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ABSTRACT
Differential phase contrast (DPC) microscopy is a powerful non-interferometric quantitative phase imaging (QPI) technique widely used
for label-free visualization of transparent specimens under partially coherent illumination. However, its reliance on multi-frame acquisitions
to ensure isotropic phase reconstruction inherently limits imaging speed, hindering the observation of fast biological dynamics. Here, we
present support-domain-constraint DPC (SDC-DPC), a single-shot, isotropic-resolution QPI method that reconstructs quantitative phase
maps from only one raw intensity image. By employing an optimized uniform semi-ring illumination to enhance the uniformity of the phase
transfer function and incorporating a spatial support constraint into an iterative reconstruction framework, SDC-DPC compensates for the
missing frequency components and suppresses the directional artifacts inherent to single-directional DPC. Simulations and experiments
demonstrate that SDC-DPC achieves phase reconstruction accuracy and resolution comparable to conventional four-frame DPC for both
static and dynamic samples, while completely eliminating motion artifacts in live-cell imaging. This work establishes a simple yet powerful
paradigm that transforms DPC into a single-shot quantitative phase microscopy modality, opening new avenues for label-free imaging of
dynamic biological processes.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0314921

I. INTRODUCTION

Quantitative Phase Imaging (QPI), as a label-free optical tech-
nique, enables high-content dynamic analysis of live cells while
avoiding phototoxicity and photobleaching.1 Unlike traditional
phase contrast microscopy,2 which only provides qualitative con-
trast, QPI combines the visualization of transparent samples with
the capability for quantitative measurement of phase informa-
tion. Therefore, it holds significant potential for application in

monitoring cellular physiological processes, drug screening, and
pathological analysis. Over the past few decades, the QPI tech-
nology system has continuously evolved, leading to the emer-
gence of various typical implementation approaches, including
Digital Holographic Microscopy (DHM),3,4 four-wave lateral shear-
ing interferometry,5–7 Diffraction Phase Microscopy (DPM),8
Transport of Intensity Equation (TIE),9 Differential Phase Con-
trast (DPC),10–15 Fourier Ptychographic Microscopy (FPM),16,17 and
imaging methods based on the Kramers–Kronig relations.18,19 These
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methods, each with unique features in theoretical models, optical
configurations, and computational inversion strategies, have collec-
tively driven the transition of QPI from qualitative observation to
quantitative measurement.

Non-interferometric QPI techniques have gained increasing
attention for their robustness and experimental simplicity. By intro-
ducing controlled asymmetry into the imaging system through
defocus modulation9 or asymmetric illumination, they establish a
measurable mapping between sample phase and image intensity.20,21

In particular, DPC stands out for its inherent compatibility with
partially coherent illumination, offering speckle-free imaging, high
stability, and resolution beyond twice the coherent diffraction limit.
It modulates the sample’s phase gradient information into detectable
intensity variations. Under the weak object approximation, the rela-
tionship between intensity and phase is linearized and characterized
by an asymmetric phase transfer function (PTF), enabling quan-
titative phase recovery through deconvolution.22 However, under
single-axis illumination, the PTF exhibits zero response along the
asymmetric axis, resulting in missing frequency components that
cannot be effectively transferred to the intensity domain. This
incomplete spectral coverage fundamentally limits single-axis DPC
from achieving fully reconstructive phase imaging and leads to
directional information loss.23

To overcome this issue, conventional DPC typically employs
multi-axis illumination strategies to compensate for spectrum defi-
ciencies and achieve more comprehensive frequency coverage.
Among these, two-axis orthogonal illumination is considered the
minimum configuration required for complete phase reconstruc-
tion. Building on this foundation, several optimized illuminations
have been proposed by analyzing the relationship between the illu-
mination function and the PTF to achieve a more uniform spectrum
response.24–27 For example, the optimal illumination can produce
smoother phase transfer responses within the theoretical band-
width (2NAobj/λ), thereby enabling nearly isotropic phase recovery
performance. However, DPC still requires illumination along at
least two axes to synthesize a frequency spectrum that comprehen-
sively covers all spatial directions. This inherent dependence limits
its temporal resolution and consequently restricts its applicabil-
ity in high-speed, high-spatiotemporal-resolution dynamic imaging
scenarios.

