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Extended depth of field in microscopy
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Abstract: Due to the urgent needs in life sciences, the extended depth of field (EDOF) in mi-
croscopy is becoming a focus. In order to study the microscopy depth of filed, the EDOF was
studied and summarized. Based on the dramatic enhancement of EDOF, the optical scanning,
spatial light modulation, wavefront coding and light filed microscopy were introduced and com-
pared synthetically. Their theory, method and capacities for EDOF were summarized, and the
technology defect and future development were analyzed. With the enhancement of technolo-
gies, the depth of filed in microscopy can be enhanced about 1 or 2 orders of magnitude com-
pared with traditional microscopy.
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Fig. 1 Comparison of point spread function between volumetric optical scaning and conventional microscope

P o BSE 5 SR H 10 A% K A% 32,0, 25 4L
B FLAR 9 S G5 56 YRS 35 56 52 7 R B 24 10 mas,
R RSE 5 pm~30 pm, SEE R ANE 2 fros .
2 i (a) \ (b) e e S 1 B A6 11 S« 5 i T8 DG £
AE YR (o AR BUI AR 1 5 B (D Sl b B s

MR SRR B R TR 290 160 pm., HLA
B S A R R R — B (X — D7 ik X
T I Bl B R SR R 5 288 S 0 R AR o A AR A
R o AR R SR B B SR ik — 2 R W] T Bk
B AR ORI I T A7 5 1

B2 FABSEEEMESRRNLL

Fig. 2 Comparison of depth of field between volumetric optical scaning and conventional microscope
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Fig. 3 Comparison of depth of field between wave

front coding and conventional microscope
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Fig. 4 Schematic diagram of spatial light modulation
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Fig.5 Axial micrograph of spatial light modulation
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Fig. 6 Schematic diagram of light field microscopy
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Fig. 7 Depth of field of light field microscopy

65 AU T DA AE — UKL B O I 18] BV RT 3R
FERFR BN S B R AL 53X 02 Ho A 2 38 n 3t 2R
i BOLT A Tk FE LAY R e 3 B BB & 0
SR AL R TR HAR .

TR A 2 L Ot 7 S Rl Y DR S TR R L P AR
Tia] 73 9 5 O AR AR B4 T 3k 32 1 T A0 B e 31 o
A& CCD 73 #3842 09 3 3 ol o 4
ST LR R AR R 0 1 R il 43 B (3
WIHRES IS —A85 071 .t T BHOF A
B B AT SR 6 AR kb5 ) A X 55 4 51
RIS AL FRIBOE 7 P A5 3 7] ok 3 s R0 el 45
S A AR T D 1 85

WA 7 1 0 9 AR LR P L AR A A L
HWREFBRSCY BMEN RGEEE. LY BB
SFRIEZ R E.

5 Hit

PR 4 R TR B ABUE il A i S 2 A )
it BP0 A A i B O R AR LR L
B B R A B C AR08, B 2 T AT
NI 7 BEAR A o AT = e R R . HE 5
14 S Bl R 38 0 SR R A TV £ A O
HERERAENFR. = ETRZAAERE XL
UES 3 N

7S SO A 1y 0 Bl B A0 AF R £ T R R TR R

WAEOR I K 231838 1 P g — BB HOR L e
RN AT TR SNSRI R LN DS B 3 N
X i 4 R A B AR B B O 3U H R BE 8 1
B 7 R K P BEAT T A L 5 it LB R B ik
B WETE T M AT TR, KRB B AR
Je B A RS BT R — SR
AR 2 0 B A B R, B
PR T B AT 32 5 - 75 A A 8RR, AT P4
SR ER B R B

SE Tk

[1] Ortyn W E, Perry D J, Venkatachalam V, et al.
Extended depth of field imaging for high speed cell
analysis[ J ]. Cytometry Part A, 2007, 71 (4):
215-231.

[2] Nicolas O, Alexandre M B, Craig B A, et al. Two-
photon microscopy with simultaneous standard and
extended depth of field using a tunable acoustic gradi-
ent-index lens [ J]. Optics Letters, 2009, 34 (11);
1684-1686.

[3] Pantazis M. Depth of field extension with spherical
optics [ J]. Optics Express, 2008, 16 (7):
12995-13004.

