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UNANYRANWIDINE

Optical coherence tomography or OCT is an emerging technology that is capable of
non-invasive and non-destructive three dimensional imaging of samples at high resolution
and high speed. To date, OCT has found many applications, including biomedical, biology,
agriculture, and material metrology. Especially, OCT has been intensively used in the field of
ophthalmology to monitoring and diagnosis of retinal pathology in its early stages, in which it
can be properly treated. In many developed countries in North America, Europe, and Asia,
OCT becomes a common diagnostic tool in both hospital and clinic levels.

This project aims to develop an OCT prototype and develop knowledge on design,
implementation, and characterization of a high performance OCT system. The system will be
designed and built for better performance than most commercial OCT system but at much
lower. The developed prototype will be available for other researchers, aiming for but not
limited to biomedical research fields, to conduct experiments and/or collect data for their
research in the form of collaboration with the development team. The laboratory will also
be used to train students and other researchers in related fields. We believe that this kind of
research and practice will lead to self-sufficient and sustainable science and technology

development of the country.
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2.1 NSNUNIUTIUNTTU (reviewed literature)

[

Optical Coherence Tomography (OCT) ﬁalﬁ’jﬁLﬂuLwﬂiuiaﬁlmajﬁgﬂﬁﬂﬁusﬁuiuﬂ A,
1991 Taefiutnisoves MIT Fetirfiulaeg James Fujimoto [1] OCT Wumadineinisaignin
ANYIN (tomography) lagendeaniaudi low temporal coherence Y09AAULATITYI9AINET7
AAuLUUNa (broadband light source) [7] Tuilaqsiu OCT I¢¥unsiauiagiasing wazleign
UluUszenaldluauaium1eg a819unsvae Wy aun1sunnd[8-10] AMugiinea[11-13] fu
Imnsauilewde [14] wogdrunsmeaeunuantivesian [15, 16] sy

n&nn1svi1emes OCT anunsneduiglasduayUlddsd uasmin broadband laser 9ggn
Sudsadngszuunisunsnasnvesuas dalagiluazidussuuunsnasnuuulaueadu (Michelson
interferometer) luszuuuwnsnaenuadliaadu wasainunasinidnazgnuuteosniluassdu dm
usnifuuasenads (reference beam) B9azgnazioundusienszan (reference mirror) waraIADS
solufgunsainsrainmnuiduuas (photodetector) ovinavassyuuunsnaen wasdufiaedas
gnlifashelaudludsfedsiidosnsdngnin FuaudiifientuifegimiilunsSudyead
avvieunduunInEaegns (backscattering lisht) Jafnainarullasiniauevesrduiinmuesuad
fuvtlasngg Tutusets (refractive index variation) WaNAEIOUNGIDE 1NILNUNITNADANTULEN
$1989 Tnennsidousunisvainsganly reference arm Wuszoeneiidosnisia aminwanaves
fogaaiennuenUagaiuandistuvesnisazieuiinnudneieg 91niavesdiaogna [17] szuy
OCT #fin1saunuues reference beam wuu# 13801 Time Domain OCT (TD-OCT) Fsiidosialy
AUYBIANITITUNNTENBAN

Tunandesn ldfinsinerausifsafunsunsnaenlulammanad 18] iUszgndldiv
OCT 138111 Frequency Domain OCT (FD-OCT) %30 Spectral Domain OCT (SD-OCT) [19] FD-
OCT FufinArdnyaau spectral interference Mo dwnyes interferometer Fsilgaiuifo aula
siodyIu wavAuEIveansTa esanldfeaiinisaunuves reference beam Snsaly [20-22]
FD-OCT #5130 mAnua1998siiog9lnegn1sateasawosvin broadband Tilunnnsenuasuuin

19813 (sample) karindey1ad spectral interference Sy NAYYIUNFLYOUNIINFIDY 1AL

=

LaI9198e Faunsainlalaelvaualasiimesideuas (optical spectrometer) ailnunluniunng
wlasuusesudagladyaandadululawuiiug (spatial domain) Mifsulaiuainuanuisaly

N1aEDUNTZAUAINNENA99 (depth-resolved reflectivity profile) AMelaNuRITDIF 19819 1D
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Usgnaunumsawnuatadlunuivuiuduiiuiifiegne (lateral scan) waa Aza1u1saasie
AMARYNSlULUY 2 AR wavaudifle [17]

SvUU OCT Mogiamniunlulasinist Wussuuidindnmsyeuuuy FD-OCT fadusyuy
fadenminunwesietalnenisaneuas broadband laser fimnueaaulugae near infrared
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2.2 350150 HUN578

Tudruvedlasinisgestl  WUNNITNLUULAZASIISEUUAEAWALRALUY OCT Tusyeu
% a wa A v dy I3 [ o Qy 1 1 1 49( < '3 1
WesljiRn1g Tneszuuiaiaduduludnyazreimsidudiugesnne ulsenauduluguniaiue

ardiuvesszuy lnauuslidu 6 daundne loun

1) wasnLtaLas (Light source)

2) JPUULNINEBALE (Interferometer)

3) JPUUINN18AW (Sample probe)

a4) %UUWL%miﬂizmEJL%QWJ’]@J?]"UENLLN (Dispersion compensator)
5) FEUURUUNTIUAY0U spectral interference

6  szuumsufiamesuazreriniiiiensUszinanateya

FelswaLdunUBILaralIufIna LU

1) Laenilaas (Lisht source)

wasiudauasiidontdlulasinistiiluaiia superluminescent diode %3® SLD Tadduyu
fdlalisuniu broadband laser ¥indue wardsndliuszansnmiiiesweananisaisnn OCT lng
lpeanuuuszuukasimunnuautivetraniawadiainsooenmdarng 3 48 ffany

avlBuALTeaN (depth resolution) agnuszanaiesnin 10 lulasiimes



2) SEUULNINdaaLLa (Interferometer)

szuuwnsnaaaasiidantiidussvuwnsnaaanuulieadululoniivwas  Iegld  Fiber

coupler wuugasBunAdanaIiNg (2x2) viwmthilu beam splitter  uasINUMaILTinazgn

adsndivaneiuviivedunn  ntuiaggnuenseniluaesdiuiiondng  wasdiunivegn
diealuds Reference arm vedsyuu wagBnadrunmisavgnandesludassuuiaenin 3 A7

Sample arm sl laviinsiUeuisuUseAnsnnYesE UUNORTIEIUNSUUNEILESEDIAT A
50/50 Wway 90/10 LWeuens1dIuiiunzauiun1Ia18nINYeIsiig19tiinmee A FINUINTEUY
IUlFATNIRIIEIUNTWUIEES 50/50

