MANCHESTER
1824

Yy
er

The Universit
of Manchest

Optical Coherence Tomography: applications and
developments for imaging in vivo biological tissue

A thesis submitted to The University of Manche$terthe degree of Doctor of
Philosophy

in the Faculty of Engineering and Physical Sciences

2011

Graham Dinsdale

The Photon Science Institute

School of Physics and Astronomy



Table of contents

Table Of CONTENTS .....ooiiiieieeee ettt rn e nne e e e e e e eeeeeas 2
TaDIE Of fIQUIES .. e e eenrennes 6
Y 011 1 - (o PP 11
ADSITACT ... e 11
[T = T = U1 0 o S 12
(070] o) Y/ Te] g 18851 r= 1 (] 1 1T o PP 13
Publications and preSentationS ..............ceeeeeeverrrrrerrmmmirererreeninerenene——————— 14
ACKNOWIEAGMENTS ... err e e ettt e e e s rernreeeeeeeees 15
INEFOAUCTION ...t e e e e e e e e e e e e as 16
1.1  Anintroduction to Optical Coherence Tomography...........ccccccvvveeeee. 16
1.2 MOLIVALION & @IMS .coeiiiiiiieiee e e e e e e e e amnes 17
1.2.1 MOTIVATION ...t e e e e 17
1.2.2 AMS e et e e e 18
1.3 Summary Of ChaPLErS. .......uuuiierreree e eaeeeeeees 18
Theory and [ItErature FEVIEW .........ccoooiiieeeeereieieeeieeeeeieeeeieevee e vee e res e eeee e 21
2.1 CONEIENCE... ... e 21
2.2 Interferometry and broadband light ...... .o .eeeeeiiiiiiiiiiiiieeee 23
221 Laser light and the Michelson interferometer................cceeeeeee. 24
222 Broadband light and the Michelson interfertame........................ 26
2.3 Early developments in Optical Coherence Tonmwyya........................ 30
2.4 Optical loss and sources 0f NOISE IN OCT wummmumevevevvverrrrrirrerererereninenenes 32
241 Light scattering in tiSSUE ........ccoiiviiiiree e 33
2.4.2 NOISE IN OCT IMAGING «.eeiieeiieieeieeie e 36
2.5 Fourier-domain OCT versus time-domain OCT...........ccccceeeeeriiiinnnee 39
251 TIME-dOMAIN OCT ..uiiiiiiiiiiiiiiiiie e 39
252 Fourier-domain OCT ........cc.uuiiiiiiiiereeee e 39
253 FD-OCT versus TD-OCT: a COMPAriSON .....ccceveeeeeeeieieaeneaeaenenns 41
254 Calculating “Spectral Radar” depth range........ccccccvvvvvviviiveiennne. 42
2.6 OCT system design CONSIAEratiONS .......ccccceeereiieiieiieiieeieieeeeeee e 43
2.6.1 Reference arm scanning methods in TD-OCT.........ccovvvvvvieneee. 43
2.6.2 LIgNT SOUICES ...coviiiiiiiiieiiieieeeeetee ettt aeaaeeeeeeeeree 44
AN OCT system for SKiN iMAgING .........uuwewsmmmmmn e eeeesnasssssseseessesassseseseeeseesseaas 48
3.1 INEFOAUCTION ..t 48
3.2 BaASIC SYSLEIM OVEIVIEW.......uuuiiiiiiees o eevseseevesenenesenenensnsnnnsnsnnnnnes 50
3.21 Optimized Mach-Zehnder interferometer ... ...iiciiiiiiciinnnnns 50
3.2.2 The low coherence light SOUICe........cccooeeiiiiiiiieeeeeeee e, 52
3.2.3 The balanced photo-detector ........... e 53
3.3 Finding the Zero PoiNt .............eeeiiiceeeee e, 53
3.31 Measuring the interferometer arms.......cccccooveviiiiiiiiiieiieiiiiienens 54
3.3.2 THE ZEI0 POINT ... 55



3.4  Characterizing the SLD using the auto-corretafunction .................... 56

34.1 Coherence length as a function of SLD driveent....................... 56
3.4.2 Time stability of SLD coherence length ... 58
3.4.3 Further SLD characterization using spectnalysis....................... 60
3.4.4 Spectra vs. SLD drive CUITENT.........ceummmmseiaiiiinaeneaeaineaeeeaeanaeaaens 60
3.4.5 Spectral TIme Stability..............utmmm e eeeeeeee e 61
3.5  One-dimensional depth ProfileS ... e eeeeeeeeieiieiieiiieeeeieeeeeeeeee, 62
3.6 TP S 2T 1= 1 66
3.6.1 LIgNT SOUICE. ... e 68
3.6.2 FIDIES e 68
3.6.3 Rapid scanning optical delay line ... eeeeeeeeiieiiiiiiiniiiieeieeen.. 69
3.6.4 Lateral scanning mechanism and imaging.........ccccceecuvvnennnnnnen. 70
3.6.5 DELECION ...t e e e e 72
3.6.6 Sequence of events for obtaining an iMage. ceee.......ccoovvvvevevennnn. 72
3.6.7 [DI=T o1 g IRSTor=Tg Ir=Todo 8115711 o] o 72
3.6.8 Two-dimensional image aCquISItioN ......ccceeevveevveverieeveeinieineninnnn. 73
3.6.9 Three-dimensional IMAJES .........uuviieieeieiieeiee e 74
3.6.10 Resolution control and imaging parameters............ccccuuvveeenennnns 75
3.6.11  Post-capture data ProCESSING ........cccmeemeerrerrrrrmrmrmmmrmmmemmmmmsmnnennnes 76
3.6.12  SyStEM SOFtWAIE .....coeiiiiiiiiiiiie i eeeeeeeeeeeeeeeeeeeeeeeee e beeeeeeeeeeeneeeees 17.
3.6.13  System €leCtrONiCS.........cccoiiiiiieeeeeee et 79
3.6.14  SYSIEM OVEIVIEW ... 08
3.6.15  Power supply (PSU) .....ccoooiiio ottt teeteeieeeeebeeeieseeeeenenes 81
3.6.16  Amplitude CONtrol ..........ooiiiiiiiiieieee 58
3.6.17  PATLESHNG oo 85
3.6.18  X-Y €lECIONICS ....cceeiiiiiiiiiiiie e 86
3.6.19  CRS €lECIIONICS .....coei i ettt eneae s 86
3.6.20 Data acquisition cards (DAQS) ........ceummeeennnnmanaaaaaaaaae e 87
3.6.21  Frame trigger & ramp generation........ccceeeeeeeeeeeieeeeeieeeeeeeeeeeeeee. 87
3.7 System photographs ..o 20
3.8 Preliminary OCT SyStem iMages .........ooeeeeeeeiiiiiiiieeeeee e 92
3.9 CONCIUSIONS ..., 95
310 FUMNEr WOTK....ciiiiiiiiiiieiee ettt 95
A supercontinuum light source for OCT.......cccoveeeiiiiiiiiiieee e, 98
4.1 INEFOAUCTION ..t 98
41.1 High bandwidth sources used in OCT ... 99
4.1.2 The importance of source power and stability.......................... 100
4.2  Supercontinuum optical sources in optical fibre...........ccccoeeeiiiiiinnns 101
4.3 A commercial supercontinuum source for OCT.........ccovvvvvvieienennnn, 102
4.3.1 The Koheras SuperK COmpact........... e eeeeeeeeeeeneeeeeienennnennn. 102
4.3.2 SPECIfICALIONS ... 103
4.3.3 The teStING PrOCESS .....uvviiiiiiiiiiiernrereee e e er e e e e e eeeeer e eeeeeeaeenes 103
4.3.4 Measurement of interference..........ccccceeer i 106
A4 RESUIS ..ot 110
4.5  Analysis and diSCUSSION ..........ceevvitcommmmeeevererenenineneninenenennnenennnennnnns 131
45.1 Practical ISSUES .........uuuiiiiiiiiiieeeeee e 114



4.6 CONCIUSIONS ..ot eaaenns 115

A skin and blood flow model for OCT ........uuueiieiii 117
51 INEFOAUCTION ...t 117
5.2  The Thorlabs swept-source OCT SYStEM ...cueeueeurrieirereerireieeirereennee 118

5.2.1 SYSIEM OVEIVIEW ... enenennnenes 118
5.2.2 The SWEPL-SOUICE IASEN ......uuuueeees e e eeeeeveeeeeeeeeeeeeeeeeeeeeneeens 119
5.2.3 The DOCT SYSIEIM ...vvviiiiiiiiiiiiirnes e e e eeeaeeeesaeaeaeaeaeeeeeeerseesens 121
5.2.4 System software and DOCT iMaging .....cccccccceveeeeeieeiieienenenenn, 122
5.3  The tiSSUE MOUEI ......cooiiiiiiiiiiiit et 124
5.3.1 Modelling blood flOW........ccooiiiiii e 125
5.3.2 The skin and blood flow model..........cccccoiiiiiiiiiiiii 129
5.4  Selected DOCT images of the tissue phantomu.........ceeeveeeeeeen... 131
5.5  Velocity profile eXtraCtion ...............ueeeeeeeeieiieeieieieieieieeeieseeeeeeeeeen 33l
55.1 RESUILS ... 134
5.6 Discussion of images and reSults ... eeeeeeeeeeeeieeiieiieeieininnnnnn. 135
5.6.1 IMAGES et terr e 135
5.6.2 VElOCItY PrOfilES....uuuiiiiiiiiiiiiiiiimmmmm s ea e 361
5.7 CONCIUSIONS ... e 136

OCT imaging of neo-tropical tree frogS.......ccceeeriiiiiiiiiii e 139
6.1  Anintroduction to tree frog SKiN.........ccccouiiiiiiiiiiiiiiiiiiiee 139
6.2  Optical measurements of tree frog SKiN .....cccccvvvviiiiiiiiiiiiiiiiiiiiiiiens 141

6.2.1 Reflection spectra and NIR photography...............ccoovvviiienen. 141
6.3 OCT imaging of frog SKiN ... 145
6.3.1 Wavelength considerations ...........cccceveiii 145
6.3.2 OCT IMAgiNg SYSIEMS ....coeiiiiiiiiiiiiaeeameeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 146
6.3.3 The Imaging ProCeSS ......ooooiiiiiiieieeeeeeeeee e 147
6.4 RESUILS ... e 148
6.4.1 IMAGE ANAIYSIS ...cciiiiiiiiiiiiiiieiet i e e e 491
6.4.2 DISCUSSION ...ttt e e 150
6.5 CONCIUSIONS ... e 151

A pilot study of non invasive imaging of skin —ralsound versus OCT ............... 154
7.1 INErOAUCHION ..., 154
7.2 IMaging TECNIQUES ........coooiiiii i 155

7.2.1 NPT {o][0 lor=T o] | F=Tg 01 YoTo] o) V28 155
7.2.2 Laser Doppler imaging (LDI) ........cuvvimmmmeiiiiniiieieeeeeeeeeeeeeeeeee 156
7.2.3 OCT IMAGING .t eieeer e ee e e mmmmmn e e e e e e e e e e e e e e e e e e aeeeeeaeaeaeaeaeaeanaedd 615
7.2.4 High-frequency ultrasound.............cccceeee e, 157
7.3 Patients and Methods ..............oeiiiiieeeeri e 158
7.3.1 PatiENIS ..o e 158
7.3.2 PrOtOCOI ...t e 158
7.4 Images and analySiS......cccociiriiiiiiimmmme et 160
7.4.1 ANAIYSIS ..o s 162
7.5 RESUILS ... 163
7.6 DISCUSSION ...ceiiiieieiieit ettt e e et e e s e e e e e eemns 165
7.7 CONCIUSIONS ..cciiiiieiiiitie ettt e e e e 166
7.7.1 ACKNOWIEAGMENTS....uuiiiiiiiiiiiiiiiiiieereree e eee e 166



CoNncClUuSIONS & FUMNET WOTK.....n e eeaneees
8.1 CONCIUSIONS ..ot eaaens
8.2 FUITNEE WOTK .o et ettt et e e et e e e e e e e eeenas

Final word count: 37,791



Table of figures

Figure 2.1. Schematic diagram of a Michelson ietenneter. The distances from
the beamsplitter (labelled BS) to the sample afet@ace mirrors ards anddg

FESPECHIVEIY. ittt e 25
Figure 2.2. Schematic of Michelson interferometéhwayered sample and
scanning reference arm showing detector OULPUL. ..c.........vvveevviiieiiiiinniinens 29
Figure 2.3. First reported OCT image of the hun&ima (n vitro). Taken from [7].
................................................................................................................. 31
Figure 2.4. Schematic of a Michelson interferomethowing the power loss
PANWAY. ... 32
Figure 2.5. Types of scattering interaction in detissue. Modified from [13]...... 35
Figure 2.6. Schematic diagram of a "Spectral RaBB*OCT system.................... 40

Figure 3.1. An optimized Mach-Zehnder interferomelesign for OCT. The
unequal splitting ratio at the first beamsplitedgng with dual, heterodyne
detection, provide a boost in SNR of approxima8ai3 compared with a basic
Michelson system. Adapted from Figure 2 Aiin [1].c..ooovieiiiiiiinnnnnn. 50

Figure 3.2. SNR as a function of splitting ratiol he optimized Mach-Zehnder
interferometer (curve Ai) has best performance wiweh12. The improvement
in SNR over the Michelson interferometer (curveelédd “Standard”) can be
seen. Adapted from Figure 3 in [1]. ..o 15

Figure 3.3. The auto-correlation function recordegith an oscilloscope. The vertical
axis is voltage (1V per division) and the horizdmteis is time with each
square representing 25 ms. The stage was movihg aaim/s to create this
= o = TS OUUUUTUUR 55

Figure 3.4. A graph of SLD coherence length asatfan of diode drive current.
Error bars (0.8um) are estimated from the error in measuring théHR\Of
the auto-correlation function using the osCilloSEOD.........ccoeeveeiiiiiiiiiiiineee, 57

Figure 3.5. A Graph of SLD coherence length asatfan of time after switch on.
The upper plot (red) is the first 10 minutes aswitch on while the lower
(blue) is a 10 minute period, 90 minutes after slwin. ...............coeeeeeeeeeenn. 58

Figure 3.6. A 3-dimensional plot of SLD spectradmsity vs. wavelength) against
diode drive current. The red line connects thekpeavelength from each
(1o [\ VAo [WE= 1 I o 1= Tox £ (U ] o PRSP 61

Figure 3.7. A 3-dimensional plot of SLD spectradimsity vs. wavelength) as a
FUNCLION OF tIME. oo e e 62

Figure 3.8. Diagram showing the experimental sefithe sample arm used for
acquiring OCT depth profiles.........ccooooimm 63

Figure 3.9. An oscilloscope image showing the fetence pattern generated by
reflections from the air/glass interfaces of a glesver slip. The vertical axis
is voltage (500 mV per division) and the horizoratais is time (250 ms per



division.) The translation stage was moving atrrf/s to generate this image.
................................................................................................................. 64
Figure 3.10. Graph showing the 1-dimensional depém of the coverslip/slide
combination. The translation stage was again ngpatrD.2 mm/s to acquire
L0114 F= Vo TSR 65
Figure 3.12. Schematic diagram of the rapid scapaptical delay line [5]........... 69
Figure 3.13. Graph showing the relationship betwssam angle, mirror velocity and
pixel clock output for the CRS scanner. Taken ftbenGSI Lumonics Counter
Rotation Scanner User Manual. ............coouiiiiiiiiiieiiniiiieeceee e 07
Figure 3.14. Schematic drawing of the mount forlgtteral scanning galvanometers.
Taken from [B]. ..ooooeeiiiie e 71
Figure 3.15. Photograph showing the hand-held priolokiding lens (bottom left),
fibre collimator (bottom right) and scanning galeareters (centre). ............. 71
Figure 3.16. Diagram showing the raster scanniolgrigue to be used in forming a
3D image. Each red square represents one depthaaadion consisting of
512 pixels. The images are scanned from 1 tokgalloe x-axis before

stepping down to y-axis row 2 and scanning backsvfmam kto 1. .............. 74
Figure 3.17. Image reconstruction algorithm forggieesolved ODT. Taken from

FIQUIE O N [7]. weeeieeiiiieiee ettt ettt ettt s bt bemennneeeeees 76
Figure 3.19. Flow chart describing the high-speedign of the OCT system

SOTIWAIE. .ttt £+ £ 22222 e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eaaaaaaaaaaaaaeaas 78

Figure 3.20. Schematic diagram of the OCT scansystem electronics, showing
connections between major system components. écharrows indicate +15 V
d.c. & +5 V d.c. supply lines while the blue arrowlicates amplitude control
SIgNAl CONNECLIONS. ...ttt e e e e 80

Figure 3.21. The wiring diagram for the power sypgVains supply connections
are shown at the top, including connections to msapowered cooling fan.
DC connections are shown at the bottom, colour-@ddeclarity. Red lines
are +15 V, blue lines are 0 V, pink lines are -18nd green lines are +5 V.
Black lines on the DC side indicate that the vcétagvariable/adjustable Pin
1 on thex andy connectors is unconnected. . ..83

Figure 3.22. Thermal curves for the Vicor FIatPAemess Graphs are output power
(y-axis) versus ambient temperatuxeakis). The various curves are for
varying air flow conditions, starting with free &ir& V (two flattest lines),
then 200 LFM (linear feet per minute) air flow athén rising in steps of 200
LFM from there. Graph on the left is for 5 V outpugraph on the right is for

12-48 V OULPULS. ...eeeiieiiiee ettt e e e e e e e e e aeb s 84
Figure 3.24. Photograph showing the optical comptsithin the RSOD. ......... 90
Figure 3.25. Photograph showing the fibre-basezstfietometer, along with detector

AN SLD. .o e 90
Figure 3.26. Photograph of the OCT system PSU........ccooooiveiiiiiiiieeeeee, 91
Figure 3.27. Diagram showing the experimental getriaed in acquiring preliminary

images from the OCT SYSIEM........iiiiiiiiiierir i 92

Figure 3.28. Cross-sectional OCT image of a 1 mokttiansparent acrylic slide.
The image is 512 pixels vertically by 256 pixelsihontally, with approximate



physical dimensions of 3 mm (h) by 0.5 mm (w). Hmghlighted red areas
show the signal received from the upper and lowdases of the slide......... 93
Figure 3.29. Cross-sectional OCT image of two 1 thick transparent acrylic slides
stacked one on top of the other. The image is D& vertically by 256 pixels
horizontally, with approximate physical dimensiaiss mm (h) by 0.5 mm
(7 PP 94
Figure 4.1. A comparison of OCT images producedguai Ti:Al203 source (a), and
those produced using a standard superluminescaaé ¢). Modified from
T 0TI T o T 1< ] PSP 99
Figure 4.2. An image of the SuperK Compact from &m@is/NKT Photonics
showing turn-key operation and fibre output. Magtifimage from SuperK
Compact product data sheet [8].........coiiieceeereiriiiiiiiiiiiiii e 02
Figure 4.3. A schematic representation of theahtagst set-up for the Koheras
SuperK Compact source. Key: (A) SuperK CompactesmuiB) single-mode
optical fibre, (C) Fibre collimator, (D) Photo deter (various - see Table 4.2),
and (E) OSCIIOSCOPE. .ooieii i s 104
Figure 4.4. Typical responses of the Thorlabs DHET4ilicon photodiode to a single
optical pulse from the SuperK Compact light soysedlow traces). The
capture was triggered using the synchronous TTintrsignal (blue traces). In
the left image the photodiode output was 50-ohmmitegited at the
oscilloscope, while in the right image the outpatswLM-ohm terminated.
Images are screen captured from an 0SCilloSCOPE.......ccoeeevvveeviiiiiinieeennn. 105
Figure 4.5. A schematic diagram of a free-spacenMaon interferometer with
motor-driven reference arm. Key: fibre collimaté),(cube beam splitter (B),
fixed mirror (C), scanning mirror (D), OSCIllOSCO(). ...........uuuumemrmmmnnnnnnnnns 107
Figure 4.6. Graph showing the average intensitm®s 51 pulses of the Koheras
SuperK Compact, versus interferometer mirror disgtaent as controlled by
the PI piezo-electric actuator. An apparently urgbenpled interferogram is
visible, centred around 15 pm displacement. Thelatement between pulses
(Step SIZE) WAS 525N, ...ttt 110
Figure 4.7. Graph showing the average intensitm® fL89 pulses of the Koheras
SuperK Compact, versus interferometer mirror disgtaent as controlled by
the PI piezo-electric actuator. An interferograrslesarly visible, centred
around 17 pm displacement. The displacement betpalses (step size) was
LA ONM e 111
Figure 5.1. A photograph of the Thorlabs swept-se@CT system; showing
microscope-style sample arm with PC display andsateyboard (top/second
shelf), personal computer (third shelf), and swssptrce laser (bottom shelf).
Image taken from product manual [4]..........cceeeeeverrmimmmimmmmmeiiiii. 118
Figure 5.2. Schematic of the Thorlabs OCMP1300S&pswource OCT/DOCT
system. Key: MZI: Mach-Zehnder interferometer, S8ept laser source, FC:
fiber coupler, PC: polarization controller, CIRratilator, AL: aiming laser, C:
collimator, AP: adjustable pinhole variable attelouaM: mirror, BD: balanced
detector, DAQ: data acquisition board, SD: XY seasrdriver, CCD: CCD
camera, OBJ: objective, MS: microscope. This figaraken from Thorlabs
OCMP1300SS operating manual [4]. .....coooeeiviieiiiiieeeeeeeee e 121



Figure 5.3. A representation of the colour map usexbnvert observed Doppler
phase shifts into pixel values within the Thorl&GST system software. Static
objects should appear black. The scale goes fr@n ay-« radians phase shift,

through blue, black, red and orange, to yellowmatagdians. ........................ 123
Figure 5.4. Schematic cross-sectional diagramefldw test set-up. The angle
between the glass capillary tube and the horizesfabelled. .................. 126

Figure 5.5. OCT and DOCT images of flow in glasgiléay tubes: a) false colour
OCT image of 10 um polystyrene microspheres floveih@0 ml/hour in a
0.3mm diameter tube, b) DOCT image of same; cgfatdour OCT image of
50% diluted 10 pum polystyrene microsphere solutiowing at 10 ml/hour in a
0.3mm diameter tube, d) DOCT image of same; e) @@&ge of 2% Intralipid
solution flowing at 80ml/hour in a 1.4mm diametaoée, f) DOCT image of
T2 10 0[PP 127

Figure 5.6. Schematic cross-section of the firsgue phantom. The anglaes 18°.
............................................................................................................... 130

Figure 5.7. OCT/DOCT images of Intralipid solutitbowing through a 1.4mm
internal diameter capillary tube. The tank in tissue phantom is not filled, so
the tube is surrounded by air. Key: a) OCT imagtheftube, b) to f) are
DOCT images of the tube at flow rates of 10 ml/h&@ mi/hour, 80 ml/hour,
100 ml/hour, and 140 mi/hour respectively. All ireragare 3 mm by 3 mm, and
512 By 512 PIXEIS. ..o, 131

Figure 5.8. OCT (left) and DOCT (right) images af@aml/hour flow of 2% (w/w)
Intralipid solution in a 0.3mm internal diametebéuat varying depths. Depths
are a) 0 mm, b) 0.2 mm, c) 0.4 mm, d) 0.6 mm, &nfim, and f) 1 mm. ..... 132

Figure 5.9. A sequence of five images, taken 10rs#x apart, showing a flow of
2.3 ml/hour being established in a 108 internal diameter capillary tube. The
tube is suspended approximately 0.15 mm belowuhace of a 2% (w/w)

Intralipid solution. Images are L mmby 1 mm. ..., 133
Figure 5.10. Velocity profiles extracted from th©®OT images in Figure 5.7. On
thex-axis scale 1 pixel is equal t0 7 M. ..o ommmmmeeeieeiiiiiiieiiieiieeneeaes 134

Figure 6.1. Photograph of a mating pair of red-eyed frogs Agalychnis
Calcarifer). The female is the larger of the two animalsadm courtesy of Dr.
MarK DICKINSON. ....ceiiiiiiiitiie it 140
Figure 6.2. Schematic diagram of reflection specature. MMF is the bifurcated,
MUIL-MOAE FIDI.....eieieei e 142
Figure 6.3. Reflection spectra of several frog gggeand a leaf. Data taken by Dr.
Mark Dickinson and Mr. ANAreW Gray. .......ccoceeveerrerrermememmmennnennnnnnnennnnnene 143
Figure 6.4.Composite reflection spectrum of thg fspecieggalychnis Callidryas
using data from both spectrometers. The data calkergavelength range from
500 NM L0 1600 NIM. oeeiiiiiiiiiniieiiiie e mmmmmmr e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeees 143
Figure 6.5. Near-infrared photographs of frogsrgjton leaves. The pterorhodin-
containing frog is on the left, while the frog watltt pterorhodin is on the right.

