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Diffraction tomography is a promising label-free three-dimensional (3D) imaging method for transpar-
ent samples due to its low phototoxicity. However, it usually requires coherent illuminations and massive
measurements, which will, respectively, introduce speckle noises and time-consuming acquisitions, and
thus, limit its applications in multicellular dynamic organisms. To address these problems, here we pro-
pose a partially coherent and snapshot diffraction tomography method based on light-field microscopy.
By incorporating the illumination optical transfer function into the volumetric differential phase contrast
model, we obtain a 3D phase stack from the snapshot four-dimensional phase-space measurements. Then
a 3D phase-point-spread function is used for 3D deconvolution to achieve computational optical section-
ing and enhance the resolution, and finally, we extract 3D refractive-index information from the 3D phase
stack. Experiments on freely moving Caenorhabditis elegans are shown accordingly, demonstrating the
great potential of the proposed method for label-free 3D imaging of multicellular organisms iz vivo at high

speed up to the camera frame rate.
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I. INTRODUCTION

Observing three-dimensional (3D) organisms in their
native state without labeling has long been a pursuit in
biology [1-3]. However, the transparent property of cells
leads to extremely low contrast in absorption, posing great
challenges in intensity-based imaging. Fortunately, the
nonuniform 3D distributions of the refractive index (RI)
have strong contrasts in phase information, which can
be converted into intensity by phase-contrast microscopy
[4,5]. In the last decade, quantitative phase imaging (QPI)
has attracted great attention in various fields because it
provides an accurate quantification of local phase shifts
[6,7] and exhibits substantially less phototoxicity than
fluorescence imaging [1,8]. More importantly, since the
phase information can be represented as an integral of
the RI along a specific light path, the 3D RI map can
be retrieved through multiple quantitative phase measure-
ments of different illumination angles [2,9] or different
focal planes [1].

There are mainly two types of QPI methods: coher-
ent and partially coherent illuminations [7]. Digital
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holography is a typical example of coherent QPI with
strong contrast induced by the interference from a coher-
ent light source. Usually, the speed of coherent QPI for 3D
RI tomography is limited; however, the combination of a
digital micromirror device and a graphic processing unit
(GPU) enables video-rate imaging and visualization [10].
Good phase sensitivity of coherent QPI provides both high
resolution and a high signal-to-noise ratio for thin samples,
such as cultured cells, but it is disadvantageous for thick
samples with scattering due to speckle effects [11—-13].
To eliminate speckles, many techniques are proposed with
partially coherent illuminations, such as differential-phase-
contrast (DPC) imaging [14], the transport-of-intensity
equation [15], intensity diffraction tomography [16], and
quantitative oblique back-illumination microscopy [17].
To further improve the imaging speed, various works have
been exploited recently to achieve snapshot QPI through
some modifications to both hardware [18,19] and soft-
ware [20,21]. However, extending the limited depth of
field (DOF) of partially coherent QPI within a snapshot
has barely been investigated. Since partially coherent illu-
mination has a short coherence length in both spatial and
temporal domains, the DOF is smaller than that of coher-
ent QPL. It is good for the optical sectioning requirement of
phase tomography, but it is unfavorable for dynamic sam-
ples with a large volume. Besides, multiple measurements
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are always required to achieve a volumetric QPI or 3D
RI map with partially coherent illumination, in either the
axial domain [1,22,23] or the angular domain [24—26]. The
time-consuming sequential acquisition of multiple mea-
surements greatly limits its application for in vivo imaging.
Even with multiplexed illumination strategies and sparse-
prior-based reconstruction [26,27], dense measurements
are still required for large-volume 3D QPI at the current
stage. In addition to the loss of temporal resolution, the
motion of living organisms will introduce strong artifacts
into the 3D reconstruction.

To address these problems, we propose a snapshot
partially coherent diffraction tomography method by har-
nessing the unique capabilities of light-field microscopy
(LFM). With a microlens array inserted at the image plane
of a normal bright-field microscope, LFM captures the
four-dimensional (4D) phase-space measurements within a
snapshot. However, traditional LFM is usually focused on
two-dimensional phase imaging [28]; 3D incoherent imag-
ing, such as fluorescence imaging [29,30]; and bright-field
imaging [31]. Here, by taking the illumination optical-
transfer function (OTF) into consideration, we derive a
volumetric DPC model to achieve the volumetric phase
mapping of thick samples from the snapshot phase-space
measurements in partially coherent conditions. Then, we
conduct a diffraction tomography process with a phase-
point-spread function (PSF) to further improve the reso-
lution together with the optical-sectioning ability across a
large DOF, and we finally extract 3D RI information from
the volumetric phase map. Experiments on freely moving
Caenorhabditis elegans are conducted to verify our supe-
rior label-free 3D imaging capability for highly dynamic
samples.

