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Abstract

Confocal laser scanning microscopy (CLSM)¥ 71&9]
coherent or incoherent microscopic imaging Rt & Wi
(lateral direction)® s LHFEE 7tAH, &3 & A& +
¥t 33 w3k (axial direction)?l optical sectioningol ¢]3]
Mzl 3D FRE nMALR JAsgFoa 3D T L A
A 7 BAE& stesA & o B =EdAE CLSMH
o 3D 443 et AP RIA doAE FA7 ¥
X, 4017 2D slice 949 A1Z43 2 &89 ds] =o€t

1.4 2

HAE 289 3D F4EE Y98 microtomed AHE3EH
physical sectioningol <9J&l AZEE& o8 MY gk @
(slice)o.2 ZFetile) & 2AE HA o2 Ao} Y& =
o} 4 71% (functioning)& &2 F AR FE3 7E
microscopic imaging #% H#2 2 out-of-foucs® A1
o8 RElol 944 AE7} in-focus @ F¥ VT FA 3
%7l AEE 22 optical sectioningg 71d& 4 ¢ 3D
2] AR A (feature) EL RIAFERZ F43T & &
"k

o] mA 29 3D #AS 98 gL #4dE A
A7 B F2¥T Y¥E CLSM FA43 1% physical
sectioning $1°l noninvasive optical sectioning®| 2jsll EF&
depth discrimination &2 w4 A x3 2 3D 9338 7}
S84 & £u. =% 3% 9 35 4P dojre 18
Aro o) AA A g4 2 7lF EHE A e
a3t FgAE s)eelnil-3]. g EBAHoem A
confocal fluorescence model} confocal reflection mode (A}
Ay Zof ola) ARz, AXTY ARTFE 2 7%, gAxs
g4 2 dARA Fo B3 K4 ARE Q& 7 UA
o E3] AXd tE IFE Aol 4# F2E 2AE 9
3D 4ol Yasm £33 N2 e AZTE TR A8
oje] 7tx e EdolM (tracer)E AME3HA #ut
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2. CLSM 43t 949

oy 18 CLSMe ¥4 d8g 42338y f1g Ay
B8} fgdrolrt 9 1(a)dA HAFY (point source) PSel
A e dolAYle)l W27 (beam splitter: BS)9} =ik
AR 2AWstnz sl AT § HG uldm, o] FozRE
@ol A& ¥ia}Fe] BSAlA wiAls o] W F (pinhole)S %ol 7}
A #FHdE7) (PHD)Y 48ttt FHE7)d 485+ A
el A717 a % oksty] wWEe BE F%Fo] 2 PM tube
(photomultiplier tube)& FH&712 AL&3T § &304 PS

ol & ME F Aol A4SHEZ HFEo ¢ ddd U
el dAA A€ A7) 99 FE5 FAD A x-y
2gol Hu, MES 3xdoz JAster] g8 #F (=2)
o g AAGEts Aol FYPHojol Fuk. AAYE WE
FE) A7 PE Fetel=rt ¥4 A& stage’t x-yE
25+ stage =& objective lens scanning W T A E
& BE £ 07 DAL Fi galvanometer[4]9} 7 £
d AL (miror)e ARgstd x-y2 2skE Wadid
(off-axis beam scanning) 3ol Qa4 & = do

23 b CLSMY 3349 H4sE 9% optical
sectioning ¥ & & HAFE 2oz MEY HUA FFod
A do-F gold HE vdL out-of-focus Hol of ©H
o2 RE dalEe] UoE We PHDY & #©E PS 2
A7) WFEe 23 in-focus He VRN e T HW A
BatA @A Fcokh AL AL BEHIS AL
(semi-transparent mirror)& 32%7] (beam splitter)2 AM-&
3} 31, fluorescence mode?] -9 dichroic beam splitterg Al-&
3l ol ERE Yok FE& AV|gFe FHAIz HE
28 wA"He e 7Un3e) 83 (fluorescence light)
& FAE72 HARANYG In-focus® FH O] x-yE &
Aoz AFHE 2D G4 sliceE €& 71 dom, £%
Fzoz o¥dWA in-focus W W 2 Hol diF] #
F3& wrEgozn Y3c A5 2D slices F4E& do] 7
Fele) AASrt B E air-cooled argon ion el 7} A4E
o, 28& 10-50 mW AHEo)3, 458nmE-E 514nm PGl A
fluorescein ©lY} rhodamine #2 #®3F M4 (fluorophores)&
o 7] (exciting) X7]7]d] A 3% #H4& AFch