[4] Zhao T, Yu F. Point spread function analysis of a
cubic phase wavefront coding system with a circular
pupil [J]. Optics Express, 2012, 20(3): 2408-2419.

[5] Zhang W, Ye Z, Zhao T, et al. Point spread func-
tion characteristics analysis of the wavefront coding
system [ J ]. Optics Express. 2007, 15 (4):
1543-1552.

[6] Botcherby E J, Booth M J, Juskaitis R, et al. Real-
time extended depth of field microscopy [J]. Optics
Express, 2008, 16(26): 21843-21848.

[7] Florian O F, Fabian F V, Benjamin S, et al. Rapid
3D light-sheet microscopy with a tunable lens [J].
Optics Express, 2013, 21(18): 21010-21026.

[8] Pieper R J,Korpel A. Image-processing for extended
depth of field [J7. Applied Optics, 1983, 22(10);
1449-1453.

[9] Sugimoto S A, Ichioka Y. Digital composition of im-
ages with increased depth of focus considering depth
information [ J]. Applied Optics, 1985, 24 (14);
2076-2080.

[10] Widjanarko T, Hardieb R C. A post-processing

technique for extending depth of focus in conven-

tional optical microscopy [J]. Optics and Laser



N2 2014,35(6)

P A A R R RS .

1081 -

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Technology, 2002, 34(4) . 299-305.
Meneses ], Suarez M A, Braga J, et al. Extended
depth of field using shapelet-based image analysis
[1]. Applied Optics, 2008, 47(2); 169-178.

De I, Chanda B. A simple and efficient algorithm for
multifocus image fusion using morphological wavelets
[J]. Signal Processing, 2006, 86(5): 924-936.
Forster B, Ville D V D, Berent J, et al. Complex
wavelets for extended depth-of-field: a new method
for the fusion of multichannel microscopy images
[J]. Microscopy Research and Technique, 2004, 65
(1) 33-42.

Aguet F. De Van VD, Unser M. Model-based
2. 5-d deconvolution for extended depth of field in
brightfield microscopy [JJ. IEEE Trans.

Process. , 2008, 17(7). 1144-1153.

Image

Liu S, Hua H. Extended depth-of-field microscopic
imaging with a variable focus microscope objective
[J]. Optics Express, 2011, 19(1); 353-362.
Giese J] D, Ford T N, Mertz J. Fast volumetric
phase-gradient imaging in thick samples [J]. Optics
Express, 2014, 22(1). 1152-1162.

Dowski E R, Cathey W T. Extended depth of field
through wave-front coding [ J]. Applied Optics,
1995, 34(11): 1859-1866.

Tucker S C, Cathey W T, Dowski E R. Extended
depth of field and aberration control for inexpensive
digital microscope systems [J].

1999, 4(11): 467-474.

Optics Express,

Zhao H, Li Y. Optimized logarithmic phase masks
used to generate defocus invariant modulation trans-
fer function for wavefront coding system [J]. Op-
tics Letters, 2010, 35(15): 2630-2631.

Sauceda A, Castaneda ] O. High focal depth with
{ractional-power wave fronts [J]. Optics Letters,
2004, 29(6): 560-562.

Carles G, Muyo G, Bosch S, et al. Use of a spatial
light modulator as an adaptable phase mask for
wavefront coding [J]. Journal of Modern Optics,
2010, 57(10): 893-900.
Yang Q, Liu L, Sun J.
masks for extended depth of field [J]. Optics Com-
munications, 2007, 272(1) . 56-66.

Zhou F, Ye R, Li G, et al. Optimized circularly

Optimized phase pupil

symmetric phase mask to extend the depth of focus
[J1. J. Opt. Soc. Am. A, 2009, 26(8): 1889-
1895.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Zhao H, Li Y. Optimized sinusoidal phase mask to
extend the depth of field of an incoherent imaging
system [J]. Optics Letters, 2010, 35(2): 267-276.
Zhao T Y. Mauger T, Li G Q. Optimization of
wavefront-coded infinitycorrected microscope sys-
tems with extended depth of field [J]. Optics Ex-
press, 2012, 20(3): 2408-2419.

