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Structured illumination microscopy (SIM) allows non-
invasive visualization of nanoscale subcellular structures.
However, image acquisition and reconstruction become the
bottleneck to further improve the imaging speed. Here,
we propose a method to accelerate SIM imaging by com-
bining the spatial re-modulation principle with Fourier
domain filtering and using measured illumination patterns.
This approach enables high-speed, high-quality imaging of
dense subcellular structures using a conventional nine-frame
SIM modality without phase estimation of the patterns. In
addition, seven-frame SIM reconstruction and additional
hardware acceleration further improve the imaging speed
using our method. Furthermore, our method is also appli-
cable to other spatially uncorrelated illumination patterns,
such as distorted sinusoidal, multifocal, and speckle pat-
terns. © 2023 Optica Publishing Group

https://doi.org/10.1364/0L.485929

Over the past two decades, super-resolution fluorescence
microscopy techniques [1-4] have overcome the classi-
cal diffraction limit, enabling non-invasive visualization of
nanoscale subcellular structures. Among them, structured illu-
mination microscopy (SIM) is notable in live-cell imaging due
to its low excitation intensity, fast wide-field imaging, and
compatibility with most fluorescent labeling protocols.

Typically, SIM replaces the uniform illumination of a conven-
tional wide-field microscope with a spatially modulated pattern.
The non-uniform pattern shifts the unobservable high-frequency
components of the sample into the detection passband of the
microscope. To reconstruct a super-resolution image with nearly
isotropic lateral resolution, a series of raw images of the sam-
ple are acquired sequentially as the phase and orientation of
the patterns change. Multi-frame acquisition slows down the
imaging and dramatically increases the exposure dose. Worse
still, post-reconstruction algorithms based on the conventional
Wiener-SIM architecture [4-9] are typically complex and time-
consuming because the illumination pattern parameters must
be accurately estimated, otherwise the results are prone to arti-
facts. Therefore, applications requiring real-time SIM imaging
are severely limited.
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There have been several techniques to improve the overall
speed of SIM. To reduce the number of raw frames required
and thus improve image acquisition speed, some spatial domain
iterative algorithms [10,11] and Fourier domain reconstruction
algorithms [12,13] have been developed. However, these algo-
rithms are inherently time-consuming and the reconstructed
results are sensitive to artifacts. Deep learning SIM reconstruc-
tion for frame reduction [14,15] is an alternative, but the “black
box” nature makes it difficult to guarantee stable and reliable
results. Alternatively, to improve the reconstruction speed, spa-
tial domain reconstruction with simplified workflow [16,17] has
been applied to high-speed SIM reconstruction. For example,
JSFR-SIM [17] runs 2.8 times faster than conventional Wiener-
SIM [5] in the same central processing unit (CPU) environment
by using a pre-generated structured coefficient matrix. However,
it still requires pre-estimation of the illumination parameters. In
addition, additional hardware acceleration such as graphics pro-
cessing unit (GPU)-based parallel computing [17-19] has been
used for real-time SIM imaging.

To improve the overall speed of SIM, we propose spatially re-
modulated structured illumination microscopy. By combining
a spatial re-modulation principle with Fourier domain filtering
and using measured illumination patterns, our approach enables
high-speed, optically sectioned, super-resolution, and artifact-
free imaging of dense subcellular structures.

The principle of spatial re-modulation can be described as
follows: the measured fluorescence signal M,(r) at position
r and frame ¢ is given by the convolution of the intensity-
modulated fluorescence source distribution p(r)-I,(r) and the
detection point spread function (PSF) A(r):

M,(r) = [p(r) - 1,(r)] ® h(r), (1)

where p(r) denotes the fluorescence distribution of the sample,
and I,(r) represents the intensity of the illumination pattern at
position r and frame ¢, which is given by

I,(r) = Iy + ply cos(Kor + @), (2)

where [y, u, kg, and ¢, are the average intensity, the modu-
lation depth, the frequency vector, and the initial phase of the
sinusoidal illumination pattern, respectively. Substituting Eq. (2)
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into Eq. (1), we obtain
M, (r) = My(r) + ply(p(r) cos(kor + ¢,)) ® A(r),  (3)

where M, (r) can be obtained by Eq. (1) with /,(r) = I, denoting
a wide-field image generated by uniform illumination.

