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CHAPTER |

INTRODUCTION

1.1 Overview

This thesis proposed to use a broad band single fiber reflepactoscopy system to evaluate
the mineralization of the canine intervertebral disc. Theéneamtervertebral discs, especially
chondrodystrophoid discs are susceptible to intervertebral disenéledion, which involves
water dehydration and calcification within the nucleus pulposuspl8ging a single fiber via
spinal needle into nucleus pulposus within canine intervertdiz@l the optical properties of the
nucleus pulposus would be derived according to its reflectancespe The calcification within
the degenerated discs should increase light scattering arastheflwater is expected to reduce

light absorption.

In this thesis, the configuration of single fiber reflectanmecsoscopy system is introduced, the
system is evaluated and its reflectance spectrum iisratld. The reflectance spectra of both
Intralipid and cadaveric discs are analyzed. The model foresfitigir reflectance spectroscopy is
validated by Intralipid phantom study. And the spectrum differencesebat pre and post

ablation discs and between normal and calcified discs are compared gzddna



The thesis is organized into six chapters:
Chapter 1: Introduction

Chapter 2: Background

Chapter 3: Instrumentation

Chapter 4: Phantom studies

Chapter 5: Cadaver studies

Chapter 6: Conclusion and discussion
1.2 Motivation

Intervertebral disc degeneration is a common and painful difle@iseccurs in dogs, especially
chondrodystrophoid breeds. Intervertebral disc degeneration involats wehydration and
calcification within the nucleus pulposus, which will degrade #tetk absorber” function of
intervertebral disc. With time, disc herniation poteftialevelops, which means the nuclear
material will herniation through the annulus wall and comptiessspinal cord. Disc herniation
could cause intense lumbar pain and even paralysis in dogs, and has to be treadiatéhyniro
prevent the recurrence of disc herniation, percutaneous laser afliation (PLDA) is
recommended [1]. Clinically, radiography is used to assess thedalislition prior to PLDA, and
calcification within the nucleus pulposus appears as an opacigdaygraphs [2]. However, not
all degenerated discs will be calcified and some part@@llygified discs cannot be observed by
radiography. Consequently, the sensitivity of radiography is loaddfition, the output of PLDA
is difficult to be evaluated in-line. Therefore, developingraervertebral disc evaluation system

that could be used in conjunction with the PLDA procedure is ideal.

In this study, a single fiber based broad band reflectance apamby system was developed to

evaluate the intervertebral disc conditions before and aftdPltBeé\ procedure. The single fiber



configuration makes the operation compatible with the unique nadisevspaces and small
anatomical structure of the nucleus pulposus through needldiansefAnd it can also be
implemented for use with the PLDA procedure. The optical ptigge derived from the
reflectance spectrum, reflecting both morphological and biochénsltanges due to the

degeneration, could be used to alter the PLDA procedure to improvacgffi

1.3 Related studies

Intensive studies have been done on using optical techniques toyiddwtifges that occur in
biological tissues associated with disease progressigro. In terms of intervertebral disc, there
have been several studies on using optical method to diagnoseritgieral disc degeneration.
Recent studies show the possibility of using polarizatenssive optical coherence tomography
to diagnose degenerated intervertebral discs in bovine andeespicies [2, 3]. Because of the
lamellar structure of annulus fibrosus, optical coherencegoaphy could detect the structure of
the annulus fibrosus layers. Structural changes of the outer afibubissis due to disc herniation
could be visulized on optical coherence tomography. Using omiidedrence tomography, the
contrast between normal and degenerated disc comes fromusituaiterations, specifically
discontinuity, of the outer annulus fibrosus. However, for chondtooiyhoid dogs, the annulus
fibrosus does not illustrate apparent discontinuity untlesy late stage. Since the structrual
alteration may be preceeded by bio-chemical changes, siynsit the tissue microscopic

constituents may render earlier and more accurate diagnosis wérteeral disc degeneration.

Reflectance spectroscopy is a method that is capable of nsivelyaor minimally invasively
determining tissue scattering and absorption properties, whehretated to tissue’'s micro-
architecture and bio-chemical compositions. This informatiam lm& used to describe tissue
physiology, such as vascular oxygen saturation, blood volume, anthcetiorphology, such as
cell or organelle size and density [4-6]. Intensive studies haen performed using reflectance

spectrum to diagnose diseases in various organs [7-9]. Howbeemajority of reflectance



spectroscopy systems utilize multiple optical fibers toivdel and collect light during
measurements, and the distance between the source and datettbe far enough for applying
the theory of diffuse scattering[10, 11]. Diffuse reflectaspectroscopy detects changes from
larger area and allows the light to penetrate deeperthgtdissue, which is desired for some
application, such as imaging breast or prostate [12, 13]. Howésmeother applications, a
smaller source detector separation or even single fibdigooation is desired. Smaller source
detector separation results in smaller probe size and yisiaipler device design, making it
more suitable for some medical uses, such as optical biopsgndiascopy [14]. Reflectance
signal results from elastic scattering within small lanadium when the source and detector are
located in close approximation. Other studies have shown thentipbtef distinguishing
cancerous and noncancerous tissues by measuring the elatséc @cfluorescence [15, 16]. For
this study, single fiber configuration is preferable becausmall diameter fiber accommodates

the small narrow anatomically structure of nucleus pulposus in a daténeertebral disc.

Previous studies have been performed on reflectance spepyrosath a single fiber
configuration. The photon path length and sampling depth of singleréfiectance has been
simulated by Monte Carlo Simulation and validated by phantsts {@4, 17]. The potential for
staging lung cancer using the single fiber reflectance secpy has also been demonstrated

[18].

For most studies, the primary absorber within the tissuen®globin. As shown in Fig. 1.1, the
absorption coefficients of water and hemoglobin are relativelyih Near Infrared (NIR) band
compared to that in visible or longer wavelength band. Thexefioe use of infrared light offers
advantages over visible light in that it can sample deegen® of tissue, has better penetration
of the denser skull in brain studies, and is less sensititdobd vessel artifacts [19]. However,
one of the main differences of this study from other studidgisthe intervertebral disc tissue is

relatively avascular and the main light absorber is w&ensidering this fact, the absorption



spectrum could extend to the visible light range, where theg®bin has high absorption but

the water absorption is relatively low.
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Fig. 1.1 Absorption spectrum of water and hemoglobin. (Data from nefesd20, 21] )

This study was proposed based on the following hypotheses:gdhelative intervertebral discs
will likely have increased optical scattering as a redfltcalcification; (2) degenerated
intervertebral discs will be associated with a decreasgpiical absorption due to water loss,
specifically at the spectral peaks sensitive to water nanBoth mechanisms are expected to
contribute to increasing the spectral reflectance intensaysingle-fiber configuration.

The current work involves primarily the construction of a sifiler based reflectance
spectrsocpy system and calibration of the system. Prelimamaysis of the data acquired from
cadeveric canine intervertebral discs prior to and &MtdbA, and from normal and calcified
cadeveric discs demonstrated that the changes of difffliseta@ce spectra ranging from 500 nm

to 950 nm correlate with the expected changes in optical scattethig thie intervertebral disc.



CHAPTER Il

BACKGROUND

2.1 Background of canineintervertebral disc and intervertebral disc degeneration

Canine intervertebral disc lies between the vetebrae ersdas a soft cushion between the
vetebrae. Intevertebral disc disease is a common, frequenilitadng, painful and sometimes
fatal neurologic disease that occurs in dogs. A similar comdibf intervertebral disc
degeneration with extrusion/protrusion is also a relativeglynmon neurologic condition in
human patients. In this section, | will introduce some backgrounthoime intervertebral discs

and disc disease.
2.1.1 Introduction to Canineintervertebral disc
2.1.1.1 Anatomy of canineintervertebral disc

Canine intervertebral discs are located between each pagrigbrae along almost the entire
length of the canine spinal column. The canine spinal colummade up of four major vertebral
regions: cervical (neck), thoracic (chest), lumbar (back) sacral (pelvic). Dogs have seven
cervical, thirteen thoracic, seven lumbar and three sacrmbvae, as shown in Fig.2.1 [22].
Intervertebral discs are located between the vertebral betdigsg from the second and third

cervical vertebrae (C2-3) and extending to the seventh lumbar arshfirat vertebrae (L7-S1).
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Fig. 2.1 Anatomy of canine intervetebral disc

Intervertebral disks are composed of two major anatomic zones: anbobssi$ and nucleus

pulposus, as shown in Fig.2.2.

Nucleus pulposus

e Spinal Cord

Nucleus
Pulposus

Annulus

annulus fibrousus

(a) Schematic of the intervertebral disc structure [23] (b) Pbbiotervertebral disc [24]

Fig. 2.2 Intervertebral disc antatomical structure

The annulus fibrosus is a fibrous basket that envelops the nymipesus [25]. In transverse
section, it appears as concentric rings of fibrous tissue wduatpletely encircle the nucleus

pulposus [26]. It has been shown that the lamellar layerstmeupted most frequently at the



dorsolateral aspect of the annulus fibrosus. At that levelnadllar discontinuity may induce an

inherent weakness at this point [27].

The nucleus pulposus is a gelatinous inner core. The principal compdrike nucleus pulposus
is water, making up to 80% to 88% of its content [26]. Water is confindg:tdisc in the form of
proteoglycan, making the nucleus mostly transparent and appearingisoeaastic gel [28].

When sectioned, moisture will persistently extrude from nucleus pusgas].
2.1.1.2 Functions of canineintervertebral disc

The canine intervertebral discs play the role of elastic cushitwede the vertebrae. They allow
movement, minimize trauma and shock, and help connect the splmaincd he spinal column
supports the attachment of muscles and bones and also protects #te delicous system while
maintaining flexibility for movement. Intervertebral disacts as a deformable tissue between the
individual vertebral bodies in order to enable mobility of thgebral column. This role requires

it to be flexible enough to permit the extremes of movementcieded with local motion, yet

rigid enough to withstand the normal physiological forces acting along ttedrad column.

Intervertebral discs are designed well to dispose of compee$sices [22]. When a disc is
compressed, both nucleus pulposus and annulus fibrosus share in tleariogd. And when
compressive forces are applied, the force is mostly absorb#telmelatinous nucleus pulposus
and the nucleus tries to deform by spreading radially [30]. Asititleus pulposus is squeezed,
the annulus fibrosus with its unique layers of fibers rebgtsliding over each other to form a
more tightly packed arrangement to prevent that expansicshaen in Fig. 2.3. The annulus

effectively "braces" from within thus preventing buckling [22].

However, intervertebral discs are not as well designed to cdmiséing applied to the axis [31].
When twisting forces are applied, only half of the annular fibersapproximately oriented to

resist this rotation and the other half are shortened anecslack and therefore can't help



prevent the movement. In this process, the nucleus pulposus glagsller role as a "ball
bearing". Consequently, there is more possibility for anganjury of the annular fibers [22].
With time, repetitive twisting forces may significantly aken the annulus fibrosus and prevent

its ability to resist compressive forces as efficiently.

Fig. 2.3 The response of intervertebral disc to compressive forte [26

A degenerating nucleus pulposus can have serious consequences owttbe & intervertebral
disc and vertebral column. The changes that occur in theneleged intervertebral disc and

particularly in the nucleus pulposus will be introduced in following sections

2.1.2 Introduction to canineintervertebral disc diseases

2.1.2.1 Two types of canineintervertebral discs and disc herniation

There are two types of canine breeds based on the type of deigenecaurs in the nucleus
pulposus: chondrodystrophoid and nonchondrodystrophoid. The word “chondrodystrophoid”
literally means faulty development or nutrition of cartilag;em humans, the word
“chondrodystrophoid” means physically dwarfism. In dogs, chondrodystrojiine&tls refer to
the breeds of dogs that have disproportionately short and anglihalsd such as Dachshund,

Bulldog, and Bassett hound.

