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Chaptlentdoducti on

1.1 Motivation

1.11 Brain functional imaging

Neurons are the most essentialinits in the nervous systemin order to
understand how the brain perceives the external warld, necessaryto observe
neuronalfunctionsin the brain during perceptioh Localization of neural activiis
in other word, functional brain mapping, is one of thendamental tasks for many
generations of neuroscientistgthin the last hundred yeafs Furthermoremapping
the activity patterns of the neural circuitaan reveal cellular and molecular
mechanisms of the wiring of theamn andfurther helpus learn more aboutbrain
disease processes and the effects of treasgfent

Optical methods have been very useful in monitoring neural responbesnn
sincethey canoffer severaladvantage$. Various optical imaging methodssed on
either reflectanceabsorptionor fluorescence haveeen demonstrateid functional

brain mapping. Intrinsic Optical Signal (I0S) imagifid, Diffuse Opticalmaging

* Part of he contergin this chapter isnodified andreproducd from fiTang, Q. et al
MesoscopicFluorescencdomography for Imagin@oneEngineered Tissuesinder

reviewo, fiTang, Q. et al., Redime monitoring of microdistribution of antiboely
photon absorber conjugates during photoimmunotherapy in vidournal of
Controlled Release26(q154163), 28 August 20106 and fiTang, Q. et alDepth

resolved imaging of colon tumor using optical coherence tomography
fluorescence laminar optical tomeghy Biomed. Opt. Express, 52185232
(2016)0 with permission.


http://ieeexplore.ieee.org/abstract/document/7323497/

(DOI) #° Optical Coherence Tomography (OCH)®, Photo@oustic Tomography
(PAT) ® as well as Multiphoton Microscopy (MPM)" 8 provide tools for
neuroscientistdo observethe anatomy of the living braimoninvasively and to
monitor brain functionsin vivo. However, limited resolution (DOI), relatively low
contrast (OCT), shallow penetration depth (I08) low dataacquisition speed
(MPM and PAT) have limited their applicationn imaging 3D neural activities to
some extentsince itneed both high temporal anspatial resaltionsto visualize the
neural responsé®®®. The major challengdor optical imaging is to overcome the
effects of light scattering, which limitboth the penetration depth and imaging

resolutionwe can achievé'.

1.12 Bone tissue engineering

Each year, there are nearly 15 million bonacfures®® and 1 million bone
grafting procedures worldwid@. There is a significant clinical need for engineered
bone graft substitutes that cquickly, effectively, and safely repair large segmental
bone defect®. Bonetissue engineering scaffolderveas vehicles for the delivery of
progenitor cell populations or support structures for surrounding tissue ingrowth.
Scaffold properties often determine the success in an engineered tidsoeistrbe
designed for a specific application. In many outcomes, key parameters allow for
improved cell migration, pideration and vascularizationTo improve tissue
regeneration and integration, a scaffold should mimic surrounding tissue morphology,
structure, and function. This environment should promote cellular interactions and

signaling, and as a result, differentiation.



One challengan bone tissue engineering to comprehensively observe and
guantify the distribution and migration of sedd=ells throughout the bulky scaffold.
Bone tissue engineering could benefit from a precise and noninvasive imaging
methodto follow cell activity. Such an imaging technology could provide useful
information on thenterplay d scaffold designsgells, and chemical/environmental
cues tooptimize the development of borgrafts. Optical imagingis a promising
approach taondestructively quantifypoth scaffold architecture and celistibution
at high resolution. Fluorescencenfocal microscopy (FCMganvisualize cells and
molecules via a wide variety dfuorescene probes ands a powerful techniquéor
molecularimaging. However, FCM has alimited imagingdepth of ~100um % In
addition,two-photonmicroscopy(TPM) has been used tmageengineeredissue$’,
but isalso associatewith a limited penetration depth of ~5@0n ?>%°. The wrrent
stateof-the-art method for quantifying 3D cedistribution involvesd=CM imaging d
cryo-sectioled scaffolds andligital 3D imagerecompiling Although robust,this
approach isdestructive and timeonsuming, and may become a concern in

longitudinal inspection of massive amount of samples.

1.13 Tumordetectionand therapy monitoring

Ealy detection of neoplastic changes remains a critical challenge in clinical
cancer diagnosis and treatment. Many cancers arise from epithelial layers such as
those of the gastrointestinal (Gl) tract. WHight endoscopy guided excisional
biopsy and histpathology is currently the gold standard for Gl cancer diagnosis.
However, it suffers from high false negative rates due to sampling €rfdts

Furthermaoe, a significant portiorof patients after endoscopic ablative therapeutic



treatment showed the presence of metaplasia or dysplasia buried underneath the neo

3135 which is associated with the risk of cancer developm&rit®.

epithelium
Current standard endoscopechnology is unable to detect those subsurtesiens.
Therefore, there is a critical nedor developing new diagnostic tools whidan

assess tissue architectural and molecular information across the mucosal depth for
improved detection of sshirface cancer, and evaluate the invasion depth of a lesion
40.

The efficacy of canceherapy depends on its ability to deliver drugs to turfibrs
Realtime monitoring of theranostic agent distribution and its therapeutic effects,
including cellular necrosis within the tumor microenvironment, will biécal for
further understanding thdrug mechanism and optimizing the effectiveness of
treatment. The current approach for monitorohgig fluorescencels macroscopic
fluorescence reflectance imagimvghich lacks the resolution and depth information to
show the distributionof moleculesn situ % Histological analysis reveals intratumor
drug distribution is inhomogeneous. However, it is invasive and termited-time

change of the microdistribution alrug moleculesn different locéions within the

tumor aftetreatmentas not been studied vivo.

1.2 Background

Optical imaging technologies promise to provide teak, highresolution imaging

of tissue morpology and functionin vivo with resolution at or near that of
histopathology, therefore, ltas beersignificantly utilized in biomedical researches
and application. In this sectioseveral mesoscopic imaging techniques will be

introduced.



1.2.1 Optical coherence tomography (OCT)

Optical coherence tomography (OCT) is astablishedbiomedical imaging
technology forsubsurface imaging of tissues whigh resolution €10 pym) and 12
mm penetration deptff*®, which is comparable to the size of standard pinch biopsy
and histology.OCT can generate higlesolution, crossectional images of tissue
morphologyin situ and in real timeOCT is an optical analo@f ultrasound except
that it utilizes near infrared light rather than sodfitf. SinceOCT does not utilize
ionizing radiation, and no special preparation of tlaienmt is requiredprior to
obtaining the imagingt is gaining traction within the medical communi@CT can
be mainly classifiedinto two types time domain OCT (TBOCT) and Fourier
domain OCT (FBOCT), and the latter typecan offerbetter sensitivityand faster
imaging speed®™*. Besidesthe differencesin tissue scattering properties, O€@n
also utilize other contrast mechanismand provide supplementaryniormation in
addition to intensity variatianThere arethree main OCTextensiondor functional
imaging Doppler OCT*>*’, speckle variance OC* *°®°, ardl polarizatiorsensitive
OCT (PSOCT) %6263

OCT can be interfaced with fib@ptic catheters and eascopes toamage inside
the body *> °°  Endoscopic OCT has been demonstrated in the human

670t o detect Bar r ét?addsdysplasaphagus

gastrointestina(Gl) tract
B OCT6 s -redolutigrh and aperqeie hpenetration depth make it an
attractive technology for detecting subsurface abnormalities in treosad and

submucosal layer¥isualization of crossectional mucosal and submucosal features

is a key advantage of OCT imagingentcompared to standard endoscopy.



1.2.2 High-speedCCD camerdased VSDi

Voltagesensitive dye imaging (VSDi) has been quite useful in imaging activities
of the neural networks in the brainVVSDi is based on fluorophore molecules that
bind to the neural membrane and convert changes in transmembrane voltage into the

fluorescence of the emitted lightVSDi creates an opportunity to monitor neural
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Figure 1. Voltage-sensitive dye optical imaging setup
(A) Main parts of the voltageensitive dye optical imaging setup. (B) Voltage
sensiive dye optical images of the somatosensory cortex showing sinisier
stimulation fluorescence changes, the time after stimulus onset (ms) is indicated at
the bottom left corner of each image.(C) RH1691, one of the most common voltage
sensitive dye melcule. (D) Excitation and emission spectrum of the RH1691

voltagesensitive dyée> °.
activity in vivo with relatively high spatial and temporal resolution (up to
microsecondsjFig. 1). VSDs are bas& on chemical compoundthat changetheir
77

optical properties in response to'".a change

Dye moleculecanbind to theneuronmembranethechanges in membrane potential



can be convertexito the energy athe emitted photondMeasuring thehanges in the
fluorescence fothe dyecan then infer thehanges immembrane potentidf. VSD
signals can reflect both spiking and synaptic activitissnce much ofthe otal
membrane area is dendritid. For a commercial VSDi systenthe sample is
illuminated by excitation lighthroughappropriate optical filterbased orthe VSD
used and the fluorescent signal is recorded by a-sjged CCD camera through
dichroic mirror andappropriate optical filterss shown in Fig. 2(A)The temporal
resolution of the system imainly determined by parameters of the CCD canienad
the spatialresdution is determined by both th€CD cameraand the field of view
(FOV) imaged However, since CCD cameras integrateftherescencesignalsfrom
different depths,like otherthe wide field optical imaging techniggiethe current

VSDi setupcannot allow isualization of neural activisin three dimension®.

1.2.3 Light Sheet Fluorescenceitfoscopy

Light sheet fluorescence microscopy (LSFMQAnN function as a nordestructive
microtome ad microscopeLSFM uses a thin plane of light to optically section
transparent tissues or whole organisms that haes lakled with a fluorophore
with subcellular resolutiomnd penetration depth over 1 &nLSFM is well suited

for imaging transparent tissues within whde organismsand has huge impaat
fields of developmental and cell biology, anatomical science, biophysics and
neurosciencé®. One obvious advantage is that théngtobleaching and photo
toxicity of specimerare minimized compared to widield fluorescence, confocal, or

multiphoton microscopysincetissues are exposed to only a thin plane of Ifght



Moreover LSFM produce well-registered optical sections thaican be easily
reconstructed inthreedimensios and the samplescan be processed by other
histological methods (e.g., mexfical sectioning) after imagirfg ®%. Furthermoreit

cost much lesso construct an LSFMystemcompared to these other microscopes.

1.2.4 Two-Photon Microscope (TPM)

Two-photon excitation microscopyfirst demonstrated by Denkt al®®, is a
fluorescencemaging technique that allows imaging lofing tissueup to about one
millimeter depth witha high resolutionof less than 4m. Being a special variant of
the multiphoton fluorescence microscqopeusesa red-shifted excitation light which
can also excitdluorescent dyesHowever for each excitation, two photons of the
infraredlight are absorbed. Due to the multiphoton absorption, the background signal
is strongly suppressed. In addition, using infrared light can minimize scattering in the
tissue. Both effects lead to an increagemhetration deptlior these microscopes.
Two-photon excitation can be a superior alternativeaisfocal microscopgue to its

deeper tissue penetration, efficient light detection and rechiuatdtoxicity®* 28

1.2.6 Fluorescence laminar optical tomograpfy.OT)

Laminar optical tomography (LOT) is a promisiogtical imaging methothat
collectsscattered light travelling through different depliysusing multipledetectors,
and reconstructs the deptbsolved imagethrough mathematical deconvolutiéh
LOT can achieve resolution of 10@00pum with 23 mm penetration deptf$ %>,
It wasinitially utilized to image hemodynamichanges based @bsorptioncontrast

91959 g500n after,LOT was rapidly adaptedor fluorescent moleculaimaging
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which was termeeither fluorsscence laminar optical tomograpHyLOT) 5% 9494

or
mesoscopic fluorescence molecular tomography (MFMT) % and several
. . . . . 80, 92, 97-101
improvementsand alternative systemdesignshave beeninvestigated :
FLOT has been reportedo quantify depthresolved distribution of fluorescence
labeled tumor¥® 19219 tg imagefluorescencdabded cells in tissue engineerifig™

103 and tovisualize neural activities in mouse brain vivo® &,

1.2.7 Light Field Microscopy

High-speed, largscale thre-dimensional (3d) imaging odamplesposes a major
challenge in opticaimaging Light-field microscopy (LFM)is a 3D high-speed
imaging method that has been applied to nonbiological and fixed biological samples
104108 Comparingto conventional imaging schemes, a LFM captures both the 2D
location and 2D angle of the incident light by placing a microlens array in the native
image plane such that sensor péxeapture the rays of the light field simultaneously
and suchiD light fields allow the synthesis of a focal stack computatiori&ilysince

no scanning process is needed, ti@shniquecan achieve higlspeed volumetric
imaging and has been reporteccpturethe dynamics of spiking neurons in volumes

of ~700 pm x 700 um x 200 pum at 20 Far simultaneous factional imaging of
neuronal activity at singteeuron resolution in an entire Caenorhabditis elegansand in

larval zebrafish braif®. While diffraction places alimit on the product of spatial and

angular resolution in these ligfelds, the penetration depth is also limit€8



1.3 Goals and objectives

ThreedimensionaFLOT canachieveresolutionsof 100-200 pm and penetration
depths of 23 mm FLOT has been used in tissue aregring, neurosciencas well
asoncology.The limited dynamic range of the chargeupled devicédased system
makes it difficult to image fluorescent samples with a large concentration difference,
limits its penetration depthand diminishes the quantiative accuracy of 3D
reconstruction datan Chapter 3 by incorporating the higlidlynamicrange (HDR)
method widely used in digital cameras, we present HIDRT, which canincreag
penetration depth andiprove the ability to image fluorescent samples watharge
concentration difference. The method was tested using an agar phantom and a B6
mouse for brain imagin vivo.

In Chapter 4, w applied angled FLOT (aFLOT) to record 8Bural activities
evoked in the whisker system of mice by deflattid a single whiskein vivo. A 100
pum capillary and a pair of microelectrodes were inserted to the mouse brain to test the
capability of the imaging system. The results show that it is possible to obtain 3D
functional maps of the sensory periphery in ltin@in. This approach can be broadly
applicable to functional imaging of other brain structures.

Regenerative medicine has emerged as an important discipline which aims to
repair injury or replace damaged tissues or organ by introducing living cells or
functioning tissues. Successful regenerative medicine strategies will likely depend
upon a simultaneous optimization strategy for the design of biomaterialsgedihg
methods, celbiomaterial interactions, and molecular signaling within the engideere

tissues. The imaging modality to assess the ttimensional (&) structures and
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functions of the celseed scaffold remaing challenge in mesoscopic scale (>2~3
mm). InChapter Swe investigated the different applications of aFLOT in bone tissue
ergineering. First we demonstrated the degtbolve capability of aFLOT and ability

to quantify cell density inside a scaffol@ihen, the 3D printed bone osteons were
evaluated using aFLOT to show its capability in accurately differentiating distinct cell
populations. The 3D migration process of cells was also visualized and quantified
usingthe aFLOT system. FinallyaFLOT was used to image the mineralization of
alginate scaffolds seeded with human mesenchymal stem cells (hMSCs) by
measuring hydroxyapati{@A) deposition.

OCT can provide higiesolution morphology information, but is less sensitive to
biochemical or molecular processes associated with early neoplastic formation before
the exhibition of structural alterationSluorescence imaging hasgh sensitivity for
detecting biochemical and molecular alterations, bas limited specificity *°”.
Combining these two complementary imaging technologies dvaquibtentially
improve the diagnostic capability for early cancer detectionChapter ¢ we
investigated the feasibility of a novel muftiodal optical imaging approach including
high-resolutionOCT and highsensitivity .OT for structural and moleculamiaging.

The C57BL/6JApc*™"/J micewere imaged using OCT and FLOT, and the correlated
histopathological diagnosis was obtaineQuantitative structural (scattering
coefficient) and molecularélative enzyme activijyparameters werebtaired from
OCT andFLOT images for multparametric analysisThis multrmodal imaging
method has demonstrated tbapability for more accurate diagnosis wi88.23%6

(82.35%) for sensitivity (specificity) compared to either modality alone. This study
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suggestd that combinig OCT and FLOTis promising for subsurface cancer
detection, diagnosis, and characterization.
Furthermore, in Chapter 7, we appl@&€T and FLOTto quantifythe 3D mAb-

IR700 distributionin tumorand therapeutic effects durirgnd afterPIT in red time
and in vivo. To verify the resultswe designeda minimally invasive twechannel
fluorescence fiber imaging system by combining the traditional fluorescence imaging
microscope with two imaging fiber bundles (~0.85 mm). This metiadmonitor
mADb-IR700 distribution and therapeutic effects during PIT at different intratumor
locations (e.g., tumor surface vs. deep tunmoiitu and in real time simultaneously.
This enabled evaluation of the therapeutic effecigvoand treatment regimens. The
averge IR700 fluorescence intensity recovery after PIT to the tumor surface is
91.50%, while it is 100.63% in deep tumohdso two-photon microscopy combined
with a microprism was also used to record the AHERBOO distribution and
fluorescence intensity of gen fluorescent protein (GFP) at different tumor depths
during PIT. After PIT treatment, there was significantly higher IR700 fluorescence
recovery in deep tumor than in the tumor surface. This phenomenon can be explained
by increased vascular permeabilitynmediately after NIRPIT. Fluorescence
intensity of GFP at the tumor surface decreased significantly more compared to that
of deep tumor and in controls (no PIT).

Lastly, the novelty and impact of eagiojectis concludedin Chapter8, and
other potental applications are suggested The limitations and the future

improvements aralsodiscussed.
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Chaptlkami2z2Znar opti cdlOTt)omogr aphy

2.1 Introduction

Laminar optical tomography (LOT) wassitially developed to image absorption
contrastfor hemodynamichanges® % 198 199 5q0n afterjt was rapidly adapted to
fluorescent molecular imaging applicationstermed either fluorescence laminar

80, 93, 94, 109

optical tomography KLOT) or mesoscopic fluorescence molecular
tomography (MFMT) ®® % Similar to diffuse optical tomography (DOT}* LOT
usesan arrayof photondetectos ora charge coupled devicECD) camera to collect
photons emitted from locations at differetistancesaway from he illumination
position, enabhg simultaneous detection of scattered light travelling through
different depthan the tissue LOT is sensitive tdoth absorption and fluorescence
contrasts providing an axial resolution of ~1@ microns with several thmeters
imaging depth 8 % 9 111 Recent studieslemonstratedhat angled illuminatioror
detection modification (termed aFLOT)improves both resolution and depth
sensitivity 2> 2 Another rapid, norcontactdepthresolvedimaging method called
modulated imaging (MI) has also been developed for quantitative,-figide
characterization of optical absorption andatsering properties of turbid media,
utilizing frequencydomain sampling and modbhsed analysis of the spatial

modulation transfer functioneTF). 1**1°

* Part of he conterd in this chapter is reproduced frofiQ. Tang J. Lin, V.
Tsytsarev, R. S. Erzurumlu, Y. Liu and Y. Chen, "Review of mesoscopic of
tomography for deptihesolved maging of hemodynamic changes and nel
activities,"Neurophotonics4(1), 011009011009 (2016&) with permission.
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2.2 LOT basic pinciple

The working principle of LOT is based dight transport in tissues® which
includesthree primary physical processes: scatteratgsorption, and fluorescence.
The relative probabilityof occurrence for each process depends upentype of
sample imaged and the wavelength of light Us&dror in vivo brain imaging
scatteringis the prevalent phenomenomuring light propagabn, some of tle
photonswill scatter oufrom the surface of the tissue. These photons will be captured
by the detecta near the tissue surface witharious separationsfrom the light
illumination/entranceposition (sourcaletector separatigh The light emerging at
greater distance(i.e., larger sourceetector separation) has a highsatistical
probatility of having travelledleeper into the tissuBy detectingthe emerging light
for a range ofpositionswith different sourcedetectorseparationgsit is possibleto
perform deptkresolved imagin@f subsurfacdéissuestructureghrougha proportional
relationship between the sourdetector separatienand the average investigation
depths *®° Fig. 1 (a) shows the crossectional diagram of a typical LOT source
detector configuration and repretaive photon pathsrhe detectiongeometryused
in LOT is similar to the dtectiongeometry used iDOT. In contrast to DOT, where
sourcedetector separations are typically several centimet®tOT utilizes smaler
sourcedetector separatigr{from severalttens of microns to a few millimetersps a
result of this differenceinformation from arelatively shallow depth (millimeter or
mesoscopiscalg is collected by the detectorsnabling tomographic imaging with a

higher resolution compared to that of DO
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2.2.1 Mathematicakexpression ofOT based offiluorescencecontrast

The linearized relationship Born Approximation between the measured
fluorescence signalF and thesteadystatefluorescencalistribution O at positionr
can be expressed &%

Oidip —_ Yb ipd bJ0ip PQP wg/ i Q)
Where I B AP O (2)
"Yis the distribution ovebfrom the excitation photoradiance in the tissue resulting
from a source at positionp (relatedto the absorption and scattering coefficients,
tissueanisotropy and refractive index of the tissue &t élcitation wavelength).Ois
the probability that a photoemitted by a fluorescence source at posibevithin the
tissue will be detectelly the detectoati p(related to theabsorption and scattering
coefficients, tissue anisotropy and refractive index of the tissue as #mission
wavelength respectively) is the extinction coefficient of the fluorophores at the
excitation wavelength, A is the concentration of the fluorophore, ands the
fluorescent quantum vyield of the fluorophar@hus, the measurefluorescence
signak and thefluorescencdistributionarerelated by, which is referred to as the
weight matrixor sensitivity (Jacobian) matriandrepresets the likely pathqspatial
sensitivity) into which the scattered photons haxevelled and also back out of the
tissue.Since theluorescence emission will alwayssultin a longer wavelength from
that ofthe excitation lightW must account for the different absorbing and scattering
properties at theexcitation and emission wavelengti@ne commonscenario for
functional brain imaging islescribedas follows. The tissue is already fluoresceit

the initial stage(e.g. loaded with voltagsensitive dye),and then alocal signal

15



perturbation occurs (increase or decrease) in the fluorescence at a degpogtafter
an intended stimulationyhich is similarfor absorption case. Equation 1 can be then
expressed in the following way:

3"Oi gi o Tﬁ Yo ipOw b I0ip DTb G,wW b, (3)
where the smal F resals §famad small cleangg e fluprescence
distributiongO. We can imagine thathena photon interacts with a fluorophoréne
photonis absorbed and photon with a longer wavelengit emitted, whichis an
incoherentprocess sdhe photonloses all knowledge of its previoysopagation
status So the emission fluorescence will scatteairisotropicway within the tissue
Furthermore it is preferable tonormalize the equation into the form known as
6 Nor mal i zAs dhovhadrr BEgdation 4he measuredluorescence signabk
normalized by, (the signalmeasured before perturbat)aandthe right hand side of
is similarly divided by" (the expected fluorescensgmulated on a homogeneous
mediun).

—i (4)

By wusi ng 0 No,itimeeltyheipfalth cdeelrthesgstematic errors related
to measurements (g. variations in gain between eadetector) 2> °* 7 Also, in
fluorescence.OT measurementfluorescence signsldetectedrom shallower layers
aremuch stronger than those from the degpenturbation signalBy normalizingto
the original signal, it becomes possible to measiie change in fluorescence before

and after the perturbatiaat different depths within a proper dynamic rarfge.
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2.2.2 Mathematicakexpression ofOT based on absorption contrast

For the absorption case, thetected photons scattelonga random walk path
from the source to the detectoandusuallythe scatering is predominantly in the
forward directionsowe assumed thagach scattering evenauses aelatively small

changeto the direction of the photoThe perturbedadiancecan be expressed s
30 i1gip Tﬁwbnb ipOw P OOIP PTP wigd B, (5)
Where O iip —_ "Yb ipOJ0ip PQIB (6)
- is the measurementf a homogeneous backgroumd is the small change in
measurementesuls from a small change in absorptiest , while W in this
absorption caseneed not account for thechange ofexcitation and emission

wavelengths Similar to Equation 4, the ormalized form for LOT based on

absorption contrass expressed &S:

<

—w . (7)

0 represents thesignal measured before a perturbati@md « represents the
simulated signalexpectedfrom the tissue in the absence of the perturbation

absorptbn case?