3. 3D CLSM 3323 54

a9 2% 71E9 gAsk W CLSM 443 $ys
wE Aok, ¥ 2@% F A= A3 Axdgoer HdEe
source optics §-¥ 22 optical sourceZ objectdll ZA}3H7] 9

g FAYolm, Fae AWh objectE FHE7] (optical
detector)oll dsst7l ¢ F3E FHHF (detector optics)
olth, AT JBA IHE Hilox), 399 82 ¢S

Halxxa), 283 27050] g438t9 objects O & o,
incoherent source® Lo Al43l= incoherent imaging$l
At &% BAVI= 4 (D9 2o ERE Source optics®
9] impulse response?] A9 AF, F point spread
function (PSF)3 object intensity2<] convolution®.Z E &g
tH5]  Coherent imaging?l 9% €% amplitudet impulse
response®} object®2] convolution®] X ©] 2] AFoz &9
FANZE A ()} Fo] AojAt. VFEQ F IR P49}
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19959 % FA £ 3

= 2 CLSM 948 A9l effective impulse response
Herxspxa)7b 28 2(2)9) A9 £ impulse response?]
F9 HsO0Halxxa)® T4 €% amplitude® Her(xs,xa)
object O(x)2] convolution® 2 Fx3x FA7le 1DY AS
o] g9 MFoz 4 (3 o] Fojh

(1) Incoherent 2% Kx)=|Hs{xs, 0> @ [U(x)I°
(2) Coherent 723 %-: Kx)=|Hs(xs, %) ® Ux)%
(3) CLSM B9 Kx)=|[H,(x;, )HAx,x)] ® U

Sl 7lEd G433 5EAHE vlzEr) 98 s point
object®) FJFH & A$ PSFE TFHEY, 71&9 g3t A
2 4 (49 2L PSFE dA T, 1Y 2@ F =27 7
< CLSM %943 B3+ %iZMV“] o)zl PSF AFE
2 dojr. ¥ 2b)e dMdosm 7E9 A Aawe
PSF$} dashed linee® EAY CLSM 943 Ax=e PSF
& BoFE: oz veE 4 WY ol A=2FAFIHE
(lateral spatial frequency)E& UWEWE F0#HFo|gh a9
3AAM B F AR} CLSM 8349 F4 22 FA7)
HE Fo| Y F3 sidelobeo] W& 4 4€ F U
YAz J4e d& £ A "t 1D A AL gH"Ho)
Ux)=0d(x)old 2 55} 4] 6)7 2L 292 dev)

4 v= r3sma=—2/{—73 NA
(5) Kv)= ( ) =|H(x, x)|*= PSF.
©® Ko)= ( A ) |\H,(x, D HAx, x)|* = PSF.

29 38 9A30) g IZ aperture TE exit pupilE Ao}

v 7t FE8EA £3 O #2904 A8k diffraction
pattem4 3D FA7] EXE T3 a9 3494 b 34
we] wtrgog #ZE apertureZHE 7]8EF (geometrical
focal point) O7txlg] AT, s A QZHE &8we & A P
7R 9] Az, ¥y R OdA P7AlY F¥E, g 0Q %
stozol e aperture =¥ pupil BelAe AETAE
(Xp,Ym2p), EB8WY HFAE (xy,2)0tt. FHAANA Bzie)
Hgg 7371 98 Huygens-Fresnel principle2 ZH&£3&d A
Pol Aol #s}o]l wave amplitude= 2] (7)3 Zo] HAFCH
2 (e ZFHE o3 FH3 L Besseld 59 RAANEL A
4359 7133 FIAM9 3D #4447 EXE FIE 4 8)
3 ol AoA, 4 @) e 4 gL 4 99 2o
Bessel 2 EFHHT, LE u=v=0 ZF 732N FA
7)elt} 6],

@ P = ML[ ——dS
®) Ko, v)= (%)2 (U2, 0) + U, 011,

Ulu,v)=

el

)]

n+2s

Vn( u, U) ) ]n+25( U) .

