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Fig. 1 Detectable frequency range of a fluorescence

microscope with wide-field illumination™"
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Fig. 2 Principles of SR-SIM"" . After the wide-field fluorescence microscope is switched to be illuminated by the sine
intensity structure illumination with frequency p, and the direction @, the spectrum S(k) of the fluorescence sample
1l be moved to S(k— py) and S(k+ p,), and the high-frequency information carrying sample details will be

covered by H(k), so the fine structure information of the fluorescent sample can be detected. The highest

detectable sample frequency of the system is extended to k., + p,, and p, is not greater than k.,

JR A S (kDS (k—p) B S (b + po) s T BRI =AML [ #9 SR-SIM E 4D, (r).D,., (7).
Dy, G JH LA £ 5 7

m m
~ 1 — —exp(—ig,) — —exp(+ig,) ~ —
Di.,, (1) 2 Y2 1 SUOH K
~ Io m . m . = T
Dy, (1) =3 1 f?exp(*lgoz) *?exp(#—lgoz) Stk —p,)H )| (6)
5w S+ p)H R
Tgy 1 f%exp(* ip;) *%GXP(+ ig;) 6

0307001-3



F£48%E 5 3 H1/2021 £ 2 A/HRERHE

WA AE 0 T3 G = AL 8 Dy, )
AR AN 5 45 10 [s] 1 e 53 B £ . LR 58 AR5
[l A3 BT L O T E A AL A AR L AR
W 22 A~ T5 1 1 J s B4R

X 2D-SIML 3 BRI 3 Ay i HAE Ay

@  Sk+ ,%l)ﬁ(k) (b) Sk —[ps,)H(k)

X N
X

X X
I \ Il H
—X—e—X—e—X—e—X— XX
;

\ X / X

X
X
L e el

& 3 #H# SR-SIM E &1,

P A 2 G (D)3 ATr T & I J5 B 35 13 1F )
UL C6) X5 Ch) il ok 2 3 AR di 28 AR AT B 2 % 1 AR B 3 B 5 At

(a)(b)(c) Observable frequency information content of a fluorescent dye sample

HR ) TE A L B S A R E R S S
Fig. 3 Reconstruct SR-SIM image"'" .

(a) (b (o) BT i) 45 1) 51t IR 1 9 S o RHRE A i T UL 45 81 ) 031 25 £ 6L

A 3 AR 9 MRS i 3 fR. A
UE F5 28 1) 8 43 B RS 45 ) [ 1 L 38 3 7E 2 N DAF Y
IF1] B BC{EL L B 3 A7 1) (6, = 0°,60°,120°) , &4~ [f]
A 3N (o, =0,27/3, 4/,

fE FRALUG OL (TEME S FI R RS iR 2 55D T,

© (d

Sk 1 po ) (K)

(8 (h)
X .~ X
X X X
! X N\ X
"'—o—x—o—x—‘—f — ;’~x—o—x~o—x—4—X—!
1
\
\
X
k X X X X
X . X

o=y =|

BRI 3 A BB X R Y 2%
FT T T A A R AR 4 0 R TR AR5 (o) (D (@) M R 3 i

P =N
E‘\ﬁi?

under unidirectional structured light illumination is a linear combination of three circular regions, see equation (5);

(d) frequency information content covered by the combination of the three directions can be used to construct a

super-resolution image of the sample;

(e)(f)(g) frequency information content obtained after the frequency

component is shifted back to the correct position, see equation (6) ; (h) frequency information content of the super-

resolution image finally obtained by combining frequency shifts
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Fig. 4 MAP-SIM imaging effect and algorithm flow chart™” . (a) Comparison of imaging effects between the classic

structured illumination microscopy Wiener reconstruction algorithm and the maximum posterior probability

structured illumination microscopy algorithm; (b) flow chart of maximum posterior probability structured lighting

microscopy algorithm
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(a) Hessian-SIM system hardware diagram( AOTF represents acousto-optic tunable filter; L1, L2, L3, L4, and L5

represent lenses; PBS represents polarization beam splitter; HWP represents half-wave plate; SLLM represents

spatial light modulator; PR represents polarization rotator; DM represents dichroic mirror); (b) three different

time imaging effects during long-term imaging process of traditional SR-SIM and Hessian-SIM, the first time

(upper), the 601st time (middle), and the 3001st time (bottom); (c) Hessian-SIM algorithm flow chart, where

R? is the quality control function, SIMCheck is the software used to check the quality of the original image, MCNR

is the modulation contrast-to-noise ratio, and MIV is the motion &. illumination variation
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Abstract

