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High-Efficiency Label-Free 3D Microscopy Using
Kramers-Kronig Relations-Assisted Fourier Ptychographic

Diffraction Tomography

Zhidong Bai, Shun Zhou, Linpeng Lu, Habib Ullah, Ran Ye, Qian Chen,* and Chao Zuo*

1. Introduction

A high-efficiency 3D refractive index (RI) tomography method is presented,

termed Kramers—Kronig relations-assisted Fourier ptychographic diffraction
tomography (KK-FPDT). This approach integrates the spatial-domain
Kramers—Kronig (KK) relations with Fourier ptychographic diffraction
tomography (FPDT), enabling high-quality Rl reconstruction from intensity
images captured under both matched and non-matched illuminations. By
leveraging KK relations, the initial 3D scattering potential spectrum is
generated deterministically, which significantly accelerates convergence in the
subsequent iterative FPDT reconstruction process. KK-FPDT overcomes the
limitations of conventional KK-ODT methods, which are constrained by
matched illumination conditions, thereby improving spectral coverage and
reconstruction quality significantly. Experiments on microspheres, resolution
targets, and biological samples (including 3T3 cells and Pandorina morum)
validated KK-FPDT’s capability for high-resolution 3D RI imaging with 340 nm
lateral resolution. KK-FPDT offers a robust and versatile solution for label-free
quantitative analysis of cellular and tissue morphology, paving the way for

broader biomedical applications.
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Optical diffraction tomography (ODT)
has emerged as a promising label-free 3D
microscopic technique, offering detailed
3D visualization of subcellular structures
and enabling deeper insights into cellular
functions and biological processes.['8] By
eliminating the need for interferometric
configuration, non-interferometric ODT
reconstructs the 3D refractive index (RI)
distribution of biological specimens from
intensity-only measurements. This ap-
proach has garnered increasing atten-
tion due to its simplified optical system,
speckle-free image quality, and high com-
patibility with conventional optical mi-
croscopes. In recent years, significant ef-
forts have been devoted to the devel-
opment of various non-interferometric
ODT techniques, which are primarily
categorized into intensity diffraction to-
mography based on angular illumination
scanning®* and transport-of-intensity
diffraction tomography based on z-axis scanning.!'>?°! These
approaches are typically implemented under the weak-object
approximation (e.g., first-order Born or Rytov approximations)
to establish linear relationships between the measured inten-
sity images and the object’s scattering potential.?!?2] Recent
advancements have introduced multi-layer beam propagation
method and deep learning-based strategies to address the chal-
lenges posed by multiple scattering, facilitating more precise
RI reconstruction in complex biological specimens with strong
scattering.[23-%]

Fourier ptychographic diffraction tomography (FPDT), a typi-
cal non-interferometric ODT technique, enables wide-field, high-
resolution, and depth-resolved complex RI tomography by syn-
thesizing numerous low-resolution intensity images acquired
under variable-angle illumination in Fourier space.['*3°] How-
ever, due to the loss of phase information inherent in intensity-
only measurements, FPDT requires iterative phase retrieval to
reconstruct the 3D RI distribution of the sample. This itera-
tive process is computationally intensive and time-consuming,
thereby limiting the practical applicability and widespread adop-
tion of FPDT.BY A recent study by Park et al. proposed an
intensity-based holographic ODT technique via spatial-domain
Kramers-Kronig (KK) relations (KK-ODT).[*?) KK-ODT enables
direct recovery of the complex amplitude of the scattered
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field from oblique illumination intensity images by leverag-
ing the KK relations without the need for iterative computa-
tions. However, the application of KK relations requires strict
adherence to the analyticity condition,®>*}] which demands
precise matching between the numerical apertures (NAs) of
the illumination and the objective lens.3234] This requirement
limits the illumination scheme to NA-matched annular pat-
terns, resulting in a reduced filling ratio of the scattering po-
tential spectrum and ultimately compromising the quality of
RI reconstruction.

We recently established a unified theoretical framework link-
ing the optical transfer function (OTF) with the space-domain
KK relations.?>3¢] Within this framework, the analyticity condi-
tion required by the KK relations is interpreted through OTF the-
ory, offering a potential pathway to relax the stringent matched
illumination condition. Under oblique illumination, the phase
optical transfer function (POTF) associated with the recorded
intensity image comprises two laterally shifted, anti-symmetric
pupils. When the illumination NA precisely matches that of
the objective lens, these two pupils become tangent, enabling
full transfer of low-frequency phase information to the in-
tensity image. This condition is equivalent to satisfying the
analyticity requirement of the KK relations. As the illumina-
tion angle decreases, the two anti-symmetric pupils increas-
ingly overlap in the low-frequency region, leading to partial
or complete cancellation and consequent loss of low-frequency
phase information.*>%”] From the perspective of KK relations,
such non-matched illumination violates the analyticity condi-
tion, rendering the KK approach inapplicable. However, analy-
sis via POTF reveals that the non-overlapping high-frequency re-
gions remain effective in conveying phase information. These
retained components can potentially be exploited to supple-
ment the scattering potential spectrum, thereby enabling full-
angle illumination to improve the quality of RI tomographic
reconstruction.

