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ABSTRACT

Characterizatiomnd modeling of the human left atrium using optical

coherenceéomography

Theresa Huang Lye

With current needs to better understand the interaction between atrial tissue microstructure
and atrial fibrillation dynamicsnicrometer scaleanaging with optical coherence tomography has
significantpotential to providdurtherinsighton arrhythmiamechanisms antinprovetreatment
guidance However optical coherence tomographyagingof cardiac tissa in humanss largely
unexploredandthe ability of optical coherence tomographydentify the structural substrate of
atrial fibrillation hasnot yet beennvestigated Therefore, the objective of thihesis waso
develop an optical coherence tomography imaging atlas of the humanshadythe utility of
optical coherence tomograpimyproviding useful features of human leitrial tissuesanddevelop
a framework for optical coherence tomograjiiprmedcardiacmodeling that could based to

probe dynamics between electrophysiology and tissue structure.

Human left atrial tissues were comprehensively imaged by optical caeei@nography
for the first time providing an imaging atlasthat canguide identification ofleft atrial tissue
featuresfrom optical coherence tomography imagir@ptical coherence tomographmage
features corresponding toywfiber and collagen fiber agntation adipose tissyeesndocardial
thickness and compositipnand venous mediavere establishedVarying collagen fiber
distributions in the myocardial sleeves were identifigithin the pulmonary veinsA scheme for

mapping optical coherence tomogrglata of dissected left atrial tissues to a tiueeensional,



anatomical model of the human left atrium waso developed enabling the mapping of
distributions of imaged adipose tissue and fiber orientation to the whole left atrial geometry. These
resuts inform future applications of structural substrate mapping in the human left atrium using
optical coherenc®mographyintegrated catheters, as well as potential directioes wivooptical

coherence tomography atriataging studies.

Additionally, we developed a workflow fareatingoptical mapping models of atrial tissue
as informed by optical coherence tomograpligsue geometryfiber orientation, ablation lesion
geometry, and heterogeneous tissue types were extracted from optieaénce tomography
images and incorporated into tisssperific meshes. Electrophysiological propagatioms
simulated and combined with photon scattersigulations to evaluate the influence of tissue
specific structure oelectrical and optical mappy signals Through tssuespecific modehg of
myofiber orientation, ablation lesions, and heterogeneosisetig/pes,he influence of myofiber
oriertation on transmural activation, threlatiorship betweenfluorescent signal and lesion
geometry, andhe blurring of optical mapping signals in the presence of heterogeneous tissue types

wereinvestigated.

By providingacomprehensiveptical coherence tomography image database of the human
left atrium and a workflow for developing optical coherence tongrinformed cardiac tissue
models, his workestablishethe foundation foutilizing optical coherence tomographyitaprove
the structural substrate characterization of atrial fibrillattariure developments include analysis
of optical coherence tomogphy imaged tissue structure with respect to clinical presentation,
development ofautomated processing to better leverage the large amountaging data,
enhancementand validationof the modeling scheme, amd vivo evaluationof the left atrial

structural substraténrough opticatoherence tomographigtegrateccatheters.
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Chapter 1Backgroundand Significance

1.1 Atrial Fibrillation

Atrial fibrillation is the most common major cardiac arrhythfdipanda significant cause
of morbidity and mortalityDuring atrial fibrillation, abnormal patterns of electrical activation in
the atria cause irregular pumping of the hgaotentially leading to serious complications such as
stroke and heart failurelt is estimated to affect abb33.5 individuals worldvide, [2] and the
condition is associated withfive-fold increase in the risk of stro&] as well asa 1.5 to 1.9old
increase in mortality ris4] Atrial fibrillation is also associated widubstantiahealthcare costs,
with the net incremental cost per patient per year in the USA estimated to be abou{$B\vaB.
the prevalence of atrial fibrillatioronly expected to increase in future years due to the aging

population[6, 7] atrial fibrillation poses a significant health concern.

Despite years of researchetunderlying mechanisms of atrial fibrillatioemainpoorly
understoodAtrial fibrillation is initiated and maintained kaytrigger and a vulnerabdeibstrate[8]
However, the specific, driving mechams of atrial fibrillation remairunder debateSeveral
hypotheses of thelectrophysiolo@al patterns underlying theechanisms of atrial fibrillatiohave
been poposed over the yeaiscluding multiple reentrant waveletf9] a single reatrant circuit
with fibrillatory conduction,[10] rapidly triggering fogi [11] rotors or spiral waved12] and
epicardial and endocardial disassociat[@8, 14] The substrate of atrial fibrillatioimvolves both
electrophysiological remodeling, such as changesnrci@mnnel function and refractoriness, and

structurdremodeling, such dgorosis.[8]



Several different features of atrislssue have been proposed to contribute to the
arrhythmogenic structural substrate of atrial fibrillati®ue to anisotropic electrical conduction
along myofiber orientation, regions of complex myofiber orientation or abrupt changes in myofiber
direction may pomote reentry[14, 15]and nyofiber orientation may become altered over the
progression ofhe diseasg16] Fibrosis may similarly promote the drivessatrial fibrillation, is
associated with atrial fibrillation remodeling, and has gained significant interest as an
arrhythmogenic substrat¢l4, 17] The accumulation of epicardial adipose tissue has been
associated with atrial fibrillation, and adipose infiltrations into the myocardium may disrupt normal
electrophysiological conductiofl.8] Thus, understandirte tissue structure of the atigecritical

to further delineatinghe mechanisms of atrial fibrillation.

This thesis aims to improve the study of atrial fibrillation through the use of optical
coherence tomography imaging to better define the strlicipatrate underlying the arrhythmia
in the left atrium. The 3D substrate underlying atrial fibrillation mechanisms remains to be fully
identified, limited by current imaging resolutioro better define current limitations in the imaging
of atrial structire, however,it is first helpful to review the current methods used to treat atrial
fibrillation. Atrial fibrillation may be treated with antiarrhythmic medicine, electrical cardioversio

or ablation procedureEL9] For this studymuchof the focus will be omadiofrequency ablation

1.2 Radiofrequency Ablation

1.2.10verview
Initially demonstrated by Cox et 4R0], radiofrequency ablationasbecomea standard

therapeutic approadior atrial fibrillation. The goal of radiofrequency ablation is to interrupt or
isolate areas of abnormal electrical conductloough the creation of neconducting lesions in

theatria For the time being, ablation efforts typically focus on the left atrium. To access the heart,
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a catheter is advanced through the femoral vein of the gndere it eventually enters the right
atrium from the superior vena cava. From the right atrium, the cathétsersed through the inter
atrial septumthrougha procedure called transseptal punctiiee navigation of the catheter
throughout the ablation procedure is typically guittedughechocardiography and fluoroscopy
which are used to track the position of the catheter, identify anatomical featuressasgny
complications that may arisg21-23] Once within the left atriunthe standard approach for the
placement of lesions is to encircle the pulmonary veins, caliédonary vein isolationThis
method has become the cornerstone ofalafibrillation ablation since the discovery that
arrhythmogenictriggering ectopic beatgequentlyoriginate within the pulmonaryeins [24]
Widely encircling the pulmonary veingith ablation lesions placed within the left atrial antrum
known aswide-area circumferential ablatipinas been found to be an effective appro@ach
pulmonary vein isolatiori25] Directly ablatingwithin the pulmonary vein ostiads fallen out of
favor since the observation that doing so increases the risk of pulmonary vein s{@6psis
additionto fluoroscopy and echocardiographieatroanatomical mappind@irst demonstratedby
Pappone et a[27], is also useful foablationguidanceand lesion placemenElectroanatomical
mappingcombinesanatomical information with electrophysiological measurensrds as voltage
and activation timesind allows tracking of catheter position within the cardiac chamber, typically
through magnebased system3he anatomy of theardiacchamber is constructed as a Skell
and then registered with electrical measurements through sequential, cathetday-point
mapping or simultaneous multielectrode mappkflgctroanatomical maps can also be used to tag
anatomical landmarks and record the location of generated I142i®}iEhe anatomical information

provided by electroanatomical mapping systems cammpeoved by integration wititomputed



tomography CT) or magnetic resonance imagifIRI1) [29], which areoften carriedout pre-

procedurallyto assesthep a t i atrial anatemyand pulmonary vein morphologhB0]

1.2.2 Additional Ablation Strate gies
Aside from pulmonary vein isolation, adjunctive ablattrategiehrave been attempted in

an effort to improve outcomeéblationin patients with persistent or permanatrial fibrillation
oftenfails to providea long-term cure necessitating theearchfor additional, effective ablation
targets Theseapproaches may be basedatiernativeanatomicaregions of interessuch aghe
application oflinear lesims along theleft atrial roof or the mitral isthmug31] However, the
creation of linear lesioria addition to pulmonary vein isolatidras failedo show an improvement

in outcomes in clinical trialg32, 33} Ablation based on electrophysiological patterns rase

been investigatedncludingthe ablation of dominant frequencablation of complex fractionated
electrograms (CFAESs), ablation of npalmonay vein foci, ablation of scaor fibrosis and
ablation of rotational activityDominant frequency refers to the rate of atrial activation at a
particular site, which camemeasured through spectral analysiataflelectrograms. Regions with
higher doninant frequency have been theorized to maintain atrial fibrillation and be targets of
interest during ablation[34] CFAEs are typically lowoltage electrograms with highly
fractionated potentials or with very short cycle length, and have also been believed to play a
integral part in atrial fibrillation mechanisms and act as optimal ablation t§8g§gtBoth dominant
frequency and CFAE ablation, however, have faileghow improvementor persistent atrial
fibrillation in clinical trials[33, 36, 37] Non-pulmonary vein triggers may be identified through the
administration of drugs or pacingnd ablation of such sites have shown some success, although
more investigation is needed to define the optimal agprita mapping such triggers and the value

of the approach on outcom§38] Fibrosis, which causes an increased deposition of collagen within



the myocardium, is believed to perpetuate atrial fibrillation by altering conduction velocity and
anisotropy, creating blocks, or acting as anchors for reentrant wavesS9] Thus, regns of
fibrosis have been proposed as effective ablation targets, and may be localized through the
identification of low voltage regiorj40] or through MR[41]. Atrial fibrosis as imaged by delayed
enhancement (DE) MRI was found to be associated with the recurrence of atrial fibrillation after
alation [42], and the DECAAR clinical trial is currently being carried bto determine if the
ablation of fibrotic regions in addition to pulmonary vein isolation can improve outcomes in
persistent atrial fibrillation patientBinally, theablation of rotational activity, also known axél
impulse andotor modulation (FIRM-guided ablation, targets cyclic activatipmgich revolve
around a core of approximately zero conduction velpeisywell as sp@aneously firing focal
sources. Rotors and focal sources can be mapped through the use of basket péhd§iBody
surface potential mappingpproachego identify rotors hee also been developed45] The

effectiveness of ablation of rotor and focal sources is still under investiga@yn.

1.2.3Remaining Challenges in Radiofrequency Alation
The optimal approaches for atrial fibrillation ablation remain to be well established.

Currently, \ariable success after ablation has been reported, and the overakriongingle
procedure success rate has been estimated &dbdng 50%.The oveall longterm, multiple
procedure success rate has been estimated to be abouf{48)%owever, for patients with
persistent atrial fibrillation, it has been observed that about 50% still experience arrhythmia
reoccurrence after their final proceduf47] Therefore, much work remains in improving the
efficacy of ablation therapy for atrial fibrillation, especially for more advanced forms. Because
tissue structure plays an integral tpan electrophysiologicapatternsand the progression of

diseasejmproving the understanding @attrial structure has been wofterestfor improving the



understandingf atrial fibrillation mechanismsFurther advances iimaging guidancere also
neededo improve the identification of substrates of interest during abldoninstance, CFAEs

may arise from different sources, only soofi@vhich may be arrhythmogenic, but may be linked

to underlying fibrosis[48, 49] Low voltageareas recorded by electrocardiac electrodes may
indicate fibrais or may simply be an effect thfick endocardium[50] For this reason, there has
been significant efforts in improvinte imaging of the atrium, particularly in detecting myofiber
orientation andibrosis.The tissue structure extracted from these images may also be incorporated
into realistic, imagdased models to further probe the effect of tissue structure on

electrophysiological mechanisms.

1.3 Cardiac Imaging and Modeling

1.3.1Atria Imaging and Electrophysiological Models
Several different imaging and modeling approaches have been applied in research to better

delineate the structure of the left atrium and its effect on th@anexms of atrial fibrillationDue

to its thinwalled structuredetails d human lefatrial tissue, and in particular myofiber orientation,

is difficult to image with commonly used imaging modalities such as MRI, CT, and
echocardiographyWwith respect to realistic tissue structurarlg imagebased modelgcluded

only anatonical informationof the left atrium derived from an atlas such as the Visible Human
Project[51, 52] Alternatively, serial sectiomg of atrialtissue and higiesolution imaging of each

slice using a digital camera has been used to quantify fiber orientation. This method has been carried
out in sheep atria, with the resulting structural information incorporated into electrophysiblogi
models to investigate the effect of fiber orientation on electrical propad@aBpheft atrial models

used for electrophysiological simulation and incorgngaimagebased anatomy from MRI or CT

have also been developed, but with fiber orientation derived from literature registered to the models



[54-57]. More recently transmural imaging of myofiber orientation over whole human atria has
been demonsited using diffusiotensor MRI[58]. Contrastenhancemer¥IRI [59] and micre

CT [60] have also been utilized to imageyofiber orientation in humamand canineatria,
respectively, with the data incorporated intonagebased models for electrophysiological

simulation

In addition to myofiber orientation, other tissue features of interest include fibrosis, adipose
tissue, ablation lesions, and myocatdleeves of the pulmonary veins. the past few years,
fibrosishas gained aignificantamount of interest as a substratatrial fibrillation, and imaging
of fibrotic regions withinatrial fibrillation patientshave been carried out using delayed
erhancemenMRI, [41] as mentioned previouslgndlate-gadolinium enhanced (LGE) MR4].
Using LGE MR, patienspecific atrial anatomy and fibrosis distributions have been acquired from
atrial fibrillation patientsand incorporated into models which may be useful forgbtation
planning of ablation targets based on the distribution of fibrigsi$ Additionally, fibrosis as
identified fromcontrastenhancement MRias been incorporated inetectrophysiological models
to study the effect of fibrosis on electrical conduc{®®]. Increased adipose tissue has also been
found to be correlated to adtifibrillation [18], althoughthe majorityof the focus has been on
epicardial adipose tissue, which can be imaged using 68Ror CT[63]. Recently, howeveMRI
imaging of fat and fatty fibrosis within the myocardium of human atrial tisekas been
demonstrate{b4]. Fat within the interatrial ségpm has also been associated with atrial fibrillation,
and has been imaged using MB5]. Imaging of ablation lesizs hasbeen demonstrated using
MRI, whichmay be useful for evaluating the pemeace ofesions and predictingtrial fibrillation

reoccurrenc@ostablation[66, 67] Finally, the myocardial sleeves of the pulmonary veins play a



critical role in the triggering of atrial fibrillation, and imagingtbé thickness opulmonary vein

layers have been carried out using intravascular ultred68, 69]

1.3.20ptical Mapping
It is useful to correlate structural characteristics to experimental electrophysiological

measurements. In particular, optical mapping is a popular method with which to track the
propagation of electrical propagation in cardiac tissue through the use of sdtagtve
fluorescent dyes. Correlation of optical mapping measurements to imagez features such as
fiber orientation and fibrosis have enabled some insights on the impact of these features o
arrhythmia mechanisms. Optical mapping measurements have alsoubeénto inform
electrophysiological model parameters or validateulatedresults[15, 59] However, because

the optical mapping signal, captured only from the fluorescence=fiitatt he t i ssueds
integrates fluorescence that originates from multiple depths, optical mapping signataveay
alteral morphology when compared to electrophysiological sgr&tamples of this includes
duathumpedoptical action potentianorphology due to activation from multiple laygv9] or
changes in the optical action potential upstrb&sed on suburface electrical wave propagation
direction[71]. Therefore, to enable better interpretationtical mappingneasurementsnodels

that simulate the synthesis of the optical mapping sipask been develep Imagebased

models of ventricular tissue have beeeatedand used to simulate optical mappl[iig-76].