II. SYSTEM AND METHOD

To verify our method, we build a LFM based on a com-
mercial microscope (Zeiss, Observer Z1), as shown by the
schematic diagram in Fig. 1(a). Normal Kohler illumina-
tion with a numerical aperture (NA) of 0.55 is applied
to form partially coherent illumination. [llumination from
a lamp source has a Gaussian-shaped OTF, as shown in
Fig. 1(c), rather than the ideally uniform distribution. After
passing through the sample and the narrow band-pass flu-
orescein isothiocyanate filter (MF525-39, Thorlabs), the
light is transmitted to the microlens array (MLA) at the
image plane by a 4f system, which consists of an objec-
tive lens (20x/0.5 NA, Zeiss Apochromat) and a tube
lens (f =165 mm). The MLA with a 2.1 mm focal length
and 100 um pitch size divides the light field into differ-
ent spatial-frequency components at different local areas.
Then, we use a relay system to conjugate the back focal
plane of the MLA to the sensor plane (Andor Zyla 4.2 Plus)
for parallel sampling of the phase-space measurements.
The magnification of the relay system is set to 0.845, so
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FIG. 1. Schematic of the experimental setup and imaging prin-
ciple. (a) Experimental setup consists of a conventional micro-
scope with Kohler illumination and light-field detection part.
MLA is inserted at the native image plane of the microscope and
an scientific complementary metal oxide semiconductor sensor is
used to detect the back focal plane of the MLA. Different angular
components passing through the sample are marked with dif-
ferent colors. (b) Captured raw data and smoothed phase-space
measurements after pixel realignment. (c) Light-field detection
can be viewed as wide-field imaging with multiple low-NA
objectives from different perspectives under the same illumina-
tion OTF. (d) 3D RI distribution is reconstructed using multiple
angular measurements under partially coherent illumination with
calibrated illumination OTFs.

that each microlens covers around 13 x 13 sensor pixels,
which corresponds to the angular resolution.

By phase-space modeling in the LFM [32], the cap-
tured image can be realigned into low-resolution smoothed
phase-space measurements, as shown in Fig. 1(b). Then,
the light-field detection can be viewed as wide-field imag-
ing with multiple low-NA objectives from specific per-
spectives [Fig. 1(c)]. The phase-space PSFs of the LFM
have a much larger DOF than that of wide-field imaging
with the same objective NA, providing necessary volu-
metric information for 3D RI imaging (detailed analysis
in Appendix B). Comparatively, traditional QPI methods
usually utilize wide-field detection and have an extremely
limited DOF, and thus, multiple measurements with axial
scanning are often required for observing thick samples.

Our method is inspired by 3D Fourier ptychographic
microscopy (FPM) [33], in which the multiple angular
components are synthesized to obtain 3D DPC results [6].
However, in the light-emitting diode (LED) array-based
FPM system, the angular components are introduced by
angular illuminations. Therefore, the illumination NA is
much smaller than the detection NA of the objective,
resulting in a coherent imaging model. In contrast, the
LFM system applies bright-field illumination, where the
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illumination NA is much larger than the detection NA of
every perspective, and thus, cannot be described in the
coherent model. Therefore, we first use the calibrated illu-
mination OTF in a volumetric DPC model to achieve a
low-resolution quantitative phase stack from the 4D phase-
space measurements. Then a 3D deconvolution using the
3D phase PSF is applied to enhance the resolution and
achieve computational optical sectioning.

The basic principle of DPC has been described before
[6], in which illumination-based DPC is performed in a
LED array microscope. Here, we make some extensions
and apply the model to the detection side with a LFM, as
shown in Fig. 1(a).

