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a healthy vol-unveet*r @a&eqg Eimrxea dnuimn i nt ens
projection structur al i mage of the mid
ROl highlighted by dotted paths. White
causetdhebyvascul atur e-f @ade tpleasTeM. v a(rbi)an
angiogram generated using median inte
mal | eus; |l , incus; SD, st.apedi.fi82 A, a
Abd8:acemstecetrn ®@OETA MEr ames-vaequifread ian
heal thy adul't volunteer OGusfi nghan inte
whit e arrows | cdidwyvedskelly dn t he sur {
(O o T 0 0 T T A o T P 133



RoeQd: li mev,i vion-s eeato2ssnath gi ography i mages of
volunteerodés right-SePdsdte®homwdiilie a 10
played in the <contralateral ear to t
Angiographic i mage of the incus, stape
i's lapM. (b) Angiographic image of the
after the tone is applied. TM, tympani
SD, stapedius. A video of the angiogra
I n Suppl ement.ary.. . Fi.l.e.. L. 134

BouOl:k moti on ar t-& faetvpahraiaakenycse sa n g(iao)g rEanm
the TMtgenfer@Q@TA WE&I ume of a healthy a:i
acqui-viedoiexhi biting the bwlck imntailon a
OCTA i mage fr ame, dotted I ine in (a),
motion correction factior & olrocealc hwipn dkce
O ¢gpoverlaid ontwesedthiona(ld) OCrAo sismag e
calcul ated using the bul.k..mot.i.tB6corre



Abstract

Originally developed for ophthal mic i magin
noinnvasi wvesoéptehh optical i maging modality,
applied to i maging oifnttahcet [n& hdMdl tbdheeare darhr @@ T
OCT) ofsfemse sBEBRULCtUral and functional i mag
care safely and without e x phossitnhge tuls€el poaft i ME
technevogyes from feasibility studies to
sysdidemel softwao ei ehggmatee i intg @ madol icnliicniiacnasl
tomage andiaiganwali senidrefpeernmeatnitdry ankdeem a m
up with clinical workfl ow.

Thi s itrnhtersadsuces t he deasrnighaoadtmpadiemeat aodn
flexi bl e sofmewnatrien of rtahnee woerrki or mance and usa
OCT imaging sysitweomldyidtedpl loaf infechrf rraemaelwor k pr
a cubBtutibkmihdering engine capaolfl eMEAf sda@ataumet r
refail me i nt @trAdedtiitvidcomal rendei inhgoduwgdenet wo
rendericmgdiggieysmpanot omyt ifme neémowvweaelatof t he
vi sedahiez underl ying middle ear fsdrmuchuueti
vi sual i zritd dlse adcaotulsd t ¢ a @@ Ilpidend es triemudleir.i ng
i s i nt egarpautreplobusielatt bwar e prowni dedkeymad magnng
experficerncient eghcaltiinoinc ail ntwoor &d U @lwo avg t dhrogiit n e e
suppbhrdr chi twaetxureended t o nhaediFgppmradtei ct wioma
modallgeomast rically accwolad mdEQIGiTcvnea,g acmant i nu
r el me-OGME angi og®@mpA)y f(oME t-ihev a ssinmael ti ,z anta no n
deprtehs ol ved mi ddlaedymaainnasReeusliadwanetarircoarl
wasassesys@ee@gi stcorate oM@ &@MEdCT dat asemib @tDh
printed i magi c@adphamitomt &/mp d @®alvcoolmdne.uous
volumetric imagiong wadhedémbystardautltdd vol unt
pressurizatRe#ll mansehasei ve, MEOCTAmd v8D
i magi ng was demonstarnadt eadp pfl @ tezdd ttieod ivdd 8t et 1
vascuamtdhuer es traepfel deixu s

BeyondOCNE rtehsiesao o hd be adapt edurfgarcat ol
applications, i ncl udi-tnigmes um gV icgadt ipdnannwmigl
posturgery di seaemwsne tprradaqQrgessi on

X Vi
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St

of Abbreviations Used

1D
2D
3D
4D

ABR
ALU
AOM
API

BOE

CHL
Cl

CLAHE

CLv
COM
CPU
CSOM
CT
CUDA
CVL-SC

DAC
DAQ
DC-SC

DICOM
DRAM
ENT

ET
ETD

FD-OCT

FFT
FOV
FPS

GPU

OneDimensional
Two-Dimensional
ThreeDimensional
Four Dimensional

Auditory Brainstem Response
Arithmetic Logic Unit

Acute Otitis Media

Application Programming Interface

Biomedical Optics Express

Conductive Hearing Loss

Cochlear Implant

ContrastLimited Adaptive Histogram
Equalization

Constant Linear Velocity

Chronic Otitis Media

Central Processing Unit
ChronicSuppurative Otitis Media
Computed Tomography

Compute Unified Device Architecture
Constant Linear Velocity Spiral Scannin

Digital-to-Analog Converter

Data Acquisition Card

Discretized Spiral Scanning

Digital Imaging and Communication in
Medicine

Dynamic RandorAccess Memory

Ear, Nose, and Throat
Eustachian Tube
Eustachian Tube Dysfunction

Fourier Domain Optical Coherency
Tomography

Fast Fourier Transform

Field Of View

Frames Per Second

Graphics Processing Unit



GRIN
GUI

HMVC
HRCT

IMJ
ISJ

JBO
LUT

MDL
MEMS

ME-OCT

ME-OCTA

Micro-CT
MRI
MVC

OAG
OCT

OCTA

OCT-DV

OoM
OMAG
OME
OpenCV
OpenGL

PACS

PCA
PET
PORP
PSF

RGB
RGBA
RMM
RMSE

Gradient Index
Graphical User Interface

Hierarchical Model View Controller
High-Resolution Computed Tomography

Incudomallear Joint
Incudostapedial Joint

Journal of Biomedical Optics
Lookup Table

Motorized Delay Line

Micro Electromechanical System
Middle Ear Optical Coherence
Tomography

Middle Ear Optical Coherence
TomographyAngiography
Micro-Computed Tomography
Magnetic Resonance Imaging
Model View Controller

Optical Angiography

Optical Coherence Tomography
Optical Coherence Tomography
Angiography

Optical Coherenc&omography Doppler
Vibrometry

Otitis Media

Optical Microangiography

Otitis Media with Effusion
OpenSource Computer Vision Library
Open Graphics Library

Picture Archiving and Communication
System

Principal Component Analysis

Patulous Eustachian Tube

Partial Ossicular Replacement Prosthes
PointSpreadFunction

Red, Green, Blue

Red, Green, Blue, Alpha
RAPIDS Memory Manager
Root Mean Square Error



ROI
RPCA

SD-OCT

SIMD
SIMT
SLSQP

SNHL
SNR
SP

SSADA

SSOCT
STFT

TBB
TD-OCT

™
TOF
TORP

Ul

UML
uv
VCSEL

VT-DBR

Region Of Interest
Robust Principal Component Analysis

Spectral Domain Optical Coherence
Tomography

Single Instruction, Multiple Data
Single Instruction, Multiple Thread
Sequential Least Squares Programming
Streaming Multiprocessors

Sensorial Neural Hearing Loss
Signatto-Noise Ratio

Streaming Processors

Split-Spectrum Amplitudédecorrelation
Angiography

SweptSource Optical Coherence
Tomography

ShortTime FourierTransform

Thread Building Blocks

Time Domain Optical Coherence
Tomography

Tympanic Membrane

Time-Of-Flight

Total Ossicular Replacement Prosthesis

User Interface
Unified Modelling Language
Ultraviolet

Vertical Cavity Surfac&mitting Laser
VernierTuned Distributed Bragg
Reflector
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Chapter 1

|l ntroducti on

This thesis detdaevlesl otphme n-tlie weéf g nav arinegdane t r i ¢,
architecture for optical coherence tomogr a
otol ogy -aft atrlee apdi ntt s ext e@®@€T onagti ogi moldad e
The -usieendtligm soketaware developed using the

for clinical adopt i -OCTpftmi ddbei @éar clOCiAi ¢ ¢
novel tools and insights into middle ear

chapter reviesiwi ndtdsl ea eMB®COCOMagamaghal | enges f ac
its applicatiofRi bal lcy, mpirkeistecmetsdpoegrt of th
work and provi desbsaseghuaamberys .of t he

1. Middle Ear Optical Coherence Tomograp
Over the past three decateags,e dChBgmaodstbecdm
opht hal mol ogw,i mpea ovamd ctgu aaagglmd st i ¢ i nf or mat
of the2t 8eiymad opht hal mol ogy, OCT has been
variety of other clinicaylnxihmaddilmgs appPhoecsat i
l upg] and 7rfofshee f e asOQCTi Iwatsy fafr sSME demonstrat
et [8l]].However, clinical devel opmentOCwWwas sl
technol ogy of the period in te[rImslofwapeennd
with theswagvdeunrtc eo fOCT ctoencbhinnoe do gwietsh bheghl vy
swept | aser sour cesned ctdi satsr etbhuee e-RA@MRB)ri eif T
akinetic [slWeaptt hleaxedtli0O et i@-OCEehbheécome cl ini
vi albl]e

Il n addition to stQQilc tcuarnalp rionvfiodremaftui nocnt,i
on the response of the middle ear to soun
Vvi bromeitbrVy .( @@Pl ying a sound stimulus into
shinf tt hie detected inference signal. This Do
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Ob
en
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an

t weleinneAs acquired sequentially in time wi
i mulus frequencprapditwi dthabscampgiturmdBsi lai
e motion of mi ddl e ear str dctnuerse sb yc anr ol
rrelating the acoustic phase i nformation
equency or by Four-iieme tplaasdnagr Bighti pse na coof umn
ase analysis at evewxegspixed ambgngtadbki aa
oustic response of the middle egnrn]to the
Sever al groups bapet dp btbQals tapsh tadl@En eevh d i a
ol for cllilii,d®&lppbtobhbgpyns investigated
aracteot iztait OMmelddf,al gbst operative evaluat.
cclelss] TM t hi cknes[sl6fadasaateimemt of[ 1dRhol es:
scrimination of otodd/8dmaoatdi enodat $i agdt he
dal response offl3.h2Ufhiksa@msist nesiecfests of
er thetbaseMBEGGRTadieo c|[ L nbwibh] ushee aim of i

curreofcasteandargcaosti c and i maging techn
ranwasi voelc,arpeoi ndki agnostic imaging syste
sease and conductive hearing | oss.

10@pti cal Coherence Tomography I maging Sy:

taining clear OCT images of the middle e
d ocofal ang ear canal that 1is often narrow
mi t atOCdn,l eMEs itself well to an entocen:
gul ar FOV is imaged from a xsprmaddi ampetrdrur

ofethM i n a si[nlg l1e9 ,a2clgui si ti on

de
t h
h a

| mage data in this work wasceolspecti éd ca
signed to navigate the anatomical restr.i
rough the t yMipigiei ce M@CIDb riameaegi(ng optics ¢

ndpi ece ¢ onasxiicggeidd i afmmé ed lweond acltobani c al Sys

(MEMBMi rror (Mirrorfcl2ég eAl8lt b. 5,cabSAPE " aOCIT be a

a -ldens pupil relay that i maged t ha mindrexr

(GRI'N) rod |l ens that served as the objecti

it

S exit pupil so that the exit pupil acte

2



entocentric design of tdre noptatcsr aeln adil man s
Foll owing the manuf ajc2,3ircsfrégbandeicdimmend at ihe
used vteo tchrei MEMS mi rgroilbwasathmakiesd. t®he co
for the MEMS mirrors -bwer ed iaggeatienlqat ean weri ther
and amplified by a high voltage amppwi fier |
This imaging handpiece-OWasenrpiupée aFidiid.)o a cL
consisting of an akinetic swke(®PQGl)sowirtcle d ac

wavel epgitmy, o sweep@&@ndge nofmi nal¢ms@@iep r at

andiQéaaxi al and | at ertafll darnedstodr etsipemrc ti vediyr Wi
coherence |l ength of the swept Icatdtér nper mi
deptllo]we | i mitedptohé[ Saphdrc hr avagse atdequate t o
depth range of t he human mi ddlteh ee atry nmfpracnm «
membr ane to the most medial visible parts
l' ine (MDL) was inserted into the reference
the i mage plane axially t onta cecaormntoadnaatle |feonrg

Tlke work presented in ohisnhbweat beoenéfi w

used to contmreclgut hies asyistpp MEeeesst dtahmea greaesdu | |

and diagnostic information to clinicians

M
OPTICAL

Fig. Mi ddl e ear optical ©OCHer eémag i nhagnrQyTs asgylmyt e(nsl s cNMiEE mat i c .
OCT clinical-OGB y sitmangi f{gHadME hwes ipmg nd handhel d i maging pro
fact oCromp(eti)edlre d desi gae (tCIAMyalcrwissew of the handpiece. (e)
entocentric imaging optics. IS, i mage sensor ; MDL , mot o1
programmabl e gat eo aamalyagg DcACn v ari tge rt;a | Bvda y bfail baenrcoep tdiect eccit rocr

1. ZheSummary
This thesis $eavednamppreirse di naciflqund bag k g md w odl u ¢

conclusisonAchapeéer overviinew hcef nmmd mle shicokdayp toefr



providedi hentgeathte wor k. More thorough mot i\

study are provided in their respective charg
contributions of te&€Tadtrloonr tihrel tabasresal d4thieng
presented i mprovements to sOCTt waors abdel o vwer e d
clinic, ot ar ke podntprovi ded i mproved di a

geometrically accutriab@T 4/On ghing@@i)dagm Bhed medd Il
ear gi vi meeodlaigntioxsatlascstao wei xdpel orraenge of pat ho

Chappersents a dbeatcakiglreodu ntde cahnndi clailt er at ur
ear aatysmy lsougryg,i cparle di agnosi s, pathology,
( GPU) ar,amuMmeE®CTurse gnal and. Tihmag ec hparpad cee s sei x
curteeghni ques and erleds eardcentiinf ieascfludiys e 1 ¢
the groundwork for the inquiries and discu

Chap3tdertr ai |l s the desofgnrtaante i3nDpfliccemedidrienrg
OCT image dat a. GPHlte el &ir iy delmcyaisatgose | i ver
f ai trhefnudle r sOCol¥ o IMEme c Fd &thas u( t abl e f-wirvovari.
applicati-toinme anids uealailzat  Tenemader magmadobégian e
novwilsual ichantiiqure stggu@ah dasg mpEANotodmynmet ri ¢ LC
ani maNotoathd yshéwgaind Suppl e mdingiatraila Ftoymgp B,
showed potenti al i n  prfordaum inct@noingad g eost oank icm
during sur giAdali ta xmladirdagtyiedtri@aen | anaitdeiptayced t he
acoustic response o ft otslheu n thi dadalsenuskuecrc e s 8 f |
demonstrat edOCulsibDogp pd eVME viforommear gadavasket
bonfi g8 nB8upment ar y). OFiflea i Ghgr e Vving wa ltaifxat i or
pat holmo gidd &1 eat t hetpideatdevel apmpdntcadndn
arel | abtldenweo|l umet ri c r £odeOMHn gdvaedgaga Iniezat i on
mani pudast iaankey compamesrtguefnt s aderaalciesnent s
t hedging | urdettanlg?2eD and -ODT M&ngi 6 MOLAAY N d
geometri c alD yWExT ciumaagien g