1.3.3Remaining Challenges irLeft Atrial Imaging and Modeling
Several challenges remain in the detailed imaging of the human left ghauioularlyin

terms ofimaging resolution. The average thickne$she human left aal wall is 3 mm, with a
rangefrom 1.5 mm to 6.5 mm[77] Recent studies havebserved differences in electrical

activation patterns between the endocardial and epicardial atrial wall, sparking imteieest
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electrical propagatiothat may occur transmuraltyverthe depth of theatrial wall [14, 78] The

left atrial wdl is composed of complex layers of myofibers that may be oriented at nearly
orthogonal directions at different depthishave abrupt changes in orientatifs8, 79] Fibrosis

can havedifferent types oflistributions throughout the walbeing interstitial, patchy, or diffuse
While it is has been observed that fibrosis provides an arrhythmogenic substrate, the relative effect
of the specific 3D distribution ofibrosis throughait the depth of the waliemairs to be
determined[50] Due to the thinness of the leitrium, currentcardiacimaging modalities remain
limited in their ability to resolvéner features across the heart walkcluding myofiber orientation
over depthn thin regions specific distributions of fibrosis, and smaller fatty infiltratiohs light

of thesechallengesoptical coherence tomography (OCT) may be a useful adjunctive imaging
modality that can offer valuable information where other imaging modalitieslificelties. OCT
hasmicrometemresolution,is non-destructive, and can be incorporated into imaging catheters for
in vivo imaging. Therefore, OCTay behighly applicablefor providingimaging guidancéor
ablation, enablingbetter understanding of thefl atrial substrate, and informing realistic

electrophysiological models.

1.4 Optical Coherence Tomography

Since its origingn theearly19905[80], optical coherence tomography (OCT) hasdoee
a wellestablished imaging modalitipr biomedical and clinical applications. Based on low
coherence interferometryQCT image the depth profile of a tissue sample by measuring the
interference between light backscattered from the sampldigiridreflected froma reference
mirror. OCT can nondestructively image the threBmensionalmicrostructure of biological
tissues with aimaging resolution ranging from 1 to {5, penetratiordepths of 2 to 3 mij81],

and video rate imaging spee@2]. OCT can also provide functionalata, such as the
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measurement obirefringence a useful indicatorof tissue organizationysing polarization
sensitive (PS) OC[B3]. OCT haseenappliedto ophthalmology84], intravascular imaging5],

dermatolog){86], gynecology{87], and aher clinical and research fields.

1.4.1Time Domain Optical Coherence Toma@raphy
Thebasicmechanism of OCT is baset the Michelson interferometer. The first type of

OCT system developadas Time Domain (TD) OCT, and simplified schematic of aD-OCT
setup is provided ifrigure 1.1. Light from abroadbandlow coherence light source is directed
towards a beam splitter, which directs light towards the sample@ntaining the sampl® be
imagedand the reference aroontaining a mirrarLight incident upon the sample is backscattered
due to discrete reflecting particles within the sample as well as changes in refractivé igliex.
from both arms areeflectedback towards the beam splitter, whéte beamsecombire andare

then collected by the detectéior TD-OCT, the detector ia singlechannelphotoreceiver.

Moving
Reference

. . Mi Zimax
Time Domain OCT trror ]
b
Beam Sample
Splitter R —
Broadband —
Light [l
Source [— —

F—%

Figurel.1. Time domain OCT system schematiic.this example,he depth of the sample ranges frogta
Zmax- The reference mirror is axially scanned over an equivalent distance to capture the reflectivity profile of

the tissue sample.
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The interference pattern bfht from the reference and samplenscan only beesolved
when the optical path length difference between the two hedatesmined by the position of the
mirror and the depth in the tissue from which the light was backscatteless than the coherence
length of the light sourcé&or a given position of the reference mirror, an interference fringe burst
is generated corresponding to a localized depth withitigeee.For a fixed xy position on the
sample, the reference mirror can be translated withiezoelectric stageo generate an
interferogram containing a fringe burst patteorresponding to the interference from multiple
depths.This interference burgtatterncanthenbe demodulated to generate an intensity depth
profile of the sample, called an-écan. This proceda is represented figurel.2, which shows
the detected interferogram and correspondiniind, postdemodulation, corresponding to four

discreterefleciors equally spaced throughout the depth of an imaged sample.
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Figurel.2. SimpleOCT interferogram (blue) and-Ane after demodulation (red). The corresponding, true

reflectivity of the sample over depth is given below.

11



Galvo mirrors are used to scan the beam olkierdample in lateral dimensions. The
acquisition of multiple Alines can be composed intot&o-dimersional image calledB-scars.
Scanning in both x and y lateral dimensions enables the generation eflithesesional image

volumes, as shown iRigurel1.3.

A-line (1D, Axial Scanning) B-scan (2D, X Transverse Scanning) Volume (3D, XY Transverse Scanning)

intensity

Figurel.3. Examples of acquired OCT dafithe orange line corresponds teliAe location within theB-scan while

the blue box corresponds to tBescanlocation within the 3D image volume.

1.4.2Fourier Domain Optical Coherence Tomography
Developedafter the creation ofTD-OCT, Fourier Domain(FD) OCT captures the

interference pattern in the spectral domain instehdhe time domainFD-OCT has been
demonstrated theoretically and experimentally to have superior sensitivity thR@CTDenabling
higher speed imaging applicatiof&8-90]. FD-OCT is divided mto two subcategories: spectral
domain (SD) OCT, in which a spectromed@d array detector are used for detectaomd swept
source (SS) OCT, or opticaleiquency domain imaging (OFDI), in which a wawgjdrswept
light source is usetbr illumination and a single or small number of photoreceivers detect the
interference signadver time Basic schematics of a SOCT and SSOCT setupare provided in

Figurel4.
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Figurel.4 Spectral domain and swegpburce OCTsystem schematics.

In FD-OCT, the reference arm remains stationary and is fixed at a digtqus@lent to
the approximate location of the sampl@e full depth profileof the tissue sample at a givety
location isencoded within the detectedtérferogramwhich is collectedn the spectral domain
The spectral interferogram collected by the detector must bprpcessed anshverseFourier
transformed to obtain the intensity depth profile of the sanipie.basicsignal processing steps
for this procedurare as followsFirst, the DC component of the spectral ifgeogram must be
removed, which occurs primarily due to the reference mirror. The DC compzanéye removed
by detecting a signalith only the referace mirror, and no sample present in the sampleart,
using the resulting signal as a template for the DC companérgubtracting from subsequently
detected signals. Second, the spectrum must be converted from wHvetingain to

wavenumber domairrinally, the spectral interferogramustbe Fourier transformed to construct

the Acline.

1.4.30ptical Coherence Tomography Parameters
The axial resolution oboth TD- and FDOCT systems] qis governedby the light

sourceds centrand fullwidt atl halfmgxmom (FWHM) bandwidthY_.
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Equivalently, the axial resolution is proportional to the coherence lengthlgghthsource, which
is the FWHM of its coherence functioAssuming a Gaussian spectruine tequation for axial

resoluton is given by:

: ¢C'C (1.1)

The lateral resolution of an OCT systémgis defined as the FWHM of the point spread
function of the sample arm beam at the focal plane. It is determined by the central wavelength of

the light source, , and the numerical apertuke,g of the objective lens.

ICIL ' (1.2)

The axial field of view™Olwo  , or depth of focus of an OCT system is defined as the
FWHM of the confocal axial response function, which is dependent oretiter wavelength of
the light souce, _ , and the numerical apertuie,g of the objective lens

™ @_U

"Olto —
. 1.3
OEIOELUO (13

Lateral resolution and axial field of view are inversely proportional, and there is a tradeoff
between the two parametarsOCT systendesign The lateral field of view Ot of an
OCT system is dependent on its individual lateral scanning mechanism. However, assuming the

scanning mechanism has a maximum scan angle of through the input aperture of the
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objective lensaand that the objective lens has a focal len@§tihe "Otio can be given by the

following. [91]

"Ow QP (1.4)

1.5 Cardiac Applications of Optical Coherence Tomography

Due to its highresolution, fast imaging speedadnondestructive imagingapabilities,
the use 0OCTto image cardiac microstruge has increased over the past two deca&igsently,
the primary applicatios have been the imaging of hessuestructure in small animal models,
especiallythe imagingof myofiber organization, and the monitoring of radiofrequency ablation
lesion formation using OT-integrated catheter designs. The imaging of cardiac t&aueture in
large animal models, and in particyl&CT imaging of the human healtasalso been of recent

interest.

1.5.10CT Imaging of Cardiac Structure in Animal Models
OCT hasheen used tomagemyofiberorientation small animal heart morphologagndthe

organization of thecardiac conduction systenOCT imaging and extraction of myofiber
orientation has beetlemonstratedising both intensitpased92-98] and polarization sensitive
methodq83, 99103]in both small and large animal hearts some case@ptical clearing94,

96] or serial sectioning97] have been employetio improve imaging depthMyofiber
disorganization and variability identified through OCT have been correlated to regions of
infarction and cardiomyopathy in mouse or rat ventri¢&% 102, 103] Through the use of
stitching algorithms ta@ombine multiple OCT image volumes encompassingwhele heart,

morphological parameters such as heart size, wall thickness, and mass have atseaseesad
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for diseased and normal smahimal heart§102, 104] Structural features of the cardiac
conductiorsystem, including the Purkinje netwddO5], the atrioventricular nod@3, 106, 107)

and sinoatrial nodgL07] have been investigated using OCT in the rabbit and canine G€zrt.
measurements of myofiber orientation in the sinoatrial node, atrramélat node, and right
ventricular free wall have been correlated to fluorescent measurements of electrical conduction,
enablingbetter understanding diie influence oimyofiber orientationon cardiac functionf93,

106, 107] Biomechanicatharacterizationfocardiac tissuéas also been carried auging shear

wave imaging OCT108].

1.5.20CT Imaging for Radiofrequency Ablation Guidance
With its high imaging speed and resolution, OCT has been proposed atraegalaging

guidance tool for ablation procedures atrial fibrillation. OCT-integratel catheters have been
developed109-112]and imaging of myocardial features have been demonstrat@in swine
hearts[113, 114] OCT is able to identify tissue contact between the probe and the cardiac wall
[110, 113, 114]as myocardial features become more apparent with the displacement of blood that
occurs at probe contadthe location and development of ablation lesions can be tradke®@CT

by the appearance of the birefringence artifact band, which is a dark band in the myocardium that
disappears within regions of ablation lesipb8@9, 110, 115]However, because the birefringent
artifact may fluctuate in am vivo setting[114], PSOCT approaches to identifying the ablation
lesion have been proposed a more sensitive indicatfirl1, 112, 116] OCT imaging during
ablation may also be able to provide information of tissue structural changes indicative of
complications occurring during energy delivery, such as the formation of tears within the ablated
region[113, 115] Tissue features such as fat and vessels may also be ideshtifiegepicardial

ablation[109].
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1.5.30CT Imaging of the Human Heart
There have been a few studies of OCT imagmghe human heart. In 20089eneral

featuressuch as myofiber organizatidrom small regions from theumanright atrium, left and

right ventricles, atrioventricular node, and sinoatrial node were presgtitétiin 2016, different

tissue types within human left atrial tissue, including dense collagen, loose collagen, fibrotic
myocardium, adipose tissue, and normal myocardiwere imaged and analyzed using an
automatic classification scheni&18] An ultra-high resolution OCT systeimas beemleveloped

and shown to image detailed tissue features such elastic fibers, collagen fiber bundles, adipose
tissue, myofibers, and chordae tendineae in the human ventricular sgd@pA high resolution
crosspolarization OQ system alsshoweddistinguishing features between endocardial scar,

thickened endocardium, fibrosis, and ablation lesions in the right ventricular s¢pi@in

These imaging studies focused on small regions of the human heart chambers, without
providing a comprehensive study of the distribution of different tissue types throughout the
chamber or analyzing the tissue features identified with OCT in relationrdeacaanatomy.
Because the dynamics of atrial fibrillation are closely tied to atrial anatomy and spatial distribution
of structural features, it isecessary tadentify tissue features in the context of the whole atrial
anatomy. More comprehensive imagirs necessary to determine the full utility of OGT
improving our understanding of the structural substrate of atrial fibrillaidditionally, the use
of OCT to inform structurally realistic cardiac moddts simulating electrophysiological
dynamicshas not yet been explored despite the fggolution structural informatio®CT can

offer.
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1.6 Objectives

There exists a need to better define the structural substrate of atrial fibrillation, including
depthresolved information on myofiber orientation, fisis, and adipose tissue. OCT imaging
can provide valuable, higtesolution information on tissue microstructure, and advances have
already been made in applying OCT to cardiac imaging and atrial fibrillation ablation guidance.
However, comprehensive imag of the human atria with OCT and the integration of OCT
imaging data in electrophysiological modeling, like those that exist for MRI and CT, remain to be
established. This informatiocould provide further guidance on the application of OCT to the
treatrent of atrial fibrillation. Therefore, the objectives of this study are as follows: (1) to
comprehensively image the human left atrium with OCT, providing a detailed overview of the
tissue and image features that can be expected in OCT imaging of the lefinsinum, and
provide these features within the context of the whole left atrial anatomy, and (2) to develop a
modeling workflow to integrate OCT imaging data of atrial tissue into tispeeific, cardiac
models for electrophysiological and optical ppang simulation The thesis is organized as
follows. Chapter 2 provides an overview of the OCT image features of the human left atrium and
pulmonary veins and the distribution of imaged tissue features throughout the chEmeb@CT
imaging data of theudman left atrium will also be discussed in the context of a whole human heart
OCT imaging atlasChapter 3 describes the modeling workflow for integrating structural features
extracted from OCT into models for electrophysiological and optical mappingasiomulChapter
4 provides several applications of the modeling workflow to @€fived models of cardidissue
incorporating myofiberorientation, ablation lesions, and different tissue types. Chapter 5 will

summarize the thesis and describe future aims.
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Chapter Z2omprehensiv€haracterization of
the HumanLeft Atrium with Optical
Coherencélomography

2.1 Introduction

Detailedimagingof tissuestructurein the human left atriuns a growing area ofesearchor
improving the understanding and treatment of atrial fibrillatidiith the acknowledgemerthat
complex interactions with tissue microstructure across the atrial wall may maintain arrhythmia
mechanismg14, 78, 120] there have been significant efforts in improvirige resolution of
imagingin the humaratriaas described previously in Chapter I.Brough thesemagingstudies

as well as from information gathered from histological studiegeneral understanding lefft

atrial features potentially contributing to atrial fibrillationechanisméas been developed, with
particular attention paid to the influence of myofiber orientation dmddis An overview oftissue
features of interesand their relevance as potential structural substratedriaf fibrillation is

briefly provided below tastablish theurrent body of knowleddgeefore exploring OCT imaging

of the human left atrium.