Here, we propose a novel non-interferometric 3D RI to-
mography method, termed Kramers—Kronig relations-assisted
Fourier ptychographic diffraction tomography (KK-FPDT). KK-
FPDT combines the high-efficiency scattered field estima-
tion enabled by the KK relations with the intensity consis-
tency constraint of FPDT, allowing high-quality RI reconstruc-
tion from intensity images acquired under both matched and
non-matched illumination conditions. By leveraging the KK
relations, an initial 3D scattering potential spectrum is de-
terministically generated, which significantly accelerates the
convergence in the subsequent iterative FPDT reconstruc-
tion process. KK-FPDT overcomes the limitations of conven-
tional KK-ODT methods that require strictly matched illumi-
nation, thereby substantially improving spectral coverage and
reconstruction quality. Experimental results on standard mi-
crospheres, resolution target and biological specimens (includ-
ing 3T3 cells and Pandorina morum) demonstrate the capa-
bility of KK-FPDT to achieve high-resolution 3D RI imaging
with a lateral resolution of 340 nm. These results indicate
that KK-FPDT is a robust and versatile solution for label-free,
quantitative analysis of cellular and tissue morphology, paving
the way for broader applications in biomedical imaging and
diagnostics.
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2. Methods

2.1. Principle of Diffraction Tomography

The implementation of FPDT is based on the well-known Fourier
diffraction theorem.!’®*! Ag illustrated in Figure 1a, when an ob-
ject V (r) is illuminated by monochromatic plane wave U, (r), the
generated first-order scattered field Uy (r) satisfies the linear re-
lationship with the object function V (r), which can be expressed
in the Fourier domain as follows (see the detailed derivation in
Supporting Information S1):

{/(k - kin) = _4”jkz Usl (kT)P(k) (1)
wherek = (kg k,) = (k,, k,, k,) is the 3D spatial frequency coor-
dinates corresponding tor = (rr,1,) = (r,, Ty r,). k;, is the wave

vector of the incident field. ¥ (k) and U, (k;) correspond to the
3D and 2D Fourier transforms of V (r) and U, (r;), respectively.
U, (r7) can be obtained from the total field U (r;) using either
the first-order Born or Rytov approximation (See Supporting In-
formation S1). P(k) = P(kT)(S(kz —4/k2 - |kT|2> called 3D co-
herent transfer function is obtained by projecting the 2D P(k;)
to 3D space (See Supporting Information S1). For interferomet-
ric ODT, the complex amplitude distribution of U (r;) is ini-
tially measured via interferometry. Subsequently, the first-order
scattered field U, (r7) is calculated according to Equation (S10)
and is mapped onto the V (k) at the appropriate position in
Fourier space. As a non-interferometric ODT method, FPDT re-
constructs the 3D RI distribution from the intensity-only mea-
surements. Therefore, it is essential to establish a relationship
between the recorded intensity images and the sample’s scatter-
ing potential. Given its superior applicability for imaging thick bi-
ological samples compared to the Born approximation, the Rytov
approximation was adopted in this work.[214] Under this approx-
imation, the measured intensity at the camera’s detection plane
can be expressed as follows:

()
U, exp T

Previous FPDT techniques require the acquisition of a large
number of intensity images under varying illumination angles to
ensure sufficient data redundancy. Subsequently, multiple time-
consuming iterative updates are performed to ensure the con-
vergence of the scattering potential during reconstruction, ulti-
mately yielding the RI distribution.

2

I= (2)

2.2. Understand the KK Relations Under Full-Angle lllumination
From the Perspective of the POTF

In KK-ODT, if the scattered field log[U (r;)] is analytic in the up-
per half-plane of r;, the phase of scattered field can be retrieved
from the intensity using KK relations

= Re{log [U(r})]}

Im{log[U(r;)]} = —%p V- [ dr’. (3)

/
© rT_rT
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(b) The complex field is reconstructed using the KK relations under matched illumination.