Generally speaking, the quantitative phase gradient is
produced by DPC images, which are yielded by normal-
ized subtraction of intensity images from opposite direc-
tions. In our proposed method, there are two symmetry
axes, producing two directional DPCs, as shown by [34]

]Di,l - [Di,Z

, (1)
IDi,l + IDi,z

Ippc;, =

where i = 1,2 and {D; 1, D)} = {left,right} and {D,,,
D; 5} = {up,down} represent the two directions of DPC.
These directions represent different angular components
in light-field data, corresponding to different illumination
angles in traditional DPC. In our setup, we can get four
images from a single light-field measurement and each
one can be considered as the same wide-field microscope
collection with different partially coherent illuminations.

Considering a sample with a complex transmission func-
tion, o(r), with r = (x, y) being the spatial coordinates. The
field at the sample plane is the product of the illumina-
tion £ (r) [Fourier pair £(u)] and the sample’s transmission
function, o(r). Then, the field is convolved with the pupil
function, P(p), as a low-pass filter, with p indicating the
spatial frequency coordinates at the pupil plane. The inten-
sity distribution at the capture plane can be expressed
as

I(r,) = [F'PEFlo@F 'E@DE, ()

where r. denotes the coordinates at the capture plane;
F(-) and F~!'(-) represent the two-dimensional Fourier
transform and its inverse transform, respectively.

Although the transfer function between measured inten-
sity and sample’s absorption or phase is nonlinear, it can be
linearized with the assumption of a weak-scattering object
as follows:

o(r) = e MOTW ~ 1 — u(r) + ig(r), 3)

where (1 (r) and ¢(r) indicate the absorption and phase dis-
tribution of the object, respectively. We thus can further

simplify Eq. (2) as follows (detailed derivation in Sec. Al
of Appendix A):

T(x) = B8(X) + Haps () L(X) + Hpn ()G (xX),  (4)

where B denotes the background term; Hyps (X) and Hypi (X)

represent the transfer functions of absorption and phase,
respectively.

In Eq. (1), the DPC image is a normalized subtraction of
two intensity images from symmetrical angles. Ideally, the
DPC image does not contain any absorption information in
an aberration-free system, which means /,; (x) = 0. Thus,
the DPC image in the Fourier domain and the system trans-
fer function from the phase distribution to DPC image can
be expressed as

Ippc(r) = Hppc(r) - (1), Q)
Hppc(x) = le]l;(X)a (6)

where B can be approximated as the sum of two images to
form the DPC image in Eq. (1).

From the imaging model in Eq. (5), the quantitative
phase can be recovered by deconvolution of the DPC
image with the estimated transfer function. For the trans-
fer function, the frequencies along the symmetric axis and
beyond the frequency range defined by NA are set to zero.
When deconvoluting within the frequency range, frequen-
cies with low intensities often lead to amplified noise and
artifacts [6]. So, here we apply the Tikhonov regularized
deconvolution to solve this optimization problem,

)

min Zj | Topc,; — HDPC,;‘@Hj +ao|@

where j is the index of DPC images from different direc-
tions (left-right and up-down), and « is a regularization
parameter. The quantitative phase at one single plane can
then be estimated as

G 7l 2 Ioec,; Hppc,
> [Horc, Pt+al’

®)

After applying this process to the phase-space stack at
different axial planes generated by a single light-field mea-
surement [35], we can obtain a wide-field phase stack. To
further enhance the resolution and remove the out-of-focus
components, we then apply 3D phase deconvolution with
a simulated 3D phase PSF, which is similar to the phase-
space deconvolution process in fluorescence imaging [36]
(detailed derivation in Sec. A2 of Appendix A). Then, the
reconstructed volumetric phase map is transformed into the
RI distribution by An = (Ap)/(2d), where d represents the
depth of one slice in the sample.
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FIG. 2. Pipeline of snapshot partially coherent diffraction
tomography. First, the light-field (LF) image captured with par-
tially coherent illumination is realigned as phase-space mea-
surements. Next, we apply digital linear-beam propagation to
estimate phase-space measurements at different axial planes,
which are used for directional 3D DPC images. Then, calibrated
illumination OTF is used with Tikhonov deconvolution to obtain
a quantitative phase stack. Finally, we apply 3D RL deconvo-
lution with a simulated phase PSF for enhanced resolution and
optical sectioning and use a linear transform to acquire 3D RI
distribution.

