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Abstract

Accurate and label-free quantitative phase imaging (QPI) plays a crucial role in advancing
diagnostic techniques that streamline histology and diagnostic procedures by minimizing
sample preparation time, resources, and requirements. Although Digital Holographic Mi-
croscopy (DHM) has become a prominent tool within QP]I, its diffraction-limited resolution
has hindered broader adoption of QPI-DHM. The use of structured and oblique illumina-
tion in DHM platforms has overcome the resolution limit, advancing QPI-DHM technology
to super-resolution QPI. Despite demonstrated success, adoption of super-resolution DHM
(SR-DHM) in clinical and biomedical research remains limited by the absence of a standard-
ized reconstruction algorithm capable of delivering quantitatively accurate, distortion-free
super-resolved phase images. This work presents OpenSRQP]I, the first standardized com-
putational framework for super-resolution phase reconstruction in DHM systems, whether
using structured or oblique illumination. Through its intuitive graphical user interface
(GUI) and minimal parameter requirements, OpenSRQPI reduces the technical barrier
for non-experts, making super-resolution QPI broadly accessible, enabling new studies of
live-cell dynamics, subcellular structure, and tissue morphology.

Keywords: quantitative phase imaging (QPI); digital holographic microscopy (DHM);
super-resolution; structured illumination; oblique illumination; phase reconstruction;
open-source software

1. Introduction

Quantitative Phase Imaging (QPI) has established itself as a transformative tool across
a wide spectrum of disciplines, particularly in biology [1-4], biomedical research [5-11],
and material science [12-16], for its ability to non-invasively measure optical path length
differences in transparent samples. Altogether, QPI bridges basic and translational research
by enabling quantitative analysis of structure—function relationships in both living systems
and engineered materials.

Among the various QPI techniques [17-21], digital holographic microscopy (DHM)
stands out for its ability to simultaneously capture amplitude and phase information in
a single image, enabling real-time, label-free imaging of dynamic biological processes
without the need for mechanical scanning or sequential acquisitions [18,22-24]. Thereby,
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DHM is ideal for live-cell imaging and high-throughput applications thanks to its rapid
acquisition and reconstruction. Beyond its three-dimensional (3D) reconstruction capability,
DHM is compatible with a variety of optical configurations and can be integrated into dual-
and multi-modal platforms [25], providing a comprehensive understanding of complex
biological and physical phenomena.

Despite its many advantages, DHM is fundamentally limited in spatial resolution by
the diffraction limit [26], constraining its ability to resolve subcellular structures smaller
than approximately half the wavelength of light. To overcome this barrier, techniques such
as Structured Illumination (SI) and Oblique lllumination (OI) have been successfully inte-
grated with DHM to achieve super-resolved quantitative phase imaging (SR-QPI) beyond
the diffraction limit [27-31]. While OI-DHM leverages the angle-dependent information
encoded by tilted wavefronts to retrieve high-frequency content, SI-DHM modulates the
illumination pattern into periodic patterns. Although these approaches extend the system'’s
compact support in the frequency domain, thereby improving resolution, their perfor-
mance depends critically on the computational framework—including frequency filtering,
demodulation, phase compensation, and image fusion. Each of these steps can introduce
artifacts, phase inaccuracies, or resolution loss if not properly optimized. Moreover, the
lack of standardized, user-friendly software has limited the broader adoption of SR-DHM
methods across the broader biomedical, biological, and material research communities.

To addpress this gap, we introduce OpenSRQPI—an open-access, GUI-based computa-
tional platform for super-resolution reconstruction in QPI using both structured and oblique
illumination. The novelty of our contribution lies in providing the first standardized and ac-
cessible framework dedicated to SR-QPI in DHM. By integrating all required steps—filtering,
demodulation, phase compensation, and spectral fusion—into a physics-based, user-friendly
interface, OpenSRQPI ensures reproducibility, preserves quantitative accuracy, and lowers the
barrier for non-specialists. The platform serves as a benchmark tool for consistent evaluation
of SR-QPI performance across different imaging conditions, enabling the broader translation
of SR-QPI into biomedical and metrological applications. Due to the fundamental differences
in data characteristics, transfer functions, and reconstruction objectives, existing fluorescence
SIM tools [32-34] are not directly applicable to QPL A detailed discussion of these differences
is provided in Section S1 of the Supplementary Document.