Here, the frame-dependent fluctuation in measurement M, (r),
which contains the unobservable high-frequency components of
the sample, is then re-modulated with the corresponding frame-
dependent fluctuation in pattern /,(r) as

[M(r) = My(r)] - [1(r) - L]
= (uly)*[(p(r) cos(ker + ¢,)) ® h(r)] cos(Ker + @)
) (h(k — Kg) + 7k + Ky)) (4)

= (o) F ' | +exp(i2¢,)p(k — 2kp)h(k — k) ¢,
+exp(—i2¢,)p(k + 2ky)h(k + ky)

where ~ denotes the Fourier transform of a given function, 7 is
the optical transfer function (OTF) with the cutoff frequency k.,
and F ' is the inverse Fourier transform. A detailed derivation of
Eq. (4) can be found in Eq. (S3) in Supplement 1. Furthermore,
the squared fluctuation in the pattern is given by

[L(r) - L) = [udo cos(Kor + ‘Pe)]z

5
= %(;110)2[1 + cos(2kyr + 2¢0,)]. ®)

In addition, considering that ({(exp(i2¢.)), =0 and
(cos (2kgr + 2¢;)), = Owhen ¢, = ¢, + (£ — 1)r/N (N = 2) or
wr =@ +2(€—1)/N (N = 3), where (-), denotes frame aver-
aging, we have a spatially re-modulated image
([M(r) = My(r)] - [1c(r) = Lo]),

([I.(x) - L"), (6)
= 2F " {p(k)(h(k — ko) + h(k + kj))}.

Mgpu(r) =

Equation (6) shows that Mgy (r) refers to a super-resolution
image of the sample with effective OTF [A(k — ko) + A(k + k)],
whose cutoff frequency is extended to (k. + |Kg|). In the latter
case (N > 3), where M,(r) and I, can be obtained by averaging
measurements and patterns, respectively, Mspyv(r) is equiva-
lently obtained by dividing the covariance of measurements and
patterns by the variance of patterns.

From Eq. (6), Msrm(r) can be obtained without measuring the
actual values of pattern parameters /,, u, kg, and ¢,, implying
fast SIM reconstruction without pattern parameter estimation. In
addition, calculations are performed directly on each pixel in the
spatial domain, which means that the parameters of the pattern
can vary spatially. Therefore, this spatial re-modulation super-
resolution principle is expected to be applied to more general
illumination patterns and to realize high-speed and high-quality
super-resolution imaging.

We have discussed the principle of super-resolution along the
frequency vector direction. Similarly, we can average Mspm(T)
in different orientations to obtain a nearly isotropic resolution.

Specifically, the flow chart of nine-frame spatially re-
modulated SIM is shown in Fig. 1. A total of nine measurements
and nine pattern images (three orientations, three phases per
orientation with 120° phase difference) are acquired with a
fluorescence sample and a mirror sample, respectively. To sup-
press the unavoidable background and noise in the experiments,
we combined the spatial re-modulation principle with Fourier
domain filtering. In preparation, we first perform a Wiener
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Fig. 1. Flow chart of the nine-frame spatially re-modulated SIM
technique. It consists of two parts: the preparation process and the
main reconstruction process. The former can be reused for different
reconstruction events.

deconvolution on the measured patterns (Step 1) to obtain the
illumination patterns. We then generate Fourier filters, such as
pre-filter Wp,e(k) and post-filter Wpos‘(k), which are used later in
the main reconstruction process. During the main reconstruc-
tion process, we first preprocess the raw fluorescence images
(measurements) with the pre-filter (Step 2a) to suppress high-
frequency noise and out-of-focus background caused by sample
scattering. We can then use Eq. (6) to obtain the spatially
re-modulated image (Step 2b). Finally, we deconvolve the re-
modulated image using the post-filter (Step 2¢) to improve image
contrast and spatial resolution and remove residual background.
See Sections 1 and 2 of Supplement 1 for more details on the
principle and parameter settings of our method.

To demonstrate the performance of our method, we imaged
mitochondria (Fig. 2) in BSC-1 cells, microtubules (Fig. 3), and
actin filaments (Fig. S2 in Supplement 1) in COS-7 cells. In this
experiment, a custom-built projection SIM setup [20] with an oil
objective lens (100x/1.49 TIRF, Nikon) was used. The excitation
laser wavelength is 488 nm. The samples were illuminated by
sinusoidal patterns (period, 450 nm) with three phase shifts and
three orientations. The emission fluorescence with a peak at
525 nm was then collected in reverse by the same objective lens
and detected by an scientific CMOS camera (Dhyana 400BSI
V2.0, Tucsen). The size of the captured image was 512 x 512
pixels with a pixel size of 65nm. More details can be found in
Section 3 of Supplement 1.