Chapoait | i nes the-tcmedtiwameqgff i @mamegalak i nc
renidnegr engi ne di 3 c uss ed hiaohCERhiampd g irbnsg ustyi sl tietny
a t heodfcpaorient T-acselGPlat ed, prmowletsisti mrge afdre a m:



combined wiltlly docluiseidtlak & o v2eDB-the dpéraoccee s si ng
at rates weoOl wRBmaexncteasisnionfg a r es prounmsgive US
mul tagnoeocurrent i maging pipelines wiRihgput s
4@nd Supplementarynkbitl enkEy talhe garsc lwii tt éac ownr
f areaill me cl i ni cSelc.tidnmoéngt ngl PadarsrakcisamGe g
modal i tgieeosmrei ¢ & | 4 Daanadc-trreaael-® IEA ma gd aawger ed 1 n
Ch apSaenr@h a pétreers p e.cTthiivse ltyh énaiss sw@mplorted vari
studnes yr24lexp] oring the -Q@Tpltiecs aggdtnoal of o MI
up and intraoperative cochlear implants i m
Chapbtiemt roducaeiss ar entoiveddh DB GPpabt oc ol and
r etail me geometric correction model -Q®T facil
i magi-nigvByinnt egb@tOvn g h-t rm@l umedan cconversi ol
| at i at orti on tchoer cowshidédme ve -lrieesdotl gé o mat r i
accur aowy bdvwelir ot p®l | FO\Ms shdwi2Gem met ri cal
accur aceyr ivaansd"d dw att hrdau ght etgh st wantr ir @ € Taentld O
mi cCTo dawashbta 3D print@E&dypBamadpidragr ep h &n ttemp
bonfEi &Ar especTthhevmedgi.ng system incocpooatin
de mone &g @d matcrciuec ac¢iyt wdi (Tabdfeor measuring an:
di st,ansxwerspasseéengi onal cl| mat crad 8 ¢Clcudammabnml lyo s e
foundurigni eami cit @ghciol peOSME c arempdcth ¢ eCiTeead au s e
of its I|Iimited pemnecooamaptlieotme ndoefpitegreismgof i & 8B en
earreas Vvisible through ht heex cteyl mpeahna hoyl enseondébtrr a
ti ssue, ecpeantriasltl y enhanci ndheChuimbaegesoforCTr
needed t o t rcahcakn gleosn giint undiidndalle FiamaiplayMEo |l o g )
OCT magi ngdewaos vi s efail mzreu ¢ theroaclc ucrhranngge ss n t h e
ear hoefalaadhwotl udue eng anaVieludwaluweso g ¢Odj il
over tohfecfivplagbadfi el d POV vage@ljiover a | i mit
X&' X&' pBAGFOWeraechi @y esth8wppi emeR.iThrey abii ll @ t
to obtain-tacomeurdelt egniargetad mi mrdd wi k&g a nuwart ioqny
to image dynamic middle earfupeaugeeés sachand

asur guiuc adlamdoebot i ¢c .navigati on
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Chapttew eri asnptl reeneonft aphhieaossneance OCTAmalggor it

mi ddl wa sea@ulOLITAr ¢ echni ques originally devel
wer e adappdreds st ougiegu e r e laagredte donpyh yabnedo | ogy of
mi ddl.Eoraexamplnet abl e chall engealalrk smst ifagm

prederntween the tympanic membrane, aadi ssindg
fréodmct ors |iinkenaaclh apargpessesse@rer oncabhseedabwal t b
handpi ece duwBrya mpml yinrmoagied @digehp e nl doecnatb u £ Bd mot i on
correwxwed onmBd meadi(iggms t he wmhool egearecogni
vascul arf ore ttwhoer Misdds & elameoOETAiRadxi hnhaomer
applieathoas assessi ngrgdmpéctsi cadrmas as i ziad k 3
directly visual i aisinegnotntsd r aatt ®@pge d ur § Brhedf |fa xr s
Supplent al.Asthhiede ptrnnoind dfifee ear mOGd | @C BAYS ,

technd quwledsvalfiabl e di atgmoetotarnynadga@lha gins ttsh

treatment and di agndoissiesasoefs.di verse middl e



Chgt er 2

Background

2. Anatomy and PhysieolEagy of the Middl

The mi dHilZe. eara well vasculariee@edcawmucpuso
compl e-di meneeonal dynamic structure respon
of sound from the external auditory canal (

wihtt n the tempor al bonpk 2,6 ht hbeo t hi dsdildee se aorf ctc
tympanic membrane (TM), the ossicular <chai
|l i gaments. The-shdped, anperntidna p'acd me] QK h at

separates the external auditory canal from
ossiculBhe chhmasincul ar chain is comprised of
human body: the mall eus, aitnachesand dthepdM
attaches to the oval wi ndow of the cochl ec:
di mensi ons of t he mal | @uwg, ¢giddcoldsda & and st
VG dhana®dad c8GdarespedrRiByEhyg ar elmetdweddrerteme eT
and oval window serves to increase the pre
the sound pressure in the ear canad i keFurt
action of the ossiclesegleargtaheadf btyhée hleomng |
mal |l eus [ah9d] Twocuws ddl e ear muscl es, the st
superstructure and tthoe ttheensseoarh kteytnsp amoi d ucl oant ne
pressure through the ossicular chain to pr
reduce autophony, and[ 3nalsCka | d letd Kt ahoek gsrt caupredd |

the stapedius and tensor tympani contract i
chain to increasee mandll eecwce i snperdd transmn
[ 3.0]

Conductive hearing |l oss (CHL) occurs wf

through the middlheerearhriosugdh sar uptxead ieon or
chain or perforation of the TM. CHL i s di si
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which is associated with disruption of the
into neucodli3giatlhs a prevphpB2hcaepddn 3B denc
2. IJBWBHL constitutes a substanti al heal t h &
millions of Ul For worlbhdewbd®ften treatabl
intervemowewne pr,8 larcgiucalt edi agnostics are ess
selecting appropriate treat ment options an

consent to those treatments.

External ear Middle ear Inner ear

| l |
Il Il

Semicircular

Temporal
bone

Oval window

Facial nerve

External W el
auditory "l ' —
meatus X >, X Vestibular
nene Acoustic
Cochlear nerve
; nerve (vim)
Auricle/ g ™ Vestibule
(pinna) ‘ :
p : Cochlea
Tympanic
membrane
Malleus
Auditory Round
ossicles | Incus window
Auditory
Stapes tube
FiZg. Anatomi cal ovErrofm2eavh do fr etplreo deuacre.d wi t h per mi ssi on

2. Zurrent SBifCanmckaSRa @i c al Di agnostics

Tradi tisagmaclalprdei agnosi s of ear disease is b
(ii) otomicroscoply3.5]®Rmadi il iog) caudi onmgti nyg i
provide additional diagnostic ilmiwommatsiecn i

wi || provide a review of the most common d

2.20Lomicroscopy

Ot omi croscopy -iinsvaas inweyt iexeamsmargt ooalbfi maei
instruments such as ot oscopeess,. sQurogmiccalo sntio
typically detect diseases afMFcBh.]Hoguetvlee kB e X
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assessment of telrarumndedliyifapgpauchittdydMuoe Othdh gt h ¢
when the TM, i er pwhéorateds cut amatinhlei fted
undyeirng sofu¢cther eneddl eaedbllyi i) suali zed

(a)

Fig. Otomicroscopic views of the middle ear. (a) Otoscopic
ear as seen durindgosfidgeeprodecededi fhomer mi ssi on. M, m &
me mbr ane; S, stapes; I, incus, ©Sduyndtwpedows tendon; P, |{

Ot oscope

An otoscope is a small handhel d instrument
l ens used to visualize the external ear c
attached to the distaheépdnavighéeeotbscops
the ear <canal to obtain a clearer view of
routinely used during ear examinations and
pl anning.

Ot oscopes are atni ci npooorlt afnotr dmaagyn omsi Gl e
chol esteat oma, otosclerosi s, tympanoscl el
chol esteat oma, otoscopy is cruci al for eva
retraction -pmelkleitngoirdifsacthlaalglemar k[ 3o0/f] | nt s
otosclerosis, the presence of a reddish hu
pat hol ogy upd.8tAdodiotsicoonpaylul nyc,t i ootno sacso pa& sk ey
di aggin® of ear infections such3.%]sHooweivteirs, mehc
otoscopes havey&bPhiigrh cieMBrnasiveg yDadve | ow



x@P[ 40his is due to several | imitations as
field of view (FOV), poor il lumination, an
| i 'odss gBhets.i des pneumatic otoscopy, itti @movi (

and is primarily wused for visually inspect

Surgi cal Mi croscope

Bi nocul ar surgi cal -snmiamndoasrcdo peiss uvaarlei ztahbea ogo
examination. Surgical stereomictrlosa olparsg err
specul um, separate from the stereomicrosco
supine, and their head tilted. This provid:¢
i mproved il lumination, dFeéwWs anaf dieaptikepédrmhae
mi croscope i s mounted to an articulating al
fr-eange over the examination procedure. A
can also i ncorporaviedeemore mpdgmicfi dataito np.
surgi cal mi croscopes tXanbHavesmwghal @idgadbf o
As a resul t, mi croscopes have a higher acc
compared t[o4.D]tFoosrc opreesmpbeppens have been st
i mproved o8 Wsiandvistpy@dd fiicidiyadndZd]i ng OME

Endoscope

Over the past few years, the use of inigid
both the clinic and i n tsheamiospreos ¢ o megs r o®md
of fer -amgwiedd& OV, i mproved il lumination and
smal | mi ddl e ear recesses that aldll ewse afror
pat hol ogies including reentnrté@abei aeepotkenhdos
clinigenfeasated ammeasvsemeamitennerpead i eate and

outcomes when used i n conjsunamitecaomsoav@@ds c on

2. 2AQdi ometry

Audiometry is comprised of two 8Subjfteaotive
audiometry is a qualitative measure of a |
reaction to various acousticagtdimubgy AhbDGEGI
has a | ow specificity for mo[s4.6 | cSaulbg eexct 0 ¥

10



audiometry tools incl utdenea uau digo nieotrrky .t eGstths
audi ometry tools such as <cochlreyarf accewsgiung n
sensor and neurol ogical function are outs
di scid6ed Obj ecti ve auidtiaotmevier yme ass uar eq uoafn ta
performance by direct observation of physi
Objective audi ometry tool s i ncl ude tympar
brainstem response O6ABRpapndoebacoustbchémbpg
this work we wild/l only be f ocuSsiinncge otnhetsle
physiological reactions are the combined r
of objective audi onjedter]yObij®ct nher antli vy met miy
conjunction with subjective audi admétry end
di agnostics and is not a r ¢el4i6abdl8 predicto

Tuning Fork Tests
Tuningsferhkhréethe simplest subjective mea:

simple tools and serve to help orientate s

cannot specifically quantify the amount 0
di suiisng the type of hearing |l oss. Two ¢cO0mmgc
the Rinne test. The Weber is only applicabl
a vibrating tuning fork on the <skulolundaf itst
perceived in the healthy ear. However, i f
CHL is suspected. This phenomenon is a res

by the disrupted conductioa iagmhavlayr edchéese
eaf36]The Rinne test provides a measure of

conducti on. Here the tuning fork is placed
is moved in front of thegeatpentésveathahte
bone conducti on. | f the tuning fork can L

conduction) then SNHL is suspeddd&dHawever, i
both the Weber and Ri nrhertee sat nma rxea uarel y fv &IN
i' s not[ dgporlesent

11



PurfTone Audi ometry

Ai-rone-tmpwree audi ometry is considered the gol
to assess the |l evel and typetohehaadi nogel o
a sewnbstwy@ Pafnd a s ped@ibfiinciat yd edfe[c4.9 [nRgua BB HL
audi ometry plots the patient reported hear
for frequenmgd®s YPOOE Wwegre®d TQOdn octaves (doult

each subsequent frequency step) respecti ve
cuacannot be reliably measured as its tac
perception, andt@0tHlHe efakcdhicaatsr abavepr oduc

interffdlémbes pl ot o f me as wmruald oywhaes hebdsh
threshol d Q& Qoteeaassruirreqd lienvel ) wWRGQ0 chae i he fad re
per patient populbasteirovre.d Hearannyg ol fo stshe sploo
¢m™M06J04.7]The difference between t heibrane and
gap. Thefpraén®oeagcrgap esti mates the amount o

maxi mum i mprovement possi bhldg]Ahdioaghamus lya |

be an indicator of the type of dis-base aff
gap at |l ow frequencies could sudbhoaet gdeniad
high frequencies could Iinfddiewawers,e auwmdiuc

| ack the accuracy to distinguish the under
provide clinicalll50,%udgestive findings

Ty mp anroyne t
Tympanometry is used to quantify complianc
admittance which is the ratio of the acous:!

to the applied acoustic pressures Adoictaan

of the ease with which sound is transmitt
corresponds to higher mobility of the TM a
corresponds to a | ower mobility.

