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Phase Imaging enables label-free visualization of transparent biological samples, offering critical insight into cellular
structure and transient dynamics with minimal phototoxicity. However, existing three-dimensional (3D) phase imaging
techniques typically require sequential scanning or interferometric setups, limiting temporal resolution and increasing
system complexity. To overcome these challenges, we propose snapshot parallel refractive index tomography (SPRIT), a
snapshot, 3D refractive index (RI) imaging technique. SPRIT employs a diffractive optical element to capture multifocal
intensity images. The volumetric RI distribution is reconstructed by deconvolving the intensity measurement with the
3D transfer functions of the system. By incorporating partially coherent illumination, SPRIT achieves higher spatial
resolution than coherent imaging systems, with the degree of enhancement governed by the illumination and detection
numerical apertures. We demonstrate volumetric imaging of live Chilomonas at 50 Hz with SPRIT, showcasing its ability
to resolve fine subcellular structures in real-time. With its snapshot, high-resolution capabilities, SPRIT offers a power-

ful tool for label-free 3D imaging in cellular biology and medical diagnostics. © 2026 Optica Publishing Group under the

terms of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.577676

1. INTRODUCTION

Imaging biological cells and tissues is crucial for advancing biologi-
cal research and clinical diagnostics [1]. Many biological samples
are weakly absorbing/scattering objects with a nonuniform spatial
distribution of phase or refractive index (RI) [2,3]. Conventional
phase microscopy [4,5] provides label-free contrast but offers only
qualitative information. Over the past three decades, quantitative
phase imaging (QPI) has emerged as a powerful tool for label-free
imaging, offering precise measurement of optical phase with
diverse implementations [6-8]. In addition to interferometric
techniques [9-11], non-interferometric methods such as Fourier
ptychography [12], transport of intensity equation (T1IE) [13,14],
and differential phase contrast (DPC) imaging [15] have gained
attention, as they eliminate the need for complex interferometric
setups and can recover phase information from intensity-only
measurements. Furthermore, their compatibility with partially
coherent illumination makes them attractive for cost-effective,
robust imaging systems.

Recent advancements have extended non-interferometric
techniques to volumetric RI imaging. Methods such as partially
coherent intensity diffraction tomography (PC-IDT) [16-18]
and 3D DPC [19] resolve 3D RI distributions from intensity
data acquired through axial scanning. By exploiting the spatial
frequency diversity introduced by the condenser aperture under
partially coherent illumination [20,21], these methods enable 3D
reconstruction via deconvolution, revealing internal structures that
are inaccessible to conventional 2D QPI techniques. Compared
with traditional coherent optical diffraction tomography (ODT)

Journal © 2026 Optica Publishing Group

[22-24], these methods offer reduced speckle artifacts and avoid
the need for complex angular scanning setups. However, they
typically require the acquisition of hundreds of images, limiting
theirapplicability in transient dynamic imaging scenarios.

Efforts have been made to accelerate quantitative phase imaging
and reduce system complexity. Recent work has demonstrated
snapshot 2D QPI methods based on modified Hartmann masks
[25], metasurfaces [26-29], thin films [30], and diffractive sur-
faces [31]. To enable real-time 3D phase imaging, researchers
have proposed single-shot tomographic techniques based on
multiplexed off-axis holography [32,33] or light field imaging
[34-36]. Multiplexed off-axis holography relies on the interference
of multiple beams with different illumination angles to multiplex
volumetric information in the frequency domain. However, it
suffers from crosstalk among channels, speckle noise, and image
quality degradation due to back-and-forth Fourier transform
during reconstruction. Light field imaging employs the lenslet
array, which divides the detection area into many sub-apertures,
each producing an off-axis hologram corresponding to a unique
illumination angle. The limited numerical aperture leads to
degraded spatial resolution, both laterally and axially. Another
important snapshot approach employs image-splitting prisms to
generate multifocal images for 3D phase retrieval [37], though the
1D arrangement of a small number of planes may constrain axial
sampling density and reconstruction quality.

