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Optical diffraction tomography (ODT) is a promising label-free three-dimensional (3D) microscopic method capable
of measuring the 3D refractive index (RI) distribution of optically transparent samples (e.g., unlabeled biological cells).
In recent years, non-interferometric ODT techniques have received increasing attention for their system simplicity,
speckle-free imaging quality, and compatibility with existing microscopes. However, ODT methods for implement-
ing non-interferometric measurements in high numerical aperture (NA) microscopy systems are often plagued by
low-frequency missing problems—a consequence of violating the matched illumination condition. Here, we present
transport-of-intensity Fourier ptychographic diffraction tomography (TI-FPDT) to address this challenging issue
by combining ptychographic angular diversity with additional “transport of intensity” measurements. TI-FPDT
exploits the defocused phase contrast to circumvent the stringent requirement on the illumination NA imposed by the
matched illumination condition. It effectively overcomes the reconstruction quality deterioration and RI underestima-
tion problems in conventional FPDT, as demonstrated by high-resolution tomographic imaging of various unlabeled
transparent samples (including microspheres, USAF targets, HeLa cells, and C2C12 cells). Due to its simplicity and
effectiveness, TI-FPDT is anticipated to open new possibilities for label-free 3D microscopy in various biomedical
applications. © 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

Optical diffraction tomography (ODT) exploits the refractive
index (RI) as the intrinsic optical imaging contrast to visualize
or quantitatively characterize cellular features, which has shown
practical value in biological research, medical diagnosis, and drug
discovery [1-6]. Over the past decades, various types of ODT
techniques [7—12] have been developed to infer the volumet-
ric RI distribution of biological samples by combining optical
holography [13,14] with computed tomography [15], enabling
non-invasive and label-free three-dimensional (3D) volumetric
imaging of transparent samples. These typical coherent ODT
techniques, either for object rotation or illumination scanning,
essentially perform the process of coherent synthetic aperture
[8,16-18], which accesses the different spatial frequency infor-

complex amplitude distribution of the total field can be obtained
directly in conventional ODT systems [7] (e.g., Mach—Zehnder
interferometers equipped with galvanometer scanning mirrors),
and further the first-order scattered field can be determined
according to Born/Rytov approximations [9,19,20].

Under the framework of Fourier diffraction theorem [19,21],
the two-dimensional (2D) spectrum of the first-order scattered
field is directly related to the object’s 3D frequency content within
a generalized aperture defined as the projection of the 2D complex
pupil function onto the 3D Ewald sphere. For each coherent illu-
mination, the frequency information corresponding to the support
of the 3D Ewald sphere is transferred with maximum contrast due
to the unit amplitude response of the coherent transfer function.
Unfortunately, because of the use of temporally coherent illumi-

mation through the relative angular changes between the sample
and the illumination beams. And further, all acquired frequency
components in 3D Fourier space are synthesized together to get
the scattering potential for characterizing the RI of the object.
By involving interferometric or holographic measurements, the
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nation, these coherent ODT techniques suffer from inevitable
speckle noise and parasitic interference, preventing high-quality
3D RI imaging [22]. Moreover, most of them require specialized
interferometric setups with complicated beam scanning or sample
rotation devices, prohibiting their widespread application in the
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biological and medical communities. To fundamentally overcome
these limitations, the ODT in non-interferometric manners seeks
to recover the RI distribution of samples from the intensity-only
measurement, and the related non-interferometric 3D label-free
technique has also been a hot research topic recently [23-29].

Similar to the typical ODT techniques, asymmetric-
illumination-based non-interferometric diffraction tomography
also relies on the relative angular changes between the sample and
the illumination beams, and the 2D intensity images under diverse
illumination are acquired for 3D object scattering reconstruc-
tion. However, the spectrum information located on the Ewald
sphere is unavailable directly due to the loss of phase component
in the complex amplitude field for intensity recording. Thus, it
is crucial to recover the required scattered field (including both
amplitude and phase) of objects from the intensity measurement
in non-interferometric ODT. For a partially coherent illumination
imaging system, influenced by the degradation of illumination
coherence and inherent intensity-only measurement, the fre-
quency spectrum of intensity is determined by the system’s phase
transfer function (PTF). Different from the case of coherent
illumination, the distribution of the transfer function value of
corresponding partially coherent source is non-idealized (non-
uniform frequency response) instead of unit amplitude response.
Especially, the low-frequency phase components cannot be effec-
tively transferred into the intensity measurement as a result of PTF
overlap and cancellation around the zero-frequency point. For the
case of the tilted incident illumination wave, the PTF associated
with the intensity image contains two shifted anti-symmetric
pupils that cancel each other out in the low-frequency region. Only
if the illumination angle matches the numerical aperture (NA) of
the objective lens (i.e., called matched illumination condition) will
the two shifted pupils be tangent to each other, and there will be
no more overlap in the low-frequency region, thus allowing com-
plete transfer of low-frequency phase components to the intensity
image [30]. However, it is difficult to strictly fulfill the matched
illumination condition in experiments, especially for high-NA
imaging systems. Failure to meet the matched illumination condi-
tion precludes the intact recovery of the phase component due to
the low-frequency spectral overlapping in the captured intensity,
bringing a daunting challenge to asymmetric-illumination-based
non-interferometric  diffraction tomography with high-NA
objectives.