Amplitude Intensity Amplitude

-

Re[log(U, )]

2D spectrum 2D spectrum

mag[1og(0])]

0.45 -0.45 rad 0.45

(d) The complex field is reconstructed using the Hilbert transform under non-matched illumination.
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Figure 1. Principles of ODT based on KK relations. a) ODT principle: forward imaging model and reconstruction. b) Total field U is reconstructed using
KK relations. The intensity image is converted into the phase image via KK relations under matched illumination. c) POTF theory. Intensity images
measured at two different NA;; and the corresponding phase transfer functions. d) Total field U is reconstructed using Hilbert transform under non-

matched illumination.

where p.v. is the Cauchy principal value. The real and imaginary
parts of log[U(r;)] are the intensity component log(I)/2 and the
phase component of U(ry), respectively, where I = |[U(rT)]|2. To
ensure the analyticity of log[ U(r;)] in the upper half-plane of rr,
the illumination NA (NA;;) must match the objective lens NA
(NA,y;) (see the full derivation in Supporting Information S2).
Figure 1b validates the phase retrieval capability of the KK re-
lations under matched illumination. It is evident that KK rela-
tions can reconstruct the complete phase of the scattered field
from the intensity image under any matched illumination. Im-
plementing synthetic aperturel*!! on the phase information re-
trieved at different illumination angles enables tomographic re-
construction. However, the matched illumination condition in
KK-ODT restricts the illumination pattern to an annular config-
uration matching the NA ,;, resulting in limited spectrum infor-
mation of the scattering potential in 3D k-space and compromis-
ing the quality of the RI reconstruction.

To maximize access to the scattering potential spectrum, full-
angle illumination should be employed, which inherently in-
cludes a large number of illumination vectors that do not satisfy
the matched illumination condition. When the NA;; is smaller
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than that of the NA,~thus violating the matching condition-the
scattered field, in principle, no longer fulfills the analytical re-
quirements of the KK relations. Nevertheless, the KK relations
can still be applied to retrieve high-frequency spectral compo-
nents of the scattered field. The effectiveness of this approach
can be explained and demonstrated from the perspective of the
POTF. In a standard focused imaging system illuminated by a
quasi-coherent source with wave vector k;,, the POTF consists of
two anti-symmetric apertures, each shifted according to the angle
of the incident illumination:

POTF (k;) = j[P(k; +k;,) — P(ky —k,,)] (4)

Figure 1c shows the distribution of POTF, intensity, and inten-
sity spectrum under two different illumination NA cases. When
NA; = 0.75NA,,;, the two anti-symmetric pupils of the POTF
cancel each other out at low spatial frequencies. This cancellation
hinders the transmission of low-frequency phase information to
the intensity image, resulting in an image that primarily displays
high-frequency contrast. However, we observe that in regions
where POTF does not exhibit cancellation, phase information can
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still be effectively transmitted. This implies that the spectral con-
tent corresponding to the non-zero regions of the POTF in the
intensity spectrum accurately retains the spectral characteristics
of the scattered field. Although low-frequency components are
absent, the high-frequency components can still be determinis-
tically extracted using the KK relations, providing a reliable ini-
tialization for reconstructing the scattering potential spectrum.
When NA; = NA,,;, both low- and high-frequency components
of the phase components are fully transferred to the intensity im-
age, which is equivalent to satisfying the analyticity required by
the KK relations. In this sense, the analyticity in the conventional
KK relations can be regarded as a special case of the POTF theory
under matched illumination condition. By leveraging the POTF
framework, the applicability of the KK relation can be extended to
scenarios involving non-matched illumination (note that we refer
to the responses to the effectively transmitted spectral informa-
tion). To verify the accuracy of the high-frequency component of
the phase reconstructed using KK relations under non-matched
illumination, we used the Hilbert transform to reconstruct the
complex amplitude of a microsphere, as depicted in Figure 1d.
Specifically, we first used the Fourier diffraction theorem [Equa-
tion (S6)] to generate the total scattered field spectrum U (k) un-
der non-matched illumination. We then extracted only the high-
frequency spectral region according to the corresponding POTF
and treated its corresponding amplitude and phase as the ground
truth, as illustrated in the first row of Figure 1d. Then, we applied
the Hilbert transform to the intensity image of the scattered field
to reconstruct the amplitude and phase, as illustrated in the sec-
ond row of Figure 1d. The results indicate that the high-frequency
phase information can still be accurately recovered and closely
matches the ground truth. This demonstrates the feasibility of
using the KK relations to reconstruct the high-frequency com-
ponents of the scattered field even under non-matched illumina-
tion.