There are significant differences between disc degeogrrati the nonchondrodystrophoid and
chondrodystrophoid breeds [32]. For nonchondrodystrophoid discs, disc déigenisrtypically
confined to one single disc with little chance of calcificaiiorthe nucleus pulposus. However,

9



for chondrodystrophoid discs, disc degeneration potentially oceutdtaneously in all the discs
along the entire length of the vertebral column. In addition, noncbdystrophoid disc

degeneration typically is associated with old age while degtoe in chondrodystrophoid discs
could occur in relative young dogs. Furthermore, chondrodystrophoidieijgneration is often
associated with the explosive herniation of degenerated nucletariah from the annulus

fibrosus, which could cause serious pain and paralysis.

Disc degeneration can lead to herniatidansenclassified the intervertebral disc herniation into
two types [28]: type | herniation and type Il herniation, as showlrig. 2.4. Type | herniation
refers to an acute and profound herniation. It involves therdggtion of the annulus fibrosus
and mineralization of the nucleus pulposus. The herniationlysaaurs in the dorsal direction
and the outer annulus is ruptured acutely, allowing a large arnbuantlear core to escape. The
calcified nucleus pulposus materials press against tin@lspord and cause serious pain and
neural destruction. Type | herniation usually occurs in the chonstrogiic breeds, although it
could also be a problem to nonchondrodystrophic breeds if extremeagrgdivity or trauma is
applied. Type Il herniation is usually a slower, more gradual psoaad only a small amount of
nucleus pulposus will herniate. In type Il herniation, the nucleysopus usually penetrates to
the annulus area resulting in protrusion instead of actual Hemidtype Il herniation is more

common in nonchondrodystrophic discs.

When chondrodystrophoid disc degeneration occurs, it tends to besemwas and often be

catastrophic, i.e., paralysis. In this paper, we focus on the chondrodystrojscailegeneration.

10



(a)Type | herniation (b) Type Il herniation

Fig. 2.4 Two types of herniations [22]
2.1.2.2 Chondrodystrophoid disc degeneration and herniation

For chondrodystrophoid discs, degeneration can occur in dogs divetglacarly age
simultaneously along the entire spinal column. The intervettedisc of a newborn
chondrodystrophoid puppy is transparent, similar to nonchondrodystrophoid disevétpthe
biochemical analysis shows there are lower proteoglycan cwwaten and higher collagen
concentration in chondrodystrophoid than in nonchondrodystrophoid discsh whéans
chondrodystrophoid breeds may lack the hydraulic properties from B#thQonsequently, the
degeneration occurs rapidly in chondrodystrophoid discs. Nucleus pulpegins to dehydrate
in dog as young as two month old. Dehydration makes the nucleus lostastgity and
diminishes its shock absorber roles. Eventually calcifioatill occur, which makes the nucleus
pulposus even less elastic. By the age of one year, the vstoalel nucleus appears to be
grayish white or grayish yellow in color and the change acicuthe entire spinal column almost
simultaneously. Partial or complete calcification of the nucléilisoccur in single disc or along
the entire vertebral column. Calcification has been reponetbgs as young as five months of
age [32]. Postmortem examination revealed that for dogs owerdars old, 60% to 70% of
intervertebral discs have been calcified. Changes in the usucksults in alternations in its

biomechanical properties, which will place more of the “wortifaanto the annulus fibrosus. As
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more pressures are applied, the hardened nucleus pulposusenmilaly break through the
weakened annulus wall, especially at its weakest point, theethdorsal area lying just below
the spinal canal, and compress the spinal cord. Consequentlyasiecaompression to the spinal

cord may cause serious pain and severe neurological problems in dogs.
2.1.3 Diagnosis and treatment of canineintervertebral disc degeneration
2.1.3.1 Diagnosis of canineintervertebral disc degeneration

Intervertebral disc herniation is usually suspected when theldwngs signs of back pain. Spinal
radiographs will be taken to aid in diagnosis. General anestiestits to be administered during
spinal radiographs because the movement or the tension of mugkctdsscure the image. Once
the dog is anesthetized, a series of radiographs will lee takboth lateral and ventral sides[22].
Calcification in the nucleus will appear opaque on the radjgc image, which is often a sign
of disc degeneration. Although calcification does not necessaay ithe disc will herniate and
cause serious problems, the chances are increased due to thdapticityeof the nucleus

pulposus caused by calcification. However, not all degenerated @8l be significantly

calcified to be evident in radiographs. Radiography is reportédve a sensitivity of 60% and

specificity of 100% when using histopathology as the gold standard [2]

For more accurate diagnosis, myelographic examination could feerped. During myelogram,
radiopaque dye is injected into the cerebrospinal fluid in theracitwaoid space [22]. For normal
discs, two columns of dye will run in parallel to each other on &idés of the spinal cord. When
herniation occurs, the normal parallel dye column will appeapoessed or expanded due to the
eruption of the nuclear material. Using a myelogram, disciditon can be localized and degree

of the herniation and the side of herniation can be determined.

Low-field magnetic resonance imaging (MRI) can also bel useevaluate intervertebral disc

degeneration in dogs. MRI has a specificity of 79% and setgsitbf 100% compared to
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histopathology [33]. However, MRI is much more expensive than resgibyg and MRI machines
for veterinary use is limited. At this point for most grees, radiographic examination is still

most suitable and used method for diagnosis of canine intervertebrdediseeration.
2.1.3.2 Treatment of canineintervertebral disc degeneration

Canine intervertebral disease should be treated as sobhaashieen diagnosed. For mild cases,
anti-inflammatory and pain medicine treatment is prescribed aldtly an extreme excise
restriction. For more severe cases, surgery, such as dexssmpr hemilaminectomy or dorsal
laminectomy, is needed to remove the herniated disc matetdstcompressing the spinal cord.
The spinal cord undergoes irreversible damage if injuryrscand is not decompressed in time.
The spinal cord is very sensitive to the oxygen and glucose suppscularity is compressed
by the herniated disc nucleus material, the spinal cord starts to andgeipmalacia. The degree
of the damage depends on the time the spinal cord goes withqar meygen and glucose
supply. For type | disc herniation, the herniated nuclear mhtemmpresses the spinal cord with
a great force within a short period of time, which may easerious problems. Therefore,
prophylactic surgery may be recommended to the susceptible digmscially those in

chondrodystrophoid dogs.

A recommended prophylactic procedure for reducing the risk of dis@ation recurrence in dogs
is percutaneous laser disc ablation (PLDA), a minimaiasive procedure that uses a holmium
yttrium aluminum garnet (Ho:YAG) laser to ablate the nucleus materialervertebral discs [1].
PLDA is reported to reduce the volume and stabilize the nupl@pssus, thereby reducing the

risk of neurologic recurrence to approximately 3.4% [1].
2.1.3.3 Preventative proceduere --- PLDA

Percutaneous laser disc ablation was developed by Dr. Kennd&hrtels at Oklahoma State

University (OSU). PLDA is a preventative procedure to redthee disc herniation that is
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recommended for dogs with a prior history of disc disease or dogsghdgh risk of disc
herniation [34]. PLDA is not a procedure that could replaeedecompressive surgery treatment
to dogs that are paralyzed or have acute thoracolumbar paimirtés to reduce the recurrence

rate of disc diseases.

PLDA is a minimally invasive precedure that uses Holmidgtmium aluminum garnet (Ho:YAG)
laser to vaporize the canine discs’ nucleus pulposus. Candidateé DA are dogs that have
recovered from previous surgical or medical treatment anduarently neurologically normal.
Before ablation, the dog is anesthetized and place on its sidhpan in Fig. 2.5. Twenty gauge
myelographic needles are placed perctaneously throught the ammaluhe center of discs
(usually between T10 and L4) guided by radiography to identify theatgposition, shown in
Fig. 2.6. The laser fiber is then introduced ito the discs’ nuglelmosus through the needles.
Ho:YAG laser is then actived to vaporiaze and congulate the aruoiaterial. This process
diminishes and presumable stabilizes the nucleus, which helpmatk the chance of disc

herniation.

Fig. 2.5 Dog undergoes PLDA [3#g. 2.6 Using radiography to locate needle position [35]

Although PLDA is widely used at OSU and by other veterinayigmesforming PLDA on
susceptible dogs is still not a prevalent procedure. Part aé#sen is the inability to accurately
evaluate the pre and post ablation disc condition. Although ragitigrémages are taken to

assess the pre-ablation disc condition, radiography has adgnsitionly 60% [2]. In addition,
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due to the lack of post-ablation evaluation method, laser-tisgraction involving degenerative
intervertebral discs, especially calcified discs, couldpiarantee total ablation of the nucleus.
Therefore it is ideal to develop an imaging or sensing methddlfbA evaluation, preferable to

be used in conjunction with PLDA.

In this study, we developed a single fiber-needle based reflec&mactroscopy system for pre
and post ablation intervertebral disc assessment during PiDAedure. The principle and
configuration of the fiber needle reflectance spectroscopgmysill be discussed in following

chapters.
2.2 Introduction to reflectance spectr oscopy

Reflectance spectroscopy is extensively employed for nonuevasi minimally invasive
gualification or quantification of tissue optical properties [36, @Hjch are determined by tissue
micro-architecture and bio-chemical compositions. Tissaesbe characterized by their optical
properties, such as the absorption coefficientg)( the scattering coefficient( ), the phase
function (p(#) ), the anisotropy value d=<cos@)>) and the reduced scattering coefficient
( 4'=u,(1-9g) ). Correlation of these optical properties with tissueistofpogical and

biochemical characteristics provides a wealth of inforomategarding tissue’s composition and
biochemistry. Such information is very useful for the studiissue morphology and physiology.
Early detection and diagnosis of cancer [18, 38-40] and blood flow asse$4inet#t] could also

be obtained from these information.

There have been intensive study on the biomedical applicatfcelectance spectroscopy. The
absorption coefficients obtained from reflectance spectroscopyaigenthe biochemcial

information of the tissue. A wide variaty of biologicaksue chromophores have been
guantitatively assessed by way of measuring of absorptionigiertf such as hemoglobin in its

oxygenated and deoxygenated forms[43, 44], melanin [7], bilijddhand cytochromes [8, 46],
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etc. On the other hand, the scattering properties derived frtentegfce spectroscopy convey the
morphological charateristics of the biological tissues and couldela¢ed with the size and
density of sub-cellular organelle [47, 48]. Furthermore, physilbgicacess and charcteristics,
such as microcirculation [44, 49, 50], hemodynamics [51], eryth&2lagnd metabolism [46]
may also be monitored using reflectance spectroscopyed®aice spectroscopy has shown
potential in diagnosing cancers or some precancerous lesionsinsvarrgans, such as colon [43,
53], esophagus [54], stomach [49], bladder [9, 15], cervix [5h,0daries [57], breast [58, 59],

brain [60], liver [8], pancreas [50], heart [61], oral tissb2] [and skin [7, 63] etc.

Many configurations of reflectance spectroscopy are based uposedieflectance measurement.
Diffusion approximation [59, 64, 65] is widely used for modelight propagation in biological
tissue. However, diffusion approximation is applies to two candit one is that the medium is

scattering dominant, which means that the medium has much higiterieg than absorption, or

us > ug; the other is that there is large separation between esamd detector, @r>> 1/11' .
S

The scattering dominant medium condition is satisfied in biologisalies for 500-950nm.
However, the large source detector separation condition is exsssary satisfied for all

reflectance spectroscopy configurations.