2.1.1Myofiber Orientation in the Left Atrium
Myofiber orientation in the human left atrium has been described as tmimgosed of

one to three layer§79] with the nyofiber layers blenthg into one anotheor, in contrast, angled
nearly orthogonallyo one anothewith abrupt changes in orientationer depth[121] Myofiber
orientationwithin the left atrium has been noted to be heterogeneousjisjtarsion of transmural
fiber orientatiorvaryingover different egions of the left atrium.fe inferior and anterior sides of

the left atrium and areas near the pulmonary veiese reportd to typically havehigher
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transmural dispersion, while the lateral wall below the left pulmonary veins had lower dispersion.
[58] Additionally, several studies haveommentedthat a generalizedpattern of myofiber
orientation can be observextrossthe left atria of different hearts but local variations and
exceptions to tygial patternsverefrequentlynoted [58, 121, 122Regions of complex myofiber
orientation ad abrupt changes in fiber andgjlave beemassociated withrrhythmia dynamics, such
as achoringof high-frequency drivergl5] andactivation time dispersiof53] Remodelingof
transmural fiber orientation associatedh atrial fibrillation, asobservedn goat atriahas been
proposed to contribute to dissociation of endocardial and epicardial electrical adbfitPn the
contrary differences ineft atrial myofiber orientatiorof atrial fibrillation patientscompared to
healthy patientsvere not found in amall sample sizef human left atrias imaged by D-MRI.
[58] Remaining questions on the influencewofofiber orientation on atrial fibrillatiorespecially
aspart of a transmural thre#imensional substratend thevariability and potential remodeling
among differentndividuals suggests a neddr high-resolution, personalized imaging further

probethe effect of myofiber organization on arrhythmia.

2.1.2Fibrosis in the Left Atrium
The extent of fibrosis irthe atria as imaged with DBMRI, has beershownto be a

significant indicator ofiblationoutcomes[42] However,further research is needed to define the
specific relation$ip between fibrosis and atrial fibrillatipmnd particularly thanfluence of
differentdensitiesof fibrosis on arrhythmiadynamics.Fibrosis can exist igcategoriedased on
their distributionsuch as interstitial, diffuse, compact, and patchy fibrasishown ifFigure2.1,

although the distinction between catdgsris a blurry one.
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Figure2.1. Trichrome histology slides of different distributions of fibrosis. Collagen is indicated by blue, and

myocardiumis indicated by red. A, Interstitial fibrosis. B, Diffuibrosis. C, Compact fibrosi®, Patchy fibrosis.

Currently, the influence of compact and diffuse fibrdsas not beendemonstratedo
significantly contribute to atrial fibrillation dynamics. tever,severahistologicalstudies have
identified the influence of patchy andenstitial fibrosis on atrial fibrillation propagatioRatchy
fibrosis has beemeportedthrough optical mappingxperimentsand computer simulation toe
involved in arrhyhimogenic behavior byn@horing reenantwavesand causing conduction delays
and fractionation[123] Interstitialfibrosis has beereportedto be more abundaim goat models
of long termor chronicatrial fibrillation, and have been propogedupportdissociatiorbetween
epicardial and endocardial electrical patsasind cause anisotropic slowing of conductidr24,
125] Gadoliniumenhanced GE) MRI hasimagedinterstitial fibrosisin the human right atrja
which were determinetb causetransmural activation delaymdanchorreentrant drivers14]
while correlation of LGEMRI imagingto optical mapping experiments and simulatibas shown
that atrial fibrillation drivers clustered around the borders of fibrotic atrial regifind. These
studies supporthat patientspecific and three dimensiahdistributions of fibrosis have a
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significantinfluence on arrhythmia dynamiddowever, detailed imaging of fibrosis distributgon

across the left atrial wall ha®t yet been demonstrated

2.1.30ther Structural Substrates of Atrial Fibrillation
Other feature®f interest relevant to atrial fibrillation include adipose tissue, as well as

anatomical structures such as the pulmonary veins andttiaé septum. Increased epicardial
adipose as well as interatrial fat have been associatecatuih fibrillation, [65] andincreased
epicardial adipose tissue has been found to be a prediatadiofrequency ablatiorecurrence
[126] Epicardial fat may infiltrate into the myocardium ahdsbeentheorizedto influence
conduction,[18] but theeffect of intramyocardial adipose deposits within the hunadia on

electrophysiological patterns have not yet been-stalfiied.

The pulmonary veins have become highly relevant to atrial fibrillation after the discovery
that ectopic beats originating from the myocardial sleeves of the pulmonary veins arieften
initial triggers for atrial fibrillation, particularlyfor paroxysmalatrial fibrillation. [24] As
identified from histology, lte pulmonary veins atiaternallycomposed of venous media armd a
externalfibro-fatty adventitia. The transition from left atriagdtues to the pulmonary veinsas
gradualone and myocardial extensions from the left atrium into the pulmonary veins cam exte
as far as 25 mm into the ve[f27, 128]A thin fibrofatty or loosely fibrous layer has been observed
between the venous media and the myocardial slef\295.130]A representative histology slide

showing the pulmonary vein structure is giverrigure2.2.
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Figure2.2. Pulmonary vein structure.

Reentryis often cited taanchor around the pulmonavgins,[131] andfrom a structural
viewpoint, may beinfluenced by théneterogeneousyofiber orientation and fibrosis that can be
commonlyfound around and insidbe¢ pulmonary veinddistological studies have shown that the
myocardial sleeves can have complex myofiber arrangement with crosdingeaHike patterns
[127, 130] Studies in canines have shown regions of myofiber complexity correlated to electrical
conduction disturbancegl32, 133]while arrhythmogenic higifrequency potentials have been
associated with thickened PV wa[B9]. AF patients have also been reported to have higher

degrees of discontinuity, hypertrophy, and fibrosis witthieir PV myocardial sleev¢s28].

The interatrial septum inormaldeveloped heastcontainghe remnants of the valve of the
foramen ovalgwhich was originally an open channel in which blood could flow in the developing
heart. During radiofrequency ablatidhg left atrium is accessdxy puncturing the thinnest part
of the septum, the fossa diga which is typically composed of endocardium on both sides with
myocardium in betweeifl34] From the left atrial sidehe septum is difficult to identiffrom the
other walls of the left atriurother tharby the appeance of amall crescent wedge or through
transillumination to identify the thin region of the fossa ov4li21] The interatrial septum has
been noted as one digmostcommon locations where nguulmonary vein triggers of atrial

fibrillation can be found[38]

23



2.1.40CT Imaging of the Human Left Atrium and Objective
OCT imaging guidance for radiofrequency ablation of atrial fibrillation has been under

investigaton over the past few years, with O@egrated catheters for lesion monitoring having
been developed and tesiadrivoin swine heard112-114]However, wile there have been a few
studiesfocused on imaging speciffeatures within human hearsuch adifferenttissue types,
[118] lesions,[112] and features of the conduction systéhi 7] there is a lack of comprehensive
OCT imagingdatacovering the wholéiuman left atrium. Understanding thpatial distribtion

of tissue features as imaged by OCT in the context of the whole left atrial anatomy can provide a
better understanding of the applicability of OCT toapping thestructural substrate of atrial
fibrillation. Furthermore, OCT imaging of the human Idfitan contributes to a whole human
heart OCT imaging atlas, such as those that currently existfavascular OCT135] and retinal

OCT imagirg [136]. Such an atlas, more generally speaking, can guide future cardiaaapps

of OCT.Therefore, the objective of this chapter is to provide a detailed overview of OCT imaging
featuures in the human left atriyumassessinghe capability of OCT to image important strwral

features, as well as provide insight on an overatliaa OCT imaging atlas

2.2 Methods

2.2.1TissueAcquisition
Diseased human hearts (n=21) were acquired under an approved protocol from the National

Disease Research Interchar{®RI). The inclusion criteria for the protocol was based on the
following diagnoses: red stage heart failure, cardiomyopathy, coronary heart disease, amyloid,
atrial fibrillation, and myocardial infarctioNDRI received consent for all donors. All specimens
were deidentified and considered not human subjects research, according to timabol

University Institutional Review Board Under 45 CFR f@nor characteristics are provided in
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Table2.1. The average age was 60 ggavith a range of 43 to Afears There werel2 female

and 9 male donors. Two donors had a history of atrial fibrillation, 7 had congestive heart failure,
3 had myocardial infarction, and 3 had valvular heart disease. Recovery of hearts was completed
within 24 hours after death, and the hearts were delivered to the lab while submerged-n an ice
cold phosphatéuffered saline bath. From the 21 hearts, 11 left superior pulmonary veins, 9 right
superior pulmonary veins, 11 left inferior pulmonary vearsl8 right inferior pulmonary veins

were imaged. Ninpulmonary veins were imaged with surrounding ablation lesmested using

the commercial RFA system, Stockert 70 (Biosense Webster, Diamond Bato @3Juate OCT

imaging of lesions within human atrial tissue

Table2.1 Heart donor characteristics.

Heart# Age Sex Cardiovascular Disease History

1 54 M HTN

2 43 M HTN, HLD, CHF

3 58 F HTN

4 67 F HTN, HLD

5 52 M Mi

6 62 M HTN, HLD, CAD

7 62 M CHF, VHD, AF, VT, PVD
8 54 F PVD

9 77 F CAD, HTN, CHF, AF, PVD
10 70 F CHF, HTN

11 46 F HTN, CAD, MI

12 67 M MI, HTN, HLD

13 59 F HTN

14 67 M CHF, VHD, HLD
15 58 M CAD, CHF, HTN, HLD
16 68 M HTN, CAD, HLD
17 62 F HLD, CAD

18 56 M VHD, HCM, HTN
19 55 M CHF

20 58 F VHD

21 69 M HTN, CAD, HLD
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AF: atrial fibrillation; CAD: coronary artery disease; CHF; congestive heart fat€dJ: hypertrophic
cardiomyopathyHLD: hyperlipidemia; HTN: hypertension; MI: myocardial infarction; PVD: peripheral vascular

disease; VHD: valvular heart diseasd: ventricular tachycardia

2.2.2DissectionProtocol
Upon arrival to the lab, the left atriumdapulmonary veins were isolated from the rest of the heart.

Afterwards, the left atrium and pulmonary veins were dissected to flatten the tissues for imaging
with OCT. Excluding the initial 6 hearts, which were used for establishing the optimal dissection
procedure or for imaging smaller regions of interest, the leftaéia dissected with the following
procedure to enable flattening of the tissues with the least amount of cuts and to facilitate easy
identification of anatomical features after dissectidn example of the dissection procedure is
depicted inFig 2.3. The left atrium was halved, separating the left pulmonary veins from the right
pulmonay veins as shown by the dotted black line in ther&dist panel oFig 2.3. Afterwards a
longitudinal cut was made alottige side of each vein and into tledt atrium as represented by

the dotted red line ifrig 2.3. This dissection opened up the vein while keeping the venoatrial
junction intact. The flattened tissues were pinned to a corkboaithéming. The tissues were
submerged in a 10:1 phosphate buffered saline solution to prevent the tissue from drying when
i maging over | arger regions. Due to the | eft
' imitations of OCTobés imaging dept Ahreehedite | ef t

followed a modified dissection procedure asléfeatrial tisswsweretorn upon arrival to the lab
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Fig 2.3 Diagram of the dissection procedure and orientation of OCT image volume relative to the tissue. A
representative example of the LIPV flattened for imaging is shown. RSPV = right superior pulmonary vein,
RIPV = right inferior pulmonary vein, LSPV = left superior pulmonary vein, LIPV = left inferior pulmonary

vein.

2.2.3Imaging Protocol
All tissues were imageddsh with no prior fixatiortio evaluate the applicability of imaged tissue

features tain vivo imaging The tissues were imaged with the TELESTO | (Thorlabs GmbH,
Dachau, Germany) spectdlo mai n OCT system, which has an ax
resolution of 15 &m, and imaging depth of 2.
broadband superluminescent diode light source, with a center wavelength of 1325 nm and a
bandwidth of over 150 nm. It uses a linear InGaAs ab@sed spectrometetsImaximum axial

line rate is 91 kHz, and imaging was carried out at 28 kiHze OCFIMM3 immersionstyle

sample zSpacer (Thorlabs GmbH, Dachau, Germany) was used to image the tdsiess
submerged in a phosphate buffered saline solugi®shown ifrigure2.4. Overlapping, 3D image

volumes were obtained to covarge regions of tissudhe image volumes were captured with

pixel sizesrangingfrom.6t o 6i 8 ¢ me | ater al di mension and 4
in air. Sizes of the image volumes ranged fratt8 50 mm in the lateral dimension and 2.51

mm in the axial dimension in air.
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Figure2.4. OCT imaging of human left atrial tissue with tB&T-IMM3 immersionstyle sample Spacer

2.2.4Histology
After imaging, the tissues of the imaged areas were cut into blocks and placed in 10% formalin for

a least 24 hours fixatiobefore being transferred to 20% ethafdie blocks had maximumy

di mensions of 40 mm by 30 mm, and 5 em thick
maximum of 3 mm between each level. The levels were obtained in theosamtation as the

OCT B-scars, except for select regions where levels ingheaceview were also obtained to

enable comparisons of fiber orientation between OCT and histology. The tissues were stained with
Massonds Trichrome, HMiorosyseemd, WeatzlaraGeSnany)slidscaniere i ¢ a
with x40 magnification was used to digitize the histology slides. Afterwards, different tissue types
were identified from the slides by a cardiovascular pathologist blinded to the OCT images.
Histology slides wre matched to OCT images acquired from the same location that the histology
block had been excised from. Locations of the histology blocks and OCT volumes were determined
based on camera images taken during the cutting of the histology blocks andghhit@diges

acquired by the TELESTO I system that depicted the field of view within each OCT volume.
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2.2.5Ilmage Processing

2.2.5.1lmage Stitching

Overlapping image volumes were registered and stitched into composite image volumes to better
visualize the tissue features. First, the image volumes were manually registereshifattgplane

(x and ydimensions) based on matchitigsue surfacdéeatues in the white light images and
known lateral translations between each volume during imaging. Custom MATLAB software was
used to manually align overlapping white light images and determine the lateral offsets between

each consecutive, overlapping paiirobge volumes.