In this work, we propose and experimentally demonstrate a
snapshot 3D QPI method named snapshot parallel refractive index
tomography (SPRIT). SPRIT parallelly captures a 2D grid of mul-
tifocal images generated by a diffractive optical element (DOE)
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Fig. 1. Working principle of SPRIT. (a) Schematic of the SPRIT setup. L; —Ls, lenses. A quadrant polarization plate (QPP) is placed at the front pupil
plane of the condenser L; to generate polarization-dependent illumination with diverse spatial frequency components. The transmitted light is collected by
the objective L4. A diffractive optical element (DOE) positioned at the rear Fourier plane disperses and refocuses the sub-images at multiple axial depths.
Marginal rays corresponding to each focal plane are shown. Inset, sub-images focused on nine planes (—4d to +4d) are formed simultaneously using a
schematic 3 x 3 DOE. (b) A photograph of the custom QPP composed of four quadrantal polarized films with linear polarization orientations of 0°, 45°,
90°,and 135°. The QPP is placed in front of a liquid crystal display emitting light polarized at 0°. (c) A 3D phantom used for simulation. (d) Simulated raw
measurements captured by the polarization camera, corresponding to four distinct illumination patterns. (e) Reconstructed refractive index slices using the

3D deconvolution.

placed at the Fourier plane of the imaging system. Meanwhile, the
partially coherent illumination source of the system is polarization-
multiplexed with a customized quadrant polarization plate (QPP).
The multifocal images recorded by a polarization camera are
rearranged to form four 3D image stacks, each corresponding
to a unique transfer function. A 3D deconvolution algorithm
utilizing either Tikhonov or total variation (TV) regularization
prior is applied to retrieve the 3D RI distributions. We validate
SPRIT with Spirogyra and live Chilomonas cells. SPRIT enables
prolonged 3D imaging with both high temporal and spatial resolu-
tion, providing a powerful tool for observing ultrafast dynamics in
complex biological systems and offering transformative potential
for biomedical research.

2. METHODS

SPRIT captures four-channel image stacks containing spatially
separated multifocal images, all within a single camera frame.
The schematic of the SPRIT setup is illustrated in Fig. 1(a). A
partially coherent LED source is utilized. To enable simultane-
ous acquisition of images illuminated by various source patterns,
partial coherence multiplexing strategies based on color or polari-
zation multiplexing have been previously demonstrated [38—40].
Here, we implement polarization multiplexing with a custom
QPP [Fig. 1(b)] placed at the front Fourier plane of the imag-
ing system. The four quadrants of the QPP are polarized with
linear transmission orientations of 0°, 45°, 90°, and 135°. A
polarization-insensitive DOE is positioned at the rear Fourier
plane of the imaging system to create multifocal images. The
DOE performs two key functions: first, it uniformly splits the
transmitted light from the sample into distinct diffraction orders,

generating an array of N x N images on the detector; second, it
applies a defocus phase to each order, effectively refocusing the
images to different axial depths, separated by a constant step size
d. For instance, a schematic 3 x 3 DOE creates nine focal planes
ranging from —4d to 4d, as shown in the inset of Fig. 1(a). Finally,
a polarization camera, which contains interspersed polarized pixels
with 0°, 45°, 90°, and 135° polarization orientations, enables
simultaneous acquisition of image arrays under four distinct
illumination conditions. The resulting raw image contains 4N?
sub-images, which can be segmented and rearranged to construct
four 3D intensity stacks for RI reconstruction.

The forward model for image formation is derived under the
first Born approximation [41] (see Section S1 of Supplement 1 for
details). Consider a 3D sample with a spatially varying RI of #(7),
where » = (x, y, 2) represents the spatial coordinates, embedded
inauniform medium with an RI of 7,,,, and illuminated by a quasi-
monochromatic source at the wavelength of A. The scattering
potential of the object is defined as

f@) =k [n(r)? =], (1)

where kg = 27” is the wave vector in vacuum. Under the first Born
approximation, which assumes the multiple scattering is negligible
when the Rl values of the sample and the medium are sufficiently

close, the 3D image in Fourier space can be expressed as [10]
Iy, uo) ~ Ipc+ fre(ur, ) Hre(aey, )