We further evaluated the phase retrieval performance of the
KK relations across different NA;/NA,, ratios (See Supporting
Information S3). The results show that when NA;; is less than
NA,;, the recovery of low-frequency phase component is im-
paired, and this degradation becomes more pronounced as the
ratio decreases. Nevertheless, in all cases, the high-frequency
components that are effectively transmitted can still be accu-
rately recovered. These components contain critical structural in-
formation of samples, providing essential support for the ini-
tial estimation of the scattering potential spectrum. Based on
this insight, we developed KK relations-assisted Fourier ptycho-
graphic diffraction tomography. By deterministically generating
an initial 3D scattering potential spectrum using the KK rela-
tions, the convergence of the iterative FPDT reconstruction pro-
cess is significantly accelerated. Moreover, KK-FPDT overcomes
the limitations of traditional KK-ODT, which is constrained by
matched illumination condition, thereby substantially improv-
ing spectral coverage and further enhancing the reconstruction

quality.

2.3. KK-FPDT Reconstruction Algorithm

The reconstruction framework of the KK-FPDT algorithm,
shown in Figure 2 and summarized in Supporting Video S1, al-
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ternates between the spatial and Fourier domains according to
the following steps:

Step 1. Reconstruct the amplitude and phase of the total field
U (rT) using the KK relations. In our experiments, we sequen-
tially captured N intensity images under incident fields with dif-
ferent illumination wave vectors k, . Then we used KK relations
to reconstruct the amplitude and phase of the total field U (r;)
at each illumination angle.

Step 2. Under the Rytov approximation, the first-order scat-
tered field U, (r;) is obtained from the total field U (ry).

Step 3. Initialize a discrete estimate of the V (k). Based on
the Fourier diffraction theorem, we generate an initial RI dis-
tribution by mapping the first-order scattered field Uy, (r;) to

the scattering potential spectrum ¥ (k) at the correct location in
Fourier space.

Step 4. Performs intensity constraints on the estimated V (k).
For an incident field with wave vector ki , we determine the sub-
spectrum information of the corresponding support domain in
the ¥ (k) according to the 3D generalized aperture P(k). The sub-
region of V (k) is projected along the k, direction according to
Equation (S7) to obtain the 2D Fourier sub-spectrum Usil (kg). The
inverse Fourier transform is performed on U;1 (k7) to obtain the
first-order scattered field U'; (r;). We convert U’ (r;) to the mea-
sured field U'(r;) according to Equation (S10), and enforce the
intensity constraint using the measured I to obtain the updated
first-order scattered field U’ (r;). The update formula is

exp (Uy (rr)) }

exp (U (27)) ©)

@m»=m{ e

Fourier transforming U’ (r;) to the frequency domain, we lo-
cally update the corresponding sub-region of the 3D spectrum
¥ (k) according to Equation (2). Next, we move to the next illumi-
nation angle, which corresponds to a new spectrum region. Step
4 is repeated for all N images, which completes a sub-iteration of
the KK-FPDT algorithm. The entire iterative scheme is repeated
for M cycles until the iteration of KK-FPDT converges within all
intensity images.

Step 5. The inverse 3D Fourier transform is performed on the
converged V (k) to reconstruct the 3D RI distribution.

Taken together, KK-FPDT allows for fast and stable conver-
gence due to the addition of initial estimates of the RI distribu-
tion.

3. Results
3.1. Validation of KK-FPDT on Simulations

We applied the KK-FPDT technique to reconstruct a pure phase
microsphere and compared it with the traditional KK-ODT to
demonstrate the high-quality imaging performance of the pro-
posed method through numerical simulation. To evaluate the re-
construction performance of these two methods, we employed
Equation (S7) as the forward imaging model to calculate the in-
tensity images of microspheres under different illumination an-
gles. In addition, to confirm the convergence performance of
KK-FPDT, we also applied the KK-FPDT to simulated multicellu-
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Figure 2. Workflow of KK-FPDT (summarized in Supporting Video S1). Multiple images captured under varied LED illumination. Complex field recon-
struction by KK relations. The complex field at each angle is mapped into 3D Fourier space to generate an initial scattering potential spectrum distribution.
An iterative intensity constraint algorithm is implemented on the estimated scattering potential spectrum. Deconvolution was implemented on the 3D

scattering potential spectrum to obtain the 3D RI distribution of the samples.

lar spheres and compared it with the conventional KK-ODT and
FPDT, as described in Supporting Information S4.

To ensure the validity of our method under the first-order
Rytov approximation, we have prudently designed the parame-
ters of the simulated samples. Given that typical biological cells
have a thickness of approximately 10 ym and a RI difference of
about 0.02 to 0.04 relative to the surrounding medium, which
approximately satisfies the conditions for applying the Rytov ap-
proximation in weakly scattering regimes.!?!*"] Therefore, we de-
signed the simulated phase microspheres to have a diameter of
12 ym and a RI of 1.60 (A = 0.507 um) in a medium with a
RI of 1.58. In the simulation, KK-FPDT and KK-ODT illumi-
nated microspheres using 128 and 45 incident waves, respec-
tively. These waves were arranged in a regular concentric circular
pattern within k-space and had a maximum NA;; of 0.75.