We recently found that two 2D anti-symmetrical pupils of
the PTF will become back-to-back 3D generalized apertures by
extending the intensity measurement into 3D space, and that the
distribution of these 3D apertures in the Fourier space are pass-
band filter sphere caps and no longer cancel each other out under
arbitrary illumination angles [31]. The total separation of two
independent generalized apertures (overlapped at zero point) elim-
inates the requirement of the matched illumination condition, and
the 3D scattering potential can be reconstructed under arbitrary
illumination conditions similar to the case of holographic diffrac-
tion tomography. Nevertheless, the data requirement of previous
work is about 2 orders of magnitude larger than that of typical
holographic diffraction tomography due to the introduction of
additional axial scanning under each illumination angle, resulting
in excessively time-consuming data acquisition and a severe bur-
den on storage. And until now, asymmetric-illumination-based
non-interference diffraction tomography has not been efficiently
implemented in high-NA imaging systems to meet the urgent need

for high-resolution, time-efficient, and small data volume biologi-
cal imaging due to these limitations. In fact, only fewer intensity
images are required to retrieve the lost phase information by using
the transport of intensity equation (TIE) [32] under a certain
illumination angle. Once the phase information is available, the
3D intensity stack needed to be measured in the previous work
is highly redundant since it can be obtained by propagating a 2D
complex amplitude into 3D space.

In this work, we present an effective solution to the challeng-
ing issue of the matched illumination condition by combining
ptychographic iteration under angle-varied illumination [25,33]
with additional “transport of intensity” measurements [34,35].
The proposed method, termed transport-of-intensity Fourier pty-
chographic diffraction tomography (TI-FPDT), retrieves the 3D
RI distribution of the sample from two intensity sets containing
images at two different focus positions under diverse illumination.
Thanks to the significant low-frequency phase contrast provided
by the additional defocused intensity images acquired at each illu-
mination angle, TI-FPDT circumvents the stringent requirement
on the illumination NA imposed by the matched illumination
condition. As a result, this endows TI-FPDT with the capability to
effectively overcome the reconstruction quality deterioration and
RI underestimation problems in conventional FPDT under the
non-matched illumination condition. Unlike typical ODT, TI-
FPDT incorporates both in-focus and defocused intensity images
in the FPDT framework and uses them as the constraint condi-
tion to recover the RI distribution of the sample and refine the
reconstruction result, allowing for a more precise high-resolution
tomographic imaging. Based on an off-the-shelf bright-field
microscope equipped with a programmable light-emitting
diode (LED) array as the light source, we realize high-resolution
(327 nm/254 nm lateral resolution with dry/oil-immersion objec-
tives, respectively) non-interferometric 3D Rl reconstruction. The
experimental results of polystyrene microspheres are consistent
with the simulation, validating the ability of TI-FPDT to recover
low-frequency components under the non-matched illumination
condition. We further demonstrate the validity of TI-FPDT for
imaging biological samples by high-resolution RI tomographic
imaging and quantitative characterizations of unstained HeLa cells
and C2C12 cells, suggesting that TI-FPDT is a promising tool
for revealing organelle structures at the subcellular level. Due to
its simplicity and effectiveness, the proposed TI-FPDT approach
is expected to bypass the matched illumination barrier and open
new possibilities for non-interferometric high-resolution ODT in
various biological and medical applications.

2. PRINCIPLE
A. TI-FPDT Forward Imaging Model

In the basic theory of diffraction tomography, the physical quantity
of interest to be retrieved is the scattering potential of a thick 3D
sample, via the following expression:

Ox) =k [nx)* —n,]. 1)

where by = 27 /X is the wavenumber, with A being the illumina-
tion wavelength in free space, while 7(x) and #,, are the spatial RI
distribution of the sample and its surrounding medium, corre-
spondingly. x = (x7, 2) = (x, y, 2) is a short-hand notation for
the 3D spatial coordinate.
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In the case where the 3D sample is illuminated by a plane wave
Uin(x), the resultant total field U(x) is written as the superpo-
sition of the incident field Ui, (x) and the scattered field U, (x)
(i.e., Ux) = Un(x) + U; (x)), which obeys the inhomogeneous
wave equation. To obtain the analytical solution to the inverse
scattering problem, we need to consider the single scattering events
(first-order scattered field Ui (x)), excluding multiple scattering.
Further, the following relation known as the Fourier diffraction
theorem [19] is obtained by employing Green’s function [36], and
then the first-order scattered field U, (x7) can be related to the
scattering potential O(x) in 3D Fourier space:

O(u — wiy) = 47 ju, exp(—27 ju,zp) Us1 (urs 2= zp)

X P(ur)s <u - W) , @

where = (ar, #;) = (#,, u,, u;) represents the 3D spatial fre-
quency coordinates corresponding to x and wi, = (Win 7, #inz) =
(#ins» Winy, #inz) is the 3D incident plane wave vector, while j
is the imaginary unit and #,, =#n,,/A is the spatial frequency
in the medium 7,,. O(u) and U;;(uy) correspond to the 3D
and 2D Fourier transforms of O(x) and Uj;(x7), respectively.