Photographs taken by Dr. Mark Dickinson and Mr. Aavd Gray. ............... 144
Figure 6.6. Composite of still video image (left)daOCT image (right) from the
Thorlabs 930 NM SYSTEM. .....uiiiiiiic i eereeee e 147



Figure 6.7. Examples of OCT images of frog skiketawith both 930 nm and
1300 nm system#galychnis Calcarifer: a) 930 nm, b) 1300 nmgalychnis
Callidryas: ¢) 930 nm, d) 1300 nnidyla Cinerea: €) 930 nm, f) 1300 nm. All
images are cropped to 3 mm wide by 1.2 mm deepa.coooeeeeeiiieninennnnnnn. 148

Figure 6.8. Averaged depth profiles of the skivafious frog species, taken from
OCT images at 930 nm and 1300 nm. V¥eis on each profile is the pixel
intensity in arbitrary units. KeyAgalychnis Calcarifer: a) 930 nm, b) 1300 nm.
Agalychnis Callidryas: ¢) 930 nm, d) 1300 nnidyla Cinerea: €) 930 nm, f)

Figure 7.1. Example images from the study datal.sét column are SSc patient
images (SSc), right column are control images (HK&m top to bottom
images are: a) SSc LDI, b) HC LDI, c) SSc nailfosgillaroscopy, d) HC
nailfold capillaroscopy, e) SSc high-frequencyasound, f) HC high-

frequency ultrasound, g) SSc OCT and h) HC OCTueeeeeoooeeiieiiiineeneeee. 161
Figure 7.2. Screenshot of Matlab software with Gskd for analysing OCT and
UIrasSOUNd IMAGES.......cooiiiiiiiiie it e 163

10



Abstract

The work presented in this thesis was re-submtitiéthe University of Manchester
for the degree of Doctor of Philosophy in July 204 Graham Dinsdale and is
entitled “Optical Coherence Tomography: applicasioand developments for
imaging in vivo biological tissue”.

In this thesis the design and build of a high-speedeo-rate optical coherence
tomography (OCT) imaging system is described. Tystesn was designed for the
purpose of imaging human skin in vivo, particulattat of patients suffering from
conditions such as systemic sclerosis. Componéedtgm and design decisions are
discussed in the context of the intended final i@ppibn. Initial test images from the
system are presented. In the context of buildin@&@T system, a supercontinuum
light source was characterised and tested for utalslity for use in the OCT
environment. Parameters such as coherence length measured using simple
interferometry techniques, while practical consadiens such as portability and ease
of system integration were also considered.

Several applications of OCT imaging techniques vase investigated, using two
commercially-available OCT systems from Thorlabs. IA liquid-based skin and
blood flow model was constructed using narrow glaapillary tubes, pumped
through with scattering solutions of Intralipid @uspensions of polystyrene
microspheres. The concentration of the solutions tMaed by dilution in order to
best model the scattering parameters of blood. mbdel also used similar liquid
solutions to model static tissue surrounding tludhlvessels. Doppler OCT images
of the model under various conditions were recorded velocity profiles of the
flowing liquids were extracted.

Using the same commercial OCT systems, imaging twerseparate wavelength
regions was also performed on the skin of sevaffdrdnt species of neo-tropical
tree frog, some of which have interesting refleefproperties due to the presence of
a pigment called pterorhodin. Cross-sectional O@ages of the skin are presented,
and averaged depth profiles extracted from thenis Ehthe first time that OCT
imaging has been applied to this problem.

A clinical study of skin thickening and microvasaulfunction in patients with
systemic sclerosis compared to healthy controlsaksscarried out, again involving
a Thorlabs, Inc. commercial OCT system. This stu@g carried out at Salford
Royal Hospital under the supervision of the rhewhogty research group. Skin
thickness was assessed using OCT and high-frequeticgsound imaging.
Microvascular function was measured using nailfeppilaroscopy and laser
Doppler imaging. Images from the study are prestenéze.
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Chapter 1

Introduction

1.1 An introduction to Optical Coherence Tomography

Optical coherence tomography is a non-invasivertegte for obtaining cross-sectional
images in scattering media. It utilises the intexfiee properties of low coherence,
broadband light sources to provide a depth praffleliscontinuities within a sample.

Optical coherence tomography is commonly knownhgyacronym OCT.

OCT was first demonstrated almost 20 years ag@$lan extension of low-coherence
reflectometry. A broadband light source coupled iah interferometer will produce
interference fringes at its output only when théiagb path lengths of the two arms are
equal to within the coherence length of the lightirse. Low-coherence reflectometry
[2], also known as optical coherence domain rebledtry [3], exploits this fact by
placing a sample in one arm of the interferometel @ movable mirror in the other. As
the mirror is scanned along its axis of reflectiorierference is observed only when the
optical path lengths to both the mirror and a itey object within the sample are equal.
OCT produces tomographic images by recording mamgh dongitudinal scans at

neighbouring lateral sites.

The OCT field has developed at a rapid pace sitgeinception due to parallel
developments in many of the contributing areaseohmology. Advances in computing,
data acquisition hardware, light sources, and aptechniques have all allowed OCT to
mature quickly and find wide usage, particularlymiedical and biological applications.
Video-rate imaging at near micron axial resoluti@sow fairly routine [4], with fast 4D
imaging now becoming a real possibility [5]. OCTs®ms have found uses in medical

fields ranging from ophthalmology to cardio-vascidargery.
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1.2 Motivation & aims

1.2.1 Motivation

The specific motivation for this thesis on OCT caenfimm an inter-disciplinary link-up
with the Dermatological Sciences research groufadfiord Royal hospital. The group
studies the causes and symptoms of various skirdittmms including psoriasis,
scleroderma and Raynaud’'s phenomenon, as well asstigating potential novel
treatments. The common link between these conditisnthat they all affect the
cutaneous microcirculation in some way, as conftteging techniques such as laser
Doppler imaging (LDI) [6] and nail fold capillarogpy [7] (see section 7.2 and Figure
7.1 for more detail). Monitoring blood flow velogitand flow volume in the
microcirculation of patients may provide usefulamhation on, for example, the effect of
a particular treatment. The LDI technique can pevilow velocity information from a
specific site, but its results are highly dependenthe volume illuminated (which must
be estimated). Nail fold capillaroscopy providesadbent structural images of a specific
area of the microvasculature, but cannot measuwedbilow rates. OCT, functionalized
as Doppler OCT (DOCT) is capable of providing bbigh-resolution structural imaging
and flow velocity information from blood vesselsthin tissue, making it ideal for

imaging the microvasculature in these cases.

The study of OCT and OCT imaging encompasses a waohge of fields and

technologies, from optical hardware and light searto image processing and light
scattering. This provides a more general motivatigthin this thesis to look at OCT
techniques, systems, and hardware with a view talifg improvements, new

applications and imaging opportunities.
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1.2.2 Aims

The specific aim of this work has been to desigi laumld an OCT imaging system to be
used for imaging the microcirculation in human @ats with various skin conditions.
The system should produce high resolution strutf@T images, as well as extracting
dynamic information on blood flow. Requirementsgald on the system capabilities
include “video-rate” imaging, live image viewingachan ability to resolve structures on

the scale of the human microvasculature (~10untlescale).

The general aim of this work has been to investighie various facets of optical
coherence tomography and associated imaging tastmigAreas to be considered
include data capture and image processing, asasglbssible hardware advances such as
new light sources and interferometric systems. Atfointerest are new imaging
opportunities for OCT, such as previously untesi@aples/subjects, along with physical

modelling of tissue systems to investigate OCT iimggapabilities in the lab.

1.3 Summary of chapters

Chapter 1 (this chapter) introduces the thesissatsl out the aims and motivations for

the work described.

Chapter 2 contains OCT theory combined with a revid the relevant literature.
Interference effects using broadband light souraes discussed, along with a brief
overview of the development of the OCT field. Adalission of optical loss, noise and

Fourier domain OCT is also included.

Chapter 3 describes the design, test, and buildirey high-speed OCT system suitable
for imaging in vivo. The design and testing of sjistem components is described, as
well as the reasons why certain design decisiong wade. Initial “lab bench” images

taken with the system are also presented and disdus this chapter.
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Chapter 4 details the testing and characterizatfoam supercontinuum light source, and
examines its suitability for use in OCT imagingmBE constraints involving the loan of
the light source prevented extensive testing, aljhopotential imaging characteristics,

such as resolution, were measured.

Chapter 5 describes work done in modelling bloosvfnd tissue using liquids in glass
capillary tubes. Doppler OCT imaging was perfornad the models. Colour-coded
images representing phase-shift induced by flovmiwithe models are examined, and the

possibility of extracting velocity flow profilesdm such images is explored.

Chapter 6 describes dual-wavelength OCT imagindhef skin of certain species of
neotropical treefrog, in an attempt to isolate tbeation of the pigment pterorhodin
within the skin. Tree frogs with skin containingetpigment pterorhodin are known to
survive amphibian fungal diseases better than dthgrspecies and it is believed that the

pigment may confer these advantages to the frog.

Chapter 7 gives details of a clinical study caroedl at Salford Royal Hospital. The study
involved measuring skin thickness and blood flowpitients with scleroderma, and
healthy controls. The imaging techniques used v@@T, high-frequency ultrasound,

nailfold capillaroscopy, and laser Doppler imaging.

Chapter 8 gives a summary of the conclusions thatoe drawn from the various studies

presented in this thesis, and explores some idedarther work.

19



References

[1]
[2]
[3]
[4]
[5]

[6]

[7]

D. Huang, E.A. Swanson, C.P. Lin et &cience 254 (5035), 1178 (1991).

K. Takada, I. Yokohama, K. Chida et applied optics 26 (9), 1603 (1987).
R.C. Youngquist, S. Carr, and D.E.N. Davi@sgtics Letters 12 (3), 158 (1987).
W. Drexler,Journal of Biomedical Optics9 (1), 47 (2004).

M. W. Jenkins, O. Q. Chughtai, A. N. Basavamhhat al.,Journal of Biomedical
Optics 12 (3), 30505 (2007); A. V. Zvyagin, P. Blazkiewiand J. Vintrou, San
Jose, CA, USA, 2005 (unpublished).

A.K. Murray, T. L. Moore, T. A. King et al.Arthritis Rheum. 54 (6), 1952
(2006).

A. L. Herrick, T. L. Moore, A. K. Murray et al.Rheumatology 49 (9), 1776
(2010).

20



Chapter 2

Theory and literature review

2.1 Coherence

The construction of the first functioning laserlii60 by Theodore Maiman provided a
new type of light source, with some extremely ukeiwoperties. Maiman, working at
Hughes Research Laboratories in California, prodwectaser with an output wavelength
of 694nm operating in a pulsed mode [1]. Compaoetaditional sources of light such as
incandescent bulbs the laser has three main adyemtéirstly, the geometry of the
device and the gain material used control the dutpavelength very precisely;
restricting it generally to a very narrow band afwelengths. Secondly and again related
to the device geometry, the output of a laser slyedormed into a beam with a small
spatial extent. Even in semiconductor laser dewdesre the initial output can be highly
divergent, the addition of a simple lens can forrigatly collimated beam; this is not
always possible when dealing with non-laser devidé® third advantage afforded by
laser devices arises from the second; the tighiliincated beam with low divergence
results in the laser output being very “bright”.aths, the power delivered by the laser
device over a given area is relatively high, treetas said to have a high irradiance (or

intensity) output; the units of this particular pesty being Watt per square metre (Wm
2)-
The result of these improvements is a light sout®mse output has definable and

controllable coherence. There are two types of moiee to consider: spatial and

temporal coherence.
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Spatial coherence is related to the “flatness” avefronts emitted by a light source. It is
a measure of the time-averaged ability of two moioh a wave front to interfere with
each other. Perfectly flat, parallel wave fronts said to have infinite spatial coherence,
since interference is possible at all points du¢oconstant phase relationship across the
wave front. Waves with finite spatial coherence ibitha varying phase relationship
across the wave front, with the result that onlynfsoacross the wave front within a
certain distance (or area, for 2-dimensional wawgat§) of each other are able to produce
interference. This measure of finite spatial coheeeis known as the coherence area,

which is the area of the cross section of a beatnhas a constant phase relationship.

Light with infinite spatial coherence can be proelddy passing spatially incoherent light
through a slit or hole smaller than the coherenea &f the wave front. The typical
speckle pattern produced by a laser beam incidemm a surface is a result of the spatial

coherence properties of the beam.

Temporal coherence is a measure of how well thegb&an emitted light wave can be
predicted at some time after emission. The cohergime, 1., defines the time from
emission that a wave front has a predictable phasgéionship with light emitted both
before and after it. It is a direct result of tleage of frequencies emitted by the source.
This relationship between coherence timg,and source bandwidthif, is defined in

Equation 2.1 as

1
. O0— 2.1).
A (2.1)

c

That is, the coherence time of the source is imhgnsroportional to the bandwidth [2].
From this it is obvious that narrow bandwidth segicsuch as high-quality lasers, have
long coherence times, while broadband sources $tawe coherence times. Another way
of considering the effects of temporal coherenc® isonsider the distance light travels
during the coherence timee. This distance, known as the coherence lenigthis
calculated by multiplying the coherence time bysheed of lightg.
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| =cr 2.2).

The coherence length, as defined in Equation 2.2, fundamental property of all light
sources, from lasers to filament bulbs. If Equati@ril and 2.2 are considered together, it
can be seen that the coherence length is alsosilyeproportional to the source
bandwidth. Optical Coherence Tomography makes tigheoshort coherence lengths
provided by broadband light sources to produce-nggiolution images using interference

techniques.

2.2 Interferometry and broadband light

Optical Coherence Tomography involves using badiesea light from a sample to

make time-of-flight measurements of distances dand&tires. The typical analogy used
to describe OCT is to compare it to B-mode ultrasbimaging, replacing sound waves
with light [3]. In both techniques, the waves awflacted or backscattered from
discontinuities in the sample. These discontingitaae places where the speed of
transmission through the medium changes; eitheriag the speed of sound due to

material density changes, or refractive index bauied affecting light transmission.

The major difference between ultrasound imaging @I (aside from the obvious one
of sound versus light) is in the way that the baaker/reflection information is recorded.
In ultrasound imaging, the speed of soungdin tissue samples is around 1500'n®snd

a typical ultrasound imaging system might have emdency.f, of 10 MHz. Thus the
wavelength/, and therefore resolution limit of such a system i

v, = fA
A=Y
f
(2.3).
_ 1500ms™
10MHz
A =150um
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As shown in Equation 2.3 the resolution of a chhialtrasound system is >100 pum.
Time-of-flight signals generated with such systegwlire time resolution on the order of
10-100 ns; well within the capabilities of standatdctronic circuitry. This means that
ultrasound systems measutieectly the time it takes for sound waves to travel to and
from a particular boundary. In comparison, the mhigher speed of light, coupled with
the smaller wavelengths involved (~1pum) means tB&T would require time
resolutions into the range of femtoseconds'tE&cond); far beyond the capabilities of
current detection electronics. It should be noted light travels approximately 30 cm in
1 ns, so if a direct measurement system were imgaéea using conventional electronics
this would be the minimum measurable distance. Sudinect measurement technique is
used for measuring defects and overall attenuatidibre optic cables, particularly in the
telecommunications industry, and is known as Optiiane Domain Reflectometry
(OTDR) [4].

Since direct time-of-flight measurements are impasswith backscattered light over
short (mm/sub-mm) distances, an indirect techniguethe only way to proceed.
Correlating backscattered light from a sample wigh reference beam using
interferometric techniques is one way to do this.

2.2.1 Laser light and the Michelson interferometer

The Michelson interferometer, as used in the famdichelson-Morley test of special
relativity, is the simplest form of interferometdrinvolves splitting the output of a light
source into two, usually perpendicular, beams. Thidone using a beamsplitter, which
can be as simple as a thin glass plate; althoulffsihgered mirrors are more often used
in free space systems to control the amount ot igleach beam. A schematic diagram
of this is shown in Figure 2.1, below.
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Figure 2.1. Schematic diagram of a Michelson iet@nrfneter. The distances from the beamsplitter (zdbe
BS) to the sample and reference mirrorsdgr@nddg respectively.

After the beams are split, they are each incidentaomirror, labelledsample and
reference. After reflection from their respective mirroregtbeams are re-combined at the
beamsplitter, producing an interference pattern tifaaels to the detector. The distances
from the beamsplitter to the sample and referenicer areds anddg, respectively. In
the case were the light source produces a singleelaagth of light (i.e. it is
monochromatic) the electric field components fraashearm Es andEg, incident on the

detector can be written as:

E. = A,exd-i(2d - at)] and E, = A, exd-i(2d, - at)] (2.4).
In Equation 2.4 is the frequency of the monochromatic light soutitee is denoted as
t, andAs andAg are the amplitudes of the electric field in eatithe beams. The current

produced by the detectdr,is proportional to the squared sum of the phasoExjuation

2.4 and can be written as:

| =K %+@+reaj(EsEg) (2.5).
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The constantK, in equation 2.4 incorporates various terms, idiclg the electronic
charge, photon energy, and detector quantum aifigie The terms involving the
amplitudes, As and Ag, are also constant for a given light source andtesy
configuration. The only term which varies is theali one, which can be expanded and
simplified to:

4r0\d

real (ESEL) = ALA, co{ j (2.6).

The output of the detector therefore varies asoggmusoidal function of the difference
in path lengths between the sample and referemeg, d4d. The4z// term in Equation 2.6

is actually made up of two part&z/A is the propagation constant for both reference and
sample beams in free-space, while the extra faatd® comes from the fact that the

beams traverse the distance from beamsplitter tntivice (via the return journey).

The result of the above relationships is thatéf teference mirror is smoothly scanned in
the direction of beam propagation, the detectopwutvill vary sinusoidally, with a
period of /2. However, this only allows relative distances ®rbheasured, in terms of
whether the two beams produce constructive intenfez (0, 2, 4n etc. relative phase
shift) or destructive intereference, @r, 5t etc.relative phase shift). Of course, all of the
above is predicated on using perfectly monochranéight. To enable absolute
measurement of distances using interferometry,réiselts of using polychromatic, or

broadband light sources needs to be considered.

2.2.2 Broadband light and the Michelson interferome  ter

When broadband light is introduced into the Micbalnterferometer a similar treatment
to that used in section 2.2.1 can be implementedm&ntioned previously, broadband
light can also be defined as low-coherence lighhai coherence length; that is light
which has a definable phase relationship over @nlgmall distance. The theoretical
monochromatic source considered previously woulct faa infinite coherence length.
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To calculate the variation in detector output du¢he numerous frequency components
present in a partially-coherent, broadband soutee cross-spectral term (Equation 2.6)
must be integrated over the range of frequenciesemt. The electric field components
Es and Er must now be considered as varying as a functiofiegfuency. In a similar

fashion to Equation 2.5 the detector curréntan be written as:

0 real[ [ Es(w)ES(w)dw} 2.7)

where the electric field componenks{w) andEg(w), are defined respectively as:
(2.8).

In Equation 2.8 the factors(w) andpg(w) are the propagation constants for light in the
sample and reference arms, as a function of offtieguency. By combining Equations
2.7 and 2.8 we get:

| Oreal [fw%r S(w)exp{—iAq(w)da)]} (2.9)
where:

S(w) = A (w)As(w) (2.10).

The term Sw) is the power spectrum of the light source, sinc¢ghbarms of the
interferometer contain the same spectral informatibhe termAeg(w) is the phase

difference for each frequency component incidenthendetector.

The propagation constantps and pr, are again equal, since there is no difference

between the sample and reference arms, an canrsmedp. If the light source has a
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spectrunyw-wog), the phase differencép(w) from Equation 2.10 can be re-written using
a T-order Taylor expansion to be:

Aplw) = ples, [20d) + p'le, f@ -, J(20d) (2.11).

In Equation 2.11 the light source central frequeisayenoted a&o. Equation 2.11 shows
again that only the differences in the lengthsh& two beam paths affect the phase

mismatch at the detector.

The integral in Equation 2.9 can now be re-writen
| O real{exd—inArp]J:%TS(w—wo)exd—i(w—wo)Arg]d(w—wo)} (2.12),

with 47, being the phase delay difference, afig being the group delay difference.
These delay differences can be shown to be equzdddalivided by either the phase or
group velocity. Equation 2.12 is related to the NéieKhinchin theorem, stating that the
inverse Fourier transform of the power spectruragaal to the autocorrelation function
[5]. The photocurrent produced when using parti@bherent (broadband) light in a
Michelson interferometer has an oscillating componwith frequencyw, equal to the
central frequency of the source. The photocurrésd has an envelope, defined as the

inverse Fourier transform of the source spectrum.

If the light source used has a Gaussian spectrgguguit can be shown that the
photocurrent envelope also has a Gaussian shapeawitdth inversely proportional to
the spectral bandwidth. Interference fringes preducy the oscillating term in Equation
2.12 are only visible when the group deldy, is within the Gaussian envelope, i.e. the
reference and sample arms are matched in lengthelfvidth of the Gaussian current
envelope 20, then:

-0<Ar <o (2.13)
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The full-width at half-maximum (FWHM)/d, of this Gaussian envelope in terms of
source central wavelengtty, and bandwidthy4, can then be written as:

2
Ad:2|n2(/lo

- EJ (2.14).

Equation 2.14 defines the axial resolution of aerierometer system using a broadband

light source with a Gaussian spectrum.

All of the above provides a method of absolute messent of on-axis position using
light. This is because, for polychromatic light sms, interference fringes are only
visible when the two arms of the interferometer amqal in length to within the

resolution limit defined in Equation 2.14.

It is a relatively small step to make from seeinggiference fringes produced from two
mirrors only when the path lengths of an interfeeten are matched to within a certain
distance, to producing depth profiles of backscatgreflecting samples. If the “sample”
mirror in Figure 2.1 is replaced with an actual pem(e.g. tissue) consisting of several

boundaries we have the situation as shown in Figie

Layered sample

|

Light Reference 1 2
—> “—>> . 3
/ mirror

source
BS
_> Z
z
Detector

Figure 2.2. Schematic of Michelson interferometéhwayered sample and scanning reference arm

showing detector output.
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In Figure 2.2, instead of a perfectly reflectingrnmi in the sample arm of the
interferometer, there is now a sample consistingeveral layers numbered 1 to 4. At the
boundary to each layer a small fraction of thedeai light will be scattered or reflected
due to the discontinuity in the refractive indexheTsample can be considered as being
made up of a stack of poorly reflecting mirrors.olfie of the layers happens to be
positioned at the point where the sample and reterearms are equal in length, an
interference signal will be visible. If the refeocenmirror is scanned in the axial (z)
direction, an interference signal will be produedtenever the path length to the mirror
is equal to that to one of the layers in the sanB®yesimply moving the reference mirror
axially a depth profile of the sample can be ol#djras shown in the example graph in
Figure 2.2. The intensity, of the interference signal, or more correctly #mplitude of
the interference envelope, will depend on the gtierof the reflection/scatter from a

particular boundary.

2.3 Early developments in Optical Coherence

Tomography

So far it has been shown how using broadband iiglkebnjunction with interferometric
technigues can allow measurement of reflections lzagkscatter from layers within a
sample. This idea was first put to use in a tealmigalled Optical Coherence-Domain
Reflectometry, a natural progression from the af@etioned OTDR technique. OCDR,
also known as low-coherence reflectometry, was fiescribed in 1987, and was used to
find reflection sites in miniature optical asserabli[6]. An 830 nm short-coherence
length laser diode operating below threshold wasl @s the light source to give an axial

resolution of 10 pm.
Optical Coherence Tomography itself was first désct in a 1991 paper in the Journal

Science [7]. The paper describes taking the idea of produdepth profiles from a

layered sample from the OCDR techniqgue and extgndito produce two-dimensional
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cross-sectional images in biological tissue. AO@DR, the depth profile produced from
the interference signal is recorded at a sampée $he imaging beam is then moved to
an adjacent sample site and the depth profile decbagain. In this way by sequentially
depth scanning and then moving the imaging locago2D image can be constructed, as

shown in Figure 2.3.

Z Retina Vitreous

S  Log Reflection

Figure 2.3. First reported OCT image of the hurreima (n vitro). Taken from [7].

Figure 2.3 (on the previous page) shows one offitee reported OCT images of the
human retinajn vitro. The system used to produce the image consistesh &30 nm

superluminescent diode (SLD) coupled into a fiopieoMichelson interferometer. The
reference arm scanning was performed by a mirratrotbed by a stepper motor. The
axial resolution of the system is claimed as 17ipnair, while the lateral resolution,

limited only by focusing optics and lateral posiiiog, is claimed as 9 um. It should be
noted that the parts of the human eye imaged astiyrtcansparent when compared with
other bodily tissues. This made them ideal candglat early OCT imaging [8] (and
earlier, similar work [9]), since specular reflects will be visible, even with low input

optical power, due to low bulk tissue scattering.

These first descriptions of the OCT technique sestrof the standards and components
for subsequent development. The use of SLD lightces, fibre-optic components for
interferometer construction, and simple mechametrence arm scanning devices form
the basis of most early OCT development systemfr8econsidering the theory and
development of the various system components, sdisgussion of the limitations
inherent to OCT is needed.
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2.4 Optical loss and sources of noise in OCT

The techniques of interferometry are at the hearallbOCT systems. As previously
described, the basic idea of splitting an opticgdut into two beams, directing them
towards a sample and a reference reflector, anad teeombining to produce a path-
length-dependent interference signal, is fundanhetiafortunately this process has
inherent losses associated with it, with much @f itmput optical power being wasted.
These various loss processes, together with tleetefbf sources of noise, explain why

OCT imaging is limited in all but the most transgatrof samples.

Again if the Michelson interferometer is considergtle loss mechanisms can be

described, as seen in Figure 2.4.

Sample

Light P v P2 Reference

source — - mirror
(k+1)P/4 P/2

(k+1)P/4

\ 4
Detector

Figure 2.4. Schematic of a Michelson interferometbowing the power loss pathway.