In Fig. 2(a), the AF488-labeled mitochondria are imaged
under wide-field and SIM modes. We quantify the resolution
of the images using decorrelation analysis [21]. The resolution
in SIM mode is ~146nm and was consistently roughly 1.85
times better than the resolution in wide-field mode (270 nm).
The improved resolution allows a clear distinction of the mito-
chondrial protein distribution [ROI 1-2 in Fig. 2(b)]. Note that
the resolution in wide-field mode is below the Rayleigh crite-
rion (215 nm; calculated as 0.61 x 525/1.49) due to the strong
low-frequency out-of-focus background. However, the back-
ground is reduced in SIM one. As a result, our method achieves
a 1.47-fold improvement in resolution relative to the Rayleigh
criterion, which is consistent with the theoretical value of 1.48
(calculated as 1+ 215/450). The reduction of the background
benefits from the subtraction of the wide-field image (Step 2b)
and pre-processing (Step 2a). Pre-processing is also effective in
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Fig. 2. Mitochondriain BSC-1 cells. (a) Wide-field image (upper
left corner) and SIM image. (b) Magnified images of the regions
of interest (ROI; white-dashed-box) in panel (a) under wide-field,
SIM without Step 2a, SIM without Step 2c, and fully functional
SIM modes. All figures are normalized to their peak intensities.
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Fig. 3. Microtubules in COS-7 cells. (a) Wide-field image (upper
left corner) and the images reconstructed by our method, JSFR-
SIM, and HiFi-SIM. (b) Magnified images of the white-dashed-box
regions (ROI 1 and ROI 2) in panel (a) under different modes. (c)
Intensity profiles along the green line in panel (b).
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avoiding periodic artifacts, a general headache in SIM images,
caused by out-of-focus backgrounds [6]. To highlight its effect,
we compared the results of the SIM mode without Step 2a and
the fully functional SIM mode, as shown in Fig. 2(b). Using a
similar analysis strategy, we found that the post-processing (Step
2c¢) helps to further improve the spatial resolution and contrast
of the reconstructed images as expected.

We next imaged microtubules (labeled with AF488) and
actin filaments (labeled with mEmerald) using wide-field, our
method, JSFR-SIM [17], and HiFi-SIM [9] [Fig. 3(a) and Fig.
S2 in Supplement 1]. HiFi-SIM is a high-fidelity Wiener-SIM-
based algorithm with a two-step spectrum optimization, which
demonstrates superior performance compared with previously
proposed methods such as fairSIM [7,18] and Hessian-SIM [8].
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Although all three methods can be used to obtain relatively close
images, we experienced higher background and more sidelobe
artifacts in the JSFR-SIM images [Fig. 3(b)], especially in the
axially extended regions located near the nuclear envelope (ROI
1 in Fig. 3). However, the resolution of HiFi-SIM is ~15.6%
worse than that of JSFR-SIM and our method (170 nm versus
147 nm). Furthermore, our method performs best in terms of
signal-to-background ratio (SBR) compared with the other two
methods [Fig. 3(a) and Fig. S2 in Supplement 1]. Here, SBR
is defined as the ratio of the averaged foreground signal to the
averaged background. Therefore, our method exhibits the best
performance among the three methods.

In addition to image quality, imaging speed is another major
concern for SIM. Compared to other algorithms that typi-
cally require nine frames for accurate image reconstruction, our
method requires only a minimum of seven frames to achieve
comparable results [Eq. (6)]. This configuration facilitates imag-
ing acceleration as fewer frames indicate less acquisition time.
To realize this, one wide-field image and six raw SIM images
(three orientations, two phases per orientation with 90° phase
difference) and their corresponding illumination patterns are
acquired.

To investigate whether fewer frames would compromise image
quality, we conducted a simulation as shown in Figs. 4(a) and
4(b). Compared to the wide-field mode (resolution dg =215 nm),
our method (resolution 0.59dy) provides a 1.7-fold resolution
improvement, comparable to HiFi-SIM [9]. We then studied the
robustness of the methods to pattern distortions due to optical
aberrations [22]. As shown in the bottom row of Fig. 4(b) and
Fig. S3 in Supplement 1, the parameters u, kg, and ¢, of the
sinusoidal pattern vary spatially due to the introduced distortion.
However, most Wiener-SIM-based algorithms (e.g, HiFi-SIM)
require spatially invariant pattern parameters to ensure reliable
reconstruction, while our method does not have this limitation
[Eq. (6)]. Thus, our method provides the expected convincing
reconstruction, while the HiFi-SIM reconstruction deteriorates.
Therefore, our method is extremely suitable for complex experi-
ment environments, irrespective of the frame number for image
reconstruction.