2.3 Forward modeling in LOT

The spatial sensitivitymatrix W can be predicted using light propagatmandels,
in which tissue scattering andabsorbing propertiesfluorophore characteristics
(extinction coefficient and quantum yieJdand the relative positions of th&ght

sourceand detectos must beincluded. Several methods have been used to model
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photon propagation in scattering sampl€§ **° Two common types of forward

modeling methods are summarized below.

2.3.1 Radiative transfer e@ion based model

Time-dependentiRadiative Transfer Equation (RTE) can be used to accurately
describe photon migration through tisst®® The Diffusion Approximation (DA) to
the RTE is often applied since solving RTE ismpbex and computationally
expensive, and there are analytic solutions to the infinite andisBniie geometry
with different boundary conditions of the diffusion equatiti > DA has been the
preferred forward model in DOT due to its computational efficiency and ease of
implementation ' "8 |t has been shown that DA cannot account for boundary
measurements when there are structures within the scattering length from the surface
of superficial tissues™®® *** In other words, DA is invalid and will not provide
accurate results for the small soutmtedor separations typically used for LOT in
mesoscopic regime.

An improved diffusion approximation to radiative transport, dekBl
approximation has been developed and validated LOT.}* While deltaP1
approximationcan improve theomputational efficiecy, the estimatiomccuracyis
moderate(with relative errors~40%). Also, there aréarge relative errors when
sourcé detector separations are very small or whenttbterogeneitis very close to
the source or detectodue to theintrinsic limitations of the diffusion modef?®
However,for some applicationwherehigh speeds needd, deltaP1 approximation
canbe agoodchoice especially fol.OT basedon fluorescenceontrast. Furthermore,

by taking advantage of the delaotropic phase functionthe phase function
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corrected (PFC) DAapproachimproves the performance of tiBA andagrees with
experimentaresults to an excellent degregpening gpotentialfor modeling photon

propagatiorin LOT.*?°

2.3.2 Monte Carlo methods

By tracing the random walk steps that egufoton packet takes when it travels
inside the tissuehe Monte Carlo (MC) method has been used for simulating light
transport in tissues for ovéreedecades™" **® MC provides a flexible and rigorous
solution to theproblem of light transport in turbid media with a complex structire
130 The MC method is able to solthe radiative transport equation (RTE) with a
desired accuragyhenceit is well suited to simulating théight propagation in
mesoscopic regime¥? 123130131 compared to other analytical or empirical methods
large packets of photons needb® simulated (10to 10) to obtain simulations with
stochastic accuragyequiring intensive computatioand a great deal of timeA
variety of methods for speeding up MC simulations, including scaling metfids

134 yariation reductiortechniques™® and

perturbation metbds *** hybrid methods
parallel computation® **” have beerdeveloped*° The majorityof LOT/MFMT
work employs the Monte Carlmethod to compute the optical forward probl&h?>
95103 138 139 Most of the current LOIMFMT resultsused onlyhomogenous forward
models for generation of thepatial sensitivityV, while heterogeneities (such as large
blood vessls and different tissue layers) couldeasibly beconsideredinto the
forward model toachieveimproved fitting between the data atite model 2> 14°

However, since thephoton path becomes more uncertain as they scatter further

especially in complexed biological tissuéise mismatch between theathematical
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modelpredictionand actual measurement mause the degradion of resolution as

a function of depth?® 8109

2.4 Image reconstruction for LOT

After knowing W, the next step is teolve Equation 8) or (4) to estimate th&D
distribution ofthe fluorescence (@bsorptiof changesp U1 @ . It is challenging
to solve the inverse problesincethe number of measurements availate often
much smaller than the number of unknown 3D imelgenents (voxels), which may

result in a norunique solution™*

Moreover,comparé to transmittance geometry
solving theinverse problentor reflectancegeometryis more challenging due to
limited angularsampling **? The typical approach to s@theinverse problemss to
minimized wwl 301 O W 30 using an iterative solvewith the
estimatew U1 @  updated iteratively to minimiz8 until a preset number of
iterations is reached or whéris below a set value (toleranc&}® The most common
iterativemethods employed in the field are the conjugate gradient (@&hod *® the
least squares (LSQR) method 1** and algebraic technique¥* *** However,only
using theseterative solvers is stilhot enouglsince the system is iionditioned and
very sensitive to noise propagatidfi® A regularization term isequired to tolerate
small mismatches between the actua¢asurementnd the prediction using the
forward model, which could resudliom systematic errors or noise and inaccuracies
the light propagation modef® One typical formulation of the inversgroblemin
LOT/MFMT is:

(9]

Y o wow 1) YOoEY o oo 1) YO h (8)
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where_ 1 a regularization factor which dictates hewsll the data@ 01 @ ) fits

the model @ w 0T @« ). % It becomes the Tikhonov regularizatiifiQs the
identity matrix, which has been commonly used in LOT/MFM% 2 Large values

of _ will generate superficiallyveighted smooth images with underestimated
quantification ?° Radially variant_ "Bas the potential toninimize highfrequency
noisein the reconstructed imagad produceonstant image resolution acdntrast
across the image field*® with “Gbeing a diagonal matrix whoselements are the

98, 146

squareroot of the correspondindiagonal elements @b ® |, and_ can be

selectedsia L-curve analysis*’

2.5 LOT instrumentation

The firstLOT systemwas reportedn 2004 ** Since thenseveralimprovements
or alternative designs have been investigaedf °2%¢ 1% e first summarizewo
representativd OT systens in the following sectionsand thenLOT/MFMT with

variantconfigurationsand timeresolved protocol are also covered.

2.5.1 LOT based on absorption contrast

In the living brain, tle main absorption contrastelies on the distinctive
absorption spectra of oxyand deoxyhemoglobifHbO, and HbR). At visible and
nearinfrared (NIR) wavelengthshemoglobinin blood is the most significant
absorber Changes in blood flow, blood volume, awdygenationcan be induced
following functional activites in the brain **® Changingthe oxygenatiorstatusof
blood can be inferred frorthe changes in the relative concentratiafsHbO, and

HbR. In this way absorptiorproperties of the braioan be related to theariations in
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the oxygenation state of hemoglokand futher connected to the localized neural
activities.In brain research, the cortical hemodynamic response to stimulus provides
a detectable signal, which can report the presence and location of neuronal activation
95 149 130 £\ rthemore by using different wavelength®f excitation lights andhe
known absgption spectraof HbR and HbO,, the changesin the concentration of
HbO, andHbR can becalculatedOne of the main advantages of thethodbased on
absorptioncontrastis that there is no neei useany extrinsic chemical probes
which makes this approh morefeasible forclinical translation.The scattering of
brain tissuesis often assumetb not chaneg significantly during the hemodynamic
respons€. While this method can recotttie hemodynamic resporsse® functional
activations inthe brain the interrelation betweeneunl activitiesand hemodynamic
changess still an area of intense researtt**°

The general schematic of a LOT systbased on absorption contrastshown in
Fig. 1 (b). *® lllumination light from oneor morelasers isfirst coupled intoa fiber
and then collimated The collimated light thempasses thragh a polarizing beam
splitter andis steered by a pair @falvanometer scanning mirroosito a scan lens.
Together with an objective lendietbeam isfocusel onto the surface of the tissue.
Signalscollectedfrom thetissuewill pass back up through tlsame light patrand is
descanned by the galvanometef® be able to separate the incident light and the
scatter light, astrongly polarizedaser isnormally used. Sincespecular reflections
from optics and thdissuesurface will maintain the same poleation while light
which has been scattersdveral timesvill lose its original polarization quickl¥p0%

of the scattered light emerging from the sampikk be successfullyseparatedrom
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speculareflections through theolarizing beam splitter. Thauccessfully seapated
light then passsthrough a lens anid focused onto a linear fiber bundie directly on
the detector array? Different from thepinhde setting in aconfocal microscope, the
line of fibers in the LOT system acts like 7 axiadiffset pinholes, each leading to a
separate detectaprresponding to signals from different depthAs the focused beam
is scannedver the surface of the tissigeatteredight emerging from the tissue at 7
different depths will be collected simultaneouslythg seven avalanche photodiode
detectors (APD)whichresultin seven 2D images per raster scan (e.gueifchoose
50 x 50 pixels over a 3.5 ninfield of view, then we havé&0 x 50 = 2500 source
positions and 50 x 50 x 7 = 17,56@kasurements from all tletector positiony A
faster and more sensitive second generation LOT syst@mh utilizes three
excitation wavelengthandincorporaéssimultaneous iraging of both absorption and

fluorescenceontrasthas also been reportéd?

D2 D3 D4 D5 D6 D7 scanning (b)

()SDl
TN e
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Figure 1. Schematic of LOT
(a) Schematic of LOT sour c(®LammBgrOpticald det ect or (
Tomograhy system for depttesolved hemodynamic imaging of rat cortx
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2.5.2 LOT based orluorescenceontrast

Exogenous fluorescent dyes, as well rawel transgenic methods, can also
provide highly specific optical contrast enhancemditey can reporfunctional
parameters such as changes in membrane potential (vetagitive dyes, VSD) or
ion concentrations (pH Calcium, Chloride, Potassiunsengtive dyes) > 7
Comparedto hemodynamics imaging based on absorption contrast (slow signal
changes~ second time scalejluorescence signal changeiginates directly from
rapid changesf neuralactivities which isat themillisecond scale’®

The main difference of the LO3ystem based dituorescenceontrast compared
to the LOT based onabsorptioncontrastis the use of adichroic mirror (for
fluorescence) oa polarizing beam splitter (for absorptigrand along-pass or band
pass optial filter (dependingon the type of fluorophored)eforethe detectorgo
further block the excitation lightFig. 2 (a) shows one schematic diagram of a
recentlydevelopedine-scanning aFLOT systerfi’ The excitationlight from a 637
nm laser diode is collimated atttencoupled into a fiber to shape the light be@m.
objective lensis then used taollimate the Ight from the fiberand the collimated
light is further expanded into lindield illumination using a cylindrical lens. The
emitted fluorescent light is collected through the objective lens, dichroic mirror,
emission filter, and finally focused onto a highspeed CCD cameraSince the
illumination light path is not confocal with tlenissionlight path, the dichroieirror

is optional Both fluorescence and reflectance imagas be recordetly changing

the correspndingfilters. This system achieves scanning by moving the sample, using
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a precisely controllechotor stage laterally ithe scanning direction (perpendicular to

the line illumination direction)®

The acquired images in XYS format (where X and
Y represent X and Y dimensions of the 2D image acquired by CCD, S reprisent
different scanning positian X= 184,Y=128; S=120,with a pixel size of ~23 pum in
the specific system introducedJo reconstruct the imageshe first-order Born
approximation between the measurensendthe fluorophore distributiowas applied
on the crosssection FOVyz, with 100 sourcedetector pairs and 100 scanning
positions chosen to constitute 10,000 measurement nfddasd each reconstructed
FOVxz including 100x100 pixels with a pixel size of ~23 uMleight matrix7 is
therefore of size10000x<10000. ¥ Finally, the 3D FOVyxy; was constituted by
superimposing individual FO¥ in the Y direction (illumination line direction)®
Although aGraphics Processing U{iEPU) was applied fgoarallel comptation the
reconstruction proceder one 3D imagsetill takesaround10 minutes. However, with
parallel computationeveloping saapidly, we definitely believe that the time needed

for Monte Carlomodeling and image reconstruction will not be a congerthe

future.

2.5.3 LOT/MFMT with variantconfigurations

Several LOT/MFMT systems have been reported using different source/detector
and scanning configurations, including point scanning with sparse array det&ttion
pointscanning with dense array detectidh and linescanning with dense array
detection °* 1% Laser diodeor solidstate lasers are typically chosen as the light
source 1 A point-focusedight illuminationwith a 1D array detectds usually used

in the LOT/MFMT system * 3D images arebtained through 2D raster scanning of
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the illumination pointas shavn in Fig. 1 (b). Alternatively, a linefield illumination
with a 2D-array detector (CCD or electron multiplying CCEMCCD), or 2D
photomultiplier tube (PMT)ganbe utilized, andhenonly 1D scanning is required to
acquirethe 3D informationas shownn Fig. 2(a) Line-scan imaginganalleviate the
complicated 2D scanner design.hil¢ similar to confocal microscopy, the line
illumination modepotentially decreases the axial resolutich

We should note that ihOT/MFMT, adetector closer to the illuminah source
will receive high light intensit while a detector with larger sourcetector
separationcollecs a much lowersignal meaningthat the detectorwith a larger
sourcedetector separatiomay need higher gain. If possiblee h det ect or 0s
should be chosento match itsoptimal signal intensity.However, whenusing
CCD/EMCCD as the array detect@l) pixels hae the same gaiand exposure time,

which is a main drawback slichadesignandmay | i mi t dynhn@cragest e mo s

2.5.4 LOT/MFMT recordingwith time-resolved protocol

Hemodynamic response usually slow and happens in seconitgreforethe
LOT system with ~40 framess imaging speedcan be utilized in studyg
hemodynamic response¥ In order to ue LOT/MFMT to record VSD dynamics
which reflects the cellular processas the millisecond scale® a new acquisition
protocol has been investigatef. ®® Hillman et al. first reportedx time-resolved
FLOT system with an effective frame rate of 887 imaging speed on perfused rat
hearts * Basically, it requires thdiological responseto be repeatat# for each
stimulation trial, andecordsthe time relation of the acquired datéh respecto the

stimulus Recently, Tang et al. used aFLOT to visualize neural activities in ihg liv
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animal brain using VSI® One representativienage acquisition protocsifor time-
resolvedaFLOT is illustratedn Fig. 2 (b). The line-illumination light is focused on
the border of the desired field of view (FO¥} the beginning of recordinghn
experimental sessioincluding all the time related images acquiredat each
scanningposition (e.g. for the whisker stimulation p&riment, theexperimental
sessionconsists of the recording before stimulus onset, and-émagighrecording
after stimulus onsetb cover both the activation and recovery of neuronal signals
Then, another experimental sessi®performed to obtain theatasetat the next
illumination/collectionarea by moving stepin the scanninglirection This process

is repeated until the entire FOI¢ covered The process is similaio previously
publishedpoint-scanningFLOT. °* For reconstruction of data recorded using the
time-

(b) Position scanning proceeding
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Figure 2. Schematic of the aFLOT systenand Time-resolved protocol
(@) Schematic of the aFLOT system. LD: laser diodeofective lens; P: polarizer; S:

shutter; I: iris; CL: cylindrical lens;F: filter; DM: dichroic mirrt (b) Timeresolved image
acquisition protocof’.
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resolved protocol,he measurements from multiple detectors at differentnscgn
positions with the same frame numlger corresponding to the same time points in a
dynamic procegsshould be firstlyregroupedas one dataseThen,the entire time
course of3D neuralresponsg can be obtained bgpeaing the reconstructioprocess

for all time points.

2.6. Conclusion

3D imaging techniquegnabling examination of spatiotemporal patterns of
sampleswill definitely provide more details iexplainingboth the structuseand
functions in the livingstatic objectives In this chapter we first review the
fundamentalbasis ofthe LOT/MFMT system including the Monte Carlo (MC)
methodwhich is usually usedo model photon propagatiomnd common iterative
methods andegularizationmodelsfor image reconstruction.pgcific LOT/MFMT
systems based on absorption and fluorescencdemaibedn detail, including the
dataacquisitionprocess, data sizand imagee&construction process.

By adopting a microscophased setup arldOT imagingprinciples, LOT/MFMT
can perform3D imaging with highemresolution 10200 um than DOT and deeper
penetration(2i 3 mm) than confocal and twgphoton microscop While, there is
always a tradeff betweenaxial resolution and penetration depfiue to the limited
penetration depth of LOT/MFMT, thinning or exposing the skull are usually
necessary when imaging the cortical hemodynamic responses or neural activities
using LOTMFMT, which indicates that imaginghe brain with LOT/MFMT is
mainly applicable in sma#lized animals®® *® In such case LOT/MFMT has been

focusedon applications where tissues of interest are superficial, such as the exposed
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mouse brairandskin, as well asoncological applicationg® 1%¢1921%% For instance,
LOT/MFEMT has been applied to image skiancers to describe the depth and
thickness of pigmented skin lesions in clinical settifigand has also been employed

to image the bialistribution of a photodynamic therapeutic agent with ultrasound
(US) coregistration in skin cancer modets vivo, though we can see there is still a
long way to human clinical translatior® Imaging of internal organs using
LOT/MFMT can be potentially achieved via endoscopic, intraluminal or an-intra
surgical imaging setup® Laser scanning microspy (e.g. confocal and twphoton
microscopy) aims to reject light that has been scattered to obtairrdsiglution

image of the tissue either by isolatitige signal from the focus using a conjugated
pinhole or by employinghe nonlinear effect ® **° Instead, LOT/MFMT takes
advantage of the scattered light so that they are much more sensitive to the optical
signal changes in the tissue. LOT/MFMT obtains dep#olved information by
measuring the scattered light emerging from the tissue using detectors at different
distances from the source illumination positiorstead of scanning the tissuetire

axial direction, which can dramatically improve the data acquisition efficiency. On
the other hand, since the detected light undergoes multiple scattering in the tissue, the
resolution of LOT/MFMT cannot compete with laser scanning microscopy. Moreover,
estimation & photon migration usinghe mathematical models could not éeact
especially for theomplicated biological tissuesd thepath of photons become more
uncertain as they scatter further. LOT/MFNHCcesresolution deterioration of these
reconstructedmages as a function of deptff 8 1% A combination of dese spatial

data sets with regularization terms like compressive sensing based methods has the
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potential to push LOT/MFMT resolution close to 100 um or beyond, even at depths
of several millimeters® In terms of image visualization, since laser scanning
mi croscopy uses a more O6directdo waiy to
can achieve nearly reeime image feedback. While applying Monte Carlodeling
and regularization term to solve the inverse problem, LOT/MFM&E a high
computational burden and is timmensuming especially for a system with high
sourcedetector density as mentioned. As a residt, now, LOT/MFMT cannot
provide the recongdicted image in real time, perhaps restricting the translation to
clinical applications. With the advent of the supercomputer, therteededor high-
burden computation in LOT/MFMT could be alleviated significantly.

With the advantages avercomingthe scattering limit, offeringelatively high
resolution multiplexing capabilities, large field of vievandhigh acquisitionspeed,
LOT provides goromising imaging techniqui® investigate3D neural activities in a
minimally-invasive mannein vivo. By combining absorption and fluorescence LOT
into one unit, italso has the potential to studyneurovascular couplingince
hemodynamicresponsesand neural activitiescan beimaged by absorption and
fluorescence LOTespectivelyBeing able to achieve déptesolved imaging of both
absorption and fluorescence contrast, LOT/MFMT is also a promising non

destructive imaging tool in oncological applications and the tissue engineering area.
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3.1 Introduction

In the FLOT system configuration, ehargecoupled device (CCD) or electron
multiplying CCD (EMCCD) can beused as the array detectinceeither onehas a
higher sampling densityn compaisonto a photomultiplie tube (PMT)array oran
avalanche photodiodeAPD) array ® ° During signalcollection in FLOT with
reflectance imaging mode, tipliotonscollectedat larger sourceletector separatian
have a higher statistical probabilitgf traveling through deepetissues. In general
the detector witha larger sourcealetector separatioeollecs alower signal compared
to adetector closer to the illumiriah source indicating that the deeper area will
have a low signaio-noise ratio (SNR)whichwill limit reconstruction accurac¥®
We can increase either the excitation power or exposure time to enhacoéetied
signak from deeper regionsdowever, allpixels acquired fromCCD/EMCCD hawe
the same gairor exposure timgmeaning that increasing the excitation power or

exposure time will saturate the pigelearthe illuminaton sourcevery quickly.

* The conterd in this chapter is reproduced frofiTang, Q. et alHigh-dynamic
range fluorescence laminar optical tomography (FEMEOT). Biomed. Opt.
Express3, 21242137 (20179 with permission.
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Another scenario occursvhen imaging fluorescent sampleswith a large
concentration differencge.g, inhomogeneous dye loadindumors at different
stages),and the area withhigher fluorescenceoncentratioa will easily become
saturatedwhile area with a low fluorescenceconcentratiorwill have a low SNR,
which may affect thequantitative accuracy ofFLOT. Ultimately, the insufficient
dynamic rangeof the CCDEMCCD limits the penetrationdepth andquantitative
accuracy ofFLOT.

A high-dynamic ranggHDR) methodbased on a multiplexposure schemis
widely used in digital cameraand smartphone$®*'®, Taking advantage of the
multiple-exposurebasedHDR method,HDR optical projection tomography (HBR
OPT), HDR lasefscanning microscopy (HDRSM), and HDR fluorescence
molecular tomography (HDRMT) were recently reported®*'®. Localization of
fluorescent targets with a large concentration difference is effectively improved with
HDR-FMT. Goodquantitative accuracywasdemonstrateth boththe phantom andn
vivo animalexperiments®.

In this paper, we present an HEFROT methodto increase bothts dynamic
range and penetration depffo assess the potential of this method, we fatsticated
an agar phantom in which three 150um capillaries filled with different
concentration®f Cy 5.5solutionwere inserted at similar depsthThen,we obliquely
inserted one capillary within the brain of a mouse in vivo to illustitzeimproved
penetration depth oHDR-FLOT for brain imaging.Our datademonstraté the

feasibility of HDR-FLOT in increasingthe dynamic range and penetration ability of
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FLOT, and provide a potentlgl improved mesoscopic tomography method for

imaging neuronal activities

3.2 Methods

3.2.1Congruction of2D HDR fluorescence images

The basic idea oiDR-FLOT is to implement 3D reconstruction in FLOT based on
2D HDR fluorescence image®® 1% The first step to reconstru2D HDR images is

to recover theCCD response function. The exposixref a pixel ca be defined as
the product of irradianck and the exposure timewhere irradiancé is influenced
by the optical properties of the sample as well as illumindtmm the light source.
Fromthe CCD, wecan obtain a digital numb&r(CCD output) whichis relaiedwith

X at every pixelWe candefine this relationship as CCD response funcfiddince
the background noiseould cause deviatiomf the CCDresponse function, wirst

subtracthenoisefrom the original CCDbutput so thaZ at every pixeWill be:
Z= Zsample _Zbackgroum (1)

z.... are the values of sampl&®m CCD, andz, are backgroundalues in the

'sample background

correspondingmages Then we can denote the response function as:

z, = t(EY) (2)
where i is the index of pixels and is the indexof exposure time. Sincé is
monotonic, we can rewrite E(R) as:

f(Z;)=Et 3)
Taking thenatural logarithm of both sides, we can obtali

In f4(z,) =InE_+nt, (4)
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Then, wecan rewrite the equation with a defined funcigenn f-*as
9(Z;) =InE -int )

The parameter& and functiong are unknown, but there isa linear relatioship

betweeng(z,) anding, . We change the problem to solving tigeiadratic objective

function as follows:

2

0=4 AmMDloEF,) nE W] s )

i=1j %
where m(z) is a weighting functionWhen thesignal is low or saturatedhe pixel
value Z and exposureX may fit the esponsdunction poorly. Thus, we may give

smaller weighting to those pixels. Simply, we can defige as'®*

TeZ = Zmin for Z q%(Zmin Z-max)
<] : (7)
W4 Z forz >£(me V.

12,,-
0 is introduced as a smoothneparameter to make sutbat the functiong is
continuous and smoottf*. The best estimate of CCD response functjowill be
obtained wherO in Eg. (6) has its minimum valuelhe commorty usedmethod to
satisfythe equatioris theleastsquare method for linear regresstéh'®*

Becauseof the limited memory of @omputer, we pick 2500 pixels insteadatif
the 512512 pixels for calculatior(i.e., the sampling ratis 1/10). The beskstimate
of the CCD response functi@nwill be obtained when @achests minimum value.
After the CCD response function g has been obtained;anealculate irradianc&
by Eqg. (5). The weighting functiorw is introduced again here to give a higher

weighting value to datat reliableranges (the middle of the response funct)phut a
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lower value tothe range near the extreme3hen,we can reconstruct théD HDR

image as®3 14

g. TaW(Z.,)ég(Z., )' Intj |
InEfR =212 (8)
a anz))

i=1j 2

After that we canobtainthe 2D HDR imageusing all the images with different
exposuretimes anda series oD HDR image can be obtained at each scanning

position whichwill laterbe used foBD HDR-FLOT reconstruction.