While deep-learning-based methods for image restoration and super-resolution—such
as the Super-Resolution Convolutional Neural Network [35] and optimization-based mod-
els like the adaptive half-quadratic function with local structure tensor weighted bilateral
total variation (BTV) [36]—have demonstrated remarkable performance in intensity-based
imaging, they are not directly applicable to DHM with structured or oblique illumination,
where the goal is super-resolved phase reconstruction. Recent studies have applied deep
learning to enhance SIM reconstructions [37—-40] and to model the relationship between
spatial and Fourier domains in complex samples under oblique illumination using the Joint
Spatial-Fourier Channel Attention Network (JSFCAN) [41]. However, the JSFCAN model
has not yet been evaluated for its QPI capability. The proposed OpenSRQPI framework
provides an end-to-end, interpretable, and physics-grounded platform that reconstructs
super-resolved quantitative phase and thickness maps directly from raw DHM images.
As a benchmark tool, OpenSRQPI produces standardized datasets that can serve as a
foundation for training and validating future deep-learning-based SR-QPI methods. By
integrating physics-based principles with data-driven strategies, the proposed framework
enhances methodological transparency and reproducibility, providing a critical platform
for evaluating and comparing emerging learning-based SR-QPI approaches, such as JSF-
CAN, or more recent hybrid deep-learning frameworks [42] that combine convolutional
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neural networks with Transformer architectures to exploit cross-layer feature interaction
for improved SR-QPI reconstruction.

2. OpenSRQPI Tool

The OpenSRQPI tool has been implemented in MATLAB R2025a using App Designer.
The OpenSRQPI architecture follows a modular, event-driven design that separates the
graphical interface, data management, and computational engine into distinct layers. The
GUI layer handles all user interactions and communicates with a back-end numerical core
composed of independent function modules, each dedicated to specific tasks such as Fourier
operations, phase unwrapping, demodulation, and spectral fusion. This layered design not
only improves maintainability and scalability but also facilitates rapid updates, integration
of new reconstruction algorithms, and interoperability with other MATLAB-based imag-
ing frameworks. The software requires the Optimization Toolbox, Global Optimization
Toolbox, and Image Processing Toolbox and does not depend on GPU acceleration. The
complete source code and executable version are freely available on GitHub—find the link
in the Supplemental Material Section. The tool has also been compiled into a standalone
executable using the MATLAB Compiler, so Windows users without a MATLAB license can
run it by installing the free MATLAB Runtime. Two demonstration videos are available on
YouTube, and a detailed user manual describing installation, GUI navigation, and example
workflows is provided in the Supplemental Document. These resources ensure that the
tool is readily available to the community and can be reliably adopted for both educational
and research purposes.

The main file, OPEN_SR_QPI_APP.mlapp, defines the user interface and handles
data management, while the computational tasks are delegated to a collection of modular
MATLAB functions (e.g., FI.m, IFT.m, phase_unwrap.m, functions_evaluation.m, vortex-
Compensation.m, LegendreCompensation.m). Application state is maintained in App
properties, where user inputs (e.g., pixel size, wavelength, filtering +1 region, number
of images) and intermediate results (e.g., the compensated complex field) persist across
callbacks. Figure 1 shows the overall workflow of the OpenSRQPI tool, which consists of
six main modules: (1) input, (2) preprocessing, (3) demodulation, (4) phase compensation,
(5) phase map reconstruction, and (6) visualization/export. Whereas all six modules are
executed for SI-DHM, module 3 is skipped in the OI-DHM processing since the spectra
of the +1 term in OI-DHM holograms are uniquely defined. This modular design allows
each step to be tested independently of the GUI, ensuring reproducibility since identical
holograms processed with the same parameters yield consistent results.

At its core, the reconstruction process isolates the +1 spectral order in the hologram,
performs blind demodulation (for SI-DHM), compensates and centers the object spectra,
and finally fuses them into a super-resolved quantitative phase map. Below, there is a
description of each step of the processing pipeline (Figure 1) that the program executes:

e  Spectral Filtering for both SI- and OI-DHM: The first operation is the isolation of the
+1 term in the hologram spectrum using a two-step strategy in which, firstly, a rectangular
filter crops the quarter of the spectrum containing the +1 order as identified by the user
earlier, and, secondly; a circular filter isolates the object spectrum frequencies. The circular
filter is automatically determined using MATLAB's findcircles function and applied to a
binary spectrum generated with a threshold TH = mean + 0.8-STD, where the mean and
standard deviation (STD) are estimated from a 60 x 60-px? corner region representing
the noise background of the Fourier transform. This threshold formula was empirically
determined through testing with both noiseless and noisy simulated holograms. In all
simulated cases, the compact support of the diffracted orders was clearly defined, and
the selected threshold consistently isolated the correct spectral components. However,
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in experimental holograms—particularly at higher illumination angles—the visibility
of the compact support decreases, and the current thresholding approach may not
always ensure optimal isolation of the desired spectral region. Future releases of
OpenSRQPI will address this limitation by incorporating a more robust, unsupervised
spatial-filtering algorithm capable of reliably identifying and isolating spectral terms
under varying illumination and noise conditions.

Blind Demodulation for SI-DHM mode: This demodulation step is based on the
generalized SI-DHM framework, which automatically demodulates each laterally
shifted object spectrum independently of the other without prior knowledge of the
phase shifts between the recorded holograms [43]. The selection of the correct phase
shift to properly decouple the two laterally shifted spectra is based on the minimization
of a cost function that quantifies the ratio of the residual order’s magnitude to the total
magnitude (sum of expected and residual orders), which is defined in Ref. [43], using
MATLAB’s built-in particleswarm algorithm. Iterative Particle Swarm Optimization
is a population-based stochastic optimization algorithm in which a set of candidate
solutions (i.e., particles) move through the search space guided by both their own
experience and the collective knowledge of the swarm. Each particle updates its
velocity and position based on three components: its current momentum, the best
solution it has found so far, and the best solution identified by any particle in the
swarm. Through an iterative process, the swarm converges toward optimal or near-
optimal solutions. The optimization options of the particleswarm algorithm are a swarm
size (set to 4), a maximum number of iterations allowed (set to 500), and a termination
tolerance on the cost function (set to 1078 a.u.). The swarm size is 4 since a small swarm
is sufficient to explore the 1D bounded search space domain. The maximum number
of iterations is 500, balancing convergence reliability and computational cost. The
termination tolerance of 108 a.u. is adopted to provide a strict convergence criterion
since small angular deviations in the estimated phase shift can lead to significant
phase errors in the reconstructed holograms. The optimal phase shift ranges between
0 and 2, preventing the optimizer from exploring non-physical values. The rest of
the parameters (i.e., inertia weight, cognitive/social coefficients, and velocity limits)
remain at MATLAB’s standard settings. Because demodulation performance depends
strongly on the data quality, the algorithm incorporates a verification stage to confirm
the uniqueness of the demodulated laterally shifted replica before proceeding with
the processing pipeline.

Phase compensation: The centering of the maximum peak in the laterally shifted
object spectra to the zero frequency has been implemented using the high-order
vortex-Legendre phase compensation [44], improving phase compensation accuracy
(i.e., spatial invariance on the phase values) while maintaining computational efficiency.
The order and mode of the Legendre polynomial to be compensated should be defined
before starting the processing.

Spectral Normalization and Fusion: The next step focuses on combining the centered
object spectra into an SR spectrum. Whereas the combination of these spectra is the
direct summation in fluorescence-based SIM, in QPI, this process should be carefully
implemented since each individual spectrum has its own and different dynamic range.
This means that each individual spectrum should be normalized before summation,
ensuring super-resolved QPI measurements. More details on the effects of this nor-
malization are found in Ref. [45], where the QPI capability of the reconstructed SR
phase distribution is analyzed and compared, both with and without normalizing each
demodulated spectrum. Normalization ensures balance, but overlapping spectral con-
tent across angles can still distort frequency weighting. To address this, the combined
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SR spectrum is multiplied pixel-wise by a weighting mask, which is automatically
generated to equalize the spectral content [31]. The inverse Fourier transform of this
product provides the spatial complex SR distribution, from which the quantitative
phase map can be directly obtained by computing the angle of this complex field. This
resultant phase map retains QPI integrity while achieving resolution enhancement
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Figure 1. Flowchart of the computational pipeline for reconstructing the SR QPI phase image in
SI-DHM and OI-DH.