A VBINTEBNRULLAZAT s UUMMINaDawas lulaumuashaniseaniuuly

e{' a ¥ o L v 9 vy A P
szgrmabasAumslulouiatineaves Sample arm uag Reference arm ssfiulvideeigaiiioan
dispersion mismatch lussuu@sdamansenusionuazdenlun1sanenn Bnvisieedin1sAluauln
anlswduvesnanieliliussdvannlunsunsnaenasian  edwmalaenswoniubilunisnsiaiu

ARYEUIVDITTUU (system sensitivity)

3) SEUUTINIEAIN (Sample probe)

szuuIaen Uszneulusme lilluesaeaduines (fiber collimator) SzUUALNUA LAY
i waziauddnsunmshilfaduadluidhesis (focusing optics) Tneidenldssutaunuaiuas wuu
galvanometer mirror SsmuANNTIUMETZUUADLTALADS Iﬂamiﬂauﬁ’@@mgﬂﬂﬁ'uﬁﬁaﬂms
A szuvaunuduas  /Wugunsalulasdyanaanidnealiilusunden  (Analog-to-Digital
Converter wio ADC) Fwiladdnyuainiseeniuuiisen nden1sdasduas (alignment) wie
ammmﬁmLﬁawaqgumemmimmué’%m (distortion) Sﬂﬁu'aé’aqﬁmsmuammmL%fasuaams
aunuaasligennasaiuaasalunsiuiindaas (synchronization)  Ieewiuniseenwuuls

spuvansnviunanuslunsaenwgeaauaglilanuRafieuvesgULuUNSARLN U IEn

a) IPUUTALIBIA1IATZANELTIALAVBILES (Dispersion compensator)

Dispersion mismatch luszuugtenmiuy OCT udiiiestiesdn Aeradwwalinnuaziden
YOINTAWNINANAIDEIUIN  SULawe  dispersion  Jedimudndueiann  szuvvaLe
dispersion Ingannazgnaidliil Reference arm ¥BasEUUUMINABALGS Tulasenst eenuuy
uAzAs195EULIALYE dispersion WUU Fourier domain optical delay-line (FDODL) dsldudnnnsves
optical Fourier transform Tun1swawe dispersion mismatch Runfiintulussuy 89 FDODL i
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5) IEUULUUNTIUAAN spectral interference

[ o <

AnuLsaIlunseTIadukayduiindeyeyias Spectral interference Wudiulazmuunaimng

Tuntsanen weeeseuy FD-OCT Magasnadu Tulassnstsnlassuvalalnsiwmasnnauiduludn
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6  szuumsufiumeiuarveniniiilensuszinanateya

fhesuumsiieam 3 T3 Amnufige Sududesdinmstuiinuasdidedeyadiuauunn
MnawalasiinesludsmeufinmeiiionsUsznana  Aoufiumesilidefeadinhomudfiieme
TunsUssananatoyn  adssvugoriuasililunismuaunafuioyauasnisussnanadyyio
MADAAUTEUU  Graphic  User Interface ﬁm%mzwﬁuLLUUIﬁQﬂﬁwuﬂﬁuﬂﬂaiﬁizuuiﬂiuﬂsu

Labview
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3.1  N1992NLUUTEUU

szuunuwuulaesulagnesnuuunglimannisvesseuuwnsnaenwuulunadulagldseuule
) Id o A (% q" 13 vl 1 Y Y] % =)
withuasdussuvadeuasisanddusudn 3.1 nswiuesnwuussuulvlianundesn vivady i
eIl sRUAzIouEaY warneealdaunuiifan laedeinisiilaseuuniiusednsames
! v A o oA A Y] a a a o & I o a A A v
ninlusununsnIdleieuiuiesouanndive Nturasnlanasnidenldiduwuy
Superluminescent Diode %30 SLD ¥83uU3®M Superlum, Inc., Ireland &Slilasd9nT19589ig
800-900 wilufiwes laeiinnuenirdwade 840 ululwes aunsaluusauaniu Fiber coupler
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SE8EAIENUY F9i

szovd 1 (L. 55 — .. 56)

mssniunulussezusnt Wunsndaswadimdng  vesszuu dddud  unasiuiaug
FTUUUNTNADALAY Szuumaienmwuy 1 4 (finsuanuaiuas) wazssuuniaindyanadas
WU 1 87 (asntedanamsunsnaenldiias 1 ainnsu) militenaaeuaudululfuesssuuly
Jowhy uanilefunsinduindnufsnafeliduiasiunisinne wasuiuidsussuubouas 1
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ungn FIUNANITANRUIUA ARSI gﬂ‘vl 3.2
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szavd 2 (Gla. 56 — a0, 56)

Tuszeeil 2 svuuimenmldgnuivusliaansodenmimunauy 2 53l Tasannsa
denwldvualngfigado 10 mm x 10 mm Ssluwadl fAdeldZuimuesiundiionisinde
uild (Graphic User Interface, GUI) saufiaimulusunsulu Labview LﬁamU@umsmamwmz
Uszananatoyanminunauuy 2 37 fauanduguil 3.3 felutumeud szuvanansadienmingng
Idwuuiay 1w feauiszina 3 nweedundl dmnuaziBenvesnmitaeldegiiuszanm

20 lulasimas

72

JUN 3.3 syuuausuusEauiesluRnsseey

Seedl 3 (W, 56 — f.e. 57)

Tussezgavinevesmetafuuuud - Adeldiudsafiofulssavinmiunnuanden
yosmstenmyesszuulnemsAsuaudden  Sedennitldamsadienmlfyuuesniis
niufsnanain tuderdu 30 mm x 30 mm wagls Lateral resolution 7 15 luaseu ludiuves
AuazBendadn  (depth  resolution)  AlFFuMsUFuUTlaenIseoNRUULAZAS19TZUUTALYY
dispersion bUU Fourier domain optical delay line (FD-ODL) 159 Reference arm vosszUY F9wh
19l# Depth resolution #iRTuINMANELH 20 Tuaseu wudu 10 luasou Feduiddunnifudy
Wi uenaniinda sruumuaumstenmAldgniauliiauifisdy suansomenimuuy
2 fdldinnudssna 50 ameedund Bndts IfindaenuanansovessruvaLN U uaaY

suutufindananiionsdreninwuu 3 JRldBnsne Tngldalunisiivdoya 3 88 1 g0 Tunan

Wigg 10 U7
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Fourier-domain
Beam .
optical delay-line 1 CMOS line sensor

steering
(FD-ODL) e

UnTNaan

JUT 3.4 szuudumuusEauiesUURnnsTsesn 3

3.3 N15M5298aUUSEaNSATNVRISZUY

3.3.1 A5 ENYDINI5018AIMIULYITIU (Lateral Resolution)

A15IAT lateral resolution @11150%1bAAINATTABAN target (Positive 1951 USAF Test

Target) %991n5UN 3.5(a) Resolution target zuvseanidu Group Number Wag Element R Group

Y

<

Number 9zdld15e1319 -2 81 7 Inataviidaosazidu Group flwgfign uaz Group Number az1du

% @ @

Waviiuynves Element A7 1 89 6 lagdaavdauin au1nAuN119204 line pair (Manefisuauun?