3.2.2 System setup

The £hematic of the FLOT systeims shown in Fig 1(A), which is similar to the
system reportegreviously®® **”. A pigtailed 637-nm laser diode wassedas the
light source(LP637SF70,Thorlabs In¢. Light from thepigtailed laser diodevas
first collimated by an objective lenA cylindrical lenswas used to shapée
collimated light intoa line-field illumination with a full linewidth at the half
maximum of~26 um at the focal planén iris wasutilized to control the length of
the line illumination. The backscattered light and emitted fluorescent light were
collected back through another objective lens, a filter wheel-(@®3ong-pass
emission filter for fluorescence imaging and no filter foecording reflectance
images, and finally oo a 12-bit CCD camera (EMCCD, Code) ¥. A pair of
polarizerswas used to reject the specular reflection from samplesurface The
illumination angle was set at 45fenderingan ~30° transmission angle in tissue
(n~1.33)% asour previousstudes indicatedthat angled illumination and deteoti

configurations can improve both resolution and deggthsitivity % *2. We set the
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focal plane slightly bel the sample surfade compensatér the defocusing effect.
The samplevas scannethaterally in the scanningdirection X (perpendicular to the
line illumination direction Y)using a motorized stage

To coregister the FLOT fluorescence information witlenphological/anatomical
information, we alsomagedthe samples with optical coherence tomography (OCT).
The OCT systenmshown in Fig. 1(B) was describedpreviously °* 94 168 169 a
wavelengthswept laseccenteredat 1310 nmwith a 100-nm bandwidth wasisedin
this frequencydomain OCTsystemasa light source®* %* 1% The wavelengtiswept
frequencywas 16 kHz and the output power from the laser veggproximatelyl6
mW. About 97% of the laser power was s@i®:50to the sample and the reference
arms of a fibebased Michelson interferomet&t ** 1% A balanced detector (BD)
was used tareceivethe interference fringes from difient depths encoded with
different frequenciesThe remaining 3% of the laser output powesis sentto a
Mach-Zehnder interferometer (MZIjo generatea frequencyclock signal with a
uniformly spaced optical frequency to trigger the sampling of the OGRSy 18
Then afast Fourier transform of the interéace fringesvas performed to obtain the

depthresolvedaxial profile®* %% 18,

3.2.3Experimental design

All animalexperimentsvereperformed incompliancewith the National Institutes of
HealthGuide for the Care and Use of Laboratory Anim@sH Publication No. 80
23) andthe protocol approved by the Ingitional Animal Care and Use Committee

of the University of Maryland, College Park camspu
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(1) Phantom study

To demonstrate theapability of HDR-FLOT to imagefluorescentsampleswith a
large concentration differencan agamphantomwas fabricated withthree 150-um
glass capillariesID: 0.15 mm, OD: 025 mm, VitroCom Inc) inserted at similar
depths filled with different Cy 5.5 concentrations. Firshe three glass capillaries
were filled with2 uM, 1 uM, and0.2 uM Cy5.5solutiors, respectively Cyanne5.5
azide Lumiprobe Corporation The filled capillaries were then fixed side by side on
the empty petri dish. Therl.5-g agarpowder (Now Inc.), 0.3mL 20% intralipid
solution Hospira Inc), and49-mL PBS bufferwere mixed and stirred well. After
heding in a microwave for ~2 minutes, the mixed liquid gel \wasred ito the petri
dish on which the glass capillaries were fixed and the capillaries were submerged in
the liquid gel. After the liquid gel cooled amsblidified (~10 minutes), the gel was
ready to be imagedThe scattering coefficient {u of the agar phantomwas
determined from the reflectance data using obligealence spectroscopy to b2.3
mm*(g = 0.9, n0 =0 1km@BaB/mMmeat 635 nm)’° We further
fabricated another agar phantom wittb-g agarpowder 2.5mL 20% intralipid
solution and 49-mL PBS buffer providing a reducedscattering coefficients =
~1.2/mm at 635 nm, which is within the range of mustogical tissué¢’**"% Toco-
register 3D OC and FLOT images, a piece of black tape was stacked gémom

surface near the glass capillarias shown irFig. 1(C), as a fiducial marér.

(2) Animal study

LOT/FLOT has been applied in recording 3D neural activities and hemodynamic

responses iithe mouse braifn vivo %, Increasing the penetration depth would
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broaden the application of FLOT foreuroscience research. Since the optical
properties of the living mouse brain are too complicated to mimic using a simple
phantom,al5@ m gl ass capi | | asengitivd dyd (tommdonlyusedh v ol t
for reporting neural activitied ® 17*1™) was inserted into a mouse brainvivo to

demonstrate the &sibility of HDR-FLOT to increase penetration depth.

A 4-5 monthold B6 mouse was anesthetized with urethane (1.15 g/kg body
weight). The mouseds head was shaved befor
(Stoelting Co.¥® " Then, a cranial window was made over the left parietal cortex
(about 4x4 mm). The surface of the dura mater was cleaned with hemsptatges
dipped in artificial cerebrospinal fluid (ACSF) as described previotfsfy®. One
150-um glass caiflary filled with voltagesensitive dye RH.691 (Optical Imaging
Ltd.; 1.0 mg/ml in ACSF) was then slowly inserted into the exposed area. The
cortical surface was then covered with hagmsity silicone oil. The scattering
coefficient () of theliving mouse brainvas determined from the reflectance data
using obliqueincidence spectroscogyg = 0. 9 = M .0 1JE.0BB/Mmee
at 635 nm)® ° The brain phantom was then imaged by OCT &h®DT

subsequently.

3.2.4Data acquisitionand imageeconstruction

For FLOT image acquisition, thexcitationlaserline was first focused on the border
(X=0) of the sample field of view (FOV¥. At each scanning position, one 2D XY
image (512x512, with pixel dimension of 30.8 um) was obtained wvitferent
exposure timg (e.g., 100 ms200 ms, 500 ms, 1000 ms, and 2000.nNgxt, the

samplewasmovedby the motorized stage in thé direction with a step size &1.6
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pm to another illumination/collectioposition. Another 2D XY dataset withifferent
exposure time was obained. This process was repeated until scanning was
completed orthe entire sampl&”. The raw measurement had the format of XYT. A
typical 3D dataset recorded 512x55R8 XYT voxels for five different exposure
times. To fit the experimental data to the theoretical modmed for 3D
reconstruction, the sample surfat®uldbe found®™. To obtain the surfacerofile of
the samplesthe same F®@ was scannedith a 100 ms exposure time lawver laser
power (driver current: ~40 mAjo avoid saturatg the CCD cameralrhe emission
filter was removedby rotating the filter wheel during the acquisition of the
reflectance image&Vithout the emissioffilter, most of theacquiredsignalwas from
the reflection of the illumination light at treamplesurface This signalwould then
be used tandicatke the location of thesampleair interface. The raw measurement of
reflectance dataset had the same foroha€YT (X=512, Y=512, T400)*°. The ROI
was then imaged by the OCy¥stemdescribed above to obtain the 3D morphological
tomography

To reconstruct the FLOT tomogranisst, the fluorescence images with the same
exposure time at different scanning positions were arrangiexha group (e.g., the
data set for all the ima&gat different scanning positiomgith 100 msexposure time:
XYT 100ms X=512, Y=512, Tooms100). The separated images were then applied to
obtain the CCD response curaed to further construct the HDR images based on the
protocol describedn Section 21. After thaf we had six data sets for each sample,
five with different exposure times and one with a constructed HDR datass#t3D

data set was then downsized to 256x2fxvoxelsto match the pixel size in XYT
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dimensions The raw measurements ofetheflectance data were stacked together
according to the geometrical relationship between the illumination plane and the
detection FOV, as described previouSh}’®. The stacked reflectance data watso

used to ceegister3D FLOT imageswith the 3D OCT data based on thiack tape

for the agar phantom and the shape of the ums e brainds bl ood
Recorstructng the fluorescence imagewith different exposure times was via the
same method as describegreviously ®. We assumed afirst-order Born
approximation to obtainthe linearity between theCCD measurement& (with
background noise subtractednd the fluorophore distributio# (i.e., for each
FOVxz, & * #with*the weght or sensitivity matrix 2 *®’. * was constitutel by
Monte Carlo simulatiorand thereciprocity principle.* was later decomposed by
singular value decomposition (SVE}'"". Last, the undetermined systevas solve

by least square fitting and Tikhonov regularizatf8ri*% the regularization parameter
was determined bthe L-curvecriterion **” "8 In our experimentfor each FOVy,

100 sourcealetector pairs and 100 scanning positions starting from the surface were
chosento constitute®. Each reconstructeBOVyxz was composed df00x100 pixels

with the samepixel size of ~61.6 um. The8D FLOT image (FOVxyz) was
constituted by juxtaposing individual FQY along theY-direction Six 3D FLOT
images (five with different exposure times and one with a constritidt data set)

were reconstructed to compare their performances.

3.2.5Data datistical analysis

Data are expressed as mean + standard deviation. Statistical analyses were carried out

using MATLAB. -teft wa tusedb econtpdres theésponse erroratio
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(RER), diameter difference ratio (DDR), and penetration depth obtained from
different exposure times and HDR modstatistical significance is considered at

0 T8ru

3.3 Results and Discussion

3.3.1 Co-reqistration of the 3D FLOT and OCT images

To obtain the distribution of the capillaries (e.depth and angle) in the agar
phantom and living mouse brain, the samples were first imagéuelyCT imaging
system. A piece of black tape was useddandmarkon thephantomsurface near

the glass capillaries [sdgg. 1(C)]. Fig. 1(D) and(E) show the images of the same
black tape from the 3D stacked reflectance LOT dataand the 3D OCdataset
respedwely. Fig. 1(F) presentghe co-registered OCT and FLOT imagesingthe

black tapeasafiducial mark, which can guarantee that the struguosided by OCT

is in the same ROI imaged by FLOT. Based on the OCT images, we can further
evaluate thecapabilty and accuracy othe HDR-FLOT system in the following

studies.

3.32 Phantom study

Fig. 2(A) shows a representative cresectional OCT image of thphantomwith

three capillaries filled with Cy 5.5 solution. The locations of the three capillaries with
differentCy 5.5 concentrations are indicated by the 3 differently colored arrows (red:
2 uM, yellow: 1 pM, green: 0.2 pM)AIl three capillaries arat similar depths
of~650750 um. We denotethem as C1 (2 uM), C2 (1 uM), and C3 (0.2 uM),

respectively, irthe following sections.
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Figure 1. Schematic of theFLOT and OCT system

(A) Schematic of the FLOT system. (B) Schematic of the OCT system. FC: fiber coupler;
PC: polarization controller; C: collimator, BD: balanced detector, MZI: Maelnder
interferaneter (frequency clocks), DAQ: data acquisition board, M: mirror, GSM:
galvanometer scanning mirror, O: objective lens, LD: laser diode, P: polarizer, S: shutter, I
iris, CL: cylindrical lens, FW: filter wheel. (C) Photo of the black tape on the suofate

agar phantom. (D) Surface of the agar phantom from stacked 3D reflectance data. (E) Surface
of the agar phantom from OCT. (F) ®Gegistered OCT and FLOT images by the black tape.

Fig. 2(B) isthe 3D rendered image of these threaltzajes from OCT Fig. 2(C-
E) show 2D images obtained from FLQI one scanning positiomsing exposure
times of 100 ms, 500 ms, and 2000, mespectively. With an exposure time of 100
ms, C1 and C2 clearly stand out from the background, while C3 isulliffio
distinguish C3 appears when the exposure timencreasd to 500 ms, while C1
starts to get saturated this exposure timeFurther increasing the exposure time to
2000 ms also increases the fluorescence intensity of C3 to the middle of the CCD
signalrange, while C1 and C&eboth saturated, which means we camegbverthe

guantitativerelationshipof thefluorophore concentratienn thesecapillaries.Fig.
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Figure 2. 2D FLOT raw images
(A) Image from OCT system of the three capillarieedilwith Cy 5.5 solution, indicated by
the 3 arrows (red: 2 uM (C1), yellow: 1 uM (C2), green: 0.2 uM (C3)). (B) 3D rendered
images of the 3 capillaries from the OCT systemEJ2D images obtained from FLOT
using exposure times of 100 ms, 500 ms, and208. (F) Recovered CCD response curve;
the solid black line is the fitted curve (x axis is in loge scale). (G) Constructed 2D HDR
FLOT image.

2(F) shows the recovered CCD response curve obtained by using all of the images
with five different exposureirhes. As the exposure time increases, the data points
shift to the high range of the CCD and some points become saturated,imgdicat
limited dynamic range of the CCD system. The recovered CCD response curve and
all the images with five different expa® times were then used to construct the 2D
HDR fluorescence image, shown king. 2(G). In the 2D HDR fluorescence image,

the dynamic range of the fluorescence projection image is effectively improked
relationship of theCCD responseavith the five different exposure timewas further

plotted in Fig 3.
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Figure 3. Relationship of the CCD pixelvalues withdifferent exposure times
Relationship of the CCD pixel values with exposure time 0.1 s (A), 0.2s (B), 0.5s(C),1s
(D) and 2 s (E) (x axis it loge scale). (F)Relationship of the CCD pixelalues with
differentexposure timg

To assess the accuracy of the 2D HDR fluorescence images, the fluorescence
value was averaged from a 5x5 region of interest (RO1)00 capillary positions fo
each capillary. The averaged fluorescence values were then normalized and plotted as
a function of true Cy 5.5 concentration, as showRigi 4. (We normalized th€CD
valuesat 2 M as 1,then normalized the CCD values1 pM and 0.2uM to the
CCD vabliesat 2uM.) Thecyandashed line depicts the ideal linear relationship of the
normalized fluorescence values as a function of@yé&.5 With an exposure time of
100 ms, the fluorescence values from C1 and C2 perform well in linearity, while C3
is off the line and has a low quantitative accuraiyce the signal in this area is weak
and has dow SNR[Fig. 4(A)]. Since the fluorescence signal from C1 has already
been overexposer data obtained with exposure times of 500 ms and 2000 ms, the

linearity relationship is completely distorted and the fluorescence signals are unable
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Figure 4. Quantifications of 2D FLOT images
Average fluorescence intensity of the raw 2D fluorescence images as a function of true Cy
5.5 concentration with exposure timgsl00 ms (A), 500 ms (B), 2000 ms (C), and the HDR
method (D) The fluorescence values were normalized to the maximum Yahi00). (E)
Average CCD response error ratios with different exposure {(in¥e0)

to quantify the true Cy 5.5 concentratipiig. 4(B) and (C). In comparison, the
fluorescence signals from the constructed 2D HDR images show an extie#ant
responsdo thetrue Cy 5.5 concentratioffig. 4(D)]. To quantify the accuracy of
normalized CCD values with different exposure timesmfrahe ideal linear
relationship, themeasuredresponse error ratio (RER) was defined as following:
20Y 0 0 w OwOw p 1t 1t pwhere NCV represents thenormalized CCD
values from measurements ari@urepresentthe ideal values at diffené Cy 5.5
concentration (since we normalized tHeCD valuesat 2uM as 1, we just need to
calculateRERforn pt0d Omg@ {0 x E O HO® 4 ™). We

averaged th&r'O'Yfor} pt0 OT® {0 at each scanning positiomd further
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averaged all they O "from all the 100 scanning positio2D HDR images present
significanty smallerDDR within 15% of that from all the other exposure timgsg.
A(E)].

(A) 100 ms (B) 500 ms (C) 2000 ms (D) HDR-FLOT
X

(E)

F i g 6.BDeFLOT reconstructed images in the agar phantom witlkes'= 0.23mm at
635 nm
(A-C) 3D FLOT reconstructed images with exposure time of 100 ms, 500 ms, and 2000 ms.
(D) 3D HDR-FLOT reconstructed image. {#) Coregistered 3D FLOT reconstructed
images with corresponding OCT images (green). The Max in the cqglagrthe maximum
value in the image and Min represents the value: (Backgre(ithx-Background)/2).

Fig. 5(A-C) show the 3D FLOT reconstructed images with exposure times of 100
ms, 500 ms, and 2000 ms. As expected, C3 castaod out from the b&ground
with 100 msexposure timeHig. 5(A).]. Although increasing the exposure time will
enhance the SNR of this capillary, the shapes of C2 and C3 become distorted because
overexposure and noise become mapparentas shown irrig. 5(C). With 2D HDR
fluorescence images, the 3D reconstructed image can redidlvese capillaries with
different concentrations of Cy 5.5 simultaneously, as shovigirb(D). To quantify
the fluorescence intensity of the reconstructed FLOT 3D images, the normalized
avergge fluorescencentensitiesof the three capillaries were again plotted a

function of true Cy 5.5 concentrations, as showRig 6. Similar to the 2D data, the
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3D FLOT images reconstructed with 2D HDR fluorescentages show themallest
RERwithin 20%.

To further assess the size accuracy of capillaries from the reconstructed 3D
FLOT images with different exposure times, the 3D FLOT images were then co
registered with the corresponding 3D OCT images, as shown .ib(EdH). All the
three caplaries from OCT data were labelled green for better visualization. The sizes

of capillaries reconstructed from FLOT were evaluated as the diameter difference
ratio (DDR)as follows$ $ 2 LI p Tt T, WhereO is the diameter of

the capillary measured from FLORT @ is the diameter of the capillary
measured from OCT, respectively. We first analyzed the OBRFLOT with
different exposte times at different Cy 5.5 concentrationas shown in Fig6(F).
HDR-FLOT and 2000 ms exposure time provide similar DDR which is better than
those from 100 ms and 500 ms at the lowest Cy 5.5 concentration (0.2 uM). At the
modest Cy 5.5 concentration (M), the best DDR comes from 500 ms, while HDR
FLOT also presents relatively good DDR. When it goes to high Cy 5.5 concentration
(2 uM), 100 ms offers the best DDR with HERR.OT the secondbest. Then we
define the average DDR was the mean of the three DiaRslated from the three
capillaries. As shown in Fig6(G), the averaged DDR is around 46% with an
exposure time of 100 ms and C3 cannot be resol@ed ( 1tsince C3 cannot be
resolved at this exposure time). When the exposure time increaseaged DDR
increases, indicating the sizes measured from FLOT deviate from the correct values.
HDR-FLOT presents significantly better average DDR (within 40%) than any of the

other three cases and with all the three capillaries clearly displayed.

a7



100 ms 500 ms

(A) (B)
3« 100 ms
! L ! 500 ms
¥
E i 3t 4 2000 ms =
H g + HDR
8 g
3 T N 2.5 ES
2 3
Eud £
2 2 2
« o
T 1.5
e g s + & ; s 5
Cy 5.5 concentration (uM) Cy 5.5 concentration (uM)
HOR
(©) 2000 ms (D) '
=
k 4 0.5 k3
z 4 g =
g ] v E 3
Lo %nn 5,
2 A £ 0 0.5 1 1.5 2
gu; Sl 3 Cy 5.5 concentration (pM)
3 T I H
] 2 £
,=én. I é“ g .
5 g g
2, Z, : s

€y5.5 concentration (uM) * €y 5.5 concentration (M)

Figure 6. Quantifications of 3D FLOT images
Average fluorescence intensity of the 3D images as a function of true Cy 5.5 concentration
with exposure time 100 ms (A), 500 ms (B), 2000 ms (C), and the HDR method (D). The
fluorescence values were normalized to theaximum value (n=50). (E) Average
fluorescence response error ratios with different exposure times (nF50Digmeter
difference ratios for FLOT with different exposure time at different Cy 5.5 concentrations
compared to OCT datén=50). G) Average dimeter difference ratios for FLOT with
different exposure times compared to OCT data (n=5).
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Figure 7.3 D FLOT reconstructed i magek2mmattBhe agar
nm.

(A-C) 3D FLOT reconstructed images with exposure times of 100 ms, 500 ms, and 2000 ms.

(D) 3D HDR-FLOT reconstructed image. {#) Coregistered 3D FLOT reconstructed

images withcorresponding OCT images (green). The Max in the colormap is the maximum

value in the image and Min represents the value: (Background +@sleground)/2).

In another phantom with reduced scattering coefficient -ef.2 mm™, smilar to

the previous cas only parts ofC3 canstand out from the backgroumdth 100 ms
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and 500 msexposure,as shown in Fig7(A) and (B) Although increasing the
exposure time will enhance the SNR of this capillary, the shapes of C1 and C2
become distorted because overexpesmnd noise become more obvidas2000 ms

[Fig. 7(C)]. With 2D HDR fluorescence images, the 3D reconstructed image can
resolveall three capillaries with different concentrations of Cy 5.5 simultaneously
[Fig. 7(D)]. Because ofthe increaed scattering,there are morenoisesin the
reconstructed 3D images and the constructed capillappeearlargerin diameter

(more distortion).

3.33 Obligueglass capillary iniving mouse brain

Fig. 8(A) showsthe 1508um capillary inamouse brainn vivo. Theupperrow in Fig

8(B) shows the 3D FLOTFreconstructed images with exposure times of 100 ms, 500
ms, 2000 msand HDRmode The reconstructed image using 500 ms exposure time
has a clear increase in depth than that udid@d msexposure timeas alonger
exposue time will enhance the sigrsedt deeper regi@that havea lower SNR. On

the other hand, we can also notice that there is more noise at shallowsersargan
exposure timeof 500 ms as ahigher exposure time will saturate the sample and
increase thenoise in the shallow arsaThe saturation and noise become more
obvious when using an exposure timeof 2000 ms, resulting in the shape of the
capillary being hardly distinguishableat the shallow arsaHowever,as indicated by
the red arrow in the imagehe capillary in the deeper areadisplayed clearly,
indicating that a higher exposure time overexposes the detecttwser to the
illumination source,while enhancingthe signals collected by the detectors farther

away from the illuminaton source In comparison, the capillary reconstructey
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HDR-FLOT has a relatively deep penetration watrelativdy low noise level at the
shallow area The bottom row of Fig8(B) shows thereconstructed 3D FLOT
images superimposed with the 3D OCT imaflabeled in green. We define the
reconstructed depths the vertical length of the obliquely inserted capillary in the
mouse brain under the preset threshaltich indicates the limitation of the depth
that FLOT can reconstruct in the mouse brdig. 8(C) shows the quantitative
penetration depth using differeexposuretimes. Withan exposure time of 100 ms,
the reconstructed depth of the capillary can reach arounqu®s8ndup to around
800 um with anexposure time of 500 ms. Our HEFRLOT method presents d +m
depth more than 20% deeper than tlaa600 ms. Althougtthe reconstructed depth
of the capillary reaches deegpél.2 mm) withan exposure time of 2000 ms, it is not
practical since the 3D shape of the capillarylistored too much at the shallcaw
regions. We further evaluaté the DDR asa function of depth for each of the
exposure times and the HDR imaigeFig. 8(D). In the shallow range (within 400
pm), 100 ms provides the best DDR. HDR and 500 ms exposure timaigiiar
DDRs while HDR has a@eeperpenetrationdepth. Further increasing the exposure
time to 2000 ms result;y a better DDR at deeper range (>7(®) and larger
penetratiordepth, while the signal cannot testinguished from noises in the shallow

rangebecause o$aturation.

50



(D) 250« 100ms

3,

Reconstructed capillary depth (mm)

Diameter difference ratio ( x 100%)

)

T
Figure 8. 3-D living mouse braindata
(A) Photo of a 15qum capillary in the mouse braim vivo. (B) 3D FLOT reconstructed
oblique capillary with exposure times of 100 ms, 500 ms, and 2000 ms, and-HDR (C)
Capillary depths in mouse brain from FLOT hviéxposure times of 100 ms, 500 ms, and
2000 ms and HD¥LOT (n=5). (D) Diameter difference ratios for FLOT with different
exposure timeas a function of deptbompared to OCT data. The Max in the colormap is the
maximum value in the image and Min repmse the value: (Background + (Max
Background)/2).

3.4 Conclusion

In this paper, by combining the commonly used rresposurebased HDR method,

we presented HDRLOT. We first imaged a phantom with three 458 capillaries

filled with different oncentrations of Cy 5.5 solution to demonstthgefeasibility of
HDR-FLOT in imaging samples with large concentration differences. Then, we
imaged a mouse brain vivowith an oblique capillary inserted to show the improved
penetration depth of HDIRLOT for brain imaging.Our dataindicate that HDR

FLOT has increased the detection dynamic range, allowing it to resolve samples with
large concentration differences simultaneously in the same ROI, and the

reconstructed 3D data are more quantitatively aceulDRFLOT can also increase
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imaging depth by more than 20% compared to conventional FLOT in a mouse brain
in vivo.