Diffuse reflectance measurements employ multiple sourtecte fibers, have long source-
collector fiber optical distances, and could sample large \edunirhe large volume
measurements of optical properties are desired in many gpplgasuch as measurements in
breast, prostate and other tissues. However, in some cledsak, localized measurements are
required, especially for operation during an interstgiadcedure, in surgical field or in small
anatomical structures. Spatially-constrained reflectance repeopy has been developed with
small source collector fiber separation to address thésl §66]. The source fiber delivers
broadband light and the reflectance spectrum is detected by collectdoffed at a distance,

which could be very small, from the source. A number of stuthee been performed using a
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small source detector pair separation configuration , spdbiffoa liver cancer diagnosis [40].
As an important parameter that influences the reconstruofiaptical properties in a small
source detector separation system, the separation distan@ebehe source and detector fibers
has been under intensive investigations [67, 68]. Furthermogte diber configuration has been
developed in order to fit the reflectance spectroscopy systenmefedle biopsy, and small
volumes of tissue [14, 17, 18]. Unlike other fiber optic @lace systems that utilize multiple
optical fibers to deliver and collect light during measuremesihgle fiber reflectance
configuration utilizes one fiber as both source and detector, whighl de easily fitted into
spinal needle or biopsy channel of interventional device. Aesifilger reflectance spectroscopy
system detects localized optical properties and offeesatvantages of having a small probe
profile and a compact detection device. For this study, the unigak and narrow anatomical
structure of intervertebral disc’s nucleus pulposus makeglesfiber probe configuration a

natural choice.

For reflectance spectroscopy with a small source detegparagen or single fiber, diffusion
approximation is not accurate for describing the light propagatitiin the medium. For small
fiber and detector separation, the reflectance comes frone singlastic scattering. Non-diffuse
reflectance spectroscopy measures only a small volumssokt which is typically less than 1
mm® [4]. According to studies done on elastic scattering reffexet spectroscopy, the reflectance
spectrumR has linear relationship with the reduced scattering coefiicdof the medium if the

absorption is negligible [69],
R=au '+ b (2.1)
wherea andb are some constant numbers.

When considering the absorption of the medium, the absorption by the tigssld be modeled
using Lambert-Beer’s Law and the reflectance specRusimodeled as the product of scattering

spectrum and absorption spectrum[10].

17



R=(au '+ he™" (2.2)
where L is the optical path length of the light from leaving the fiber tipttwmag to the fiber tip.

Studies show that the path length is a function of both the absogsttbmeduced scattering
coefficients. For small source detector separation in fitb@r configuration, the optical path

length was modeled by [10] as inversely proportional to both scaftend absorption properties

of the medium, L= , Where b and c are constants. However, for single fiber

c

(#a145")
configuration, S.C. Kanick et al [14, 17] proposed an empiricaehfor the optical path length,
which was validated by both Monte Carlo simulation and phantom exg@smrhe path length

c,de”>¢
(Ug ' d)® (G +(u, A*)

was modeled a$ = , whered is the diameter of the fiber and ¢, G,

C4 are constants.

In this study, we modeled the reflectance spectrulRasy,’ e"" with the path length L being

modeled following S.C. Kanick’s work.
2.3 Introduction to Mie scattering theory

Scattering is one of the most important optical propertieanobbject when interacting with
radiation. In biological tissue, scattering is expected to oktour cells, organelles and proteins
etc. Therefore the scattering properties represent theo naiahitecture of the tissue. The
scattering of light could be explained by electromagnetic wiaeery and solved using Maxwell
equation. The Mie theory is an analytical solution of Maxwejluation for scattering of
electromagnetic radiation by spherical particles whose simesiot significantly different from

the wavelength of the interacting radiation.

2.3.1 Mie scattering theory
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For sphere particle of radiusthe scattering efficienc®,.,(mm™) and the scattering anisotropy

factorg, are defined as [70]

sca_%i +1) a‘I| +|b|| ) (23)
1=0
2 |1+2) 2+1
Qscaxz Z{ Re(awsl.+1+h>b|+1)+|q D e(ab)} (2.4)

27N,

where x = kr = =2, andn,is the refractive index of the background medium. The coeffien

a andb, are given by,

NRAOTACEINACTATE 25)
TR ATIE)
NLNATOCEACIE 26)

N1 (V)G () =y (WS (R

wheren, is the relative refractive index coefficient,, :r% , With ns being the refractive
b

2zn.r

S

A

index coefficient of scatter, ang= n, x=

¥(),£ () are Riccati-Bassel functions aNél(),¢ () donate the first order derivative. The Riccati-

Bassel functions are defined by

n@=2(=C0" 3,03 @7)
1@=-2y(3=-C" ¥, (¥ 28)
G@=v(@+ (3= =D 1 (¥ 2.9

wherel andl+ % are the ordergi() and y() represent the spherical Bassel functions of the first

and second kind, respectivelyi() and Y() denote the Bessel functions of the first and second
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kind, respectivelyh®()is the spherical Hankel function of the second kil () means the
Hankel function of the second kind. Note,

h20=30-iy 0 (2.10)
H?0=30-1Y0 (2.11)

The refractive index coefficients of background and scatters ardemgth dependent and could

be expressed using Cauchy equations [71],

n(4) = A+;+/1—2 (2.12)

whereA, B, Care constants for a certain material. For example, studies bhotin¢ constant,
B, and C for water and soybean are [72, 73 aier= 1.311, Aoypean= 1.451, Biater = Bsoybean=
1.154x10 , Cyater = Csoybean= -1.132x10 when the wavelength is in nanometers.

From the equations modeling the scattering efficieQgy(mm™) and the scattering anisotropy

factor g, we could see that for a particle, the scattering effigieand scattering anisotropy is
determined by its size and relative refractive index caeffic between the particle and
background.

Almost all scattering media consist of many particles wlifferent sizes. If the particles are
sparsely separate from each other, the scattering frompahé@ries within the proximity of any
particle is small. Additionally, if particle separatiorrésmdom, there is no systematic relationship
among the phase of waves scattered by the particles. Nistsihgle scattering assumption, the
total scattering within the medium is simply the sum of scatjesf all individual particles. For a
scattering medium, the total cross section for scatteringupirvolume, or the scattering

coefficient, (1) and the anisotropy coefficiemf() for a suspension of particles with different

radii can be calculated by [73]:
Hs(A) = No X o ieo(1, AT (1) (2.13)
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M=

4 g(rl 'ﬂ’)o-sca(ri !ﬂ’)f (ri)
g(4) == (2.14)

> o1, A 1)

where, o, is the scattering cross section and is calculated by

sca

O-sca = ﬁer sca (2'15)

f(r)) is the fraction of particles with radiusand zn: f(r)=1. Nois particle density and given by
i=1

\

N, = IV (2.16)
et (r,
ot ()
whereyv is the volume of scatter per unit volume of suspension.
The reduced scattering coefficient could be calculated by
H's(4) = 1 (A)A-9(1)) (2.17)

2.3.2 Empirical power law fit to reduced scattering spectrum

Instead of directly applying Mie scattering theory, van &tan et al [73] proposed a more
empirical model for reduced scattering spectrum. According to Staveren, the scattering
spectrum, such as that measured in Intralipid, was consitesadisfy a power law relationship
as

ps'(2) = AL (2.18)

where A and b are scattering amplitude and scattering powpecta®ly. This model has been
adopted by a number of studies to characterize the spectrum oédesieattering coefficient in
the tissues [74-76]. Egn (2.18) describes a smooth function withaitatiens in the spectrum.
And the fitting process is restricted to only two paramethis:scattering amplituda and the
scattering powerb. The scattering amplitude represents the scattering ityendiile the

scattering power describes the scattering spectrum shape.
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Fig.2.7 shows the scattering spectrum of 20% Intralipid from2@Dnm (red dots) calculated
by Mie theory and the power law fit (green line) to thatteering spectrum. We could see that a
power law equation as Egn (2.18) satisfactorily describes tiatiorghip between reduced

scattering coefficient and wavelength.

40 : . : . .
\ . ps' of 20% Intralipid calculated by Mie theory

35¢ .'.; power law fit

30r ;\,\', o, =9.534715
R? =09953

L L L L
3.4 05 06 0.7 08 09 1 1.1
Wavelength (um)

Fig. 2.7 Example of reduced scattering coefficient calculated bytidiory and its empirical

power law fit
2.3.3 Factorsthat influence scattering properties according to Mie theory

From the Mie theory equations, we could conclude that the Sogttharacteristic of the tissue
is determined by the morphological characteristics of tissub,agithe scattering particles size
and their size distributiorf(r) within the medium, the particle density,, and the relative
refractive index between the scatter and backgrawndn this section, the influences of these
factors on scattering properties are examined.

2.3.3.1 Influence of particle size distribution

Scattering media are composed of scattering particles difthrent sizes distributions. For
example, studies show that the histogram shape of partideswsihin Intralipid follows
exponential decrease function. In biological tissues, the histoghape of nuclei has been

assumed to be Gaussian. However, for smaller particles, logahatistribution has been
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assumed. However, there is also a strong rationale for usingple séxponential function for the

distribution of smaller particles in tissue [47].

In order to investigate the influence of size distribution fumcibn scattering properties of a
medium, the reduced scattering coefficients of media with difterent kinds of particle size

distribution have been simulated and compared. The average psigtecigithin the four media is

fixed to bed = 400nm The total number density is set to Be=1x10°m®. And the refractive
index, which is assumed to be wavelength independent, of the backamaisdatter is 1.33 and
1.45, respectively. The histogram shapes of the particle siag msiestigated are exponentially
decreasing function, step function and Gaussian distribution witlowastandard derivation
(5nm) and wide standard derivation (6@, as shown in Fig. 2.8. We could see that in the
Gaussian distribution with a small standard derivation, mostieasrclustered around its average
particle size. For Gaussian distribution with a large stethdlerivation, some particles spread
further away from its average particle size but the nigjare around its average particle size. In
step distribution the particles are distributed evemymf O to 800nm and the exponentially

decrease distribution has more particles in the smaller size range.

The reduced scattering coefficient spectra from 500 to rifa@¥ media with above four size
distributions calculated by Mie theory are shown in Fig. 2.9. Thpesbhscattering coefficient
spectra changes as the size distribution changes. For exdonpiasrow Gaussian distribution,

oscillation is observed.
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Fig. 2.8 Patrticle size distribution histograms
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Fig. 2.9 Reduced scattering coefficient for different partide distributions
2.3.3.2 Influence of average particlesize

The influence of average particle size on the scattering giep@f a medium is simulated by
changing the average patrticle size from 50nm to 400nm whilerigedpé other parameters to be

the same. The particle distribution is set to be expongntieitreasing function and shown in
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Fig. 2.10. The particle number density is assumed té bx 10°m*and the refractive indices

of the background and scatter are assumed 1.33 and 1.45, respectively.
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Fig. 2.10 Exponential histogram shape for different average pasitele

In Fig. 2.11, the scattering spectra from 500 to 1000nm of mediaawetiage particle sizes to be
50nm, 100nm, 200nm and 400nm are shown. And we could see that the spectrunty intensi

increase as the average particle size increase.
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Fig. 2.11 Reduced scattering coefficient for different averagelessizes
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Quantitative influence of particle size on reduced scattecimgfficient spectrum could be
analyzed when using power law equation to fit the scatteqmegts. The fitted scattering
amplitudeA and scattering powdrversus the average particle size is shown in Fig. 2.12 and Fig.
2.13, respectively. And we could see that the scattering amplitateases as the particle size

increases but the scattering power decreases at the same time.
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Fig. 2.12 Scattering amplitude changes as a function of averaiptepsize
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2.3.3.3 Influence of refractive index

Refractive index is another factor that has significar@céfbn scattering properties of a medium.
Refractive index changes slightly as wavelength changes,veowee assume it is wavelength
independent for easy calculation. There is a range of inditagfraction in tissues. The
extracellular fluid, which is considered as the background in nesstets, has a refractive index
between 1.358 to 1.351 [77]. The refractive indices of the cytopéasimnucleus of Chinese
hamster cells have been measured to be 1.3703 and 1.392, regpg@ive.ipid and proteins

have higher refractive indices, which are 1.46 @] 1.51[80], respectively.