In recent years, with the continuous deepening of live-cell
dynamics research, QPI technology is moving toward millisecond-
level high-speed imaging, prompting researchers to explore the
feasibility of single-shot QPI. Existing ideas primarily rely on
multi-channel multiplexing strategies, where the multi-frame infor-
mation under multi-axis illumination is encoded into different
signal channels during a single exposure, and then, the multi-
axis information is recovered through signal separation. Typical
schemes include utilizing tristimulus light source channels (such
as color LED arrays23,28–30 or color filters31) to achieve different
illumination patterns and using a Bayer-filtered color camera to
capture the synthesized intensity image. However, this method is
susceptible to color crosstalk, and the sample’s dispersion char-
acteristics can further reduce the accuracy of phase measure-
ment. Another scheme involves combining a polarization camera
with a four-directional polarization film to achieve single-exposure
DPC, but its system structure is complex and significantly reduces
the imaging field of view.32,33 Furthermore, schemes based on

wavelength- or polarization-based multiplexing reduce the effective
spatial resolution of the detector and may introduce pixel alias-
ing issues. More critically, these approaches fundamentally rely on
the information multiplexing of multi-axis illumination, leading
to substantial redundancy in data sampling. To date, the theo-
retical limits of DPC phase reconstruction have not been investi-
gated from the perspective of information theory and minimal data
redundancy.

This paper proposes a single-shot isotropic resolution DPC
based on support-domain constraint [Support Domain Constraint
DPC (SDC-DPC)], which achieves single-exposure QPI without
relying on any illumination multiplexing, while minimizing data
redundancy. We design an optimal semi-ring illumination to min-
imize the near-zero response region in the PTF, thereby obtaining
more uniform spectrum coverage under single illumination. Fur-
thermore, a spatial support-domain constraint is introduced as a
physical prior, effectively compensating for the missing frequency
caused by the residual zero response. Through iterative optimiza-
tion and refinement of the initial support domain, SDC-DPC
achieves a balance between artifact suppression and detail fidelity,
thus accurately recovering the sample’s quantitative phase distribu-
tion. Experimental results demonstrate that SDC-DPC can obtain
high-quality phase reconstruction results comparable to traditional
dual-axis DPC in both fixed samples and dynamic live-cell imaging,
while achieving a fourfold increase in frame rate. This study system-
atically reveals the feasibility of single-frame non-interferometric
QPI from the perspective of minimizing information redun-
dancy, opening up a new direction for high-speed, label-free cell
imaging.

II. ANALYSIS OF PTF UNIFORMITY UNDER DIFFERENT
ASYMMETRIC ILLUMINATION PATTERNS

Non-interferometric QPI techniques introduce an approximate
object model to linearize the relationship between intensity and
phase. The PTF quantitatively characterizes this relationship, and
its response determines the performance of phase reconstruction.
To achieve raw images with pronounced phase contrast and nearly
isotropic resolution under a single illumination pattern, we first
conducted a systematic analysis of the PTF characteristics under
asymmetric illuminations. Based on the partially coherent imag-
ing model under the weak object approximation, the PTF can be
expressed as

PTF(u) =∬ S(uj)[P∗(uj)P(uj + u)

− P(uj)P∗(uj − u)]d2uj, (1)

where u = (ux, uy) is the spatial frequency coordinate, uj denotes
the source-plane spatial frequency, P(u) is the objective pupil func-
tion, and S(u) represents the intensity distribution of the source
pattern shown in Fig. 1(a). In previous studies, the characteristics
of the PTF under oblique illumination have been analyzed, and it
has been demonstrated that employing optimized matched annular
illumination in FPM and DPC can significantly enhance the trans-
fer response across the entire 2NAobj/λ bandwidth.24–26 Based on
the uniformity of the transfer function, metrics such as the signal-
to-noise ratio and the isotropy of the synthetic PTF have been used
to optimize the illumination patterns in two-axis DPC microscopy,
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FIG. 1. Simulated PTFs under five illumination patterns and the evaluation of PTF uniformity. (a) Illumination patterns, simulated PTFs, and forward-propagated simulated
intensity maps of a microlens array under the five illumination patterns: single-point, uniform semi-circle (radius R), gradient semi-circle (radius R), gradient semi-ring (width
0.01 R), and uniform semi-ring (width 0.01 R). (b) Histogram distributions of ∣PTF∣ magnitudes for the latter four patterns. (c) PTF uniformity metric.