Depthresolved LOTFLOT has been demonstrated in imaging

100 102 103 159 nerfused rat heart®, and

tumorsfluorescencdabeled tumors
fluorescencdabeledcells in tissue engineeriri *, as well as for visualizing neural
activities in mouse brain and spinal c8%d>'"°. In a realistic experiment, usually we

do not know the fluorescence situation/distribution of the sample, which means that it
is difficult to choose a proper excitation power exposure time for the unknown
inhomogeneous fluorescence distribution. By employing the {fDGT, samples

with large concentration differences can be resolved simultaneously in the same RO,
and in a more quantitatively accurate w&nce light attenuain is exponential in
biological tissues, while SNR gain with integration time grows with the square root of
the integration time, HDFFLOT may provide only limited improvement in
penetration depthHowever, in biological studies, small increases in peafietr

depth will add confidence to the result and may provide more information. For
example, with more than a 20% depth increase compared to conventional FLOT in a
mouse brainn vivo, we may be able to image the entire six layers in the mouse cortex
with HDR-FLOT compared to four layers. Hemodynamic response usually occurs in
seconds; therefore, the LOT system w0 frames/s imaging speed can be used to
study hemodynamic responsés$ %°. Use of exogenous fluorescent edy and
transgenic animals can also aid in studying functional parameters, such as changes in
membrane potential [voltaggensitive dyes (VSD)] or ion concentrations {pH

calcium, chloride, or potassiunsensitive dyes} *°. The timeresolved acquisition
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protocol to record the fast neural dynamics, which requires the biological response to
be repeatable for eh stimulation trial*®, was investigated for FLOT® 8 %, The
HDR-FLOT presented in this paperan be incorporated with a tirmesolved
acquisition protocol t@rovide a potentially improved mesoscopic imaging method to
image neuronal activities féunctional brain mappingn future, we can shorten each
exposure time by increasing the excitation power and reducing the quantity of the
exposure times, using two or three exposure times instead of the five, as used in this

paper, to accelerate overdlta acquisition time.
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Chap4lken Wewsmscopi-Te Wil ttiagee Dy e
| maging of Brain Activation

4.1 Introduction

Sensory pathways in the mammalian brain have been particular targets of imaging
studies, because neuratworks can be evaluated following specific stimulation of
the sense organs, which translate, and transmit physical energy to the brain. One such
sensory pathway, highly amenable to experimental manipulations, is the rodent
whiskerbarrel syster®. Whiskerspecific sensory afferents and their postsynaptic
partners form discrete physical representations in the brainstem, thalamus and
neocortex®. Thus, pointto-point and topographic representation of the activation of
the senery periphery in the brain can kvaluated with electrophysiological and
imaging approachés.

Fig. 1 shows schematic of the whiskierbarrel pathway. Sensory information
from the whisker on the mouse sndust transmits fromtrigeminal nerve to the
trigeminal nucleus, then to the ventrobasal thalamudinally to the barrel field in

layer IV of somatosensory cortdrterestingly, he patterned distribution of whiskers

*The contergint hi s chapter 1 s r epind/baMesstopic
Voltage Sensitive Dye Imaging of Brain ActivatioBci. Rep6, 252692016 with
permission.
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on the snouis replicated at all the thrgeesynaptt afferent terminaléthe brainstem,

thalamus and cortex). These cellular patteresnamel A barrel etteso in
stem, Abarrel oidsodo i n t he bytieatuoscierdistsand b a
respectively’®’. Generally speaking,tisulation of a single whiskefair puff or

mechanical shaking) willevoke neural responsesctivities in its corresponding

barrelette, barreloid, andhen barrel '”>. The barrel fields have beestudied

intensively with a variety ofimaging approache due to their ease of access,
identificationand close to surface locatidh*®**®> However,functionalmapping of

the subcorticalbrain was technically challenging and limitedlue to their deep

locations in the brairi® 8¢

Brainstem Thalamus

Figure 1. Schematic of the whisketto-barrel pathway **’.

Voltagesensitive dye imaging (VSDi) has been quite useful in imaging Besvi
of the neural networks in the braf VSDi is based on fluorophore molecules that
bind to the neural membrane and convert changes in transmembrane voltage into the
fluorescenceof the emitted light. VSDi createsan opportunity to monitor neural
activity in vivo with relatively high spaal and temporal resolution (up to

microseconds). However, VSDi, being a variety of the wide fielicalptmaging
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technique, cannatllow visudization of neural activity in three dimensien
Mesoscopic imaging haseen developeth recent years, including mesoscopic
epifluorescence tomograptty %, and fluorescence laminar optical tomography
(FLOT) 198199190 A array detector with different separations from the light source
is used InFLOT, which enablessimultaneousdetecion of scattered lightfrom
differentdeptrs. FLOT can achieven axialresolutionof ~100-200 micrors with

several millimeter imagingepth™*!

, and ha beenextended to timeesolved imaging
in the perfused rat heart witloltagesensitive dys (VSDs) toobtain3-dimensional
(3D) propagation of electrical waveé®® Recent stuis indicate thatangled
illumination and detean configurations can improve both resolution and depth
sensitivity'*2

In this paper, combiningFLOT with VSDs we presenBD neural activities
evoked in thevhiskerbarrel cortex of micdy deflection of a single whisken vivo
with 5 ms temporal resolutio(e.g., an effective frame rate of 200 Heurther, ar

resultslend supportto the hypothesis tha 3D dynamic activity pattes) represent

neural network processing in different parts of the cerebral cortex.

4.2 Methods

All experiments were performed in accordance with the National Institftelealth
Guide for the Care and Use of Laboratory Animals (NIH Publication Ne33@nd a
protocol approved by the Institutional Animal Care and Use Committee of the

University of Maryland, Baltimore and College Park campuses.
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4.2.1 Animal preparabn

Experiments were performed on five B6 mice & fhonths of age. Animals were
anesthetized with urethane (1.15 g/kg body weight). Their heads were shaved before
placing in a stereotaxic frame (Stoelting LId). A cranal window (about 3x3 mm)

was made over the left parietal cortex, and the surface of the dura matter was cleaned
with hemostatic sponge dipped in artificial cerebrospinal fluid (ACSF). Veltage
sensitive dye RH.691 (Optical Imaging Ltd; 1.0 mg/ml in ACSFrw applied to the
exposed area for 45 mift’. After staining, the cortex was washed with -fyee

ACSF for 15 min and the cortical surface was covered with-tegtsity silicone oil

and then sealed with a @mmthick coverglass. A glass pipe (1.0 mm in diameter)
fitted onto an XYZ manipulator was aimed at the facial C2 whisker. Adpueifr
stimulus of a 20 ms duration was applied through a Picospritzer pressure valve
connected to the glass pipetféIn the electrode stimulation experiments, a bipolar
tungsten electrode (containing two electrodes) (FHC Ltd, Bowdoin, US) was inserted
into the brain by using a micromanipulator (Narishige, Japan). Electrical currents
were applied through both eteodes. The stimulation system was coupled to the

computer of the imaging system.

4.2.2 Experimental setup

Fig. 2(A) shows the schematic diagram of the aFLOT syste®37 nm laser diodevas
utilized as the light sourcehe light was collimated and cdeg intoa singlemode fiber to
shape the light bearhight coming out from the fiber was first collimated by an objective
lens anghassedhrough gpolarizer whichwas used to reject the specular reflection from the

surface.The collimated lightwvas expaded into lindield illumination using a cylindrical
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lens with a full linewidth at the half maximuraf 26 pm at the focal planén iris was used

to control the length of the line illumination. The emitted fluorescent lightiveagollected

back throug the objective lens, dichroic mirror (650 nm, single edge dichroic beam splitter;
FF650DIO1-50%x70 mm; Andover Corporation), emission filter (695 nm, 695F&07
Andover Corporation), and finally imaged to a higleed CCD camera (MICAMEZR,
SciMedia, Ld). The laser diode and emission filter usedgjieantumdots were 649 nm and

705 nm respectively.The illumination angle was set at 45°, rendering ~30° transmission
angle intissue(n~1.33).The CCD cameravas placed vertically to record both fluoreseenc
and reflectancenagesby changingthe filter. The reduced scattering coefficient) (pf the
sample was determined from the reflectance data using elsizidence spectroscopy. A

motor stage was used to tréaie the sample laterally stanninglirection (perpendicular to

the line illumination direction). OCT can provide depholved crossectional images of
tissue microstructures with micrometer resoluffbii® In the glass capillargnd electrode
experiments, the living mouse brain was first scamittdthe OCT system to get 3D images
which providel the structure information of the mouse brain. The 3D images can also
indicate the shape and tip location of ¢ffess capillaryand electrodes which sed/asthe
reference for the following results from aFLOT experiments in the same mouse brain. The
OCT sysem used here utilized a wavelengitept laser source (Thorlabs, Inc.), which
generated a broadband spectrum of 100 nm FWHM centered at 1310 nms aedrha

describegpreviously®***
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4.2.3 Stimuli and data acquisition

For 3D reconstruction ofthe 100 pm glass capillary inthe mouse brain, sincéhe
fluorescewe signal is static (i.e., no tinsependent informationpnly one image at each
scanning position was needéd The CCD pixel size was 23w In order to scaa long
enough{2.7 mn) area in scanning direction and save the overall data recording time, 46 pum
was chosen as the step sizgidal scanning protocol was0 steps with a step siz&€46 pm,

which equaledo ~2.7 mmtotal movemenin scanning direction. The raw measurement for
glass capillary imaging dathe format of XY$ (where X and Y represent the X and Y
dimensions of the 2D image acquired by CCD, S represented the differemggasition,
X=184; Y =1 2 B Sincq thelopticaléroperée® were differenthe air versus

brain, in order to compare the theoretical model with experimental data aslpragise
possiblethe brain surface must be found. ‘dbtainthe surfacéomography of the mouse
brain, the emission filter was removed d&mel same FOV was scanned to get the reflectance
images with the same scanning step $iZighout the emission filter, mosbf the collected

light was from the reflection of the illuminatidight at the brain surface, which would then
serve as an indicator of the locatioritefbrain surface. The raw measurement of reflectance
mode hd exactly the same format of X¥§X =18 4 ; Y =12 §.;The jimade, e, 60
acquisition protocol fotime-resolved aFLOTis shown inFig. 2(B). The illumination line

was first focused on the border of the desired field of view (FOV). At each scanning position,
an experimental sessioonsising of 30 trials, with 200 frames per trial and 5 ms/franas
finished In each trial, the stimulus (the train of square electrical pulses, 100 pA, 0.3 ms, 300
Hz, 10 ms train duration) or 20 ms whisker deflection was presented at thieah®® (one

stimulus per trial). The images from these 30 trials were averaged to thbtagsponse
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XYTiSSswhere X=184; Y 3. 1NBg, ;the inctoll stageémoved246 m in
scanning direction to another illumination/collectemea and another experimental session

was performed to obtain the next datdeét ;S, (where X=184; Y=128;it, ¢é).Thi2 00
process was repeated until finishing the entire FOV scariegiaw measurementdtie

format of XYTS Wher e X=184; Y=128, )fo~electrodé,and2 00 ;
whisker imaging. Finally, because of defocus effect, we set the fitane slightly below the

dural surface.

Position scanning proceeding

(A)

0 100th 200 #Frame wr oetial 200 #Frame
e

0 100th 200 #Frame

/
YLX

Figure 2. Schematic of the aFLOT systenand Image acquisition protocol
(A) Schematic of the aFLOT system. LD: laser diode; O: objective lens; P: polarizer; I: iris;
CL: cylindrical lens; F: filter; DM: dichne mirror. CCD is for capturing both laminar
fluorescence and reflective light distribution (by removing F). The illumination arm is
arranged at 45° in air. (B) Image acquisition protocol.

4.2 4 Data reconstruction and analysis

The raw measurements of theflectance data were simply stackedcording to the
geometrical relationship between the illumination plane and detection FOV, wagh
similar totheunprocessed stacked raw imgigeselectiveplane illumination microscoply®
Additionally, for the experiment of glasapillary and electrodes, the stacked reflectance

data were used to aegister with the OCT dataabed on the shape / structure /
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insertion feature of theglass capillary and electrodes. To reconstruct the 3D
fluorescence distributiorthe first step was to match the step size and the pixel size;
interpolation was then done only in the scanning dirnanghanging theaw datasefrom
XYSX=184; Y=12)8cXY§wher &, X6084; VYHdada8s | =1, €
capillary imaging using a custom MATLAB algorithm. To reconstruct the image
assumed firsbrder Born approximation to obtain lineariigtween the measuremédand

the fluorophore distributio® , which is the FOY; to be reconstructed. This linear
relationship is written d4© 0 O,wherelis the weight or sensitivity matrix. To constitute
photon distribution was first generated by Me@#lo simulatbn (g=0.9, n=1.33,
H=0.0Ymm, pe=0.82/mm ¥’ Then we applied thereciprocity principé. 0 was later
decomposed by singular value decomposition (S¥D)Lastly, least square fitting and
Tikhonov regularization? were usedto solve the underdetermined systéth The
regul arization par amet ewxuvdeieriorf.0l@0&Goureras det er
detector pairs an@00 scanning positions were chosen to constit@®00measurement
modes. Each reconstructed FQWas100x100pixels with a pixel size 0f23 um. Weight
matrix 0 is therefore of size 10000x10000. FQY was constituted by superimposing
individual FOVz in Y direction. Since the reflectance images and fluorescence images have
exactly the same format, the reflectance imagkgh can indicate the location thfe brain
surfacecanbe used to select the ROI for fluorescence images to perform reconstruction using
our custom MATLAB algorithmEor the timeresolved aFLOT experiment in electrodes
and whisker stimulationsince fluorophore intensity changes were usethdizate the
activated area in VSDi, the original fluorophore intensity needed to be calculated first. For

each XYT dataset at each scanning positiee, final ten prestimulus frames (999"
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frame) were averaged as the baseline image. The baseline waaghen subtracted

from each subsequent frame to obtain changes in fluorescence sigeaiext step

was to match the step size and pixel size; interpolation was then done only in the scanning
dimension changing thew dataseb XYT;§ (where X=184Yy =128 ; i =1, e, 200;
120 for electrodes and whisker imaginging a custom MATLAB algorithm. The images at

different scanning positions with the same frame number were rearranged as one data set (e.g.

the dataset for®lframe of the trial at alscanning positions wasYT S (where X=184;

Y=128; |j PB.1This réconstracon process was repeated for all ime points (from 1

to 200" frame) to obtain the entire time course of 3D neural responses.

4.3 Results

4.3.1 3D characterization of thaFLOT system

We used quanturdot-embedded hydrogel to characterize the point spread function
(PSF) of our aFLOT system. Recipe of this phantom was 35 uL QD705 (QD705,
Invitrogen), 1.5mL poly(ethylene glycol) diacrylate (PEGDA), 3.5mL water,
ImL  ammonium persulfate (APS) (0.2M), and 1ImL  N,N,N5N'
tetramethylethylenediamif@d EMED) (0.2M). The mixture was vortexed and
immediately poured int@ well plate as it crosslinked within 30 s. The measured
reduced scattering coefficients{of the hydrogel was B/mm. For aFLOT imaging,

the emission filter was first removed and the field of view (FOV) was scanned to get
the reflectance images with the step size 46 um. Only one image was needed at each
scanningposition for reconstruction of the static quantumsdae., the fluorescence

signal is not timadependent)thus only one image at each scanning position was
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acquired after adding the emission fifterFig 3(A-C) show 3 PSFesf the quantundotsat

depths of 302, 664, and 785 um, respectively. \wdlth at half maximum(FWHM) in x, v,

and z directions mildly increases toward deeper depths3(By). Pixelation of PSF was
observed. This however suggests that true PSF would be slightlgrstimah the vales
reported here. We observed acréasing trendor axial PSF with depth, reaching ~120 pm

at 800 um depth. Furthermore, we also observed in general, PSF in y direction is larger than x

direction whichis due to the asymmetric illumimart between x and y direction.

4.3.2 3D reconstruction of 10Qm glass capillary in mouse brain

Since the optical propees of the living mouse brain is complicated, it is difficult to
make a phantom to simulate this sophisticated biological machinkeyefbre we
carried out an experiment using a 100um glass tube to verify the performance of the
aFLOT system in the living mouse brain. The 100um glass capillary tube (ID:
0.1mm, OD: 0.17mm, Vitrocom Inc.) was filled with VSD and fixed on a 3D
manipulator The capillary was then inserted into a mouse brain, which was handled
through the animal preparation protocol except dye loading. In this experiment, we
first used OCT to scan the glass capillary tube in the brain. Then the mouse brain with
the capillarytube was used for the aFLOT experiment. For aFLOT imaging, the
emission filter was first removed and the field of view (FOV) was scanned to get the
reflectance images with the step size 46 um. Only one image was needed at each
scanning position for reftdéance mode. To record the fluorescence images for
capillary, we intended to obtain 3D reconstruction of the static capillary structure
(i.e., the fluorescence signal is not thiependent), thus only one image at each

scanning position was acquired afeetding the emission filte¥. The reflectance
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images of the FOV ware used to reconstruct the surface feature, which was used to
align the3D OCT data with the 3D aFLOT fluorescence data. B{g, F) shows
different perspectives of the reconstructed 3D aFLOT fluorescence images
superposed with the optical coherence tomography (OCT) data. OCT can provide
information about the brain structuamd depth. The yellow object in the 3D OCT
image is the capillary recorded by OCT and the red one is the aFLOT reconstructed
capillary tube. OCT can image around 1 mm deep in the living mouse brain while
aFLOT around 800 um in depth, without major imaggtadtion; barrels are about

300500 pum deep from the pial surface in adult mice.

4.3.3 Timeresolved 3Dreconstruction of electrod&imulationin the
mouse brain

We verified the overall process for 3D functional imaging using a pair of electrodes.
The electrodes were first fixed on a 3D manipulator, and then the electrodes were
inserted into the mouse brain. Similar to the capillary tube experiment, we first used
OCT to get the 3D electrode image in the brain and then used aFLOT to image the
mouse brai with the electrodes. For aFLOT imaging, the emission filter was first
removed and the FOV was scanned to get the reflectance images with the step size of
46 um, with only one image at each scanning position used for the reflectance mode.
Then the emisen filter was applied, and based on the data acquisition protocol for
time-resolved aFLOT imaging (described in the Methods section), the fluorescence
images were recorded. The reflectance image of the FOV was used to reconstruct the
surface features, whicwere used to align the 3D OCT data with the 3D aFLOT

fluorescence data. Fig shows the electrodes reconstructed with 3D aFLOT in the
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fluorescence images superposed with OCT data. OCT shows that the electrode tips

are at around 440 um depth from thetiwad surface. The two green rods in the 3D

OCT image are the electrodes recorded by OCT and the orange ones are the aFLOT
reconstructed changes in fluorescence ( pF/
stimulation at different time points. The signabpeared about 15 ms after the

stimulus onset, and reached peak at 25 ms after the stimulus onset. At time 30 ms and

35 ms we can clearly see a pair of signals surrounding the two electrode tips, which

indicate that aFLOT system and imaging protocol candeel to record 3D functional

images. The activated signals disappeared gradually, after 40 ms.

3.2mmx 0.8mm x 1.4mm
X:Medial; Y:Caudal; Z:Ventral

AFIF (%)

Figure 4. 3D aFLOT imagesto electrical stimulation
3D changes in fluorescence (pF/ F( %), ordinat e
reconstructed by aFLOT system superimposed with OCT data. Time period after stimulation
is indicated at the bottom right corner of each image.

4.3.4 Timeresolved 3Dreconstruction o€ortical neural activity evoked
by single whisker deflection

After verifying the imaging ability of the aFLOT system, for both structure and

function, aFLOT was used tecord 3Dneural activitiesevoked in the barrel cortex
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by deflecton of a single whiskein vivo. The C2 whisker was used for 20 ms

stimulation. Fig 5 shows the 3D aFLOTreconstructed changes in fluorescence

( pF/ F( %) , ordinate) in response to C2 whi :

The signal appeared about 30 ms after the stimulus onset, and reached its peak at 50
ms after the stimulus onset. After 70 ms, thévattd signals disappeared gradually.

The time course corresponds well with the previously published'&athig. 6(A)

shows the change in fl uor es woe¢ha CewhiskegpF/ F ( %) ,

stimulation. Fluorescence signal was caledafrom the region of interegROI,

green cubic box3x3x3 pixels) shown in Fig at 50 ms posstimulation. Fig 6(B)

shows <coordinates of the | argesdte)ichanges

response to the C2 whisker stimulation..l) shows that the signal center was at
around 500 pum below the cortical surface a430ms and then moved to around 440
pm below the cortical surface at 50 and 55 ms. Finally, the center of the rsigvedl

to around 380um below the cortical surface.

To better visualize the depthresolved neural actiyit changes in fluorescence
(pF/ F( %), ordinate) in response to the C2
in different depths (XY crossections) as shown in Figg The danges in fluorescendest
took place in the range 3820um at about 380 ns, then the response became stronger in
both deeper (680 um) and shallower region (300 um and 380 um) at around 50 ms and 55

ms. Although the signal response trend existddgthof 300um and 680 um,
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1.5Mmmx1.2mmx 1.2mm
X:Medial; Y:Caudal; Z:Ventral

Figure 5. 3D aFLOT images toC2 whisker stimulation
3D changes in fluorescede pF / F ( %) , ordinate) in response to
reconstructed by the aFLOT system. Time period after stimulation is indicated at the bottom
right corner of each image.

AFIF (%)

(A) (B) (um)

Z:ventral

20ms Stimulus

AF | F(%)

650

3

800 $
t(ms) X:medial 850 :
900
950 (um)
F i g 8. C2whiskerresponse analysis
(A) Change i n ), ardinate)sncrespoose to thepE&2/ whigker stimulation.
Fluorescence signal was calculated from the ROI (green cubic3k8x3 pixels) shown in
Figure5 at 50ms posstimulation. (B) Coordinates of the strongest change in fluorescence
( pF/ F( %) , in oespdnsen @ tthee) C2 whisker stimulation. 1: 30ms and 35ms
(760um,660um, -500um); 2: 40ms (760um,640uB00um); 3: 45ms (760um,600um,
500um); 4: 50ms (940um, 560uM40um); 5: 55ms (900um,620uM40um ); 6: 60ms and
65 ms (960um, 540ur880um); 7: 70ms960um,480um380um).

250 Y:caudal
500
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30 ms 35ms 40 ms 45 ms 50 ms 55 ms 60 ms 65 ms 70 ms

Z=300um

Z=380um

Z=420um

Z=480um

Z=520um

Z=680um

°

e
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-
N
a
3
3

OF/F (%)
Figure 7. aFLOT images toC2 whisker stimulation at different depths
Changes in fluorescence (@F/ F( %), ordinate)
reconstructed by the aFLOT system in different depths. Time period after stimulation is
indicated at the top of the whole image. The left column shows the depth itifarma

the average response intensity was weaker compared to the other depths, which may
be caused by the difference of neuronal density at different depths or in layers. Also,
we observed that the neural responses in the52R0um range lasted longer than
other depths.

Fig8 A) shows changes in the fluorescence
C2 whisker stimulation reconstructed by aFLOT in the XZ csesdion. Fig 8(B)
shows the change in fluorescence (@F/ F( %)
whisker stimulation in the middle XZ crossection. The fluorescence signal was
calculated from the ROI (green square: 3x3 pixels) shown ir8Fg at 50 ms post
stimulation. Compared to neural responses in XY plane, XZ-s@d$n provides us

with a new perspective iavestigate the neural activities at different time points.

69



0 0.1

BF[F (%)

Y

imm

c)

AF /"F(%)

(A) -- -
Figure 8. aFLOT images toC2 whisker stimulation at XZ cross-section
( A) Changes in fluorescence (oF/ F( %), ordinat
reconstructed by aFLOT system in XZ craggtion. Time period after stimulation is
indicated at the bottom right cor nehR®%)of each

ordinate) in response to the C2 whisker stimulation. Fluorescence signal was calculated from
the ROI (greemsquare 3x3 pixels) shown in Figur@ (A) at 55ms posstimulation.

"t{ms)

4.4 Discussion

Development of VSDi and other 3D imaging techeguenable examination of
spatiotemporal patterns of neuronal activities in the brain. We have demonstrated that it is
possible to detect the 3D neural activities by deflection of a single whisker using non
contact optical measurements o thouse braim vivo.

