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Light ¯eld microscopy (LFM), featured for high three-dimensional imaging speed and low pho-
totoxicity, has emerged as a technique of choice for instantaneous volumetric imaging. In contrast
with other scanning-based three-dimensional (3D) imaging approaches, LFM enables to encode
3D spatial information in a snapshot manner, permitting high-speed 3D imaging that is only
limited by the frame rate of the camera. In this review, we ¯rst introduce the fundamental theory
of LFM and current corresponding advanced approaches. Then, we summarize various applica-
tions of LFM in biological imaging.
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1. Introduction

Three-dimensional (3D) in vivo imaging is of great
signi¯cance to understand dynamic biological pro-
cess, such as neural activity,1,2 immune response,3

heart beating,4,5 blood °ow,6 etc. Traditional tech-
niques developed for 3D in vivo imaging, such as
confocal microscopy and multi-photon micro-
scopy,7,8 are based on sequential point-scanning,
therefore require plenty of time for obtaining a 3D
volume of information. In the last decades, to
improve the imaging speed, light sheet °uorescence
microscopy (LSFM)9–11 has been developed.

According to the selective excitation for one plane
of sample, LSFM only requires scanning along one
direction, providing much higher throughput com-
pared with point-scanning methods and yields
image stacks with high axial resolution. However,
due to this one-dimensional scanning-acquisition
manner, it's still challengeable for long-term, high-
speed volumetric imaging with low photon doses.

To achieve even better temporal resolution and
photon-e±ciency when capturing complicated bio-
logical dynamics in three dimensions, approaches
have been proposed to ¯rst map the 3D information
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onto one lateral plane12–16 and second to recon-
struct the 3D volume by post-processing. Light ¯eld
microscopy (LFM) is one such high-speed volu-
metric imaging method for observing °uorescent or
non°uorescent specimens. LFM employs a micro-
lens array (MLA) to modulate the wave front of
incident light which enables simultaneous recording
of 2D spatial and 2D angular information in a
manner of one snapshot, after which 3D structure
can be reconstructed using the light-¯eld snapshot.
Therefore, this approach provides the most photon-
e±cient solution by imaging the entire excited vol-
ume with one exposure so that it drastically reduces
the extra excitation burden that is common in
conventional scanning-based approaches (e.g., con-
focal microscopy). Therefore, it's suited for long-
term observation of living sample with very low
phototoxicity. However, due the intrinsic trade-o®
between the spatial resolution and angular resolu-
tion,17 the performance metrics, including spatial
resolution, ¯eld of view (FOV) and depth of ¯eld of
LFM, are trade-o®s.

In recent years, on the one hand, advanced optics
design and powerful algorithm have been devel-
oped6,18–21 to improve LFM's spatial resolution,
FOV and depth of ¯eld. On the other hand, with its
unprecedent volumetric imaging speed and low-
phototoxicity, LFM is well-applied in the ¯eld of
capturing fast biological dynamics. A few reviews
have introduced LFM techniques from the pro-
spective of speci¯c biological applications or optical
systems.22,23 In this review, we aim to introduce the
theory of various state-of-the-art LFM imple-
mentations comprehensively from their optical
designs, to the 3D reconstruction algorithms, espe-
cially deep-learning-based reconstruction algorithm,
and ¯nally to their biological applications (Table 1).
Therefore, it's expected to substantially help the
readers to understand the technical advances and
application preferences between di®erent LFM
techniques.

2. Implementations of LFM

2.1. Light ¯eld microscopy

LFM is a volumetric imaging method which
employs a microlens array at native image plane to
modulate 4D light ¯eld of signals17 [Figs. 1(a)
and 2(a)]. Unlike conventional wide-¯eld microsco-
py, both the 2D location and 2D angular

information of the incident light in a 3D space are
captured by single 2D LF snapshot, which provides
di®erent views of the sample simultaneously. After
image post-processing (shearing and sum) applied, a
refocused 3D image stack can be obtained from
these views17 [Fig. 1(b)].

