TAG lens, ETL
and remote focusing (or equivalent) instead of the axial scan of a
heavy-weight objective. Notably, a Bessel beam scanning module
has been incorporated into a two-photon mesoscope for large-scale
volumetric brain imaging at synaptic resolution (recording >9,000
neurons within ~3mm?® at 1Hz; ref. ”¥). On some occasions, high
(diffraction-limited) resolution can be carefully compromised for
large FOV at high speed. For example, one could use TF to engi-
neer a large PSF (~ 5x5X10pm?) that is small enough to sample
a neuronal soma and its activity. Further combined with remote
focusing and signal extraction of partially overlapping neurons,
this method could record the neural activity of ~12,000 neurons
within a volume of 1 1 X 1.2 mm? and at a volume rate of ~17Hz in
awake mice’™.

Deeper penetration. The maximal imaging depth in MPM is fun-
damentally limited by light attenuation in the biological tissues,
which is a combined effect of light absorption and scattering”.
Although the excitation intensity can, in principle, be increased to
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maintain a decent level of SNR and imaging speed in deep tissue,
it introduces extra confounding factors, such as a higher thermal
load and elevated out-of-focus background’®””. As scattering and
absorption are wavelength-dependent, knowledge of the scatter-
ing/absorption spectra of the imaged sample and thus the opera-
tion (excitation) wavelength become key to achieving practical
deep MPM. To this end, three-photon (3P) excitation is advanta-
geous, in two key aspects, to overcome the depth limit: (1) its lon-
ger excitation wavelength (~1,300-1,700 nm or beyond), favouring
reduced scattering, especially in deep tissue (>600pm)”™ and (2)
the higher-order nonlinearity of 3P excitation, allowing stronger
excitation localization and reduced out-of-focus background when
compared to 2P excitation”. 3P fluorescence microscopy (3PFM)
for practical deep tissue imaging has not been well conceived until
very recently, thanks, in particular, to the advance in high-power
femtosecond laser technology (for example, ref. ”°) and rapid prog-
ress in redshifted genetically encoded fluorescence indicators®-*2.
The majority of the latest 3PFM systems have been particularly suc-
cessful in in vivo deep brain imaging (>500 um), but generally at
a modest 2D frame rate (~10£f.p.s.)"*’%*-%_ To maximize the imag-
ing rate of 3PFM, one could leverage the established high-speed
imaging strategies used for 2PFM, many of which are compatible
with 3PFM. Examples include 3PFM with remote focusing and
spatiotemporal multiplexing’**. This combined approach allows a
3PFM volume rate of 3.9 Hz (340 X 340 X 250 pm°®) at ~1-mm depth
through the intact cortex of the mouse brain’. Furthermore, paral-
lelization in 3PFM is, in principle, feasible, but with special atten-
tion to the high illumination power (~260mW)®. Restricting the
parallelization to 1D thus appears more favourable for live imaging.
Bessel beam excitation, using ~30-100mW, allows 3PFM in vivo
mouse brain imaging at a volumetric rate of 1 Hz, at ~100-600 pm
below the dura®™*.

To perform high-resolution live imaging beyond a few millime-
tres deep in biological tissue, the only viable approach so far has
been to implant the microendoscopic optical assembly (for exam-
ple, microprisms” and gradient refractive index (GRIN) lenses’"*?)
into the deep tissue region of interest based on minimally inva-
sive stereotactic surgical protocols”™. Careful optical design allows
incorporation of many of the aforementioned high-speed scanning
methods in the microendoscopic system, such that the high-speed
scanning foci can be relayed through the GRIN lens with minimal
aberration, for example, Bessel focus scanning™, targeted sampling
using patterned illumination” and multiplane random-access sam-
pling using ETL**”. The fast axial scan (tens of kilohertz) offered
by a TAG lens can also be implemented with two-photon microen-
doscopy to achieve an ~4-Hz volume rate”. To achieve high-quality
microendoscopy, the intrinsic aberration of GRIN lenses can be
corrected by either a custom-designed compound GRIN lens mod-
ule (for example, including aspheric microlenses”) or adaptive
optics (AQ)' 101,