The refractive index influences scattering spectrum in thra @rrelative refractive index, or the
scatter’s refractive index over the background’s refragtidex. In order to see the influence of
refractive index on scattering properties, Mie simulation issdonkeeping the other parameter
constant but changing the relative refractive index. The backgrefnadtive index is fixed to be
1.33 and the refractive index of scatter is changed ftofto 1.6 which corresponding to
relative refractive inder, changing fronlL.05to0 1.2 Fig.2.14 shows the scattering spectrum for

relative refractive indices to be 1.05, 1.1, 1.15 and 1.2 when the avertigle pize to bel0Onm

with exponential distribution and the particle density td&0d°m™. And we could see that the

intensity of reduced scattering coefficients increases agliité/e index increase.

When using power law equation to fit the scattering spectrum, wel gmil the scattering
amplitudeA and scattering powds for different relative refractive index, as shown ig.R2.15
and Fig. 2.16, respectively. Unlike the particle size, which make scattering amplitude and
scattering power change in opposite directions, the refractilexiincrease results in increasing

in both scattering power and scattering amplitude.
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2.3.3.4 Influence of particle density

The influence of particle density on the scattering spectronidcbe well estimated by Mie
theory equations. The intensity of scattering spectrum éafino the particle density but the
shape of scattering spectrum has no relationship with thielpatensity. And this estimation is
confirmed by Fig. 2.17 and Fig. 2.18, which show the scattering amphanaiscattering power
changes as the particle density changes, respectively. fintaéation, the average particle size
is 200nm the relative refractive index is 1.1 and the particle ibigtion follow exponential

decrease function.
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Fig. 2.18 Scattering power changes as a function of particle density
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However, Mie theory is based on the assumption of independentisgatte reality, the light
interaction with particles is composed of multiple internalestibns and redirections from
multiple particles and the scattering is dependent of thdiveslposition of particles [81].
Therefore the linear relationship between the scattering amplitude dintep#ensity is observed
only when the particle density is small. As the particle ifenscrease, the dependent scattering
effects could not be neglected and the increase of scatteringuaepould not catch up with the

increase of particle density.
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CHAPTER Il

INSTRUMENTATION

Reflectance spectroscopy has the potential to distinguish thmahoand degenerated
intervertebral disc. Considering the anatomical structuréh@fnucleus pulposus in a canine
intervertebral disc, single fiber reflectance spectroscopstem is proposed for canine
intervertebral disc evaluation. In this chapter, the configumatf single fiber reflectance
spectroscopy system will be introduced. We will discuss abaeivantages of using single fiber
reflectance spectroscopy for this study. The system will ladsevaluated from several aspects,
including the source spectrum, the spectrometer wavelengthat@lihrthe spectrum calibration

and the system stability.
3.1 Configuration of single fiber based reflectance spectroscopy system

The configuration of the needle-based signal-fiber reflectapeetroscopy system is illustrated
in Fig. 3.1. As shown in Fig. 3.1(a), by using a bifurbrated fiber, ithd source and detector
were integrated into a signal fiber and inserted into sanipla spinal needle. The VIS/NIR light
was generated by a compact deuterium tungsten light sdutéé41, Hamamatsu Photonics,
Japai coupled with a 940nm light-emitting-diode (LED) (M940L2, Thorlab3, MSA). Each of
the two light sources was coupled to one branch of 200um core-diabifereated fiberA

(BIF200-VIS/NIR, Ocean Optics Inc, USA ) to integrate the spectra dfwhédight sources at the
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combining branch. The combining branch of fiber burdigas coupled to one branch of 400um
core-diameter bifurcated fib& (BIF400-VIS/NIR, Ocean Optics Inc, USA), the other branch of
which was connected to a spectrometer (VIS-NIR Hyperspdd88l Spectrometer, NT58-303,
Edmund Optics Inc, NJ, USA). The combining branch of the fiber buBidlas connected to a
standard PLDA fiber of 320um core-diameter (fikeshown in Fig.3.1 (b), H320R, New Star
Lasers, Inc, CA, USA). The fib&, which is identical to that being used in PLDA, was pldned
the tissue by inserting through a twenty gauge myelegrapmalspeedle. In order to minimize
the back reflection at the tip of fiber, fiber C was polisb@ an angle of 15 degrees, as shown in

Fig. 3.1 (a) [14].

deuterium rungsten _ 940nmLED
. \ . light source
Light Source Spectrograph g g N
a -
Bifurcated Fiber e

Single Fiber Fiber A

Fiber C

Bifurcated fiber Spinal

needle

Spinal Needle

Fiber B

(a)Schematic configuration (b) Experimental configuration
Fig. 3.1 Configuration of needle-based single fiber reflectanagregeopy
3.2 Advantages of singlefiber reflectance spectr oscopy

There are several advantages of using single fiber rafleet spectroscopy system for the

evaluation of canine intervertebral disc degeneration.

First, single fiber reflectance spectroscopy systemiiatda for the anatomy structure of nucleus

pulposus within canine intervertebral disc. The nucleus pulposgsniined by outer layer
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annulus fibrosus and surrounding vertebrae. Therefore it forms dolglend-small-slab”

geometry with a thickness of approximately a few milkene and diameter of no more than
several centimeters, as shown in Fig. 3.2. Single fiber rafieetsystem could be incorporated
with the spinal needle and delivered to the small volumeuofeus pulposus. Additionally, the
single fiber reflectance system is sensitive to localcapproperties, so the influence from the

surrounding tissues on the detected optical spectrum could be minimized.

Second, single fiber configuration could be easily integraténl meedle fiber based PLDA
clinical application. Using the same sampling fiber and spieraldle as PLDA, the single fiber

reflectance spectroscopy system can be operated in conjunctioRLid.

Nucleus pulposus fiber
Small and narrow

geometry

Annulus
fibrosus

Vertebrae Vertebrae

Fig. 3.2 lllumstation of the “shallow-and-small-slab” geometry oflewg pulposus
3.3 System evaluation
3.3.1 Sour ce spectrum

The deuterium tungsten light sourc#0671is composed of one small deuterium lamp and one
0.5W tungsten lamp, which has a combined spectrum distribution from 2@0h60Onm. The
typical spectrum of L10671 specified by manufacturer is shown in3k3ga) [82]. However, due

to the non uniform spectrum response of the VIS-NIR spectrometemélasured spectrum
(smoothed by a Savitzky-Golay smoothing filter (SG filtes)shown as Fig. 3.3 (b). Since the
spectrometer has low response to ultraviolet light, we shut dogvmduterium lamp. And we

could see that the spectrum intensity decreases as the mgiliglecreases after 600nm. In order
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to recover more water information, a 940nm LED is integrated intigiesource to inhance the

spectrum intensity at around 940nm.
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(a) Spectrum specified by manufacturer
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Spectrum of the deuterium tungsten light

800
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Wavelength (nm)

(b) Measured spectrum

Fig. 3.3 Deuterium tungsten light source spectrum

3.3.2 Wavelength calibration

The spectrometer used in our system is a VIS-NIR hyperspdd®B Spectrometer, with

spectrum range of 350-1100nm and step size varies from 0.27nm to 0.53nderltoazalibrate

the wavelength of the spectrometer, we compared the measuedd P& commercial

fluorescence light source with the known peaks of the mercury, terbiumysopduen filled in it.

The spectrum of fluorescence light source measured by the NT5§80Basneter is shown in

Fig. 3.4. Twenty peaks were recognized by the spectrometer me#@fe and 720nm. The

measured peak positions and the known peak positions [83] are showniér3Tla Among the

twenty peaks recognized by spectrometer, peak 3 is broad and it's hdrds@xelct wavelength

form the measured spectrum, so peak 3 is discarded.
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400 500 600 700
Wavelength (nm)

Fig. 3.4 Measured spectrum of fluorescence light source

Table 3.1 Compare the theoretic and measured peak positions ofdaraesight source

Peak | Wavelength | Measured Peak| Peak | Wavelength off Measured Peak
Number| of Peak (nm)| wavelength (nm)| Number | Peak (nm) [83]| wavelength (nm)
[83]

1 405.4 404.48 11 599.7 599.57
2 436.6 435.77 12 611.6 611.41
3 487.7 486.5t0489.8| 13 631.1 631.38
4 542.4 543.53 14 650.8 650.65
5 546.5 546.27 15 662.6 662.50
6 577.7 576.95 16 687.7 687.98
7 580.2 579.18 17 693.7 693.76
8 584.0 583.64 18 707 707.28
9 587.6 587.63 19 709 709.32
10 593.4 593.39 20 712.3 712.57

Fig. 3.5 shows the wavelength difference between the measuresigrehthe theoretic peaks at
the theoretic peak positons (blue *). The two red lines wikig 3.5 show the wavelength

resolution of the spectrometer at given wavelength. From Figw8.5ould see that most of
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wavelength errors are within the spectrometer resoulutiberefore the wavelength accuracy of
the spectrometer used in our system is satisfactory beté@@ and 720 nm range. And it is
reasonable to assume that the wavelength accuracy at highketemgth range has the same

acuuracy.

+ wavelength difference between theoretic peak and measured peak
spectrometer wavelegth resolution
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Fig. 3.5 Peak positon errors compared with the resolution of spectrometer

3.3.3 Spectrum calibration

For single fiber configuration, the reflectance spectrum comes frogirtje or elastic scattering.
Studies show that for single fiber reflectance spectroscbpyrefflectance spectrum is modeled

by [4-6, 18]
R=au'e"" (3.1)

The single fiber reflectance spectrum is linear to the esdigcattering coefficient of the medium

and the attenuation due to absorption within the medium is modeled by itd3alee law.

However, due to reflections from the fiber tip as well as frounftiple stages of fiber connections
within the system, additional terms other than reflectance fhensample could be collected by
the spectrometer. Some techniques, such as polishing the fiberl&pdegree, could minimize,

but not fully eliminate, the back reflection at the tip of thenple fiber. Therefore, a base line
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spectrum was measured by the spectrometer even in non-scatterilium, such as in air and
water. Mixed with the spectrometer responses charactarsficsource output spectrum, the base
line spectrum measured in air is shown in Fig. 3.6. When we complagetlingsten light
spectrum in Fig. 3.3(b) and base line spectrum in Fig. 3.6, theteftee spectrum in the air
showed a slightly different shape from the source spectrum.diffegence is presumablely
caused by the wavelength response characteristics of the filsed in the reflectance

spectroscopy system, which confirms the existence of internaltesftec

0.14

0.121

0.1-

normalized intensity

‘ s s s s s s
200 300 400 500 600 700 800 900 1000 1100
wavelength (nm)

Fig. 3.6 Base line spectrum in non scattering medium (In air).

When the fiber tip is placed in scattering medium, the measyecirum contains not only the
reflectance spectrum from the samples, but the base-linenation. In order to decouple the
internal-reflection and back reflection as well as the soprofile and spectrometer responsive
charicteriscs from the measured spectrum, Eqn (3.2) is used tatatie spectrum.