The tissue surfacesalso need to be alignad the axial dimension. If the tissues were
imaged without thez-Spacer,the tissue surfaces were manually aligned from a sampling of
overlappingB-scars from the image volumes to be stitched. If the tissues were imaged wath the
Spaceyrhoweverthe contact glass of tlleSpacerdeformed the tissue surface, making alignment
of the tissue surfaces difficult. Therefore, to ensure the tissue surfacesouadhg aligned in
stitched image volumes where th&pacerwas used, the tissue surfaces of each volume were
flattened to a uniform depthy surface detection and subsequent shifting of the image pixels
Surface detection was carried outiodividual B-scars in all image volums. First, theB-scan
was median filtered with a 3 x 3 kernel to smooth speckle noise. Afterwards, the #tsaoh
was thresholded to separate the image background from the tissue regions. The threshold was
empirically determine from a subset d8-scars, and the same threshold was applied to all image
volumes. The tissue surface and tomtact glassrom the zSpacer are both highly reflective,
leading thecontact glasof the zSpacerto be segmented along with the tissue myiand
interfering with surface detection. Because toatact glassan be seen as a thin, primarily

horizontal straight line within thB-scan thez-Spaceicontact glas signal was removed from the
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thresholded image by morphological opening using albectangular structuring element. With

the contact glassignal removed, the tissue surfaeenains inthe segmented image. Therefore,

the pixel location of the maximum intensity in each column was taken as the axial position of the
tissue surface. Theetected tissue surface was smoothed by a 1D median filter with a kernel size
of 25. After the location of the tissue surface Bracanwas determined, the pixels of each column
were shifted up the number of pixels necessary to place the tissue suréaceifrm depth

throughout the image.

After the lateral offsets between consecutive, overlapping pairs of image volumes were
determined and the tissue surfaces of all image volumes were aligned, the image volumes could
be stitched together to form the cposite image volume. The placement of each image volume
in the stitched domain was determined by solving a linear system of equations formed from the
known lateral offsets. The coordinates of the origin for an image volume i can be denoted as (x
Vi, z). The offsets in the x, y, and z dimensions between the origins of consecutive, overlapping
image volumes i and i+1 can be denoted ag+DxDyi+1), and Dzi+1) respectively. Given n
individual image volumes and selecting a minimuimyx and z 3(n1) unknowns needed to be
determined to identify each vol umé)eguatibneafat i on
the forms X1 Xi+1 = DXjg+1), ¥i T Vi+1 = Dyig+1), and z7 zi+1 = Dz+1) could be created from the
known lateral offsets, and the system of equations was solved in matrix form. Once the location
of each image volume in the stitched domain was determined, stitching was carried out using
multiband blending methods as have beescdbed in prior workl37] to smooth the transitions
between image volumes. Gain compensation was apgpdiedessaryto some stitched volumes
based on image qualityFor larger stitched volumes, the stitched image volumes were

downsampled by three to decrease computational burden and improve ease of visualization. For
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visualization, a uniform contrast adjustmerdsaapplied over the entirety of eaBkscanor en

faceimage until the image features were clé&presentiveesultingstitched image volumes are

provided inFigure2.5.

Figure2.5. 3D reconstructionsf stitched image volumefsom regionstaken fromA, Heart9# andB, Heart
#13. The left column shows thendocardial surface of the tissue, while the right column shows views at

sub-endocardial depths, demonstrating ssusface structural detail.

2.2.5.2Endocardial ThicknessQuantification

Becausehe visibility of myocardial features such asyofiber orientation ad collagen fibersn

OCT is sensitive to the thickness of overlying connective tissue, measurements of endocardial
thickness were acquired to identify the maximum endocardial thickness under which myocardial
features coul d be s eimagingdepthhSuch measurement®&sd ensbjed t e m

comparison between histology and OCT measurements of endocardial thickness. Measurements
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were obtained from the venoatrial junctions, where fiber orientatio@tajen fiberscould be
commonly observed in OT. Because variations of endocardial thickness occur around a single
venoatrial junction, measurements of endocardial thickness were obtained from three points per
pulmonary vein These points were taken from regions where fibrosis and fiber orientagien w
visible at the venoatrial junction as determined fromethéaceOCT images. Three measurements
were measured manually from O@Fscars, calculated using a refractive index of 1.4 for atrial
tissue, with another three measurements acquired from gongisg histology images for

comparison.

2.2.5.3Adipose TissueQuantification

Adipose was manually segmented with IMQI38] within eachen faceimage where adipose

was present. The presence of adi pose was det
pattern, typically with a background @écreased intensity than surrounding myocardium. Adipose
thickness was determined by summing the segmented voxels in the axial direction and converting
the summed values to real dimensions based on the axial resdDuerall adipose tissue volume

was @mputed for each left atrium in which all major regions of the left atrium were imaged with

OCT. Additionally, because thateratrial septum in particular was found to contain significant

adipose deposits, the adipose tissue volume in only the septwn vemgcomputed

2.2.5.4Myofiber and Texture Quantification

The distribution of collagen fibers in the myocardium varied from region to region, particularly in
the myocardial sleeves of thmilmonary veins. To provide a quantitative measure of these
differencestexture analysis was carried out in the myocardial regions of representative pulmonary
veins. A 4.0 x 8.6 0.1 mm region of interestas extracted from the myocardial region of the

pulmonary veins. Within eacB-scanin the 3Dregion of interestthe locé range, standard
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deviation, and entropy were computed with a 3 x 3 kernel, and these values were averaged over
the entireregion of interestFiber orientation angles were also extracted from eadacemage

over depth in theegion of interestusinga previously described gradidmased methof95]. The

circular standard deviation waslaaated from all of the extracted angles in the r&ggion of
interestto quantify variation in fiber orientation. Fiber orientation angle extracted using the
gradientbased method was also plotted against depth to quantify transmural ffendserall

fiber orientation trends over large regions, fiber orientation was demarcated manually based on

visual striations observed within tlea faceOCT images at a single representative depth.

2.2.5.5Reqistration of OCT Maps toAtrial Anatomy

Registration of white lighanden faceOCT images to a 3D left atrium model was carriedtout
facilitate interpretation of image features of dissected tisdgtle respect tooverall left atrial
anatomy. Registration was carried outhe opersource, 3D computer graphics softwBtender.

The registration procedure is depicted=igure2.6. A 3D left atrium model from the Continuity

6 online databasealevelopedby the Cardiac Mechanics Research Group of the University of

California San Diegowas useas a reference left atrium modgl39]

White light images were mapped to the mdiast because anatomical landmarks used for
registration could be more easily identified in the white light images as opposed to the OCT
images. Knowledge of the location ofits made during dissection, as well as anatomical
landmarks, such as the pulmonary veins and left atrial appendage, facilitated the wrapping of the
white light images of the dissected tissues back into a 3D form. The mapping was carried out using
Bl e n dJ¥ méapping interface, where white light images were manually registered to the
appropriate faces of the mesh. To provide a smooth visualization, histogram equalization and

illumination correctionwere carried out for the white light images each heartlllumination
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correctionwas accomplished by converting the white light images from RGB to the HSV domain.
Within the HSV domain, the averadlemination, calculated as the averagehs V channelwas
computed over the entire white light imagegionalllumination was then computed Baussian
filtering the V channelvith a200 x 200 kernel and a 100 pixel standard devialitwe. regional
illumination was replaced by the uniform, average illumination by subtrat@n@aussian filtered

V channelfrom theoriginal V channebnd adding the overall average of the original V channel.

After the white light images wemegistered to thenodel, OCTen faceimages could be
manuallyregistered to the white light images based on anatomical landmarks and thefshape
imaged region, and then subseflieregistered to the model with an identical procedure.efhe
face OCT images simply replace the texture data of the model in lieu of the white light images
Similarly, any parameters derived from the OCT imagash as adipose tissue thickness and fiber

orientation, could beegistered to the 3D model with the same approach
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Figure2.6 Overview of registration of OCT image maps to the 3D model.

fiber orientation marking
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2.2.5.6Statistical Analysis andWhole Human Heart Cardiac Atlas

The left atrial imaging data acquired within this study was also combined with OCT imaging of
other chambers, including the right atriadaventricles. The combined dataset contains OCT
images obtained from 50 human hearts, and this full dataset comprisdsolediuman cardiac

OCT imaging atlas. The same OCT imaging system as previously described was used to obtain
the data from the othehambersFor this study, about two to three image volumes welected

per chamber for each heaktistology was obtained as previously described agistration of

OCT and histology was performed by two investigators, blind to the classificatiorsyeswer

the guidance of a pathologist. Overall, 573 pairs of d&iology matches were made in foé

cardiacatlas.

Based on the OGhistology pairings, features from regions with known tissue tyees
extractedIn each OCT imagédey featuresncluding attenuation coefficient, contrast, correlation,
energy, homogeneity, standard deviation, skewness, and kuses#scalculatedAttenuation
coefficients, ut,was measuredased ona previously describeanodel [140] Attenuation
coefficient characterizes how easily a material or medium can be penetrated by a beam of light.
Contrast, correlation, energy, and homogeneigre extracted from gray level eoccurrence
matrices (GLCM).Thesefeatures quantifgexture patternsvithin OCT images, such as local
variation, joint pixel distribution, and uniformity. In additionasstics of pixel distributionsuch
as standard deviatioskewness, and kurtosigiere included The tissue types included in this
study were collagennormal myocardium, adipose, and fibrotic myocardium. The feature
extraction was performed in a region of interest from é&aslsanwith a size of 320 by 160 pm.
Statistical differences between groups were examined using ANOVA analysis, in Prism 8,

GraphPadThe features were input to a classifier thad been previously describ§tll8]
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2.3 Results

2.3.1Endocardium
In general, the endocardium in OCT was characterized by a highly backscattering, homogeneous

layer on the tissue surface. When the entire thickness of the endocardium was within the imaging
penetration depth, a sharp tramsitfrom the highly backscattering upper layer to a lower intensity
region underneath could be observed, indicating a transition to myocardial tissue as shown in
Figure 2.7A. This distinct boundary between the upper layer of connective tissue and the
myocardium underneattanalsobe applied to myocardium underneath venous media. Because
the venous media and endocardium blend at theaggaljunction, connective tissues overlying
myocardium will hereafter always be referred to as endocardium for simpligitgss it is

necessary to distinctly specify the presence of venous media

The boundary between the endocardial and myocardiatslayeabled identification of
endocardial thickness. However, if the endocardium was thicker than the penetration depth, a
gradual falloff of intensity in the upper layer was observed instead, as shoWwigure 2.7B.
Significant myointimal thickening, consisting of a layer of loose collagen and myointimal cells on
the tissue surface, could be identified by a second, highly backscattayergwith a weH

delineated boundary with the endocardial layer underneath, as shéwgra2.7C.
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Figure 2.7. OCT B-scars (top) and corresponding Trichrome histology (bottom), showing OCT image textures and
layer patterns corresponding to different endocardial and myocardial compositions. A, Endocardium with thickness
within OCT depth penetration. B, Endocardium with thickness beyond OCT depth penetration. C, Endocardium with
myointimal thickening. Dotted yeli® lines show representative regions of transition between the endocardium and
myocardium. Dotted blue lines show representative regions of transition between loose collagen with myointimal cells
and the endocardium. Scale bars represent 1 mmerdocardim; m = myocardiumj = loose collagen and

myointimal cells; asterisk = imaging artifédcdm the sample-Spacer

2.3.2Adipose
Adi pose tissue is highly recognizable within

can also become a speckled or biigliotted texture if further from the imaging focus. Within

the OCT imaging data of the whole human left atrium, adipose tissue could typically be observed
in specific locations, which are summarizedrigure2.8. Adipose tissue was often seen in a thin
layer underneath the venous media and above the myocardium within the myocardial sleeves,
shown inFigure2.8A, as well as in the fibrofatty adventitia of the pulmonary veins as seen in
Figure2.8B. Adipose tissue was also markedly visible at the septum. Adipose tissue could exist in
large pockets that transmurally spanned the atrial wall in thinner regions, shévwgurie2.8C,

and was particularly prominent inside and around the crescent wedge at the edge of the fossa
ovalis. More generally, adipose tissue could be seen distributed throughout the interatrial septum
in small pockets of varying 28, as demonstrated in the adipose tissue thickness rkraguod

2.8E. These pockets could be seen directly underneath the endocardium within OCT halthoug
could be connected to larger volumes of adipose tissue when compared to histology as shown in

Figure2.8F.
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Figure2.8. Adipose distributions in human left atrial tissue. A, OB-Bcan(top) and histology (bottom) of adipose
overlying a myocardial sleeve in a pulmonary vein. B, @z3can(top) andhistology (bottom) of adipose from the
fibro-fatty adventitia. C, OCB-scan(top) and histology (bottom) of adipose tissue within the edge of the fossa
ovalis. D,En faceOCT image at the fossa ovalghown 0.26 mm from the endocardial surface, showing adipose
tissue distributed over a wide ardde white dotorresponds to the location of tBescanshown in F. E,
Corresponding adipose thickness map to D. F, @&Ean(top) and histology (bottom)f@dipose near the fossa

ovalis.The crosses indicate regions of adipose tissue.

The amount of adipose tissue as imaged by OCT was variable among hearts, particularly at the
septum due to the large amount of adipose tissue observed there. Adipose tsspudifeeous

in some left atria and almost nemistent in others. The total thickness and volume of adipose
acrosscomprehensively imagelft atria is provided infable2.2. The maximum thickness of

adipose tissue, about 0.4 mm, was typically limited by the imaging depth of OCT. Note that
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variability in total adipose tissue volume over the whole heart could depend on the length of the
pulmonary veins that were still ildaupon heart acquisition, which varied from specimen to
specimen. However, the total volume of adipose tissue specifically within the region of the
interatrial septum also varied greatly. Representative registrations of adipose tissue thickness maps
to the left atrium model are shown kgure2.9. As described previously, adipose tissue could be
seen to cluster primarily around the septum, with some ldisions around the pulmonary veins.
Adipose tissue distant from these two locations were only observed in héash#wn inFigure

2.9E, which showed gnificant amounts of adipose tissue spanning a large distance of the left

atrial wall underneath the left superior pulmonary vein and adjacent to the left atrial appendage.

Table2.2. Adipose Measurements

Heart# Max Thickness (mm) Total Volume (mm?) Total Volume at Septum (mn¥)
9 0.36 4.82 4.82
10 0.26 2.01 1.69
12 0.42 18.10 5.69
13 0.38 11.77 7.52
14 0.40 28.74 11.57
15 0.20 1.42 1.26
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Figure2.9. Adipose thickness distributions in human left atria, as extracteddrmlocardialDCT images and
superimposed oa3D left atriummodel. The agbose thickness is shown as a color map, while areas where adipose
was not seen instead show camera images of the left atrial tissue. The models are shown in four vievikg¢o show

entirety of the left atriumA, Reference model, showing the location & pulmonary veins and left atrial
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appendage relativetotheo d e | 6 s .0Br Adipase thickniess distribution from Healt5#C, Adipose
thickness distribution from Hear®#D, Adipose thickness distribution from Healt3#E, Adipose thickness

distribution from Heart #4.