;
£ =

M) LANAT Lazaunn lp/mm wunTy Fadelaninaieves resolution target wad Auddelavinnns

T gray value vauaulln waskavaing Faglaaaslugui 3.6 a1nAuduiusues gray value

LAZALAUIUDILAUIAATINT A1U1DVINNNSAIUIUAT %contrast 1 AaANNTT

I =
Moontrast = /= = 100
I +1_.

max ML

INUUUIAT %contrast VBILAUVINAIN WHaLAMNUD UINanns N MTF Tamnudunuse
nsmuanslugun 3.5(0
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USAF test target. (b) nwangauiinves Test target (c-e) N1NYas Test target lngsyuuos

nauuudgninildlunismeuazndonnsin MTF Tu (),
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d‘ Y A 1

9198 Tun1sna1sadn lateral resolution A¥NANTUINA 20% contrast F9INToUANLA ABAN

Y

-

line-pairs per millimeter AYINAU 32 line-pairs f3tuAT lateral resolution AdAINA

lateral lution = Lmm =156
ateral resolution = %32 line 1 pm

332 nITaoULIgUaLNARNILMLIAN (Depth scale calibration method)

nsmawIaves depth pixel anunsavildlaenisinsdumisues PSF vasanadudildann
1591 Fast Fourier Transform (FFT) vasdyqnaunsnaendsanady fivuiinannssezanudni
wansnafulpgliinmsimunsyezaudnldednudugranmsusulilasimes anturihniswasan
sldtevennudiiussenin dunses PSF wazsvezanlalasiined duanduguil 37 i
MANTALEITIS AN saMmALE LTS SEI1e ks (RuauRniea) fusnuuew (SxeEmnny

[

widn) lansaunis ¥ = 309.264x + 11.063 Gy Jegnunsamvuinves pixel 2nAIANTUYOS

vo &
nsleeadl
- g 1 .
depth scale(pixel) = mixel "3 um/pixel
309.264( )
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6004 e
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& 500 =
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3004
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333  @muszdenvenIsa1enIwluuuIdn (Depth Resolution)

M591#1 depth resolution @115afi15aléaInA1 FWHM a3 PSF fildannnsindauans
hgﬂﬁ 3.8 Felunmsnpaosaunsatad FWHM 1wy 4.7 pixel siatfu aanen depth scale #i3ald
Fr98u Feanunsas el depth resolution vasszuuguwuulidu 4.7 pixel * 3 um/pixel 1y
Ao agliAn depth resolution szuuAukuy  14.1 um Tueinie useUszanad 10 um Tudeeng

a
YINTIN

Mo 30 30 4o 4do 0 s o e Mo 70 w0

Time

(33
2 1.004——4 a1
3 ml
g 07 ‘ "‘ |

U.7949 T ! — 1T— T
g | } Il FWHN1
'g 0.504 ! i Q !
= | " [ |
@ 025 WS LA A 3
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2 0,004ttt el
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Mirror displacement, mm

gﬂ‘ﬁ 3.8 N13M1A1 depth resolution

334  AINANgIgaYesnIsaIenIW (Imaging Depth)

MIMAIAILANYDINITANEAIN  d1UTAMLARINAUAUNUSTENINANGWDS PSF uae
SzezAudn (@1nnsdsuiuiienszanludgede) Faneuduiuslunsvl azanunsam
ATUENTBINITAENINAAINNITAANTUIAINGIVDS PSF fiflfnanas 10 dB vie 10 WinveandmEs
ngAves PSF (fesnndtesnin 10 dB arldanunsausnsewinsdaaaiidosnisuasdunio

sunula) FRNnnIseuFURNUSAILITaVIAIAMUANYRINTaNEANIeINAU 2 mm (uainie)
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JUT 3.13 nARTIeYBTadwAslun TR uANANANIUNaglag SEUURULUY

3.5  NISHNELNINAIIUIYVDILATING

115U LaUaHANUIUNTUTEYB RN

1) dnausnandTelunsusssudaivinisseAuuunei@ SPIE Photonics West 2014 Tuiide
“Simplified methods of design, implementation, and characterization of a
spectrometer-based FD-OCT” @ 1ile4 San Francisco Useinaansgaining sewinedudl 16
NUAUS W.A. 2557

2) davaraiwIdelun1sussyuivnig Siam Physics Congress 2013 (SPC2013) Tute
Spectral Domain Optical Tomography Techniques for Nondestructive Metrology of

Layered Materials” qu 9. Jedlvial sewinadudi 21-23 flunay w.a. 2556
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NAUANLWIW Full-Paper Conference Proceeding (inaazlﬁmmamﬂumﬂ N3N )

1)

Panomsak Meemon ; Kunakorn Palawong and Pornthep Pongchalee "Simplified
methods of design, implementation, and characterization of a spectrometer-based
FD-OCT", Proc. SPIE 8949: Three-Dimensional and Multidimensional Microscopy:
Image  Acquisiton  and  Processing XX/, 89491) (March 12, 2014)
doi:10.1117/12.2036517,

http://dx.doi.org/10.1117/12.2036517

HANUATIUNIYITASWAYINTT (@5 18aBunnanulun1a N n)

1) Panomsak Meemon “Development of High Speed 3D Tomographic Microscope for

Non-invasive Monitoring of Biological Samples”, INTERNATIONAL JOURNAL OF
APPLIED BIOMEDICAL ENGINEERING 6, 26-31 (2013).
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4.1  AUTINHANUITY

Tutlagiu szuudienmiBiasanudfvin OCT lawuniunuivlunuidenenugyine,
Lardamsunnduniudes s‘z’iaﬁﬂﬂgimiﬁ@uu’nmﬁﬂimﬂ Tunisnsiafnniunaziiadeainy
Anunfldlusveziun Tulssmelnasdu Smedidermgmeiuioginn sufnisaunauwedos
OCT fifivszavsnmlusziuaide Tassnmsideiiqnsmnevdnie mefauduuuuszuudenin
awfiiiBauadusziuiesl fonns Ailuszansamgaitsuinlusefuana uildununisuandien
ninedesiifgluiomarnnitaminin Tnemsisedululudnvassesnsiauosdarmiiue
N1309NLUUTEUUTMEN TUaudanisasiloasnszuuluseaunesujURnig i viesuURnisidaunas
yasavivIvaluladiaweskaglnneuing uninerdowmaluladasuns wazdisiudnisesnwuy
FBsmeasauaziiudoyaiiionsasisaeulstanBanmesszuulaeu swdammeasdddnussuy
e U158 NARYINANTRVOIRIDENNINTINNSTARIL)

fiadl szuuduuuuiiiaundy aunsodienmluyuuesaufifléfianuazBenideaudn
(depth resolution) Tusgau 10 lulasiimes (Meuwiidu 1/100 vesdadiines) LavAaiuazideniu