This enables LFM to acquire 3D imaging
through a single-snapshot which realizes a faster
frame rate compared to the other 3D microscopy.
However, in this case, the spatial resolution is lim-
ited due to the low sampling rate of microlens
array.17,26 In addition, when observing the

(a) Recording 4d light ¯eld

(b) Geometry-based reconstruction

(c) Wave-optics-based 3D reconstruction

Fig. 1. The principle of LFM: (a) Microlens array is placed at
intermediate image plane to record directional (u; v) informa-
tion of incident rays from each lenlet (s; t), which enables to
store the 4D light ¯eld information into one snapshot (x; y).
(b) According to the digital refocusing, a synthetic image stack
can be derived. (c) The principle diagram of LFD: This wave-
optics-based algorithm adopts Richard–Lucy deconvolution
which consists of alternative forward and backward projection.
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microscale object, the di®raction e®ect must be
considered, where refocusing algorithm is not suit-
able. Deconvolution algorithm [Fig. 1(c)] based on
wave optics theory can produce 3D reconstruction
with better spatial resolution and ¯delity compared
with computationally refocusing method.27 This
fundamental theory improvement allows the appli-
cation of LFM in the ¯eld of high-speed high-reso-
lution volumetric in vivo imaging, like simultaneous
observation of neuronal activities in a certain vol-
ume at single-cell resolution.16 However, because of
the limited angular and spatial information in one
snapshot, it's hard for LFM to derive a 3D image
that the imaging quality is as high as scanning-
based microscopy. Moreover, the nonuniform

sampling pattern along the depth of LFM further
degrades the spatial resolution and produces grid-
like artifacts. The above problems hamper the fur-
ther application of LFM in biological imaging.

In order to solve the above signi¯cant defects of
LFM, the current approaches utilize two strategies,
those are optical and algorithmic improvements.

The ¯rst approach is to mitigate spatial resolu-
tion degradation and artefacts in native focus plane
via optimizing the optics. For instance, placing a
well-designed mask at Fourier plane or image plane
can make the point spread function (PSF) of LFM
have more diversity of di®raction pattern, which is
able to capture minimum translation of sample at
focus plane and achieve relatively uniform spatial

(a) Conventional LFM (b) DAOSLIMIT with periodic scanning (c) Conventional FLFM

(d) Iso-LFM with selective-volume illumination (e) DOF-extended FLFM

(f) Confocal FLFM

Fig. 2. Di®erent implementations of LFM and FLFM. (a) Conventional LFM. Inserting an MLA at intermediate image plane
enables the detector to capture both 2D spatial information and 2D angular information of 3D sample. (b) Scanning-based LFM
mitigates the artifacts and spatial resolution deterioration brought by sub-sampling. (c) Another detection path provides more
angular information which contributes to achieving isotropic spatial resolution. (d) Conventional FLFM. Di®erent from LFM, MLA
is located at the Fourier plane which enables it to directly capture various views of the sample. (e) DoF-extended FLM. Two
di®erent groups of MLAs with di®erent focal lengths are introduced to increase the DoF. (f) Confocal FLFM. This confocal
detection scheme ensures selective and e±cient signal collection from the in-focus volume which enables to yield 3D reconstruction
from low-SNR/SBR LF measurement when imaging thick tissues.
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resolution.28 In addition, the method of subpixel
shift could break the limitation of sampling rate,
but at the expense of sacri¯ced temporal resolu-
tion.29 Fortunately, this extra scanning time can be
drastically reduced by the introduction of a fast
galvanometer18 [Fig. 2(b)]. Despite the lateral res-
olution enhancement, angular resolution improve-
ment can further produce uniform spatial
resolution. Because of the limited views provided by
the ¯nite numerical aperture of the objective, the
missing cone problem that existed in LFM leads to a
poor axial resolvability.30 To address this issue, an
additional light-¯eld detection pathway is placed
orthogonal to the primary one to obtain dual-view
light-¯eld images and achieve isotropic spatial res-
olution using a multi-view light-¯eld deconvolution
algorithm23 [Fig. 2(c)]. Another approach is to
employ a mirror to obtain two orthogonal views in
one snapshot in a manner of information aliasing.17

This approach prevents the involvement of extra
detection path through applying symmetry con-
straints in reconstruction algorithm but at the
expense of reduction of FOV.