Timeresolved FLOT has been used in the perfused rat heart with VSDs to ebtain 3
dimensional (3D) propagation of electrical wat8sIn this study, we applied tirresolved
FLOT but with angled illumination configuration and CCD camera as detectors which
promise to improve both resolution and penetration déptt/e have demonstrated the 3D
imaging capabilities of our aFLOT system using a quaittorembedded hydrogel. Since
the resolution and penetration depth depend on the optical properties of sample, an ideal
sample to test the feasibility ofetraFLOT system would be a living mouse brain. As
illustrated in Fig 3(E, F), the reconstructed 100 um glass capillary tube by aFLOT was
compared with the image acquired by OCT. The accuracy and resolution of aFLOT degrade
with depth. We can observe theasstruction distortion was within £120 pum up to 800 pum

depth, which definitely covered the Layer IV in mouse somatosensory cortex. Performance
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of our aFLOT system is quite remarkable, despite limitations, and future work will
incorporate the newer NIR anebdshifted VSDs to achieve significantly improved
penetration of light into the mouse brain.

In addition to the 3D static system performance evaluation, we observed a rapid response
to direct electrical stimulation through the use of a bipédatrede in the living mouse brain.
A study of the intracortical microsimulation provided insight into the spatial extent of the

excited neural tissue and its relationship to the exciting curferfthe threshold gradient

across neuronsy6 /YO is constant and is related to the applied currerg—as: —

——  #, wheeBs the applied currerfis the specific resistivity of the tissue, anid the

distance from the current source to the nédtofhus, the relationship between a particular
neuronds threshold current and the neuronos
can be expressed &s: + , in which+ 1 #7O For mammalianain tissue, the has

a value of ~1200 pA/mft™. Thus, if the stimulation curreist 100 pA, more than half of the
neurons will be excited in the sphere with a radius of 288 um from the tip of the eléétrode

1% These computations do not take into account the frequency of the stimulation, as well as
+ having the possibility of being slightly different in different brain tissues. They also do not
take into account the influence of mulduration on the neural excitation and the level of the
threshold used for analysis. Nevertheless the computation is generally correct as can be seen
in Fig. 4 (the size of the changes in fluorescence at 25ms). Since bipolar electrode consists of
two met&needles, isolated at all longevity except the tips, there are two metal tips in the brain
and both stimulated the brain tissues simultaneously. The size of the fluorescence changes at
25 ms was around 1000 pm in length through the direction of thepsvoftthe electrodes

and around 450 um in z direction. Calculated 288 um was compared with the distance of
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fluorescence border to the needle tip (~250 um in radius). By comparing the spatial extent of
the excited neural tissue with the calculation datatioreed above, we were able to evaluate
the likely accuracy of our 3D imaging performance.

The voltagesensitive dye spread along the mediolateral and dorsoventral axes of the
neocortex. It was shown that the voltzgasitive dye RFL691 loading ebeended across all
cortical layers, but the dye concentration in deep layér¥I{Vis lower®* . Neurons
within layer IV directly respond for whisker movement, in other words, many neurons of this
layer will fire when the whisker is mechanically stlated. The strongest inputs from the
thalamus carrying information from a facial whisker to the barrels of layer IV, but the inputs
from the thalamus to the layers Ill, V and VI also eXist Excitatory signals from the
thalamus reach different layers of the barrel corteifierent times. From Figs we can
observe the neural responses in the rangeb2@Qum which represents the layer IV last
longe and have stronger than other depths (shallower and deeper depths). The weaker
response in deeper layersi X) may originate from both less neurons corresponding to
whisker movement and also less dye concentration. The intensity of the responses at
different depths can be more intuitionally visualiredZ crosssection in Fig7(A) at 55ms.

Also we can see that in Fi the VSDi activity patterns in the cortical area evoked by
stimulating a single whisker is larger than the corresponding Bar& The larger response
size than barrel in our experiment may also partially caused by the ioesaftitour
reconstruction.

An important guestion in sensory information processing is how sensory information is
represented and processed in the neocortex. The manner by which-sevisedyneural

activity propagates across cortical layers remainclea™ . During the &st few decades,
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propagating waves have been observed during different types of cortical processing as
revealed by imaging or electrophysiological methiddsThe pira-ike waves, as well as
more complex activity patterns have been visualized by \is®bivo in the turtle visual
cortex?®

In our experiment, by localizing the coordinates of largest fluorescence signals at
different time point, we were able to show the progress of sensory activity in the neocortex.
As shown in Fig6(B), we can see the movement of the activatedimit@ath horizontal and
vertical directions. The movements of signal centers at different time points are particular
kind of propagating waves that rotate around a center point. Although the resolution of our
aFLOT system is not high enough to demonstra@ropagating wave, for the first time we
demonstrated the propagating trajectory in 3D manner and our data agrees with the
electrophysiological data recently obtained using relétitrode arrayS® . Future work will

focus on further improving the resolution of our aFLOT system
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5.1 Introduction

Bone tissue engineering scaffolds act as vehicles for the deb¥grgogenitor cell
populations or support structures for surrounding tissue ingrowth. Scaffold properties
often determine the success in an engineered tissue and must be designed for a
specific application. In many outcomes, key parameters allow for iragreell
migration, proliferation, and vascularizatié®. To improve tissue regeneration and
integration, a scaffold should mimic surrounding tissue morphology, structure, and
function. This environmerghould promote cellular interactions and signaling, and as
a result, differentiation. One challenge is to comprehensively obsedveuamtify

the distributionmigration,and differentiatiorof seeded cells throughout the scaffold.
Bone tissue engineedncould benefit from a precise and noninvasive imaging
method to follow cells activity. Such an imaging technology could provide useful
information on the interplay of scaffold designs, cells, and chemical/environmental

cues to optimize the developmentbaine grafts.

* The contergint hi s chapter is reproduced from AT:
Growth, Migration, and Differentiation in 3D Scaffolds for Bone Tissue Engineering Msisgscopic
Fluorescence Tomographin reviewd with permission.
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Currently, fluorescent confocal microscopy (FCM) is the gold standard method for
quantifying 3D cell distribution. FCM can visualize cells and molecules via a wide
variety of fluorescence probes and is a powerful technique for molecudainn
However, FCM has a limited imaging depth of 100 ffm In addition, twephoton
microscopy (TPM) has been used to image engineered ti$éudsit is also
associated with limited penetration depth of 5003Af 2°2 The current statef-the
art method for quantifying 3D cell distribution, migration, or differentiation involves
FCM imaging of cryesectioned scaffolds and 3D imageampiling 2> Although
robust, this approach is destructive and tocnasuming. To overcome the depth
limitation of confocal microscopy, fluorescence lamiogtical tomography (FLOT)
or mesoscopic fluorescence molecular tomography (MFMT) has been developed by
using an array of photon detectors or a charge coupled device (CCD) camera to
collect photons emitted from locations at different distances away from the
illumination position, and then reconstructs the depsolved images through
mathematical deconvolutioff 294 97100193 | OT can provide an axial resolution
of 100200 microns with 2 mm penetration depthg 8 9% 9 1 F| OT has been
recently applied to image tissue engineering scaffolds i®313, quantify depth
resolved distribution of fluorescentabeled tumors®® !, and visualizing neural
activities in moue brainsin vivo '* 8. Recent studies demonstrated that angled
illumination or detection modification (termed~LOT) can improve both resolution
and depth sensitivity % 112

Therefore, aFLOT represents a promising novel imaging platform te non

destructively quantify deptresolved information of celcaffold interactions in situ.
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The proposed study aims at investigating different applications of aFLOT in bone
tissue agineering. First we demonstrated the deptolve capability of aFLOT and

the ability to quantify cell density inside a scaffold. Then, 3D printed bone osteons
were evaluated using aFLOT in order to show its capability in accurately
differentiating disinct cell populations. The 3D migration process of cells was also
visualized using aFLOT. Finally aFLOT was used to image the mineralization of
alginate scaffolds seeded with human mesenchymal stem cells by measuring

hydroxyapatite (HA) deposition.

5.2 Materials and methods

5.2.1Mesoscopic fluorescence tomography

The aFLOT system is similar to that reported previof3f” 2% Pigtailed 637hm

and 526nm laser diodes were used as the light sources (:-B&3® and LP520
SF15, Thorlabs Inc.) to illuminate the samples at two wavelengths instiared
manner.A cylindrical lens was used to shape the collimated light into afikhe
illumination with a full linewidth at the half maximum of ~26 um at the focal plane
80.204 An iris was used to adjust the length of the line illumination. The backscattered
light and emitted fluorescent light were collected through an objective lens, a filter
wheel (695nm and 56iAnm long-pass emission filters for fluorescence imaging and
no filter for reflectance images), and finally onto adi2CCD camera (EMCCD,

Cooke)80 204
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5.2.2Cell culture

Human mesenchymal stem cells (hMSCs) (Lonza, Walkersville, MD) were cultured

in control media consisting of DMEM (Gibco, Carlsbad, CA) supplemented with

10% fetal bovine serum (Gibco), 1.0% v/ v p
nonessenti al amino a c i glatamiceG(Gibao oay per then d 4 ml
manufactureds specifications). hMSCs were

flasks with media cheges every 3 days. Prior to the experiment, cells were passaged
using trypsin/EDTA (Lonza). L929 cells (ATCC, Manassas, VA) were cultured as per

t he manufactureros specifications wi t h
Technologies, Frederick, MD) and 10% heserum (Life Technologies). Cells were

plated and allowed to grow to 80% confluency before initiating the assays.

5.2.3Sample fabrication and cell seeding

5.2.3.1 Gelatin methacrylate synthesis

Gelatin methacrylate was synthesized according to prdyipublished method&™.

Type A porcine skin gelatin (Signadrich; 300 bloom) was mixed at 10% (w/v)

into phosphatduffered saline (PBS; Thermo Fisher Scientific) at 50 °C for 20 min.
Methacrylic anhydride (MA, SigmaAldrich) was added at the ratio of 0.6 g MA/g
gelatin under rigorous stirring for an hour. The reactants were then dikibédl \Rith

PBS to stop the retion. After centrifugation, the pellet was discarded and the
supernatant was dialyzed against deionized water using dialysis cassettes (10 kDa

MWCO, Thermo Fisher Scientific) for at least 3 days at 50 °C, to remove salts and
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excess methacrylic acid. Thealyzed GelMA was then lyophilized and kept at

T 80AC fteom storagenTp form samples, gelMA was rehydrated in PBS for 10
min at 50 °C. Photoinitiator (Bydroxy1-(4-hydroxyethoxy)phenyiP-methyl1-
propanone (BASF) was then added into the GelMAItsmh at a concentration of
0.5% (w/v). If needed, cells were added at this point, and the prepolymer solution was

UV-cured into the desired shape for 1 min (0.09 m\f)arsing a UV box (VWR).

5.2.3.2Gelatin Methacrylate layered and 3D printed scaffolds
fabrication

To demonstrate the feasibility of aFLOT imaging of cell distribution inside
engineered tissue scaffolds, L929 fibroblasts were labeled with orange fluorescent

dye (Cell Tracker E5408 ahfye ICMRATIDgremo Fi sher
labelled cells were suspended into a solution of 10w/v% gelatin methacrylate
(gelMA), and 3D constructs were obtained by photo crosslinking of the solution. The
constructs were seeded at concentrations of 0.0£5x@®5x16, 0.1x16,

0.5x10,1x1¢ and 2x16cells/mL. The hydrogels with different cell concentrations

were then imaged by the aFLOT system.

To demonstrate the deptasolve capability of the aFLOT system, we fabricated
a threelayer structure wh an acellular gelMA layer in the middle and two layers
with fluorescent labelled cells (1M cells/mL) as illustrated in Fig. 2(B). The L929
fiboroblast s were | abelled either with orange f
CMRA Dye, 548u576 nm, Thermo Fisher Sci el
(DilC18(5)DS,650/670 nm, Thermo Fisher Scientific) to demonstrate the -multi

wavelength capability of th@aFLOT system. We also constructed a tHeser
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gelMA cylinder with far red labelled cells (2M cells/mL) in the middle, orange
labelled cells at the left and right sides (or the other way, orange labelled cells in the
middle, far red labelled cells at thedt andright sides) as shown in Fi8.

Furthermore, samples were 3D printed using an extridsased bioprinter (3D
Bioplotter; EnvisionTEC; Germany). The bioink containing orange or fataieelled
cells was loaded into the letemperature priter head and allowed to equilibrate for
30 min at 22°C. Printed constructs were Wlred for 30 s (0.09 mW/cusing a
UVbox VWR)® I n this study, three letters
cells suspension of gelMA, with far red and orange labelled cells respectively.

Another construct mimicking bone osteon waéso printed as shown in Fig(B).

5.2.4Cell migration model

To demonstrate the feasibility of aFLOT imaging to track cell migration inside a
scaffold, orangeé abel | ed (Cell Tracker E Or ange
Scientific) hMSCs were encapsulated in 10w/v% GelMA to print cylindrical scaffold
at a concentration of 4xiCcells/mL. Acellular gelMA was printed along the
periphery of the cylinder, while cells were printed in the center. Samples were
cultured in growth media and imaged at different time points over the course of four

days to studgell migration from the center toward the edge of the gel.

5.2.5Cell differentiation study

To demonstrate the feasibility of aFLOT imaging to visualize cell differentiation,

hMSCs were cultukin a tubular perfusion bioreactor under differentiationditbon

79

A UM

CMR/



207 Hydroxyapatite (HA) deposition, indicator of hMSCs differentiation into

osteoblasts, was assedsising both aFLOT and hsbgy.

5.25.1Alginate beads fabrication

Alginate beads were fabricated as described previously in the litef&tudginate solution

(Sigma, St. Louis MO) was sterilized via sterile filtration then mixed with a cell pellet

containing hMSCs Beads were seeded withrange fluorescent dye labelled cells

(Cel |l TrackerE Orange CMRA Dy e, 548u576 nm,
concentration of 2xf0cells/mL. This solution was added dropwise by 20 gauge syringe to a

0.10 M calcium chl or i dewasionicallycrosémked intobeadshi ch t he
The solution was stirred for 15 min. Beads wet
as described if®?°  and cultured for 14 days in control
dexamet hasone ( Si gma,-gISyc e rLoopuhioss pM@)t,e, 1 0a nndM 167 :

acid.

5.25.2Hydroxyapatite (HAUeposition assay

For each timgoin during the 14 days study, alginate beads were removed from the
bioreactor and washed for 1%in in PBS. The beads were stained for HA deposition
in 300 pl of Osteosense 686 (Perkin Elmer) per ml of PBS. After 15 min
incubation, the beads were rinsed again and imaged using the aFLOT shiséem.
labeled cells were imaged using the 52@ laser diode and the labelled HA was
imaged by637nm laser diode with 56hm/695nm long-pass emission filtes

respectively.

5.25.3Histology

80



At each timepoint, beads were collected and fixed in 4% paraformgldieliSigma)

for 12 h at 4AC. Foll owing fixation, the
processing by ethanol washes followed by two citrisolv (Fisher Scientific, Pittsburgh,

PA) washes. The samples were then embedded in paraffin (Fisher Scientific,

Pt t sbur gh, PA) and sectioned to 5 Om thick
Sections were oven dried at 64AC for 2 h,
in ethanol. Von Kossa staining was performed to visualize mineralization using a
Nuclea Fast Red (Poly Scientific, Bay Shore, NY) counterstain using standard

protocols.

5.3 Results and Discussion

5.3.1 Imaging of cell distribution using aFLOT

We demonstrated here the feasibility of using aFLOT to image the cell distribution
and quarify cell density inside a 3D scaffold. At a cell density of 0.01%5x10
cells/mL, the fluorescent spots were sparsely distributed as shown in Fig.1 (A). With
increasing cell density, the fluorescence from the 3D reconstructed images become
denser. When theell density is larger than 2x3@ells/mL, the fluorescendabeled

cell clusters become too dense to be resolved (i.e., the image becomes homogeneous).
To further quantify the correlation between aFLOT detected cell number and the true
cell density, thenumber of fluorescent pixels over a preset threshold value
(Background + (MaxBackground)/2) were counteathd averaged frorten random

3D cubic voxels (each contained 30x30x30 pixels) from 3D reconstructed images
with different cell densitiesThe averagegixel numbers were then normalized and

plotted as a function dhe true cell densitiegs shown in Fig.1 (G). The pixel value
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of the2x1( cells/mL group was set as 1, and was used to normalize the results from
other groups. The normalized averaged Ipimembersshow an excellent linear
response to the true cell densities witlFR.99. This demonstrates the capability of
aFLOT to correlate fluorescence imaging results with cell density and quantify cell
growth in 3D samples in a natestructive manneiherefore this technique presents
the advantage of monitoring a same sample overtime, unlike standard cell
viability/proliferation assay such as XTT (2)8[2-methoxy4-nitro-5-sulfophenyl}
2H-tetrazolium5-carboxyanilide tetrazolium salt), which is qirily an end point

assay.

(A)

Min

15,000/mL 50,000/mL 100,000/mL 500,000/mL
3.69mmx5.55mmx2.34mm  7.26 mm x 4.35 mm x 2.1 mm 7.89 mm x 6.42 mm x 2.67 mm 4.65 mm x 7.65 mm x 2.04 mm

(F) (6)

e
@

e
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Y=3.34x107X+0.35

o
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Normalized cell number from aFLOT

e
S

1,000,000/"“. z’ooo'ooo/ml' 0.2 04 0.6 0.8 1 1. 14 16 18 2
4.74 mm x 3.24 mm x 1.64 mm 3.48 mm x 2.53mm x 1.61 mm Cell concentration ( x%O6 cells/mL)

Figure 1. 3D aFLOT reconstruction images of Orange labelled fibroblast cells
(A) 3D aFLOT reconstruction images of Orange labelled fibroblast cells 15000/ml (A),
50000/ml (B), 100000/ml (C), 500000/ml (D), 1000000/ml (E), 200000 (F), in the
PEGDA gel. (G) Normalized averaged cell numbers from aFLOT as a function of true cell
concentration in the gel. The Max in the colormap is the maximum value in the image and
Min represents the value: (Background + (Mgeckground)/2).

82



5.3.2 Demonstrating the depttesolve imaging capability of aFLOT

To demonstrate the deptasolve imaging capability of our aFLOT systethifferent
fluorescencdabeled cells were seeded irnthe threelayer gelatin methacrylate
scaffolds, different views at different depthare shown in Fig. 2. The aFLOT system

(6)

GelMA layer with labelled cells
Acellular gelMA layer
GelMA layer with labelled cells

DI P B

. 0 R Y (EULL

Lot R T R

Figure 2. AFLOT reconstructed three-layer structure
(A) Upper layer of the 3D aFLOT reconstructed tHager structure labelled by faed
fluorescence. (B) Lwer layer of the 3D aFLOT reconstructed thl@ger structure labelled
by farred fluorescence. (C) Crasection of the 3D aFLOT reconstructed thisger
structure labelled by fared fluorescence as indicated by the black dashed line in Fig. 2(B).
(D) Sde view of the 3D aFLOT reconstructed thteger structure labelled by faed
fluorescence. (E) The thréayer gel structure. (F) Side view of the 3D aFLOT reconstructed
threelayer gel structure labelled by orange fluorescence. (G) Upper layer 8Dtla&LOT
reconstructedhreelayer structure labelled by orange fluorescence. (H) Lower layer of the
3D aFLOT reconstructed thréayer structure labelled by orange fluorescence. (I) Gross
section of the 3D aFLOT reconstructed thieger structure labedld by orange fluorescence
as indicated by the red dashed line in Fig. 2(H). FOV: XYZ: 7.63 mm x 5.9 mm x 3.72 mm.

was able to image samples witimore than3 mm thicknessfor both wavelength
channels (far red and orang@&p furtherdemonstrate the capéty of the imaging
system in performing muhivavelength imagingpthergelMA constructs seeded with

both far red labelled celland orange labelled cellsiere fabricatecand imaged as
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shown in Fig 3. Fig. 2 further indicates the feasibility @FLOT sysemto image the
distribution of fluorescenfabeled cells in a 3D scaffold with greatdepth precision,

and therefore enabling quantification of cell infiltration ihtalrogel scaffolds.

(A)

1 mm

-

1 mm

Figure 3. The reconstructed 3DaFLOT sandwich structure
(A) Top view, side view and XZ crossectionof the reconstructed 3@FLOT sandwich
structure labelled bgrange fluorescence amar-red fluorescence, respectively. (B) Top view
side view and XZ crosssectionof the reconstructed 3BFLOT sandwich structerlabelled
by far-red fluorescence armange fluorescence, respectively.

In addition, to validate the capability of the aFLOT system to reconstruct more
complex structures or patterns, several samples were 3D printed using a suspension of
gelMA and far red or orange labelleL929 cells, as shown in Figt. AFLOT

successfully reconstructed the printed patterns regardless of the spectral range as
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shown in Fig.4(A), demonstrating the ability of aFLOT to recover the patterns with

accuracy.

(A) m (C)
(8) -
Y

F i g ¢ ARLOT reconstructed 3D printed images
(A) Top view and side views of the 3&8LOT reconstructed 3D printed U,M,D letters
labelled byfar-red fluorescence anotange fluorescence, respectively. (B) Top view of the
3D aFLOT reconstructed 3D pined 6 Ost eon & s farrad duorescemce @b el | e d
orange fluorescence, respectively. (C) Crssstions of the 30aFLOT reconstructed 3D
printed 60Osteond structure from the blue dashe

An osteonlike strudure was o 3D printed (Fig4B) to illustratethe potential
application of aFLOT in bone tissue engineering. Osteons are a repetitive unit found
in cortical bones consisting of organized concentric calcified regions with
interpenetrated vasculature. Osteons i organized concentric calcified regions
with interpenetrated vasculature, represented here by two cell populations labelled
with different fluorescent proteins. The biomimetic ostéke scaffolds werealso
imaged, as shown in Fig(B). The concenic layers, olamellae were successfully

printed using cells labelled with different fluorescent proteins and reconstructed by
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the aFLOT system. Figl(C) shows the crossections of the reconstructed scaffolds
from the bluedashed lines labelled in Fig(B), demonstrating the capability of the
aFLOT system in analyzing precise areas of a sample and identifying different cell

populations.

5.3.3 Demonstrating the feasibility of aFLOT imaging to track cell
migration

Cell migration is fundamental to many Mmgical and pathological processes.
Development, immune response and wound healing all rely on the directed migration
of cells®*? Moreover, in the case of tissue engineering, underistgmell migration
within the native organ is important to evaluate cellular interactions with biomaterials
and therefore creating successful outcomes.

In this study, we tracked the migration of hMSCs within a 3D printed gelatin
methacrylate sdfold from a high cell density area (4>1€ells/mL) to a low cell
density area (naells). As illustrated in Fig5 (A)-(C), the scaffolds with 4 x£0
cells/mL have a strong fluorescence. On the first day, no cells outside the high density
zone can be see After two days, cells outside of the high density zone can be
detected. Finally after four daysells have migrated further into the no cell ar@a.
guantify the migration distancthe cells numbers was plotted over migration distance

at day 2 andaly 4 as showin Fig.5(D). The average migrated distance was defined
asoO B — 'O, 8is the number of different migration distancés,s the

pixel number of the migrated cells at the migration distfdcendT is the total
number of the pixels that migrated (The migrated cell afimetk as the fluorescent

pixels over a preset threshold value (Background + (Baskground)/2)). The
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average migrated distance after two days is 650+38 pum and increased to 1208+167
pm after four days. The average migration rate of 12.6+2.33 um/h isstemswith

what have been previously reported in the literattité*

o . Day 2
ol ©® Day 4

Min
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ID‘WJ
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Figure 5. 3D aFLOT reconstructed migration model
Top view, crossectionfrom the centerand side views of the 3@FLOT reconstructed
migration model at da@ (A), day 2 (B), and dayl (C). The Max in the colormap is the
maximum value in the image and Min represents the value: (Backgreufilax-
Background)/2) Themigratedand proliferatedellswere indicated by the white arrowgD)
Cells (Pixels) numbers was plotted over migratittathce at day 2 and day 4.

s
500

AFLOT is a promising tool to accurately follow cell migration. It presents the
advantage of accurately tracking cells in 3D scaffolds when compared to

conventional timdapse microscopy. As migration of some cell agpdiffers
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dramatically between 2D and 3D environments, it is critical to be able to evaluate the

effect of the structure and/or biomaterial on 3D cell migratioA™®.

