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Phase of a image



Phase of a object



3D phase imaging ?



QPI vs ODT（optical diffraction tomography）

ODT: true 3D refractive index

J Li, et. al.  Biomed. Opt. Express 9, 2526-2542 (2018)

QPI: 2.5D optical path length

Profile Volume
C. Zuo, et. al. , Opt Express, 21 24060-24075 (2013) .



1895 X-rays and Uranium Rays,
wedding ring

X-ray in biomedical imaging

Marie Curie and the Discovery of Radioactivity



X-ray computed tomography(CT) & Application 
Brief review of optical diffraction tomography(ODT)



Computed tomography (CT)

http://www.merckmanuals.com/home/special-subjects/common-imaging-tests/computed-tomography-ct



Integration projection & Radon transform

Radon 
transform 
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Fourier central slice theorem & back projection
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slice theorem

Back 
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Fourier central slice theorem 
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Optical diffraction tomography
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Fourier diffraction theorem 
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N. Streibl, "Three-dimensional imaging by a microscope," JOSA A 2, 121-127 (1985).

3D K-space of 
Scattering potential

3D OTF for transmission 
microscope 



Optical diffraction tomography



Diffraction tomography setup

Sample rotation



Diffraction tomography setup
Sample rotation



Diffraction tomography setup

Beam scanning



Diffraction tomography setup

Beam scanning



Diffraction tomography result

DHM phase 
measurement

Original 3D Fourier 
spectrum

Final 3D 
Fourier 

spectrum

iterative non-
negative 

constraint



Results



Commercial product of ODT





Commercial product of ODT



https://www.nanolive.ch/



How
non-interferometric？



Transport-of-intensity diffraction tomography (TIDT)

Fourier diffraction theorem 

𝑘𝑘𝑧𝑧
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3D real space 3D Fourier space 

Free-space: semi-sphere in 3D Fourier space

E Wolf.  Opt. Commun. 1, 153–156 (1969).



Transport-of-intensity diffraction tomography (TIDT)

Fourier diffraction theorem for a limit-aperture system 

Microscopic imaging:  partial spherical cap bounded by the lens aperture
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3D phase imaging ?



Lensless TIE microscopy
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C. Zuo, J. Sun, J. Zhang, Y. Hu, and Q. Chen, Optics Express 23, 14314-14328 (2015).

Lensless TIE microscope



Lensless TIE microscopy

C. Zuo, J. Sun, J. Zhang, Y. Hu, and Q. Chen, Optics Express 23, 14314-14328 (2015).



Lensless TIE microscopy

C. Zuo, J. Sun, J. Zhang, Y. Hu, and Q. Chen, Optics Express 23, 14314-14328 (2015).

Digital refocusing



Lensless TIE microscopy

C. Zuo, J. Sun, J. Zhang, Y. Hu, and Q. Chen, Optics Express 23, 14314-14328 (2015).
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Lensless TIE tomography



C. Zuo, J. Sun, J. Zhang, Y. Hu, and Q. Chen, Optics Express 23, 14314-14328 (2015).

The uterus of Parascaris equorum

Lensless TIE tomography





Transport of intensity equation
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沿着光轴采集两幅图像，
光强的轴向微分

当相位为常数时，等式右边为0，
此时观察不到光强传输现象。
当物体为纯相位物体(或者弱吸
收物体)，其光波场的光强I为常
数时，等式右边则变为𝐼𝐼𝛻𝛻2∅−𝑘𝑘
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TIE Phase retrieval(noise-free)

∆𝑧𝑧 = 5𝑢𝑢𝑢𝑢

∆𝑧𝑧 = 100𝑢𝑢𝑢𝑢

∆𝑧𝑧
= 250𝑢𝑢𝑢𝑢

-
∆𝑧𝑧

+ 
∆𝑧𝑧

-
∆𝑧𝑧

+ 
∆𝑧𝑧

-
∆𝑧𝑧

+ 
∆𝑧𝑧

Phase



TIE Phase retrieval(Gauss noise 0.002)
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About Setup



Schematic diagram of imaging system



The procedure of diffraction tomography imaging



Positional misalignment correction for LED array



Comparison results of phase measurement between DHM and TIE



The comparison images of final 3D structure and Fourier spectrum



Tomographic reconstruction of polystyrene bead



Imaging results of the fixed 
sample of Pandorina morum



3D refractive index tomograms rendering of lung cancer 
cell and  HeLa cell



Iterative method for Diffraction 
tomography 



Fourier ptychographic diffraction tomography (FPDT)

Horstmeyer, Roarke, et al. Optica 3.8 (2016): 827-835.