+ }‘;n(ul_’ uz)]{lm(ul_a uz), (2)

where the tilde denotes quantities in the spatial frequency
domain, #, = (u,, u,) and u, are the transverse and axial
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frequencies satisfying . /u2 + u§ +ul= %, Inc=358(uy, uy)
[ S| P(a))*du’? is the DC term representing the back-
ground, S(z,) represents the 2D source distribution, and
P(u,) is the pupil function of the microscope. frem are
the real and imaginary parts of the scattering potential as

f(ri,2)= fre(ri, 2) + jfin(rL, 2), and Hgem are the non-
paraxial 3D phase and absorption transfer function, respectively,
given by

S(u, —Lu S(u, +1u
it = [ (U fed 4 ey
P(u’J_—i—%uJ_) P* (u’J_—%uJ_)S(uz—i-u;z—u/ )du/f

N ulf%uj_ uLJr MJ_
Hien (22, MZ)Z/‘ |:( (47”/ 4,

zl

P(uﬁ_—i—%ul) P* (uj_—%ul)S(uz—i-uzz )du/f

3)

where uy _\/AZ |, + uL|2 and uy =
2

\/K—’f — |#/, — 3 a1 | In our system, the pupil function is defined

as P(u)) = Py(u)e/® ™D where Pu(u)) = circ( ‘ull) is
a low-pass filter determined by the objective lens with numerical
aperture NAy,,, and ¢ (%, ) is the phase profile of the DOE. Here,
the DOE achieves snapshot parallel acquisition. A 3D intensity
stack /(x, y, z) associated with P (%) = Pp(#,) is constructed
through the separation and rearrangement of spatially multiplexed
images. Figure 1(d) shows the exemplary source patterns and their
corresponding multifocal images of a phantom object [Fig. 1(c)].

To retrieve the volumetric RI distribution [Fig. 1(e)] from the
3D image intensity stack, the inverse problem can be solved using
/, Tikhonov regularization:

min L(fre fin) =ming 7 > | 1= FreHes = fin Hina ]
/

es JIm

4B Fall

2

+a fre
4)

where £ denotes the cost function, / indexes the illumination
patterns corresponding to the four different polarization states,
o and B are the regularization parameters. This optimization
problem has a closed-form solution [Eq. (S13) in Supplement 1].
While Tikhonov regularization offers computational efficiency
and robustness, it suffers from halo artifacts due to the missing
cone problem [42]. These artifacts can be mitigated using stronger
priors such as total variation (TV) regularization [19], which is par-
ticularly well suited for samples with piecewise-constant, yet at the
cost of increased computational complexity. In our experimental
results, we apply the TV regularization for beads and the Tikhonov
regularization for biological samples.

3. RESULTS

A. Design, Fabrication, and Characterization of the
DOE for Snapshot Multifocal Imaging

The design of the DOE phase profile comprises two main steps (see
Section S3 of Supplement 1 for details). First, an iterative Fourier
transform algorithm (IFTA) [43,44] is employed to compute a
phase distribution that uniformly distributes energy across all

diffraction orders. Second, a 2D geometric distortion is introduced
to encode the required defocusing phase. The phase deviation for
the (m,, m,)th diffraction order resulting from this distortion is

given by [45,46]
me Ny (x, ) ++my A, (x, y)
po ’

where A, and A, denote the displacements along the x and y
axes, respectively, and py is the original period of the phase pro-
file. To generate a multifocal image comprising NV x N planes
with a constant axial separation of 4, the lateral and horizontal
displacements are

{Ax(xw: 1= fo)? (6)
Ay(x,y)=NA(x,y)

D(x,y) =21 (5)

where fp is the effective focal length of the objective lens [47].
Here, we design the DOE to form a 5 x 6 2D grid of focal planes
on the sensor, with the plane number and layout chosen to effi-
ciently tile the available detector area while covering the desired
axial range.

The DOE is fabricated on a fused silica substrate via three
sequential rounds of photolithography processes (see Section S4
of Supplement 1 for details). Figure 2(a) is the photograph of a

fabricated DOE. The element height 4 (x, y) of the DOE element
RACNIS
27 (n

ng = 1.4607 is the refractive index of the fused silica at the wave-
length A =532 nm. The minimum step height between the eight
quantized levels is 144 nm. The DOE is consisted of 1025 x 1025
pixels, each 8 pm in size. The height profile within the brown
box in Fig. 2(a), covering an area of 553 x 391 um?, is measured
by a 3D profilometer (Filmetrics, Profilm3D) and presented in
Fig. 2(b). Figure 2(c) shows the histogram of the heights for each
pixel in Fig. 2(b), clearly resolving the eight discrete thickness
levels. Additional statistical data are provided in Table S1.