with strategies including gradient semi-ring illumination and gradi-
ent semi-circle illumination. However, a single illumination pattern
cannot achieve a truly isotropic PTF, as its amplitude inevitably
vanishes along certain asymmetric axes.

To address this challenge, we optimized the source pattern for
a single asymmetric illumination to achieve a PTF with a more
uniform distribution and minimal frequency loss. The DPC PTFs
under five representative asymmetric illumination patterns, includ-
ing single-point illumination, uniform semi-circle illumination,10

gradient semi-circle illumination,25 gradient semi-ring illumina-
tion,24 and uniform semi-ring illumination (Fig. 1), are analyzed
and compared to determine the optimal illumination pattern under
single-axis conditions. The illumination pattern of SDC-DPC can
be selected in any direction, and left-half illumination is taken as
an example here. Under coherent single-point illumination, the PTF
amplitude is constant (with a magnitude of 1), and its support
domain consists of two tangent circle functions. While it generates
strong phase contrast, it suffers from severe anisotropy. Reducing
the illumination coherence (e.g., using uniform or gradient semi-
circle sources) can extend the frequency domain coverage of the
PTF but significantly weakens the low-frequency transfer and over-
all phase contrast. In contrast, both gradient and uniform semi-ring

illuminations offer a superior compromise, improving PTF unifor-
mity while balancing low-frequency response and high-frequency
coverage [Fig. 1(a)]. Analysis of the PTF amplitude histograms
indicates that uniform semi-ring illumination possesses the fewest
pixels with near-zero amplitude, a characteristic crucial for robust
phase retrieval [Fig. 1(b)]. The reduction in near-zero response
areas implies less reliance on regularization during the deconvolu-
tion process, thereby allowing more frequency components to be
accurately transferred to the intensity image without amplifying
noise.

To quantitatively evaluate PTF uniformity across illumination
patterns, we define the uniformity metric,

UniPTF =
∥PTF(u)∥1

σ(∣PTF(u)∣)
, (2)

where ∥PTF(u)∥1 and σ(∣PTF(u)∣) represent the mean and
standard deviation of ∣PTF(u)∣, respectively. This metric captures
both the overall strength and the spatial uniformity of the PTF.
Consistent with phase-contrast performance and histogram com-
parisons, semi-ring illumination clearly outperforms semi-circle
illumination. In particular, uniform semi-ring illumination
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(UniPTF = 1.654) surpasses gradient semi-ring illumination
(UniPTF = 1.575).

III. RECONSTRUCTION ALGORITHM OF SDC-DPC
Phase retrieval from intensity images acquired under DPC

single-axis illumination can be formulated as an inverse problem.
Such incomplete measurement scenarios can be addressed by intro-
ducing physical prior constraints to enhance the identifiability and
stability of solutions. Prior constraints restrict the physical plausibil-
ity of the solution space, enabling convergence to an optimal solu-
tion consistent with the true sample even under underdetermined
conditions.34,35 Building upon this theoretical framework, we intro-
duce support-domain constraint36 during the iterative phase recon-
struction process to address the issue of zero frequency response in
specific directions of the PTF under single-axis DPC illumination.
This constraint effectively reduces the uncertainty in the solution
space by restricting the non-zero regions of the sample phase in
the spatial domain and guides reasonable compensation of spec-
tral information in missing directions during iterative inversion.

In other words, the support domain provides a physical boundary
condition consistent with the structural prior of the sample, enabling
the algorithm to leverage spatial continuity and spectral consistency
within known regions to extend limited measurement information
into a self-consistent phase distribution across the full frequency
range.