Furthermore, to overcome the in°uences caused
by uneven sampling rate along the depth, directly
introducing customized microlens array with vari-
ous focal length,14 multi-focus elements31 and wave
front modi¯cation28 can be used to achieve more
uniform spatial resolution.

For densely labeled or opaque sample, scattering-
induced °uorescence background and cross-talk of
signals from di®erent depth reduce the signal-to-
background ratio (SBR) of captured light-¯eld
images. This background coupling with extended
DOF of LFM greatly deteriorates the ¯delity of the
reconstructed 3D images. Inspired by light-sheet
microscopy, the combination between LFM and
selective-volume illumination microscopy (SVIM)
greatly reduces the background induced by unnec-
essary excitation far away from the native focus
plane.32 In addition, combined with two-photon
excitation illumination, the background brought by
scattering can be further reduced due to the less
scattering e®ects of near-infrared beams (NIR).
Also, the invisible excitation light reduces the re-
sponse of the animal's visual system to the illumi-
nation, which is more suitable for living animals
imaging.33

The second strategy begins with the improve-
ment of traditional deconvolution algorithm (light
¯eld deconvolution, LFD) and the model of wave

propagation. Due to the depth-dependent sampling
rate of LFM (especially low at focus plane),
employing interpolation and deconvolution for dif-
ferent views instead of raw light ¯eld images can
reduce the degradation of spatial resolution and the
computational burden brought by traditional 5D
PSF (three spatial dimensions and two angular
dimensions).34 Besides, by analyzing the frequency
band of sub-aperture of MLA, depth-dependent
anti-aliasing ¯lters can be obtained which are able
to remove all the artifacts at focus plane.35 How-
ever, owing to the angular-aware feature of LFM,
the quality of 3D reconstruction depends on the
accuracy of rays' propagation. Consequently, when
applied in thick tissue, LFM would degrade rapidly
due to scattering-induced crosstalk. There are sev-
eral works in the literature speci¯cally aiming to
recover the °uctuation signal of spiking neurons in
deep tissue, like introducing seeded iterative
demixing (SID) algorithm,36 which utilizes the
remnant ballistic light and ¯xed-position of neuron
to extract temporal information and spatial infor-
mation; or introducing multiscale scattering model,
which can remove background °uorescence.37 In
addition, apart from scattering in°uence, various
noise existed in low-light imaging which will se-
verely degrade the quality of 3D reconstruction via
RL deconvolution. By introducing the mixed Pois-
son and Gaussian noise distribution and dictionary
priors from general biological samples, the intrinsic
artefacts from low-sampling rate in LFM and noise-
induced ringing e®ects can be mitigated.38 Besides,
spatial-temporal low-rank prior of sequential LF
data could also enhance the reconstruction perfor-
mance of LFM in low-light conditions.39

2.2. Fourier light ¯eld microscopy

Unlike conventional LFM, Fourier light ¯eld mi-
croscopy (FLFM) adopts an extra single lens,
termed Fourier lens, to process the wavefront at
intermediate image plane with Fourier transforma-
tion. After propagation, the wavefront is subse-
quently modulated by microlens array at frequency
plane [Fig. 2(d)]. Thus, the direction information of
sample can be divided into di®erent regions in an
arrangement of microlens array. The spatial infor-
mation is preserved inside one microlens.40 This
con¯guration e®ectively avoids artifacts due to the
redundancy sample27 or angular cross-talk brought
by scattering.36 Like conventional LFM, FLFM also

Light ¯eld microscopy in biological imaging
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plays an important role in observing crucial bio-
logical processes, like whole-brain neuron activi-
ties21,24 and intracellular organelles interaction.12

However, although the con¯guration of inserting
MLA at pupil plane prevents grid-like artifacts and
provides a less computational forward model, it
splits the numerical aperture into several parts at
one sensor plane with limited size. Thus, di®erent
performance metrics (like spatial resolution, depth
of ¯eld (DOF), FOV, etc.) are coupling together,
making it hard to ¯nd optimal required optical
parameters.