Specifically, our algorithm can be described by the fol-
lowing steps, as shown in Fig. 2. First, the captured light-
field image is realigned into 13 x 13 angular components.
The pixels corresponding to a certain angular component
of each microlens can be recombined into a subimage
under a specific subaperture. Then, linear-beam propaga-
tion can be applied to produce the phase-space measure-
ments at different axial planes [37]. Next, we calculate the
left-right and up-down directional DPC stacks [6] from
the phase-space stack, as described by Eq. (1). With the
calibrated illumination OTF, the quantitative phase stack
can then be retrieved by solving the Tikhonov-regularized
optimization problem, as described in Eq. (7). Finally, we
apply a 3D RL deconvolution with the phase PSF to decou-
ple the 3D phase information within the extended DOF
for computational optical sectioning and spatial-resolution
enhancement. The detailed process is given by Eqs (A14)
and (A15). The phase PSF used here is generated by imag-
ing a subdiffraction-limit phase point at different axial
planes during the numerical simulation.

I11. RESULTS

It is inevitable that there are some distortions in the
experimental system, such as shift, tilting, and magnifica-
tion mismatch, which lead to inaccurate phase estimation
during DPC calculations. To solve this problem, we apply
both the geometric registration of raw light-field mea-
surements and the calibration of illumination OTF on
experimental data. We demonstrate the effectiveness of the

Geometric

(a) | registration

OTF callbratlon

Geometric
registration

FIG. 3. Performance of geometric registration and OTF cal-
ibration. (a) Illustration of geometric registrations to correct
misalignment between MLA and sensor, including subpixel shift,
tilting, and magnification mismatch. (b) Raw light-field image.
(c) Light-field image after geometric registration. (d) Light-field
image with the calibrated OTF amplitude shown in the inset.
Reconstructed quantitative phase at native objective plane with-
out calibration (e), with geometric registration (f), and with
both geometric registration and OTF calibration (g). Scale bars,
100 gm.

abovementioned system calibration by imaging a fixed C.
elegans, which is put on a Petri dish and embedded in
2% agarose gel. Without geometric registration, the recov-
ered phase has a bulging background and some rectangular
artifacts, as shown in Figs. 3(b) and 3(e). These system
errors are mainly caused by the tilting and magnification
mismatch between the MLA and the sensor, as shown in
Fig. 3(a). The image registration of alignment errors is
performed using the coefficients estimated from measuring
a uniform plane without a sample. Besides the alignment
errors in the LFM, the nonuniform distribution of the light
source will lead to an inaccurate estimation of the quan-
titative phase, akin to lower weights on high-frequency
components than low-frequency components. Then, the
spatial resolution will be significantly decreased, as shown
in Fig. 3(f). To obtain an accurate estimation of the ampli-
tude of the illumination OTF, we image a uniform plane
as a reference. The sum of different angular images can
be used as an experimental OTF amplitude. With the cal-
ibrated OTF [Fig. 3(d)], much more detailed structures
of the sample can be observed from the retrieved phase
information, as shown in Fig. 3(g).

To evaluate the quantification accuracy and resolution
of our method, we measure the quantitative phase target
(QPT, Benchmark Technologies Corporation) for analysis.
Figure 4(a)4(c) show the bright-field images of the QPT
USAF targets with different feature heights (150, 200, and
350 um, respectively) under partially coherent illumina-
tion. Since the phase target only contains obvious phase
differences, the captured images have low intensity con-
trast, as the red line profiles show in Figs. 4(a)4(c). The
phase maps recovered by our method for the same QPT
USAF targets as those in Figs. 4(a)—4(c) are shown in Figs.
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FIG. 4. Experimental and quantitative analysis of the QPT
USAF target part. Bright-field image of the QPT USAF target
part with different feature heights under partially coherent illu-
mination; the feature heights are (a) 150 nm, (b) 200 nm, and
(c) 350 nm. (d)~(f) Recovered phase map of the same targets in
(a)(c). Line profiles of the red dashed line of each image are
shown in the bottom-left corner. (g) Average phase of the spec-
ified region of the USAF targets with different feature heights
from 150 to 350 nm. Selected region is marked as the red box in
(d). (h) Profile of the yellow dashed line in (i). (i) Enlarged view
of the yellow boxed region in (f). Scale bar, 50 xm.