Figure 3a shows the 45 intensity images of microsphere cap-
tured under matched illumination. It also presents the ampli-
tude and phase distributions of the total field reconstructed using
KK relations under matched illumination, as well as the recon-
structed RI and scattering potential spectrum distributions of the
microspheres with KK-ODT. Since the finite illumination angle,
the KK-ODT only accesses a small amount of the scattering po-
tential spectrum of the microspheres leading to an underestima-
tion of the reconstructed RI. Furthermore, the background of the
reconstructed x-z and y-z slices suffers from more unwanted con-
trast. Figure 3b shows the 128 intensity images of microspheres
captured under full-angle illumination, and it also presents the
amplitude and phase distributions of the total field reconstructed
using KK relations under non-matched illumination. Moreover,
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the reconstructed RI and scattering potential spectrum distribu-
tions of the microspheres obtained with KK-FPDT are displayed
in this figure. In contrast, KK-FPDT recovers RI with a more uni-
form background, which is similar to the ground truth. To quanti-
tatively evaluate the reconstruction performance of the two meth-
ods, we plotted RI line profiles across different cross-sectional
planes (Figure 3c). All metrics show that KK-FPDT exhibits su-
perior reconstruction performance compared to KK-ODT recon-
struction. However, both techniques suffer from missing-cone
issues due to the limited illumination angle. To address this,
a non-negative constrained iteration-based post-processing algo-
rithm is applied. It fills the missing-cone areas in the 3D Fourier
spectrum of KK-FPDT’s simulation results, achieving a 3D RI
reconstruction that aligns with the theoretical RI value of 1.6
(Figure 3d). Furthermore, we show the RI distributions of mul-
ticellular spheroids reconstructed with KK-ODT, FPDT and KK-
FPDT, respectively, in Supporting Information S4. The results
show that FPDT and KK-FPDT exhibited superior reconstruction
performance compared to KK-ODT. Moreover, KK-FPDT shows
superior reconstruction quality compared to FPDT for the same
number of iterations because of the lack of initial estimation in
FPDT, which highlights the advantage of fast and stable conver-
gence of KK - FPDT.

3.2. Hardware Implementation for KK-FPDT
We experimentally verified our technique using an Olympus

IX83 inverted microscope outfitted with a ring LED array, as
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Figure 3. Simulations comparing the 3D RI reconstructions using the KK-ODT and KK-FPDT. a) Optical tomographic reconstruction of a simulated
microsphere employing the KK-ODT. Intensity images of microsphere measured under 45 matched illuminations. Wavefront reconstruction of complex
field via KK relations under matched illumination. Orthogonal Rl slices and the scattering potential spectrum of microsphere reconstructed by KK-ODT. b)
Optical tomographic reconstruction of a simulated microsphere employing the KK-FPDT. Intensity images of microsphere measured under 128 matched
and non-matched illuminations. Wavefront reconstruction of complex field via KK relations under non-matched illumination. Orthogonal Rl slices and
the scattering potential spectrum of microsphere reconstructed by KK-FPDT. c) The profile of the microsphere along the white dashed lines are plotted
in the x-y and x-z planes. d) Orthogonal Rl slices and scattering potential spectrum of simulated microsphere reconstructed with non-negativity iterative
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constraints based on KK-FPDT results.

shown in Figure 4a. The microscope uses an infinity corrected
objective lens (40x/0.75 UPlanSApo, Olympus) and a CMOS
camera containing 6.5 ym pixels (Hamamatsu ORCA-Flash 4.0
C13440, 2048 x 2048 pixel count). The LED array, consisting of six
integrated LED rings of different diameters, is aligned with the
microscope’s optical axis and positioned 60 mm from the sample
to achieve a maximum NA;; of 0.75. Each LED unit is sequentially
activated by the ARM board controller, generating spatially coher-
ent quasi-monochromatic illumination centered at 507 nm. Em-
ploying the parameters of NA; = 0.75 and NA,; = 0.75 as well
as the theoretical full-width lateral and axial resolution definition
formulas

A A
- Az= 6
NA, +NA, (©)

1—14/1-NAy’

Ax,y
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it can be calculated that the lateral resolution is 0.338 ym and
axial resolution is 1.49 um. For the KK-FPDT and FPDT re-
constructions, we capture and processes 132 intensity images
under full-angle illumination. For the KK-ODT reconstruction,
we capture 40 intensity images under matched illumination. All
the experimental data are processed based on MATLAB software
(MATLAB R2023b) with a computer workstation (Intel Core i7-
10870H, 2.20GHz central processing unit, 64 GB random-access
memory).