W5zUU (lateral resolution) Wiy 15 lulasiiwes Fedaiduminuazdeaivinisudiuseuy OCT

v '
< o aad

Tuseauldamndvd ag19lsAnu szuuAuLUURRRUITUTAa1uS Tunsaen waudATmTandn

'
Y v A a

FEUUTIAYENIngD TuReaunsadienmanfiinauiiggaia 50 nmeeiund Faaunse
A18N NAINTRVDIFIDE1TININVUIA 30 mm x 30 mm x 2 mm tanreluaiuszaa 10 3w
Wt
v aM Y Y] ] va 1Y a 2 )

sEUURURUUTLE dsansnsaimuisslulaenlusiuresniuazden A11u57 wasiendunis

Tduluowias Fenindnagaiuisadrsusuunlaluussendlunis@nyIden1edin wineivesla
a S a = O A v ¢ ¢ & v o Y] ya a

917 M98 Manaluladinunsnaiswazdnd wazn1anisunnd Wuau Fadaqgdulasuda
Tonaliinideainaividug islunazuonuniinerdeladvutazindieg 1 nnassaeU1aan
pgnslsinu OCT Feioindumaluladludlulsemealne nsianudymiuaimuazn1sinse

av Yo a

Toyailadadasendunistindunasiseuisiuiusenindiiifedimunssuuuasiutdnideanaiguen

Y
Tuanv3v1dus Nresnsldauszuusioly Ml OCT ddalaTsumaiianisatonmdus Tuwives
ANEEAIN TIL5I0INTANEN N TTuneulunisimisuiegranlddudeu wagamnsaatenway

Y 1 d'

ARvef0819nTT 30 o laeliiAnounsiensonat1aAes (Non-destructive and non-invasive) 34
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ABSTRACT

In this work, we report simple opfical design of a high speed and high spectral resolution spectrometer based on the first
order calculation. The spectrometer was design and optimized for high speed detection of speciral interference signal to be
used as a detection unit of our developed Frequency Domain Optical Coherence Tomography (FD-OCT). We then
detailed the hardware implementation of both the spectrometer and the FD-OCT system in our laboratory at Suranaree
University of Technology, Thailand, by utilizing only off-the-shelf optical components. The spectrometer is capable of
capturing of the spectral inferference fringes at up fo the camera limit of 130,000 spectra per second. enabling cross-
sectional microscopic imaging of biological sample of more than 100 frames per second (for a 1000 depth scans per
frame). In addition. we reported several simple yet robust techmiques for characterization of the system performance in the
context of FD-OCT 3D imagmng. such as an effective lateral resolufion, depth scale calibration. and depth penetration
limit. The development of this high speed and high resolution spectrometer is part of our ultimate goal to develop a
prototype of a research-grade FD-OCT system that provides better imaging speed and resolution in comparing to available
commercial OCT systems at relatively lower cost. The design of low-cost, high performance FD-OCT system would make
the technology widely accessible to other researchers in the field of biomedical research and related areas in Thailand in
the next few years.

Kevwords: optical coherence tomography, spectrometer design. characterization. MTF measurement, calibration

1. INTRODUCTION

Optical coherence tomography (OCT) [1] is a mmltidimensional ranging techniques that based on low-coherence
mterferometry (LCI). OCT takes advantage of the short coherence length of broadband light sources, which 1s in the
order of microns, to achieve precise depth sectioning over about 1-2 mm depth in biological samples. OCT reconstructs
sample structure from interference between a reference light and backscattered light from the sample and hence is
capable of detection of even small fraction of backscattered light down to 10 [2]. One technique in particular that push
forward the advancement of OCT is the so called frequency domain optical coherence tomography (FD-OCT) [3]. FD-
OCT records spectral interference fringes at the output of an interferometer, mostly Michelson interferometer, and then
Fourer transforms to obtain depth-resolved reflectivity profile along the incident beam path (1.e. axial scan. or A-scan)
beneath the surface of a semi-transparent sample. In addition, two-dimensional (2D) and three-dimensional (3D) image
can be obtained by scanning of the laser beam across the sample’s surface (B-scan) allows nondestructive 2D and 3D
reconstruction of sample microstructure. The main advantage 1s that FD-OCT obtained the whole depth profile at once.
Therefore, its imaging speed is dramatically improved over the conventional Time-Domain OCT.

However, there are several challenges in FD-OCT. First, the technique possesses an auto correlation noise and
complex conjugate image (or mirror image) [4, 5]. Because of the existence of the mirror image. only half of the number
of pixels of the detected spectral interference signal carries unique information. Second, the motion of the sample causes
blur effect so called the “fringe washout’ or “fringe averaging’ [6]. The fringe washout may linut the imaging depth of
the FD-OCT system. To aveid the fringe washout, a short exposure time is demanded, which may limit the system
sensitivity and image contrast. Third, for a given source bandwidth, the axial depth range (i.e. the maximum imaging
depth) is determined by the spectral resolution of the system. Therefore, it is obwvious that the optimization of the spectral
detection unit in FD-OCT, e.g. spectrometer, is critical to obtain a high performance FD-OCT system.

In this paper, we report the development of a spectrometer-based FD-OCT system at Suranaree University of
Technology, Thailand. The spectrometer was design and optimized for high spectral resolution and high speed detection
of spectral interference signal aiming for 3D imagmg of biological samples. Moreover, we detail the hardware
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implementation of the system in our laboratory by utilizing only off-the-shelf optical components. The current
spectrometer sefup was used for high speed capturing of the spectral interference fringes at up to the camera limit of
1300,000 spectra per second, enabling cross-sectional microscopic imaging of biological sample of more than 100 frames
per second (for up to 1000 depth scans per frame). In addition. we report several simple yet robust techniques for
characterization of the system performance through the FD-OCT imaging. Finally, several example of 3D imaging of
biological samples will be demonstrated.