Il n tympanometrypryheaeantersaprasgduri zed
acousticc@wnemofh calibrated sound source w
A microphone in the external auditory canal

source and ttle fvyolmumeiwel achiet acoustic adm

12



measurement i s repeated as the pressure is
QOY)G or edquiovavhepEd9l equat>a®P PO O cent er ed
around nominal atmospheric pressure. The r ¢
at ympanogflhen pressure range used in tympan
underlying pat holomiydOvh esr et sae dr a mg envelnd t hays e
extended negative pressure r[lah&Je i s used i

Thr ee par ameters of dar awy ntpl a nnoi gcraal m  cuosnec
underlying pathology are its shape, |l ocati
admi ttance. Each different shape of a tymp
associated with a SAlymaned r@mant lcolr 0 ¢\s.p 0A dtsy
where the peak admittance is | ocrEXM® Ar oun
flattening ofBttyhmpamsda@rpemiand dfytpeen 1 ndi cat
A negative prep@tuy mp gpreadkr ains aandt i ndi cat es
pressur e possibly due t of 4EDNuamehioars u lh &
tympanogram fypesithéesndss previously | iste
di fferent undernfl5Rildgf caugseat efyCH&Ii nce tymg
are dominated by the admittance of the TM,
rather than the ossicular chaoiss, cuymapamndo mea&
[ 46, 5Bhus, tympanometry is only considered
pathol ogies apdmid]from otitis media

St apedius Refl ex Test
Anot her use for tympanometry is threefdleéxct.
increases the i mpedance of the middle ear
triggering pathway for the stapedius refl e
inner ear, and the facial a n de sh eianrvi onlgv ende rivr
pat hway innervates bot hbiclaatser ahei sipagpgandc &
when sounds are presented wunilaterally. Th
i psilaterall y461i1 contral aterally

To measure the ipsilateral stapedius r
VL TTPGPL 'O Q04 T6Q0s pl ayed through the tympano
triggering amKéi'GomdEad@&towe®EméEdY measur emen

13



the contralater al stapedius reflex a headp
tympanometry probe. Both measurements are
mi ddl e ear admi tftde6ridd ei s e mh & minke @syh og rda diu
increasing the symoaQbonsi ampheétmuafel ¢ x oims tr i
by an observed increase in middle ear i mpe

The | evel at whichritghgte ree@prdoe wédnased | @b
applied stimulus relative to the patientooés
threshold increases by the amount of hear.i
is constant up tou®abrrgnarrteeads ehse driinregarlloys swio

| os46]An absent reflex may hint at possi bl e

any detectable hearing | oss.
2. 2Radi ol ogi cal | maging
Current oktaamedanodnsi ve i maging technlodgpyi es

incl udeshilgh i on computed tomography (HRCT)

( MRI ) . For preoperative imaging these moda
wi || have an i mpact on diagnosi s, ssiublge ca
complications|[ 3durUsg ocfur gd&RICyYi and MR I S
postoperaupvef fobcbWwear i mpl ant (Cl) sur g
tempor aB5bkonwever, the use of these i magi ni

by tlheikr of availofbarde.t yTyagi dalel yp,oimati ent s
radi ol ogist for i1imaging where it can take

14



B: CT volume

Fi4g. Radi ol ogi cal i mages of thkhermnadl| eoepwu.t eda)) oanmodyr (@lp)h yar

human middl e ear. (c) Magnetic resonance (MR) coronal i mi
White arrows highlight a graft of fatl .t iDesu e s pdéiMd malRer g
mal | eus; P, promontory,; RW, round window,; I, incus; S, st

Hi gresol uti on Comphwt ed Tomogr a

HRCT i s capable of -saptuonab aheaenfitédec:
routinely used to detect pa6htbR®Tgyi safrfeescetriw
for situations where the diagnostic benef]|

patients increases ri[sk7]dofordewelnpdieng hd anp

significantly increases the lr2il$hdofcadewvwalso
of HRCT include the presence of cholesteat
ot oscl eroopseirsa.t ilvne pirnrkeagi ng, the extra anaton
can i mprove presurgical pl anning, thereby i

15



sur dqet9y HRCT is highly accurate in detecti:
semicircul ar canal wher e tiyt porfirabsn g osPbe nsi t i
respeg¢bicyddwever, due to poor softf aiilsstue
adequately distinguish thesexsenhivot yclolde:
ofyxPangobrespectively i[mm.6fkFatt a@mpmorca,t i wnt
resol vt @dmaofd sl iceprewsoWHRAT oins -ptdcs® | lud Ww o n
i mage and reliably detectFipdgat hatnldgbgy Fonv ol
examptepnly has a sengnkind@tbyeapdcépvpeeihei c
detection of[B66f%icular erosion

Magnetic Resonance | maging
Li ke HRCT, MRI -xant ipommali diemage®s sof the midc
resolution to HRCT but does not del i ver [
intracrani atasofovei ssBERET coNRI i s the moda
ti ssue complications [s6ucj]Hoaveveaebscésesasseor |
experience strong suscédaptsishuiel iitny ea rf taecfeasc tisn
HRCT is preferred over MRIvasovei magidhege %£a
applicatiohge. of Asuekampuscepti biRII4gEy5%]rt ef ¢
highlighted by . LdoRi eéiRdt €edult dd pborntially
susceptibility artefacts, however, further

utifla.xly

2. Pathology of the Middle Ear

I n the context of pathol ogy,t tohfe amindodrlee ceoar
interrelated system, called the middle ear
eustachian (auditorl6.2]Tuhbee nainddd Inmea setaori dc lae frt
asmiani at uheatl bmg@at hes through the eustachi
l ungs. Both theebungsdamadd sd rmicd dirieelsl edch at

cavities to [fo@odkThiomn @miompieatlwre | ungdé i s r
mi ddl e ear space aerated, mai ntaining nor
outside contaminants and/or mucosal secret

cause of modtecemmopa®dib@ ogi es

16



Eustachian Tube Dysfunction
The Eustachian tube (ET) is a small tubul a

mi ddl e ear cavity (al #o0 fyg¢alahddi sheoawmaitl gr

[ 26]. The main function of the |lBRTIiio:n, minductlc
secretion drainage, and protection of t he
Eustachian tube dysfunction (ETD) is cl ass

mai n f uParcetviaonesnce of ETD hatso beee wsgnadi ous |
&P 26, 27]. ETD hasy mieefe nmideed leec t eeadr i snu rugoe rtio
a strong a functional <correlation between I

There are two types of EcTdDusedshdy umudc oealET

resulting from inflammation or infections,
abnormally open ET during rest. The exact
well wunderstood [27].

Patients wi ER appobstsympedms such as i
of the ear, tinnitus, and/ or di fficulties

pressure within the middle ear cavity that,

medi a ousemwmr chronic), atelectasis (retract
[ 2] . Diagnosis of an obstructed ET is gener
medi cal hi story to identify wundedlIll i ngarca
through pressure equalization methods c¢oml
common diagnostic signs [26]. Ot oscopy and

di agnosi s where the presence of an ontact
peak at a negat ipwmaaPl, e sasnudrbea maer coguatpbd @ fr
greater is one definition for clinical di ac
[ 28] . However, these diagnowutfife csieqqnns oar & e
many patients with obstructed ET can pres
asymptomati c. Mor eover, an intact TM does
Patients with patulous Eustamptamstabe
autophony, abnormally | oud hearing of onebé6:
be caused by an increase in sound conduct.

cavity resulting from the ET bei g agpers eat

17



otoscopically observing movement on the T
Difficulties arise however, when the ampl i
visually observed by the cltitnd cgassi blihliist vyi
conditions mimicking the symptoms of PET s

Chol esteat omas

Chol esteat-omasenoesnepi der mal tissue growt
ear cavity. As theyisl cswlze, yxdatoliersdxan abmlays
of complications such as hee®Drl IOme Iseguela

chol est eduomd bontter ebonpit hgnoifsthe bone o
a |l abyrinthine fistula (ofgéemrilmaga)eywh 6.8fp ao fr tm
Early signs of a cholesteatoma include the
t hat eventually |l eads to neurologi téab]effe
Chol esseabomaither be [6orn gadBrhi taaclq ud rr eac cuhiorl
the two most widely accepted theories aroul
poclketorty and the proliferation theory. Bot
sedlfeaning mechanism as the root cause of ¢
theory this disruption is caused bEThegat.i
creating deep retraction pockets of t he 1
di sruption is caused by papillary ingrowtt
spurred by inflammation of the Tdvec Amddrhyer
cholesteatoma devel opment, i's the i mmigrat
epithelium tissue into the mMi5®OdIHeé seéat oghce
cholesteatomas are comprised of three | aye
matrix | ayert hhedmnai stts sefueepii ke t hat of re
supporting collection of connective tissue
adjacent to the matrix. Finally the cystic
| ocdatwa t hin thé&9mé&Br i60]1 ayer

Congenit al chol est eat omatwsbahnadv ea r ae ma her veael
more | ikely tp5%®]cAcugauh oleaesntad &@tsomas were fo
preval em@kkamdfngadtme mber s of a north&0mn | sr

However, there have been few studies cond

18



p

reval enceopuwml| @t ifées enmalpi ng reported rate

study of patients in |lowsiphpPdyrted a preva

Chr o®ugpurQitiitvies Medi a

Otitis media (OM) is an infection of the mi

r

anging from acunt ei st oc acuhsreodn ibcy. blancfteecrtii aol or

mi ddl e ear cleft through either a puncture

f

>0 T —

< O o - T T ™ -~
[ )

—

o

rom the ET[ dluleChtroumpipuDoat it ve Shd)di hag Cbeen
raditionally defined as a chronic dischar
eading t ot epreartmaonne naf arhi ddl e e &8OM sttyrpu cctau rl ey
resent wi t h hearing | 0s[s5.9@9QdOM foauses mednh
topathol ogi cal changes to the middle ea

mo st common. Granul ation occurs when v

-

S

e

om ruptured openings i n t hpei tnmuec o saad 6 sc eblal:
cause of inflammatory 7@2rjlAcesgeisdangr dacl
cterial bi ofil ms have bElRins shwgvane $tos ban
n

i k between their formation and tSOB, progr
owever, their patMieogneaalcecomarfciPowel lo
o vbPof c&BMsma&Ly | ead to adhesive otitis me
otally, bound to the promontory or 0sSsi c
uring forced reaerat7i.®lh bobhadbageddMclhynet eaa
ause serious complications ranging from d
estibular dysfunction, erosion of the o0s:s
ympanosclerosis, cholesteat ¢m®/f@AGr mati on,

Preval e30dVMe vafri €s depending on the popu

ccurring in depeltopdadcec dumgthreisesAuat esal bani

aborigi ngegbPls59, 80,G83 b]Is@GM | lyasC an avcea agat epr @fv
x ogux bwi t h poorer popul ati onsdevgdrotpii gl acd wr

affected more than weR8 2 M ri si ntdhues tlrda aad ii nzge

h

earing loss in th88g developing countries
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Gl omus Tumour
Gl omus tumours, also known as paragangliom

occur at any Ilrmicaitngnf nomtdel Ibodyf at he par a

| abeled according to their | ocation with n
jugul are, carotid body, or glomus vagal e ar
[ 84]0f these, glomus tympanicum is the most

and the second most common sumpmpanofcumet ti
typically form along the tympph®&.4FLFoorrt uanuartiecl
gl omusnitoyunnpat umours are relatively rare he
mi | I[i80Bn However, t hey emaeé@i tkenroywn wittahbobfees hmar
paragangliomas being assoc[i86]é&d owiutsh t  mprae:
are most prildtvoaiGenadé® ahel Ban present as a
|l oss and pulsatile tinni{83]Ildargdro tiumo uirisg
more serious complications such as vertigo

Under otomicroscopic examination, gl omu:
as brddgihsth ,repul satil e 8.mMmasresf brethh eerd & \hal Urd
the preferred i maging-dehenedthevngpreséhnt t
originating from the cochlear promo&h88lory a
Due to their highly vascul ari zed nuantduerre MRI
Cont-ermlsanced angiographic imaging is typic
HRCT and MRI to help determine tumour per

usefulsdrogi ale pl anh88p and treat ment

Mi ddl e Ear Congenital Mal f or mati ons

Congeni tmalt i manlsf @f t he middle ear are struc

mainly occur during fetal devel opment. Con:
found in combination with external ear mal
t horudsabi rt hs. Congenital malformations pri
uni | 48O &®0Fol ated middle ear mal formati ons

have been reportedmtfo cddd urr einn plfedtd ntth anrg  w
Both the ossicles and tympanic cavity c.

that change the size, configuration, and n

20



sevy.riQssicular mal formations may affect on
the entire chain. Mal f ormati ons involvin
commofnl] Mal formations of the promontory ar
nerve trajectory and t[h®l]avRaCIT, amd ongshnde
audi ometric di agnostics, i s cruci al for i
mal f or mati on and the subsequent surgical r
are very cauti eR€Tabmagi agndaocthnbdren due
risk.

Otoscl erosi s

Otosclerosis is a | ocalized disease pri mar
and the stapes footpl ate. Whil e being a p:
presents clinically as a CHL due to the fib»
and/ or obstruction of the round window mem
pl algo.e]The cause of otosclerosis istatdiéebs |
investigat[img]Oittoscobeirgisns i s most prevaler
wi t h aclprmanwe repfnff patients report a family

suggests a[®eheAigerogiigtieent measl es virus i
has al so been suggested f3F63Ppoissentbs ewictalu s@
present with hearing | odsg, hteiamnintgu sl,o san dnat
progressive CHL without a history of head

with otosclerosis is usually noticed when

byouv uQd | n sonpenlpc apsaetah e(pt ssemt with either
SNHL and CHL or pure SNHL in thp76hse of p
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RCT i mages depicting the different stages-sdfdeot oscl

. H
mddl e ear of an adult otads poan gWa dtilkess @Hlt oavsd pfoé meé st malt he h
of the promontory. Right (c) and Il eft (d) images of the
point toit hef detpmscl erotic plagque caustodg marmdowicteg rafi ntgh

Creative Commons[ @&4}fribution License

Hi stologically, otosclerosis has two ptf
stage, referred to as otospongiosis, the n
bylemi nerhalgihz ¢d ,v,sspownigyaidziesds @ea. iapnidgb. | n
the stabilizatiasg oOhi 9tepohgyottiics,suph unc

resulting in dense bhsnehdapjos iafisgdao.c 6 pl aq
Osteoscl erosi s can be further characteriz
retrofenestral. Fenestr al otosclerosis inyv
andt Hes most common d&mnDnc oRfeeireoost 0 0t @t @sics er o
cochlea and ialoommodkeyf o@mdd al otosclero

The primary tr doastcareend oaspipsd nibseangoma lol hol e
drilled into theabvatheawdndowt headli gngnemod &:s
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throwglptbapedbasmyg sueowedPan rcdtoesh oifge agpa@miwi t h
PpMO™nd i s one of htehaer imogs tr essut coor.e@essfpunlt 8 U T ¢ €
hi gh success rat e, stapedot omy sroeqius resl s

undertaken by a subset of practicing otol a

TM perforations

The most common TM perforations encountere
mechani cal trauma due to cotton swabs, scC
and/ or explosions, and [6&3d8pomjangot® pailfy
albsarise from complications of AOM with t he
AOM 95]Symptoms of TM perforations include
of tinnitus and wvertigo, and hearing | oss
sound vibrationad tPerffortaieomnsom@mini d ®&ti ons

mi ddl e ear infection if the middle ear cavi
canal . Fopimhrofat EMy perforations heal spont
interyénhffHowevear,fdrfattihoen pf ai Il s to heal gi
| arge to heal spontaneously then surgical

to close the perfob&8litowugmpberopleasoy medc
i mpacted by BMThD nwhedr ealPodoeported more tha
rejection in tm®we&]presence of ETD

Ossi cTulaaama

Besides perforation of the TM, physical tor

di sruption of the ossicular <chain. Il n suctl
present |l eading to further componcati basi a
pal[s9y7, 98®&ksi cular trauma is typically <c¢cl as:
i ncudomal | ear j oi nt (1 MJ) separation, di s

superstructur es,[ 9a7n,d9 Sogspsaircautliaorn forfa ctthuer el SJ

form of osdbiecaluae obfawums fragile connectio

|l ack of direct [mMusjcul ar attachments
Diagnosis of ossicular trauma causing C

when CHL persists after the patient has re
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i's the omModcaHditegeurfgocapr @i agnosi s of 0Ossic
requires radi ol ogi sts t o have extensive |
abnormalities and can be comp[lLlOaijTdodisdepédn
heterogeneous nature of ossicul ar9.7]r auma r

Ossicul opl asty

A common surgical HLraat mengg o6pomopatbapol Ggy
replacing portions of t be tstHwll ar oleypilm
prosthes  TORMP GaRP artetsetnoprte ttohne di srupted aud
the mi POR®Psearcasussedwhere there is an intac
TORP are used when.Tthhee psrtoaspense siess micssitmg cr
coupling between the tympanic membrane and

Currentdwmbfabpuotsnsaircyu | oerl ijagPainjds wrpgwtf o

reviossisoincusopges®sas | to result in a good h
prseuragli cdi agnostics can potentially increasc
better picture of the underlying pathology
more conservative treatment optionskesluych a:

to provide benefit.

