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Abstract Phase retrieval and quantitative phase imaging are central subjects in optical measuring and imaging
technologies. The most well-established method for obtaining quantitative phase is through interferometry.
However, this class of methods relies heavily on the superposition of two beams with a high degree of coherence,
and complex interferometric device, stringent requirement on the environmental stability, and associated laser
speckle noise greatly limit its applications in the field of microscopic imaging. On a different note, as one of the
typical phase retrieval approaches, the transport of intensity equation (TIE) provides a new non-interferometric way
to access the quantitative phase information. In recent years, it has been extensively studied and remarkable
advancements have been made in the fields of adaptive optics, X-ray diffraction imaging, electron microscopy, and

optical microscopy. In this work, we will review the basic principles and some recent advances in TIE phase
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retrieval, including its solutions, axial intensity derivative estimation, partially coherent imaging and light field
imaging, with emphasis on its applications in the field of quantitative phase microscopy. The challenging problems
as well as future research directions will also be discussed.

Key words imaging systems; phase retrieval; transport of intensity equation; quantitative phase imaging;
microscopy
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Fig. 1 Wave-like pattern at the bottom of a swimming pool in sunlight
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Fig. 2 Influence of phase on transport of intensity. (a) Intensity does not change during propagation
of on-axis plane waves; (b) intensity of non-planar waves varies with light wave propagation;

(c) intuitive geometric-optics interpretation of transport of intensity effect
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Fig. 3 Phase retrieval simulation for an isolated object located at the central position. (a) Phase distribution;
(b) intensity distribution; (c) axial intensity derivative; (d) phase retrieved by the FFT-based method
(periodic boundary conditions); (e) phase retrieved by the even symmetrization method (zero Dirichlet boundary conditions) ;

(f) phase retrieved by the odd symmetrization method (zero Neumann boundary conditions)
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Fig. 4 Phase retrieval simulation for a complex object covering the image boundary. (a) Phase distribution;
(b) intensity distribution; (c) axial intensity derivative; (d) phase retrieved by the FFT-based method
(periodic boundary conditions); (e) phase retrieved by the even symmetrization method (zero Dirichlet boundary conditions) ;

(f) phase retrieved by the odd symmetrization method (zero Neumann boundary conditions)
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Fig. 5 Phase retrieval simulation for a complex object covering the image boundary with the DCT-based method. (a) Phase
distribution; (b) intensity distribution (with a square aperture); (c) axial intensity derivative; (d) enlarged region
corresponding to the lower right quarter of Fig. 4(c) (without an aperture); (e) enlarged region corresponding to
the lower right quarter of Fig. 5(c) (boundary signals can be clearly observed along the aperture edge shown in the
red shaded area); (f) phase retrieved by the DCT-based method (inhomogeneous Neumann boundary conditions, the

red box outlines the aperture edge)
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Fig. 6 Effect of defocus distance on the TIE phase reconstruction under noise-free condition (the square areas outlined with red lines

are magnified for clarity). (a) Small defocus distance: original intensity image (left), axial intensity derivative (middle)

and recovered phase distribution (right); (b) medium defocus distance; (c) large defocus distance
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Fig. 7 Effect of defocus distance on the TIE phase reconstruction in the presence of noise (the square areas outlined with
red lines are magnified for clarity). (a) Small defocus distance: original intensity image (left), axial intensity

derivative (middle), and recovered phase distribution (right); (b) large defocus distance
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Fig. 8 Phase recovery comparison of synthetic noisy test data (the small square areas with red dot lines are magnified for
clarity). (a) True phase; (b) traditional TIE using two planes separated by 20 pm (RMSE: 0.2552); (c) 1% fixed
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Fig. 9 Visualization of a smooth coherent wavefront and its corresponding WDF and light field
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(a) 4f system-based system; (b) lens-less system
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Fig. 14 Two optical configurations based on a microscope that allows dynamic TIE phase imaging

@ (OF CMOS packaged system

sensor

CMOS
SeNSOr e

sample

GB LED micro- sample
matrix controller, tray

K15 TR 6 LED MU/ T BB B EH . () REEHM: (b) KA
Fig. 15 Lensless TIE phase imaging system with RGB LED illuminations. (a) Schematics explaining the principle of
lensless imaging; (b) photograph of the system

B (STEM) 5 X ST 58 B4R 55 . A S 52 50 25 R 5 W T R B 2 A, AR S35 0 [l JBUHC A m] DL S I B =
B 5 AR AR B R S BB TS . FRAE 1984 4F L Streibl 223806 6 i A4 5 05 B N T 2% B OR AR L 2
TE TSR A% 58 8 (0 110 ) 0y BRI 2 4 A A7 A AL AR 1 T AT I O X S BORS S AR I U0 R AR (BT 160
HT T 24 I i R e R AT 22 A K A0 o i A% i D7 R SRR D7 vk L T & H T M i el 1) Ao TR B T B2 4 E AT
P E A EE R . Streibl TN T2 3 Al 1 330 o3 PR BE A8 A7 280 52 0L 38 P14 v wfl LA UL 81 A AR 02 40 5