2. EXPERIMENTAL METHODS
2.1 Spectrometer Design and Implementation

In this work, we chose a broadband super-luminescent diode (SLD) at around 800 nm wavelength region as a hight
source. The 800 wavelength region has advantage of providing high axial resolufion at relative narrower spectral
bandwidth as compared with those around 1000 nm and 1300 nm [4]. The spectrometer was designed to cover the full
spectral width of an SLD light source (S-840-B-I-20, Superlum, Inc.. Ireland). having a central wavelength of 840 nm
and a full spectral range of about 90 nm with about 50 nm full width at half maximum (FWHM). A detector was a
CMOS-based line-array sensor (spL4096-70km. Basler Vision Techmologies, Germany). The line sensor consists of
4,096 elements (pixels), having a size of 10 pm = 10 pm per pixel In this design, we aimed for the maximum imaging
depth of up to 1.5 mm in tissue (i.e about 2.0 mm in air). The required effective spectral resolution for the aimed imaging
depth in biological sample was computed to be about 0.063 nm as computed by using

1A
Fmax = 4 52

where ng 15 the group refractive mmdex of a sample (e.g. about 1.3 - 1 4 for most biological samples), 54 15 an effective
spectral resolution or spectral line-width, which is determined by either the pixel size of the sensor or an optical
resolution of the focusing optics of the spectrometer, whichever is larger [4. 7]

To achieve high spectral resolution, a reflective grating with a groove density of 1200 lines/mm. corresponding with
a grating spacing of 0.83 um. was chosen for the targeted spectral width of the light source. An angular dispersion was
approximately about 0.1 radian or approximately 6 degrees. A commercially available large beam collimator (F§10APC-
842, Thorlabs) was used, which produced an incident foot-print of size about 8 mm on the grating surface. For these
given parameters at hand, the focusing lens was chosen by considering a diffraction limit focus spot at the detector, 1e.
Ax = 1.22AF /D Base on this approach, the focus spot of less than 10 um (ie a size of 1 pixel of the sensor) will
require a lens focal length of shorter than 78 mm. This will lead to a dispersion of the focal point. ie. the separation
distance between the focus spot of the shortest and longest wavelengths of the source spectrum, of approximately 7 mm.
which covers about 700 pixels of the CMOS line-sensor and gives a theoretical spectral resolution of 0.06 nm.
Nevertheless, without losing the spectral resolution, the number of the illuminated sensor pixels was double and hence
doubling the required focal length of the spectrometer lens fo about 150 mm. The use of a long focal length and hence
low numerical aperiure (NA) focusing lens would lead to less aberration on ifs focusing spot and loosen alignment
constraint. The spectral resolution of an implemented spectrometer was expected to be broader than the theoretical value,
accounting for aberration of the lens. The effective spectral resolution of the spectrometer governs the sensitivity fall-off
characteristics of FD-OCT [8. 9].

22 FD-OCT Implementation

The system layout of the implemented spectrometer-based FD-OCT is shown in Fig. 1. The light source is a super
luminescent diode (SLD) that emits a broad spectral light, expanding from 800 — 900 nm output wavelength. A 2x2 fiber
coupler was used as a beam splitter (1.e. 50/50 power split ratio) in a fiber-based Michelson interferometer configuration.
One port of the coupler was delivered a portion of light to the reference arm. consisting of an achromatic collimator, a
dispersion compensator, and a silver coated mirror. The reference beam was then coupled back to the same fiber port and
delivered to the detector. The other port of the coupler was connected to the sample arm optics, consisting of a
collimator. a two axes galvanometer beam steering. an objective lens. and a sample holder. The backscattered light from
a sample was then collected back by the same objective lens. coupled back to the fiber port, and delivered to the detector.
At an output port of the coupler that connected to the spectrometer, interferences between light reflected from the
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reference and sample arms occurred within the fiber. In FD-OCT, the interference was detected in frequency domain, i.e.
measurement of spectral interference signal. In this system. the detector was a custom built spectrometer that was
detailed in the previous section. A 3D data acquasition 15 achieved by a dual mirror galvanometer beam steering, which 1s
synchronized with data capturing from the CMOS camera through a high-speed frame grabber device (PCle-1433.
National Instruments). The overall imaging speed is currently 20 frame/second for a frame size of 500 spectra/frame (1e.
about 10,000 spectra‘second). The operated speed 1s currently limited by hardware synchromzation, which will be further
optimized to achieve maximum speed as provided by the camera.

Broadband SLD
Ay=~B40 nm
FWHM = ~60 nm

Biological 5amples

Fig. 1: The system layout of the implemented FD-OCT.

3. RESULTS AND DISCUSSIONS
3.1 Lateral Resolution Verification

The lateral resolution of OCT is governed by an imaging optics in the sample arm and can be independently chosen
and optimized to suit different applications. In the presented setup, a low numerical aperfure (NA) objective lens
(LSMO05-BB. Thorlabs) with wide scanning field-of-view (FOV) and long depth-of-focus (DOF) was used. The objective
has an effective t‘c-ca} length of 110 mm, a maxinmum lateral FOV of about 29 mm, the DOF of 1.2 mm. and a lateral
resolution at the 1/e” beam diameter at the focal plane of 19 um by specification. Nevertheless, an effective lateral
resolufion of the system can be varied. depending on the incident collimated beam size, the position of the beam along
the lateral dimension and the depth (ie. defocus effect). To quantify the effective lateral resolution, we performed a 3D
imaging of a positive type 1951 USAF resolution test target as shown in Fig. 2 (a,b). From the 3D data obtained by using
the implemented FD-OCT svystem. an en face image at the location of the focal plane was reconstructed using Image]
software (NIH, USA) as shown in Fig 2(c-e). We then computed the percent confrast of several selected elements of
groups number -5, 1.e. spatial frequency up to 36 line-pairs/mm. The plot of the percent contrast versus the spatial
frequency is shown in Fig. 2(f). The lateral resolution of the objective lens was computed by using a spatial frequency
where the percent confrast drops by 20% of the maximum [10], which was 32 line-pairs/mm, corresponding with the
lateral resolution at the focal plane of about 156 pum It should be noted that this method is simple vet robust for
quantification of lateral resolution of OCT system across its lateral field of view and across different depths, which will
be investigated in the future.
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Fig. 2: Experimental results for the MTF measurement: (a) a photograph of the 1951 USAF test target. (b) 3D
volumetric rendering of the target. (c-e) En face images of the target reconstructed at the focal plane of the objective

at three different FOVs that cover all the groups needed to produce the MTF curve as shown in (e).

3.2 Depth Resolution and Imaging Depth Verification

Governing by an ability to resolve a spectral interference at higher frequency that corresponds with reflection from
deeper scattering sites. an imaging depth range of FD-OCT will be most likely limited by an effective spectral resolution
of the detection unit of the system. For imaging of weak scaffering mediums such as biological samples. The depth
penetration limit is usually represent by the depth range where the interference peak drops by about 10 dB as compared
with the maximum interference near the location of zero optical path delay.