Figure 2.4 shows a light source inputting an optipawer, P, to a Michelson
interferometer. As usual, this is split into twanar of equal power (a 50:50 split ratio),
P/2. One arm is incident upon a reference mirror atdrned to the beam splitter; this
can be considered as an almost lossless process miinrors of very high reflectivity
(>99.9%) are routinely available. The other armdisected towards a sample, with

reflections and back-scattering occurring at vagitncations into the sample. A large
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portion of the light incident upon the sample wik lost due to processes such as
absorption and multiple scattering. These are ds®t later in this chapter. For
simplicity, the powerP/2, incident on the sample can be said to be redogedfactork,
whose value lies somewhere between zero and omepder returning from the sample
is thereforekP/2.

Light returning from the two arms of the interfereter interferes at the beamsplitter, but
at the same time both returning beams are splitérsame 50:50 ratio, as before. Half of
the returning optical power from each arm ends eipddirected back towards the light
source, where it is lost. The power directed towaite detector has contributioR$}
from the reference arm ahk&/4 from the sample arm, giving a total (&f+ 1)P/4. This is
the same as the amount lost towards the light soditee same amour{k+ 1)P/4, is lost

by being sent back toward the light source.

Since typically less than 1% of the optical powérected at scattering samples is
returned, the sample loss fact@r,is usually close to zero. This results in the pow
directed towards the detectdk+ 1)P/4, tending toward$’/4 as the sample loss facté,

approaches zero. The result of this is that almé%b of the input optical power is not

detected in the typical Michelson interferometed][1

It seems, therefore that there are two major ssusteptical loss in a basic OCT system:
losses in the sample under test, and losses dtlee tmterferometer design effectively

“throwing away” some part of the incident opticalyer.

2.4.1 Light scattering in tissue

In the previous considerations of the OCT imagingcpss the sample under test has
always been considered to behave like a perfecomar series of mirrors. This allows
certain assumptions about the nature of the lighirning from the sample to be made.
These assumptions include the preservation of eolserwithin the imaging beam, and

knowledge of the optical power available for imapiat different depths. In relatively
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transparent tissues the simple idea that light ggapng through the tissue undergoes
only a time delay, and weakly reflects from theel@ywithin the sample is a reasonable

description [11]. For strongly-scattering sampldso effects have to be considered.

Most tissues consist of a range of materials sicltcallagen and elastin, along with
structures such as blood vessels and various délesse can have sizes in ranges from
the nanometre-scale to the millimetre-scale and amanged in a disordered,
inhomogeneous fashion. This range of sizes andriaktgpes can cause light incident
upon the tissue to scatter in several ways, andagbus angles, dependent upon the
particular scattering structure in question [12Qufe 2.5 shows the nature of several

different scattering interactions that can occulense tissues.
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Source

Reference

@ Single backscatter
(@ Wide-angle scatter

Phase-iront distortion by
large-scale index variations

O
@ Low-angle multiple scatter (53
8]

Figure 2.5. Types of scattering interaction in @etissue. Modified from [13].

Figure 2.5 details 4 distinct types of interactionlight within a scattering tissue sample.
The event labelled “1” describes the simplest sxtgon whereby light experiences a
single backscattering event when incident upon semmeture within the tissue. This
event type results in no change to the coherentieedight and can be considered in the
same way as if the light were incident upon a mirfthe wide-angle scatter event,
labelled “2” in Figure 2.5, results in the lightvmved being lost from the system
completely. The interactions labelled “3” and “4aJe a more subtle effect on the
imaging process. Phase-front distortion (“3”) isluged in light that passes through a
sample region with a different refractive index.isTbauses a change in the propagation
delay, resulting in sample features appearingariect depth locations within an image.

35



Low-angle multiple scatters (“4”) occur when ligihd forward scattered after an
interaction, allowing it to undergo further scaittgrevents. Each scattering event causes
the light to follow a disjointed path. If the light eventually backscattered and exits the
sample it will have travelled a significantly longeath than if it had undergone a single
back scattering event. This results in a graduss lof coherence, and degrades image
quality. The scenarios “3” and “4” in Figure 2.%eamportant in explaining some of the
sources of noise in OCT images. The photons ot igiolved are not lost from the
imaging system, but the temporal and coherenceepiiep are disturbed, preventing

them from contributing to the image information tznt.

2.4.2 Noise in OCT imaging

So far, it has been shown that basic OCT imagingiig wasteful in terms of the ratio of
optical power input to useful optical signal outplight is lost to various scattering
processes within the sample under test, and sontigedight that is not lost adds only

noise to the output.

Once the optical signal is incident upon a photecter, the description of noise on the
signal can be split into 3 broad groups. Theseaggive intensity noise, thermal noise,
and shot noise [5]. OCT uses the principle of loetgne detection; that is the mixing of a
signal with a reference oscillator producing a thefiequency component whose
amplitude is proportional to that of the signaltétedyne detection allows high detection
sensitivity, approaching the shot-noise limit. Shotse is related to the random nature of
the photon absorption/electron emission processinvé photodetector. The average rate
of electron emission defines the photocurrent,targiscales as the square of the incident
optical power. Since incident light arrives in dete quanta (photons), and the electron
emission occurs at some random time following tthe, photocurrent will have some
natural variability in time known as shot noise.eTkBhot noise powerNgq, IS
proportional to the elemental charge,and the square root of the photocurrent power,

<i>2, as shown in equation 2.15.
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Ny O&y(i)? (2.15).

Relative intensity noisé\r, is produced by fluctuations in light source outpower or
by changes in optical power induced by other corepts in the system. It is
proportional to the average photocurrent poweir;?, and the elemental charge,

multiplied by some experimentally-determined ndessor,f, as shown in Equation 2.16.
Ny O fefi)’ (2.16).

Thermal noise is simply related to the exchangeeoérgy with the surrounding

environment at some temperatufg, This occurs only in resistive elements in all
electronic circuits. In OCT systems this is addedthe signal when it undergoes
amplification. The thermal noisé\em, iS related to the temperature, Boltzmann’s

constantk, and resistanc®, as shown in Equation 2.17.

N, =2KTR (2.17).

therm

The 3 noise components discussed above can be tmptber and re-written in terms of

an output voltagey, to give Equation 2.18.
N, = eVR+efV?+2kTR (2.18).

In Equation 2.18/=<i>R, whereR is the value of the gain resistor in the ampljfighile
the experimentally-determined noise facfohas units of (amperéeS)i.e. the reciprocal

of current.
It can be shown that, by combining the photocurcembponents from noise sources with

those from the useful signal, the shot-noise-lititeignal-to-noise ratio (SNR) can be

written as:
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( Power

sample
T 2.19).
2NEB ] (.19)

In Equation 2.1%w is the photon energy, is the detector quantum efficiency, axdBB

is the noise-equivalent bandwidth [5].

In order to ensure that the detection is shot nliisited, the shot noise must dominate
over the other noise components. So, considerisgthe thermal noise from Equation
2.18:

eVR > 2KTR
2.20).
LT (220
€

Vv

Equation 2.20 sets a minimum voltage, producedheyreference arm optical power,
needed to reach the shot noise limit. This is agprately 50mV for a temperature of
300K. This means that providing the DC output pamtlfrom the reference arm is
greater than 50mV, the shot noise will dominaterdhe thermal noise. If the relative

intensity noise is now considered in a similar way:

2
;VS :Vefv 2.21).
Equation 2.21 sets a condition on the value ofgtia resistorR, in the amplifier needed
to produce shot-noise limited performance. In rgaitd systems the value &fis set for
other reasons, so the reference arm volt¥ges usually tuned (attenuated) to produce
the best possible performance.

A full, in-depth discussion of noise and noise-tiedi performance in OCT systems is
available in Chapter 2 of reference [5].
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2.5 Fourier-domain OCT versus time-domain OCT

2.5.1 Time-domain OCT

So far, the theoretical systems considered for @&ging have all been what are known
as “time-domain” OCT (TD-OCT) systems. This relatesthe way in which a depth
profile, or “A-scan” is obtained from a sample. Thame “A-scan” is derived from
Amplitude scan - a term used in ultrasound imagindenote depth measurements taken
at a single surface location. In a TD-OCT systemmilar to the schematic depicted
previously in Figure 2.2, the scattering/reflectlagers cause an interference signal to be
produced only when the reference arm path lengtegisal to the path length to the
relevant layer. Although the light source is illurating the whole depth of the sample at
all times, only a small portion of it is being usadany one time. As the reference mirror
is moved, causing the path length to be scannedntlarferometric depth profile appears
at the detector output as a function of time. e of system has been investigated
extensively [12], [14], and used to study tissugsgmg from the human eye [15], to
bovine arteries [16]. There have been many metdesieloped for scanning through the

reference path length, and these are discussedrates chapter.

2.5.2 Fourier-domain OCT

An alternative method of measuring the backscaigmal from a sample is known as
Fourier-domain OCT (FD-OCT). As shown previously section 2.2.2, the auto
correlation function and the light source powercsépan form a Fourier pair. It is

possible to extract the sample depth profile bypinmeasuring the spectral output from
the interferometer, without needing any depth sndhe reference arm.

There are several different implementations of FOTQincluding “Spectral Radar”, and

“Swept-source OCT (SS-OCT)”. The common elemeniveeh these methods is that a

sample is illuminated with broadband light, andnthiee resulting interference signal is
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captured as a function of wavelength. The captsrgaal is then Fourier-transformed to
give the sample depth profile. A schematic diagm@fra “Spectral Radar” system is

shown in Figure 2.6.

Sampl
I i
T~~~ T
————
Reference___~—___=-
plane at g M
: Fixed
Light | v reference
source mirror at
BS position
| 4
Spectrometer

Figure 2.6. Schematic diagram of a "Spectral RaBBrOCT system.

The schematic diagram in Figure 2.6 shows a typiti@helson interferometer being
illuminated with a broadband light source. One afnthe interferometer is directed
towards a sample, while the other is terminatedh wifixed retro-reflecting mirror. The
light from the two arms re-combines at the beanittepl(BS in Figure 2.6) before
entering a spectrometer. The spectrometer esdgmnt@mbsists of a dispersive element,
such as a prism or diffraction grating, followed dyletector or array of detectors. This
produces an interference signal as a function ekleagth,., or wavenumberk(=2z/1).

This interference signal(k), is made up of 3 terms [5], as shown in Equati@2 2
(k) = S(k)[1+ [ a(2)cosernz)dz + ch (2.22)

In Equation 2.225K) is the source spectrum,is the refractive index of the sample,
while a(z) is the amplitude of each wavelength component &metion of depth %).
There are three components to the interferencalsmgoduced from a “Spectral Radar”

system: a constant offset, an integral term inc@foeg the depthz, of a scattering site
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encoded as the frequency of the cosiimz, and an autocorrelation (AC) term related to
interference of all wavelength components. It imightforward to see that a Fourier

transform of the interference signlk) will give a(z), the sample depth profile.

As mentioned, another type of FD-OCT system is km@s Swept-Source OCT (SS-
OCT). In this configuration a specific type of ligfource, known as a swept-source laser
is used; the output of this repeatedly scans badkarth through a range of wavelengths
as a function of time. This provides a spectralgrying input to the OCT system,
removing the need for dispersive elements in thipudistage. A single photodetector can
be used to record the interference signal, whiah tteen be Fourier-transformed to
produce the sample depth profile. A complete dgytiile can be recorded every time
the swept source completes one scan through thegettral range. Sweeping rates of
tens of kilohertz are routinely available [17], vehsystems with rates of 370 kHz have
been produced [18]. An SS-OCT system is furthecudised and used in Chapters 5, 6
and 7.

2.5.3 FD-OCT versus TD-OCT: a comparison

Although both TD-OCT and FD-OCT methods have baetessfully used to produce
images in scattering media, there are pros and wheth methods depending on the

particular imaging situation.

Firstly, consider how efficiently light incident ap a sample is used in the two
competing methodologies. In both situations théeremtepth of the sample is illuminated
during the imaging time. However, in TD-OCT onlysaall fraction of the light
returning from the sample is used to produce therfierence signal. Light returning from
scattering events at depths other than those teatath length-matched with the position
of the reference mirror is ignored, and does nattirdoute to the interference signal. In
FD-OCT systems light returning from all depths with sample is captured at the same
time. This results in FD-OCT having a greater dyitarange than TD-OCT, that is, a
larger ratio of the maximum to minimum power meabie by the system. The dynamic
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range improvement available in going from TD-OCTF®-OCT is a product of the shot-
noise limited detection used. The greater numbermlodtons available during the
detection time in FD-OCT results in increases imadyic range of 20 — 30 dB [19]
theoretically, and at least 14 dB in real systeBjs The signal-to-noise ratio (SNR) is

also improved, by “several hundredfold” [20].

A second advantage that FD-OCT has over TD-OCTesability to compensate for an
irregularly-shaped light source spectrum. In althe# previous considerations, the source
spectrum has been assumed to be Gaussian in stiape, this shape produces an
interference envelope of minimum width. In real-ldosystems it is difficult to produce
sources with perfect Gaussian characteristics;gusmurces with non-smooth spectra
produces side lobes and broadening of the aut@letion function. This results in an
overall reduction in system resolution. In FD-OQIE tsource spectrum can be recorded
as a reference, and then the interference photaui(k), can be divided by the

spectrum3K).

Disadvantages of FD-OCT include increased sampleation sensitivity and technical
difficulties/costs associated with constructingiablie spectrometers. Photo-diode arrays,
particularly devices made from materials other tlsditon, are extremely expensive.
This can limit the use of the “Spectral Radar” F@-Dtechnique to wavelengths less

than 1100 nm, where silicon detectors are mostitsens

2.5.4 Calculating “Spectral Radar” depth range

In TD-OCT systems the imaging depth within a sanplenited by the scattering nature
of the sample and also the range of motion avalabithe reference arm. The range in
“Spectral Radar” systems is limited again by thengia scattering properties, but now
also the resolution of the spectrometer used [ZhE interference signal consists of
cosine fringes, with the highest frequency comptseaming from the deepest region of

the sample. At the maximum depth, the sample frecyief the detector and electronics
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must be at least twice that of the cosine frindggsferring back to Figure 2.6 it can be

shown that the depth scan rangg, measured from the reference plane at pos#jois:

2

Az:i A (2.23).
4n\ AA

In Equation 2.23 (taken from Chapter 12 of refeeeffi]) the termst? and4. are the

incident wavelength and spectrometer resolutiondbédth), respectively, whila is the

refractive index of the sample. Typical values #tw, are of the order of a few

millimetres.

2.6 OCT system design considerations

When designing an OCT imaging system it is essaiatieonsider all the various aspects
of the system in order to achieve the desired intagiapabilities. For example, if
imaging static samples, slow reference arm scanmavg incident optical powers and
relatively long exposure times may be all thateguired to achieve satisfactory images.
However, if the samples to be imaged are subjechdwement artefacts (e.g1 vivo

tissue), faster imaging and higher optical poweay tme required.

2.6.1 Reference arm scanning methods in TD-OCT

TD-OCT is more widely used than FD-OCT [22] duetsarelative simplicity, although it

is not capable of reaching the high depth scarsrathieved by FD-OCT. For most
practical applications a superluminescent diodepkm into a Michelson interferometer
with some form of direct, mechanical path lengthnggng in the reference arm, is all that
is required. There have been many different metloddsference arm scanning utilised
for TD-OCT. These all work on the principle of repedly and reproducibly adjusting the

optical path length in the reference arm.
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A commonly used method for optical path length saagnis a motorized, stage-mounted
mirror as discussed previously (e.g. [7]). Theselt® be extremely slow at scanning,
capable of a maximum rate of perhaps 100 depthsgmansecond. A second commonly-
used reference arm scanning technique involveseaoglectric devices that stretch
optical fibres in the reference arm [23], causit@grgges in the refractive index and
therefore the light travel time. The inherent pesblwith this method, however, is that
the stresses imposed on the fibre can induce uatdésibirefringence and polarization-
altering effects [24], although it is capable oferml hundred depth scans per second.
Fourier Domain “Rapid Scanning Optical Delay” (RSOihes (e.g. [25]), that use a
rotationally scanning galvanometer together witthf&raction grating to induce a phase
ramp in the frequency domain, resulting in a grdefay in the time domain, are a third
common method. These have the advantage overhbetypes in terms of speed, since,
generally speaking, rotational motion can be maddlat much higher frequencies than
linear motion. Depth scan rates of several terigloiertz are easily attainable. This last

technique for reference arm scanning is discusseabre detail in Chapter 3.

An important consideration in all depth scanningtegns used for imaging is the duty
cycle. This is the portion of the scan that hasgh lenough linearity to produce equally
spaced pixels in depth. Techniques where the méianotion is sinusoidal often have
low duty cycles, since more dwell time is spenthet extremes of the scan than at the

centre.

2.6.2 Light sources

There are many different types of light source tteat be used in OCT imaging. In order
to choose a light source for an OCT applicatiomdlaae three parameters that need to be
investigated to confirm that a particular sourceugable; central wavelength, bandwidth

and output power.
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The central wavelength is chosen based on the grepef the sample or item to be
imaged. For example, in human skin imaging 1300sthe preferred wavelength to use

since the tissue has an absorption minimum ardusdvavelength.
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Chapter 3

An OCT system for skin imaging

3.1 Introduction

This chapter firstly discusses a basic system tha$ configured in order to test
components and make initial measurements. This twas converted into the final
system that will be used to image skin. The bagstem is described and then the
differences between the basic and final versiothefsystems are discussed. The goal for
the final system is for it to be capable of imagbagh structural and Doppler information

in vivo.

The initial work involves the testing of varioussggm components including the building
of an optical fibre-based interferometer, and ctigrégsation of a superluminescent diode
(SLD) light source. The autocorrelation of thehtigsource was measured and the
coherence length calculated from the FWHM of thoearrelation envelope function.

Also, the output spectrum of the source was medsusing a scanning spectrometer,
allowing the coherence length to be measured uairggcond method. The source
stability was then tested by measuring output paavel spectra over long time periods,

and under varying drive current conditions.

The system was then modified from the “test” varsioto the more complete final
version. The interferometer used is fibre-based @nof a modified Mach-Zehnder
configuration, incorporating optical circulatorsdannequal splitting ratios to maximise
the amount of light delivered to the sample. Th&nence arm consists of a rapid
scanning optical delay (RSOD) line, utilising a aeantly scanning, galvanometer-
mounted mirror and a diffraction grating to produpath length variation. This
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configuration allows dispersion to be independeatignpensated for, as well as allowing
some control of the frequency and bandwidth of @@T signal. The galvanometer
scans at approximately 8 kHz, allowing 16,000 Arscper second to be measured if bi-
directional scanning is used. A dual-balanced qihetector pair is used at the output of

the interferometer to record the interference digna

The sample arm is coupled into a hand-held probiehwmtontains a fibre collimator, 2-
axis lateral scanning galvanometers, and a finaismg lens. The path lengths in the
two arms of the interferometer are matched at &ms focus by means of adjustable
components in the RSOD.

The RSOD galvanometer and associated electronaiupe synchronization and clock
signals for use with data acquisition (DAQ) devic@sere are 512 clock pulses provided
for every depth scan, with the frequency of thesg/img to account for the sinusoidal
nature of the scanning motion. A National InstratseDAQ, programmed using
LabVIEW software, uses the synchronization sigr@kHz) to produce a voltage ramp
to drive the lateral-scanning galvanometers in otdeproduce 2-dimensional images.
The LabVIEW software also produces a frame syndhation signal every 256 depth
scans (~30 Hz), which is used to trigger a higredpd 6-bit Alazartech DAQ. This
device actually captures the image data, and igranomed using custom software
written in Visual Basic. A custom power supply amhtrol unit were also constructed to
provide all components with power, and to conthel $canning amplitude of the resonant

galvanometer.

Other components tested include: a fibre-based Wagth Division Multiplexer, which
allows a visible beam to be injected into the sagvm for aiming; and an electro-optic
modulator (EOM) which will be used in future toptare Doppler OCT data from the
interference signal.

Initial images have been produced “on the benchhgughe system and these are

presented.
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3.2 Basic system overview

Before constructing an OCT system for medical imggisome understanding of the
limitations and design issues associated with theéous components involved is
necessary. To this end a basic “pre-prototype” QOF setup was designed and
constructed for testing purposes. It should beadhat some of the components (SLD,
detectors, beam splitters, etc.) used in this po#sp/pe system will be re-used in the

construction of the final prototype system.

3.2.1 Optimized Mach-Zehnder interferometer

Although many OCT systems use a Michelson interfeter due to its simplicity,
improvements in signal-to-noise ratio can be gaibgdising other optimized designs.
The system used here is based around a Mach-Zehmidderometer design described

by Rollins and Izatt [1]; seen here in Figure 3.1.

delay line halanced receiver

Figure 3.1. An optimized Mach-Zehnder interferomekesign for OCT. The unequal splitting ratiotss t
first beamsplitter, along with dual, heterodyneegtibn, provide a boost in SNR of approximately 8dB
compared with a basic Michelson system. Adaptech frggure 2 Ai in [1].
For calibration purposes the “sample” in Figure ®ds replaced with a back-reflecting
mirror in order to maximize the return signal. Tdeday line in the reference arm was
constructed exactly as the sample arm, using doabgtrculator and mirror. The system

is almost entirely fibre-based, except for a srealition in each arm (e.g. the “sample”
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end of leg Il of the circulator), where the lighorin the fibre is collimated and directed
towards a mirror. Since constructive interferencly @ccurs when light traveling in both
interferometer arms incurs the same time delays #ir gap proves to be useful in

compensating for unequal lengths of fibre.

The mirrors in both “sample” and reference armsemaounted on 3-axis translation
stages (Thorlabs Nanomax303). The stage in treramée arm is driven in the axial
direction by a stepper motor, controlled usingwafe written in LabVIEW (National

Instruments). The stage has a total travel of 4atra minimum speed of 0.04 mm/s
(maximum speed 2 mm/s), allowing fine adjustmemtspath length over a range of
4 mm. The motor-controlled stage is mounted onafop manual, single-axis translation
stage (Edmund Optics P/N: 56-796) with 25 cm ofdfaproviding rough adjustments in

— A
SNR 10 Gii | o
(dB) Bi
B el
Standard

D.I’_'I

path length.

0.5
Splitting Ratio o

Figure 3.2. SNR as a function of splitting ratioThe optimized Mach-Zehnder interferometer (cuki)e
has best performance when0.12. The improvement in SNR over the Michelsderiierometer (curve
labelled “Standard”) can be seen. Adapted from iE&@uin [1].
The two beam splitters are both fibre-based itelemMport F-CPL-F22131 and F-CPL-
F22135). One has a balanced (50:50) splitting rathile the other is chosen with a ratio
of 90:10. The 90:10 beam splitter has a splittiaigo of 0.1, the closest commercially
available option to the optimum value of 0.12 [The advantage of this set-up in terms

of SNR can be clearly seen in Figure 3.2 (curvellad “Ai").

Optical circulators are a relatively new family aftical components based on magneto-

optic materials. The non-reciprocal nature of ¢hesaterials can be used to produce

51



components that only transmit light in one directjoefB]. The two circulators used
here are 3 port, fibre-connected items (Newport IR-C3-P-FA). Light is only
transmitted in the direction of the arrows (Seaufeg3.1), with light going from port 1 to

2, and then from port 2 to port 3.

3.2.2 The low coherence light source

There are many different possibilities when it cen@ choosing a light source suitable
for use in an OCT system. One of the most comnmahraadily available options is the
Super-Luminescent Diode (SLD). These can be obthinn a variety of
bandwidth/centre wavelength combinations with reabte output power. They also
have approximately Gaussian spectra which minimggresst images caused by side lobes
[2]. Superluminescence or Amplified SpontaneousisBion (ASE) is the optical

amplification of spontaneous photons by stimulaeussion within a gain medium.

The light source used here is a SLD (Covega 11®®j12vith a nominal centre
wavelength of 1295 nm and a FWHM spectral width66fnm. The device is fibre-
pigtailed, and mounted on a temperature-controleét sink to minimize output
variations due to environmental changes. Usingattwve specifications\{= 1295 nm,

AX = 60 nm) in conjunction with Equation 2.14, it dasmshown that,

Ad =12um (3.1)

i.e. the coherence length of this SLD is approxétyai2um. In OCT systems, axial
resolution is limited only by the coherence lengthihe light source and hence, the axial

resolution of the system, in air at least, shoddiound 12um.

The SLD is supplied with a control unit allowingrpmeters such as the diode drive

current and the temperature control window to hestdd. The SLD can be driven in
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either “constant current” or “constant power” moda.the first case the drive current to
the SLD remains constant, but the light intensitly fluctuate in response to temperature
changes, etc. In constant power mode the optmakp output remains constant but the
drive current will vary to compensate for enviromta changes [3].

3.2.3 The balanced photo-detector

In choosing the optimized Mach-Zehnder interferanétis obvious that a dual balanced
photo-detector is required for the system. Dualahced detection uses two photo-
detectors to reduce noise in a system. The heteeodutputs from the detectors are
added together while excess photon noise can gelyaremoved. Such detectors are
readily available commercially, although expenstéhe near-infrared wavelengths used
here.

The detector chosen for the system is the ThorRIbB120C-AC 75 MHz fixed-gain,
balanced amplified photo-detector. This consistéam@ matched InGaAs photodiodes
and a low noise, high speed amplifier. An outpmltage is produced that is proportional
to the difference between the currents inducedénphotodiodes. The detector can be
used in the wavelength range 800 to 1700 nm [4].

The output from the detector was connected to ddP@ata recording via a LabVIEW
interface and DAQ card.

3.3 Finding the zero point

With the system set up as described in Sectiorntl3e2next stage of the investigation was
to find the zero point of the system. The zermp@ simply the position to which the

reference arm mirror must be moved in order tocse®structive interference with light
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from the mirror in the “sample” arm. At this poitiite optical path lengths in both arms

of the interferometer are the same.

