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Optical diffraction tomographic imaging and intensity

diffraction tomographic imaging
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Computational microscopy
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Phase of a image
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Phase of a object
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Phase

U(x,y)=4(x,y)
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3D phase imaging !
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QPI vs ODT (optical diffraction tomography)

QPI: 2.5 optical path length ODT: true 3D refractive index

Profile Volume

C. Zuo, et. al., Opt Express, 21 24060-24075 (2013) . J Li, et. al. Biomed. Opt. Express 9, 2526-2542 (2018)



X-ray in biomedical imaging

1895 X-rays and Uranium Rays,

L Marie Curie and the Discovery of Radioactivity
wedding ring



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







Integration projection & Radon transform
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Fourier central slice theorem & back projection
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Fourier central slice theorem




45 degrees 90 degrees 180 degrees

2D spectrum

2D IFT




Back projection algorithm

ramp filter
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Optical diffraction tomography

X-ray Computed Tomography Optical Diffraction Tomography
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[llumination
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X-ray image sensor Optical image sensor

Raw images

2-D X-ray Intensity images 2-D Optical Holograms

Governing Equation
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Diffraction tomography U™ (R) = exp(ik;s,*R)
U(R)=U® (R)+U" (R)
V UR)+k, n(R)’U(R)=0
V UY(R)+k, n(R)*U”(R) =0

(V+kHU(R)=0
(V' +k,HU(R) = F(R)U(R)
F(R) = -k, [n(R)’ ~1]

Born approximation  Rytov

U(S)(E) < U® (fé) appr'oximationE U(fé) j

U® ~UPR)In

U(R)~U"Y(R) U (R)



Fourier diffraction theorem

~ / ~ (s
FU,V,W)= ik, o vz =0)
T

In words eq. (15) shows that some of the fhree-
dimensional Fourier components of the scatter-
ing potential may be immediately determined
from the knowledge of the two-dimensional
Fourier components of the scaiteved field in the
two planes z = zt>Zandz =z~ <0. It is now




3D K-space of 3D OTF for transmission
Scattering potential microscope

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



Optical diffraction tomography
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Diffraction tomography setup

Laser diode

Sample rotation



Diffraction tomography setup

Sample rotation

Cover slip

Fibre sample
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Diffraction tomography setup

scanning




Diffraction tomography setup

k. (/um) .
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angle ~64°
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laser beam
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Inverted microscope Additional 4f Relay
(Nikon TE2000-E) (Optional)

Beam scanning



Diffraction tomography result

iterative non- Final 3D
negative Fourier
constraint spectrum

DHM phase Original 3D Fourier
measurement spectrum




Results

(a) Red Blood Cell (b) Macrophage




Commercial product of ODT
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Commercial product of ODT
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Applications

A selected overview of Nanalive’ s top applications
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Transport-of-intensity diffraction tomography (TIDT)

Fourier diffraction theorem

3D real space 3D Fourier space

Free-space: in 3D/ Fouriesspace

EWolf. Opt. Commun. I, 153—156 (1969).



Transport-of-intensity diffraction tomography (TIDT)

Fourier diffraction theorem for a limit-aperture system

3D real space 3D Fourier space

Microscopic imaging: bounded by the lens aperture

EWolf. Opt. Commun. I, 153—156 (1969).



3D phase imaging ?
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Lensless TIE microscopy

CMOS Packaged system

Sensor

Sample

RGB LED
Matrix
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: RGB LED Micro-
\ Common Anode RGB LED Matrix controller

Lensless TIE microscope

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



Lensless TIE microscopy

Refined Fha

lterative
Phase Refinement
(5 interactions)

TIE
Phase retrieval

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).



Lensless TIE

CMOS Sensor

Sample

RGB LED v 4 # %Wﬁ\\

Common Anode Ak (912
RGB LED * *
= | - J- -f I: o

ky ky
t_"I(x kz
Change lllumination Fill the 3D Fourier
angle ( =+45°) Space of the object

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



Lensless TIE

The uterus of Parascaris equorum

Phase tomography Absorption tomography
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C. Zuo, J. Sun, J. Zhang, Y. Hu, and Q. Chen, Optics Express 23, 14314-14328 (2015).
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Optical diffraction tomography microscopy with transport of intensity @Cmmrk
equation using a light-emitting diode array
Jiaji Li*®, Qian Chen®, Jialin Zhang®", Zhao Zhang®", Yan Zhang*", Chao Zuo®""

* Smart Compumional Imaging (SCI) Laboramry, Nanjing University of Science and Technology, Nanjing, Jianga 210094, China
™ Jiangsu Key Laboratory of Spectral Imaging & Intelligent Sense, Nanjing University of Science and Technology, Nanjing, Jiangsu 210094, China
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Transport of intensity equation

\ dl
) —k—=V-UVQ)
0z

I_n, —1
—k | AZzA 22y = pI-VQ + IV2Q
Z

V 4 \ g

R R, SR Ah R0

%;;?f 57; o %ﬁ Eﬂ/\ & I B RN B SR E R I R
. A R 5 5
BR), EER IR

~ko- =170 - B AR

>

/
X
I
I

I




TIE Phase retrieval(noise-free)
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TIE Phase retrieval(Gauss noise 0.002)
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About Setup




Schematic diagram of imaging system
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The procedure of diffraction tomography
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Positional misalignment correction for LED array
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Comparison results of phase measurement between DHM and TIE
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The comparison images of final 3D structure and Fourier spectrum




Tomographic reconstruction of polystyrene bead




-10 um

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)

(ﬂ) Setup {b) Variable ilumination image set
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Horstmeyer, Roarke, et al. Optica 3.8 (2016): 827-835.



