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Fourier light-field microscopy (FLFM) uses a microlens array (MLA) to segment the Fourier
plane of the microscopic objective lens to generate multiple two-dimensional perspective views,
thereby reconstructing the three-dimensional (3D) structure of the sample using 3D deconvo-
lution calculation without scanning. However, the resolution of FLFM is still limited by dif-
fraction, and furthermore, it is dependent on the aperture division. In order to improve its
resolution, a super-resolution optical fluctuation Fourier light-field microscopy (SOFFLFM) was
proposed here, in which the super-resolution optical fluctuation imaging (SOFI) with the ability
of super-resolution was introduced into FLFM. SOFFLFM uses higher-order cumulants statis-
tical analysis on an image sequence collected by FLFM, and then carries out 3D deconvolution
calculation to reconstruct the 3D structure of the sample. The theoretical basis of SOFFLFM on
improving resolution was explained and then verified with the simulations. Simulation results
demonstrated that SOFFLFM improved the lateral and axial resolution by more than v/2 and 2
times in the second- and fourth-order accumulations, compared with that of FLFM.

Keywords: Fourier light-field microscopy; higher-order cumulants; super-resolution optical
fluctuation.

1. Introduction three-dimensional (3D) structure of intracellular

In order to understand the basic principles of  organelles with high spatial and temporal resolu-
biological systems, it is essential to observe the tion. In traditional fluorescence microscopies,
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3D information of samples is always collected in a
sequential or scanning way. This process inevitably
increases the photo damage to living cells and
reduces the temporal resolution. Light-field mi-
croscopy (LFM) technology can simultaneously re-
cord two-dimensional spatial and angle information
of light, allowing the 3D structure of a sample to be
reconstructed from a single shot of the sample
without any scanning.! The high scalability and
high temporal resolution of LFM make it useful in
both functional brain imaging and single-cell im-
aging.”* However, the inevitable reconstruction
artifacts and huge computational costs limit the
application of LEM.”

Recently, Fourier light-field microscopy (FLFM)
has been developed to obtain four-dimensional light
field information in the Fourier domain, so that the
point spread function (PSF) of the system can be
described by a unified 3D PSF.% This method ef-
fectively removes the limitation of LFM because of
its reconstruction artifacts and computational cost,
and furthermore, the image quality is improved
compared with the traditional LFM, which makes it
more applicable in some fields such as endoscope
imaging.”

However, it should be noted that, the resolution
of FLFM is directly related to the aperture division
of the system.® With an aperture partition coeffi-
cient N, the resolution is N times worse than the
diffraction-limited resolution. Recently, FLFM sys-
tems have recently been demonstrated to achieve
resolution close to the diffraction limit in three
dimensions with appropriate aperture division.® In
fact, NV is numerically greater than 1, which enables
FLFM to obtain multiple 2D perspective views
(Angle information) to extract 3D information.
Only by adjusting the aperture division, the reso-
lution that FLFM can achieve is inevitably lower
than that in wide-field microscope. In order to solve
this problem, an effective strategy was proposed,
which replaced the on-axis central perspective col-
lected by FLFM with high-resolution image ac-
quired by wide-field microscopy.” This method
effectively improved the lateral resolution of the
system. However, because the off-axis perspective
images which determine the axial resolution of
FLFM system remained unchanged, the axial reso-
lution was not improved. More recently, a super-
resolved FLFM was proposed,'’ where FLFM was
combined with single-molecule localization micros-
copy (SMLM) to achieve 3D super-resolution

imaging. It achieved a localization accuracy of 20
nm in three dimensions within a depth range of
3 pm, but it needs to collect tens of thousands of
raw images for localization and reconstruction.
Besides SMLM, there are also other super-resolu-
tion microscopies.!'™® Among these techniques,
super-resolution optical fluctuation imaging (SOFT)
overcomes the diffraction limit by analyzing fluo-
rescence intensity fluctuations of statistically inde-
pendent emitters in a time series of images. The
final images are background-free and show en-
hanced spatial resolution, which are two wonderful
features of FLFM. We propose a 3D super-resolved
FLFM, named super-resolution optical fluctuation
Fourier light-field microscopy (SOFFLFM). As an
approach combining SOFI and FLFM, SOFFLFM
can improve the resolution of FLFM in three
dimensions and even break through the diffraction
limitation by calculating high-order cumulants.