2. Optical Coherence Tomography
Optical coherence t eimovgarsaipvhey o(pQdTc)ali si mea gn ¢
constructs depth resolved i mafglkisglhotf (T G&K)uU
reflected I ight originating from scattere
iof mati on i s measur eao hienrdeinrceec til ryt etrhfreoruognne t
demonstrated by Fujimoto et aOCT) nfaA®®H usi
As depiFecedDREh wor ks by spl it tcionhgeertelnecg ht gh
source between two optical paths, or ar ms

a reference mirror and the other towards t|

Il i ght from both arms is themsutécomgbiimaecdrf
pattern, or interferogr am, i s recorded by
coherently interfere when the optical pat h

coherence | ength of the Itiheghtpasdurdee.gtThh dry
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reference mirror creates didepthfrdhel tad
scattering amplitude. By scanning the samp
|l ines can be spliced st ogedmdoafeBt oorf BrDm vadD u
i magdsi.neA r a®D€@t oYystTéms are | imited by the
mirror can be moved over ig®Oprladndgle and typ

Reference Beam Reference
™ | Mirror
: Fibre — U
Low Time-
Coherence Coupler <4+>
Light Source OCT DepthScan
Probe Benam | ateral
Photo- Sample oCT
Detector Scan
g Signal
Processor 7
A Ua
Un
» Z-U
A 'y
A

Fig. Ti Momain Optical CoheDOEMNE e s ¥oe mevmnaadih wmedD accordi ng
Creative Commons[ @4}fribution License

2. 4Fturier Domain Optical Coherence Tomogr :
Fourier domain opticabDCTphwasnceaett-othbgedph
as a morepreddaclkc-OEMN ®BIPe spectrum of t he i1
depths 1 s measured directly without ithlkee ne
can then be constructed by simply taking t
spectrufmmf edfwaot d meOtChTo ag eofi nFWWi desprFe&Hd use,
spectr al do@&iTn @G6Bopeg&#PPpt-OCT) (BCSIBi @a.,

replaces the photodetector of the time dom;:
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speed l i ne scan camer a. The esi ftfhreacdii ofne
wavelengths of the | ight source into diff

el ements on t he-OCiTHiehb.sephacametr me IBiSoadbanc

the time domai n-sowstcem! wistelh . a Thwepptampl e i s
with an instantaneously narrow spectral |
wavel engt hs. Thi sthesuslptexstral eaohembfi @ar mdgr
recorded as the | aser sweeps through wavel
the time domane sg@@BMODAK TIPS Yystems are | i m
|l ine scan <camer albasagrradweéep spaed mBedgpect i’

magnitude fast@CT tshyasnt emspiamd dTDOG 6 Dage fr
[ 104]
(a) (b) Nar\;'\‘(’)iévtll]_ine

Refgrence Reference
Mirror Mirror

Light Source %] Laser :

Broad-Band BS i Swept-Source BS Sample
Diffraction I-D Photodetector
Grating Detector

Fig. Confriaguon of the two different types ofOFEDuUrdgetru@o.ma
(a) Spectral -@®Ma.i n(-BHATSe(eSEOCT) ( SBeramemed fusend according
Creative Commons|[ @4} ri bution License

2. Dptical Aber-0@T i bimsg iy sME ms
MEOCT i maging systems are susceptible to
i maging optiinneaor ral abhonship between scal

scanning mirror angbederrAbdeviat bodsradseeromi g

optical system that cause I mage di stort.i
defocusing that deteriorates i mage quality
geometrical and | ater al di st omrdli wche wshpeh erai:
aberration, C 0oma, astigmati sm, and chromat

26



Geometrical Di stortion

To construct O@ICTI maygsd ,m awwresMB surface mo
scan tseusweplil aser beam | at euealhtep ebanctroocsesn ttrl
geometry of the optics, i mages ari@®acquire
This imaging gebuamaany dirftdavkiieso nddCA | mages
di spl ayed without habrdatti wags T f cpoartablelteéld cshcl
lines. This geometr i Eia$whdeirset oar tpilGanhtkss siulrlfue
i magediwi the spherical coordinate space of
curved i magehiiwhehacendered in a Gantesi ag,
geometrical distortiontoaberd ploaendfof mrl d&.

scan proportion #@[1lB6] beam angl es

D(xfylz) f

—4

Fi . Geometrical di-G@oritmaqi md gyt gV[E'Ovi/ﬁn—I?%croea pat uprl eadn awi tshuirnf e
spherical cooridante spaceuofvetdh®aushi abengneapdeired (a)al €
coordinate space (b).

Later al Di stortion

Later al di stortion occurs whealne ntgteh,t raacrsovse
i maging opticsater al fdinotpdt mawea bff racxm st hd at e
mani fests as a deformation of the i mage, [
ot her abao7tsi csrtAoo®yn tihre t wo main types of
pincushion distortion and bar rFdlgb)ditletr@adt i c
magni fication increases with the radial di
pinch inwards along the horizontaFi®nd ver
occurs when magnification decreases with r

points to bulge outwards along the horizon
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(a) A (b) !

—

A | L
! )

Fig. Later al di sfoomi ¢6a)resaukreindgistortion and (b) pincus

MEMS mirrors aaxsios ecxrhoisbsittalikntienr whi ch t
tilt angle to applied voltage tFmxitshend axi
ver sid6[] 34eadl ager al di stortion of the di sj
MEMS scanner to the one in our system, Ki m
axis scanning due to¢opcorrbegemdikng oorbeMBMS h
alignment efimodop, FEFhetlkependence of MEMS mi

nolmnmi near with mirror angle and tends to saf

Spherical Aberrations
Spherical aberration arises from the tende
of focal l ength on the distanciegQfroomThére c

effective vari atisont hien |femcsals ulrdmgteh caaarscess
uni formly across the | ateral FOV.
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Figo0oSpherical aberration is a variation in focal Il ength
| nses and oAuske bmageiagross the | ateral field of view.

i
e
Co ma

Coma arises when an optiaxils siymagen @aiirtss
across the image plane resulting in a blur

a tdiol8laxfi s | nght hpasgh the optical systenmn

powers along its surface dependinBidbh the
this resudi&eilangamebn of i mage po-ints a
center from the optical systemds centr al f
t heagemcenter. Coma i s most prominent near
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Focal
Point
|
!
Image
Plane
Fi gl Coma resul tls kien ed oongmeéet on of focal potehsemasftdom th
optical systems cpepottriadtnfiocatlt agioantdi st @amce from the opt.i

Astigmati sm
As shdwm2i msti gmati sm-amains fleisg st whaesls eosf ft h
system withl dngt atsleemtingfeagd i al (vertical) an

pl anes. Depeapli age ont hihe dfecul ts i n tangen
tangenti ali magd gpnaitntssn are el amg dthed creandiea
i mage. Whereas in sagittal astigmatism i ma

radiating outwards from the <center of t he
el ongation of the 1 mage dpiositnatnsc ei sf rporno ptohret ii

Thus, astigmatism is most noticeable near
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Tangential
Plane

Focal
/ Point
. 4
Sagittal / []
Plane Tangential
Astigmatism

Sagittal

Astigmatism
Fig2 Astigmatism due to different focal |lengths along the
Chromatic Aberration
Chromatic aberrations occur due tteowhe va
wavelength causing |ight ofbdiffdeusesad twave
poi.ntCshr omatic aberratioaxial rombrodadiofab
148, which causes coloured fringes to appea
and | ateral icoltni,yhat whi abecaatses di sapxeirssi on

i mage points.
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(a) (b)

Image Image

Plane Plane
Fig3Longitudinal (mgmanidc | abermaat i(ddps cwhi ch occur due to
of an optical system on wavelength causing | ight of diff

2. 5Handpi ece Design amnfdfi Aberration Trade

Il n the eUOTr emaygdMBagm,tli. dtnhle opti cal design o
utilized a GRIN rod Il ens to position the i:1
numeri cal aperture. Howeverer QWRolrNe rfordosm hcahvr
aberrations, comaidld 2 thch na taangy reanft ii DS . At t
operating wawmlde sptelr safon i s small enough t
negligible, but astigmatism and coma resul
the system.

When originallyi @deas,j gint ngag hendamtdgpi n wh
an otoscopic formfactei veopladi et beosibgsngt
care. A GRIN rod would enable the handmi ec:
modi fi ed fr oons ciotpd cd & foaun tf acctt or t o an endo
However, because otoscopic imaging results

attempltedt he | atseysstt eint g rwehtiicohn woafs tchoemp | et ed

wor k demsctrhiibsedt hesi s), the hGRIDN) elcenss®sar
an otoscopic form factor. Thi s design ch
astigmatism of the iIimaging optics compared

in thiss t hes
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2. ®pti cal Coherence Tomography Angiogr a
OCT angiography (OCTA) is a functional e X
ophthal mology for imagBpagpédeti oal avlagciuhat
di abetic retindpdishdy] CGanTdA gvioa kkcsonmbay t aki ng |
series of i mages andcsusginngp hiarstee rafnrda/ noer dainip
contrast on vasEubatutraeti Asstshwowthuieas i n O
bet ween successive acquisitions, whereas t
and phase in vascul ari zed urceegi occrosnttra s\t arbye |
vascular and avascular regions when the <c¢heéa
To extract the angiographic signal, numer o
years, but they canobe gevonepsall| Yopbhesi OC&
amplitude vari ance[ lalmdD ocpopmpelre xOQne t fhroawi d e s
measurememt owf blyl bodki ng at phase shifts b
using the sameDVW.r iTnhce pdtehserast hOCeTer META ods &
and produce a qualitativeangia@f loafth]Bynafsaccud a
angiograms are typically constructed throu
many 2B ecrtdsosnal angiogr ams. Regarrdelnecsess of
bet ween these algorithms comes down to hov
di fferences are calculated,11®nd how they d
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Cross-sectional Angiogram

"'M\‘ y " Mg, Mg M

Enface Angiogram

Fig4d A sequenti al time series of OCT scans are taken at t
i mageusead et o produce a vasculature contrast image call ed
through intensity projsecttiioomadf aa gstogakanmsf. many cross

2. 6Bl k Moti on

Bul k motion is dmbdeedi B@f5en died é&cadrimpalalsepi x
eachi Ae. 't arises due to the relative mot
either through physiological processes wit
through the OCT i magingted obey whenoper agoc
correcting for this relative motion, the r
interframe angiographic signal resulting i
for bul k motion corr ecltz0Oo,nl aifmpvloiltvued ee dwgeei gdhe
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avengdli22 ,anad3]t he hisfogdamPmeahbdthese app
interframe bul k motidomei sasnedstsiumaradtfedr fea
A-l i MBe resultant b ullikn emocta mo nt hceorr rbeec tuesde dA a s

of angiography algorithms to extract the a

Edge Detection

Edge detection methods for bul k motion <co
avascular, reflectors on the sample surfac:¢
to obtain the bul kl immoet isoenp avraaltueel yf eof irgoama tahn yA
One such edge detecti ofh 1doBdpticm e Hsetde b wmw rFoug e sn
where the surface I s ©biaofsitl tsemoowihredlow sfi omlg
segmentation of the bl wpreel surfTaAeecent hih

segmented surface is thentktdosrinnmes A he bu

Amplitude Weighted Phase Averaging

Il n samples without a bright, avascul ar, r
averaging can be used instead. Phase avera
pi xels contaeniwng HvaseaulsaAtumal | compared t

mot[ @a@2Thus, the avehage ofaltulkres wixél be t h
An amplitude weighted phase average i s use:

| ow signal that would otherwise distort th

Hi st ogram Met hod
For sampl es wher e t hevaasncguiloagtruarpehyi ssi gotl
comparison to bulk motion, the previously
met hod breaks down. I n these cases, the phe
of fsetting the <calTchuilsatreeds ublutlsk inmmo tcioornr evcatliuo
as false angiography signals both above anc
[ 125]

The histogram approach seeks to fix th
hi stogarxamlofphase differ dncnees afnadr | eocaockh nign dfi
of the phase differences. Here it IS assur

ti ssue wttimien iesadhhrAle compared to theose pi
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mode of the histogram describes the phase

represents a good e[sltzibnjat e of the bul k mot

2. 6Dappl er OCT
The use of DoppltienrvaBC W ef da-vmavwgh extglinanaid ifnl ow
demonstrated by @CEN seftsltzad. n uBo Myl ear TOCT t

of thebmMowdngells causes a tQtme deepredrodgenntn
measured OGHr amt éofeeach depth sample. Thi
sampl eds fr equ@rneclyatsipveec ttrount hbey nomi nal cen:
Ssystem. TReovakaehotlepth sample can be ext

wi ndowretdi mdhoFourier transforms[ 1B37TKI3umcngs
t he amgtl ween the OCT sample beam, and the ¢

mean bl ood dclaonw bvee Icoaclictuyl at ed f or each s amp

¢ OAT-OS

Whevoés the |light soandhedd oxeardt d@ri sfsrueq u e
anot he speé¢d2dfllThlei gstethiss ta vfiuryctoifon of acqui
where higher sensitivities can be-—acHeireeved
the main | imitations of Doppler OCT become
*omi nutes to acquire Doppl erpd@®@Cpgdad wiatghe sa s p-
prtdspati al resol uti on to acphitade| la26V el oc

Furthermore, Doppler OCT cannot measure bl
to thempdCeT IskEag(h), iass undefwmned for

2. 6PBase Variance Angiography
Chen et al. where also the firBBOCTo sdyesmoenms t
[ 128 They showed it was possible to constru

t hrough calcul ationh: of the Doppler varianc

B Q¢ J9 &

cio

p
» s P
Y DQB Q& 9 &
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WheifYes the time differlemoedassbethwe ennu mbaijr
Adj acleinhe &Qwis® dtt he compl ex OCT signal after
of the measur@diisnt ¢ sf & wmmgad @8nf@crochexes t he |
number . Using this approach, we do not nee
shift as in ©OCad3di Howerabkr DPoppkeebDoppler wvari
any phase noise ihheotlac&doé¢i phaB@CT su dxdd h i
and/-orvonmnmdRiBdn

The method of optical angiography (OAG)
a way to efficiently filter ouwtncphasha frioiisn
recorded bl ood [flLI3®W hmesa sf wreegqmeemtcsy s hi ft was

via modfultahé omefoer ence -GaOTm slyesnt getnh boyf ntehaenisr
attached to a piezoelectric stage. Thi s ca
proportional to the modul ation flrie;qaienwegr ®

acqgdir8y applying the Hilber-ti nesanatf oeaclac
before apgmlsyti Fputrh(@kKF) T trla@sbdogmographic sic
i solated to the negative pdl@tOiHenr eo ft hteh ef rree
modul ati on eff ecpasvsel fyi latceters wvahserae hainggh me as
greater thanetmeduvukebadabicobhyresuths in the me
into the negative frequency spectrum. Usi n
angiographl&@ad ve@ bamega(d) xivntwi t h a velocity ¢
o @ & ari.