Both the reconstructed SR phase data and its spectrum are accessible through visu-
alization tools embedded in the GUI. Users can simultaneously examine the quantitative
sample thickness (in um) and phase (in rad) map. Each panel features calibrated color bars
to aid interpretation, while interactive controls allow users to adjust views and assess re-
construction quality. Beyond visualization, the application allows users to save all relevant
outputs—including figures, numerical results, and metadata—so that reconstructions can be
fully documented and reused for further analysis. Part of the metadata is an estimate of the
lateral-resolution improvement based on the compact support of the SR spectrum relative
to that of a single laterally shifted spectrum. Both SI and OI extend the system’s compact
support in the frequency domain, thereby increasing the recoverable spatial frequencies and,
consequently, the lateral resolution. Therefore, the measurement of the SR compact support’s
extension provides an equivalent and direct measure of resolution improvement.

The design of OpenSRQPI ensures a transparent, user-guided workflow in which every
stage of the reconstruction remains visible and controllable through the interface. However,
any error in the processing steps can lead to erroneous reconstructed SR phase maps,
which are most readily detected by inspecting the SR spectrum. For example, incorrect
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demodulation introduces additional peaks into the demodulated spectra and thus into the
SR spectrum, appearing as high-frequency fringes in the reconstructed phase/thickness
map. Under ideal conditions, the SR spectrum displays a symmetric “flower-like” pattern.
Deviations from this symmetry—such as distorted or uneven petals—indicate errors in
filtering and/or compensation. In noisy datasets, the +1 filtering step may fail to capture
all spatial frequencies, producing petals of reduced size. In summary, the number of petals,
their symmetry, their relative size, and the presence of spurious peaks within them serve as
key indicators of reconstruction quality in the OpenSRQPI tool.

The computational performance of the OpenSRQPI framework was evaluated on
a workstation equipped with a 13th Gen Intel® Core™ i9-13900K processor (3.00 GHz).
For SI-DHM processing, the total memory usage reached 247.4 MB, of which 199.0 MB
corresponded to the demodulation stage. The overall processing time for SI-DHM, in-
cluding user interaction (uploading images and entering parameters), was 77.3 s, with
demodulation alone requiring approximately 7 s. For OI-DHM processing, the total mem-
ory consumption was 178.5 MB, and the total execution time, including user input, was
22.6 s. All tests were performed using simulated images of size 1024 x 1024 pixels, with a
total of six images per mode (six oblique angles for OI-DHM and three angles with two
phase-shifted images per angle for SI-DHM).

3. Results

This section assesses the OpenSRQPI tool’s capability to produce super-resolved QPI
images for DHM systems operating in either oblique illumination (OI) or structured illu-
mination (SI) modes. Section S3 of the Supplemental Document presents a quantitative
comparison between the OpenSRQPI tool and our original script-based implementation,
confirming that OpenSRQPI delivers reproducible and high-fidelity SR-QPI reconstructions
without requiring direct access to code-level details. In this section, we first examine the
performance of OpenSRQPI for OI-DHM under ideal and noisy conditions, quantifying
phase accuracy and robustness. We then analyze the performance of SI-DHM process-
ing across different modulation frequencies and illumination angles to determine how
these parameters affect the achievable super-resolution and quantitative phase fidelity.
This structured progression—from OI-DHM validation to noise analysis and finally to
SI-DHM parameter evaluation—provides a coherent framework for interpreting the results
presented in Figures 2—4.

Figure 2 demonstrates the app’s performance for the OI-DHM processing in generating
super-resolved and quantitative phase and thickness maps using a noiseless dataset. The app
automatically detects the carrier frequencies of the OI-DHM holograms and reconstructs the
complex field without requiring manual parameter adjustments, enabling direct quantitative
phase and thickness retrieval with extended spectral coverage. Quantitative thickness profiles,
extracted from the saved thickness maps using MATLAB, provide a direct means of evaluating
reconstruction accuracy against the known ground truth. To provide a complete validation of
the OpenSR QPI tool, the app is evaluated for two different modulation frequencies of the SI
pattern (i.e., um = 0.98u. and uy = 0.66u,, where u, is the cutoff frequency of the native DHM
system) and different numbers of orientation angles of the OI pattern.

