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a b s t r a c t 

Although three-dimensional structured illumination microscopy (3D-SIM) that enhances the spatial resolution of 

widefield microscope in three dimensions has been successfully commercialized as a variety of products, the low 

imaging speed impedes its application in fast subcellular dynamics. To adapt to fast dynamics, most 3D-SIM setups 

provide an option for the users by canceling the axial scanning during the acquisition, by which two-dimensional 

optically-sectioned, super-resolved (OS-SR) time series can be obtained with single-layer 3D-SIM data. However, 

the conventional reconstruction workflow implemented in the frequency domain generally takes seconds for every 

single reconstruction, which nullifies real-time feedback for these 3D-SIM setups. In this paper, we establish a fast 

single-layer reconstruction approach for 3D-SIM by extending a high-speed reconstruction framework, joint space- 

frequency reconstruction (JSFR), to single-layer 3D-SIM. Consequently, the reconstruction speed is improved over 

the conventional method, without compromising the image quality. This approach is expected to provide a useful 

tool for 3D-SIM microscope manufacturers and their users to achieve real-time, single-layer imaging of living cells. 
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. Introduction 

During the past decade, super-resolution (SR) fluorescence mi-

roscopy has found striking applications in life sciences [1–4] . There-

nto, super-resolution structured illumination microscopy (SR-SIM) pro-

ides an impressive tool for biologists owing to its unrivaled compatibil-

ty with living cell imaging [5–7] . As a unique modality of SR-SIM, three-

imensional SIM (3D-SIM) enhances the spatial resolution in all three di-

ensions and provides true three-dimensional imaging without missing-

one problem[ 8 , 9 ]. As such, 3D-SIM is highly preferred by biologists and

as been widely employed in commercial super-resolution SIM systems,

uch as N-SIM (Nikon, Japan), DeltaVision OMX (GE Healthcare, United

tates), and Elyra S1 (Zeiss, German), etc. 

However, 3D-SIM must collect raw SIM data at different axial po-

itions so as to achieve increased axial resolution, i.e., for every time

oint, 3D-SIM requires 15 × N raw images ( N denotes the number of

xial positions), which makes it too slow to follow subcellular dynam-

cs in live cells. In fact, for rapid subcellular dynamics, scientists are

ore interested in the time series of the specimen at a certain axial po-

ition[ 5 , 10–12 ]. In order to achieve this goal with a 3D-SIM setup, one

as to acquire and reconstruct the entire 3D-SIM stack and then pick
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ut the two-dimensional time series at the depth of interest [13] , in an

xtremely inefficient manner. Worse still, the 3D-SIM reconstruction im-

lemented with three-dimensional matrixes involves a huge amount of

alculations [8] , making it impossible to provide real-time feedbacks of

he specimens for the users. 

To meet fast imaging requirements, some manufacturers of the 3D-

IMs provide a compromised solution, i.e., use single-layer 3D-SIM data

t certain axial position to reconstruct an optically-sectioned, super-

esolved (OS-SR) image (hereinafter termed single-layer 3D-SIM, SL3D-

IM). As such, the 3D-SIM setups can achieve fast continuous imaging

f living cells at certain depth without changing the light path. For the

onvenience of the 3D-SIM’s users, many well-known, open-source re-

onstruction tools, such as fairSIM [14] , HiFi-SIM [15] , etc., provide

pecific interfaces for the single-layer reconstruction of 3D-SIM data. 

To date, the reconstruction algorithms for SL3D-SIM were mostly

onstructed on the Wiener-SIM framework designed for 2D-SIM [ 2 , 16 ],

hich termed Wiener-SL3D-SIM. Previously, the Wiener-SIM algorithm

mplemented in frequency domain has proven to be complex and time-

onsuming [17] . Comparing with Wiener-SIM, the increased number

f raw images of SL3D-SIM further slows down the reconstruction of

iener-SL3D-SIM. Typically, the computing time for a raw image size
023 
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f 1024 × 1024 increases to 4.5s, which nullifies real-time single-layer

econstruction for these 3D-SIM setups. 

To settle this problem, we extend the recently-developed joint space-

requency reconstruction (JSFR) framework [17] to SL3D-SIM, estab-

ishing a fast reconstruction method for SL3D-SIM. Simulative and ex-

erimental results show that the developed method can improve the

econstruction speed of single-layer 3D-SIM, without sacrificing the im-

ge resolution and the sectioning capability. We expect that the fast

econstruction method will provide a useful tool for 3D-SIM microscope

anufacturers and their users to construct a real-time SR microscope

ith instant single-layer feedback. 

. Methods 

.1. Basic principle of the conventional 3D-SIM and the Wiener-SL3D-SIM 

Three-dimensional structured illumination microscopy uses illumi-

ation patterns that has both lateral and axial structures to encode the

igh-frequency information of the specimen into the pass-band of the

icroscope [8] . As a consequence, both the lateral and axial resolution

f the microscope are doubled, and most importantly, settled the “miss-

ng cone ” problem of the conventional widefield microscope [18] . For

hese two purposes, an interference field that contains five lateral spatial

requencies was specifically designed, as expressed by 

( 𝐫) = 𝐼( 𝐫 𝑥𝑦 , 𝑧 ) = 

2 ∑
𝑙=−2 

𝑏 |𝑙|𝑒 𝑖 ( 𝑙𝐩 𝑥𝑦 ·𝐫 𝑥𝑦 + 𝑙𝜑 ) · ( 𝑒 𝑖𝑛 ( 𝑙) 𝑝 𝑧 𝑧 + 𝑒 − 𝑖𝑛 ( 𝑙) 𝑝 𝑧 𝑧 ) 
2 

(1)

here b |l| indicates the amplitude of each harmonic, p xy and 𝜑 denote

he wave vector and the phase of the lateral fundamental harmonic,

 z represents the wavenumber of the axial harmonics coupled with the

 1st-order of the lateral harmonics, n ( l ) is enumeration variable (with

 ( ± 1) = 1, otherwise equals to zero). This field contains five lateral har-

onics in which the ± 1st-order is couple with axial harmonics. Without

oss of generality, we can simplify the lateral components into one di-

ension, yielding 

( 𝑥, 𝑧 ) = 

2 ∑
𝑙=−2 

𝑏 |𝑙|𝑒 𝑖 ( 𝑙 𝑝 𝑥 𝑥 + 𝑙 𝜑 ) · ( 𝑒 𝑖𝑛 ( 𝑙) 𝑝 𝑧 𝑧 + 𝑒 − 𝑖𝑛 ( 𝑙) 𝑝 𝑧 𝑧 ) 
2 

= 𝑏 0 + 2 𝑏 1 cos ( 𝑝 𝑥 𝑥 + 𝜑 ) cos ( 𝑝 𝑧 𝑧 ) + 2 𝑏 2 cos (2 𝑝 𝑥 𝑥 + 2 𝜑 ) 
(2) 