To validate the DOE performance, we image a 4.6 um SiO,
bead (Polysciences, RI=1.43—1.46) immersed in an index-
matching liquid (Cargille Refractive Index Liquid Series A,
RI=1.46) using a 40x/0.65 NA objective. The experimental
setup is based on a commercial microscope (IX81, Olympus) with
LED illumination (M530L4, Thorlabs) filtered by a 3 nm band-
width laser-line bandpass filter centered at 532 nm (FL532-3,
Thorlabs). A 4f system [L2 and L3 in Fig. 1(a)] composed
of a 10 mm focal length lens and an aspheric condenser lens
(ACL12708U-A, Thorlabs) accesses the Fourier plane of the illu-
mination, where the QPP is inserted for SPRIT measurements.
The condenser provides an effective NA;j,, = 0.33, limited by the
LED source. The image is relayed through another 4f system [L4
and L5 in Fig. 1(a)]. The DOE generating the 5 x 6 multifocal
image array with an axial step of 0.625 um for a 40 x objective is
positioned at the detection-side Fourier plane. The final image is
captured by a polarization CMOS camera (BFS-U3-51S5P-C,
FLIR). More characterization of the DOE can be found in
Section S5 of Supplement 1.

The raw image of a single SiO; bead is shown in Fig. 2(d). Since
the object is illuminated by the unpolarized LED without QPP
inserted, the camera effectively operates as a conventional unpo-
larized sensor. The lateral field of view (FOV) of the multifocal
image is controlled by a circular iris placed at the intermediate
image plane to avoid sub-image overlapping. A square aperture

is related to the desired phase profile as 4 (x, y) =

—t 222 where
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Fabrication and characterization of the DOE. (a) Photograph of the 3-bit DOE fabricated by photolithography. (b) Height map of the DOE

within the brown box in (a), measured by a 3D profilometer. Scale bar, 50 um. (c) Histogram of the DOE heights, showing eight discrete thickness lev-
els. (d) Raw image of a 4.6 pm SiO; bead captured by the polarization CMOS camera with the DOE positioned at the Fourier plane. Scale bar, 15 um.
(e) Thirty channels segmented from the raw image and rearranged into a 3D focal stack. (f) Comparison of x— slices: from the rearranged snapshot mea-
surement (left), from multiple-plane axial scanning (center), and simulation (right). Scale bar, 5 pm.

could be employed in future implementations to make full use of
the detector area. The raw image is segmented into 30 sub-images,
spatially aligned, and rearranged to form a 3D image stack, as illus-
trated in Fig. 2(e). Figure 2(f) displays the x—z cross-section of the
3D image at y = 0 obtained using DOE. In addition, we generate
a simulated 3D stack based on the forward model in Eq. (2) and a
conventional z-stack acquired via axial scanning across the same
depth range for comparison. The results show strong agreement
between the realigned stack from the snapshot measurement with
both the simulated and conventionally acquired stacks, validating
the fidelity of the DOE-enabled snapshot multifocal imaging. The
weak discrete banding visible in the experimental x— slice arises
from minor misalignment of the DOE with respect to the optical
axis (see Section S6 of Supplement 1 for details) and slight variation
in the energy distribution across different orders.

B. Benchmarking of SPRIT with SiO, Beads

We demonstrate the snapshot RI tomography capability of SPRIT
with the SiO; beads in Fig. 2(e). The QPP [Fig. 1(b)] is inserted
at the Fourier plane of the illumination path to generate distinct
source profiles for the four polarization channels. To assess per-
formance across different imaging conditions, we compare results
obtained using two objectives: a 20x /0.4 NA air objective and
a 60x /1.2 NA water-immersion objective. The DOE generates
a 5 x 6 multifocal image array with defocus steps of 1 pm and
278 nm, respectively. Representative sub-images from each polari-
zation channel are shown in Fig. 3(a) and Fig. S4 for the low- and
high-NA cases, respectively.