To verify an imaging depth limit of our system. we first performed an experiment to defermine a depth scale of the
system, 1.e. the actual distance tn air of a single depth pixel First, a perfect reflector was place at the focal plane of the
sample objective. Then, the reference mirror was place on a high precision linear translation stage equipped with a
micrometer scale and discretely translated to about 20 different positions. i.e. for every 100 pm. At each position of the
reference mirror, we captured a spectral interference, which then was Fourier transformed to obtain a depth profile. The
locafion m number of depth pixels of the maximum amplifude of the depth profile was then exfracted and plotted as
shown in Fig. 3(a). The slope of the plot indicates a physical size of a single depth pixel of the system, which was
approximately 0.0032 mm or 3.2 pm. Knowing the depth scale of the system, an axial resolution of the system was
measured from the full width at half maximum (FWHM) of the depth profile to be about & pm. The axial resolution of
the implemented system was still larger than the theoretical value of 6.2 um [4]. The further optimization of both the

spectrometer and the dispersion compensator need to be investigated to reach or approach the theoretical limit depth
resolution.
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Fig_ 3: Experimental results for (a) depth scale calibration of the system showing a plot between the measure
peaks positions in number of pixels versus the axial distance in micrometer as set by the motorized linear
translation stage and (b) A plot of normalized peak amplitude versus depth positionin air, showing an amplitude
fall-off characteristics of the system
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Furthermore, using the same set of data obtained in the depth scale calibration, the walue of the maximum
interference at each depth location was extracted. The plot befween the maximum amplitude (y-axis) versus the depth
posifion (x-axis) 1s shown in Fig. 3(b). The 10 dB amplitude roll-off 1s located at about 2 mm axial position m air, which
serves as the depth penetration limit of the system. To obtain a deeper depth penetration, the spectrometer will need to be
redesigned, e.g. larger collimate beam and/or higher NA focusing lens. which will be further investigated.

3.3 Imaging of Biclogical Samples

To verify the imaging performance of the system, we acquired 3D images of different biological samples using the
developed FD-OCT system as shown in Fig. 4. The data acquisition and processing were performed using a custom
developed Labview program. An mmaging lateral FOV was set to about 20 mm = 20 mm, consisting of 1000 = 1000
depth scans per volume. The 3D volumetric rendering was performed by using Voxx software developed by the School
of Medicine at Indiana University and the en face reconstruction from 3D OCT data was performed by using Imagel
software.

Fig. 4: Some early results of 3D images obtained by the implemented system: (a) 3D volumetric imaging of a fish
gill. (b) En face reconstruction at different depth of a section of a watermelon.

4. SUMMARY

In summary. we reported the design, implementation, and characterization techniques of a high performance
spectrometer, operating at near-infrared wavelength region. that was design and optimized for high speed detection of
spectral mnterference signal for 3D FD-OCT applications. Several performances of the implemented FD-OCT system
were assessed, such as lateral resolution. axial resolution, and depth of imaging. In addition, examples of 3D imaging of
biological samples were demonstrated. The spectrometer is capable of capturing of the spectral interference fringes at up
to the camera limit of 130,000 spectra per second, enabling cross-sectional microscopic imaging of biological sample of
more than 100 frames per second. However, when using as the detection uvnit of the implemented FD-OCT, the spectral
capturing speed is currently limited to about 20,000 spectra per second or about 20 frames per second. which is limited
only by a friggening speed of the waveform generator used to control the galvanometer beam steering.

As part of our foture works, an effective imaging speed, particularly for 3D imaging, will be improved by
optimization of the scanning device and scanning protocol [11]. Furthermore, the improvement of spectral resolution of
the implemented spectrometer and hence the imaging depth range of the FD-OCT by using a custom larger beam
collimator for the spectrometer will be investigated. The development of this high speed and high resolution NIR
spectrometer 1s part of our goal to develop a prototype of a research-grade FD-OCT system that provides better imaging
speed and resolution in comparing to available commercial OCT systems at relatively lower cost. The design of a low-
cost lugh performance FD-OCT system would make the technology widely accessible to other researchers in the field of
biomedical research and related areas in Thailand in the next few years.
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Development of High Speed 3D Tomographic
Microscope for Non-invasive Monitoring of
Biological Samples

1.2

P. Meemon

ABSTRACT

System design and implementation of a Fourier
Domain Optical Coherence Tomography (FD-OCT)
for microscopic flow monitoring is presented. The sys-
tem is capable of capturing flow characteristies under-
neath the surface of biological samples at micrometer
resolution. The high speed imaging capability allows
for in vive 3D mapping of micro-structure of biclog-
ical tissues as well as their microvasculature system.
An image resolution of 10 microns over 1 mm depth
from the sample surface and across a 10 mm = 10
mm lateral field-of-view is possible. The capability of
the developed system for monitoring of flow activity
within the heart of an African frog tadpole is demon-
strate. In addition, a progress in development of a
high speed FD-OCT based on our enstom built high
speed spectrometer is presented.

Keywords: Carotid pulse, Push pull effect, Piezo-
electric sensor, Tilt table, Biological Engineering

1. INTRODUCTION

To date, optical imaging technology plays an im-
portant role in medical diagnostics and treatments.
It also has applications in guiding the biopsy and
surgery. The main advantages of optical imaging are
its high-resolution high-speed and noninvasive eapa-
bility. A non-invasive, reliable and affordable cost
optical imaging system with the capability of detect-
ing early stage of pathology would be a valuable tool
to use for screening or detecting pathology. Optical
coherence tomography (OCT)[1] is an emerging tech-
nology that is eapable of noninvasive high-speed high-
resolution cross-sectional imaging of biological tissues
[2]. OCT iz based on low-coherence interferometry
(LCT) that takes advantage of the short coherence
length of broadband light sources, which is in the or-
der of microns, to achieve precise depth sectioning in
scattering media. Analogous to ultrasound imaging,
OCT illuminates biological sample with broadband
near infrared light beam and measured the ampli-
tude and depth location of the backseattered light
and uses it to construct a cross-sectional image that
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reveals structure beneath the sample surface [3]). To
date, OCT has been proven and recognized by physi-
cians as a potential tool for medical diagnostics and
research. Particularly in the field of ophthalmology,
OCT has been established for early detection of many
retinal pathologies such as glaucoma, diabetes, and
age related macular degeneration [4-6].

Since the invention of the OCT, there are vari-
ous implementations of OCT techniques. One tech-
nique in particular that push forward the advance-
ment of OCT is the Fourier-domain optical coher-
ence tomography (FD-OCT) [7]. The fundamental
principle of FD-OCT is based on coherence theory in
the frequency domain [8]. FD-OCT captures spectral
interference at the output of an interferometer, e.g.
Michelson interferometer, and then Fourier transform
to obtain depth-resolved reflectivity profile along the
incident beam path beneath the surface of the sam-
ple under test. Sequentially, performing 2D sean-
ning of the laser beam across the sample’s surface al-
lows nondestruetive 3D reconstruction of sample mi-
crostructure. The main advantage over the time do-
main connterpart is that FD-OCT obtained the whole
depth profile at onee without scanning of the optieal
path length of the reference beam. Hence its imaging
speed is dramatically improved.