(-1*(%) (o)
>‘(

~ oxle

10 I,=
a0 ( iF
¥

3D FeNA 9 FA7 Q! A (8)ell focal plane®] =

F A A 17"

A2E 95/

FE u=0 & dgstd 4 (11)e] deixx: 2D Fourier
optics EEEYE A& AHAY 2 (5 2o o] ol
coherent B3 Al2wle9 PSFe] ®rl. CLSMSY A% A%
ol he g4z AlA=9 PSF 4 (12)9 29 o (ane A
%o gtk %3 optical sectioning 9% 27 8 #&
S wadAd dehds FA7E BXE T Aol F st
B W FAZE A7 949 A @) v=08 Hd3E 4
(13)3} 22 sinc 49 AFo2 vehdr olAL 7)ES
coherent imaging AlZ=®A L& PSFeuoll did=x, CLSM
¢l 7% coherent imaging A|2®dA AL PSFcoHJ AF!
PSFcowr 28 A (14)7 #Zo] gz} 4 (139 (1404 0
#*e zt= AUA zero pointE u,=4mol HFEIL 4 (15)¢}

#o] dojrt. F4lo] HeNe #olAQA 2% 3 1=0.6328um,
d2=10mm, a=5mm¢¥ @, z,=5um°NA RHA zero point7} A3
k. CLSM %9489 A9 zero point7tA 9] 7] 5944}
2] Ho]2 (peak) Al712] 50%9l A coherent imaging 7 -$2.t}
oF 14w} A= FAES & F A

2
1) I(0,u)=1(u)=[—2%”)] I,

4
(12) 1(0,v)=1(u)=[lllfi>] I

. 2
13 0= 1) = () 1~ pspeo.

. 4
(14) I(u,0)=1(u)=(51—2/zflﬂ) 1,= PSF conr-

2
(15) u=4r= 2;;,% z = —ilizﬁ.

g 4= 4 (8)olA €& 3D FA7) X E contour map
o2 FHEF Ao Addd UE ZF contourd £AE FHH
o] HUFA7] LE normalizedd FAH7IZ 2 1%< 0.017
A BAsET MR EY uFe 3D FUY FH WPy I
F34 #HEolL, vEL FFO02RY radial ozl ¥
oty =¥ 9 49 e A= FHES AT FAY) BEEF
& 266 gray levelsg& 7FAle 9442 2R Aoz $&9
CLSM7t #2Z9] 71&9 J4ste] ARk FAR vz
g dFddA Fd9 #Fe ArlE AL g2 =R 94
3 F LS HAgE o 299 uF 2 vE PPoz9
A7) WsE FFFgozN 7 2D slice 749 AT FE7 4
Rl wFgon AYEE BHY 4 90z, 44 CLSM Fg
Alzde] A 2 £4g 7bEstA sE.

CLSMME e BE T aperature (eg, 5Sum in
diameter)oll 9}3] stray lighto]l x@=nz A FAE
(lateral resolution)® 9], numerical aperture (NA) o]
& microscope objective (MO)EAHE3t] #&E 3% (axial
resolution), = optical sectioning ¥&& FFA7IAA 3D
el Ae B9 4 Uk 29 UbEIA ojAdle} Zaz
AE JAEE A$ NA=sin o7t 53, BE NA210Y 73
© CLSME EA4S 283 4% + dA "o @Y=
(resolution limit)= Z& $7E 7AXE F 2& F8% & 3
= F2RHAE (=d)2 Rayleigh criterione} 2j& Z A€,
Zw#e] incoherent microscopy? A% FEF  HAEE
d=0.61A/NAclx, CLSMY 4% d=0.464/NA=Z =
CLSM9 7% 32%7t & AAEE mith 9714 Ae 4
£35)2= golHe HFolil NAE numerical aperture®]th.
23%0] NA=1.4% objective® A& & o resolution limit
29l A4 d=044 4, AU A% d=033 4] @t

eI
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A1x+4) Confocal Image 3} A A} 4 #-4

Optical sectioning 53 Tt 33 JAEE FAE Hxg]
F7 (infinitely thin)& 7}2 ¢k& ZozHE uAl®ls do
E23¢o2ZA N £ Utk 71E29 duFdgMEe opt1cal
sectioning ¥ 8°] §lov CLSMY A4l in-focus® 2