Figures 3(b) and 3(c) show orthogonal slices of the magnitude
of phase transfer functions associated with the two objectives,

averaged over the four polarization-dependent phase trans-
fer functions. The individual phase transfer functions for each
illumination pattern are shown in Fig. S5. The shape of the trans-
fer function is determined by the ratio of the illumination and
[21]. The lateral frequency support of the transfer functions is
extended beyond the coherent limit set by NAge,, thereby improv-
ing the achievable lateral resolution. The theoretical limits of
lateral and axial resolution are given by A/(NAjy, + NAg.) and

2 ’ i
, respectively, where 7 is the RI of
[(nf\/nszAﬁet)Jr(nf\/nszA,z N p Y

detection NA, known as the coherence parameter p =

illu

the immersion medium. Figures 3(d) and 3(e) illustrate the 3D RI
reconstruction of SiO; beads with different objective lenses. The
30 multifocal planes captured by the DOE are first interpolated to
100 z-planes spanning the entire defocus range before solving the
inverse problem, which improves the computation of the 3D trans-
fer function and the numerical stability of the inverse problem.
Since the sample is a pure phase object with a piecewise-constant
RI distribution, TV regularization is applied. As expected, the
reconstruction with a higher-NA objective yields better resolu-
tion in both lateral and axial dimensions. Both reconstructions
are subject to the missing cone problem, which can lead to elon-
gation along the z-axis and artifacts such as the halo around the
sphere. This effect becomes more prominent when the coherence
parameter is smaller, since reduced angular coverage enlarges the
missing-cone region. Increasing the illumination NA can help
mitigate this issue by expanding frequency coverage [48]. In addi-
tion, incorporating stronger priors such as non-negativity of the
RI contrast can further suppress missing-cone artifacts [42]. Deep
learning-based reconstruction methods have also been explored to
address this limitation [49,50].
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Benchmarking of SPRIT with SiO; beads. (a) Segmented SPRIT measurements of 4.6 pm SiO, beads suspended in index-matching oil (RI =

1.46) by a 20 x 0.4 NA air objective. Sub-images of the four polarization channels, focused on five different axial planes, are shown. Scale bar: 5 um. (b,
¢) Orthogonal slices of the magnitude of the phase transfer function, averaged over the four polarization-dependent phase transfer functions of the SPRIT
system with (b) a20 x 0.4 NA air objective and (c) a 60 x 1.2 NA water-immersion objective, respectively. (d, e) Reconstructed refractive index maps and
cross-sectional slices corresponding to (b) and (c), respectively. Scale bar: 5 pm.

C. 3D Rl Imaging of Spirogyra

We demonstrate the effectiveness of SPRIT on a Spirogyra
sample (Carolina Biological Supply), embedded in fresh water
(RI = 1.33). Spirogyra is a filamentous unicellular algae composed
of a chain of cylindrical cells connected end-to-end, each contain-
ing a centrally located nucleus and helically arranged chloroplasts
oriented in 3D space.

To capture the full extent of a single cell, we stitch 16 raw mea-
surements, which are acquired using a 20 x /0.4 NA objective
lens while laterally scanning along the cell. RI reconstruction
is performed using Tikhonov regularization. The final volu-
reconstruction comprises 300 x 1711 x 100 voxels,
corresponding to a physical volume of 52 x 295 x 71 um®. A
3D rendering of the reconstructed RI distribution is shown in
Fig. 4(a). Representative x—y slices at depths of z = 16, 36, 49 pm
are presented in Fig. 4(b), revealing details of the upper and lower
chloroplast layers within a single cell, as well as the intersection
with an adjacent filament. Figure 4(c) presents x—z slices at x = 14
and 34 pm, clearly depicting the characteristic spiral arrange-
ment of the chloroplasts. A magnified view of the boxed region in
Fig. 4(b), highlighting the cell nucleus, is shown in Fig. 4(d). Line
profiles along the red and black dashed lines in Fig. 4(b), corre-
sponding to the top and bottom layers of chloroplasts at the same y
position, are plotted in Fig. 4(e). The RI profile extracted along the
orange dashed line in Fig. 4(d) is shown in Fig. 4(f).

metric

D. Dynamic 3D Rl Imaging of Live Cells

We further showcase the snapshot, label-free 3D imaging capabil-
ity of SPRIT on dynamic biological samples. Figure 5 and
Visualization 1 show the time-resolved RI distribution of a live
Chilomonas cell (Carolina Biological Supply), suspended in spring
water (RI=1.33). We captured its flagellar motion, observing

rapid oscillations followed by reorientation, during which one
flagellum remained anchored to the coverslip while the other
actively drove the motion. SPRIT provides a powerful platform
for investigating the 3D swimming behavior and flagellar beating
patterns of diverse protist species. Imaging is performed using a
40x/0.65 NA objective at 50 Hz overadurationof 1.1ss.