4(d)4(e), in which the line profiles of group 7, element 1,
are shown with high contrast to the background. Differ-
ent bars of the same elements inside a certain USAF target
have similar phase values, indicating that they have the
same physical heights. To better evaluate the accuracy of
our method quantitatively, we select the specified region
of the USAF targets [red box in Fig. 4(d)] for comparison.
After averaging the values in each region, we find that the
averaged phases of the targets with different feature heights
have an obvious linear relationship with their real physical
heights, as shown in Fig. 4(g). From the results, we can
see that our method can obtain quantitative phase imaging
with a resolution of 3.48 um (group 7, element 2) by using
the objective lens with 0.5 NA in the LF microscope.

The DOF has always been one of the most concern-
ing issues of quantitative-phase-imaging techniques, so we
analyze the DOF of our method on the QPT USAF target
part with a feature height of 200 nm. We roughly focus
on the surface of the target part and consider it as the
z = 0 plane. Then several images focused at different axial
positions from —12.0 to 12.0 ym are captured to demon-
strate the relative extended DOF of the proposed method,
as shown in Figs. 5(a)-5(e). The focused axial positions
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FIG. 5. Experimental analysis of the depth of field using QPT
USAF target part. Recovered phase map of the QPT USAF target
part of same feature height (200 nm) focused at different axial
positions of (a) —12.0 um, (b) —9.0 um, (c) 0 um, (d) 6.0 um, and
(e) 12.0 um. (f) Line profiles of red dashed lines in (a) —(e). These
line profiles correspond to (a)(e) from top to bottom. Scale bar,
50 pm.

in Figs. 5(a)-5(e) are —12.0, —9.0, 0, 6.0, and 12.0 ym,
respectively. For clear characterization, the line profiles of
the red dashed lines in Figs. 5(a)-5(e) are shown in Fig.
5(f) to reveal the axial range of clear imaging based on
group 7, element 1, of the QPT USAF targets. It is not pos-
sible to resolve these three bars of the target part focused at
—12.0 um, but they can be resolved from —9.0 to 12 um.
The resolving ability of our method reaches its peak at
around 0 um and the line profile has lower contrast when
the defocus becomes larger. Here, we can simply summa-
rize that the DOF of our method is over 21.0 yum when
we maintain a resolution better than 3.48 um (group 7,
element 2).

We show the successive reconstruction processes of a
3D RI distribution from a single light-field image in Fig. 6.
By applying the digital linear-beam propagation, we can
estimate the 4D phase-space measurements over a wide
range of axial depths from —45 to 45 um with a step of
1.5 um. Then, the quantitative directional DPC images at
corresponding axial planes can be obtained, illustrating the
phase gradient in different directions, as shown in the first
two rows of Fig. 6(a). With the precalibrated illumination
OTF, we can recover the quantitative phase stack based on
Eq. (7) with the Tikhonov regularization deconvolution.
The quantitative phase images show more detailed struc-
tures, but some background remains, which comes from
the out-of-focus information of the extended DOF. After
3D RL deconvolution with the simulated phase PSF with
the same objective NA, we can extract the 3D RI distribu-
tion from the deconvolved phase stack with both enhanced
resolution and optical-sectioning ability. The slices at dif-
ferent axial planes are shown in the last row of Fig. 6(a).
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FIG. 6. Successive reconstruction processes of fixed C. ele-
gans. (a) First row, up-down DPC images. Second row, left-right
DPC images. Third row, quantitative phase stack. Fourth row,
reconstructed RI distribution. Different columns correspond to
different axial positions. All results are generated from a sin-
gle light-field image (b). Scale bars, 100 um. (c) Orthogonal
maximum-intensity projections (MIPs) of the 3D RI distribution.
Scale bars, 100 um. (d) Orthogonal slices of the magnified view
marked with a red box in (c) along the marked yellow dashed
line. Scale bars, 10 um.

Similar to traditional 3D fluorescence imaging by LFM
[32], the reconstructed 3D RI imaging using our method
has the highest spatial resolution at the axial position close
to the native objective plane. The achievable resolution
will gradually decrease with an increase of the defocus dis-
tance due to the inaccurate approximation of linear-beam
propagation. A better beam-propagation model and other
hardware modifications [38] can be exploited in the future
to further improve the spatial resolution. The orthogonal
MIPs of the recovered RI distribution are also shown in
Fig. 6(c). Orthogonal slices of a magnified view of the area
marked by the red box in Fig. 6(c) are visualized in Fig.
6(d) to show the optical-sectioning capability. Consider-
ing the large size of the reconstructed volume, containing
around 300 megavoxels (2048 x 2048 x 61 voxels), the
whole procedure takes about 30 min on a computer with an
17-7800X CPU and one TITAN-Xp GPU. Optimization of
reconstruction algorithms can be exploited in the future to
accelerate the reconstruction process and enable video-rate
visualization.