The SDC-DPC algorithm proposed in this paper aims to
address the problem of dynamic phase imaging for colorless,
transparent live cells. Given that the absorption of such cells is
generally negligible, the algorithm is specifically optimized for
pure-phase samples. Consequently, it does not require handling
amplitude–phase coupling, but for the same reason, it is not suitable
for samples with significant absorption. In the SDC-DPC algorithm,
we employ an inverted optical path as shown in Fig. 2(a), select
uniform semi-ring illumination as the illumination scheme, and
acquire the corresponding single intensity map as an input for the
algorithm. Figure 2(b) illustrates the reconstruction process using
live-cell sample data as an example. First, an initial phase is esti-
mated through single-step deconvolution applied to the intensity
image,

FIG. 2. Experimental setup and iterative phase retrieval workflow of the SDC-DPC algorithm. (a) Experimental setup with uniform semi-ring illumination. (b) Workflow of
the SDC-DPC algorithm. (c) Introduction to several steps in (b). (d) RMSE convergence curve of estimated and captured intensities. (e) Intensity error convergence during
iterations. (f) Iterative comparison between the initial input and the reconstructed output.

APL Photon. 11, 046107 (2026); doi: 10.1063/5.0314921 11, 046107-4

© Author(s) 2026

 
2
1
 
A
p
r
i
l
 
2
0
2
6
 
1
5
:
4
4
:
1
5

https://pubs.aip.org/aip/app


APL Photonics ARTICLE pubs.aip.org/aip/app

ϕ0(r) = F
−1
{

PTF∗(u) ⋅ Ĩ(u)
∣PTF(u)∣2 + β

}, (3)

where r = (rx, ry) is the spatial coordinate and F−1 represents the
2D inverse Fourier transform. A Tikhonov regularization parameter
β is introduced in the denominator of the deconvolution process to
suppress noise amplification in low-response regions and enhance
the stability of the solution. At this stage, since the PTF response
approaches zero along a specific axis, the initial phase map exhibits
pronounced directional artifacts [Fig. 2(b), step 2]. This result pro-
vides most of the phase edge information, which can be utilized to
generate a binary support domain Di(r) through Otsu’s adaptive
thresholding segmentation or by constructing feature vectors based
on gradient and intensity characteristics37–41 [Fig. 2(b), step 3]. Thus,
the support detection method achieves high-precision segmentation
while maintaining low computational complexity. Subsequently, the
support domain is applied to the phase map [Fig. 2(b), step 4] to
force the background regions to zero,

ϕi−1(r) = ϕi−1(r) ⋅Di(r). (4)

Using the post-constraint phase, the DPC intensity image [Fig. 2(b),
step 5] is then generated through the forward process,42,43

Ii(r) = F
−1
{δ(u) + PTF(u) ⋅ Φ̃i−1(u)}, (5)

where δ(u) denotes the DC term, Φ̃i−1(u) is the frequency-domain
form of ϕi−1(r) after Fourier transform, and Ii(r) denotes the

estimated intensity image, which is used to calculate the residual
intensity with respect to the actual acquired intensity [Fig. 2(b),
step 6],

IDiff
i (r) = I0(r) − Ii(r), (6)

where IDiff
i (r) is the residual intensity. It is used to update the phase

estimate so that it conforms to the captured intensity constraint
[Fig. 2(b), step 7], according to

ϕi(r) = ϕi−1(r) + α ⋅F−1
⎧
⎪⎪
⎨
⎪⎪
⎩

PTF∗(u) ⋅ ĨDiff
i (u)

∣PTF(u)∣2
⎫
⎪⎪
⎬
⎪⎪
⎭

, (7)

where α denotes the step size. The algorithm terminates upon resid-
ual convergence or after reaching the maximum iteration count,
outputting the final cell phase map with high isotropy and fidelity,
together with its spectral distribution [Figs. 2(d) and 2(e)]. The ini-
tial phase spectrum of one-step deconvolution shows diminished
spectral magnitude along PTF-zero directions, producing promi-
nent horizontal striping artifacts in the spatial domain. As iterations
progress, spectral compensation gradually fills the zero-response
regions along the symmetry axis and enhances signal intensity
in weak-response regions, leading to progressive recovery of the
missing horizontal structures, ultimately yielding a high-quality
phase reconstruction with enhanced isotropy and effective noise
suppression. Concurrently, the support domain converges toward
its optimal domain through iterative updates of the phase map
[Fig. 2(f)].