5.34 Demonstrating the feasibility of aFLOT imaging to visualize
markers otcell differentiation

The capability ofaFLOT to indirectly image and quantify cell differentiation wa
demonstrated in this study by evaluating the mineralizatibralginate scaffolds
seeded withhMSCs and cultivatedin a tubular perfusion bioreactor (TPS).
Mechanical stimulation from a perfusion bioreack@ve been showmo induce
osteoblastic differafation of hMSCc 2°* 2% with a significant increasein
mineralizationof the scaffold.

In this study, mineralization of alginate scaffolds were evaluated using our
aFLOT system along witlthe nearinfrared (NIR) fluorescent bisphosphonate
derivative (OsteoSensé80 EX Perkin Elme), that exhibits rapidand specific
binding to HAin vitro andin vivo 2% Calibration of theaFLOT system indifferent
HA concentratios wasfirst carried outas show in Fig. 6. The rormalized pixel
numbers fromaFLOT show a linear relationshigith HA percentage in thalginate
beads and theimages ofalginatebeadsdopedwith different HA concentratias are
also shownin Fig. 6. However, due to the increasing scattering as tHA&
concentratiorincreaseshigh mineralizationesuls in a decrease ilight penetration
into the sample, and therefore it is difficult to reconstdesper signalaccuratelyin
the future, we can flip theample to image the samples from different views and thus

increase the sample imaging area.
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Fig.7 (A) and (B) showdifferentviews of the 3D aFLOT reconstructestaffolds
seeded with hMSCs.HMSCs prangered) and HA (greeiblue) distributionare
superimposed with thalginatebead(pink). 3D cell distributionis clearly displayed
and well ceregistered with the bead contotdo HA depositions seerat day 0Cell
distributiors at different depthsre further exhibited in Fig.7 (I). At day 7 HA
depositionis still low, howevercell proliferation is shown by the appearance of larger
&lustes Fig.7 (E) and (J). At day 14.cells have continued to proliferate, as more
large6 c | ust er s 6ndtheHA depositioa(geenblue)can beclearlyseenin
the alginate beadsas shown irFig.7 (B) and (F). 3D distribution oHA deposition
and locationwith respecto the bead can be observed more clearllyigi7 (C) and
(G). Most of theHA was deposited in the center of the bead, which can be clearly

revealed at the depth 1.5 mmFAig.7 (M).

(D)

25 % HA 50 % HA

‘ Z=0.6 mm 2=

- Gm T PR
Figure 6. Quantification of the reconstructed 3DaFLOT HA+alginate -beads structure

(A) 7 (D) Top views of the reconstructed 3#8LOT HA+alginatebeads structure with
different HA concentration labelled by Osg&nse 680. (K)G) XY crosssections of the
reconstructed HA+alginateeads with different HA concentration at different depths. Scale
bar=1 mm. (H) Normalized pixel numbers fr@fLOT as a function of HA percentage in the

gel. The Max in the colormap ifi¢ maximum value in the image and Min represents the
value: (Backgroune (Max-Background)/2)
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To confirm mineralization of the scaffolds, Von Kossa staining was performed
alongside aFLOT imaging.he Von Kossa stain uses silver nitrate to detect calcium
salt deposits with a black or browniblack precipitate, and nuclear fast red to stain
cell nuclei red and the cell cytoplasm pinMon Kossa stainingonfirmedincreased
mineralization in the alginate scaffolds over theeday studyin Fig.7 (N)-(O). In

addition, ell nuclei (shown in pink), are observed to increase in number frori day

(N)

Y Y
Day 0 Cells + HA Day 7 Cells + HA Day 14 Cells

(0)

Figure 7. 3D aFLOT reconstructedcell differentiation model
Top view and side view of the 3D aFLOT reconstructed hMSCs (on@ujeand HA (green
blue) distribution supémposed with the bead surface (pink) in the alginate beads at day 0
(A) and day 14 (B). (C) Side view of the 3D aFLOT reconstructed HA distribution (green
blue) superimposed with the bead surface (pink) in the alginate beads at day-(H.TBp
views d the 3D aFLOT reconstructed hMSCs (oraingd) at day 0 (D), day 7 (E), and day
14 (F). (G) Top view of the 3D aFLOT reconstructed HA (grelere) distribution at day 14.
(H) Top views of the 3D superimposed aFLOT reconstructed hMSCs (aramgand HA
(greenblue) distribution in the alginate beads at day 14(NI) Corresponding XY cross
sections of the 3D aFLOT reconstructed alginate beads at different depths(kt).(Ccale
bar: 1 mm. (NXO) Von Kossa staining of alginate scaffold at Day7 (N) Bay 14 (O),
respectively. Mineralization is stained in black while cell nucleus appeamk.

to dayl14. This study demonstrates that aFLOT imaging is &blenageosteoblastic
activity, and offer a practical, timsaving, nordestructive alternativiedo conventional

histology.
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5.4 Conclusion

In this paper, we demonstrateariouspotentialapplicatiors of aFLOTin bone tissue
engineeringand more specifically imon-destructively quantify the deptiesolved
information of celtscaffold interations. We are able to successfujlyantify 3Dcell
density and characterized cell distribution within a 3D scaffahd visualizeéhe 3D
migration process of cellsFinally we are able to indirectlyevaluate cell
differentiation by quantifying the minalization of alginate scaffolds, seeded with
hMSCs, bymeasuringHA deposition AFLOT is apromishng tool in regenerative
medicine allowing to noninvasivelyinvestigaeé structural, cellular, and moleeul
information, therefore ienabés longitudinal studies of cell viability, migration,
proliferation, differentation, and signaling within 3D scaffolsthin vitro andin
vivo. Such an imaging technology couldlso provide useful information on the
interplay of scaffold designs n& materials, cekeeding methods, and

chemical/environmental cues aptimize the development of tissue grafts.
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Chapébept asol ved i maging of col o
optical coherence tomography and
optical t*omography

6.1 Introduction

Early detection of neoplastic changes remains a critical challenge in clinical cancer
diagnosis and treatment. Many cancers arise from epithelial layers such as those of
the gastrointestinal (Gl) tract. Whitight endoscopy guided exstonal biopsy and
histopathology is currently the gold standard for Gl cancer diagnosis. However, it
suffers from high false negative rates due to sampling effdfs Furthermore, a
significant portionof patients after endoscopic ablative therapeutic treatment showed
the presence of metaplasia or dysplasia buried underneath treitteslium 3+,

which is associated with the risk of cancer developnierif®°. Curent standard
endoscopic technology is unable to detect those subsurface lesions. Therefore, there is
a critical need for developing new diagnostic tools which can assess tissue
architectural and molecular information across the mucosah dep improved
detection of subsurface cancer, and evaluate the invasion depth of a lesion.

Optical coherence tomography (OCT) is establishedbiomedical imaging

technology forsubsurface imaging of tissues witlgh resolution<€10 ym) and 12

*The contergint hi s chapt er IiQsTangelpWangd WAc e - r fa
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resol ved i maging i o§ cplioonalt uemohert
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mm penetration deptff*®, which is comparable to thgize of standarcinch biopsy
and histology OCT canbe interfaced with fibeoptic catheters and endcopes to
image inside the bod{? ®**®. Endoscopic OCT has bedemonstrated in the human
Gltract®” todetecBar r et t 6 s €'soanchdgsglasg’® /( BE DRIghod s
depthresolution andappropriate penetration epth make it an attractive
technology foretecting subsurface abnaimies in the mucosal amsdibmucosal
layers. Visualizatin of crosssectional mucosal arsibmucosal features is a key
advantage of OCT imaging whetompared to sindard endoscopy.

OCT can provide highesolution morphology information, but is less sensitive to
biochemical or molecular processes associated with early neoplastic formation before the
exhibition of structural alterations. Fluorescence imaginghigks sensitivity for detecting
biochemical and molecular alterations, baslimited specificity'®”. Combining these two
complementary imaging technologies vebpbtentially improve the diagnostic capability for
early cancer detection. Previous studies using OCT and-idegghated fluorescence
imaging already showed substantial promises in cefficaf bladder'®"?*, colorectaf?

222 and bronchiatancers”®  However, dpthintegrated fluorescence imaging lacks the
depthresolved information, therefore may not sufficiently indicate the subsurface lesions or
estimate the deptbxtent of the lesions. In addition, the detected fluorescence intensities
are nodinearly attenuated with different imaging deptf€% which could lead to a
surface weighted images.

Laminar optical tomography (LOT) is a promising ragph to overcome this
limitation by using multiple detectors to collect ligtrsvelling through different depths, and

through mathematical emnvolution to reconstruct the depésolved imagé®*-%. LOT
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has a resolution of ~100 pm with32mm penetration deptf®%*1% which is
comparable to the imaging depth of OCT, as well as te@ftgpical biopsy and histology.
LOT imaging of skin cancer based on absorption contrast has been demortrated
Fluorescencbkased LOT (FLOT) has the potentiaaantify depthresolved distribution of
fluorescencdabeled tumot® 19410103

Since cancer development is associated with both morphological and molecular
at erati ons, i maging technologies that can
molecular biomarkers anassess the depth extent of a lesion, without the need for tissue
excision, would be a major advance in cancer diagnostics and tHar#pg.paper, we
investigated mukimodal depthresolved imaging approatly co-registering higkresolution
OCT and higksensitivity FLOT for both structural and molecular imaging. Our data on

multi-modal imaging ofmice colon tumomodel demonstratithe feasiblity of combining

structural and molecular information for more accurate diagnosis.

6.2 Materials and methods

6.2.1 Animal preparation

All animal procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of M@dand, and animals were treated in
accordance with the PHS Policy on Humane Care and Use of Laboratory Animals,
the National Institutes of Health Guide for the Care and Use of Laboratory Animals,
and the Animal Welfare Act (7 U.S.C. et sed)x 8-weekold male C57BL/6J
Apc™™"/J mice were purchased from Jackson Laborat®ay Harbor, ME). The mice
received a high fat diet consisting of 23% corn oil in order to increase tumor

incidence in the distal coldi’. At time points of ~18veeks the micewereprepared
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for imaging study. One day before imaging, the mice were injected with the cathepsin
B-sensitive contrast agent (ProSefse680, PerkinElmer), which was non
fluorescent at injection and locally activated after target intenaltf 22°. After 24
hours, animals were euthanized. For each animalgra ®ng section of colon from

the distal end was removed, opened longitudinally, and flushed with isotonic saline.
The excised colon was pinned flat and fixeging Formalinin place to minimize
fixation artifacts.After fixation, the samples are ready for imaging. Photos of all the
sampes were taken using a digital camera and all the tumors were numbered
properly, which would be used to match the measurements from OCT/FLOT with

histology results.

6.2.2System setup

Fig. 1(A) shows the OCT system setUphis frequencydomain OCTimaging system
utilized a wavelengtrswept laser as light soureénich was centeredt 1310 nnwith

100 nm bandwidth®*’. The wavelengtiswept frequencyvas 16 kHz with 17 mwW
output power’, About 97% of the laser power was split evenly to the sample and
reference arms of a fibérased Michelson interferometé? 2’3 The signals reflected
from the sample and reference arms formed interference fringes at the fiber couple
(FC). The interference fringes from different depths received by a balanced detector
(BD) were encod# with different frequenciesA Mach-Zehnder interferometer
(MZI) obtained the remaining 3% of the laser output power and generated a
frequencyclock signal with uniformly spaced optical frequency to trigger the
sampling of the OCT signal®. Depthresolved tomography can be achieved by

performing fast Fourier transform of the interference fringes. During imaging, the
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colon tissue was irrigatl by phosphate buffer saline (PBS) to prevent dehydration

168

The £hematic of the FLOT system is shown in.F@B). A 637 nm laser diode
was utilized as light source. Light from the laser diode was collimated and coupled
into a singlemode fiber to shape the light beam. Light coming out from the fiber was
first collimated by an objective ler(®1) and then passed through a polari@et).

The collimaed light was expanded into liieeld illumination using a cylindrical lens

with a full line-width at the half maximum of 26 pum at the focal plane. An iris was
used to control the length of the line illumination. The backscattered light and emitted
fluorecent light were collected back through a crpefarizer (P2, which was used to
reject the specular reflection from teamplesurface), another objective le(32), a

filter wheel (695 nm emission filter for fluorescence imaging and no filter for
reflectance imagng), and finally imaged on a CCD camera (EMCD, CooKe).
Recent stues indicated angled illumination and detection configurations can
improve both resolution and dephnsitivity®® **2 The illumination angle was set at
45°, rendering ~30° transmission angle in tissue (n~1.33). The CCD camera was
placed vertically to record both fluorescence and reffeetamages by rotating the
filter wheel. Because of the defocusing effect, we set the focal plane slightly below
the sample surface. The scattering coefficienf) (pf the colon sample was

1700 be

determined from the reflectance data using obligealence speabiscopy
~146 cm®. A motorized tage was used to translate the sample lateralbcamning
direction X (perpendicular to the line illumination direction With the speed of

0.2156mml/s
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SS laser
1310nm
BW=100nm
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Colon tissue

Figure 1. Schematic of theOCT and FLOT system

(A) Schematic of the OCT imaging system. (B) Schianaf the FLOT system. FC: fiber
coupler; PC: polarization controller; C: collimator, BD: balanced detector, MZIl: Mach
Zehnder interferometer (frequency clocks), DAQ: data acquisition board, M: mirror, GSM:
galvonometer scanning mirror, O: objective ldnB; laser diode, P: polarizer, S: shutter, I
iris, CL: cylindrical lens, FW: filter wheel.

6.2.3 Data acquisitionrand imageaeconstruction

For FLOT image acquisition, the illumination line was first focused obdger (X=0) of

the samplefield of view (FOV). At eachscanningposition, one 2D XY image (512x512,
with pixel dimension of 30.8 pm) was obtained witbi0O ms exposure timéNext, the
motorized stage moved the sample in X directidth a step sizef 30.8 um to another
illumination/collecion position. Another 2D XY datasetas obtainedThis process was
repeated until finishing the entisamplescaming ®. The raw measurement had the format
of XYT. A typical 3D dataset recorded 512x512x400 XYT voxels. In order to fit the
experimental data to the theoretical model for precise reconstrubgosurfaceof colon
tissuemust be found. To obtain the surface tomography afdloa tissugthe emission filter
was removed, and the same FOV was scanned to get thenefistiages with the same

scanning/acquisition protocddut lower laser power to avoid satedhtimage Without
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emission filter, mosbf the collected light was from the refiien of theillumination light at
thetissuesurface which would then serve as an indicator of the location of {@surgerface.
The raw measurement of refl@etedatagt had exactly the same format of KYX=512,
Y=512,T=400).

To reconstruct the imagabe 3D datasets wefiest downsized to 256x256x200YT
voxels The raw measurements of the reflectance data were stagk#teiaccording to the
geometrical elationship between the illumination plane #meldetection FOYwhichwas
similar tothe unprocessed stacked raw image in seleptee illuminatiormicroscopy'’
Additionally, the stacked reflectance datereused to ceaegister with the3D OCT data
based orthe shape / structat features of the sameumor. To reconstruct théluorescence
image, firstorder Born aproximation vas assumed to obtain linearity between the
measuremer& and the fluorophorelistribution#, i.e., for eachFOVyz, & * #with *the
weight or sensitivity matriX®'® To constitute, photon disibution was first generated by

Monte-Carlo simulation*®’ (g=0.9, n=1.33, 0.0, h=146 cm®). Thenthe reciprocity

principle was appliedto obtair*. *was later decomposed by singular value decoitigros
(SVD) '”". Lastly, least square fitting and Tikhonov regularization were ussdive the
underdetermined systeltf. The r egul ar i z=80021wasdetprmined bye t e r
curve criterion*” 100 sourcedetectorpairs and 100 scanning positicstarting from the
surfacewere chosen to constitugewith 10,000 measuremeidata Each reconstructed
FOVxz included100x100 pixels with a pixel siz# ~61.6 um. The entire volunfeOVxyz

was constituted byuxtaposingindividual FOVWz along Y -direction. After imaging, the
pinned tissue specimens were proce$sethistology and pathological review (Histoserv,

Inc).
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6.2 .4 Data quantification

To achieve quantitative characterization of tumors and normal tisso@suse colonthe
structural and moleculaparameterscan be extracted fron©CT and FLOT images
regectively. Tissue extinction coefficient {u (or the slope of axial attenuation) is an
indicationof local tissue scattering changes associated with neoplasia sdethshown to
be able to dett dysplasia in oral cavitiéd® ** and breast cancét* > The extinction
coefficient () can be estimated by fitting the OCT asdehn intensity profiles witthe

singlescattering model: 1(%)expt2usz) > Since the extinction coefficient fjis the sum

of the absorption coefficient {pand scattering coefficientdjithe enhanced light attenuation
in the tumor regions could be due to the increase of tissue scattering coefficient, which is
closely relatd to the structural changgsch as nucledo-cytoplasmic ratio and extracellular
matrix remodeling during the nglastic progression. Absorption coefficients might be also
changed due to changes in water contents (such as in the case of edema). However, at 1300
nm, for typical Gl tissueghe scatering coefficient is at least oeder of magnitude larger
than the bsorption coefficient>’. Therefore, the majority of attenuation couldde to
scatteringi.e.,.° Hs. Wethereforequantifiedthe scattering coefficienfus) asthe structural
parameter

Molecularparameterinclude the level and spatial distribution of enzyjcethepsin B)
activities, whichcan bequantifiedfrom thedepthresolved FLOTtomogram using cathepsin
B-activatable contrast agent. Deptisolved FLOT is capable of reconstructingitiensity
and depth distribution of the contrast @g@ToSense'680). To calibratethe constructed
valuesto fluorophoreconcentratios, capillary tubewith200e m i nner 8&Pdeammet er

outerdiameter(Vitrocom. Inc)filled with differentconcentratns of fluorescence dye Cy5.5

99



(0.5uM, 1 pM, 1.5 pM) wereused as aalibrationphantom.They wereplaced~500 um
deepin the scatteringnedium containing 1.5 g Agar powdg&mlL intralipid (20% solution)
and49 mL PBS buffewith eD146cm * at 637 nmyhichis close tacolon tissuescattering
coefficient The reconstructedelative enzyme activity value for OV, 1 pM, 1.5 pM
Cy5.5were 207.66, 217.46 and 224.50 respectively revealing aigeadrelationshipvith

R?=0.99113 which can serve as a grefdrencdor the FLOT system used.

6.25 Data gatistical analysis

According to the sample size calculation in the spleg, we recruited 17 samples in total
(from 6 different animals) to ensure at least 80% power to detect the difference between
tumor and normal tissues. No missing data are observed in this study. Descriptive statistics
such as mean and standard deviatieere calculated. The distributions of scattering
coefficients |4 and relative enzyme activitgf tumor tissues to the normal tissues were
examined to verify the normality assumption. Ratios of absolute diameter and thickness
difference from OCT and FLOTothistology (gold standard) at different thresholds were
compared to determine the optimal threshold values (the smaller the better). Boxplots are
used to demonstrate the difference in parameters for tumor and normal tissues using OCT
and FLOT. Studertttest was also used to compare the mean diameter and thickness from
OCT and FLOT to histology at the chosen thresholds. Stixiestt was used to compare
scattering coefficient {and relative enzyme activityf tumor tissues to the normal tissues.

To quaniy the diagnostic sensitivity and specificity for Gl cancer detection using-multi
modal OCT/FLOT imaging technologies and validate its capability for enhanced cancer
detection compared to single modality alone, different thresholds of the tissue gcatterin

coef f i ffor @0T)tand(retative enzyme activity (for FLOT) were applied. To classify
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tumor tissue and normal tissue near tumor with combined OCT and FLOT results, linear
discriminant analysis (LDA) was trained with relative enzyme activity @sddiscattering

c oef f i) omehe datagets plotting in X and Y dimensions respectively and applied to
new testing samples. Receiver operations curve (ROC) was also used to assess the
classification performance based on FLOT, OCT and the combiriedacrStatistical
analyses were carried out using MATLAB (The MathWorks Inc., Natick, MA). Statistical

significance is considered@t T8t L

6.3 Results and Discussion

A representativ@D OCT colon issue volume is shown in Fig(A). The shapef colon

tumoris clearly displayed. Fi@¢(B) shows 3D FLOT image of the same colon tissue.

Figure 2.3D OCT and FLOT images

(A) 3D OCT image (XxYxZ=5x3x0.5 min (B) 3D FLOT image (XxYxZ=3.8x3.3x2 nijn (C)
3D OCT and EOT fused image. (D) Crosectional OCT images. (E) Cresactional FLOT images.
(F) 2D OCT and FLOT fused image. (G) Corresponding histology

These two 3D images agree well as shown in the fused 3D imag@@id-ig 2(D)
and 2(E) show the correspondicrosssectional OCT and FLOT images. Due to the

scattering effect, OCT signals attenuate at deeggions while FLOT can provide
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better depth information as shown in Fig(F). Both data agree with the
corresponding histology (Fi@G). These resultglearly demonstrate the feasibility
of OCT and FLOT for coregistered tissue morphology and molecular
information, and the capability of FLOT to visualize the depth information of

subsurface tumors.

6.3.1 Structural and Molecular Bioarkers

From Fig 3(A), the colon tumor shows enhanced light attenuation compared to
normal regions. The red arrow indicates medmarkwe can use to ecegister tissue
scatter i ngs ntap with the toglownview of ELOT 3D image shown in
Fig. 3(C). Our findings are consistent with previarsmal study®® andclinical
observations of reduced OCT scattered light in adenomatous polyfiee of
human colorf*®. Another observation is theeterogeneityn the tumor region®® as
shown inFig. 3(A). Fig. 3(C) shows thetop-down view of FLOT 3D image using
fluorescent contrast agent. Colon adensstieow emanced fluorescence compared to
normal regions. Depth distribution of the contrast agent can be seen #{EjigFig
3(D) shows fused scattering coefficienand fluorescence imagbased on the
landmarkindicated by the red arrow These parameters will indicate the level of

molecular activities, size, and depth of invasion of the tumor.

6.3.2 Parametes for tumor size measurement

OCT/FLOT images provide thearameters to differentiate neoplastic lesions from normal

tissues. We first applied teparameterdo estimate the size of tumors to differentiate
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different stages of neoplastic lesions. For Of)icethes c at t er i ngmap@Eigef f i ci ent

3A) isheterogeeous, in order to find the optimal threshold value for tumor size

300
(em™)

(A)

100

()] (D)

Figure 3. Structural and Molecular Biomarkers
(A)Tissue scattering coefficient{cm™) image. (B) Tissue scattering coefficiest. cm™)
image after sliding filtering. (C) Topiew of FLOT 3D image using cathepsinsBnsitive
fluorescent contrast agent. Relative enzyme activities are higher around tumor areas than the
surrounding normal tissue. (D) Fused scattering coefficient and fluorescence image.
estimation, a sliding neidporhood operation with 168100 sliding blocks was applied to
the scatteringc o e f f igcimag (3601 1240) . Dmep alec at t er i n
sliding neighborhood operation is shown in.B@). Then from the intensity profiles along
both X and Y directions, the fullidths of the intersections with different threshaetdues
were estimated as the tumor size (i.e., all the pixels with the same Y position were summed

up when we calculate the intensity profile along X direction). The different threshold values

were derived by the following equation:"O O " O h where
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‘O EOEIAAZED®AIAJAD is minimum value or the background value on the
each specific intensity profil&P are the different percentages that we can use to calculate
different threshold values and the \edufor'Ce are set 30%, 40%, 50%, 60% and 70% in

this study. The tumor diameter was determined by averaging two dimensional measurements

(X and Y). Finally the absolute value of error function (the absolute diameter or thickness

difference)O was used to judge the accuracy of the measurement for

di fferent threshol d val gy eaps welkiolstashedeon $2c at t er i
samples from 6 different animals. The statistics of the 12 samples with different threshold
values is shown in Fig4(A). 60% threshold provided the best result (E = 0.323+£0.057).
Tumor thickness was determined from OCT cgesgional image as shovim Fig. 2(D)
(indicated by the whiteloubleheadarrow). For FLOT, we used theame protocol to
deternine the optimal threshold in tumsizesin XYZ dimensionsThe timor diameter was
determined by averaging two dimensional measuren(rasd Y) for different threshold
values Tumor thickness was determined frtime tumor size in Z dimensidor differert
threshold values. Ashownin Fig. 4(B), 50% threshold gave the best measurentent (
0.13%0.032) for tumor diameter but not the optimaasuremente = 0.780+0.19]for

tumor thickness, while 60% threshold provideccamparativelygood estimation(E =
0.135+0.02}) for tumor diameter but markedlybettermeasuremen(€ =0.5510.102) for

tumor thicknessestimation Thus we chose 60% threshold for FLOT datasedmglihe
optimal thresholds we chogbge sizesfrom measuremesivere therplotted togethewith
histology data which served as the gold standard as shown t FIgOT provides a more
accurate estimation in tumor diameter (E = 0.135+£0.021) but relatively worse in thickness

estimation (E = 0.551+0.102) due to the inveesenstructiomatureof FLOT. OCT gives a
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better estimationin depthdirection (E = 0.264+0.045) sincthere is colon serosa below
tumor which scatters more light back than tumor tissue, and serves as the lower tumor

boundary.
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(A) Average &solute diameter difference ratio for OCT with different threshold (n=12, from
6 different animals). (B) Average absolute diameter and thickness difference ratio for FLOT
with different threshold (n=12, from 6 different animals).