2. Materials and Methods

As an approach combining FLFM and Sofi,
SOFFLFM could use the same imaging system as
used in previous FLFM.6

The light field propagation model of the original
FLFM can be described as shown in Fig. 1(a). First,
the 3D information of the object’s imaging domain
is mapped into the native imaging plane through
Debye diffraction theory of the high numerical ob-
jective lens.'® Then, the optical Fourier transform is
performed through a Fourier lens on the native
imaging plane, which means the spectral plane of
the objective lens is relayed to the rear focal plane of
the Fourier lens. In the rear focal plane of the
Fourier lens, a micro-lens array (MLA) performs
aperture segmentation and modulation on the fre-
quency information collected by the objective lens.
Finally, the light field from MLA is propagated to
the rear focal plane to form the perspective images
on the sensor. Obviously, there are two kinds of
effects derived by spectral information segmenta-
tion and modulation through an MLA. First, with
the division of aperture, the frequency information
collected by the objective lens is equalized by the
two-dimensional perspective images produced by
each sub-lens in MLA. The lateral resolution of
the FLFM system can be expressed as

_ A _
ny T 2NApppm
wavelength, NAp;ry is the equivalent numerical

A . o
<2N thj>N , where ) is the emission
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Basic theory of SOFFLFM. (a) Schematic setup of SOFFLFM. Fluorescence from the sample is collected by an objective,

transmitting through a dichroic mirror and a tube lens and imaged on the native imaging plane. A Fourier lens is set at a distance of
frr, behind the native imaging plane. In the rear focal plane of the Fourier lens, an ML A was mounted. The photosensitive plane of
the final detector, EMCCD, is placed at a distance of fyga. frr, and fyma are the focal lengths of the Fourier lens and the MLA,
respectively. (b)—(d) PSFs of the FLFM (b), 2nd (c) and 4th (d) order cumulants, with depth color-coded. Scale bar: 1 ym.

aperture of the FLFM system, and NA,,; is the
numerical apertures of the objective. Therefore,
compared with the traditional wide-field micro-
scopic system, it has lower resolution. Second, each
sub-lens captures its local wavefront on the spectral
plane, and its position and direction on the rear
focal plane are proportional to the average gradient
of the captured wavefront.'” Therefore, the images
of emitters at different axial positions on each per-
spective image are transversely translated to dif-
ferent positions through each independent sub-lens.
FLFM system uses these lateral offsets to retrieve
the axial information through 3D deconvolution. It
is reasonable to take the images of emitters at dif-
ferent axial positions as Gaussian spots with dif-
ferent transversal offsets, and the axial resolution of
the FLFM system is directly dependent on its lat-
eral resolution.

Here, the FLFM’s 3D PSF could be approxi-
mately described as follows:

UrLem(r) = Uprpm(, 9, 2)

Zp( S )
(1

where (z.;,7.;) is the lateral offset relative to the

image center for the j' sub-lens. wy is the standard
deviation of the Gaussian distribution.

The basic idea of SOFI is to improve the
resolution of the whole image by calculating high-
order cumulants of a time image sequence of the
emitters with random fluctuations.'” Due to the
independence of fluctuations, signals from different
emitters in 3D space are not correlated. Therefore,
here in SOFFLFM, high-order cumulants calcula-
tion is carried out on a time series of perspective
images collected by the above FLFM system to
improve the resolution of each perspective image.
Based on cumulants formula in Ref. 15 and Eq. (1),
we give the n''-order cumulant formula of FLFM as
follows:

Cn('r, T1ye--

mla

= Z[UI?LFM(I‘)
k

77—7171)
9 Tnfl)a

(2)
where §(r — 7r},) is the distribution of emitters, ¢, is
the constant molecular brightness, 7 is the time lag,
wy(Tq,...,Ty_1) is a correlation-based weighting
function, depending on the specific fluctuation
properties of each emitter in 3D space.