2.3.3Myofiber Orientation and Collagen fibers
Collagenfibers within the myocardiuntould be identified by backscattering stlanwithin

regions of myocardiunkigure2.10shows a stitched image region where fiber organization could

be identified at suendocardial levelsFigure 2.10A shows anen faceimage still within the
endocardium, showing a smooth pattéfigure2.10B displays a region deeper within the tissue,
revealing the fiber information, which is also seen B-scanview in Figure 2.10C. However,

fiber orientation could not be identified in regions where the endocardial thickness was beyond the

imaging penetration depth, as showrkrigure2.10D.

endocardium  myocardium with
collagen fibers

Figure2.10. A, En faceOCT image, 0.07 mm arl, 0.27 mm from the endocardial surfa€x histology and
corresponding stitched OCE-scanin region with rich collagen fiber informatiol, histology and corresponding

stitched OCTB-scanwith thick endocardium and less fiber information.
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When shown in then faceview, striations within the OCimages could be correlated to
fiber orientation seen in correspondiel facehistology images, demonstratedfigure 2.11A-
B. En faceviews revealed myofiber and caflen fibers wrapping around pulmonary veims
different directions, as shown Figure2.11C-D. In particular, in Heart #1 Xransmural changes
in myofiber orientation could be clearly observed, showrrigure 2.11E-F where the fiber
orientation changed byearly60° at different depthsThe extracted profile of fiber orientan
over depth shown iRigure2.11G shows an abrupt change in fiber orientation, which is consistent

with prior findings of transmural left atrial myofiber patterfS3]

0.2 0.25
Depth (mm)
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Figure2.11. En faceOCT and histology images, showing fiber orientation. A, O&T faceimage, showr®.39 mm

from the tissue surfacd8, Correspondingn facehistology image. Dotted yellow lines in the OCT image show
boundaries between regions of endocardium and myocardium. White arrowheads indicate striations indicative of fiber
orientation in OCT. C, OCE&n faceimage, shown 30 mm from the tissue surfac®, OCT en faceimage, shown

0.38 mm from the tissue surfadg, Region within the dotted red box shown in C, at a depth of 0.29 mm. F, Region
within the dotted red box shown in C, at a depth of 0.17 mm. G, Fiber angle over depth at the point indib&ted by

black asterisk in C. White doubteded arrows indicate genefdder orientation trends. All scale bars indicate 1 mm.

To obtain a measure of the maximum endocardial thickness under which myocardial
features could be visualized with this OCT systemasurements of endocardial thickness were
obtained in regions whef@er orientatiorcould be seen in then faceOCT image®f pulmonary
vein myocardial sleeve®ut of 32pulmonary veisin which measurements were ma@a veins
had areas of sufficigly thin endocardial thickness to observe fiber orientation inethdace
images of the venoatrial junction. Inlft superior 2 left inferior, 3 right superior and 1right
inferior pulmonary veinfiber orientatiorwasunable to be observed in tarfaceOCT images at
the venoatrial junction. The endocardial thickness measurements are shoaild2.3. The
average thickness under which fiber ataion could be observed was 0.28+0.06 mm as measured
from OCT, and 0.31+0.08 mm as measured from histology, overall for all veins. The range of

measurements were 0.15 to 0.43 mm and 0.12 to 0.47 mm for OCT and histology, respectively.

Table2.3 Endocardial Thickness, where Myocardium within OCT Imaging Depth

Thickness (mm)

LSPV LIPV RSPV RIPV
(n=15) (n=18) (n=15) (n=15)
0.28+0.04 0.30+0.05 0.28+007 0.28+0.06
OCT (0.2to (0.22 to (0.15t0 (0.20 to
0.39) 0.41) 0.39) 0.43)

0.30£0.09 0.35+0.05 0.30+0.09 0.32+0.07
Histology (0.13to (0.25to (0.13to (0.20 to
0.47) 0.43) 0.43) 0.44)
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Values are given as mean * standard deviation (range). LIPVhfiefior pulmonary vein; LSPV: left superior
pulmonary vein; RIPV: right inferior pulmonary vein; RSPV: right superior pulmonary vein; OCT: optical

coherence tomography

Representative mappings of fiber orientation, as extracted from manual measurentieat3Pto

left atrial model are presented Higure 2.12. Given OCTO6s imaging dept
information could most often be extracted from th@aeregion and around the pulmonary veins.
Consistent with findings from gross inspection and -NBRI, fibers often wrapped
circumferentially around the pulmonary vein og68, 121] Within hearts #3 and #4, fiber

orientation wrapping around the right pulmonaens with obliquely running fibers between the
pulmonary veins and fiber orientation circumferential to the waist of the left atrium undeaseath,

seenon the far right inFigure2.12D and E is alsoconsistent with observations from EMRI

data[58] Overlapping fiber bundles could be seen in high detail, such as seen in the kigetef

2.12B and in the corresponding O@h facemagein Figure2.21.
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Figure2.12. Fiber orientation in the human left atria, as extracted from OCT isnaige superimposed on 3D
anatomical models. A, Reference model, showing the location of the pulmonary veins and left atrial appendage
relative to the view. B, Fiber orientation from He#tb. C, Fiber orientation distribution from Hea#@. D, Fiber

oriertation distribution from Heat13. E, Fiber orientation distribution from Hea#t4.
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2.3.4Pulmonary Veins
In regions of the pulmonary veins consistingtioé venous endothelium, media, and adventitia,

the OCT images typically showed a more heterogeneous texture and a deeper penetration depth
with a gradual faloff of intensity. The specific texture of the venous tissues could vary between
pulmonary veindased on the composition and density of fibrous tissues within the region. For
example, inFigure 2.13A, the venous media and adventitia have aldpd appearance, while
Figure2.13B instead shows a highly backscattering upper layer with additional bands underneath.
Finally, somepulmonary veingonsiging of dense connective tissue had a more homogeneous
texture and gradual signal faiff, similar to regions of thickendocardium as shown Figure

2.13C.

Figure2.13 OCT B-scars (top) and corresponding Trichrome histology (bottom), showing differences in OCT image
texture corresponding teenous media and adventitia with different densities and distributions of connective tissue.
A, Venous media and adventitia with a speckled image texture in OCT. B, Venous media and adventitia with a layered
image texture in OCT. C, Venous media and adifanvith a smooth homogeneous image texture. Scale bars

represent 1 mm. v = venous medasterisk maging artifacfrom the sample-Spacer

Given the distinct image features of different tissue compositions as described above,
regions of myocardial seves could be differentiated frgguimonary veirregions containing only
venous endothelium, media, and adventitia. The transition from myocardium to adventitia, where

the myocardial sleeve ends, could typically be identified by at least one of twoMigysthe
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sharp boundary between the endocardium and myocardium became more diffuse when entering
regions containing only venous media and adventitia, often accompanied by an increase in

penetration depth. Second, a more heterogeneous image texturgiwakytgeen with venous

media and adventitia compared to endocardium and myocardium. Representative examples are
described below, showing how the myocardial sleeves, as well as fibrosis and variations in

endocardial thickness, could be observed.

In Figure 2.14, the distinct layer boundary disappears and the penetration depth increases
once entering the region of only venous endothelium, media, andtdidyes seen towards the
right of theB-scanof Figure2.14B. Theen faceview in Figure2.14A also shows a clear difference
in texture and backscattering between the myocardial region on the left and the region without
myocardium on the right of the dashed green [Balagendistributed between myofiberas seen
from histology, were identifiable by highly backscattering stramidisin OCT, with the parallel
directionality of the fibers clearly define@ihe 3D ROI from which texture and fiber orientation
statistics were extractedrnspresented in theyxand xz planes by the blue boxeskigure2.14A
andFigure2.14B. The mean local range in the myocardial ROI was 5.37, the mean local standard
deviation was 1.81, and the mean local entropy was 3.07. The circular standard deviation of

extracted fiber orientation angles wasQBy.
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7
PV branch

Figure2.14. OCT imaging of a venoatrial junction and corresponding histology, showing change in depth
penetration near the end of the myocardial sleeve. A, Stihéaceregion, shown 0.34 mm from the tissue
surface. B, StitcheB-scancorresponding to the orangiee in A. C, Corresponding Trichrome histology to B.
Dotted white lines show the approximate location of the PV ostia. Dashed green lines show the approximate area of
transition from myocardium to venous media and adventitia. Dotted yellow lines sh@seefative regions of
transition between the endocardium and myocardium. The blue dotted boxes represent the 3D ROI from which
texture and fiber orientation statistics were calculated. All scale bars indicate 1 mm. LA = left atrium, RIPV = right

inferior pulmonary vein; e = endocardium; m = myocardium; v = venous media.

In Figure2.15, the region containing only venous endothelium, media, and advetiggia¢s has
a more heterogeneous texture, with more variations in intensity and an almost hatched pattern as
seenin theen faceview of Figure2.15A. The change in image texture is also noticeabtbeB-

scanshown inFigure 2.15B, where the region without myocardium includes additionaldba

underneath the upper layer.
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Figure2.150CT imaging of a venoatrial junction and corresponding histology, showing change in image texture near
theend of the myocardial sleeve. A, Stitched faceregion, showrd.50 mm from the tissue surfad®, StitchedB-
scancorresponding to the orange line in D. C, Corresponding Trichrome histology to E. Dotted white lines show the
approximate location of the Pdstia. Dashed green lines show the approximate area of transition from myocardium
to venous media and adventitia. Dotted yellow lines show representative regions of transition between the
endocardium and myocardium. All scale bars indicate 1 mm. LA ateftm, LIPV = left inferior pulmonary vein;

e = endocardium; m = myocardium; v = venous media.

As denonstrated previously irFigure 2.13, different pumonary veinshad different
textures corresponding to the venous endothelium, media, and adventitia, angubti@rary
veins had a speckledr striatedtexture as opposed tihe hatched pattern seen above
representative exampleshownbelowin Figure2.16. Adipose pocketaereoften observed. Note

again the increase in depth penetration and diffuseffalas demonstrated in tiigscan
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Figure 2.16 OCT imaging and corresponding histology of a venoatrial junction. A, Stitchdaicerregion, shown
0.51 mm from the tissue surface. Btit&hed B-scancorresponding to the orange line in A. C, Corresponding
Trichrome histology to B. Dotted white lines show the approximate location giuimeonary veinostia. Dashed
green lines show the approximate area of transition from myocardivemias media and adventitiBotted yellow
lines show representative regions of transition between the endocardium and myocatdiubiue and purple
markers indicate speckles and striated textures, respectivetyleft atrium; LIPV = left inferiorpulmonary vein; e

= endocardium; m = myocardium; v = venous media.

Another representative case showing disticaiiagen fiber structurat the venoatrial
junction is given irFigure2.17. With OCT imaging, fibrotic myocardium could be identified past
thepulmonary veirostium and inside the venous region. The endocardial thickness could be seen
to abruptly decrease inside thmlmonary veinarea and sigficant focal thickening of
endocardium was observed near the ostium, as seethitheen faceview in Figure2.17A and
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B-scanview in Figure2.17B. Again, fibrotic collagen fibers could be identified by bright strands.
Within this pulmonary vein the fibrotic collagen fibers varied more greatly srze and
directionality conpared to those shown kigure2.14A. Similar patterns of complex fibrosis were
observed in the LSPV and LIPV of heart3#The depth penetration increases at theitdat of
theB-scanin Figure2.17D, signaling the end of the myocardial sleeve and transitioning to a region
containing only the endothelium, venaugdia, and adventitial tissuéihe 3D ROI from which

texture and fiber orientation statistics were extracted is represented iry taedx-z planes by

the blue boxes ifrigure 2.17C andFigure 2.17D. The mean local range in the myocardial ROI

was 4.88, the mean local standard deviation was 1.65, and the mean local entropy was 2.89. The

circular standard deviation of extracted fiber orientation angles was 35.17°

thickened
endocardium =

Figure 2.17. OCT imaging of a venoatrial junction and corresponding histology, showing changes in endocardial

thickness and depth penetration, as well as fibr@dsiLIPV, prior to dissectionB, LIPV from A, postdissection. C,
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En faceregion, shown 0.39 mm from the tissue surface, corresponding to the red box in B. A zoomed in view of a
subregion is shown to show details of the fibrosis patterns. D, Stit8ksxzhncorresponding to the orange line in C.

E & F, Corresponding Trichrome histology to D. Dotted white lines show the approximate location of the PV ostia.
Dashed green lines show the approximate area of transition from myocardium to transmural conneetivelltiss

scale bars indicate 1 mm. Dotted yellow lines show representative regions of transition between the endocardium and
myocardium. The blue dotted boxes show the ROI from which texture and fiber orientation statistics were calculated.

LA = left atrium; LIPV = left inferior pulmonary vein; e = endocardium; m = myocardium; v = venous media.

Endocardial thickness and composition of the venous media and adventitia varied between
pulmonary veins and among different regions of a single pulmonary vein. Wasresome cases

in which it was difficult to distinguish the myocardial sleeves from venous regions without
myocardiumFigure2.18 presents two reprentative cases. lRigure2.18A, the increase in depth
penetration due to myointimal thickening could deceptively be interpreted as a region consisting
of only venous endothelium, media, and adventitia despite myocardium being present underneath.
In Figure2.18C, the upper layer boundary becomes more diffuse, but the penetration depth remains
similar throughout, making identification of the end of the myocardial sleeve unclear. The ability
to differentiate regions of myocardial sleeves to regions without myiataldeves, based on
gualitative OCT image features, was generally determined for mdntonary veirby a single
observer not blinded to the histology. Out of 32 pulmonary venoatrial junctions, it was determined
the myocardial sleeves could be differateéd from venous regions without myocardial sleeves in

18 cases while 6 cases were ambiguous. In the remaining 8 cagadntbaary veindad been

cut short such that only the myocardial sleeves could be imaged, with no transition to venous

regions withat myocardum, and thus were not counted.
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Figure2.18. Cases where identification of pulmonary vein sleeves is ambiguous in OCT imaging. AB-&s2ah

near the LIPV from heart#. B, Corresponding Trichrome histologyAo C, OCTB-scannear the LSPV from heart

#12. D, Corresponding Trichrome histology to C. Dotted yellow lines show representative regions of transition
between the endocardium andeogrdium. Dotted blue lines show representative regions of transition between loose
collagen with myointimal cells and the endocardium. Dashed green lines show the approximate area of transition from
myocardium to transmural connective tissue. All scaks balicate 1 mm. e = endocardium; m = myocardium; i =

loose collagen and myointimal cells.

In a few hearts, the adventitial side of the pulmonary vein was also imaged with OCT, and a
representative figure is given Figure 2.19. From the adventitia, OCT is able to capture the
profuse regions of adipose tissue, covered by a layer of loose collagen, as well as the fibrous areas

devoid of adipose, which arepresented in OCT by a homogeneous region with a diffuseffall
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Figure2.19. OCT imaging of the adventitial side of the pulmonary veinTé¢hrome histology, and B,

Corresponding OCT image.

2.3.5Interatrial Septum
As described above, adipose tissw@switen observed at the septdiine amount of adipose tissue

at the septum could vary widely. In particular, it was noted in certain hesgists of abundant
adipose and fibrous tissaéthe fossa ovaligjsible from the white light imagesould beimaged

in more detailvith OCT. A represatative example is provided Figure2.20.
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Figure2.20. Representative example of significant amounts of adipose and fitisstie at the fossa ovalis. A,
Camera image of region of interest at the fossa ovaliEnBaceOCT image of the region depicted in the red box in

A. C, OCTB-scanof the orange line in B. D, Corresponding histology to C.

Fiber orientation could alsoteh be seen in varying pattemisthe septunwith overlapping fiber

bundles as observed kigure2.21.
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Figure2.21. Fiber orientation as seen at the septum, shown 0.37 mm from the endocardial surface.

Notably, unlike in most regions of the left atripatrarsmural view of the left atrial wall could be
seenin thinner regions of the fossa ovalias shown inFigure 2.22. The brighter layers of

connective tissueould be seen on both sides of the myocardium.

Figure2.22. Structures at the left atrial fossa ovalis as seen transmurally by OCT. AB&Cdnat the edge of the
fossa ovalis. B, Corresponding histology to A. C, C&$canat the fossa ovalis. D, Corresponding histology to C.
Scale bars indicate 0.5 mm. Asterisks indicate regions of myocardium. Arrowheads point to the emdarardiu

both sides bthe wall.