2. 6Athpl i tude Variance Angiography
Anot her solution to tIpd apderais@nane®i met F@d swd s
by Ligl18td Haelr.e t hEegf2 mogi 1 engl y takiofigthlee &

Al i ne variance before averaging according
P N, .
Y EB 0a 004

Whi |l e sianpgdleiytaucheasce met hod i s effectiywv
caused by ph#®©£d uvyst a&imse BDt hough can stil
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artelfatslowe v enrg, atwlaryowihe phase i nformati or

ituations where blood flow contrast i s onl

(7]

(@)

f movi nlgl3XxJatters

Huang et al . awopllidtauedxepra o e ilmyy -sspod ¢ dd u m
ampl tdtewcdbea r el ati on angli3o3gsapbhx WSSKDApY sp
spectruml oheeaaoahoAf our or more distinct frg
a gaussian bandpass filter bank. nTshea ss pehceknl

calculated and averaged togeQdieacd or ¢oir mg utc

P P 6fp olnd 5 o
v e gon i gb g o

Our p

Whewanidre the | ateral and dept hmodaeices
ma gieshemoBde s idde itrsbeescptiriubm; thhdext he sampl

ampl iOtiusdet,he numbe-modf $ equgelst ua edBmerrd o f
e [rh3 3]

Sptltii ngl itrhee sApectrum decreases the axi al

(7]

motion in the axi al direction and reduces

an -GT system where thoe gaxaal compardadi ba

reol ut ipagnd oThi s made phase noise induced
vasculature disproportionally affect their
decrease the axial resolution suchTHhHe at i
angiographic signal was extr-motdedi mMagmseiwd
noisy frames, affected by | ateral bul k mot
SSADA, Huang et al . where able ddwdcaptur e

o8td @ CBA E) i nogo MIOE E N3 3]
2. 6CbHbmpl ex Angiography
Spurred by the availadhbGqT sy sotfe nisa,s tWéarn,g pehta s
the method of optical mi croangiography ( ONMN

their eartth@d3 DAL OBMAG, the full awhhmg lhe x C
provtitbeesnef i tpphade baondmeatnhpodishatdebei ng the s
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phase variance and the robustness against
variance OMEGmmAsxown to provide s ubpoetrhi or
phase and amp[li3d]dfer mee hwmase-OCTass ymsotdeemnsn &F
i nherently more phase stable and offer fas
okeh no |l onger a need to introduce a freque
el ectronics) as was done in OAG.

OMAG wor ks by taking the runni ng di f f
successive sampl es of -ldinteBeoares dggnuaegnetsi:al | y

6060 —— & 65 5
v P

Wheoes the compl éxsedweenetnitadi inadethedeadd A
i mage, and N is th-ei mesmboedre Bfmaageegui rEadc hA
configuration has its own advantages and
ulti mately depends on t hues ecdo.ntFeoxrt eixna mphliec,h
Al ines are used then bulk motion phase no
systems has a-lsuwfef iraitent IHpowfeaetr , Aas t he ti
Al i nes is relati velcyr ossneactomel(sbh otollle f d omdve v e d f
is |l ower and so contrapgl136é6hfsmaepgucativmdsgdadd
are used then the time between acquisition
millisecond timescal es) maki amgo vi meg imeé¢toad
smal | er[ 1v3edstsoewesver , t his |l onger time interyv
phase noise within the angiogram that mu s t
OMAG, tbulmkghon correasidnsatgsledét.nimsSect i ¢

2. GPU Architecture, Processing and Rend
In 2003 the performance of seri al al gorit
processaor speeds i mposedobycengd§HiTdtnss p «
Il i mitation spurred a paradigm shift in sof
and concurrency. Modern GRUh(dcercttualal prdecae
and the GPU (graphics processing unit) has

shift towards concurrency in modern softws
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taken vastly different aprpro@rchersr a mt peaxed
architectur al design of the CPU has focus
all owing multiple sets of serial Il nstructi
has made wuse of sophliasrtgiceh aopre dnecmonmtyr clachegi
memory and instruction | atency, however, tI
a handf ul of arithmetic |l ogic units (ALU)
has focused on iuwmtcroefa ssienggu etrhtei alh raoluggohrpi t h ms
l i ght weight threads in parallel. GPUs are
streaming multiprocessors (SM), with relat
size. Each | ighsweughonGPbet mapgdstreaming
within [eBTh]C&Mp ar eldr etaod sSCPUGPRIU t hreads are 1
and generally operate at | ower <clock rates
Due to their complementary properties,
in heterogeneous systems to obtplB87]gptri ma
exampl e, CPUs excel at task parallelism du
when there are multiple sets of instructio

of each wltthiegl eonChJ cores simultaneousl!l y. (

to their high throughput. Data parallelism
can be operated on independently across mu
and ipmaogessing applications, the CPU is us

GPUs are used to accelerate computations o
t hreads makes it unsuited for control flow

cores in CPUs makes them/|[slc3&bll]le poorly for

2. 7Ctmpute Unifihed e@e¢ wiree PArogr ammi ng Model
The compute wunified device architecture (
introduced by the NVild3i84CWDoA prravii dens i o f2
abstractions that all owpdepebepepras atbel mpl
kernel s, on the GPUOGs physical ar elheivteelct ur
thread hierarchy whiicmt dilvlideks gwhiugph arfe titl
a grid. The di mensionality of the grid an

executing a kernel (i .e., a computer progr
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GPUs follow the silmrgldatian qtSrl uMDt)i omo,d erhu |

instruction is used across all threads to 1
[ 1B9 However, due to the physical organizat
not a true S|I MD devi ce, as not al | SI MD ¢

emul ates such a device by multithreading e
devel oper, it can be seen and treated as a

SI MD programming model singl d1li4®dgtructi on,

2. 70penGL Rendering Pipeline

The Open Graphics Library (OpenGL) is a gr.
interface (API) first [ilMdtlrjopdeurc@ld pbryo vk hdreosn o
built, GPU accelerated, graphicaloordndatins
called vertices, and transforms them into
fragment s . FiAgh sOpoewinGLidors erl @ mcee rciamg bei @i vi ded
sections where each section takes as input
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Vertex Shader Shape Assembly
o
o
o
o
Vertex Array L ) L l' )
) " ) 4 N
Compter Screen Fragment Rasterization
Shader
\ J \ J \ J
Fig50penGL rendering pipeline. The job of the rendering
vertices and transform them into 2D pixels or fragments
four parts: The vertex shader, shape assembly, rasteri zat
The first sectionhefvehtexpsphadene whecall
vertices and applies any user specified tr,
the pipeline. Besides 3D coordinates, each

ot her attrcobuoes walkchesmasor texture coordin

assembly section of the pipeline organizes
such as triangles. Each geometric shape is
in asprcamddsd rasterization. Only the area
from the computer screen are mapped to pix
for colouring in each 2D pixel basgdhten spc¢
shadows, and vertex colour before displayi

The renderi ng -gutpoenhatneed iisn stehmat devel
programmatic control over the vertex and f
constrained to work within the specified i
by tlkke ademul es | aid out by the overall pif
purpose computations are not generally sup
versions of OpenGL introduced compute shact
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pur pcoosmeput ations, although it | acks many of
in CPDAZ2]

2. 7GBWemory

Optimizing GPU memory wutilization is the
performance i n [pladr3gR d refl o ranhagnocrei tihamsmaxi mi z e
GPU memory bandwidth and | atency. Bandwi d
transferredyt(dadsyppecralsiegcamd) and | atency des
to move the data (typically measured in cl
card) i s physically separate from the host
itself Iseidng ndrogdmiur memory types: global,

thread MmkEm@]Ag) data moves through this memi
through to | ocal t hr aaad rmeamemy,y bHab@ddvpive <

Therefore, an i mportant principle in implei
as much data | ocaé aovodthe kthmetdi as mpogsmé
space.

Host to Device Memory Transfer

The first area of optimization is to minir
Bandwi dth between host and device memory
coeating the two and is orders of magnitude
of the GPUOG6s gl obal memory. For optimal per
once at the beginning of a compuitfatiito nmeaannds
running kernels that do not provide noti ce
seri al Colu43 Frup d rhteg for opti mal perfor ma
batched into a single | arge traediier membe
overhead and i mprove transfer times during
be allocated only once and should be reuse

all ocating and deallocatfj h43)GPU memory i s

Gl obalr WMe mo
The most plentiful type of memory in the

dynami c-acaedemmemory (DRAM) out side of the

4 3



hi ghest | atency and | owes't bandwi dt h o f

char act eorfi DtRIAM. Briefly, DRAM encodes bits
thousands of extremely small <capacitors st
time is | imited by t[hle3abastea tliimesofdd hreotca
readite access. I f one wishes to access a

wrd tt o the entire data |l ine-byThdyltdrgt lorofl 2
bytles37]Therefore, t o efficiently utilize
contiguouastl yglsaulcahl tehccess to these data |

access is the single most i [mip4 3 JNcaonat | epsacretd  «
access would require the retrieval of mul t
than thachlkidaet @afl iene. For example, if each
data but that data was spread out randomly
retrieve 16 separate data | indbytesr | &dachk w

equate to @P48fbdgaea. (Zhis inefficient org
wastes memory bandwi dth and dramatically i
if those 16 bytes of data wer e swtowr ed haowret

be retrieved across multiple coalesced thr

Texture Memory
Texture memor yonlsy amemaercy adpaecadresi di ng wi
is cached |l ocally on the GRU.lI yAfrteerr iteevxetdur

reads from texture memory dpladHowevevar, f i

opti mal peekbumanememory should stildl be a:
reads. I n addition to data cackiegatedxsup
for filtering opemgatbioams alnidk ¢ i mearesint er po
memory <can index data arrays wusing use f|
integer coordinates. Wisend fdlad at vad upei Rt ec
interpolated on hardwar e, according to sp
el ement s. This can offer significant i mpr o

approaches t hétasredl ¥y ndrergofl tawa roen .
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Shared Memory

Depending on the problem (for example matr

mi ght not be possible. I n such cases, s ha
sl owdown. Shared memory is | ocasedioensbhaceE
across al/l threads in a SM. Mo s t i mportar
coal escing problems and is $i0dgdajficantly f

Loclahread Memory (Registers)
The fastest memory tydhbegtavaielgaBtersothht e

frequently accessed variables private to ¢

kernel. While fast, rsegaasdherSMacrel ya lsaxsara e
avail abl e t hat mu s t be di vided up and S |
architectures, each thread was | imited to
all ow up to 256¢ 13&gqgilsWthgt & péi st magadeem | i k
be used up when wusing | arger data types ar
used (due to the incr ealsfeda itnhdreexa dn gg ooevse rbheey
any extra register usage will spill over tc
| ocal memory is simply gl obal memory speci
such it has the sexmaagtmad amgd oprad p emwetmoe sy .a The
register spilling tdq1lMBailntain kernel perfo

2. Redli me Processi ngO®OT Dvatdad | cen Etare SGP U
Fi d.6shows t he chain of processi ngOCsteps
interferolgirmens tthuartcm ébaen pirnocessed i-mdde di sp
i mages bwidbDometry |l ines. All thes&P&8teps
kernelMNviudsiianbgs Comput e Uni(GUDAM Device Archi
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A-line Processing

Raw Interferogram ) Interferogram ) L]
r > Stitching MNormalization FFT Y
Interferogram
X A-lines
Data Acquisition Card B-mode Processing
B-mode Averaged A-line )

Image —— Stitching <«—— Adline Averaging
Frame
ﬁ Doppler Line Processing
Doppler i
Vibrometry 1— bl dln il «——  Phase Unwrap €—

. Cross-Correlation
Line

Display

eps i AOVCoTl viend eirnf &t roagnesafnosr snionduge tiSuSraggle sB a n «
y l-inesmeu®big SBeptiegiopali clhbckedher ence

Startinfimwetpr ®dAcessiFndg,7 déwi crtaemd iinnt er f
acquired from the data acquisition card (D
noni near segments WIDBtRh s-slegpsere d mesep. ubled i
experi eddexamromaedeal ong itsishoelerwicye sliwiel
Fortunately, the | aserds internal calibrat
mo dheo ps wlticalhlsbiwem t o be cropped outedThe v

together to form a valid interferogram. F
normal i zati on vector across t he twr tseer f e r
mul tiplication that corrects for sysddemic
through frequency dependent i ndex of refrac
ti sBhue.spectrogram is then multiplied by a
and sper-eadadction (PSF) wi dt h. Frod ddouwFHnegr n o
TransfFOrsm a@applied along the interferogram |

i nformati-bnnéentontaiaAndn gp mdhsee mptaitom@al of t he
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Raw Stitched
Interferogram Interferogram

t t
; '

Non-Linear Mode-Hop

FET Normalized

Interferogram

J f
Fig7ProcessiOCd oht 88 fnddoo gheams From | eft to right the inte
nolni near thaoapesr, modenal | zed, and the FFT taken

FromiMmes we can2blei teheeor$s scoomesb-inauccea | § Blag e

or extract Doppleongi-modmeBmpgkesnwe. coofig

to acqui tsegmuewnps adf i nterferograms per i ma
| aterally acTlheaeseé rnther fseanopglreams ar e-l t hen r |
processing steps for the removal of inval i

wi ndowiFFRd &aodpr odulcceo nap | gerxddvpan eubse.d I n t he fi
Bmode procesupiUoAfl,i ndsompriened t hrough compl e
producei mageTnhHgal seee i naargee tlhiennesst i tched toget
t he fmondad fBr ame cdreepsesct $ mmgad ther al i nformatio
sampl e.agMe tawget helri nseesq uiennstti eaatmdoAbd fsreagmeantd

to |imitations in how fast the scanning mi
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yadaq

Extracted Acoustic Phase @ Depth = d

AAYAVAVASAVA

Unwrapped Acoustic Phase @ Depth = d

AVAVAVAVAVAVH

|
1 -

Cross Correlation with
Complex Phasor @ f3

Extracted Doppler
Information @ Depth = d

® A(f5)el®(fa)