The value of the n''-order cumulants defines the
n'™-order SOFFLFM raw image whose PSF is the
th power of the original PSF. Therefore, the reso-
lution of the n'-order SOFFLFM raw image
consisting of perspective images can theoretically be

x6(r —rp)lepwi(Ty, - -
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improved by +/n. Finally, the 3D volume of the
sample is reconstructed by deconvolving the
n'-order raw Sofi image with the n'™-order cumu-
lative PSF, based on Richardson-Lucy algorithm.

Although SOFFLFM and HR-FLFM could share
the same schematic design, they are totally different
in imaging strategy. In SOFFLFM, samples must be
labeled with proper fluorophores applicable to Sofi,
which means each fluorophore’s fluorescence should
have reversible, random, and independent intensity
fluctuations. Moreover, a time series of raw images
are collected for the consequent cumulants
calculation.!”

There are two obvious benefits of Sofi-assistant
FLFM. First, Sofi can effectively improve the reso-
lution of each perspective image, so the lateral res-
olution of the final SOFFLFM image reconstructed
by the subsequent deconvolution based on these
perspective images will theoretically improve by /n
times, compared with that of the original FLFM.
Furthermore, the improvement of the resolution of
the perspective images will also improve the axial
resolution of SOFFLFM by +/n times theoretically.
Second, since the cumulant of Gaussian background
noise is equal to zero after high-order cumulants
processing, the influence of Gaussian background
noise on original FLFM can be automatically sup-
pressed in SOFFLFM, thus making reconstruction
through 3D deconvolution more robust, and re-
ducing artifacts. It should be noted that, compared
with FLFM, the improvement of resolution is based
on the sacrifice of temporal resolution since there
should be a time series of images for the SOFFLFM.
Moreover, as is indicated by Eq. (1), the raw images
that are collected from a SOFFLFM system are
formed by the superposition of images of all emitters
in three dimensions, which means that the emitter
density in the raw images is higher than the images
collected by a traditional SOFI system, resulting in
artifacts and information loss appear more easily
after high-order cumulants processing.'® As a result,

the image quality of deconvolution reconstruction
will be degraded.

3. Results and Discussion

The SOFFLFM system for the following simula-
tions is similar as what is used in high-resolution
Fourier light-field microscopy (HR-FLFM).® Three
regular hexagonal micro-lenses are used to achieve
the minimum segmentation of the full Fourier ap-
erture. According to the calculation in Ref. 6, with
the parameter settings shown in Table 1, the lateral
(R,,) and axial (R,) resolution of such an original
FLFM system are expected to be 0.508 pm and
0.741 pm respectively, and its depth of focus (DOF)
is expected to be 3.78 um.

Referring to the theoretical framework of
FLFM,° we simulate the 3D PSF of the FLFM
system, shown in Fig. 1(b). Each raw image in the
time series of SOFFLFM is obtained by convolving
the 3D PSF and the distribution of emitters whose
fluctuations are modeled following the Bernoulli
processes. To make the simulations more practical,
all the raw images are processed by applying Pois-
son noise, and adding Gaussian noise whose expec-
ted value and variance are set to 0 and 0.01,
respectively.