Substituting the light field into the imaging model of structured il-

umination microscopy, the spectrum of the observed 3D image can be

ritten as five frequency components, in which the 3D OTF of the ± 1st-

rder component is axially extended by shifting the conventional 3D

TF to ± p z . By laterally shifting the illumination pattern and axially

canning the focal plane through the specimen, the five components can

e separated by solving a 5 × 5 equation sets. Eventually, super-resolved

mage in three dimensions can be recovered by the Wiener-based proto-

ol developed by Gustaffson [8] . Since the above 3D images and the 3D

TF of the 3D-SIM are all denoted by three-dimensional matrixes, the

D-SIM reconstruction involves a huge amount of calculations. 

As the 3D-SIM requires equidistant axial scanning throughout the

pecimen, its imaging speed is generally insufficient to follow sub-

econd subcellular dynamics. As a complement, SL3D-SIM cancels the

xial scanning at a price of a compromised axial resolution. Without re-

uiring the axial scanning, the light field in Eq. (2) can be simplified to

e a one-dimension structured field at the focal plane 

( 𝑥 ) = 𝑏 0 + 2 𝑏 1 cos ( 𝑝 𝑥 𝑥 + 𝜑 ) + 2 𝑏 2 cos (2 𝑝 𝑥 𝑥 + 2 𝜑 ) 
= 𝐼 0 

[
1 + 𝑚 1 cos ( 𝑝𝑥 + 𝜑 ) + 𝑚 2 cos (2 𝑝𝑥 + 2 𝜑 ) 

] (3) 

here p x is denoted by p for sake of brevity, m 1 and m 2 indicate the

odulation depth of the first-order and second-order harmonics. As

uch, the five frequency components of the specimen can be separated,

hifted, and superimposed in a similar way as conventional 2D-SIM,

ielding a SR-SIM image with enhanced lateral resolution [ 2 , 17 ]. Be-

ides, to settle the “missing cone ” problem of the widefield microscope,

he OTF attenuation strategy is generally employed by multiplying the
2 
hifted spectrum components with an empirical attenuation function,

hereby enabling the OS-SR image to be obtained [ 17 , 19 ]. Hereinafter,

e term the Wiener-based reconstruction method modified for SL3D-

IM the Wiener-SL3D-SIM method. As the principle and workflow of

iener-SL3D-SIM are nearly the same to that of the conventional 2D-

IM, no more detailed description about it will be provided for sake of

revity. 

.2. Single-layer 3D-SIM reconstruction in real space 

In this section, we will derive a basic reconstruction scheme for

L3D-SIM in real space. This reconstruction workflow is equivalent to

 Wiener-free reconstruction protocol, where the spectrum components

re overlapped without OTF compensation, OTF attenuation and the fi-

al deconvolution, The Wiener-free reconstruction protocol is the basis

f the new reconstruction method. 

For linear structured illumination microscopy, the detected inten-

ity distribution at the sensor plane can be described by the following

quation 

( 𝐫) = [ 𝑂( 𝐫) ⋅ 𝐼( 𝐫)] ⊗𝐻( 𝐫) (4)

here O ( r ) denotes the spatial distribution of fluorophore in the labeled

pecimen, I ( r ) represents the intensity distribution of the excitation field,

nd H ( r ) depicts the point spread function of the microscope. The sym-

ol ⊗ represents the convolution operation. By shifting the excitation

eld with a lateral movement, the above equation can be revised as 

 𝑖 ( 𝐫) = [ 𝑂( 𝐫) ⋅ 𝐼( 𝐫 − 𝐫 ′𝑖 )] ⊗𝐻( 𝐫) (5)

here 𝒓 
′
𝑖 

represents the lateral shift of the field. Without loss of gen-

rality, we only consider the structured light field in one dimension.

herefore, the vector r can be replaced by a scalar x : 

 𝑖 ( 𝑥 ) = ∫ 𝑂( 𝑥 ′′) 𝐼 ( 𝑥 ′′ − 𝑥 ′𝑖 ) 𝐻 ( 𝑥 − 𝑥 ′′) 𝑑𝑥 ′′ (6)

Assuming there exists c i ( x ) ( i = 1, 2, 3, 4, 5) that makes the following

quation always true for any O ( x ) and H ( x ), the effective PSF of the

ystem can be obtained by multiplying the wide-field PSF H ( x ) with a

odulation function 1 + cos ( 𝑝𝑥 ) + cos (2 𝑝𝑥 ) : 

 SR−SIM 

( 𝑥 ) = 𝑐 1 ( 𝑥 ) 𝐷 1 ( 𝑥 ) + 𝑐 2 ( 𝑥 ) 𝐷 2 ( 𝑥 ) + 𝑐 3 ( 𝑥 ) 𝐷 3 ( 𝑥 ) + 𝑐 4 ( 𝑥 ) 𝐷 4 ( 𝑥 ) + 𝑐 5 ( 𝑥 ) 𝐷 5 ( 𝑥 )
= 𝑂( 𝑥 ) ⊗ {[1 + cos ( 𝑝𝑥 ) + cos (2 𝑝𝑥 )] ·𝐻( 𝑥 )} 

(7) 

Obviously, the FWHM of the effective PSF turns out to be about half

f the wide-field PSF. By substituting Eqs. (5) and (6) into the above for-

ula, the precondition for the establishment of Eq. (7) can be simplified

o 

𝐼 0 

5 ∑
𝑖 =1 

𝑐 𝑖 ( 𝑥 )[1 + 𝑚 1 cos ( 𝑝𝑥 ′′ + 𝜑 0 − 𝑝 𝑥 ′𝑖 ) + 𝑚 2 cos (2 𝑝𝑥 ′′ + 2 𝜑 0 − 2 𝑝 𝑥 ′𝑖 )] 