3.3.1 Measuring the interferometer arms

In order to find the zero point and see the autoetation function the interferometer
arms need to be measured so that the approximsitgopdor the reference mirror can be
determined. This was done by measuring every hewftfiore in each arm of the
interferometer and summing the various lengths.e Tdct that some portions of the

system are traveled twice by the light was alsertakto account.

When the total length of each arm is known, the@gmate zero point can be calculated
as follows. The reference arm mirror is placedweth a position that the air gap between
it and the end of the fibre compensates for thatike shortness of the reference arm
fibres (the reference arm fibre components areahagsich that it is always shorter than

the “sample” arm).

The air gap can be calculated by knowing the lemlitierence between the two fibre
arms, and compensating for the difference in réfracindex between air and glass
(fibre, nyass=1.47). Using this method the calculated requspecing between mirror

and collimator was 11.3 cm.
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3.3.2 The zero point

The calculated spacing of ~11.3 cm between mirrat eollimator was set using the
manual single-axis stage; the motor driven staglees used to fine-tune the positioning.
The auto-correlation function at the zero point wen recorded. This was done by
programming the motorized stage to repetitivelydieback and forth using a software
routine written in LabVIEW. The output from theteetor pair was connected to an
oscilloscope, with the trigger level set slightlgoae the noise level. As the mirror
passes through the zero point, the spike in owtplidge triggers the oscilloscope which
records an image of the auto-correlation functi@ne such image can be seen in Figure
3.3.

M Pos: 0,000s

M 25.0rms

Figure 3.3. The auto-correlation function recordatth an oscilloscope. The vertical axis is voltdi¥ per
division) and the horizontal axis is time with eacjuare representing 25 ms. The stage was moving at

0.2 mm/s to create this image.

The width of the pulse in Figure 3.3 is dependenth@ speed at which the mirror travels
through the zero point. The FWHM of the pulseppraximately 60 ms, when the stage
is moving at a constant speed of 0.2 mm/s. Combithese two figures gives the width
of the auto-correlation function and hence, theecehce length of the light source.

Here this was found to be (Equation 3.2):
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In Equation 3.2/ is the stage velocity artgwyyv is the temporal FWHM of the pulse on
the oscilloscope. This confirms the coherence lersgtecification of the SLD, shown
here to be 12m.

3.4 Characterizing the SLD using the auto-correlati  on

function

The auto-correlation function visible at the zewnp provides a method of measuring
the coherence length of the SLD. The variabilitythee SLD output parameters under
various control and environmental factors would useful to quantify, in order that
consistency be maintained when eventually usingyiséem for imaging. To this end it
was decided to use the auto-correlation functiomtmitor the effect that SLD drive
current has on the coherence length, as well astonoig the time stability of the

coherence length under the influence of environaigéatnperature change.

3.4.1 Coherence length as a function of SLD drive ¢ urrent

In OCT, higher intensity light allows greater peagon into tissue and therefore reveals
more detail and information from a sample. Higbatput intensities are provided by
driving the SLD with more current. It is useful know how this affects the coherence

length of the light, to ensure that axial resoluti® not compromised.

56



As mentioned previously, the SLD is connected tmoatrol unit that is used to set the
drive current (in “constant current” mode), or thenitored output power (in “constant

power” mode). The current can be set to any vagieeen 0 and 500 mA.

The current was adjusted until just above the tolelsvalue in constant current mode
(approx. 80 mA). It was then increased in 10 m#pstup to 500 mA. At each stage the
auto-correlation function was displayed and the RMVEh time) was recorded. Post-

processing converted these time measurements ofterence lengths, as previously

demonstrated (see Equation 3.2). Figure 3.4 slagplst of these results.

SLD coherence length as a function of drive current
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Figure 3.4. A graph of SLD coherence length asatfan of diode drive current. Error bars (xQu8) are
estimated from the error in measuring the FWHMhef auto-correlation function using the oscilloscope
The graph in Figure 3.4 shows that coherence letigtheases fairly linearly from above
threshold to around 250 or 300 mA. The coheremrgygth then remains relatively

unaffected by further increases in current, sefthih between 10 and 12n. This is a

positive result because the highest drive curreants, consequent high output powers,
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give the shortest coherence length and hence tieesii axial resolution. This means

that high axial resolution and large penetratioptle can be achieved together.

3.4.2 Time stability of SLD coherence length

The time stability of the SLD coherence length ngportant in producing consistent,
reproducible images. For example, it is usefuknow whether the SLD needs to be
allowed to settle after switch on, or if it can le& on for long periods of time without

significant instability occurring due to environnt@ichanges, such as temperature.

The SLD drive current was fixed at a value of 458.nThe coherence length was then
determined from the auto-correlation function atyiwgy intervals of approximately
30 seconds for 10 minutes. The same 10 minuteepsowas then repeated 90 minutes
later. The results are shown in Figure 3.5.

Coherence length as a function of time from SLD switch-on
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Figure 3.5. A Graph of SLD coherence length asatfan of time after switch on. The upper plotdjrés

the first 10 minutes after switch on while the low@ue) is a 10 minute period, 90 minutes afteitgwon.

58



The results shown in Figure 3.5 show that the et length remains fairly constant
over both short (first 10 minutes) and long (90 m&s from power up) time periods.
The seemingly erroneous points in the lower plot &prox. 200 seconds and
550 seconds) are due to incorrect triggering of dtseilloscope causing the auto
correlation function to be incompletely recorded. time-stable coherence length is a
positive result as it means that an OCT systemguiiis SLD can be used soon after
switch on, and for long time periods, without fedrinconsistency caused by a wildly
fluctuating coherence length.
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3.4.3 Further SLD characterization using spectrala  nalysis

In order to fully characterize the SLD it is ne@aysto analyse some other parameters of
the output light. The SLD spectrum can reveal ibe@bout the bandwidth and peak
wavelength of the output light, as well as accassihe overall spectral shape. It was
decided to record how the spectrum of the SLD sghttt changes in diode drive current,

as well as how it changed due to environmentabfaaiver time.

Spectra were measured using a 0.5 m length grajoegtrometer (Acton Research
Spectra Pro 500i, 300 lines/mm, 1200 nm blaze) leaupo a high-speed, amplified
InGaAs photodiode (Thorlabs PDA255). The outpatrfrthe SLD was collimated and
directed to the input slit of the spectrometer. e Tihput and output slits were then
optimized for resolution and sensitivity. Specivare recorded by computer at 1 nm
resolution in the range 1200 to 1400 nm. This Wwidtas deemed wide enough to

encompass the entire spectrum from the SLD afserias of test runs.

3.4.4 Spectra vs. SLD drive current

Spectra were recorded as a function of SLD driveeai, in 25 mA steps between 0 and
500 mA. The resulting plot is shown in Figure 3Bhe red line on the plot tracks the
peak (centre) wavelength of each spectrum, showaingradual decrease in centre
wavelength as the current is increased, from ald@# nm at low current down to

1295 nm at maximum current. This is in line wikie tmanufacturers specifications for
the SLD. It can also be seen from Figure 3.6 thatFWHM bandwidth of the spectral

peak increases linearly with increasing drive autreThe increase is expected but its
linear nature is interesting to note. When ushegg$LD for imaging, it will be necessary
to always work at a single drive current to makeesthat bandwidth, and therefore

system resolution, are constant.
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SLD spectrum as a function of drive current
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Figure 3.6. A 3-dimensional plot of SLD spectradimsity vs. wavelength) against diode drive cutrent
The red line connects the peak wavelength from ewtiiidual spectrum.

3.4.5 Spectral Time Stability

The time stability of the SLD can also be determilgy observing its spectral output
over time. Fluctuations in bandwidth or peak wamgth can be observed, along with any

variations in intensity caused by environmentatimgesor cooling.

Spectra were recorded every 15 minutes for more fiZahours. The resulting plot is
shown in Figure 3.7. The spectra in Figure 3.7eatteemely stable over the long time
period shown. No fluctuations in bandwidth or peakvelength can be seen, although

there are some small variations in intensity, pbbpacaused by room temperature
fluctuations.
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SLD spectra as a function of time since power-up

Intensity (a.u.)

1000

12007
Time {minutes)

Wavelength (nm) 1400

Figure 3.7. A 3-dimensional plot of SLD spectradimsity vs. wavelength) as a function of time.

3.5 One-dimensional depth profiles

The next step to take, after studying the SLD, teasse the system to acquire some 1-
dimensional depth profiles of simple optical systenThis can be said to be a “proof of
concept” type experiment, in that it produces assfeectional image through a sample,

albeit only in 1 dimension.
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Figure 3.8. Diagram showing the experimental sefuthe sample arm used for acquiring OCT depth

profiles.

The sample arm of the Mach-Zehnder interferometes assembled as shown in Figure
3.8. The sample used is simply a thin glass ctipesa top of a thicker glass slide. The
idea is that this will present several interfacéshmnging refractive index to the beam,
with some light from each being reflected back tee tinterferometer to create

interference. The reflection co-efficient of glassapproximately 4% so the signal levels

encountered will be much smaller than for the nngrnased previously.

The method of recording an image is very similarthe way in which the auto-

correlation function was recorded previously. Thetorized stage in the reference arm
is set in motion, moving back and forth repetityvalong its axis. As it passes through
the point at which the optical path length in teéerence arm is equal to the position of
the first interface, the oscilloscope is triggeraad records the signal. Setting the
appropriate time period for the trigger allows thetire sequence of interfaces to be

recorded.
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M 250ms

Figure 3.9. An oscilloscope image showing the fietence pattern generated by reflections from the
air/glass interfaces of a glass cover slip. Théaa axis is voltage (500 mV per division) ané th
horizontal axis is time (250 ms per division.) Thenslation stage was moving at 0.2 mm/s to geedhid

image.

Initially just the coverslip boundaries were readd an example image is shown in
Figure 3.9. The time delay between the two peakshe used to calculate the thickness
of the coverslip. With the reference arm scanrah@.2 mm/s, and accounting for the
refractive index of glass (~1.47), the thicknesstiod coverslip is calculated to be

approximately 14@m.

With some tweaking of the alignment between thérnated beam and the glass surfaces
it was possible to resolve the coverslipd the top surface of the glass slide. This is

shown in Figure 3.10, overleaf.
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A 1-dimensional depth scan through a coverslip/slide combination. Scanning speed was 0.2 mm/s.
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Figure 3.10. Graph showing the 1-dimensional deptn of the coverslip/slide combination. The

translation stage was again moving at 0.2 mm/sdoiee this image.

The thickness of the coverslip is again shown toapproximately 140+12m; this

agrees well with the micrometer-measured value5&fiin. The second, lower surface
of the glass slide is not resolved here becaussttge could not move into the region
were it would be expected without alignment issiigs to a mechanical problem with the

motorized stage.

These various one-dimensional profiles demonstthge proof-of-concept of OCT

imaging systems.
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3.6 Final system

The final system design builds on the test systeatdun characterising the SLD and the
other components. It uses the same Mach-Zehndenfenbmeter design, and the same
SLD light source. It differs primarily in the alijfito produce two-dimensional images at
a fast rate, whereas before data collection was slod only one-dimensional. This is
achieved by replacing the linear motorized scammehe reference arm with a grating-
based Rapid Scanning Optical Delay (RSOD) lineufgg3.11 overleaf shows the final

system design in schematic form.

The subsequent sections will then describe in sdet@l each component or sub-system
and the reasons that particular design choices macke.

Figure 3.11 details the interferometer and RSODOgdesas well as showing how the

optical system interfaces to the electronic andwsoke systems via the use of various

logic and timing signals.
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Figure 3.11. OCT system diagram showing opticaldigidal connections. Excluded items
include: PSU/amplitude controller for RSM, EOM fooppler OCT, and miscellaneous

electronics Thicker lines deote optical fibre connectior
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3.6.1 Light source

The light source to be used in the final systethéssame as used during the testing
phase. The only addition to this part of the systema Wavelength Division
Multiplexer (WDM) allowing a visible laser diode foe injected into the system
alongside the main (IR) imaging beam. The WDM wesighed for use at 1300 nm
and 630 nm; this latter wavelength would provideed aiming beam so that the
system operator could determine precisely whera sample the image was being
recorded. Unfortunately, following extensive tegtithe WDM had to be removed
from the system as it was discovered to be a nsmjorce of optical power loss for

the 1300 nm source.

As shown in Figure 3.12, the WDM is positioned e tsample arm following the
circulator. It can only be used in this positionc& the circulators do not transmit
any light below 1150 nm. However, this positioniggults in light returning from

the sample having to pass through the WDM a setiorg] resulting in major losses
due to lack of bi-directional coupling. On removtle WDM was replaced by a

length of optical fibre of the same path length.

3.6.2 Fibres

The optical fibre components used in the final exystare generally the same as
those used in the testing system. They all use 381B/pe optical fibre, which is
particularly suited for use at wavelengths arou8@d0Lnm. This fibre type has a core

diameter of approximately 9 um and a cladding diamaf 125 pum.
It should be noted that the interferometer usebra beamsplitter with an unequal

90:10 splitting ratio. The 90% portion is directemvard the sample in order to

maximize any possible back-scattered signal thatlmegpresent.
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3.6.3 Rapid scanning optical delay line

The major modification of the basic system was teplacement of the linear
scanning mechanism in the reference arm, with adR&8panning Optical Delay

(RSOD) line to ensure high frame rates.

N double-pass

diffraction \-\\55 mirror
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Figure 3.12. Schematic diagram of the rapid scanaptical delay line [5].

In Figure 3.12, light from the interferometer idlenated onto a grating where it is
then spectrally dispersed. This results in a phas® as a function of wavelength
since some wavelengths travel a longer path toapiel scanning mirror (depending
on its position). The scanning mirror returns tlagiaus wavelengths back onto the
grating where a second, inverted phase ramp ostwats that all wavelengths have
now been delayed by an equal amount. The light thies the double pass mirror
and undergoes the same process a second time keforeing to the rest of the
system. Since video rate 2-dimensional imagingeguired, the system must be
capable of producing approximately 30 image framesry second. With OCT
images typically incorporating 256 depth scan @Ex#ie delay line must be capable
of almost 8000 depth scans per second. The fasngty mirror must therefore
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operate at a frequency of at least 8 kHz. For thé&son a GSI Resonant Optical

Scanner capable of a fixed, 8 kHz scan rate was [6$e

The resonant counter-rotating scanning (CRS) galvemter scans at an actual
sinusoidal frequency of 7910 Hz. A pixel clock muttis provided which linearizes

spot placement throughout the scan field by acaeogrior the sinusoidal motion of

the mirror. This is only active in the most lingartion of the scan. For each half-
period (i.e. a full sweep of the mirror in one diien) the pixel clock is active 66%

of the time. This is equivalent to 88% of the seanplitude as shown in Figure
3.13.
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* Active Scan time 13 66% of T/2, where T is the scanner escillation period

Figure 3.13. Graph showing the relationship betwssam angle, mirror velocity and pixel clock

output for the CRS scanner. Taken from the GSI dnics Counter Rotation Scanner User Manual.

3.6.4 Lateral scanning mechanism and imaging

A lateral scanning mechanism providesandy-axis scanning in conjunction with
thez (depth) scanning provided by the reference aror. tWo dimensional scanning

(e.g.x andz), the lateral scanner only needs to operate dtdnee rate, i.e. 30 Hz.
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Figure 3.14. Schematic drawing of the mount for théateral scanning galvanometers. Taken
from [6].

A two-axis, galvanometer-based, moving magnet apicanner system from GSl is
used. Each axis can be driven by any waveformfrequencies greater than

3500 Hz [6]. The mounting arrangement for thesshewn in Figure 3.14. The

galvanometers, along with a suitable lens and fdarenection have been designed
into a hand-held probe (Figure 3.15)

Figure 3.15. Photograph showing the hand-held priolkuding lens (bottom left), fibre collimator

(bottom right) and scanning galvanometers (centre).
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Various suitable lenses have been trialled as éocahmicroscope objective. These
set the surface pixel size (lateral resolution) af image while, hopefully

maintaining a large enough depth of focus (Raylemige) to clearly image the
whole depth scan.

The two galvanometers provide lateral scanning éwerorthogonal axes@ndy),

giving the system full 3D imaging capabilities.

3.6.5 Detector

The same detector was used in the final systenasipieviously been described in
section 3.2.3.

3.6.6 Sequence of events for obtaining an image

This section aims to describe the step-by-stepga®oeeded to control the various
OCT system components. The components involved aaréixed-frequency,
galvanometer-mounted scanning mirror (the CRS,am@r Rotation Scanner) that
provides depth scanning capabilities into a samgpbe, 2 identical, independently-
controllable galvanometer mounted mirrors for laktefsurface) scanning in 2
dimensiongx andy). The available inputs and outputs from thesepmmments are

described in the following sections.

3.6.7 Depth scan acquisition

The sequence of events required to obtain a sdegpéh scan is as follows:
» A “start scan” signal is given from software thatrts on the CRS scanner.
* When the mirror reaches the position at the sfatielinear region the pixel
enable output goes high, indicating that pixel kldata is now valid. The

pixel clock provides a timing pulse for each pibaation.
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The pixel clock signal triggers the computer toorelcthe detector output at
each pixel location (512 points in total). As shmowmv Figure 3.12, the linear
region of the scan lasts for 66% of each half pkriequating to
approximately 44is. 512 pixels will be recorded in this time atyag
frequencies up to 15 MHz.

When the mirror reaches the end of the linear re¢he pixel enable signal

goes low, triggering the computer to stop recordivgdetector output.

3.6.8 Two-dimensional image acquisition

To produce a two-dimensional image a second axg @ is used. This is

incorporated into the sequence described previobglysing the time period in

which the pixel clock is inactive between depthnsctb move the-axis mirror to

the site of the next depth scan. The imaging secpiaow runs as follows:

Thex-axis mirror is moved to the position of the fidgpth scan.

The CRS scanner starts to perform the first degdh ¢pixel enable is high).

When the CRS scanner is traversing the linear negfamirror motion, the

pixel clock is active and 512 clock pulses are fled to time the recording
of image pixels.

As the CRS scanner reaches the end of the lineansg region the pixel
enable signal goes low and detector output is ngdorecorded.

The pixel enable low signal triggers tkexis mirror to move the imaging
point to the next depth scan location. This musgpgen before the pixel
enable signal goes high.

The CRS scanner changes direction whilexais mirror is moving and

proceeds in the reverse direction. When the CR®magain reaches the
linear scanning region, the pixel enable signalsgugh and the pixel clock

provides timing pulses for the recording of depitefs.
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» This process is repeated for as many depth scarlecétions) as are

necessary to form an image.

The x-axis galvanometer is controlled using the “commaayeform” and “servo
enable” inputs. If lateral resolution is to be gbly equal to depth resolution
(~10um) then thex-axis mirror needs to move the imaging point a distaof
10um in approximately 2@s. When 512 pixels have been recorded from a depth
scan thex-axis mirror can be triggered (by the pixel enasignal going low) to

move the required distance before the next depth starts.

One obvious thing to note here is that the depmsa@re recorded in alternating
directions, i.e. top to bottom followed by bottom top etc. This needs to be
accounted for when performing Fourier transformd assembling the image from

the individual depth scans.

3.6.9 Three-dimensional images

Figure 3.16. Diagram showing the raster scanniolgrtigue to be used in forming a 3D image. Each
red square represents one depth scan locationstiogsof 512 pixels. The images are scanned from

1 to k along the x-axis before stepping down txigaow 2 and scanning backwards from k to 1.
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Future acquisition of 3 dimensional images will uegq a simple extension to 2D
image capture. The number xohxis locations is set to some number, After k
depth scans have been performed, as describedfon&ges, the pixel enable low
signal from the CRS scanner is used to triggetythris mirror to move to the next
line of the image. This is shown in Figure 3.1%his requires some method of
counting the number of locations that have been scanned in order to determ
when the pixel enable low signal caugesxis motion rather than the usuaaxis
motion. They-axis galvanometer is controlled via its “commandveform” and

“servo enable” inputs.

3.6.10 Resolution control and imaging parameters

The depth(z axis) resolution of the system is fixed by phykicanstraints of the
system. There can only be 512 depth pixels timgdhie pixel clock and the
distance over which they are recorded is contrdtigghysical components of the
system. Resolution in the latefa andy) directions is completely adjustable; the
distance the mirrors move for each step, and tmebeu of pixel locations in each
direction, being the deciding factors. Ideallyesh would be adjustable from
software, and will be once imaging calibration kaleen place. For example, a high
frame rate might be required to image moving oljeathin a sample. In this case
(for a 2D image) the number afpixels would be reduced to achieve the desired
frame rate. The distance betwegnmirror steps is a separately controllable
parameter governing the final size of the imagabview GUI controls to adjust the
number of pixels recorded in both lateral directiare required together with an
estimate (and real-time readout) of the frame réle image dimensions are also
adjustable; controlled via the number of pixels dhd step size between pixel
locations. For example, for a 4 mm-wide image 36 pixels, the galvanometer

step-size would be set to approximatelyud

For an image made up of two dimensions; namelyhdapt one lateral dimension,

it would in future be useful to be able to selettich lateral axigx ory) is to be
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used. This will enable samples/specimens to begéohan two planes without
mechanical manipulation. Two dimensional OCT imggs analogous to B-mode
(Brightness mode) ultrasound imaging were the pbwghtness in an image is

determined by the amplitude of the returning signal

3.6.11 Post-capture data processing

The control and positioning of the various mirrongonents is only one part of the
imaging process. The post-capture data processtogience also needs to be

correctly implemented.

Raw data is going to be arriving at the computefpiackets” of 512 pixels. Each
packet can be considered as a separate entity as the data processing procedure
is concerned. The data in these packets is initee domain for spatial data. The
system is going to eventually produce Doppler irsagieflow and so some phase
resolving is required along with the amplitude pded by the FFT. The Hilbert
transform can provide the solution to this probleecause it can provide the phase
of a signal as its complex argument. The amplitade then be produced by

analytic continuation, as shown in Figure 3.17.
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Figure 3.17. Image reconstruction algorithm forggheesolved ODT. Taken from Figure 9 in [7].
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Other post-capture features, such as various ireagancement techniques should
also be considered. These include:

» Adjustable threshold levels. These allow the lowl-éntensity level in an
image to be set, below which all pixels are dispthgs black.

* Intensity scaling. Pixel intensities are usuadpresented on a logarithmic
scale.

» For velocity (phase) images: false colouring woudd appropriate to
represent flow rates and direction.

* Some method of measuring the distance betweenn2spam an image would
be useful.

» For a selected pixel, readout of the flow ratéhatgoint would be useful.

The system displays two-dimensional images aséives them, so that the display
is updated in “real time”. A displayed image ah@®ds to be able to be saved to file
at any point. Three-dimensional images will prdpghst be recorded straight to

file as the system will not be able to maintaireaphigh frame rate (<1 fps).

3.6.12 System software

The imaging portion of the system software wastemitfor this project by Dr. Med
Benyezzar of the Photon Science Institute, Uniteisi Manchester. This software
acts as a slave to the Labview program writtende the various timing signals
provided by the system electronics. It uses an atazh fast DAQ card to capture
the frame data and then stream it to a display.lodv fdiagram detailing the

methodology of the program is shown in Figure 3.19.
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Figure 3.19. Flow chart describing the high-speadign of the OCT system software.
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3.6.13 System electronics

The CRS mirror is controlled by 2 circuit boardsieoproviding power and

amplitude control while the other deals with timeugd pixel separation issues.

Thex-y scanners are controlled by 2 circuit boards (@reapis) that provide power
and scan waveform information. Unlike the CRS arirthex-y galvanometers do
not move resonantly and so can be programmed toemaoth various different

waveforms or with discrete control steps.

The electronics for the CRS mirror and thg galvanometers are mounted in two
separate enclosures. Each enclosure has conredboninput of power and
command signals and for output of various monipiignals. Connections to the

appropriate mirror/galvanometer combination are glevided.
A triple-output, 350W power supply is used with tegstem. This has been

mounted in a custom enclosure; connection detaitk dilagrams are described in
section 3.6.15.
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3.6.14 System overview

The various components making up the scanningreld@cs are connected together
in the following way. The power supply unit (PSptpvides 15V DC and +5V
DC to both the CRS and the XY electronics. A 0-B¥ variable signal and 2 TTL
logic signals are also provided to the CRS systammfthe PSU for amplitude
control purposes. All other inputs and outputarfrboth sets of electronics are
connected to the computer via a 10 MSamples/satafaisition card. A schematic

diagram of the entire system is shown in Figur® ®&low.

X
|

electronics

enclosure

_________________ , 1

CRS _ Computer
electronics CRS mirrot via data
enclosure | in RSOD ! acquisition
| cards (DAQ)

Figure 3.20. Schematic diagram of the OCT scansystem electronics, showing connections
between major system components. The red arradicaite £15 V d.c. & +5 V d.c. supply lines

while the blue arrow indicates amplitude contrgisil connections.

There now follows a brief description of each o# tomponents shown in Figure
3.20.
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3.6.15 Power supply (PSU)

The power supply is manufactured by Victittf://www.vicr.con) and has part
number VI-RU022-EYVV. It is a switched mode unibrih the Vicor FlatPAC

range. A single mains (230 V A.C.) input consigtiof live, neutral and earth

connections is required. The PSU provides threarsée outputs of 5V, 15V and
15V. These are rated at 50 W, 150 W and 150 Wergsely, meaning that each
one of these outputs is capable of delivering aeatrof 10 A. Although the
electronics to be powered using this unit don’tuieg) anywhere near the power
output it is capable of, the PSU was chosen agdt thve cheapest available that had

the required combination of voltage outputs.