2.3.6Ablation Lesions
While work has been done in identifying ablation lesions using OCT, the imaging of ablation

lesions within human left atrial tissue has not yet been evaluated. Therefore, a preliminary study
of OCT imaging of ablation lesions ithe human left atrium was carried out. Within OCT, the
ablation lesions could correspond to regions of slightly greater penetration depth, as shown in
Figure2.23. However, the features were subtle and may not correspond to the full width of the
lesion. The features of the ablation lesion were also dependent on the surrounding endocardial
thickness and composition. While image preoag may be able to veal more unique
characteristics, functional OCT modalities such asO€3 may be able to provide further useful
information.
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Figure2.23. OCT imagng of ablation lesions within human left atrial tissueEA,faceOCT
image, shown 0.38 mm from the endocardial surfac8-&;ancorresponding to the orange line
in A.
2.3.7Whole Human Cardiac Atlas
OCT imaging of the human left atrium contributes to a larger dataset including OCT imaging data
from 50 human hearts. The donor characteristics for the whole human cardiac OCT dataset is
provided inTable2.4. Image features from OCT imaging of all chambers were evaluated both

guantitatively and qualitatively.

Table2.4. Donors Chareteristics for Whole Human Cardiac OCT Atlas

Characteristic Value
N 50
Demographic Profile
Age in yrs, median (interquartile range) 62 (57.3 67.0)
Female, n (%) 23 (46.0)
BMI, median (interquartile range) 30.4 (25.77136.01)
Medical History, n (%)
Heart Failure 10 (20.0)
Cardiomyopathy 7 (14.0)
Coronary artery disease 11 (22.0)
Myocardial infarction 7 (14.0)
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Atrial fibrillation 5 (10.0)

Chronic obstructive pulmonary disease 17 (34.0)
Diabetes 16 (32.0)
Hypertension 34 (68.0)
Cause ofdeath, n (%)
Cardiac arrest 17 (34.0)
Cardiopulmonary arrest 6 (12.0)
Respiratory arrest 3(6.0)
Respiratory failure 4 (8.0)
Chronic obstructive pulmonary disease 3 (6.0)
Congestive heart failure 3 (6.0)

2.3.7.1Features within Ventricles

Examination oventricular OCT images revealed unique features for various tissue types as shown
in Figure2.24. Figure2.24 A-F show images from ventricular free wall afigure2.24 G-L show

images from the ventricular septum. In healthy hearts as shokigure2.24A, D and G, L, the
endocardium exhibited a narrow and highly backscattering band at the uppermost region of the
tissue. The myocardium regions revealed a homogenous pattern in a darker region underneath.
Fibrous infiltration was observed in both ventricular fresl and septum, as shown igure

2.24B, E andH, K, with rich collagen content within the myocardium. In diseased hearts with scar,

a thickened endoadium as shown ifrigure2.24C, F was observed. In OCT, the scar region was
represented by a highly backscattering region with a heterogeneous distribetitiagen density
indicated by slightly varying intensity. In addition, adipose tissue, which is clearly identifiable by

a honeycomb texture, occasionally exists in the ventricular septum, as shBignre2.241, L.

The appearance of adipose tissue in the ventricle can be associated to arrhythmogenic

cardiomyopathy.
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Figure2.24. OCT images and corresponding histologic images of multiple substrates witRjnventricular free

wall and G-L) ventricular septum.

2.3.7.2Features within Right Atria

In the right atriaFigure2.25, the endocardial band is typically narrower than those in left atria but
thicker than those in ventricle. Due to the thinner endocardium, whichsgtibetons to penetrate
deeper, the myocardium in the right atria often corresponds to a higher intensity in OCT than in
the left atria. Adipose tissue, again displaying a honeycomhistelicould also be observed in

theright atria.

endocardium

fibrous infiltration
500pm

ndocardium ?
myocardium

| 500um adipose

Figure2.25. OCT images and corresponding histologic images of multiple substrates within the right atrium.
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2.3.7.3Fibrosis from All Chambers

Over the whole human heartewisually observed different OCT image features when fibrosis
was present in myocardial regions. Collagen within the myocardium could sometimes be seen in
OCT images as higher intensity regions. For example, as shdwguire2.28A, E, collagen fibers
running alongside the myofibers could be seen in OCT as bright, discrete strands. This is also
demonstrated within then faceimages ofFigure 2.28] andJ, with bright striations and patches
corresponding to collagen regions. However, in other cases, fibrosis patterns were seen
correspondig to decreased penetration depth, as shoWwigure2.28B-D, F-H). Fibrotic regions

with low backscattering in comparison with the surrounding myocareiigdn could be seen for

both diffuse and compact fibrotic regions, as seekigure 2.28(B-D, F-H). In some cases,

corresponding OCT features to fibresis seen from histology were not visually apparent, such as

seen in the aboveigure2.25D.

Figure2.26. OCT images and the corresponding histologic images of fibrosis, showing various fibrosis pafterns.

E, Interstitial fibrosis, with collagen fibers running alongside myofibBrg=, low level of diffuse fibrosisC, G,
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higher level of diffuse fibrosid), H, compact fibrosis region. Pané&ld showfibrosis as seen in then faceplane.

(A, E, I, J are from the atria and(D, F-H) are from the ventricle.

2.3.7.4Statistical Analysis

We perforned a statistical comparison of quantitative features extracted from the OCT
images. We first compared the difference in OCT images from different chambers. Three
representative features from optical properties (attenuation coefficient), texture (caryetat
pixel distribution (standard deviation) are presentedrigure 2.27. In general, we found the
features had a strong correlation with the differenambers. For example, in attenuation
coefficient,Figure2.27A, features were significantly different except the pairs that were from the
same chambdleft ventriclevsleft ventricular septunright ventriclevsright ventricular septuin
and the same type of chambéaft( atriumvs right atriumandleft ventriclevs right ventriclg.

Other similarities, such akeft ventricular septunvs left atrium and right ventricle vs right
ventricular septumwere also identified by correlation and standard deviation, with these two
chambers showing no significant difference in the madtnparison test after ANOVA for these
features. Notice that no single extied feature could uniquely identify a chamber. There was no
significant difference when comparitegft ventricular septunvs right atriumin correlation and

left atriumvs right ventriclein standard deviation.
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Figure2.27. Statistical analysis of three representative featéseattenuation coefficienB, texture correlation, and

C, standard deviation, extracted from human cardiac OCT imageg&immns were made within all chambers.

We also examined the difference in quantitative featamong different tissue types.
Figure 2.28 shows thestatistics within atriaA-C) and ventriclesd-F). We found that adipose
tissue was significantly different from all other tissue types in attenuation coefficient, correlation
and standard deviation in both the atria and ventriclesveltricle collagen and fibrotic
myocardium were not significantly different gorrelation but were significantly different in

attenuatiorcoefficientand standard deviation (both p<0.001).
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Figure2.28. Statistical analysis of three representative featdeB, attenuation coefficient®, E, texture
correlation, andC, F,standard deviation, extracted from human cardiac OCT images. Comparisons were made

within al substrates ifA-C) atria and in(D-F) ventricle.

2.4 Discussion

This study is the first, to the authorsé know
thewholehumanleft atrium which is alsa subset of a whole human cardiac OCT imaging atlas
Given its highresolution, OCT is capable of providing details of cardiac tissue structure that
cannot be captured by currardrdiac imaging modalities. Theiman cardiac OCT imaging atlas
described within this studyrovides a basis for future OCT aijgltionsin investigatingdiseases

of the human heartimaging criteriaand distributionsfor different tissue types including
myocardial sleeves, venous media, adipiis®ie endocardial and myointimal thickening, and
fibrosis were provided for the huméeft atrium and pulmonary veinQCT imaging ofhuman

left atrialtissue could providedalitional information of thatructural substratef atrial fibrillation

and potentially assist in guiding atrial fibrillatioablation procedures\dditionally, the ardiac

OCT imaging atlas provides a reference for training future interpretation and processing of cardiac
OCT imaging data. Rules for identifying tissue features from the OCT imagingdéaizoped

from this studyare provided in the Appendix.

2.4.1Applicati ons tothe Study of Atrial Fibrillation
There has been recent interest in the use of OCT to g fibrillation ablation therapy,

specifically in imaging of ablation lesion formatidhdl11-114, 116] Using OCTFintegrated
catheters, regions of complex fiber orientation or fibrosis imaged by OCT could be associated to
electrical conduction patternig, vivo. Given the varying biophysical properties of different tissue

compositions endocardial thickness, fibrosiadipose tissueand myointimal thickening could
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also be taken into consideration when choosing ablation targets. OCT imagindhofrthe left

atrium could also be applied to basic science applications, such as correlating the tissue structure
identified by OCT to certain disease states, given a larger sample size of heargriadith
fibrillation. The tissue structure identified by OCT data cousd d&e incorporated into tissue
specific, electrophysiological models to better understand the influence of tissue microstructure on

atrial fibrillation dynamics, as will be described in the following chapters

2.4.2Influence of Imaging Depth
The mainlimitation of OCT is its imaging depth, which is determined by attenuation from optical

scattering andlesorption within the tissug1]. Limitations are also posed by the OCT system
sensitivity, which was 100 dB at 28 kHz with a roff of 5 dB at 2.26 mm for this imaging system.

In the case of cardiac tissue, imagjiof myocardial features of interest such as fiber orientation

and fibrosis is limited by the thickness and density of overlying endocamtiuenous media. In

this study, it was found that myocardial features could be visualized under overlying eradocard
thicknesses averaging 0.28 mm for OCT measurements and 0.31 mm for histology measurements,

respectively.

OCT enables identification of endocardial thickness with resolution that cannot be
achieved by other commonly used cardiac imaging modalitiesebs af thicker endocardium,
however, the lower boundary of the endocardial layer in OCT disappears, limiting the ability to
accurately measure endocardial thickness. Nonetheless, the knowledge of when the endocardium
exceeds a certain thickness could &t useful for understanding the properties of tissue being
ablated. Foex vivoapplications, OCT imaging of the transmural atrial wall could be made possible
through the use of optical clearing, imaging from both endocardial and epicardial surftuek, or

sectioning of the tissue.
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For investigation of detailed tissue architectimresivo, however,initial applications of
OCT may bemost suitablefor imaging thepulmonary veins andhe interatrial septumrlhe
maximumthickness of overlying connectivissueunder which myocardial features could be seen
were 0.43 mm for OCT and 0.47 mm for histology. The thickness of the endocardium and venous
media at the venoatrial junction has been determined from ultrasound and histology to range from
0.05 to 1.7 mnat the venoatrial junction and decrease to a range #f@3Imm at 2 cm from the
orifice towards the lung hilurf68]. Therefore, OCT is still aplable for a considerable range at
the pulmonary veins. Furthermore, as demonstrated in this study, OCT imaging can penetrate the

majority of the thickness of thain region of the fossa ovalis.

2.4.3TissueArchitecture of the Venoatrial Junction
The structure of thpulmonary veirmyocardial sleeves have been identified through histological

studies to be highly complex. Ho et al. described an intricate arrangement of both circular and
longitudinal myofiber buadles, with gaps and fibrosis commonly observed within the myocardial
sleeveq127]. The structure of thpulmonary veinsre also variable among different hearts and
between individual veins. Saito et al. in particular identified spul@onary veindaving amore

regular and aligned arrangement of myofibers, while others hadimform, crossing patterns
[130]. Due to its complicated and unique structure, high resolution imaging is needed to full
capture thgulmonary veirstructural substrate. This study demonstrated that OCT is able to image
similar myocardial sleeve features as seen from histology. In particular, OCT was able to visualize
the orientation and density of myofibers and collagber§, which varied between veins. For
instance, the parallel organization of myofibers and collagensfiseen irFigure 2.14 can be
contrasted to # more comm@x organization seen iRigure 2.17. Quantitative analysis showed

that the myocardial and collagen fiber region sedriganre 2.14 had higher average local range,
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standard deviation, and entropy, but lower circular standard deviation of fiber angles than the
region fromFigure2.17. This was likely because the myocardial and collagen fiber region seen in
Figure 2.14 consisted of thinner, yet more organized fibers, in contrast to the larger and more
disorganized collagen fibers seenFigure 2.17. Such analysis shows promise of quantitative
metrics of fiber and fibrosis complexity from OCT images in the future. Finally, fiber orientation

running in crossing directions were observed over different depths, as dertezhsffigure2.11.

2.4.4Tissue Architecture at thelnteratrial Septum
The leading cause of aborted transseptal puncture procedures has been cited to be idifficulty

identifying the location of the fossa ovali$41] As it was shown within this study that thin regions
of the fossa ovali can be identified and imaged transmurally with OCT, it is possible that OCT
imaging could be used as an adjtive tool to assist in the identification of the fossa ovalis for
transspetal puncturéurthermore, the septuhas been reported ase of the common locations
for nonpulmonary focifor atrial fibrillation. [38] As myofiber orientation as well as signdiat
distributions of adipose tissue could frequently be identified at the interatrial seftu@CT, it

is possible thatOCT could provide further information useful fanderstanding structural
influences on arrhythmidynamics Increased adipose at timeratrialseptum is associated with
atrial fibrillation. [65, 142] While caheterbased,in vivo OCT imaging wouldonly able to
determindlistributions ofadiposeissue near the surfaderther study could potentialljelineate

if the total volume of OCTimaged adipose correlates to the overall adiposity of the interatrial

septim.

2.4.5Limitations and Future Work
With regards tan vivo applications, a limitation is thais study was carried oak vivo In vivo

imaging would pose additional challenges due to heart and catheter motion, as well as the need for
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reaktime mapping andtitching to visualize large fields of views. Thus, futurevivo studies
would be required to determine if the same features described in this study can be visualized during
ablation. Prior studies in swine, however, have demonstrated the capab{ityTeintegrated

catheters to image the atrial endocardium and myocardivmao [113, 114]

Additionally, while the majority of the left atrial tissue was imaged for mapping, due to the
manual nature of imaging and limitations of the imagetup some regions of tissue were not
imaged at the edges of the tissue. Furthermore, the size and morphology of human hearts differ,
including the left atria. Therefore, more precise mapping to atrial geometry would require

personalized meshes of thé latria, such as could be obtained from MRI or CT.

During image prerocessing, it is possible that the contact glass surface of the sample z
Spacer, when completely adjacent with the endocardial surface, could not be distinguished from
the endocardium,gientially affecting endocardial measurements in some cases. As an estimate of
the potential error, the thickness of th&zacer surface seen in OCT was measured fronBone

scanand found to be about 0.04 mm.

In this study, endocardial thickness measurements were sampled from three different points
within the regions of interest to characterize the overall trend. Representative quantitative myofiber
texture and angle measurements were also taken from selectsdIR@e future, automated
methods[95, 118, 143]can be more comprehensively applied to quantitatively evaluate
endocardial thickness and other tissue features, such as myointimal thickening and fiber
orientation, over the entire imaged region. Further studmsuld also be needed to more
guantitatively assess the accuracy of OCT in identifying tissue features when compared to

histology.
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For the whole human heart cardiac atldafigtical analysis was carried out on small
regions of interest within eadscan More discriminating features could be possible by carrying
out statistical analysis on fully segmented OCT image voluifesdata from the human cardiac
OCT imaging atlas can also be analyzed further to identify correlations between imaged tissue
strucures and diseasEinally, only a few donors in the left atrial imagistudy had a history of
atrial fibrillation, and additional OCT imaging in hearts from donors with atrial fibrillation would

be necessary to determine further applicability to attoailiation ablation.