3.3. Validation of KK-FPDT on Experiments
To experimentally demonstrate the performance of KK-FPDT for

quantitative 3D RI reconstruction, we performed diffraction to-
mography on a 10 ym polystyrene bead. The bead has an ideal

© 2025 Wiley-VCH GmbH
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Figure 4. Optical setup of KK-FPDT platform and quantitative tomographic experimental results for polystyrene bead. a) Schematic diagram of the
illumination and imaging system of the KK-FPDT platform. The light source of an off-the-shelf inverted microscope (IX83, Olympus, Japan) is replaced
by an LED array. b) Distribution of measured intensity of polystyrene bead with 10 um diameter under two different illumination angles. c) Orthogonal
slices of 3D Rl reconstructions of single polystyrene bead from KK-FPDT and other 3D imaging methods (KK-ODT and FPDT). d) The profile of polystyrene
bead along the white dashed lines are plotted in the x-y plane. e) Difference between the calculated and measured intensities for the KK-FPDT and FPDT
during the iteration process. f) Orthogonal slices of 3D RI reconstructions of polystyrene bead cluster from KK-FPDT and KK-ODT. g) Orthogonal RI
slices of reconstructed polystyrene bead cluster with nonnegativity iterative constraint based on the result of KK-FPDT in the experiment. 3D rendering

of the reconstructed polystyrene bead are plotted on the right side.

RI of 1.6 and was immersed in a matching medium (n,, = 1.58).

In the experiment, 132 incident angles were used w1th the max-
imum NA; matching the NA,,.. Additionally, we employed KK-
ODT and FPDT for comparative reconstructions. Figure 4b il-
lustrates the intensity distribution of beads under two different
illumination angles. Under matched illumination, strong phase
contrast is evident in the intensity image. The degradation of
low-frequency phase information under non-matched illumina-
tion is consistent with the POTF theory. The RI reconstructions
in x-y and x-z planes using the three techniques are displayed
in Figure 4c. Due to the use of only 40 intensity images with
matched illumination in KK-ODT, the resulting RI is significantly
underestimated and exhibits low contrast, consistent with our
simulations. In contrast, beads reconstructed using FPDT and
KK-FPDT display higher RI values and contrast. The beads are
elongated in the z-direction in all three techniques because of
the missing-cone of scattering potential, as illustrated in the x-z

Laser Photonics Rev. 2025, e00705
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plane diagram. Figure 4d presents the lateral profile curves of RI
for a quantitative assessment of the reconstruction performance
across the three techniques. FPDT and KK-FPDT demonstrate
similar reconstruction performance due to their use of an equiv-
alent number of intensity images, outperforming KK-ODT in
terms of reconstruction quality. The convergence performance of
FPDT and KK-FPDT is evaluated using the discrepancy between
computed and measured intensities, as depicted in Figure 4e. As
observed from Figure 4e, the convergence times of KK-FPDT and
FPDT were approximately 11 and 18 iterations, respectively. Fur-
thermore, the time required for single-iteration reconstruction
was calculated to be 1.25 s for KK-FPDT and 1.27 s for FPDT. In
conventional FPDT, the iterative process often shows slow con-
vergence due to the substantial difference between the initial zero
value and the true RI to be determined. Conversely, KK-FPDT
displays a faster convergence trend, attributed to the initial RI
estimation via the KK relations. Overall, the total reconstruction

© 2025 Wiley-VCH GmbH
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times were approximately 15.07 s for KK-FPDT (including 1.32 s
for initialization and 13.75 s for iteration) and 22.90 s for FPDT.
In conventional FPDT, the iterative process often shows slow
convergence and stagnation due to the substantial difference be-
tween the initial zero value and the true RI to be determined.
Conversely, KK-FPDT displays a faster and more stable conver-
gence trend, attributed to the initial RI estimation via the KK re-
lations. Figure 4f further highlights KK-FPDT’s superior 3D RI
reconstruction capability by comparing its tomographic results
of polystyrene bead clusters with those from KK-ODT. Finally, a
post-processing algorithm based on non-negative constrained it-
erations is applied to the results of the polystyrene bead clusters
reconstructed using KK-FPDT to reduce axial elongation, as illus-
trated in Figure 4g. The rendered 3D volumetric RI distribution
of the bead cluster was presented on the right side of Figure 4g
and animated in Supporting Video S2.