To solve the above problem, the variants of
FLFM have been proposed to improve its perfor-
mance. In 2017, Li et al. adopted two groups of
microlens array to extend the DOF of the tradi-
tional FLFM.24 As illustrated in Fig. 2(e), these two
groups have di®erent focal lengths and are located
at di®erent axial positions. Through deconvolution
with two measured PSF, a DOF-extended volume
can be reconstructed. However, considering the
°uorescence °uctuations and low SNR away from
the focal plane, the measured PSF may cause arti-
facts. Though there exists an approach40 proposing
an accurate wave-optics model to provide better
reconstruction, it ignores the aberration of imaging
system brought by nonideal imaging objective and
MLA. Later, a hybrid PSF is proposed to improve
the performance of the deconvolution algorithm.19

By minimizing the spatial distance between the
simulated PSF and measured PSF, the misalign-
ment between the numerical model and the actual
optical system can be compensated. Besides the
DOF extension and PSF optimization, when cap-
turing large-scale dense signals like neuron activities
and blood circulation, decomposition of time-series
signals and suppression of background °uorescence
should be considered. In 2020, Yoon et al. exploited
the natural activity-dependent °uorescence inten-
sity and introduced the sparse decomposition algo-
rithm into FLFM, which enabled the same quality
of reconstruction for dense signals and sparse
ones.41 What's more, reducing the unnecessary ex-
citation/emission is also bene¯cial to resolve com-
plex signals or image opaque sample. Wang et al.
suppressed the background °uorescence with the
combination of confocal approach when imaging
scattering mammalian brains at large depth21

(Fig. 2(f)). This modality greatly improves the ef-
¯cient imaging depth and SBR of FLFM applied in

thick tissues without compromising on its high
volumetric speed.

2.3. Deep-learning-based LFM

Although LFM is featured for instantaneous volu-
metric imaging speed and extremely low phototox-
icity, which opens a new avenue in the ¯eld of
neurobiology,21,24,36 cardiodynamics23 etc., the low-
spatial resolution, obvious artifacts and limited
computational speed brought by the traditional it-
erative-based reconstruction algorithms hamper
the widespread use of LFM in the biological
application.16,27

With the fast development of deep learning (DL)
and convolution neuron network in the applications
of image processing,42–44 numerous DL-based mi-
croscopy image enhancing algorithms have been
proposed to remarkably increase the imaging reso-
lution and SNR.45–48 These algorithms also show
excellent ¯tting ability with a rather promising
computation speed because of parallel computing
(one forward inference costs about tens of milli-
seconds). According to such key advantages, DL
could be also bene¯cial to the 3D reconstruction of
LFM. However, unlike traditional DL algorithms,
which are used to output high-quality images from
the same dimensional low-quality images, the main
task of 3D reconstruction algorithm of LFM is to
derive a high-quality 3D stack from a low-quality
modulated 2D image. Although some researchers
have combined wide-¯eld images and corresponding
explicit defocus distance by deep-learning-based
refocusing framework to predict a 3D volume
without mechanical scanning,49,50 there exists refo-
cusing depth limitation and signal loss because
wide-¯eld images can't preserve the whole volu-
metric information. On the contrary, LFM, featured
for its extended DOF and high-e±cient encoding
ability of volumetric information, provides a better
choice for 3D reconstruction by deep learning.
However, because LFM was proposed to capture the
rapid volumetric dynamics, it's di±cult to obtain a
high-resolution image stack of dynamic samples.
Therefore, building a paired \2D LF-3D image"
dataset to train a DL model is a challenge for this
approach. More importantly, how to extract volu-
metric information from 2D light ¯led images deci-
des the design of the neural network. Simply
changing the paired data type in traditional image

C. Yi et al.
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enhancement neural network to achieve 3D recon-
struction makes no sense because of the complex 4D
information that is present in the 2D light ¯eld
images.