FIG. 3. SDC-DPC simulation results
under uniform semi-circle and semi-ring
illuminations with varying widths. (a)
Amplitude and phase components of the
simulated pure phase object. (b) Phase
reconstruction results, phase reconstruc-
tion errors vs the ideal phase map
and corresponding RMSE values after
100 iterations under the four illumination
patterns: semi-circle, semi-ring (0.2 NA
width), semi-ring (0.1 NA width), semi-
ring (0.01 NA width). (c) log10 of the
support-domain error rate over 100 itera-
tions under the four illumination patterns.
(d) Convergence curves of phase RMSE
over 100 iterations under the four illumi-
nation patterns. (e) Support domains and
the recovered phase maps at iteration 0,
iteration 10, and iteration 100.
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IV. SIMULATION VALIDATION OF SDC-DPC
To further validate the proposed SDC-DPC framework and

analyze the effect of illumination coherence on reconstructed results,
the reconstructions are performed in simulations under different
illumination conditions [Fig. 3]. The phase component of the sim-
ulated pure sample has a phase range of 0–0.1 rad and consists of
seven microlenses coated with different letters (positive phase: “D”,
“P”, “C”; negative phase: “S”) [Fig. 3(a)]. The simulated image is
captured at 600 × 600 pixels with a pixel size of 0.294 μm, using an
imaging wavelength of 510 nm and a 10×, 0.4 NA objective.

As shown in Fig. 3(b), in addition to the semi-circle illumi-
nation, the semi-ring widths are set to 0.2, 0.1, and 0.01 times the
objective’s NA. The phase error in the reconstruction decreases as
the illumination coherence increases and is completely eliminated
under the fourth quasi-coherent illumination. As discussed in Fig. 1,
the simulation results demonstrate that a more uniform PTF facil-
itates improved phase reconstruction, guiding the selection of the
optimal illumination pattern for experiments. In addition, the con-
vergence curves for the support domain, shown in Fig. 3(c), reveal
that the support domain cannot be accurately estimated under the
first three illumination patterns, preventing effective phase recon-
struction. Although the reconstructed phase map under the fourth
illumination pattern achieves efficient convergence [Fig. 3(d)], it
still requires at least 50 iterations to accurately estimate the support
region and fully eliminate artifacts due to the anisotropic PTF dis-
tribution, as shown in the reconstructed support regions and phase
maps after 10 and 100 iterations [Fig. 3(e)]. Overall, the simula-
tion results validate that the phase information loss under a single
DPC illumination pattern can be effectively compensated within the
SDC-DPC framework under a semi-ring illumination pattern with
a relatively narrow width. To demonstrate the noise robustness of
the SDC-DPC algorithm under low signal-to-noise ratio conditions,

relevant analyses and simulations are provided in Sec. S1 of the
supplementary material.

In addition, the simulation experiments are conducted on a
computer equipped with an Intel Core i5-12500H processor and
16 GB of RAM, without GPU acceleration. For the microlens array
images used in this study, the reconstruction process involves 100
iterations. The results indicate that the reconstruction error sta-
bilizes after ∼50 iterations, with subsequent iterations primarily
aimed at refining high-frequency details in the image. A complete
reconstruction requires ∼2–3 s. In practical applications, appropri-
ate initialization can significantly reduce the number of iterations
required. For example, in live-cell continuous imaging, the phase
maps of cells between adjacent frames show minimal variation. By
using the reconstruction result from the previous frame as the initial
value for the next frame, except for the first frame, which underwent
100 iterations, all subsequent frames required only five iterations,
decreasing the processing time to ∼0.2–0.3 s. Future integration of
GPU acceleration is expected to increase the reconstruction speed
to 20 f/s, potentially enabling real-time live-cell dynamic imaging
and reconstruction. Example reconstruction code for SDC-DPC is
provided in Sec. S2 of the supplementary material.