AVAVAVF

-
Fig8Extraction of Doppler -lviibegoo.meRmrgmitnd prtna tH®HW0 o m:o np Ma s
Qi s extraktadpa @einresss, extracted phase is -aowralppteadd wintwh

compl ex phasé reatqutemec ysitogfsnuillniiisenrge sitn ft he r ec Qv eTrheids Dporpopd eesrs
is done at each depth to construct a full Doppler | ine.
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At the time tha8wavor &o rfydr ea@ladd, @tzeagri-it ra | | 0
met h[oldl o extract Doppl er Vi bromet rlyi niersf or n
| us tFrid@yt8e diigmitnalDolpcpdkemet ry consists of t\

phase unwrapping ardracecrhpmltdx npa d siotne ncart of svse ¢
phase unwrapping al gor i tthunn d vse rabpgpel di seAda ta cerao

pixel/depth. -ITimed snuantbesemfsAch that an int

periods of the applied sti-mupgemsup.onkEolilsow
unwrapping, the phase at each pixel i's mu|
frequency of interest abtldi néde. pTlheurces slummt
deprtehs ol v e di Drogpmdterry | i ne ucdoen taanidn ipnhga steh eo fmat

e
response of the middle ear tviobrtdme tarpyp |l ii reag
0

(@]

ntinues wuntil the running average of ext

—

oor (ptyr@R M&lolive f | oios e cso rdegaicthoerdi magi ng) .
I n the eQTr emtagMBEhg system,l.ds Wwke uuesrei me & |
based Doppl er vi br ondeetsrcyr inbeetdh obdy [aldsP pdireigait nea
the Doppler vibrometry informatiomrmsiosvedtr
phase di ff eiraedncaeclebneee e ol | owed by taking t

di fference foruktbaht depbhomeaetthel memet Asdj |

the nuimbechosen such that it contains an i
applied sound stimulus. The resultant Dopp
running dvermagaeesntried noise floor is reach

as compared t-ion tmet dody, tiag t kuantkwriatp pri enggu iwhei
simplifies the i mplementati om,esand etdh &tr eiqtu
spect rof the middle ear6s acoustic response

magnitude and phase at a single frequency.
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Chmat e3r

Redali me Rendering Techmigud = fEanr
Optical Coherence Tomography

3. Abstract

Il n thapter we introduce the -emegrnohnocdetdn
rendering ©OCgi n&®ef oheMEapply this renderin
novel met hods f or -QCTe dva tsaua Igiiadreetlli yotny nopfa nME
ani maft i MDECTo Doy lr ermdeattraset s. The rend-ering
passcasatyer technique i mplemented using Opel
MEOCT dat asteitnse artatreesal ©OCAVv @ragiacretsef tME bi t 1
for rmiemglewas | mpl e naesnetreed itghset myy CYMhAanot omy
ani matiisawral i z a.t iVvan ifdeaati wrne sof wtalse pRa g plreme dar

cadawmeddte ear.

3.2ntroducti on
Due to the compl ex 3D storfuctthuer emiadndd ef uenacrt, i
and functional visual tzartei onntoefr atchha vmei o dlt ee
di agnostic val ue. Whi | e sev-ieir mé ZOGOTMES h
[ 146, 14y did not have the -mefgdad, . tldRBoirende
ophthal mic QEValtCamddddegrmmnst rtaitneed e avi sual i
invi vo utilizing -aaGtPiUngcaiedloaickdetvadyy peda
t he rfetailsmte 3D vi sudloirz-@@WHusn ngna@i neeamt | ag r
approach to render 3D-OLCtTr Watt wri arle , aredalef uvrectu
whiwepebl i iléd

There exists s esvoeurracle enxecdeilclaelntr eonpdeenr i n g
Slicebs1l, 15@K53]and][ ik a't are specifically
extensibility with theetwmbhma) poulripoisealofi mdd
[ 152, 1.55AUlgoh6dt hese are wel | devel oped, mat |

50



this work was completed they had mini mal
OpenGL or CUDA, maki ngt it ine onc e[slsbdie gllusalBthee sfeo r
tool kits tend topbecasseddf8b bDMmAbing pasks
manuilpati ng CT or MRI dat a.

Vol ume tcraisct irnagy has sever al benefits over
it preserves the geometric relationshlitps o
geometrically faithfudi rnmectsluyr efmreodmh st kean3 e
rendering time is independent of t he dat s
processing and renearsitngugc acadae e a/li layi, I ero
emul ati n@ChowaMB i s accagsutiirnegd .meTthheo dr alye nds i
i mpl ementation on modern GPU hardwar e.

Toprovide <context for the -dastigmg cémwmgic
devel opment, in the sections bel ogve nver atra e

wi t h gtihnee.en Engine desi glhny et diohhsl1foll ow su

Digital Tympanot omy

At the wavelengt hO@T 4 ypgtedon uw & dicaagme and rd dS

structures throuaghtweopesi ghatt | & Msc@dtlhappr o
With a typicaluvm@ynamis I ecal@@md ofdym@ammliyx r ang
i maging structuTMisndlyudignglitshtealo stsoi cduhlear <ct
ti ssue Atusefulited.eatasrtea ngf atplpe omahpp applic
i maging is the ability rtaggasteimnyedivobaetl i am:
proxi mal istehfg€etuoebBe (removéd famamofglyetioe rad:¢
tympanotomy, a surgical procedure in which
to visualize the nihddslcéen rdéi agu € sapg a ctelp mpvaenh a¢ & Im
tympan@t gg@pr ovi des cl i Aincviassn sy ewivtihewa ofornt he
they would see iaht elhMhtatep ebretetnengd 0 bFHnegd. a's

1B
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Fi g9 Di gittyanlpanwg oenypl oratory tympanoutnodneyr.l y(ian)g BEmifdadclee veiaerw
obtained through digitalotymhanmiddlye ¢€éb}J Erhgedeyw.apes vbtea
fromoaBd reproduced Wit maperemisssiUn umbo; ™M, tympani c me
stapedius tendon; P, promontory,; RW, round window.

Doppler Animati on
Doppviebr odhetsaayred -saanheaed dataset sl iimeswharch
coll ected at eaaccrholsssp astaegpll el @lo@amgeg da uni f orn

Recal |l f rlo,M tS$headtoiuonrd i s pl ayedndutrhergs tdrau at
being i maged move in response A-oi nédatwislolun
modul ated by the sound. The magnitude and
each o xedt !l i nZ.dBnidn uSseecdt itoon cr eat e an ani mat

motiodrhe middle ear strmaculides pnoviede®nae
picture of the eiamrdlsudiemsgp oanrsye @ at hsowluongi,c al
points that should normally vibrate or di
decoupling from structBeeaustb@0g¢ghedpédl eémben
measures a pr on exltdmo tolfe tlihien enottoimwiny of h € ha&x
component of motion can be accessed and ar
vel ocity wvector. As a result, the exagg
i naccuracyrtbektess usehelMein conveying a ¢l
response.

The reedgsonppgorts displaying mobility a
Fi 88 or displaying both amplitude and pha:
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operations can be performeaddwhi h-ciabei maly

approach.

DOPPLER AMPLITUDE

500Hz, 94dBSPL

Onm DISPLACEMENT  175nm

FigOFal seovelrd aly-mod(elosfatp)Besenti ng Doppl(erri [gvhif®rljat i onal amj

3. Met hods

3.3Va4al umetric Rendering Ut tQaisztiimg GPU Accel
Before rveol duemBiE®OEC T dat a, a suitable i mage
constructed. This is done by raster scanni.i
toget hen ndghessesc¢ 2 @DImBolde I mage stack into a 3
i Figl to display a 3D dataset, a gwewgof
surface of the computer screen, and the u

di fferent angl es.
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Viewing
surface

B-mode image

3D dataset
stack

FiglVolumetric dafaset acenoaltek uanfadgd@rs mani pul ati on and pr o]
viewing surface such as the computer screen.

Ray-casting and

Ray trajectory calculation .
sample accumulation

Sample compositing

A A A
4 N7 N7
A
w @ 1@ e |
Dataset > N f '
COI T T 1T 1T 1T 1 CITC T 1T 1T 17 71T 7] CIT T 1 1T 1 7
\Viewing
surface
Fig2Singdaes vol wmettreirc rremydering steps i ncl udi-cnagst i(nlg) R a )
and sample accumul ati on, and (3) sample composition.

Asi nmd £s-c asatyi ng [tlecedd s imp U e mesnitregd @mwen GL
rendevEOTM at as etts memraaysetailnmogp tiicad model desc
emi ssion and absorption][ &6 1]Sipgastse rraeyfse rtsh rtc
number of rendering iterations regumered in
I nitially, a simple geometrical shape, a b
s cewheetrtree vol umet it ioc bdaastdasshprlwagyl&Emda nsf or mat i o
applied to this bounding box directly affe
dataset. From heaoeas tFihi3@i fnivrodtv est el acfulragy ng
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(0]

o o —7 T 0O T o un o uw

—+

n

p
e

f 3D vectors called 6rayso6 through the da

ur face. Each ray is described according t
i oduhchy ¢ 0Q ahuhy 6

Wheties the Adghbéosi ghe, normalizeGlsrapedi
arameterized |l ocation ofatishree rtahye as cornege ntd
oordi naties tahned @emppount aotf each rayds direct
ubtracting thiehboondingtkesxd®som the rayos
ur face) . iNmxand trreexenxntiennt s each ray needs
etermined. Thi s iest hpbtl@t2o udseitnegr mi mee dglnaber m
etween the rasywoanfdb t.heT hbeo usnedeiioh@i nvtoe v e s
asting the rays 8awbcomghatiheg veammee addt a

ntervals along the mAocamdl a@aix oaenx ¢@pmtsiisc dod
nt egr al representing accumul ated .€méessi on
ptical i ntegral mddpénds e dnlwtnhdai negp pbheaianlg t
ommon aa I ¢apgpegwtesemmicied [sluGAdl]lpthaendi ng compu
hreap@<s umuelodtoasd @ htenght g wei ght eds aahvger age
oiamdcsor dil®g ]t o

o 16 P 7

Wheoeepresenpesiavdampdd,s gr edRGBvamnhd eb | ue
ndr eprsas smimpilepasi ty as an al phagovadtdue gi
hamRGEL|l pha CcRGB@mEctEmem. RGBA sample is wei
o rtahyedbs accumuh & hseadmpa peadesietny @1 oo g tainbda bryay
he producm scfi otnhe pteyf daits | ®eIsspPox n@T het o
umbeganopfl e¢c abongsthe rafodemjast ooy bal anc
erfor mancewhwirteh aquladéigecvadsaes ofendering

xpense of pervieorisman ¢ &vea e eqkl gsaemp | eeFpoi nt s

B-mo dWEOCT mapmd d RGHE eleour channels are set to

n a greydocwéeeli mafgeomnat hemafungt moalres s uc
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angioghaepley t hree col our ¢ hancneellosurceadh dwee rulse
top omodekedBt a.

Wi t hi n-ctalksits nrgayf r amewor k, il l umination o
source ca&nmbybel tmogpleeghngampl eds intensity by
il lTumination effect sPhfoonrg esahcald LcBagl] omuword eiln t h

‘O | 60 6 0 p | 8

Th8&8Il -mMhnong shadfFin@d ) msdelompai sadh hofé e
contributi onas mboielntumitmBritdtdiwbnhch represents
i Il umi natiilo nu micdn{@fitfgglbgnee pr esent i ng uni form di
and speéecluwlmon@&t.g868nm r eprsepseecrutliarg refl ecti ons
soufFfoe. this wor k, t hdd elhii gpldt theuivoesyvwag | pica
t he way iilsl udneiinsauteigoend a | mi cotocmioprE®ms adfEd. i n
OCT volumedfLhoheg Bioaknngcamteéehawnese difficu
features inFohe éx@Bgpm&i.g8shows -CeCTME ol ume
acqui-viedoi heamtduy t v ol umwt dadnrd owdBd diEnhne d g
shadiempe.Atsi cesleydhbhee -Bhbng sha@Bmigghini ght s me
detail on the surf akiegdafndt pg oVM daess cammpeanrheat
depth

The final Fergenvobvesepaking the accur
computed op@indalcoimpbedbm@&lkgont o t heo&IDl vi ew
the sampglie pdhdient @ yAlatrer nth taiveg tsieda | integr a
Eq.7 c(an be optemmimetdibnggo mp dhei trianyg earl y a
accumull gothead chanmsalt urated (i .e., fully opai
absobypemore distal, pphat sesat ododje st hreo tr aayf feexc
intensity or color ofatveespixelanobet her scn
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Fi.g3 Bl i-Phhnong shadéomp ond ée eafolnitghtbrnuctlivwdisng (a) ambient, (b
specul(adr) Combfimemd a&lhladi mgee | i-@8BT wevohtuméebuothiecad g theg(d ejdrudid
vbunt eer rende-Padngvi 8 hadlthne® |siagiie vME ume as (e)Phroenngder ed
shadi A, tympani c membrane.

Thengshias scasdyyepects as input a volumetr.i
val.lesconveOCTt ot e s il umetri c ,&GUDFap f or
based datawpsapegcaseadr i nt o. Tthheer erpamdersisreg
vol umetric handedtpoo welksea st ayOpasGPA i nterop
funct iwhnelhi tsyy mply tofansherdabaner esmhi@UDA t

avoamnge mory transfparesemgtr habdnagdbet ween bi

57



and dUsipEBGBRPA for bitmagngébhesatoitderal snor e
preprocessuaalygt hasdsep sr equi nt egdnp & 0 canmedti rgyiotpepll e r
Ani mation to bto prdéoTmgde pwiklplk ored i n t he

sections.

3.3Sgmentation and Removamhe oiff OCME VOIY mmasi
For digitalderwytmpfainodtoimyn andi se @ ®ewhidahmiendn
t hGGUDA pr epkForcesaohr i mage | ine in the volum
top of t haend mamgei ng net t hlei Eextht acna sd flartahges i
prceonfi gur etdo tthetesthtol Wwhen there is a sharp
(i,a@.taiisrsue ticmmtied dmtciely t he most proxi mal i
TMFr oonhenost pr oxi peuls-seTpM cveadx enflumber of voxel
fully transparent thus removing them from

more distal structures when |l ooking at the

Figdal dentification and segmeas aitti oinr avernt Hes OlliITby attlas it ¢ @
to the bottom.

The digital tympanotomy sedmd@nrt avioixen spr
identi fied asr enovye desfeetimengT M haar # al ues t o z
n o | onger contribute Efja tdhue i oagt iDeeald ¢ ion ot gh
parallelizabiltheg eofdtitrhe sTMppamaledr, i-dentif
time while simultaneocws$uyelcaistg Agg-oddetr edyt |
only ovortkhse RGBA butpap vVoobmmehei CUDA pgerpsS
t what preprocessing stepsrbmveabeeh pbhef dM

i mpact rendering performance
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3.3R8creation of the Middl eDEpapseAcd®ubt bme
Dat asets

The generation of e xoafg gtehrea tnei dd da nei neaateedds naocto

perforoméetdDMAased pr.@peodessaodr step 1 ntoani mat

cal cuéwtgosi ti ednismeanl soimdn tflmenpzeea ENARLt 2Ppe dat a

based on an exaggerated raifhpe okwpeoisodi on

voxelcal cul ated according to:
€ ¢ 6 DAT @Q'Yn 9

whewoeis the measured Doppiehevimopxadpemna taimp
facfQarmhe runni ngi ghemenii mateixgnn s shedméastoer
Doppler vibrational phase offset. Doppler

starting position f oacceoarcdhi nsga mpol et hien ntehaes u
respoheeruniming frame inderdmtlermphiesdthyg
which phase accumul.atTéhse amoagidanmea tpe txeer faa mo s/
how mudhsphaicsemexnagoget &eeedd rvii matad | zamp arme d

i'ts mead wreed Wit hout . tthmeoteixamggefr ami dal ¢ aea
woul dmper gemal Ibl

59



A
z-dim
v
Fi 2 Doppler wméemataomew position i s ctaallcounlga ttehde fdoerp tehv edriyn
Gwi t hin each i mage Niimreo mheatsreyd dant asheet .Doppl er
Appl ying mdat ansctroepattbess t he possibility ¢

data sampl éhas been displ adeec ft oamddaatoanorr i
samphat oinaryt otri et ’segadmpwersove out of phas
ot her . Toc olelsiwstiviemd dreedceccrecdi | i awh etntelgat ac e d u
sampdiga h t he hi ghesd uvep ntae ngsidvireynn g \ioaxtaeh al
determinesThsEsmpppreoach ywarso viiodwen dggwiecodbd f i d el
without visually obvious.aAsefhetanamabcba
is applied along indepepteed t®addithnaleal
vol umet r vicb rDoompep ey MEt aset s.