Based on the accurate wave-optics model of
LFM, it's possible to generate any number of syn-
thetic light-¯eld images from high resolution 3D
images. In 2021, Wang et al. described a novel LFM
strategy based on a VCD neural network processing
of light-¯eld data6 [Fig. 3(a)]. Convolved with the
light-¯eld PSF, synthetic 2D light-¯eld images

could be produced from confocal image stacks.
Then, VCD neural network with the input of dif-
ferent views extracted from light-¯eld images is
established to learn the transformation between 2D
LF images and paired confocal image stack. This
view split operation disentangles the spatial infor-
mation from 4D light ¯elds and rearrange the 2D
light ¯eld image to 3D `view stack'. According to
di®erent learned 2D convolution operations that are
used, parallax information can be extracted from
the input stack that is similar to the traditional

(a) All Synthetic Training Strategy

(b) Experimental-data-based Training Strategy

Fig. 3. Schematic principle and network architecture of DL-based 3D reconstruction algorithms. (a) The VCD-Net reconstruction
pipeline, containing: (i) Forward light-¯eld projection (LFP) from the HR image stacks; (ii) VCD transformation (based on Unet) of
synthetic light-¯eld inputs into intermediate 3D image stacks; (iii) network training via iteratively minimizing the di®erence
between VCD inferences and confocal ground truths. (b) HyLFM-Net image reconstruction pipeline. Di®erent from the semi-
synthetic strategy of VCD-Net, registered experimental data are directly fed into HyLFM network (based on ResNet) to establish a
mapping relationship between raw 2D light ¯eld images and SPIM stack/slice. With continuous acquisition, such a network can be
trained/validated on static or dynamic sample.

Light ¯eld microscopy in biological imaging
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refocusing algorithm but in an intelligent way
(learned up-sampling operation and ¯ltered
weights). It means neural network could learn how
to inference high-resolution 3D volume from 2D
LF. Once the network is trained well, light-¯eld
measurement can be converted into an image stack
on a millisecond timescale by network forward in-
ference. Due to the strong priors or guidance pro-
vided by high-resolution 3D images, this method
can remove the artifacts brought by traditional
deconvolution algorithm and achieve uniform spa-
tial resolution along the depth.

Besides obtaining structural prior knowledge
from the static sample, directly imaging one plane
and its corresponding light-¯eld image of dynamic
sample is also a method to establish training data-
sets. Wagner et al.25 proposed a hybrid light ¯eld
microscopy (HyLFM) that can image the same
sample simultaneously or successively with very
brief delay using LFM and LSFM [Fig. 3(b)].
LSFM can capture high-resolution 3D images from
static sample as ground truth for corresponding
light-¯eld image. Through post-registration, DL
model can be trained either in the traditional way,
in which DL model's inputs are pairs of LFM images
and corresponding registered high-resolution 3D
images, or in \dynamic mode", in which LSFM sli-
ces are fed into DL model as ground truth to con-
strain reconstruction of captured LFMs. This
method is able to continuously obtain di®erent
training data from dynamic sample which con-
tributes to the generalization of model.

Although DL outperforms in the quality of image
reconstruction and computing time when compared
with deconvolution-based methods, there still exists
some puzzles on DL-based LFM. For semi-synthetic
approach, how to minimize the gap between the
simulated light-¯eld images and experimental ones
is key to producing 3D reconstruction with high ¯-
delity and resolution. For registration-based ap-
proach, the quality of reconstructed results is
limited to the pixel-wise di®erence between primary
deconvolution results and target LSM stacks.
What's more, the label data can be only obtained
from the hybrid imaging system. It's hard to obtain
label data with higher quality due to the potential
existence of incompatibility between LFM and
other modalities.

The above problems are common in most DL-
based algorithms when applied in microscopy image
enhancement. In essence, it's about how to acquire

more sophisticated prior knowledge and build a
`more compatible' neural network.