In SOFFLFM, raw images are processed as fol-
lows. First, the time series of raw images are pro-
cessed following the same procedure used in Sofi,"’
i.e., calculating the n*" order cumulants to generate
an image, i.e., n'" order SOFFLFM raw image, with
improved resolution. Then, Richardson—Lucy iter-
ative deconvolution is applied to this SOFFLFM
raw image with corresponding PSF which is actu-
ally the n'"-order cumulative PSF, i.e., the n®
power of the original PSF shown in Fig. 1(b). As
two examples, the second and the fourth-order cu-
mulative PSFs are shown in Figs. 1(c) and (d), re-
spectively. In the following simulations, if there is
no specific mentation, the raw images collected for

Table 1. System parameters for simulation.
Parameters o A NA M fro frL fyra dyira Peensor
Value 0.5 06pm 145 100x 200mm bH55mm 35mm 650pum 6.5um

Notes :0 : On-state ratio; A : Emission wavelength; NA : Numerical aperture of objective lens;
M : Magnification of objective lens; frr, : Focal length of tube lens; fgr, : Focal length of Fourier
lens; fyma : Focal length of MLA; dy,a : Pitch of MLA, and P, : Pixel size.
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SOFFLFM are sequences consisting of 100 frames,
and the time series of images are processed with the
second and the fourth-order SOFI algorithm,'? then
processed with FLFM algorithm® where the number
of deconvolution iterations is 20. It should be noted
that higher orders SOFFLFM are also workable
(refer to Fig. S1 in Supplement A). However, for the
calculation of higher-order cumulants, especially
when the fluorophore density is relatively high, time
series of more frames are required to ensure high-
fidelity images after SOFI processing.'® It means the
acquisition time has to be longer. Meanwhile, for
SOFFLFM, the computation cost of cumulants and
deconvolution also increases exponentially with the
increase of the cumulants order. So, in the following
simulations, considering the cost of calculation and
temporal resolution, second and fourth-order
SOFFLFM were selected in the simulation process
to verify the feasibility of the method.

To test the performance of SOFFLFM, a series
of simulations and analyses were carried out. First,
to verify the improvement in lateral resolution, four
pairs of emitters spacing 0.2, 0.3, 0.4, and 0.5 um
were assumed at the same depth, z=0um.
According to the parameter settings in Table 1, the
effective pixel size is 0.1 um. Reconstructed images
by means of the original FLFM and the SOFFLFM
are shown in Fig. 2. In order to estimate the re-
solving power quantitatively, a parameter denoted
as I i/ Inax is calculated, when there are two peaks
appear in the curves. I, and I, are the valley
and the peak intensities in the curve respectively, as
is shown in the last curve in the fourth row in
Fig. 2. The value of I,;,/ 1. is shown at the bot-
tom of each curve. Higher value means weak re-
solving power. The value of ‘1’ means the two
emitters cannot be resolved at all, while the value of
‘0’ means the two spots of the two emitters are
totally separated. As shown in Fig. 2, FLFM can
distinguish two emitters spacing 0.5 pm, which is
consistent with the theoretical prediction. For the
two emitters separated by 0.4 um, they cannot be
distinguished by FLFM, but obviously distin-
guishable by second-order SOFFLFM. As to the
fourth-order SOFFLFM, two emitters spacing
0.3 pm can easily be distinguished, and two emit-
ters spacing even 0.2um could also be distin-
guished. Compared with the lateral resolution of
the FLFM, that of second and fourth-order
SOFFLFM improved to 1.25 times and more than 2
times, respectively.

Ax=0.2um Ax=0.3pum Ax=04pm  Ax=0.5pm
Ground truth
FLFM
2nd order SOFFLFM R - -— L
X X
I = | A n
I\ VA fto
A \ A
f
/1 ] 0.56 I o/ \
4th order SOFFLFM
s f
A h |
\I "-“‘ ‘\ AR | \‘|
0.81 1024 10'04 ! 1071

Fig. 2. Comparison of FLFM, second and fourth-order
SOFFLFM in resolving pairs of emitters with different trans-
versal separations. From top to bottom: The ground truth,
reconstructed results of FLFM, second and fourth-order
SOFFLFM. Cross-sectional profiles across the centers of each
image are attached below correspondingly. The number below
each curve is expressed as the ratio of the valley to the peak of
the curve, i.e., Iy /Tnax-

Next, to verify the improved axial resolution, six
pairs of emitters were set to different axial separa-
tions, from 0.4 ym to 0.9 pum. Reconstructed images
by means of the original FLFM and the SOFFLFM
are shown in Fig. 3. Similar and solid improvements
in axial resolution are observed. FLFM is just able
to distinguish emitters spacing 0.9 ym, while second
and fourth-order SOFFLFM are able to distinguish
emitter pairs spacing 0.5 ym and 0.4 um, respec-
tively. Compared with the axial resolution of
FLFM, that of second and fourth-order SOFFLFM
improved to 1.60 times and more than 2.25 times,
respectively.