V. EXPERIMENTAL RESULTS OF SDC-DPC ON FIXED
AND DYNAMIC LIVE-CELL SAMPLES

The experimental setup is based on an inverted microscope
(IX73, Olympus, Japan), with illumination arranged as a ring of 15
LEDs with a specified radius. The system employs a 10×, 0.4 NA
objective lens and a 510 nm illumination wavelength. Image acqui-
sition is performed using an industrial camera (The Imaging Source
DMK 24UJ003) with a pixel size of 1.67 μm. The programmable
LED array produces a semi-ring illumination pattern composed of

FIG. 4. Experimental results of the cell
phantom and the pure-phase USAF res-
olution target. (a) Phase results of the
cell phantom. (b) Phase values along the
orange and blue lines indicated in (a). (c)
Phase results of the pure-phase USAF
resolution target. (d) Zoomed-in views
of the sub-regions corresponding to the
green (ROI 1) and yellow (ROI 2) lines
in (c). (e) Phase values along the green
and yellow lines in (d).
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discrete LED elements, where the ring width corresponds to a sin-
gle LED, with illumination coherence closely matching the fourth
illumination condition in Fig. 4(a).

To demonstrate the effectiveness of SDC-DPC in quantitatively
rendering a phase map without artifacts, we first apply the method
to a fixed sample containing cell phantoms (Warsaw University
of Technology) of heights 0.3 and 0.6 μm, as shown in Fig. 4(a),
respectively. The refractive index of the sample material is 1.5668,
with a refractive index-matching liquid of 1.51 applied between the
glass slides. We additionally capture 12 frames of images for FPM
reconstruction using 12 single-point LEDs arranged on a circle with
the same radius as that used for uniform semi-ring illumination.
The FPM results are used as a standard quantitative phase imaging
reference for comparison. From the phase images, the overall imag-
ing quality of FPM appears comparable to that of SDC-DPC, with
no significant visual difference. Phase profiles for the two regions
are shown in Fig. 4(b). The close agreement between the profiles

demonstrates that SDC-DPC achieves phase reconstruction qual-
ity comparable to that of 12-frame FPM. To further validate the
isotropic phase resolution of SDC-DPC, we apply the method
to a phase USAF resolution target (Ready Optics—Latigo Optics
Inc.) with a height of 100 nm, as shown in Fig. 4(c). The
result shows no directional artifacts or resolution loss com-
pared to the multi-frame DPC benchmark. The enlarged view
in Fig. 4(d) and the corresponding profiles indicate that SDC-
DPC achieves the theoretical maximum resolution of 328 nm,
resolving up to group 10, element 4 of the target. Exper-
imental results demonstrate that SDC-DPC achieves theoreti-
cal diffraction-limited resolution and delivers imaging quality
comparable to that of multi-frame quantitative phase imaging
techniques.

By reducing the image acquisition time of conventional DPC
to one-fourth, SDC-DPC offers significant technical advantages
for long-term quantitative observation of unstained live cells and