The PSU enclosure has appropriate sockets that #llto provide power to other
components in the system. These are mostly juatght through connections
providing combinations of 5V or 15V, but thereaiso a potentiometer-controlled
variable 5 V output along with two switch-contrallegic outputs which control the

oscillation amplitude of the CRS mirror.

The PSU provides power to the two-axisy) lateral scanning mirrors at the sample
beam delivery point as well as to the resonantrsognCRS) mirror and associated

electronics in the rapid scanning optical delag.lin

The PSU is a 3-up (triple output) version of theatPAC series by Vicor

(http://www.vicr.con) Outputs 1 and 2 are linked together to createual-ichil

supply of 15 V. The centre-tap of this dual-ulpply is designated as 0 V and is
common with the 0 V connection from the 5 V output.

The 240 V AC input to the PSU is connected via #&ctwand fuse built into the

housing. The switch has a built-in neon lamp iatiig the on or off condition. The

FlatPAC unit has screw terminal connections for thee standard 240V AC
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inputs; Live, Neutral and Earth. Both the PSU Eanput and the (metal) chassis
are connected to the mains input Earth lead. Aiing for the power supply has
been carried out in accordance with appropriatéthead safety guidelines. Mains
wiring is of the three-core, Brown-Blue-Green/Y@&lldLive, Neutral, Earth) type.
DC-side wiring is also colour-coded using a Red-MAflack scheme. Red is used
to indicate positive voltages (+5V or +15 V), whinhdicates ground (0 V) while
black wiring is used to conduct negative voltagd$ {). All DC wiring is of the
multi-core (stranded) type comprising of 24 0.2 wonductors in a PVC sheath.
The DC terminals of the FlatPAC PSU are #10-32 stupplied with appropriate
nuts and washers. Insulated eyelet crimp termirabs use throughout for
connecting wire to the PSU DC outputs. All solgens between chassis sockets
and wire are insulated with heat-shrink sleeviiigpe wiring diagram for the PSU is

shown in Figure 3.21 , on the next page.
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Figure 3.21. The wiring diagram for the power syppWains supply connections are shown at the
top, including connections to a mains-powered capfan. DC connections are shown at the bottom,
colour-coded for clarity. Red lines are +15 V,élines are 0 V, pink lines are -15 V and greeadin

are +5 V. Black lines on the DC side indicate thatvoltage is variable/adjustable. Pin 1 onthe

andy connectors is unconnected.

Choosing the right value fuse is crucial in ensgiiinat electronics (and users) are
adequately protected against short circuits antistai’he Vicor FlatPAC unit used

here is marked as having a current draw of 4.3ofnfa 240 V (mains) supply. The
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mains-rated cooling fan also connected has a nénomaent draw of 0.125 A
giving a total maximum current draw of 4.425 A fitre unit. A 5 A fuse has
therefore been fitted to both the 3-pin mains @od to the 20 mm fuse holder built

in to the unit itself.

At maximum power, 350 W needs to be dissipated et by the PSU. The
FlatPAC unit has an integral heat sink for thisgmse. The Vicor Design Guide &
Application Manual has extremely detailed instroie§ on how best to provide a
suitable thermal environment for the power suppifermal curves for the FlatPAC
series are also provided, as shown in Figure 3.22.
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Figure 3.22. Thermal curves for the Vicor FlatPAgiss. Graphs are output powgfaiis) versus
ambient temperature-@xis). The various curves are for varying ainfloonditions, starting with
free air H & V (two flattest lines), then 200 LFMnar feet per minute) air flow and then rising in
steps of 200 LFM from there. Graph on the lefois5 V outputs, graph on the right is for 12-48 V
outputs.
The curves in Figure 3.22 show give the maximumiantdemperature for which a
particular output power can be maintained, givem dir flow conditions. They
show that, for free air (i.e. no fan or air movemether than convection) the
maximum ambient temperature for which 350 W canmaentained is around 15-
20°C. From elsewhere in the design guide, thiditmm would also result in the
temperature of the heat sink reaching 85°C! Feséhreasons the cooling fan shown
in the wiring diagram (Figure 3.21) was added. @&h#ow characteristics of the

fan are unknown but it should easily be able tovalthe PSU to operate in ambient
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temperatures of 40-50°C. This provides a reasensdifiety margin above “normal”
room temperature operation. The fan is mounted/altoe main heat sink on the
power supply and will suck air out of the case. nigein the side panels provide

inward flow for cool air.

3.6.16 Amplitude control

The amplitude control output of the PSU is useddbthe oscillation amplitude of
the resonant scanning mirror. The oscillation d@ugé can be varied continuously
by adjusting the ZOOM voltage between 0 and 5 Vxximam amplitude is
achieved at 5V. Further control is possible bplgpg logic signals to the SELO
and SEL1 CRS inputs. The combination of the SEh &EL1 signals creates a 2-
bit signal that can reduce the oscillation ampktig factors of 0.75, 0.5 and 0.25.

The ZOOM voltage is controlled by the potentiomd®®;, in combination with the
preset potentiometer R1. This preset potentiome¢éts the maximum possible
output voltage, allowing adjustment for power sypgpkaccuracies and also a safety
margin, as a ZOOM voltage greater than 5V may dgnthe resonant mirror. R2
then provides complete variation between 0 V amdcttiling set by R1. The SELO
and SEL1 signals are controlled by the switches SWA SW?2 respectively.

3.6.17 PAT testing

The unit was PAT tested on 16/1/2008 by Paul Spitethe Electronics Workshop,
School of Physics & Astronomy. The PAT test cardte is valid for 3 years from

the test date.
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3.6.18 x-y electronics

The electronics controlling and y axis scanning are MiniSAX Il servo contrdle
manufactured by GSh{tp://www.gs-scanners.cm The arrangements for boxh

andy axes are identical; they are 2 copies of the sayseem. The MiniSAX Il
consists of a single circuit board mounted on gdaneat sink. It has two input
connectors; one for power and one for control dggnalTwo output connectors
connect the MiniSAX Il to the VM500 galvanometer-nméed mirror.

The x-y electronics enclosure contains two MiniSAX Il bdsrone for each axis.
The power/control inputs enter the case via twdkastscper axis. Connection to the
galvanometer is by the supplied cables, two pes.axThese exit the enclosure

through a cable clamp/grommet arrangement.

3.6.19 CRS electronics

The control electronics for the CRS mirror are ntednin a similar enclosure to the
x-y electronics. The electronics consist of 2 cirdgards; a “driver” board and a
board called the “pixel clock”. These boards catredectrically via a 14 pin ribbon
cable. The driver board has one 16 pin input cotomefor power and control
signals, and one output connector to connect tgpteemoulded cable of the CRS
mirror. The pixel clock board has a single 24 gamnector for transmission of the

pixel clock timing signals.
The enclosure has 3 connectors, allowing powercanttol signals to be separated.

The pre-molded CRS cable exits the box throughamplgrommet arrangement

similar to thex-y enclosure.
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3.6.20 Data acquisition cards (DAQSs)

There are two DAQ cards used in the system. Oigé @peed) is used to record the
OCT signal coming from the detector, while the otllewer speed) is used to

control thex-y scanners and various other 1/Os.

The lower speed DAQ is a National Instrumentgtp(//www.ni.con) unit,
specifically the PCI-6115. This is coupled withcannection board (BNC 2110)

which allows BNC connections to 4 analog input c¢teds and 2 analog output

channels, all of which can be either pseudo-diffea¢ or grounded. There are also
various TTL logic outputs available; connection tttese is via spring-loaded
insertion terminals. This DAQ is capable of 10limil samples per second for each

analog input channel with 12-bit resolution.

The high speed DAQ is made by Alazartech. It ké&s high-speed (at least 100
million samples per second) inputs. This cardl&led using the pixel clock

output from the CRS electronics.

3.6.21 Frame trigger & ramp generation

The following routine is programmed in NI Labview tespond to various timing

signals provided by the system electronics. See &lmme Trigger Generation

The Pixel Enable signal is connected to the NI edra counter/timer input, CTRO.
The counter is set-up so that it generates a highud, CTRoutO, (logic 1, +5 V) for
N (= 256) ‘ticks’ of the input, CTRO. A ‘tick’ islefined as a falling edge on CTRO.
N can be adjusted by the user, and it definesrtred width (256 in our case).

The counter output, CTRoutO, is the Frame Syndsrame Trigger signal. This is

connected as the trigger for the Alazar card.
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Ramp Generation occurs as follows: The ramp isdpfered as N (=256) steps
between voltages Vand \.. The Pixel Enable signal, input on CTRO, is useda
clock for the ramp analogue output. On each falédge of the clock the ramp steps
to the next value in the sequence, output on ACLik@. trigger for this output is the

Frame Trigger signal (rising edge), available fréifiRoutO.

In this way the ramp stays at each level for thaetwa of just 1 A-scan/line, and

only moves during the period when no data is beéecgrded.
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A-scan/line number:

Pixel Clock

Variable rate
between 5 and 15
MHz. Generated

by Resonant
Scanning Mirror.

Pixel Enable
~8kHz rate, each
period encloses 512
Pixel Clock pulses.
Generated by
Resonant Scanning

Mirror

Frame Trigger
Each period encloses
N = 256 Pixel Enable
pulses. N can be
adjusted by user.
Generated by NI
card.

|
|
2 511 512

5 | | N = 256
| |
| |
1 2 511 512! 1 2 511 512
i
2 ! N = 256

N = 256

Ramp for
X-axis
scanner

Has N = 256

voltage steps

between Y and

V,. Generated by
NI card.

Ramp Level

Figure 3.23. System timing diagrarl'n describing Ehellt'ronship between various

electronic signals used to synchronize the imaghogess.
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3.7 System photographs

Figure 3.25. Photograph showing the fibre-basesti@tometer, along with detector and SLD.
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OCT SYSTEM POWER SUPPLY

Figure 3.26. Photograph of the OCT system PSU.
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3.8 Preliminary OCT system images

After the OCT imaging system had been built as iptesly described some
preliminary imaging tests were done in an attero@tssess initial performance.

Optical fibre connection
to interferometer

hand probe

Clamp System
stand

A lens

Focal point

Sample
;4/ surface
/

N

Figure 3.27. Diagram showing the experimental getrsed in acquiring preliminary images from the
OCT system.

Figure 3.28 shows the experimental configuratioedu® capture some initial test
images. The hand piece previously described inige@&.6.4 (and shown in the
photograph in Figure 3.15) was mounted securely atamp stand such that the
imaging plane was horizontal and parallel with tipéical table. The objective lens
had a focal length of 75 mm and was 25.4 mm in dtam Imaging was performed
with lateral scanning over a distance of approxatyaD.5 mm for all samples.

Images were captured from reflective surfaces sashglass, acrylic or mirror

surfaces to maximize the amount of light returnimghe detector during the testing

phase. An example of the sort of images initialgarded is shown in Figure 3.28.
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Figure 3.28. Cross-sectional OCT image of a 1 miokttnansparent acrylic slide. The image is 512
pixels vertically by 256 pixels horizontally, wilpproximate physical dimensions of 3 mm (h) by
0.5 mm (w). The highlighted red areas show theaigeceived from the upper and lower surfaces of

the slide.
As can be seen from the image in Figure 3.28, tierference signal was fairly
weak. The black-and-white banded appearance dintbesurfaces is a result of the
software displaying the “raw” interferogram, as oppd to the envelope of the
signal. This produces a rapidly alternating positfwhite) and negative (black)
effect rather than the single intensity level tihaight be expected from such a

surface.
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In an attempt to improve the image, a simple higlgdency cut-off filter (an RC
circuit) was placed in-line between the photodeteand the DAQ card in the PC.
The corner frequency of the circuit was empiricadljusted until the black-and-
white banding just disappeared, meaning that tgaeni frequency modulations of
the interferogram were being filtered, but the déope at each image “feature” was

being preserved. A second image, showing the effieitte filter, is shown in Figure
3.29.

Figure 3.29. Cross-sectional OCT image of two 1 thick transparent acrylic slides stacked one on
top of the other. The image is 512 pixels vertichl 256 pixels horizontally, with approximate

physical dimensions of 3 mm (h) by 0.5 mm (w).
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A side effect of the high-frequency cut-off filteas applied in Figure 3.29, is that
much of the background noise is removed resultingtie smoother overall

appearance of the grey background.

From measurement of the line thicknesses at the blboundaries in Figure 3.29, the
vertical resolving ability of the system can beedetined. The lines are between 5
and 10 pixels thick, which, when translated intstainces at approximately 6 pum per
pixel, yields slide boundaries of between 30 um &@dum thickness. These
boundaries would be expected to be thinner thamab@ution limits of the system,
so this result suggests some broadening is ocguriihis could be a result of
several factors, including the effect of the higbguency cut-off filter described
above, or the misalignment of lens focal point d@hd depth location at which
interference occurs. Further work, including a aespiment objective lens, is planned

to rectify these issues.

3.9 Conclusions

A fast OCT system has been built incorporating &0OR, SLD light source, and
mostly fibre construction. Although still being ted, the system should be capable

of video-rate imaging at depth resolutions of agp® pm.

Initial images demonstrate the basic success o$yetem, but lack the quality and

precision required to fully explore the systemsatalties at this time.

3.10 Further work

The OCT system as described does not fulfil theercai asked of it. In its current
state it cannot produce high-quality images inugssand it does not allow access to

any functional data that can be extracted from Ofynals. The first issue is
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therefore to bring the system up to working ordénis requires several points to be
addressed. Firstly, a high-quality achromatic léas been obtained with a high
numerical aperture. This will allow distortion-frenaging, with more light
concentrated where required. Since this lens has hequired the system requires
re-aligning, to take into account the change imfdength and hence path length.
The second issue is to ensure that the system rikingoto its full potential. The
geometry of the RSOD is complex, and precisionnatignt is necessary in order to
achieve efficient, low-loss imaging. This requiceseful, methodical alignment and
optimisation.

Once good-quality structural imaging is achievda functional OCT information

can then be extracted. The ultimate goal of thiesy is to image blood flow in

vivo in human skin tissue. The components are dyrevailable to do this in that
there is a fibre-coupled electro-optic modulatoOE) ready to be used within the
system. This has already been characterised to eudrkwitching and phase-control
parameters. This device will be used to modulageititerference signal at a high
frequency of around 1 MHz. Any Doppler shifts inddcby moving scatterers
within a sample will cause a frequency shift in thedulations, which can be easily
detected.

Ultimately, further clinical studies are plannedngsthis OCT system to image

patients in vivo. To prepare for this, imaging ¢faptoms, and other items will be
performed in order to calibrate the system and tstded its capabilities.
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Chapter 4

A supercontinuum light source for OCT

4.1 Introduction

There are four major selection criteria to be cde®d when selecting a suitable light
source for OCT. These are central wavelength, sgelsandwidth, output power and
stability. Axial resolution in OCT imaging is primky governed by the pairing of source
central wavelength and spectral bandwidth. Thigti@hship was described previously in
Equation 2.14, where the FWHM of the source spettisi assumed to be a Gaussian
distribution [1]. The choice of central wavelengthtOCT-suitable light sources is usually
limited by the so-called ‘therapeutic window’; tlepectral region within which the
absorption of tissue components is relatively ldWis area spans from the red end of the
visible spectrum (~600nm) and stretches into thar iR, up to around 1600nm [2].
Fortunately, there are many light sources availabldis spectral region so efforts have
concentrated on improving sources by increasingtsgdebandwidth, in order that axial

resolution may be improved.
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4.1.1 High bandwidth sources used in OCT

The most common illumination source used in OCTtesys to date is the
superluminescent diode (SLD). These are relatioblgap, compact devices, available
with central wavelengths ranging from circa 800mnatound 1.6pum, and bandwidths of
up to 80-100 nm for devices emitting around 1.3[Igpical axial resolutions of 10um

are easily attainable at output powers of severa df milliwatts.

Figure 4.1. A comparison of OCT images producedgiai Ti:Al203 source (a), and those produced using
a standard superluminescent diode (b). Modifiechffagure 3 in [3].

While the range of output powers and central wangiles from SLDs is acceptable, the
relatively narrow bandwidths limit imaging perfornte. Different types of source have
been investigated to achieve imaging parameter@aréhan those provided by SLDs.
Mode-locked solid-state lasers are capable of mioduhigh average output power
femto-second pulses, resulting in bandwidths measur hundreds of nanometres. For
example: Kerr lens mode-locked (KLM) Ti:A); sources have been used for OCT with
impressive results. The output of a TEB% source has a central wavelength of around
800nm. Bouma et al. [3] produced a device with atpat power of 400mW and a
spectral FWHM of 145nm resulting in an axial resioln of 1.9um in air. Figure 4.1
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shows a comparison between an OCT image produged asTi:Al,O; source and one
produced using a fairly standard, for the time, S&@urce. Further improvements in
using such high bandwidth sources for OCT havedgiglimpressive results. A system
constructed using a Ti:ADs source with a bandwidth of 350nm centred at 800nm
yielded images with an axial resolution of just 1adtowing the structure inside cells to
become resolvable [4].

4.1.2 The importance of source power and stability

The major factor affecting penetration depth andgmg speed in OCT is source output
power. Higher powers allow single-scattering eveintsn greater depths to become
detectable, and also allow higher imaging speedbering the necessary pixel dwell

time for adequate detection.

The ‘stability’ of an optical source, in this degtion, encompasses two factors: optical
noise due to amplitude modulation (i.e. noise irhemwithin the source), and also the
portability/simplicity of the source. The first ¢iiese stems from the fact that no real-
world light source produces light at a precise tamspower. Fluctuations can result
from, for example, instability of a current supplged to power a semiconductor-based
source such as an SLD. These fluctuations resuhamges in the detected amplitude of
any interference pattern produced i.e. amplitudsend his reduces the ability of an OCT
system to detect weak signals. The second factartiomed here is related to the

suitability of a particular source for the intendapplication. Many OCT systems are
designed with clinical applications in mind and,sagh, they must be robust and of a
practical size. Optical sources like the Ty®@4 type mentioned previously are large,
complex machines and are therefore confined to l#b®ratory, while SLDs are

physically small and operationally stable and socimumore suited to the clinical

environment despite their inferior optical spedfions.

The criteria mentioned previously must all be cdased when assessing the usefulness

of any novel optical source for OCT imaging.
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4.2 Supercontinuum optical sources in optical fibre

When a pump beam is severely spectrally broadengd td nonlinear processes a
supercontinuum is said to be formed, consisting epectrum spanning many hundreds
of nanometres in wavelength with no gaps or disnaittes. Supercontinua have been
generated for several decades by pumping variouiamweith short pulse-length laser
light. Optical fibres have proved to be particufaslitable for the generation of spectral
supercontinua. Some modern supercontinuum optioakces rely on the optical
properties of a particular type of optical fibrdled photonic crystal fibre (PCF). PCF is
also known as “holey fibre” or “microstructured idj in the literature. It consists of a
small central core of silica glass surrounded bpeaiodic array of refractive index
discontinuities, such as air holes (hence “holdyefi) or different glass types. The

spacing of the array of holes is of the order obaple of micrometres.

The interesting properties of PCF regarding sup#hgcoum generation are that it is

highly non-linear, can transmit a large range o¥&langths with low losses, and, unlike

standard single-mode fibres, can be constructeth witcustomized zero dispersion

wavelength, allowing more efficient pumping. Thendmearity of PCF means that the

second-order refractive index causes self phaseaulaioah of the pump beam which can

effectively counteract group velocity dispersion time opposite sense. The balance
between these two factors allows for supercontingameration.
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4.3 A commercial supercontinuum source for OCT

Supercontinuum sources using PCF as the genenagtgum have been used in OCT
systems previously, allowing axial resolutions 0% 2am [5] and >5 pm [6] to be
achieved. Commercial sources of a similar type arg¢he time of writing, starting to
appear on the market from companies including NKoténics (formerly Koheras) and

Fianium.

4.3.1 The Koheras SuperK Compact

An example of a commercially available supercontmusource is the SuperK series
from Koheras (now NKT Photonics) shown in Figurg Below. These are a family of
sources ranging from the Compact, capable of naoosepulses at kilohertz repetition
rates with greater than 100 mW output power, toEkigeme which has an output power
of greater than 4 W delivered by 5 picosecond pulse 80 MHz [7]. The SuperK

Compact source was trialled as a possible replacéemhancement for an existing SLD

source in our OCT system.

Figure 4.2. An image of the SuperK Compact from &mis/NKT Photonics showing turn-key operation
and fibre output. Modified image from SuperK Comparoduct data sheet [8].
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An image of the SuperK Compact from Koheras/NKT tBhizs showing turn-key operation and fibre

output. Modified image from product data sheet.

4.3.2 Specifications

The Koheras SuperK Compact (hereafter referred std‘tke Compact”) is a self-

contained, bench-top source producing a white lighpercontinuum output. The
specifications of the unit are summarised in Table below. As can be seen, the light
output has an extremely broad spectral range, tayatmost 2 pum. The output is pulsed

so detection electronics would require synchrompat the Compact were to be used for

imaging.
Koheras SuperK Compact — selected specifications
Wavelength range 500 nm to 2400 nm
Total average output power >100 mW
Pulse duration ~1ns
Repetition rate 24 kHz (typical)
Output fibre type Single mode
Fibre connector FC/PC-type
Physical dimensions (HxWxD) 140x350x236 (mm)

Table 4.1. Selected specifications of the KohergsefK Compact taken from the product datasheet.
Selected specifications of the Koheras SuperK Cairtpien from the product datasheet.
As can be seen from both the image in Figure 4@ Bable 4.1 the output of the
Compact is delivered via a single mode optical efiierminated with an FC/PC
connector, making it theoretically a drop-in reglaent for the SLD device currently in

use in the OCT system. Physically, the Compacimallsand portable, weighing well
under 10 kilograms.

4.3.3 The testing process
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The Compact source was provided on loan for a peaiod of only two weeks by
Koheras, and consequently the range of tests peefbwas limited. The main objective
of the trial was to measure some of the paramdébatsare important in OCT imaging,
such as coherence length.

A C D E
:ij@ \

G O

~O O O

Figure 4.3. A schematic representation of thedhttst set-up for the Koheras SuperK Compactcgour

Key: (A) SuperK Compact source, (B) single-modeagbtibre, (C) Fibre collimator, (D) Photo detecto
(various - see Table 4.2), and (E) oscilloscope.

After receiving and setting up the Compact, théiahiest was to observe the temporal
properties of the output light. This was done ushgexperimental configuration shown
in Figure 4.3. The light from the Compact is outpi# the integral single-mode optical
fibre and then collimated. The beam is incidentrupophotodetector, the response of
which is observed and captured on a digital osuldpe. In order to observe the
photodetector response to a single optical pulse,dscilloscope is triggered via an

electronic signal output from the Compact thatyisceironous with the optical pulses.

The extremely wide spectral range of the Compacnmsdghat choosing a detector is
difficult; one single device will not cover the @etrange from 500 to 2400 nm. Several
different types of photodetector were available dige in characterising the Compact,
specifications are detailed in Table 4.2 below.
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Photodetector specifications

Detector Wavelength range Rise time  Quantum efficiency
Thorlabs DET110 Silicon 400 to 1100 nm 20 ns 0.646
Thorlabs PDA400 InGaAs 700 to 1800 nm 35ns 0.760

Thorlabs DET10D
1.2t0 2.6 um 25ns 0.593
Extended range InGaAs
Judson J12D InAs 1.0t0 3.6 um ~2 us 0.413
Judson J10D InSb 1.0t0 5.5 um 35 us 0.783

Table 4.2. Wavelength ranges and rise times ofableai photodiodes. Values are taken from manufactur
data sheets.

It should be noted that the detector rise timeJable 4.2 are all at least an order of

magnitude too large to allow the 1-2 ns duratiompou pulses of the Compact to be

temporally resolved. Analysing the signal due tsiragle pulse incident upon any of the

devices in Table 4.2 will show the detector resparagher than the characteristics of the

pulse.

CH1 5.00mY  CHZ 1.00%

Figure 4.4. Typical responses of the Thorlabs DBT4ilicon photodiode to a single optical pulse fritra
SuperK Compact light source (yellow traces). Thetwae was triggered using the synchronous TTL tgmin
signal (blue traces). In the left image the phatddioutput was 50-ohm terminated at the oscilloscop

while in the right image the output was 1M-ohm terated. Images are screen captured from an

oscilloscope.
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Figure 4.4 shows the typical detector responsesiogie optical pulse from the Compact
(yellow traces). The detector used to produce beftrand right images is the same; the
differences in pulse shape and temporal resporeséharresult of altering the electrical
termination of the detector at the oscilloscope hadce the RC time constant of the
circuit. The RC time constant is a measure of time trequired to charge a particular
capacitorC, to 63% of its nominal value via a resistariRe,

t=RIC )

By default the input terminals on the oscilloscd@e a resistance of 1M ohm and a
capacitance of roughly 20 pF. This gives a timestamt of approximately 20 us meaning
that signal variations occurring faster than thifl mot be accurately reproduced. The
input impedance of the scope can be changed byn@daliterminating resistor of

appropriate value that connects the ground andakigimes. Adding a 50 ohm terminator
results in a time constant of 1ns, meaning thaathkty to see fast changes in the signal
is limited by the response time of the photodio@iee effect of different termination

resistances can be seen by comparing the leftightdmages in Figure 4.4.