Originally applied in astronomical telescopes, the AO meth-
ods applied in microscopy generally measure (direct and indirect
sensing) and correct the wavefront distortion of the excitation light
introduced by the tissue inhomogeneity and optical aberration
induced by the system, and thus restore nearly diffraction-limited
resolution. Details of the different AO methods are described in
refs. 121, Generally, direct sensing methods'*"'* are faster (<1s
to correct the wavefront), but they only work well with weakly scat-
tered tissue (for example, functional retinal imaging in vivo'®).
On the other hand, indirect sensing'*'*"'* is well suited for highly
scattered tissue at the expense of aberration-correction speed (tak-
ing seconds to minutes for aberration measurement). Recently,
an indirect sensing approach based on frequency multiplexing
was demonstrated to enable a 4X speed improvement over its
previous generation and could also be applicable to both 2PFM
and 3PFM'%.
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Better SNR. Going hand in hand with the strategies for increasing the
MPM imaging speed, the development of new high-energy pulsed
laser sources, the heart of all MPM systems, is a foundational approach
to maximize the photon budget. In general, lowering the laser rep-
etition rate and increasing the pulse peak intensity (that is, keeping
the average power constant) can effectively enhance the MPM signal
and reduce heating-induced tissue damage®*’”'’, but with the risk
of increased nonlinear photodamage and photobleaching''’. As the
interplay between (linear) photothermal damage and higher-order
nonlinear photodamage/photobleaching remains unclear and is likely
to be highly problem-specific (for example, imaging conditions and
the choices of fluorophore), an adjustable repetition rate is a practical
attribute for adapting to the different imaging/sample conditions and
thus achieving the best optimal imaging performance (with maxi-
mally permissible MPM signal) (for example, ref. ** for 2P-SPIM and
ref. 7* for 3PFM). Notably, the rapid progress in solid-state lasers''?
and rare-earth-doped fibre lasers''*"''® has led to versatile solutions
for low-repetition-rate (one to tens of megahertz) ultrashort pulses
(~100-200fs). As well as a tunable repetition rate, scalable power
tuning is also achievable, which is essential for high-speed imag-
ing based on multifoci or spatiotemporally multiplexed illumina-
tion patterns (sub-microjoules™) and wider wavelength accessibility
(1,000-1,700nm)”. The flexibility of fibre lasers has recently been
taken to a new level where the laser pulses can be adaptively gener-
ated to illuminate a region of interest to maximize the photon budget
in both 2PFM and 3PFM'*°. As far as speed scaling is concerned, one
can accelerate the imaging pixel rate by increasing the laser repetition
rate (maintaining the original pulse intensity is required). However,
the signal read out from each pixel requires averaging multiple laser
pulses in favour of a better SNR. Hence, the reported pixel rate of con-
ventional MPM systems (especially beyond five years ago) is generally
well below 1-10 Mpixel s~ (Fig. 1a). For a given laser repetition rate,
the room for averaging could be limited to maintain a high imaging
speed, especially when the 2D frame rate is required to reach the kilo-
hertz regime. In this scenario, a laser design with high pulse-to-pulse
temporal stability (better to be less than a few percent'”) and low
timing jitter also becomes increasingly critical to ensure low-noise
imaging at high speed. Progress in both laser technologies and imag-
ing techniques will also continue to spur the development of new
fluorescent probes that could favour efficient longer-wavelength
multiphoton excitation (for example, redshifted genetically encoded
calcium indicators'*'"; most importantly, it allows robust and
bright fluorescence emission at high speed (for example, geneti-
cally encoded voltage indicator (ASAP3)*)—all favouring better
imaging sensitivity.