Then, a sample was simulated, which consists of
emitters randomly distributed at four fixed layers
with interval of 0.5 um, as is shown in Fig. 4(a).
Raw image collected by FLFM and the corre-
sponding reconstructed FLFM image are shown in
Figs. 4(b) and 4(c). In SOFFLFM, a series of raw
images (Fig. 4(d)) are collected, then deal with sec-
ond and fourth Sofi algorithm (Figs. 4(e) and 4(f)),
and 3D deconvolved to reconstruct the 3D structure
of the sample which are presented as projections on
planes z—y, y—z, and xz—z (Figs. 4(g) and 4(h)).
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Fig. 3.

Comparison of FLFM, second and fourth-order SOFFLFM in resolving pairs of emitters with different axial separations.

From top to bottom: The ground-truth, reconstructed images of FLFM, second and fourth-order SOFFLFM. Cross-sectional
profiles across the centers of each image are attached below correspondingly. The number below each curve is expressed as the ratio

of the valley to the peak of the curve.

Compared with the perspective image of FLFM
(Fig. 4(b)), that of second and fourth SOFFLFM
(Figs. 4(e) and 4(f)) show a progressively improved
resolution and quite high signal-to-noise ratio
(SNR).

Now, we would like to compare the effect of
adjacent emitters on the appearance of a certain
emitter in the reconstructed images. First,
a sparsely distributed spot (indicated with a blue
arrow) from a single emitter was selected for anal-
ysis (Fig. 4(i)). In the FLFM image, its full width at
half maximum (FWHM) along z, y, and z axis is
0.222 ym (z), 0.214 um (y), and 0.348 ym (z), re-
spectively. In the second-order SOFFLFM image,
they are 0.142 ym (), 0.152 pm (y), and 0.229 ym
(z), which means an improvement in the lateral
resolution by 1.41 times and the axial resolution by
1.52 times compared with that in FLFM. In the
fourth-order SOFFLFM image, the FWHMs are
even squeezed to 0.077 pm (x), 0.076 um (y), and
0.125 um (2), increased by 2.82 times and 2.78 times
compared with that in FLFM. According to the
results above, in FLFM image, an emitter should be
distinguishable from its neighbor emitter which is
more than 0.222 ym (z or y direction) or 0.348 um
(axial direction) away. However, for the two emit-
ters with even 0.400 ym apart in lateral directions,
which are highlighted with yellow rectangles, they
could not be resolved (Fig. 4(j)). Two other emitters
(highlighted with white rectangles) with 0.500 ym
apart in axial direction could not be resolved either
(Fig. 4(k)). It seems like the discrete emitters

exhibit a smaller FWHM than the nondiscrete
emitters under the same number of iterations. Since
deconvolution is a standard step for the final
reconstructed image, such conclusion is reasonable.
And it is another advantage of SOFFLFM because
two emitters which could not be distinguished in
raw image of FLF'M might be resolved in second- or
fourth-order SOFFLFM raw image. That also
explains that, compared with the resolution of
FLFM, why the resolution improvement of second-
and fourth-order SOFFLFM is more than v/2 and 2
times (Figs. 2 and 3). The performance of
SOFFLFM in improving resolution is outstanding,
after all, theoretically, based on the second and
fourth-order SOFI algorithm here, the resolution
can only be improved to v/2 and 2 times, compared
with the traditional microscopy. But this is also
reasonable, because of the fact that the Gaussian
noise is suppressed after SOFI processing, such a
raw image is more conducive to deconvolution.
Notably, in some regions where the density of the
emitter is higher, artifacts may appear, as shown in
Fig. 4(h). We believe that this artifact can be ef-
fectively suppressed by increasing the number of
raw image frames (refer to Fig. S2 in Supplement 1).