P(uz)8(u, — \/u? — |luz|?) is defined as the 3D coherent trans-

fer function, whose spectrum support domain is a restricted Ewald
sphere limited by the objective aperture. zp represents the coor-
dinate displacement in the z direction, i.e., the measurement is
performed at different focus positions.

According to Eq. (2), it can be found that the information in
the scattering potential spectrum corresponding to the Ewald
support domain contains all the information of the 3D first-order
scattering field lAJS 1(uw) for a certain illumination angle [37]. More
simply, there is an exponential factor correlation between the 2D
first-order scattered fields at different axial positions in Fourier
space, i.e.,

Un(ur; 2= Az) = expr ju,Az) Uy (ur; 2=0).  (3)

Since intensity-only images are utilized to realize RI tomo-
graphic imaging, the relationship between measured intensity
images and the scattering potential of samples should be
established. Considering better applicability of the Rytov approxi-
mation for imaging thick biological samples compared to the
Born approximation [9,19,20], we choose the former one as the
approximation implementation in this work (see Section 1 in
Supplement 1 for detailed analysis). As a result, the relationship
between the first-order scattered field and the measured intensity
can be established as

2
In — focus,

](XT7 ZZO): ‘UinCXp [W]

2
I(x7,z=Az) = ‘Um exp [W” Defocus.

(4)

The combination of Egs. (3) and (4) reveals the transport rela-
tionship of the 2D intensity in the axial direction for a 3D object
under the Rytov approximation, and the realization of Eq. (4)
is just the key concept of “transport-of-intensity” in this work.
Unlike the TIE for 2D thin objects, the concept of “transport-
of-intensity” here is the extension of the conventional one, and
it is the typical phenomenon of volumetric intensity transport
in the diffraction tomography for 3D objects. In addition, the

concept originates from Fourier diffraction theorem, and the
Rytov approximation is taken into account as well to make it more
applicable for 3D diffraction tomographic imaging of biological
samples.

B. lllumination Situations for TI-FPDT

For typical ODT based on holographic measurements, the com-
plex amplitude of the total field U(xr) can be measured directly
through an interferometric approach. As illustrated in Fig. 1(a),
an off-axis hologram contains information about the total field,
shifted by the oblique incident field in the Fourier domain. The
total field can be extracted via the low-pass filtering of +1-order
or —l-order frequency component of the hologram spectrum.
After converting the obtained total field U(xr) to the first-order
scattered field U;; (xr) under the Born or Rytov approximations
[Eq. (S1) or Eq. (§5)], the resultant 2D spectrum is projected onto
the particular Ewald sphere in 3D Fourier space, according to the
relation given by Eq. (2). By changing the incident illumination
angle to enlarge the accessible object spectrum, a certain portion of
é(u) can be retrieved, which will allow us to reconstruct the 3D RI
distribution of samples.

For non-interferometric ODT based on intensity-only mea-
surements, we cannot directly measure the complex amplitude of
the total field since the inherent intensity recording leads to the
loss of phase component. However, the phase component of the
scattered field decisively contains the information about the RI
distribution of samples. Therefore, the key to non-interferometric
ODT implementation is the encoding of phase information
into intensity images through modulations [38] (e.g., matched
illumination or axial defocus) and the recovery of desired phase
component using phase retrieval algorithms during the recon-
struction process. This phase encoding process can be intuitively
interpreted from the perspective of the PTE

Considering the case of weak scattering and negligible absorp-
tion properties for the most biological samples [39], the detection
intensity on the in-focus (z = 0) and defocused (z = Az) planes
in Fourier space under flexible illumination angles can be stated as
follows:

I(ur; =0, Az) = a; [8(ur) + j Hp(ur; =0, Az)®(ur)]

®)
where @ is the mean value of amplitude in the in-focus plane and
® (uy) corresponds to the Fourier transform of phase component
¢ (x7). Hp(ur) is the PTF in the in-focus and defocused planes
written in the following form [30,40]:

Hp(ur) =

P(ar —ayr) — P(ar + wyy) z=0,
P(ur — uinT)CXP{]'ZT”AZ[U(uT — W) — ﬂ(uinT)]}
—P(ur +wur)exp{ j 2 Az[n(ur + wnr) — n(wap)l} 2= Az,
(©6)
where P(uy) is the 2D circular pupil function with a radius of

NAgpj /A ideally, and n(ur) = /7% — A2luz|? denotes the axial
spatial frequency for an aberration-free system.

Figure 1(b) exhibits the PTFs distribution under different
illumination conditions and detection planes. The recorded raw
intensity images and their corresponding spectra are shown in
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Fig.1. Illustrate the principle of holographic diffraction tomography and understand the importance of illumination conditions for non-interferometric
ODT from the perspective of the PTE (a) Typical ODT implementation based on holographic measurements. (b) Absolute value distribution of the PTFs
under different illumination conditions and at different focal planes. (c), (d) Intensity images captured in the four different situations and corresponding

spectra. Scale bars, 10 pm.