_ I1ample(j') - Rwater(j’)

R(A) =
inr (2’) - I%vater (2’)

(3.2)

Here, R(4) is the calibrated spectrurR,,(4) refers to the measurement from the scattering
sample, as shown in Fig. 3.7 (a). ARg,..(4) andR, (1) refer to the measured spectra when

placing the sensor fiber in no scattering media, water andeaectively, as shown in Fig. 3.7
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(b). The calibration procedure involves the measurements frattesng sample as well as from
non scattering water and air. And all the measurements wereirddhe dark environment to

eliminate influence from the ambient light.

No scatter,
° Reflectance
d/ scatter from tip

sample Air or water

Fig. 3.7 lllustration of reflecance from scattering medium and non scjter@dium

In scattering medium, the measured spectrum could be modeled by,

Rampl ) = 1(A)[ (81" {4)) €D 0(A) + 1 oot (A) +7(A)x 0 () ] (3.3)

where ¢(1) is the input spectrum profile at the fiber tiPs,myenver IS the refractive index

mismatch between the fiber and the sampi{e) represents the inter-fiber reflectance efficiency,
which is wavelength dependeni, (1) is the source profile; angl(1) represents the response

characteristic of the spectrometer. Therefore, theatefhce spectrum is composed of three parts:
the reflectance from the sample, the back reflectioneafibier tip, and the internal reflectance
within the fiber connector.

In non-scattering medium such as in water or in air, theatafhce spectra is modeled differently

from scattering medium, due to the dominant specular reflection, as

F\)Nater(/i) = n(/l)[nwaterﬁber(p(ﬂ“) + ]/(ﬂ,) xQ g//”)] (34)

R:Iir (2') = n(ﬂ)[nairfiber (ﬂ)(ﬁ(ﬂ) + 7(2’) x (Ds(ﬂ’)] (35)
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where 77, .eriver 8N 7106 Are the water/fiber and air/fiber index mismatch, respectively.
Substituting Egns. (3.3)-(3.5) into Egn. (3.2), we have

Iiam ple(ﬂ‘) - Rwater(ﬂ’)

R(4) =
( ) Rair (;t) - I%vater (;t)
_ U(ﬂ’)[(a/uls(ﬂ’)) eiﬂau)Lw(ﬂ‘) + nsamplefibego(ﬂ’) + 7(1) xQ (l)] - 77( ﬂ,)[ n waterfibg( ﬂ‘) + 7( ﬂ‘) xQ (3/1)]

1) Maisoer P(A) + 7 (A) X 9 D] = M A N yaerivetX A + A A x @ (A)] (3.6)
_ (a/u Is (ﬂ’))eﬁla(i)L + nsamplefiber_ n waterfiber

Nairfiver — Nwaterfiber

— au, (e

We observed that by calibration, the effects of sourceil@rohonuniform response of
spectrometer and fiber-transmission characteristics have bappressed, and the back
reflectance becomes a constant.

Fig. 3.8 shows the original measured spectrum (Fig. 3.8(a)) am@lisated spectrum (Fig.
3.8(b)) of 10% Intralipid. The calibrated spectrum is too noisyideithe range between 500nm
and 950nm and has been discarded. And we could see a relatiyetititisy after calibration,

which is representative of the optical properties of the medium.
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Fig. 3.8 Original spectrum and calibrated spectrum of 10% Intralipid
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3.3.4 Spectrum stability

Without source and detector stabilization technique applied to oensyitere were expected to
be some instabilities in the measured spectrum. Fig. 3.9 (a) shovtarttiard deviation of water,

air and 10% Intralipid spectrum within 500nm to 950nm in two hours’ time span.

——10% Intralipid
water

Stand derivation

800 600 700 800 900
Wavelength (nm)

Fig. 3.9 Standard derivation of 10% Intralipid, water and air spedtnenvivvo hour time span

According to the propagation of uncertainty,

Given
= f(ABC,..)
\/ (o)’ ( o)’ ( o)’ +L &7
=, [(— +(— +(— +
Oy O Og PYe Oc¢
the standard derivation of the calibrated spectrum could be expressed as
oR 2 oR > , OR 2
O = o +(—o0O +(—oO
" \/( a&ample &ampb) (aRwater R"’ate") (a Rair Ra”)
Rir + Ranmpe= 2R, Rampe R =
1 Ir + ample ater am e ater
\/( Rsample) ( pl : GRNater) ( pl t O-Ralr )2
Rir = Rater (Rir = Raer) (B— R

When implementing Eqgn (3.8), the standard derieatif’calibrated 10% Intralipid are shown as

Fig. 3.10. In Fig. 3.11 the standard derivation ésmdverage spectrum of 10% Intralipid is shown.
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From Fig. 3.11 we could see that when ignoring hifgh frequency noises, which could be
eliminated by smoothing, the calibrated spectrus da approximate 30% fluctuation from its
average value. Due to the instability of the spautsignal, accurate quantitative calculation is

challenging.
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Fig. 3.10 Standard derivation of calibrated 10%sallitid spectrum
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Fig. 3.11 Average calibrated 10% Intralipid spetnvith standard derivation
3.3.5Photon path length and sampling depth

The modeling of sampling depth and photon pathtterggvery important for measurements and
guantitative calculation. For this study, the imtgtebral disc is typically no more than several

centimeters in diameter (depending on the sizeog) dnd a couple of millimeters in thickness,
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the nucleus pulposus within the intervertebral dsens a “shallow-and-small-slab” geometry
that is challenging for the reflectance measuremeng therefore imperative to estimate if the
surrounding annulus fibrosus and vertebrae havifisignt effects on the reflectance spectrum.
Kanick, et al [14, 17] modeled the sampling deptnd path length for single fiber reflectance
spectroscopy system based on phantom experimetitdante Carlo simulation. According to
their studies, the sample depthand photon path length are determined by the optical
properties of the medium and the diameter of therfused in single fiber reflectance system.

And they gave analytical models fdr and Z that have been validated for 550 - 800nm

wavelength range, and for absorption coefficignt[0.1- 3jmn ! reduced scattering coefficient

' =[0.2— 4mm*, and fiber diametet =[0.2— 2]Jmm.

1'34jeO.17d
= (3.9)
(us'd)*?%(0.52+ (u,d )°%?)
—0.061,d
7-03% (3.10)

()

In this study, the diameter of the fiber is fixed hed = 0.32mm. Our interested wavelength
range (500 — 950nm) is wider than Kanick's studyor&bver, the absorption coefficient is
expected to be no more thamm'" since the absorption coefficient of water, the nrasorber

within the intervertebral disc nucleus pulposusjoiw within 500-950nm wavelength range.
Although there are differences in wavelength raagd expected optical properties, Kanick’s

models forl. andZ are still believed to work for our situation. Weeuthe empirical models given

in Eqns. (3.9) and (3.10) to calculate the patlytlerand sampling depth, =[0.0001- Ipnm?,

u,'=[0.2— 2lmm?, andd = 0.32mm, as shown in Fig. 3.12. The indications in Fig.23agree

with the physical fact that light penetrates deeped experiences longer path-length as the
scattering and absorption coefficients decreasés #stimated from Fig. 3.12 that when the

reduced scattering and absorption coefficientsOagmm® and 0.00innt*, the sampling depth
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and photon path-length for a 0.32mm fiber is apipnately 0.68mmand 1.4mm respectively.
This implies that if the fiber is placed in the wliel of the nucleus, the interference of the

surrounding annulus fibrosus and vertebrae on gesorement is insignificant.
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Fig. 3.12 Path length and sampling depth of sifjhat spectroscopy
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CHAPTER IV

PHANTOM STUDIES

We have modeled the calibrated reflectance spectasnlinear to the reduced scattering
coefficient of the medium while being attenuatedtbyabsorption. And in this chapter, Intralipid

phantom studies have been performed to validatemibdel.

Intalipid is a kind of phantom that is proposechtive similar optical properties as the nucleus
pulposus, which has high scattering and low abswrpThe scattering properties of Intralipid are
well known and the absorption comes from lipid avater. In this chapter, the component and
properties of Intralipid are introduced. The prepan of the Intralipid phantom and the
experimental procedure are discussed. The resuts fntralipid phantoms are shown and

analyzed.

Polystyrene phantoms with different average partgtes are also been tested. The simulated
reduced scattering coefficient spectra by Mie theord the measured reflectance spectra from

polystyrene phantoms were compared.
4.1 Intralipid phantoms
4.1.1 Introduction to Intralipid

Intralipid is a brand name for an aqueous susperdidipid droplets that is sterile and suitable

for patients who are unable to get nutrition viaoeal diet. It is an emulsion of soy bean oil, egg
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phospholipids and glycerin and available in 1098028hd 30% concentrations [84]. Intralipid is

also widely used in optical experiments to simuthtescattering properties of biological tissues.
Appropriate concentration of Intralipid has simitaattering coefficient as biological tissues and
can simulate the tissue light interaction at red aear-infrared light wavelength ranges where

tissue is highly scattering but has a rather logogttion coefficient.

Intralipid is composed mostly of water and soybe#nAccording to the manufacturer, 500mL
Intralipid-20% contained 100g fractionated soybedn6g lecithin and 11.25g glycerol, that is

107.88mL, 5.82mL, and 8.92mL, respectively.

The glycerol is dissolved into water molecules dods not scatter light. There is no measurable
influence on the scattering parameters betweemltleerol water solution and pure water [73].
The scatter within Intralipid is the soybean oilcapsulated by an approximateB/5-5nm
monolayer membrane of lecithin [85]. Assuming tleaiithin has the same refractive index as
soybean oil and it does not absorb light at thestigated wavelength; the influence of lecithin
shell on scattering could be negligible. Howevbe volume occupied by lecithin was included
when calculate the particle size. The particle sizéntralipid is measurable using transmission
electron microscopy. Staveren [73] measured thdicfmarsize of 10% Intralipid to be

exponentially decreasing with 97nm mean particde,sas shown in Fig. 4.1.

1,000

diamsier (nm) | fraction

10

number of particles
2
s

0.1
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particle diameter (nm)

Fig. 4.1 Particle size distribution of 10% Intradipneasured bgtaveren [73]

45



Calculated by Mie theory, the reduced scatteringffment of Intralipid is proportional to its
concentration. However, as discussed in sectigrtti23Mie theory is based on the assumption of
independent scattering in which the influence ef tleighboring scatter is neglected. Therefore
when considering the influence from the surroundisptters, which increases as the
concentration increases, the linear relationshifwéen the Intralipid concentration and its
reduced scattering coefficient doesn’'t apply. Zaticat al [48] proposed an empirical
relationship between the reduced scattering caefficand the concentration of Intralipid at

632.8nm wavelength:
u'=127.@¢— 205.8 (4.1)

where the reduced scattering coefficient is in mm®. This relationship for up to 20% Intralipid

is shown in Fig.4.2. We could see that at low catretion, the reduced scattering coefficient of

Intralipid is approximately linear to its concetiva.

20r 7

u,'=127.0¢ - 205.3¢%

- -
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() 0.05 0.1 015 0.2
Concentration of Intralipid

Fig. 4.2 Reduced scattering coefficient of Intraigt 632nm v.s. its concentration.