3. Resul ts

Fig hoavscol | e etail mec aoshty r erod eimse t+@CiTd a tMEs et s
coll ent pdAd emdars beenedenm, pglodogeaqgually tativ
accuraprres eorft atcigu@ € Te d | Mmka tra soert svaaa mmairs! y
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encoungiecuatdcobhdakhvphynfie2e6f s TM pe(FidB)at i ons
and vi sucafsynathiedn cl ormatt erdi awist hi ns utcthe armsi d
tympanostwimyh tgamaesulfFiad 6.dn BicsosmeamyFiigg vi d
268can be Sfuopupnlde mensaowi Fghhelled i hgcehgitnaneing
ti me rendering andOQia nvioplud nae fli oenc rodf a tt ehsee tME e
was cappedanmets per toe pamd i (dEPrSgmeo o tnha,nilpaug at
t heat aset s and prevent over utilizati on |

applications.

Fig6lwi wd umet-OCTeMBqram) todal t hy aljaperaftodfrMuerkpesi ng under |
mi ddl e ear gotar ooVt mri @ sh 4 grmtpeach o stFaompnl t IMHB]i depoa) can be foul
Supmédret ar yTN,i lteymMpani ¢ membr ane; |l , EABcusxt &rnalt apedi t &r
tympanostAdmpttewbevi t h [flEr @psis¢ @in Pulbbm shing Group.

Di gitalonrgtmpyn

Fig®depicts a seranes namicOE€mnapohaoanues iongn ddeirgi t
tympanometry to remove the TM and dhbhserve
numboefr piemdésmanuasl |y controll ed bysdfhe use
varying tlhdiecnktniefsisceast.i on and segmentation ol
where lay adledameat ed TWhe uvifdhee d &ria&samemdi n
be foSwpgpliementary File B
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Fi 87 MEOCT vol umendreemigingal tfyrmopna n(oat)oniyhe it oi (fpak T®Aaf age v
remotveed(c) TM fully removed and t heThuen daesrsloyciinagt end dddilgel teaalr
v i dceaon bei fopmlde mentBM,y tFy rhpa nB; M, mmab I uapabeo ; P, promontory
stapedius tendon; I, i ncus.

Doppler Animati on

Fig83lepsit bhte cseos@Eoma&8l Fi g8and \eorliuan a¢(iimat i on
28 FigygBof aOWMIE Doy ppblremet ry dvaitvacs emi dod| e ne arx
mo dwilt h t he external ear canal partially dr
As out l[ilmoehde idnat aset was cpocnifpicgiooc@d xebs cor
coverFOWvgpodf & prmdandkxtxomdQe 6O ®i a cAg wiurree. t one W
presentedubler cpglaker (EERBAY) At e &edaefa htchhe
TMat a sti mudiurs®@dvi eqQuanoygmi nal pac@dYsdhi c pr
Sound pressur e wasalri diguditeeetdeidcErt daprtocurgen (Re s e a
ER7C SéAi al 8e ccaloaure spvaandinagni s pl arceemmpeen t
bet weemmmwas appliedetbobDomml &€emr oFse mambit 0o n
scal e- wvastoel ectbed secbnshaucted acoustic |
stayedt wa tthapn bbhendanyeo enat i Amyonuotvsiindge doaft at
boundary resulted iTme cdnipmadtnigo3wissp dedhdo dfaancats
al leoassy perception of t hAl tshipawllalcwa | dc bay i
been chaddn pted sosal |l pngfasenteresul ted in
smoothly perceived withinVitcdeos6 0o fF PEo tcha pt |
sectional and volumetric Bopplemeabamgt iFonh

Suppl emerdtearDy respectivel y.
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I
onm DISPLACEMENT 1000nm

Fi g8 Cr ossesct aod aVo launmentartiico-@Cdf Dayp WE@emet ry daitwacsemi @oadl eane &1
cadaver model acqui reudniwi ahsai momusa®dvWhe € a psyeScotditosn a |
view of a centr@CT shDowmplrédbrmeimr y héatM&s et o ovii d the da wWiatl s ev ichorl &
ampl idti sgpé aocveemdraty) dSnapshestecdfi otnfad @mosnati on when the TM \
i S positive peaksett)oBarbapahomadbf onhewhenossatiTMevpbakt ic
) Vol umetri ccOCEndeyw blodbrmé hey M&Eat aset before animati on.
i mati on when the TM vibrational amplitude is at its po
vi blraamphiat ude i s Fap[miW dsodeod chtei veee ofsasald.a Vv o IDometl reir c

ni mation cawpmplee mMomutar yinémé et £&r anki 18a plp t reeds pvé ¢ thi welrymi s s
1§ Optical Publishing Group.

— o 49~

3. i scussion

The enderi pgodogigsuhdays been extensiweldy use
coll aboratorrsesear che \wegtua i eétanlgmxx D visuali zat
[ 1,24, 11.The6byuthét/]ii c Ddpepmltar e wiamgptlilabor at
wi tGlo | abbeat h[eah6.6dmpari ng measured muddhe ea
cadrd ¢ tempooalt hleomes p o nfsienreibtbeamaondheel ds forfo mt h
human mibdudillet euasliTn gaactgauwcirtobe Kamiec cadmasy er

3.5DLgital Tylmpraintoatoidon snprovement
While digital t y mpan o twhmeyn parpopdl uiceeds tsst rciekritne

current i mpl e smeqndtgantoanc alnkdeMsaas i vely noi se f
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Di gital tympanotomy i s appl iwidt hune bfeolrnngl yy a
segmented independdiiulsyi tod atoitohnesr wiatyhs a pe
surfaces of uredkerolsyidn ¢ ys tiwrhied tplbredser ao.neau s |
Further mor e, potistptre apr & rautengeida cotocfc at i ons wher
surfaoemias to the [QGT Jtihnea gsiunrgf aacxei sdFi.g he TI
2Pandi gital tympasot alinggiodh swiabsl.d be to apply
sophisticated segmentation approacotnt dhat t |
Such an approach could also avoid the requ

TMoy automatically determeniTMg the axial e

Fi.g9 Poiptead functionr éd®3ém) ra@@iEeV @lbtsmeur i ng the surfaces
under |l yingMsttrympamies . membr ane.

| posturgical ears waesme| & nd ardt,i |taygiepeagnroapfl |
effectiveness of digital tymparnestornmtydtéed vhy
ability-OCT tshyest MEn t ot hi ensaeg ld@ wahiwtpsu.g b a | cl eart
agentsuch as gl ycegtorlatr endatview abye esni gtnkanho ul gohs s
cartilage @@Qo[aZ i cdbhyemali gi t al tympanot omy

under | yi nign stt r ad gp estl ears

3.5G8ometrical Dédppluenchkniofmati ons
MEOCT vVvi br ometry imeaoafs utrheeso it enbead oplr oy erctto t he
i maging axis wkiokidybhmaegseidt ngmt o
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0 DVSAT-O 10

Wheres thbetbtwgée the velocity vector di
While the full vel ocamuwlbteia mt @dnTfciaglulbged Jiodbnt a
such a schemewitshhmet!| apneatacuda cch & hlee eian cans:
Howeveeas e@ensatbhilnreat e of the velocity magnitud
be obt aieceod nb g hteygnptama tc me nmba rameal ntodei tome s U
pTt ¢TOI arger than the moti[oln6Olpfar wé | enlak € ot
approxi mation that the velocity of the TM
t hseur face nor mal can be calculated—-—taom str
be calculated andvitbdeAimdpsobeadai nedismciesy i thia

Accurate <calculation of the surface no
di stor taisomaut | i2nédéed iful $gcicioommpenmns atmed rs ¢ tdhaa
is a faithful, undistortled]lWheiplree steme saet icoonr r
were not apeltbhbdt athéeéheenderi ng engine des
devel opaerde adideryes Sleat em IChatphies thesis.

3. &oncl usi on
Wehavdemonstrated ttda aren irguese rfi onrgO @& a tivaotl ausnmeett s
and two novel dat a dviicgsitutaahlp Z ad th @ mya o geecrhanti eqd
anienht essesct i onal a n dl revi dlr wwmattsruyec!| . iDroappph & B S
r acyaisgvas s hprwondf vacoer efndler ©Cdf vMEumes faoar a v
viappliaatendasicogipraat ddtel nmei tnhani pul ati on of
A simple techniqgue dhhaoaweddi gprtarhi stey mpen ptr ad
i mgds kbose obtained tohtroomuigchr os @& n tdiuornianl g
surgrernya.l 'y, the capabi lviitsyutadhfe ztelte ursean ce riers
the midds$iencglag ttawaes gteimouwmlisit r aOCdl ppdiemg a
viiobmetry datasetacdavgern i redt empor al bone.
Devel oping ana 1 enlpil @meent ragder i-nigmengi n
vol undeitsrpilca-pC Tuifat Missetas key tampokeptesktnted
t hesi s rieatxillnmued i wayl uOrTa n g c o gdfBadp hgye o met ri cal |y
4D MET i maging.
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Chapdaer

Devel opment i me &SoRewhre Architec
ME-OCT | maging

4. Abstract

Thi s «ohasethern ges verificati befenndenadbusas
architectur@Plhh &thirccaamddin@e®stle!l eopatchibéewme rea
MEOCTsui t alellea nf cal I ma eoiftnagrTemd  d ehwseol fpotopneadt e
architgenerec and s ufesfuippioaax tegaissyil @rait lelr e t h e
work to incluMeOtdriemagivag amd d aiiaihtPEer A

and geometricakl ycadtHOCdb @ snjaw 8 B g

4. 2ntroducti on
To depl®LTasMEtem in a clinic, considerat
i maging performance but al so to workfl ow.
capabl e of -tpirmei diungl ameal atnidnve psrwadluiczi antgi om
pat hol ogies that is easy to align ahhle make:
system must be sufficiently easy to use s
handpiece in a patient 6sr eearWhwHhiel et heo nrterno
Vi sualtiezcahtnd eqaucersiCihea g3taieme an 1 mportant compor
i maging software solution, the solution m
col | edttihoant, caan be navi gat eidn g ya tpheet icdntn,i cad
for reviewing ahdatfxomesagingg dpati eand dat a |
Theetail me volumetridegsemi€Cliead3wgnse ngiingda n al
devel oped as one of four different standal
vi sual-0OCGTe dveEt a. FIiAZ0 sehaocvhn oifn t hese applicati
synchronized by the wuser during an i maging
single operator as the software required n

being | maged.,f fFeucrtti hveer nuosree ¢pua nrtehicei nsaot fet wkanr oew |
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of its design and i mplementation. Thus, an
clinician without <close engineering suppor
to designtegrated application that could c
incl udvwoalgumet ric rdaederi hgd &ngun@eaptoere un
resposnosfitvwear e framewor k that would be suita

wi t h nmtirnainmilng

Endoscopic
camera Tone controller
application application
3D renderer Imaging
application application

Fi 0 Or i gs snfatlwagieng msui t e whi ch caolnosnies taepdp |oifc aniuilotnisp Iteh astt ahr
synchronized to facilitate i maging.

4. 2RéquirementssimerO&E Meodlt ware Framewor Kk
Poi-oMtar e | maging

Based on our exmpiegimaagle e»(@Gwigfh tiehdeef i ned f i v

requirements the new software framewor k ha

1. The software fr ameOolr ki maugsi tn ga crgoudi ereed aMaEh e a
( ¢1O0 ™ nd musmubtbhowoss i maging from mult|
B-mode OCT, Doppl)eran@CTus e3rD iOCtdea rnaggc toiro nf rvain
rate reduction.

2. The software framework must be usable by

handpiece inilaepaontemnaol ledm g wiehxet esnadfst waor ea

simplification of i mplementation compl exi
technol ogy.

3. The software must be sufficiently reliabl
be ot huenrawiasiel abl e Uwé & ab Ineeersloedda snfaircee nce i n
technol ogy, increasing operator frustrat.i
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4 . The software must integrate well with the

feel nat urnagl atdov ansea,get aokii familiar proced
through i maging sessions.