Figs. 1(c) and 1(d). It can be found that, for a perfectly in-focus
imaging system, the two anti-symmetrical (positive and negative)
pupils of Hp(uz; z=0) are tangent to each other under matched
illumination condition, suggesting the phase information within
pupil function can be totally transferred to the intensity images.
The intensity spectrum corresponding to this case has almost the

same frequency support as the PTE If the illumination angle is
reduced, i.e., under the non-matched illumination condition,
the two pupils are no longer completely tangential and cancel
each other out in the low-frequency position. In this case, the
low-frequency phase components (near zero frequency) cannot be
transferred to the intensity images, and this issue is also validated
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by the phenomenon of the missing low-frequency spectrum in the

captured intensity image.

In addition to illumination modulation, TI-FPDT incorpo-
rates another more convenient way of encoding phase into the
intensity image, which is to introduce an imaginary part into the
transfer function through defocus modulation. Under arbitrary
illumination conditions, the two pupils of Hp(ur; 2= Az) in the
defocused plane may overlap but will not completely cancel each
other out. The absolute value distribution of the PTFs shown in
Fig. 1(b) indicates that Hp (uz; z = Az) is always non-zero in the
shifted pupil function (except for the zero-frequency since the zero-
frequency of the PTF is meaningless). This means that the phase
components in the accessible frequency domain, especially the
low frequencies, can be totally transferred to the intensity images.
Intuitively, Eq. (6) can be expressed along the direction of incident
illumination spatial frequency w;, 7 as

(a) (c)

-~
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0 z=0,

| Hp(ur)| = { |exp {j & Azln(ar — war) — n(war)]}

—exp {2 Azln(ur + wnr) — n(w.pl}] 2= Az,
7

for the case of low-frequency region within 0 < |uy| <

NAgpj—NA;jy, and

1 z=0,

|H1>(11T)|={1 A ®)

for the case of high-frequency region within NAp—NA;j <
luz| < NAgpj + NAj. The line profiles corresponding to the four
different situations are plotted in Fig. 1(b).

Thus, the phase components of the sample scattering can be
totally transferred to the measured intensity images by combin-
ing ptychographic angular diversity with additional defocused
intensity measurements, allowing TI-FPDT to retrieve RI tomo-
grams without suffering from reconstruction quality deterioration
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Fig.2. Hardwareimplementation and working flow of TI-FPDT. (a) Setup of TI-FPDT system based on a commercial microscope equipped with a pro-
grammable LED array source. (b) Photograph of the TI-FPDT platform. (c) Flow chart of data processing in TI-FPDT for 3D RI reconstruction on the

example of unstained HeLa cells.
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and RI underestimation problems, even under the non-matched
illumination condition.

C. Hardware Implementation

Due to the advantage of non-interferometric measurements,
TI-FPDT can be easily implemented on a commercial inverted
bright-field microscope (IX71, Olympus, Japan) assisted by pro-
grammable 23 x 23 LED array illumination, as shown in Figs. 2(a)
and 2(b). The LED array with 2 mm pixel size, placed 30 mm
away from the sample stage, provides quasi-monochromatic
illumination with a center wavelength of 507 nm and spectral
bandwidth of 20 nm. These LED elements are controlled to turn
on sequentially by a field-programmable gate array (FPGA) unit
(EP4CE10E22C8N, Intel, US), and the illumination beam passes
through the sample from different directions. In order to achieve
isotropic transverse resolution, 377 LED elements within the
circular area in the array where the center of the circle coincides
with the optical axis are selected, which provide angle-varied plane
wave illuminations with available maximum illumination NA of
0.6. A CMOS camera (Hamamatsu ORCA-Flash 4.0 C13440)
with a resolution of 2048 x 2048 and a pixel size of 6.5 pm is
used to record the intensity information under detection objectives
(40 x /0.95 UPLSAPO, Olympusor 100 x /1.4 Oil, UPLSAPO,
Olympus), which is synchronized with the LED array by the same
controller via two coaxial cables that provide the trigger and mon-
itor the exposure status. Combining it with the axial movement
synchronization, we can obtain two angle-varied intensity sets
at two separate focus positions. Under the camera exposure rate
of 5 Hz/2 Hz, a total of 754 full-frame (2048 x 2048) 16-bit
images are captured within 2.52 min/6.29 min with dry/oil-
immersion objectives, respectively. All the experimental data
are processed by MATLAB software (MATLAB R2018a) on a

computer workstation.