Image restoration or denoising by computational methods is
another strategy to combat image SNR degradation at high speed
(because of shorter exposure times) and under the common low-light
condition found in MPM. In recent years, deep learning, especially
with convolutional neural networks, has shown impressive denois-
ing performance, superior to the classical denoising algorithms'*’.
For example, by training the convolutional neural networks with
low- and high-SNR image pairs, a content-aware image restoration
(CARE) method can effectively denoise the fluorescence images,
even when the light exposure is reduced by 60 times'”'. Apart from
using the matched pairs of training images (which are not always
available), self-supervised learning approaches'” and generative
models (cycleGAN)'* have recently shown promise in denoising
and can readily be applied to MPM imaging problems. Readers
can refer to recent reviews'**'* for more details regarding the
latest developments of deep learning augmenting the performance
of optical microscopy.

Concluding remarks
To push the limit of the overall imaging performance at high

speed (that is, wider FOV and/or deeper penetration with high
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image fidelity), new-generation MPM is expected, in the near
future, to involve reinvention of the existing high-speed strategies
described above in different combinations. This will inevitably
increase the complexity of the instrumentation, which will require
specialized (and costly) technical expertise and impede the acces-
sibility to advanced microscopes for the wider biological com-
munity. Hence, ongoing development should pay more attention
to the issues of how easily can the new MPM techniques reach
the hands of biologists?” and ‘how straightforwardly can the new
high-speed strategies be adapted to (and thus transform) existing
MPM systems?’

One barrier is the use of high-power Ti:sapphire lasers or para-
metric oscillators in the MPM system that are bulky (~10m?),
costly (US$200,000 or more) and require frequent maintenance.
The emergent high-power fibre lasers, as well as mode-locked
semiconductor lasers'*, are promising alternatives to traditional
light sources, offering equivalent or even better MPM imaging
performance with cost-effective, compact and turnkey opera-
tion. Equally challenging is the backend support for managing
high-speed data acquisition, processing and storage. For example,
a state-of-the-art high-bandwidth digitizer is essential to support
2D kilohertz MPM, which could require an image pixel rate of hun-
dreds of megapixels per second or more (Fig. 1a). For continuous
image recording, traditional offline image processing (reconstruc-
tion, denoising, segmentation and so on) will become an increas-
ingly daunting task due to the sheer amount of raw data. Hence,
there is a pressing need for improved capability for real-time,
in situ high-performance data processing (for example, using a
field-programmable gate array and/or graphic processing unit) as
data are generated from the imaging front end. However, success-
ful deployment of these computational procedures (for example,
distributing real-time computation steps in hardware with pipeline
parallelism) requires expert knowledge in hardware computation
design and engineering, which might not be readily available in
many biological research laboratories.

Wider dissemination requires a cohesive community of
MPM developers that can promote collective initiatives in
offering open-access resources, including laser design, imag-
ing instrument hardware, imaging protocols, sample prepara-
tion and image-processing pipelines (for example, several SPIM
open-source projects'”’). Given that the increasingly diverse
high-speed methods are implemented as an add-on to standard
MPM systems (for example, modules of ultrafast laser scanning,
remote focusing and random access), repertoires of modularized
options could be provided in the open-access platform for devel-
opers to custom their MPM system according to their target appli-
cations'*. This requires coordinated effort within a home-building
community that will make different technical specifications trans-
latable and compatible between different laboratories, promote
image data standardization and interoperability, and ultimately
ensure full system customizability. It is equally critical to estab-
lish a more intensified scientific synergism between microscope
developers and biologists than ever. This collaboration will ensure
that advanced MPM systems will be tailored and refined to tackle
well-defined biological problems, enabling innovative develop-
ment and tangible discoveries to proceed in parallel (for exam-
ple, the Allen Institute’s OpenScope project). Overall, the recent
breakthroughs in scaling MPM speed have created diverse possi-
bilities to break the status quo of this three-decade-old technol-
ogy, and, while continuing to fuel the intense interest in studying
fast dynamical neuronal activities, they could also drive explora-
tions of new applications in other areas, notably high-throughput
image-based screening using MPM.
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