4.3.4 Measurement of interference

Although we are unable to see the true shape obul@ut pulse from the Compact this
does not affect the ability to measure propertieghe source relating to interference,
OCT and coherence. The voltage level of, for examiple peak of the pulses shown in
Figure 4.4 is directly related to the intensity lght incident upon the photodiode.
Adding neutral density filters to reduce the infgnat the detector causes the pulse peak
to form at a lower voltage. From this it can be wiet that an interference pattern
produced using the Compact will be detected by todng the (peak) amplitude of the
pulse. The interference pattern can be scannerbtiupe a sequence of constructive and
destructive interference fringes, resulting in thedent intensity and the detector pulse

amplitude rising and falling in the expected sindabfashion.
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The Compact was connected to a free-space Michétgerferometer in an attempt to
produce and detect an interference pattern. Thétaes$ auto correlation should allow the
coherence length of the source to be determinguir&i4.5 (overleaf) shows a schematic
of the interferometer. The fibre output from then@act is collimated using a fibre
collimator. The particular collimator used was desd for use in the near infrared part
of the spectrum (1100 - 1600 nm) and so may haweeld the spread of wavelengths

within the interferometer.

(O NNNNNNNNNNNN
:>

B
Fibre from

SuperK | E
Compact ﬂ

Detector

~O O O

Figure 4.5. A schematic diagram of a free-spacen®lgon interferometer with motor-driven reference

arm. Key: fibre collimator (A), cube beam split{&), fixed mirror (C), scanning mirror (D), osciioope
(B).

Once collimated, the beam is centred upon one da@cube beam splitter. The beam
splits at the centre of the cube into two ‘armsgthb having approximately equal

intensities. These two arms were both terminatetth w&i mirror; one fixed in position

axially, but with angular adjustment to allow beateering, the other mounted on a
motor-driven actuator to allow path length adjusitee The actuator was a Pl piezo-
electric device coupled to a Mercury DC motor coliér, model C-860.10. This allowed
the mirror (labelled ‘D’ in Figure 4.5) to be pasited axially with a precision of better

than 10 nm [ref manual?]. The beam in each arrmefriterferometer was reflected from
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the terminating mirror and returned along its aréipath, the two beams recombining at
the centre of the cube beam splitter. Here, that lig split again, with 50% being lost
back towards the light source and 50% being dicetdgvards the detector. A lens and
neutral density filters were positioned before tistector to focus the collimated beam
and reduce its intensity to avoid saturation.

The output of the detector was coupled (with appat@ termination) to a digital
oscilloscope capable of recording images of wawve$oand associated numerical data
sets. Data files were saved to a compact flash meoaod and then uploaded to a PC for
analysis.

The method of capturing the interference patteadpeced using the set-up in Figure 4.5

was as follows.

* The output from the detector was connected to stdloscope. The oscilloscope
was triggered using the TTL synchronisation sigitam the Compact. This
allows one pulse from the Compact to be viewedtahe.

* The motor-driven mirror was moved to a positioneav fmicrons before the
interference pattern was detected, determined bghradjustments of the mirror.

* The mirror was then moved, step-by-step, through ititerference pattern. At
each position the pulse output was recorded asraneoseparated value (CSV)
file via the oscilloscope. This step scan procedavas repeated several times with
different size steps ranging from 70 nm/step to B2step.

« The resuling CSV files were analysed using a MABA (2006b,
TheMathWorks, Natick, MA, USA) routine, describeeldow.

The CSV files each contain data describing a sipgllse from the Compact. For a
particular step-size and detector combination thksgs all have essentially the same
shape, with the sharp rising edge occurring aséime time point in each. The MATLAB
routine uses the first CSV file in the sequencea d&mseline with which to compare all
others; the first CSV file will be a reasonabletaiice from any interference pattern and
so will essentially have no intensity contributidme to interference. Once the baseline is

established the routine takes the difference betveggarticular file and the baseline, and
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then takes the average of a section during theepulkis average value can then be
considered as representative of any intensity dmritons due to interference for the
particular pulse. This routine is repeated foiICH#V files in the scan sequence until a full

set of intensity values versus scan position haenlgenerated.
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4.4 Results

The following graphs show the successful extractbman interference signal from the
CSV file sequence as described previously. Thectiataused in both cases was the
Thorlabs PDA400 InGaAs photodetector (700-1800nBms3ise time). Step sizes were
set to 525nm in the first case (Figure 4.6) andchidih the second (Figure 4.7).

0.08

0.06

0.04

0.02

Intensity (a.u.)
=]

-0.02

-0.04 b

-0.06 b

- ! 1 |
O'080 5 10 15 20 25 30

Distance (um)

Figure 4.6. Graph showing the average intensitm® 51 pulses of the Koheras SuperK Compact, versus
interferometer mirror displacement as controlledt®sy/ Pl piezo-electric actuator. An apparently unde
sampled interferogram is visible, centred aroungidbdisplacement. The displacement between pulses

(step size) was 525nm.
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Figure 4.7. Graph showing the average intensitia® fL89 pulses of the Koheras SuperK Compact, sersu
interferometer mirror displacement as controlledt®s/ Pl piezo-electric actuator. An interferogram i
clearly visible, centred around 17 pm displaceméhe displacement between pulses (step size) was

140nm.

The interference signals in Figures 4.6 and 417 loa simply analysed to extract an

estimate for the coherence length of the Compachinwithe confines of other

experimental conditions that might restrict theikade spectral bandwidth. The region
of interest in both Figures occurs at distancelativeen 10 and 25 pm. The FWHM of
the interference signal, and hence the coheremgghlecan be estimated in these regions
by looking at the peak intensity, dividing it by dwand then finding the positions at
which the interforgram reaches this intensity. Tisisound to be approximately 6 pm

from the data shown in Figure 4.7.

The fringes observed in Figures 4.6 and 4.7 aremnsampled and severely affected by
noise. The under-sampling is as a result of limfied control over mirror positioning
resulting in only a certain number of steps pertuength. The noise on the

interferogram, including apparently shifting DC &y, is a result of the varying
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amplitudes of the individual pulses used to comsttine interferogram. The assumption
that a fixed time point within the pulse maintamsconstant amplitude appears to be

false.
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4.5 Analysis and discussion

Assuming that the photodetector (Thorlabs PDA40BalAs) is the main bandwidth-

limiting factor in the system, then the range oéalde wavelengths from the SuperK
Compact is 700 to 1800 nm in the cases shown inrégy4.6 and 4.7. This 1100nm
range would theoretically allow for a coherencegtanof less than 2 pm, assuming a
perfect Gaussian distribution of wavelengths abth& central point. This can be

calculated by using a central wavelengthof 1250nm, and a bandwidth/, of 430 nm

in Equation 2.14, giving a coherence length of 4iné. The bandwidth is calculated as
the theoretical FWHM of a Gaussian distribution toeth at 1250nm, and rising

from/falling to zero at 700nm and 1800nm respedtyive

The coherence length we observe is four times faig this so we can conclude that
the photodetector is not the main bandwidth-lingithactor in the system. Other optical
components within the interferometer also imposaesdimitations. The beam-splitting
cube used at the centre of the interferometer (&heBS012 10mm) is designed for use
at wavelengths between 1100nm and 1600nm. Thistefédy both raises the central
wavelength to 1350nm, and reduces the bandwidti7@nm resulting in a longer

coherence length of 4.7 um.

Since it is known that the output intensity of thempact as a function of wavelength is
effectively flat, and is certainly not a Gaussidims will also result in reducing the

effective bandwidth available. The non-Gaussiamingadf the input spectrum along with

the shaping provided by optical components in tnt path will result in side lobes on
the interference signal which obscure the “truegéiference pattern and further add to
the coherence length measured. The average powartai the Compact is also seen to
fluctuate over time, resulting in significant noise the constructed interference signal.
All of the effects discussed show that the measuvedde for the coherence length of ~6

pm is to be expected in the described experimsittadtion.
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An alternative method for determining the opticahtwidth provided by the Compact
would have been to measure the spectrum directhgus spectrometer. This could be
done directly at the output of the Compact, ana alt the position of the detector,
allowing the bandwidth-reducing effects of the ogkiset-up to be found. This was not

done due to time constraints.

4.5.1 Practical issues

As well as determining the interferometric propestof the Compact light source, these
experiments were also used to evaluate the préttsaf using the Compact in an OCT
imaging system. The most obvious benefit of the gachis that, since its output covers
such a large spectral range, there is the posgibiliusing several different sections of
spectrum to perform OCT-type measurements; althaigh would almost certainly

require entirely independent sets of associatedalptomponents/detectors etc. suited to
the wavelengths in question. This was highlightetha time of testing since only one

interferometer (particularly the beamsplitter) veasilable and resulted in an inability to

perform any measurements in the visible part ofsjpectrum. A second, practical point
to note is that the Compact is a “turn-key” systamaning that it can be used and

transported very easily with virtually no time réeual for set-up.

There are several areas which would make the Campace difficult to use in an
imaging scenario than, for example, a superlumem@saliode. The output of the
Compact is pulsed with a repetition rate of 25 kHzsulting in significant periods of
time when there is no light being emitted. If thetput has pulse lengths of 1 ns at
25 kHz then the device is emitting light only 0.602 of the time. For imaging,
measurements would have to be synchronised witlCtimepact to ensure that signals are
captured correctly. This can be done using theigeaVTTL synchronisation signal but it
adds complications that other light sources do mbe Compact’s pulsed output also

limits the rate at which data can be captured. Amsg that 1 pulse is required per pixel
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to produce an image only 25,000 pixels can be cagtper second; meaning that a 512
by 256 pixel image would take over 5 seconds tapece. This compares poorly with

rates of 30 frames per second for most “fast” O@&ging systems.

4.6 Conclusions

From testing and using the Koheras SuperK Compeet a short time the following

conclusions can be drawn:

= The Compact is an extremely versatile light souhee to the large spectral range
and relative high intensity of its output. This czause issues with other optical
components however, which must be chosen wisebuiiothe wavelength range
required.

» In practical terms the Compact is portable and sbleaough to be integrated into
a portable OCT imaging system. It is a “turn-kegfution requiring minimal set-
up.

= Measurements of the coherence length using a fatdpdard component set
yielded a value of approximately 6 pum in the nedrared (1100-1800nm)
wavelength range. This was limited mainly by théicgd components involved,
but also by the non-Gaussian nature of the spemtitplut.

= The Compact is limited to applications not requgrimgh-speed imaging due to
its pulsed output’s relatively low repetition raite25 kHz. It would take several
seconds to produce OCT images of a usable sizepiilsed output would also
need to be synchronised with detection electrotocsnsure that data would be

read when light was returning from a sample.
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Chapter 5

A skin and blood flow model for OCT

5.1 Introduction

The skin, and the blood flowing through it, can leed as a powerful indicator of
systemic changes in diseases such as systemiossléi/hile developing a custom OCT
system (see Chapter 3) for imaging in clinical sadinvolving patients with such

diseases, it was decided to produce a physical inodehantom, in order to study the
issues surrounding OCT imaging of skin and blo@avfl This allows various imaging

parameters to be studied, along with the probless®@ated with image analysis and
interpretation.

A physical model in this case is known as a tigsh@ntom, since it aims to represent
some (or all) of the characteristics of a partictissue type. The aim in this case was to
produce a phantom whosmptical characteristics are closely matched with those of
human skin and associated vasculature. This canlibeémaged using a suitable OCT
system. The phantom in this case is based arounligtit-scattering properties of binary
mixtures; simple dilutions allow the optical profes of the liquid phantom to be fine-

tuned over a wide range.

This modelling work was carried out, and completeefore the custom OCT system
described in Chapter 3 was available. A commescaailable swept-source OCT
system from Thorlabs (OCMP1300SS, Thorlabs, In@$ wsed in all of this work. This
system is capable of producing Doppler OCT (DOGhages of dynamic samples, as

well as standard structural images of static objePOCT has been used in the past to
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successfully study both phantoms, e.g. [1], argliise.g. [2] or [3]. The Thorlabs DOCT
system is described in some detail in this chapter.

5.2 The Thorlabs swept-source OCT system

5.2.1 System overview

As mentioned earlier, the OCT system used for im@a@i this tissue modelling work is a
commercially available unit made by Thorlabs (madg&inber OCMP1300SS). The unit
uses a swept-source laser as a broadband illummsatiurce and operates in the Fourier

domain.

Figure 5.1. A photograph of the Thorlabs swept-se@CT system; showing microscope-style sample arm
with PC display and mouse/keyboard (top/second)sipelrsonal computer (third shelf), and swept-seur

laser (bottom shelf). Image taken from product nahid.
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Figure 5.1 shows a photograph of the Thorlabs sweptce OCT system (hereafter
referred to as the “SS-OCT system”). The systensists of the swept-source laser, a
microscope-style sample arm attachment, and a parsomputer (PC). There is also a
hand-held probe that can be swapped in for theasiope; although this is not shown in

Figure 5.1, or used in this tissue modelling work.

The PC contains two data acquisition cards; onghfepeed) device for capturing the
interference signals produced from the sample utel#r and a second for control and
synchronisation of the various scanning componeatpiired to produce a 2 or 3
dimensional image. Custom software provided by THfsr (version 2.1.7) controls all
aspects of the system, from calibration and imagagmeters through to data capture

and storage.

The SS-OCT system has an axial scan rate of 16(kBH00 depth scans per second)
allowing frame rates greater than 25 fps when 54l scans are used to produce one
frame. The working distance for the microscopeesysis 50 mm and the objective lens
has a x3 magnification. The swept-source laseah@sntral wavelength of 1325 nm with
an optical bandwidth of 100 nm, resulting in a gehee length of approximately 7 um.
The system also has the capability to capture adyded Doppler shifts present in the
interference signal from a sample under test. Tlaesgroduced when imaging samples
that have some dynamic (moving) component and iaweed as a separate image to the
normal, structural information. A colour map is ds® help interpret the degree of

Doppler shift present.

5.2.2 The swept-source laser

A swept-source laser is a tuneable laser lightwhose output wavelength is varied
repetitively as a function of time; the optical jput “sweeps” through a certain range of
wavelengths. If an observer watches the output awes full sweep of the total

wavelength range they will see all wavelength mosledtted one after the other, and it
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will be as if the source has produced a broadbarmgub over the duration of the sweep.
One typical method of creating this type of ligbusce is to use a semiconductor gain
medium in conjunction with an external cavity, whex dispersive element such as a
prism or diffraction grating is used to “tune” tloaitput to a particular wavelength. A
mechanical scanner, typically a resonant galvanemneta piezo-electric device, is then
used to continuously sweep through the tuneablgerah the cavity. A typical example
of this can be seen in Reference [5]. Another nethfgoroducing swept-source lasers is
the ring cavity design incorporating Fourier-domanode-locking (FDML) [6]. These
are capable of much higher sweep rates (> 100 ki) work by synchronizing a

tuneable filter with the round-trip flight time bfht within a circular cavity.

The swept-source laser can be incorporated intO@h system operating in the Fourier
domain, with each sweep of the laser output ulthyaproducing one axial/depth scan.
As with other Fourier domain techniques, the nemdiridependent, mechanical, path-
length scanning is eliminated. The advantages o sources in an OCT environment
are many, with the most obvious being the speedhath they are capable of scanning.
Axial scan rates of many tens of kilohertz are Igasthievable, yielding images of a
useful size (512 by 512 pixels) at video frame gatextremely fast swept sources have
also been produced with scan rates of 370,000 peesecond [7], allowing so-called “4-

D OCT” imaging, where 3D volumes are captured rate of greater than 1 per second.

The Thorlabs swept-source laser provided as path@fDOCT system is an external
cavity type. It uses an oscillating mirror in comdion with a diffraction grating to

produce the swept, pseudo-broadband output. Thepwate is 16 kHz, producing an
output with a bandwidth of 100 nm centred aroun@518m. Optical connection to the
output of the Thorlabs swept-source laser is bfF@MAPC single-mode fibre. Various
electrical connections for synchronization, angttovide a clock signal for data capture,

are also available. These are described lateisrctapter.
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5.2.3 The DOCT system

The Thorlabs OCT system consists of 4 major patge swept-source laser, an
interferometer, a personal computer with associatdtivare and data capture devices,
and the sample arm output device (either the mioqes or the hand-held probe). Figure

5.2 shows a schematic diagram of the system inofudil major optical and electronic

components.
____________________________________________________ 4
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Figure 5.2. Schematic of the Thorlabs OCMP1300S&pswource OCT/DOCT system. Key: MZI: Mach-
Zehnder interferometer, SS: swept laser sourcefiB€r. coupler, PC: polarization controller, CIR:
circulator, AL: aiming laser, C: collimator, AP: jadtable pinhole variable attenuator, M: mirror, BD
balanced detector, DAQ: data acquisition board, $Dscanners driver, CCD: CCD camera, OBJ:
objective, MS: microscope. This figure is takemirdhorlabs OCMP1300SS operating manual [4].
The swept-source unit contains the external cdeser as described previously, along
with a fibre-based Mach-Zehnder interferometer (M4his interferometer produces an
electrical clock signal that is used to time thptage of individual image pixels, spacing
them evenly in wavelength over the sweep of therlasitput. A fibre beam splitter is
used to pass approximately 0.5% of the total optiagput power to the MZI in order to

produce this clock signal.
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Light from the swept-source laser is passed to ittterferometer using an optical
circulator (labelled CIR in Figure 5.2). Light camgiinto the circulator on port 1 exits the
device on port 2, while light entering the circolabn port 2 exits via port 3. After
passing through the circulator the light is spltbitwo paths of equal power (50:50 ratio)
using a fibre beam splitter; one path being a egfee arm terminated in a static mirror,
the other going via the microscope (including latescanning mechanism) to a sample
under test. Light returning from both arms passek through the fibre beam splitter and
is incident on a pair of balanced detectors, produthe OCT signal. A visible laser

diode for sample aiming purposes is also couplemthre interferometer.

The personal computer contains two digitiser cafdise of these (Alazartech) is an
extremely fast (>100 MSamples/s, 14-bit resolutidayice and is used to capture both
the OCT signal from the interferometer and the Midick signal from the swept-source
laser. The other digitiser (National Instrumenssused to drive the scanning mirrors in
the microscope to provide lateral scanning for 2Bd(3D) imaging. The computer also
synchronises the data acquisition process, enstheigthe laser output and the lateral
scanners are at the appropriate point, in waveheagtl space respectively, to correctly

form images.

A microscope-style end piece is used in the sarapie for delivery of light onto the

sample under test. It consists of a vertically asidjble scan head, comprising lateral
scanning mirrors for imaging in both horizontaln®a, and an achromatic objective lens
with a focal length of 50 mm. The base of the nscape houses the interferometer and
balanced photodiodes, meaning that only light ftbenswept-source laser is input to the

microscope, along with electrical signals to coltine scanning mirrors.

5.2.4 System software and DOCT imaging

The Thorlabs OCT system is provided with a softwsystem allowing control over
certain imaging parameters, including size, latezablution and contrast. It also allows
simultaneous display of both structural OCT and pepOCT (DOCT) images. Static
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OCT images are displayed in an 8-bit greyscale &ymvhile DOCT images are

displayed using a distinct colour map, detaile&igure 5.3 below.

Doppler Colormap

[ T 0 ]
-Pi Pi

Figure 5.3. A representation of the colour map usatbnvert observed Doppler phase shifts intolpixe
values within the Thorlabs OCT system softwaretiStabjects should appear black. The scale goes fro
cyan at % radians phase shift, through blue, black, redaadge, to yellow ata-radians.
If Doppler phase shifts outside the range afradians are observed, the colour map
repeats; for example a phase shift o r&dians would be displayed as black. It is
therefore necessary to have some other knowledget abe behaviour of the moving
parts of a sample in order to determine which paréstruly stationary and which are
inducing a phase shift of integer multiples af iAadians. The technique of converting
from multiple phase-shift cycles to a velocity me&asnent is known as phase

unwrapping.

The DOCT system software allows two important imggparameters to be adjusted to
improve Doppler OCT imaging; namekyz axis averaging and Doppler threshold. The
averaging can be applied in the depth dimension and in the lateraX)(dimension
independently. DOCT imaging is very susceptible nmse and external vibration;
averaging over a number of pixels helps to nedagsd issues but reduces the spatial
resolution of the DOCT image. Typically averagirgy applied over 8-10 pixels to
produce an acceptable imagevitro. The Doppler threshold control provides a second
method of noise abatement in DOCT imaging. This d&t lower level of induced phase
shift at which the software will consider a datanpdor inclusion in the DOCT image.
Pixels having a phase shift value below this thoeshare displayed as stationary (black).
The control effectively acts as a high-pass fitterthe Doppler signal, removing much of

the background noise caused by environmental st
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Both Doppler and static OCT images can be savedrious formats, including bitmaps.
Raw data can also be saved; either in the fornh@fRourier-domain fringe signals as
they come from the interferometer (as .FRG filegraprietary format), or as the Fourier-

transformed, 14-bit data before compression fquldis

5.3 The tissue model

In order to create a tissue phantom for DOCT thtecalpproperties of a material, such as
scatter and absorption, need to be matched to tbbdke biological tissue we are
attempting to model. In this case the tissues tanbdelled are human skin and blood.
The requirements for a suitable modelling matearal that it should be readily available
and that the parameters mentioned above are eafjilgted. Previous tissue modelling
for OCT imaging has used various different materigicluding silica microspheres

embedded in gelatin [8], and agar gel/intralipiciuies [9].

Using liquids as the basis for a tissue phantoexiseemely convenient as concentrations
of scattering and absorbing particles are adjubtedimply diluting the mixture. One
such suitable liquid is Intralipid solution; a pdigperse suspension of fat molecules,
primarily soy bean oil, in water. As a bulk liquiltralipid solution is an opaque, white
solution very similar in appearance to milk. Thimicll use of Intralipid solution is as an

intravenous food substitute for patients who ar@blmto feed orally.

It has been shown that, in the wavelength range-18@00 nm, a 2% (w/w) Intralipid
solution is an acceptable tissue phantom for optncadelling of human skin [10]. There
is only relatively limited data on specific optigaloperties of Intralipid solution though,
particularly at the wavelengths used by the DOC3tesy (around 1300 nm). The mean
cosine of scatterg, has been reported as 0.7, absorption can bey stebuted to the
suspending medium (water), and the scattering icoefts can be broadly assumed to be

proportional to the concentration [11].
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A 2% (w/w) Intralipid solution is a good optical attom to represent human skin, but

modelling blood flow within the skin needs moreefat consideration.

5.3.1 Modelling blood flow

Unlike skin tissue, which is fairly homogeneous atatic, blood flow consists of two
components: the blood vessel in which the blooddloand the liquid blood itself. The
blood vessel can be modelled using any suitablygstabe that is capable of carrying a
liquid, and that is transparent to wavelengths @adod@300 nm (realistic, since blood
vessel walls are very thin). Many scientific glassnufacturers make a range of so-called
“capillary tubes” with extremely small internal digters. These are designed to be used
as devices for measuring microscopic quantitieiqofid in a laboratory environment.
They are constructed from standard types of gladssa are suited for use in an optical

phantom as blood vessels.

A range of glass capillary tubes were acquireduse in a blood flow phantom, details

are in Table 5.1 below.

Instrumentation Laboratory (Lexington, MA, USA) 14
Unknown manufacturer (acquired from colleague 0.9

Drummond Scientific Co. (Broomall, PA, USA) 0.3
The Technical Glass Company (Haverhill, Suffolk, U 0.1
The Technical Glass Company (Haverhill, Suffolk, JUK 0.05

Table 5.1. Details of glass capillary tubes acqufce blood flow phantom.

Test DOCT images of substances to replicate ligiodd were performed in conjunction
with the tubes detailed above. A suspension of m(pplystyrene microspheres in water

was imaged, as well as flowing Intralipid solutidime microspheres were chosen due to
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the particulate size being similar to that of rédold cells. A schematic of the imaging
set-up is shown in Figure 5.4.

DOCT
From syringe Imaging
pump beam
\ Glass
capillary

tube

L., = —

Figure 5.4. Schematic cross-sectional diagramefldw test set-up. The angle between the glasfiargp

Drain

tube and the horizontal is labelléd

A syringe pump (model SP100i, World Precision lmstents, Inc.) was used to drive the
test solutions through the tube. The syringe pulhapva the flow rate to be adjusted from

0.1 ml/hour to over 200 ml/hour. The capillary tulas placed under the DOCT system
microscope at an angle to the horizonfialpf 18°, ensuring that a component of the flow
velocity is in the direction of the imaging beanhelvalue of 18° was used as this was
the value allowed by the mechanical constrainthefset-up.

OCT and DOCT images of concentrated 10 pm micragpdaution, 50% (w/w) diluted

10 um microsphere solution, and Intralipid solutitowing in a glass capillary tube
surrounded by air, were recorded. These are shoWigure 5.5.
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Figure 5.5. OCT and DOCT images of flow in glasgiltary tubes: a) false colour OCT image of 10 um

polystyrene microspheres flowing at 10 ml/hour iamm diameter tube, b) DOCT image of same; c)

false colour OCT image of 50% diluted 10 um polgetye microsphere solution flowing at 10 ml/houain
0.3mm diameter tube, d) DOCT image of same; e) @&ge of 2% Intralipid solution flowing at

80ml/hour in a 1.4mm diameter tube, f) DOCT imafisame.
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For each solution tested, a range of flow ratesevierestigated and imaged. Flow rates
from 1 ml/hour to over 100 ml/hour were imaged;sthare excluded here for clarity.