Mo X. Optimized annular phase masks to extend
depth of field [J]. Optics Letters, 2012, 37(11):
1808-1817.

Liu M, Dong L Q, Zhao Y ], et al. Stationary
phase analysis of generalized cubic phase mask

wavefront coding [ ] .

2013, 298-299. 67-74.

Optics Communications,

Carles G. Analysis of the cubic-phase wavefront-
coding function: physical insight and selection of
optimal coding strength [J]. Optics and Lasers in
Engineering, 2012, 15(10).1377-1382.

Chen S, Fan Z, Xu Z. et al. Wavefront coding
technique for controlling thermal defocus aberration
in an infrared imaging system [J]. Optics Letters,
2011, 36(16): 3021-3023.

Pan C, Chen J, Zhang R, et al. Extension ratio of
depth of fieldby wavefront coding method [J]. Op-
tics Express, 2008, 16(17): 13364-13371.

Hell S W, Hhninen S W, Kuusisto A. Annular ap-
erture two-photon excitation microscopy [J]. Optics
Communications, 1995, 117. 22-24.

Song W,Lee J, Kwon H S. Enhancement of ima-
ging depth of two-photon microscopy using pin-
holes: analytical simulation and Experiments [J].
Optics Express, 2012, 20(18): 20605-20622.
Dalgarno P A, Dalgarno H I C, Putoud A. Multi-
plane imaging and three dimensional nanoscale parti-
cle tracking in biological microscopy [J]. Optics
Express, 2010, 18(2) . 877-884.

Temmi C. Depth of focus increase by multiplexing
programmable diffractive lenses [J].
press, 2006, 14(22). 10207-10219.
Maurer C, Khan S, Fassl S, et al. Depth of field

Optics Ex-

multiplexing in microscopy [J]. Optics Express,
2010, 18C 3): 3023-3034.

Lee M P, Gibson G M, Bowman R, et al. A multi-
modal stereo microscope based on a spatial light
modulator [ J]. 2013, 21 (4):
16541-16551.

Mcintyre T J, Maurer C, Bernet S, et al. Differen-

Optics Express,



1082 - N2 2014,35(6)

P A A R R RS

[38]

[39]

[40]

[41]

[42]

[43]

tial interference contrast imaging using a spatial
light modulator [ J]. Optics Letters, 2009, 34(19)
2988-2990.

Maurer C,Jesacher A, Bernet S, et al. Phase con-
trast microscopy with full numerical aperture illumi-
nation [ ] ]. 2008, 16 (24).
19821-19829.

Levoy M. Hanrahan P. Light field rendering [C]//
Proc. SIGGRAPH. New York: ACM Press, 1996
31-42.

Optics Express.

Levoy M. Light fields and computer imaging [J].
IEEE Computer, 2006, 39(18): 46-55.

Ng R. Levoy M. Bredif M. Light field photography
with a hand-held plenoptie camera [ R]. Stanford:
Stanford Computer Science Tech Report, 2005.
Levoy M, Ng R, Adams A. Light field microscopy
[C]// Proc. SIGGRAPH. New York: ACM Press,
2006 924-934.

Lim Y T, Park ] H, Kwon K C,et al. Analysis on

enhanced depth of field for integral imaging micro-

[44]

[45]

[46]

[47]

[48]

scope [ J]. Optics Express, 2012, 20 (21):
23480-23488.

Broxton M, Grosenick L., Yang S, et al. Wave op-
tics theory and 3-D deconvolution for the light field
microscope [ J]. Optics Express, 2013, 21(21);
25418-25439.

Favaro P. A split-sensor light field camera for ex-
tended depth of and superresolution [J]. SPIE,
2012, 8436(2): 1-9.

Lu C, Muenzel S, Fleischer ] W. High-resolution
light-field microscopy [ J]. Computational Optical
Sensing and Imaging. 2013, CTh3B(2). 23-27.
Ortyn W E. Perry D J., Venkatachalam V. et al.
Extended depth of field imaging for high speed cell
analysis [J]. Cytometry Part A, 2007, 71(4): 215-
231.

Levoy M, Zhang Z, Mcdowell 1. Recording and
controlling the 4D light field in a microscope using

L1l
2009, 235(2); 144-162.

microlens arrays Journal of Microscopy,