Fourier ptychographic diffraction tomography (FPDT)

Sample

7’0 fx0L

Objective |
sNdlA 10

A
Mirror

LED array

~

Tube lens

Camera

OLYMPUS
IX71

LED array -

Sample ——

Camera

FPGA |

circuit :




FPDT image formation

(a) Image formation (b) k-space representation
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Fourier ptychographic diffraction tomography (FPDT)

Ewald's
sphere —
support,”  k;

~ B
““““




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

< ~
4
/ Ewald’s \
/ sphere
! support (Cx
I‘ kY g
\
A

A -
————————

k

X

NA,,, =0.4 A =507nm

) . Synthetic aperture using
SENREE BPORITS USIE | | oo o b el

bright-field images (0.9NA) images




Fourier ptychographic diffraction tomography (FPDT)
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Fourier ptychographic diffraction tomography (FPDT)
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Fourier ptychographic diffraction tomography (FPDT)
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Full-FOV 3D quantitative RI reconstruction of unstained blood smear (~ 20,000 RBC)



Fourier ptychographic diffraction tomography (FPDT)
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Full-FOV 3D quantitative Rl reconstruction of unstained Hela cells




Coherent / partially coherent ODT
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Theory

— * 3D Fluorescence deconvolution microscopy
* 3D Optical diffraction tomography microscopy
* 3D Deconvolution phase microscopy

——

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

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

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



3-D Fluorescence Microscopy
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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

Volume 1, number 4 OPTICS COMMUNICATIONS September/QOctober 1969

THREE-DIMENSIONAL STRUCTURE DETERMINATION
OF SEMI-TRANSPARENT OBJECTS FROM HOLOGRAPHIC DATA *

Emil WOLF
Depariment of Physics and Astronomy. Universily of Rochester. Rochester. N.Y. 14627, USA

Received 11 August 1969

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



Emil Wolf

Emil Wolf, pioneer of optical physics, dies at 95

Died: June

Doctoral students: Girish Agarwal; M. Suhail Zubairy

Research interests: | Coherence
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Three-dimensional tomographic microscopy
technique with multi-frequency combination
with partially coherent illuminations
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3D Deconvolution phase microscopy

CONDENSOR TELECENTRIC IMAGING SYSTEM
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Fig. 1. 3-D imaging of a partially coherently transilluminated object
by a telecentric system.

N. Streibl, "Three-dimensional imaging by a microscope,” JOSA A 2, 121-127 (1985).
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Fig. 2. Computer plots of 3-D
PTF’s under three types of co-
herent illumination. The value
of the PTF is positive on the
surface of one of the shells and
negative for the other shell. The
insides of the shells are hollow:

(a) on-axis, (b) partially
oblique, (c) critical angle of ob-
liqueness.
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3D OTF for coherent illumination source




Rendering result of 3D OTF




3D K-space of Scattering 3D OTF for transmission
potential microscope

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



Partially coherent 3D imaging
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Fig. 3. (a) Computer plot of 3-D PTF under annular illumination;
(b) perspective plot of the PTF value of p(= 1/r) and {(= 1/2).




3D OTF for optical microscope

.
‘ )

N. Streibl, "Three-dimensional imaging by a microscope,” JOSA A 2, 121-127 (1985).
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3D Reconstruction

illumination
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intensity
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Optical transport of bacteria: Real-time reconfigurable trajectory
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Annular-illumination ODT

3D rendering of Pandorina

[.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

— e

—— |~

g -1'37 _10um 3D rendering of Hela cell

|.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)



High-speed in vitro intensity diffraction tomography

* Brief review of IDT ( intensity diffraction
tomography )
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System illumination unit
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S)’Stem Setup (System illustration of aIDT)

illustration of setup Photography of lllumination unit
setup



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 alDT
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Raw Intensity

pattern spectrum

|OHz for each imaging volume



Experimental result of stained Algae
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LED illumination calibration

RI
1.335

1.33

Intensity (a.u.)

=== Non-Calibrated
Calibrated

Z plane

and comparative result of diatom

,\I_r\n/\ [18um

1.326
0

b c
Frequency aperture of Calibrated frequency
illumination aperture
® Estimated © After- algorithm
PNV © After- algorithm o0 PO Non-linearfit
[ ] 9 { B
..’ % 1 > )
[ >
° $ > Y
8 | e :
8] =o} & “
-5 -4
ﬁ K) 92 [
& > p [N
© [ 4 P [
?Qo Q. ca\ o’
- p
*acecye e 1 Popod®
-1 0 1 -1 0 1
u(pm™) u(um™)
=== Non-Calibrated RI == Non-Calibrated
Calibrated Calibrated
1.34
Z plane Z plane
=1 pum 10 u4m
~ \ ﬂ
1.33

1.32
0




3D Reconstruction results

Diatom region| Diatom region2
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3D reconstruction of diatom




Fixed cheek cell

Rl stack of cheek cell

M

, F
£ ar '
e ’3 ¥
¥ .l
-8 um -

Region 1 Region 2




Fixed C. Elegant results
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C. Elegans Rl slice
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