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In this paper, we developed a frequency-domain diffuse optical tomography(DOT) system for non-invasively imaging in vivo.
The system uses near-infrared(NIR) light sources and detectors for which the photon propagation in human tissue is dominated
by scattering rather than by absorption. We present the experimental reconstruction images of absorption and scattering coefficients
using a liquid tissue phantom, and we obtain the location and shape of an anomaly which has different optical properties than
the phantom.
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(110.0113) Imaging through turbid media
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FIG. 1. Flowchart of inverse problem.
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(a) Schematic diagram of DOT system
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FIG. 2. The frequency-domain DOT system using Lock-in amplifier.
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FIG. 5. Liquid phantom for DOT system.

-20
-40 30 -20 100 0 10 20 30 40

ro
i

22 24 26 28

-0
40 30 20 40 0 10 20 30 40
EE——

22 24 26 28
-3

3

3.2
x10

(b) (0, 10)

x 10

(© (10, 10)

-20
40 230 20 00 10 20 30 40

0
40 A0 20 0 010 20 30 40

=}
n
wn
[}
M
wn

FIG. 6. Reconstruction images for each anomaly locations (X.y)

in the phantom.



138 SHatalA) A22d A3E, 20119 69

o] F 7HA] elof oJgt Ao g woEh A "R AY
AREEL A HE O] ARl AR Al 9 ARHA
Qato] 7191 4= Slom, & AR 2 AFoA A
€% 600um F ]9 B4d-8(Thorlabs, M21L02)7} 5
HAS 7= Aol 7|11k A o= webeny 19 72 A
AZA] mxgte g AAPY SeAs 2 ARASE A8
sto] Alg gl e Fall P53 vlolE et S Fal
g HolHE, a2tz RE ZF A&7 AL wE 1F 4
VgHste] 712 vehd Bl T2, oAl
e S5k 71&717F AlEdloldnt dA|sfof sk
ot kel Zho] g% Rt Auks HolFar Qlrk

53], XF defzolA a7t A AR AL =eld
I lom, ol= flolA AT F ¥A Ylol s APDE

0

AEABE ALEs Aol A Webe AE vt 34 %
ARFo.RH QB 2 ox7h AR A0 TR o

ok 2 279 50)E AL BHRE P& AHgeHs A
o2 Beto] JhsT AOR AAFEA, B =R ol
et ol Agsteck. 17 79 aZERE, ALE B

"ol HAS Dr)o] BEA N} tha W AT FHT
S qlom, of= A% W lyust TS BHYS o) AR
2 Wee] BAGTE SRR 2 o8 W 5 ok

O e TR RIEI e TSI
: : : Simulated
= ——easured

In{r"Amp)

25 : : ~

i 15 20 25 30 k=) 40
Distance [mm]
(a) amplitude

FE s FUTTRTII Y TR R
Simulated | :
Measured | : : -

It
th

Phase [deg]

10 14 20 25 30 38 40
Distance [mm]

(b) phase

FIG. 7. Amplitude and phase comparison between simulated
and measured data without anomaly.

7 =
mm' 02 BAZ F A B o|Hol gt FET Hlolg
= glo} BUATH =% dlolgel thA] wlwat A Te)zo)
o, B4 Aol H|glo] 1L 7]&7]9] Ajexprt Rz
9 -40%ON A 27%C.2, AAFe] HL- 13%A -1%oR
Fod éx%gl-q] B} 2343 AL 3ol & 4= 9} o
q

i‘ N
X B
ol
ot
H%
3o
it
=
L
S
32
é
ox
ot
o
o
o
et
o,
:{o
4

N oox
[
Ry
|
™
N
1o
ox
u)
T lo
Ni
ot E
tlo
o
)
s
lo
fu
O
>,
olN
N
3

T
IO =i -2
: o |0 A
ORLIEE2
OF R
5
of 2 l‘ﬁ_
<
_>|:
4>
5
1o
f
ox
o
o
RS
&
()
€

=)
n&‘i;mlo
o
énﬂ
B2
N
fig
o_\Q
(]
§l:t1
e,
lo 32
(Y
o |
S
[\S)
S
>
Ho

Oﬂ/ﬂ EO:I? 2t

WL&&%
ey A

ot

ol
e sl f‘&% a9 9D ©f
|

O o
==
rg
|o

of
o
filo
)
iu)
=
o K
§9
lo
_EL
5

Z1o]o] o] gE o]

1?4 S Hstol ¥13 ke 2ol ol o
¥ 5 ok

20 oo fr oo dr Mz © N
ok
m]o
HU_&

Simulated | ;

= =Measured |:

In(r-Amp)

a5 i ; H L L i
10 15 20 25 30 35 40
Distance [mm]

(a) amplitude
'z .

Simulated
———Maasured | :

[
3]

Phase [deg]

10 14 20 25 i 35 40
Distance [mm]

(b) phase

FIG. 8. Amplitude and phase comparison after p, correction.