2.5 Conclusion

This study demonstrated that OCT can provide detailed visualizatiossoétarchitecture in the
human left atrium Structural features suchs myocardial sleeves, fiberientation, fibrosis,
adiposetissue endocardial lickness, and myointimal thickening were identified from the OCT
imagesand mapped to left atrial geometignaging of detailed tissue architecture could assist in
the guidance of ablation procedures and improve the understanding of the structuraksafbstrat
atrial fibrillation. More generally, OCT imaging of cardiac tissoser the whole human heart

could provide useful informien of pathological structures relevant to cardiovascular disease.
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Chapter 3WVorkflow for the Development of
OCT-Informed Cardiac Models

3.1 Introduction

Optical mapping is an experimental technique that uses vedtaggtive dyes to traathanges in
transmembrane potential cardiac tissue using fluorescence. Optical mapping caared out
oncultured myocyte monolayg)144] sections of cardiac tiss&45] or on whole hearts through
panoramic mapping techniqug$46] During optical mapping, ardiactissues are stained with
voltagesensitivedyeswhich bind to the cardiac cethembranesThe magnitude of fluorescence
emitted by the dyeat a specific emission wavelengtbhanges with the depolarization and
repolarization of the cardiac celthus providing a signal that is proportional to rudes in
transmembrane potentidlherefore, cardc action potentials can be tracked by collecting emitted
fluorescent light at the target emission wavelength through the use of optical filtezsmost
popular dyes are the styryl dyes, such asdBNEPPSand Rh421 [147-149]. An optical
mapping setup requires a light sousgch asungsterhalogen bulbs, laséight, or lightemitting
diodes;a detectorsuch as potodiode arrays, charge coupled device cameragamplementary
metatoxide semiconductaramerasand optical filters to reduce background light and obtain the

desired excitation and emission wavelengih48]

While optical mapping enables tracking of the spatiotemporal dynamics of cardiac
electrophysiabgy, there have been differences observed between electrode recordings and optical
mapping recordings of action potentials. For example, the optical action potential typically has an
elongated upstroke compared to the electrical action potentthlthe optical action potential

having been recorded to be abopttofive times longethan its electrical counterpaft50] Other
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discrepancies have been observed in the optical mapping signals, such as elevated resting
potentialduring arrhythmig[151] duathumped action potentiald,52] anddecreased magnitude

of virtual electrode polarization induced by defibrillatistnength shock$75] These phenomena

are related to the scattering and integration of the optical mapping signal over depth and have
promptedfurther invesigation into how optical mapping signals manifest. For this reason,
computational models that simulate optical mapping signal synthesis have been developed. Such
models have enabled further insights in how the morphology of optical mapping signaltrelate
subsurface electrophysiological distributions. For example, Hyatt et al. discovered through
computer simulation, and later through verification with optical mapping experiments, that the
shape of the optical action potential upstroke is related totile af propagation of the subsurface
electrophysiological waveelative to the tissue surfad@1, 153]Bishop et al. identifiedthrough
simulatiors of arrhythmia and optical mapping @m anatomicallyrealistic rabbit ventricular

mode] thatthe location of phase singularities were shiftedptical mapping signals compared to

the transmembrane potel distributions. [74] Findings such as these enable improved
interpretation of optical mapping signals, and open up possibilities of extracting valuable

intramural iformation of electrical patterns from optical mapping signals.

Optical mapping models are developed by combining electrophysiological simulations
with optical simulations of excitation and fluorescent emissi@ptical simulations have been
carried outusing photon diffusion theory [71] However, Monte Carlo photon scattering
simulations have been shown to providerencealistic resultsj154] and aremore usefulfor
models incorporating complex, heterogeneous tissue stru¢fieThe majority of prior optical
mapping models have been developed with simplistic shapes and homogeneous tissue regions.

However, realistic tissue models are critical for understanding electrophysiological dynamics. In
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this chapter, we develop a modeling workflow ¢ogatingtissuespecific optical mapping models
derived from OCT imagingThe general workflow for simulatingptical mapping in OCT
characterized atrial models is describe#ligure3.1. Structural features, such as fiber orientation,
locationof ablation lesions, and distribution of different tissue types, were extracted from the OCT
volumetric data of the tissues and used to develop the -Sgp®eEfic models. After construction

of the models, electrophysiology and excitation photon scajter@ne simulated, and the resulting
transmembrane potential and excitation photon density data were used to generate the fluorescent
sources that produce the optical mapping signal. In the final step, fluorescent light propagation

was simulated to produdke optical mapping signal in the atrial tissue models.

Image Processing
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Figure3.1 Flow diagram for optical mapping modeling of atrial tissue as derived from OCT imagissndtmalized
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3.2Image Processing

3.2.1Tissue Geometry andTissueComposition Extraction
Tissue geometry and composition must first be extrdobea the OCT imaget be incorporated

into the meslygeometryand model parameters. This includes extraction of the tissue surfaces and
features inclding myofiber orientation andistribution of different tissue type&xtraction of
tissue geometry is carried out through the detection of the tsssteces The identification of
tissue surfaces from OCT images can typicallyabeomplishedising gradent and thresholding
techniques due to the high contrast between the background and surface of the tissue in OCT. The
specific parameter and processing steps of tissue swiéaeetion however, may vary between
different OCT image volumes based on thegng system usednd the presence of artifacts.
More detailed steps will be provided for each specific datasehapter 4 Myofiber orientation

can be extracted usirgpreviausly described automated meth¢@bs] The lateral boundary of
ablation lesions can be estimated ugingyiously describetninage processing technigyd4d.5] or
through manual segmentatiofihe appearance of the birefringence artifact, which disappears in
regions of ablated tissug,09, 110, 115pr the decreasetbntrast between the endocardium and
myocardium as well as the disappearance of collagen fibers within the Jesaonbe used as
features to identify the $on contours inthe lateradimensionsCurrently, there is no method to
estimate lesion depthfrom OCT. Therefore, lesion deptimust be estimated from
triphenyltetrazolium chloride (TTC) staining and histology. Regions of myocardium,
endocardim, and adipose tissue che segmented manualhased on the known image features

of those tissue types

3.2.2Lesion Contour Estimation
For modeling, he shape of the lesiomas estimatedrom the lateral boundariess derivedrom

OCT imaging and the maximumdepth of the lesion aglentified from TTC and histology.
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Elliptical arcs were used to estimate the contour of the lesion in depth, based on the ellipsoidal

shape of lesions asported irliterature[155], as well agrom individualized observations of each

leson sample. For netransmural lesions, the maximum depth ofldsonwas assumed to be at

the center of the lesion. For eaBkscan points on the outer boundaries of the lesion in the x
dimension were identified, as well as a point located midway legtwee two outer boundary
points and at the desired depth of the lesion for the duBraigan From these three points, two
guarterelliptical arcs were used to estimate the lesion contour in depth, with the ends of one arc
being the leftmost boundary pbiand the maximum depth point, and the ends of the second arc
being the rightmost boundary point and the maximum depth point. The maximum depth for each
B-scanwas similarly constructed by two elliptical quargecs, except with the elliptical arcs

joined to the boundary points in the center of the lesion in ttiemgnsion. Thiss illustrated in

Figure3.2.
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Figure3.2. Lesion depth boundary estimation for Amansmural lesions. A, Overall depth boundary estimation. B,

Depth boundary estimation for a sinflescan

For transmural lesions, the lateral boundary of the lesion at the upper surface of the tissue was
assumed to be the same as on the bottom surface of the tissue. Therefore, Bos@athhe

lesion boundary in depth was estimated using haib-elliptical arcs,with the end points of the

arcs located on the upper andvér surfaces of the tissue. The increase in the lateral boundary
seen haHway through the depth of the lesion was estimated from TTC and histology and was the

minor axis of the ellipticahrc This is illustrated irFigure3.3.
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Figure3.3 Lesion depth boundary estimation for transmural lesions. A, Overall depth boundary estimation. B, Depth

boundary estimation for a singkescan

3.3Mesh Generation

Once the tissue geometry is extracted from the OCT image volume, a mesh must be created with

the samegeometry Two different simulation schemes were used for electrophysiological
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simulation and photon scattering simulation. For the electrophysiologisalation, Continuity

6 [156], a multiscale modeling finite element packeadjstributed by the National Biomedical
Computation Resourcevas usedContinuity 6 uses a hexahedral méstsimulation For photon
scattering simulation, thdonte-Carlo optical simulator TIMOS[157] was used. TIMOS uses a
tetrahedral mesHor simulation Therefore, both a hexahedral mesh and a corresponding

tetrahedral mestwere requiredor the modeling workflow.

3.3.1Hexahedral Mesh
Thenodes of théaexahedral mesh corresponding to the tissue surfaces were generated by sampling

the segmented tissue surface data with the desired node spacing. The desired spacing of the nodes
was dictated by the desired conduction velocity and agewee parameters, as will be discussed

in Section 3.4After themeshsurfaces of the upper and lower surfaces of the tissue were generated,
the mesh was divided in the axial directlmnrefining within Continuity 6 Discretization of the

mesh in the axl direction was nowmniform because of variations in thickness of the tissue.
Therefore, the mesh was refined in the axial dimension such that the maximum distance between
two adjacent nodes in the axial direction was equal to or less than the elenedenegtiy used for

the lateral dimensions. Myofiber orientation could be fitted to the mesh using thenbuilt
Continuity 6 fitting module or through 3D interpolation, with the angle data being extracted as a
set of points, each with anyxz coordinate whin the modespatial domaimnd the corresponding

angle value. Assignment of different tissue types could be accomplished in a similar fésison.

basic hexahedral mesh generation procesudepicted irFigure3.4.

% Axially Refined mesh Distribution of fitting data points

Tissue segmentation Unrefined mesh
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Figure3.4 Hexahedral mesh generation procedure.

3.3.2Tetrahedral Mesh
Tetrahedralmeshes were generated witte opersource 3D surface and volumetric generator,

iso2mest{158]. The edge length of the tetrahedmas set tde on the order of the stsze of a

photon packet, which is determined by the optical absorption and scattering parameters of the
medium. [159] Each tetrahedral mesh of dac tissue was generated with a surrounding
rectangular region of perfusate, as showkigure3.5. This was accomplished by generating a
surface meslgorresponding to the tissggometryas well as a surrounding rectanguarface

mesh, merging the two surface meshasd converting to a volumetric meshhe optical
parameters of the perfusate were set such that the light was not absorbed witleirfubestep

region and was only scattered forward in a straight line, with the anisotropy coefficient g = 1, as
has been done in previous optical mapping models usingd®\76] The refractive index of the
perfusate region was set to 1.3. The models also included a region of air surrounding the perfusate

that had a refractive index of 1.

Figure3.5 Tetrahedral mesh of cardiac tissue with surrounding perfusate.
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3.4 Electrophysiological Modeling

The Fenton Karma ionic model with atrial parameters was used with the monodoausehfor

all electrophysiology simulationg160, 161] The necessary mesh discretization for a desired
conduction velocity was determined by first testing electrophysiolbgicaulations on a 3D
rectangular strip. The 3D rectangular strip was swept over different element step sizes while
maintaining the same aspect ratio, 100 by 8 by 4 elemEntsa given diffusivity, discretizations

of the mesh ranging frombout0.05 to 2mm element step sizes were tested with a planar wave
traveling from one end of the strip to the other. The resulting conduction velocity was computed
for each element step size by measuring the activation times along the length of the strip, and the
maximum element step size with which the conduction velocity converged, or smaller, could be
used for simulations. Because diffusivity is proportional to the square of the conduction velocity,
the diffusivity for a new desired conduction velocity could be ifiedt based on one known
diffusivity and corresponding converged conduction velocity. For different tissue types, the
diffusivity of nodes within different tissue regions could be adjusted accordigigcessary,
further tuning was carried out for eacddividual model by additional adjustments of element and

time step sizes.

3.5 Optical Mapping Modeling

The transmembrane potential data from the electrophysiology simulations are coupled with
simulated excitation photon density data and then used as inputuorescent light scattering
simulation to model the optical mapping signals. The M@&@wudo optical simulator TIMOS

[157] was used to compute light scattering in tetrahedral meshes corresponding to the tissue

geometry.
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3.5.1Simulation of TissueExcitation
During optical mapping, the tissue is first illuminated xciee the fluorescent dyd.o simulate

uniform illumination, photons were emitted from the upper surface of the perfusate, which was a
flat layer positioned over the tissue mesh, with a uniform photon density. The number of photons
emitted per triangle eheent was determined bygiven excitationphoton density, onumber of
photonsemittedperunit aregor illumination, scaled by the area of the trgd@. To determine the
excitationphotondensitynecessary for a converged simulation, tieximumallowable number

of photors emitted per elememtas swept fronrabout10 to100000 photons The simulation was

run 5 times ér eachmaximum emitted photomalue The standard deviation of the resulting
volumetric fluence in the tissue mesh was compute@dch parameteralug and convergence

was determined when theverall standard dviation wasabout equal to or less th&®05. The
resulting photon density within the tetrahedral elements represented the illumination intensity

storedwithin the tissue.

3.5.2Simulation of Fluorescence Emission
Following illumination, the fluorescence of the volteggnsitive dye must be simulated to

synthesize the optical mapping signal. The intensity of fluorescent emissimna specific
location within the tissues proportonal to themagnitudeof excitation light and transmembrane
potentialat that locationTo simulate fluorescémmissions, photons were emitted in an isotropic
fashion from each tetrahedron in the mesh. fitimaber of photons emitted per tetrahedral element
was calculated by scaling a maximuhaorescencephoton density or maximum number of
photons emitted per unit volume for fluorescent emissipnthet et r a h moxdndized 6 s
excitation photon densityyormalized transmembrane potent@ahd thetetrahedron volumero
obtain the normalized excitation photon densitye volumetric fluene storedwithin each

tetrahedrorirom the illumination simulation wasubsequentlgcaled from 0 to 1 by normalizing
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with respecto the maximum volumetric fluenasithin the tissue region of the mesko obtain

the normalized transmembrane potentiag, voltage at that location was also scaled from O to 1,
normalized with respect to the maximum action potential voltage. The voltage assigned to a
tetrahedron wadeerminedby interpolation of the 3D distribution of voltage as calculated on the
hexahedral mesh to the centoad theelements of the tetrahedral meBlar each point in time in

the electrophysiological propagatisimulation a separate field dluorescentsources needed to

be generatefbr another Monte Carlo fluorescent photon scattering simuldtierto the canging

voltage distribution.