For most DL algorithms, numerous paired data
provide powerful data-prior about how to map a
degraded image to an `accurate' image. DL model
aims to catch this prior by iteratively learning and
uses this `learned prior' to ¯nish image enhance-
ment. What can't be ignored is that keeping an
optimal match between corrupted training data and
real experimental data is key to produce reasonable
reconstruction. For microscopy images, this cor-
ruption comes from optical system and acquisition
equipment. Some researches proved that introduc-
ing optical aberration18,19 in traditional light ¯eld
deconvolution algorithms would suppress recon-
struction artifacts. The camera-induced matched
noise51 would also improve the robustness and
generalization of the algorithms. Beyond this
`learned prior', explicit prior can directly constrain
the results. For example, using total variation (TV)
of the image encourages solutions to contain uni-
form regions. The same for microscopy image pro-
cessing, sparsity and continuity of biological
structures have been applied into traditional
deconvolution algorithms to suppress noise and re-
cover high-frequency information collaboratively.41

This would be also helpful for light ¯eld images
processing, but what should be considered deliber-
ately is the intrinsic property of view-wise SNR and
resolution degradation during light ¯eld imaging.

Besides the aid of prior knowledge, advanced DL
model design will be helpful for algorithms' perfor-
mance and generalization. As mentioned above, for
`paired' experimental data, local misalignment in-
evitably exists, which potentially in°uences recon-
struction's quality. This would be mitigated by
implicit estimation of local displacement.52 More-
over, with the development of self-supervised
learning in microscopy image processing,53,54 it may
provide a new strategy for 3D reconstruction of
LFM.

3. Biological Application of LFM

3.1. LFM for subcellular visualization

The interaction and organization of various intra-
cellular organelles and molecules in cellular micro-
environment re°ects the spatiotemporal regulation
of biological processes. Long-term visualization of
such subcellular dynamics in three dimensions is

C. Yi et al.

2230017-8



essential for fundamental research in biological and
biomedical science.55–57 Conventionally, most of the
°uorescence microscopy techniques acquire 3D in-
formation in a sequential scanning or multi-frame
fusion fashion,11,41,58 which inevitably compromises
the temporal resolution and light dose, leading to
abnormal morphological deformation, stress re-
sponse or even death of the cell.

These problems can be mitigated by LFM which
provides most photon-e±cient solution by recording
volumetric information simultaneously.59 In 2019,
Li et al.60 developed a HR-LFM with a defocus

design for live-cell imaging with a spatial resolution
of 300–700 nm in all three dimensions. However,
artifacts of traditional LFM and shadow DOF limit
the further application in interrogation of intracel-
lular process. In 2020, Hua et al.19 reported a high-
resolution FLFM (HR-FLFM) for fast, volumetric
and multi-color live cell imaging. Combined with
aberration correction algorithms, HR-FLFM
allowed researchers to visualize rapid interaction
between peroxisomes and mitochondria [Fig. 4(a)],
and track the fast-moving peroxisomes in three
dimensions.

Fig. 4. Multi-scale imaging of LFM in biological application. (a) and (b) Subcellular imaging. (a) Projection of 3D reconstructed
HR-FLFM images in living COS-7 cells. (b) MIPs with magni¯ed views illustrating the formation of migrasomes during neutrophil
migration along vessels. (c)–(h) Model organism imaging of LFM. (c) Motor neuron activity tracking in L4-stage C. elegans. (d)
MIPs in x–y (left) and y–z (right) planes of one instantaneous volume of red blood cells reconstructed by VCD-LFM. (e) Velocity
map computed from two consecutive volumes of RBCs during systole. (f) Neuron activity recording and corresponding analysis in
mice brain. (g) Imaging and tracking of circulating blood cells in an awake mouse brain. The above ¯gures are reproduced with
permission respectively from Refs. 6, 18, 19, 21, 32 and 60.
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For in vivo °uorescence imaging, aberration and
phototoxicity signi¯cantly in°uence imaging quali-
ty. In 2021, Wu et al.18 proposed a scanning-based
LFM, called digital AO scanning LF mutual itera-
tive tomography (DAOSLIMIT), which permitted
volumetric imaging across a 225� 225� 16�m3-
volume, with a resolution of up to 220 nm laterally
and 400 nm axially, and at the millisecond scale. The
authors harnessed the 4D light ¯eld information
captured by LFM to correct spatially nonuniform
aberrations, which enabled 3D dynamical mito-
chondrial imaging without reconstruction artifacts,
providing a robust and accurate tracking analysis for
organelle dynamics. What's more, due to the low
phototoxicity of LFM, DAOSLIMIT clearly cap-
tured the whole process of migrasome biogenesis in
mice. It was observed that the immune cells in the
intravascular movement of living mouse livers will
detach some migrasomes, which indicated immune
cells achieved communication and long-distance in-
teraction with each other. What's more, the authors
injected breast cancer cells into the vasculature of
transgenic zebra¯sh. With DAOSLIMIT, they ob-
served that the cancer cells trapped by small-bore
microvessels could split large vesicles under °ow
stress, suggesting the cancer cells had the ability to
react to di®erent circumstances [Fig. 4(b)].