The absorber within Intralipid is lipid and waterhose molar extinction coefficients are shown
in Fig. 4.3. For different concentrations Intratipthe absorption coefficients could be expressed

as

u, = c* ua_lipid +(1_ (‘)* L:j;\_water (42)
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wherec is the concentratic of Intralipid andu, ;,; andu, . are the absorption coefficients

lipid and water, respectively. Fig. 4.4 shows theaaption coefficients of 1% (black solid lir
and 20 % (red dash line) Intralipid. And weuld see that the absorption coefficient changéds
as the concentration changesithin the range of 500 to 700 nrie absorption olntralipid is
negligible, andhe Intralipid could be seen as a pure scatteriadiom. However, the absorpti

from lipid and water may play a significant rswhen the wavelength is higher than 70L.
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Fig. 44 Absorption coefficients of 1% and 20% Intralipid
4.1.2 Phantom preparation and experimental procedure

The Intralipid phantoms used in our study weretdid with reagent grade wal from 20%

Intralipid (Fresesnius Kabi, Uppsala, Swec. The total volume of eadntralipid phantom was
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10 ml with volume concentrations to be 0.5%, 1%, 2%, 4%, 5%, 6%, 8%, 10%, 12%, 14%,
16%, 18%, and 20%, respectively. The reflectancetsp of Intralipid were measured after
dilution. Four rounds of measurements have beer dmmmake sure the results are repeatable.
Two of the measurements were done by the sequemoedi5% to 20%, and the other two were
from 20% to 0.5%. Before each round of measuremémsspectra of reagent grade water and

air were collected for calibration.
4.2 Resultsof Intralipid phantom experiments

The reflectance spectra of Intralipid from 0.5%2@%6 are shown in Fig. 4.5. The spectra have
been calibrated using Eqn (3.6) to reduce the enite from source spectrum, spectrometer
response characteristic, and internal and badkctehce, and smoothed using 100 point
smoothing algorithm to depress noise. We couldisaethe intensity of the reflectance spectrum
increase as the concentration increases. And &lksoshape of the calibrated spectrum is
approximately inversely linear to the wavelengttheTspectrum intensity as a function of
scattering coefficient and spectrum shape changigeasinction of wavelength will be studied in

the following sections.
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Fig. 4.5 Calibrated reflectance spectra of Intidlgt different concentrations
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4.2.1 Relationship between spectrum intensity and reduced scattering coefficient

The relationship between the Intralipid spectrutensity and its reduced scattering coefficient is
shown in Fig. 4.6. The x axis is the reduced siatgeoefficient of Intralipid at 632nm, which is
calculated by Eqgn (4.1) from its concentration. Vhexis is the average spectrum intensity from
500 to 950nm. In Fig. 4.6 (a), the results fronurfeets of tests are shown. As expected, there are
discrepancies among different sets of the testtaumstability of the signal. However, when we
normalized the average spectrum intensity at 2@shawn in Fig. 4.6 (b), all four curves are
coincident with each other illustrating the sanendt. The spectrum intensity is approximately

linear to the reduced scattering coefficient ofdlpid.
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Fig. 4.6 Mean spectrum intensity vs. reduced stagfeoefficient.

A linear fit to the normalized mean spectrum inignis shown in Fig. 4.7. The red * shows the
normalized Intralipid spectrum intensity averagesrothe four rounds of tests. And the green
line shows the linear fit to the data describe® gs=0.058:,+ 0.052-with the coefficient of
determinatiorR? = 0.9928. According to Eqn (3.6), the calibrated spectrBm 4,'€*". Since
Intralipid is scattering dominant, the absorptionld be neglected, o, =0. Then we could see

that the reflectance spectrum of Intralipid is éneto the reduced scattering coefficient
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theoretically. And the linear relationship betwesmectrum intensity and reduced scattering
coefficient shown in Fig. 4.7 agrees with our aatbd reflectance spectrum model. And we
could also notice from Fig. 4.7 that the linearatieihship between spectrum intensity and
reduced scattering coefficient could be approxilyageen as proportional relationship since the

intersection is small.
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Fig. 4.7 Linear fit to the mean spectrum intensityntralipid
4.2.2 Wavelength dependent reflectance spectrum

As discussed in the previous section, the reflegtaspectrum is proportional to its reduced
scattering coefficient. Reduced scattering coedfitis wavelength dependent and described as a
empirical power law equation as shown in Eqn (2.T8grefore the reflectance spectrum should

follow the same relationship, as
R(A) = au,'(A)e*Wt = m° gt (4.3)

If the absorption is neglected, the reflectancectspm follows the exponentially decrease

equation, as
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R(A1)= A (4.4)
Fig. 4.8 shows the reflectance spectrum of 20%alipid (red dash line) and its power law fit
(green solid) to the spectrum between 500 to 70€amye, where the absorption of Intralipid
could be safely neglected. And the fitted power kegquation is extended to 950nm. Fig. 4.8
shows that the reflectance spectrum of Intralipitbfvs the power law equation perfectly within
500 to 700nm range. Beyond 700nm, the reflectapeetsim separates from the fitted power
law relationship a little bit, which is caused Hysarption of Intralipid and will be discussed in

next section.

———spectrum

fitted spectrum
%. 38 L
c .
8 =y
£ 38t Mo
s
£ D
2 ",
= T
3 34 o
o g .
~-——
© =T
£ 3.2 &
13 2
= e
g Ty
[
S
O al -
\-

2- 1 I 1
gOO 600 700 800 900
Wavelength {nm)

Fig. 4.8 Reflectance spectrum of 20% Intralipid &aampirical power law fit

When considering power law fits to scattering spaut there are two parameters within the
fitted equation that represent the scattering ptmse ParameteA is the scattering amplitude,
which represents the scattering intensity. And ipatar b is the scattering power, which
represents how scattering coefficient changeseas/éivelength changes. And in Fig. 4.9 and Fig.
4.10, the scattering amplitud® (red *) and scattering powdr versus the reduced scattering
coefficient of Intralipid are shown, respectiveRhe scattering coefficients are calculated using

Eqgn (4.1) from the concentration of Intralipid.
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In Fig. 4.9, the linear relationship between thattecing amplitude and the reduced scattering is

maintained, since the scattering amplitude is sspr&tive of the spectrum intensity.

According to Mie scattering theory, the scattefgiagver is supposed to be constant for Intralipid
with different concentrations since the particlegarties are the same except the particle density.
However, instead of a straight line, we notice that scattering power obtained from Intralipid
fluctuated from 0.3 to about 0.5 as the reducedtesizg coefficients change, or the
concentrations change. However, this fluctuatioexigected due to the instability of the system

and the shape of scattering spectrum is more gmoneises than the intensity.
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4.2.3 Absor ption spectrum of Intralipid

As shown in Fig. 4.8, the reflectance spectrumeisgs from the fitted power law curve after
700nm, which is the evidence of the existence cfogiiion. Since calibrated spectrum is
modeled as the product of the scattering spectrnch absorption spectrum, the absorption
spectrum could be obtained by dividing the calduagpectrum by the scattering spectrum, as:

&: RS* RibS (45)

Rabs: RS &

whereRs is the scattering spectrum of Intralipid, whiclcédculated by using power law equation
to fit the reflectance spectrum from 500 to 700fir. example, the absorption spectrum of 20%
Intralipid is obtained by dividing the red dasheliby the green solid line in Fig. 4.8. Fig. 4.11
shows the resulted absorption spectrum of 20% lipitla(red solid line) and its theoretical

absorption spectrum.

The theoretical absorption spectrum is modeleddmhert-beer’s Law, as shown

0.17d
7(ua,water*(1fc)+ Ua_iipid”® o 1.34de

Rabs_ R efual- —e (ug'd)”=°(0.52+ (u, d)™>) (4.6)

The absorption coefficients of Intralipid is calatdd by Eqn (4.2), and for 20% Intralipak 0.2.
The path length is calculated by Egn (3.9) with the diameter bkfito bed = 0.32mm The
path length is a function of both absorption ca#fit and reduced scattering coefficient. The

theoretic reduced scattering coefficient is cakaddy Mie theory.

We could see a very good correlation between thasared absorption spectrum and the

theoretical absorption spectrum, as shown in FigL.4
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4.3 Polystyrene phantom study

Polystyrene phantoms (Phosphorex, Inc. Fall RiMg, USA) are 5 ml nanospheres polystyrene
solutions with different mean patrticle sizes. Ahd solid concentrations within the polystyrene
phantoms are all 1%. The distribution of the petgize is assumed to be Gaussian distribution
but with different standard derivation. Three pojysne phantoms with mean particle size to be
99nm, 206.5nm, and 500nm were used for our studg. the standard derivations of these three
polystyrene phantoms are 11nm, 20.6nm and 12nmectsely. In Fig. 4.12 the particle size

distribution histograms of the polystyrene phantamesshown.

The theoretical reduced scattering coefficientshef polystyrene phantoms are calculated using
Mie scattering theory, as shown in Fig. 4.13. Theasured reflectance spectra using our single
fiber reflectance spectroscopy configuration ofsthéhree phantoms are shown in Fig. 4.14. In
Fig. 4.13 and Fig. 4.14, the intensities of thectjaeare normalized at 500nm. Comparing the
theoretical reduced scattering coefficient speittriig. 4.13 and the reflectance spectra in Fig.
4.14, we observe that the shape changes of theuredaeflectance spectra follow that of the

theoretical reduced scattering coefficient speettach further confirms the reflectance spectrum
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of single fiber reflectance spectroscopy does firnieahe reduced scattering coefficient of the

medium.
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CHAPTER V

CADAVER STUDIES

The single-fiber optical reflectance spectroscoystean is compatible to and readily integratable
in the PLDA procedure. In this chapter, the sinfiber reflectance spectroscopy system is
employed on cadaver dis@s situ to evaluate the spectra differences before aret #LDA

procedure, and between normal and calcified diBlee. operation procedures on cadaver discs

are introduced and the results are shown and disdus
5.1 Imaging protocol and cadaver samples

The imaging protocol on canine species has beeregg by the Institutional Animal Care and
Use Committee (IACUC) of Oklahoma State Universiyr this study, however, only cadaveric
dogs were used for testing to discover the relalignbetween the changes of tissue reflection
spectra and the expected changes of disc tissuentenThe discs being evaluated include T
(Thoracic) 8-9 to L (Lumber) 5-6. Before performiagy tests, the discs were examined by
radiography to locate any possible calcified digesenty gauge myelographic spinal needles
were inserted through the paralumbar muscles amdilthosus annulus and positioned in the
middle of nucleus pulposus in the intervertebralcsliunder investigation using fluoroscopic
guidance, as show in Fig. 5.1 After retracting gtydet of the spinal needle, the fiber sensor was
introduced into the nuclues of the disc, as shawfig. 5.2, and was consistently positioned
approximately 1mm distal to the tip of the spinakdle using fiber cladding trimmed to the
appropriate length. For each disc, a total of Seatgd spectral measurements were taken at
integration time of two seconds per measuremeritina scale that is limited by the weak

illumination of the compact tungsten light sourdéter preoperative measurements, 40 seconds
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of PLDA laser ablation procedure was performed astmdiscs using a 2W Ho:YAG. Post-
ablation reflectance spectra were then measuréalviog the same procedure as preoperative
measuremts. The measurments from pre-oeprative pastioperative discs were compared
against those from air and water for calibratioie Ttotal time necessary for spectral data
collection for 10 discs adds approximately 10 nesuto the overall PLDA procedure. The
measured spectra were displayed in realtime anddstautomatically, but the analysis of data

was performed off-line.

Fig. 5.1 The position of needle in the disc (nuslpulposus) is confirmed by fluoroscopy.

20 Gauge needle

Source

detector

Fig. 5.2. Procedure of inserting the optical filmeto the intervertebral disc via twenty gauge

spinal needle
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Six cadeveric canines were tested. Among them dogs were nonchondrodystrophoid breeds
and two were chondrodystrophoid breeds. The summimgiscs data collected from the six
canine cadaver spcimens were shown in Table.5.1.

Table 5.1Summary of disc data collected from canine cadapecimens.