1988 4F . Ichikawa 55 ¥ YCSL I B0 UE 1Ol 56 % i 05 2 SR T4 L ook 8 460 5 32k SR A 2205 72 B A T A
—HEYR AL A . A A IS NS BT L Roddier ﬁﬁ%%Eﬁ@?ﬁ/]\fﬂ?f%Tﬁﬂﬁ%ﬂﬁﬁfﬁé‘%f?%ﬁ%

P16 & RO S D) B g R . (o B (b) X EC %

Fig. 16 Imaging of a rat testicle. (a) Bright field image; (b) logarithmic derivative

0609002-19



H = # ot

A T KA i D R 0 AR AR 00 . 1995 4R, Nugent S 36 F % 7 Ik B KA 16 keV IAE X G415
B — P i 5k 5 1 5 H2 AR 67 PR SR DI iR A i O R O OB O P T XS AT S R U . R OB A
b 7 R ST R 1 T o 7 SR AR B T AR O I e AR

1998 4F, Barty 450" fif S HRH 1R F OG0 72 92 B0 T AR R 20 S DG £F 10 S e AR A AR A
B17 7R o 3 Je o % i 75 R A 2 AR O B ARUSUR P B DO B Al . DR ST A R R I T SR O SR A% e 7
FEAT 2 A9 AR A7 1 L2 1Y L AN T ZEREAT AR A A 25 (GG A 0 A 60 28 2 e i A% i 7 AR A2 R &2 1) — R i 3
FHY T SRR O T A il 5 8 A0 AR T A5 SIORE 37 2 P 2 25 R BRI — 1B033E I L R AR AR L 25 B A% 8 A A3 00 &
HAEAERY 2 73 SRR, FUR AL T AR S A B T ) . Bl Barty 458 SORF CIUT AR #6211 AR A7 W
JZ 4 308 3 e Sy A DN A 0 W A A A o BB B AR L 20 A R 98 Radon 28 #5  TOGER Y 4R 4T
SR (L 18) 7,

. \
-
ok
|t
o, 20 pm
20 pm

BL17 NS Bz A0 I 5 AR IR S5 2R . (a0 A 9 053 T30 AT AR s (b) 2l sl A% B o B T4 1 43 43 A
Fig. 17 Quantitative phase imaging of an unstained cheek cell sample. (a) Differential interference contrast

(DIC) microscopic image of the cell; (b) recovered phase image based on TIE
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Fig. 19 Quantitative phase imaging of an unstained cheek cell. (a) Phase-gradient image {rom differential TI-DIC image;

(b) intensity distribution from phase-stepping DIC
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Fig. 20 Quantitative phase imaging and red blood cell (RBC) screening based on flow cytometry. (a) Scatter plot of
RBCs subjected to isotonic and hypotonic solutions; (b)~(e) phase images in the gated regions marked as normal RBCs
(in flow take parachute like or slipper like shapes); (f)~ (i) phase images in the gated

regions marked as spherized RBCs (remained spherical even in flow)
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Fig. 21 Time-lapse quantitative phase imaging of an individual MCF-7 cell using TL-TIE. (a)~(c) Intensity images with

|
\S]

defocus distance of —2.5, 0, 2.5 pm, respectively; (d) recovered phase map;
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g 0s 800 s 11000 1400 s TR / rad

1 ‘M0
15

: < A < '

)

1760s |1780 s 1820's. |[1840's.  |860's. [1880s

LA W 2o

14 -
scale bar: 10 pm 1800

T80 1960 0L
Time /s

Kl 22 B WA W R R A A AL RAR G R . (a) I IR I 5 R AN [ B B Ay = AR 6 43 AT
(b IR A A0 i B 5 A0 A B 30 X 3 A A 2 28 A X 107 T 181 22 Ca) v ) S8 L0 T 5 HE DX 38k ]
(o) T&] 22(h) i = A i (2L 2 WD) B9 AR/ V58 T2 T ) ) 728 3 it 2 O € it 2 060 1 T 5 A DX N 1) 1 2 (1D
Fig. 22 Dynamic TIE phase imaging of the macrophage phagocytosis. (a) Color-coded phase profiles at different stages of
phagocytosis; (b) phase maps of the nuclear region of the macrophage [the black square in Fig. 22(a)] during the
internalization stage of phagocytosis; (c) phase/thickness variation with time of three points indicated by the dots

A, B, and C in Fig. 22(b) (the black curve shows the average of the whole square region)
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Fig. 25 3D tomographic imaging of a slice of the uterus of Parascaris equorum (scale bar: 400 pm). (a) Refractive index of
different layers; (b) absorption sections at different depth (the second row shows the corresponding X-Z views of
3D stacks, the arrows point out the dust particle located at a higher layer with Z=168.4 um); (c) 3D rendering of

the refractive index; (d) 3D rendering of the absorption distribution
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