Fourier ptychographic diffraction tomography (FPDT)



FPDT image formation



Fourier ptychographic diffraction tomography (FPDT)
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Free-space: semi-sphere in 3D Fourier space

Microscopic imaging:  partial spherical cap bounded by the lens aperture



Fourier ptychographic diffraction tomography (FPDT)
On-axis bright-field 

illumination
Off-axis bright-field 

illumination
Off-axis dark-field 

illumination



Fourier ptychographic diffraction tomography (FPDT)

On-axis bright-field 
illumination

Synthetic aperture using 
bright-field images

Synthetic aperture using 
both bright- and dark-field 

(0.9NA) images

0.4objNA = 507nmλ =
Lateral resolution 634 nm 
Axial resolution 6.07 μm

Lateral resolution 390 nm 
Axial resolution 898 nm



Fourier ptychographic diffraction tomography (FPDT)

2D FPM reconstruction

Without dark-field 
imaging (616nm)

With dark-field 
imaging (388nm)



Fourier ptychographic diffraction tomography (FPDT)

Without dark-field imaging (z resolution ~ 6μm)

With dark-field imaging (z resolution ~1.04μm)

3D FPDT reconstruction



Fourier ptychographic diffraction tomography (FPDT)

Full-FOV 3D quantitative RI reconstruction of unstained blood smear (~ 20,000 RBC)



Fourier ptychographic diffraction tomography (FPDT)

Full-FOV 3D quantitative RI reconstruction of unstained HeLa cells

FPDT achieves 388 nm lateral resolution and 1.04 μm axial resolution of 
across a 10x FOV of approximately 1.77 mm2 and 

a depth of field (DOF) of ~20 μm



Coherent / partially coherent ODT



Theory

• 3D Fluorescence deconvolution microscopy
• 3D Optical diffraction tomography microscopy
• 3D Deconvolution phase microscopy

N. Streibl, "Three-dimensional imaging by a microscope," JOSA A 2, 121-127 (1985).

E. Wolf, "Three-dimensional structure determination of semi-transparent objects from holographic data," Optics 
Communications 1, 153-156 (1969).

P. Sarder and A. Nehorai, "Deconvolution methods for 3-D fluorescence microscopy images," IEEE Signal Processing Magazine 23, 
32-45 (2006).



3-D Fluorescence Microscopy

P. Sarder and A. Nehorai, "Deconvolution methods for 3-D fluorescence microscopy images," IEEE Signal Processing 
Magazine 23, 32-45 (2006).



3D Optical diffraction tomography microscopy

E. Wolf, "Three-dimensional structure determination of semi-transparent objects from holographic data," Optics 
Communications 1, 153-156 (1969).



Emil Wolf



J Li, et. al.  Biomed. Opt. Express 9, 2526-2542 (2018)

3D phase / amplitude 
transfer function

3D intensity 
spectrum

Transport-of-intensity diffraction tomography (TIDT)



3D Deconvolution phase microscopy

N. Streibl, "Three-dimensional imaging by a microscope," JOSA A 2, 121-127 (1985).





3D OTF for coherent illumination source



Rendering result of 3D OTF 



N. Streibl, "Three-dimensional imaging by a microscope," JOSA A 2, 121-127 (1985).

3D K-space of Scattering 
potential

3D OTF for transmission 
microscope 



Partially coherent 3D imaging



Mapping of 3D Ewald 
sphere





3D OTF for  optical microscope

N. Streibl, "Three-dimensional imaging by a microscope," JOSA A 2, 121-127 (1985).



Partially coherent 3D imaging













Annular-illumination ODT

3D rendering of Pandorina

1.4 NAill + 1.4 NAobj 100X MO;  Lateral resolution 200nm; axial resolution 650 nm.

J Li, et. al.  Biomed. Opt. Express 9, 2526-2542 (2018)



Annular-illumination ODT

3D rendering of Hela cell

1.4 NAill + 1.4 NAobj 100X MO;  Lateral resolution 200nm; axial resolution 650 nm.

J Li, et. al.  Biomed. Opt. Express 9, 2526-2542 (2018)



• Brief review of IDT（ intensity diffraction 
tomography ）

High-speed in vitro intensity diffraction tomography



System illumination unit

Programmable Square 
LED array (1.25mm) 

~100$

Bright annular LED 
from adafruit

~10$



System setup (System illustration of aIDT)

Photography of 
setup

illustration of setup Illumination unit



Key parameters about illumination 
unit

24 Frames or 12 Frames or 
8 Frames 

(More different size is available)

Maximum speed 800Kbps
(33KHz for each LED

also depends on Microcontroller)

Adjustable for objective with 
different NA 



Demonstration of aIDT

10Hz for each imaging volume 



Experimental result of stained Algae



LED illumination calibration and comparative result of diatom



3D Reconstruction results

Diatom region1 Diatom region2



RI tomography of Surirella spiralis



3D reconstruction of diatom



Fixed cheek cell 



Fixed C. Elegant results

Refractive index stacks Depth color coding



Morphological analysis
of C. elegans



C. Elegans RI slice

RI slice of sample at t = 0 sec



Depth color rendering of C. Elegans

Thermal

Fire



Time lapse results 
of C. Elegans



Transport of intensity equation



For further details, please refer to:

Transport of intensity equation: a tutorial
C Zuo, J Li, J Sun, Y Fan, J Zhang, L Lu, R Zhang, B Wang, L Huang, Q Chen

Optics and Lasers in Engineering, 106187, 2020



Computational imaging





Computational imaging
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Boston生活照片

第一次踏上踏上美利坚
的土地，内心充满着对
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