D. TI-FPDT Reconstruction Algorithm

Figure 2(c) illustrates the working flow of the TI-FPDT algorithm
for 3D RI reconstruction, taking unstained HeLa cells as an exam-
ple. The proposed TI-FPDT algorithm provides an iterative solver
for the inverse scattering problem, which retrieves the 3D RI distri-
bution of the sample based on the transport-of-intensity constraint
iterative in the FPDT reconstruction framework. First, assisted
by LED illumination and axial movement synchronization, two
angle-varied intensity sets are acquired at two separate focus posi-
tions. By solving the TIE for each pair of intensity images (in-focus
images and defocused images), the corresponding roughly 2D
phase maps can be obtained at different illumination angles [see
Stepl in Fig. 2(c)]. As shown in Step2, the first-order scattered
field composed of in-focus intensity and the retrieved phase at each
illumination angle is acquired under the Rytov approximation
[9], and the initialized 3D scattering potential spectrum is filled
with the spectra of the first-order scattered fields according to
the Fourier diffraction theorem [19]. Due to the invoking of the
finite difference approximation [32,41] and phase discrepancy
[42,43] of the TIE solver, the nonlinear high-frequency compo-
nents are partially missed in the process of phase retrieval; thus,
the transport-of-intensity constraint iteration must be performed
on the initial scattering potential to compensate for the nonlinear
error foraccurate 3D Rl recovery.

In Step3, the 3D Ewald spectrum of an arbitrary illumination
angle is projected to the 2D plane, and the intensity constraint
is imposed on the 2D scattered field on the in-focus plane. Next,
the updated scattered field is propagated to the defocused plane
[Eq. (3)], and the defocused intensity information is likewise
transferred to the first-order scattered field under the Rytov
approximation in this iterative process of transport-of-intensity
constraint [Eq. (4)]. After that, the updated complex scattered
field on the defocused plane is then backpropagated to the in-focus
plane, and we repeat the intensity constraint on the in-focus plane.
Finally, the resultant 2D spectrum is mapped to the 3D spectrum
of scattering potential, and we implement the loop iteration of
Step3 again for another illumination angle. The iterative process is
repeated for all illumination angles until the transport-of-intensity
constraint iteration of TI-FPDT converges within all intensity
images. As illustrated in Step4 of Fig. 2, the 3D inverse Fourier
transform is applied to the convergent scattering potential spec-
trum, and the 3D RI distribution of the sample can, thus, be
reconstructed.

As the advanced expansion of FPDT, the proposed TI-FPDT
employs the combined modulation strategies (both illumination
scanning and axial defocus) and enables the correct recovery of 3D
RI distribution in the case of the non-matched illumination con-
dition. The introduction of the defocused intensity image confers
the ability of TI-FPDT to bypass the matched illumination barrier,
and this advantage appears more obvious in the case of high-NA
imaging.

E. Validation of TI-FPDT on Both Simulations and
Experiments

Followed by the given hardware implementation and reconstruc-
tion algorithm for TI-FPDT, we simulate a pure phase microsphere
as the test sample to validate its capability for quantitative 3D RI
reconstruction, in which the optical parameters are the same as the
polystyrene microsphere and imaging system in the experiment.
The ideal microsphere with an 8 um diameter and RI of 1.60 is
immersed in the matched medium (7, =1.58). Angle-varied
plane wave illuminations with a center wavelength of 507 nm pass
through the sample sequentially, and we generate or measure 754
intensity images, each containing 200 x 200 pixels with a pixel size
of 6.5 um.

Since the maximum illumination NA 0.6 is smaller than the
40 x /0.95 objective NA, the traditional FPDT method cannot
correctly recover the RI of the microsphere, and only the sharp
edges (high-frequency detail) can be reconstructed, as displayed
in Fig. 2(a). This phenomenon is extremely consistent with our
predicted low-frequency RI loss due to the non-matched illumi-
nation condition. Besides, we further demonstrate the inabilicy
of the FPDT to achieve low-frequency RI recovery using a single
intensity stack under the non-matched illumination condition,
either for in-focus or defocused one in Section 2 of Supplement 1.
The TI-FPDT algorithm without Step2, i.e., only the transport-
of-intensity constraint iteration between in-focus and defocused
intensity images, is also performed for RI reconstruction. The
corresponding result suggests the ability of the proposed iterative
strategy for low-frequency RI recovery of the microsphere, thanks
to the low-frequency phase contrast provided by the additional
defocused intensity images acquired at each illumination angle.
However, the iterative process often exhibits slow convergence and
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stagnation due to the significant difference between the initial zero
values and the true RI to be solved.

After applying the complete TI-FPDT procedure, we can
correctly recover the 3D RI distribution with several rounds of
iteration. The indistinguishable differences between the results and
the given true value corresponding to the finite identical illumina-
tion angles [Fig. 3(b)] demonstrate that the proposed technique
can effectively achieve quantitative RI recovery and overcome the
reconstruction quality deterioration and RI underestimation prob-
lems in conventional FPDT under the non-matched illumination
condition. Experimental results obtained from three different
reconstruction methods agree with the simulations and validate the
main conclusions. Based on the experimental results of TI-FPDT,
a post-processing algorithm based on the nonnegative constraint
iterative is invoked to computationally fill the missing cone region
toobtain a 3D Rl reconstruction result that matches the theoretical
RI value of 1.6 [Fig. 3(c)]. Both simulations and experiments of
microspheres verify the quantitative reconstruction capability of
the proposed TI-FPDT, which reconstructs the RI value close to
the true value with a missing cone. The nonnegative constraint
allows the final RI distribution to match the theoretical value,
while the axial profile of the microsphere is also close to spherical
[Fig. 3(c)]. In addition, the comparison of recovered through-slice
RI stacks and the corresponding 3D rendered images using FPDT
and TI-FPDT is animated in Visualization 1. Finally, the cross cor-
relation coefficient between 3D RI tomograms and the true value
for the three reconstruction methods during the iterative process,
illustrated in Fig. 3(d), highlights the fast and stable convergence
advantages of TI-FPDT.