= 1 + cos ( 𝑝𝑥 − 𝑝𝑥 ′′) + cos (2 𝑝𝑥 − 2 𝑝𝑥 ′′) 

= 1 + cos [( 𝑝𝑥 + 𝜑 0 ) − ( 𝑝𝑥 ′′ + 𝜑 0 )] + cos [(2 𝑝𝑥 + 2 𝜑 0 ) − (2 𝑝𝑥 ′′ + 2 𝜑 0 )] (8) 

By rewriting both sides of this equation as a function of cos ( 𝑝𝑥 ′′ +
 0 ) , cos (2 𝑝𝑥 ′′ + 2 𝜑 0 ) , sin ( 𝑝𝑥 ′′ + 𝜑 0 ) , and sin (2 𝑝𝑥 ′′ + 2 𝜑 0 ) , the above equa-

ion can be rewritten as 

𝐼 0 

5 ∑
𝑖 =1 

𝑐 𝑖 ( 𝑥 ) + [ 𝑚 1 𝐼 0 

5 ∑
𝑖 =1 

𝑐 𝑖 ( 𝑥 ) cos ( 𝑝 𝑥 ′𝑖 )] cos ( 𝑝𝑥 ′′ + 𝜑 0 ) 

+[ 𝑚 1 𝐼 0 

5 ∑
𝑖 =1 

𝑐 𝑖 ( 𝑥 ) sin ( 𝑝 𝑥 ′𝑖 )] sin ( 𝑝𝑥 ′′ + 𝜑 0 ) 

+[ 𝑚 2 𝐼 0 

5 ∑
𝑖 =1 

𝑐 𝑖 ( 𝑥 ) cos (2 𝑝 𝑥 ′𝑖 )] cos (2 𝑝𝑥 ′′ + 2 𝜑 0 ) 

+[ 𝑚 2 𝐼 0 

5 ∑
𝑖 =1 

𝑐 𝑖 ( 𝑥 ) sin (2 𝑝 𝑥 ′𝑖 )] sin (2 𝑝𝑥 ′′ + 2 𝜑 0 ) 
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= 1 + cos ( 𝑝𝑥 + 𝜑 0 ) cos ( 𝑝𝑥 ′′ + 𝜑 0 ) + sin ( 𝑝𝑥 + 𝜑 0 ) sin ( 𝑝𝑥 ′′ + 𝜑 0 ) 

+ cos (2 𝑝𝑥 + 2 𝜑 0 ) cos (2 𝑝𝑥 ′′ + 2 𝜑 0 ) + sin (2 𝑝𝑥 + 2 𝜑 0 ) sin (2 𝑝𝑥 ′′ + 2 𝜑 0 ) (9) 

According to the orthogonality of cos ( 𝑝𝑥 ′′ + 𝜑 0 ) , cos (2 𝑝𝑥 ′′ +
 𝜑 0 ) , sin ( 𝑝𝑥 ′′ + 𝜑 0 ) , and sin (2 𝑝𝑥 ′′ + 2 𝜑 0 ) , c i ( x ) ( i = 1, 2, 3, 4, 5)

ust satisfy the following relations, if we want the above formula to be

lways true for any x and x " 

5 

𝑖 =1 
𝑐 𝑖 ( 𝑥 ) = 

1 
𝐼 0 

(10)

5 

𝑖 =1 
𝑐 𝑖 ( 𝑥 ) cos ( 𝜔 𝑥 ′𝑖 ) = 

1 
𝑚 1 𝐼 0 

cos ( 𝑝𝑥 + 𝜑 0 ) (11)

5 

𝑖 =1 
𝑐 𝑖 ( 𝑥 ) sin ( 𝜔 𝑥 ′𝑖 ) = 

1 
𝑚 1 𝐼 0 

sin ( 𝑝𝑥 + 𝜑 0 ) (12)

5 

𝑖 =1 
𝑐 𝑖 ( 𝑥 ) cos (2 𝜔 𝑥 ′𝑖 ) = 

1 
𝑚 2 𝐼 0 

cos (2 𝑝𝑥 + 2 𝜑 0 ) (13)

5 

𝑖 =1 
𝑐 𝑖 ( 𝑥 ) sin (2 𝜔 𝑥 ′𝑖 ) = 

1 
𝑚 2 𝐼 0 

sin (2 𝑝𝑥 + 2 𝜑 0 ) (14)

Assuming the phase shift to be 𝜔 𝑥 ′𝑖 ∈ {0 , Δ𝜑 1 , Δ𝜑 2 , Δ𝜑 3 , Δ𝜑 4 } , the

bove relations can be rewritten as follows 

 

 

 

 

 

 

 

1 1 1 1 1 
1 cos Δ𝜑 1 cos Δ𝜑 2 cos Δ𝜑 3 cos Δ𝜑 4 
0 sin Δ𝜑 1 sin Δ𝜑 2 sin Δ𝜑 3 sin Δ𝜑 4 
1 cos 2Δ𝜑 1 cos 2Δ𝜑 2 cos 2Δ𝜑 3 cos 2Δ𝜑 4 
0 sin 2Δ𝜑 1 sin 2Δ𝜑 2 sin 2Δ𝜑 3 sin 2Δ𝜑 4 

⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 

⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

𝑐 1 ( 𝑥 ) 
𝑐 2 ( 𝑥 ) 
𝑐 3 ( 𝑥 ) 
𝑐 4 ( 𝑥 ) 
𝑐 5 ( 𝑥 ) 

⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 

= 

⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

1 
𝐼 0 

1 
𝑚 1 𝐼 0 

cos ( 𝑝𝑥 + 𝜑 0 ) 
1 

𝑚 1 𝐼 0 
sin ( 𝑝𝑥 + 𝜑 0 ) 

1 
𝑚 2 𝐼 0 

cos (2 𝑝𝑥 + 2 𝜑 0 ) 
1 

𝑚 2 𝐼 0 
sin (2 𝑝𝑥 + 2 𝜑 0 ) 

⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 
(15) 