Assuming smooth, laminar flow, the velocity profdeross the tube should be described
by a parabola. The average velocity can be caklay dividing the flow rate (after

conversion from ml/hour to cubic metres per secdndjhe cross-sectional area of the
tube. In laminar flow, the maximum velocity at ttentre of the tube is twice this average
velocity. For example: a 10 ml/hour flow in a 0.3ndimmeter tube results in an average
velocity of 4 cm/second, and therefore the veloaitythe centre of the tube should be

8 cm/second.

There are a number of observations that can be rfrade the images in Figure 5.5.
Firstly, the undiluted microsphere solution shoyssome of the problems of using this
as a flowing phantom material. The OCT image (Fegbu5 a) shows a large amount of
material clumped together at the bottom of the tdhes suggests that, at the relatively
slow flow rates used, the microspheres do not staguspension and instead settle out
due to gravity. This is reflected in the corresgagdDOCT image (Figure 5.5 b) which
gives very little useful information since thereealew moving, scattering particles

flowing uniformly through the tube.

The 50% (w/w) diluted microsphere solution showsieoamprovement. The OCT image
(Figure 5.5 c) still shows a large amount of mafeapparently settled onto the bottom of
the tube, although there appears to be some irtesgstter throughout the tube cross-
section. The DOCT image (Figure 5.5 d) now givefulanformation regarding the flow
profile of the liquid through the tube. The rings amlour suggest a radially-uniform
phase shift is present, as expected if the ligeidlawing smoothly with a parabolic
velocity profile.

Finally, the Intralipid solution (Figure 5.5 e) &gys much more uniformly scattering
than the polystyrene microsphere solutions. Theesponding DOCT image (Figure 5.5
f) shows a smooth Doppler phase map, althoughnmdton is only returned up to the

depth to which the light penetrates.
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Although it would seem that the polystyrene micleses should make a good blood
flow phantom, there are a number of issues witlmtihich exclude them from being

used. The apparent clumping of the particulateenatten under flow conditions (which

should encourage mixing) means that the concentrati the solution is unknown. This

makes accurately tuning the optical propertieshef $olution almost impossible. Also,

polystyrene microsphere solutions are extremelyeegje; a small volume of 5 ml costs
more than £100. This is due to the precision withiclv the spheres themselves are
manufactured. These two issues taken together mrélre microsphere solutions being
used in the tissue phantom.

Intralipid is a suitable alternative for a bloodvl phantom, although it is not ideal. As
mentioned earlier, there is little information dretoptical properties of Intralipid in the
wavelength range around 1300 nm; although it ajgpeat a higher concentration than
the 2% (w/w) required to model skin will be necegsa order to increase the scattering
co-efficient towards that of blood {g 150 mni at 850 nm) [12)].

5.3.2 The skin and blood flow model

The final skin and blood flow model has been desigto use liquids as the tissue
phantom components. Skin is represented using én2é€ Intralipid solution, and blood

is represented using a second, more concentratesdipgid solution. These were created
by diluting Intralipid 20% (Fresenius Kabi AB) wittlistiled water to the appropriate

concentration.
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Figure 5.6. Schematic cross-section of the firsgluteé phantom. The angles 18°.

Figure 5.6 shows a schematic cross-section ofitte¢ fissue phantom. As in the flow

test set-up, the capillary tube runs at an angl&8dfto the horizontal. This ensures that
there is a component of the flow velocity in theedtion of the imaging beam. The tank
used to hold the bulk liquid is a small plastic eudpproximately 3cm on each side, with
one open face. The open face was oriented upwardstao holes were drilled in

opposing sides of the tank to accommodate thelaapitube. The capillary tube was
then fixed in place with epoxy resin and the tards\ested to see if it was watertight.
Flexible hoses were used to connect the input fiteensyringe pump and the output to
the drain. After filling the tank with 2% (w/w) Irdlipid solution and setting the blood
phantom flowing through the capillary tube, DOCTames can be recorded. By
manoeuvring the imaging beam to different locatiateng thex-axis it is possible to

image the tube at different depths in the bulk smtu Images of flow were recorded at
flow rates ranging from 0 to 150 ml/hour and atttief between 0 and 2 mm in 0.2mm

steps for all capillary tube sizes.
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5.4 Selected DOCT images of the tissue phantom

Figure 5.7. OCT/DOCT images of Intralipid solutiftowing through a 1.4mm internal diameter capillary

tube. The tank in the tissue phantom is not filkmthe tube is surrounded by air. Key: a) OCT ienaiy
the tube, b) to f) are DOCT images of the tubéaat fates of 10 ml/hour, 50 ml/hour, 80 ml/hour,
100 mi/hour, and 140 mi/hour respectively. All irragare 3 mm by 3 mm, and 512 by 512 pixels.
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Figure 5.8. OCT (left) and DOCT (right) images af&aml/hour flow of 2% (w/w) Intralipid solution ia
0.3mm internal diameter tube at varying depths.tBepre a) 0 mm, b) 0.2 mm, c¢) 0.4 mm, d) 0.6 njm, e

0.8 mm, and f) 1 mm.
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Figure 5.9. A sequence of five images, taken 10rs#x apart, showing a flow of 2.3 ml/hour being
established in a 10@m internal diameter capillary tube. The tube ippsnsied approximately 0.15 mm
below the surface of a 2% (w/w) Intralipid solutidmages are 1 mm by 1 mm.
The images shown in Figures 5.7, 5.8 and 5.9 haea belected as representative of the
various measurements available when using thedlijased tissue phantom. These can
then be analysed in order to test the DOCT systaaging capabilities relating to the
tissue phantom.

5.5 Velocity profile extraction

For DOCT images that appear to display a clear ogpofile, it is possible to extract a
velocity profile from the image data. This was dareng a custom MATLAB (The

Mathworks, Inc.) routine, and was performed as wlesd below.

Each DOCT cross-sectional image is loaded intdMAd LAB environment, where a 10
pixel wide slice running vertically down throughetkentre of the tube is extracted. The
RGB values of the pixels in this image slice arevested to phase shifts using the colour
map in Figure 5.3. In images containing severalesyof the colour map, e.g. Figure 5.7
e), this results in a sinusoidal pattern of phdsfss These are then cumulatively added
to form a phase shift profile relative to the zphase shifts at the edge of the tube.

These 10 phase shift profiles (from the 10 pixedlevstrip) are averaged to produce a
smoothed phase shift profile across the centraetube. If we make the assumption, as
stated earlier, that the flow in the tubes is laaninthen we expect the velocity profile to

be parabolic across the tube. The maximum velagitiie centre of the tube is twice the
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average velocity calculated from the tube dimersiand flow rate. The phase shift
profile is proportional to the velocity profile arsth a simple scale factor can be used to
convert from one to the other. The phase shiftileres converted to a velocity profile by
multiplying all values by twice the average velggciand then dividing by the relative
phase-shift present at the centre of the tube.

This velocity profile extraction procedure is orpgssible in relatively large diameter
capillary tubes, since in small tubes of less tlaafew hundred microns across the

Doppler signal averaging limits the number of aafal# pixels across the diameter of the
tube.

5.5.1 Results
0.07 |
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Figure 5.10. Velocity profiles extracted from th©OT images in Figure 5.7. On thexis scale 1 pixel is

equal to 7 um.
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5.6 Discussion of images and results

5.6.1 Images

Although the images in Figure 5.7 were recordedhavit the “skin” present in the tissue
phantom, they highlight the DOCT system capabildfy capturing Doppler shift
information from moving scattering media. As thewlis increased from 10 ml/hour up
to 140 ml/hour the repeating cycles of tadians phase shift can clearly be seen building
up in a ring-like pattern. The pattern is what vebloé expected in laminar (smooth) flow
through a tube; the distance from the tube walhst governs the flow speed. The large
diameter (1.4mm) tube allows a large number of Ipixe be included within the tube

cross-section, resulting in a smooth velocity peofi

The images in Figure 5.8 involve all parametersniaging the tissue phantom. The
images are recorded at a constant flow rate of/Baut, which in the 0.3mm diameter
tube used corresponds to an average velocity bbues 3 cm/second. Images of the tube
submerged in 2% Intralipid solution to various despare shown. As the tube gets deeper
into the surrounding liquid, the static OCT imagedmes less clear, and at 1 mm deep
the tube is no longer fully resolved. Scatteringrirthe surrounding medium reduces the
amount of light reaching the “blood” flowing in thiebe. This weakened signal can also
be scattered on the return trip, further reducimg image quality at these depths. The
DOCT images are perhaps less affected by the degile, although the Doppler signals

are significantly weaker in this case anyway.

Figure 5.9 shows a time-lapse sequence of DOCTeamaga flow of 2.3 ml/hour being
established in a 0.1 mm diameter tube. The tulslenerged 0.15 mm into the tissue
phantom. Although these tubes are closer to tleedfiblood vessels within the skin, they
proved difficult to work with. Due to the extremedynall cross sectional areas involved
the tubes act like a flow restrictor on the syripganp at flow rates significantly above
the minimum possible, meaning that it would takeesal minutes for a constant flow
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rate to become established within the tube. It3s dkely that this results in the flow in
the tubes being turbulent. However, DOCT imagedlat are shown to be possible
within these small tubes; changes in flow velocéise observed (as the flow is
established), even if velocity profiles are unofadie. The small number of pixels
available within the tube cross-section further pam the possible velocity

measurements.

5.6.2 Velocity profiles

Figure 5.10 shows velocity profiles extracted frone DOCT images in Figure 5.7.
These are approximately parabolic in shape, asctagbdor laminar flow, although a fit
is not shown here for clarity. These show the imiation that can be extracted from a
DOCT image of flow in a tube, although it is unlkéhat such profiles could be as easily
extracted from blood vesseis vivo. The large diameter of the capillary tubes used
maximises the number of pixels available, resultmghe fairly smooth curves shown.
The absence of a scattering medium surroundingube also undoubtedly helps the

system to capture the Doppler signal.

5.7 Conclusions

A liquid-based skin and blood flow model for useD@CT imaging has been designed
and tested. Liquid-based media have an advantage aifier tissue phantoms in that
optical properties can be easily tuned by dilutihg sample. Glass capillary tubes in
conjunction with a syringe pump have been usedirtilate blood flow through the

phantom.

OCT and DOCT images were recorded at a range wfribes and submersion depths, in
various sizes of capillary tube. These images shbg capabilities of DOCT to

simultaneously image static and dynamic sample ehsn Flow in the tissue phantom
was observed in 0.1 mm tubes using the DOCT systathchanges in the flow as it was
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established were also visible. Velocity profilesrav@xtracted from DOCT images of

flow in some of the larger tubes.

The purpose of constructing and imaging this tisshantom was to learn about the
factors affecting OCT and DOCT imaging of skin, doholod flow in small vessels within
the skin. The model shows that it is possible t&kenguantitative measures of flow using
DOCT imaging, but also demonstrates the difficaltencountered in imaging small
vessels at non-trivial depths. The model employeck s a simplistic one regarding
modelling blood flow. In vivo, blood flows in a mdd fashion and there are other factors
affecting the flow such as the elastic nature aise¢walls. This simplistic model merely

aided the testing of the capabilities of OCT togedow.
The work in this chapter was presented at the Bi@8erence, part of Photonics West
2009 in San Jose, CA, USA. It was subsequentlyighdd as part of the conference

proceedings [13].

The author would like to acknowledge the help o€dias Bensaid with some of the

initial testing of the flow model design.
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Chapter 6

OCT imaging of neo-tropical tree frogs

6.1 An introduction to tree frog skin

It is well known that, other than a few notable eptons, frogs have skin whose colour
tends towards the green-brown area of the spectfimat is, pigments within the frog
skin reflect light in the visible part of the speeh, with a peak somewhere between 500
and 600 nm. However, there are a few select spetieso-tropical tree frog whose skin

has some additional optical properties that asoaie interest.

These neo-tropical tree frogs (hereafter refereedimply as “tree frogs”) are mainly
found in areas of rain forest in Central and Sd\utherica, although some are also found
in similar environments in parts of Australia. A& thame suggests, tree frogs live on the
leaves and branches of the trees that make upaiheforest. Tree frogs, like all
amphibians, are cold-blooded and so rely on heat f&xternal sources to regulate body
temperature; they have been observed to bask isuthigght available to them at the top
of the rain forest canopy, and then to move intadghbefore they overheat and de-

hydrate.

In 1973 Bagnara et al [1] discovered a new pigneetitacted from the skin of the tree
frog speciesAgalychnis dacnicolor. This was linked to an observed colour change
phenomenon in this species whereby some frogs uggderal daylight conditions will
turn brown. Masking of the skin (i.e. shading rfr illumination) caused it to return to
the “normal” green appearance [2]. The conclusiat either the discovered pigment, or
some other aspect of the skin, shows a photosansiisponse means that the optical
properties of the skin are adjusted based on ihation conditions. The new pigment
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was ultimately identified as pterorhodin [3] andalso found in other species of tree frog
of the Phyllomedusinae family. Figure 6.1 shows a mating pair of red-eyex frogs,

whose skin contains the pterorhodin pigment.

Figure 6.1. Photograph of a mating pair of red-ayed frogs Agalychnis Calcarifer). The female is the
larger of the two animals. Image courtesy of DrrikRickinson.
Investigations into the optical properties bestowed the frog skin by the pigment
pterorhodin reveal that, in comparison to non-ptewdin-containing species, the skin
reflects very strongly in the near-infrared [4].€F@ are several possible advantages that
this gives to the frogs that have the pterorhodgment. Firstly, it may improve the
optical camouflage of the frogs, since the leavah®trees and plants that the frogs live
on also reflect strongly in the same wavelengtlgean However, it is not clear which
predators the frog is camouflaging itself from,cgnthere aren’t any with NIR vision

capabilities.

Secondly, the fact that the species with pteromadrongly reflect light in the NIR,
coupled with the observed colour change behavippears to give these frogs a very

useful advantage. Since at least the 1980s, a lfumdection Batrachochytrium
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dendrobatidis) has been threatening amphibians around the wdrlding some rare
species to extinction in the wild [5]. The fungusises a disease callgwtridiomycosis,
which is usually fatal. It has been observed the¢ frog species with the pterorhodin
pigment are unusually resistant to this disease. gassible reason for this is their ability
to bask in the sun for long periods thanks to ttezgohodin pigment which appears to
prevent them from overheating by reflecting, ratian absorbing, the NIR wavelengths
present in sunlight. The frogs are therefore ableaise skin temperatures without
overheating the rest of the body. The fungus leegshe skin and is denatured by the

elevated temperature.

6.2 Optical measurements of tree frog skin

Previous work in looking at the optical properteddree frog skin has been carried out in
collaboration with Mr. Andrew Gray, who is the ctma of herpetology at The

Manchester Museum. The museum has a large coleatioaptive-bred and wild-caught
tree frogs of several different species, and haldsanimal testing licence that allows
non-invasive procedures to be carried out on lpecsnens. All experiments described

in this chapter comply with the terms of this licen

6.2.1 Reflection spectra and NIR photography

The work done previously produced reflection speofrthe tree-frog skin in an attempt
to show the differences between pterorhodin-, amalpterorhodin-containing species.
Reflection spectra were produced using a CCD-bapedtrometer in conjunction with a
white light source. The spectrometers used weréDaean Optics USB2000 model
(wavelength range: 400 nm to 1000 nm, resolutios nin) and an Ocean Optics
NIRQuest model (wavelength range: 900 to 1700nnsolwion: 1.5 nm). Both

spectrometers use a bifurcated, multi-mode fiblewing emission and collection of

light to and from the sample using the same filbBteprietary software from Ocean
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Optics allows spectra to be recorded essentiallea time, with the integration time

variable from milliseconds to tens of seconds.

Spectrometer
White
light
source
USB
/ connection
toP
MME oPC

Figure 6.2. Schematic diagram of reflection spectiature. MMF is the bifurcated, multi-mode fibre.

Figure 6.2 shows a schematic diagram of the reflectpectra capture process. Light
from the source is directed, via the fibre, to #hké on the back of the frog. Reflected
light is returned to the fibre and so to the speugter. A USB connection to a personal
computer allows software to control the capture drsplay of the resulting data. The
software allows the system response to be remowtnatically from the captured data
by recording a “white” spectrum (reflection fromuaiform white material, e.g. white

card) and a “dark” spectrum (light source off, séevgnd of fibre covered) before sample
data capture. The system response was checkedllynitising a standard “white”

reflector (Ocean Optics, WS-1), but no discernabfeerence was noted compared to

using a white card and so this was used for absgbent measurements.

In the wavelength range 400 nm to 1000 nm sev@etiss of frog were tested, along
with a plant leaf that the frogs typically sit dfhe resulting spectra are shown in Figure
6.3. Only one species of frofdalychnis Callidryas) was tested at the longer wavelength

range; a composite spectrum from this is showrigare 6.4.
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Figure 6.3. Reflection spectra of several frog ggmand a leaf. Data taken by Dr. Mark Dickinsod Br.
Andrew Gray.
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Figure 6.4.Composite reflection spectrum of theg fspecief\galychnis Callidryas using data from both
spectrometers. The data covers the wavelength famge500 nm to 1600 nm.
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The tree frog specie8galychnis Calcarifer and Agalychnis Callidryas both have the
pigment pterorhodin in their skins, whildyla Cinerea does not. The spectra in Figure
6.3 were re-scaled such that the green peaks anrBS5@ere at the same intensity. The
two species with pterorhodin clearly have mucheased reflection of light in the near
infrared between 700 nm and 1000 nm, when comparedat of the non-pterorhodin-
containing frogHyla Cinerea. The argument for pterorhodin being used for cditagae

is supported by these results, since the leaf spgrdisplays a broadly similar reflection
profile to those of the pterorhodin-containing fsog

Figure 6.4 shows a composite reflection spectruatg &tom both spectrometers has been
spliced together to show the reflection propefirshe Agalychnis Callidryas species of
tree frog in the wavelength range 500 nm to 1600 bata at the longer wavelengths
show that the reflectivity peak apparently due tergrhodin is not sustained into the
near-infrared range, and has disappeared by appatedly 1400 nm.

Figure 6.5. Near-infrared photographs of frogsreiton leaves. The pterorhodin-containing frogristioe

left, while the frog without pterorhodin is on thight. Photographs taken by Dr. Mark Dickinson &d
Andrew Gray.

The camouflage argument is further supported whemparing near-infrared

photographs of frogs with and without pterorhodis, shown in Figure 6.5 above. The

non-pterorhodin frog clearly stands out, sincesitaflecting a much smaller fraction of

the light than the surrounding leaf. A 780 nm LEBsvthe sole source of illumination for
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these images; this falls within the high refledgviegion of the pterorhodin spectrum, as
previously shown in Figure 6.3

These results appear to confirm those from thealibee suggesting that tree frog species
having the pigment pterorhodin in their skin reflacmuch greater proportion of near-
infrared light than those without the pigment.

6.3 OCT imaging of frog skin

Although reflection spectra provide some informati@lating to the properties of tree
frog skin, they do not give any information abautere in the skin the reflection is
coming from. OCT imaging should allow access totldepsolved information from the
various layers that make up the frog skin. Layéet reflect or backscatter relatively
large proportions of the incoming light will appdarghter than those that do not. If the
pigment pterorhodin is contained within a particuskin layer in those species that
possess it, then that layer will be relatively btey than corresponding layers in non-
pterorhodin-containing species.

6.3.1 Wavelength considerations

Particular consideration must be given to the imggivavelength if the location of the
pterorhodin pigment within the skin is to be foubservations by the author as part of
an undergraduate project seemed to suggest thaefleetion of near-infrared light by
frogs with pterorhodin tailed off at wavelengthewmd 1300 to 1400 nm, and these are
born out by the spectrum shown previously in Figiile The OCT imaging wavelength
should therefore be chosen to be in the range @®n1300 nm, if there is to be a

significant, detectable differential between the twog groups.
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6.3.2 OCT imaging systems

Two commercial OCT imaging systems were availalole this study, both made by

Thorlabs. Selected system parameters are detaikbe iTable 6.1 below.

OCT imaging systems — select parameters
Parameter Thorlabs OCMP1300SS Thorlabs SDOCT930
Central wavelength 1325 nm 930 nm
Spectral bandwidth 100 nm 100 nm
Resolution (air) ~7 um ~6 um
OCT system type Swept source Spectral domain
Frame rate Video frame rate capable5 fps
(25 fps)

Table 6.1. Selected parameters of available OCTiimgesystems, taken from [6] and [7] .

The Thorlabs OCMP1300SS swept-source OCT imagistesyis described in detail in
Chapter 4. For the imaging of frog skin the hantiiiprobe was used, rather than the

microscope attachment used previously.

The Thorlabs SDOCT930 system uses a superluminegdicefe as a source of broadband
light. The system works in the spectral domain, eayotures interference data by means
of a multi-detector array and a dispersive elemmnthe interferometer output. Such
systems were described in Chapter 2. The systersistenof a personal computer
connected to a device housing the light sourceefilased interferometer, and detector
array, which is then coupled to the hand-held prdltee probe also contains a visible
light camera that images on axis with the OCT imageviding simultaneous video and
OCT images of the surface under test. This systasywovided to us on a loan basis by

Thorlabs, Inc.
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6.3.3 The imaging process

- ——

Figure 6.6. Composite of still video image (leftidaOCT image (right) from the Thorlabs 930 nm syste

Imaging with each of the two systems was a venylainprocess. The frogs were held
gently in front of their back legs to prevent themaving, and then the imaging probe was
held to the skin. Ten images were recorded withh egstem on each frog species. The

930 nm system also recorded simultaneous, colal@ovstills of the skin surface.

An example of both the OCT and video images avildtmm the Thorlabs 930 nm
system is shown in Figure 6.6, above. The OCT imagaken along the vertical axis

running down the centre of the video still imagegd & 3 mm wide by 3 mm deep.

Imaging with the two systems was performed on sgpaoccasions; resulting in non-
identical areas of skin being imaged. Also, tresgfskin is fairly loose-fitting on the
animal; it is not attached to the underlying tisagoss the entire body. This can
manifest in pockets or “holes” appearing underskia, where a crease has formed or the
skin is not pulled taut. It was hoped that imagssyeral frogs of each species would

allow comparable images to be produced.
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6.4 Results

Figure 6.7. Examples of OCT images of frog skiketawith both 930 nm and 1300 nm systems.
Agalychnis Calcarifer: a) 930 nm, b) 1300 nnAgalychnis Callidryas: ¢) 930 nm, d) 1300 nnHyla
Cinerea: €) 930 nm, f) 1300 nm. All images are cropped tom wide by 1.2 mm deep.
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Figure 6.7 shows OCT images, taken with both systesfithree frog species; namely
Agalychnis Calcarifer, Aglaychnis Callidryas andHyla Cinerea. The first two of these
(A. Calcarifer and A. Callidryas) are known to contain the pterorhodin pigment,levhi

Hyla Cinerea does not.

6.4.1 Image analysis

Images taken with both systems were analysed ideartical way. First, the images were
loaded into Matlab (The Mathworks, Inc.), and tleewvertical section through the image
was extracted. This was done in a region of thegenaere the layers of skin were
reasonably horizontal, so that averaging acrosséhteal lines of pixels does not blur or
smear the boundaries. This averaged block was msddade (horizontally) as possible,

in order to reduce image noise.

Once the vertical section is selected it is thearayed to produce a single “A-scan”,
representing an average depth profile of the fr&m.sThe depth profile can be

considered as a plot of interference signal intgnsersus depth. The reason for
producing depth profiles is as follows: if the pidrodin pigment is constrained to a
particular layer in those frogs that contain iterinthe depth profile should have a tall
peak (high intensity) at the depth correspondingtie layer. Before commencing
imaging it was believed that the 930 nm imagingesyswould be more likely to show
this effect, since the frogs with pterorhodin haugh reflectivity in that wavelength

region. The 1300 nm wavelength may fall outside réigion of high-reflectivity due to

pterorhodin (as shown in Figure 6.4), and therefoag not show up any bright layers.

149



300 T T T 300
200 b 200
a b
100 b 100
0 . n 0 . = N
0 200 400 600 800 0 200 400 600 800 1000
Depth (micron) Depth (micron)
300 300
200 b 200
c d
100 J\/\/\ 1 100
0 . 0 . .
0 200 400 600 800 0 200 400 600 800 1000
Depth (micron) Depth (micron)
300 300
200 1 200
e f
100 100
. 0

0

0 200 400 600 800 0 200 400 600 800 1000
Depth (micron) Depth (micron)

Figure 6.8. Averaged depth profiles of the skivafious frog species, taken from OCT images atr#80
and 1300 nm. Theg-axis on each profile is the pixel intensity in itndry units. Key:Agalychnis
Calcarifer: a) 930 nm, b) 1300 nmigalychnis Callidryas. ¢) 930 nm, d) 1300 nnidyla Cinerea: e)
930 nm, f) 1300 nm
Figure 6.8 shows average depth profiles extraatech fthe OCT images of three frog
species shown in Figure 6.7. Since images from Ilsg8tems are recorded in 8-bit

greyscale, the maximum possible intensity (in aabyt units) in all cases is 255.

The individual profiles provide some clues as taohHayers of the frog skin reflect or
backscatter the highest proportion of the incidgtit. However, it seems that inter-
species comparison, or even comparisons betweegs faf the same species are

impossible using data from the images taken. Ehexplained further in the next section.

6.4.2 Discussion

The depth profiles shown in Figure 6.8 do show th&ribution of backscattering

locations as a function of depth within the tremgfskin. For example, the second layer in
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the 930 nmAgalychnis Calcarifer image (Figure 6.7 a) appears to be the brightest,
this is confirmed by the corresponding depth peofiComparison between the depth
profiles extracted at the two wavelengths show comffeatures, with peaks and troughs
appearing at similar depth locations. The relaiitensities of two peaks within a profile

may differ between the 2 wavelengths, and thisccawrrant further investigation.