Lastly, we use a diverging star-shaped structure
as a sample (Fig. 5(a)) to test the influence of dif-
ferent numbers of raw images on the performance of
SOFFLFM. Figures 5(c), 5(e) and 5(d), 5(f) are
reconstructed from 100 and 400 frames, respective-
ly. Two adjacent lines which could not be resolved
in FLFM image (Fig. 5(b)) can be recognized as two
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)

image sequence of SOFFLFM

(d

-0.5 um

Fig. 4. Performance of SOFFLFM in imaging of discrete emitters. (a) Maximum-intensity projection z—y images and the corre-
sponding inset x—z, y—z views of the ground truth volumes. (b) Raw image of discrete emitters with FLEM. (¢) Maximum-intensity
projection z—y images and the corresponding inset z—z, y—z views of the reconstructed volumes using FLFM. (d) A sequence of 100
frames of raw images with SOFFLFM. (e) and (f) The reconstructed raw images of (e) second (f) fourth-order SOFFLFM. (g) and
(h) Maximum-intensity projection z—y images and the corresponding inset z—z and y—z views of the reconstructed volumes using
second (g) and fourth (h) order SOFFLFM. (i) Left panel, 3D view of an emitter pointed out with a blue arrow in (c, g, and f) using
the MATLAB function ‘isosurface’. Starting from the outer-most isosurface, the corresponding reconstruction results are FLFM,
second and fourth-order SOFFLFM in turn. Right panel, cross-sectional profiles along the blue dashed lines in z, y, z directions
across the center of the emitter, exhibiting FWHM values of 0.222 um (z), 0.214 pm (y), and 0.348 um (z) in FLEM, FWHM values
of 0.142 pm (), 0.152 pm (y), and 0.229 ym (z) in second-order SOFFLFM, and FWHM values of 0.077 ym (z), 0.076 ym (y), and
0.125 pm (2) in fourth-order SOFFLFM, respectively. (j) From left to right are zoomed-in images in z—y of the yellow boxed region
in (f)—(h) and cross-sectional profiles along the yellow dashed lines within these zoom areas. (k) From left to right are zoomed-in
images in y—z of the white boxed region in (f)—(h) and cross-sectional profiles along the white dashed lines within these zoom areas.
Scale bar: 10 pm (b)—(f), 1 um (a), (c), (g), and (h), 0.1 pm (j) and (k).
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(a) 3D ground truth. (b) 3D reconstructed result of FLFM. (c), (e) 3D reconstructed results of second-order (c) and

(e) fourth-order SOFFLFM calculated from the cumulate of 100 frames of image sequence. (d), (f) 3D reconstructed results of
(d) second and (f) fourth-order SOFFLFM calculated from the cumulate of 400 frames of image sequence. The depth information
across a 4 pm range in all of the subgraphs is color-coded according to the color scale bar. Scale bar: 1 pm.

lines in second-order SOFFLFM images (Figs. 5(c)
and 5(d)) and fourth-order SOFFLFM images
(Figs. 5(e) and 5(f)). However, when the number of
frames is small, some information might be lost,
especially in high-order SOFFLFM, which can be
ascribed to the statistical error of cumulants.

4. Conclusion

In this paper, we propose an approach to enhance
the resolution by introducing high-order cumulants
analysis into FLFM. Performances of second-order
SOFFLFM and fourth-order SOFFLFM are tested
by simulations. The results demonstrated that more
than /2 and 2 improvements in resolution are
found in all three dimensions, compared with that
in FLFM. Besides, SOFFLFM improves resolution
by calculating the cumulants of image sequences
collected by normal FLFM systems, which can be
directly applied to most FLFM systems without any
changes in hardware. In the future, we anticipate
SOFFLFM to be an important tool in 3D super-
resolution application scenarios.
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