3.6 Conclusion

We have developed a workflow for generati@CT-derived, tissuespecific models for
electrophysiologial and optical mapping simulatiorThe workflow can be applied to OCT
imaging data of angardiactissue, including tissues with heterogeneous composhibthn the
provided nethodology OCT-informed optical mapping modetsin be utilized to investigatbe
relationship between complex tissue structure as imaged by OCT and electrophysiological
function, as well as enable more direct comparisons to optical mapping experimental data through
optical mapping simulation®Vith the high resolution imaging of OCDCT-informed modeling
provides the potential to investigate the functional influence of tissue microstructure in more detalil

compared to current imagmsed models.
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Chapter 20CT-InformedModels of Atrial
Tissuewith Electrophysiology and Optical
MappingSimulaton

4.1 Introduction

To investigate structurinction dynamics with OCT, struatal information from OCT hakeen

used in combination with optical mapping. In a study by Hucker et al., tissue specific structure
identified by OCT imaging was correlated to niaiter electrical conduction and the location of
reentry cores during arrhythmia. Different fiber orientation patterns seen at different depths of the
tissue, as imaged by OCT, could be correlated to the electrical activation patterns observed from
opticalmapping. Additionally, the location of optically mapped reentry cores were associated with
tissue regions where shifts in dominant fiber angle distributions were identified at different tissue
depthsby volumetric OCT imaging[107] Thus, structural information from @I has been
demonstrated to assist in the interpretatof optical mapping signald’he correspondence
between optical mapping measurements and OCT structural information motivates the
development of OCnformed computational models for optical mappigudation, which may

enable more precise correlations of experimental 2D optical mapping data to 3D imagiAg data.
interpretation of optical mapping signals may be complicated by interactidnbetérogeneous

tissue structure]72, 76] tissuespecific, computational modeling of optical mapping has been
developed to enable a deeper understanding of the influence of structural heterogeneities on the

formaton of optical mapping signals.

Prior modeling studies have investigated #ifects of ventricular tissue thickness, fiber

orientation, and tissue geometry on optical mapping signals. The influence of varying tissue

80



thickness on optical signal morphology, in slab models ranging from 2.5 to 10 mm thickness, as
well as in modelsisulating trabeculation of the ventricular endocardium, have been previously
investigated[153, 154, 162]he effect of ventricular fiber orientation patterns basn analyzed

in slab model$71, 145, 154phnd cylindrical modelg153] Whole rabbit ventricular models, with
ventricularanatomy and fiber orientation informed by serial sectioning, have been used to assess
the effect of tissue structure on optical signal morphology during pacing, arrhythmia, and
defibrillation. [72, 74, 75]Additionally, a model of a rabbit ventricular wedge, using high
resoltion MRI to inform tissue geometry and histologicalijormed fiber orientation, has been
developed to investigate the effect of tissue structure, specifically vein cavities, on the optical
signalf[76. To the authorso6é knowledge, there are cu
atrial structure or utilizing the higresolution threelimensional structural informan that can be

offered by OCT.

In this chapterwe present, to our knowledge, the first use of higgolution OCT
volumetric data to develop tissseecific atrial models. We developed atrial models including
tissuespecific fiber orientton extracted 'sm OCT imagingablation lesions which utilized OCT
to determine the lesion boundaries within the tissue geometd/ heterogeneous tissue types
including adipose and endocardiuRour different swine atrial samplaad one human left atrial
samplewere sed to demonstrate the incorporation of Gd&Fived structural featurésto optical

mapping models.

4.2 Methods

4.2.1Tissue Acquisition and Dissection Protocol
Swine and human atrial tissues were acquired for modeling. Fresh swine hearts were obtained from

a local butcher. Diseased human hearts were acquired under an approved protocol from the

81



National Disease Research Interchange. Recovery of human hearts was completed within 24 hours
after death, and the hearts were delivered to the lab while submerged ircaldipbosphate
buffered saline bath. From the hearts, tissue regions up to about 8.5 mm in lateral dimension were
dissected for imaging. In this study, five different models were developed from the tissue samples:
(1) a model of swine left atrial tissuettvitissuespecific fiber orientation and tissue geometry as
extracted from OCT, (2) a model of swine left atrial tissue from a larger stitched region, including
an area of sharp myofiber orientation change, (3) a model of swine right atrial tissue with a n
transmural lesion region, (4) a model of swine right atrial tissue with a transmural lesion region,
and (5) apreliminarymodel of human left atrial tissue incorporating endocardidipose, and
myocardial tissuegor simplicity, these models will breferred to as the (1) left atrium fibé&r

model, (2) left atrium fibe2 model, (3) the notransmural lesion model, (4) the transmural lesion
model, and (5) human left atrial model. The left atrium fiband left atrium fibe2 models were
developed d investigate the influence of OG&ierived, tissuepecific fiber orientation on the
transmural electrophysiological propagation and corresponding optical signal. The lesion models
were developed to investigate the behavior of the optical mapping sighel lesions areas. The
human left atrial model was developed to investigate the influence of different tissue types

incorporated into the model.

4.2.21maging Protocol
Volumetric OCT image sets were acquired from the tissue saneplesyo The tissue samples

for the left atrium fiberl, left atrium fiber2, and human left atrial models were imaged using the
commercial spectral domain OCT system, TELESTO (Thorlabs GmbH, Dachau, Germany). The
TELESTO OCT system has a 15 & m ,aespéctily,&andam | at

2.51 mm imaging deptm air. The left atrium fiberl dataset was acquired from the epicardial

82



side, while the left atrium fibe2 and human left atrial dataset was acquired from the endocardial
side. For the lesion models, two rigittial tissues were first ablated on the endocardial surfaces
using the commercial RFA system, Stockert 70 (Biosense Webster, Diamond Bar, CA). The image
sets for the RF ablated tissues were then acquired from the endocardial side using-duiltstom
utrahi gh resolution OCT system, with 5.52 &em
respectively, and 1.78 mm imaging depthair [119]. This OCT system was used for imaging the
ablated tissues because the TELESTO system did not capture the birefringence artifact that could

be used taletect the ablation lesion in the OCT images

Multiple overlapping image volumes were acquired to cover larger regions of tissue for the
left atrium fiber2 and lesion models. When necessary, the overlapping image volumes were
histogram matched to equadi the contrast between separate volumes and stitched together
manually. Consecutive stitch&ilscars were averaged by 3 to improve the visualization of tissue
features. When necessary, stitched image volumes were downsampled by 3 to reduce the
computatioal load during image processing. Trichrome histology and triphenyltetrazolium
chloride (TTC) staining were carried out on the ablated tissue samples to reveal lesion
characteristics beyond the sampling depth of the OCT sys§igumre4.1 shows the OCT image
volumes used to inform the left atrium fib&rnontransmural, transmural lesion, and human left
atrial models, displaying the tissgeometry of the data. For the left atrium fiBedatathe entire
thickness of the tissuewasmi t hi n t he OCT systembds i maging d
only be observed within a limited region of myocardium underneath the endocardial .surface
Therefore, the tissue geometry was not included in the left atriumZilbeodel and only an

electrophysiological simulation was carried out on the left atfiner-2 model.
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endocardium

birefringence artifact

Figure4.1. OCT imaging of atrial tissue#, Swineleft atrial tissue OCT image volume for the left atrifiber-1
model.B, Human left atrial OCT image volume for the human left atrial modeBv@ne fght atrial tissue OCT
image volume with a netransmural lesion for the ngransmural lesion modeD, Swine ight atrial tissue OCT

image volume with a transmural lesion for the transmural lesion model.

4.2.3Image Processing
Image processing to extract the fibereatation,tissue geometry, lesion location, and different

tissue typedrom the OCT volumetric data was implemented in MATLAB (The MathWorks,

Natick, MA) or carried out manually using IMO[38].

4.2.3.1Fiber Orientation Extraction

Full details of the fiber orientation exttsgon algorithm have been de#ed previously95], but

will be briefly summarizechere. Fiber orientation in three dimensions was extracted from fresh
tissue samples, without opdiicclearing. We used an automated algorithm that first detected the
fiber angles in then faceplane and then projected them to 3D based on the detected tissue surface
orientation. Identification of the fiber angles in #grefacamages was carried ouy ldetermining

the dominant gradient within small subgions spanning eadn faceimage. Afterwards, the

tissue surface was detected from the @z3cars, and for each voxel, tlem facefiber angle was
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projected onto a plane parallel to the tissue sarféhe fiber orientation data was median filtered

by a 3 x 3 kernel to smooth the angles prior to fitting to the models.

4.2.3.2Extraction of Tissue Geometry

The surfaces of the cardiac tissues were detectedadormatically from the OCB-scars to

extract thetissue geometry. Surface detection consisted of image smoothing to reduce the effect
of speckle noise, and then detection of the maximum gradient magnitude in the axial direction.
Filtering parameters were tuned manually between datasets or differeet eggons due to
varying image quality caused by saturation artifacts, distance of the varying tissue topology from
the imaging surface, use of different imaging systems, or image stitching arfifaetdetails of

the tissue geometry detection are désat for each dataset below.

For the left atrium fibed datasetto detect the upper, epicardglrface, a 10 x 10 median
filter was applied to smooth speckle noise, before the maximum magnitude of the gradient in the
axial direction was detectedoTetct the lower, endocardislirface, the upper tissue surface was
first cropped from the image volume. A 20 x 20 median filter and morphological opening with a
disk-shaped structuring element of radius 15 were applied to smooth noise. The image was then
thresholded, and morphological closing on the binary image was applied with-ahdisid
structuring element of radius 15 to close gaps in the detected surface. The minimum magnitude of
the gradient in the axial dimension was detected. For the left atdogr2fidata set, the dataset
was first downsampled by 3. To smooth speckle noise, a 10 x 10 median filter was applied. The
maximum of the gradient magnitude in the axial direction was detected. A 15 x 15 median filter

was applied to the detected surfacsrtoth remaining errors.

85



For the nortransmural lesion dataset, a 20 x 20 median filter was applied to smooth speckle
noise, and morphological opening with a 30 x 50 rectangular structuring element was applied to
minimize vertical streakike saturation difacts. The gradient magnitude was computed. The
background signal of the OCT image and blank regions induced by stitching created areas of high
gradient magnitude that interfered with the detection of the tissue surface. These areas were
removed after daulation of the gradient magnitude by the following steps. First, a 10 x 10 average
filter to the original image was applied and the image was thresholded. A dilation of the resulting
binary image, with a diskhaped structuring element of radius 20, eaglied to create a binary
mask that was zero over the erroneous boundaries. The gradient magnitude matrix was multiplied
by this binary mask. Afterwards, the gradient magnitude was thresholded and detected. The
detected surface from ea@iscanwas mediarfiltered with a kernel size of 15 to smooth the
resulting surface. For the transmural lesion dataset, the dataset was downsampled by 3. A5 x 5
median filter was applied. The maximum axial gradient magnitude was detected after removal of
erroneous aread digh gradient magnitude in the axial direction caused by stitching, with an
equivalent procedure as described above for thetnamsmural lesion dataset. The detected
surface was median filtered with a 15 x 15 kernel size. For the ablated tissubapacardial
surfacewasout si de of the OCT systemds i maging dept
ablated tissue data was assumed. The maximum thicknesses of the ablated tissues were

approximated from histology or white light images of the gisygecimen crossection.

For the human left atrial dataset, the tissue surface and endocardial, myocardial and adipose
tissue regions were segmented manually in IM@88] from the B-scans A binary mask was
generated for each different tissue type. The lower boundary of the endocardium was determined

based on the high contrast between the high intensity endocardium and underlying, low intensity
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myocardium. The presence of adipose was detened by a Dbrightly spott

pattern, typically with a background of decreased intensity than surrounding myocardium. A
representative segmentBescanis given inFigure4.2. Because the epicardial surface could not

be seen in the volume given the imaging depth of the OCT system, a tissue thickness of 1.5 mm

was estimated from histology.

adipose

endocardium endocardium

|

myocardium myocardium

Figure4.2. Tissue segmentatioA, OCT B-scanfrom the human left atrial dataset. B, Segmemestan

corresponding to A.

The resulting, combineadipose anéndocardial thicknedsr the imagedsamples given in

Figure4.3, revealing thehickest regions of adipose aaddocardiumn the lower righttcornetr

0.99

[

0.15

d

Figure4.3. Extracted adipose and collagen thickness map in the human left atrium OCT image volume. Scale bar

indicatesl mm.
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4.2.3.3Extraction of Ablation Lesion Region

The boundaries of the ablation lesions were identified by the appearance of the birefringence
artifactfor the nontransmural lesionrandby changes in the tissue features as visualized by OCT

for the transmural lesionThe appearance of the ntmansmural lesion and the birefringence
artifact seen in OCT is shown kagure4.4. A method based on that describedlf©5] was used

to detect the lesion boundaries for the si@msmural lesionTo detect the birefringen@atifact,

a region of interest up to 50 pixels below the tissue surface was first defined. Within this region,
the image was then filtered by a 50 x 50 Laplacian of Gaussian (LoG) filter with a standard
deviation of 1. The maximum was taken from eachn®& within the LoG filtered image and the

1D vector of maximum gradient values was median filtered by 20 to smooth the extracted trend.
Finally, the maximum gradient values were thresholded to separate regions based on whether the
birefringence artifact wagresent or not. This enabled the detection of the boundary of the lesion
within eachB-scanbased on the birefringence artifact. In the OCT image volume of the transmural
lesion, the birefringence artifact could not be seen in this particular dataskis kcase, the
decreased contrast between the endocardium and myocardium as well as the disappearance of
collagen fibers within the lesion were used as markers for the boundary of the lesion, as shown in

Figure4.4C and D. The lesion boundary was segmented manually through visual inspection.
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collagen fibers

Figure4.4 Visualization of ablation lesions in OCA, Representative stitchd@tscanfrom ablated right atrial tissue

with birefringence artifact. Dotted white lines indicate the boundaries of tlem lasidetected by the faiff of the
birefringence artifactB, Corresponding Trichrome histology of ablated right atrial tissue. Purple indicates necrotic
tissue while red indicates healthy tissGeRepresentative stitchd®tscanfrom ablated right aial tissue, where the

ablation lesion can be observed by the loss of collagen fiber structure and decreased contrast between the myocardial

and endocardial layerB, Corresponding Trichrome histology. The scale bars indicate 0.5 mm.

4.2 .4Electrophysiology Simulation

4.2.4.1Mesh Generation for Electrophysiology Simulation

For the left atrium fibed, lesion, and human left atrial models, thdemensional hexahedral
finite element models corresponding to the tissue geometry were generated from tHer@€d
strudural data as seen kFigure4.5. The spatial di scretizati on
mm and @z O 0.1 mmberlfnodel, theHier orienthtion wag fittéd tonthe f i

model using the fitting module within Continuity 6, which uses a {s@séares fitting approach.
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For the lesion and human left atrial models, conduction relative to fiber direction was assumed to
be isotopic as the fiber orientation could not be extracted throughout the tissue, limited by imaging
depth or interference from the birefringence artifact. For the lesion models, the location of the

lesions were also fitted to the geometric model via thedittmodule in Continuity 6.

Figure4.5 Finite element, hexahedral models for electrophysiological simulation, generated from OCT data of atrial
tissues.A, Left atriumfiber-1 model, shown enlarged Bito show fitted fiber orientation superimposed on the model.
C, Human left atrial model. DNornrtransmural lesion modeE, Transmural lesion model. For the lesion models, the

fitted ablation lesion rdégn is shown by a color map of assigned diffusivity (D) parameters.

For the left atrium fibe2 model, a slab tissue geometry with uniform thickness was assumed, but
incorporated the fiber orientation data within a 9.8 x 5.3 x 0.35 mm volume of myocaifdiian.
volume of myocardium was extracted from the image volume starting 0.47 mm underneath the

endocardial tissue surface to ensure extraction of information from the myocardium and not the
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