Let 

 = 

⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

1 1 1 1 1 
1 cos Δ𝜑 1 cos Δ𝜑 2 cos Δ𝜑 3 cos Δ𝜑 4 
0 sin Δ𝜑 1 sin Δ𝜑 2 sin Δ𝜑 3 sin Δ𝜑 4 
1 cos 2Δ𝜑 1 cos 2Δ𝜑 2 cos 2Δ𝜑 3 cos 2Δ𝜑 4 
0 sin 2Δ𝜑 1 sin 2Δ𝜑 2 sin 2Δ𝜑 3 sin 2Δ𝜑 4 

⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 
(16)

e can always get c i ( x ) ( i = 1, 2, 3, 4, 5) with the following formulae,

s long as the above matrix S is full rank 

 

 

 

 

 

 

 

𝑐 1 ( 𝑥 ) 
𝑐 2 ( 𝑥 ) 
𝑐 3 ( 𝑥 ) 
𝑐 4 ( 𝑥 ) 
𝑐 5 ( 𝑥 ) 

⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 
= 𝐒 −1 

⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

1 
𝐼 0 

1 
𝑚 1 𝐼 0 

cos ( 𝑝𝑥 + 𝜑 0 ) 
1 

𝑚 1 𝐼 0 
sin ( 𝑝𝑥 + 𝜑 0 ) 

1 
𝑚 2 𝐼 0 

cos (2 𝑝𝑥 + 2 𝜑 0 ) 
1 

𝑚 2 𝐼 0 
sin (2 𝑝𝑥 + 2 𝜑 0 ) 

⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 
(17)

The above formulas are the general expressions of c i ( x ) ( i = 1, 2,

, 4, 5). Specifically, if the phase shifts are set as {0 , 𝛼, 2 𝛼, 3 𝛼, 4 𝛼} , the

ormulas can be simplified to: 

 

 

 

 

 

 

 

𝑐 1 ( 𝑥 ) 
𝑐 2 ( 𝑥 ) 
𝑐 3 ( 𝑥 ) 
𝑐 4 ( 𝑥 ) 
𝑐 5 ( 𝑥 ) 

⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 
= 

⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

1 1 1 1 1 
1 cos 𝛼 cos 2 𝛼 cos 3 𝛼 cos 4 𝛼
0 sin 𝛼 sin 2 𝛼 sin 3 𝛼 sin 4 𝛼
1 cos 2 𝛼 cos 4 𝛼 cos 6 𝛼 cos 8 𝛼
0 sin 2 𝛼 sin 4 𝛼 sin 6 𝛼 sin 8 𝛼

⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 

−1 ⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

1 
𝐼 0 

1 
𝑚 1 𝐼 0 

cos ( 𝑝𝑥 + 𝜑 0 ) 
1 

𝑚 1 𝐼 0 
sin ( 𝑝𝑥 + 𝜑 0 ) 

1 
𝑚 2 𝐼 0 

cos (2 𝑝𝑥 + 2 𝜑 0 ) 
1 

𝑚 2 𝐼 0 
sin (2 𝑝𝑥 + 2 𝜑 0 ) 

⎞⎟⎟⎟⎟⎟⎟⎟⎠
(18) 
(

3 
Similar to the 2D-SIM case, c i ( x ) is fully determined by the illumi-

ation parameters, including the initial phase, pattern frequency, phase

hifts, and the modulation depths. With fixed illumination parameters,

e can precompute these coefficient functions in advance reuse them for

onsecutive SR frames, which greatly reduces the calculations for each

econstruction. Consequently, a super-resolved image of the sample can

e obtained by simply multiplying the five raw images with the coeffi-

ient functions and summing all the products up, as described in Eq. (7) .

he above reconstruction scheme is the spatial domain reconstruction

SDR) workflow for single-layer 3D-SIM. 

.3. Joint space-frequency reconstruction of SL3D-SIM 

As demonstrated in Ref. [17] , the above SDR workflow is equivalent

o a Wiener-free reconstruction protocol, where the spectrum compo-

ents are overlapped without OTF compensation. In addition, as the

ut-of-focus background is not taken into consideration, the SR image

btained with above method will suffer from strong background and

ignificant honeycomb artifact when imaging thick specimens. 

To settle these issues, we extend the connection of the SDR method

nd the conventional Wiener-SIM in Ref. [17] to single-layer 3D-SIM.

imilarly, the lacking OTF compensation and OTF attenuation in con-

entional method can also be simplified to a preset filtering operation

n the initial raw images, that is, 

 

′
𝑑,𝑖 ( 𝐫) = 𝐷 𝑑,𝑖 ( 𝐫) ⊗  

−1 {[1 − 𝑎 ( 𝐤 )] · 𝐻̃ 

∗ ( 𝐤 ) 
}

(19)

here D d,i ( r ) denotes the acquired raw images in d th direction

 d = 1,2,3), i indicates the step index of phase-shifting ( i = 1,2,3,4,5),
̃
 

∗ ( 𝐤 ) is the complex conjugate of the optical transfer function of the

ystem, [1- a ( k )] represents the attenuation function to suppress the flu-

rescence background and the honeycomb artifacts in Wiener-SIM, in

hich a ( k ) is defined as a Gaussian function, 

 ( 𝐤 ) = 𝑎 att 𝑒 
− 𝐤 

2 

2 𝑘 2 𝜎 (20)

here a att is the attenuation amplitude and k 𝜎 is the attenuation width,

oth of which are empirically adjusted parameters. 

As such, we can obtain an optically-sectioned, super-resolution

mage by directly substituting the filtered raw images D’ d,i ( r ) into

q. (7) and completing the Wiener deconvolution. In other words, the

econstruction result equivalent to that of single layer 3D-SIM can be

btained via the following equation 

 JSFR−SL3D−SIM 

( 𝐫) =  

−1 

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 
 [ 

3 ∑
𝑑=1 

5 ∑
𝑖 =1 

𝑐 𝑑,𝑖 ( 𝐫) 𝐷 

′
𝑑,𝑖 ( 𝐫) ] 

3 ∑
𝑑=1 

{ 

2 ∑
𝑙=−2 

[
1 − 𝑎 ( 𝐤 − 𝑙𝐤 𝑑 ) 

]||𝐻̃ ( 𝐤 − 𝑙𝐤 𝑑 ) ||2 
} 

+ 𝛼2 

⎫⎪⎪⎬⎪⎪⎭
(21) 

here 𝛼 denotes the empirical parameter for Wiener deconvolution. 