25 8oy out-of-focus® @ AT FAF A WA
Hol #& Wgoz QAT 23 22 TEIE sectioning ¥
#HE 71AA Ech. CLSM whAlg RE=9l A9 FWHM (full
width half maximum)ell ¢s] FAISHE 4 (16)5 2ol AT},
4 (16) A n& AEo) FAUE immersion mediume] 23
& (refractive index) °©]X @& NA=nsina Z¥¥] T}
Fluorescence CLSM¢%! # $-&= FWHMe°| ¢ 50% AL Z7}8
ot 2 (16)e] FWHM<% dry objective$] 9 NA=095, oil
immersion?! A4 NA=14 AZ 9 g7 16% 3o A
g3 s dEdEd A (153 (1694 & F A: ANY
% Y=t NAd dulastzgt CLSM? 2$ 335 43
5.2 optical thickness= NAY ZAH oz dulddg. 32
Bgog gk oz JAy &7 s E NAZF o
objective & Al&3stojol &xgt NAZF 4% objective lens
o] ¥4 A=) (working distance) #4d= 2 2Q="4 dis
AES A Z3 wA9 279 AY F Hg AF FA
(maximum sample thickness)7} A gEct. A FArslet of
dzof g 53 (aberration) & T sot st Satd) g
8 =7 B A "ot CLSMS 4% o] 3= 33
WEo o RejFol 5Ws Jee FA o)

(16) FWHM=——>264

AMETaRg A8 G el AFECN 2D £ 3D 4
deg BietA sHed TsidEe FAL 47 98 AEF
(points) z+e] A7} F&3] Folop 3*ch. Nyquist rateo] 8l
S8 HYoA FF AFER AY We A AN 2ol
oA}, A=632nm, NA=1.3, M=40%] 2% §=006um°o] T}
W) HEZRE o)A sections Aol Ax §,= 4
(Bo# o] EHHY AEE° NA=nsing, A=632nm,
NA=13, n=15% %% §,=02lum7t b, 4 A7 18l A
¢+ AdE AX3 He-Ne #lo)XNg 2oz 3n, nZHH
objective W=} AE Lefo]l= Alolo] FHE AL oil
immersion (n=15)& Al43d Foj3 AEFTL 208 w I
(x-y %) &8 006 um 7+F o2, w3 4Z9 o] wakel 33
% 9goz 021um JFF02 2D GAL AL 4 A P&
o4 4 et

__ A
an 8h= 5T
(18) 5, = A

8mm%§y

4. CLSM 94223}

CLMS #9745t 98 dojd 2D slices F4< 3D 94
Aztst R 24 g A8 AR A dAd A4S 2D
slice o2 3= FRE 9L 5 oy, dojx 2D
slicesE extended focus method (EFM), auto-focus method
(AFM), surface profiling method (SPM) ¥ & #43le 2D
BdE ATHTOEZN 71E2] microscopelBE EilE 9
£3 9 3D #&o] 7Hgsltl. 2D discrete domain (°]4te )
AX ()7 lateral WFoz el o)aEeln YA Ko
2D slices FolAM kHA 2D slice® [ijk)d & o, EFM&

A BDAMAY FE2wgtos AMsAAN Z voxel 3D 4
@) g g8l 2D 94 IG,j)E T

AFM & 3 (8)3 ol & 8% 94X xy9 dsf 2D
slicesE& #2032 28R4 Ho voxel 22 o]Folx|=
I(ij) & =, AFME EFMAE ¥4 34 (profile)S
FAel 7188 4 glo] HiAlEsl ¥R HARE Ao
2" #2 FA% (stereo image pair)e 4& 4 Ut EFM
I} AFMY S¢es wrjo Hxg dxE F9 depth of
focus®E ZA FAATL 71€9 microscopy B £L 3%
WAL E FXA 3}k, AFMo] EFMES M8 % (contrast)e £
2 ubde] g (noise) AAstE WHY e EFMol #
gttt gE9 HHol #vstA ®EE A $ole EFM2
partially coherent imaging 54& RolA ®t}.