3.2. LFM for dynamics capture in living
animals

There occurs many tissue-scale dynamic biological
process in three dimensions with millisecond-time
scales, like neuronal activities distributed over
whole brains, dynamics of beating hearts and blood
°ow, etc. To catch such rapid biological phenomena
in model organisms such as C. elegans, zebra¯sh,
mouse is of great importance for the study of many
diseases, including cardiac diseases,61 neuron dis-
eases,62–64 etc. However, resolving these transient
processes needs fast volumetric imaging speed,
which requires promising spatiotemporal resolution
for the imaging modalities.

LFM, featured for its scanning-free and parallel
acquisition methods, precisely ¯lls this niche and
has made well application in investigating biological
dynamics of model organism.

3.2.1. C. elegan imaging

In 2021, Wang et al. proposed DL-based LFM
(termed VCD-LFM) which is a feature with

high-spatial resolution and extremely fast speed of
3D reconstruction. They demonstrated to capture
the neuronal activity and locomotion of moving
C. elegans at a 100Hz acquisition rate, yielding
6000 light ¯elds in both green and red channels in a
1-min observation [Fig. 4(c)]. To further push the
achievable throughput of LFM, Zhu et al. present a
hybrid approach in 2021 that integrates LFM with
micro°uidic chip, which allowed high-speed and
high-throughput activity mapping of freely-moving
C. elegans at a large scale.65 Via high-e±cient re-
construction and analysis algorithm, this micro-
°uidics-based LFM could achieve high-speed 4D
screening on C. elegans managed with di®erent
genotypes and phenotype, which contributed to
obtain the correlation between worms' locomotion
and neural activities. This new paradigm holds
great potential for large-scale drug screening, in
which the complete phenotype mapping of drug-
treated organoids or small model animals are re-
quired for evaluation of drug e±cacy.

3.2.2. Zebra¯sh imaging

In 2017, Cong et al. developed an FLFM with ex-
tended DOF to observe neural activities across the
whole brain of a freely-moving zebra¯sh larva in a
small water-¯led chamber.24 Owning to the instant
volumetric imaging ability of LFM, it enabled to
catch all neurons' activities of zebra¯sh's brain
when it pursued and caught its prey. Apart from
monitoring temporal signal °uctuation, LFM is able
to visualize dynamics of fast blood °ow and rapid
morphological change of zebra¯sh heart while its
beating.

Wagner et al.23 presented an iso-LFM which can
simultaneously record perpendicular light ¯elds and
reduce °uorescence background by selective volume
illumination. It allowed to image the beating heart
and blood °ow dynamics of 8 d post fertilization
(dpf) medaka at single-cell resolution and with a
200 Hz volume rate.

In 2021, Wang et al.6 proposed a VCD-LFM to
mitigate spatial defects and computational burden
of traditional LFM, and combined selective excita-
tion with light ¯eld detection to record zebra¯sh
heart beating and blood °ow at a 200Hz volume
rate. By tracking red blood cells and segmenting
heart boundary, the ejection fraction of the heart-
beat and blood °ow velocity can be calculated
[Figs. 4(d) and 4(e)]. Later, based on a hybrid light
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¯eld imaging system integrated with light sheet
microscopy, Wang established a 4D (space and
time) analysis pipeline for heartbeat and blood
°ow.66 This brings new insights of the intrinsic re-
lationship between myocardial contraction and in-
tracardiac hemodynamics and provides a powerful
tool for the further investigation of cardiac function
and development.