Figure 5(a) presents 3D renderings of the RI distribution
at selected time points, highlighting key cellular postures
throughout the rotation process. The reconstruction comprises
300 x 300 x 100 voxels, corresponding to a physical volume of
26 x 26 x 19 um?. The volumes in Fig. 5(a) and Visualization 1
are rendered by ClearVolume [51]. Representative x—y slices at
three distinct axial planes are shown in Fig. 5(b), demonstrating
good optical-sectioning capability. The boundary visible near
the periphery of the slices originates from the iris used to control
the FOV. The white and orange arrows in the last row indicate the
anchored and moving flagella, respectively.

We further examine the flagellum in the green box in Fig. 5(a).
Figure 5(c) shows a zoomed 3D rendering with display contrast
adjusted for visualization. The reported diameter of Chilomonas
flagella is approximately 150 nm [52], which is below the resolu-
tion limit of our system. Consequently, the reconstructed flagellar
cross-section primarily reflects system broadening rather than
the true physical diameter. The s—z slice extracted along the white
line in Fig. 5(c) is shown in Fig. 5(d), where s denotes the direction
perpendicular to the flagellar axis. Line profiles across the flagellum
[Fig. 5(e)] yield full widths at half maximum (FWHM) of 0.64 um
laterally and 3.36 pm axially. We note that the recovered RI value
of the flagellum is lower than its true value, as spatial blurring
reduces the apparent RI contrast of sub-resolution features.

Figure 5(f) displays the orthogonal views (x—y, x—z, and y—z) of
the reconstructed 3D volume at # = 0.02 s. The y—z slice reveals a
tilted cell body relative to the x—y plane. Line profiles along the red


https://doi.org/10.6084/m9.figshare.30028249
https://doi.org/10.6084/m9.figshare.30028249

Research Article

Vol. 13, No. 3 / March 2026 / Optica

Spirogyra B

z=36um z=49 pum (c)x=14pmx=34pm
- -— = 1.336
-1.334
' = 11.332
{
¢ = 11.33
11.328
gy = 11.326
i b 1.324
(e) ()
1.335 1.335 AVA
1.33 M 1.33 g
! 1.55 ym
'] 1325 1.325
—= - 0 - 0 5
Position(pm) Position(um)

Fig.4. Tomographic imaging of Spiragyra. (a) 3D rendering of the RI distribution of Spirogyra. (b) x—y plane slices at z = 16, 36, and 49 pm. Scale bar,
20 pum. (c) y—z planeslices at x = 14 and 34 pm. Scale bar, 20 um. Note that the lateral and axial scale bars are different. (d) Zoomed-in image of the nucleus
in the blue dashed box in (a). Scale bar, 10 pm. (e) Line profiles extracted along the red and black dashed lines in (b). (f) Line profiles extracted along the
orange dashed lines in (d), demonstrating the ability of SPRIT to resolve subcellular structures.

dashed lines in Figs. 5(b) and 5(f) are plotted in Fig. 5(g). These
profiles indicate a lateral feature of 0.59 pm and an axial feature of
3.44 um. Both single-feature and two-feature characterizations are
consistent with the theoretical lateral and axial resolution limits
derived in Section 3.B. Figure 5(h) shows the orthogonal slices of
the 3D Fourier spectrum of the reconstructed RI volume, which
exhibits cutoff frequencies consistent with these resolution limits.
The high spatial and temporal resolution achieved by SPRIT
enables detailed observation of rapid morphological changes in
live, label-free cells, making it well suited for applications in cellular
dynamics and microbial motility studies.