SPM2 & 8l A dAF $A) (i) disl BHoz
slaA Ao sA4e FE sliced ol (=k) = AES
ok gk @olvt k=1°1¥ 022, o] k=Ko|¥ 255 (8
bits?) ZA$) gray-value® ©t2Zdoldct  E8F pseudo
color 7oz SPMel 9% A#AE B7Zsriz ok =T
AFMel A dojzle g3 SPMoIA dojxe zloldl #& A
RE @7 &3l isometric projection WEE Ut}

3Dz #48d AR (morphological information)& )23}
37] 918 CLSM F333lel g8 Qo 2D slicesE ¥l
A Ayt e o8] ArAdEe. HEAQ dHoez Ay
Ao Azt Wy Al43lA Hi=d, 3D stereo pair (2H
)8 AFEHAA FAsY RUHNA t2Z#o]jo).
7} bt 7§ pixel shifting ““ﬁ:% o] &3+t viewing
angleg FAHOE right views $Z02 left views FZ9
Z 1 pixel =€ 2 pixelsE °]53BA EFM E& AFM 4
o oz 242 2HAeBE FH) e ZAEM =
Hede 2471 AaAe d¥tA A projection HH S °)&3HA
Hed, 929 dxoAM EAE T3 71FEstddl projection

= ——Eﬂ"fﬂi"‘c}* Tt} ol 2F 8o gt

CLSMell 913 #9435 <=2 3T3 mouse fibroblast cell&
Abg-3tgdtl o] Al X9 S-phasedll Al DNA %A (replication)7}t
23 Foel] BrduE #H7HSta anti-Brdu antibody® A%
A7l & single channel®lA] FITC (fluorescein isothiocyanate)
(3= Texas-red conjugated goat/sheep anti rat/mouse)Z ¥
2] (labelling) 3% Olympus CLSMd)| 23] CLSM dI4< &
Ak, HEZRE 05um AL 779 2D slicesE IJYn
AX AERRE de do AdozrE 7A9 1024x768
pixel 271 2D slice 94 €1 o] YHEL WO & down

sampling @ 512x384 pixelse] 771 slice 948 QY. ¥
v ATeRZRE 679 2D &olx FHE HAFED. 7
oA EtdEe & RELS 8 (nucleus)olz 3ol yte
L labelling® DNAC] siFati, #&sido) AA vehd
& ¢ (nucleoid)ol sj@&tk. ¥ 6& AFMe] o) &
512x384 pixels 7] 2HH% Aoz AT left
viewol I &lite] Qi FAHL right viewolt), ¥ 7€ lily
pollen AIE2REH 4L 4o 13 7(@)x A9 dde
22¥ F&% FFoz 30709 2D &tolx gAtelx, 1Y
7(b)e= 3D IHEEL 2D HALE projectiondte] & gF4to]
o},

5.@5’.5
D CL

r=

fo 4z -z 0.8,

LSM g3 7iee A, 39438, dxg 944
-—3 | %€ 7iEolE & 4 ded #Fsnz e A
9] 3D Az E 2oz I, YN =FHY At o
71% £4, 3D volume A, 2F 9 WY 3D 435 2
A, @38 3D A LdaHF Ade) = FAsHTL
Microseoplc fieldell Ko} €848 3 CLSM @78 FEo] o}y

_\bl' i ns‘,n _E
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FA %< 3

wofgt Fefo)t AW FE Bof @ A s BRAM A
g NZE 2 FAAE BAg B 3 23 7%
7bsetA 8 Frz gozm FudA CLSM %43
2% 2 8o 2A 848 T Adg
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Figure 1. Schematic diagram of confocal laser scanning microscopy
(CLSM): (a) basic principle; (b) optical sectioning nature which
rejectslights from out of focus region.
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Figure 2. Two-lens imaging system and its point spread function;
(a) imaging system where HS(xS,x) and HD(x,xD) are the impulse
responses of source and imaging optics, respectively; (b) PSFs of
CLSM (dashed line) and conventional imaging (solid line) systems.
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(plane of
aperture)

Figure 3. Diffraction imaging model to study the 3D distribution of
light intensity near geometrical focus O.
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Figure 4. Image intensity (or PSF) corresponding to a point
source near the focal plane: (top) contour maps for
conventional and CLSM imaging; (bottom) 2D image maps.
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Abzt2] Confocal Image @} AJA) 34} B4

Color Values
- 4085
3833
3583
3327
3871
2815
2559
2383

] ) . ] 2847
Figure 5. 2D slice images obtained by CLSM imaging ; - 5 131

1535
1279
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255
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where the upper left is the top slice and the lower right the
bottom one.

Figure 7. CLSM images obtained Trom Tly pollen: (a) 30
slice images, each having 200x200 pixels (top); (b) 2D

projection of 30 slices image in (a).

Figure 6. Left and right views of a stereo pair generated
from the images in Fig. 5.
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