Significance Super-resolution microscopy overcomes the 200 nm spatial resolution limitation of traditional optical
microscopy and has been widely used to image subcellular structures in living cells. Super-resolution microscopy
mainly includes stimulated emission depletion (STED) microscopy, structured illumination microscopy (SIM), and
single-molecule localization microscopy (SMLM). Super-resolution structured illumination microscopy (SR-SIM) is
the most widely used super-resolution microscopy technique. Owing to the low phototoxicity, high-speed wide field of
view, and multichannel three-dimensional super-resolution imaging capabilities, SR-SIM is especially suitable for
real-time detection of dynamic fine structures in living cells. SR-SIM has high-speed wide-field imaging capabilities
that enable rapid dynamic measurement of living cells. Compared with STED and SMLM microscopy imaging under a
light intensity of ~1000 W/cm”, SR-SIM allows imaging under a low light intensity of ~10 W/cm®, which meets
the requirement of long-term imaging of living cells. At the same time, multicolor and multichannel imaging by SR-
SIM is beneficial to the study of molecular interactions.
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The super-resolution structured illumination reconstruction algorithm (SIM-RA) is the key to realizing fast,
long-term, and nondestructive super-resolution imaging of SR-SIM. SR-SIM uses structured light in different
directions and phases to excite the fluorescent sample for acquiring multiple original images with illumination patterns
and then reconstructs a single super-resolution image through mathematical calculations. Owing to the imperfection
of the experiment and the inevitable uncertainty in the measurement of experimental parameters, the estimation of
the reconstruction parameters results in false signal and noise, which reduces the resolution of the SR-SIM image and
introduces artifacts that can be misinterpreted as biologically relevant features. An excellent SIM-RA can improve the
accuracy of reconstruction parameters and filter out noise to reduce artifacts and ensure image quality. In addition, a
long exposure time will increase the phototoxicity and photobleaching, which is not conducive to the long-time observation of
living cells. SIM-RA can reduce the exposure time by two orders of magnitude for the reconstruction of SR-SIM images,
allowing the use of fewer original images to achieve SR-SIM image reconstruction, providing longer and faster super-
resolution imaging. Initially, SR-SIM requires users to have professional knowledge. The development of SIM-RA
makes it unnecessary to manually set parameters, automatically obtain reconstruction parameters and estimate their
uncertainty, and thus to reconstruct super-resolution images with a considerably reduced threshold. The super-
resolution structured illumination microscopic image reconstruction process requires strict analysis and calculation to
ensure the final super-resolution image quality and imaging speed, which relies on an efficient and stable SIM-RA.

In the past two decades, to achieve automatic, simple, and stable acquisition of high-quality and high-spatial-
resolution reconstruction images, the development of super-resolution SIM image reconstruction algorithms has
never stopped. Systematic summary and analysis of SIM-RA are necessary for users who want to construct a higher-
performance super-resolution structured illumination microscopy system.

Progress This article systematically elaborates and analyzes the reconstruction algorithm of super-resolution
structured illumination microscopy. First, it briefly introduces the realization principles and respective advantages of
the three super-resolution microscopy techniques, i.e., STED, SIM, and SMLM, and expounds the necessity of
studying SIM-RA based on the characteristics of SR-SIM imaging. Second, it introduces the imaging principle of SR-
SIM based on structured illumination in detail, and focuses on SIM-RA. In view of the possible reasons for the poor
imaging quality caused in the SR-SIM image reconstruction process and the improvement of the algorithm for fast,
long-term, and nondestructive imaging of SR-SIM, the calibration and parameter value acquisition algorithms of SR-
SIM, SIM-RA, and SR-SIM toolbox are analyzed and summarized. Initially, Gustafsson extended the Wiener filter
and applied it to SR-SIM image reconstruction to solve the problem of reconstruction artifacts. Compared with
Wiener filtering, the R-L deconvolution algorithm reduces the influence of photon noise on the imaging results, and
MAP-SIM further reduces the influence of noise by suppressing defocused light (Fig.4). System calibration before
SR-SIM imaging helps reduce artifacts, and the accuracy of reconstruction parameters determines the quality of the
reconstructed image. Using algorithms including iterative calculations to accurately determine reconstruction
parameters such as illumination frequency and illumination phase is a prerequisite for achieving artifact-free SR-SIM
imaging. The inversion of SR-SIM images based on Bayesian theory allows automatic acquisition of parameters and
reduces the number of reconstructed original images, which is helpful for the realization of fast automatic imaging.
The Hessian-SIM algorithm automatically filters the original image to reduce artifacts and uses methods such as
rolling reconstruction to achieve fast and long-term imaging (Fig.5). To promote the development of SR-SIM,
FairSIM and SIMcheck have been developed to provide general reconstruction algorithms. OpenSIM and SIMToolbox
provide open-source codes to help researchers further study SIM-RA. In addition, machine learning is also used to
achieve fast SR-SIM image reconstruction. At the end of the article, five problems to be solved in the current
development of super-resolution structured illumination microscopy image reconstruction algorithms are summarized.

Conclusion and Prospect The super-resolution SIM image reconstruction algorithm has a decisive influence on the
imaging quality and imaging speed of super-resolution SIM. To achieve fast, stable, and automatic acquisition of
high-quality, high-temporal-resolution super-resolution SIM images without artifacts, it is necessary to build better
imaging algorithms. Excellent SIM-RA is necessary for reconstructing higher-resolution, faster, longer, and
nondestructive SR-SIM images.
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