4. DISCUSSION AND CONCLUSION

In our demonstration of SPRIT, all the multifocal images are
distributed across the entire FOV without any overlap on a single
polarization camera. The total number of resolvable voxels is there-
fore limited by the size of the camera sensor. The selection of the
number of axial planes depends on the depth of field (DOF) of the
imaging system and the axial range of the object of interest. Since
we employed a 3D forward model, to avoid aliasing in the axial
direction, the defocus step o should be smaller than approximately
half of the system DOE while the product of the total number
of sub-images and & should exceed the axial extent of the object.
While SPRIT enables high spatial resolution, a small sensor inher-
ently limits the observable volume. To overcome this, multiple
cameras, each configured to capture multifocal images centered
at different axial depths, can be employed in parallel to expand
the total detection volume without sacrificing the single-shot
capability. Additionally, compressed sensing—based reconstruction
[53] could be employed to recover 3D volumes from partially over-
lapping sub-images [54], further increasing spatial throughput.

It is worth noting that increasing spatial overlap leads to reduced
measurement contrast and a lower signal-to-noise ratio. Therefore,
a trade-off between enhancing the system throughput and pre-
serving adequate contrast is necessary to ensure high-fidelity
reconstruction.

Other than the sensor area and overlap, the 3D transfer func-
tions govern both the information throughput and the contrast
of the captured images. Optimizing the source illumination
patterns using techniques such as simulated annealing [55] or
physics-informed learning frameworks [56] can improve spatial
frequency coverage and minimize reconstruction artifacts. On
the detection side, improvements in the DOE design may involve
encoding more complex and distinguishable phase profiles beyond
simple defocus, allowing for more efficient sampling of the 3D
volume. Alternatively, the DOE can be replaced by metasurfaces,
which offer more design degree of freedom and can be tailored for
polarization-dependent pupil functions [57]. Further improve-
ments could be achieved through end-to-end optimization
strategies [58,59], where the transfer function and reconstruction
algorithm are jointly designed to maximize information encoding
and recovery efficiency. It should be noted that the current recon-
struction model assumes a polarization-insensitive sample, which
is valid for common biological specimens. SPRIT may be extended
to polarization-sensitive tomography for anisotropic samples by
incorporating the RI tensor of the sample into the forward model
[60,61].

In conclusion, we propose SPRIT, a single-shot 3D Rl imaging
technique based on a DOE which generates multifocal intensity
images. SPRIT incorporates polarization-multiplexed partially
coherent illumination and reconstructs 3D RI distributions
using a regularized 3D deconvolution algorithm. The DOE is
alignment-insensitive and compatible with various microscope
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Fig.5. Dynamic 3D refractive index imaging of a live Chilomonas. (a) 3D Rl distributions of a live Chilomonas at selected time points, as indicated at
the top. See Visualization 1 for the corresponding 3D dynamics video. The video was recorded at 50 Hz. (b) Representative x—y plane slices at multiple axial
positions. Scale bar: 5 pm. The white and orange arrows in the last row indicate the anchored and moving flagella, respectively. (c) Zoomed 3D rendering
of the flagellum within the green box in (a). Display contrast is adjusted for visualization. (d) s—z slice through the flagellum extracted along the white line in
(c), where s denotes the direction perpendicular to the flagellum axis. Scale bar: 2 pm. Note that the lateral and axial scale bars are different. (e) RI profiles
across the flagellum along the blue dashed lines in (d). (f) Orthogonal views of the reconstructed 3D volume (x—y, x—z, and y—z planes) at # = 0.02 s. Scale
bar: 5 um. (g) Line profiles extracted along the red dashed lines in (b) and (f). The axial profile (right) is fitted with a sum of two Gaussian functions (indi-
vidual components shown as dotted lines; sum shown as dashed line) to estimate the feature size along z direction. (h) Orthogonal slices of the 3D Fourier
spectrum of the reconstructed RI volume.

objectives, enabling seamless integration into commercial imaging such as spectrum [63] and polarization [64]. With its scalability,
platforms. Compared with conventional or other snapshot RI robustness, and ease of integration, SPRIT is well positioned for
tomography techniques, SPRIT achieves both high spatial and widespread adoption across biological, biomedical, and photonics
temporal resolution. Beyond live cell imaging, SPRIT also holds
promise for optical data storage [62], where high-speed, precise
volumetric readout is essential. Moreover, the optical system can
be further engineered to encode additional information of light, Funding. National Science Foundation (ECCS-2320437, 2348536).

research.
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