The superior reconstruction performance of KK-FPDT is re-
alized through the integration of initial RI estimation with the
FPDT iterative framework. In Supporting Information S5, we
imaged a USAF target to characterize the imaging resolution of
KK-FPDT. Figure S3a shows the lateral and axial RI slices of the
USAF target reconstructed using KK-FPDT. The theoretical lat-
eral resolution of the KK-FPDT system is approximately 338 nm,
surpassing the minimum element of the USAF target (minimum
10-6, full cycle width 548 nm). Line profile analysis of the recon-
structed minimum element of the USAF target indicates a lat-
eral resolution of 560 nm, close to the theoretical full cycle width
of 548 nm. For axial resolution, the maximum theoretical value
for KK-FPDT is 1.49 um. The line profile of the axial slice of the
USAF target in Figure S3b shows a maximum full width of 1.80
um, which deviates slightly from the theoretical prediction. This
discrepancy is mainly attributed to the missing-cone problem in
the direction near the low zero frequency area.

In Supporting Information S6, we used the USAF target to
clearly illustrate the distinct roles of the initial RI estimate and
the FPDT iterative framework within KK-FPDT. The results show
that initial estimation using the KK relations mitigates RI un-
derestimation to some extent, but may compromise the qual-
ity of low-frequency information. By subsequently applying the
FPDT iterative framework, the RI distribution can be accurately
reconstructed through multiple iterations. Figure S5 also com-
pares the impact of KK-ODT and KK-FPDT on 3D RI recon-
struction under the same number of illuminations (see Support-
ing Information S7). The results indicate that KK-FPDT achieves
high-frequency reconstruction quality comparable to KK-ODT,
while also exhibiting superior low-frequency reconstruction per-
formance. Taken together, these results demonstrate that KK-
FPDT possesses superior 3D RI restoration capabilities, over-
coming the limitations of conventional KK-ODT in reconstruct-
ing RI under non-matched illumination conditions.

Subsequently, we performed a comprehensive validation of
KK-FPDT’s high-resolution tomographic imaging capability us-
ing diverse unlabeled transparent biological samples. It should
be clarified that all biological samples used in this study were
prepared entirely within our laboratory and did not involve any
external sources or procurement. All experimental procedures
were approved by the Institutional Biosafety Committee at Nan-
jing University of Science and Technology, and in tight accor-
dance with relevant guidelines and regulations. As shown in
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Figure 5, we compared the KK-ODT with KK-FPDT for RI recon-
struction (1350 X 1350 x 50 voxels) of weakly scattering fibrob-
last (3T3) cells. Fibroblasts are typically multinodular, spindle- or
star-shaped flat cells characterized by regular ovoid nuclei and
large conspicuous nucleoli. Although intracellular lipids and nu-
cleoli can be resolved in KK-ODT, their contrasts vary weakly.
However, the case of KK-FPDT showed a strong contrast in op-
tically dense structures to clearly resolve intracellular structures
such as lipids and nucleosomes (Figure 5a). Additionally, multin-
odular fusiform cells were observed in several regions of interest
(ROIs), exhibiting long filamentous extensions. Figure 5b dis-
plays three lateral slices of ROI 1 at depths of z = —0.98 ym, 0
um, and 0.98 um, along with one axial slice at y = 0 ym. The
filopodia were clearly visible in both KK-ODT and KK-FPDT at
z = 0 ym. KK-ODT was almost impossible to distinguish fila-
mentary detailed structures from the background of z = —0.98
um, 0.98 ym slices, whereas KK-FPDT significantly improved
the visibility of filamentary structures and achieved a higher reso-
lution than KK-ODT. Figure 5c presents a comparison of the pro-
files of filamentous structures at various depths for both meth-
ods. The lateral full width at half maximum of the filamentary
structure was measured at 0.48 ym, demonstrating KK-FPDT’s
high-resolution imaging capability. Figure 5d shows maximum
intensity projection (MIP) of ROI 1, clearly capturing the mor-
phological distribution of filamentous structures. ROIs 2 and
3 are further enlarged in Figure 5e to better demonstrate cell
morphology details across various axial planes (see Supporting
Video S3 for 3D ROIs RI stack of 3T3 cell). The line contours
spanning the submicron-scale organelles exhibit a lateral res-
olution close to the diffraction limit of 340 nm, as shown in
Figure 5f. Figure 5g shows the MIP of ROI3, clearly capturing the
long filopodial extensions of 3T3 cells. Additional RI tomograms
of a variety of different cells types reveals strikingly different
morphologies (A549 cells, H9C2 cardiomyocytes, see Supporting
Information S8).