3. RESULT

A. Resolution Benchmarking of TI-FPDT with USAF
Targets

In order to demonstrate the performance of the proposed method,
we use United States Air Force (USAF) resolution targets to
benchmark the resolution limit of TI-FPDT, and the 3D imaging
resolution analysis and quantitative characterization are provided
as well (Fig. 4). The absorption and phase resolution targets are
considered as 3D objects horizontally placed on the sample stage of
the microscope, for which the TI-FPDT is used to reconstruct the
3D absorption or RI distribution. Due to the inherent synthetic
aperture process, the TI-FPDT technique expands the accessible
3D Fourier domain by sequentially illuminating a 3D object from
various directions, thereby improving the lateral and axial resolu-
tion of the system. Note that the resolution limit of the TI-FPDT
is determined by the highest accessible frequency of the scattering
potential spectrum [6,34,44].

For the reconstruction of the absorption resolution target, the
initial phase estimation in the TI-FPDT algorithm [Stepl and
Step2 in Fig. 2(b)] is not required since there are no phase com-
ponents to be recovered. The spectra of the recovered scattering
potential absorption component are illustrated in Figs. 4(el) and
4(e2). Employing the parameters of NAjj = 0.6 and NA.,; = 0.95
aswell the resolution definition formula

A A

7 = NAg + NAy: A= —F——:
i j 2
i bi 1—,/1—NAj

it can be calculated that the theoretical full-width lateral resolution
is 327 nm and axial resolution is 2.54 pm, respectively. Figures 4(b)
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(a) Simulations
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Fig. 3. Validation of TI-FPDT by 3D RI reconstruction of polysty-
rene microspheres in simulations and experiments. (a) Lateral and axial
RI slices of reconstructed microspheres with 8 pm diameter via three
different reconstruction methods in simulations and experiments, respec-
tively. (b) True value of the simulated microsphere corresponding to the
finite illumination angles. (c) Lateral and axial RI slices of reconstructed
microspheres with nonnegativity iterative constraint based on the result of
TI-FPDT in the experiment. (d) Cross correlation coefficient between 3D
RI tomograms and true value for the three reconstruction methods during
the iterative process, and cross correlation coefficient and axial RI slices of
reconstructed tomograms cortesponding to different iteration numbers
(see also Visualization 1).

and 4(c) both with the corresponding line profiles shown in
Fig. 4(d) confirm the enhanced lateral resolution from 488 nm
(Group 11, Element 1) of coherent microscopy imaging to 346 nm
(Group 11, Element 4) of synthetic aperture microscopy imag-
ing, which is well-consistent with the theoretical resolution limit.
Additional cross sectional reconstruction and 3D volume-rendered
imaging are shown in Visualization 2.

As shown in Fig. 4(gl), the in-focus intensity image captured
under coherent illumination exhibits extremely weak contrast
because the phase resolution target is a transparent sample. Simple
defocus modulation allows phase information to be transferred
into intensity information, improving image contrast [Fig. 4(g2)].
The traditional FPDT algorithm, which uses only the in-focus
intensity stack for reconstruction, cannot correctly recover the RI
distribution because of the lack of low-frequency phase (RI) infor-
mation in the in-focus intensity images under the non-matched
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Fig.4. Resolution benchmarking of TI-FPDT with both absorption and phase resolution target under 0.95 NA objective. (a) The intensity image of the
absorption resolution target at vertical coherent illumination. (b) Enlarged raw image corresponding to the ROL. (c) High-resolution recovery result at in-
focus plane using the TI-FPDT algorithm. (d) The corresponding line profiles in (b) and (c) are shown to compare the imaging resolution. (1), (e2) Lateral
and axial sections of the recovered high-resolution 3D absorption spectrum. (f) Volume-rendered imaging of the reconstructed result (see also Visualization
2). (g1), (g2) In-focus and defocused intensity images of phase resolution target at vertical coherent illumination. (h), (i) Reconstructed Rl slices at the in-
focus plane using FPDT and TI-FPDT. (i1)—(i4) Multiple axial RI sections of reconstructed phase resolution target. (j1), (j2) The cross section RI profile
plots are shown to indicate axial resolution. (k) RI line profiles corresponding to the markers in (h) and (j) present the quantitative RI recovery (see also
Visualization 3). Scale bars, (a) 40 tm; (b), (c) 5 pm; (g)—(i) 10 pm; (i1)—(i4) 5 pm.

illumination condition. The corresponding result is shown in
Fig. 4(h).