To further demonstrate the snapshot label-free 3D imag-
ing capability of our method, we image a freely mov-
ing C. elegans in Fig. 7 and Video 1 within the Sup-
plemental Material [40]. Different from the experiments
above, we select several energetic C. elegans and image
them on a glass-bottomed dish. Traditional DPC-based RI

-30 um

—15 ym

0 um

15 um

30 um

o

6‘ »
S
3

FIG. 7. 3D RItomography of freely moving C. elegans. 3D RI
distribution of freely moving C. elegans at different time stamps
marked on the top. Video is captured at 30 Hz (Video 1 within
the Supplemental Material [40]). Projections from a specific per-
spective are shown in the first row. Multiple slices at different
axial positions labeled on the left are shown below. Scale bars,
100 pm.

recovery methods [6,17] often require multiple acquisi-
tions to achieve differential intensities, which make them
extremely difficult to use for observing living organisms.
Accordingly, the samples imaged by previous methods are
usually fixed or anesthetized, since the motion of the sam-
ple will introduce strong artifacts in reconstructions with
multiple frames. On the contrary, our method captures the
whole 3D RI distribution within a snapshot across a large
DOF. We record the whole process of the C. elegans mov-
ing out from the current field of view at 30 Hz for 11 s. As
shown in Fig. 7, we select several specific moments with
typical postures to show the fast dynamics observed of the
living organisms. In the first row, the MIPs from a partic-
ular perspective show the moving track and body posture,
which can be utilized for activity and behavior analysis. In
other rows, the slices at different axial planes are shown to
demonstrate the consistency in both the axial domain and
temporal dimension with good optical-sectioning capabil-
ity. For example, at a time of 2.88 s, it is obvious that
a vesicle in the yellow box is gradually shaped as the
axial position drifts away. From 4.32 to 7.20 s, the rela-
tive RI distribution at the tail region remains almost the
same. In this experiment, we capture the crawling of C. ele-
gans. Besides, our method can also be extended to observe
other behaviors of C. elegans, such as seizures and mating.
The high spatial-temporal resolution of our method is nec-
essary for various practical applications, such as clinical
inspections and dynamic wavefront estimations in adaptive
optics [1].
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IV. CONCLUSION

We demonstrate a snapshot partially coherent diffraction
tomography method based on LFM with a volumetric DPC
model in deep tissue. We validate our proposed method
by imaging freely moving C. elegans at 30 Hz across a
large volume. Apart from that, the proposed method can be
easily implemented on an existing light microscope with
simple hardware modifications and without the require-
ment for a laser source. With the increasing demand for
dynamic 3D RI imaging in complicated environments, our
method can work as a robust and low-cost add-on, which
is generally accessible for broad communities, including
both optics and biology.
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APPENDIX A: DETAILED DERIVATION FOR
THEORETICAL MODEL

1. Detailed derivation of partially coherent
quantitative DPC in LFM

In our experimental setup shown in Fig. 1, we have the
same illumination source with different detection angles
of corresponding subapertures. Such an imaging scheme
is very similar to imaging the sample in the same direc-
tion with different angular illumination sources. For an
N x N (pixel numbers after each microlens) light field,
the angular domain (u,v) is divided into N x N com-
ponents. The left part refers to those components of
[(u,v)|u < (N/2)]. When we rewrite a light-field image
into a four-dimensional matrix, L(x, y, u, v), we can obtain

(N-1)/2 N

hep(e,y) = Y Y L(x.y.u,v), (A1)
u=1 v=lI
N N

Iright(x:y) = Z ZL(X,)/,% U), (A2)

u=(N+1)/2 v=1

From Egs. (A1) and (A2), we can get four images from
a single frame of light-field measurement, which can be

considered as the same wide-field microscope collection
with different partially coherent illumination and described
by the same imaging model as Eq. (2).