To demonstrate the tomographic performance of KK-FPDT for
thick samples, we imaged two Pandorina morum algae (P. mo-
rum) located at various depths. P. morum are multicellular clus-
ters, which can be viewed as a weakly scattering sample due to
their non-dense structure. Figure 6a presents the raw intensity
measurements of P. morum under three different illumination
angles. It can be clearly observed from Figure 6a that the multi-
cellular structure of P. morum leads to significant intensity con-
trast even when illuminated at small angles. Figure 6b presents
lateral slices at different depths from the 3D RI reconstructions
of P. morum. These slice diagrams allow us to discern the struc-
tural components of P. morum. Each P. morum consists of multi-
ple cellular units that coalesce to form a spherical colony. High-RI
particle-like structures are unevenly distributed around these cel-
lular units. Moreover, each P. morum’s middle RI slice exhibits a
complete edge contour. As imaging depth increased, the contours
became blurred or vanished altogether. Notably, while internal
cellular units are discernible at imaging depths of -9.75 ym and
8.13 um, reconstructing high-frequency details like particle-like
structures becomes impractical. Although P. morum is a weak
scattering sample, multiple scattering effects still intensify with
imaging depth. Since KK-FPDT only accounts for single scat-
tering, the intensity variations from multiple scattering intro-
duce noise and artifacts into the reconstruction. Consequently,

© 2025 Wiley-VCH GmbH
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Figure 5. 3D RI reconstruction of 3T3 cells using KK-FPDT and KK-ODT. a) Comparison among the results of tomography of 3T3 cell utilizing KK-ODT
(upper) and KK-FPDT (lower). b) Comparison of the reconstruction results of T3T cells by two techniques at three different depths. c) Rl line profiles at
three depths compare the reconstruction performance of the two techniques. d) MIP of reconstructed RI map in ROI1. e) x-y cross-sectional views of
two different tomogram ROIs at different axial planes. f) Line profiles across subcellular structures to quantify the reconstructed resolution. g) MIP of

reconstructed Rl map in ROI3.

stronger multiple scattering leads to more severe RI underesti-
mation and lower imaging resolution. Figure 6¢ shows the 3D
rendering of P. morum. The recovered through-slice RI stacks of
P. morum and their corresponding 3D rendered images are ani-
mated in Supporting Video S6.

4. Conclusion

In summary, we have introduced KK-FPDT, a high-efficiency to-
mography method for reconstructing the 3D RI distribution of
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unstained specimens. It employs 2D spatial-domain KK relations
to reconstruct 3D RI distributions from intensity images cap-
tured under various illumination angles, including both matched
and non-matched illuminations. KK-FPDT eliminates the need
for matched illumination, allowing the use of scattered field in-
formation from any illumination angle to fill the 3D scattering
potential spectrum. This improvement enhances the quality of RI
reconstruction, making KK-FPDT more versatile than KK-ODT.
Furthermore, KK-FPDT converges faster than FPDT, thanks to
its initial estimation of the 3D RI distribution. Experimental re-
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Figure 6. 3D quantitative Rl reconstruction of P. morum using KK-FPDT. a) Raw intensity acquisitions at varying illumination angles. b) Lateral slices
through the 3D RI reconstruction volume at different axial positions. c) 3D RI rendering of the P. morum.

sults with various samples, including polystyrene beads, USAF Despite its effectiveness, KK-FPDT faces several inherent lim-
targets, and fixed cells, confirmed the high-resolution 3D imag- itations. First, it is fundamentally based on the Rytov approxima-
ing capabilities of KK-FPDT. We anticipate that this method will  tion, which assumes weak scattering of samples. This assump-
serve as a powerful tool for quantitatively analyzing cellular and  tion may not hold for samples exhibiting strong scattering or
tissue morphological changes. large RI contrasts, potentially leading to inaccuracies in modeling

Laser Photonics Rev. 2025, €00705 €00705 (10 of 12) © 2025 Wiley-VCH GmbH
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the scattered field. To address this, future work should explore
more sophisticated forward models that incorporate multiple
scattering effects which would enhance the accuracy and imag-
ing depth of KK-FPDT.[**#] Second, imaging performance is re-
stricted by the finite NA of the objective lens and limited illumi-
nation angles. These constraints result in the missing-cone prob-
lem, which leads to anisotropic resolution and incomplete re-
construction of high spatial frequencies.[***’] Although we have
applied a non-negative iterative constraint algorithm to partially
compensate for this deficiency, additional algorithmic and optical
improvements are still needed.[®*#-!] Furthermore, integrating
dark-field illumination into the KK-FPDT framework can provide
complementary high-angle scattering information,***?! offering
the potential to further enhance the resolution and contrast of the
reconstructed RI distributions.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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