FIG. 5. SDC-DPC phase reconstruction results of HeLa cells over a 2-h period. (a) Full-field recovered phase result. (b) Phase reconstruction results of DPC and SDC-DPC
in the same field of view, with line profile analysis performed on the suspended particles. (c) Dynamic tracking results of ROI 3 over 3 s. (d) Motion trajectory of suspended
particles, and velocity variations at different positions. (e) Reconstruction results of FPM, DPC, and SDC-DPC in ROI 2. (f) 3D rendering results of ROI 2. (g) Phase value
comparisons along line profiles in (e) (Multimedia available online). .
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fast-moving objects. To demonstrate the effectiveness and superi-
ority of the SDC-DPC method for live-cell imaging, we perform
phase reconstruction on unstained HeLa cells over a 2-h period,
as shown in Fig. 5 (Multimedia available online). In this experi-
ment, HeLa cells were cultured in a 37 ○C incubator with 5%CO2
during revival and passaging and finally seeded in a 35 mm con-
focal dish for observation, with images acquired at a rate of 20 f/s.
Figure 5(a) shows the first frame of the full-field reconstruction
result. A sub-region (ROI 1) containing a rapidly moving suspended
particle between 0 and 3 s during the 40th min is selected. Phase
retrieval results for this region using both four-frame DPC and
SDC-DPC at the same time point are compared in Fig. 5(b). The
results show that while the HeLa cells exhibit slow movement with
negligible morphological changes over this short interval, the fast-
moving particle appears as a well-defined circle in the SDC-DPC
reconstruction but becomes elongated in the four-frame DPC result.
Furthermore, the phase profiles along its direction of motion reveal
peak reduction, broadening, and significant motion artifacts in the
four-frame DPC reconstruction compared to SDC-DPC. Further
analysis of the fast-moving particle in ROI 1 over a 3-s period
(60 frames) is shown in Fig. 5(c). Using SDC-DPC, we clearly
observe its morphological changes along its motion trajectory over
time and velocity variations at different positions [Fig. 5(d)]. This
demonstrates that for rapidly moving targets, SDC-DPC, which
requires only a single differential phase contrast image, effectively
captures instantaneous morphology and accurate trajectories while
avoiding motion artifacts.

In addition, before the 2-h experiment, we acquired 12 single-
point FPM images, which allowed us to compare the initial cell state
distribution among FPM, DPC, and SDC-DPC. Phase reconstruc-
tions of sub-region 2 (ROI 2) using FPM, four-frame DPC, and SDC-
DPC are quantitatively compared [Fig. 5(e)], with Fig. 5(f) showing
the corresponding 3D morphology. Analysis of the cellular phase
profile [Fig. 5(g)] reveals that SDC-DPC achieves reconstruction
accuracy comparable to that of four-frame DPC, although slightly
inferior to FPM. These experimental results collectively demon-
strate that SDC-DPC, utilizing only a single differential phase con-
trast image, enables high-resolution, long-term quantitative phase
imaging of live cells.

VI. SUMMARY AND CONCLUSIONS
In summary, we have introduced a support-domain-

constraint-based differential phase contrast microscopy technique
to achieve single-shot, isotropic, quantitative phase imaging.
Through the systematic evaluation of the PTFs across various
asymmetric illumination geometries, we identify uniform semi-ring
illumination as the optimal strategy due to its quasi-isotropic
frequency response. Resolution target experiments quantitatively
confirm that our method achieves diffraction-limited resolution
without artifacts. Furthermore, long-term quantitative phase
monitoring of live HeLa cells underscores the superior capability of
SDC-DPC for real-time observation, enabling the clear visualization
of rapidly moving cellular components without motion-induced
blur.

Unfortunately, the effectiveness of this method strongly
depends on the accurate determination of the sample’s support
domain, which becomes challenging when cells are overly confluent

and lack a clear background. Simulation studies have confirmed that
the current SDC-DPC method can achieve efficient phase retrieval
for samples with a confluency of 50%. However, under extreme
conditions, such as a confluency exceeding 90%, the lack of clear
background regions makes it challenging to accurately determine
the support domain, thereby limiting the method’s ability to recover
missing phase information.

Moreover, this study has validated the effectiveness of the
support-domain constraint in compensating for missing phase
information. Future work may proceed in two main directions. First,
exploring the integration of the support domain as a regulariza-
tion constraint into the reconstruction model could theoretically
ensure convergence and yield more stable and efficient performance
results in numerical simulations. Second, research could focus on
embedding the SDC-DPC algorithm as a core module within a
physics-driven deep learning network. This approach would not
only leverage deep learning to enhance the robustness of SDC-DPC
reconstruction and expand its applicability to dense samples, but
also integrate additional spatial prior constraints within a unified
physics-driven deep learning framework.

SUPPLEMENTARY MATERIAL

The supplementary material encompasses the following sec-
tions: S1: Supplementary simulations on the robustness of SDC-
DPC; S2: Supplementary code for SDC-DPC.
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