5. The software must be easily extendible to
as they are devel op©®GT ©aer ev dlcledehdd rsaopir @ |
being able to quickly 1incor pdrhastod t waw e me
framewor k will tévBsQGTe slyosntgeenv iatnyd oifmpr ove
of t he tExcthennoslioogny. of ot hmer sohtdwaneed i mag
and capabilities is the fodchapddend at er th

4. 2TPendse dilinmé uVieet r i ¢ Fa fotcveasrsea nlgr a mewor ks
Moder#aimealc!l i ni cal i maging software framew
ori empprdkoach to reduce i maging | atency, i n.
clinici-anméivler Zrlneiasl t rend has been reflected
i maging[ 4y 46emdSWhli713e] t here have been previ
accelerated archi n[glctdbjleese E€DODFf 0oOCI Wwemng foc
processing performance aAg adiodbcaeskhaadpdtieri | i t
opsmurce medical i magi n[gl 5tlo, oll BKZIKE 8 Jaswuwc W T&s
[ 15h4ald mi ni mal native support for, maRWngccel
t herm uiiltled-t if me T« wmadyi nagt atphpadd pcpalt & 7o,nls5 8 |
Huang|[ é5%clent ]l y demonstrated a software
SSOa andOCSDheir framewor k successfully a
di fferencesOChhetawne@ISDHT ocessing t hrough a
i mpl ementati on and judicious usaaedofdesiofn
princi poawever, fpertiermasottware framewor k
decision to wuse CPU ac[cle7l®gjrdatniootn ttohr wmpmo
acceleration. The extendibility to more co
a®oppvi bromet OCTA was not demonstrated, and
walsi mited ddevedt hmueadiowg strategy used.
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4. 2MBOCT | m@Pgipredg i nes
The tFoipglbdpsiactsoftware abstractioma khawm a$
processusgdstepgenekMB@@BMWAgat a t oPuperl $§ne:
arceomposed of t hrtee smaitmamesrftoy:msd and dat .
sources Trepresent i npdtisnetsg ttmeopcppi cnei
wavefbDamansf orms represent the sequence of
i nput dat a fcreo(ns )t hteo dpartoad uscoersrt e de&si hedpoa
steps descri be&d 8ekmaclh edratian tSeacntsifooor m i n t he
on datea at its input and is independent of
transformboxThat bl ackfamehkbeveaangkedrmse facil
processing of multiple pipelinéde, traimsé oem
i nput dependencies used to combine and sync
sinks r eprfersteimd piupg eluitrse and are used to di
byransforms to the user

FigbBummat heesmirp olusstE©E T | ma gtirnagn stfhoartm r a
OCT interferograms I ntnoo det riua uerdbld ® P20 r anc
Vi br ometame agshrsoucressd a heopi ¢ csatmed&kadam d amma gh en g
seerrFii@l the MEOCITousnaging modal i tliiedset @ahar e
soawavhere the underlyingl pnesedesdonwhdémaains
proceAswelbgbi gned softwatetanmchi aevatyut de | me
details such as the OCT -ltiofpdoSomlgevemned hteo i g
modahkhitypygetThbstractitber makbstecture reusal
i maging systems andfbechmdleodiaes ngnd oalal os
environment f oSi ntcees teiancgh ppuirppeol sisatenr clear as ¢ o
execution of each pipeline must be coordi
contentia@m.cufThiish situations wherdeasdaiufrfceer en
but require a different dcadmfigwuguaitsiotni oonf
paramEber € xamplviehbr Doetprl pay maAg e chgns af rsi ngl e
| ocation of thdwsamepds DB IimeqiumnmEaamtei ANsS COVE
t he FOMIclrtolses sampl e.
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A we-designed software architecture mu s t

encapsul ate and select the deshreddeddesuppy

for concturmenpi pelailne execution, and a gen
resourlc ezwdutitii @n provi ding a simplified, i ntui
the desired information for a Adaditeinaal Irye.
mu st be extugpmpoak!| enetwo i magi ng modal ities a
i mpacting existing imaging functionality.
Pipeline
Data _ _ ___ __ __ >{ Data }_ ________ Data
Sources Transforms Sinks
. Jl . X
[ . ME-OCT Pipelines .
Audio . | Audio Analysis | . » Audo
Data Source . Transforms | . Data Sink
A-line : Doppler | :’ g?;)plge;
Data Source Transforms J Data Sink
. . B-mode2D | | ol
. Transforms e DEREY
. | . Data Sink
. i ) : 3D B-mode
; e
: ) ' Data Sink
Endoscope . Endoscope | =y, Endoscope
Data Source . Transforms Data Sink
- . S * - p- 7
L Future Pipelines

/

FiglProcepispalgi nes rtesapnosnfsoirbmien gf ofOCT i nt €rDf es3ribBgmoadmes i nt o
i mages,ppdred Dd brometry measur emenPt pedil @@yt ws éteho feanr dt oss: ¢ odpai
s o urdcaetsp,ansf orms, and data sinks. Data d4d4ouwnreses emamprseoern tc
or audi o Dnaatvaa iten$ meepresent the sequence of processing ste
data source(s) to pr oDdautcae stihnek sd erseiprreeds eonutt pouutt pduattsa .t o t he
the output data pr odwuAdeddi thiyontala npsifpoerimisn eéso cahre hueseadded t o
as they are added.

4. Met hods
As shéwg22her sodt owlaresctcompri sed oWl i braeyl i

referredrtoont ashdatihmremage data generating | ib
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bacdkand dtalh eae sasc cl d dmparriysi ng t he patient dat

aspects of Tthiee fsomtt warde.i s responsible fo

wor kfl ow, collecting patient dat a, and di s
The backendnage megr adtasgsa by controlling syste
data exportihlge actaipeanbti | dai @asase and dat a s
responsi ble for storing collected patient
can beeistthoerredon | ocal di sk or remotely depe
used and depends on the <cl i nircudore nevxiarnopnl nee,
t he dat a access l i brary d&cpoiudtdur ien taerrcfhaicwei

communi cati ont styecnemamdsoEIMagi ng data coll e

systsemred as digital i maging and communi c
However, this is outside trmet stopedi Ddu dshd &t
Both the frontend and backend | ibraries ca
software flexibility and ease of testing. F

the backend i f theiew mpreivamujsbygt coil $lees et
backend can be run withpuwtpohes Ul for auto
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Frontend Library
Workflow Menu
Layer Module
HMVC Rendering
Module Module
Backend Library

\ C
N
Synchronization Pipeline Scheduler Pipeline Factory
Layer Module Module

Processing Pipeline '?r?gi':eg Notification
Layer Module Mogdule Module
Base Transform Hardware Memory Pool Logging
Layer Module Module Module Module

Data Access Library

Database Database
Layer Module

Storage Local Storage Remote Storage
Layer Module Module

Structure
Layer

o~

\, J

Fig2Softamacki tect.urBheovaemrwhietwecture i s comprisedasf three
the frontendne imageealata generating |ibrary referred to
comprising the patient database and data storage aspects

4. 3Ffiontend

To encapsul ate and def itneed tah es ocflti waarteh kadbwsotr rl
reptomdat i s brokeeapopt i oo olphainss etespoofrt struct
i Fi §3 rreport dosmpaonseentt of di agnostic measur e

a c | i nhiecd pasnt itggaud isthi ¢ mi d d.| eE aecalr rpeapt chrotl ooyd m
associateflUlswt ¢ hs arsg@tti med to step the clini
di agnostic information needed for the repo
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associated with a set of outputs such as g

wiitthhUdanal r evi eewo sccorneveeny di agnostic i nfor mat
Report
Report Report Report
Component Component Component

E

Imaging Modes

[B-mode ZDMB-mode SD} Doppler H Endoscope

Fi g3 Reports encapsul ate desired clinical workfl ow and ar
report component agi agsmadalietdy wand ansetm of instructions
session.

Facilitating this clinical wor kEi®dw mod:
which is compri svedkdh ptewos tarayledtybeere.t hTehe f r o
serves aklt o heomtai ml , store, and display i m:

acce

e
|l i brary. The frohboaddngsi nesapenscbheéi gor at
Ss i brary, Il nstantiating and <configu
e

connection to the patient database.

Structure Layer

The structur al |l ayer containgsrthetoorc®nfsit a
front ethee WIt.r ucd armrteawlmasyneord ul e s : the hierarc
controller (HMVC) module and the rendering

The HMYQGunakes use of a version of the
framework oosg@gdnédll Wrjpskb¥r oMVCalframeworKk
architectur al design pattern that dictates
component s: model | evi eWwheamddebnemncapsul af
structures and defines the functional rul e
Obusiness | ogicb). The vi ewa npdrl eesse nu sse rd ait mt

Finally, tolhea ddaomttrecs!| Itehre | ow of data bet we
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—— Slot

= = = = Signal

Triad
-  Communication
Channel

Model
CChild T
Triad
; Model
"Parent T TTTTTIUTTTTTTTTTTOTTT
Triad
N View
i EAR
Model Controller

Fi 4 Thidi erarchi cal Mo del ivare we xCtoahrheiodcd aasfs { EMWMUCUIpatt er n |
to be constructed form a hierarchy of MVC groupings call ¢

slots f[rdmeBdreas triads communicabiel dhcommbnhcdedbnathdr

AsshowhRi §ahe HMVC i s an extbeVrCs ipoant ttea nt he
all ows one to construct the [UI79Hesménaa hi er
MVC group is called a triad (referring to
be dynamically presented as a hierarchy | ¢

clinical wor kfl ows. Li ke the «c| adsissipcl aMM G gp

data to thlarmradlds eurs eirn,t eracti on. The model i
MVC pattern. The controller is responsible
par-emitl d rel ationship. Thiesatriedrmt cbashep E

74



triads, wd e p atrrel rdtdar cipura gpa taec hitirdemads 1 n t he
Through thehitlchadhelagaest information, ser
trigger the creation of new triads in othe
The HMUYGul e was usmpngd i@ratnesdo AR I used to
consgraphical usern hiromughf d hes c0@kld ®)mteind s 0
cal |l ed Wwvddhgarsisd ehvel sual diamdsey dfptdamaaect i on
alaot as ,coort awfimad swtsher wi dgets to be grou
compl eWi digest.esmmumi accat e wi a8y ot hetohnrootugigghe t s
badkincproumbWeéeds built in sigtheade amalf sl ott ®
t he-baalilnsexponsawi dggei nterface t hlaitstodrmefron
using signalslhd@tinglh @lr s a&@uastiélderdod smmurei cati on
the el ements of a tr-cadlognmame asxattilbpen HMAG npee

for communicatoohybetween triads

(] Module --D> Inheritance
Concrete Class <— Aggregation

(| Base Class

Renderer Module

Display Widget
- renderer: Renderer
Concrete Overlays - - overlays: map<index, Overlay> I I;Z,L:fetfs

" + DisplayWidget(Renderer) .

; + AddOverlay(index, Overlay) ;

+ ToggleOverlay(index) '
1

1
v ; v
<<Interface>> v <<Interface>>
Overlay Renderer
— -
+ GenerateOverlayTexture() QOpenGLWidget I 8;3:{:::‘2;1%9;2?;UF9()

Fig5The rendering module utilized by the frontend | ibrary
rendering engine to display imaging data generated throu

The strtultd urenddr i ng mo&ul eha sr esrhdewni ngn
can be used anywher e | rgetnleg aftrean theye etdndeh tebda c
be displayed to the wuser .t iTrhe dies@PBawndf md
endoscopic iIimage data as well as differen

component . To provide this flexibility, t h
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acting as a rendering target,herasndandvoo vdd rslt
Renderers are designed to convert i mage

di spliamapéBor 3D hdkal ametcmisdoiansagyl renderi ng
descri bed3.idn.slSastedoh-or mei v e s[ulabrOel@ahe n loamy s a
designed to display imaging related metada

of metadata disaplagedudsi nmmage obvmebt amps,
ear being i maged, bkeuicl.t Tcdre tdalm poaf md@yind sy mveidd gi

to be integrated within the Ul toage®Bon de
compati bi loitthye rw,iwthid gtdhs pl ay wi dget i s a cor
Qt 6s Q@Wpdgat/a8]l owing for seamles®bsnsiegnatki
and fsrlaomeWior ki n each display widget is a re€
and potentially multiple overl ayopbpéctact
other to facilitate a modul ar approach to

constructed from si mpl elilkaey erhse croefmBdeecrt idhoga pef
3. Bt He overl ay objects awlialmywwemd mtteod magier
be gener at ed -panadc ed iosnp | tahyee di@H Uh aate sr enalt hou't
backend i maging data from the GPU to the C
from tHHLPUGPME mMory copy and simplifies i mp:
interpol ati on step requi madteos ot hei sGHhbhdys thbhe
i nt er phoalradtw aorne . The renderers amnw dgwaryl ays

depending on the currently active report c

Wor biwl Layer

AshewnFiigng t he dtriolnitzensd t he HMVChmodd!l e nt @
hi erarchy of ftroimads psa tnegmidaamigeidapdp hiec aT h e n

application wodwahdswt bé& mhenUIl widrgaewdsi c h
pl aced and maintains a connection to the p
file, and sytsrtieamirs|l a gv.the Ctalcd dewidontiani ntelde el
appl itcraitdadotungeh r-emitird ad communi cati on chann
HMVC moHOhpseexi sda-thegi ven communi cation chann

wi which new functhBonhk BHHbdebHbementestended

76



Setup Imaging Patient Review
Session Imaging

.....

Data

Calibration System Log Gelection

Control Panel Progress Bar Data Export

1

1 1

: Triad Triad Triad a Trind Triad :

X _ e — N

1 Review Menu Patient Image Display Session Setup Display 1

Triad Traid Triad Triad Triads 1

: 4! J H__J :

! Y Y !

| 1

I Main Menu Review 1

1 Triad Triad Triad 1

. 1 1
Main : ( l ] .
1 1

Menu | Application 1
1 Triad 1

1

: System System |

. Log Configuration 1

1 1

: Patient ) :

1

: Database ‘ :anasi:zg: ‘ I

I Connection |

1

Fig6Frontendl | thhifeardayr chy .
The application trithe hmai hmmgreaoagthi it @ddyyiar
triEeacch of trleepgestemitasdsa di fferent set of m
gui ded Rddrrr ocanxgthtmnplt ef ha Ul fi cilsmekrn@amghi at o
t he main menu ewh erwel ptr heeojil doussavti eedw dsaytsat em | 0 g ¢
t sewepdur cer hasemte an i maging session by e
for an existing entry. Foll owing patient s
where the dlgianiedi @armriosugmayw he Afntaegri ntgh es eisnsai
session is compl et et hteher eWli velswevrisdacaéeleln blher c
i magi ng i ndfiocsrpnhaatyieodn ailsl owi ng for quick expo

Fi §Bhows t hter iiTamde g ii m@ gcionogr dtirniaastde s t he dat
efforts of an iIimaging sessionwhndhsa&alihvest hce
wi dgaerces nt aAittéaed d t o t he | madithrgl atdrsi & dnecd rued i

contr ol panel , di spl ay, progress bar and
i maging mode dat a, inform the user of the
coll ect rpmaattiieonnt fionrf oo he i maging session res

77



© T - »n O O O

—+

p

The I maging triadds c¢ommu o ihtaanrdil cerrst & iomrs
hil d taiilaidtadttaoe feaquests to/ ftboamoudte talpel it
ommuni catamdentsd atehneeldhi | d tri ad€oade ngynoh
urrent | mbhgi addsseerswisinoghioe main window wi dge
es stihbpemagtirnigpadéandi ew thel opod,j onsdimeatwor s,
nWwiodget s tt hbaett wpeeerns ii sfha@h iblg desadcshe ehnagdv.een @ o n e
i sual representatitomawive rdee st hevicome it @d le paa
n the botetromfr itdtet ,i aahge npgt ospcerdesesndlear t he pr
awi dgetthdet ecpssi dnsgpéey pp pabwifabdreet | magi ng
nd the rdwasdxlhday as a render t ar gelthef ar shpd g
riadel f i s comp pi sgvhteorfe tihmmaegee dat a 1 s di s
ncluding the OCT image on the | eft, enf a

review of the collected data on the | ower
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Fi g7 Over vi eiwmadtirnidael huipeproarrtcihnyg sf rontend cl inical i maging.

To coordinate the data coll ectitorni eeddsor |
mo died i mpl emented as a state machine where
i Fi 83 By switching the active report compo
menu changes as the wuser is guided throug
component . The bdehmawident uoh &ahe dhitvtdn by
component and help facilitate the desired -

confitgarddspl ay extra data overlays$omappro
di fferent 1 madomppFmegdaft i(BiDBs) I[Ciokndg ai ned wi t
i magi ng ®wnokdad vector of report component s,
final s etth eo fc IriensiudigasnT hwei sphreosg rteoss bar keeps
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