The major flaw with the images as captured is eelato the intensity scaling of
interference data by the two imaging systems. Bgstems included a calibration routine
whereby the brightest signal from a sample is adfusuch that it corresponds to the
highest white level in the image (255 for an 8iiage). This routine was performed at
the start of each imaging session, as is normabpob for OCT imaging with either
system. There are simply too many factors thatpraduce massive variability in this
maximum brightness value to be able to extract ingéul data on relative intensities.
Factors affecting the maximum brightness includightl source instability, wetness of
frog skin sample and natural variability of thedrpopulation. The result of this is that
the images of different frogs cannot be comparerims of intensity, since they are not

related by any absolute scale.

6.5 Conclusions

The OCT images of tree frog skin taken here mayhkeefirst time this technique has
been used to investigate these animals. The insges that OCT is a suitable technique

for imaging the skin of tree frogs, showing skirusture in detail at high resolution.

Unfortunately, the two commercial OCT systems usezte unable to provide an

absolute intensity scale for the images capturegammg that cross-image comparison
was impossible. The aim of this imaging experimeas to attempt to see if the pigment
pterorhodin was isolated in a particular layer loé skin, which would manifest as a
brighter layer in frogs containing the pigment wibempared to those not containing the
pigment. Without an absolute intensity scale itnzdrbe determined whether a particular
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layer in one image is actually brighter than timemother image, or whether one image is

simply brighteroverall.
To negate this problem in future work, imaging tfsamples requiring comparison on

the basis of brightness or intensity should bequeréd at the same time, without re-

calibrating the system software or turning off #ystem between images.

152



References

[1] Joseph T. Bagnara, John D. Taylor, and Giusépp&a,Science 182(4116), 1034
(1973).

[2] T. Iga and J. T. Bagnaragurnal of Experimental Zoology 192 (3), 331 (1975).

[3] G. Misuraca, G. Prota, J. T. Bagnara et @gmparative Biochemistry and
Physiology Part B: Comparative Biochemistry 57 (1), 41 (1977).

[4] P. A. Schwalm, P. H. Starrett, and R. W. McDa&, Science 196 (4295), 1225
(1977).

[5] Matthew C. Fisher, Trenton W. J. Garner, and&BuF. WalkerAnnual Review of
Microbiology 63 (1), 291 (2009).

[6] Thorlabs swept source OCT system - operating manual. (Thorlabs Inc., 2007).

[7] Thorlabs SD-OCT spectral radar system - operating manual. (Thorlabs Inc.,
2008).

153



Chapter 7

A pilot study of non invasive imaging of skin

— ultrasound versus OCT

7.1 Introduction

One of the major motivating factors for this wokk provided by the requirement to
investigate various skin connective tissue disea8esinterdisciplinary collaboration
with the Dermatological Sciences and Rheumatolagpearch groups at Salford Royal
Hospital provides access to patient groups withdi@@mns including systemic sclerosis
and primary Raynaud’s phenomenon. Systemic scker¢SiSc) is a multi-system
connective tissue disease characterised by tis#uesis, particularly involving
thickening of the skin, and vascular damage. Pyniaynaud’s phenomenon (PRP) is
an idiopathic condition (one with no underlying saliinvolving colour changes in the
fingers brought on by cold conditions or stressoukid 90% of patients with SSc have
Raynaud’s phenomenon as a secondary conditioner®ativith PRP rarely go on to
develop SSc, and almost never have systemic chamg#ber underlying problems. The
common link between these conditions is that tHescathe cutaneous microcirculation
in some way, usually involving impaired or irregulbalood flow through the tiny

capillaries within the skin tissue.

Previous studies have investigated these conditisirsy techniques including nailfold
capillaroscopy, laser Doppler imaging (LDI) andrthegraphic imaging [1]. Nailfold

capillaroscopy provides high resolution images apiltaries parallel to the skin surface
within the fingers, allowing assessment of abnomesisel structure. The LDI technique

provides functional information relating to blootbvi velocity, but the results are
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dependent on the volume illuminated, which is akvagtimated. Optical coherence
tomography imaging and high frequency ultrasoundgimg can also be used to provide
structural images of skin tissue. These, togeth#r iwformation from LDI and nailfold

capillaroscopy images, can be used as a seriesotdf for assessing disease severity,

progression and treatment response.

This study aims to show that OCT imaging is suédbk use in imagingn vivo skin in
patients. This is done by comparison with alreadtaldished imaging techniques;
namely high-frequency ultrasound (HFUS), nailfoldpitiaroscopy and LDI. OCT,
HFUS, and nailfold capillaroscopy were used to sssaructural differences between
patients and healthy controls, while LDl was usedassess functional differences

between the same groups.

7.2 Imaging Techniques

7.2.1 Nailfold capillaroscopy

This is a well-established imaging technique thlédws structural changes in the
microvasculature to be assessed and recordedt [lids on the fact that capillaries in
the finger at the point were the skin meets thé loed (the cuticle) lie parallel to the
surface rather than their usual perpendicular tateon. These capillaries are only a few
tenths of a millimetre below the surface and so loarimaged using a microscope. In
healthy patients the capillaries are generally armf in size, shape and distribution
density. In patients with PRP, SSc and similar domts the capillaries tend to be much
less uniform, with wide variations in vessel thieks and shape. Also, the capillaries tend

to be more sparsely distributed in patient groupsemcompared with control groups.
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Nailfold capilaroscopy images are captured usif@GD camera. After averaging and
composite image formation using custom softwareasueement of the aforementioned

geometrical factors can be performed to produceegsuitable for statistical analysis.

7.2.2 Laser Doppler imaging (LDI)

LDI is another imaging technique commonly used ®sessing changes in the
microvasculature [3]. This technique records the@er shift induced in a laser beam
scattered from moving particles (typically red dazells) within the flowing blood. The
observed Doppler shift is influenced by the voluofgissue illuminated, as well as the
velocity of scattering particles within it. The mgration of light into tissue determines
this volume illuminated, which is highly dependestt wavelength. Using lasers of
different wavelengths allows Doppler shifts fromffelient depth “windows” to be
observed. Images are typically built up by rastanging a single spot across the surface

of the subject.

An LDI system from Moor Instruments Ltd. with a litin red laser source at 633nm was
used for this study. This was previously modifigdtie addition of a second laser source
at 532nm; allowing simultaneous dual wavelengthgimg. The green laser wavelength
of 532nm does not penetrate as far into skin tissuie red laser, so Doppler shifts from

two depth ranges are recorded.

7.2.3 OCT imaging

OCT is the imaging method under test in this stiidyas previously been used to look at
the structure (and function) of various tissue $ype a variety of in vivo and in vitro

situations. Penetration of the broadband light sesirused in OCT into skin tissue is
typically around 1mm; this should allow the bounéabetween the uppermost layers to

be imaged, and so the layer thicknesses measuegth Desolutions of between 5 and
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10 um are achievable, with lateral resolutions sin@lar level. Images can be recorded

at 25 fps for 512 by 512 pixel images.

The OCT system used in this study was kindly loatedis by the Wellcome Trust
Clinical Research Facility, Manchester, UK. It isTaorlabs, Inc. system (Thorlabs
OCM1300SS) using a swept source laser with a dewagelength of 1325 nm and a
bandwidth of 100 nm [4].

7.2.4 High-frequency ultrasound

This imaging technique uses sound waves with megafrequencies to produce images
of reflecting/scattering boundaries within a subje®ound waves are emitted from a
transducer (typically an electrically-stimulatedcezi crystal) and are incident upon a
tissue surface. At boundaries within the tissueapgrtion of the sound is reflected back
to the transducer; the time of flight of the soumdves is then recorded. Unlike the
familiar ultrasound systems used in, for example,olstetric environment, the high
frequency of the sound waves used here limits pathat into soft tissue to

approximately 20mm. However, this more than adedy&ncompasses the typical depth
of the tissue layer boundaries within the skinaAtequency of 20 MHz, the image depth
resolution is approximately 50 um; dependent onsipeed of sound waves within the
tissue of interest. Two-dimensional images (deptd width) are formed by laterally

scanning the ultrasound transducer across thecsudé the subject. High-frequency
ultrasound has previously been used to assess tBkikening in patients SSc, in

comparison with a control group [5].
The high-frequency ultrasound system used in tiigyshas been kindly loaned to us by

Longport Inc. (Reading, UK). It is a Longport EPISX 1-200 system [6], operating at
20 MHz.
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7.3 Patients and Methods

7.3.1 Patients

The study involves two groups; one group of 20grasi with SSc, and a second group of
20 healthy control subjects. The patient group sbed of 4 men and 16 women; with a
median age of 61 years (range 28 to 78), all wittpafirmed diagnosis of systemic
sclerosis as assessed by a consultant rheumatoldgese were 3 out of the total of 20

who identified themselves as a smoker.

The control group consisted of 6 men and 14 wortteamedian age of this group was
49 years (range 32 to 70). There was 1 subjechencobntrol group who identified

themselves as a smoker.

All participants gave written, informed consentdyef taking part in the study; having
had access to an information sheet and time t@as&tions before signing up. The study
was approved by the Stockport Research Ethics Cteer(study number 08/H1012/74).

7.3.2 Protocol

The study consisted of one visit per subject, hastipproximately one hour. Participants
were asked to refrain from nicotine and caffeine & minimum of 4 hours before
attending for the study as these can have a dbtectdfect on blood flow in the
microvasculature. On arrival, subjects were acdiged in a temperature-controlled
laboratory at 23°C for 20 minutes. While acclimatys the necessary paperwork,
including consent forms and brief questions retatto current medication and past

medical history, was completed.
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After 20 minutes of acclimatisation, the particianfirst underwent nailfold
capillaroscopy imaging (VCS, KK Technology, Dev&iK; modified) of the ring finger
on the non-dominant hand. Olive oil is used on gkim to improve image quality by
acting as an index-matching medium and also rengdsinoothing texture on the skin
surface, resulting in reduced diffuse reflectiofise captured images are greyscale, with
a magnification of 300x allowing individual capijashape and structure to be viewed. A
green LED illumination source was used to increesetrast between red blood cells
within the capillaries, and the surrounding sksstie. Each frame is an average of 16
captured frames; the averaging allows the shag®oofld vessels to become apparent as
high-contrast red blood cells move through the eleslsiring the imaging sequence.
Frames are captured at overlapping locations tavaihe entire nail bed across the finger
to be imaged. A composite image was then formedtibghing (via image registration)

the individual frames together using custom sofewar

Following nailfold imaging the participants immetdily underwent dual-wavelength
laser Doppler imaging (Moor LDI-vr, Moor InstrumentAxminster, UK) of the dorsal
aspect of the non-dominant hand. This is performét all room lights off to avoid
interference from 100 Hz optical noise. Subjectsl aasearchers wear laser safety
goggles in compliance with local laser safety rdt@sthe LDI equipment. The imaging
process is performed by raster scanning the dsal lbeams across the tissue under test
and then capturing the back-scattered, Doppleteshiflight. Imaging an area
encompassing a whole hand takes approximately Sutesn during which time the

participant must remain completely still.

Once the LDI procedure was complete the subject wWesn imaged using a
commercially-available OCT system (Thorlabs LtdCM1300SS) which uses a swept
laser as a source of partially coherent broadbagid [1300 nm central wavelength,
100 nm bandwidth). The system has a hand-held pabliegh makes imaging extremely
fast and efficient. At each imaging site 10 frané4024 by 512 pixels were recorded
with dimensions of 1mm wide and 3mm deep. The @iogrof multiple frames was

done to ensure there were at least 1 or 2 fram#ssamgood quality image at each site.
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Body sites imaged included: distal and proximal-dominant ring finger (both dorsal

and palmar aspects), dorsum of the hand, dorsalvalad aspects of the forearm and
upper arm, and the chest over the breast bone.nidkes a total of 10 body sites. Care
was taken to ensure that the upper surface ofkinensas as horizontal as possible in all

images to aid in later analysis.

Following OCT imaging the subject was further imdgasing a high-frequency
ultrasound imaging system (Episcan 1-200, Longpoct). This was performed at the
same set of body sites as for the OCT imaging fgclen At each imaging site 16 frames
were recorded; each frame being 512 by 1024 pixgls physical dimensions of 15 mm
wide by 22 mm deep. Ultrasound imaging was perforhast to ensure that the use of
ultrasound gel did not have any influence on thsulte recorded with the other

techniques.

As imaging was performed, a so-called “skin scav@’ also recorded at each body site
location. This is a manual method of assessingalkisticity and flexibility using a pinch

test.

7.4 Images and analysis

The images in Figure 7.1 are examples of thosentdkeng the study.
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9) h)

Figure 7.1. Example images from the study dataLsft column are SSc patient images (SSc), right

column are control images (HC). From top to botiorages are: a) SSc LDI, b) HC LDI, ¢) SSc nailfold

capillaroscopy, d) HC nailfold capillaroscopy, €chigh-frequency ultrasound, f) HC high-frequency
ultrasound, g) SSc OCT and h) HC OCT.
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7.4.1 Analysis

Once imaging of all subjects was complete, datanftbe four techniques used were

analysed as described below.

LDI images: These images can be analysed using the softwanadpd by Moor

Instruments as part of the system. The perfusioal lat a particular point in a sample is
represented in the image as a colour. The perfusiospecific points, or an average
perfusion over a defined region-of-interest (R@Qn be extracted using the software
GUI. For each image from this study, three ROIsendgfined: (1) the full width of the

distal ring finger between the nail and the fighf, (2) The proximal ring finger between
the knuckle and the middle joint, (3) the entireséb area of the hand describing a
distorted rectangular shape with borders at theldies, the wrist and either edge of the
hand. For each of these ROIs the software prodacesmerical measure of average
relative perfusion, along with a standard deviatomer the ROI. The same process is
performed for images produced with both red aneémriasers. When all images have

been analysed the results are tabulated for statisinalysis.

Nailfold capillaroscopy: These images are assessed using a combinatioarafainand
automatic analysis. Human input is required to ftiferthe top of each individual
capillary; the top being the turning point of thessel as it describes an approximately
180 degree direction change. Once the images hese fmarked in this way a software
program automatically measures each capillary tmameters such as size, tortuosity
(“twistiness”) and distribution density. These pagders are then tabulated for statistical
analysis.

High-frequency ultrasound and OCT images:These two sets of images are analysed in
the same way since they are both two-dimensiomabgwaphic “slices” into the tissue.
Custom software, including a GUI front-end (seeufég7.2), developed within the
Matlab environment is used to identify boundariesaeen tissue layers in the images.

The images are loaded and a 30-pixel-wide verttiak is selected at a point in the
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image where the surface and subsequent boundgrmsamlto be flat. The slice is
averaged in the horizontal direction to producenagls depth profile through the tissue
layers. Peaks in this profile with amplitude higllean a user-adjustable threshold are
identified as tissue layer boundaries. The deptkeaah layer can then be calculated by

counting the number of pixels between the peakseBoh body site imaged, two frames

(two sections per frame) were analysed and thdtsemveraged.

-} extract_a_scans
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Depth (pinels)
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Line data extracted. Click "Calculate Thickness" to measure, or "Save extracted scans to save data to a bt file

Image type Cycle through ima images 10 Numbier of lines to average
[ocT Cimg fiey | Read .img header |30 & Calculate Thickness
= = = frames in .img file e
R Select lines i
frame number Micraons
Save extracted scans

Figure 7.2. Screenshot of Matlab software with @sd for analysing OCT and ultrasound images.

7.5 Results

The analysis of images taken during this studyrnsoagoing process. So far, skin
thickness measurements (epidermis) from the OCT lagt-frequency ultrasound

images have been obtained. Statistical testinghédle the comparison of these results
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between patient and control groups has also bedorped. The following table details

the results of these thickness measurements fbod9 sites, averaged over 20 patients.

High-frequency ultrasound — Mean(SD

OCT — Mean(SD) (um)
(um)

SSc patient Control P-value  SSc patient Contro
value

Distal dorsal ring
. 264.4(40.6) 240.3(32.9) 0.0232 97.4(403) 89.2(3.8.2200
inger

Proximal dorsal ring
. 260.6(45.4) 243.8(35.0) 0.0979 135.5(32.9) 125.%41 0.2022
inger

Distal palmar ring
; 280.8(60.5) 280.8(60.5) 0.4741 162.6(56.9) 163.9(3R 0.4674
inger

Proximal palmar ring
282.2(44.7) 283.5(42.4) 0.4638 157.0(55.3) 161.8(pp 0.3954

finger
Dorsum 206.0(36.7)| 184.7(35.9 0.0356 125.7(18.2)5.3(16.0)| 0.030§
Dorsal foreram 214.6(44.0)  197.8(34.6)  0.0968 9A®) | 92.9(14.2)| 0.2276
Volar forearm 195.2(32.9) 183.3(32.9 0.1304  9405p | 100.0(20.6) 0.2052
Dorsal upperarm 196.3(41.3 200.4(38.7)  0.3768 (36.9) | 99.4(12.3)| 0.2018
Volar upperarm 208.4(46.1) 214.1(54.3) 0.3642 aZ®) | 88.3(14.4)| 0.1992
Chest 165.8(24.7) 166.9(21.8 0.4464  90.6(14.3) 3(84.0) | 0.0886

Table 7.1. Epidermal thicknesses, as measureduwtrgsound and OCT.
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7.6 Discussion

Firstly, it should be noted that the results shdwere are a first analysis of the OCT and
ultrasound data. The identification of boundariéhiv these images once a depth profile
has been extracted is, at best, difficult. Thetredly low contrast available in these
images, coupled with issues relating to flathess aniformity results in many false-
positive tissue boundaries being found. These flatsendaries have to be checked and
removed manually, which is an enormous task giVeat tata is extracted from 800
frames for each of the techniques. It is hoped ¢hanges in the analysis software can

improve the accuracy and reliability of this data.

Considering the results in Table 7.1, generallyait be seen that, as expected, patients
with SSc tend to have a thicker epidermal skinrddlgan control subjects at almost all of
the body sites measured. However, in almost aksdbkis observed difference is not

statistically significant; that is a p-value of gter than 0.05 is calculated.

The only statistically significant results are the dorsum site (both techniques) and the
distal dorsal finger site (ultrasound only). Thigans that in these cases a difference in

epidermal thickness was measured between SSc {sadieth healthy control subjects.

Data from the other imaging techniques is in thecpss of being analysed. Once this is
complete all 4 datasets will be added to a moréistipated statistical model to look for
further correlations. Although not shown here, aliprinary analysis of the LDI data
appears to show no difference in perfusion betwesient and control subjects. This is
as expected, since differences in vascular respbatgeen the two groups are only

manifest when some challenging stimulus, such asiigeor cooling, is applied.
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7.7 Conclusions

A study comparing patients with systemic scler¢sia group of healthy control subjects
was carried out at Salford Royal Hospital. Subjegtse imaged using four imaging
techniques looking particularly for differences @kin thickness and microvascular
structure. Although analysis is ongoing, the resuibr the OCT and ultrasound
techniques suggest that differences in epidermekriss between patients and controls
can be detected by both techniques, although nfsrdo a statistically significant level.
There is poor agreement between the two technigagbey both give different values
for the skin thickness at the various locationssT$ probably due to a number of factors
including the small number of patients in the stadd the fact that each patient has skin
that is non-homogeneous and can vary widely frognaatepted normal value. There is
also probably a high rate of measurement errorrértten the study since it can never be
certain that the ultrasound and OCT images arantken precisely the same location on
the skin.

Further data analysis and statistical modellingleésined and will include data from all
four imaging techniques, as well as various denumgcaand medical information

sources.
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Chapter 8

Conclusions & further work

8.1 Conclusions

The following conclusions can be drawn from the kyoresented in this thesis.

Firstly, a high-speed OCT imaging system has besigded and built and is now in the
final stages of testing and optimisation. The o@djidesign brief was to build a fast
imaging OCT system capable of “video rate” outpud ghe ability to resolve structures
at the scale of the microcirculatory system in hasng&very component of the system
has been characterised, and its suitability asdeagainst the original design brief.

Initially, a pre-prototype system was constructedltow component testing; for example
in measuring the stability of the SLD light sour@dis test system provided answers to
most component issues and allowed the final systErsign to be finalised. An

interferometer design was chosen to maximise signabise ratio, using dual balanced
detectors to theoretically enable shot noise lichpperformance to be achieved. Various
associated electronics problems relating to sigimaing and image acquisition were

analysed and solved.

Chapter 3 presents some initial images taken usiagystem (Figures 3.28 and 3.29),
and highlights the areas which still require somerkw These images show that the
system is not providing images limited only by titeperties of the light source. Simple
electronic filtering, coupled with a sub-optimal jettive lens, result in resolving
performance being between 3 times and 5 times whbeseit should be. These issues are
in the process of being resolved to enable the G@tem to be used for its intended

purpose of imaging human skin in vivo.
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Secondly, a compact supercontinuum light sourae SiperK from Koheras, was tested
and characterised in Chapter 4, in order to seadh sources are suitable for integration
into OCT imaging systems. Although the source ptedilarge bandwidths and high

optical powers, it also had problems associatel thi¢ pulsed nature of its output, along
with high noise levels. Time constraints limitede tiesting of the source to basic

parameters, but enough information was availablecdoclude that the source is

unsuitable for use in OCT imaging. Other versiohthe same light source with higher

optical power outputs and much higher pulse ratethé megahertz rather than kilohertz
range) may be worth thinking about for OCT imagifitpis is because no other light

source is currently available with the potentialdach high resolution imaging due to the
massive broadband output of these supercontinuunces.

Chapter 5 describes a liquid-based blood flow malat was constructed and imaged
using a commercial Doppler OCT (DOCT) system. Tlbe fmodel allowed the testing
of the capabilities of DOCT in imaging small flonolumes when surrounded by
scattering media. This model is a simple analogueblbod flow within vessels
surrounded by scattering tissues, the conditiongng to be imaged with the system
described in Chapter 3. Most scattering solutiogsduin the model were made using
diluted Intralipid, a solution of predominantly fatolecules suspended in water, with an
appearance similar to milk. Adjusting the concetidraof the solution allows different
scattering properties to be obtained, in turn al@nan approximation to blood flowing
in a vessel within a surrounding tissue matrix @iimaged. Solutions of polystyrene
microspheres were investigated as these would seém a more suitable model for the
cellular components of blood in particular. Thessrevfound to be difficult to work with
as the flow rates tested were too low to keep pieres in solution. DOCT images of all
situations were recorded, with false-colour imagusgd to represent Doppler-induced
phase shift in dynamic situations. The possibiitgxtracting velocity profiles across the
vessels in these images was also investigateduglththis wouldn’t be possible in vivo
due to the much reduced size of the vessels ihuhean microcirculation.
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In Chapter 6 two OCT systems utilizing differentwekengths (1300nm and 930nm)
were used to image the skin of certain specieseoftropical tree frog. This was in an
attempt to isolate the location of an unusual pignealled pterorhodin, which apparently
allows the frogs to bask in the sun for longer th@wse without the pigment. Although
the results were ultimately inconclusive, thishs first time that OCT imaging has been

used to study these creatures.

Finally, a clinical study of skin thickening andobt flow in patients with scleroderma
compared to healthy controls was carried out, dnsl was discussed in Chapter 7.
Twenty subjects from each group (40 in total) wienaged using OCT, high-frequency
ultrasound (HFUS), nailfold capillaroscopy, and elasDoppler imaging. Patients
suffering from scleroderma generally have thickesldéd and poor peripheral circulation
in areas of the body such as hands and feet. Asceegh analysis of both OCT and
HFUS images independently show the thickened skipatients when compared with
healthy control subjects. The agreement betweenwbetechniques is poor, with (for
example) each technique suggesting a differentlatesthickness for a particular skin
layer within a specific patient. Laser Doppler inmggand nailfold capillaroscopy both
showed the expected result of reduced periphem@bdblperfusion in the hands of

scleroderma patients when compared to healthy @osubjects.

8.2 Further work

The OCT system designed, built and tested in Ch&tertainly warrants further work
in improving imaging performance and overall usabilAs mentioned previously, the
current electronic signal processing used doeswook well and needs to be replaced
with something more suitable. Signal processingrigpies to extract the “envelope” of
the interference signal can be applied, eitherardivare or software to form the static
OCT images required. Replacing the objective leits & higher numerical aperture part
should enable increased image contrast and impriatedhl resolution. A 30 mm focal

length, 25.4 mm diameter lens will be used herd,Fas the added practical advantage of
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shortening the working distance from hand probgatople. Improved system software is
also being implemented by another student to makeystem more reliable and easier to

use in general.

Linking the work in Chapter 3 to that in Chaptettre ultimate goal for the OCT system
is to be used in clinical studies on patients wrtrious skin and microcirculatory
conditions (scleroderma, psoriasis, morphea, éf¢hlen the suggested improvements to
the system are carried out it will be ready for urséuture studies. There are several of
these currently planned including one that copiesformat of that discussed in Chapter
7, but replacing scleroderma patients with patients morphea. Morphea is a localised
condition; patients typically have patches of akecskin which is generally thicker and
has increased blood perfusion, making it idealbioth affected and unaffected areas to

be imaged and compared.

Further work imaging tree frogs with OCT could putally give some useful results.
The study described in Chapter 6 could have givarclasive findings if an absolute
measure of optical power was available for all meaments. This would allow the intra-
species comparison of skin depth profiles and gvgood idea which frogs reflect
strongly from a specific layer within their skinn®way of doing this would simply be to
measure optical power incident on the frog at sdweavelengths during each imaging

session.
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