While we can notie thatOCT signas attenuatext deeperegions, the tumor thickness is
mainly based origsue surface height (with respect to a fixed reference paséiwh)n our
case, the tumaegionis comparablhthicker than the normal tissue. That may resultanem
accuratehickness estimation from OCT in this experiment, buirfeivo case, the accuracy
of tumor thickness estimation may nothatprecise. . en t hough FLOTG6s esti
ideal for tumor thicknessit is still able to estimate the depitithin certain accuracy

ranges{50%) which canprovide additional informatiortompared t@D fluorescence
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Figure 5. Diameter and thickness from FLOT and OCT compared to histology

(n=12, from 6 different animals).

imaging method osimple white lightexamination. For diameter estimation, since we used

t

ssue

S c at tJeadetermgine the sizé, both ¢he anisatropy and heterogeneity

of the tumor region may resultimaccuratdE = 0.323+0.057) measurementnpared tthe

actual size oftte tumor determined by histology. By taking advantage of the two imaging

methods, there is a great potential to obtain tumor sizes in all dimensions in order to

differentiate different stages of neoplastic lesidMs. tried to perform the histology in the

middle line of each tumor, so the diameter and thickness data should be able to reflect the

dimensions of each tumor. However, using markers will definitely provide bettefation

betweertwo imaging methodandhistologyand more accurate resifté

6.3.3 Parametes for tumor detection

To gquantify the parametersentiored above in differentiating colon tumor and tissue

neabyt umor , ti

S s ue 3 andrtldte enzymg actvitwerd deterrmine@ n t

by averaging the values of randomly picked 5x5 pixels region of interest (ROI) in tumor and
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normal tissug near tumor on 17 samples from 6 different aninfdde tumor area was

determined using the optimal threshold derive8ention 3.2 There are in tol®8 datasets

(2 datasets were taken from each tumor region and 2 datasets were taken from each normal
tissue near tumorAs shown irthe left part ofFig.6,th e t i ssue scagot ering c
the tumor region is statisticallgrger tharthe control group ®0.0QL). Therelative enzyme

activity of tumor regiores shown irthe right part ofig. 6 is statisticalljlargerthan that of

normal tissue as welP<0.0QL). Thet i ssue scat tJasrrdlatvgy lageothahf i ci ent
the values previously reportétf ?*. This increase may originate frorartalin fixation

since it has been reported thainhalin fixation canresult in ncreasg scattering coefficient

due to the crostinking of proteins creating a more higlsigattering media>*
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Figure 6. Parameters for tumor detection
Statistics of ti s s ardRelaiterizgne adtivifies gnauembrftisswei e n t (
and normal tissue near tumor. The tssus c at t er i nggof tkeogeotipfof tamoe n t (¢
tissue (n=34, from 6 different animals) was statistically (P<0.05) bigger compared to control
group (normal tissue near tumor : n=34, from 6 different animals). The relative enzyme
activity in the group btumor tissue was statistically (P<0.05) larger than control group.
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6.3.4 Diagnostic accuracy of combined imaging modalities

The tissue scag anerelative gnzyme acfiviywere idetenntined (bg
averaging the values of randomly mdck5x5 pixels ROI in tumor and normal tissue near
tumor on 17 samples from 6 different animals. There are in total 68 datasets (2 datasets were
taken from each tumor region and 2 datasets were taken from each normal tissue near tumor).
Relative enzyme asityand t i ssue s c gftoméehe datasgts areletted i ci ent
X and Y dimensions respectivelgshown in Fig7(A). LDA foundthe best separation of

the two groups (tumor and normal tissues near tumssHown in Fig7(A). Fig 7(B) shows

the ROC curves for diagnosis using tissue scattering coefficient onlyetive enzyme

activity only, andthe correspondingptimal diagnostic sensitivitgnd specificity usingthe
combined criteria. Theptimal sensitivity (specificity) for scattering efficient only is

76.47% (82.35%)elative enzyme activitgnly is 85.29% (70.59%), and combined criterion

is 82.35% (82.35%). Combined criterion gives the optimal diagnosistlje shortest
distance to ideal diagnosis 10@¥90%)). Fluorescence moldéauimaging can achieve high
sensitivity in detecting early cancer, however, has limited specificity due to confounding
factors such as inflammation.On the other hand, OCT is less sensitive to early neoplastic
changes before significant structural raiens occur, but has high specificity to rule out the
nonneoplastic regions. Combined together, fluorescence molecular imaging and OCT can
provide complementary information for more accurate detection and characterization of early

neoplasia.
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Figure 7. Diagnostic accuracy of combined imaging modalities
(A) LDA for classification of tumor tissue and normal tissue near tumor;(B) ROC curves
for using tissue scattering coefficient only, relative enzyme activity only, and combined
criteria. Thearrows indicated the optimal threshold for OCT and FLOT. Combined criterion
gives the optimal diagnosis (i.e., the closest distance to ideal diagnosis 100% (100%)).

To validatethe combined criteria, another 68 datasei® collected frorthe 17 samples
as the validation data set, to determine the sensitivity and specificityoatehiavalue in an

independenstudy. Withthe diagnostic thresholdf y= 2.0037 R 6#5.3906derived in Fig

7(A), the sensitivity(specificity) for validation @tawas 88.23% (82.3%) compared to
79.41% (82.35%) for OCT only and 85.29% (73.52%) for FLOT only. We should notice
thatcathepsin Bsensitive contrast agemsed in the paper may not be optimal for tumor cell
targeting.FLOT is a general method and aaork with other contrast agents. thefuture

cyclic ArgGly-Asp (RGD) ?* folate receptot) ** and affinity peptide®®® can be

considered to further improve theghostic accuracy
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6.4 Conclusion

We investigated a multhodal optical imaging approach combining higkolution OCT

and deptkresolved higksensitivity FLOT for structural and molecular imaging. Quantitative
structural (scattering coefficient) and moleculatafive enzyme activity parameters from
OCT/FLOT images were derived for myptrametric analys. In the paper, we applied the
single scatteringnodelto estimate thextinction coefficient The multiscattering model
included the effects of single scattering, multiple scattering, and the Gaussian beam
propagation®® and can present a more precise estimation aboutiskeetscattering
coefficientwhile moredifficult to fit. To classifythetissuetypes, the simplesingle scattering
modelhas been used to extract dape of the logarithmic axial depth profifé22*° In the

future, we will investigate the multcattering modeind get a more quantitativiessue
scatteringcoefficient To quantifythemeasuremerrrorfrom FLOT, oneglass capillary was

filled with1 uM Cy5.5 solution Cyanine5.5 azidd_umiprobe Corporationand inserted

into an agaphantom The agaphantomwas fabricated with.5-g agar powdeR.5mL 20%
intralipid solution and 49mL PBS buffer The fluorescence values from FLOT were
randomly picked from 12 5 x 5 pixels sites of the capillary. In theory, the fluorescence values
from different sites of the capillary should be the same. The fluorescence values are
228.2+0.6. The variance of the fluorescence values from FLOT is negli§d€CT, the
scattering map is attached. Theste scattering coefficieifty) are 169.93.5 /cm. The
variance may come from thiehomogeneouglistribution of theintralipid in the agar

phantom.
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This multtrmodal imaging method has demonstratesl feasibility for more accurate
diagnosis with 823% (82.35%) for sensitivity (specificity) which gives the optimal
diagnosis compared to earfuividual imaging modality. This new muithodal imaging
technology is able to provide comprehensive stralcmd molecular parameters for better
assessment of subsurface lesions. Therefore, such an imaging technology could detect
subsurface cancers and -pecers to improve the diagnostic sensitivity, monitor the
neoplastic progression underneath teface, and assess the efficacy of ablative
therapiesintegrated OCTand line-scanFLOT has beerdemonstratedhrough a dichroic
mirror %, In the future, we will combindigh-resolution OCT and deptiesolved high
sensitivity FLOTinto oneimaging system fomore studes on different disease models
which can provide coregistered structural and molecular information of tissues
simultaneously.The two imaging modalities could be furthetegraed into a functional
endoscopy systerasing microelectromechanical system (MEM&RIN cylindrical lens
(GRINTECH. Inc) and imaging fiber bund@’. Since Monte Carlo modeling and
regularization termare applied in reconstructing-®T images, itis time-consumingand
cannotprovide the reconstructed image in real time especially for a system with high source
detector densityBut with the advent of theomputerspeed and nevegularizatiormethods

24
d2%®

introduce the time needed famage reconstructiomm FLOT could be alleviated

dramatically
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ChaptRedli menitom ecdiootfri buti on
antoidghot on absorber conjugates

phot oi mmunonh®rapy

7.1 Introduction

Photoimmunotherapy (PIT) is an emerging low side effect cancer therapy based
on a targeted monoclonal antibeplgoto absorber conjugate (APC) [mAb conjugated
with a nearinfrared (NIR) phthalocyanine dy@R700)] that induces rapid cellular

necrosis after exposure to NIR lighit. IR700 is not only fluorescent, and thean be

used as an imaging agent, but it also is phototoxic, serving as an imaging theranostic.

When exposed to intense levels of NIR light, the conjugate becomes lethal, but only
to those cells to which it is bourfd®. NIR light exposure can lead to rapid, target
selective necrotic cell death vitro and effective tumor shrinkage on animal models

in vivo 2*°. PIT induced highly selective cancer cell death, while leaving most of the
tumor blood vessels unharmed, leading to an effect termed super enhanced
permeability and retention (SUPR), which significantly inya the effectiveness of
anticancer drugé®. However, very little is known about how deep tumor cells and

vasculature respond while perivascular cancer cellsemteoyed via PIT.

* Part ofthe contergin this chapter is reproduced framT a n g, Q.-timet
monitaring of microdistribution of antibodphoton absorber conjugates during
photoimmunotherapy in vivdlournal of Controlled Releas26(0154-163), 28
August 2017 with permission.
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Although single administration of the therapy was effective, tumor recurrences
were observed in treated animals because o0
in the targeted tumor. T h ehe em@Allatiorl dgstem 0 conj L
longer than nontargeting small molecule photosensitizers. Thus, the unbound
MmMAbT I R700 can redistribute into the remna

250 Fractionated administration of t

irradiation
conjugate, followed by systematic, repeated NIR light irradiation to the tumor, was
shown to be a highly effective tumor treatment because of the redistribution of
antibody over time into the remm@atumor under the guidance of the IR700
fluorescence signaf®. Reatime monitoring of theranostic agent distribution and its
therapeutic effects, incluay cellular necrosis within the tumor microenvironment,
will be critical for further understanding the PIT/SUPR mechanism and optimizing
the effectiveness of treatment.

The current approach for monitoring APCs fluorescence, macroscopic
fluorescenceeflectance imaging, lacks the resolution and depth information to show
mAb-IR700 distributionin situ *2. Histological analysis reveals intratumor APC
distribution is inhomogeneous. However, it is invasive and termiRaattime
change of the microdistribution of APCs in different locations within the tumor after
PIT has not been studi@al vivo. Here, we investigated the microdistribution of APCs
at different loations (e.g., tumor surface vs. deep tumor) during andiafstu and
in vivo PIT usingfluorescence dminar optical tomographyF(OT), a minimally

invasive twechannel fluorescence fiber imaging system and a high resolution two

photon microscope (TPMyith a 1 mm microprism.
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7.2 Materials and methods

7.2.1 Reagents

Water soluble, silicghthalocyanine derivative, IRDye 700DX NHS ester was
obtained from LICOR Biosciences (Lincoln, NE, USA). Panitumumab, a fully
humanized Ig@mADb directed againsepidermal growth factor receptor (EGFR) was
purchased from Amgen (Thousand Oaks, CA, USA). All other chemicals used were

reagent grade.

7.2.2 Synthesis of IR706onjugates

Conjugation of dyes with mAbs was performed according to previously used
methods?*°. In brief, panitumumab (1.0 mg, 6.8 nmol) was incubated VRiDye
700DX NHS esterff 6 6. 8 ¢ g, 34. 2 HROp(pH 86) at ro@M 1 M Na
temperatue for 1 h. The mixture was purified with a Sephadex G25 columrl(®D
GE Healthcare Life ScienceBjttsburgh, PAUSA). The protein concentration was
determined with the Coomassie Plus protein assay kit (Thermo Fisher Scientific,
Waltham, MA USA) by meauring the absorption at 595 nm with WXis (8453
Value System; Agilent Technologies, Santa Clara, CA, USA). The concentration of
IR700 was measured by absorption at 689 nm to confirm the number of fluorophore
molecules per mAb. The synthesis was contdolle that an average of two IR700
molecules was bound to a single antibody. We abbreviate IR700 conjugated to
panitumumab as paiRR700. As a quality control for the conjugate, we performed
sodium dodecyl sulfatpolyacrylamide gel electrophoresis (SPBGE). Conjugate
was separated by SEFAGE with a 420% gradient polyacrylamide gel (Life

Technologies, Gaithersburg, MD, USA). A standard marker (Crystalgen Inc.,
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Commack, NY, USA) was used as a protein molecular weight marker. After
electrophoresis at 80 \of 2.5 h, the gel was imaged with a Pearl ImagefrQOR

Biosciences, Lincoln, Nebraska, USA) using a 700 nm fluorescence channel. We
used diluted panitumumab as a control. The gel was stained with Colloidal Blue

staining to determine the molecular weightonjugate.

7.2.3Cell culture

EGFRexpressing A431(epidermoid carcinoma cellgireen fluorescent protein
( GFP) cells stably expressing GFP were
Cells were grown in RPMI 1640 medium (Life Technologies,tlégmsburg, MD,
USA) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin
(Life Technologies) in tissue culture flasks in a humidified incubator at 37 °C at an

atmosphere of 95% air and 5% carbon dioXide

7.2.4 Animal and tumor models

All in vivo procedures were conducted in compliance withGhale for the Care
and Use of Laboratory Animal Resourcd®996), US National Research Council,
approved by the Institutional Animal Care and Usen@iuttees (IACUCs) at the
University of Maryland and NIH. Stxo-eightweekold female homozygous athymic
nude mice were purchased from Charles River (R@Uderick, Frederick, Maryland).
Two million A431-GFP cells were subcutaneously injected in the righd left
dorsum of each of the mice. Tumor volumes were based on caliper measurements and

were calculated using the following formula: tumor volume = length x WixtB.5.
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Mice were monitored daily for their general health and tumor siagsors reachig

approximatelyL00 mn? in volume were selected for stutfy”".

7.2.5Treatment regimens

We usedpanIR700 as the imaging and toxic agent for A43EP tumor bearing
mice. Tumor bearingnice were randomized into 2 groups of at least 5 animals per
group for each imaging experiment (e.g., ®@@nnel fluorescence needle imaging,
two-photon micreprism imaging, and twghoton tumor surface imaging
experiments are treated as three imagingerEents).24 hours #er i.v. injection of
100 ug of parlR700 via the tail vein50 J/cm NIR light was administered at group 1

while group 2 (without NIR light) was used as a control.

7.2.6 Imaqging

All mice were anesthetized with 2% isofluranexed in Q and were then
immobilized using a customized stereotaxic frame. Body temperature was maintained
at 37 °C with a heating blanket. A small incision was performed to remove the skin
covering the tumor to allow for imaging. After imaging, the miceemeuthanized
and tumors were extracted. The tumors were fixed using formalin in aceévo
fluorescence imaging and histology were performed for AGBP tumors and

control tumors.
7.2.6.1Fluorescencedminar optical tomographgystem

The FLOT systm is similar to that reported previoudR/*®" 2% Pigwiled 637Znm
laser diodes was used as the light sources (LIS63D, Thorlabs Inc.) to illuminate

the samplesThe tumor was imaged by FLOT system during and 2 hours Mifker
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light treatment every 1fhinutes. Oregogreen labeled dextran with 70000 MW sva
injectedi.v. beforeNIR light administration to indicate the vascular distribution of the

tumors.

7.26.2 Two-channelfluorescenceeedle system

Fig. 4A llustrates the schematic of the twbannel fluorescence imaging
system. The system is @gped with a twechannel fiber bundle (FIGI30-850N,
Myriad Fiberlmaging Tech., Inc., Dudley, MA, USA). It provides two imaging fields
of view (FOVs) of ~0.8 mm with 30,000 pixels each and relays the images from the
tumor surface and deep tumor at thealiend of the fiber bundle back to the focal
plane of the objective. The system utilizes a 637 nm laser diode as its light source,
which is coupled with a singlemode fiber to shape its light beam. A diffuser is used
to make the light more uniform. Theghit is collimated by an objective and goes
through a dichroic mirror (650 nm, singdelge dichroic beamsplitter; DMLP650R,;
Thorlabs, Inc., Newton, NJ, USA). The light is then coupled to thectvemnel fiber
bundle system by an objective. A custbmilt motorized 3D microstage facilitates
accurate light coupling between the objective and thectvamnel fiber bundle. The
emitted fluorescent light is collected back through the fiber bundle, objective,
dichroic mirror, a 665 nm longpass emission filter, aindlfy imaged on a charge
coupled device (CCD) camera (PIXIS1024, Princeton Instruments, Trenton, NJ,
USA). For tumor imaging, after aligning the twbannel fiber bundle to the
objective, one channel of the fiber bundle probe was gently inserted irttoribe of
the anesthetized mouse by slowly moving the animal stage up and using stereotaxic

coordinates'’®. Special attention was paid to avoid damaging large blood vessels
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during this procedure, and minor bleeding wasarmtd by flushing with saline
solution®2 The other channel of the imaging fiber bundle was placed at the surface
of the tumor.

The NIR LED used for the Pltreatment in the experiments has a wavelength
spectrum of 6800 nm (Tech_ED, Marubeni America Corp., Santa Clara, CA,
USA) and irradiates for ~20 minutes to deliver a dose of ~50%Jight to the tumor
250233 The LED spectrum overlaps the detection filter spectral range. To record the
IR700 fuorescence signal change during and after PIT, the data acquisition protocol
is as follows: one image was taken before turning on the LED, then, in the first 20
minutes, each image was taken after every 2 minutes of tumor LED exposure. After
20 minutes ofLED exposure, the PIT treatment was completed and, in the next 70
mi nut es, one i mage was taken exeamegnt 2 mi nut
changes. The control group received no LED exposure, but during 90 minutes (the
same time that the exposgdoup was treated and observed) one image was taken
every 2 minutes. The driver current was set at 100 mA for the laser diode and the

exposure time was set at 1 s for the CCD camera during data acquisition.

7.26.3 The TPM system with a microprism

TPM, which allows the simultaneous absorption by each fluorophore molecule of
two photons in a single quantum event, offers many advantages over conventional
imaging techniques. It has become a powerful tool for studying biological function in
living tissues®+®. Microprisms have been used with the TPM ifowvivo multilayer
cortical imaging in mice®® The labcustomized twephoton system utilized a

Ti:sapphire laser (Mira 908, Coherent Inc., Santa Clara, CA, USA) operating at 790
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nm wavelength and 120 fs pulse width. A 20X water immersion objective (Olympus
Corporation of the Americas, @&r Valley, PA, USA) was employed for focusing
the excitation beam into tissue samples and to collect theplaton excited
fluorescence signals. A dichroic mirror (760 nm, single edge dichroic beamsplitter;
T760LPXXR-UF3; Chroma Technology Corp, Bellowslls, VT, USA) was applied
to separate the excitation laser and fluorescence signals. The fluorescence signals
were further separated into two channels by another 550 nm dichroic beamsplitter,
followed by an emission filter (52539 nm and 716+42 nmtier GFP signal in the
green channel and the IR700 signal in the red channel, respectively) and a
photomultiplier tube (PMT) (H7422R0 for the green channel and H7423® for
the red channel, Hamamatsu Corporation, Bridgewater, NJ, USA).

For in vivo imaging of the tumor surface, the skin covering the tumor was
removed and the tumor was exposed under the TPM objective lensn Fomo
imaging of deep tumor, a 1x1 mMmght-angled microprism (OptoSigma Corporation,
Santa Ana, CA, USA) coated with amgflection coatings to minimize surface
reflections was fully inserted into the mouse tumor. The prism surface was then
cleaned with a hemostatic sponge and flushed with saline solution. A customized
glass chamber window was placed on the prismtoregluceg i f act s from t he
heartbeats and respirations, and to hold the water used to immerse the 20X objective
lens € i @A). The FOV per frame is ~1x1 nfmwhich projected the images across
di fferent depths of the t wroodeepsumar.eMgi on s, f
defined the area within 500 Om depth from

(tumor _s) and the area beyond 500 em depth
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(tumor_d). The 20X objective lens was finely tuned to focus at the plesesl mn
GFP-expressing tumor cells adjacent to the vertical surface of the prism. The data
acquisition protocol is the same as described in Seg@t®2., except that GFP

signal was also recorded.

7.26.4 Ex vivofluorescence microscopy

To detet antigenspecific microdistribution in the tumor, fluorescence
microscopy was performed. Tumor xenografts were excised from mice 24 h after
injection of APC. Extracted tumors were frozen with optimal cutting temperature
(OCT) compound (Sakura Finetek Japg2o., Ltd, Tokyo, Japan) and frozen sections
(10 um thick) were prepared. Fluorescence microscopy was performed using an
Olympus BX61 (Olympus Corporation) with the following filters: excitation
wavelength 468190 nm and 5950 nm, emission wavelength®5%50 nm and 665
740 nm for GFP and IR700 signal, respectively. Transmitted light differential
interference contrast (DIC) images were also acquired.
7.2 6.5Histopathologic evaluation

Tumor xenografts were excised from mice after experimentst logtroscopy
with an Olympus BX61 (Olympus Corporation) was used to evaluate histological
changes. Extracted tumors were placed in 10% formalin and serial 10 pum slice

sections were fixed on glass slides with hematoxylin and eosin (H&E) staining.

7.2.7 Statstical analysis

No missing data are observed in this study. Descriptive statistics, such as mean

and standard devi at i o n-testwas used andasthtisticdl at e d .
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analyses were carried out using MATLAB (The MathWorks Inc., KahtA, USA).

Statistical significance is consideredlat 18t v

7.3 Results

7.3.1 Characterization of antibody conjugated dye

As defined by SDIAGE, parlR700 and nofconjugated control panitumumab
showed identical molecular weightand fuorescence intensity was confirmed in the

band of padiR700 (Fig.4B).

7.3.2 In vivo fluorescence imaging usirkL OT system

In the FLOT experiment, as illustrated in FiggA, & 0 min, NIR irradiation was turned on
and the IR700 fluorescence intensity gped quickly at both tumor surface and deep tumor
regions. After 20 min, the NIR light was turned affid the IR700 fluorescence intensity
recoveredquickly and achieved a bigger volume than the initial value (0 mihj¢ch can be

explained by increased seular permeability immediatelgfter NIRPIT. The changédn
fluorescence during and after PoT the tumor was shown in FigBl a clear drop

was shown at the first 20 minutes and then the intensity recovered after PIT treatment,
while there was only a gdual decrease in contr@io PIT treatment).