Besides structural imaging, OCT is also capable
of funetional imaging such as bidirectional flow ve-
locity mapping. Analogous to the flow measurement
technique in Doppler ultrasonography, Doppler OCT
(DOCT) is capable of in vive detection of flow ac-
tivity embedded beneath the surface of a fairly thick
biological sample in high resolution and wide veloeity
dynamic range. DOCT allows visualization of tissue
structure and blood flow activity that provides impor-
tant information for clinical diagnostics. For exam-
ple, vessel flow property is an early indicator of many
retinal pathologies such as glancoma, diabetes, and
age related macular degeneration [6]. Moreover, de-
tailed knowledge of in vive blood flow under the skin
surface is useful for burn-depth determination and
port wine stains treatment [9]. Combining Doppler
detection with FD-OCT enables imaging of micro-
scopic flow, such as in vive blood flow in capillary
network, at high speed, which is particularly useful
for real time flow monitoring purpose [10-12].
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Fig.1:: System layout.

2, MATHEMATICAL DESCRIPTION OF
FD-OCT

FD-OCT is built on a concept of the detection of
interference pattern of low-coherence light beam in
spectral domain. A commonly used detection sys-
tem is a high resolution and high speed spectrometer.
Considering a svstem as shown in Fig. 1 for instance,
a complex spectral electric field in the reference arm
can be expressed as

Ep(k) = KpEo(k)rp explikip) (1)

where the caret denotes a funetion in the frequency
domain, k = %Z—r is the wave propagation number,
E'[,[k] represents the spectral electrie field emitted
from the light source, K is a real number represent-
ing total losses in the reference path, lp is a round-
trip optical path length along the reference arm, and
rp is the reflectivity of the reference reflector [13].

In the sample arm of the system, the spectral elec-
tric field is a collection of many backseattering events
happening at various depths of the sample that can
be modeled as

. . +oo
Es(k) = KsEq(k) [ r(ls) exp(ikls)dls  (2)

oS —an

where Kg is a real number representing total losses
in the sample path, Iz is a round-trip optical path
length along the sample arm, and rg(lg) represents
the sample reflectivity profile along the depth as a
function of ls [14]. Therefore, the spectral intensity
as detected at the output of an interferometer is a
superposition of the two signals that can be expressed

a7

Fig.2:: Series of en face images of an African frog
tadpole reconstructed from a 3D OCT dataset at ev-
ery 100 pm depth loeations from the sample surface.

(k) = [En(k) + Es(h)|
= ‘EEJ['E':]'F'

\Kgra|®

+2KpKsrp I[_J:‘_ rs(ls)eos(ki{ls — Ig))dls (3)

+ |Ks [7_ rs(ls)ets .:if_q|"

The 1% term is regarded as a DC-signal that can
be removed through the direct subtraction method.
The 3™ term is an auntocorrelation, which is regarded
as noise. Nevertheless, when imaging most biologi-
cal samples, the backseattering signal from the sam-
ple is usually much smaller than the reference signal
(ie. rs < rg) and hence the autocorrelation term
is negligible. By defining the optical path length
difference I = lg — [, the overall constant factor
K = 2KpKgrp, and ignoring the DC and auto-
correlation terms (1°% and 3™ terms), the spectral
interference signal ean be reduced as

Fone(B) = K - (k) - [ rs(lp)eos(kip)dlp  (4)

4=

2
where Sik] = ‘E[;.{k]‘ represents the power spectral
density of the light source and rg(lp) is the sample
reflectivity profile as a function of the optical path
length difference. Equ. (4) represents the spectral
interference pattern as detected by the speetrometer.
Without losing any general deseription, Equ. (4) can
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Fig.3:: Doppler color map of flow activity inside the
heart chamber of an African frog tadpole superim-
posed with the structural map of the sample. The
flow velocity corresponds with different color is des-
ignated by the color bar.
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Fig.}:: Graphic User Interface of the M-mode
Doppler shows measurement of flow profile as a func-
tion of time, which can be served as optical cardio-
gram.
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be rewritten in a complex form as

I\m,[k] =K Sl:k] . [/ rs(lp) exp(ikip)dlp
(5)

Equ. (5) is now in the form of the Fourier transfor-
mation and can be written as

Line(k) = K - S(k) - [S{rs(Ip)}]. (6)

Consequently, the inverse Fourier transform of

Equ. (6) vields OCT signal as
Ioct(Ip) = K-S~ Y{S8(k)} xrs(lp).  (7)

Equ. (7) states that the sample reflectivity profile
along depth, i.e. rg(Ip), can be reconstructed by the
inverse Fourier transform of the measured spectral
interference signal. The term ${S(k)} is known as
the temporal coherence of the light source [8], which
also serves as an axial point spread function of the
FD-OCT system [3]. Combining this concept with
the lateral seanning, 2D and 3D OCT images can be
constructed.

3. SYSTEM AND METHOD

An OCT system used for collecting data in our
early development of OCT-based flow imaging is s
swept-source based FD-OCT system that is custom
designed and built at the Optical Diagnostics and Ap-
plications Laboratory (ODALAD) at the Institute of
Optics, University of Rochester [10, 11, 13, 15]. The
system is built on a fiber-based Mach-Zehnder inter-
ferometer as shown in Fig. 1 [11, 16]. Light from
the laser is split by a 80/20 fiber coupler and then
delivered to a sample and reference arms of the in-
terferometer. Light in the sample arm is focused into
a sample through the objective lens. Backscattered
light from the sample is then collected and recom-
bined with light from the reference arm at the 50/50
coupler.

The 3D scanning scheme is implemented using a
dual axis galvanometer beam steering (VM500, GSI
Lumonics). The spectral interference at the output
of the interferometer is recorded while scanning the
sample beam across the 2D surface of the sample.
The captured interference signal is then streamed to
the computer memory for processing. The data pro-
cessing involved signal pretreatment and then Fourier
transform to obtain depth profile, representing sam-
ple microstructure along the beam path. From the
capturing FD-OCT dataset, flow information, such
as location, velocity, direction, and profile, can be ex-
tracted through the detection of Doppler phase shift
of two interference signals obtained at the same loca-
tion [10, 11].

Two modes of operation of Doppler imaging are
normally performed in DOCT. One is a brightness
mode or B-Mode Doppler, in which multiple axial
scans (A-scans) are collected while performing a lat-
eral scan (B-scan). An intensity map generated in
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Fig.5:: The system layout of the new spectrometer-based FD-OCT at Suranaree University of Technology.

Fig.6:: 3D images of a cucumber section taken by the
developed spectrometer-based FD-OCT at its current
stage. (a) Volumetric rendering of the 3D dataset
obtained with the system. (b) An example of en face
reconstruction from the same 3D dataset, showing
cellular level structure of the sample.

B-mode represents the cross-sectional image of the
sample structure. Corresponding to the structural
map, the magnitude of the local phase shift is rep-
resented in 2D color mapping. Therefore, B-Mode
Doppler is useful for locating the flow location inside
the mainly static structure.