Thanks to the phase contrast contained in the defocused inten-
sity images, the proposed TI-FPDT algorithm successfully recovers
the RI of the sample from two intensity sets in an iterative manner.
The reconstructed RI slice at 0 pm z plane and multiple axial
sections are shown in Fig. 4(i), presenting clearer RI results com-
pared to Fig. 4(h). The slight depression of RI values originated
from the missing cone of the 3D scattering potential spectrum
at the limited illumination angle. Quantitative characterizations
displayed in Figs. 4(j)—4(k) demonstrate that TI-FPDT achieves
systematic theoretical resolution while ensuring RI recovery. Since
the theoretical lateral resolution of the TI-FPDT system is about
327 nm far beyond the minimum bar in phase target, we can only

clearly see element 6 of group 10. The missing cone issue in the
direction near the low zero-frequency area results in the actual
axial resolution being slightly lower than the theoretical resolution
[34,45]. The width at half-maxima of line profiles in Figs. 4(j1) and
4(j2) confirms the half-width axial resolution of about 1.5 pm, in
accordance with the theoretical prediction of 1.27 um within the
error allowed. Finally, additional through-slice RI stacks and 3D

volume renderings are shown in Visualization 3.

B. Tomographic Imaging of Unstained HeLa Cells

To illustrate the biological applications of TI-FPDT, we first image
unstained Hel a cells and have achieved high-resolution RI tomog-
raphy. Figures 5(a) and 5(b) show the reconstructed RI maps using
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RI reconstruction of unstained HeLa cells imaged with 40 x 0.95 NA objective. (a), (b) RI reconstruction of Hela cells using TI-FPDT and

FPDT at 0 pum z plane for two different subregions in 40 x FOV. (c1), (c2), (d1), (d2) Two Rl slices recovered using FPDT and TI-FPDT corresponding to
rectangular subregions in (a) and (b). (e), (f) RI distribution of HeLa cells at multiple z planes corresponds to two square subregions. (g), (h) RI line profiles
across subcellular structures quantify the lateral resolution and RI values. (i1)—(i4) 3D volume-rendered views of reconstructed HeLa cells under different

perspectives. Scale bars, (a), (b) 10 pum; (c), (d) 5 pm; (e), (f) 10 pm.

TI-FPDT at 0 pm z plane for two different subregions in 40 x field
of view (FOV), supplemented by the reconstruction results using
FPDT as controls. The magnified RI distributions corresponding
to the rectangular subregions together with the line profiles across
nucleoli displayed in Figs. 5(c1)-5(d2) highlight the differences in
the low-frequency components of the reconstruction results under
two different algorithms. The comparisons suggest the proposed
method is very effective for recovering the RI of biological cells,
which overcomes the issue of RI underestimation caused by the
non-matched illumination condition and achieves more accurate
Rl recovery.

The tomograms of two regions of interest at different axial
depths show high-resolution filopodia and other subcellular
features, including cellular membrane folds, cell boundaries,
nucleoli, mitochondria, and black vesicles [see Figs. 5(e)-5(f)].
Besides, we zoomed in on two square subregions in Figs. 5(e3)
and 5(f3) to highlight the fine structure of filopodia, vesicles, and
mitochondria. Line profiles across subcellular structures quantify
the RI of organelles and confirm near-diffraction-limited lateral

resolution of 327 nm on RI imaging, as shown in Figs. 5(g) and
5(h). 3D volume-rendered views of reconstructed Hela cells
under four different perspectives are displayed in Figs. 5(i1)-5(i4)
to visually represent the 3D structure and distribution of the
sample. More information about recovered through-slice RI
stack and 3D volume rendering of other HeLa cells is animated in
Visualization 4.

In addition, we compared the reconstruction results under
the Born and Rytov approximation using HelLa cells to under-
stand how the accuracy of the forward scattering model affects the
reverse reconstruction (see Section 3 in Supplement 1 for detailed
analysis). Finally, the recovered RI tomograms using the TI-FPDT
algorithm with and without iteration process are also compared
to suggest the importance of the transport-of-intensity constraint
iteration for compensating inaccuracies originating from TIE
solvers and refining 3D Rl recovery (see Section 4 in Supplement 1
for detailed analysis). All results reveal that we can clearly image the
details of 3D structures of biological samples throughout the entire
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volume and quantify the RI at the subcellular level by applying
TI-FPDT.

C. 3D RI Tomography on C2C12 Cell

We also apply our method to 3D Rl reconstruction of murine skel-
etal myoblasts C2C12 cells with 100 x /1.4 NA oil-immersion
objective to verify the ability of TI-FPDT for application in higher
NA microscopic systems. A full FOV in-focus intensity image of
C2C12 cells collected under vertical illumination is illustrated
in Fig. 6(a). With the aid of TI-FPDT and endogenous contrast
agent, reconstructed high-resolution and high-contrast RI tomo-
grams at multiple planes and directions are shown in Figs. 6(b)
and 6(c).