Canine Dog breed Mineralized Discs on Spectroscopy Laser
Cadaver Radiographs Performed (pre Ablated
ID and post ablation Discs
M nonchondrodystrophoidL2-3, L3-4 (possibly ) T10-11, T11-12, | T13-L1 thru
T13-L1 thru L5-6 L3-4
Q nonchondrodystrophoid none T7-8, T9-10 thru T10-11 thru
L5-6 L3-4
Y nonchondrodystrophoid none T8-9, T10-11 thry T10-11 thru
L5-6 L4-5
z nonchondrodystrophoid none T12-13, L1-2, L3t T12-13, L1-
4 thru L5-6 2, L34, L4-
5
A chondrodystrophoid | T9-10, T10-11, T11-| T8-9thru L5-6 T8-9 thru
12, L3-L4 L5-6
B chondrodystrophoid T11-12 T9-10 thru L5-6|  T9-10 thru
L5-6

As discussed in Chapter 2, the nonchondrodystrdptists do not undergo degeneration easily.
Radiagraphs illustrates that only discs L2-3 andili dog M were possibly slightly mineralized.
However, data from the nonchondrodystrophoid dogsrewimportant for analysing the
reflectance spectrum of discs and to compare theupd post ablation disc spectrum. Dog A is a
dachshund, a breed that is very prone to intefveatedegeneration. Radiagraphs showed that
four discs, T9-10, T10-11, T11-12 and L3-L4 werellyfucalcified. Dog B is also
chonndrodystrophoid breed with disc T11-12 confointe be calcified. Two rounds of the
spectra measurements were done on Dog A and DogttBdefore and after disc ablation to
validate the repeatablity of the results. Duringcdiblation, 60 seconds of ablation was applied to

the discs that are believed to be calcified instfazbnventional 40 seconds.
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5.2 Results

5.2.1 Nonchondr odystrophoid disc spectrum

From the preliminary tests aronchondrodystrophoidanine cadaveric intervertebral discs
in situ, changes of reflectance spectra prior to and dfterlaser ablation were observed.
The reflectance spectra were calibrated using B).(The average spectra acquired
prior to PLDA (red solid line) and after PLDA (greelash line) of the four dogs are
compared in Figs. 5.3-5.6. The vertical bars inftgares show the spectrum standard
derivation between different discs. The spectrashoesvn from 550nm to 950 nm because
there are significant artifacts at lower than 550ramge. The common features of the
four measurements are that the post-PLDA spectravavelength-independent in the
range of 650-950nm, whereas the pre-PLDA specteaalir similar to the Intralipid
spectra in terms of the decreasing trend as theslesagth increases, which indicates a
scattering dominant medium. For three out of foogg] the average reflectance spectra
of post-PLDA measurement are lower than that ofRitBA measurements in spectral
range below 800nm, however, the data have signifie@riance. Nevertheless, the
flatness and the intensity reduction of the podDRLspectra agree with the PLDA

process that destroyed the tissue cellular strestand removed the scattering particles.
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Reflectance disc spectra (Dog Q)

Reflectance disc spectra (Dog M)
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Fig. 5.3 Prior and post ablatoin spectra of disd3ag M
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Fig. 5.6 Prior and post ablatoin spectra of dind3ag Z

The average spectra of normal discs (red solid kmel calcified discs (green dash line) of Dog
M are also compared in Fig. 5.7. We could seettietiverage spectrum intensity of degenerated

discs is slightly higher than that of normal diseswever, no clear cutoff is observed due to
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small intensity differences between normal andifiettdiscs compared to the large variance of

normal disc spectrum intensity.
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Fig. 5.7 Comparison of normal and calcified dissectra in Dog M

5.2.2 Modified M odel for disc spectrum

When applying the single fiber reflectance spectspctroscopy system in the nucleus pulposus
of canine intervertebral disc, we assume that thieosnding tissues have no influence on the
reflectance spectrum. However, the surroundingi¢issand the tissues through which the needle
has passed can contaminate the reflectance spec@amsidering these, the measured spectrum

of cadaveric disc should be modified from Eqn (3a3)
Riisc(ﬂ/) = 77(/1)[ au s(/l) e—Ua(ﬂ) L¢(ﬂ) + n sampleﬁbeqo(/z) + 7/(/1) xQ (ﬂ’) + R @)] (51)

Comparing Egn (5.1) to Eqgn (3.3), there is an &fditermR,(1) in Eqn (5.1), which is the

reflectance spectrum of the surrounding tissuesoémel possible contaminations.

When applying calibration procedure, the calibrateectrum of intervertebral disc is modeled as
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R(ﬂ) — Rdisc(ﬂ“) B Rlvater(/?’)
&ir (i) N R/ater (l)
_ (AU (A) €™ P(A) + N sampremne (D) + 7(2) X @ {A) + R(A) =1 sueriotp(2) + 7(2) % ¢ (2]
N WMo 2(A) + 7 (A) X 9 (D] =M A1 aierivetd A + A A x @ (A)] (5.2)
_ (auls (j’))eiua @ + Usamplefiber_ 77 Waterfiber+ R (i) / (,0(1)

Naittiver — Mwaterfiber

=au,'(1) e“Wtyp+ oy (1)

where (1) = R,(4) / (1) and wis a constant.

And we could see the calibrated spectrum contairexaa wavelength dependent tewp, (1) .

Similarly, the contaminant reflectance exists irstpablation disc spectrum, too. Although the
discs’ nucleus pulposus becomes a non-scatterimjumeafter ablation, reflectance scattering
comes from the contaminate tissues could still éteaded by the spectrometer. We assume that
the scattering reflectance spectrum from the cointatie tissues in the post ablation discs is the
same as that in prior ablation discs. The measspedtrum of post ablation cadaver disc should

be modeled as

Roost. aisd D) = 1A giservet A) +17 samplefibg?(ﬂ“) +7(D)xp (4 +R(H] (5.3)
After applying calibration procedure,

R ost disc(ﬂ’) B Rwate(ﬂ’)
Rpost(ﬂ’) ==
Rair (2’) - Rvater (2’)
_ n(ﬂ’)[ndiscfiber(p(ﬂ’) + nsamplefibego(ﬂ’) + 7(2’) xQ (/I) + R Qﬂ’) -1 waterfibg?(/l) + 7/(2’) xQ (J’)]
n(ﬂ')[nairfiber¢(ﬂ’) + 7(/1) X (ps(ﬂ’) - nwaterfiber(p(ﬂ’) + }/(ﬂ,) X (p 5(2’)] (54)
_ Tdiscriber + nsamplefiber_ n waterfiber+ R gﬂ’) / (p(ﬂ’)

Nairfiver — Nwaterfiber

= al +a)75(ﬂ')

We could see the calibrated spectrum of post aplatisc contains the same wavelength

dependent ternwy,(4) .

Subtracting Eqn (5.4) from Eqn (5.2), we could get
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R(A) = Rye = Rox=0t(2) € + Bty (1) -oy —oy (A)=au (A)e" D"+ (5.5)

We could see that modified reflectance spectrurainsgthe linear relationship with the reduced

scattering coefficient of the nucleus pulposus.

In Fig. 5.7, the modified disc spectrum of Dog Yugbdot line) is shown. For comparison, the
original calibrated pre-ablation (red solid ling@)dgpost ablation (green dash line) disc spectra are
also shown in Fig. 5.8. We could see that afteryampp modified calibration algorithm, the
artifacts at the lower wavelength range are reduadl the spectrum shows a more clearly
exponentially decreasing trend as expected. Simeélgults could also be observed in Dog M, Q

and Z but only Dog Y’s results are shown here.

Fig. 5.9 shows the empirical power law fit to thedified reflectance spectrum of Dog Y within

500 to 700nm range, where the absorption of watexiremely low. We could see that the
modified disc spectrum follows exponentially dedegnds precisely, as the model indicated.
However, at higher wavelength range, the modifieftectance spectrum of the disc is tapered

down from the fitted scattering spectrum due toahsorption of water.
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Fig. 5.8 Modified reflectance spectrum of cadaveisc in Dog Y
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Fig. 5.9 Empirical power law fit to modified reflance spectrum of Dog Y
5.2.3 Chondr odystrophoid disc spectrum

Spectrum differences between normal discs andfiealctiscs are observed even from the
original measured spectra in chondrodystrophoidsd@me of original disc spectra is shown in
Fig. 5.10. The spectrum peak intensities at arat8tthm of different discs in Dog A and Dog B
are shown in Fig. 5.11. The peak intensity is dated by averaging the spectrum intensity
within 720nm and 745nm (the red square in Fig. 6.ltOFig. 5.11, the cyan square marks show
the peak intensity of normal discs in Dog A fronumd 1 test, the cyan circle marks show the
value of normal discs in Dog A form round 2 te#t® red diamond marks represent the result of
calcified discs in Dog A from round 1 tests, thd star marks indicate the results of calcified
discs in Dog A from round 2 testhe blue up triangle marks show the peak interityormal
discs in Dog B from round 1 test, the blue dowartgle marks show the value of normal discs in
Dog B form round 2 tests, the magenta x-marks sgprtethe result of calcified discs in Dog B
from round 1 tests, and the magenta plus marksatelithe results of calcified discs in Dog B
from round 2 testsAnd we could see the peak intensity of calcifiestslis higher than that of the
normal discs in both rounds of tests for both Dogw#d Dog B. However, the overall peak

intensity of Dog B seems to be lower than that oigDA, which is caused by lower source
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intensity output at time of measuring in Dog B. \Also observe that the spectrum intensity is

different for the same discs at different setsestd. This could be caused by the instability ef th

source output or the different sensing spot, on.kdeurthermore, we observed that for Dog A, the

closer a normal disc to the mineralized disc, thghdr the intensity of the spectrum. Or, the

farther a normal disc from the mineralized dise libwer the intensity reading of the spectrum.

This may indicate that discs close to mineralizsdgare undergoing mild degenerations that are

not detected by radiography. The spectrum intensilgy correlate with the degree of

degeneration.
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The differences between normal and calcified dpecsa could be observed more clearly from
calibrated spectra, as shown in Fig. 5.12. Thedmdine shows the average calibrated spectrum
of normal discs and the green solid line showsatherage calibrated spectrum of calcified discs.

The error bars represent the standard derivatitmele® different measurements.

H{“}‘}‘H‘H"H--HHH{HH—HHH

Wavelength (nm)
Fig. 5.12 Comparison between calcified and norrisa spectra

The spectrum differences between the normal amifieal discs are further analyzed by the fitted
scattering amplitudé\ and scattering powds, which are shown in Fig. 5.13 and Fig. 5.14,
respectively. The power law fitting was appliedsfectrum range between 500nm to 950nm. In
Fig. 5.13 and Fig. 5.14, the cyan square marks ghewpeak intensity of normal discs in Dog A
from round 1 test, the cyan circle marks show tleeas of normal discs in Dog A form round 2
tests, the red diamond marks represent the resfuligicified discs in Dog A from round 1 tests,
the red star marks indicate the results of caftifiescs in Dog A from round 2 testie blue up
triangle marks show the peak intensity of normatslin Dog B from round 1 test, the blue down
triangle marks show the values of normal discsag B form round 2 tests, the magenta x-marks
represent the results of calcified discs in Dogdf round 1 tests, and the magenta plus marks

indicate the results of calcified discs in Dog Brfrround 2 tests

68



We could see that for calcified discs, the scatteamplitudeA is higher while the scattering
powerb is lower. The scattering property changes of rugfmilposus revealed by the reflectance
spectrum are supposed to be related to its miciiste changes. As seen in Fig. 5.13, the
scattering amplitude of normal discs is lower thhat of calcified discs, which could be
explained by the fact that the calcification withiive disc increases scattering density within the
disc. Moreover, the calcification within the discdupposed to have larger diameter than normal
cell organelle, which correlates to the fact tiet $cattering power is lower in the calcified disc,

as shown in Fig. 5.14.