The two top panels in Figure 2 compare the SR improvement and QPI capability when
um = 0.98u, for six (top panel) and four (middle panel) orientation angles of the oblique
illumination. Clearly, the higher the number of OI orientation angles, the more the extended
power spectrum exhibits a more isotropic angular coverage for the high spatial frequencies.
Consequently, the reconstructed SR thickness profiles (magenta) closely follow the ground
truth value (shadow region) at different radii, demonstrating both the SR improvement
and QPI capability. The native DHM system, however, cannot accurately reconstruct quan-
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titative thickness values at small radii. If the number of oblique illuminations decreases,
the angular coverage of the extended power spectrum becomes more anisotropic, mini-
mally affecting the resolution improvement in particular directions. Conversely, reducing
the modulation frequency of the oblique illumination restricts the lateral coverage of the
extended power spectrum, limiting the SR capability of the OI-DHM system.
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Figure 2. Evaluation of the SR improvement and QPI capability for the OI-DHM system compared to
the native DHM system with umy = 0.98u. (top two panels) and um, = 0.66u. (last panel), where u. is
the cutoff frequency of the native DHM system.
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Figure 3. Evaluation of the OpenSRQPI tool for reconstructing accurate phase measurements in
OI-DHM mode for different noise levels and two different lateral modulation frequencies of the
oblique illumination. The ground truth phase value is equal to 1.535 rad. The dashed lines illustrate
the phase sensitivity of a typical DHM system [46].
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Figure 4. Evaluation of the SR improvement and QPI capability for the SR-DHM system compared to
the native DHM system with um = 0.98u. (top two panels) and um, = 0.66u. (last panel), where u. is
the cutoff frequency of the native DHM system.

To finalize the analysis of the OpenSRQPI app for OI-DHM, we investigate the sen-
sitivity of the proposed OpenSRQPI to noisy conditions in OI-DHM. Speckle noise in
DHM originates from random phase fluctuations of the complex optical field, as described
by Goodman’s statistical model [46]. For this study, additive white Gaussian noise was
introduced as a first-order approximation of this random phase behavior using the MAT-
LAB built-in function awgn. This simplification captures the random-phase perturbations
induced by speckle, while enabling controlled simulations and quantitative evaluation of
the reconstruction pipeline. While this does not fully reproduce the spatially correlated
nature of experimental speckle, it provides a reproducible baseline for evaluating algorithm
robustness under noisy phase conditions. Figure 3 shows the performance of the tool for
noisy conditions, comparing the measured phase values (mean =+ standard deviation) at
different SNR values for different radii (i.e., frequency). For this study, the true phase value
is ¢ = 1.535 rad, corresponding to a thickness of 250 nm, a source’s wavelength of 532 nm,
a sample’s refractive index ns = 1.52, and a refractive index of the surrounding medium
ny, = 1. Figure 3 also illustrates the intrinsic phase sensitivity of the DHM technique
(£0.18 rad), consistent with typical sensitivity values reported in the literature [47]. Vari-
ations within this dashed-line interval (ground-truth phase =+ sensitivity) fall within the
inherent uncertainty of the instrument and therefore cannot be considered experimentally
detectable. At a radius of 23 px, significant deviations are observed for native DHM re-
constructions, as this distance lies beyond the diffraction limit and thus yields unreliable
data. Based on the reported DHM sensitivity, reconstructed phase values at SNR > 20 dB
agree with the ground-truth within experimental error, providing accurate QPI measure-
ments independently of the modulation frequency of the oblique illumination. In contrast,
reconstructed phase values at SNR < 20 dB fall outside the acceptable range, in some
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cases exceeding the 5% error threshold. Overall, these results indicate that OpenSRQPI
can reliably process OI-DH data with an SNR higher than 15 dB, enabling accurate phase
retrieval under realistic noisy conditions. Note that this simplified model does not capture
all coherent artifacts, and thus, the simulated SNR values may not exactly match those
observed in experimental data. Nonetheless, the reconstruction methods implemented in
OpenSRQPI—including blind demodulation [43,48] and spectrum centering [44]—have
been previously validated using experimental DHM datasets, demonstrating consistent
performance under realistic imaging conditions. In practice, OpenSRQPI remains robust as
long as the compact support of the hologram is clearly visible, which defines the effective
limit of reliable SNR for reconstruction.