3.2.3. Mouse imaging

Except above weakly scattered sample, LFM can
also capture biological dynamics in large and scat-
tering tissue. In 2018, Skocek et al. combined head-
mounted Miniscope technology with LFM and a
neuron signal extraction algorithm to achieve cap-
turing neuronal network activity at the depth of
�360�m in the hippocampus in freely moving
mice.67 By coupling MiniLFM with a tabletop of
two-photon scanning microscope, the accuracy of
light ¯eld reconstruction can be validated with
ground truth [Fig. 4(f)]. With the aid of SID,36

MiniLFM achieved high F -score and ¯delity. In
2020, Zhang et al. combined confocal detection
scheme with LFM to physically reject background
noise in scattered tissue, which yield high-SBR raw
LF measurements.21 This confocal LFM enables to
image fast circulating blood cells in thousands of
blood vessel branches simultaneously and 600�m
deep in the awake mouse brain [Fig. 4(g)].

4. Conclusions and Prospects

Since light ¯eld technology was ¯rst proposed in
1908, featured for its ability of capturing 4D light
¯eld, it has been well developed in various ¯elds,
including photography,68 scene rendering,69 depth
estimation,70 digital refocusing,71 etc. The feature of
preservation of spatial and angular information of
incident light brings inspiration for volumetric
°uorescent microscopy in temporal resolution im-
provement. Till now, numerous variants of LFM are
developed, such as scanning-based LFM,18

FLFM,19,40 LFM with hybrid modality,21,32,72,73

algorithm-enhanced LFM6,25,34 and so on. These
optimizations aim to overcome the degradation of
3D reconstruction brought by the intrinsic tradeo®
between angular resolution and spatial resolution.
With the development of LFM, it has seen a various
biological applications over the past years in terms
of recording of neuron activities,6,21,24,36

visualization of cardiac dynamics,6,23,25 monitoring
vascular circulating6,21,72 and observing intracellu-
lar interaction.18,60 These applications indicate
LFM provides a new window for investigating
complex rapid biological process in three
dimensions.

However, there still exist some issues that de-
serve to be discussed. First, di®erent optical per-
formance parameters have a mutual restraint in
LFM, for example, spatial resolution and DOF in
FLFM.40 Decoupling these constrains according to
advanced optics and corresponding image post-
processing algorithms18,28,31 is a direct approach to
promote system performance enhancement. Second,
the intrinsic missing cone problem existed in LFM
deteriorates the axial resolution especially with the
uneven sampling rate. It could also be mitigated by
advanced algorithms74 or optics design.20,23 Third,
strong °uorescence background far from native ob-
jective plane introduces great reduction of SBR es-
pecially in strong scattering sample. Combined with
confocal microscopy32 or light-sheet microscopy,73

LFM can produce clean measurements with high
contrast, but the reconstructed volume is limited by
penetration depth or Rayleigh distance. So, gener-
ating an energy-concentrated light sheet with long
e®ective focusing range75 would be helpful to en-
large the imaging volume. Furthermore, nonlinear
excitation is more suitable to observe high scatter-
ing sample. Therefore, the combination of two-
photon °uorescence and LFM could have promising
performance in thick tissue.32 Last but not the least,
optical model of variants of LFM needs to be more
accurate in order to match di®erent distortion
brought by imaging system. Minimizing the gap
between experiments and numerical simulations
would directly boost the development of model-
based reconstruction algorithms.

In conclusion, with various advanced optical
hardware design and imaging processing algorithm,
the spatial resolution degradation in LFM could be
greatly mitigated. Add to its superior volumetric
imaging speed, interrogation of intracellular micro-
environments and complex interaction between
organelles would be possible. What's more, this
instantons 3D imaging ability has shown wide-
spread application in calcium activities. Combined
with well-designed illumination strategy, it's
expected to enable high-resolution and fast whole-
brain imaging in diverse biological samples. In ad-
dition, studies for the miniaturization of LFM are
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rising gradually. These technical improvements
would provide a new sight in clinical and medical
application of LFM.
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