Therefore, we can summarize the joint space-frequency reconstruc-

ion workflow for single-layer 3D-SIM (JSFR-SL3D-SIM) as one prepa-

ation procedure and three main steps. In the preparation procedure,

he illumination parameters are first estimated by the cross-correlation

ethod [8] . Besides, the coefficient functions are calculated for later

se. In the main reconstruction, fifteen raw images are firstly filtered

y the attenuated OTF [ 1 − 𝑎 ( 𝐤 ) ] 𝐻̃ 

∗ ( 𝐤 ) , as indicated by Eq. (19) . Sub-

equently, the fifteen filtered raw images are multiplied with the pre-

alculated coefficient functions, resulting in nine intermediate images.

ventually, we can obtain the super-resolved, optically-sectioned image

y summing the intermediate images up and completing the Wiener de-

onvolution, as described in Eq. (21) . The resulting workflow greatly

eleases the computing burden of Wiener-SL3D-SIM because majority

f the basic procedures in the original method, including the Fourier

ransform, band separation, band shifting, and band superposition are

ostly simplified to point multiplication and summation in real space

 Fig. 2 ). 
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Fig. 1. The diagram to illustrate the workflow of the JSFR-SL3D-SIM. Before the main reconstruction, the illumination parameters are obtained with parameter 

estimation algorithms, with which the coefficient functions for each raw image can be directly obtained with Eq. (17) . In the main reconstruction procedures, each 

raw image is initially filtered by the attenuated OTF. Afterward, fifteen intermediate images are obtained by respectively multiplying the filtered raw images with 

the corresponding coefficients. Eventually, the final OS-SR image can be reconstructed by summing the intermediate images up and completing the final Wiener 

deconvolution, as described by Eq. (21) . 

Fig. 2. Comparison of the computing burden of the conventional Wiener-SL3D-SIM (a) and the developed JSFR-SL3D-SIM (b). To provide an intuitionistic impression 

of the source of computing burden, the execution time of each main procedure in the two algorithms is listed on the right-hand side of the diagrams, which was 

tested in CPU (Intel Core i7–9700 K) with a raw image size of 1024 × 1024. 
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faster than Wiener-SL3D-SIM executed in the CPU environment. Criti- 
. Results 

.1. Reconstruction speed of JSFR-SL3D-SIM 

The JSFR-SL3D-SIM scheme with a simplified workflow is antici-

ated to significantly improve the low reconstruction speed of Wiener-

L3D-SIM. As a verification, we compared the execution time of JSFR-

L3D-SIM and Wiener-SL3D-SIM as a function of image size. Results

how that when executed in central processing unit (CPU), JSFR-
4 
L3D-SIM reconstructs an SR-image 2-fold faster than Wiener-SL3D-SIM

 Table 1 ). In addition, we also covert the code of both algorithms to the

PU-accelerated format. Aided by a high-end commercial graphic card

NVIDIA GeForce RTX 3080ti), the environment conversion respectively

esults in a 23- to 50-fold speed increase for JSFR-SL3D-SIM and a 10-

o 16-fold increase for Wiener-SL3D-SIM, as depicted in Table 1 . In the

PU environment, JSFR-SL3D-SIM is able to reconstruct images nearly

-fold faster than Wiener-SL3D-SIM, and this speed is nearly 90-fold
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Table 1 

The JSFR-SL3D-SIM assisted by GPU provides a near-instant reconstruction of all image sizes. 

Input 

image size 

Output 

image size 

Collection 

time(ms) a 

Execution time b 

of JSFR-SL3D-SIM (ms) 

Execution time of 

Wiener-SL3D-SIM (ms) 

CPU GPU CPU GPU 

1024 × 1024 2048 × 2048 75.0 2134.5 ± 23.5 (2.1) c 41.8 ± 6.3 (6.7) 4556.0 ± 28.1 282.4 ± 9.0 

512 × 512 1024 × 1024 37.5 420.9 ± 7.3 (2.4) 11.1 ± 4.0 (7.6) 1002.5 ± 38.1 85.0 ± 2.9 

256 × 256 512 × 512 18.8 114.5 ± 7.5 (2.5) 5.0 ± 0.2 (5.4) 285.4 ± 21.0 26.8 ± 0.6 

a The collection time for single layer raw data under the maximal framerate of a widely-used sCMOS camera (Flash4, Hamamatsu, Japan). As each SL3D-SIM 

image requires fifteen raw frames, the total collection time is obtained by multiplying the collection time of single raw image with fifteen. 
b The execution time are measured from 2000 separate processing events of each image, with the times averaged. The comparison of the reconstruction speed 

was done using MATLAB (R2020a, Math Works Inc.). The reconstruction codes for Wiener-SL3D-SIM and JSFR-SL3D-SIM (both CPU and the GPU versions) were 

executed on a personal computer (Intel Core i7–9700K@3.6 GHz, DRR4 3200 MHz 32GB, NVIDIA GeForce RTX 3080ti, Samsung 860 EVO 500GB SSD) running 

Windows 10. 
c The values in parentheses are the fold increase in processing speed of the JSFR-SL3D-SIM algorithm relative to Wiener-SL3D-SIM in the same environment. 
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ally, the reconstruction speed using Wiener-SL3D-SIM is always slower

han the acquisition time, even in the GPU-accelerated environment. In

ontrast, JSFR-SL3D-SIM reconstructs images more rapidly than it takes

o collect them, which is much more suitable for real-time imaging than

he conventional Wiener-SL3D-SIM. 