5 L =
S5 = o B
N -
-

p i)
0 30 20 0 0 10 20 3 40 D W 20 0 0 10 2 3 4

35 4

=
in

0z 0.3 0.4 0s 06

!
H

(@) (-10, 10)

] =
o o o o
l
l

-AIJ 30 20 0 0 10 20 30 40 -AEI 30 20 00 0 10 20 3040

!
H

3.5 4

s
o

0z 0.3 0.4 05

=
=,

(b) (0, 10)

!

ra

0 - =20
-0 30 20 10 0 10 20 30 40 -0 30 20 100 0 10 20 30 40

5
H

34 36 38 4 42 44 0z 03 0.4 0s 06
3
® 10

(c) (10, 10)

-10

n m-‘:
S
o

-20 -20
40 -30 220 <10 0O 10 20 30 40 -0 -30 20 10 0 10 20 30 40

]
H

4 4.5 5 0.2 0.4 06 08 1
x 10

(d (-10, 15)

EQF
lm-;

=20 -20
-0 30 20 -0 0O 10 20 30 40 -40 -30 20 <10 0 10 20 30 40

4 45 5 02 0.4 06 [i] 1
%10

(© (0, 15)

8
H

s
-

=20 -20
40 30 20 0 0 10 20 30 40 40 30 20 10 0 10 20 30 40

[ [
35 ] 15 0z 04 0B 08 1
i
(® (10, 15)

FIG. 9. Reconstruction images after initial [, correction.

g AzE — AGA - 2 139

o — -

v E

B oM Fu4:900] DOT AlAwle Faste] o

T R S
HoA A o el B2 A Sl 0
B A BEE AYHE FAS D bS] Gt A
A A2k W Aol Ag] FoA 54 B B B
Ao G 0l 5 glon], o|F Bkl AL G4
=olA] Yoba S4o) that 27 olZ5gke] A Ha nyo]
23, olelst Ave ok ANE FHS 5T & 9

83}o] 14

2 Bk B E=RojA 13 DOT A|AE-S o]{3}

o] Az A&sto gy Aoz o]ggHo =
51013} ES %Qigttl %xﬂ ;\]/\al_q =7 crlOﬂo] x%x}xLx]E
of 23t 93k Hrl= FLAF O] Zﬂoﬂ ARE-= APD2] NEP
of ol 52 FYo] F= At st

2 =2oA= Xﬂx—m A ESEIES 74*01] A= 7ol 3
I FhSol AR R FUT &
@ T-=(reflection geometry) ] S5 3537 w2l &
A FAPoA AEAo] thA e 753](_3__ H9ou s
HE ALHE vl Wels) Fasel ASHE FaE
7} A2 uERE YIS 7IXE E3g FZ(transmission
geometry) E+= ¥5d F-X(cylindrical geometry)?] S4-S
2533t Ao WU} =0 TG spx| GJAFELlo]| Fl=t
Aoz slYgc

o] 7= 20049 Fojristal A-rH|A| o] 2%t At
QJ(KHU-20040079).

References

1. D. A. Boas, D. H. Brooks, E. L. Miller, C. A. DiMarzio,
M. Kilmer, R. J. Gaudette, and Q. Zhang, “Imaging the
body with diffuse optical tomography,” IEEE Sig. Proc. Mag.
18, 57-75 (2001).

2. T. Durduran, R. Choe, W. B. Baker, and A. G. Yodh,
“Diffuse optics for tissue monitoring and tomography,”
Rep. Prog. Phys. 73, 076701 (2010).

3. R. Choe, “Diffuse optical tomography and spectroscopy
of breast cancer and fetal brain,” Ph. D. Thesis, University
of Pennsylvania, Pennsylvania (2005), pp. 81-87.

4. Y. S. Jun and W. S. Baek, “Experimental reconstruction
images of tissue phantom by diffuse optical tomography,”
J. Phys.: Conf. Ser. 224, 012146 (2010).

5. K D. Paulsen and H. Jiang, “Spatially varying optical
property reconstruction using a finite element diffusion
equation approximation,” Med. Phys. 22, 691-701 (1995).



140 3h=33sts|A] A22d A3E, 2011 69

6. H. Jiang, K. D. Paulsen, U. L. Osterberg, B. W. Pogue,

and M. S. Patterson, “Optical image reconstruction using
frequency-domain data: simulations and experiments,” J.
Opt. Soc. Am. A 13, 253-266 (1996).

. M. Schweiger, S. R. Arridge, M. Hiraoka, and D. T.
Delpy, “The finite element method for the propagation of
light in scattering media: boundary and source conditions,”
Med. Phys. 22, 1779-1792 (1995).

. M. Schweiger and S. R. Arridge, “The finite element
method for the propagation of light in scattering media:

10.

frequency domain case,” Med. Phys. 24, 895-902 (1997).

. H. Dehghani, M. E. Eames, P. K. Yalavarthy, S. C. Davis,

S. Srinivasan, C. M. Carpenter, B. W. Pogue, and K. D.
Paulsen, “Near infrared optical tomography using NIRFAST:
algorithm for numerical model and image reconstruction,”
Commun. Numer. Meth. Engng. 25, 711-732 (2009).

H. G. van Staveren, C. J. M. Moes, J. van Marle, S. A.
Prahl, and M. J. C. van Gemert, “Light scattering in
Intralipid-10% in the wavelength range of 400-1100 nm,”
Appl. Opt. 30, 4507-4514 (1991).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