Finally, the results in Figure 4 evaluate OpenSRQPI for SI-DHM processing under two
different modulation frequencies of the SI pattern (i.e., um = 0.98u. and uy = 0.66u.) and
different numbers of orientation angles of the SI pattern. To quantify these results, we mea-
sured the mean and standard deviation of the reconstructed thickness values at two different
radii. At a large radius (R = 500 pixels), the measured thickness values are 0.257 £ 0.007 pm
for um, = 0.98u. and three orientation angles (top panel in Figure 4), 0.254 £ 0.010 pum for
um = 0.98u. and two orientation angles (middle panel in Figure 4), and 0.253 & 0.001 pum for
Um = 0.66u. and three orientation angles (bottom panel in Figure 4). These reconstructed thick-
ness values are in close agreement with the ground-truth value set to 0.250 pm, confirming the
accuracy of the QPI approach. At a smaller radius (R = 20 pixels), the measured thickness val-
ues at uy = 0.98u, for three orientation angles (0.255 + 0.011 pm) and two orientation angles
(0.257 £ 0.015 um) remain in agreement with the ground truth. Nonetheless, at uy, = 0.66u,
and three orientation angles, the measured thickness drops to 0.210 & 0.004 pm, indicating
reduced accuracy. This deviation is expected since reducing the modulation frequency of
the SI pattern restricts the lateral coverage of the extended power spectrum, limiting the SR
capability of the SI-DHM system. In other words, frequencies near the diffraction limit of the
system (i.e., set to a radius of 20 pixels) for un = 0.66u. are not transferred to the system’s
compact support, making measurements in this region unreliable. Additionally, the accuracy
of the measured thickness is dependent on the number of SI orientation angles since the
thickness for only two SI orientation angles exhibits larger standard deviations, indicating a
loss of isotropy in the extended power spectrum.

Similarly to the results obtained for OI-DHM under noisy conditions, the OpenSRQPI
tool demonstrates comparable robustness for noisy SI-DHM processing. The only distinc-
tion between the two modes is the demodulation of the components, which has previously
been shown to perform reliably at SNR levels below 15 dB [48]. In addition, we tested the
performance of the OpenSRQPI tool for experimental SI-DHM holograms for uy, = 0.23u,
recorded using a coupled Mach-Zehnder SI-DHM system [43]. After unwrapping the
reconstructed phase map using a third-party unwrapping algorithm outside the Open-
SRQPI tool, the manually reconstructed and OpenSRQPI-reconstructed phase maps are
similar—the vertical element 8-5 of the USAF target is resolvable in both images, consistent
with the resolution improvement for the native DHM system (i.e., minimum resolvable
element 8-4). In addition, the quantitative phase values also agree within the experimental
error, being equal to 1.10 = 0.13 rad for the manual reconstruction and 1.00 = 0.10 rad for
the OpenSRQPI reconstruction. The only significant difference between the reconstructed
experimental images is that the resolution of the manually (i.e., original script-based)
reconstructed phase map is slightly better than the one provided by OpenSRQPI. This
difference arises from the spatial filtering of the +1 term from the hologram spectrum.
Whereas the user manually selects the +1 term within the script-based implementation,
the compact support automatically detected using the threshold formula by OpenSRQPI
is slightly smaller, cropping some high spatial frequencies and, therefore, leading to a
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reconstructed image with slightly worse resolution improvement. Future work will be
focused on further assessing the experimental performance of the OpenSR tool and the
approach to automatically select the +1 term within the hologram spectrum.

Quantitative estimation of the lateral resolution improvement provided by OpenSRQPI
is obtained from the relative expansion of the compact spectral support in the reconstructed
super-resolved (SR) spectrum relative to the native DHM system. This metric directly
reflects the underlying physical principle of structured and oblique illumination, in which
the illumination frequency and angle shift higher spatial frequencies of the object into
the system’s passband, thereby extending the recoverable range of spatial frequencies.
The measured extension of the compact support corresponds to a 1.98 x improvement in
lateral resolution for a modulation frequency of uy = 0.98u. and 1.67 x for uy = 0.66u,,
independent of the illumination mode. These enhancement factors are consistent with
theoretical predictions for both structured and oblique illumination DHM and are directly
derived from the measurable increase in spectral bandwidth. This quantitative agreement
explains the improved resolvability of fine features in the star target with a 20 px radius at
um = 0.98u,, as shown in Figures 2 and 4.

4. Discussion

OpenSRQPI fills a critical gap in the QPI field by providing the first standardized,
open-access platform for super-resolution reconstruction in DHM using either structured
or oblique illumination. Unlike fluorescence-based SIM tools, no equivalent resource
has existed for phase imaging, where reconstruction accuracy is vital for quantitative
analysis. By automating complex steps such as carrier/modulation frequency detection,
demodulation, spectral normalization, and weighted spectrum fusion, the OpenSRQPI
minimizes the need for expert user intervention, ensuring reproducibility and lowering
the entry barrier for biomedical and clinical researchers. Our results demonstrate that the
proposed app consistently produces accurate super-resolved phase and thickness maps,
regardless of the illumination features (i.e., modulation frequency and orientation). Both
SI- and OI-DHM reconstructed phase images show clear resolution improvements over
conventional DHM, with isotropic high-frequency coverage providing the best agreement
with the ground truth thickness values.