.2. JSFR-SL3D-SIM performs as good as wiener-SL3D-SIM in spatial 
esolution and sectioning capability 

To test the performance of the algorithm in improving the spatial

esolution and optical sectioning capability, we first simulated the im-

ge formation and reconstruction process of a synthetic object, which is

omposed of a conical spiral curve sliced into one hundred layers. The

epth of the 3D spiral curve gradually increases from 0 𝜇m at the central

oint to 6 𝜇m at the periphery. The raw SIM images are generated by

he general forward imaging model for SR-SIM in Eq. (4) , in which the

hree-dimensional PSF of the system was calculated with the expression

rovided by Hanser et al. [20] . To obtain the full view of the sample,

e recovered the full widefield stack, the Wiener-SL3D-SIM stack, and

he JSFR-SL3D-SIM stack. As illustrated by the selected images from the

tacks in Fig. 3 d–g, both the wide-field images are deteriorated by the

ut-of-focus background due to the missing-cone problem. In contrast,

y employing OTF compensation and OTF attenuation, the JSFR-SIM re-

oves the out-of-focus information and significantly improves the lat-

ral resolution, which is identical to that of the conventional Wiener-

L3D-SIM. Despite the simulative data used, the SR images obtained

ith SDR-SL3D-SIM suffer from some artifacts due to the out-of-focus

ackground as shown in the intensity profiles of Fig. 3 e. Also, the su-

erior image quality of the MIP image in Fig. 3 h–k demonstrates the

xcellent performance of the JSFR-SIM method in observing thick sam-

les. 

In addition, we examined the image quality of the JSFR-SL3D-SIM

pproach with an open-access experimental dataset (20,210,420_H9C2-

Tag_GAL_37C_1520_sim-fasterer_017.tif) [ 13 , 21 ], in which the cells

ere adapted to galactose and their outer mitochondrial membranes

ere labeled by EGFP. The selected dataset was collected with a DeltaVi-

ion OMX Blaze v4 (GE Healthcare) 3D-SIM system equipped with an

il-immersion objective (60X/1.42NA, Olympus). With an axial scan-

ing interval of 0.125 𝜇m, the cell distributed in 1 𝜇m was optically

liced into nine layers, and the time-lapse series of the volumetric region

as collected with a time interval of 1 s. The full 3D-SIM images recov-

red with the vender-manufactured software GE SoftWoRx can also be

ownloaded in the DataverseNO website [21] . 

We first assess the spatial resolution and optical sectioning capabil-

ty of JSFR-SL3D-SIM by recovering the first volume of the dataset, as

hown in Fig. 4 . By comparing the maximum-intensity-projection (MIP)

mages and the depth-color-coded (DCC) images recovered by varying

ethods, we found the overall image quality obtained SL3D-SIM meth-

ds including the fairSIM, the Wiener-SL3D-SIM, and the JSFR-SL3D-
5 
IM has no significant degradation comparing with the traditional full

D-SIM reconstruction. As displayed by the magnified-views of the re-

overed volumes at varying depths ( Fig. 4 c–e), the lateral spatial res-

lution of JSFR-SL3D-SIM are identical to that of 3D-SIM, fairSIM and

iener-SL3D-SIM. As expected, the JSFR-SL3D-SIM, as well as fairSIM

nd Wiener-SL3D-SIM, presents weaker sectioning capability than the

ull 3D-SIM reconstruction (yellow arrows, Fig. 4 d). However, the SL3D-

IM methods including JSFR-SL3D-SIM, fairSIM, and Wiener-SL3D-SIM

void the crosstalk between the first slice and the last slice (blue arrow,

ig. 4 c), which are superior to that of the full 3D-SIM reconstruction.

n summary, the reconstruction quality of JSFR-SL3D-SIM is identical

o that of fairSIM and Wiener-SL3D-SIM, and critically, the SR images

econstructed with the three SL3D-SIM methods are comparable to that

f the same layer in full 3D-SIM reconstruction, although there is no

-fold axial resolution improvement. 

Further, we recovered the entire time-lapse series with one hun-

red time points respectively by pseudo-widefield, Wiener-SL3D-SIM

nd JSFR-SL3D-SIM, as shown in Fig. 5 . The outer mitochondrial mem-

ranes which remain fuzzy in the pseudo-widefield images can be dis-

inguished in the Wiener-SL3D-SIM and JSFR-SL3D-SIM images. With

he close-up views, the mitochondrial tubulation events ( Fig. 5 b- 5 g) can

e identified via the images recovered with JSFR-SL3D-SIM, as well as

iener-SL3D-SIM. For example, a tubulation event was readily visible

etween 23 and 48s, as shown in Fig. 5 c- 5 d. Besides, a “double-kiss-and-

un ” event can be clearly observed between 34 and 74s, as illustrated

n Fig. 5 f- 5 g. Here, a mitochondrion extended a tubulation tip nearly

.6 𝜇m, contacted another mitochondrion (respectively at t = 51s and

 = 66s), then immediately retreated in the opposite direction. 

. Discussion 

As verified by simulative results and open-source experimental

atasets, the developed JSFR-SL3D-SIM method improves the recon-

truction speed of single-layer 3D-SIM, without compromising any of the

ptical sectioning capability or the spatial resolution of the conventional

L3D-SIM method. As such, most post-processing programs for SR-SIM,

uch as fairSIM [14] , OpenSIM [22] , or SIMToolbox [23] can easily bene-

t from its fast reconstruction speed, which is particularly useful for the

R reconstruction of time-lapse movies. For example, the open-source

ataset used in Fig. 5 contains 13,500 raw images (5 phase shifts × 3

rientations × 9 slices × 100 time points) with 256 × 256 pixels. In con-

ention, it takes 257 and 24s for Wiener-SL3D-SIM to obtain the entire

S-SR stack in CPU and GPU environments. In contrast, the developed

SFR-SL3D-SIM method only requires 4.5s in GPU, which greatly saves

he waiting time for daily reconstructions. 

With the help of GPU acceleration, the JSFR-SL3D-SIM method

educes the single-layer reconstruction time to several milliseconds,

hich is even shorter than the acquisition time of the raw images

ith all frequently-used image sizes (see Table 1 ). Integrated with
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Fig. 3. Simulative result verifies the performance of JSFR-SL3D-SIM for thick samples. (a) The simulative object is composed of a conical spiral curve, which was 

divided into one hundred layers. (b) The depth of the 3D spiral curve gradually increases from 0 𝜇m at the central point to 6 𝜇m at the boundary. (c) The three- 

dimensional plot of the conical spiral curve. To compare the performance the full view of the sample, we recovered the widefield stack and the JSFR-SL3D-SIM stack 

of the one hundred layers of the simulative object. (d)-(f) are respectively five images of the specimen at equidistant focal planes in the widefield, the SDR-SL3D-SIM, 

Wiener-SL3D-SIM, and the JSFR-SL3D-SIM image stacks. The embedded curves in the third column of (d)-(g) are the intensity profiles of the images along the 

yellow-dashed line in (d). (h)-(k) are respectively the maximum-intensity-projection (MIP) images of the simulative object imaged using widefield, SDR-SL3D-SIM, 

Wiener-SL3D-SIM, and JSFR-SL3D-SIM. The numerical aperture of the objective, the wavelength of light, and the pixel size at the focal plane in the simulation were 

respectively set as 1.49, 0.52 𝜇m, and 21.6 nm. 