Fig. 1C andFig. D were the Istograms of the pixel intensity before ab@l min after

PIT treatmenin thePIT-treatedcumorand control tumor, we cawmoticethatafter PIT
treatment, there were more pixetsthe centerSince before treatment, most of the
pixels either had very low values (no APCs) or high fluorescence values (near blood

vessels), while after PIT treatment the APCs can penetrate to more areas and
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Figure 1. Recording from FLOT system
(A) 3D FLOT images of the micrdistribution of par700IR in tumor at different time points during and after PIT Treatment
(XxYxZ=3.7x3.4x2 mm3). (BRepresentative normalized average IR700 fluorescence intensity of the tumor during and after
PIT treatment. (C) Histograms of the pixel intensity before and 80 min after PIT in the tumor. (D) Histograms of the pixel
intensity befoe and 80 min later in the control tumor (No PIT treatment). (E) Standard deviations (SDs) of the histograms of
tumor before and 80 min after PIT treatment. Tumor before PIT shows a significant larger SD than that of tumor 80 min after
PIT.

The IR0 fluorescence intensity was further averaged and normalized to the
initial level (0 min) in the entire region of interest (ROI) from the tumor surface and
deep tumor. The normalized IR700 fluorescence intensity clearly showed a greater

drop in thetumor surface and higher recovery in deep tum@iig. 2).
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Figure 2. Recording from crosssectionalFLOT image
(A) Cross section of the 3D FLOT reconstructed of-pa@IR (Orangeed) distribution. Dashed blue and red sgsaneicate
tumor surface and deep tumor respectively. (B)Representative normalized average IR700 fluorescence intensity of tumor surface
and deep tumor during and after PIT treatment.

7.3.3 Calibration ofthe twechannelfluorescencaeedle system

The twaechannel fluorescence needle system was initially used to image the 5
ug/mL IR700 PBS solution, which would be expected to have a homogeneous
fluorescence distribution. The |1 R700 PBS
weight matrix to compesate for inhomogeneity from the fiber bundle and the
imaging system K i §A). After compensation with the weight matrix, obtained
above, fluorescence signals were plotted as a function of IR700 PBS concentration,
and showed a good linear response W&tr0.9393(F i 8B). Fluorescence signals
from the CCD were further plotted as a function of different IR700 concentrations in
mouse blood, showing an excellent linear response R/it0.9959(F i 8C. an.d D
Before PIT, the twachannel fluorescence needles®m was also used to measure the
fluorescence intensity from the tumor surface, deep tumor, and normal tissues in the
anesthetized micd~(i 4C) . The tumorsodé surface showed a
fluorescence intensity value than that of the despot ¢ i 4D). Tumors (average

of tumor surface and deep tumor) showed a significantly higher IR700 fluorescence
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Figure 3. Image compensation and calibration
(A) Fluorescence distribution of twchannel system in IR700 PBS solution before calibrat{@). Relationship between
fluorescence intensity and IR700 concentration in PBS (n=5). (C) Relationship between fluorescence intensity and IR700
concentration in mouse blood (n=5). (D) Zoomed retestiop between fluorescence intensity and IR700 concantriait mouse
blood.
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Figure 4. Two-channel needle systerand fluorescence intensity
(A) Schematic of the tweohannel needle system. O: objective lens; D: diffuser; F: filter; DM: dichroic mirror; FB: fiber
bundle; LD: laser diode. (B) SBRAGE data of the gnIR700 and nortonjugated control panitumumalC)(Fiber
bundle image of the tumor surface (Tumor_s), deep tumor (Tumor_d), and normal tissue befori®) RR700
fluorescence intensity value for the tumor surface, deep tumor, tumor average (Tummod a), o r ma | tissue. The
surface had a significantly higher fluorescence intensity value than that of the deep tumor (p=86-827Tumors
showed significantly higher fluorescence intensity values than those of normal tissue (pr@®)01;) Fluorescence
microscopy of A431GFP tumor. DIdmage (left), GFP fluorescence (middle) and-TRO0 fluorescence microscopic
images (right) of A431GFP tumors. The GFP fluorescence signal is relatively homogeneous, while the IR700
fluorescence intensity is highim the tumor surface.
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intensity value than that of normal tissikei( 4D). Fig. 3E illustratesex vivoGFP

and IR700 fluorescence intensitiEx vivo fluorescence microscopy confirmed a

relatively homogeneous GFP fluorescence signal across the turfemesand deep

tumor, while IR700 fluorescence intensity is higher in the tumor surface4f).

7.34 In vivo fluorescence imaging using the tebannelfluorescence

needle system

At 0 min, NIR irradiation was turned on and the IR700 fluorescencesityedropped
quickly both at the tumor surface and in deep tumor regions, with larger decreases at

(B)

Percentage Change (%)

-

26min

50 60 70 80

Figure 5. Recording from two-channel needle system
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treatment. The fluorescence signal was calculated from the positions (centered by the red
marks in he left images with 5 x 5 pixels size) numbered accordingly.
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the tumor surface. After 20 min, the NIR light was turned off and the IR700
fluorescence intensity recovered quickly to initial (O min) levels. Some regions even
increased to values higher thtdre initial levels, especially in the deep tumbri( g .
5A). Different small regions (5 x 5 pixels) from both tumor surface and deep tumor
were selected to show the changes in fluorescence during and after PIT, which can
indicate the heterogeneity of thecovery in IR700 fluorescence intensity i( 5B).

Control experiments were performed on mice that did not receive NIR light exposure.
There was only a small IR700 fluorescence intensity decrease throughout the
measurement period, which may result from dyeotobleaching without any

fluorescence recovery(i @A).

(A) 2min 4min 8min 12min 16min 20min 22min

Tumor—s 10 10 10 10 ; 10 iy 10 10

Tumor_d

24min 30min 40min 50min 60min 70min 80min 90min
10 % 10 N 10 10 10 10 10 10
" - » » s " ® " ®
0 0 [ [
# &%
-10 -0 40 N 40 N -10 ® 410 ‘ 10 ' 410

Imm
(B) . ' . . . ' . ,

Percentage Change (%)

Figure 6. Two-channel needleecording from control mice
(A) Changes in fluorescence (@F/ F (%), ordinat
mouse imaged by the tamh a n n e | needl e system. ( B) Changes
ordinate) of tumor surface and deep tumor in control mouse. Fluoresceneé \wam
calculated from the positions (centered by the red marks in the left images with 5 x 5 pixels
size) numbered accordingly. (C) Histological specimens of A431 tumors from the control
group. No obvious cell necrosis was observed in either tumor sunfdbe deep tumor. The
doublearrow line indicates the imaging fiber bundle track ~1.6 mm below the surface.
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Figure 7. Normalized average fluorescence intensitghanges
(A) Representative normalized average fluorescence intensity of tumor surthaeem
tumor during and after PIT treatment compared with control. (B) IR700 fluorescence
recovery value of the tumor surface and deep tumor. Deep tumors showed a significantly
higher fluorescence recovery intensity value than that of the tumor surfaz@3p#n=10).
(C) Histograms of the recovery value of the tumor surfmoeedeep tumor. (D) Standard
deviations (SDs) of the recovery value of tumor surtatédeep tumor. Deep tumor shows a
significantlarger SD than that of tumor surface (p=0.04786). (E) Histological specimens
of A431 tumors from the PHreated group. There is more cell necrosis in the tumor surface
compared to the deep tumor. The image on the right side is the zaonmegge from the
blue square in the left image.

The R700 fluorescence intensity was further averaged and normalized to the
initial level (0 min) in the entire region of interest (ROI) from the tumor surface and

deep tumor. The normalized IR700 fluorescence intensity glshdwed a greater
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drop in the tumor surface and a higher recovery in deep tumor, while there was only a
gradual decrease in controls ( @A). Recovery of IR700 fluorescence intensity in

the deep tumors was significantly higher than that of the tuméacguand higher

than the initial values for deep tumofs i( gB). We also plotted histograms of the
recovery values of tumor surface and deep tumor after PIT at 90 min. Deep tumors
showed a multimodal shape and significantly greater standard devi&&bh®f the

meansfEi ¢C. an.d D
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Figure 8. Recording from TPM microprism system
(A) Microprism placement in tumor for TPM imaging. (B) Tumor surface and deep tumor
during and after PI'T treat ment i maged by TPM
(%), ordinate] of the tumor surface and deep tumor during and after PIT treatment. The
fluorescence signal was calculated from the positions (centered by the white marks in the left
images with 10 x 10 pixels size) numbered accordingly.

With H&E staining, the imaging fiber bundle track from the tgl@mnnel system

showed an ~1.6 mm deep insertion into the deep tufmorgA). There is more cell
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necrosis in the tumor surface compared to the deep t(ffnbrgeE). In the control
tumor, there iso dbvious cell necrosis observed in either the tumor surface or the

deep tumork i 6C).

7.35 In vivo fluorescence imaging usirigpe TPM with microprism
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Flgeﬂ'@M mi crrogaarsdi ng from control mi
(A) Tumor surface and deep tumor imaged byMTRith micro-prism system in control
tumor. (B) Histological specimens of A431 tumors from the control group. No obvious cell
necrosis was observed in either tumor surface or the deep tumor. Theprisondrack can
be clearly seen ~1-#.7 mm below theurface.

200 pm

60min

To verify the results obtained from the tebannel fluorescence needle system,
a microprism was gently placed inside the tumor to record the images across different
depths of tumor regions from the tumor surface to the deep tumior§A). In the
first 20 min with NIR irradiation, IR700 fluorescence intensity showed a significant
drop in both tumor surface and deep tumor. Similar to the phenomenon observed
before, after the NIR light was turned off, the IR700 fluorescence intenggnkie
recover £ i @B). GFP fluorescence intensity only decreased with no recovery

observed. Changes in IR700 fluorescence from randomly selected areas showed a
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greater drop in the tumor surface compared to deep tumor and higher recovery in
deep tumork i §C). There were no significant changes in IR700 fluorescence and

GFP fluorescence in the control mi¢ei( @A).
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i A ;’5}\‘3:‘ -.".-~.‘ r}’*»?‘e‘s!s.m.
Tumor surface
Figure 10. Normalized average fluorescence intensitghangesfrom TPM
microprism
(A) Representative normalized average IR700ortscence intensity (upper) and GFP
intensity (lower) of tumor surface and deep tumor during and after PIT treatment compared
with control mouse. (B) Left: IR700 fluorescence recovery value of tumor surface and deep
tumor. Deep tumor showed significantiygher fluorescence recovery intensity value than
that of the tumor surface (n=5). Right: GFP intensity of tumor surface and deep tumor. The
tumor surface showed a significantly larger GFP fluorescence decrease than that of the deep
tumor (n=5). (C) Histalgical specimens of A431 tumors from the Ri&ated group. The
image on the right side is the zooriadmage from the blue square in the left image. The
yellow dashed circles indicate undamaged cells. Overall, there was less damage compared to
the twachannel fiber bundle results.

In Fig. 10A, the normalized IR700 fluorescence intensity averaged from the
white and blue squares showed a greater drop in the tumor surface and greater

recovery in deep tumor, while there is no obvious changeritrals. The recovery of
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IR700 fluorescence intensity in deep tumor is significantly higher than that of the
tumor surface and more than 10% higher than the initial value of deep tEmog (.

1 B). The normalized GFP fluorescence intensity showed a largprid the tumor
region (both tumor surface and deep tumor) treated with PIT compared to the
decrease in controls (lower image and charFin @ 8). The decrease of GFP
fluorescence intensity in the tumor surface is significantly greater than that of the
deep tumork i 3 B).

In H&E stained sectionsnore necrotic cells were seen in the tumor surface than
in the deep tumoiHi B @) and there are cells remaining undamaged (yellow dashed
area inF i & @). There is overall less damage compatedhe twaechannel fiber
bundle results. In the control tumor, no obvious cell necrosis was observed in either
tumor surface or the deep tumor. The miprsm track can be clearly seen ~1.4

mm below the surfadd i 9B).

7.3.6 In vivo fluorescencemagingof thetumor surfaceising TPM

After removing the skin covering the tumor, the nearly intact tumor was placed
under the twephoton objective lens for imaging. The ROIs were chosen based on
both GFP and IR700 fluorescence signals. Bloodselssand capillaries were
included. Before NIR LED irradiation, most of the IR700 clusters were well separated
and surrounded the blood vesséisi (§ A). Within minutes of turning on the LED,
the IR700 fluorescence showed an obvious decrease, withoibe Wssels indistinct
at12min Ei JA). The GFP images also became darker, although the blood vessels
can still be clearly distinguishedr ( & A). After 20 min of NIR irradiation, the

IR700 fluorescence showed quick recovery surrounding the blasgewith much
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higher fluorescence intensity and densifyi( g A). There were no significant

changes in IR700 and GFP fluorescence in the control fRicelf 2).
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Figure 11. Recording from TPM system
(A) The tumor surface during and after RF€atment imaged by the TPM system. (B) The
average normalized tumor surface IR700 and GFP fluorescence intensity during and after PIT
treatment compared with control mice without PIT treatment. The fluorescence signal was
calculated from the dashed whisguare in Fig9(A) at 60 min. (C) IR700 fluorescence
recovery value of PIMreated tumors and control tumors without PIT. Tumors with PIT
showed a significantly higher IR700 fluorescence intensity value and a lower GFP
fluorescence intensity value thantie control tumor (n=5). (D) Histological specimens of
A431 tumors from the PHreated group. The image on the right side is the zoamidage
from the blue square in the left image. There is overall less cell damage compared te the two
channel fiber bindle results.

The normalized IR700 fluorescence intensity averaged from the white square in
Fi @ A showed a large drop (~40%) in the tumor surface and high recovery
(~160%) after PIT, while there was no clear trend in the contfois § B). The
recovery oflR700 fluorescence intensity in the tumor surface was significantly higher

than that of control tumors and ~4dd greater than initial values-(i @ C). The
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decrease oGFP fluorescence intensity in the tumor surface was significantlyegreat
than that of the control tumor& ( & C) and also greater than that of the tumor
surface viewed using microprisia { 3§ B).

In sections stained with H&E, there are more necrotic cells seen in the tumor
surface than in the deep tumdiid. 11D) and there is also overall less cell damage
compared to the twohannel fiber bundle results. In the control tumor, no obvious

cell necrosis was observed in either tumor surface or the deep tigdr2B).

l‘mn “ “

4min 20min

(A)

Omin

min ’ min

Figure 12. TPM recording from control mice
(A) Tumor surface imaged by TPM system in control mice. (B) Histological specimens of
A431 tumors from the control group. No obvious cell necrosis was observed in either tumor
surface or the deep tumor. The image on the right side is the zaonrimedgefrom the blue
square in the left image.
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7.4 Discussion

One major goal of intravenous cancer therapies is delivery of the therapeutic
material in sufficient concentration to all parts of the turflorTamgeted cancer
therapies offer the promise of megffective tumor control with fewer side effects
than conventional cancer therapies. PIT is aggdicific cancer therapy with minimal
side effects, which is based on an armed antibody conjugate that indyces
cellular necrosis after exposure to NIR light From the pharmacokinetics point of
view, antibody conjugation with photosensitier, IR700, minimally alters the
pharmacokinetics of the antibody due to the small size and hydrophilic nature of the
IR700 dye. As a result, these APCs show highly targeted accumulation in the tumor
and specific binding to target cells with minimal distitibn in normal tissue and
minimal binding to nortarget expressing celf§® 2°°2°8 P|T has been ported to
induce highly selective cancer cell death, while leaving most of the tumor blood
vessels, the means of delivery of the drug to the tumor, unharmed, leading to an effect
termed super enhanced permeability and retention (SUPR), which significantly
improves the efficacy of the anticancer dftigAlthough targeted cell death can be
examinedin vitro, it is challenging to observe immediate changesvivo since
changes in tumor size takéBdays tobecome visibl€>® 2*°. Realtime monitoring
of PIT effects could be important, as it can ascemdirther a PIT session has been
effective or whether additional cycles of therapy meeded*®2>3. Optical coherence
tomography has been used to monitor hemodynamic changes in tumor vessels during
PIT in real time®?, and fluorescence lifetime imaging has been used to manitor

vivo acute necrotic cancer cell death after NIR PIT In this paperwe directly
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investigated the microdistribution of APCs at different locations (e.g., tumor surface
vs. deep tumor) during and after R situ andin vivo using a minimally invasive
two-channel fluorescemc fiber imaging system and high resolution TPM with a
microprism.

This study employed GFP fluorescence as a surrogate for cell death and IR700
fluorescence as a surrogate for APCs accumulation. In all experimentsHusdg
the twochannel fluoresence needle system or TPM (with or without a microprism),
there is a greater decrease in IR700 fluorescence in the tumor surface than in the deep
tumor. This is likely due to both the limited penetration of the initial APCs injection
and the decreased pération of NIR as tumor depth increases. Thus, only limited
damage to deeper parts of the tumor was observed in comparison to the damage seen
in the tumor surface. GFP fluorescence decreased more in the tumor surface than it
did in the deep tumor, as wabserved in the TPM experiment. This indicates that
there is less cell necrosis in the deeper parts of the tumor. The histological results
after PIT confirm that there are more necrotic cells in the tumor surface induced by
PIT. An interesting observatiors ithat after 20 min of PIT treatment, the IR700
fluorescence recovers very quickly and the relative recovery in the deep tumor
regions is greater than that of the tumor surface, and even reaches beyond the initial
value in the deep tumor. As reported poergly, compared to netargeting small
mol ecul e photosensitizers, MAbT I R700 <conj
l onger, which allows unbound mAbTI R700 to
tumor after NIR light irradiatiorf*’. The increased IR700 fluorescence in the deep

tumor in our experiment can be explained by improved intratumoral distribution of
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circulating APCs due to enhanced permeability aention*’. While we also

noticed that the initial IR700 fluorescence in the deep tumor was lower than that of

the tumor surface due to limited APCs penetrati@mver APCs were needed to

recover or exceed the initial fluorescence value for the deep tumor. Lower recovery in

the tumor surface probably also result from cell death in the tumor surface regions. In

the control groups, IR700 fluorescence also decrea%edte to photobleaching

from the laser diode or twphoton laser during the long data acquisition period,

which can serve as the real reference for fluorescence recovery. The limited quantity

of MAbT I R700 conjugate i n t heeof noonitoringi| at or vy
postPIT may all contribute the APCs recovery results. However, the increase of

APCs in deep tumors provides some clues about the SUPR effect. We suspect that the
IR700 fluorescence recovery heterogeneity can reveal the structural hesgnogén

different regions of the tumor, but this will require further study. Histograms of the
recovery value of the tumor surface and deep tumor after PIT were plotted, and the

deep tumor showed a multimodal shape and a significantly larger separat}di(SD

which may indicate the deep tumor has arenbeterogeneous structure than the

surface tumor.

Although the fiber bundle and microprism are minimally invasive to tig¥u@* 2%,

there is still the possibility that their insertion could damage the blood vessels and
affect circulation in the tumor. We further investigated the intact tumor under the
two-photon objective lens. The recovery of IR700 fluorescence intensity in the tumor
surface is significantly higher than that of control tumors and-feldéhigher than its

initial values. The decrease of GFP fluorescence intensity in the tumor surface is also
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significantly greater than that of the control tumors and otuh®or surface viewed

with a microprism. The 1.6old recovery may be clear evidence that after NIR
irradiation, SUPR enables a significant increase in the quantity of APCs within the
tumor. We can expect higher recovery using a fiber bundle and microprism if no
damage has been introduced. Although we tried to administer 56 NI&tlight to

the tumor for each experiment, because of space limitations, the LED could not be
arranged close enoligo the tumor, especially for the TPM, which uses a bulky
objective with a short working distance (2 mm). This blocked much of the NIR light,
which can explain why here i s overall |l ess cell dama
compar ed -cthoa ntnhebl u nfdibbee rr e s IH&E stainedaasnplede e n i n
future, with celicycle responsible fluorescent protein labelled tumor G&fi&* it

may be possible to suftaneously monitor cell death and APCs microdistribution in

real time in living mice.

7.5 Conclusion

We investigated the microdistribution of APCs at different locations (e.g., tumor
surface vs. deep tumor) during and after RiTsitu andin vivo using a minimally
invasive twechannel fluorescence fiber imaging system and a high resolution TPM
with and without a microprism. The distribution of APCs was improved after PIT
treatment with greater increase and greater heterogeneous recovery@ephtumor
regions. These novel imaging methods are critical for further understanding of the
PIT/SUPR mechanism and optimizing the effectiveness of treatment by monitoring
theranostic agent distribution and its therapeutic effects, including celldersise

within the tumor microenvironmeirt vivoand in real time.
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guant i f yr dashel wWed tihn fsocraniaftoil odn iionfisecealditoill @ n |
promiisrevetsoti gate more scientAlfsac topi ssti me
save several pseaanpli es tferl oong ytnegd maonedd b ur dens.
| €hapt er 6Ginvestgaed tha feasibility of a novel muttiodal optical
imaging approach including higlesolution optical coherence tomography (OCT)
and highsensitivity fluorescence lamar optical tomographyFLOT) for structural
and molecular imagingThe study lays the foundaticior further integratng the
multi-modal imaging methodanto an endoscope setup and mdiie multi-modal
imaging methoda step forward toclinical translation Followed by preventive
therapy,the newdiagnostic tools may lead to significant improvement in patient
survival and quality of life.
Thework in Chapter 1s important, as these novel imaging methods are critical
for further understanding of tHelT mechanism and optimizing the effectiveness of
treatment by monitoring the distribution of a theranostic agent and its therapeutic
effects, including cellular necrosis, within the tumor microenvironnrewivo and in
real time?®. These novel imaging methods are also applicable for monitoring other
cancer treatment methods. Therk is expected to contribute significantly to the
understanding of the mechanisms of theranostic agents, as well as other tumor
targeted drug delivery systems. After three decades of research in nanomedicine, it is
time for harvesting past efforts togauce clinically useful formulations through

mechanistic understanding of how nanocarriers Wk
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8.1 Besselbeambad fluorescence laminar optical
tomography

Fluorescence laminar opticedmography(FLOT) can achievea resolution of 100
200pum with 23 mm penetration deptind we have appliddLOT to visualize
neural ativities in mouse bramin vivo in Chapter 4to imagefluorescencdabeled
cells in tissue engineegnn Chapter 5, antb quantify depthresolved distribution of
fluorescencdabeled tumom Chapter Gnd 7.In Chapter 3we present HDHFLOT
toincreae FLOT penetration depth and improving the ability to image fluorescent
samples with a large concentration differefareFLOT.

However, one problem for FLOT system is spatial resolution at different depth
(shown in Chapter 45ince current FLORre based on Gauss beam &aliss beam
waist increases rapidly out of its focus, resolution may become worse when the light
source goes deeper into turbid sample. To overcome this problem, Bessel beam with
featuring of an exceptional deptifir-focus and dé-reconstructing propertieaay be a
solution

Bessel beantan be generated by aaxicon.We have compared the current
Gauss beam and Bessel beam praféeerated by an axicon with &yhysical angle
in the air The results are showninFlhbWe can see t hat Bessel be
change when it propogatesith ~5 pum full-width-half-maximum. However, Gauss
beam waist becomes much wider wheprdapagateswhile we can notice the Gauss
beam has a better performance under 80 which alsodepend on the focusing

lens we used to generate the Gauss beam. We can imagiBesbtel beanbased
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FLOT can be very powerful for lower scattering sample (e.g. In tissue engineering)

where a deeper penetrating depth is needed.

Figure 1. Gauss and Besddeam profile and axial resolution.

(A)(B) Beam profile of Gauss and Bessel beam
plane.(C)(D) Axial intensity distribution of Gauss and Bessel beam at 1mm away from Gauss
beamd focal pl ane. (oEJf Galiss and Besdeldeam frtmbneta m r es ol u
2mm t o Gauss beamdbs focal pl ane.

8.2 3D Mesoscopi¢maging of NeuralActivities in Sensory
andMotor Cortex

In Chapter 4we applied FLOT to record 3D neural activities evoked in the
whisker system of noe by deflection of a single whiskar vivo. As we all know,
rodents use their whiskers to locate and identify objects. Conversely, whisker
movements are guided by sensory feedi58tkrhe primary somatosensory (S1) and
primary motor (M1) cortices are reciprocally connected, and their interaction has long
been hypothesized to contribute to coordinated motor output. However, very little is
known about the nature anslynaptic properties of the S1 input to M2’
Neuroanatomical tracing experiments, optogenetic stimulation methods and
electrophysiological studies using a sensorimotor slice have shown that neurons in S1

strongly target neurons in L2/3 and L5 of M1, whitgh a distinct band between L5
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