In detail, Eq. (2) can be reorganized as

I(r.) = ‘// // // E(ll)O(I‘)P(p)eiizn(“'r)eizn(r‘l’)

2

x TP Pud’rd’p)| (A3)

For partially coherent illumination at the sample, with
E)E*(v) = |E(w)|*8(u — v) and the illumination power
S(u) = |E(u)|? corresponding to the angular intensity dis-
tribution of illumination, the captured intensity is the inco-
herent sum of images formed by each coherent source with
a single incident angle. Equation (A3) can be expressed as

[(rc) — // S(u) /f P(p) |:// o(r)eizn(p—u).rdzr:|

% ei2n(p-rc)d2p

d*u, (A4)

Substituting m = p — u and O(m) = F[o(r)] and using
the identity | [ f (m)a?m|2 = [[ f (m)f *(n)dmdn, we can
obtain, with the consideration that the pupil function P(p)
is an even function, the following:

I(r,) = // // O(m)O0*(n) [// S(uw)P(m + u)

x P*(n + u)dzu] 2 rem=ml 2 5 n, (AS5)

where m and n are variables for integration in the spatial
frequency space. We use H to represent the system transfer
function H(m,n) = [/ S(uw)P(m + w)P*(n + u)d’u,

](rc) = // // O(m)O*(n)H(m’ n)eiZH[rc(m—n)]dzmdzn,
(A6)

Substituting x=m —n and rewriting Eq. (A6) in the
Fourier space of the captured plane x, we can get

T(x) = / / Om)O0*(m — x)H(m,m — x)d*m, (A7)

Equation (A7) denotes the four-dimensional transfer func-
tion for the partially coherent illumination [39], which is
performed as a four-dimensional convolution with com-
plex conjugate terms.
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Considering the weak-scattering assumption in Eq. (3),
the Fourier transform of o(r) is

O(m) = §(m) — M (m) + i® (m), (Af)

where M (m) and @ (m) are the Fourier transforms of 4 (r)
and ¢(r), respectively. Neglecting the small cross term
between M and @, the product of the Fourier-transformed
object function in Eq. (A7) can be rewritten as

O(m)O*(n) ~ §(m)d(n) — [M (m)d(n) + M (n)3(m)]
+i[@(m)d(n) — @*(n)3(m)], (A9)
Substituting Eq. (A9) into Eq. (A7), we can get Eq.
(4), where B denotes the background term and H,,s(x)
and H,p;(x) represent transfer functions of absorption and

phase, respectively. In detail, letting x" denote the integra-
tion variable,

B = / f S)PX)P*(x)d*x, (A10)
Hyps(x) = — [ f / Sx)P(xX + x)P*(x)d’x

+ / / Sx)HP(x —x)P*(x’)dzx’}, (A1l)
Hiygi(x) = i|: / / SE)PK + X)P*(X)dx’

— / / Sx)HP(x —X)P*(x’)dzx’i|, (A12)

Ideally, since H, (x) = 0, we can get Eqs (5) and (6) from
Eq. (4). In detail, Eq. (6) can be expressed as

Hphi
Hppc(X) = %(X)
[ S&)[PK +x) — P(x' — x)]P*(x)d>X'
B [ S&x')P(x')P*(x')d2X’ ’

(A13)

After applying the Tikhonov-regularized deconvolution to
the optimization problem in Eq. (7), we obtain an esti-
mation of the quantitative phase at one single plane as

Eq. (8).

2. 3D phase deconvolution formation

Since the DPC images in Eq. (1) are calculated by using
all angular components covering the whole aperture, the
phase PSF is generated by imaging a subdiffraction-limit
point with full NA of the objective in numerical simu-
lation. We assume that each layer of the recovered pre-
liminary volumetric phase is the weighted integral of the
whole volume along the 3D phase PSF, which is spatially

invariant. To solve this deconvolution problem, we apply
Richardson-Lucy (R-L) deconvolution to every recovered
phase image at different axial depths with corresponding
3D phase PSF, and then calculate the weighted average
of these volumes after deconvolution, which is taken as
the initial value of the next iteration. Specifically, the iter-
ation process of R-L deconvolution to each phase image
at different axial position is similar to the deconvolution
to each image from different acquisition angles [32], in
which the update of the 3D phase map is done slice by
slice, according to the Eqs (A14) and (A15),

X0 < X0 o (V16X P1G)/A7G),  (A14)
) i ZAXI‘(]{_H)’ (A15)

N

where O represents the dot product operator, ./ represents
the point division operator, and Y; is the estimated quanti-
tative phase at the ith axial plane. Xi(k) is the deconvolved
volume of 71 after k£ iterations, G; is the phase PSF of the
corresponding axial plane 7, and N is the total number of
axial planes.