6 
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Fig. 4. JSFR-SL3D-SIM enables superior single-layer reconstruction on 3D-SIM raw data. The open-source raw 3D-SIM data used here (the first time point of 

20,210,420_H9C2-dTag_GAL_37C_1520_sim-fasterer_017.tif) was downloaded from the DataverseNO website [http://dx.doi.org/10.18710/PDCLAS], which imaged 

the outer mitochondrial membranes in the rat cardiomyoblast cell-line H9c2. (a) The maximum-intensity-projection (MIP) images of the outer mitochondrial mem- 

branes obtained separately using the widefield microscopy, 3D-SIM and JSFR-SL3D-SIM. The negative intensities in the original 3D-SIM images are set to zero for 

visualization purpose. The MIP images for each were calculated by projecting the voxels with maximum intensity along the axial direction. (b) The depth-color-coded 

(DCC) image of the specimen recovered with the JSFR-SL3D-SIM. (c)-(d) are respectively widefield images, 3D-SIM images recovered with SoftWoRx, and OS-SR-SIM 

images reconstructed with fairSIM, Wiener-SL3D-SIM, and JSFR-SL3D-SIM at five equidistant focal planes in the red- and yellow-boxed regions of (a). (e) The close-up 

views of the widefield images, the 3D-SIM images, and the OS-SR-SIM images at three equidistant focal planes in the blue-boxed regions of (a). (f) The intensity 

profiles of mitochondria along the blue solid line in the close-up views in (e) for different reconstruction algorithms. The maximal intensities of the magnified views 

are simultaneously adjusted to present the details. 
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igh-efficiency controlling time-sequence of available 3D-SIM setups,

his method allows real-time single-layer reconstruction and result dis-

lay for 3D-SIM, providing a promising tool to achieve real-time, high-

esolution preview of the specimen in 3D-SIM setups. In other words, the

icroscopists who own 3D-SIM setups can get instant feedback from the

pecimen under the help of the JSFR-SL3D-SIM method, just like using

 conventional widefield/confocal microscope. Such coherent and natu-

al workflow brought by JSFR-SL3D-SIM will dramatically reduce their

orkload and improve their work efficiency. 
7 
As a universal improvement for SR-SIM, this method can be easily

xtended to other techniques to increase both reconstruction speed and

mage fidelity. Deep learning algorithms have made significant progress

n different areas[ 24 , 25 ]. It is expected to combine our algorithm and

eep learning methods and improve the performance. Recently, compu-

ational imaging techniques are effective ways to ease the constraints of

ptical architectures and improve the image quality. It is worth watch-

ng to combine JSFR-SL3D-SIM with other technologies such as incoher-

nt imaging [26] and single-pixel imaging [27] for more possibilities. 



T. Zhao, Z. Wang, Y. Cai et al. Optics and Lasers in Engineering 167 (2023) 107606 

Fig. 5. JSFR-SL3D-SIM enables rapid single-layer reconstruction of subcellular dynamics. (a) The maximum-intensity-projection (MIP) images of the first volume 

of the time series, which were recovered using pseudo-widefield microscopy, Wiener-SL3D-SIM and JSFR-SL3D-SIM, respectively. The yellow and red solid boxed 

regions in (a) are magnified and presented by the time-lapse montages (b)-(d) and (e)-(g). Yellow arrows in (d) and (g) indicate the mitochondrial tubulation events. 
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. Conclusion 

In summary, we developed a rapid, single-layer reconstruction

cheme for 3D-SIM by extending the joint space and frequency recon-

truction method to the single-layer 3D-SIM, termed JSFR-SL3D-SIM.

ith this scheme, SR images are reconstructed faster than conventional

lgorithms. Importantly, the enhanced reconstruction speed does not

ome at the expense of the optical sectioning capability or the spa-

ial resolution of the SR images, as verified by simulative results and

pen-source experimental datasets. With JSFR-SL3D-SIM, the single-

ayer reconstruction speed of 3D-SIM can easily be reduced to millisec-

nd scales, thereby providing a promising tool to achieve real-time,

igh-resolution preview of live cells. This breakthrough will help the 3D-

IM manufacturers and the owners of 3D-SIM setups to construct real-

ime, living-cell, SR microscopes, greatly improve the work efficiency of

heir users. 

unding 

This work was supported by the Natural Science Foundation of China

NSFC) (62135003, 62005208, 62205267, 12204380), National Key Re-

earch and Development Program of China (2022YFF0712500) ,Innova-

ion Capability Support Program of Shaanxi (Program No. 2021TD-57),

nd Natural Science Basic Research Program of Shaanxi (2022JZ-34,

020JQ-072, 2022JQ-069); We appreciate Standard Imaging (Beijing)

iotechnology Co. Ltd for assistance with sample preparation. 
8 
isclosures 

Zhaojun Wang and Ming Lei hold a patent (patent no.

L202110985056.7) on JSFR-SIM. All other authors declare they

ave no competing interests. 

eclaration of Competing Interest 

The authors declare that they have no known competing financial

nterests or personal relationships that could have appeared to influence

he work reported in this paper. 

RediT authorship contribution statement 

Tianyu Zhao: Conceptualization, Investigation. Zhaojun Wang:

oftware, Investigation, Writing – original draft. Yanan Cai: Data cu-

ation, Investigation. Yansheng Liang: Software, Investigation, Visual-

zation. Shaowei Wang: Writing – review & editing. Jingxiang Zhang:

oftware, Investigation, Visualization. Tongsheng Chen: Writing – re-

iew & editing. Ming Lei: Funding acquisition, Supervision, Writing –

eview & editing. 

ata availability 

Data will be made available on request. 