In addition, we select a single cell region and show its intensity,
absorption, and RI distribution at 0 pm z plane [Figs. 6(d1)—
6(d3)]. Three tomograms at different axial depths clearly display
subcellular structures inside the C2C12 cell, such as tiny bright
lipid droplets [Fig. 6(e1)], large bright nucleoli [Fig. 6(e2)], and
black vesicles [Fig. 6(e3)]. Line profiles quantify the RI of organ-
elles, suggesting that the RI values of lipid droplets are higher
compared to the average index of cytoplasm. Also, line profiles
across the boundary of the cytomembrane verify near-diffraction-
limited full-width lateral resolution of 254 nm in 100 x /1.4 NA
oil-immersion objective microscopy. Besides, the projections of
3D RI rendering results in x—y, y—z, and x—z directions, as
shown in Fig. 6(h), help us to visualize the overall structure and
morphology of a single C2C12 cell. The experimental results
basically demonstrate the ability of the TI-FPDT algorithm to be
applied in higher NA imaging systems to distinguish finer sub-
cellular structures. Due to the advantage of defying the matched

100 x FOV

illumination condition, we only need to switch the higher NA
objective without controlling the illumination NA to precisely
match the objective NA. Applying TI-FPDT allows us to easily
operate in tomographic imaging experiments with different objec-
tives for meeting the requirements of different imaging FOV and
imaging resolutions.

4. CONCLUSION AND DISCUSSION

In summary, we have presented TI-FPDT, a new non-
interferometric ODT technique for the reconstruction of 3D
complex RI distribution, and this novel approach effectively
addresses the challenging issue posed by the matched illumination
condition by combining ptychographic angular diversity with
additional “transport of intensity” measurements. Thanks to the
enhancement of low-frequency phase contrast introduced by the
additional defocused intensity image under oblique illumination,
the proposed TI-FPDT circumvents the stringent requirement
on the illumination NA imposed by the matched illumination
condition, endowing the capability to overcome the reconstruc-
tion quality deterioration and RI underestimation problems in
conventional FPDT. As a non-interferometric ODT without
the requirement of the matched illumination condition, a classic
commercial bright-field microscope tends to be upgraded to a sim-
ple and reliable 3D RI tomographic microscope by replacing the
light source with a programmable LED array. Overall, TI-FPDT
achieves high-resolution and high-quality 3D RI imaging and
gathers the advantages of non-interferometric ODT including
speckle-free illumination, easy hardware implementation, optical
path stability, and synthetic aperture resolution, which make it

Intensity
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Fig. 6.

3D RI tomography on unstained C2C12 cells imaged with 100 x /1.4 NA objective. (a) Full FOV intensity image of C2C12 cells collected

under vertical illumination. (b1), (b2) Reconstructed RI distribution of multiple cells at two z planes from ROI 1. (c1), (c2) Rl slices along the x —z and
y—zdirections. (d1)—(d3) Corresponding intensity, reconstructed absorption, and RI of single cell at 0 tm z plane from ROI 2. (e1)—(e3) Reconstructed RI
distribution of C2C12 cells at multiple z planes. (f)—(g) RI line profiles across subcellular structures at multiple z planes quantify the lateral resolution and
Rl values. (h) Projections of 3D Rl rendering results in x —y, y —z, and x —z directions. Scale bars, (a) 20 ptm; (b)—(e) 10 pm.
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attractive as a non-invasive 3D imaging tool for various biological
and medical applications. Experimentally, we first demonstrated
the quantitative properties of TI-FPDT by simulating a pure phase
microsphere and confirmed them by imaging standard polystyrene
beads. The 3D tomographic results of USAF targets and biological
cells further indicated the full-width lateral imaging resolution of
327 nm and 254 nm with dry/oil-immersion objectives, respec-
tively. Finally, high-resolution tomographic RI characterizations of
unstained HeLa and C2C12 cells revealed the subcellular organelle
structures, demonstrating the applicability of TI-FPDT for 3D
label-free imaging of biological samples.

However, as a preliminary and exploratory technique, TI-
FPDT has not yet been fully investigated and optimized in terms
of acquisition speed and imaging performance. The proposed
tomographic technique still relies on the first-order Rytov approxi-
mation, whose validity depends on the RI gradient within the
sample; therefore, it does not work well in the case of muldi-layer
or multiple scattering [46—48]. Moreover, there is still data redun-
dancy in the angle-varied intensity stack due to dense sequential
illumination sampling of LED arrays, and the amount of data
can be reduced by combining the sparse annular illumination
strategy proposed in previous works [49,50]. Besides, the acqui-
sition speed is mainly limited by the z axis movement via the
mechanical drive, and the optical devices, including spatial light
modulator [51,52] and electrically tunable lens [53,54], can be
used to accelerate the acquisition speed of TI-FPDT. Finally,
recently emerged learning-based 3D tomographic approaches
will be invoked to fully parameterize the missing cone artifact and
unknown experimental variables, such as optical aberrations and
slight misalignment of LED, and to further optimize imaging
performance [55-58]. By addressing the above-mentioned draw-
backs, TI-FPDT is expected to fulfill expectations for high-quality
3D volumetric imaging and real-time dynamic monitoring of cell
morphology in future work.
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