APPENDIX B: EXTENDED DEPTH OF FIELD

QPI based on partially coherent illumination has a
coherence length that is proportional to the system depth
of the field. We can only calculate the phase result of the
sample that is located in the system depth of the field. Since
our algorithm calculates the phase from the intensity dif-
ference, the resolution of the intensity images will affect
the phase resolution. Theoretically, LFM captures the 4D
phase-space information within a snapshot, but there is
a trade-off between spatial and angular resolution. More
specifically, LFM divides the whole aperture into several
subapertures (13 x 13 here), which extends the depth of
field but sacrifices spatial resolution for each subapertures
due to the low sampling density in the spatial domain.
Figure 8(a) shows the PSF of an unfocused LFM with
orthogonal slices, while Fig. 8(b) shows the PSF of wide-
field microscopy (WFM) for comparison. Different from
WFM, LFM can keep the photons focused within a much
larger depth of field. As shown in Fig. 8(d), the WFM PSF
has a smaller FWHM at the focal plane, corresponding
to higher spatial resolution at the native objective plane,
while its FWHM expands much faster along the Z axis.
Conversely, the FWHM of the LFM PSF remains simi-
lar across a large depth range, suggesting the capability
for phase imaging of a large volume. To make a detailed
description, we choose two angular components [(u, v) =
(0,0), (u,v) = (=5,0)] from the LFM PSF after pixel
realignment into the phase space, as shown in Fig. §(c).
Compared with wide-field PSF, the multiangular PSFs
with different subapertures have almost constant intensity
and FWHM over a relatively large range of the Z axis.
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(a) z=0pm z=20pum ;

0
20 um -50 -25 0 25 50
— Axial depth (um)

FIG. 8. Quantitative comparison between light-field PSF and
wide-field PSF. (a) Orthogonal slices of simulated light-field PSF
at y=0 um and z=0 um, 20 um planes. (b) Orthogonal slices
of simulated wide-field PSF at corresponding planes for com-
parison. (¢) X-Z slices at y=0 um plane of different angular
components [(¢, v) = (0,0), (4, v) = (—5,0)] of simulated light-
field PSF after pixel realignment. (d) FWHM curves of different
angular components of simulated light-field PSF and simulated
wide-field PSF, illustrating that light-field PSFs have a much
larger depth of field than the wide-field PSF. Scale bar, 20 um.

Although the lateral resolution of LFM is reduced due to
insufficient sampling in the spatial domain, the resolution
of phase imaging may be enhanced by the tomographic
process with a high accuracy of phase measurements,
which can be an interesting topic to be exploited in the
future.

APPENDIX C: COMPARISON BETWEEN
RECONSTRUCTIONS USING DIFFERENT PSFS

To compare the imaging performance of the experi-
mental PSF with the simulated PSF, we experimentally
measure the system PSF as follows. We dilute the 2-um-
polymer-bead solution (Thermo Fisher Scientific, F-8888,
2 um) to 1:2500, then select one appropriate region to take
phase-space measurements at different axial planes. Then,
we calculate the DPC stacks and perform the deconvolu-
tion to get an experimental 3D phase PSF stack. The results
using the simulated PSF and the experimental PSF are
shown in Fig. 9, which shows the reconstructed RI dis-
tribution from —30 to 30 um. Although the reconstructed
RI map at 30 um with the experimental PSF shows better
resolution than that using the simulated PSF, the RI maps
at other layers with the experimental PSF retain fewer
details, compared with the result of the simulated PSF.
Because their performances are similar, we keep using

(a) —30 um —15 ym 0um 15 um 30 um .
1.33
Experimental
PSF
(b)
Simulated
PSF
FIG. 9. Comparison between the 3D RI map reconstructed

with the experimental PSF and that using the simulated PSF. (a)
Reconstructed RI distribution by using experimental-phase PSF
for deconvolution. (b) Reconstructed RI distribution by using
simulated-phase PSF for deconvolution. Scale bars, 100 gm.

the simulated PSF to reconstruct the 3D RI map in all
experiments.
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