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Deep-Tissue Super-Resolution Microscopy

using Single-Scattering Accumulation Algorithm

Abstract
Single-molecule localization microscopy has enabled the resolving of biomolecules well beyond the diffraction-limited spatial resolution. However, its imaging depth has been too

shallow to investigate thick biological tissues. A sample-induced aberration is one of the major reasons for this limitation. It gives rise to the blur and distortion of single-molecule

emission images, impairing the extremely sensitive single-molecule localization process. To resolve this issue, we combined the closed-loop accumulation of single scattering

(CLASS) microscopy with stochastic optical reconstruction microscopy (STORM). CLASS microscopy identifies the sample-induced aberration based on elastic backscattering,

which is then applied to a spatial light modulator in the excitation beam path of STORM for aberration correction. We demonstrated super-resolution imaging of cell microtubules

under artificially generated severe aberration consisting of Zernike modes higher than mode 20 and the STORM imaging of neurons in 100µm-thick mouse brain tissue at the depth

of ~70µm.
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Concept
Adaptive optics-assisted super-resolution microscopy

- CLASS (closed-loop accumulation of single scattering) + STORM (stochastic optical reconstruction microscopy)

- Correcting CLASS-calculated sample-induced aberration ▶ obtaining deep-tissue STORM images

- The goal is to obtain STORM images of neurons in a mouse brain or an intact animal (e.g., zebrafish) at the depth of ~100μm

Principle
Collective accumulation of single-scattered waves (CASS) & Closed-loop accumulation of 

single scattering (CLASS)3,4

𝐸 𝐫; 𝐤𝒏
𝐢𝐧, 𝜏0 = 𝐸s 𝐫 + 𝐸R 𝐫 𝑒−𝑖𝐤𝒏

𝐢𝐧⋅𝐫 [interference of two beams (E-field)]

where 𝐫 = (𝑥, 𝑦) (coordinates in camera-detected image) and 𝐤𝒏
𝐢𝐧 representing nth scan angle

𝐼 𝐫; 𝐤𝒏
𝐢𝐧, 𝜏0 = 𝐸 𝐫; 𝐤𝒏

𝐢𝐧, 𝜏0
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= 𝐸s 𝐫

2 + 𝐸R 𝐫 2 + 𝐸S 𝐫 𝐸R 𝐫 𝑒𝑖𝐤𝒏
𝐢𝐧⋅𝐫 + 𝑒−𝑖𝐤𝒏

𝐢𝐧⋅𝐫 [camera-detected image (intensity)]

Taking Fourier transform and using the convolution theorem,
ℱ 𝐸S 𝐫 2 + 𝐸R 𝐫 2 = 𝐸S 𝐫 2 + 𝐸R 𝐫 2 ℱ 1 = 𝐸S 𝐫 2 + 𝐸R 𝐫 2 𝛿 𝐤

ℱ 𝐸S 𝐫 𝐸R 𝐫 𝑒±𝑖𝐤𝒏
𝐢𝐧⋅𝐫 = ෨𝐸R 𝐤 𝑑2𝐫׭ 𝐸S 𝐫 𝑒±𝑖𝐤𝒏

𝐢𝐧⋅𝐫 𝑒−𝑖𝐤⋅𝐫 = ෨𝐸R 𝐤 𝑑2𝐫׭ 𝐸S 𝐫 𝑒−𝑖 𝐤∓𝐤𝒏
𝐢𝐧 ⋅𝐫 = ෨𝐸R 𝐤 ෨𝐸S 𝐤 ∓ 𝐤𝒏

𝐢𝐧

Then,

ℱ 𝐼 𝐫; 𝐤𝒏
𝐢𝐧, 𝜏0 ≡ ሚ𝐼(𝐤; 𝐤𝒏

𝐢𝐧, 𝜏0) = 𝐸S 𝐫 2 + 𝐸R 𝐫 2 𝛿 𝐤 + ෨𝐸R 𝐤 ෨𝐸S 𝐤 − 𝐤𝒏
𝐢𝐧 + ෨𝐸S 𝐤 + 𝐤𝒏

𝐢𝐧 (Fourier-transformed image)

where 𝐤 = (𝑘𝑥 , 𝑘𝑦)

𝐼(𝐫; 𝐤𝒏
𝐢𝐧, 𝜏0) ሚ𝐼 𝐤; 𝐤𝒏

𝐢𝐧, 𝜏0 ℱ−1 ෨𝐸S 𝐤 − 𝐤𝒏
𝐢𝐧

𝐸𝑅 ෨𝐸𝑆 𝐤 − 𝐤𝒏
𝐢𝐧

𝐸𝑅 ෨𝐸𝑆 𝐤 + 𝐤𝒏
𝐢𝐧

෨𝐸S 𝐤 − 𝐤𝒏
𝐢𝐧

𝑇𝑃

𝑅 = 𝑇 × 𝑃−1

𝐤𝐢𝐧 𝐤𝐢𝐧

𝐫 𝐨
𝐮
𝐭
=
𝐫 𝐢
𝐧

𝐫 𝐨
𝐮
𝐭
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Target Defocused by 1.56μm (basis5000 FOV400) / 20200921 Large FOV CLASS Test (SHP)

For phase correction, 𝜃out
(1)

𝑘 matrix  is multiplied to transposed, Fourier-transformed reflection matrix ෨𝑅T 𝐤𝐢𝐧, 𝐤𝐨𝐮𝐭; 𝜏0

▲ Each column of 𝜃out
(1)

corrects 

phase of each input angle 𝐤𝐢𝐧
(𝒏)

▶

Iteration until increase of 

image intensity saturated
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