At present, we have identified seven limitations of the OpenSRQPI framework. First,
the compiled executable of OpenSRQPI is currently available only for Windows systems.
Future work will be developing a Python-based version to enhance community engagement
and interoperability with existing computational imaging frameworks. Second, at present,
OpenSRQPI does not support automated analysis of large datasets because its current
implementation processes each dataset individually. This limitation will be addressed by
incorporating iterative (loop-based) or parallelized batch processing. Third, the reported
improvement factor in lateral resolution, based on the increase in compact support of the
SR spectrum relative to a single compact support, is sensitive to the noise level and the pre-
cision of compact-support determination. This spectral-domain estimation should ideally
be complemented by spatial-domain quantitative metrics. Quantitative approaches for esti-
mating the resolution improvement depend strongly on the sample structure. For example,
calibrated phase targets with sharp edges allow estimation of the minimum resolvable ele-
ment or derivative-based profiles, whereas biological specimens with filamentary features
require alternative strategies. Because these analyses are inherently sample-specific, they
are best performed externally using tools such as MATLAB or Image]. Nonetheless, future
releases of OpenSRQPI will incorporate such quantitative modules to enable automated
resolution analysis while maintaining the tool’s focus on standardized reconstruction and
physics-based spectral assessment. Fourth, the present version does not perform phase
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unwrapping, which may lead to inaccurate thickness measurements if the SR phase map
remains wrapped. While an unwrapping module will be included in future releases, users
can, in the meantime, export the SR phase map and apply third-party algorithms before pro-
viding quantitative measurements. Fifth, the SI- and OI-DHM holograms currently must be
square due to the implementation of vortex-Legendre phase compensation, which corrects
high-order aberration terms [45]. Sixth, the compact support of the +1 diffraction order is
determined through a threshold (TH) parameter based on noise statistics. While effective
for simulated and high-SNR experimental data, this parameter may fail for noisy datasets.
To address this, a future release of the OpenSRQPI will introduce a pre-visualization step
allowing users to interactively refine the TH for more accurate filtering of the +1 term.
Alternatively, we will also explore an adaptive thresholding strategy to better accommodate
data with varying SNR levels. Seventh, the demodulation step may occasionally fail with
experimental data, leaving residual SI patterns in the SR phase map. This limitation is not
unique to OpenSRQP]I, but rather inherent to SI demodulation when phase-shift quality is
degraded. To mitigate this, we provide user input for validating demodulation accuracy
and repeating the step when needed. Finally, the OpenSRQPI tool has not yet been tested
for sample drift. Because that drift may occur during long acquisitions, in both OI-DHM
and SI-DHM,, this effect is expected to be minimal since the camera exposure time is typi-
cally very short and the acquisition process is fast, reducing the likelihood of significant
sample displacement. Nonetheless, if drift occurs, it can be numerically corrected as a
preprocessing step using correlation-based alignment methods in the spatial or Fourier
domain prior to inputting the data into the OpenSRQPI tool.

In summary, OpenSRQPI provides the QPI community with a reproducible and acces-
sible platform for SR-QPI reconstruction, lowering computational barriers. By accelerating
the adoption of super-resolved label-free phase imaging across applications ranging from
live-cell studies to high-resolution tissue morphometry, OpenSRQPI is poised to become a
widely adopted standard for quantitative phase analysis beyond the diffraction limit. We
recognize that further limitations may emerge, and we are committed to working closely
with the community to enhance the framework’s robustness and usability.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/electronics14224513/s1. A supplemental file provides a manual
to use the OpenSRQPI tool. Two demonstration videos have been made publicly available on YouTube
to guide non-specialists in biomedical laboratories: www.youtube.com/watch?v=maJru9mbTF8 and
www.youtube.com/watch?v=KBJkqVI6yAE.
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Abbreviations

The following abbreviations are used in this manuscript:

2D Two-Dimensional

3D Three-Dimensional

DHM Digital Holographic Microscope
FT Fourier Transform

GUI  Graphical User Interface

Ol Oblique Illumination

QPI Quantitative Phase Imaging
SI Structured Illumination
SIM Structured Illumination Microscopy
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