The other is a motion mode or M-Mode Doppler, in
which multiple A-scans are collected at a fixed posi-
tion of the sample beam. M-Mode Doppler generates
a 2D map of Doppler signal, in which one axis is a
depth profile and the other axis represents the time
evolution of the flow. M-Mode Doppler is useful when
the location of the flow is known, and one wants to
monitor the flow changes as a funetion of time.

4. RESULTS

The results demonstrated in this paper are
progress results over the past three years of the devel-
opment of OCT-based flow detection system at the
ODALab at the University of Rochester. The first
dataset demonstrates the capability of the system to
optically and noninvasively perform depth-sectioning
the sample at microns resolution. With the devel-
oped FD-OCT system, we acquired a 3D dataset of
an African frog tadpole over a lateral scanning field-
of-view (FOV) of 4 mm x 2 mm. The imaging FOV
along the depth is about 1 mm. From the 3D OCT
dataset, a series of en face images of the sample was
reconstructed as shown in Fig. 2(a-h). Each en face
image represents sample structure analogous to that
observed under a light microscope. However, unlike
a conventional microscope, OCT is capable of virtual
depth-sectioning of living sample, i.e. microscopy-
like image at different depth of up to 2 mm from the
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sample surface, nondestructively.

The second dataset demonstrates the performance
of the system in detection of microscopic flow infor-
mation. In FD-OCT, the phase information is imme-
diately obtained after the Fourier transform, allowing
the ease of determination of the amount of Doppler
phase shift. One commonly used algorithm is the
technique of modified Kasai autocorrelation [11, 17].

Fig. 3(a-c) shows Doppler signal, representing flow
activity at different states of the contraction of the
heart chamber of an African frog tadpole ecaptured
by our developed method [11]. The Doppler phase
shift was displayed in colors map, ranging from -2.7
mm /s to +2.7 mm/s, as designated by the color bar.
The plus and minus signs represent flow in opposite
direction, and henee red and blue regions in Fig.3(a-
¢) represent How activity in opposite directions (i.e.
inflow and outflow). It should be noted that, with
high speed imaging capability, the system is capable
of real time acquisition and display of flow activity at
currently about 3-4 frame/s.

Moreover, in a similar manner with ultrasound
Doppler, M-mode Doppler OCT was performed by
fixing the lateral position of the sample beam as
shown in Fig. 4(a) and acquiring multiple depth scans
over time and then computing the Doppler phase shift
hetween consecutive scans as shown in Fig.  4(h).
From the M-mode Doppler map in Fig. 4(b), a flow
profile as a funection of depth (Fig. 4e¢) and a flow
profile as a function of time (Fig. 4d) were extracted.
The flow profile as a function of time as shown in Fig.
4({d) can be used as optical cardiogram for monitoring
flow activity of in wivo biological samples.

5. DEVELOPMENT OF NEW FD-OCT
S5YSTEM

As part of a plan to improve Doppler flow imag-
ing using FD-OCT, particularly for real time How
monitoring purpose, we are developing a new FD-
OCT system at Suranaree University of Technology.
The new system is a spectrometer-based FD-OCT
as shown in Fig. 5. The light source is a super
luminescent diode (SLD) that emits a broad spec-
tral light, expanding from 800 900 nm output wave-
length.  An interferometer is a fiber-hased Michel-
son interferometer with 50/30 split ratio. The de-
tector is a custom built spectrometer that was de-
signed and built in our laboratory, utilizing a high
speed CMOS line camera with data capturing speed
of over 70,000 lines/second. A 3D data acquisition is
achieved by a dual mirror galvanometer beam steer-
ing, which is synchronized with data capturing from
the CMOS eamera through a PCI express interface
high speed frame grabber device. The overall imag-
ing speed is cwrently 20 frame/second for a frame
size of 500 spectra/frame (Le. about 10,000 spec-
tra/second). The operated speed is currently limited
by hardware synchronization, which will be further
optimized to achieve maximum speed as provided by
the camera. Both lateral and axial resolutions of the

VOL.e, NO.1 2013

system are currently about 20 microns. A scanning
field of view is up to 10 mm x 10 mm and about 2
mm imaging depth.

Fig. 6 shows an early result on 3D microscopic
imaging of biological sample, which is a eucumber
section, using the developed spectrometer-based FD-
OCT. An imaging FOV was about 10 mm = 10 mm,
consisting 500 x 500 depth scans. Ewven though,
the new system is currently operated at 80% of its
full performance, the microscopic structure at cellu-
lar level is readily observed. Further improvement
in term of imaging speed and resolution is under in-
vestigation. Fig. 6(a) shows volumetric rendering of
the 3D dataset acquired by the new system, demon-
strating its capability for 3D visualization at micro-
scopic level. Fig. 6(b) is an en face reconstruction
from the same 3D dataset, showing structural infor-
mation at certain depth beneath the sample surface
without actual sectioning. The en face reconstruction
provides an image similar to that can be obtained by
a confoeal microscope. However, with high resolu-
tion depth sectioning eapability of OCT, multiple en
face reconstructions at different depths can be digi-
tally obtained at the depth resolution of less than 10
microns.

6. SUMMARY

OCT technology, particularly FD-OCT, has been
proven to be a useful tool for not only in vive visu-
alization of microstructure of hiological sample but
also for in vive monitoring of flow activity within the
sample. Flow activity serves as valuable information
in diagnosis of the functionality and abnormality of
in vive biological tissue since most pathological de-
velopment is related to the change in blood cireu-
lation system. The technique demonstrated here is
only one of the methods of OCT-based flow imag-
ing techniques. Ower the past several years, there
are many techniques have been developed. Combin-
ing of multiple technique will allow for faster, more
sensitive, and more precise detection of flow activity
in living tissue, enabling a path for early diagnosis
of many pathologieal development. In addition, we
reported the progress of the development of our new
spectrometer-based FD-OCT system. The develop-
ing system has potential for high speed Doppler flow
imaging that will be particularly useful for applica-
tion that requires real time monitoring of blood flow,
such as monitoring a eireulation system in biological
samples.

Muost typical commercial OCT FD-OCT systems
are currently operated at imaging speed of 20 30
frames per second, which is still far from ideal for
a snap-shot of 3D imaging. In this work, the pro-
posed FD-OCT was designed to be capable of high
resolution 3D imaging at high speed data acquisition
of up to 200 frames per second, enabling by a high
speed and high throughput line-scan CMOS sensor
technology. Nevertheless, the first implemented pro-
totype is currently operated at aequisition speed of
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about 20 frames per second for up to 1000 depth
scans per frame, which is limited by the triggering
speed of the scanning waveform generator for driving
the 3D secanning unit at the sample arm of the pro-
totype. This speed will be improved in the future by
using a higher performance device for the waveform
generator to control the 3D sample scanning. At its
maximum potential speed, the prototype is expected
be able to capture a single 3D dataset within about
3 seconds.
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