The difference in the overall spectrum intensitywsen Dog A and Dog B that has been
observed in Fig. 5.11 doesn’t exist in the overdknsity of scattering amplitude and scattering
power, as shown in Fig. 5.13 and Fig. 5.14, whigdans the calibrating procedure eliminate the

influence of source intensity instability to someest.
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Fig. 5.15 shows the Receiving Operating Charatiei(ROC) curves when using the scattering
power, scattering amplitude and the peak intertdityhe original spectrum to classify the discs.
ROC curve is a graphical plot of the sensitivity,time positive rate vs. the specificity, or the

false positive rate for a classifier system agli¢erimination threshold is varied. The sensitivity

is defined as

sensitivity= number of true ;z:tki’\‘z ‘:;;L:te pnousr:igsrrsfs l1‘Ir;[llw|ative resul 6
And the specificity is defined as

specificity= number of true negative result (5.7)

number of false positiveresuit number of tregative resuli

In ROC space, a diagonal line from the left bottorthe top right corners (shown as the purple
dash line in Fig. 5.15) defines a random guess 50# accuracy. And points above the diagonal

represent good classification results with the blestsification point at the left up corner (0, 1).
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Fig. 5.15 ROC curves when using scattering poveatiaring amplitude and original spectrum

peak intensity to differentiate normal and calcifaiscs

We could see a significant good ROC curve whengusaattering amplitude to differentiate the
normal and calcified discs with the area under eury be 99.22%. When using the original
spectrum peak intensity to distinguish the normrad aalcified discs, the area under curve is
calculated to be 98.75%. Although less accuratd,982 of area under curve is achieved by using

scattering power as a classifier.

After disc ablation, the masses within the nuclaus expected to be ablated, and the discs
become non-scattering media. As observed in thehmrmdrodystrophoid discs, the post ablation

disc spectra are relatively low and flat than theegblation disc spectra.
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CHAPTER VI

CONCLUSION AND DISCUSSION

6.1 Conclusion

Extrusion or protrusion of an intervertebral dis@aicommon, frequently debilitating, painful, and
sometimes fatal neurologic disease in the chondtooiyhic dog. This work proposed using the
fiber-needle based sensing configuration for eadgahe changes in canine intervertebral disc
in response to laser disc ablation, directed tosvaietecting the mineralization and water loss

within the nucleus pulposus of the intervertebist due to degeneration.

This work built a single fiber reflectance speatasy system and proposed the calibration
method and model. The calibrated spectrum is mddedeto be linear to the reduced scattering
coefficient of the medium and be attenuated by mihiem. However, a linear relationship
between the reflectance spectrum and its reducatiesag coefficient is expected when the
absorption is neglected, which has been validatedintralipid phantoms with different
concentrations. Furthermore, Intralipid studiesvshbat two parameters, scattering amplitude
and scattering power, are representative to tHectahce spectrum of single fiber reflectance
spectroscopy in terms of its intensity and its ghap

Cadaver studies have been performed on four nodecbdystrophoid dogs and two
chondrodystrophoid dogs. Preliminary studies onchondrodystrophoid dogs indicate that the

reflectance spectrum of pre ablation disc showkdrigntensity and follows the exponentially
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decreasing trend as expected from a scatteringumedilowever, post ablation disc spectrum is
flattened, which confirms a less scattering medwithin the nucleus after ablation. Reflectance
spectrum differences between normal and calcifiedcsd have been observed in
chondrodystrophoid dogs. The hypothesis that ¢adtitliscs nucleus pulposus represents a
higher scattering medium is validated by the faat the intensity of normal disc spectral is lower
than that of the calcified disc. The higher scaiteamplitude but lower scattering power within
calcified discs also reveals that the higher sgagen calcified disc comes from higher scatter
density and larger scatter particle size. The RO@ecdrawn from limited data using scattering

amplitude as a classifier shows that the scattennglitude has 99.22% area under curve.

Although the absorption is low in this study, thater absorption still shows its footprint in the
reflectance spectrum. However, due to the largetapa noises and the small changes caused by
water absorption, the water content changes indise haven’'t been observed from the

reflectance spectrum.

Therefore, this fiber-needle based sensing cordtgamr may be feasible for integrating the
evaluation of calcification and water content itihe clinical procedure of Ho:YAG laser disc
ablation for pre-operative real-time detection gpakt-operative evaluation of therapeutic

interventions regarding the chondrodystrophic disc.
6.2 Futurework

The current work is a preliminary study which invgstes the feasibility of using single fiber
reflectance spectroscopy system to sense the émtebral changes caused by disc degeneration
and disc ablation. However, in order to quantigtivdiagnose disc degeneration, more work still

needs to be done.

The reflectance spectroscopy system could givera stable output by several upgrades. Due to

the instability of the source, there are largearares on detected signals, which might be solved
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by adding another channel for source intensity moonor using source detector cooling
techniques. By doing these, the water content aswnithin the discs may be detected. And also

the accuracy of scattering power could be improved.

We have observed that the spectrum intensity ohtrenal disc near the calcified disc is higher
than those more distant, which may indicate that disc near the calcified disc is slightly
degenerated. When relate the spectrum intensitii Wie histological characteristics of the
nucleus pulposus, such as the average Hounsfidldwithin the nucleus pulposus from CT, a

guantitative degree of degeneration might be detexd by this method.

Furthermore, the current ROC curves are drawn basdichited data, more samples are essential

for smoother ROC curves.

The reflectance spectrum has the potential to gatinely determine the microstructure changes
within the disc. We have related the higher sdatjeamplitude and lower scattering power in

calcified disc to higher scatter density and laggstter diameter. But to quantitatively determine
the microstructure changes within the nucleus muppintensive studied are to be performed to
calibrate the relationship between the reflectaspectrum changes and the microstructure

changes.

And finally, in vivotest on canine patients is desired to validatedkelts already obtained.
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APPENDICES

A. External control of deuterium tungsten light source

Table A.1 External control terminals pinoutd#futeriumtungsten light source

vee P1

PIN No. Signal Name

1 S2D2 Lamp ON / OFF

2 Tungsten Lamp ON / OFF
3 Shutter Open / Close

4 S2D2 Lamp status signal
5 Tungsten lamp status signal
6 N.C.

7 Main power ON / OFF status signal
8 N.C.

9 N.C.

10 GND
A —

:

o _

El <Pz: / GND
’9‘ LED /

T < W

| 2

g /

g_ LED /

= »

2

Fig. A.1 External control circuit of deuterium tigtgn light source
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B. Matlab Programs

% read spectrometer data.

% Input N is the number of data files

% Output Intensity is a 2012 by N matrix

% Output wavelength is a 2012 by 1 vector.

function[Intensity, Wavelength] = readdata(N)
Intensity = zeros (2012,N);
fori=1:N
filename =data;
k = num2str(i);
fid = fopen ([filename kixt1);
forn=1:114
A = fgetl(fid);
end
forn=1:2012
B = fgetl(fid);
BN = str2num (B);
Wavelength(n) = BN(2);
Intensity (n,i) = BN (5);
end
fclose (fid);
end
end

% the spectrum analysis program

% spectrum calibration

% spectrum smooth

% powerlaw fits to calibrated spectrum

% Input wavelength (nm): the wavelength read fratadile

% Input orignal_spectrum: the spectrum read frota @ik

% Input water_spectrum: the water spectrum read fitata file used for calibration
% Input air_spectrum: the air spectrum read frota fike used for calibration
% Output sc_spectrum: smoothed and calibratedrsjpect

% Output a: fitted scattering amplitude

% Output b: fitted scattering power

function[sc_spectrum, a, b ] = spectrumanalysis (wavelerggignal _spectrum, water_spectrum,
air_spectrum)

swl = wl(524:1665);

c_spectrum =(original_spectrum-water_spectruni).gpectrum-water_spectrum);
sc_spectrum = smooth ( ¢_spectrum(504:1685),100);

ft = fittype(powerl);

cf=fit(swl*1e-3, scpre_T8 9 1, ft);

a= cf.a;
b= cfb;
end
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% Mie scattering theory

% Input diameter (nm): the diameter vector of gt

% Input f: the size distribution vector

% Input NO: particle density

% Input n_s: scatter refractive index

% Input n_b: background refractive index

% Input lambda (nm): Interested wavelength range

% Output us_prime: reduced scattering coefficiemis-1)
function[us_prime] = Mie (diameter, f, NO, n_s, n_b, larapd

diameter = diameter*le-9;
N = length (diameter);
radius = diameter/2;
lambda = lambda*1e-9;
M =length(lambda);
k = 2*pi*n_b/lambda;
n_rel =n_s/n_b;
err = le-8§;
form=1:M
Qs = zeros(N,1);
gQs =zeros (N,1);
fori=1:N % diameter
x(i) = k(m)*radius(i);
y(i) = n_rel(m)*x(i);
for n = 1:20000
Snx = sqrt(pi*x(i)/2)*besselj(n+0x§));
Sny = sqrt(pi*y(i)/2)*besselj(n+0yh));
Cnx = -sqrt(pi*x(i)/2)*bessely(n-8x(i));
Zetax = Snx+i*Cnx;

Snx_prime = -(n/x(i))*Snx + sqrt{xfi)/2)*besselj(n-0.5,x(i));
Sny_prime = -(n/y(i))*Sny + sqrt{yfi)/2)*besselj(n-0.5,y(i));
Cnx_prime = -(n/x(i))*Cnx - sqrtg(i)/2)*bessely(n-0.5,x(i));
Zetax_prime = Snx_prime+i*Cnx_prime

an_num = Sny_prime*Snx-n_rel*SnyxSprime;
an_den = Sny_prime*Zetax-n_rel*Shgtax_prime;
an = an_num/an_den;

bn_num = n_rel*Sny_prime*Snx-Sny%Sprime;
bn_den = n_rel*Sny_prime*Zetax-Shgtax_prime;
bn = bn_num/bn_den;

Qsl = (2*n+1)*(abs(an)2+abs(bn)*2)
Qs(i) = Qs(i) + Qs1;

if n>1
gQsl = (n-1)*(n+1)/n*real(an cbhj(an)+bn_1*conj(bn))+
(2*n-1)/((n-1)*n)*real(an_1*conj(bn_1));
gQs(i) = gQs(i)+gQs1;

end
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an_1=an;
bn_1=bn;

if (abs(Qsl)<(err*Qs(i)) & abs(gQsl)< (err*gQs(i)))
break
end
end
end
Qs = (2./x."2)".* Qs;
gQs = (4./x."2)".*gQs;
g = gQs./Qs;
gs = pi*radius'.*2.*Qs;

mus(m) = NO*sum ((gs.*f"))*1e-3;
ga(m) = sum (g.*qs.*")./sum (gs.*f);
mus_prime(m) = mus(m).*(1-ga(m));
end
end
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calcified discs have higher scattering amplitudd kmwer scattering power than norngiscs.
And when using scattering amplitude to differemtisie normal and calcified discs, 99.28% area
under curve has been achieved according to Rege®@perating Characteristic (ROC) curve.
Although the water content could not be quanti@yivcalculated, the absorption from water is
observed in the reflectance spectrum. Intralipidrpbm study and cadaveric measurements
reveal that fiber-needle based sensing configuratiay be feasible for integrating the evaluation
of calcification and water content into the worévil of Ho:YAG laser disc ablation for pre-
operative in-line detection and post-operative @atabn of therapeutic interventions regarding
the chondrodystrophic disc.
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