We also compared the imaging speed of these methods
(Table 1). To quantitatively test their effects on reconstruc-
tion speed, all algorithms were re-programmed and executed
in the same test environment (see Section 6 of Supplement 1
for more details). In a widely used CPU environment, JSFR-
SIM [17], our method (9-frame), and our method (7-frame) run
16.6, 16.5, and 20.8 times faster than HiFi-SIM [9], respectively.
Reconstruction speed can be further improved by using GPU
acceleration. In a GPU environment, our method (7-frame) has
the shortest reconstruction time (~6.3 ms), which is 1.62 times
faster than that of JSFR-SIM, which has been used for real-time
imaging [17]. Furthermore, our method (7-frame) reconstructs
a SIM image with fewer raw frames compared with other meth-
ods, reducing the image acquisition time and sample exposure
dose by a factor of 1.3. Thus, our method (7-frame) has the
shortest total imaging time (~30.1 ms), which stems from the
advantages of spatial domain reconstruction, phase estimation
free, and reduced frames, which are not available in conventional
Wiener-SIM-based algorithms [4-9], providing the possibility
of a 33-Hz frame rate for real-time SIM imaging.

Notably, the application of our method is not limited to
the undistorted or distorted sinusoidal illumination patterns
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Fig. 4. Simulated reconstructions of a star-like sample illumi-
nated by different patterns. (a) Simulated sample and wide-field
image. (b) Undistorted and distorted sinusoidal patterns, and SIM
images obtained by HiFi-SIM and our method. (c) Multifocal pat-
tern and SIM image. (d) Speckle pattern and SIM image. dy is the
Rayleigh criterion. See Section 5 of Supplement 1 for more details.

Table 1. Imaging Time for Tested Methods

Acquisition Reconstruction Time (ms)

Method

Time (ms) CPU GPU
HiFi-SIM 30.6 3587.8+84.0 -
JSFR-SIM 30.6 215.6+13.0 102+2.7
Our method (9-frame) 30.6 217.5+6.4 8.6x+1.2
Our method (7-frame) 23.8 172.2+4.3 6.3+0.6

described above. Equation (6) implies the potential to com-
bine our method with other spatially uncorrelated patterns. As a
demonstration, we performed simulations as shown in Figs. 4(c)
and 4(d). The multifocal and speckle patterns were generated
as described in Ref. [23]. Reconstructed images with multifocal
and speckle illumination have resolutions of 117 nm [Fig. 4(c)]
and 131 nm [Fig. 4(d)], which are 1.84 and 1.64 times better
than the Rayleigh criterion (215nm), respectively. In fact, in
this case, Eq. (6) gives the covariance of measurements and pat-
terns, showing the super-resolution capacity due to the statistical
prior for these patterns, whose values at different positions are
not perfectly spatially correlated [23]. In the ideal case where the
patterns are perfectly spatially uncorrelated (practically impossi-
ble due to band-limited illumination), the effective PSF is a delta
function, and thus the sample is reconstructed with a perfect res-
olution [23]. This case is somewhat similar to single-molecule
localization microscopy, where the “illumination pattern” is a
stochastic blinking of fluorescent molecules [3,4].

In summary, we have presented a method termed spatially
re-modulated SIM to improve the image acquisition and recon-
struction speed of SIM. Compared to current state-of-the-art
SIM reconstruction methods [9,17], our method provides high-
speed, high-quality imaging in biological samples without phase
estimation of illumination patterns. We achieve this by combin-
ing the spatial re-modulation super-resolution principle with
Fourier domain filtering and using measured patterns. Further-
more, this strategy can be applied to other spatially uncorrelated
patterns, such as distorted sinusoidal, multifocal, and speckle
patterns. Therefore, our method has the advantages of simplicity,
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low sample exposure, high-speed and high-quality reconstruc-
tion, and wide versatility. Thus, our method is adapted to some
recently proposed long-term live-cell SIM imaging modalities to
realize real-time imaging. Furthermore, our method is also appli-
cable for reconstruction using estimated rather than measured
patterns, which improves the generalizability of the technique
(Section 7 of Supplement 1).
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