T. Zhao, Z. Wang, Y. Cai et al. Optics and Lasers in Engineering 167 (2023) 107606 

R

 

 

 

 

 

 

 

 

 

[  

 

[  

[  

 

[  

 

[  

[  

[  

 

[  

 

[  

[  

 

[  

[  

 

[  

[  

[  

[  

 

[  

[  
eferences 

[1] Klar TA, et al. Subdiffraction resolution in far-field fluorescence microscopy[J]. Opt

Lett 1999;24(14):954–6 . 

[2] Gustafsson MG. Surpassing the lateral resolution limit by a factor of two using struc-

tured illumination microscopy[J]. J Microsc 2000;198(2):82–7 . 

[3] Betzig E, et al. Imaging intracellular fluorescent proteins at nanometer resolution[J].

Science 2006;313(5793):1642–5 . 

[4] Rust MJ, et al. Sub-diffraction-limit imaging by stochastic optical reconstruction

microscopy (STORM)[J]. Nat Methods 2006;3(10):793–6 . 

[5] Huang X, et al. Fast, long-term, super-resolution imaging with Hessian structured

illumination microscopy[J]. Nat Biotechnol 2018;36(5):451–9 . 

[6] Guo Y, et al. Visualizing intracellular organelle and cytoskeletal interactions at

nanoscale resolution on millisecond timescales[J]. Cell 2018;175(5):1430–42 . 

[7] Zhanghao K, et al. Super-resolution imaging of fluorescent dipoles via polarized

structured illumination microscopy[J]. Nat Commun 2019;10:4694 . 

[8] Gustafsson MG, et al. Three-dimensional resolution doubling in wide-field fluores-

cence microscopy by structured illumination[J]. Biophys J 2008;94(12):4957–70 . 

[9] Shao L, et al. Super-resolution 3D microscopy of live whole cells using structured

illumination[J]. Nat Methods 2011;8(12):1044–6 . 

10] Yang Z, et al. Cyclooctatetraene-conjugated cyanine mitochondrial probes min-

imize phototoxicity in fluorescence and nanoscopic imaging[J]. Chem Sci

2020;11(32):8506–16 . 

11] Yang X, et al. Mitochondrial dynamics quantitatively revealed by STED nanoscopy

with an enhanced squaraine variant probe[J]. Nat Commun 2020;11(1):1–9 . 

12] Lin R, et al. Subcellular three-dimensional imaging deep through multicellular thick

samples by structured illumination microscopy and adaptive optics[J]. Nat Commun

2021;12(1):1–14 . 

13] Opstad IS, et al. Three-dimensional structured illumination microscopy data of mi-

tochondria and lysosomes in cardiomyoblasts under normal and galactose-adapted

conditions[J]. Sci Data 2022;9(1):1–7 . 

14] Müller M, et al. Open-source image reconstruction of super-resolution structured

illumination microscopy data in ImageJ[J]. Nat Commun 2016;7(1):1–6 . 
9 
15] Wen G, et al. High-fidelity structured illumination microscopy by point-spread-func-

tion engineering[J]. Light Sci Appl 2021;10(1):1–12 . 

16] Heintzmann R, et al. Laterally modulated excitation microscopy: improvement of

resolution by using a diffraction grating[C]. Optical biopsies and microscopic tech-

niques, iii. Sweden: Stockholm; 1999. p. 185–96 . 

17] Wang Z, et al. High-speed image reconstruction for optically sectioned, su-

per-resolution structured illumination microscopy[J]. Adv Photonics 2022;4(2):

026003 . 

18] Sheppard C, et al. Three-dimensional transfer functions for high-aperture systems[J].

J Opt Soc Amer A 1994;11(2):593–8 . 

19] O’holleran K, et al. Optimized approaches for optical sectioning and resolution

enhancement in 2D structured illumination microscopy[J]. Biomed Opt Express

2014;5(8):2580–90 . 

20] Hanser BM, et al. Phase retrieval for high-numerical-aperture optical systems[J].

Opt Lett 2003;28(10):801–3 . 

21] Opstad I.S. 3DSIM data of mitochondria in the cardiomyoblast cell-line H9c2

adapted to either glucose or galactose[J]. Dataverse NO, V2,2021. Available from:

https://doi.org/10.18710/PDCLAS 

22] Lal A, et al. Structured illumination microscopy image reconstruction algorithm[J].

IEEE J Sel Top Quantum Electron 2016;22(4):50–63 . 

23] K ř íž ek P, et al. SIMToolbox: a MATLAB toolbox for structured illumination fluores-

cence microscopy[J]. Bioinformatics 2016;32(2):318–20 . 

24] Lei Y, et al. Multispectral scattering imaging based on metasurface diffuser and deep

learning[J]. Phys Status Solidi Rapid Res Lett 2021;16(2):2100469 . 

25] Li Y, et al. Deep-learning-enabled dual-frequency composite fringe projection pro-

filometry for single-shot absolute 3D shape measurement[J]. Opto-Electron Adv

2022;5(5):210021 . 

26] Anand V, et al. Single-shot mid-infrared incoherent holography using Lucy-Richard-

son-Rosen algorithm[J]. Opto-Electron Sci 2022;1(3) 210006-1-210006-8 . 

27] Zanotto L, et al. Single-pixel terahertz imaging: a review[J]. Opto-Electron Adv

2020;3(9):09200012 . 

http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0001
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0002
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0003
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0004
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0005
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0006
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0007
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0008
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0009
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0010
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0011
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0012
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0013
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0014
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0015
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0016
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0017
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0018
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0019
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0020
https://doi.org/10.18710/PDCLAS
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0022
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0023
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0024
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0025
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0026
http://refhub.elsevier.com/S0143-8166(23)00135-5/sbref0027

	Fast single-layer reconstruction for three-dimensional structured illumination microscopy
	1 Introduction
	2 Methods
	2.1 Basic principle of the conventional 3D-SIM and the Wiener-SL3D-SIM
	2.2 Single-layer 3D-SIM reconstruction in real space
	2.3 Joint space-frequency reconstruction of SL3D-SIM

	3 Results
	3.1 Reconstruction speed of JSFR-SL3D-SIM
	3.2 JSFR-SL3D-SIM performs as good as wiener-SL3D-SIM in spatial resolution and sectioning capability

	4 Discussion
	5 Conclusion
	Funding
	Disclosures
	Declaration of Competing Interest
	CRediT authorship contribution statement
	References


